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Wetlands reserve a large amount of organic carbon (C), playing a key role in contributing
global C stocks. It is still uncertain to evaluate wetland C stocks due to wetland
disturbance or degradation. In this study, we performed the degraded and recovering
wetlands to estimate aboveground C stocks and soil organic C (SOC) stocks at the
depth of 1 m in the Yellow River Delta. Our results showed that the recovering wetland
sequestered 1.67 Mg C ha−1 aboveground, approximately three times higher than those
(0.56 Mg C ha−1) of degraded wetland, and recovering wetland stored more SOC of
51.86 Mg C ha−1 in the top 1 m soils, approximately two times higher than those
(26.94 Mg C ha−1) of degraded wetland. These findings indicate that the transformation
between degraded and recovering wetlands is associated with the conversion of
wetland C sources and sinks. The shifts in aboveground C stocks and SOC stocks were
mainly attributed to changed biotic (i.e., aboveground biomass and photosynthetic C)
and abiotic (i.e., soil water, salinity, SOC and N contents, and SOC compounds) factors.
The improved soil water, salinity, and nutrient enhance C reservoir, sequestering more
C in aboveground vegetation and storing more SOC via photosynthetic C input of plant
litter and root exudates in recovering wetland than in degraded wetland with poor soil
conditions. The relationships among wetland C stocks, plant, and soil properties indicate
plant-soil interaction driving wetland ecosystem C stocks in degraded and recovering
wetlands. Our research suggests that wetland restoration highlights a positive response
to “carbon neutrality” by efficiently sequestering C above- and belowground.

Keywords: wetland C stocks, aboveground biomass, soil organic carbon, wetland degradation, wetland
restoration

INTRODUCTION

Wetlands serve as the carbon (C) sink and reservoir, playing an important role in global ecosystem
C stocks (Duarte et al., 2013), although they occupy only 5–8% of the earth’s area, accounting for
20–30% of global C storage (Xiao et al., 2019). However, a large number of wetlands have been
degraded in the past decades due to reclamation, construction projects, or climate warming (Xu
W. et al., 2019). Wetland degradation associated with the loss of plant biomass and soil C implies
that wetlands are transformed from C sink to C source, exacerbating global climate warming
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(Baustian et al., 2021). To alleviate climate warming and
enhance wetland ecosystem functions, the governments and
scientists pay more attention to the protection and restoration
of wetlands (Crooks et al., 2018). Studies have reported that
wetland restoration can greatly recover above- and belowground
ecosystem structures and function, such as increasing plant
diversity and biomass, storing more C in soils, and structuring
stable linkage among plant, microorganism, and soil (Ma et al.,
2017; Orth et al., 2020). Based on the goal of C neutrality,
it is necessary to evaluate wetland C stocks and clarify the
regulation mechanism of soil organic C (SOC) storage during the
degradation and restoration of wetlands.

Wetland C budgets are attributed to the balance between
plant C input and soil C loss (Spivak et al., 2019). The
disturbed wetlands would influence plant C assimilation and
soil organic matter (SOM) decomposition. Wetland degradation,
such as wetland converting to saline-alkali land, exacerbates
soil salinity and nutrient stress, which result in the decline in
plant productivity and soil microbial C degradation (Herbert
et al., 2015; Servais et al., 2019). The unbalance between the
input and output of organic matter affects wetland C turnover
and storage. Despite plant-derived C contribution to wetland
C stocks through litter and root exudates, C quality (defined
as labile and recalcitrant C compounds) also plays a crucial
role in mediating wetland C retention (Xia et al., 2021). Labile
C compounds (e.g., carbohydrates) are easily degraded by
microorganisms with a fast turnover rate (Shao et al., 2021).
Recalcitrant C compounds contain macromolecular substances
such as aromatic C compounds and lignin, which are resistant
to be degraded and persist in soils for decades or even centuries,
contributing to ecosystem C storage (Suseela et al., 2013).
However, the empirical evidence is still lacking to assess above-
and belowground C reservoirs in disturbed wetlands through
integrating C quantity and quality.

Phragmites australis (P. australis) is the dominant species
with strong photosynthetic capacity, widely spreading over
wetland ecosystems (Guan et al., 2017). The change in wetland
dominated by P. australis can exhibit substantial effects on
wetland ecosystem C stocks. Using complementary approaches of
C estimation, natural 13C isotope, and mid-infrared spectroscopy
(mid-IR), we evaluated above- and belowground C stocks and
illustrated the plant-soil interaction of degraded and recovering
wetlands in the Yellow River Delta. The goal of this study was
to (1) assess the responses of wetland C stocks (i.e., plant C and
SOC stocks) to degraded and recovering wetlands, (2) detect
the dynamics of SOC compounds in degraded and recovering
wetlands, and (3) explore how plant and soil parameters
regulated above- and belowground C immobilization in our
studied wetlands.

MATERIALS AND METHODS

Site Description and Sampling
Soil and plant samples were taken in July 2020 from the
degraded and recovering estuarine wetlands, located in the
Yellow River Delta National Nature Reserve (118◦33′–119◦20′E,

37◦35′–38◦12′N, established in 1992), Eastern China. The mean
annual precipitation is 530–630 mm, mainly occurring in
summer (∼70%); mean annual temperature is 11.7–12.6◦C.
The studied soils are classified as an alluvial soil formed by
alluvial sediment of the Yellow River, with average pH of 8.57
(Table 1). Roads built for oil exploitation and transportation
interrupted Yellow River water into wetland, exacerbating
soil salinization and decreased aboveground biomass, and
ultimately resulting in wetland degradation (Figure 1). In
recent years, the governments have performed the rehabilitation
engineering to recover wetland by diverting Yellow River
water into degraded wetland, leading to wetland restoration
with the increase in aboveground biomass (Figure 1). Both
degraded and recovering wetlands are dominated by P. australis
(Figure 1).

Sampling plots were conducted with a randomized within-
wetland nested design. Six 30 m × 30 m plots were randomly
selected in each degraded and recovering wetland. To weaken
the spatial heterogeneity, we collected aboveground vegetation
and soil cores (i.e., 0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm,
and 60–100 cm) from five random subplots. Plant and soil
samples from subplots were then integrated to the plot level by
mixing samples into one representative plant and soil sample,
respectively. Sixty soil samples were collected with two wetland
types × six plots × five depths. Plant samples were used to
measure plant C content, natural 13C isotope, and aboveground
biomass, subsequently to calculate aboveground C stock. Soil
samples were sieved (<2 mm) to remove residues and roots. Each
soil sample was divided into two subsamples to analyze (1) water
content (fresh soil subsamples), and (2) electrical conductivity
(EC), pH, SOC and TN contents, natural 13C isotope, and SOC
compounds (air-dried soil subsamples).

Measurement and Calculation of
Aboveground Plant Parameters
Leaf photosynthetic rate of P. australis was measured with
a Li-6400XT photosynthesis system (Li-COR Inc., Lincoln,
NE, United States). The harvested P. australis (1 m × 1 m
subplot) were oven-dried to measure aboveground biomass.
Plant subsamples grounding by ball milling (MM400, Retsch,
Germany) and sieving (0.15 mm) were used to analyze
plant C content and natural 13C isotope (i.e., δ13C) on an
elemental analysis with isotope-ratio mass spectrometry (EA-
IRMA) (Elementar, Langenselbold, Germany). We estimated
aboveground C stocks using the following formula: Aboveground
C stocks (Mg C ha−1)= plant C content (g kg−1)× aboveground
biomass (kg m−2)/100.

Soil Physicochemical Analysis and SOC
Stock Estimation
Fresh soil samples were oven-dried (105◦C for 48 h) to measure
soil water content (SWC). We prepared soil slurries (1:5 w/v)
to analyze EC and pH using an electrode meter (Jenco 6173,
Jenco, United States). After sieving to 0.15 mm, soil samples
were provided to calculate SOC by the potassium dichromate
oxidation method, to determine soil nitrogen (N) with the

Frontiers in Ecology and Evolution | www.frontiersin.org 2 February 2022 | Volume 10 | Article 856479

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-856479 June 9, 2023 Time: 13:22 # 3

Shao et al. C Stock of Degraded and Recovering Wetlands

TA
B

LE
1

|E
ffe

ct
s

of
w

et
la

nd
de

gr
ad

at
io

n
an

d
re

st
or

at
io

n
on

so
il

ph
ys

ic
oc

he
m

ic
al

pr
op

er
tie

s,
in

cl
ud

in
g

so
il

w
at

er
co

nt
en

t,
el

ec
tr

ic
al

co
nd

uc
tiv

ity
,p

H
,b

ul
k

de
ns

ity
,a

nd
to

ta
ln

itr
og

en
co

nt
en

t.

S
o

il
w

at
er

co
nt

en
t

(%
)

E
le

ct
ri

ca
lc

o
nd

uc
ti

vi
ty

(d
S

m
−

1
)

p
H

B
ul

k
d

en
si

ty
(g

cm
−

3
)

S
o

il
ni

tr
o

g
en

co
nt

en
t

(g
kg

−
1
)

D
ep

th
(c

m
)

D
eg

ra
d

at
io

n
R

es
to

ra
ti

o
n

S
ta

ti
st

ic
al

va
lu

e
D

eg
ra

d
at

io
n

R
es

to
ra

ti
o

n
S

ta
ti

st
ic

al
va

lu
e

D
eg

ra
d

at
io

n
R

es
to

ra
ti

o
n

S
ta

ti
st

ic
al

va
lu

e
D

eg
ra

d
at

io
n

R
es

to
ra

ti
o

n
S

ta
ti

st
ic

al
va

lu
e

D
eg

ra
d

at
io

n
R

es
to

ra
ti

o
n

S
ta

ti
st

ic
al

va
lu

e

0-
10

9.
09
±

0.
64

15
.2

0
±

1.
04

−
5.

02
**

*
3.

20
±

0.
51

1.
38
±

0.
24

3.
22

**
8.

40
±

0.
10

8.
82
±

0.
14

−
2.

53
*

1.
34
±

0.
06

1.
04
±

0.
06

3.
58

**
0.

10
±

0.
01

0.
70
±

0.
04

−
14

.6
6*

**

10
-2

0
13

.1
7
±

2.
06

20
.6

4
±

1.
16

−
3.

06
*

2.
64
±

0.
45

1.
94
±

0.
20

2.
54

*
8.

54
±

0.
06

8.
65
±

0.
12

−
0.

80
1.

72
±

0.
02

1.
48
±

0.
03

6.
04

**
*

0.
07
±

0.
02

0.
80
±

0.
02

−
29

.5
3*

**

20
-4

0
11

.6
3
±

1.
58

25
.4

2
±

2.
11

−
5.

24
**

*
2.

56
±

0.
38

2.
33
±

0.
29

0.
48

8.
57
±

0.
05

8.
53
±

0.
08

0.
42

1.
93
±

0.
04

1.
75
±

0.
02

3.
95

**
0.

04
±

0.
01

0.
13
±

0.
01

−
5.

70
**

*

40
-6

0
8.

13
±

0.
30

10
.9

3
±

0.
75

−
3.

46
**

2.
63
±

0.
27

2.
57
±

0.
17

0.
19

8.
62
±

0.
05

8.
55
±

0.
05

0.
92

1.
95
±

0.
02

1.
80
±

0.
06

2.
64

*
0.

03
±

0.
01

0.
04
±

0.
01

−
1.

05

60
-1

00
17

.3
2
±

1.
37

27
.0

6
±

1.
28

−
5.

19
**

*
2.

91
±

0.
27

2.
75
±

0.
12

0.
56

8.
55
±

0.
03

8.
50
±

0.
02

1.
71

1.
97
±

0.
06

1.
83
±

0.
01

2.
46

ˆ
0.

03
±

0.
01

0.
08
±

0.
02

−
2.

64
*

Th
e

sy
m

bo
ls

of
**

*,
**

,*
,a

nd
∧

re
pr

es
en

ts
ta

tis
tic

al
si

gn
ifi

an
ce

w
ith

p
<

0.
00

1,
p

<
0.

01
,p

<
0.

05
,a

nd
p

<
0.

1,
re

sp
ec

tiv
el

y.

elemental analyzer (Elementar vario EL III, Germany), and to
analyze soil δ13C after removing carbonate on an EA-IRMA
(Elementar, Langenselbold, Germany). Soil bulk density (BD) was
measured using an oven-dried soil sample collected with a bulk
sampler. Finally, we calculated SOC stocks using the following
formula: SOC stocks (Mg C ha−1) = SOC content (%) × BD (g
cm−3)× soil depth (cm).

Soil samples (sieved to 0.15 mm) were thoroughly mixed
with potassium bromide (soil:KBr = 1:40 w/w), which were
used to analyze SOC compounds on a Thermo Nicolet 6,700
infrared spectrometer (Thermo Electron Scientific Instruments
Corp., Madison, WI, United States). Reflectance spectra (4,000–
400 cm−1) were measured with 64 scans at a resolution of
4 cm−1. Relative spectral peak areas at 1,630 and 1,050 cm−1

represent aromatic C compounds and carbohydrates, respectively
(Shao et al., 2019).

Statistical Analysis
To test whether plant and soil parameters differed between
degraded and recovering wetlands, we performed paired sample
t-tests with the evaluation of normality assumption and
homogenous variance using the SAS V.8.1 software (SAS Institute
Inc., Cary, NC, United States). Generalized linear models (GLM)
were used to determine relationships among plant parameters,
soil properties, and wetland C stocks including above- and
belowground C stocks.

RESULTS

Responses of Soil Physicochemical
Properties to Degraded and Recovering
Wetlands
Soil physicochemical properties, including SWC, EC pH, BD,
and soil N content, significantly responded to degraded and
recovering wetlands in different soil depths (Table 1). Wetland
restoration greatly increased SWC and soil N content of 0–
100 cm compared with degraded wetland (all p < 0.05). Surface
soil EC (0–10 cm and 10–20 cm) in recovering wetland was lower
than degraded wetland (both p < 0.05), whereas no change in
soils of 20–100 cm (p > 0.05). For soil pH, wetland restoration
only led to the increase in soil pH of 0–10 cm (p < 0.05).
In addition, recovering wetland showed lower soil BD than
degraded wetland at the five soil depths (all p < 0.05, except
marginal significance at 60–100 cm).

Responses of Plant Properties and
Aboveground C Stocks to Degraded and
Recovering Wetlands
Our study demonstrated that wetland degradation and
restoration significantly influenced aboveground biomass,
leaf photosynthesis rate, and plant δ13C (Figure 1). Compared
with degraded wetland, recovering wetland substantially
increased aboveground biomass and leaf photosynthesis rate
by 199.0% (p < 0.001) and 195.7% (p < 0.001), respectively.
The plant δ13C was higher in degraded wetland (−26.67h)
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FIGURE 1 | Effects of wetland degradation and restoration on aboveground biomass (A), leaf photosynthesis rate (B), and natural plant δ13C (C).

than in recovering wetland (−28.35h). In addition, our study
estimated aboveground C stocks that were significantly changed
from 0.56 Mg C ha−1 to 1.67 Mg C ha−1 as a conversion
of degraded wetland to recovering wetland (p < 0.001;
Figure 2).

Responses of Soil C Parameters to
Degraded and Recovering Wetlands
The SOC content and soil δ13C were greatly changed in degraded
and recovering wetlands at the depth of 0-40 cm; no change was
found at the depth of 40-100 cm (Figure 3). In comparison with
wetland degradation, wetland restoration significantly increased
the SOC content by 304.6, 517.6, and 98.62% at depth of 0-10 cm,
10–20 cm, and 20–40 cm, respectively (all p < 0.05). Soil δ13C in
recovering wetland was significantly lower than that in degraded
wetland at depths of 0–10 cm (−38.39h vs. −35.65h), 10–
20 cm (−38.92h vs. −35.64h), and 20–40 cm (−39.04h vs.
−38.21h) (all p < 0.05).

Wetland restoration led to a significant increment in SOC
stocks, which increased by 6.09 Mg C ha−1 (0–10 cm, p < 0.001),
11.64 Mg C ha−1 (10–20 cm, p< 0.001), and 4.39 Mg C ha−1 (20–
40 cm, p < 0.001) as degraded wetland converting to recovering
wetland, whereas slight increment in SOC stocks at the depth
of 40–60 cm (Figure 4). We evaluated SOC stocks of 0–100 cm
and found that SOC stocks were greatly lower in degraded
wetland (26.94 Mg C ha−1) than recovering wetland (51.86 Mg
C ha−1) (Figure 4A).

The SOC compounds were estimated using the mid-IR
technology (Figure 5). We found that wetland restoration
resulted in significant reduction of soil aromatic C compounds
(relative abundance, 1,630 cm−1) at the depth of 0-40 cm (all

FIGURE 2 | The evaluation of aboveground carbon (C) stocks in degraded
and recovering wetlands.

Frontiers in Ecology and Evolution | www.frontiersin.org 4 February 2022 | Volume 10 | Article 856479

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-856479 June 9, 2023 Time: 13:22 # 5

Shao et al. C Stock of Degraded and Recovering Wetlands

FIGURE 3 | Effects of wetland degradation and restoration on soil organic C (SOC) concentration (A) and natural soil δ13C (B) at a soil depth of 0–100 cm. The
symbols of ∗∗∗ and ∗ represent statistical signifiance with p < 0.001 and p < 0.05, respectively.

FIGURE 4 | Variations of soil organic C (SOC) stocks (A) and 1 SOC stocks (B) of 0–100 cm in degraded and recovering wetlands. The symbols of ∗∗∗ and
∗ represent statistical signifiance with p < 0.001 and p < 0.05, respectively.
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FIGURE 5 | Effects of wetland degradation and restoration on soil organic C (SOC) compounds (i.e., aromatic C compounds, A; and carbohydrates, B) and the ratio
of aromatic C compounds to carbohydrates (C) at a soil depth of 0–100 cm. The symbols of ∗∗∗, ∗∗, ∗, and ∧ represent statistical signifiance with p < 0.001,
p < 0.01, p < 0.05, and p < 0.1, respectively.

p < 0.01), while significant increase in aromatic C compounds
at the depth of 40-100 cm (both p < 0.05, Figure 5A). The
relative abundance of carbohydrates (1,050 cm−1) was higher
in recovering wetland than degraded wetland at the soil depth
of 0–20 cm and did not change at a soil depth of 40-100 cm
(Figure 5B). In addition, the ratio of aromatic C compounds
to carbohydrates showed similar changes with aromatic C
compounds in degraded and recovering wetlands at soil depth of
0–100 cm (Figure 5C).

Correlations of Above- and Belowground
C Stocks With Plant and Soil Parameters
in Degraded and Recovering Wetlands
Generalized linear models showed that aboveground C stocks
were tightly and positively related with SWC (R2

= 0.54,
p < 0.01), soil N content (R2

= 0.69, p < 0.001), leaf
photosynthesis rate (R2

= 0.69, p < 0.001), and aboveground
biomass (R2

= 0.99, p < 0.01), whereas negatively associated
with soil EC (R2

= 0.60, p < 0.01) and not related with plant
C content (R2

= 0.19, p = 0.09) in degraded and recovering
wetlands (Figure 6).

In addition, SOC stocks of 0-100 cm showed positive
relationships with SWC (R2

= 0.66, p < 0.001), leaf
photosynthesis rate (R2

= 0.72, p < 0.001), aboveground
biomass (R2

= 0.79, p < 0.001), SOC content (R2
= 0.93,

p < 0.001), and carbohydrate (R2
= 0.57, p = 0.003), while

negative relationships with soil EC (R2
= 0.48, p < 0.01), soil BD

(R2
= 0.61, p= 0.002), soil δ13C (R2

= 0.72, p < 0.001), aromatic

C compounds (R2
= 0.54, p = 0.004), and ratio of aromatic C

compounds to carbohydrates (R2
= 0.54, p= 0.004) (Figure 7).

DISCUSSION

Impacts of Wetland Degradation and
Restoration on Aboveground C Stocks
Our study found that aboveground C stocks in recovering
wetland (1.67 Mg C ha−1) was approximately three times of
aboveground C stocks in degraded wetland (0.56 Mg C ha−1).
This finding indicates that wetland restoration can recover and
enhance plant C sequestration (Renzi et al., 2019; Sapkota and
White, 2020).

The aboveground C stocks are originated from plant C
content and aboveground biomass (Dayathilake et al., 2020).
In this study, aboveground C stocks were tightly related with
aboveground biomass and slightly associated with the plant C
content, suggesting aboveground biomass was the predominant
factor driving aboveground C stocks in degraded and recovering
wetlands (Sharma et al., 2020). The prior studies have reported
that the shift in aboveground biomass is ascribed to varied biotic
and abiotic factors, such as soil water level, salinity, nutrient, and
plant photosynthesis (Hayes et al., 2017; Zhai et al., 2022).

In degraded wetland, the increased soil environmental stress,
such as low water availability and high salinity, restrains
plant growth, development, and physiological characteristics
(Cui et al., 2018). Water deficit and salinity stress influence
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FIGURE 6 | The relationships of aboveground C stocks with soil properties (weighted average of 0–100 cm) and plant properties in degraded and recovering
wetlands. Soil properties include soil water content (A), soil EC (B), soil N content (C), photosynthesis rate (D), plant C content (E), and aboveground biomass (F).

plant productivity via the following two reasons: one is to
control seedling germination and the other is to regulate CO2
assimilation of vegetation leaf (Ma et al., 2020). Under drought
and salinity stress, the first response of vegetation is a decline
in seedling germination and, subsequently, the reduction in
plant growth, which negatively affects aboveground biomass. In
addition, drought and salinity stress can impact leaf physiological
characteristics to keep vegetation adaption in the severe
environmental conditions (Munns et al., 2020). For example, the
low stomatal conductance in degraded wetland (Supplementary
Figure 1b) suppresses CO2 into leaf intercellular spaces, thus
reducing plant CO2 assimilation and the photosynthesis rate (also
represented by natural plant δ13C), subsequently resulting in low
plant productivity and C sequestration.

Soil nutrients are also the key and limited factors driving plant
productivity (Hayes et al., 2017). Wetland degradation leads to a
large amount of soil nutrient loss due to increased surface SOM
decomposition, wind erosion, or water erosion, exacerbating
wetland nutrient limitation (Song et al., 2014; Wu et al., 2021).
In our degraded wetland, soil N content was so scarce, which
cannot satisfy plant N requirement. Low N availability held low
plant productivity and showed negative feedback to wetland
C sequestration.

In contrast to degraded wetland, recovering wetland
sequestered more C in aboveground vegetation, which was

ascribed to the improving soil conditions and plant physiological
characteristics. The increasing soil water and nutrient level
stimulate the vegetation growth, metabolism, and development
associated with strong photosynthetic C assimilation, causing
higher aboveground biomass in recovering wetland, exhibiting
a positive feedback to wetland C stocks (Zhao et al., 2016;
Dronova et al., 2021).

Impacts of Wetland Degradation and
Restoration on SOC Stocks
Wetland soils contain a large amount of organic C, which
generally serves as C sinks due to the slow decomposition rate
of SOM (Stagg et al., 2018). However, wetland disturbances,
such as human activities, result in wetland degradation, inducing
soil C loss by increased surface SOM decomposition or erosion
(Kirwan and Megonigal, 2013; Baustian et al., 2021). In our
study, roads built for oil exploitation led to wetland degradation
of P. australis. The degraded wetland stored SOC stocks of
26.94 Mg C ha−1 in top soil 100 cm, approximately less than
two times of recovering wetland SOC stocks (51.86 Mg C
ha−1). Compared with recovering wetland, degraded wetland
substantially diminished SOC stocks, especially at a soil depth of
0-40 cm. The dynamics of SOC stocks in degraded and recovering
wetlands suggest that wetland degradation induces substantial

Frontiers in Ecology and Evolution | www.frontiersin.org 7 February 2022 | Volume 10 | Article 856479

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-856479 June 9, 2023 Time: 13:22 # 8

Shao et al. C Stock of Degraded and Recovering Wetlands

FIGURE 7 | The relationships of soil organic C (SOC) stocks with soil properties (weighted average of 0–100 cm) and plant properties in degraded and recovering
wetlands. Soil properties include soil water content (A), soil EC (B), soil BD (C), photosynthesis rate (D), aboveground biomass (E), SOC (F), soil δ13C (G), aromatic
C compounds (H), carbohydrates (I), and aromatic C compounds/carbohydrates (J).

loss of SOC, and recovering the degraded wetland and protecting
the existing wetlands are the effective approaches to restore and
enhance C reservoir in wetland soils.

The variations of SOC stocks in degraded and recovering
wetlands are likely due to the restoration of water and vegetation
(Zhao et al., 2018). After wetland restoration, freshwater input
increases the flooding period of wetland that led to more SOC
retention in anaerobic soils because of the constrained SOM
decomposition by microorganisms (Keller et al., 2015). Previous
studies have reported that vegetation restoration can promote
SOC accumulation (Chu et al., 2019). Wetland SOC storage
originated from enhanced plant production is mainly through
two pathways, namely, (1) more inputs of aboveground plant
litter or (2) increased input of photosynthetic C via root excretion
(Billah et al., 2022). These are supported by our finding that SOC
stocks were tightly associated with the aboveground biomass and
leaf photosynthesis rate. Recovering wetland had high available
water and nitrogen supply to plant, stimulating plant growth, and
subsequently contributing SOC pool through dead aboveground
plant residues (Li et al., 2022). In addition, decreased soil salinity

stress can relieve the salinity effect on leaf physiology, such as the
increase in stomatal conductance, which induces more plant CO2
fixation (Cui et al., 2018). Combined with high available water
and nitrogen supply, vegetation in recovering wetland showed
a higher photosynthesis rate, releasing more C into soils via
root exudates, and thus enhancing SOC stocks. Compared with
degraded wetland, recovering wetland substantially increased
SOC stocks, especially at a soil depth of 0–40 cm (mainly root
active layers), indicating that aboveground vegetation plays an
important role in regulating SOC accumulation and restoration.

We observed that the changes in SOC quality (represented
by specifically spectral peak of mid-IR) can influence SOC
stocks in degraded and recovering wetlands (Yang et al., 2022).
SOC stocks were positively associated with carbohydrates and
negatively with aromatic C compounds and ratio of aromatic
C compounds to carbohydrates. These correlations suggest that
a greater proportion of carbohydrates in soils increases SOC
storage. The aromatic C compounds are relatively stable and
recalcitrant SOM compounds, which mainly are originated
from plant residues (Suseela et al., 2013). Carbohydrates, as
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labile SOM compounds, are derived from root exudates (Shao
et al., 2021). Although the aboveground plant residues input
increases the aromatic C compound, the ratio of aromatic C
compounds to carbohydrates is lower in recovering wetland
than in degraded wetland. The increased photosynthesis rate
of recovering wetlands continuously input C of low molecular
weight (e.g., glucose, fructose, and sucrose), performing great
contribution to SOC storage. In addition, low natural 13C isotope
can represent high photosynthetic C retention in soils (Xia et al.,
2021), which further corroborates the impact of carbohydrates
on SOC stocks in recovering wetland, especially in topsoil of
40 cm. The shifts in the SOC quality (e.g., carbohydrates,
aromatic C compounds) and their tight relationships suggest
that the SOC quality is also the major driver of belowground C
retention and storage.

Soil BD is a comprehensive proxy to indicate soil structure,
reflect soil compaction, porosity, and fertility, and play a
crucial role in affecting SOC stocks (Zhao et al., 2018). The
negative relationship between SOC stocks and BD was observed
under wetland degradation and restoration. Although wetland
degradation increased soil BD, SOC concentration of 40 cm is
substantially lower compared with that in recovering wetland.
Wetland degradation results in a large amount of SOC loss due
to low plant productivity and surface soil erosion (Baustian et al.,
2021). The lower SOC concentration amplifies its negative effect
on SOC stocks, leading to the negative feedback of BD to SOC
stocks in degraded wetland.

Effects of Plant-Soil Interactions on
Wetland C Stocks
Our study illustrated that biotic (i.e., aboveground biomass and
photosynthetic C) and abiotic (i.e., soil water, salinity, SOC,
and N contents) factors predominately determine wetland C
stocks, including aboveground C stocks and SOC stocks. Soil
and plant parameters do not separately influence SOC stocks,
whereas plant-soil interaction mediates wetland C stocks in
degraded and recovering wetlands. The conversion between
disturbed wetland and protected wetland results in the shifts
of plant community that is a key linkage of above- and
belowground ecosystems (Xu S. et al., 2019). On the one
hand, dead plant residues and root exudates supply C and
nutrients to soils, persisting in soils in the form of SOM through
mineral associations or aggregate occlusion (Maietta et al., 2019),
and then contributing SOC stocks. On the other hand, the
new C input, especially photosynthetic C, primes the SOM
decomposition to release nutrients to the plant (Chen et al.,
2019). The nutrient recycling promotes the plant growth and
photosynthetic C fixation, enhancing aboveground C stocks.
Therefore, we revealed that plant-soil interactions and their

feedbacks to fluctuant wetland ecosystems play an important role
in regulating SOC cycling and storage.

CONCLUSION

Our study demonstrates that wetland restoration is expected
to be an efficient approach to offset C loss resulting from
wetland degradation. Wetland restoration contained higher
aboveground C stocks and SOC stocks, which of the summary
was approximately two times of degraded wetland C stocks.
We observed that the restoration of water, nutrient, and
vegetation were the key factors to enhance the sequestration
and storage of organic C above- and belowground in recovering
wetland, tightly associated with high photosynthetic C fixation in
plant (represented by aboveground biomass) and photosynthetic
C input to soils (represented by soil natural δ13C and
carbohydrates). We suggested that plant–soil interactions and
their feedbacks to environmental change need to be considered
to evaluate SOC stocks in wetlands.
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