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Abstract: Climate change has brought significant impacts upon the natural ecological environment
and human social development. The future carbon balance study has become an important part
of research on the impacts of climate change. The Qinghai-Tibet Plateau (QTP) is a key area for
studying climate change. Grassland, as a typical ecosystem of the QTP, embodies the sensitivity of the
plateau to the climatic environment, so the carbon balance of grassland under future climate change
conditions is important for studying global change. This paper reviewed the literature on carbon
balance projection of grassland on the QTP under climate change. Two types of research methods
were used to analyze and discuss the studies’ results, including experimental scenario projection
and model projection. The experiment projected that appropriate temperature and moisture could
enhance the carbon sink capacity of a grassland ecosystem, where moisture played a leading role. The
model projection results showed that the carbon balance under different spatial and temporal scales
were different. Although both can project the carbon balance of the study area, there are still some
uncertainties. In addition, this research area should also consider the influence of human activity and
plateau pikas to more accurately project the future carbon balance.
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1. Introduction

Climate change is the main issue facing the current ecological environment. An Intergovernmental
Panel on Climate Change (IPCC) report states that climate change is an urgent and potentially
irreversible threat to human society and the planet [1]. For example, the drought caused by climate
change has led to a decrease in photosynthesis in the Amazon forest, which has reduced the total
absorption of CO; by forests [2]. Similarly, drought increases the vulnerability of older forests, and
only low bushes may continue to survive, which will change the global carbon cycle [3]. Due to climate
warming, the spread of viruses and the possibility of infection will increase, bringing more disease
risks to the ecosystem [4]. More seriously, climate change may bring the extinction of certain species
and affect biodiversity [5]. However, climate change will also have a positive impact on different
ecosystems. For example, because low temperature limits the growth of vegetation in high latitudes
and the Qinghai-Tibet Plateau (QTP), climate warming promotes the growth of vegetation in these
areas to a certain extent, and climate change has increased the global leaf area index (LAI), which has
resulted in a greening trend range exceeding 28.4% of the global vegetation area [6]. In short, climate
change affects the sustainable development of global ecosystems and human society, and as such,
increasingly more people are paying attention to this issue.
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The carbon balance affects climate change to some extent [7], which has been an important part of
the study on climate change [8-12]. The study of the future carbon balance is gradually becoming the
focus of scientists, who hope to accurately project the future carbon balance and provide a scientific
basis for warnings regarding future climate and environmental changes in advance. The IPCC Special
Report on Emissions Scenarios (SRES) provided four scenarios (A1B, A2, B1, and B2). These were:

e AlB: Assume that the world’s population has stabilized, high tech is widely used, global
cooperation takes place, there is rapid economic development, and there is a balance between
various energy sources.

e A2: Assume there is self-reliance, maintenance of local characteristics, continuous population
growth, slow development of new technologies, economic development is mainly oriented to the
region, and the per capita economic growth rate is lower than that of other scenarios.

e  Bl: Assume there is high economic growth, low population growth, and sustained globalization.
The economic structure is rapidly adjusting to the service and information economy. It emphasizes
global solutions for sustainable economic, social, and environmental development, including the
improvement of fairness.

e  B2: Emphasize local solutions for economic, social, and environmentally sustainable development.
Population and economic growth are modest, and the pace of technological change is slower
and more diverse than in the Bl and A1B scenarios. Although the scenario is also committed to
environmental protection and social equity, the focus is on the local and regional levels [13-15].

Studies have used these scenarios to project the carbon emissions in 2030 and 2050. The results
showed that, compared with 1996, global black carbon emissions in 2030 and 2050 would decrease
by 0.7-2.7 Tg (1 Tg = 1 x 10'2 g) and 1.9-3.7 Tg, respectively, and organic carbon emissions would
decrease by 4-10 Tg and 6-13 Tg, respectively [13]. Le Quere et al. produced a global carbon budget
from different sources of CO,, including the fossil fuel industry, land use change, oceans, land, and
atmosphere [16-20]. The results obtained for different regions, different budgets, and prediction
methods were less consistent. Therefore, it is not easy to project carbon balance, which requires us to
constantly do this work to keep abreast of the global carbon cycle and improve our ability to project
carbon in the future [21].

According to previous research by scientists, the research on carbon balance problems is full of
challenges and uncertainties. Different ecosystems in the global environment have different carbon
cycle and carbon balance processes. When we are considering the projection of a future carbon, it
should be based on a concrete analysis of a specific area and ecological system such that a projection for
the global carbon balance is not an objective for each area. The QTP is an ideal area for climate change
research because it has an average altitude of more than 4000 m and an area of about 2.5 x 10 km?,
making it the highest and largest plateau in the world [22]. The special geographical environment
makes it very sensitive to global climate change [23,24]; as such, the QTP plays a very important role
in global climate change research [25]. Grassland is the main ecosystem in the QTP [26,27], which
accounts for 44% of China’s grassland area [28], and it plays a vital role in regulating the ecological
function of the QTP [29]. In addition, the frozen soil environment is closely related to the grassland
in the QTP [30,31], and because permafrost is a large carbon pool [32], as part of the QTP grassland
ecosystem, its changes have a significant impact on the grassland carbon balance. Coupled with the
high sensitivity of high-altitude ecosystems to environmental changes [33], these make the grassland
ecosystem a typical environment for exploring the relationship between climate change and ecosystems
on the QTP. The study of the grassland ecosystem on the QTP can help people to project the future
carbon balance under climate change [34]. Therefore, this paper reviewed the carbon balance research
and trend projection of grassland in the QTP that has taken place in recent years. We have cited a total
of 132 references, including 8 before 2000, 32 from 2000-2010, and 92 from 2010 and later. The reference
period we mainly considered was 2010-2019. One of these references was proceedings (UNFCCC),
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while others were peer-reviewed journal articles. By reviewing this literature, we explain and discuss
the latest research and provide a scientific basis for global climate change research.

2. Trend of Climate Warming and Humidification and the Degradation of Frozen Soil of the
Qinghai-Tibet Plateau

The temperature in the QTP has risen in recent years [35]. The fifth phase of the Coupled Model
Intercomparison Project (CMIP5) provided a multimodel dataset designed to advance our knowledge
of climate variability and climate change [36]. Then, it was used to project the climate change of the
QTP for the next 94 years (2006-2100). The results showed that the temperature of the QTP would
rise continuously, and it would rise by 2.44 °C from 2006 to 2100 [37]. Dong et al. predicted that the
average temperature of the QTP in the next 50 years would be 0.46 °C higher than that in the last 30
years of the 20th century by using a fuzzy mean generating function model (FMGF) and historical
data. Furthermore, compared with the last decade of the 20th century, the average temperature
would be 0.18 °C higher [38]. The 20 climate models used in the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC-AR4) were used to combine the simulation results
of future atmospheric greenhouse gas emission scenarios (A1B) with the Community Climate System
Model version 3 (CCSM3) simulation output [39] (the CCSM3, a global coupled climate model, is
mainly used for research on climate change, climate scenario simulation, and the stabilization of
greenhouse gas concentrations [40]). The results showed that the average annual surface temperature
in most areas of the plateau from 2030 to 2049 would increase by 1.4-2.2 °C from 1980 to 1999. Although
the precipitation rate would increase by no more than 5% in most areas, on the whole, the climate
on the QTP is predicted to change in a warm and humid direction [39]. Based on the two emission
scenarios (A2 and B2) provided by the Data Distribution Center (DDC) of the IPCC Third Assessment
Report, the average simulation results of the five models were used to analyze the future temperature
and precipitation changes on the plateau region and along the railway. Results showed that the plateau
would continue to warm in the 21st century in the face of increased greenhouse gas emissions caused
by human activities and the temperature of the entire plateau would rise by 2.8-3.0 °C from 2041-2070.
In general, in the A2 and B2 emission scenarios, most of the precipitation in the first 50 years of the
21st century would increase, and the climate of the QTP would change in the direction of warmth and
wetness [41].

Climate changing also enhances the melting trend of frozen soil. To understand the future trend of
frozen soil, Lu et al. used a surface frost number model that was combined with projected atmospheric
variables under four different representative quantitative concentration pathways (RCP2.6, RCP4.5,
RCP6.0, and RCP8.5) to simulate and predict the distribution of frozen soil on the QTP in the short,
medium, and long term [42]. Here, representative concentration paths (RCPs) are the scenarios used in
the fifth report of the IPCC, which includes RCP2.6, RCP4.5, RCP6.0, and RCP8.5. Among them, RCP2.6
is a scenario in which the global average temperature rise is limited to 2 °C, RCP4.5 is a scenario in
which the radiative forcing is stabilized at 4.5 W-m~2 in 2100, RCP6.0 is a scenario in which the radiative
forcing is stabilized at 6.0 W-m~2 in 2100, and RCP8.5 is the scenario with the highest greenhouse
gas emissions [43]. Results from this simulation study of frozen soil degradation showed that the
degradation area of permafrost would increase with time, and regarding its performance in the short
term (2011-2040), the permafrost degradation area would be the smallest and the data showed that the
degradation rate of the permafrost under the paths of RCP2.6, RCP4.5, RCP6.0, and RCP8.5 would be
17.17%, 18.07%, 12.95%, and 15.66%, respectively; in the medium term (2041-2070), the degradation of
frozen soil would be faster; and in the long term (2071-2099), permafrost degradation area would be
the largest, among which, the distribution of permafrost simulated in RCP8.5 path would decrease by
64.31% [42]. Similarly, Ni projected the change of permafrost area on the QTP by using a BIOME3China
model, an improved process-based equilibrium terrestrial biosphere model (BIOME3) [44] according to
China’s ecological process, which projected that the permafrost in the current climate and its response
to climate warming by simulating vegetation and net primary productivity (NPP). The projection
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results showed that in the future, under the condition of climate change, the area of permafrost would
decrease greatly, but the area of non-permafrost would increase, resulting in the boundary position
between the permafrost and non-permafrost would moving to the north by 1-2 degrees in latitude [45].
Therefore, over time, future warming will have a significant impact on the permafrost ecosystem.

Most of the research results on the future climate change of the QTP show a warm and humid
future climate [46-52], except that the results in some areas would be warm and dry [53], which would
directly affect the change in the carbon balance in the plateau grassland. Studies on the projection of
the carbon balance under future climate change would be helpful to understand the future change
trend of the ecosystem of the QTP.

3. Projection of Carbon Balance of Grasslands on the Qinghai-Tibet Plateau

For the projection of the carbon balance of the grassland ecosystem on the QTP, most of the
studies are carried out through the scenarios of future climate change and they mainly use scenario
simulation methods, which can be divided into two categories. The first type is experimental scenario
projection, which mainly projects the carbon balance by controlling environmental variables, such
as measuring carbon emissions under quantitative control scenarios of temperature and moisture,
and then projecting carbon balance in future climate change scenarios. The second category is model
projection, where first, the model is run and verified through experimental data, historical data, or
literature data, and then the future carbon emissions are estimated based on future scenario data and
specific algorithms. Although both methods need to be tested, the experimental scenario projection is
performed using a set of climatic condition, and the model uses the measured data from a historical
period to test the accuracy of the model projection. Therefore, this paper divides the projection of
carbon balance of the QTP grassland under future climate change into two parts, namely experiment
and model parts, to discuss the future carbon balance of the QTP grassland ecosystem.

3.1. Experimental Scenario Projections of the Carbon Balance

The projection of the experiment is based on the temperature and moisture content. However,
an increase of temperature will lead to an increase of the grassland ecosystem temperature and a
decrease of moisture content. At the same time, moisture content will also have a certain impact on the
temperature. Therefore, these two elements are integrated and analyzed. The experimental scenario
projection is shown in Table 1.

Net primary productivity (NPP) represents the total amount of organic dry matter produced
by plants in a unit time and unit area, and it represents the carbon absorption of vegetation to a
certain extent [54,55]. Through the open-top chambers (OTCs) experiments in the QTP, Ganjurjav
et al. found that both the organic carbon and NPP in alpine meadows increased over three years
of warming [56]. However, under the same climate scenario, the organic carbon and NPP of alpine
grasslands had a decreasing trend, which was mainly caused by the different water-holding capacity
of the two grassland ecosystems. The water-holding capacity of meadow soil was larger than that
of grassland soil, so the carbon emissions in the two grassland ecosystems would be different [56].
The eddy covariance measurement results also showed that moderate warming would lead to a weak
carbon sink trend in the alpine meadow of the QTP [57,58]. This is consistent with the results of three
different ecosystem carbon cycles. The researchers conducted three-year experimental studies on the
warming of an alpine meadow, alpine grassland, and artificial grassland to observe and analyze the
warming response of three grassland ecosystems. The results showed that in the future warming
climate, the net carbon intake of an alpine meadow increased, while the net carbon intake of an alpine
grassland and artificial grassland decreased, indicating that there might be a carbon source trend in
the QTP [59]. Moreover, studies have shown that the reason why the warming time (2 years and
10 years) had no significant impact on the carbon cycle of the QTP alpine meadow was mainly due
to the small difference in soil moisture under different warming time periods. The research data
showed that the short-term and long-term warming caused the soil moisture to decrease by 2.91%
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and 2.78%, respectively [60]. However, the alpine meadow ecosystem will not always act as a carbon
sink because if the soil moisture becomes too low, resulting in the surface drought state not being able
to be alleviated by increased precipitation, the alpine meadow will degenerate into a drier grassland
type [61], turning the region from a carbon sink to a carbon source. In conclusion, moisture content is
an important factor affecting carbon balance, and when the warming amplitude is small, the sensitivity
of the carbon flux to water is more obvious than that of high-level warming [62].
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Table 1. Literature integration of the experimental scenario for projecting the carbon balance from grassland ecosystems of the Qinghai-Tibet Plateau.

Whether to Consider

Frozen Soil Experimental Scenario

Main Impact Factor

Specific Situation

Projection Result

References

T' 1 +M? unchanged

Different grass types

Alpine meadow
Alpine grassland

Artificial grassland

Carbon sink
Carbon source

Carbon source

Ganjurjav et al. [56];

Kato et al. [57];
Kato et al. [58];

Ganjurjav et al. [59];

Wang et al. [60]

Non-permafrost

Moisture content

Vegetation growth stage

M > 40% or M < 15%
15% <M < 40%
Early growth stage
Late growth stage

Carbon source
Carbon sink
Carbon source
Carbon sink

Kang et al. [63];
Xue et al. [61]

Zhu et al. [64]

Vegetation litter

CH, emissions

Vegetation litter content T
Vegetation litter content |

CH, emissions | < CO, emissions T

Carbon balance
Carbon source

Carbon source

Guan et al. [65];

Lietal. [66];
Cui et al. [67];
Kang et al. [63]

environment T T + M uncertain
TT+M|
Peljmafrost TT+M?
environment

Soil respiration

Soil respiration T > Vegetation carbon storage T

Soil respiration T < Vegetation carbon storage T

Carbon source

Carbon sink

Xue et al. [61];
Mccarthy [68];
Peng et al. [69];
Peng et al. [70]

1T Temperature, 2 M: Moisture content.
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Some experiments have shown that the impact of climate warming on the carbon balance of an
alpine meadow was not significant, which may be due to the increase of carbon emission caused by
climate warming, but at the same time, the residue of vegetation litter would increase the carbon
absorption of the meadow soil such that the two balanced the carbon emission [65]. This may also be
due to the fact that the experimental temperature raised the soil temperature, but also brought about a
soil moisture loss, resulting in no significant changes in the primary productivity and aboveground
biomass of the alpine meadow on the QTP [71]. Furthermore, it may be that warming will have
opposite effects on autotrophic respiration and heterotrophic respiration of the ecosystem. When
autotrophic respiration is strengthened, heterotrophic respiration is weakened [72], such that carbon
emission is not obvious, or it may be that warming inhibits carbon absorption by vegetation in the
early growth stage but promotes carbon absorption in the late growth stage [64] such that the effect of
warming on carbon balance is not significant. However, there are still differences between autotrophic
and heterotrophic respiration in warm conditions. Culture experiments have shown that warming
would increase the heterotrophic respiration [73]. Therefore, further research and discussion are
needed on this issue.

Water is an important factor affecting CH4 emissions, and drying experiments have shown that
lower soil water content could result in lower CH, emissions [66]. Moreover, studies on vegetation
with different degrees of degradation (healthy vegetation, mild degradation, moderate degradation,
and severe degradation) also showed that ecosystem respiration was mainly affected by temperature,
while CHy variation was mainly determined by water content [74]. Nevertheless, experiments on
moisture restoration in degraded peatlands showed that while increased water content led to increased
CH4 emissions, CO; emissions were reduced, resulting in a total carbon emission reduction of more
than 40% [67], resulting in a carbon sink trend in the plateau. Therefore, the future carbon balance of
the QTP grassland may depend on the influence of water on CO, and CH, under certain conditions.

In addition, extreme climate is a special case in the process of climate change, and the impact of
extreme climate is increasingly significant [75], including the impact on the carbon balance of terrestrial
ecosystems [76]; therefore, extreme climate is also considered in this review. In recent years, extreme
weather events have occurred frequently, and the large changes in temperature and humidity caused
by extreme weather have also affected the carbon balance to some extent [77]. As a climate indicator,
the QTP has a certain response [78]. The extreme drying experiment in the field quantified the effect of
soil moisture content on carbon balance. The experimental results showed that when the soil moisture
was less than 15% or more than 40%, the carbon dioxide absorption rate was lower, and when the soil
moisture content was 20-40%, the carbon dioxide absorption rate would increase and CHy4 emission
was strong, but the overall impact on CO, was stronger. Therefore, extreme dry weather in the future
may make the plateau a carbon source [63]. However, extreme weather is generally a short-term
weather situation. The driving effect of the carbon balance is a long-term process; therefore, the impact
of extreme weather on carbon balance needs further study.

The soil organic carbon storage in the permafrost regions of the QTP accounts for more than
50% of the total organic carbon storage in the plateau [79]. An infrared heater was used to conduct
the experiment in the meadow (92°55” E, 34°49” N) in the frozen soil area. The experiment showed
that the water content of the surface soil (0-10 cm) decreased, the water content of the deep soil
(20-100 cm) increased, and the water content of the soil layer (10-20 cm) remained stable. In this
case, plants spread their roots deeper into the soil, increasing soil autotrophy and promoting carbon
emissions [61], combined with deep soil organic carbon content accounting for more than two-thirds
of the entire soil layer [68], which meant permafrost displayed a carbon source trend. Soil warming
experiments (2010-2011) with infrared heaters in a similar area (92°56” E, 34°49” N) also showed that
the temperature increase promoted soil respiration and increased carbon emissions. Nevertheless,
the depth range of the soil moisture that was affected was different from the previous experiment, in
which the 0-20 cm soil moisture decreased and the 40-100 cm soil moisture increased. In addition,
increased soil respiration may be due to soil carbon being more easily broken down when thawed [69].
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However, some soil culture experiments showed that the main factor that increased carbon emission in
frozen soil was temperature rise, and the relationship between carbon emission and soil depth was not
obvious. Therefore, future warming would lead to an increase in carbon emissions from the entire soil
layer [80]. On the contrary, the same infrared heating experiment on frozen soil predicted that the
plateau frozen soil would become a carbon sink in the future because the gross ecosystem production
(GEP) brought by warming was higher than that of the ecosystem respiration (ER) [70].

Therefore, most of the experimental projections showed that the water brought by climate change
was an important factor in the future carbon balance of grassland ecosystems in the QTP, but its impact
on the quality and results is still uncertain. If water is assumed to have a negative impact on carbon
emissions, the grassland ecosystem in the QTP may gradually become a carbon source system due to
the excessive evaporation caused by future climate warming. However, the effect on carbon emissions
is more pronounced when water content is lower, and studies showed that plants were less affected
by water as they grow when the soil water content exceeds 22% [61]. Moreover, when the soil water
content is greater than 18.13%, the higher the soil water content, the lower the ecosystem respiration
intensity [81]. Therefore, when the water in the ecosystem exceeds a certain threshold, the dominant
factor of carbon emission may change. This is consistent with the results of studies on the effects of
temperature and precipitation on vegetation growth in the QTP [82]. Furthermore, when the water
content is within a certain threshold, a dry climate will make grassland trend toward becoming a
carbon source. In the future, the water threshold should be studied and determined such that the
future carbon emission trend can be more clearly defined. In addition, although experiments have
shown the relationship between temperature, moisture, and soil respiration, the carbon emission
trends in permafrost regions have different results, and the inducing factors of respiration are still
unclear. Soil erosion can also be another source of future organic carbon loss in frozen soils [79], which
are issues that need to be clarified in future research. In addition, the difference in the projection
results of some experiments may be related to the inconsistency of the spatio-temporal range of the
test plots. Future experimental projection studies are needed to enhance the accuracy of the control of
spatio-temporal variables.

3.2. Model-Based Projections of the Carbon Balance

The use of models to simulate and project the carbon balance has become an important means of
studying the development and changes of ecosystems [83,84]. In the future work of carbon balance
projecting, it is necessary to determine the research scale, simulation focus, parameter setting, data
accuracy, and so on of the model such that the state of model research is continuously improving
and developing. There are different regions using different models for carbon balance simulation
studies [85-88] and the QTP is an important global ecosystem research area, where research using the
model to project the regional carbon balance is gradually increasing. This paper reviewed the research
on carbon balance projection of the grassland ecosystem in QTP. The model projection is shown in
Table 2.

A process-based ecosystem model called organizing carbon and hydrology in dynamic ecosystems
(ORCHIDEE) projected the carbon balance of alpine grassland in the QTP. The results showed that
when the temperature increased by 2 °C, although NPP increased by 9%, soil organic carbon decreased
by 10%, such that the grassland ecosystem showed a trend toward becoming a carbon source [28].
However, this model lacks certain considerations, such as the erosion of soil organic carbon.

Through the combination of a field experiment and the Carnegie-Ames-Stanford approach (CASA)
model, which mainly uses land satellite observations and climate drivers to simulate patterns of
regulation of plant production [89], the carbon content of the alpine grassland ecological region on the
QTP was estimated to display a net absorption by the atmosphere every year, i.e., the net ecosystem
productivity (NEP) was 1.25 x 10'3 g of carbon [90]. Zhou et al. also used the CASA model to study the
carbon source/sink nature of the QTP grassland. According to the estimates of the NPP and NEP, they
finally concluded that the average NEP over many years in the study area was 1.82 x 10!* g C/a, which
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means that the study area on the QTP showed a state of being a carbon sink as a whole [91]. NEP is
the difference between the net primary productivity of vegetation and the soil microbial respiration
carbon emission in the ecological zone. The calculated NEP is an important indicator for estimating
the carbon balance in the region. If the NEP is positive, it means that the fixed carbon in the vegetation
is more than the carbon in the soil, which is expressed as a carbon sink. If the value is negative, the
carbon emitted by the soil is more than the fixed amount of carbon in the vegetation, which acts as a
carbon source [90]. However, there are some problems in using NEP to project a carbon sink state.
For example, NEP estimates carbon emissions without taking into account the loss of carbon dioxide
from non-respiratory factors, such as soil erosion and grazing and harvesting [92]; as such, it is not
completely accurate to only consider NEP as the basis for carbon balance projection.

The coupling model of Biome-BGC (a model developed based on the forest biogeochemical cycles
(Forest-BGC) that simulates ecosystem processes [93,94]) and the simultaneous heat and water (SHAW)
model were used when considering the QTP to project the interaction between the alpine meadow
ecosystem and the atmosphere. The model selects the net ecosystem exchange (NEE) as a quantitative
reference index to project carbon emissions and determines NEE through the relationship among
gross primary productivity (GPP), ecosystem respiration (ER), and net ecosystem exchange (NEE),
and determines the future carbon emissions. The NEE of this study was 152.6 g C/m?/a, indicating a
trend of carbon sequestration in the future. The coupling of the two models made up for the deficiency
of the single model and provided a reference for the future study of carbon balance using the model.
However, there were still some uncertainties in the projection, mainly because the accuracy of the
coupled model needs to be improved [95].

Based on the single Biome-BGC model, the NPP variation and scenario simulation results in the
Wudaoliang area of the QTP showed that although temperature and water had a certain influence
on vegetation productivity, the effect of temperature and water combined made the influence more
obvious [96]. A simulation study was conducted using four scenarios to evaluate the effects of
two factors, i.e., the temperature increased by 2 °C and the precipitation increased or decreased
by 20% and 40% (T2W20+, T2W40+, T2W20—, T2W40-). The research results showed that NPP
showed an upward trend under the four scenarios, increasing by 24.54%, 25.68%, 21.79%, and 19.94%,
respectively, compared with the normal scenario, and the average annual NPP was 67.94 g/m?/a. As
NPP is an important part of the carbon cycle, its changes affect the carbon sink/source function of
the ecosystem [97]. However, we are not clear about soil respiration in this study [96]; the warm and
humid environment may cause a carbon sink in the region in the future.

Based on the Century 4.0 model, the dynamic simulation of soil organic carbon in the alpine
meadow ecosystem of the QTP showed that although temperature and moisture had different effects
on different soil organic carbon (active, slow and passive), the change of total organic carbon was
not obvious because the soil organic carbon over a long time would gradually become stable [98].
This may also be due to the fact that climate change did not reach the threshold of significant change
in carbon content because it was found that both temperature and precipitation in the study area
showed a fluctuation trend over 45 years and the change range was very small. However, a modified
Century 4.5 model was used to study organic carbon in eight major alpine grassland ecosystem sites
(Hongyuan (lowland meadow), Shenzha (alpine meadow steppe), Shiqu (alpine meadow), Tuotuohe
(alpine steppe), Qingshuihe (alpine meadow), Wudaoliang (alpine steppe), Qumalai (alpine meadow),
and Shiquanhe (alpine desert steppe)) on the QTP, and the results showed that soil organic carbon
had a significant response to climate change, but the change of organic carbon was still affected by
many factors, which made the carbon emission trend uncertain [99]. In addition, although the model
considered the grazing factors, the appropriate grazing was taken as a hypothesis and the impact of
land use change was neglected, so the model was relatively poor at considering human activities.
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Table 2. Literature integration of the model for projecting carbon balance from grassland ecosystems of the Qinghai-Tibet Plateau (QTP).

References

Model Name Whether to Consider Study Site or Area Project Basis Projection Result
2 ORCHIDEE 101°18’ E, 37°36’ N 10% carbon loss Carbon source Tan et al. [28]
3 CASA 2.245 x 10° km? 8 NEP 1.25 x 1013 g/a Carbon sink Pei et al. [90]
CASA 1.2 x 107 km? NEP 1.82 x 10'* gC/a Carbon sink Zhou et al. [91]
Carbon sink Wang et al. [95]

Non-permafrost

100°27” E, 38°02’ N

9 NEE 152.6 gC/m?/a

4 Biome-BGC + ° SHAW .
environment 10 NPP 67.94 g/mz/a
Biome-BGC 93°5’34’" E, 35°13744"" N . L Possible carbon sink Li et al. [96]
Soil respiration is unclear
o ’ o ’
Century 4.0 1?(3;0 ;5,:;23 4§?NE’ No obvious trend Li et al. [98]
Century 4.5 8 sites Uncertain Zhang et al. [99]
Carbon loss 5.34 Pg from
6 RCP scenario 73°18’52""-104°46’59"" E, 2015 to 2050 Carbon source Bosch et al. [100]
regression model Permafrost 20°00"127-39°46’59 ”’ N Carbon loss 8.54 Pg from ’
environment 2015 to 2070
The permafrost region T'11°C,S0C | 17%
7 DOS-TEM P f OTP & T12°C,S0C | 26% Carbon source Yi et al. [101]
of Q T13°C,SOC | 35%
TEM 10 sites Carbon sink 35.8Tg/a Carbon sink Zhuang et al. [102]

I T: Temperature, 2 ORCHIDEE: organizing carbon and hydrology in dynamic ecosystems, > CASA: Carnegie-Ames-Stanford approach, # Biome-BGC: Biome biogeochemical cycles,
5 SHAW: simultaneous heat and water, ® RCP: representative concentration path,” DOS-TEM: dynamic organic soil version of the terrestrial ecosystem model, 8 NEP: net ecosystem

productivity, * NEE: net ecosystem exchange, 1 NPP: net primary productivity.
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Four different representative concentration paths (RCPs) were used to project the carbon emissions
of permafrost on the QTP. The results showed that the melting of frozen soil would increase soil CO,
emissions, and although CO; emissions would gradually decrease over time, the overall carbon content
would decrease. In terms of carbon storage, the projected carbon content values in 2015, 2050, and
2070 are 68.59 Pg (1 Pg = 1 x 10'° g), 63.25 Pg, and 60.05 Pg, respectively [100].

The dynamic organic soil version of the terrestrial ecosystem model (DOS-TEM) was used to
project the carbon emission trend of permafrost on the QTP. The results showed that in the future
climate warming, the study area may also show a trend toward being a carbon source. Although
the net carbon absorption in this area was 4 g C/m?/a, the soil organic carbon (SOC) content would
gradually decrease with the increase of temperature [101]. In the future, the net carbon absorption may
be negative, therefore the projected result is a trend toward a carbon source.

However, the TEM, which is a model that simulates the effects of carbon and nitrogen cycles on
terrestrial ecosystems [103], projected that the frozen soil on the QTP would show a trend toward being
a carbon sink due to the future climate change because the growth rate of the net primary productivity
was faster than the soil respiration rate. The problem is that the model’s projections were based on the
entire 20th century and did not take into account recent climate change; as such, the accuracy of the
model’s parameters needs to be improved [102].

At present, using the model to project the carbon balance of highland grassland ecosystems can
better simulate carbon balance processes and future trends, but different model studies have led to
predicting different trends in the future carbon balance on the QTP. First, this may have a strong
relationship with the research spatial and temporal scales. The model projection was for the grassland
ecosystem in a certain region of the QTP, which is not the grassland ecosystem of the whole plateau, and
therefore the conclusion of the study is weak. The choice of research time is also different, increasing
the inconsistency of the research environment. A second point is also related to the model parameters,
data accuracy, and the operation of the model itself. For example, in the case of climate warming, the
degradation of frozen soil may affect the characteristics of the soil and hydrology, which in turn affects
the growth of vegetation; different soil depth and soil erosion also affect the carbon flux of ecosystems,
making the trend of the soil organic carbon emissions more uncertain [79]. Therefore, the projection of
the carbon balance from the QTP under future climate change needs to integrate different regions and
different time conditions to be able to clarify the carbon emission trends of the entire plateau grassland
ecosystem. In the future, when using the model to study the carbon balance of grassland ecosystems,
it is necessary to continuously adjust and improve such that the model research is more in line with the
actual situation.

4. Conclusions

This paper reviewed the research on the carbon balance projection of grassland ecosystems
on the QTP under climate change, and mainly integrated and summarized two research methods:
experimental scenario projections and model projections. The possible results of this review study can
be seen in Table 3. The experimental scenario projections focus more on the use of variable control for
qualitative trend studies. Because the future climate change of the Tibetan Plateau is moving toward
becoming warm and humid, the carbon balance in the future may be a result of carbon sinks. The
research basically showed that the temperature and moisture content were important factors affecting
the carbon balance, and moderate temperature and water can enhance the carbon sequestration capacity
of the QTP. Therefore, the threshold of the temperature and moisture content suitable for the carbon
cycle of the plateau grassland ecosystem is the focus of future research. The model projections were
based on quantitative projection research using big data and is an important means to study future
changes. The models of CASA, Biome-BGC+SHAW, Biome-BGC, and TEM indicated that the grassland
ecosystem in the QTP would trend toward being a carbon sink in the future; the ORCHIDEE, RCP
scenario regression model, and DOS-TEM model showed a carbon source trend; the results of the
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Century 4.0 model study showed no obvious carbon source or carbon sink trend; and the Century 4.5

model results were uncertain.

12 of 21

Table 3. Projection of carbon balance of the grassland ecosystem in Qinghai-Tibet Plateau based on

literature integration.

Future Climate s Whether to .
Estimation . Possible
Change on the Method Consider Human or Projected Result Future Research Focus
Tibetan Plateau etho Rodent Activities ojected Results
Determination of
Experimental temperature and
W . d scenario NO Carbon sink moisture thresholds
h arfgl.rfl.g in suitable for the carbon
umidification
(T11+M2 D) balance
Determined by the Research on models
Model NO projected space-time more suitable for the

range and parameter
settings of the model

grassland ecosystem in
Qinghai-Tibet Plateau

1T Temperature; 2 M: Moisture content.

Whether it is experimental scenario projection or model projection research, the results between
projections are different. For experimental scenario projections, the results may be different due to
different factors, such as the time and space of the test; the degree of variable control; and the technical
operation, including the time and place of the study, and the control of temperature and moisture; and
whether the differences in ecosystems are considered (soil texture, vegetation type, etc.), human factors,
rodents, etc. For model projection studies, the results may differ due to factors such as the research
scale, spatial distribution, data accuracy, and parameter considerations. For example, whether a global
ecosystem scale model can be used to study a region of the QTP, whether the model is running, or
whether the model data is accurate. Most of the projection methods from both projection types are
limited to a certain area of the QTP, and the projection of carbon balance of the plateau grassland is the
direction of future research.

In addition, the QTP has a complex terrain and diverse climatic conditions [104], which leads
to a diverse ecosystem, and different ecological environments have different effects on the carbon
balance of the QTP [105]. This paper only reviewed the carbon balance projection of the plateau
grassland. Therefore, to study the carbon balance of the whole QTP, it is necessary to consider more
comprehensive ecosystem conditions.

5. Outlook

The current climate change and human activities have direct interactions, and human activities
have always had a significant impact on the Tibetan Plateau ecosystem and local climate. In addition,
plateau pika activity is an important factor affecting the carbon balance of the grassland on the QTP.
Therefore, future studies should not only combine experiments and model projection methods under
climate change, but also take human factors and rodent damage into account to make the projection
results more scientific and accurate.

5.1. The Impact of Human Activities on the Carbon Balance

Human activities have a direct and indirect impact on carbon balance. A certain amount of
carbon dioxide is produced by human production and life, and a higher carbon dioxide level in the
air will further warm the climate, increasing the temperature by 0.1 °C to 1.5 °C [7]. Most of the
above experiments and models do not consider the impact of human activities when projecting the
carbon balance. However, the change of land use caused by human activities leads to the change of
the ecological environment and local climate [106-108], which in turn affects the terrestrial carbon
emissions [109]. Therefore, when projecting the carbon balance projection of grassland ecosystems in
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the QTP under the climate change scenario, the factor of human activity should be added. Current
studies of the effects of human activities on the carbon balance on the QTP include grazing and
wetland drainage.

5.1.1. Grazing

Grazing activities have a certain impact on the carbon balance of terrestrial ecosystems, where
different degrees of grazing intensity (light grazing, medium grazing, and heavy grazing) and grazing
duration have different impacts on the carbon balance [110,111]. Grazing is a typical form of human
activity on the QTP. With the increase of grazing intensity, the aboveground and underground biomass
is gradually reduced, and the carbon content of alpine soil also decreases [112,113]. This can also be
seen in the effects of different grazing management systems (fencing, rest of grazing in growth stages,
traditional grazing, and continuous grazing). The higher the grazing intensity is, the lower the carbon
content in the soil will be. Conversely, when the grazing intensity is weakened, the carbon content
in the soil will gradually recover. The study showed that short-term fallow grazing could restore
vegetation growth of slightly degraded alpine meadows. On the one hand, recreational grazing reduces
vegetation without being affected by livestock; on the other hand, recreational grazing promotes the
growth of perennial vegetation and increases the carbon content of the ecosystem [114].

However, the results of the comparison between grazing and banning grazing contradict the
above conclusions. Banning grazing increased soil carbon dioxide emissions and reduced carbon
sinks during the growing season of the plateau meadow. This may be affected by the grassland type,
sampling period, and experimental treatment [115], but the real reason needs further the study. The
Environmental Policy Integrated Climate (EPIC) model’s study of changes in soil organic carbon stocks
from wetlands between 1980 and 2010 also showed that grazing had a positive impact on carbon
storage, probably due to the positive effects of grazing on plant roots [116]. The results of this study are
consistent with the results of experiments on the effects of different grazing intensities on carbon [117].
Since grazing may cause the increase of roots and plant residues of grassland, the study showed that
the soil carbon accumulation of heavy grazing was 47% and 27% higher than that of light grazing and
moderate grazing, respectively, which improves the carbon sink function of alpine meadows [118].

The EPIC model also found that people drained wetlands for grazing and converted them into
pasture suitable for grazing, thereby reducing the storage of organic carbon. Therefore, if grazing is
beneficial to carbon sequestration, then grazing and drainage have an offsetting effect on the carbon
cycle [116]. Therefore, the balance between the two is important, and it determines the trend of
grassland carbon emissions. Short-term grazing bans (6-8 years) also have no significant impact
on the total carbon reserves of alpine grassland ecosystems, but this is only the result of short-term
experiments, while the impact of long-term grazing bans on carbon emissions needs further study [111].

Therefore, the impact of grazing on the carbon balance of grassland in the QTP is still controversial.
It is not clear at present whether an alpine grassland ecosystem is transformed into carbon source
or carbon sink with the increase of grazing intensity. This may be related to the vegetation type,
vegetation growth, soil texture, soil moisture, and grazing excreta, as well as human research time,
research methods, management measures, etc. In the following studies, more rigorous observations
and analysis should be made regarding these factors.

5.1.2. Wetland Drainage

A wetland ecosystem plays the role of a carbon sink in the global carbon cycle [119,120]. It has an
important role in ecological protection [121] and it is affected by the environment, especially the water
environment, such as water quality and water quantity. Therefore, the wetland ecosystem will be
indirectly affected by hydrology in the future climate change [120]. Although the wetland is a typical
ecosystem of the QTP, as mentioned above, in order to develop the animal husbandry economy, people
have drained the wetland in the past decades to make it a suitable pasture [122], which also had a
certain impact on the carbon balance of the grassland of the QTP. Studies have shown that lower water
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levels reduce the amount of organic carbon stored in peatlands. It is possible that lowering the water
level will increase the activity of aerobic microorganisms [67] and affect the physical and chemical
properties of peat, which may lead to soil carbon loss and reduce the content of soil organic carbon [123].
For example, the peatland water level caused by human activities has dropped and earthworms are
more active in low-water peatlands than in high-water peatlands such that their activities may change
the vegetation biomass, soil structure, and temperature, and may promote the aggregation of other
invertebrates, thus accelerating soil organic carbon emissions and indirectly reducing soil organic
carbon content [124,125]. In addition, if the carbon sequestration capacity of soil is to be guaranteed,
the carbon accumulation rate of peatlands needs to be studied and determined [126].

However, drainage does not always lead to an increase in carbon emissions. Field experiments
lasting 40 months showed that drainage mainly increased CO; emissions in the growing period, but
CO, emissions in the non-growing period were inhibited, which may be due to temperature changes.
Studies have shown that organic carbon emissions and temperature may be exponentially related. In
addition, drainage also reduces CH4 emissions [127]. Moreover, CH, emissions decreased significantly
during both the growing and non-growing seasons [125], and the decrease in the non-growing season
may also be due to the inhibition of cold frozen soil [128]. Although drainage during the growing
season increases CO, emissions and reduces carbon storage in plateau wetlands, the inhibition of
CH4 emissions may increase some carbon storage. Therefore, it is necessary to further determine the
mechanisms and quantities of the two greenhouse gas emissions, as well as the different responses of
growing and non-growing carbon emissions to climate and human activities [125,127].

Moreover, when water levels fall too low, especially during dry periods, soil organic carbon
emissions are suppressed. In fact, organic carbon emissions are the highest when soil moisture is
moderate (35—45%) [127]. This is similar to the above-mentioned effect of changes in the grassland
ecosystem water content on carbon emissions caused by climate warming, both of which indicate that
too much or too little water content will have different impacts on the ecosystem carbon balance.

Wetland drainage has a certain impact on the carbon balance of the grassland on the QTP. Different
research conclusions may be related to different conditions of the research site (organic carbon content
and temperature) [127], or other factors. Therefore, follow-up studies need to combine temperature
and precipitation to quantitatively determine the impact of drainage on the carbon balance.

In addition to the impact of grazing and wetland drainage on carbon balance, ecological governance
is also gradually being carried out on the QTP due to the attention paid to ecological construction,
which may balance the negative impact of ecological destruction and have a certain impact on the trend
of carbon emissions of the whole grassland on the QTP. In addition, drug collection on the plateau is
also one of the causes of grassland desertification. Due to the decrease of biomass, carbon emissions
on the plateau will also be affected to some extent. Therefore, human activities have increasingly
affected the operation of the ecosystem on the QTP. In the future carbon balance projection research, it
is necessary to consider the impact of human activities.

5.2. The Impact of Plateau Pikas on the Carbon Balance

The plateau pika is a unique biological species on the QTP, which has a significant impact on the
plateau ecosystem. On the one hand, the existence of the plateau pika accelerates the degradation of
the plateau grassland, yet on the other hand, it maintains the biodiversity [129], so there are many
uncertainties regarding the impact of plateau pika on the carbon balance of the QTP grassland.

The study showed that the organic carbon content of a plateau meadow increased when the
disturbance intensity of pika was small. When the degree of disturbance is relatively small, the activity
of pika on the plateau increases the soil permeability, thus increasing the soil water holding capacity,
and its excretion increases nutrient elements for plant growth, such that plants can grow better and
the content of organic carbon in meadow increases [130]. Excreta from plateau pika may also directly
increase the soil organic matter content [131]. However, when the soil erosion caused by the plateau
pika is more than 10 cm, the soil organic carbon content is significantly reduced. This may be due to
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the changes in soil structure caused by the plateau pika and the increase in the range of exposure of
organic carbon to the outside world, resulting in an increase in soil organic carbon emissions [132].

Although the extent and manner of the effects of plateau pika activity on the carbon balance of
grassland ecosystems in the QTP are still unclear, the plateau pika activity is one of the factors we
should consider when studying and projecting the carbon balance of grassland ecosystems in the QTP.
Future research may have to pay more attention to the influence of the plateau pika activities, thus
producing more accurate projections of the future of the carbon balance.
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