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Abstract. Coastal wetlands have the highest carbon sequestration rate per unit area among
all unmanaged natural ecosystems. However, how the magnitude and seasonality of the CO2
sink in coastal wetlands will respond to future climate warming remains unclear. Here, based
on measurements of ecosystem CO2 fluxes in a field experiment in the Yellow River Delta, we
found that experimental warming (i.e., a 2.4°C increase in soil temperature) reduced net
ecosystem productivity (NEP) by 23.7% across two growing seasons of 2017–2018. Such a
reduction in NEP resulted from the greater decrease in gross primary productivity (GPP) than
ecosystem respiration (ER) under warming. The negative warming effect on NEP mainly
occurred in summer (�43.9%) but not in autumn (+61.3%), leading to a shifted NEP seasonal-
ity under warming. Further analyses showed that the warming effects on ecosystem CO2
exchange were mainly controlled by soil salinity and its corresponding impacts on species com-
position. For example, warming increased soil salinity (+35.0%), reduced total aboveground
biomass (�9.9%), and benefited the growth of plant species with high salt tolerance and late
peak growth. To the best of our knowledge, this study provides the first experimental evidence
on the reduced magnitude and shifted seasonality of CO2 exchange under climate warming in
coastal wetlands. These findings underscore the high vulnerability of wetland CO2 sink in
coastal regions under future climate change.

Key words: climate warming; coastal wetlands; ecosystem carbon fluxes; seasonality; soil salinity;
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INTRODUCTION

Coastal wetlands play an important role in the seques-
tration and the long-term storage of carbon (C) from the
atmosphere (Gabler et al. 2017). By storing carbon for
millennia in sediments and transporting organic matter
laterally to the ocean, vegetated coastal wetlands are sig-
nificant natural carbon dioxide (CO2) sinks in the bio-
sphere (Gabler et al. 2017). However, how the C cycle in
global coastal wetlands will respond to climate warming
is largely unknown. For example, because coastal wet-
lands are located in transition zones between the land
and ocean, it is unclear how soil salinity regulates the
responses of the C processes under climate warming

(Baldwin et al. 2014). Also, plant phenology can quickly
respond to the rising temperature (Charles and Dukes
2009) and the shifts of species composition consequently
influence the seasonality of ecosystem productivity or C
fluxes (Richardson et al. 2013). Thus, to better protect
the ecological services of coastal wetlands, it is critical to
better understand changes in both magnitude and sea-
sonality of ecosystem CO2 exchange under future cli-
mate warming.
Temperature is suggested as one of the most important

factors in regulating CO2 exchanges. Climate warming
could reduce ecosystem productivity and CO2 sequestra-
tion in semiarid or arid ecosystems because of its positive
effect on evapotranspiration (Wu et al. 2011). On the con-
trary, climate warming usually positively influences plant
growth and ecosystem productivity in inland freshwater
wetlands (M€akiranta et al. 2018). In coastal wetlands,
however, the water-soluble salts in the deep soil can be
transferred to the root zone and soil surface through
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capillary rise and evapotranspiration (Yao and Yang
2010). The enhanced soil salinity in the root zone could
suppress and even reverse the positive effect of climate
warming on ecosystem productivity. On the one hand, the
high salinity can cause additional abiotic stress on plant
photosynthesis (Reef and Lovelock 2014, Najar et al.
2019). On the other hand, the high salinity stress can drive
shifts in species composition by benefiting species with
greater salinity tolerance, which may have lower produc-
tivity (Munns and Gilliham 2015, Zhang et al. 2017). Both
of these salinity-driven impacts can alter the magnitude of
ecosystem CO2 exchange (Osland et al. 2018). Addition-
ally, the interaction of elevated temperature and changed
soil-water–salt dynamics can influence the seasonality of
CO2 fluxes. For example, leaf photosynthesis has been
reduced during early summer but increased in autumn by
experimental warming in Yellow River Delta (Sun et al.
2018). The role of soil salinity and its interplay with the
vegetation community in coastal wetlands will complicate
these seasonal patterns (Chu et al. 2018). Therefore, sea-
sonal dynamics of abiotic and plant processes are impor-
tant to clarify the underlying mechanisms of CO2

exchanges under warming.
Numerous warming experiments have been carried

out to explore the responses of magnitude and seasonal-
ity of ecosystem CO2 fluxes. Those experiments have
been conducted in the temperate steppe (Xia et al. 2009),
mixed-grass prairie (Zhu et al. 2017), alpine meadow
(Xu et al. 2016), and tundra ecosystems (Natali et al.
2011). Although previous experiments in coastal wet-
lands have also shown positive effects of warming on
production (Gray and Mogg 2001, Charles and Dukes
2009, Gedan et al. 2011, Baldwin et al. 2014, Noyce
et al. 2019), no study has reported the response of
ecosystem CO2 fluxes at the seasonal scale yet. In this
study, a field warming experiment was conducted in a
coastal wetland of Yellow River Delta. Three key ques-
tions were addressed: (1) Does climate warming shift the
magnitude of the CO2 sink in coastal wetlands? (2) Does
climate warming influence the seasonality of the CO2

sink? (3) What are the roles of abiotic factors and plant
species composition in regulating the warming responses
of ecosystem CO2 fluxes?

MATERIALS AND METHODS

Site description

The study was conducted in Yellow River Delta Eco-
logical Research Station of Coastal Wetlands
(37°45050″ N, 118°59024″ E), Chinese Academy of
Sciences. The experimental site has a warm-temperate
and continental monsoon climate with distinctive sea-
sons and a rainy summer. The mean annual temperature
at this site is 12.9°C, with the mean seasonal temperature
ranging from 26.7°C in summer to �2.8°C in winter.
The average annual precipitation is 550–640 mm, nearly
70% of which falls between May and September. The

average annual air temperature in this site has increased
1.7°C, and average annual precipitation has decreased
241.8 mm with the greatest decreases observed in sum-
mer from 1961 to 2015 (Han et al. 2018). The groundwa-
ter table in this region is shallow with an average depth
of 1.1 m. The periodic surface ponding is often observed
following heavy rainfall events. Due to the flat terrain
and high groundwater table, the entire area is covered
mainly by wet and saline soil. The natural vegetation in
this area consists of salt-tolerant herbs, grasses, and
shrubs. The most widespread vegetation types in the
region are Phragmites australis, Suaeda glauca, Suaeda
salsa, Tamarix chinensis, and Imperata cylindrical. The
main growing season in this wetland ecosystem ranges
from late April to late October.

Experimental design

The warming experiment was carried out in November
2014. A complete random block design was used with one
treatment (warming) and replicated four times for a total
of eight plots of 3 9 4 m2 (four control plots and four
warming plots). The distance between any two adjacent
plots was 3 m. All the warmed plots were heated continu-
ously by infrared heaters (Kalglo Electronics, Bethlehem,
Pennsylvania, USA) suspended approximately 1.75 m
above the ground from 1 November 2014. In each control
plot, one “dummy” heater with the same dimensions as
the infrared heater was suspended at the same height to
mimic the shading effects of the heater. All the heaters
under the warming treatments were set at a radiation out-
put of approximately 1,600 W.

Meteorological measurements

In November 2014, eight 5TE sensors (Decagon
Devices, Pullman, Washington, USA) were inserted at
10 cm depth of the soil in the center of each plot to mon-
itor soil temperature, soil water content, and soil salt
content. Data were automatically recorded at 2-h inter-
vals by EM50 data loggers (Decagon Devices). Daily air
temperature (HMP45C; Vaisala, Helsinki, Finland), pre-
cipitation (TE525 tipping bucket gauge; Texas Electron-
ics, Dallas, Texas, USA), and photosynthetically active
radiation (PAR; LI-190SB; Li-Cor, Lincoln, Nebraska,
USA) were recorded automatically with an array of sen-
sors installed 200 m away from the experimental site.

Ecosystem gas exchange measurements

Ecosystem gas exchanges were measured by a static-
chamber method with an infrared gas analyzer (IRGA;
LI-6400; LI-COR) attached to a transparent chamber
(0.5 m diameter, 0.6 m height). Details about the static
chamber can be found in previous studies (Xia et al.
2009). In April 2017, one circular aluminum frame
(0.5 m diameter, 0.1 m height) was permanently inserted
into the soil at 7 cm depth in each plot. One small
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electric fan was fixed in the chamber and ran continu-
ously to mix the air inside the chamber and 90-s consec-
utive recordings of CO2 and H2O concentrations were
taken at 10-s intervals after steady-state conditions were
achieved. CO2 and H2O flux rates were determined from
the time courses of the concentrations to calculate net
ecosystem productivity (NEP) and evapotranspiration
(ET), respectively, according to the method of Xia et al.
(2009). Following the measurement of NEP, the cham-
ber was ventilated and reseated on the frame, and cov-
ered with an opaque cloth for the immediate
measurement of ecosystem respiration (ER). Gross
ecosystem primary productivity (GPP) was then calcu-
lated as the sum of NEP and ER. Positive or negative
NEP (or GPP) values in this study represent net C
uptake or release by the ecosystem, respectively. Sea-
sonal gas exchange was usually measured two to three
times a month on clear, sunny days between 09:00 and
11:00 from May to November in 2017 and 2018. Soil
heterotrophic respiration (Rh) was also measured using
a portable automated soil C flux system (Li-8100; Li-
Cor) by deep collars that insert to 40-cm depth in the
soil following some previous studies (Zou et al. 2018,
Zhang et al. 2019).

Aboveground biomass

One permanent 1 9 1 m2 quadrat was established in
each plot in April 2015. Plant species composition and
the number and height of every species in each quadrat
were recorded twice each month from May to November
during 2017 and 2018. In this study, a nondestructive
method was used to estimate aboveground biomass by
developing regression equations of biomass with the
number and height of every species. Five calibration
plots (1 9 1 m2) were set near our experimental plots in
both years to include all the species occurred in our
study. After measuring the number and height of each
species in the experimental plots and in the calibration
plots, we clipped the living aboveground biomass in the
calibration plots and separated by species. Living tissues
were separated from dead tissues, oven-dried at 70°C at
least for 48 h, and weighed to determine dry biomass.
We then developed regression equations of aboveground
biomass (AB) with the number (N) and height (H) for
each species. Good correlations were shown for all spe-
cies in both 2017 and 2018. For example, the equations
for P. australis (ABPA) and S. glauca (ABSG) in 2017 can
be described as follows: ABPA = 1.18 9 N + 0.44
9 H � 27.04 (r2 = 0.88, P < 0.01); ABSG = 0.11 9 N
9 EXP(0.033 9 H) (r2 = 0.94, P < 0.01). Finally, the
aboveground biomass of each species in the experimen-
tal plots was estimated by the corresponding equations.

Data analysis

The total growing season was divided into two peri-
ods, summer (1 May–5 August) and autumn (6

August–7 November). Repeated-measures ANOVAs
were used to examine warming, year, season, and their
interactions on soil temperature, soil moisture, soil
salinity, aboveground biomass, and ecosystem gas
fluxes in our study. Linear regressions were performed
to explore the relationships of CO2 fluxes with the abi-
otic (e.g., soil temperature, moisture, and salinity) and
biotic variables (e.g., species’ aboveground biomass
and their relative ratio) at the seasonal scale. We then
analyzed the interactive networks of factors (soil salin-
ity, species’ aboveground biomass, and their relative
ratio), which regulated NEP in summer and autumn,
respectively, by structural equation modeling (SEM).
Relative effect strength for individual pathways was
computed based on the relevant range standardization
method (Grace et al. 2018). Note that as with all stan-
dardized partial effects, values are not constrained to
fall between +1 and �1. All statistical analyses were
conducted using SPSS17.0 (SPSS for Windows, Chi-
cago, Illinois, USA).

RESULTS

Soil microclimate

The mean values of PAR were comparative between
2017 (380.8 lmol�m�2�s�1) and 2018 (356.7 lmol�
m�2�s�1). Summer PAR was higher in 2017 than 2018
but there was no difference in autumn PAR between the
two years (Fig. 1a, b). The mean air temperature during
the growing season was 22.6°C in 2017 and 23.1°C in
2018. Total precipitation was 429 mm in 2017 and
443 mm in 2018. Episodic flooding often occurs in
August with extremely high rainfall events. For example,
there was a 42-mm and a 125-mm rainfall event in
August of 2017 and 2018, respectively. The maximum
flooding depths were 31.3 and 205.0 mm in 2017 and
2018, respectively. The duration of flooding events was 9
and 27 d in 2017 and 2018, respectively (Fig. 1c, d).
Mean soil moisture and temperature in the control plots
were similar between the two years (all P > 0.05,
Table 1). However, the mean soil salinity in 2017
(4.0 dS/m) was slightly higher than that in 2018 (3.9 dS/
m, P = 0.01, Table 1).
The results of RMANOVAs showed that warming sig-

nificantly elevated soil temperature (+2.4°C, P < 0.001),
moisture (+10.9%, P = 0.001), and salinity (+35.0%,
P = 0.001) during the experimental period, with insignif-
icant difference between 2017 and 2018 (all P > 0.05,
Table 1). Across the whole year, greater stimulations of
all abiotic factors were always found in summer than in
autumn (Appendix S1: Table S1). For example, soil tem-
perature was increased by 2.5°C in summer but by 2.3°C
in autumn across the two years (Appendix S1: Table S1).
Warming increased soil moisture by 9.8% and 21.8% in
the summer of 2017 and 2018, respectively, but had an
insignificant effect in autumn (all P < 0.05; Fig. 1g, h).
During the two years, soil salinity was enhanced by

Xxxxx 2020 WETLAND CO2 SINK UNDERWARMING Article e03236; page 3



45.0% in summer but only 28.2% in autumn due to the
flooding in August (all P < 0.05; Fig. 1i, j).

Seasonal variability in plant growth

The total aboveground biomass (ABtotal) showed a
pronounced seasonal pattern in both of the control and
warmed plots, which raised from May, peaked in late
August, and then declined (Fig. 2a, b). Warming showed
a significant negative effect on ABtotal (�9.9%;
P = 0.001) over the two years (Appendix S1: Table S1).

Such a warming-induced reduction in ABtotal was found
in summer (27.6%) but not in autumn (Appendix S1:
Table S1).
The peak aboveground biomass (ANPP) of P. aus-

tralis (ABPA) and S. glauca (ABSG) accounts for 96.9%
of the total ANPP in this ecosystem. However, P. aus-
tralis had a fast growth period in summer, while the
rapid growth of S. glauca. occurred in autumn. Thus, a
greater ratio of ABPA to ABSG was observed in summer
(5.0:1) than autumn (1.8:1). Across the two years, warm-
ing depressed ABPA by 22.5% (P < 0.001) but increased

FIG. 1. (a, b) Daily photosynthetically active radiation (PAR). (c, d) Daily precipitation (bars) and daily mean air temperature
(line) in 2017 and 2018. Daily variations in (e, f) soil temperature, (g, h) soil moisture, and (i, j) soil salinity at 10 cm depth in control
and warming plots in 2017 and 2018 are also shown.
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ABSG by 34.1% (P < 0.001; Table 1). The negative
warming effect on ABPAwas mainly observed in summer
(�69.4 g/m2) but the positive warming effect on ABSG

occurred in autumn (+50.8 g/m2; Appendix S1:
Table S1). The RMANOVA results showed no difference
in the warming response of either ABPA or ABSG

between the two years (both P > 0.05).

Annual and seasonal ecosystem CO2 fluxes

Ecosystem CO2 fluxes (i.e., GPP, ER, and NEP) in
the control plots showed significant seasonal dynamics

in both growing seasons, which are consistent with
the seasonal patterns of air temperature (Fig. 3).
Rainfall also had an impact on the variations of CO2

fluxes. For example, ecosystem CO2 fluxes in August
2018 sharply decreased following a heavy rainfall
event (Figs. 1d, 3b, d, f). NEP and GPP in 2018 were
significantly higher than those in 2017, but there
was no difference in ER between the two years
(Table 1). The mean values of GPP, ER, and NEP in
these two years were 38.8 � 2.24, 16.7 � 1.25, and
22.4 � 1.68 g CO2�m�2�d�1, respectively (Appendix S1:
Table S1).

TABLE 1. Results (P values) of repeated-measures ANOVA on the effects of experimental warming (W), year (Y), season (S), and
their interactions on soil temperature (Tsoil), soil moisture (Msoil), soil salinity (Ssoil), net ecosystem production (NEP), gross
primary production (GPP), ecosystem respiration (ER), heterotrophic respiration (Rh), evapotranspiration (ET), aboveground
biomass of community and species (ABtotal, ABPA, and ABSG), and ratio of aboveground biomass of Phragmites australis and
Suaeda glauca. (ABPA/ABSG).

Source Tsoil Msoil Ssoil NEP GPP ER Rh ET ABtotal ABPA ABSG ABPA/ ABSG

W <0.001 0.001 0.001 <0.001 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001 0.027
Y 0.325 0.304 0.010 <0.001 <0.001 0.966 <0.001 0.008 0.001 0.150 0.015 0.050
S <0.001 0.029 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.010
W 9 Y 0.224 0.598 0.053 0.001 0.001 0.018 0.128 0.018 0.006 0.284 0.142 0.014
W 9 S 0.003 0.017 0.010 0.007 <0.001 0.001 0.001 <0.001 <0.001 <0.001 <0.001 0.011
Y 9 S 0.957 0.025 0.045 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001
W 9 Y 9 S 0.196 0.049 0.045 <0.001 <0.001 0.005 0.084 0.009 0.010 0.014 <0.001 0.001

FIG. 2. Seasonal variations in aboveground biomass of community (ABtotal), Phragmites australis (ABPA), and Suaeda glauca
(ABSG) under warming and control plots in 2017 and 2018.
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Warming significantly decreased all of GPP (�23.5%),
ER (�26.9%), Rh (�24.5%), NEP (�23.7%), and ET
(�20.8%) across the two years (P < 0.001, Table 1). The
RMANOVA results showed that the effects of warming
on CO2 fluxes varied between years and seasons (all
P < 0.05, Table 1). For example, warming decreased
GPP, ER, and NEP by 28.1%, 34.9%, and 28.2%, respec-
tively, in the summer of 2017 (P < 0.01; Fig. 3). In the

autumn, NEP was stimulated by 25.5% under warming,
resulting from a decrease in ER and no response in GPP
(P < 0.01; Fig. 4). Similarly, all of GPP, ER, and NEP
were decreased in the summer of 2018 (�44.3%,
�33.1%, and �50.9%) but increased (+115.1%, +57.7%,
and +169.9%) in the autumn (all P < 0.01; Fig. 4). On
average, warming decreased ER by 34.5% in summer
and 13.1% in autumn. Warming significantly decreased

FIG. 3. Seasonal dynamics and mean values (�SE) of net ecosystem productivity (NEP), gross primary productivity (GPP), ecosys-
tem respiration (ER), and evapotranspiration (ET) in the control and warming plots in 2017 and 2018. Insert panels show the mean
values of ecosystem CO2 fluxes in summer and autumn. ** P < 0.01.
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Rh by 33.3% in summer but had no impact on Rh in
autumn (Fig. 3e, f). However, the warming effects on
GPP and NEP were negative in summer (NEP, �43.9%;
GPP, �38.8%) but positive in autumn (NEP, +61.3%;
GPP, +25.4%) across the two years (Appendix S1:
Table S1, all P < 0.05). In addition, warming signifi-
cantly decreased ET by 21.9% and 31.4% in the summer
of 2017 and 2018, respectively, but had no effect in the
autumn (Fig. 3g, h), leading to the reduced annual ET
in both of 2017 (�15.5%) and 2018 (�25.1%).

Factors controlling ecosystem CO2 fluxes under climate
warming

Across the two years, GPP, ER, and NEP all increased
with the increasing soil temperature (all P < 0.01). There
was no significant relationship between the ecosystem
CO2 fluxes and other factors, including PAR, soil mois-
ture, soil salinity, aboveground biomass of community

(ABtotal), and the ratio of ABPA to ABSG (ABPA/ABSG;
all P > 0.05). The regression analysis showed that the
effects of warming on CO2 fluxes (i.e., DGPP and DER)
had no significant relationship with the change in soil
temperature or moisture (DTsoil, DMsoil; all P > 0.05).
Across the two years, the warming-included changes in
NEP and its two determinant fluxes (i.e., GPP and ER)
all significantly and linearly correlated with the changes
in plant biomass and ABPA/ABSG (all P < 0.001; Fig. 5).
The warming effects on soil salinity linearly and nega-
tively influenced that on NEP (P < 0.01, Fig. 5c) and
GPP (P < 0.01, Fig. 5f) but not ER (P < 0.01, Fig. 5i).
A structural equation model (SEM) was applied to

explore the role of plant biomass change in regulating
the warming impacts on NEP in different seasons. As
shown in Fig. 6, the SEM model adequately fitted the
data, by explaining 96% and 88% of the NEP variations
in summer (v2 = 29.3, P = 0.059, df = 8) and autumn
(v2 = 36.3, P = 0.067, df = 8), respectively. In summer,

FIG. 4. Seasonal patterns of warming-induced changes in ecosystem C fluxes, net ecosystem production (DNEP), gross primary
production (DGPP), and ecosystem respiration (DER).
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warming decreased GPP (P < 0.05) largely via reducing
ABtotal (path coefficient �0.26, P < 0.05; Fig. 6a). In
autumn, warming positively affected GPP (path coeffi-
cient 0.12, P < 0.05) by changing ABPA/ABSG (path
coefficient �0.93, P < 0.05; Fig. 6b).

DISCUSSION

Seasonal patterns of ecosystem CO2 exchanges

The magnitude of net ecosystem CO2 uptake in this
coastal wetland was 22.4 � 1.67 g CO2�m�2�d�1 over
the two growing seasons (Appendix S1: Table S1). This
magnitude is comparable with the net ecosystem CO2

sink in other wetlands, e.g., 20.9 g CO2�m�2�d�1 in a
temperate cattail marsh (Du�sek et al. 2009) and
28.9 g CO2�m�2�d�1 in a restored wetland (Knox et al.
2015). We found a higher NEP in 2018 than 2017 in this
study (Table 1, Fig. 3), which is mainly driven by the lar-
ger aboveground biomass in 2017 than 2018 (Table 1,
Fig. 2; Chu et al. 2019). On the seasonal scale, the sea-
sonal changes in ecosystem CO2 fluxes significantly
depend on the changes in soil temperature
(Appendix S1: Fig. S1), suggesting the important role of
temperature change in regulating the seasonal dynamics
of CO2 fluxes. In addition, we found that the ecosystem
CO2 fluxes (i.e., GPP and ER) dropped sharply in

August 2018 (Fig. 3b, d, f). Such abrupt decreases were
due to an extremely high rainfall event in August, lead-
ing to a flooding event from 14 August to 10 September.
Flooding can limit photosynthesis and respiration of
plants (Chu et al. 2018) and therefore lead to a sharply
reduced ecosystem CO2 fluxes in this region. These find-
ings indicate that the seasonal changes in CO2 fluxes in
coastal wetlands are largely influenced by temperature
and the redistribution of precipitation (Jimenez et al.
2012, Lu et al. 2017).

Reduced ecosystem CO2 sink of coastal wetland by
climate warming

Field observations along latitudinal gradients usually
imply that warming can increase ecosystem productivity
in tidal wetlands (Bouillon et al. 2008, Kirwan and
Mudd 2012). This positive impact of warming on wet-
land CO2 sink has also been confirmed by some recent
manipulative experiments in salt marshes (Gray and
Mogg 2001, Charles and Dukes 2009, Gedan et al. 2011,
Baldwin et al. 2014). In this study, however, a negative
warming effect on NEP has been observed over the two
years (�23.7%, P < 0.01; Table 1 and Appendix S1:
Table S1).
As shown by the regression analysis (Fig. 5) and the

SEM approach (Fig. 6), the negative impacts of

FIG. 5. Temporal correlations between warming-induced changes in CO2 fluxes (i.e., DGPP, DNEP, and DER) and plant bio-
mass (i.e., DABtotal, D(ABPA/ABSG)) and soil salinity (DSsoil) across the two experimental years. Values are mean � SE.
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warming on NEP in this wetland were mainly driven by
the increased soil salinity and decreased plant growth.
The increase in soil salinity in the warming plots
(+35.0%, Fig. 1i, j) mainly resulted from the enhanced
evaporation by elevated temperature (Appendix S1:
Fig. S2). The negative impact of high soil salinity on
plant growth has been reported by many previous stud-
ies in wetlands (Greiner La Peyre et al. 2001, Osland
et al. 2018). Thus, the reduced NEP under climate warm-
ing in this study is largely driven by reduced vegetation
growth and GPP. Such a GPP-driven response of NEP
to climate warming has also been reported in other
ecosystems, such as a semiarid grassland (Xia et al.
2009). It is interesting that ER was also reduced by
warming in this study (Fig. 3e, f). As shown in
Appendix S1: Fig. S3, GPP and ER were significantly
correlated in both summer and autumn seasons, suggest-
ing that most of the decrease in ER can be explained by
the decline in photosynthetic activity. In fact, a 24.5%
reduction in heterotrophic respiration has been found
under warming over 2017–2018 (Fig. 2e, f). The negative
impacts of high soil salinity on heterotrophic respiration
could result from the decreasing microbial activity and
enzyme activity (Chambers et al. 2013).
The increase of soil salinity under warming shifts the

wetland communities toward S. glauca from P. australis.
Both P. australis and S. glauca are the dominant species
in this ecosystem, while S. glauca shows a greater salin-
ity tolerance (Zhang et al. 2017). In our study, the warm-
ing-induced increase in biomass of S. glaucawas linearly
correlated with the decrease in biomass of P. australis
across the treatment blocks over the two years
(r2 = 0.64; P = 0.010, Appendix S1: Fig. S4). These
results suggest that species replacement is occurring
under warming in our experiment. The species replace-
ment is important in regulating the responses of ecosys-
tem CO2 fluxes to climate warming (Gedan et al. 2011).

For example, the warming effect in a temperate steppe
shifted from negative to positive owing to the changes in
biomass proportion in grass and forb (Xia et al. 2009).
Increasing CO2 sequestration was observed in a tallgrass
prairie due to the shift from C3 to C4 grasses under
warming (Niu et al. 2013). In our study, we detected a
positive relationship between warming-induced changes
in NEP (i.e., DNEP) and the ratio of aboveground bio-
mass of P. australis and S. glauca (i.e., DABPA/ABSG;
Fig. 5b). This finding suggests that the shift of P. aus-
tralis to S. glauca under warming will alleviate the nega-
tive effect of warming on the ecosystem CO2 exchanges.

Warming effects on the seasonality of ecosystem carbon
exchanges

The warming effect on net carbon uptake (NEP) is
negative in summer while positive in autumn in this
study (Fig. 3). Previous studies in other regions have
usually revealed that the decrease in soil moisture caused
by warming plays a key role in regulating the seasonality
of net carbon uptake (Zhu et al. 2017). However, in the
Yellow River Delta, soil hydrological processes inter-
acted with soil salinity in shaping the seasonality of CO2

uptake (Chu et al. 2018). In our experiment, it was unex-
pected that soil moisture was stimulated by warming,
especially in the summer. This finding is contrary to the
reduced soil moisture by warming in most of the previ-
ous manipulative experiments (Xia et al. 2009, Natali
et al. 2011). The increased soil moisture in warming
plots could be explained by the decrease in evapotranspi-
ration due to a declined canopy greenness (Ham and
Knapp 1998) or earlier plant senescence (Zavaleta et al.
2003) under warming. In our study, evapotranspiration
was significantly decreased in summer of 2017 (�21.9%)
and 2018 (�31.4%; Fig. 3g, h). The stimulated biomass
of S. glauca did not compensate for the declined

FIG. 6. Path diagrams showing the effects of abiotic and biotic factors on NEP during summer and autumn. Path arrow thick-
ness reflects the strength of the relationship (thicker indicates stronger relationship). The value beside each arrow represents the
standardized path coefficient. The solid lines shown were statistically significant (P < 0.05) and the dotted lines are shown were not
significant (P > 0.05).
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biomass of P. australis in summer, resulting in a decreas-
ing total aboveground biomass under warming. In gen-
eral, the opposite changes of soil moisture (Fig. 1g, h)
and ecosystem CO2 fluxes (Fig. 3) suggest that soil
moisture is not the main factor in regulating the seasonal
variability of ecosystem CO2 fluxes under warming in
this region.
The seasonality of warming effect on plant biomass

is mainly controlled by the depression of ABPA in
summer and the stimulation of ABSG in autumn
(Fig. 2c, d). The different growth phenology and salin-
ity tolerance between P. australis and S. glauca play
important roles in driving such a seasonal pattern of
the warming effect. The increased growth of P. aus-
tralis by warming in autumn is largely due to the
smaller increase in soil salinity under warming after
the regular flooding in August than other periods
(Fig. 1). The analytical results of the SEM model fur-
ther show that the decrease of NEP in summer under
warming is mostly driven by the decrease of plant bio-
mass especially P. australis. However, the warming-in-
duced increase of NEP in autumn mainly results from
the enhanced growth of S. glauca (Fig. 6). The oppo-
site warming responses between P. australis and
S. glauca could be largely driven by the greater salinity
tolerance of S. glauca than P. australis. Thus, the inter-
actions between soil salinity and vegetation community
have important impacts on the seasonality of carbon
exchanges under future climate warming in the coastal
wetlands.

Implications for the long-term response of coastal wetland
CO2 sink to climate warming

It should be noted that the experimental site of this
study is located in a supratidal wetland of the Yellow
River Delta. This means our experimental plots have a
shallow and saline water table and beyond the reach of
the tides (Zhong et al. 2013). Thus, there is a high
uncertainty in making long-term predictions for coastal
wetlands based on the short-term observations of spe-
cies composition change under climate warming, as the
warming effects on soil salinity would be regulated by
rising sea level and the tides (Karim and Mimura
2008, Charles and Dukes 2009). Globally, only few
manipulative experiments are located in coastal wet-
lands for studying the long-term ecological responses
to global changes. In a long-term field experiment in a
brackish wetland on the Chesapeake Bay, the stimu-
lated shoot density and biomass production by ele-
vated CO2 in the first year (i.e., 1987) continued to
2016 (Lu et al. 2019). Also, the increased net ecosys-
tem CO2 uptake under elevated CO2 was sustained
from 1987 to 2004 in that experiment (Drake 2014).
Therefore, we recommend more long-term experiments
in coastal wetlands to explore whether or not the fast
and short-term responses of species composition will
continue in the long term.

CONCLUSION

This study provides experimental evidence for the
reduced magnitude and shifted seasonality of ecosystem
CO2 exchange under warming in coastal wetlands. The
reduced magnitude of the ecosystem CO2 sink is driven
by increased soil salinity and reduced vegetation growth
under warming. The shifted seasonality of ecosystem
CO2 exchange under warming results from reduced NEP
in summer but enhanced NEP in autumn, which is asso-
ciated with the change of species composition. The shift-
ing species composition under climate warming is jointly
driven by the increasing soil salinity and the interspecific
difference in salinity tolerance. These findings highlight
that a continuous increase of salinity could increase the
vulnerability of the wetland CO2 sink in coastal regions
under climate warming. It should be noted that this
study is conducted in a supratidal wetland, where the an
increase in soil salinity with warming is expected. Thus,
our results have geographical limitations and the mecha-
nism underlying warming is not universal across global
coastal wetlands. In tidal wetlands, climate warming will
not necessarily lead to higher soil salinity if rising seas
and the accompanying tides flood the soil surface
(Karim and Mimura 2008). However, if the precipitation
is less than evaporation under future global warming,
soil salinity is also predicted to increase in coastal tidal
wetlands (Charles and Dukes 2009, Feher et al. 2017).
Under such a climate scenario, the coupled thermal and
salinity stresses under climate warming as reported in
this study will be broadly applicable to coastal wetlands.
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