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Abstract Soil moisture remarkably influences soil
organic carbon (SOC) decomposition and is one of the
key wvariables in ecological models influencing
changes in soil carbon (C) storage. However, the
mechanisms determining the impact of soil moisture
on SOC decomposition in coastal wetlands are poorly
understood. We collected and incubated soil samples
from a coastal wetland of the Yellow River Delta,
China, to investigate the response of SOC decompo-
sition (the sum of CO,—C and CH,—C) to soil moisture.
Soil samples were incubated at 20%, 60%, 100%,
140% and 180% water holding capacity (WHC),
respectively. Compared to drought condition (20%
WHC), moist (60% and 100% WHC) and flooding
(140% and 180% WHC) conditions were observed
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with significantly higher SOC decomposition,
explained by increased soil microbial biomass and
altered soil physical parameters (pH and electronic
conductivity (EC)). Excluding the effect of drought,
we found decreased SOC decomposition with
increased microbial biomass in flooding conditions
compared to moist conditions. Structural equation
modeling analysis showed that SOC decomposition
and soil C storage were associated with changes in soil
environment and soil microbial biomass resulted from
soil moisture variation. This study highlights the
importance of soil moisture in soil carbon dynamics,
which is enlightening for the evaluation of soil C
cycling with a decline of soil moisture under a warmer
climate in coastal wetlands.
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Introduction

Soil moisture, the amount of water stored in the
unsaturated soil zone, is one of the key factors
controlling numerous processes in terrestrial ecosys-
tems (Hussain et al., 2011; Biederman et al., 2016; Jia
et al., 2016; Vidon et al., 2016). There is mounting
evidence that soil moisture controls soil microbial
growth and further impacts carbon (C) balance in a
variety of ecosystems, including forests and grass-
lands (Lindroth et al., 1998; Craine & Gelderman,
2011). Coastal wetlands are reported as one of the
most productive ecosystems with large C stocks and
sediment stabilization (Bridgham et al., 2006; Qu
et al., 2020). However, the impacts of soil moisture on
soil organic carbon (SOC) decomposition and dynam-
ics of soil C storage remain largely unexplored.
Numerous field studies and incubation experiments
have investigated the response of SOC decomposition
to soil water availability, leading to inconsistent
results within different ecosystems (Dijkstra & Cheng,
2007; Tao et al., 2018; Shahzad et al., 2019; Li et al.,
2020). For example, limited soil moisture in croplands
inhibited plant photosynthesis and C fixation (Moyano
et al., 2013), which was related to vegetation phenol-
ogy (Wang et al., 2019). Less carbon stored in plant
would further decrease the SOC and SOC decompo-
sition with limited diffusion of substrates for soil
microbes (Harper et al., 2005; Chen et al., 2019).
However, soil microorganisms with high tolerance to
water stress in tropical forests are not as sensitive as
microorganisms in arid or semiarid grasslands to soil
moisture, leading to different or even opposite effects
on SOC decomposition (Moyano et al., 2013; Das
et al, 2019). Soil moisture directly affects soil
physical and chemical properties, such as increasing
electrical conductivity (EC) and decreasing soil pH
(Cardon & Gage, 2006). Soil water is essential for
cellular reactions, inhibiting microbial and enzymatic
activity when the soil is drying out (Linn & Doran,
1984). Previous research reported that microbial
activity could cease as soil moisture is extremely
insufficient (Skopp et al., 1990; Schjonning et al.,
2003). However, if soil becomes waterlogged, the
diffusion of oxygen through soil would be restricted
(Chu et al., 2018). Flooding conditions are reported to
suppress microbial activity and soil organic matter
decomposition in forest ecosystems (Heinsch et al.,
2004). The metabolic activity of aerobic
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microorganisms would decrease when soil pore space
is filled with water (Cook & Knight, 2003). Thus, soil
moisture regulates soil environment and microbial
activity, further modulating soil C stock. However, the
mechanisms determining the effects of soil moisture
on SOC decomposition remain poorly explored in
coastal wetlands.

Carbon stored in soils is more than thrice the
amount of carbon in the atmosphere (Schlesinger &
Andrews, 2000). Meanwhile, SOC decomposition is a
key process controlling the balance between carbon
loss from soil to the atmosphere and C sequestration in
terrestrial ecosystems (Bond-Lamberty & Thomson,
2010; Vesterdal et al., 2012). A small change in SOC
decomposition could significantly influence the net
carbon flux and soil carbon concentration (Davidson &
Janssens, 2006). Large C stocks due to low rates of
SOC decomposition make coastal wetlands worth
studying, concerning the trend of the rising sea level
and fluctuation of soil moisture (Qu et al., 2019; Tian
et al., 2019). Given that the ecosystem services of
coastal wetlands contribute to human welfare, they are
crucial and urgent for coastal protection, erosion and
flooding control, fishery and recreation (Barbier et al.,
2011). The coastal wetlands of the Yellow River Delta
(YRD), located in the interface between terrestrial and
ocean ecosystems, are directly associated with regio-
nal C sequestration (Han et al., 2018). The soil saline-
alkaline stress and its consequence has been frequently
investigated in the YRD (Guan et al., 2017; Gao et al.,
2019). However, the impact of soil moisture on soil C
dynamics in coastal wetlands of the YRD is a
significant issue with relatively little research. Previ-
ous research found that, in floodplain wetlands,
optimum moisture of SOC decomposition for topsoils
and subsoils was 60% WHC and 30% WHC, respec-
tively (Yin et al., 2019). In addition, wetting—drying
treatment that cycled between 60% and 100% WHC
stimulated SOC decomposition in litter-amended
alpine wetland soil (Gao et al., 2016). Short-term soil
incubation can not only accurately and quantitatively
control the soil moisture and temperature but also
remove the effects of other environmental factors,
such as climate extremes and invasive species, on soil
carbon balance. In this study, a 50-day incubation
experiment was set up to explore the response of SOC
decomposition and soil C dynamics to soil moisture in
a coastal wetland of the YRD, China. The main
objectives were (i) to investigate the impact of soil
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moisture on soil properties and microbial biomass in a
coastal wetland, (ii) to quantify SOC decomposition
under varying soil moisture, and (iii) to explain the
potential mechanisms underlying the linkage between
soil moisture, soil environment, microbial biomass
and SOC decomposition during the incubation.

Materials and methods
Site description

The incubated soil was sampled at the mouth of
Yellow River in Dongying, in northeast Shandong
Province, China (37° 36’ N, 118° 57" E). The YRD is a
major delta among the river deltas of China, and it
contains the youngest and largest wetland in the warm
temperate regions in China (Xu et al., 2004; Tao et al.,
2018). The site is characterized by a warm semi-humid
continental monsoon climate with a moderate precip-
itation and temperature, averaging 560 mm per year
and 12.9°C (Han et al., 2018). Due to the seasonal
rainfall, nearly 74% of the precipitation is falling
between June and September, high differences of
monthly soil moisture have been observed (Chu et al.,
2018). The whole area is covered by fluvo-aquic and
saline soil due to the high groundwater table and flat
terrain, as well as tidal activities (Nie et al., 2009). The
dominate plant species are Suaeda maritima subsp.
salsa (L.) So6 and Phragmites australis (Cav.) Trin.
ex Steud., and the soil texture is mainly sandy clay
loam (Guan et al., 2017; Han et al., 2018).

Soil sampling and incubation

In late March 2019, soil samples (0—10 cm depth)
were collected with stainless steel shovels, then
packed and transported back to the laboratory. We
measured soil properties both before and after incu-
bation. The WHC, refers to the ability of a certain soil
texture to physically hold water, of soil samples were
measured using the single-ring method. Four fresh
samples, sieved to a particle size < 2 mm, were taken
and stored in a refrigerator (4°C) to analyze soil
microbial biomass carbon (MBC) and microbial
biomass nitrogen (MBN). The remaining soil samples
were air-dried, four subsamples with the same weight
were stored at room temperature to measure soil
properties (details of measurement can be seen in

Table 1 Soil properties (mean =+ standard deviation, n = 4) in
a coastal wetland in the Yellow River Delta

Properties Value

TC (mg g’1 dry soil) 16.4 + 0.2
TN (mg g~ dry soil) 0.3 £ 0.1
SOC (mg g~ dry soil) 4.6 £0.1
DOC (ug g~ dry soil) 91.1 £ 0.9
DN (ug g~' dry soil) 139.3 + 1.0
MBC (ng g~ fresh soil) 333 + 6.1
MBN (pg g_l fresh soil) 242 £ 53
pH (1:5) 8.1+£02
EC (ms cm™ ) 6.1 +£0.1
WHCpax (%) 11.6 £ 0.2

TC total carbon, TN total nitrogen, SOC soil organic carbon,
DOC dissolved organic carbon, DN dissolved nitrogen, MBC
microbial biomass carbon, MBN microbial biomass nitrogen,
EC electronic conductivity, WHCj;4x maximum water holding
capability

Sect. 2.4). The original soil properties before incuba-
tion are shown in Table 1. All other subsamples were
homogenized for the incubation experiment.

We added 100 g of dry soil to every 1000 ml jar.
The five treatments with different soil moisture levels
were labeled as 20%, 60%, 100%, 140% and 180%
WHC, and every treatment was repeated four times. In
this study, we considered 20% WHC as drought, 60%
and 100% WHC as moist and 140% and 180% as
flooding. During the incubation, we used permeable
parafilms to minimize the soil water loss, such as
evaporation. Deionized water was added into each jar
on the first day, and then water was added every two
days with constant weight to maintain the stability of
soil moisture. The temperature of incubated room was
stably controlled at 22 £ 2°C by air conditioner.

Gases emissions and SOC decomposition

CO, and CH, emissions were measured every two
days during incubation. We used airtight wooden
corks, inserted by a syringe with a three-way valve, to
replace parafilms 24 h before gas sampling, so that
daily gas emissions (CO, and CH,) were all stored in
the jars. We then directly opened the valve and
collected gases into a vacuum tube. Gas samples were
measured using gas chromatography (Agilent GC-
7890, USA). Four empty jars were set up as negative
controls to minimize system errors of measurement. In
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this study, the rate of SOC decomposition was the sum
of the total rate of CH4—C emissions and CO,—C
emissions (Qu et al., 2020):

a2 a2 a2

> S0Cq= > CHy—C+ Y CO,—C

1=dl 1=d1 1=dl

where SOC4 is the rate of SOC decomposition, d1 and
d2 represent the first and last day of incubation,
respectively.

Soil physical and chemical properties

Soil samples and deionized water were mixed at a ratio
of 1:5 and then shaken for 1 h, the mixture was
centrifuged (6000 rpm) for 25 min and followed by
0.45 um vacuum filtration. After this pretreatment,
dissolved organic carbon (DOC), MBC, MBN were
measured on a Shimadzu TOC analyzer (TOC-
VCPH). MBC and MBN were measured by the
chloroform-fumigation extraction method. Total car-
bon (TC) and total nitrogen (TN) were measured on an
elemental analyzer (Vario MACRO cube, Elementar
Analysensysteme, Germany). We removed total inor-
ganic carbon with hydrochloric acid (HCI, 1 mol 1)
from the samples, and then measured SOC on the
elemental analyzer. The electrical conductivity (EC)
and pH were measured in a ratio of 1:5 (w/v) soil and
water suspension potentiometrically. EC and pH were
measured using a portable conductivity and pH meter,
respectively.

Statistical analyses

One-way ANOVA was used to analyze the difference
of soil properties and the rate of SOC decomposition
under the different treatments. Significance was set at
P < 0.05. We applied Pearson correlation analysis to
determine the correlation between soil properties and
SOC decomposition of incubation. Structural equation
modeling (SEM) was used to test direct and indirect
linkage between soil moisture and SOC decomposi-
tion. In this study, we assumed that soil moisture
adjusts SOC decomposition via regulating soil envi-
ronment (pH and EC) and soil microbial biomass
(MBC and MBN), further impacting soil C (SOC,
DOC, TC) and N (DN, TN) storage. The criteria for
SEM evaluation, such as Root Mean Square Error of
Approximation (RMSEA), 4*/df and Bentler—Bonett
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Normed Fit Index (NFI), were adopted (Hair et al.,
2017). In this study, partial least square method was
used in SEM to predict complexly predictive path
models as the sample size was relatively small (< 100)
(Wong, 2013). SEMs analyses were carried out using
the AMOS 23 (IBM, Chicago, IL, USA).

Results
CO, and CH, emissions

During the incubation, we observed distinctly differ-
ent daily emissions dynamics and cumulative emis-
sions of CO, and CH, in the different soil moisture
treatments (Fig. 1). CO, emissions showed similar
pattern in moist (60% and 100% WHC) and flooding
(140% and 180% WHC) treatments, with comparably
high daily CO, emissions in the early incubation that
decreased over time (Fig. 1a). Sample soils in moist
conditions generally released more than 23% of CO,
than in flooding conditions (P < 0.05, Fig. 2a).
Drought conditions (20% WHC) inhibited CO, emis-
sions during the whole incubation period. CH, emis-
sions showed similar trend under different soil
moisture, with a linear increase within the first week
and then stable emissions until the end of incubation
(Fig. 1b). After a month of incubation (day 30),
drought conditions led to slight decrease of CHy
emissions compared to moist and flooding conditions.
Daily average CH,; emissions during the whole
incubation period showed no significant difference
under different water conditions (Fig. 2b).

Soil moisture-induced changes in soil properties
and SOC decomposition

Soil moisture significantly changed soil properties and
SOC decomposition through the incubation period
(Fig. 3). Microbial biomass (MBC and MBN)
increased with the soil moisture. MBC or MBN in
the 180% WHC soil was nearly 18 and 3 times of MBC
and MBN, respectively, in the 20% WHC soil
(P < 0.05, Fig. 3c and d). The strongest decrease of
soil EC, along with the increase of pH, was observed in
drought conditions (Fig. 3e, i). The highest value of
soil C and N pools (TC, TN, SOC, DOC, DN) was
observed in drought conditions, and the values
decreased as soil moisture increased (Fig. 3a, b, f, g
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Fig. 1 Cumulative emissions of CO, and CH, during the
50-day incubation period of soil samples with 20%, 60%, 100%,
140% and 180% water holding capacity (WHC). The error bars

and h). The pattern of SOC decomposition was similar
to CO, emissions under different water conditions,
with the highest value in moist conditions, followed by
flooding conditions and drought conditions (Fig. 3j).

30 40 50
Day

indicate the standard deviations of four measurements (n = 4).
The subgraph represents daily CO, and CH,4 emissions for
different treatments

Impact of soil moisture on soil properties and SOC
decomposition

Pearson correlation analysis showed correlations
between soil environment, soil C stock and gas
emissions under varying soil moisture (drought, moist
and flooding conditions: Table 2; moist and flooding
conditions: Table 3). Negative correlations were
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observed between SOC, DOC, DN, and CO, emis-
sions (P < 0.01). EC was positively correlated with
CO, and CH, emissions, with a coefficient r of 0.81
(P < 0.01) and 0.45 (P < 0.05), respectively. Nega-
tive correlations were also found between pH and
MBC and MBN (Table 2). Excluding the effect of
drought, we found opposite correlation between EC
and CO,, shifting from positive (Table 2) to negative
(Table 3). Similarly, positive correlation between
MBC and pH and negative correlation between

Fig. 3 Effects of soil moisture (20%, 60%, 100%, 140% andp»
180% WHC) on soil properties and SOC decomposition through
50-day incubation. 7C total carbon, SOC soil organic carbon,
MBC microbial biomass carbon, MBN microbial biomass
nitrogen, 7N total nitrogen, DOC dissolved organic carbon,
DN dissolved nitrogen, EC electricity conductance. Different
lower case letters represent significant differences (P < 0.05)

MBC and SOC decomposition were observed under
moist and flooding conditions (Table 3).

SEM analysis was performed to analyze the poten-
tial mechanisms and underlying differences among

Fig. 2 Daily average a CO,
and b CH, emissions during (a) 60
a 50-day incubation period
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moisture of 20%, 60%, 50 1 a a
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Fig. 4 Structural equation
model (SEM) analysis,

a including all levels of
moisture (20%, 60%, 100%,
140% 180% of WHC),

b excluding drought
condition (20% of WHC),
describing the effect of soil
moisture on soil
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soil moisture, soil environment, soil C storage and
SOC decomposition under drought, moist and flooding
conditions (Fig. 4a). The significance criteria of SEM
were met, with RMSEA, XZ/df and NFI of 0.094, 3.028
and 0.897, respectively. The model explained 46% of
the variance of soil pH, 73.1% for EC, 79.8% for
MBC, 68.7% for MBN and 86.7% for SOC
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decomposition. Microbial biomass was positively
driven by increased soil moisture, leading to stimu-
lated SOC decomposition, further lowering SOC and
DOC. Consistent with the results from Pearson
correlation analysis, EC was positively correlated
with soil moisture and MBC, directly and positively
associated with SOC decomposition. Excluding the
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Table 3 Pearson correlation coefficients (r) between soil organic carbon decomposition, soil carbon and nitrogen storage, soil

microbial biomass and soil environment in incubation

CO, CHy4 TC TN SOC DOC DN MBC MBN EC pH
CH, —-032
TC 0.60* 0.08
N 0.28 — 0.52% 0.40
SOC  — 0.78** 039 —0.72% —0.23
DOC 0.14 — 0.08 0.28 0.15 —0.05
DN 0.43 - 0.37 0.48 035 —-0.23 0.75%*
MBC - 0.60%* 021 = 0.78%*% — 0.62* 0.68*%* — 0.27 —0.39
MBN — 0.38 034 —0.09 — 021 0.29 - 032 — 024 0.04
EC — 0.87%* 0.51% - 0.60%* — 0.35 0.66%* — 0.28 — 0.61% 0.53*%  0.28
pH — 0.75%* 033 — 0.88%% — 043 0.73** — 0.33 — 0.66%* 0.71%* 0.29  0.76%*
SOCy  1%** —0.32 0.60* 028  — 0.78%* 0.14 0.43 —0.60* 038  0.87%% — 0.75%*

Soil moisture was controlled as 60%, 100%, 140% and 180% WHC, respectively. Drought condition (20% WHC) was excluded

TC total carbon, TN total nitrogen, SOC soil organic carbon, DOC dissolved organic carbon, DN dissolved nitrogen, MBC microbial
biomass carbon, MBN: microbial biomass nitrogen, EC electrical conductivity, SOC,; SOC decomposition

Significant correlations marked in bold, n = 4, where **P < 0.01, *P < 0.05

effect of drought (Fig. 4b), the significance criteria of
SEM were also met, with RMSEA, ledf and NFI of
0.098, 3.599 and 0.852, respectively. 71.8% variance
of SOC decomposition was explained, negatively
related to EC. Increased soil moisture increased pH
and further inhibited SOC decomposition under moist
and flooding conditions.

Discussion

Soil moisture conditions (drought, moist and flooding)
could impact soil physical and chemical properties and
profoundly alter C fluxes (Biederman et al., 2016; Jia
et al., 2016). In this study, different soil moisture
significantly changed soil physical properties (pH and
EC), and microbial biomass (MBC and MBN) during
an incubation period (Fig. 3e, g, h and i). Our results
confirmed the significant correlation between pH and
microorganisms. Soil pH, directly adjusted by soil
moisture, could be a primary factor controlling
microbial activity, for example, phenol oxidase which
is sensitive to pH associated with the rate-limiting step
in decomposition (Sinsabaugh et al., 2008). The
increase of soil moisture negatively affected pH,
indicating that higher moisture could alleviate soil
drought and reduce soil pH (Table 2) in coastal
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wetlands. In addition, increased moisture could
directly stimulate soil microbes including extracellu-
lar enzymes (Schimel et al., 1999; Davidson &
Janssens, 2006). Drought reduces the thickness of soil
water films, thus inhibiting diffusion of extracellular
enzymes and soluble organic-C substrates and lower-
ing substrate availability at reaction microsites
(Davidson & Janssens, 2006). When soil moisture is
higher than the optimum point, increased water
availability can suppress microbial activity (Linn &
Doran, 1984; Horz et al., 2004). Flooding slows
oxygen diffusion to decomposition reaction sites,
often allowing only anaerobic decomposition, which
includes fewer and generally slower degrading enzy-
matic pathways (Davidson & Janssens, 2006). The
relationship between soil moisture and microbial
biomass can be characterized as a curve that has a
peak of optimal water availability. However, we
observed a significant and positive correlation
between soil moisture and MBC (Fig. 3c), indicating
that microorganisms might be affected less by osmotic
stress comparing to the diffusion of substrates (Man-
zoni et al., 2012).

Overall, SEM analysis revealed that increased
MBC under wetter conditions stimulated SOC decom-
position under varying soil moisture (drought, moist
and flooding, Fig. 4a), however, had a negative albeit
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non-significant impact on SOC decomposition when
drought conditions were excluded (Fig. 4b). The
possible reason is that the relationship between MBC
and SOC decomposition is co-regulated by soil
oxygen content and soil organic matter (SOC and
DOC) (Moyano et al., 2013). Under flooding condi-
tions, larger number of microorganisms may need
more oxygen to decompose the SOC, and logged water
with limited oxygen availability constrained the rate of
SOC decomposition. Previous studies have illustrated
that low SOC decomposition under flooding condi-
tions could be associated with physical protection,
inhibiting diffusion of catabolites and interactivity
with the surface of soil organic matter (Six et al., 2002;
Kleber et al., 2015; Zhao et al., 2020). Interestingly,
the correlation between EC and SOC decomposition
with all treatments is opposite to the correlation that
removing the drought conditions (Tables 2 and 3).
One potential reason is related to the balance of soil
substrate availability and ionic stress. Compared to
drought conditions, increased soil moisture signifi-
cantly stimulated the movement and availability of
soil substrate (SOC and DOC, Fig. 3) and further
promoted the rate of SOC decomposition (Liu et al.,
2017). However, if soil water availability surpassed
the optimum without considering drought conditions,
high EC would lead to ionic stress, suppressing the
process of decomposition (Qu et al., 2019).

Given that the incubation hindered the C input as no
additional substrate was provided, increased SOC
decomposition directly reduced soil C storage, with a
negative correlation between SOC decomposition and
SOC, DOC, as well as TC (Fig. 4a, b). This study
therefore confirms that soil moisture, as an important
driver, controls soil environment and microbial
biomass and activities, regulates SOC decomposition
and soil C stock and further impacts soil organic
matter accumulation and soil composition. This study
stressed the importance of soil moisture in soil carbon
dynamics, i.e., SOC decomposition and soil C storage,
which is enlightening for the evaluation of soil C
cycling with a decreasing trend of soil moisture due to
climate warming.

Conclusions

Our results suggested that alleviation of water stress
(drought, 20% WHC) would significantly increase

SOC decomposition and consume more of the soil C
stock. Increased water availability directly increased
soil EC and microbial biomass (MBC and MBN) and
alleviated soil alkalization, further stimulating the rate
of SOC decomposition during incubation. However,
excluding the effect of drought, we found opposite
effect of increasing moisture on SOC decomposition
under moist (60% WHC) and flooding (140% and
180% WHC) conditions, suggesting that excessive
water would inhibit SOC decomposition via suppress-
ing microbial biomass (MBC and MBN) and shifting
soil environment (pH and EC) in coastal wetlands.
This study indicated that soil moisture is an important
factor that controls the process of SOC decomposition
in coastal wetlands, and contributes to a better
understanding of mechanistic processes surrounding
moisture-associated soil C dynamics under climate
change.
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