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ABSTRACT

An understanding of the global terrestrial carbon cycle is crucial to predict future climate change. Deserts are an
important part of the terrestrial ecosystem, but their role in the terrestrial carbon cycle has long been neglected.
Recent studies have shown that deserts may sequester enormous volumes of CO, and play a pivotal role as a
carbon sink. As the world’s second-largest shifting desert, the Taklimakan Desert (TD) contributes substantially
to the global desert carbon sink. However, the contributions of the internal processes of the TD to its carbon sink
and the long-term trend of the carbon sink under climate change are still unclear. Based on an observational
study, we determined that both the expansion/contraction of soil air containing CO, caused by heat fluctuation
in shifting sand and the salt/alkali chemistry control the release/absorption processes of soil respiration in
shifting sand. Besides, the mutual offset of these processes indicates that the shifting sand in the TD acts as a
stable carbon sink at present, with an annual average CO, uptake rate of 7.11 g m 2. However, an increase in
soil temperature difference will stimulate soil air expansion and release more CO, into the atmosphere under
climate change, gradually lessening the carbon sink rate of shifting sand in TD in the future. These processes will
be accelerated by a positive feedback loop, where this effect triggered by climate change will enhance regional
warming. Our results highlight the status of deserts in the global carbon cycle and provide crucial information
regarding the world’s missing carbon sink.

1. Introduction

have far-reaching effects on the atmospheric CO, concentration and could
facilitate a positive feedback effect under climatic change (Houghton

Soil respiration (soil-to-atmosphere CO, flux) is the major route for
carbon to enter the atmosphere from soil (Singh and Gupta, 1977;
Schlesinger and Andrews, 2000; Lou and Zhou, 2006). The estimated
amount of carbon released worldwide from the soil into the atmosphere is
91-94 Pg C annually, with an annual increase of 0.04 Pg C through this
process (Xu and Shang, 2016; Bond-Lamberty, 2018; Jian et al., 2018).
This process determines the carbon cycle of terrestrial ecosystems to some
extent (Hashimoto et al., 2015). Even slight variation in this process can

et al., 1998; Rustad et al., 2000; Friedlingstein et al., 2001; Li et al., 2018;
Han et al., 2018). Generally, soil respiration is the total contribution of
biological and abiotic processes in the soil, and is extremely sensitive to
environmental change. In ecosystems with relatively high productivity,
soil respiration is very strong due to the active biological processes, pri-
marily the respiration of plant roots and soil microorganisms. The con-
tribution of abiotic processes (such as dissolution/diffusion of CO,, ad-
sorption/desorption of CO,, dissolution/precipitation of carbonate, UV
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decomposition of organic carbon, and chemical oxidation of carbon-
containing compounds in soil) to soil respiration is often low and easy to
ignore. However, in an extreme environment with relatively low pro-
ductivity (such as saline soils, the Gobi, Desert, and polar dry valleys), the
contribution of abiotic processes to soil respiration cannot be ignored
(Parsons et al., 2004; Shanhun et al., 2012; Chen et al., 2014). The con-
tribution of abiotic processes may even dominate in some extreme en-
vironments (Ball et al., 2009). In addition, negative CO, fluxes (i.e., CO,
uptake by the soil) have been noted in several extreme environments,
suggesting that these environments may be a CO, sink (Stone, 2008; Li
et al., 2015).

In the global carbon cycle, about 1.8 Pg carbon is missing every
year, i.e., the missing carbon sink, which has puzzled researchers for a
long time (Houghton et al., 1998). The desert ecosystem, as a typical
widely distributed extreme environment, has received much interest
from the scientific community in recent years due to the discovery that
it can store large amounts of CO, to reduce the missing carbon sink. By
quantitatively resolving the contribution of biological and abiotic pro-
cesses to soil respiration in deserts, several studies have demonstrated
that soil respiration is mainly controlled by abiotic processes (Xie et al.,
2009; Wang et al., 2013; Ma et al., 2013, 2014; Fa et al., 2016). Surface
turbulence, air volume expansion, exudation of the CO, dissolved in
soil water, desorption, carbonate precipitation, and decomposition of
soil organic matter are the primary CO, emissions processes in desert
ecosystems (Parsons et al., 2004; Wang et al., 2013; Fa et al., 2016). At
the same time, potential chemical reactions may occur in desert saline
and alkaline soils under the influence of soil moisture, resulting in
carbonate dissolution and the promotion of CO, absorption by the soil
(Stone et al., 2008; Xie et al., 2009). A reduction in soil temperature
(Parsons et al., 2004; Ball et al., 2009; Hamerlynck et al., 2013) and
increase in soil moisture (Cuezva et al., 2011; Fa et al., 2014) can ra-
pidly accelerate CO, absorption by the soil. In addition, saline-alkali
soil with a high pH in deserts can promote CO, absorption in lower
temperatures (Wang et al., 2013). Similarly, Ma et al. (2013) and Ma
et al. (2014)) found that the inorganic CO, flux under the control of soil
temperature dominated soil respiration in deserts, and soil pH influ-
enced the changes in soil respiration to a certain extent. The inorganic
CO,, flux in the soil at night has been found to be the main cause of
carbon sequestration in deserts. In sum, the main abiotic soil carbon
sequestration processes are variation in the volume of gases caused by
changes in pressure and temperature governed by the ideal gas law;
changes in the solubility of CO, in soil-water films governed by Henry’s
Law; pH-mediated CO, dissolution chemistry; and surface adhesion of
CO,, onto soil minerals (Parsons et al., 2004; Xie et al., 2009; Fa et al.,
2016; Schlesinger, 2017). However, the exact contribution of these
abiotic processes to the desert carbon sink and our understanding of
their internal combinations and mechanisms are still uncertain. This
important knowledge gap prevents us from accurately positioning the
status of the desert ecosystem in the carbon cycle, and it is difficult to
understand the long-term trend of the desert carbon sink under climate
change.

The Taklimakan Desert (TD) is the world’s second-largest shifting
desert, and has the characteristics of being far from the sea, with a dry
climate, sparse vegetation, complex dune types, strong mobility of
dunes, large areas of shifting sand, a thick shifting sand layer, and small
sand particle size. It is a typical representative of the world’s deserts. In
this study, the TD was used as a case study to quantitatively evaluate
the contribution of each internal soil respiration process within the
shifting sand layer to the desert carbon sink and its main driving me-
chanism through field measurements and laboratory experiments. On
this basis, combined with historical environmental monitoring data and
Fifth Coupled Model Intercomparison Project (CMIP5) simulations, the
long-term trend of the carbon sink rate of shifting sand in TD under
climate change was explored. It is very necessary for us to re-recognize
the status of deserts in the global carbon cycle and to narrow the gap of
the missing carbon sink. The remainder of this paper is organized as
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follows. Section 2 describes the Materials and Methods, Sections 3 and
4 present the results and discussion, respectively, and Section 5 lists the
main conclusions of this study.

2. Materials and Methods
2.1. Site description

The surface of the TD is mainly covered by a homogeneous shifting
sand layer. The environmental conditions at the three monitoring sites
from north to south were consistent, particularly regarding soil tem-
perature (Fig. 1). Tazhong, located in the hinterland of the desert, was
considered the research area most representative of the TD. This study
was conducted in the Tazhong shifting sand (38° 58’ N, 83° 39" E,
1099 m above sea level). The entire region has a continental, warm
temperate, arid desert climate. The annual mean precipitation is
25.9 mm, and the intra-annual distribution is exceedingly non-uniform,
with precipitation concentrated in May-August. The annual potential
evaporation is 3812.3 mm. The region has four distinct seasons and a
high diurnal temperature range. The mean annual temperature is
12.1 °C, with maximum temperatures of 40.0-46.0 °C and minimum
temperatures of —20.0 to —32.6 °C (Yang et al., 2017; Zhou et al.,
2019). Poor environmental conditions have resulted in a severe defi-
ciency in animal- and plant-based resources in this region. The total
area of shifting sand in the TD is approximately 2.364 x 10'' m?
covering around 70% of the TD (Wang et al., 2005). The shifting sand
consists of silt and clay (1.5%), fine and very fine sand (88.8%) grains,
and medium sand (9.7%) grains. The average particle size of the sand is
0.083-0.129 mm, with a standard deviation between 0.03 and
0.98 mm. Surface sand in this region is finer than that in other deserts
(Huo et al,, 2011; Yang et al., 2016a). Table 1 displays the physico-
chemical traits of the shifting sand. The region experiences prevailing
easterly winds throughout the year, with an annual mean of 11 days of
gale-force weather, more than 157 days with floating dust and blowing
sand, and an annual mean of 16 days with sandstorms (Yang et al.,
2016b). The aeolian landforms mainly consist of linear, high, and
composite longitudinal dunes and inter-dune corridors. The dunes have
an NNE-SSW or NE-SW orientation, and their relative height is
40-50 m.

2.2. Disassembly experiment

To facilitate analyses of the contributions of the various components
of TD shifting sand to soil respiration and to account for the fact that
shifting sand has a simple structure, we hypothesized that soil re-
spiration in shifting sand (R;) was the sum of the contributions from
sand (Rsqng), moisture (Rpoisture), Salt/alkali (Rsqe/aikar), and microbes
(Ruicrobe) (EQ. (1)). The four processes involved in the soil respiration of
the shifting sand fully agree with the current consensus (Parsons et al.,
2004; Fa et al., 2014, 2016). The complex interactions between the
various components and changes in the carbon storage capacity of each
process will be considered in future studies.

Rs = Rsana + Rumoisture + Rsal[/alkali + Ruicrobe (1)

We collected topsoil (0-10 cm) from the shifting sand layer at the
study site and divided it into four parts (Table 2). Sample 1 was the
control and was not treated. Sample 2 was autoclaved to remove the
contribution of soil microorganisms to soil respiration. To ensure that
sterilization was sufficient, autoclaving was repeated three times, each
time for half an hour. The sterilized shifting sand was immediately
placed in an oven and dried at 105 °C. The dried shifting sand was
sealed tightly before being placed in a sterile UV chamber. Finally, after
allowing the sample to stand in a sterile state for one day, a watering
can was used to add 17.18 mL distilled water to match the soil water
content measured in the field (0.0013 kg kg~ '). The shifting sand
sample was evenly mixed while the distilled water was added and then
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Fig. 1. Left: Distribution of land cover types in the Taklimakan Desert (TD) and the geographical location of Tazhong (red star). Landscape photographs of different
locations in the TD, showing that the surface is mainly covered by a wide range of highly homogeneous shifting sand. Right: Comparison of the environmental
conditions of the three monitoring points (Luntai, Tazhong, and Minfeng) from north to south in the TD. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 1
Description of the physical and chemical properties of the topsoil of the shifting
sand in the hinterland of the Taklimakan Desert (TD) (mean =+ standard de-
viation).

Variable Depth (cm)

0-5 5-10

Average gravimetric soil moisture content (%, kg ~ 0.0013 =+ 0.0002

kg™
Soil total salt (g kg™ ") 3.45 £ 035 9.64 = 1.10
Soil organic carbon (g kg™") 0.56 * 0.12 0.63 + 0.03
Soil total nitrogen (g kg™ ') 0.06 + 0.01 0.09 + 0.02
Ratio of soil organic carbon to soil total nitrogen 9.85 + 0.83 7.66 = 1.58
pH 7.33 = 0.02 7.3 = 0.04
Bacteria (organisms g~ dry soil) 26,000 4400
Fungi (organisms g~ ' dry soil) <100 <100
Actinomyces (organisms g~ ! dry soil) Gu et al. 238

(2000)

was sealed and allowed to stand for two days, so that CO, and water in
the sample could achieve equilibrium. Sample 3 was placed in plastic
boxes and 30 L of distilled water was added to the samples. After being
fully mixed, the samples were allowed to stand for 1 h, and then the

upper liquid layer was decanted. This procedure was repeated three
times to remove soluble salts and alkalis in the sample. Then the
treatment method used for sample 2 (three rounds of sterilization,
followed by drying, adding distilled water (15.9 mL), and being left to
stand) was applied. Sample 4 was subjected to a similar treatment
process to that of sample 3, but distilled water was not added.

As shown in Fig. 2, the four samples that were allowed to stand and
equilibrate were placed in plastic trays (diameter 40 cm, height 18 cm).
One day before soil respiration measurements were taken, the four
samples and their plastic trays were buried in the shifting sand, 20 m
from the 3 m high land-atmosphere interaction observation tower. The
levels of shifting sand inside and outside the tray were kept the same.
Four cylindrical soil collars (cross-sectional area of 371.8 cm? and a
height of 10 cm) were embedded in the four samples up to a depth of
8 cm. From October 10 to 18, 2017, an automatic soil respiration
measurement system (model LI-8100A fitted with an LI-8150 multi-
plexer, LI-COR, Lincoln, NE, USA), equipped with four LI-8100-104
long-term monitoring chambers, was used for whole-day continuous
and synchronous monitoring of daily soil respiration dynamics in the
four samples. Because soil respiration is weak in deserts, we calibrated
the analyzer before obtaining the measurements to ensure precision and
appropriately extended the duration of the entire measurement process.

Table 2
Methods of topsoil sample pretreatment.
Sample No. Contribution of each component Sample weight (kg) Pretreatment
1 R 13.21 No treatment (control check)
2 Rsand + Rwater + Rsait salkali 13.22 Autoclaving — Drying — Add distilled water
3 Rsana + Ruwater 12.23 Remove soluble salts and alkalis — Autoclaving — Drying — Add distilled water
4 Ryana 12.33 Remove soluble salts and alkalis — Autoclaving — Drying
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Fig. 2. Layout of the soil respiration experiment. Left: Field monitoring of the contributions of various shifting sand components to soil respiration. Chambers 1-4
correspond to samples 1-4, respectively. The land-atmosphere interaction observation tower provided the historical soil temperature observation data used in this
study. Right: Temperature-controlled experimental setup to measure CO, flux in sand. Heating wires were placed at a spacing of 2 cm along the surface of the sand in
one of the plastic boxes. Soil collars were embedded in the sand. Soil temperature sensors were installed in the sand at depths of 0 and 10 cm.

Further details of the instrument settings during field measurements
can be found in Yang et al. (2017). During the experimental period, the
seal ring of the chamber was cleaned three times a day to ensure that
the chamber was airtight. In addition, to increase our confidence in the
application of the LI-8100A instrument to a desert environment, we
conducted evaluation experiments in the study area. The bottoms of the
soil collars were completely sealed with plastic film and buried in the
shifting sand. The plastic film blocked CO, exchange between the
shifting sand and atmosphere. The respiratory rate of the four chambers
did not change with changes in the external conditions, and values were
all concentrated near zero, with an accuracy of + 0.02 umol'm ~%s ™,
Therefore, the soil respiration of shifting sand obtained by the LI-8100A
in this study was considered reliable and accurate. Finally, using step-
by-step dismantling, we obtained CO, flux data for various components
in the TD shifting sand.

2.3. Temperature-controlled experiment

A temperature-controlled experiment was conducted in the base-
ment of the TD meteorological field experiment station to avoid com-
plex and uncontrollable environmental conditions in the field (Fig. 2).
During the experimental period, the air temperature in the basement
was maintained at approximately 10 °C. The variation in air tempera-
ture during the experiment did not exceed 0.79 °C. The mean relative
air humidity was 18.32%, and the variation did not exceed 2.9%. The
CO,, concentration was maintained at approximately 405.8 ppm.

Based on the treatment method for sample 4, sand samples were
packed into two plastic boxes (length 60 cm, width 45 cm, and height
20 cm). Soil collars were embedded in the boxes. A heating wire was
evenly placed, with a spacing of 2 cm, along the surface of the sand in
one of the plastic boxes. The temperature of the sand was controlled by
adjusting the voltage of the heating wire (Fig. 2). The second box was
used as a control and was not heated. From November 21-25, 2017, an
automatic soil respiration measurement system was used for synchro-
nous and continuous monitoring of soil respiration in the sand after
these two heating treatments. Device settings were identical to those
used in the field monitoring experiment. Soil temperature sensors
(Model 109, Campbell Scientific, Logan, UT, USA) were installed at
depths of 0 and 10 cm in the sand in the two plastic boxes to obtain the
soil temperature at the corresponding depths (Tocm and Tigem)-

2.4. Statistical analyses

The SPSS 16.0 software was used for the differential analyses of soil
respiration in the different treatments. SigmaPlot 14.0 was used for

correlation and regression analyses of the soil respiration, the soil
temperature difference between 0 and 10 cm (To_10cm, “C), and the rate
of soil temperature change at 10 cm (AT;ocm/At, °*Cmin~!; soil tem-
perature difference at 10 cm every minute between two consecutive
CO,, flux measurements). Four common nonlinear equations were used
to analyze the synergistic effects of Tg_jgem and ATioem/At on soil re-
spiration:

R =a+ b Ty_10em + ¢ (ATpcm/AL) 2
R =a+ b Ty_10em + ¢ (ATipem/At) + d To_10cm (AThoerm/ At) 3

R=a+ b Ty_10em + ¢ (ATpem/At) + d (To—10em)* + € (AToem/A?  (4)

R=a Tg—lOCm(A’IiOcm/At)C (5)

where R is soil respiration (such as Ry,q Or Ry), and a, b, ¢, d, and e
are fitting parameters.

2.5. Estimation of historical soil respiration in TD shifting sand

Based on the regression equations above, we selected the best fitting
equation for Ry.,q Or Ry, and in combination with the soil temperature
observations in the study area at 0 and 10 cm every hour between 2004
and 2017, we estimated the corresponding soil respiration.

2.6. Future trends in soil respiration in TD shifting sand

We would like to use the relationship between soil temperature
(To_10cm andATio.m/At) and soil respiration in combination with
average soil temperature prediction data from multiple models in
CMIPS5 to expand the timescale across which the relationship was as-
sessed and estimate future soil respiration in the TD shifting sand.
However, several problems had to be overcome. Eight models were
selected from CMIP5 that simulated data for monthly mean soil tem-
peratures from 2006 to 2100. The simulated surface temperature data
were separately verified using monthly mean surface temperature data
measured in 2006-2017 in the study area. The three models with the
best simulation results were identified. These three models had dif-
ferent soil depth levels and did not directly provide soil temperature at
a depth of 10 cm. Using the regression relationship between the ob-
served monthly mean soil temperatures at depths of 0 and 10 cm in the
study area from 2006 to 2017, combined with the average surface
temperatures of the three selected models, soil temperature at a depth
of 10 cm was calculated. The monthly average T_10em Was obtained
from 2017 to 2100. The AT;gcm/At parameter does not retain its ori-
ginal physical meaning on a monthly time scale, so the previously
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Fig. 3. The contribution of different components of shifting sand to the diurnal
dynamic of the soil respiration of the Taklimakan Desert (TD) shifting sand was
disassembled. The diurnal contributions of the CO, flux of each shifting sand
component is expressed as Rsands Rmoistures Rsatt/atkatis a1d Rinicrobes T€SPECtively.
The error bars represent the standard deviation of the repeated CO, flux ob-
servations over many days.

established regression relationship between soil respiration, To_jgcm,
and ATjocm/At cannot be directly applied. Using historical soil tem-
perature data and monthly values of cumulative soil respiration ob-
tained in the previous section, we re-established a relationship between
cumulative monthly soil respiration and monthly average To_10cm-
There was a good linear regression relationship between Ty_jg.m and
the soil respiration of the TD shifting sand at the monthly scale:

Ry = 13641 X Ty_10em — 18814 R? = 0.928 (6)

where R, (umol m~2 month™1) is soil respiration at the monthly
scale and To_jpem is the soil temperature difference between 0 and
10 cm at the monthly scale. Finally, the total amount of soil respiration
per year (i.e., carbon sink rate) in the TD shifting sand from 2018 to
2100 was obtained under the RCP4.5 and RCP8.5 scenarios.

3. Results
3.1. Contribution of each component to soil respiration

Compared to other ecosystems, soil respiration is significantly lower
in shifting sand, which contains a superimposition of various compo-
nents, with a negative CO, flux often present during the night (Lou and
Zhou, 2006; Yang et al., 2017). The daily mean rate of soil respiration
of shifting sand was 28.7 x 1072 pmol'm~?s ™!, and the daily variation
ranged from -0.026 to 0.101 pmolm~*s~!. In the disassembly ex-
periment, we obtained the contribution of the CO, fluxes of various
components in the TD shifting sand to the soil respiration, which is
shown in Fig. 3. The contributions of sand and salts/alkalis were ex-
tremely significant, dominating the release and absorption of CO,, re-
spectively. For sand, the diurnal pattern of CO, flux followed a unim-
odal curve, with a higher intensity than in shifting sand. During the day,
the sand promoted a CO, release into the atmosphere, which reached a
peak (0.143 umol'm_z) at 15:15 h (Beijing time, used hereafter).
During the night, sand promoted a stable CO, absorption from the at-
mosphere, with a mean rate of —0.026 umol'm ~2. The contribution of
moisture to soil respiration was very limited, with a rate ranging from
—0.051 to 0.011 pmol'm ~%s~!. Moisture promoted the release of CO,
to the atmosphere between 15:45 and 19:15 h and promoted atmo-
spheric CO, absorption at other times. Because moisture had only a
relatively small impact on the overall soil respiration, subsequent ex-
periments focused on only the effects of soil temperature. During the
day, salts/alkalis strongly absorbed atmospheric CO,, reaching a peak
(—0.106 umol-m_z) at 14:15 h whereas in the night, salts/alkalis
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promoted a stable CO- release into the atmosphere. Microbes were
consistently responsible for a small amount of the CO, released into the
atmosphere, and these effects were more pronounced during the day
than the night.

3.2. Driving mechanisms of the CO, flux in sand

In the temperature-controlled experiments, sands without tem-
perature regulation were relatively stable and temperature fluctuations
in various layers during the entire observation period did not exceed
1 °C. The corresponding CO, flux was generally stable at approximately
zero. By contrast, when the temperature was regulated there was a
significant CO, absorption/release from the sand, the changing rhythm
of which was generally consistent with variation in soil temperature
(Fig. 4). As shown in the figure, the CO, flux increased when the soil
temperature increased. When the soil temperature rapidly decreased,
the CO, flux changed from initially positive to negative values. How-
ever, once soil temperatures became relatively stable, the CO, flux in-
tensity began to exhibit a decreasing trend and gradually approached
zero.

Based on the above information and considering that soil respiration
indicates the overall performance of the soil surface layer (Lou and
Zhou, 2006), we assert that the difference in soil temperature between
depths of 0 and 10 cm (Ty_19em) and the rate of change in soil tem-
perature at a depth of 10 cm (ATjpem/At) are the two main factors
driving the CO, flux in the sand (Rssng)- The To_10em parameter re-
presents the flow and intensity of soil heat, while AT;o.n,/At represents
heat absorption/release by the soil (Parsons et al., 2004; Ball et al.,
2009). Compared to soil temperature, To_jocm and ATjpem/At were
more consistent with Ry,,4, presenting significant linear and quadratic
regression relationships, respectively (Fig. 5). This consistency could be
enhanced, which was more evident after the soil temperature became
stable. Besides, analyses of the synergistic effects showed that Eq. (4)
could explain the comprehensive response of Ryy,4 to the variation in
To-10em and ATjgem/At (Table 3). Through Eq. (4) and historical soil
temperature data, the estimated values of R.,g were in good agreement
with the observed values (Fig. 6).

3.3. Effect of To_10cm and AT1pcm/At on Ry

Through the disassembly experiments, we found that soil tempera-
ture was the key factor controlling the contribution of the various
components of soil respiration in the shifting sand. Therefore, we se-
lected the soil respiration monitoring data for shifting sand in the study
region and the corresponding soil temperatures of two layers (Toc, and
T10em) ON January 17-31, 2013, October 17-23, 2013, May 4-7, 2015,
and July 16-23, 2019, for analyses (Fig. 7). The To_10cm and AT pem/At
were consistent with R, with significant linear regression relationships
(R? = 0.756 and 0.501, respectively; P < 0.001). Thus, we analyzed
the synergistic effects of To_19em and AT;oem/At on R, (Table 3). Except
for a failed fitting analysis when using Eq. (5), the other three equations
explained the comprehensive responses of R to the variation in To_j0cm
and ATjoem/At (R* > 0.756) well and to a highly significant level
(P < 0.001). This indicates that the synergistic effects of Tp_19em and
AT 0em/At were the major factors driving the CO, flux in the sand, and
the main factors influencing soil respiration in shifting sand. In addition
to the sand, other components also responded well to Ty ;e and
AT10cm/At. Using Eq. (4) and corresponding observational data for soil
temperature in different periods, the estimated values of R; were in
good agreement with the observed values (Fig. 8).

3.4. The response of the carbon sink rate of shifting sand to future climatic
change

As shown in Fig. 9a, the mutual offset of the effects of thermal ex-
pansion of soil air containing CO, and the effects of the remaining
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Fig. 4. Relationship between R,,q and soil temperatures at depths of 0 and 10 cm (Toem and Tyoem, respectively) in a temperature-controlled experiment using a
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components (salt/alkali + moisture + microbes) caused the TD rate of CO,, released was higher than that of the CO, absorbed, which

shifting sand to exhibit a clear and stable carbon sink effect, with an eventually caused an annually weakening trend in the carbon sink rate
annual average CO, uptake rate of 7.11 g m~2 a~'. Between 2004 and of shifting sand in TD. According to the relationship between To_jgem
2017, both processes increased over time. However, the increase in the and the carbon sink rate of the TD shifting sand, an increasing To_;pem
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Table 3
Synergistic effect analysis for Rygna/Rs With To_10em and AT;pem/At.
No. Fitted equation R?
Rsana 2 Rsana = 0.007 + 0.002 To_10em + 2.958 AT;gem/At 0.496**
3 Rsang = —0.010 + 0.002 To_19em + 1.542 AT10em/At + 0.108 To_10em AT10em/At 0.614**
4 Ryand = —0.031 = 0.002 To_19em + 4.116 AT;9em/At + 0.0004 To_10m 2 — 67.961 (AT;0em/At) 2 0.748%*
5 Failed /
R, 2 Ry = —1.55 x 10™* + 0.008 To_10em — 2.445 AT pem/At 0.756**
3 Ry = 0.007 + 0.008 To_10em — 2.147 AT;0em/At — 0.048 To.10em AT10em/At 0.768%*
4 R, = —0.004 + 0.006 To_jocm —0.194 ATgem/At + 3.669 X 10" To_joem > — 35.928 (AT;ocm/Ab) 2 0.792%*
5 Failed /

e

Notes: R? is the goodness-of-fit of the regression equation;

and “**’ indicate a significant correlation at P < 0.05 and P < 0.01 (two-tailed), respectively. For

Rsang, data from temperature-controlled experiments and field observations were combined to conduct the fitting analysis. For R, data from field observations were

conducted the fitting analysis.

(Fig. 9¢) in the future will more strongly stimulate the thermal ex-
pansion of soil air, pumping more CO, into the atmosphere, which will
eventually lead to the gradual weakening of the carbon sink rate of the
TD shifting sand. As shown in Fig. 9b, the carbon sink rate of the TD
shifting sand will decrease at a rate of 0.43% and 1.20% per year under
RCP4.5 and RCP8.5, respectively. The shifting sand surface in the TD
was projected to reach a CO, absorption/release neutral state in ap-
proximately 2100 under RCP8.5. The weakening of the carbon sink rate
was more pronounced under the RCP8.5 scenario.

4. Discussion

Based on the disassembly experiment, we obtained the contribution
of the CO, fluxes of various components in the TD shifting sand to the
soil respiration. To the best of knowledge, it is the firstever time to
document the unconventional phenomenon that sand promoted a stable
CO,, exchange on the studies of soil respiration over the TD region. Due
to the lack of a satisfactory explanation for this stimulating effect of
sand at present, we designed subsequent temperature-controlled ex-
periments and provided explanations for the mechanisms of affecting
the diurnal pattern of sand CO flux. Through observation experiments,
we speculate that the expansion/contraction of soil air containing CO,
by heat transmission caused sand to experience a CO, release/absorp-
tion phenomenon, which made an unexpected contribution to soil re-
spiration. The intense increase/decrease in soil temperature promoted
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Time
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the expansion/contraction of soil air and resulted in the intense release/
absorption of CO,. Also, the loose and porous structure of sand allows
the expansion/contraction of soil air during intense changes in tem-
perature. Therefore, the soil temperature is the most critical driver of
the CO, flux in the sand (Fang and Moncrieff, 2001; Sanchez et al.,
2003; Rodeghiero and Cescatti, 2005). At the same time, the flow of soil
heat in shifting sand makes the evaporation of deep soil water to pre-
sent the diurnal variation. During daytime, the evaporation of deep soil
water increased, and water vapor escaped from the surface, which in-
creased the moisture content of extremely dry topsoil of shifting sand.
This promoted the dissolution of soil carbonates and the absorption of
atmospheric CO, by salt/alkali. In contrast, the carbonate reprecipita-
tion in the nighttime promotes the release of CO, by salt/alkali
(Walvoord et al., 2005; Schlesinger, 2017) which eventually leads to
salt/alkali levels that strongly promots the absorption of atmospheric
CO,, in shifting sand during the day and release at night. The combined
effects of this process and the expansion/contraction of soil air domi-
nated the absorption/release of CO, in shifting sand. However, the
minor fluctuations in soil moisture over the extremely dry TD area are
not sufficient to overcome the limiting effects of drought on soil re-
spiration, resulting in moisture making an extremely minor contribu-
tion to soil respiration in shifting sand. The above scenario has led to a
new understanding of the role of moisture in the desert carbon cycle.
The weak contribution of microbes to soil respiration indicated that
microbial activity in the TD is very weak indicated that there are signs
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Fig. 6. Comparison of Rg.,q obtained from experimental data and estimated by equation (4) in sand. Left: Time series of observed and estimated Rsgng. Right:

Regression relationship between observed and estimated Rggng.
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of life in the desert, which is not as lifeless as it appeared.

The superimposition of several processes caused TD shifting sand to
exhibit an incredible carbon sink effect, with an annual average CO,
uptake rate of 7.11 g m~%*a~ ! during 2004-2017. This may account for
part of the missing carbon sink in the global carbon cycle. Global
warming will accelerate the decomposition of organic carbon, releasing
large amounts of CO, into the atmosphere (Bond-Lamberty and
Thomson, 2010; Giardina et al., 2014). However, in desert ecosystems,
with extremely low organic carbon reserves, increases in To_19cm due to
climate change will strongly stimulate the future thermal expansion of
soil air, releasing more CO, from the sand into the atmosphere. This
process will eventually lead to a gradual weakening of the carbon sink
rate in the TD shifting sand. Under RCP4.5 and RCP8.5, the CO, uptake
rate in the TD shifting sand will decrease by 0.43% and 1.20% per year,
respectively. Under RCP8.5, the shifting sand surface in the TD was
projected to reach a CO, absorption/release neutral state in approxi-
mately 2100. This would facilitate a positive feedback effect under
climate change, causing enhanced warming in an arid and semi-arid
area, and may have profound effects on the societal welfare (Rustad
et al., 2000; Friedlingstein et al., 2001; Huang et al., 2008, Huang et al.,
2016, Huang et al., 2018). Desert ecosystems, which have long been
undervalued, have always played in obscurity an important role as

carbon sinks. However, a gradual reduction in the ability of deserts to
act as carbon sinks will put forward more urgent requirements for the
formulation of climate change countermeasures.

5. Conclusions

Based on dismantling and temperature-controlled experiments, our
study quantified the exact magnitude and process of the CO, fluxes for
each component of the shifting sand in the TD. In particular, it con-
sidered the process of soil air expansion/contraction, which is easily
neglected, and the exaggerated effect of soil moisture on the CO, flux in
a desert environment. Furthermore, the absorption of CO, by saline/
alkali factors in the desert was confirmed. Finally, we found that the TD
shifting sand currently acts as a stable carbon sink that had an annual
CO, uptake rate of 7.11 g m~%*a~! during 2004-2017. If all global
shifting deserts are considered, the status of desert ecosystems in the
global carbon cycle cannot be ignored. These results could help to ac-
count for part of the missing carbon sink in the global carbon cycle.
However, CMIP5 simulations indicate that the contribution of the TD
shifting sand carbon sink will decrease in the future through over-sti-
mulation of the unnoticed temperature-driven process of soil air ex-
pansion in the CO, release process.
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