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Permafrost soils store enormous quantities of organic carbon. Especially on the alpine Qinghai-Tibet Plateau,
global warming induces strong permafrost thawing, which strengthens the microbial decomposition of organic
carbon and the emission of the greenhouse gas carbon dioxide (CO,). Enhanced respiration rates may intensify
climate warming in turn, but the magnitude of future CO, emissions from this data-scarce region in a changing
climate remains highly uncertain. Here, we aim at an area-wide estimation of future potential CO, emissions
for the permafrost region on the Qinghai-Tibet Plateau as key region for climate change studies due to its
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Permafrost soil size and sensitiveness. We calculated four potential soil respiration scenarios for 2050 and 2070 each. Using a
Carbon regression model, results from laboratory experiments and C stock estimations from other studies, we provide
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an approximation of total potential soil CO, emissions on a regional scale ranging from 737.90 g CO, m “y~ '-
4224.77 g CO, m~2 y~ 1. Our calculations as first estimate of thawing-induced CO, emissions (51.23 g CO, m™—2
y~1-3002.82 g CO, m 2y~ ') from permafrost soils of the Qinghai-Tibet Plateau under global warming appear
to be consistent to measurements of C loss from thawing permafrost soils measured within other studies.
Thawing-induced soil CO, emissions from permafrost soils with a organic C content ranging from 2.42 g C
kg~ to 42523 g C kg~ ! increase general soil respiration by at least about one third on average at a temperature
of 5 °C. Differences between scenarios remain <1% and thawing-induced CO, emissions generally decrease over
time comparing 2015, 2050 and 2070. With this spatial approximation at a regional scale, a first area-wide esti-
mate of potential CO, emissions for 2050 and 2070 from permafrost soils of the Qinghai-Tibet Plateau is provided.
This offers support of assessing potential area-specific greenhouse gas emissions and more differentiated climate
change models.
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1. Introduction' 2010b). Hence, slight increases in soil CO, emissions can seriously im-

pact atmospheric CO, concentrations, possibly amplifying global

Carbon dioxide (CO,) emissions from soils to the atmosphere sub-
stantially affect the global carbon (C) cycle (Chen et al., 2010). For the
global carbon budget, this soil efflux represents the main source of C,
second to oceans” releases, by approximated 98 + 12 Pg C per year
(Bond-Lamberty and Thomson, 2010a; Schlesinger and Andrews,
2000; Valentini et al., 2000). Further, soils store most carbon in terrestri-
al ecosystems (Amundson, 2001) and their respiration amounts to ~10%
of the atmospheric CO, cycle budget (Bond-Lamberty and Thomson,
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warming (Rodeghiero and Cescatti, 2005; Rodeghiero et al., 2013;
Davidson and Janssens, 2006; Schlesinger and Andrews, 2000). Howev-
er, climate warming itself presumably accounts for the rising global loss
of soil carbon to the atmosphere in the main (Jones et al., 2003). It po-
tentially increases belowground biomass (BGB), which in turn increases
autotrophic respiration and probably also stimulates microorganisms
which accordingly leads to a higher heterotrophic respiration supported
by more exudates and C-input of roots (Kirschbaum, 1995; Wang et al.,
2014a). However, especially higher C loss through augmented autotro-
phic respiration as consequence of an elevated rate of photosynthesis is
expected to be neutralized by a higher plant uptake of C and its seques-
tration (Schuur et al., 2015). Higher temperatures, extended growing
seasons and a higher concentration of atmospheric CO, potentially in-
tensify plant growth (Shaver et al., 2000). Uptaken C can be sequestered
in larger above- and belowground biomass (Sistla et al., 2013).
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Understanding the different responses of autotrophic and heterotro-
phic respiration to global warming in permafrost soils is particularly im-
portant (Hicks Pries et al., 2013). Higher soil CO, emissions resulting
from thawing permafrost are, if at all, only partly offset by this negative
feedback to global warming through enhanced soil respiration (Schuur
et al., 2015). Permafrost is commonly defined as ground (soil or rock
and included ice or organic material) at or below 0 °C for at least two
consecutive years. Temperatures at or below 0 °C in permafrost soils
shrink microbial activity and inhibits active microbial decomposition
of the soil’s accumulated organic matter (Harden et al., 1992). Conse-
quently, warmer temperatures and concomitant thawing of permafrost
resulting from climate change will expose a large amount of soil organic
C to microbial breakdown that has been frozen before (Xue et al., 2016;
Schuur et al,, 2009). As a result, high quantities of C may be released to
the atmosphere (Dutta et al., 2006). Lately, permafrost was estimated to
contain more than 1600 Pg soil organic C (Schuur et al., 2008), which is
twice the atmospheric CO,-C pool (Jia et al., 2006). Considering the re-
markable C stock of permafrost and its wide-spread climate change in-
duced degradation, its soil CO, emissions are of global importance in
view of the greenhouse gas-driven climate change (Schaefer et al.,
2011; Ding et al., 2016). Hence, the quantification of future CO, emis-
sions from permafrost soil gains high relevance for more comprehen-
sive scenarios of climate change. This importance further results from
the fact that permafrost soils have functioned as C sinks so far (Hicks
Pries et al., 2012).

A key region for examining such processes due to its sensitivity and
comparably low human impact is seen in the ecologically fragile Qing-
hai-Tibet Plateau with its extensive and sensitive permafrost area (Fan
et al., 2010; Yang et al., 2009; Liu and Chen, 2000). Also because of its
important role in the global carbon cycle and remarkable contribution
to the global carbon budget, the plateau is generally of high significance
for studies on CO, emissions (Geng et al., 2012). As highest and spatially
most extended plateau on earth, the Qinghai-Tibet Plateau influences
both regional and global climates significantly (Zhong et al., 2010;
Wang et al., 2006). Also its effects by means of thermal and mechanical
forces (Kutzbach et al., 2008; Duan and Wu, 2005; Manabe and Terpstra,
1974) earns him the reputation of being a ‘driving force’ or an ‘amplifier’
of global warming (Kang et al., 2010). However, global climate change
likewise influences the Qinghai-Tibet Plateau (Zhang et al., 2010). It is
a region of high sensitiveness to global warming mainly due to its ex-
treme elevation (Zhong et al., 2010; Zhang et al., 2007; Luo et al.,
2002). The plateau’s temperature is expected to increase far above aver-
age in the future (Wang et al., 2008; Christensen et al., 2007; Liu and
Chen, 2000). The cryosphere, commonly considered as the most sensi-
tive indicator to climate change, undergoes rapid changes on the Qing-
hai-Tibet Plateau (Kang et al., 2010), where earth’s largest high-altitude
and low-latitude permafrost zone, with more than half of its total area
influenced by permafrost (Cheng, 2005), shows increasing permafrost
degradation (Bohner and Lehmkuhl, 2005; Baumann et al., 2009). This
process has been advancing even stronger than in other high-latitude,
low-altitude permafrost regions over the last few decades (Yang et al.,
2004). As expected, the further degradation of Tibetan permafrost
(Bohner and Lehmkuhl, 2005; Wang et al., 2000) will highly influence
soils mainly reflected by their changes in temperature and moisture
(Doerfer et al., 2013; Zhang et al., 2003). Global warming so impacts
permafrost stability and distribution as well as vegetation and soil char-
acteristics that intensively interact with CO, emissions through com-
plex processes (Chapin et al., 2005). The thaw of permafrost resulting
from global warming will release organic C frozen till then and poten-
tially provide a positive feedback to climate change through higher res-
piration rates (Koven et al.,, 2011). This calls attention to the need of a
deep understanding of the quantity of potential CO, emission rates
with future climate change with special regard to the heterotrophic
component in thawing permafrost soils on the Qinghai-Tibet Plateau
(Geng et al., 2012). This is especially difficult to quantify because of
high uncertainties and only few laboratory experiments that have

been conducted so far concerning thawing-induced CO, emissions
from permafrost. Widely varying approximations have not been over-
come yet (Lawrence et al., 2015). Empirical regression models for
predicting soil respiration on the Qinghai-Tibet Plateau have already
been applied effectively (Bosch et al., 2016), with process-based models
generally being limited in their applicability to large regions due to
more difficulties when parametrizing. This approach has been success-
ful when applied for likewise complex processes such as rainfall erosiv-
ity in other regions of China (e.g. Schonbrodt-Stitt et al., 2013). For
thawing-induced CO, emissions, no formulated regression models
exist, why results of laboratory experiments are transferred to the
study area in structural analogy to regression models. Further, as to
the difficulty of quantifying soil CO, emissions on the Qinghai-Tibet Pla-
teau, limitations in data availability is particularly challenging. Despite
its unique role in climate change studies due to its ecological sensibility,
the inaccessible and complex terrain of the plateau additionally aggra-
vates research activities and causes a general data scarcity due to enor-
mous time and cost efforts required for data collection. Various data sets
lack of a fine (about 1 km?) resolution that captures spatial environ-
mental variability appropriately. Others are not spatially comprehen-
sive, existent, available or highly cost-intensive. On the other hand,
several freely available global databases exist for selected environmen-
tal variables. They are have often acceptable or useful resolution to rea-
sonably interpret empirical model results (about 1 km?) and are
developed through the harmonization of different data sets with elabo-
rated methods. For area-explicit, efficient calculations for the Qinghai-
Tibet Plateau on a regional scale, they are, therefore, advantageous.

Facing these issues, we aim at a first, efficient estimate of potential
CO, emissions from permafrost soils on the Qinghai-Tibet Plateau in fu-
ture based on freely accessible data. Against the background of different
scenarios of climate change, the potential CO, release is approximated
with special regard to the higher heterotrophic respiration induced by
the increased microbial decomposition of soil organic C resulting from
thawing permafrost.

2. Material and methods
2.1. Study area

Our study area, the permafrost soils on the Qinghai-Tibet Plateau, is
located in southwestern China. The Qinghai-Tibet Plateau extends from
26°00'12" N to 39°4650” N and from 73°18’52” E to 104°46'59” E with a
maximum length of approx. 2945 km from east to west and approx.
1532 km from south to north. The altitude of the highest and youngest
plateau amounts to 4380 m on average (Baumann et al., 2009; Zhang et
al,, 2002). On this plateau, earth’s largest high-altitude and low-latitude
permafrost zone is located, with more than half of its total area influ-
enced by permafrost (Cheng, 2005). Covering about 1.050 x 10° km?,
the permafrost zone is mainly part of the southwestern and central pla-
teau (Fig. 1). Continuous permafrost mostly occurs in the interior and
western Qinghai-Tibet Plateau, extending to the south of the Kunlun
Mountains. Boundaries of the permafrost zone in the south are the
Tanggula Mountains and the 94° longitude in the east. Discontinuous
permafrost can be found in the northern and southern regions on the
Qinghai-Tibet Plateau with more pronounced relief characterized by
ground that seasonally freezes and shows sporadic permafrost (Cheng
and Jin, 2013). Along the Qinghai-Tibet highway, the permafrost zones
stretches with a length of 550 km from north to south (Wang et al.,
2006). The unique geographical position of the Qinghai-Tibet Plateau
prevails an azonal plateau climate (Zhuang et al,, 2010; Zhong et al.,
2010) with strong solar radiation, low air temperature, large daily tem-
perature variations and low differences between annual mean temper-
atures (Zhong et al., 2010). Generally, a decrease both in temperature
and in precipitation from the south-eastern to the north-western part
of the plateau is apparent (Immerzeel et al., 2005). For the plateau,
the mean temperature of July, as warmest month, varies from 7 °C to
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Fig. 1. Spatial extension of continuous and extensive discontinuous permafrost on the Qinghai-Tibet Plateau. The spatial resolution of the grids is 1000 x 1000 m.

15°Cand from —1 °C to — 7 °Cin January, as coldest month. Average an-
nual temperature is 1.6 °C (Yang et al., 2009). Precipitation amounts to
about 413.6 mm a year (Yang et al., 2009), with more than 60-90% falling
in the wet and humid summers (June-September) and 10% at maximum
in the cool, arid winters (November-February) (Xu et al., 2008). The topo-
graphic setting as well as atmospheric conditions determine the sequence
of alpine meadows, steppes and deserts from southeast to northwest (Pei
et al., 2009; Zheng, 1996). Alpine steppes and meadows dominate the un-
disturbed vegetation, with Stipa species respectively Kobresia meadows as
major vegetation types. According to the long freezing periods, relatively
short growing seasons characterize the plateau’s climate (Yu et al., 2010).
Its vegetation is regarded as comparatively natural (Schroeder and
Winjum, 1995). Continuous, complex pedogenetic processes on the Qing-
hai-Tibet Plateau typically result in young and highly diverse soils with
distinct degradation characteristics, exhibiting a strong influence by per-
mafrost regimes (Baumann et al, 2014).

2.2. Geodatabase and processing
For the estimation of potential CO, emissions, different data sets

were used in this case study. All data sets were projected into the Uni-
versal Transverse Mercator coordinate system WGS 1984, Zone 45 N.

The data set for current MAP was obtained from the WorldClim data
set available at http://worldclim.com (for basic statistics on current
MAP see Table 1). This was compiled from a considerable number of
various sources, such as the Global Historical Climate Network, World
Meteorological Organization and the Food and Agricultural Organiza-
tion, with a resolution of 1 x 1 km and representing the current climate
conditions from circa 1950 to 2000. Data from more than 71,000 climate
stations worldwide recording for precipitation, and more than 45,000
climate stations recording for temperature are integrated, with the
Qinghai-Tibet Plateau as area with less densely distributed measure-
ment points. These were, however, interpolated using a thin-plate
smoothing spline algorithm. Latitude, longitude and altitude served as
independent variables. Elevation data were used from the Shuttle
Radar Topography Mission with a spatial resolution of 1 x 1 km (for
more detailed information see Hijmans et al., 2005).

The data sets for MAP in 2050 and 2070 under different scenarios of
climate change originate from the WorldClim data sets as well (for basic
statistics on MAP in 2050 and 2070 under different scenarios see Table
1). For 2050 and 2070, representing the average of modeled climate
conditions from 2041 to 2060 and 2061-2080, respectively, there are
four climate scenarios. We used the projections of the global climate
model ‘Community Climate System Model Version 4’ as one of the

Table 1
Statistics on input data sets on MAP [mm] based on WorldClim data sets (Hijmans et al., 2005).
Year scenario 2015 2050 RCP2.6 2050 RCP4.5 2050 RCP6.0 2050 RCP8.5 2070 RCP2.6 2070 RCP4.5 2070 RCP6.0 2070 RCP8.5
[mm]
Mean 222.05 232.49 235.13 233.69 241.79 231.78 234.98 235.36 243.44
Min 32.36 35.36 34.58 35.08 35.44 34.40 33.36 35.40 36.40
Max 1237.18 1291.94 1287.11 1261.01 1243.34 1295.14 1338.14 1247.18 1303.71
Range 1204.82 1256.58 1252.53 1225.93 1207.9 1260.74 23498 1211.78 1267.31
SD 137.67 143.70 145.73 144.207 148.66 143.81 147.32 145.33 151.12
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most common and current one that is employed in the Fifth Assessment
IPCC report as well and has been developed in international collabora-
tion (Gent et al., 2011). The model is a coupled model combining four
separate models that simulate the sea-ice, the atmosphere, oceans and
land surface of the earth, and a fifth component that allows for an ex-
change of fluxes between these models. It is regarded to provide realis-
tic simulations of the earth’s climate system at a resolution of 1 x 1 km
with reasonable fidelity. WorldClim 1.4 served as reference for the
downscaling and calibration of this model results (for more details see
Gent et al,, 2011; http://worldclim.com). The four scenarios are
projected by the global climate model for four different representative
concentration pathways (RCP) with a spatial resolution of 1 x 1 km
(van Vuuren et al.,, 2011). The RCP each describe different climate sce-
narios that are regarded being possible depending on future amounts
of greenhouse gas emissions, land use change and air pollutants, cover-
ing a wide range of scenarios presented in the existing literature. They
incorporate various different technological, political, social and eco-
nomic futures influencing climate change. Each RCP has been developed
under the usage of a different model. For RCP2.6, greenhouse gas emis-
sions are assumed to be very low, for RCP4.5 medium-low, for RCP6.0
medium, and RCP8.5 is seen as high emission scenario. Air pollution is
assumed to be medium-low for RCP2.6, medium for RCP4.5 and
RCP6.0, and medium-high for RCP8.5. Data were harmonized, down-
scaled or converted using e. g. a carbon-cycle climate model or atmo-
spheric chemistry model for emission data to be transformed into
concentration data (for more details see van Vuuren et al., 2011).

The data sets for organic C content, gravel content and bulk density
were obtained from the WISE30sec data set available at http://isric.org
with a spatial resolution of 1 x 1 km up to a depth of 2 m (for basic sta-
tistics on the soil properties see Table 2). The WISE30sec data set was
compiled from different sources, such as the Harmonized World Soil Da-
tabase, version 1.21 with marginal corrections, a climate zones map
(Koppen-Geiger) used as co-variate and soil property estimations
based on the ISRIC-WISE soil profile database. Soil properties were esti-
mated based on statistical analyses of about 21,000 soil profiles. This
was undertaken using an elaborate system of taxonomy-based transfer
rules combined with expert-rules, which assess the consistency of the
predictions within the pedons. These rules implemented in the deriva-
tions were marked to support in indicating the possible confidence in
the estimated data regarding their lineage. WISE30sec is generally
regarded as being appropriate for exploratory assessments at a resolu-
tion of 1 x 1 km (for more detailed information see Batjes, 2015).

The data to determine the spatial extension of the permafrost zone
of the Qinghai-Tibet Plateau were obtained from the Global Permafrost
Zonation Index Map available at http://www.geo.uzh.ch with a spatial
resolution of 1 x 1 km. The model underlying this map is based on
established relationships between air temperature and occurring per-
mafrost, which have been transformed into this model. Its parametriza-
tion has been undertaken based on published approximations. Air
temperature and elevation represent the input parameters for the
model. The input data to derive the modeled spatial permafrost exten-
sion are based on various climatic and physical-geographic data sets
such as the CRU TS 2.0, NCEP30 and SRTM30. Permafrost extension clas-
ses used in the data are: continuous permafrost (90-100%), extensive

Table 2

Statistics of organic carbon content [g C kg~'], bulk density [kg dm—>] and coarse frag-
ments (>2 mm) [vol.%] of the continuous and extensive discontinuous permafrost area
on the Qinghai-Tibet Plateau based on WISE30sec data sets (Batjes, 2015).

Soil property Organic carbon Bulk density Coarse fragments
content [g Ckg™'] [kg dm~3] (>2 mm) [vol.%]

Mean 31.03 1.25 14.34

Min 242 0.14 1

Max 425.23 1.62 46

Range 422.81 1.48 45

SD 42.26 0.19 6.88

discontinuous permafrost (50-90%), sporadic discontinuous permafrost
(10-50%) and isolated patches (smaller than 10%) (for more details see
Gruber, 2012). In our study, continuous and extensive discontinuous
permafrost are considered.

2.3. Calculation of potential CO, emissions

The calculation of potential CO, emissions consists of two compart-
ments: (i) General CO, emission rates for the Qinghai-Tibet Plateau as
rather general soil respiration and (ii) specific CO, emission rates, i.e.
thawing-induced CO, emissions, that focus on the additional source of
C made available by climate change through permafrost thaw on the
Qinghai-Tibet Plateau.

General CO, emission rates (i) as general soil respiration were calcu-
lated based on MAP for each scenario in 2050 and 2070 and the current
situation using the regression model by Raich and Schlesinger (1992):

SR =0.391P + 155 (1)

where SR is the annual soil respiration rate (g C/m?/yr) and P represents
MAP (mm). This regression model performs best for estimating soil res-
piration on the Qinghai-Tibet Plateau according to a comparison of dif-
ferent regression models by Bosch et al. (2016).

As global model, however, this regression model does not consider
the situation of the Qinghai-Tibet Plateau specifically concerning
thawing permafrost under global warming, inhering a further source
of CO, evolving from the soil. We therefore estimated these particular
thawing-induced CO, emissions (ii) additionally based on estimates
from a synthesis of incubation experiments with soil samples from the
arctic region by Schddel et al. (2014). On average, 23.1% of the organic
C can potentially be lost within 50 incubation years through permafrost
thawing (Schddel et al., 2014 ), which corresponds to approximately
0.012%. per day on average. With 166 frost-free days per year on the
Qinghai-Tibet Plateau as average from 1960 to 2000 and approximately
additional 3 days per further decade because of global warming (Zhang
et al., 2014), the potential C loss from thawing permafrost C stocks is
hence 0.222% on average per year from 2015 to 2050 and from 2015
to 2070 on average 0.226% per year. Accordingly, the potential organic
C loss from 2015 to 2050 amounts to 7.78% and to 12.45% until 2070
of the organic C stock in 2015. As the amount of released CO,, in the pro-
cess of permafrost thaw is rather independent from the exact tempera-
ture (Schddel et al.,, 2014), a further differentiation according to the
RCPs used in this study would not yield deeper insights.

C stocks for k layers as prerequsite for a calculation of thawing-in-
duced soil CO, emissions were estimated as follows:

Kk
Ty= Zl piPiDi(1=S5;), (2)
=

where T, represents the total amount of organic carbon (Mg m™2) over
depth d, p; is bulk density (Mg m~3) of the layer i, P; equals the propor-
tion of organic carbon in layer i (g C g~ 1), D; s the thickness of this layer
(m), and S; is the volume of coarse fragments (>2 mm) (Batjes, 1996).

With the potential C loss from current C stocks, the amount of the
CO, equivalent as potential greenhouse gas emissions from the process
of permafrost thaw for 2050 and 2070 can be calculated. This potential
CO, emission rate is added to the CO, emission rates that were calculat-
ed for each scenario of 2050 and 2070 based on MAP for obtaining total
CO, emissions. The proportion of thawing-induced CO, emissions to
total CO, emissions was obtained as ratio for each year. To calculate
this, means of total CO, emissions of all scenarios were averaged for
each year.
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3. Results
3.1. CO, emission scenarios for 2050

The four scenarios for 2050 project total CO, emissions ranging from
lowest 1420.22 g CO, m—2 y~! (RCP2.6) to highest 1433.46 g CO, m
vy~ ! on average (RCP8.5) (see Table 3). The difference between the low-
est and highest mean CO, emission rate is hence 9.23%.. Differences in
the minima and maxima of the different scenarios are likewise similar
ranging from 737.90 g CO, m 2y~ ! (RCP4.5) to 739.13 g CO, m 2y~ !
(RCP8.5) (minima) and between 4188.95 g CO, m—2 y~ ' (RCP2.6)
and 4224.77 g CO, m~2 y~! (RCP8.5) (maxima). The mean of the
thawing-induced CO, emissions adds up to 36.47% of the averaged
means of the total CO, emissions. In all scenarios, more values exceed
the respective averages as reflected by the median values from
1254.03 g CO, m 2y ~! (RCP6.0) to 1267.53 y ' (RCPS.5). The frequen-
cy distribution of all thawing induced values differs strongly from those
of the total CO, emissions, that is to say their medians amount to less
than half of the mean. Highest decreases in total CO, emissions com-
pared to the total CO, emissions in 2015 are located in the central
part of the plateau (Fig. 3).

With regard to the abundance of CO, emission values for CO, emission
classes, most values (69.13%-69.90%) occur in the low class (>0-916.05 g
CO, m~2y~ 1) throughout all scenarios (see Table 4). In the highest class
(>3664.21 g CO, m—2y "), only <1%. of the values appears, which corre-
sponds to an area of 976-979 m?. Differences between the scenarios show
to be small (Fig. 2) amounting to <1% for all scenarios in all CO, emission
classes. It has to be considered, however, in terms of area, that the differ-
ence between RCP2.6 and RCP8.5 is up to 10,865 m? in the lowest class
and up to 7853 m? in the low class as examples. In this case, the CO,
input to the atmosphere from more than 10,000 m? of the permafrost
soils of the Qinghai-Tibet Plateau would be instead of 0-916.05 g CO,
m™? at least >916.05-1832.10 g CO, m™ or even >1832.10-3664.21 g
CO, m~2 within one year, which is two to four times more.

3.2. CO, emission scenarios for 2070

Mean CO, emissions of all scenarios for 2070 range from lowest
1409.73 g CO, m 2y~ ' (RCP2.6) to 1426.25 g CO, m 2y~ ! (RCPS.5).
The strongest difference between two scenarios therefore remains
1.15%. Like for the scenarios in 2050, minima (733.97 —738.32 g CO,

m~2 y~!) and maxima (4129.10-4158.69 g CO, m—2 y~!) are also
very close. Median values lie about 150 ¢ CO, m~2 y~! below averages
(1245.85-1263.96 g CO, m—2 y~1). For all scenarios, CO, emissions ap-
pear to be less than the CO, emissions of 2050. Again, as for the projec-
tions of 2050, the statistical means of the general soil respiration follows
the same patterns corresponding to the one’s of the total CO, emissions.
The mean of the thawing-induced CO, emissions adds up to 36.03% of
the averaged means of the total CO, emissions. Like for 2050, the me-
dians of the thawing-induced values amount to less than half of the
mean. For all scenarios, the range of the thawing-induced values ap-
pears to be broader than the range of the general soil respiration,
which is also true for the projections of 2050. Like for 2050, strongest
decreases in total CO, emissions compared to the total CO, emissions
in 2015 are located in the central part of the plateau (Fig. 3).

Basic patterns of the abundance of total CO, emissions of 2050 and
2070 in their respective classes resemble each other strongly. Most
values occur in the low class (69.00-69.33%) and in the class for high
CO, emission rates, again <1%. is found. Differences between the sce-
narios follow the structures of the values” distribution for 2050. Except
for the entire lowest class and the medium class for the RCP8.5 scenario,
more value of CO, emissions can generally be found in all scenarios of
2050. This corresponds to the result of general higher total CO, emis-
sions in 2050. The highest difference between years and scenarios with-
in one class amounts to 1.29% at the most.

3.3. C stocks

In the permafrost soils of the Qinghai-Tibet Plateau, on average,
67.00 kg C m~2 for 2015, 61.79 kg C m—2 and 58.66 kg C m2 for
2050 and 2070 are stored according to our estimations based on the
WISE30sec data set (see Table 5). Minima range from 5.88 kg C m ™2
(2070) to 6.72 kg C m~2 (2015) and maxima from 338.92 kg C m—2
(2070) to 387.13 kg C m—2 (2015). Highest C stocks occur in the central
part of the plateau (Fig. 4). For the permafrost-affected area of the Qing-
hai-Tibet Plateau, C stocks in 2015 add up to 68.59 Pg and to 63.25 Pg
and 60.05 Pg for 2050 and 2070 respectively. The climate change-in-
duced increase of microbial activity releases 5.42 Pg C from these per-
mafrost soils between 2015 and 2050 and 8.54 Pg C between 2015
and 2070. The consequent decrease of C stocks is highest on the central
part of the plateau for both 2050 and 2070 (Fig. 5).

Statistics of potential CO, emissions: total CO, emissions, consisting of general soil respiration (I) and thawing-induced CO, emission (II) ing CO, m 2y~ !'[gCm 2y~ '].

Min Max Median Range

739.02 [201.68]
618.59 [168.82]
737.90 [201.38]
617.49 [168.52]
738.62 [201.57]
618.18 [168.71]
739.13 [201.71]
622.36 [169.85]
735.46 [200.71]
617.23 [168.45]
733.97 [200.30]
615.73 [168.04]
736.89 [201.10]
618.66 [168.84]
738.32 [201.49]
620.09 [169.23]
53.20 [14.52]

52.18 [14.24]

51.23[13.98]

Table 3
Year Scenario Type of CO, emission Mean
gCo,m ?y '[gCm 2y ]
2050 RCP2.6 Total I 1420.22 [387.59]
901.02 [245.90]
RCP4.5 Total I 1423.87 [388.58]
904.80 [246.93]
RCP6.0 Total I 1421.76 [388.01]
902.75 [246.37]
RCP8.5 Total [ 1433.46 [391.20]
914.34 [249.54]
2070 RCP2.6 Total I 1409.73 [384.73]
900.00 [245.62]
RCP4.5 Total I 1414.14 [385.93]
904.62 [246.88]
RCP6.0 Total I 1414.88 [386.13]
905.13 [247.02]
RCP8.5 Total I 1426.25 [389.24]
916.78 [250.18]
2015 Schddel et al. (2014) I 529.91 [144.62]
2050 Schddel et al. (2014) i 519.75 [141.84]
2070 Schddel et al. (2014) Il 510.30 [139.26]
2015 Bosch et al. (2016) Total I 1415.59 [386.33]

886.92 [242.05]

737.08 [201.15]
61432 [167.73]

4188.95 [1143.20]
2418.89 [660.14]
4190.54 [1143.64]
2412.00 [658.26]
4195.69 [1145.04]
2374.59 [648.05]
4224.77 [1152.98]
2349.27 [641.14]
414922 [1132.36]
2423.50 [661.40]
414343 [1130.78]
2485.10 [678.21]
4129.10 [1126.87]
2354.76 [642.64]
4158.69 [1134.95]
2435.97 [664.75]
3134.91 [855.55]
3002.82 [819.49]
2948.25 [804.60]
4224.34[1152.86]
2340.46 [638.73]

1255.98 [342.77]
855.15 [233.38]
1260.37 [343.96]
860.21 [234.76]
1254.03 [342.23]
855.26 [233.41]
1267.53 [345.92]
859,62 [236.60]
1245.85 [340.00]
755.633 [206.22]
1249.51 [341.00]
757.06 [206.61]
1251.36 [341.51]
757.06 [206.61]
1263.96 [344.94]
765.63 [208.95]
236.19 [64.46]
231.69 [63.23]
227.47 [62.08]
1246.86 [340.28]
863.83 [235.75]

344992 [941.51]
1800.30 [491.32]
3452.64 [942.26]
179451 [489.74]
3457.06 [943.46]
1756.40 [479.34]
3485.63 [951.26]
1726.91 [471.29]
3413.76 [931.65]
1806.27 [492.95]
3409.45 [930.47]
1869.37 [510.17]
3392.20 [925.76]
1736.10 [473.8]

3420.37 [933.45]
1815.68 [495.52]
3008.31[821.03]
2950.63 [805.25]
2897.01[790.62]
3487.25 [951.70]
1726.14 [471.08]




226 A. Bosch et al. / Catena 149 (2017) 221-231

Table 4

Abundance of CO, emission values of per class of CO, emissions for the Qinghai-Tibet Plateau. CO, emission classes represent very low (>0-250 g Cm~2y~'/>0-916.05g CO, m 2y~ 1),

low (>250-500 g Cm 2y~ !/>916.05-1832.10 g CO, m 2y~ !), medium (>1832.10 g CO, m

—2y~1-3664.21 g CO, m 2y~ '/>500-1000 g Cm~2 y~ 1), high (>3664.21 g CO, m 2y~ !/

>1000gCm 2y~ ") and no (<0g CO, m~2y~1/<0 g Cm~2y~!] CO, emissions. Italicized values specify the area on the Qinghai-Tibet Plateau assigned to the respective CO, emission class.

Classes Scenario RCP2.6 RCP4.5 RCP6.0 RCP8.5
Year 2050 2070 2050 2070 2050 2070 2050 2070
% [m~2]
Very low 13.27 13.50 13.29 13.50 12.72 13.06 12.21 12.99
135,902 138,276 136,118 138,286 130,224 133,737 125,037 132,997
Low 69.25 69.18 69.13 69.00 69.74 69.57 69.90 69.33
708,955 708,160 707,685 709,400 713,895 712,163 715538 709,707
Medium 17.36 17.24 17.49 17.11 17.44 17.27 17.78 17.83
177,789 176,273 178,843 175,058 178,528 176,802 182,068 182,560
High 0.09 0.08 0.09 0.08 0.09 0.08 0.09 0.09
976 912 976 878 977 920 979 969
No 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0 0 0 0 0 0 0 0

4. Discussion

Overall, total CO, emissions for both 2050 and 2070 remain within
the same order of magnitude of soil respiration generally measured on
the Qinghai-Tibetan Plateau (2550.29 g CO, m~2 y~! as average of
four years) (Wang et al., 2014b) and further show a proportion of gen-
eral soil respiration and thawing-induced CO, emissions comparably to
the results of Peng et al. (2015) and Hicks Pries et al. (2013). The field
measured results of Peng et al. (2015) with the amount of C additionally
released due to warming and thawing permafrost, reach 18 to 29% in an
alpine meadow on the plateau. In that study, there is no differentiation
between altered soil CO, emissions induced by permafrost thaw and al-
tered general soil CO, emissions due to a general higher plant and mi-
crobial metabolic activity as consequence of higher temperatures.
However, it is to assume that most of the increase is related to the addi-
tional available permafrost C as Hicks Pries et al. (2013) obtained similar
results when focusing on soil CO, emissions originating from

permafrost C. In that study, old soil heterotrophic soil CO, emissions
comprised up to approximately 18% of the remaining parts of soil CO,
emissions under thawing permafrost.

The differences between the scenarios of total soil CO, emissions
fully result from the differences between the general soil respiration
rates for each scenario as the potential thawing-induced CO, emissions
are represented by only one value per year due to their different calcu-
lation. Accordingly, values of mean, minimum, maximum and median
share proportionally the same trends for total CO, emissions and gener-
al soil respiration. Differences between the scenarios of general soil CO,
emissions appear to be about 1% what reflects the small differences be-
tween the scenarios of MAP as fully accounting for this.

The variability of the general soil respiration results from the varia-
tion in MAP, naturally not following static patterns as depending on
complex influencing factors as partly considered in the RCPs. As the
mean CO, emission rate of the RCP6.0 is lower than the one of the
RCP4.5 in 2050, the CO, emission rate reflects that there is no general

2070:
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CO; emissions [g CO; m™y”"|

[ <1000 B 1251 - 1500 [_] 2001 - 2500 [l < 3000
I 1000 - 1250 [ 1501 - 2000 [ 2501 - 3000 [_] No study area
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Spatial resolution: 1000 x 1000 m
Projection: UTM WGS 84, Zone 45 N

Fig. 2. Spatial distribution of total potential CO, emissions from permafrost-affected areas on the Qinghai-Tibet Plateau in 2050 and 2070 according to the RCP2.6 scenarios. Unit of CO,

emissions is g CO, m—2 y~'. The spatial resolution of the grids is 1000 x 1000 m.
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2015 - 2050:

Changes in total CO, emissions [g CO, m~y]
[ <-40 [ -40--20 1 -20-0 ] 0-10 [ 10-20 M >20 [ no study area

2015 - 2070:

0 125250 500 750 1.000

Spatial resolution: 1000 x 1000 m
Projection: UTM WGS 84, Zone 45 N

Fig. 3. Spatial distribution of absolute differences in total potential CO, emissions from permafrost-affected areas on the Qinghai-Tibet Plateau between 2015 and 2050 and between 2015
and 2070 according to the RCP2.6 scenarios. Unit of changes in total CO, emissions is g CO, m~2 y~'. The spatial resolution of the grids is 1000 x 1000 m.

linear correlation to the radiative forcing values. For all scenarios of
2070, CO, emissions appear to be less than the CO, emissions of 2050.
This results mostly from the thawing-induced CO, loss, which is calcu-
lated as percentage of the respective C-stock, consequently decreasing
with temporal progression. Differences between the years 2050 and
2070 in thawing-induced CO, emissions reflect their linear calculation
and decreasing C-stocks. As natural process, thawing of permafrost
does, however, not progress strict linearily. Nevertheless, the relative
high independence of temperature (Schddel et al., 2014) does not re-
quire further differentiations of different temperature scenarios.

Regarding the abundance of values in 2050, except for the entire
lowest class and the medium class for the RCP8.5 scenario, more value
of CO, emissions can generally be found in all scenarios of 2050. This
corresponds to the result of general higher total CO, emissions in
2050, resulting from decreasing carbon stocks in the end.

With regard to the C stored in the permafrost soils of the Qinghai-
Tibet Plateau, the decrease from 2015 to 2070 (Table 5) generally re-
flects the steady decrease caused by the raised C decomposition. The C
stocks in general appear to be reasonable in view of other studies on C
stocks. They fit the order of magnitude of field measured data with
about 10 kg C m~2 in permafrost soils of alpine grasslands of the Qing-
hai-Tibet Plateau to a depth of <1 m (Genxu et al., 2008; Doerfer et al.,
2013) or 56.5 kg C m™2 in meadows (Mu et al., 2015) as examples.
The global C stock estimates by Batjes (2015) clearly show the same
patterns of the spatial distribution of C stocks on the Qinghai-Tibet Pla-
teau overall with highest C stocks on the Qinghai-Tibet Plateau reaching
global maxima. Carvalhais et al. (2014) approximates the global maxi-
mum for soil C stocks to 243 kg C m~2, which is comparable to the max-
ima in this study. Compared to 450 Pg C (Zimov et al., 2006) in the
Siberian loess permafrost (1 x 108 km?), the C stock estimated in this
study appears to be much lower, resulting from the fact that it covers
only a depth to 2 m in contrast to 25 m as reported in Zimov et al.
(2006). They also include roots and partly organic matter in their less
spatially differentiated approximations as not considering coarse frag-
ments in their calculations and using only one standard value for organ-
ic C content and bulk density which accounts for much higher values.

Table 5

Their uncertainty is further assessed as possibly deviating by several
hundred Pg (McGuire et al., 2010). Moreover, an extreme spatial vari-
ability of soil organic C stocks on the Qinghai-Tibet Plateau has been re-
ported (Mu et al., 2015), leading generally to a wide range in area-wide
estimations. C stocks for the permafrost region on the Qinghai-Tibet Pla-
teau were calculated with about 160 Pg C up to 25 min a similar order of
magnitude by Mu et al. (2015) compared to the estimates for the Sibe-
rian loess permafrost. However, the strong methodological differences
to this study are to a large extent very similar next to a broader defini-
tion of the permafrost area. Wang et al. (2002) estimate the C stock of
the plateau’s grasslands to 33.5 Pg. However, they only consider the
first 70 cm of the soil. The estimation of Mu et al. (2015) for the first
two meters amount to about 27.9 Pg C for the permafrost soils on the
Qinghai-Tibet Plateau indicating that estimates in this study are reason-
able. Since the calculations by Mu et al. (2015) are based on literature
data from different studies, they expect deviations of several 10% re-
garding the C contents as base for their calculations due to different
methodological approaches.

With about 0.54 Pg CO, y~', the thawing-induced soil CO, emissions
of the entire study area are, although in the same order of magnitude,
about three times higher than what would be supposed based on the re-
sults of Schuur et al. (2009). They estimate 1 Pg Cy~! (3.66 Pg CO,y 1)
as global C flux assuming an estimated area of global permafrost with
about 22 « 10° km? according to Gruber (2012). Also, the estimates of
Koven et al. (2011), who projected emissions from permafrost soils to
a depth of 3 m to 7-17 Pg CO, until 2100, are lower than the results of
this thesis (7.3.2). These and comparable estimates by Harden et al.
(2012) are even considered being overestimated (Schddel et al.,
2014). However, the results of Schuur et al. (2009) are highly uncertain
since they are based on measurements on only one site. A recent,
model-based study by Schuur et al. (2015) approximated 37-174 Pg C
to lose from the global permafrost zone by 2100 under the RCP8.5 sce-
nario. This corresponds to 0.09 Pg C y~! from the plateau on average,
which is distinctly closer to an average of 0.15 Pg C y~! (Section
7.3.2). Generally, global annual soil CO, emissions are approximated
to 63-120 Pg C (Raich and Schlesinger, 1992; Raich and Potter, 1995;

Statistics of the soil C stocks of the Qinghai-Tibet Plateau in 2015, 2050 and 2070 in kg C m~2 up to a depth of 2 m.

Year Mean Min Max Median Range Sum [Pg C] Sum of thawing-induced C loss
since 2015 [Pg C]
kg Cm—2
2015 67.00 6.72 387.13 29.87 380.40 68.59 -
2050 61.79 6.20 356.98 27.54 350.78 63.25 5.34
2070 58.66 5.88 338.92 26.15 333.03 60.05 8.54
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Fig. 4. Spatial distribution of C stocks of the permafrost-affected areas on the Qinghai-Tibet Plateau for 2015, 2050 and 2070. C stocks are in SI unit (kg m~2). The spatial resolution of the

grids is 1000 x 1000 m.

Reichstein and Beer, 2008). This gives rise to the assumption that the
calculated heterotrophic soil CO, emissions induced by permafrost
thaw are as a whole to be revised upwards after further research.

The spatial distribution of CO, emissions with a concentration of
highest values in the central part of the plateau (Fig. 2) resembles the
spatial distribution of the C:N ratio in the study area. There, the C:N
ratio ranges from 0 to 25 (Batjes, 2015). Highest C losses occur in this
area (Fig. 5), confirming the results of Schddel et al. (2014) that present
the C:N ratio as most reliable predictor of C loss compared to either C or
N concentration. The permafrost conditions, conserving fragmentary
decomposed organic matter, may account for this positive relationship,
which reflects the stabile presence of N in the system (Schadel et al.,
2014).

Uncertainties of the presented potential CO, emissions result from
various sources. Input data limitations restrict the estimations” reliabil-
ity in all cases. The WorldClim data sets generally show lower precision
for poorly sampled regions like the Qinghai-Tibet Plateau (Maussion et
al., 2011; Bohner, 2006; Hijmans et al., 2005). The same holds true for
areas on the plateau with complex topography where a 1 x 1 km reso-
lution does not capture all potential variation (Hijmans et al., 2005).

The projections of the global climate model Community Climate Sys-
tem Model Version 4 show uncertainties for precipitation on the

2015 - 2050

Decrease of C stock [kg C m?]
<65 MM 65-12 M 12-18 [ 18-24 WM >24

[ no study area

Qinghai-Tibetan Plateau up to 10 mm per day compared to reference
models. The RCP projections generally inhere deficiencies resulting
from the process of harmonizing different scenarios and models under-
lying the RCPs (van Vuuren et al., 2011). As the years 2050 and 2070
represent an average from 2041 to 60 and 2061-80 respectively, likely
variation is not represented. Assumptions are too general or static
such as a general stronger and stronger regulation of air pollution
(van Vuuren et al., 2011). They also may not only occur model-specifi-
cally but are important for other RCP such as reforestation policies in-
cluded in RCP 4.5 but potentially also relevant to RCP 2.6. Further
uncertainties arise from the transfer of emissions to concentrations
and radiative forcing (van Vuuren et al., 2011). The RCP do not represent
those various possible translations (van Vuuren et al,, 2011). Moreover,
the respective socio-economic scenario for each RCP is not representing
the variety of possible developments (van Vuuren et al., 2011).

The data input sets from the WISE30sec data inhere deficiencies that
arise from processing simplifications resulting in prediction accuracies
from 23 to 51% (point-based). Potential biases occur especially for soil
characteristics “not observed” as the volumetric gravel content that
was calculated using taxotransfer rules. The pragmatic combination of
soil profile data from different sources led in the process of harmonizing
and reclassification to generalizations (Batjes, 2015). With different soil

2015 - 2070

Spatial resolution: 1000 x 1000 m
Projection: UTM WGS 84, Zone 45 N

km
0 125250 500 750  1.000

Fig. 5. Spatial distribution of absolute differences in C stocks of the permafrost-affected areas on the Qinghai-Tibet Plateau between 2015 and 2050 and between 2015 and 2070. Absolute
differences in C stocks are in SI unit (kg m~2). The spatial resolution of the grids is 1000 x 1000 m.
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analytical methods in nearly each country, even possibly varying be-
tween laboratories, comparability remains critical. To some extend
these differences result from the fact that the analytical procedures de-
pend on the soil type. However, no straightforward method of harmoni-
zation of the data exists (Batjes, 1999), why the synthesis of the data has
proceeded pragmatically as in studies before at this scale (Batjes, 2002).
Also, soil geographic as well as taxonomic gaps do exist. Generally, the
soil profiles are spatially irregularly distributed. Further uncertainties
originating from the spatial data and processes of aggregation, are not
yet possible to be quantified at present (Batjes, 2015). Despite their lim-
itations, however, the WISE30sec data sets provide the most recent, ap-
propriate, area-explicit information on soil properties for the Qinghai-
Tibet Plateau needed to calculate C stocks at a resolution of 1 x 1 km
to a depth of 2 m in order to assess potential soil CO, emissions on the
Qinghai-Tibet Plateau.

In the Global Permafrost Zonation Index Map, main uncertainties
also occur for less weakly researched areas like the Qinghai-Tibet Pla-
teau (Gruber, 2012). Generally, the high spatial variability of permafrost
is not captured by the resolution at hand. The occurrence of permafrost
is a result of the interaction of various influencing factors. The Global
Permafrost Zonation Index Map, however, solely determines the exis-
tence of permafrost based on mean annual air temperature leading to
deficiencies. Excluding topographic effects such as the exposition of
hills to sun or temperature effects of snow warming the underground
are not represented. Likewise is deep permafrost not considered with
its influence on near-surface conditions. The model on which the map
is based on, further does not reproduce effects of valleys and depres-
sions where inversions and the drainage of cold air often impact ground
temperature. Vegetation effects and thermal characteristics of the
ground are further not considered. Sub-grid variability may differ be-
tween grids which is also not reproduced by the map as well as tran-
sient effects (Gruber, 2012). Given the variety of definitions of
permafrost, differences in the determination of the area covered by per-
mafrost may occur (Gruber, 2012).

To sum up, using these freely accessible data inheres several limita-
tions and uncertainties in general that have partly not even been quan-
tified yet. Therefore, estimations based on them have to be used with
caution in view of their deficiencies. In combining the different data
sets with their respective limitations in data quality, the deficiencies be-
come even more complex and less quantified. Also, the order of magni-
tude of potential deviations may change and results may not be as
comparable e.g. absolute changes of general soil CO, emissions over
time may range in a different order of magnitude than the changes
over time of the thawing-induced soil CO, emissions in absolute num-
bers. In adding them up to total soil CO, emissions, this difference is
less obvious and the results need to be interpreted carefully. However,
on a regional scale as well as for exploratory investigations, the individ-
ual data sets are considered both appropriate and advantageous as high-
ly efficient suppliers of area-explicit data at a high resolution. Their
combination increases the inaccuracies of the results, why they as a
matter of principle cannot reach the precision of using a fully consistent
data set. This approach obtains its appropriateness in view of the early
stage of this research area together with its relevance to the vital prob-
lem of climate change necessitating results in a timely manner, and
other approaches still being highly uncertain as well.

With regard to the computation of the general soil respiration, limi-
tations arise from the background of the regression model by Raich and
Schlesinger (1992). Indicated by its coefficient of determination (1? =
0.34), it is not capable to fully explain the data variability reflecting
highly complex interdependencies between soil respiration and all its
controlling factors.

Next to this, high small-scale variability of CO, emission rates espe-
cially in alpine meadows is not captured by a data resolution of 1 x
1 km. The comparatively very high values in alpine meadows of espe-
cially the Kobresia tibetica plant communities cannot not be predicted
with this spatial resolution. This strong difference in CO, emission

rates between this communities and other alpine meadow plant com-
munities results in wide differences of CO, emissions within short dis-
tances which can only be represented by a higher spatial resolution.

Moreover, the degradation of vegetation and grazing effects com-
prising about 35% of the Qinghai-Tibet Plateau with decreasing influ-
ence on soil respiration (Wen et al., 2013; Cao et al., 2004) is not
integrated in our estimations and constraints these predictions of CO,
emissions. Grazing influences permafrost thawing as decreasing vegeta-
tion cover reduces the insulating effect of vegetation, resulting in
quicker permafrost thaw on the Qinghai-Tibet Plateau (Hu et al.,
2009) and consequently to higher CO, emissions induced by permafrost
thaw. Although the mechanisms of the relations have in general not
been sufficiently clarified yet, changes in soil CO, emissions by grazing
are relatively high with a decrease by about 50% when doubling grazing
intensity on the Qinghai-Tibet Plateau (Cao et al., 2004). Moderate graz-
ing reduces the C uptake in Kobresia turfs (Babel et al., 2014) indicating
decreasing CO, emissions. Johnson and Matchett (2001) concluded that
grazing resulted in a decrease of soil CO, emissions compared to an
ungrazed tallgrass prairie, however, grazed prairie exhibited more soil
CO, emissions than ungrazed prairie (Frank et al., 2002). Thus, although
important, grazing effects do not exceed the order of magnitude of the
remaining soil CO, emissions (Cao et al., 2004).

Another limitation of the potential thawing-induced CO, emissions
in the presented results arise from the transfer of the incubation exper-
iments as base for the calculations. The soil samples of the experiments
originate from the Arctic with different climatic and environmental con-
ditions. As the soil samples are taken from different studies, their sam-
pling methods are not fully consistent inhering a potential source of
uncertainty. Further, the thawing experiments are executed under lab-
oratory conditions that may deviate from the process in natural envi-
ronment due to strong simplifications. Fresh litter additionally
incorporated into the soil is not regarded as well as it is assumed that
abiotic factors do not change in contrast to a natural environment
(Schédel et al., 2014). Of special importance are drainage conditions al-
tering thawing-induced C loss by 9-75% (Elberling et al., 2013). Uncer-
tainty further arises from the extrapolation of the results up to 50 years,
disregarding potential variation over time. It is further to expect that the
linear developement of C loss over time assumed for the calculations
presented here does not correspond to the natural course as climate
change is characterized by a high complexity.

Next to that limitation, we did not include areas with permafrost
soils covering <50% of the area indicating that our estimates are possibly
biased low. However, their inclusion would potentially have caused a
stronger bias.

Moreover, the permafrost of the Qinghai-Tibet Plateau may reach a
depth up to more than 130 m (Wang and French, 1995) and soil C stocks
at least several 10 m (Mu et al., 2015). Consequently, the C stocks must
be higher than the WISEsqse. data set captures with a depth of 2 m. Thus,
the thawing-induced CO, emissions in the field are higher, however, it is
to assume that the permafrost thawing process does not reach this
depth within the addressed years (Pang et al., 2012).

5. Conclusion

Estimates of potential CO, emissions from permafrost soils are cru-
cial to understanding feedback mechanisms of global warming to pro-
ject future scenarios of climate change. The magnitude of future CO,
emissions is challenging to predict because of existing high uncer-
tainties about quantity and velocity of the release of organic C from per-
mafrost. Especially for the Qinghai-Tibet Plateau as key region,
uncertainties in area-wide data are high as data collection requires ex-
tremely high time and cost efforts. Data at a sufficient spatial resolution
for large areas, especially for the Qinghai-Tibet Plateau, are generally
scarce.

Using different scenarios, a regression model that can be run with
climate data, results from laboratory experiments with soil samples
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from the northern circumpolar permafrost zone, and C stock estima-
tions, we provide an area-wide, highly resoluted, first estimate of poten-
tial CO, emissions for 2050 and 2070 from permafrost soils of the
Qinghai-Tibet Plateau, thus being advantageous for an area-wide calcu-
lation of stronger differentiated climate change scenarios.

From our estimates, we conclude that thawing-induced soil CO,
emissions from permafrost soils on the Qinghai-Tibet Plateau increase
general soil respiration by at least about one third, considering that an
incorporation of deep permafrost carbon would further distinctly raise
CO, emissions. Differences between scenarios remain <1% and
thawing-induced CO, emissions generally decrease comparing 2015,
2050 and 2070. Our approach of aiming at a first estimate of CO, emis-
sions of permafrost soils of the Qinghai-Tibet Plateau under climate
change conditions is consistent to measurements of C loss from thawing
permafrost soils measured within other studies. The spatially distinct
CO, emissions calculation at a comparably high spatial resolution allows
for assessing both an area-specific future permafrost carbon feedback to
climate change from the highly vulnerable permafrost carbon of the
Qinghai-Tibet Plateau and spatially distinct future potential greenhouse
gas emissions.
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