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Carbon dioxide fluxes of
cyanobacterial crusts and
underlying soil under different
precipitation patterns in the Ulan
Buh Desert, China

Lili Wang, Ying Gao, Xiaoming Cao* and Weiwei Lu

Institute of Ecological Conservation and Restoration, Chinese Academy of Forestry, Beijing, China

Cyanobacterial crusts, sensitive to changes in the moisture content, are widely
distributed in the Ulan Buh Desert. Changes in precipitation patterns due to
global climate change are expected to influence the carbon emission and
photosynthetic carbon fixation of soil in areas covered with cyanobacterial
crusts. We assessed how changes in precipitation amount and frequency affect
carbon processes of Cyanobacterial Crusts. Taking average precipitation
amount and frequency in August during the past 30 years as control, we
established nine precipitation patterns (three amounts X three frequencies).
The net carbon flux (NCF) and dark respiration rate (DRR) of cyanobacterial
crusts and underlying soil were investigated. Precipitation could stimulate NCF
and DRR immediately. With increasing water application times, the peak values
of NCF, DRR and 12 h cumulative carbon emissions gradually decreased. Both
precipitation amount and frequency significantly affected cumulative carbon
emissions but without an interactive effect. Under the same frequency,
cumulative carbon emissions increased with increasing precipitation
amounts. Under the same total precipitation amount, cumulative carbon
emissions caused by high-frequency events were the highest, followed by
those of low-frequency precipitation and the control. However, such changes,
against the background of a changing global climate, will result in increased
carbon emissions of cyanobacterial crusts and underlying Soil, suggesting that
cyanobacteria should be considered in projections of the future carbon budget.

KEYWORDS

cyanobacterial crusts, carbon dioxide fluxes, precipitation amount, precipitation
frequency, biological soil crusts

Introduction

According to various climate models, global and local precipitation patterns will
change in the context of climate change (Feng and Fu, 2013; Stocker et al, 2014).
Precipitation will increase in high-latitude areas and the tropical Pacific areas, similar to
the average precipitation in many mid-latitude humid areas; in contrast, average
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precipitation will decrease in mid-latitude and subtropical dry
areas (Stocker et al., 2014; Yongping and Guoya, 2013); in many
areas, changes in precipitation intensity and time distribution
(rainfall frequency and interval time) will further be aggravated,
and more extreme precipitation events will occur (Solomon et al.,
2007; Stocker et al, 2014). Precipitation determines the soil
moisture, thus further regulating carbon cycling in terrestrial
ecosystems (Huxman et al., 2004; Reed et al., 2012; Zelikova et al.,
2012; Maestre et al., 2013; Peng et al., 2013; De Guevara et al,,
2014; Escolar et al., 2015). In turn, such changes may feed back to
the climate system, exacerbating or slowing down climate
changes.

Precipitation drives resource availability and productivity. In
arid and semi-arid regions, which account for 41% of the total
land area (Reynolds et al., 2007), the soil carbon reserves account
for 27% of the global total reserves (Roy and Saugier, 2001).
Though not the highest, the carbon flux rate of arid and semi-arid
ecosystems contributes significantly to the global carbon budget
(Wohlfahrt et al., 2008; Piao et al., 2009; Xie et al., 2009; Peng
etal., 2013). Moisture-limited arid and semi-arid ecosystems are,
however, unable to support uniform and continuously
distributed vegetation with high coverage, while they show a
wide distribution of biological soil crusts (BSCs) (Belnap and
Lange, 2003). Such crusts, which are the main components of
desert ecosystems, are heterogeneous complexes formed by
cryptogams (such as cyanobacteria, desert algae, lichens, and
mosses) and soil microorganisms, as well as other related
organisms, which are cemented with soil surface particles
through mycelium, rhizoid, and secretions (Belnap and Lange,
2003; Xinrong et al., 2009; Yuanming and Xueqin, 2010). On the
surface of desert areas, BSCs cover approximately 40% of the total
area, reaching 70% or more in some regions. They are sensitive to
changes in the external environment, especially moisture levels,
and their weak source or sink characteristics are prone to
directional reversal under the disturbance of rainfall, resulting
in great uncertainty in carbon source and sink functions.

Several studies have focused on the effects of precipitation
pattern changes (e.g., amount, intensity) on net primary
productivity of BSCs, soil respiration and carbon process in
the of
precipitation time distribution (rainfall frequency and interval

arid and semi-arid regions. However, impact
time) on carbon processes was largely neglected, and there is a
lack of field observations of fixed stations to support studies
about carbon processes of BSCs caused by precipitation pattern
changes.

The cyanobacterial crust is the primary development stage of
BSCs, which is composed of pioneer species in desert areas. The
cyanobacterial crust is characterized by high tolerance to extreme
environmental conditions, such as drought, strong radiation and
low in nutrients. It is widely distributed in harsh environments in
arid regions and is one of the important surface cover landscape
features of the Ulan Buh Desert, western Inner Mongolia Plateau.

In this study, we used the cyanobacterial crust of the Ulan Buh
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Desert as the research object to explore the carbon flux process of
cyanobacterial crust-covered soil under nine precipitation
patterns, involving three frequencies at three amounts, with
the aim to provide a scientific basis for the accurate
of by
ecosystems in arid regions.

estimation carbon emission and sequestration

Materials and methods
Site description

The study site was located in Dengkou County
(40°9'N~40°57'N, 106°9'E~107°10'E), at the source of the
Hetao Plain in western Inner Mongolia, China, and on the
eastern edge of the Ulan Buh Desert. The prevailing climate is
a temperate continental monsoon climate, with an annual
average temperature, precipitation, and evaporation of 7.6°C,
144.5 mm, and 2,397.6 mm, respectively. The soils in the study
region are mainly gray-brown desert soil and sandy soil [Cambic
Arenosols and Luvic Gypsisols in FAO (Food and Agriculture
Organization of the United Nations) taxonomy]. The area is a
transitional belt between a desert and steppe, covered with
psammophytic vegetation of desert areas.

The BSCs covered above 80% of desert land. The types of
BSCs in this region includes cyanobacterial crusts, lichen crusts,
and moss crusts. Cyanobacterial crusts account for the largest
proportion in the vast majority of sandy land without plant cover.
The dominant species in the cyanobacterial crusts are
Microcoleus vaginatus.

Research methods

Experimental design

According to the assessment report (Stocker et al., 2014), it is
estimated that by the end of the 2Ist century, the annual
precipitation in Northwest China will increase by 10-60%, and
the changes in precipitation intensity and time distribution in
many places will be further aggravated. Therefore, three
precipitation amounts were tested: an increase by 30%
(6.84 mm), an increase by 60% (8.12mm), and the average
precipitation (526 mm) in August during the 30 years from
1986 to 2015 (control). For each of the aforementioned three
precipitation amounts, three frequencies were established: a
frequency increase by 50% (12 times), a frequency reduction by
50% (3 times), and the average frequency (6 times) in August
during the 30 years from 1986 to 2015 (control). A total of nine
precipitation patterns (three sizes x three frequencies) were studied
(Table 1), with three repetitions for each treatment. On an average,
a frequency increase by 50% divided a single precipitation into two,
while a frequency reduction by 50% superimposed two adjacent
precipitations. The total precipitation amount was the same under
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TABLE 1 Factors of the experimental design.

Pattern 30-year average amount

Frequency reduction by 50% AOQF-
30-year average frequency AOF0
Frequency increase by 50% AOF+

different frequency treatments at the same amount. To avoid
interference of natural precipitation, the samples were covered
with transparent plastic cloth.

Sample collection

Flat areas, far away from vegetated areas and with well-
developed cyanobacterial crusts, were sampled in July 2018. For
this, 27 undisturbed soil cores covered with cyanobacterial crusts
were collected using a self-made PVC sampler with a diameter of
20.3 cm (area: 0.032 m®) and a height of 20 cm. Prior to sample
collection, the crust surface was moistened with distilled water to
ensure sample integrity.

Monitoring of NCF and DRR

From the end of July 2018 to the end of August 2018,
simulated precipitation experiments were conducted, and the
net carbon flux (NCF) and dark respiration rate (DRR) were
determined. Six water application experiments were conducted
under patterns AOF0, A30F0, and A60F0, with NCF and DRR
being determined for each experiment. Three water application
experiments were conducted under patterns AOF-, A30F-, and
A60F-, with NCF and DRR being determined for each
experiment. application experiments
conducted under patterns AOF+, A30F+, and A60F+, with
NCF and DRR being determined for nine of them (the other
three experiments were conducted with water only, and NCF and

Twelve water were

DRR were not determined).

At 6:00 am. on the day of water application, the soil
system LI-8150 (LI-COR) was
connected to the transparent air chamber to determine NCF

respiration measurement

prior to water application, and subsequently, the transparent air
chamber was covered with opaque cloth to determine DRR.
Starting from 7:00 a.m., the calculated amount of water was
sprayed slowly and evenly into the soil cores using a watering can
to largely avoid runoff. Immediately after watering and after 0, 1,
2,4, 8,12, and 24 h, NCF and DRR were determined. For each
sample, light and dark measurements were paired, and the paired
measurements were taken as simultaneously as possible to avoid
a shift in the environmental conditions.

Statistical analysis

The time-weighted method was adopted to calculate the
12-h cumulative net carbon flux (12-h NCF) and the total net
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Amount
increase by 60%

Amount
increase by 30%

A30F- A60F-
A30F0 A60F0
A30F+ A60F+

carbon flux (TNCF), as well as the 12-h cumulative carbon
release flux (12-h DRR) and the total carbon release flux
(TDRR) under nine precipitation patterns. A one-way
ANOVA was adopted for variance analysis of 12-h NCF
and 12-h DRR. A two-way ANOVA was adopted for
variance analysis of TNCF, TDRR, and total photosynthetic
carbon sequestration (TPCS). For statistical analysis and
mapping, we used the software packages SPSS 20.0, Excel
2010, and R statistical software.

The photosynthetic rate (PR) is calculated based on NCF
and DRR:

PR = DRR - NCF, (1)

where PR is the photosynthetic rate value; the greater the value,
the greater the photosynthetic rate and the stronger the carbon
sequestration capacity.

Results

Effects of different precipitation patterns
on NCF

After water application, the NCF values of all precipitation
patterns increased rapidly and peaked at 1h, followed by a
gradual decrease and a return to background levels after 12 h.
Among the NCF values before and 24 h after water application,
some values were negative, indicating that the cyanobacterial
crust sequestered carbon and functioned as a carbon sink
(Figure 1).

After the first time of water application, the peak values of
NCF under the nine precipitation patterns were 5.09 (AOF-),
5.46 (A30F-), 7.26 (A60F-), 5.31 (AOF0), 5.61 (A30F0), 5.87
(A60F0), 3.83 (AOF+), 3.62 (A30F+), and 3.93 (A60F+) ytmol m™
s7', respectively. Nevertheless, after the last time of water
application, the peak values were 2.19 (AOF-), 2.1 (A30F-),
1.75 (A60F-), 2.28 (AOF0), 1.75 (A30F0), 2.9 (A60F0), 0.71
(AOF+), 1.15 (A30F+), and 1.48 (A60F+) pumol m™ s/,
respectively, showing a large reduction (50-80%) compared to
the first time.

For clearly comparing the changes of net carbon flux among
different precipitation patterns, we calculated the 12-NCF after
every water application and took the average. We found the 12-h
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Dynamics of NCF in soil covered with cyanobacterial crust. -1 is the value determined before water application, and 7.26, and 8.1, etc., are the

experimental dates. NCF: net carbon flux.
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TABLE 2 Variance analysis of effects of precipitation amount and frequency on TNCF, TDRR, and TPCS.

Source TNCF

df F P
Frequency 2 8.090 0.003
Amount 2 3.915 0.039
Frequency * amount 4 0.285 0.884

TDRR TPCS

df F P df F P

2 13.78 0.00 2 0.144 0.867
2 6.60 0.01 2 0.109 0.897
4 0.74 0.58 4 0.070 0.990

Note: TNCEF: total net carbon flux; TDRR: total carbon release flux; TPCS: total photosynthetic carbon sequestration.
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FIGURE 3

Dynamics of DRR in soil covered with cyanobacterial crust. -1 is the value determined before water application; 7.26, and 8.1, etc., are the

experimental dates. DRR: dark respiration rate.

NCF had a negative relationship with precipitation frequency
(-50% > normal > +50%) (Figure 2). Under —50% frequency
treatment, the 12-h NCF of +30% and +60% amount were
significantly higher than normal (p < 0.05). However, under
+50% frequency and normal frequency treatments, the 12-h NCF
were not significantly different (p > 0.05). With the increase of
water application times, the 12-h NCF showed a decreasing trend
under all precipitation patterns. Compared with the first time, the
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12-h NCF after the last time water application was decreased by
38-63%.

To compare the carbon flux across the whole experiment
period, we use the weighted average method to calculate TNCF.
We found that the TNCF values of +50% frequency and —50%
frequency treatments were significantly higher than that in
normal frequency (p < 0.05) whereas there is no significant
difference between +50% frequency and -50% frequency
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(a) 12-h DRR of soil covered with cyanobacterial crusts; (b) TDRR of soil covered with cyanobacterial crust; statistically significant differences in
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(p > 0.05). At the same frequency, the TNCF in treatments of
+60% amount was significantly higher than normal amount (p <
0.05) (Figure 2). However, two-way anova analysis showed that
individual precipitation amount and frequency has significant
effects on TNCF (p < 0.05), but they did not show significant
interactive effects (Table 2, p > 0.05).

Effects of different precipitation patterns
on DRR

Precipitation can significantly stimulate soil respiration.
Under the different DRR
significantly increased after water application, reaching a peak

nine precipitation patterns,
value within 1h and then gradually decreased, reaching
background levels about 12 h after water application (Figure 3).
With the increase of water application times, peak values of
DRR under the nine patterns had a similar decreasing trend to that
of NCF. After first time water application, the peak values of DRR
were 4.29 (AOF-), 6.52 (A30F-), 7.18 (A60F-), 3.82 (AOF0), 3.98
(A30F0), 4.38 (A60F0), 2.51 (AOF+), 3.42 (A30F+), and 4.20
(A60F+) pmol m™ s, respectively. After last time water
application, the peak values of DRR were 2.17 (AOF-), 2.66
(A30F-), 5.66 (A60F-), 2.32 (AOFO0), 1.89 (A30F0), 2.08 (A60F0),
1.40 (AOF+), 1.27 (A30F+), and 2.23 (A60F+) pumol m s, with a
reduction of 40-60% compared to the first time (Figure 3).
Similar to NCF, the 12-h DRR also had a negative
relationship with precipitation frequency (-50% > normal >
+50%). Under normal and +50% frequency treatment, the 12-h
DRR increased along with increasing amount, and the 12-h DRR
of amount +60% was significantly greater than that +30% and
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normal (p < 0.05). Under —50% frequency treatment, the
following order was observed: +60% amount > +30% amount >
normal amount, and the difference between the amounts was
statistically significant (p < 0.05) (Figure 4). With the increase of
water application times, the 12-h DRR showed a decreasing trend
under all precipitation patterns. Compared with the first time, the
12-h DRR after the last time water application was decreased by
33-52%.

At the same amount, the TDRR at the three frequencies
showed the following order: +50% frequency > —50% frequency >
normal frequency; the levels significantly differed among the
different frequencies. At the same frequency, The TDRR
increased with increasing amount, the TDRR in treatments of
+30 and +60% amount were significantly greater than normal
amount (p < 0.05) (Figure 4). However, two-way anova analysis
showed that individual precipitation amount and frequency
significantly affected TDRR (p < 0.05), but without an
interactive effect (p > 0.05) (Table 2).

Effects of different precipitation patterns
on carbon sequestration

As shown in Figure 5, PR generally showed an upward trend
after water application, reaching the maximum value about 4 h
after water application and gradually falling to background levels
after 12h. Among them, the values of PR at 0h after water
application were positive under A30F-, A60F-, and A60F+, with
the carbon sequestration rate first decreasing and reaching the
minimum value at the first hour, followed by a gradual increase.
There was no significant difference in the effects of amount,
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Dynamics of PR of the cyanobacterial crust. -1 is the value determined before water application; 7.26, and 8.1, etc., are the experimental dates.

PR: photosynthetic rate.

frequency, and their interaction on TPCS (p > 0.05) (Figure 6,
Table 2).

Discussion

In arid regions, moisture is the main limiting factor for
biological activities. Precipitation can directly alternating soil
moisture, which will affect the soil carbon cycling and cause
the changes of soil carbon stock. In this study, the results
showed that precipitation could stimulate NCF and DRR and
then they gradually decreased to background level. This

finding is consistent with previous observations
(Sponseller, 2007; Xiaohong et al., 2016). This could be
attributed to two main reasons: first, organisms in

cyanobacterial crust were very sensitive to water. Under
the dry condition, cyanobacterial crust will enter to a
dormant state, but after water application, physiological
activities and respirations of it could quickly recover.
Secondly, arid region has the loose soil, so amount of CO,
might potentially accumulate in soil gaps, which would be
discharged when rainwater infiltrated.
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Previous studies have found that the carbon emissions of
biological crust areas increased with increasing precipitation
amounts (Housman et al., 2007; Thomas et al., 2008; Thomas
and Hoon, 2010; Castillo-Monroy et al., 2011; Feng et al,,
2013). Consistently, in our study, 12-h NCF and 12-h DRR,
TNCF and TDRR of cyanobacterial crust and underlying soil
also showed increased with the increase of individual water
application amount at the same frequency. However, when the
amount increased to a certain extent, it no longer had an
obvious acceleration effect on soil carbon emissions. In our
experiment, for 12-h NCF and 12-h DRR under —-50%
frequency treatment and TDRR, +30% (A30F-) and +60%
(A60F-) amount were significantly greater than normal
amount (AOF-) (p < 0.05), but the difference between
A30F- and A60F- was not significant (p > 0.05). There is
an optimal level of hydration for biocrust organisms (NASH
111, 1996; Lange, 2001), high precipitation amounts increase
diffusional resistance and decrease CO, availability to crust
(Grote et al., 2010).

In addition to precipitation amount, precipitation frequency
also had significant effects on the carbon processes of BSCs.
Precipitation frequency disturbs carbon exchange modes by
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FIGURE 6

TPCS of cyanobacterial crusts. TPCS: total photosynthetic
carbon sequestration. Statistically significant differences in
precipitation amount are denoted with capital letters whereas
statistically significant differences in precipitation frequency
are denoted with lowercase letters.

affecting the dry-wet alternation of the soil (Reed et al., 2012). In
this study, we observed that 12-h NCF and 12-h DRR decreased
with increased water application frequency, which was mainly
due to the large evaporation in arid regions. In this region, lower
water application amount in high water application frequency
can only moisten the soil surface and the water from water
application will be evaporated in a short time, so soil and
cyanobacterial crust could not utilize it, causing the decrease
of carbon emission. However, for the entire experiment period,
under the same precipitation amount, TNCF and TDRR did not
showed a decreased trend with increased water application
frequency. Specifically, TNCF and TDRR in high-frequency
treatments were highest, followed by low-frequency and then
normal-frequency treatments. This may be due to a synergetic
effect between the individual precipitation amount, the
precipitation frequency, and other environmental factors such
as antecedent moisture, temperature (Baldauf et al., 2018).
Precipitation significantly promoted the soil carbon emission
rate and increased cumulative carbon emissions, but with the
that is,
dry-wet alternations, this effect was gradually weakened. Our

increase in precipitation times, with  more
results has found that most of the increased water application
amount treatments significantly promoted soil carbon emission
rate (represented by NCF and DRR), and cumulative carbon
emissions (represented by 12-NCF, TNCF, 12-DRR and TDRR).
However, with the increase of water application time, the peak
values of NCF, DRR, 12-h NCF, and 12-h DRR decreased along
with the increase in dry-wet alternation times. This significant
increased effect was gradually weakened. This may be due to the

changes in available organic matter, microbial biomass, and
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microbial community structure in the soil through continuous
dry-wet alternations. On the one hand, after repeated
dry-wet alternations, the stability of soil aggregates was
improved, and the amount of organic matter released
therefrom was reduced (Denef et al., 2001). On the other
hand, with further dry-wet alternations, the composition of
the microbial community reestablished in the soil changed as
a response to changes in the soil water potential (Mikha et al,
2005), reducing its sensitivity to changes in water potential. As a
consequence, the mortality of microorganisms was reduced, thus
reducing the active organic matter available to microorganisms.

Previous studies have found that BSCs responded quickly to
precipitation. The photosynthetic process of BSCs could start within
10 min even under a small amount of precipitation and could
maintain photosynthetic capacity. In addition, the photosynthetic
rate is very likely to show an increased trend first and then decrease
(Lange et al., 1994; Brostoff et al., 2005; Grote et al., 2010; Feng et al.,
2014). Consistently, in our study, the photosynthetic rate of
also peaked about 4h
application and then gradually decreased to background levels.

cyanobacterial ~ crusts after water
This is likely because cyanobacterial crusts are generally in a
dormant state under water limitation condition and metabolism
of photosynthetic process would start rapidly once the environment
becomes wet. However, photosynthetic carbon sequestration
capacity is weak and discontinuous. In addition, the crusts also
respire while photosynthesizing, and its respiration rate is greater
than its photosynthetic rate at the early stage after water application.

With regard to NCF between soil and the atmosphere, our
result showed that NCF value was positive, indicating that CO,
which was fixed from atmosphere could not offset its emission.
However, we also found NCF values of some crusted areas were
negative, indicating that carbon fixation process existed in these
areas. In addition, we found this phenomenon always occurred in
the morning. Previous research has found that BSCs can rapidly
restore their metabolism with 0.1 mm of water (Lange et al,
1994). In dry region, dew, fog, and even greater air humidity
could be main water sources for photosynthetic process (Lange
et al,, 1997). Thus, this is probably due to condensed water and
lower temperatures in the morning. Specifically, condensed water
facilitated photosynthetic process, while the lower temperatures
inhibited soil respiration in the morning. Consequently, carbon
could be sequestered in the morning.

Furthermore, with the increase in annual precipitation, the
annual carbon sequestration of BSCs showed an increasing trend
(Yoshitake et al., 2010; Coe and Sparks, 2014; Feng et al., 2014).
the TPCS which
sequestrations in our study also increased with increasing

Similarly, represented annual carbon
precipitation amounts, but the individual effects of precipitation
and frequency, and interaction effects of these two factors were all
not significant on TPCS. This may be due to the low carbon
sequestration capacity of cyanobacterial crusts, as well as the

experimental period.
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Conclusion

Precipitation had a significant stimulating effect on soil
carbon emission. Both precipitation amount and frequency
significantly affected cumulative carbon emissions, but
without an interactive effect. Under the same precipitation
frequency, cumulative carbon emissions increased with
increasing  precipitation  amount. = However,  when
precipitation amount increased to a certain extent, it no
longer accelerated soil carbon emission. Under the same
precipitation amount, cumulative carbon emissions caused
by high-frequency events were highest, followed by those of
low-frequency precipitation and the control. For individual
water application, the carbon emissions caused by low-
frequency heavy events were significantly greater than those
caused by high-frequency light events. Another important
finding was that the stimulating effect of precipitation to
soil carbon emissions decreased with the increase of water
application times. Changes in precipitation amount and
frequency caused by global climate change will increase
carbon emissions of cyanobacterial crusts and underlying
Soil, suggesting that cyanobacteria should be considered in

projections of the future carbon budget.
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