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ABSTRACT

Control of desertification can not only ameliorate the natural environment of arid regions but also convert desertified
land  into  significant  terrestrial  carbon  sinks,  thereby  bolstering  the  carbon  sequestration  capacity  of  arid  ecosystems.
However, longstanding neglect of the potential carbon sink benefits of desertification management, and its relationship with
environmental factors, has limited the exploration of carbon sequestration potential. Based on CO2 flux and environmental
factors of artificial protective forest in the Taklamakan Desert from 2018 to 2019, we found that the carbon storage capacity
of the desert ecosystem increased approximately 140-fold after the establishment of an artificial shelter forest in the desert,
due to plant photosynthesis. Precipitation levels less than 2 mm had no impact on carbon exchange in the artificial shelter
forest, whereas a precipitation level of approximately 4 mm stimulated a decrease in the vapor pressure deficit over a short
period of  about three days,  promoting photosynthesis  and enhancing the carbon absorption of  the artificial  shelter  forest.
Precipitation events greater than 8 mm stimulated soil respiration to release CO2 and promoted plant photosynthesis. In the
dynamic equilibrium where precipitation stimulates both soil respiration and photosynthesis, there is a significant threshold
value of soil moisture at 5 cm (0.12 m3 m−3), which can serve as a good indicator of the strength of the stimulatory effect of
precipitation on both. These results provide important data support for quantifying the contribution of artificial afforestation
to  carbon  sequestration  in  arid  areas,  and  provide  guidance  for  the  development  and  implementation  of  artificial  forest
management measures.
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Article Highlights:

•  Establishing artificial protective forests in the desert increases the carbon sink capacity of desert ecosystems.
•  The carbon sink capacity and duration of artificial protective forests are significantly correlated with precipitation level.
•  When precipitation  exceeds  8  mm,  a  clear  threshold  reflects  its  stimulation  intensity  on  soil  respiration  and
photosynthesis.

 

 
  

1.    Introduction

Desertification has become a significant global environ-
mental  and  socioeconomic  issue  in  many  countries  world-
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wide.  Desertification  is  not  solely  a  natural  phenomenon,
but is intricately connected to environmental, economic, and
social development, as the outcome of complex interactions
between  various  natural,  biological,  political,  social,  cul-
tural, and economic factors (Lal, 2004; Martínez-Valderrama
et al., 2016; Liang et al., 2021). Numerous factors contribute
to desertification, with the primary cause being the harsh natu-
ral environment in arid regions, closely followed by human
activities that impose stress on the delicate ecological settings
of these vulnerable regions. Human activity is a significant
driver  of  the  occurrence and progression of  desertification.
Thus, humans are both the main catalyst and primary sufferers
of  desertification  (Reynolds  et al.,  1999, 2007; Lal,  2004;
Wijitkosum, 2021). Desertification has affected a quarter of
the global land area, with 10%–20% of drylands experiencing
degradation, as described by the 1994 Convention to Combat
Desertification, directly impacting approximately 250 million
individuals,  mostly  in  developing  nations.  In  the  face  of
global climate change and population growth, desertification
is  predicted  to  gradually  intensify  in  the  future  (Reynolds
et al., 2007; Huang et al., 2016a, 2016b, 2017, 2019).

It is estimated that desertification causes both significant
direct  economic  losses  and  historical  global  carbon  losses,
ranging from 20 to 30 Pg. Assuming that two-thirds of the his-
torical carbon loss can be utilized, the potential for organic
carbon sequestration within 50 years could reach 12–20 Pg
(Lal,  2004).  Approaches  to  land  use  and  management  for
increasing organic carbon sequestration include afforestation
with suitable species, farmland soil management, pasture man-
agement, and the restoration of degraded soils and ecosystems
through  afforestation  and  conversion  to  other  restorative
land  uses  (Duan  et al.,  2001; Lal,  2004; Zhang  and  Huis-
ingh, 2018). The estimated potential of global soil organic car-
bon sequestration is approximately 1 Pg C yr−1 (Lal, 2004).
Therefore, the control of desertification would improve the
regional  ecological  environment  and  convert  desertified
land  into  a  significant  terrestrial  carbon  sink  (Ai  et al.,
2018), representing a crucial step in consolidating and improv-
ing  the  carbon  sink  capacity  of  ecosystems  in  arid  areas.
Desertification  control  is  also  an  economical  and  reliable
approach  for  slowing  or  delaying  global  warming.  How-
ever,  to  date,  most  research  attention  has  focused  on  the
roles of wind erosion prevention, sand fixation, microclimate
improvement,  and  potential  economic  benefits  associated
with the control of desertification. The potential carbon sink
benefits have been overlooked for a considerable time (Ma
et al., 2021).

In recent years, China has successfully implemented sev-
eral  national  key  ecological  projects,  including  the  control
of wind and sand in Beijing and Tianjin, the conversion of
farmland to forest and grassland, the Three-North Shelterbelt
Program, and the comprehensive control of rocky desertifica-
tion.  These  projects  have  led  to  a  historic  change  from
“sand  advancing/people  retreating” to “green  advancing/
sand retreating”. Afforestation and reforestation play crucial
roles  in  combating  desertification,  and  are  also  the  most
cost-effective  means  of  increasing  the  carbon  storage  of

desert  ecosystems and slowing the  increase  in  atmospheric
CO2 concentration  (Hastings  et al.,  2005; Zhang  et al.,
2009; Xu  et al.,  2019; Wang  and  Huang,  2020; He  et al.,
2021). As of 2016, an artificial Haloxylon ammodendron for-
est in the Hexi Corridor covered an area of 89 000 ha. The ear-
liest and largest artificial H. ammodendron forest was estab-
lished in Minqin County, with a preserved area of 43 500 ha.
This  forest  plays  a  crucial  role  in  improving  the  microcli-
mate,  enhancing  soil  quality,  protecting  biodiversity,  and
increasing  the  carbon  sink.  It  has  been  estimated  that  each
square meter of the artificial H. ammodendron forest ecosys-
tem fixes 434 g C yr−1 (Ma et al., 2021). However, compared
to other regions, the harsh environments in arid areas, with
sparse precipitation, strong evaporation, and frequent sand-
storms, makes the effectiveness of afforestation in enhancing
carbon sequestration very uncertain. Therefore, understand-
ing the carbon sequestration process in artificial forests and
its relationship with environmental factors is fundamental to
objectively evaluating its carbon sequestration potential and
formulating effective management measures.

The  Taklimakan  Desert  is  the  second  largest  shifting
desert worldwide; it is situated in the arid region of Northwest
China. To meet human needs, especially for oil extraction in
desert  areas,  many  artificial  green  spaces  have  been  estab-
lished in desert  areas to resist  wind and sand exposure and
provide comfortable environmental conditions for the internal
core area. From the outside to inside, the structure of this arti-
ficial green land is a grass checkerboard sand barrier, artificial
shelter forest through artificial drip irrigation, and internal pro-
duction and living areas. The main species planted in artificial
shelter forests include Tamarix ramosissima, H. ammoden-
dron,  and Calligonum arborescens (Lei  et al.,  2008; Wang
et al., 2008). Previous studies have indicated that the desert
ecosystem can store CO2 through abiotic processes, with the
carbon sink capacity providing an average annual CO2 absorp-
tion of 7.11 g m−2 yr−1 (Yang et al., 2020a). Furthermore, arti-
ficial shelter forest establishment has altered the original abi-
otic carbon sequestration process of the desert, enhancing car-
bon  sequestration  through  photosynthesis,  soil  improve-
ment, and biodiversity promotion. Arid regions of Northwest
China,  including  the  Taklimakan  Desert,  have  experienced
significant warming and increased humidity due to global cli-
mate  change.  These  changes  are  manifested  through
increases  in  total  precipitation  and  extreme  rainfall  events
(Shen  et al.,  2010; Donat  et al.,  2017; Yao  et al.,  2020;
Zhang et al., 2021b), which have affected nutrient and water
availability in desert soil; the increased amount of precipita-
tion  penetrating  the  soil  also  affects  plant  roots  and  soil
microorganisms.  Alterations  to  precipitation  patterns  will
inevitably impact the carbon sequestration potential of artifi-
cial  shelter  forests  in  desert  environments,  involving  many
processes such as photosynthesis, root depth distribution in
desert  vegetation,  and  soil  respiration  stimulation  (Cable
et al., 2004; Midgley et al., 2004; Yang et al., 2020b, 2022;
Zhang  et al.,  2021a).  However,  we  still  lack  a  systematic
understanding of the responses of these processes to differing
levels  of  precipitation  in  desert  environments,  leading  to
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many uncertainties in the accurate quantification of the carbon
sequestration  capacity  of  artificial  afforestation  in  deserts
and the exploration of its carbon sequestration potential.

In this study, we used an eddy covariance approach to
monitor CO2 flux and multiple environmental factors in the
artificial shelter forest located in the hinterland of the Takli-
makan Desert in 2018 and 2019, to analyze the enhancement
of the desert carbon sequestration capacity by the establish-
ment of artificial shelter forest and its response mechanism
to different magnitudes of precipitation events. The objective
of this study was to enhance our understanding of the carbon
cycle in desert ecosystems and contribute to the development
and  implementation  of  management  strategies  for  artificial
forests in deserts. Additionally, this study provides data sup-
port for quantifying the contribution of artificial afforestation
in  arid  regions  to  carbon  sequestration  and  sink  enhance-
ment.
 

2.    Materials and methods
 

2.1.    Site description

The Taklimakan Desert  is  situated  in  the  center  of  the
Tarim  Basin  in  the  Xinjiang  Uygur  Autonomous  Region,
China, and covers a total area of 337 600 km2. It is the second

largest  shifting  desert  worldwide,  with  approximately  70%
of  its  area  covered  by  shifting  sand,  and  is  a  significant
source of dust aerosols to the global atmosphere (Lei et al.,
2008; Li et al., 2015; Yang et al., 2021). The observation sta-
tion  was  located  in  an  artificial  shelter  forest  surrounding
the  National  Observation  and  Research  Station  of  Desert
Meteorology,  Taklimakan  Desert  of  Xinjiang  (38°58′ N,
83°39′E, 1099 m MSL) in the hinterland of the Taklimakan
Desert  (Fig.  1).  The  entire  desert  hinterland  has  an  arid
desert climate within a warm temperate zone, with an average
annual precipitation of only 25.9 mm, which is primarily dis-
tributed  between  May  and  August.  In  recent  years,  due  to
gradual  warming  and  increasing  rainfall  in  Northwest
China, both the overall precipitation amount and likelihood
of  rainstorms  within  the  Taklimakan  Desert  have  seen  an
upswing (Li et al.,  2016).  The annual potential  evaporation
is 3812.3 mm, which is almost 150 times the average annual
precipitation. Seasonal changes in the study area are signifi-
cant, and significant temperature fluctuations occur between
day  and  night.  The  average  annual  temperature  is  12.1°C,
with  maximum  temperatures  ranging  as  40.0°C–46.0°C,
and minimum temperatures dropping as  low as −20.0°C to
−32.6°C. The prevailing easterly winds maintain an average
annual  speed of  2.3  m s−1.  The extensive presence of  sand
on  the  surface  acts  as  source  material  for  dust  and  sand

 

 

Fig.  1. Upper  panels:  Distribution  of  land-cover  types  in  the  Taklimakan  Desert,  indicating  the  location  of  the  National
Observation and Research Station of Desert Meteorology, Taklimakan Desert of Xinjiang (red star). Lower panels: Overview
of  the  artificial  shelter  forest  in  the  hinterland  of  the  Taklimakan  Desert  (left)  and  positioning  of  the  observation  station
(right).
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storm  weather.  Floating  dust  and  blowing  sand  occur  for
over  157  days  on  average  annually,  and  sandstorms  occur
on 16 days each year (Lei et al., 2008; Li et al., 2015; Yang
et al., 2017). The desert’s extreme harsh environmental condi-
tions  have  resulted  in  a  lack  of  natural  vegetation  cover
within the region. In the 1990s, to ensure the exploitation of
desert oil, a series of artificial shelter forests were established
in the Taklimakan Desert, which were mainly composed of
T. ramosissima, H. ammodendron, and C. arborescens, and
cultivated  by  artificial  drip  irrigation.  The  shelter  forest
around the observation station has a square shape and covers
an approximate area of  3.6 km2,  with an average height  of
1.5 m. 

2.2.    Experimental design

In November 2017, an open-path eddy covariance system
(height: 3 m) was deployed in a green space 300 m from the
northeast  boundary  of  the  artificial  shelter  forest  (Table  1)
to  gauge  the  exchange  of  energy,  CO2,  and  H2O  between
the land and atmosphere in the artificial shelter forest. Simul-
taneously,  soil  CO2 flux  is  continuously  monitored  every
0.5 h using an automatic soil CO2 flux measurement system.
Two layers of sensors are buried in the soil to measure soil
temperature and moisture. All sensors are consolidated on a
CR1000  data  collector  (Campbell  Scientific,  Logan,  UT,
USA). Further details regarding the instruments used in the
experiment are given in Table 1. All time references in this
study refer to local time (LT), which is 2 h and 25 min later
than Beijing time. 

2.3.    Data processing and statistical analyses

The  collected  flux  and  meteorological  data  were  pro-
cessed into 30-min intervals using the EasyFlux PC software
(Campbell Scientific). Abnormal data caused by equipment
failure, equipment maintenance, precipitation, and human fac-
tors were eliminated. Gaps in the data were filled using the
average daily change method (Falge et al., 2001) and interpo-
lation (Aubinet et al., 2002; Baldocchi, 2003). Precipitation
data  were  obtained  from  an  automatic  tipping  bucket  rain
gauge, located 200 m from the observation station.

The Origin 2019b software was used to perform statisti-
cal analysis on the data from 2018 to 2019. First, the distribu-
tion  of  precipitation  magnitudes  during  the  main  plant
growth seasons during the observation period was statistically
analyzed  to  identify  precipitation  patterns  and  assist  with

the  classification  of  subsequent  precipitation  events.  Next,
we  performed  regression  analysis  between  the  total  daily
CO2 exchange of the artificial shelter forest and variation in
precipitation amounts to understand the impact of precipita-
tion events of different magnitudes on the CO2 flux of the arti-
ficial shelter forest. For continuous precipitation over multi-
ple  days,  the  consecutive  days  were  combined  and  treated
as a single precipitation event. In order to minimize the inter-
ference from other  variables (such as irrigation)  during the
study of the impact of precipitation, thereby ensuring the accu-
racy and reliability of the research results, we removed data
collected during and after the drip irrigation period when ana-
lyzing  the  carbon  dioxide  exchange  in  artificial  shelter
forests.  Finally,  representative  precipitation  events  were
selected to compare the CO2 exchange in the artificial shelter-
belt forests with the seven days following precipitation. On
this basis, the degree of impact of different magnitude precipi-
tation events on the total daily CO2 exchange of artificial shel-
terbelt  forests  were analyzed,  and their  trends and duration
of effects were also assessed. 

3.    Results and discussion
 

3.1.    Meteorological conditions

The meteorological conditions within the artificial shel-
ter forest during the observation period are shown in Fig. 2.
Throughout  the  observation  period,  there  were  significant
seasonal temperature fluctuations, with an average tempera-
ture of 11.88°C, maximum temperature of 43.42°C, and mini-
mum  temperature  of −26.2°C.  The  atmospheric  pressure
ranged from 86.14 to 91.03 KPa, with a recognizable seasonal
pattern. The annual variation of vapor pressure showed the
opposite trend to that in temperature, with the lowest values
in summer, followed by spring, autumn, and in winter. The
average  relative  humidity  was  34.94%.  Within  the  study
area, the average wind speed for each half-hour interval was
1.24 m s−1, with a maximum wind speed of 6.64 m s−1. The
wind speed increased significantly during spring, which was
the  main  period  for  sandstorm  outbreaks.  Variation  in  soil
temperature  during  the  observation  period  was  consistent
with the trends in air temperature. The average temperature
of  the  surface  soil  was  13.09°C,  with  a  maximum  of
66.57°C and a minimum of −24.95°C. Throughout the obser-
vation period, 13 and 20 precipitation events were recorded

 

Table 1. Summary of the instruments used in the experiment from November 2017 to December 2019.

Observation system Variables Time interval Sensor Height/depth (m)

Eddy covariance system Three-dimensional wind speed and direction,
Ta, RH, CO2/H2O concentration, H, LE, u*,

FC

0.1 s IRGASON
(Campbell Scientific)

3

Air temperature, humidity Ta and RH 30 min HMP155A (Vaisala) 3
Soil respiration Rs 30 min LI-8100A (LI-COR) 0.0
Soil temperature Soil temperature gradient 30 min 109 (Campbell Scientific) 0.0, −0.05, −0.1

Soil moisture Soil moisture gradient 30 min 93640 Hydra (Stevens) −0.05, −0.1

FC, CO2 flux; H, sensible heat flux; LE, latent heat flux; RH, relative humidity; Ta, air temperature; u*, friction velocity.
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in 2018 and 2019, respectively, primarily occurring in June
and July. The total precipitation for the corresponding time-
frames  was  only  27.4  and  38.1  mm,  respectively (Fig. 3).
The majority (96.9%) of recorded precipitation events con-
tained < 6 mm of rainfall. Among the numerous precipitation
events,  a  rare  high-precipitation  event  (total:  10.2  mm)
occurred on 9 June 2019.
 

3.2.    Temporal variation of the CO2 flux

The CO2 flux  data  for  the  non-vegetated  shifting  sand

area in  the study area are  shown in Fig.  4;  these are  based
on  the  CO2 flux  calculation  scheme  established  by Yang
et al. (2020a, 2023). Compared to the CO2 budget of non-veg-
etated shifting sand, the artificial shelter forest showed signifi-
cant  CO2 absorption  during  the  day  and  CO2 release  at
night. The highest absorption peak was −11.67 μmol m−2 s−1,
which occurred at noon on 7 June 2018. We found that the
carbon  storage  capacity  of  the  desert  ecosystem  increased
approximately 140-fold after the establishment of an artificial
shelter  forest  in  the  desert,  due  to  plant  photosynthesis
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Fig. 2. Meteorological conditions in the study area at 30-min intervals during the observation period:
(a) air temperature and pressure at 3 m above the surface; (b) wind speed at 3 m and relative humidity
at 4 m above the surface; (c) temperature at the soil surface and 5 cm depth; (d) precipitation and soil
moisture at depths of 5 and 10 cm.
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(−1000 g m−2 yr−1 vs. −7.11 g m−2 yr−1) (Yang et al.,2020a).
The establishment of the artificial  shelter forest  on shifting
sand completely covered the processes of the inorganic CO2

budget  dominated  by  soil  air  expansion/contraction  and
saline  alkali  chemical  carbon  sequestration  caused  by  soil
heat fluctuation in the shifting sand (Yang et al., 2020a). Addi-
tionally, CO2 flux varied significantly in the artificial shelter
forest during the growing season, due to plant growth regula-
tion. The artificial shelter forest had a relatively robust carbon
sequestration  effect  during  the  vigorous  vegetation  growth
period in summer. Overall, the establishment of the artificial
shelter  forest  successfully  compensated  for  the  relatively
weak  CO2 budget  process  of  the  shifting  sand,  and  there
was a notable carbon sequestration effect during the growing
season. These findings were consistent with those of previous
studies  on  the  carbon  sequestration  capacity  of  artificial
forests  in  the  Three-North  Shelterbelt  Program,  alpine
sandy shrub forest on the Qinghai–Tibet Plateau, H. ammod-
endron plantations  in  the  Shiyang  River  Basin,  and  the
mixed  plantation  in  the  dry  hot  valley  of  the  Jinsha  River
(Liu  et al.,  2014; Gong  et al.,  2019; He  et al.,  2021; Ma
et al., 2021). Table 2 shows the amounts of CO2 sequestration
achieved by the artificial shelter forest throughout the grow-
ing season,  which reached approximately  1000 g  m−2 yr−1.
This value was significantly higher than that of the artificial

H.  ammodendron forest  in  the  Shiyang  River  Basin
(140  g  m−2 yr−1),  artificial  fixed  vegetation  in  the  Tengger
Desert  (81.9  g  m−2 yr−1),  and  the  Inner  Mongolia  Desert
Grassland  (15.62  g  m−2 yr−1)  (Wang  et al.,  2018; Zhou
et al.,  2020; Ma  et al.,  2021).  These  differences  were
attributed  to  various  factors  such  as  afforestation  tree
species, tree growth rate, afforestation density, decomposition
rate, forest age, management, and protection measures, and
soil  properties  of  different  locations  (Fa  et al.,  2015; He
et al.,  2021; Ma  et al.,  2021; Zhang  et al.,  2021a).  There-
fore, it is imperative to investigate the carbon sequestration
rate, processes, and regulation mechanisms of typical sand fix-
ation and afforestation in different climate regions. Addition-
ally, valuable support can be provided for the planning and
design of carbon sequestration forests by developing afforesta-
tion models that promote carbon sequestration, with a focus
on managing degraded artificial forests in desert areas, estab-
lishing long-term mechanisms for forest management and pro-
tection, reducing forest mortality rates, and collaborating on
the  development  of  characteristic  forest  and  grass
germplasm resources.
 

3.3.    Effect  of  precipitation  on  CO2 flux  in  the  artificial
shelter forest

Precipitation  directly  affects  desert  soil  moisture,  soil
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Fig.  3. Distribution  of  precipitation  events’ different  magnitudes  in  the  study  area  during  the  observation  period.
Numbers in blue circles are numbers of precipitation events.
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Fig. 4. Comparison of the monthly mean diurnal variation in CO2 flux between the artificial shelter forest and non-
vegetated shifting sand in the study area during the growing season. Observation data for the artificial shelter forest
were lost in September 2018 due to a loss of power supply.
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microorganisms, plant photosynthesis, and plant roots, lead-
ing to complex fluctuations in CO2 flux within desert ecosys-
tems  (Cable  et al.,  2004; Hao et al.,  2010; Ma et al.,  2012;
Fa et al., 2015; Liu et al., 2015; Zhou et al., 2020). To under-
stand how different  precipitation levels  influence CO2 flux
in the artificial shelter forest, we analyzed the temporal varia-
tion  in  daily  CO2 flux  under  varying  precipitation  levels.
We selected 22 precipitation data points greater than 0.1 mm
from June to August, which included five consecutive multi-
day precipitation events. Then, we merged the data for each
of the five consecutive precipitation events,  resulting in 13
events  for  analysis.  Because  the  artificial  shelter  forest
received  regular  drip  irrigation,  data  from days  during  and
after  watering  were  excluded.  The  daily  total  CO2 flux
remained relatively  unchanged compared to  sunny weather
days,  when  precipitation  amounts  were  less  than  2  mm
(Fig.  5).  However,  at  precipitation  levels  of  approximately
4 mm, the artificial shelter forest was stimulated to enhance

CO2 absorption within two days after rainfall, with a return
to non-precipitation levels within three to four days. For pre-
cipitation greater than 8 mm, the impact on the CO2 budget
of the artificial shelter forest became more complex, and dis-
played volatile changes.

Based on these results, we selected four typical precipita-
tion events of different magnitudes for a more detailed exami-
nation (Fig. 6): a 2 mm precipitation event on 19 July 2018
(Figs. 6a and b); a 3.2 mm precipitation event on 13 August
2018 (Figs. 6c and d); a 9.3 mm precipitation event during
22–25 June 2018 (Figs. 6e and f), which consisted of individ-
ual events with rainfall amounts of 0.7, 2.9, 2.5 and 3.2 mm
over  four  consecutive  days;  and  a  10.2  mm  precipitation
event  on  9  June  2019  (Figs.  6g and  h).  The  analysis
revealed that the 2 mm precipitation event had no effect on
the  total  daily  CO2 flux  of  the  artificial  shelter  forest
(Fig. 6b). The 3.2 mm precipitation event improved the carbon
sequestration  capacity  of  the  artificial  shelter  forest,  but

 

Table 2. Total monthly carbon sequestration rates (units: g m−2 month−1) in the study area during the 2018 and 2019 growing seasons in
the artificial shelter forest.

Year Apr May Jun Jul Aug Sep Oct Total for the year

2018 −77.55 −124.6 −160.99 −191.73 −187.18 NAN −40.18 −782.23
2019 −82.98 −220.49 −202.36 −200.99 −136.56 −153.06 −68.63 −1065.07

NAN, no data.
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Fig. 5. Variation in daily CO2 exchange in the artificial shelter forest over time under different precipitation levels. Panels (a)
to (g) show the results on days 1–7 after precipitation, respectively.
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only  for  approximately  3  days  (Fig.  6d).  The  9.3  and
10.2  mm  precipitation  events  affected  the  daily  total  CO2

flux of the artificial shelter forest for approximately 7 days
(Fig. 6f). The carbon sequestration capacity of the artificial
shelter forest underwent an initial inhibition, followed by a
sudden  enhancement,  and  eventually  returned  gradually  to
its  original  state.  During  the  9.3  mm  precipitation  event,
which consisted of  four  consecutive precipitation days,  the
first  two  days  with  3.6  mm  of  precipitation  resulted  in  a
weak enhancement of the carbon sink of the artificial shelter
forest.  In  contrast,  heavy precipitation  during  the  10.2  mm
precipitation event initially led to a suppression of the carbon
sink (Fig. 6h). 

3.4.    Relationship  between  CO2 flux  in  the  artificial
shelter  forest  and  environmental  conditions  after
precipitation

To fully understand the response of CO2 flux in the shel-
ter forest to precipitation events of varying magnitudes, we
conducted  a  comprehensive  analysis  using  CO2 flux  data
one day before and 1–7 days after the 3.2 and 10.2 mm precip-
itation  events,  as  well  as  synchronized  photosynthetically
active radiation (PAR), vapor pressure deficit (VPD), soil res-
piration, and soil moisture (Figs. 7 and 8). For the 3.2 mm pre-
cipitation  event,  precipitation  caused  a  significant  increase

in soil moisture only at a depth of 5 cm (Fig. 7e), with no sig-
nificant change in soil moisture at 10 cm. This result indicated
that  a  precipitation  event  of  this  magnitude  only  slightly
improved the surface soil moisture, with no impact on soil res-
piration;  this  moisture  was  not  used  by  plants  with  deeper
roots in the artificial shelter forest (Yang et al., 2023). How-
ever, the carbon sink capacity of the artificial shelter forest
was  significantly  enhanced  when  PAR  remained  relatively
high and VPD was low within the first 3 days after the precipi-
tation event (Fig. 7c). Consequently, a precipitation event of
this  magnitude  improved  the  carbon  sequestration  capacity
of the artificial  shelter  forest  by swiftly reducing the VPD,
promoting stomatal opening, and enhancing photosynthesis.

In  the  7  days  after  the  10.2  mm  precipitation  event,
except  for  a  significant  decrease  on 12 June due to  cloudy
weather, the PAR values remained high (Fig. 8b). This precip-
itation event resulted in a significant increase in soil moisture
at  a  depth  of  10  cm,  indicating  that  water  infiltration
reached a depth of 10–20 cm in the soil (Fig. 8e). Water at
this depth was not used by plants with deep roots in the artifi-
cial shelter forest, but significantly stimulated surface soil res-
piration  to  promote  CO2 release  (Fig.  8d).  During  the  first
four  days  following  precipitation,  except  for  the  third  day
when  heavy  weather  conditions  led  to  a  decrease  in  PAR,

 

2018/7/18 2018/7/20 2018/7/21 2018/7/22 2018/7/23 2018/7/24 2018/7/25 2018/7/26

-12

-8

-4

0

4

8

12

2018/8/12 2018/8/14 2018/8/15 2018/8/16 2018/8/17 2018/8/18 2018/8/19 2018/8/20

-12

-8

-4

0

4

8

12

2018/6/21 2018/6/26 2018/6/27 2018/6/28 2018/6/29 2018/6/30 2018/7/1 2018/7/2

-12

-8

-4

0

4

8

12

2019/6/8 2019/6/10 2019/6/11 2019/6/12 2019/6/13 2019/6/14 2019/6/15 2019/6/16
-12

-8

-4

0

4

8

12

(a) (b)

-1 0 1 2 3 4 5 6 7 8
-16

-12

-8

-4

0

4

8
2018/7/19 2 mm 2 mm

3.2 mm

9.3 mm

10.2 mm

D
ai
ly
to
ta
l
C
O
2
fl
u
x

(g
m

d
)

D
ai
ly
to
ta
l
C
O
2
fl
u
x

(g
m

d
)

D
ai
ly
to
ta
l
C
O
2
fl
u
x

(g
m

d
)

2018/8/13 3.2 mm(c) (d)

-1 0 1 2 3 4 5 6 7 8
-16

-12

-8

-4

0

4

8

9.3mm(e)

Days after precipitation (day)

Days after precipitation (day)

Days after precipitation (day)

(f)

C
O
2
fl
u
x

(
s
)

C
O
2
fl
u
x

(
s
)

C
O
2
fl
u
x

(
s
)

-1 0 1 2 3 4 5 6 7 8
-16

-12

-8

-4

0

4

8

C
O
2
fl
u
x

(
s
)

2019/6/9 10.2 mm

2018/6/25

(g) (h)

-1 0 1 2 3 4 5 6 7 8
-16

-12

-8

-4

0

4

8

Days after precipitation (day)

D
ai
ly
to
ta
l
C
O
2
fl
u
x

(g
m

d
)

 

Fig. 6. Half-hourly changes in CO2 flux and daily total CO2 exchange on the day before precipitation and 1–7 days
after precipitation for precipitation events of different magnitudes: (a, b) 2 mm; (c, d) 3.2 mm; (e, f) 9.3 mm; (g, h)
10.2 mm. The 0 value of the abscissa in the daily total CO2 exchange graph represents the daily total CO2 exchange
on the day before precipitation.
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the  reduction in  VPD promoted stomatal  opening in  plants
and  enhanced  photosynthesis  (Figs.  8c and 9c).  However,
the sudden increase in soil moisture stimulated the recovery
of  soil  dormant  microorganisms  and  the  movement  of
organic  substrates,  which enhanced soil  respiration  leading
to the release of CO2 (Yang et al., 2023). In the dynamic equi-
librium of soil respiration and photosynthesis stimulated by
precipitation, the soil moisture at 5 cm exhibits a clear thresh-
old,  which  can  serve  as  a  good  indicator  to  reflect  the
strength  of  precipitation’s  stimulation  on  both  processes
(Fig. 9h). When the soil moisture at 5 cm after precipitation
exceeds  0.12  m3 m−3,  the  enhancement  of  soil  respiration
caused by precipitation overshadows the increase in photo-
synthesis.  When  the  soil  moisture  at  5  cm  falls  below
0.12  m3 m−3,  the  enhancement  of  photosynthesis  is  more
than soil respiration. To elucidate the influence of VPD and
soil moisture on CO2 flux, we conducted a segmented regres-
sion analysis of VPD and CO2 flux under conditions where

the  5  cm  soil  moisture  content  was  above  and  below
0.12  m3 m−3 (Fig.  9g).  The  analysis  revealed  two  distinct
CO2 flux patterns at lower VPD levels. The characteristic of
the first pattern was that the shelter forest with low soil mois-
ture had higher carbon sequestration capacity, with a daily car-
bon sequestration reaching up to 12 g m−2. The second pattern
showed that the overall carbon sequestration capacity of pro-
tective forests was lower under higher soil  moisture condi-
tions. The enhanced soil respiration caused by high soil mois-
ture during this process effectively offsets the partial absorp-
tion of CO2 caused by enhanced photosynthesis, weakening
the carbon sequestration capacity of the entire artificial shelter
forest  during this  period.  With  the  gradual  decrease  in  soil
moisture,  the  weakened  soil  respiration  highlighted
enhanced  photosynthesis,  leading  to  a  sudden  increase  in
the carbon sequestration capacity of the entire artificial shelter
forest.  Finally,  the  ability  of  the  artificial  shelter  forest  to
absorb CO2 gradually recovered to the state before precipita-
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Fig. 7. Variation in CO2 flux and environmental factors over time in the artificial  shelter forest  on the day
before  and  within  7  days  after  a  3.2  mm  precipitation  event:  (a)  CO2 flux;  (b)  PAR;  (c)  VPD;  (d)  soil
respiration; and (e) soil moisture at different depths.
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tion. Yang et al. (2021) also found that in the Badain Jaran
Desert,  the  precipitation  magnitude  had  variable  effects  on
the  desert  ecosystem;  as  the  precipitation  intensity
increased,  the  residual  time  of  the  precipitation  influence
was  extended.  However,  we  identified  a  unique  phe-
nomenon, in which precipitation greater than 8 mm first inhib-
ited and then promoted the CO2 absorption capacity of artifi-
cial shelter forest.

 

4.    Conclusion

The CO2 flux of an artificial shelter forest in an arid envi-
ronment in the hinterland of the Taklimakan Desert was moni-
tored from 2018 to 2019 using an eddy covariance system.
The impact of establishing an artificial shelter forest on the
carbon  sequestration  capacity  of  the  desert  was  analyzed
and  the  forest  response  mechanism  to  precipitation  events
of varying magnitudes was determined. The results demon-

strated  that  the  establishment  of  the  artificial  shelter  forest
in  the  desert  increased  the  carbon  storage  capacity  of  the
ecosystem approximately 140-fold by combining the original
inorganic carbon sequestration process with plant photosyn-
thesis.  The  artificial  shelter  forest  absorbed  approximately
1000 g m−2 of CO2 every year, which improved the regional
ecological environment and transformed the desert into a sig-
nificant terrestrial carbon sink.

The carbon sequestration capacity of the artificial shelter
forest responded differently to precipitation events of varying
magnitudes. Precipitation less than 2 mm was rapidly evapo-
rated within a short period of time and did not alleviate long-
term drought in the desert environment. Therefore, precipita-
tion  of  this  magnitude had little  impact  on the  carbon sink
capacity  of  the  artificial  shelter  forest.  Precipitation  events
of 3–6 mm increased the atmospheric humidity and caused
a temporary decline in VPD, thereby promoting photosynthe-
sis  and  strengthening  the  carbon  sequestration  capacity  of
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Fig. 8. Variation in CO2 flux and environmental factors over time in the artificial  shelter forest  on the day
before  and  within  7  days  after  a  10.2  mm  precipitation  event:  (a)  CO2 flux;  (b)  PAR;  (c)  VPD;  (d)  soil
respiration; and (e) soil moisture at different depths.
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the artificial shelter forest. However, because this amount of
precipitation only wetted the soil surface, and thus evaporated
completely within 3 days,  the duration of the enhancement
of the absorption of CO2 by the artificial shelter forest after
rainfall was relatively short. Precipitation greater than 8 mm
promoted an increase in soil moisture, which in turn stimu-
lated microbial decomposition and organic matter transport,
leading to a significant increase in soil respiration within the
first  few days  after  precipitation,  and  offsetting  part  of  the
increase  in  photosynthesis.  In  the  dynamic  equilibrium  of
soil  respiration and photosynthesis  stimulated by precipita-
tion,  the  soil  moisture  at  5  cm  exhibits  a  clear  threshold,
which can serve as a good indicator to reflect the strength of
precipitation’s stimulation on both processes. When the soil
moisture  at  5  cm  after  precipitation  exceeds  0.12  m3 m−3,
the enhancement of soil  respiration caused by precipitation

overshadows the increase in  photosynthesis.  When the soil
moisture at 5 cm falls below 0.12 m3 m−3, the enhancement
of photosynthesis caused by precipitation than that of soil res-
piration. As a result, the overall carbon sequestration capacity
of the artificial  shelter  forest  shows a decreasing trend fol-
lowed by an increasing trend. These findings provide data sup-
port  for  efforts  to  quantify  the  contribution  of  artificial
afforestation to carbon sequestration and sink enhancement
in arid areas, and will contribute to the formulation and imple-
mentation  of  management  measures  for  artificial  forests  in
desert environments.
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Fig.  9. The  changes  in  various  environmental  factors  and  the  relationship  between  environmental  factors  of  the
artificial  shelter  forest  from  moist  to  dry  after  10.2  mm  precipitation:  (a)  CO2 flux;  (b)  PAR;  (c)  VPD;  (d)  soil
respiration;  (e)  soil  moisture  at  5  cm.  The  regression  relationship  between  (f)  PAR,  (g)  VPD,  (h)  soil  moisture  at
5 cm, and CO2 flux. (i) The regression relationship between soil respiration and soil moisture at 5 cm.
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