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Impact of soil temperature-difference on desert carbon-sink 1 
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Key Points: 17 

 Taklimakan Desert shifting sand play the role of a stable carbon-sink with a CO2 annual 18 

uptake of 1.60×10
6
 t·a

-1
. 19 

 The shifting desert CO2 exchange is dominated by the soil air expansion/contraction and 20 

salts/alkalis chemistry. 21 

 The increase of soil temperature-difference will cause the carbon-sink decrease in the 22 

Taklimakan Desert. 23 
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Abstract 25 

The global carbon-cycle is crucial for climate change. Desert, which has long been neglected in 26 

the global carbon-cycle, may sequester enormous volumes of CO2 and play the role of a carbon-27 

sink. As the world's second-largest shifting desert, the Taklimakan Desert (TD) contributes 28 

substantially to desert carbon-sinks. However, the contributions of the internal processes of the 29 

TD to its carbon-sink and the long-term trend of the carbon-sink under climate change are still 30 

unclear. This study will address this important knowledge gap. Through field observations, we 31 

found that the expansion/contraction of soil air containing CO2 caused by heat fluctuation in 32 

shifting sand, in combination with salts/alkali chemistry dominates the release/absorption 33 

processes of CO2 in shifting sand. The mutual counteraction of these processes means that the 34 

TD shifting sand acts as a stable carbon-sink that had a CO2 annual uptake of 1.60×10
6
 t·a

-1
 35 

during 2004–2017. It suggests that global shifting deserts maybe uptake of ~2.125×10
8
 t of CO2 36 

per year. However, an increasing soil temperature-difference will stimulate soil air expansion of 37 

desert and release more CO2 into the atmosphere under climate change, causing the shifting sand 38 

carbon-sink decrease in the TD gradually in the future. These processes will be accelerated by 39 

positive feedback effect under climate change and enhance regional warming. These conclusions 40 

are very important for re-recognizing the status of deserts in the carbon-cycle, narrowing the gap 41 

in the missing carbon-sink and assessing the global carbon-cycle. 42 

1 Introduction 43 

    The main carbon pool in a terrestrial ecosystem is soil (Post et al., 1982; Jobbagy and Jackson, 44 

2000), among which the gross reserves of carbon are ~1500 Pg (1 Pg = 1015 g) (Batjes, 1996). 45 

The estimated amount of carbon released worldwide from the soil into the atmosphere is 77 Pg 46 

annually (Raich and Potter, 1995), which is the major routes for carbon to enter the atmosphere 47 

from soil (Singh and Gupta, 1977; Schlesinger and Andrews, 2000; Lou and Zhou, 2006). Even 48 

slight variations in this process can have far-reaching effects on the atmospheric CO2 49 

concentration, and could facilitate a positive feedback effect with climatic change (Houghton et 50 

al., 1998; Rustad et al., 2000; Friedlingstein et al., 2001; Han et al., 2018). Meanwhile, this 51 

process has been used to characterise a variety of ecosystem processes and properties, including 52 

soil C turnover, the functional role of differing origins of organic matter supporting C cycling, 53 

and biotic distribution and activity (e.g. Burkins et al., 2001; Barrett et al., 2006; Hopkins et al., 54 

2006; Li et al. 2018). Therefore, it is crucial to understand soil CO2 flux in different regions for 55 

accurate assessment of regional and global carbon cycle, and formulation of climate change 56 

countermeasures. 57 

    Soil CO2 flux is extremely sensitive to environmental changes and is usually affected by a 58 

combination of soil biological and abiologic processes. In ecosystems with relatively high 59 

productivity, the biological processes are very active, and the effects of abiologic processes (such 60 

as soil temperature gradient, soil moisture content, soil parent material, etc) on soil CO2 flux are 61 

often ignored (Parsons et al. 2004). However, in extreme environments of relatively low 62 

productivity with low temperatures, drought, extreme deficiency of biological resources, etc., the 63 

biological processes are relatively sluggish, and the effects of abiologic processes on soil CO2 64 

flux cannot be completely ignored although soil CO2 flux is extremely weak. In such an extreme 65 

environment, the effect of biological processes are even smaller than that of abiotic processes 66 

(Parsons et al. 2004; Shanhun et al. 2012). Abiologic processes generally affect soil CO2 flux by 67 

changing CO2 dissolution, adsorption, carbonate dissolution/precipitation, and chemical 68 
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oxidation of carbon-containing compounds in soil. They also simultaneously affect the diversity, 69 

quantity, and activity of soil microorganisms (Barrett et al. 2006 and 2008).  70 

     Desert ecosystem, as a typical extreme environment widely distributed, has been widely 71 

concerned by the scientific community in recent years due to the discovery that it can store a lot 72 

of CO2 and reduce the missing carbon-sink. By continuously conducting in-depth research on, it 73 

was gradually found that soil CO2 flux in deserts is closely related to abiologic processes (such 74 

as soil temperature gradient, soil moisture content, soil parent material, soil pH, and soil salt and 75 

alkali). Potential chemical reactions may occur in desert saline and alkaline soils under the 76 

influence of soil moisture, resulting in carbonate dissolution and promoting CO2 absorption by 77 

the soil (Stone et al. 2008; Xie et al. 2009). The reduction in soil temperature (Parsonset al., 78 

2004; Ball et al., 2009; Hamerlynck et al., 2013) and increase in soil moisture (Cuezva et al., 79 

2011; Fa et al., 2015) can exacerbate the CO2 absorption by the soil. By quantitatively resolving 80 

organic and inorganic contributions to the soil CO2 flux process in saline and alkaline soil, it was 81 

proven that soil inorganic CO2 flux plays an important role in desert ecosystems, and soil 82 

inorganic CO2 flux at night is the main cause of carbon sequestration. In addition, it was 83 

discovered that saline and alkaline desert soils with a high pH can facilitate, in lower 84 

temperatures, the promotion of CO2 absorption by the soil (Wang et al., 2013). Similarly, Ma et 85 

al. (2013 and 2014) carried out studies on soil CO2 flux in the Gurbantünggüt Desert and found 86 

that CO2 absorption by the soil may occur under the effects of inorganic processes. When soil is 87 

extremely arid, soil CO2 flux occurs completely due to inorganic processes. In such cases, 88 

inorganic processes are controlled by soil temperature, and soil pH to some extent affects the 89 

amplitude of variation of soil CO2 flux. At present, the main abiotic processes of soil carbon 90 

sequestration might be as follows: (1) variation in the volume of gases caused by changes in 91 

pressure and temperature governed by the ideal gas law; (2) change in solubility of CO2 in soil–92 

water films governed by Henry's Law; (3) pH-mediated CO2 dissolution chemistry; and (4) 93 

surface adhesion of CO2 onto soil minerals (Parsons et al., 2004; Xie et al., 2009; Fa et al., 94 

2015). However, these speculated processes may not be well suited for extremely arid regions 95 

(Schlesinger et al., 2009.; Fa et al., 2016). In view of this, Fa et al. (2016) carried out an analysis 96 

on soil CO2 flux in the Mu Us desert and pointed out that surface turbulence, air volume 97 

expansion, exudation of CO2 dissolved in soil water, and carbonate precipitation are the primary 98 

processes causing CO2 release from the desert. Alternatively, the downward mass flow of soil 99 

CO2, air volume contraction, dissolution of CO2 in soil moisture, and carbonate decomposition 100 

are also phenomena that cause CO2 to be absorbed by desert.  101 

    The Taklimakan Desert (TD) is the world's second-largest shifting desert. The latest research 102 

indicates that the rich underground saline water in the TD has the effect of inorganic carbon-sink 103 

similar to the ocean, and its carbon storage capacity is huge. Leaching process promotes the CO2 104 

absorbed by the TD gradually collect into the underground saline water layer under the vast 105 

desert (Li et al., 2015). However, the contributions of the internal processes of the TD to its 106 

carbon-sink and the long-term trend of the TD carbon-sink under climate change are still unclear. 107 

In this study, through experiments of dismantling and temperature-controlled, we found that the 108 

expansion/contraction of soil air containing CO2 caused by heat fluctuation, in combination with 109 

salts/alkali chemistry dominates the release/absorption processes of CO2 in shifting sand. Finally, 110 

combined with historical soil temperature data and the Fifth Coupled Model Intercomparison 111 

Project (CMIP5) simulations, we reveal a stable carbon-sink property of the TD shifting sand; 112 

but as the climate changes, the carbon-sink effect will continue to decrease. This result will 113 

undoubtedly facilitate a positive feedback effect with climate change and enhance regional 114 
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warming in the future. Our findings are very important for re-recognizing the status of deserts in 115 

the carbon-cycle, narrowing the gap in the missing carbon-sink and assessing the global carbon-116 

cycle. 117 

2 Materials and Methods 118 

2.1 Site description 119 

    The surface of TD is mainly covered by a wide range of highly homogeneous shifting sand. In 120 

addition, the environmental conditions at the three monitoring sites from north to south are 121 

basically consistent, especially as regards soil temperature (Figure 1). Therefore, Tazhong 122 

located in the hinterland of the desert can be considered as the most representative research area 123 

in the TD. This study was conducted in the Tazhong shifting sand land (38° 58′ N, 83° 39′ E, 124 

1099 m above sea level). The entire region has a continental warm temperate arid desert climate. 125 

The annual mean precipitation is 25.9 mm, and the intra-annual distribution is exceedingly non-126 

uniform, with precipitation concentrated in May–August. The annual potential evaporation is 127 

3812.3 mm. The region has four distinct seasons and a high diurnal temperature range. The mean 128 

annual temperature is 12.1 °C, with maximum temperatures of 40.0–46.0 °C and minimum 129 

temperatures of –20.0 to –32.6 °C (Yang et al., 2017; Zhou et al., 2019). Poor environmental 130 

conditions have resulted in a severe deficiency in animal- and plant-based resources in this 131 

region. The total area of shifting sand in the TD is approximately 2.364 × 10
11

 m
2
, covering 132 

approximately 70% of the TD (http://westdc.westgis.ac.cn). The shifting sand consists of silt and 133 

clay (1.5%), fine sand and very fine sand (88.8%) grains, and medium sand (9.7%) grains. The 134 

average particle size of the sand is 0.083–0.129 mm, with a standard deviation between 0.03 and 135 

0.98 mm. Surface sand in this region is finer than that in other deserts (Huo et al., 2011; Yang et 136 

al., 2016a). Table 1 displays the physiochemical traits of the shifting sand. The region 137 

experiences prevailing easterly winds throughout the year, with an annual mean of 11 days with 138 

gale-force weather, more than 157 days of floating dust and blowing sand, and an annual mean 139 

of 16 days with sandstorms (Yang et al., 2016b). The aeolian landforms mainly consist of linear, 140 

high, and composite longitudinal dunes and inter-dune corridors. The dunes are oriented NNE—141 

SSW or NE—SW, and their relative height is 40–50 m. 142 

2.2 Disassembly experiment 143 

    To facilitate an analysis of the contributions of various components of TD shifting sand to 144 

CO2 exchange and to account for the fact that shifting sand has a simple structure, we 145 

hypothesize that total CO2 flux in shifting sand (Rs) is the sum of the contributions from sand 146 

(Rsand), moisture (Rmoisture), salt/alkali (Rsalt/alkali) and microbes (Rmicrobe) (Equation 1). The four 147 

processes involved in the CO2 flux of the shifting sand fully agree with the current consensus 148 

regarding the CO2 flux of shifting sand (Parsons et al., 2004; Fa et al., 2014 and 2016). Complex 149 

interactions between the various components and changes in carbon storage capacity of each 150 

process will be considered in future studies. 151 

Rs = Rsand + Rmoisture + Rsalt/alkali + Rmicrobe                                (1) 152 

    We collected topsoil (0–10 cm) from the study site, submitting samples to gradual 153 

dealkalization/desalination followed by autoclaving and subsequent drying. We obtained a mean 154 

gravimetric soil water content of 0.0013 kg kg
-1

 within 10 cm of the surface layer of the shifting 155 

sand through soil drying. Using this value of soil water content, moisture was restored in 156 
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Samples 2 and 3 after drying to replicate field conditions. Table 2 shows detailed treatment 157 

methods for each soil sample. 158 

    As shown in Figure 2 Left, the four samples that were allowed to stand and equilibrate were 159 

placed in plastic trays (diameter 40 cm, height 18 cm). One day before CO2 flux measurements 160 

were taken, the four samples and their plastic trays were buried in the shifting sand, 20 m from 161 

the 3 m high land-atmosphere interaction observation tower. Levels of shifting sand inside and 162 

outside the tray were kept the same. Four cylindrical soil collars (cross-sectional area of 371.8 163 

cm
2
 and height of 10 cm) were embedded in the four samples, up to a depth of 8 cm. From 164 

October 10, 2017, to October 18, 2017, an automatic CO2 flux measurement system (Model LI-165 

8100A fitted with a LI-8150 multiplexer, LI-COR, Nebraska, USA), equipped with four LI-166 

8100-104 long-term monitoring chambers, was used for whole-day continuous and synchronous 167 

monitoring of daily CO2 flux dynamics in the four samples. Because CO2 fluxes are weak in 168 

deserts, we calibrated the analyser before obtaining the measurements to ensure precision and 169 

appropriately extended the duration of the entire measurement process. Further details of the 170 

instrument settings on field measurements can be found in Yang et al. (2017). During the 171 

measurement, the LI-8100A seal ring was cleaned 3 times a day to ensure the airtightness of 172 

chamber. In addition, to increase confidence in the application of the LI-8100A instrument to a 173 

desert environment, we conducted evaluation experiments in the study area. The bottoms of the 174 

soil collars were completely sealed with plastic film and buried in the shifting sand. The plastic 175 

film blocked CO2 exchange between shifting sand and atmosphere. The CO2 flux of the four 176 

chambers did not change with changes in the external conditions, and values were all 177 

concentrated near zero with an accuracy of ±0.02 umol·m
-2

·s
-1

 (Figure omitted). Therefore, the 178 

shifting sand CO2 flux obtained by the LI-8100A in this study is reliable and accurate. Finally, 179 

using step-by-step dismantling, we obtained CO2 flux data for various components in the TD 180 

shifting sand. 181 

2.3 Temperature-controlled experiment 182 

    This temperature-controlled experiment was conducted in the basement of the Taklimakan 183 

Desert meteorological field experiment station to avoid complex and uncontrollable 184 

environmental conditions in the field (Figure 2 Right). During the experimental period, the air 185 

temperature in the basement was maintained at approximately 10 °C; the air temperature 186 

variation during the experiment did not exceed 0.79 °C. The mean relative air humidity was 187 

18.32%, and the variation did not exceed 2.9%. The carbon dioxide concentration was 188 

maintained at approximately 405.8 ppm. 189 

    Based on the treatment method for Sample 4, sand samples were packed into two plastic boxes 190 

(length 60 cm, width 45 cm, and height 20 cm). Soil collars were embedded in the boxes. A 191 

heating wire was evenly placed with a spacing of 2 cm on the surface of the sand in one of the 192 

plastic boxes. The temperature of the sand was controlled by adjusting the voltage of the heating 193 

wire (Figure 2 Right). The second box was used as a control and was not heated. From 194 

November 21–25, 2017, an automatic CO2 flux measurement system was used for synchronous 195 

and continuous monitoring of CO2 flux in the sand after these two heating treatments. Device 196 

settings were identical to those used in the field monitoring experiment. Soil temperature sensors 197 

(Model 109, Campbell, USA) were installed at depths of 0 cm and 10 cm in the sand in the two 198 

plastic boxes to obtain soil temperature at the corresponding depths (T0cm and T10cm). 199 
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2.4 Statistical analysis 200 

    SPSS 16.0 was used for the differential analysis of CO2 fluxes corresponding to the different 201 

treatments. SigmaPlot 14.0 was used for correlation and regression analyses of the CO2 flux, soil 202 

temperature difference between 0 cm and 10 cm (T0–10cm, °C), and rate of soil temperature 203 

change at 10 cm (ΔT10cm/Δt, °C·min
-1

; soil temperature difference at 10 cm every minutes 204 

between two consecutive CO2 flux measurements). Four common non-linear equations were 205 

used to analyse the synergistic effects of T0–10cm and ΔT10cm/Δt on CO2 flux: 206 

R = a + b T0–10cm + c (ΔT10cm/Δt)                                                               (2) 207 

R = a + b T0–10cm + c (ΔT10cm/Δt) + d T0–10cm (ΔT10cm/Δt)                         (3) 208 

R = a + b T0–10cm + c (ΔT10cm/Δt) + d (T0–10cm)
2
 + e (ΔT10cm/Δt)

2
             (4) 209 

R = a T0–10cm
b
 (ΔT10cm/Δt)

c
                                                                         (5) 210 

    where R is CO2 flux (such as Rsand or Rs), and a, b, c, d, and e are fitting parameters. 211 

2.5 Estimation of historical CO2 exchange in TD shifting sand 212 

    Based on the regression equations above, we selected the best fitting equation for Rsand or Rs, 213 

and in combination with the soil temperature observations in the study area at 0 cm and 10 cm 214 

every hour between 2004 and 2017, we estimated the corresponding CO2 flux. By gradual 215 

accumulation and area expansion, the total amount of CO2 exchange in TD shifting sand was 216 

obtained annually 2004 to 2017. 217 

2.6 Future trends in total CO2 exchange in TD shifting sand 218 

    We would like to use the relationship between soil temperature (T0–10cm andΔT10cm/Δt) and 219 

CO2 flux in combination with average soil temperature prediction data from multiple models in 220 

CMIP5 to expand the timescale across which the relationship is assessed and reflect future CO2 221 

exchange in TD shifting sand. However, several problems must first be overcome. Eight models 222 

were selected from CMIP5 that cover simulated data for monthly mean soil temperatures from 223 

2006 to 2100. The simulated surface temperatures data were separately verified using monthly 224 

mean surface temperature data measured in 2006–2017 in the study area. The three models with 225 

the best simulation results were identified. These three models have different soil depth levels 226 

and do not directly provide soil temperature at a 10 cm depth. Using the regression relationship 227 

between the observed monthly means of soil temperature at depths of 0 cm and 10 cm in the 228 

study area from 2006 to 2017, combined with the average surface temperatures of the selected 229 

three models, soil temperature at 10 cm depth was calculated. The monthly average T0–10cm was 230 

obtained from 2017 to 2100. ΔT10cm/Δt does not have the original physical meaning on the 231 

monthly time scale, so the previously established regression relationship between CO2 flux, T0–232 

10cm, and ΔT10cm/Δt cannot be directly applied. Using historical soil temperature data and monthly 233 

values of cumulative CO2 exchange obtained in the previous section, we re-established a 234 

relationship between cumulative monthly CO2 flux and monthly average T0–10cm. There was a 235 

good linear regression relationship between T0-10cm and the CO2 flux of the Taklimakan Desert 236 

shifting sand at the monthly scale: 237 

Rs = 13641 × T0-10cm － 18814       R
2
=0.928                                   (6) 238 

where Rs (umol m
-2

 month
-1

) is the CO2 flux at the monthly scale and T0-10cm is the soil 239 
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temperature difference between the 0 and 10 cm depth at the monthly scale. Finally, the total 240 

amount of CO2 exchange per year in TD shifting sand from 2018 to 2100 was obtained under the 241 

RCP4.5 and RCP8.5 scenarios. 242 

3 Results 243 

3.1 Contribution of component processes to total CO2 flux 244 

    By stepwise subtraction, we obtained the contribution of the CO2 fluxes of various 245 

components in the TD shifting sand, which were shown in Figure 3. Comparing demonstrate that 246 

contributions of sand and salts/alkalis to the total CO2 flux in the Tazhong shifting sand are 247 

extremely significant, dominating the release and absorption, respectively, of CO2 in shifting 248 

sand. For sand, its diurnal pattern shows unimodal curves with higher intensity than that of the 249 

total CO2 flux in shifting sand. During the day, sand promotes CO2 release into the atmosphere, 250 

which reaches a peak (0.143 µmol·m
-2

) at 15:15 h (Beijing time, used hereafter). During night, 251 

sand promotes stable CO2 absorption from the atmosphere, with a mean rate of –0.026 µmol·m
-2

. 252 

This study is the first time that this unconventional phenomenon has been documented in CO2 253 

flux studies over the TD region. Due to the lack of a satisfactory explanation for this stimulating 254 

effect of sand, we designed subsequent temperature-controlled experiments and provided 255 

explanations for the mechanisms affecting the diurnal pattern of this sand CO2 flux. The 256 

contribution of moisture to the total CO2 flux is very limited, with a rate ranging from –0.051 to 257 

0.011 µmol·m
-2

·s
-1

. During the entire day, moisture promotes the release of CO2 to the 258 

atmosphere between 15:45 and 19:15 h, and promotes atmospheric CO2 absorption for the 259 

remaining time. As moisture provides a relatively small contribution to the CO2 flux, subsequent 260 

experiments focused only on the effects of soil temperature over the CO2 flux. During the day, 261 

salts/alkalis strongly promote atmospheric CO2 absorption, reaching a peak (–0.106 µmol·m
-2

) at 262 

14:15 h. Whereas in the night, salts/alkalis promote stable CO2 release in to the atmosphere. 263 

Microbes consistently cause a small amount of CO2 released into the atmosphere; and these 264 

effects being more pronounced during the day than night. The total CO2 flux is significantly 265 

lower in shifting sand, which contains a superimposition of various components, than in other 266 

ecosystems, with a negative flux occasionally present during the night (Lou and Zhou, 2006; 267 

Yang et al., 2017). The daily mean rate was 28.7×10
-3

 µmol·m
-2

·s
-1

, and the daily variation 268 

ranged from –0.026 to 0.101 µmol·m
-2

·s
-1

. 269 

3. 2 Driving mechanisms of CO2 release/absorption in sand 270 

    From the temperature-controlled experiments, we can see that the sand temperatures without 271 

temperature-control regulation were relatively stable and temperature fluctuations in various 272 

layers during the entire observation period did not exceed 1 °C. The corresponding CO2 flux is 273 

generally stable at approximately zero. In contrast, under temperature-controlled regulation, sand 274 

exhibits a significant CO2 absorption/release, the changing rhythm of which is generally 275 

consistent with soil temperature variations (Figure 4). In the red region, the CO2 flux increases 276 

when soil temperatures increase. When the soil temperature rapidly decreases (as shown in the 277 

blue region), the CO2 flux changes from initially positive to negative values. Therefore, the soil 278 

temperature is the most critical driver of CO2 exchange in sand (Fang and Moncrieff, 2001; 279 

Sánchez et al., 2003; Rodeghiero and Cescatti, 2005). However, once soil temperatures become 280 

relatively stable, the CO2 flux intensity begins to exhibit a decreasing trend and gradually 281 

approaches zero. 282 
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    Based on the above information and considering that a CO2 flux is the overall performance of 283 

the soil surface layer (Lou and Zhou, 2006), we assert that a soil temperature difference between 284 

depths of 0 and 10 cm (T0–10cm) and the rate of soil temperature change at a depth of 10 cm 285 

(ΔT10cm/Δt) are the two main factors driving CO2 exchange in sand (Rsand). T0–10cm represents the 286 

flow and intensity of soil heat, and ΔT10cm/Δt represents heat absorption/release by the soil 287 

(Parsons et al., 2004; Ball et al., 2009). Compared to soil temperature, T0–10cm and ΔT10cm/Δt 288 

show higher consistency with Rsand, presenting significant linear and quadratic regression 289 

relationships, respectively (Figure 5). The aforementioned consistency can be enhanced, which is 290 

more evident after the soil temperature becomes stable. Therefore, we speculated that the 291 

expansion/contraction of soil air containing CO2 by heat transmission causes sand to experience 292 

a CO2 release/absorption phenomenon. The intense increase/decrease in soil temperature 293 

promotes the expansion/contraction of soil air and the intense release/absorption of CO2. The 294 

loose porous structure of sand allows for the expansion/contraction of soil air during intense 295 

temperature changes. In addition, an analysis of synergistic effects shows that Equation 4 can 296 

well explain the comprehensive response of Rsand to variation in T0–10cm and ΔT10cm/Δt (Table 3). 297 

Through Equation 4 and historical observation data on soil temperature, the estimated values of 298 

Rsand show good agreement with the observed values (Figure 6). 299 

3.3 Effect of T0–10cm and ΔT10cm/Δt on Rs 300 

    Through disassembly experiments, we found that soil temperature is the key factor to control 301 

the contribution of various shifting sand components to the total CO2 flux in the shifting sand. 302 

Therefore, we selected the monitoring data of the shifting sand CO2 flux in the study region and 303 

corresponding soil temperatures of two layers (T0cm and T10cm) on January 17–31, 2013, October 304 

17–23, 2013, May 4–7, 2015, and July 16–23, 2019, for analysis (Figure 7). T0–10cm and 305 

ΔT10cm/Δt show good consistency with Rs with significant linear regression relationships 306 

(R
2
=0.756 and 0.501, respectively; P < 0.001). Thus, we analysed the synergistic effects of T0–307 

10cm and ΔT10cm/Δt on Rs (Table 3). Except for a failed fitting analysis when using Equation 5, the 308 

other three equations explain the comprehensive responses of Rs to variation in T0–10cm and 309 

ΔT10cm/Δt (R
2
 > 0.756) well and to a highly significant level (P < 0.001). This result indicates 310 

that the synergistic effects of T0–10cm and ΔT10cm/Δt are the major factors driving the CO2 flux in 311 

the sand, and the main factors influencing the total CO2 flux in shifting sand. In addition to sand, 312 

other components also respond well to T0–10cm and ΔT10cm/Δt. Using Equation 4 and 313 

corresponding observational data on soil temperature in different periods, the estimated values of 314 

Rs show good agreement with the observed values (Figure 8). 315 

3.4 Response of TD shifting sand carbon-sink to future climatic change 316 

    Figure 9a shows that the mutual counteraction of the effect of thermal expansion of soil air 317 

containing CO2 and the effect of remaining components (salt/alkali + moisture + microbes) 318 

caused the TD shifting sand to exhibit a clear and stable carbon-sink effect, with an annual 319 

carbon-sink rate of 1.60 × 10
6
 t·a

-1
. Between 2004 and 2017, both processes increased over time. 320 

However, the increase rate of CO2 released was higher than that of CO2 absorption, which 321 

eventually caused an annually weakening trend in the carbon-sink effect of the TD shifting sand. 322 

According to the relationship between T0-10cm and the carbon-sink effect of TD shifting sand, 323 

increasing T0-10cm (Figure 9c) in the future will more strongly stimulate the thermal expansion of 324 

soil air, pumping more CO2 into the atmosphere, which will eventually lead to the gradual 325 

weakening of the carbon-sink property of TD shifting sand. As shown in Figure 9b, the carbon-326 
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sink effect of TD shifting sand will decrease at a rate of 0.42% and 1.42% per year under 327 

RCP4.5 and RCP8.5, respectively. Notably, the entire shifting sand surface in the TD will reach 328 

a CO2 absorption/release neutral state in approximately 2090 under RCP8.5, and ~0.475 × 10
6
 t 329 

of CO2 would be released annually until 2100. The weakening of carbon-sink processes is more 330 

pronounced under the RCP8.5 scenario. 331 

4 Discussion 332 

    Soil temperature and moisture are the two most important factors affecting soil CO2 exchange 333 

(Wildung et al., 1975; Tang and Baldocchi, 2005; Sierra, 2012). However, due to the prominent 334 

role of abiotic processes in CO2 exchange in desert ecosystems, the response of desert 335 

ecosystems to these two factors is different from other types of ecosystems. Through field 336 

observations, we found that the expansion/contraction of soil air containing CO2 is caused by soil 337 

temperature fluctuations, presenting an unexpected contribution to total CO2 exchange. 338 

Salt/alkali strongly promotes shifting sand to absorb atmospheric CO2 during the day and release 339 

CO2 at night. The combined effects of this process and the expansion/contraction of soil air 340 

dominate the absorption/release of CO2 in shifting sand. However, the contribution of salt/alkali 341 

in the TD is opposite to that in Gurbantunggut Desert (Ma et al., 2013 and 2014; Xie et al., 2009; 342 

Wang et al., 2013). This peculiarity warrants further research and analysis. In the extremely dry 343 

TD, minor fluctuations in soil moisture are not sufficient to overcome the limiting effects of 344 

drought on CO2 exchange, resulting in moisture contributing extremely limitedly to CO2 345 

exchange in shifting sand. This scenario provides a new understanding of the role of moisture in 346 

the desert carbon-cycle. The weak contribution of microbes to the total CO2 flux indicates that 347 

microbial activity in the TD is very weak. However, this information also shows that the desert is 348 

not as lifeless as it seems. 349 

    The superimposition of several processes causes TD shifting sand to exhibit an incredible 350 

carbon-sink effect, with an annual average carbon-sink rate of 1.60×10
6
 t·a

-1
 during 2004–2017. 351 

Leaching process promotes the CO2 absorbed by the TD gradually collect into the underground 352 

saline water layer under the vast desert (Ma et al., 2014; Li et al., 2015). The TD shifting sand 353 

only accounts for ~0.747% of the global desert area. If all global shifting deserts are considered, 354 

and the carbon-sink rate obtained in this study represents an average state, then the global 355 

shifting desert maybe absorb ~2.125×10
8
 t of CO2 per year. It can help to reduce the missing 356 

carbon-sink in global carbon-cycle. 357 

    Global warming will accelerate the decomposition of organic carbon, releasing large amounts 358 

of CO2 into the atmosphere (Bond-Lamberty and Thomson, 2010; Giardina et al., 2014). 359 

However, for desert ecosystems with extremely low organic carbon reserves, increases in T0-10cm 360 

due to climate change will strongly stimulate the future thermal expansion of soil air, releasing 361 

more CO2 from sand into the atmosphere. This process will eventually lead to a gradual 362 

weakening of the carbon-sink in TD shifting sand. Under RCP4.5 and RCP8.5, the carbon-sink 363 

rate of CO2 in TD shifting sand will decrease by 0.42% and 1.40% per year, respectively. Under 364 

RCP8.5, ~0.475×10
6
 t of CO2 would be released annually until 2100. This process would 365 

facilitate a positive feedback effect on the climate change and cause enhanced regional warming 366 

(Rustad et al., 2000; Friedlingstein et al., 2003; Huang et al., 2016). Desert ecosystems, which 367 

have not been valued for a long time, have always playing an important role of carbon-sink in 368 

obscurity. However, a gradual reduction in the deserts carbon-sink will put forward more urgent 369 

requirements for the formulation of climate change countermeasures. 370 
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5 Conclusions 371 

    Through experiments of dismantling and temperature-controlle, our study quantifies the exact 372 

magnitude and process of the CO2 fluxes for each component of the shifting sand in the TD, 373 

especially the expansion/contraction of soil air containing CO2 caused by heat fluctuation, which 374 

is easily neglected, and the exaggerated effect of soil moisture on CO2 flux in a desert 375 

environment. Furthermore, the absorption effect of CO2 by saline/alkali in the desert was 376 

confirmed. Finally, we found that the Taklimakan Desert shifting sand currently acts as a stable 377 

carbon-sink that had an annual CO2 uptake of 1.60 × 10
6
 t·a

-1
 during 2004-2017. If all global 378 

shifting deserts are considered, the status of desert ecosystems in the global carbon-cycle cannot 379 

be simply ignored. It can help to reduce the missing carbon-sink in global carbon-cycle. 380 

However, CMIP5 simulations indicate that the contribution of the TD shifting sand carbon-sink 381 

will decrease in the future through over-stimulation of the unnoticed temperature driven process 382 

of the soil air expansion to CO2 release processes. 383 
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 515 

Figure 1. Left: Distribution of land cover types in the TD and the geographical location of 516 

Tazhong (red star). Landscape photographs of different locations in the TD show that the surface 517 

is mainly covered by a wide range of highly homogeneous shifting sand. Right: Comparison of 518 

the environmental conditions of the three monitoring points (Luntai, Tazhong, and Minfeng) 519 

from north to south of the TD. 520 

 521 

Figure 2. Layout of the CO2 exchange experiment. Left: Field monitoring of the contributions of 522 

various shifting sand components to the total CO2 flux. Chambers 1–4 correspond to Samples 1–523 

4, respectively. The land-atmosphere interaction observation tower provided the historical 524 

observation data of soil temperature for this study. Right: Temperature-controlled experiment 525 

setup for CO2 flux in sand. Heating wires were placed with a spacing of 2 cm on the surface of 526 

the sand in one of the plastic boxes. Soil collars were embedded in the sand. Soil temperature 527 

sensors were installed in the sand at depths of 0 cm and 10 cm. 528 
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 529 

Figure 3. The contribution of different components of shifting sand to the diurnal dynamic of 530 

the total CO2 flux of the TD shifting sand was disassembled. The diurnal contributions of CO2 531 

flux of each shifting sand component is expressed as Rsand, Rmoisture, Rsalt/alkali, and Rmicrobe, 532 

respectively. Error bars represent standard deviations. 533 
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 534 

Figure 4. Relationship between Rsand and soil temperatures at 0 and 10 cm depths (T0cm and 535 

T10cm, respectively) in a temperature-controlled experiment using a voltage adjustment. a, Soil 536 

temperature not regulated. b, Soil temperature regulated. Black vertical lines separate regions of 537 

different voltages. Red regions correspond to voltage increases in comparison with the voltage in 538 

the preceding region and subsequent increases in soil temperature. Blue regions correspond to 539 

voltage decreases in comparison to the voltage of the preceding region and subsequent decreases 540 

in soil temperature. 541 
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Figure 5. Relationships between T0–10cm, ΔT10cm/Δt, and Rsand in temperature-controlled 543 

experiments. Left: relationship between Rsand and T0–10cm; Right: relationship between Rsand and 544 

ΔT10cm/Δt. 545 
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Figure 6. Comparison of Rsand obtained from experimental data and estimated by Equation 4 in 547 
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sand. Left: Time series of observed and estimated Rsand. Right: Regression relationship between 548 

observed and estimated Rsand. 549 
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Figure 7. Relationships among T0–10cm, ΔT10cm/Δt, and Rs during January 17–31, 2013, October 551 

17–23, 2013, May 4–7, 2015, and July 16–23, 2019. a-c, Time series of (a) Rs, (b) T0–10cm, and 552 

(c) ΔT10cm/Δt. d, Regression analysis between Rs and T0–10cm. e, Regression analysis between Rs 553 

and ΔT10cm/Δt. 554 
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 555 

Figure 8. Comparison of Rs obtained from experiments and estimated by Equation 4 in shifting 556 

sand. a-d, Relationships between the observed and estimated Rs are shown for (a) January 17-31, 557 

2013, (b) October 17-23, 2013, (c) May 4-7, 2015, and (d) July 16-23, 2019 and. e-h, The 558 

regression relationships for the time periods are shown in (a-d). 559 

 560 

Figure 9. Temporal variation in the total amount of CO2 exchange per year in the TD shifting 561 

sand. a, Temporal variation in the total amount of soil CO2 exchange per year for 2004–2017 in 562 
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TD shifting sand. b, Under Representative Concentration Pathway (RCP) scenarios 4.5 and 8.5, 563 

temporal variation in the total amount of CO2 exchange per year for 2018–2100 in TD shifting 564 

sand. Shading denotes the mean±standard deviation of three models (MIROC5, MRI-CGCM3, 565 

and CMCC-CMS). c, Temporal variations in soil temperature and T0-10cm under the RCP 566 

scenarios 4.5 and 8.5. The upper boundary of the shading denotes the soil temperature at 0 cm, 567 

and the lower boundary denotes the soil temperature at 10 cm. 568 

 569 

Table 1. Description of the physical and chemical properties of the topsoil of the shifting sand in 570 

the hinterland of the Taklimakan Desert (TD) (mean ± standard deviation). 571 

Variable 

Depth (cm) 

0–5 5–10 

Average gravimetric soil moisture content (%, kg kg
-1

) 0.0013±0.0002 

Soil total salt (g kg
-1

) 3.45±0.35 9.64±1.10 

Soil organic carbon (g kg
-1

) 0.56±0.12 0.63±0.03 

Soil total nitrogen (g kg
-1

) 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
-1

 dry soil) (Gu et al., 2000) 20295 

Fungi (organisms g
-1

 dry soil) (Gu et al., 2000) 45 

Actinomyces (organisms g
-1

 dry soil) (Gu et al., 2000) 238 

 572 

Table 2. Methods of topsoil sample pretreatment. 573 

Sample 

No. 

Contribution 

of each 

component 

Sample 

weight 

(kg) 

Pretreatment method 
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1 Rs 13.21 No treatment 

2 Rsand + Rwater 

+ Rsalt /alkali 

13.22 Sand samples were autoclaved to remove the 

contribution of soil microorganisms to the CO2 

flux. To ensure that sterilization was sufficient, 

autoclaving was repeated three times, each time 

for half an hour. The sterilized high-temperature 

sand was immediately placed in an oven for 

drying at 105 °C. The dried sand was sealed 

tightly before being placed in a sterile UV 

chamber. After allowing the sample to stand in a 

sterile state for 1 day, a watering can was used to 

add 17.18 ml of distilled water according to the 

soil water content measured in the field (0.0013 

kg/kg). The sand sample was evenly mixed while 

the distilled water was added and was then sealed 

and allowed to stand for 2 days so that CO2 and 

water in the sample could achieve equilibrium. 

3 Rsand + Rwater 12.23 First, collected sand samples were placed in 

plastic boxes before 30 L of distilled water was 

added to the samples. After fully mixing, the 

sample was allowed to stand for 1 hour, and the 

upper liquid layer was decanted. This procedure 

was repeated three times to sufficiently remove 

soluble salts and alkalis in the sand sample. 

Subsequently, the treatment method for Sample 2 

(three rounds of sterilization, followed by drying, 

adding distilled water (15.9 ml), and being left to 

stand) was followed. 

4 Rsand 12.33 The process was similar to Sample 3, but 

distilled water was not added. 

 574 

Table 3. Synergistic effect analysis for Rsand/Rs with T0–10cm and ΔT10cm/Δt. 575 

 No. Fitted equation R
2
 

Rsand 

1 Rsand = 0.007 + 0.002 T0–10cm + 2.958 ΔT10cm/Δt 0.496** 

2 Rsand = –0.010 + 0.002 T0–10cm + 1.542 ΔT10cm/Δt + 0.108 T0–10cm 
0.614** 
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ΔT10cm/Δt 

3 
Rsand = –0.031 – 0.002 T0–10cm + 4.116 ΔT10cm/Δt + 0.0004 T0–10cm

 2
 

– 67.961 (ΔT10cm/Δt)
 2

 
0.748** 

4 Failed / 

Rs 

1 Rs = –1.55 × 10
-4

 + 0.008 T0–10cm – 2.445 ΔT10cm/Δt 0.756** 

2 
Rs = 0.007 + 0.008 T0–10cm – 2.147 ΔT10cm/Δt – 0.048 T0-10cm 

ΔT10cm/Δt 
0.768** 

3 
Rs = –0.004 + 0.006 T0–10cm –0.194 ΔT10cm/Δt + 3.669 × 10

-5
 T0–

10cm
 2
 – 35.928 (ΔT10cm/Δt)

 2
 

0.792** 

4 Failed / 

Notes: R
2
 is the goodness-of-fit of the regression equation; ‘*’ and ‘**’ indicate a significant 576 

correlation at P < 0.05 and P < 0.01 (two-tailed), respectively. For Rsand, data from temperature-577 

controlled experiments and field observations were combined to conduct the fitting analysis. For 578 

Rs, data from field observations were conducted the fitting analysis. 579 


