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The function of peatlands as a large carbon (C) reservoir results from the net C uptake
under cold, wet, and acid environments. However, in the context of global warming, the
balance between C input and release is expected to change, which may further alter the C
sink of peatlands. To examine the response to climate warming of a temperate Sphagnum
peatland which has been invaded by vascular plants, a mesocosm experiment was
conducted with open top chambers (OTCs) to simulate a moderate temperature increase.
Gross primary production (GPP), ecosystem respiration (ER), and methane (CH4)
emissions were monitored for 2 years. The CO2 and CH4 fluxes were modeled by
relating to abiotic and biotic factors, including temperature, water table depth (WTD),
and vegetation, in order to calculate the annual C budget. Results showed that the annual
cumulated GPP was significantly enhanced by the simulated warming (−602 compared to
−501 gCm−2 yr−1 in OTC and control plots, respectively), mainly due to the increase of
graminoid biomass by warming, while experimental warming had no significant effect on
the annual ER and CH4 emissions (an output of 615 and 500 gCm−2 yr−1 for ER; 21 and
16 gCm−2 yr−1 for CH4 emissions in OTC and control plots, respectively). The annual NEE
and C budget were not affected by the short-term experimental warming. The mesocosms
under both treatments acted as a gaseous C source with 34 and 14 gCm−2 yr−1 output
under OTC and control treatment, respectively. This C source was driven by the strong net
carbon dioxide (CO2) release during a low WTD period in summer, as CH4 emissions only
accounted for 0.9–2.2% of the total C fluxes. Our study identified the effect of moderate
warming on the C fluxes, even on a short-term basis. Also, our findings highlighted that the
response of C fluxes to warming largely depends on the WTD and vegetation composition.
Thus, long-term monitoring of hydrology and vegetation change under climate warming is
essential to examine their interactions in determining the C fluxes in peatlands.
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INTRODUCTION

Peatlands are important carbon (C) storage terrestrial ecosystems in
the world as they accumulate about 30% of the world’s soil C in only
3% of the land area (Gorham, 1991; Yu et al., 2010; Jackson et al.,
2017). Their C sink function results from the positive small but long-
lasting imbalance between the C input from photosynthesis and the
C output from decomposition of soil organic matters (OMs)
(Bragazza et al., 2009). The specific abiotic and biotic conditions
in peatlands, such as low temperature, waterlogging, acidity, and
litter intrinsically recalcitrance to decay (Sphagnum litters) limit the
microbial decomposition, thus leading to the accumulation of OMs.
Nevertheless, due to the large amount of anthropogenic greenhouse
gas (GHG) emissions into the atmosphere, the earth surface
temperature has been observed to be increasing since the last
century, and it is expected to increase 1–3.7°C by the end of the
21st century (Intergovernmental Panel on Climate Change, 2014).
As elevated temperature can stimulate the soil decomposition
(Dieleman et al., 2016), the projected warmer climate may shift
the C sink of peatlands to a C source. Furthermore, due to the large C
stocks in peatlands, small disturbances in the C cycle processes may
lead to marked C release, which will in turn exacerbate the global
warming. Therefore, understanding the C balance of peatlands in
response to climate warming is of great importance and is a subject
of considerable concern.

Temperature controls numerous metabolic processes related to
photosynthesis as well as autotrophic and heterotrophic respiration
(e.g., Lloyd and Taylor, 1994; Medlyn et al., 2002). Generally,
higher temperature could induce more carbon dioxide (CO2)
release by ecosystem respiration (ER; e.g., Chivers et al., 2009;
Flanagan and Syed, 2011). For example, Dorrepaal et al. (2009)
observed an increase of over 50% in ER from peat soil induced by a
temperature rise of approximately 1°C. However, the response of
photosynthesis to temperature change varies with vegetation types
and environmental conditions (Medlyn et al., 2002; Voigt et al.,
2017). Methane (CH4) emissions from peatlands to the atmosphere
depend on the balance of CH4 production, oxidation, and
transportation rate. Both CH4 production by methanogens and
oxidation by methanotrophs are strongly correlated with
temperature (Segers, 1998). Nevertheless, CH4 production was
reported to be more sensitive to temperature change than CH4

consumption (Dunfield et al., 1993). Thus, a warmer climate is
expected to increase CH4 release into the atmosphere. Due to the
different responses of these processes, estimating the net response
of C in peatlands to climate warming is still challenging.

In addition, climate warming can affect the peatland C cycle
indirectly via modifying the vegetation structure. It has been
demonstrated that warming could promote the growth of
vascular plants, especially ericaceous shrubs and graminoids, to
the detriment of Sphagnum species (Bragazza et al., 2013; Buttler
et al., 2015; Dieleman et al., 2015). Sphagnum litter is resistant to
decay, which is beneficial for the C sequestration in peatlands
(AminiTabrizi et al., 2020). However, the presence of vascular
plants alters the litter quality in peatlands with an increase of its
degradability, which enhances the decomposition (Straková et al.,
2011; Leroy et al., 2019). Furthermore, the root exudates from
vascular plants are a source of labile C input, which on the one

hand provide substrate for microbial degradation and on the other
hand lead to the priming effect, thus stimulating the decomposition
of “old” and the so-called recalcitrant OMs (Gavazov et al., 2018;
Girkin et al., 2018). Nevertheless, this vegetation shift also increases
the C input to peatlands because of the higher primary productivity
of vascular plants (Gavazov et al., 2018; Leroy et al., 2019).

To date, numerous studies have tried to understand the
response of peatlands to global warming. However, most of
them focused on northern peatlands in subarctic regions (e.g.,
Aurela et al., 2004; Chivers et al., 2009; Dieleman et al., 2015;Munir
et al., 2015; Voigt et al., 2017; Laine et al., 2019), where the majority
of peatlands are located (Strack, 2008). Previous results showed that
the effect of warming on the C sequestration of peatlands varied
from strengthening to diminishing (e.g., Waddington et al., 1998;
Chivers et al., 2009; Ward et al., 2013; Munir et al., 2015; Hanson
et al., 2020). Therefore, it is still difficult to draw a conclusion on the
precise feedback of peatlands to climate warming. More
importantly, there is still a large gap in the understanding of
how temperate peatlands will respond to the warming climate.
Temperate low-latitude peatlands are already below the
temperature which is the projected level of subarctic regions in
the future. Furthermore, they have suffered high anthropogenic
pressures (e.g., hydrological disturbance, peat cutting, or nutrient
amendment), and a vegetation shift has occurred (Berendse et al.,
2001; Bubier et al., 2007). These disturbances have diminished their
C storage (Dorrepaal et al., 2005; Gogo et al., 2016). Thus, they have
significant potential to act as a C source in the future (Leifeld et al.,
2019). Especially under the projected climate warming, it is
important to assess how these temperate peatlands will respond
to both anthropogenic and climatic disturbances.

In order to understand the response to climate warming of a
temperate Sphagnum peatland which has been invaded by vascular
plants (especially Molinia caerulea), we conducted a mesocosm
experiment. The mesocosms were submitted to two temperature
treatments: 1) ambient (control) and 2) moderate experimental
warming by open top chambers (OTCs). The CO2 and CH4 fluxes
were monitored for two years. Then, they were modeled by relating
to abiotic and biotic factors in order to estimate the annual C
budget. We hypothesized that the warming treatment would 1)
promote both the C input to peatland through photosynthesis and
the C release to the atmosphere through respiration and CH4

emissions and 2) diminish the C sink function of this ecosystem.

MATERIALS AND METHODS

Mesocosm Experiment
Sample Preparation and Monitored Variables
Twelve mesocosms (intact cylindrical peat monoliths, 30 cm in
diameter, and 40 cm in depth; Supplementary Figure S1A) were
collected from La Guette peatland (France) in June 2018. This site is a
transitional acid fen with typical species including Sphagnum mosses
(Sphagnum cuspidatum and Sphagnum rubellum) and ericaceous
shrubs (Erica tetralix and Calluna vulgaris). However, this site has
been invaded by vascular plants (mainlyMolinia caerulea and Betula
spp.) for 30 years, and the invasion was accelerated in recent decades
due to the hydrological disturbance (Gogo et al., 2011). The sampling
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locations were selected to ensure that all the mesocosms contained a
representative species assemblage, including mosses, vascular plants,
and ericaceous shrubs. The mesocosms were sealed at the bottom and
placed in the holes dug into the ground outside the Institut des
Sciences de la Terre d’Orléans (ISTO) laboratory in July 2018
(Supplementary Figure S1B). They were separated into two
treatments: six for warming treatment equipped with passive
warming OTCs (called “OTC” plots) designed following the
International Tundra Experiment (ITEX) protocol (Marion et al.,
1997; Aronson andMcNulty, 2009; Supplementary Figure S1C), and
another six withoutOTCswere used as control (called “control” plots).

The air temperature at 10 cm above the soil surface, and the soil
temperature at 5, 15, and 30 cm depths of the mesocosms were
monitored with temperature probes (Campbell Scientific T107,
United States). The water content of surface Sphagnum peat at
5 cm depth was monitored with soil moisture probes inserted
vertically into the soil (Decagon EC-5, METER group
United States). The temperature and relative humidity of the
ambient air were monitored by temperature and relative humidity
probes (Campbell Scientific CS215, United States), the solar radiation
of the ambient environmentwasmonitored by a SP-LITEpyranometer
(Campbell Scientific, United States), the precipitation was monitored
by a tipping bucket rain gauge (Campbell ScientificAGR100), the wind
speed and direction of the ambient environment were monitored by a
wind monitor (Campbell Scientific 05103, United States), and the
atmospheric pressure of the ambient environment was monitored by a
barometric pressure sensor (Campbell Scientific CS100, United States).
These probes were connected to dataloggers (Campbell Scientific
CR800, United States) in the weather stations installed near the
study site (Supplementary Figure S1D), and the data were
recorded every 5min.

The water supply of mesocosms was mainly from natural
precipitation. However, in order to maintain a similar WTD in all
the mesocosms during the summer drought period, water
collected from the drainage ditch near La Guette peatland was
added to mesocosms when necessary. The WTD was measured
manually by piezometers installed in mesocosms.

The vegetation communities in mesocosms were separated
into three groups: bryophytes (Sphagnum spp.), graminoids
(Molinia caerulea and Eriophorum angustifolium), and
ericaceous shrubs (Erica tetralix and Calluna vulgaris). Each
group was regarded as a distinct plant stratum, and the
percentage cover of each stratum could reach 100%. The
percentage cover of each species in their stratum and the
number of graminoid leaves were measured after gas flux
measurement. A vegetation index (VI), representing the
amount of vegetation present, was calculated by summing the
percentage cover of the three groups and dividing it by the total
potential maximum cover (Eq. 1; D’Angelo et al., 2021):

VI � BS + GS + SS
TC

, (1)

where BS, GS, and SS represent the percentage cover of
bryophytes, graminoids, and ericaceous shrubs, respectively.
TC is the total potential maximum cover calculated as
n × 100%, in which n is the number of plant strata.

CO2 and CH4 Fluxes Measurements
Themeasurements of CO2 and CH4 fluxes were carried out by the
static chamber method (e.g., Leroy et al., 2019) from August 2018
to July 2020. The transparent PVC chamber was equipped with a
low-speed battery-operated fan to circulate the air inside the
chamber during measurements. Between measurements, the
chamber was air-flushed to equilibrate the headspace
concentration with that of the ambient air. The CO2

measurements were performed using a CO2 sensor (Vaisala
Carbocap GMP343, Finland) inserted into the chamber. The
transparent chamber was used to measure the net ecosystem
exchange (NEE), which is the difference between ecosystem
respiration (ER) and gross primary production (GPP). ER was
measured by covering the chamber with an opaque cover to
prevent the photosynthesis. The NEE was measured under
different light conditions which were artificially modulated by
adding different numbers of plastic nets above the mesocosms. In
this case, the light response of GPP was assessed, and it was used
to calculate the GPP modeling parameters (see Gross primary
production). During the measurement, CO2 concentration (ppm)
was recorded every 5 s. The measurements always lasted until a
clear linear slope of CO2 concentration vs. time was obtained, but
for a maximum of 5 min. During the CO2 measurements, the air
temperature and humidity inside the chamber were also
measured with a temperature and humidity meter (Vaisala
Humicap HM70, Finland) inserted into the chamber.
Photosynthetically active radiation (PAR; mol m−2 s−1), which
is measured as the photosynthetic photon flux density (PPFD),
was measured by placing a PAR sensor (SDEC JYP 1000, France)
on the top of chamber. PAR wasmeasured at the beginning and at
the end of each CO2 measurement, and their mean was used to
represent PAR during this measurement. CH4 emissions were
measured using a LGR Ultraportable Greenhouse Gas Analyzer
(Los Gatos Research, United States) connected to the transparent
chamber. The measurement of CH4 concentration (ppm) also
lasted until a clear linear slope of CH4 concentration vs. time was
obtained, but for a maximum of 5 min. The CO2 and CH4

concentrations measured during the first 30 s of measurement
were always excluded to remove the fluctuation caused by the
placement of the chamber (e.g., ebullition). If saturation occurred
at the end of the measurement, the data were also excluded to
keep only the linear slope. If ebullition occurred during the CH4

measurement, the measurement was repeated to include only the
diffusive emissions of CH4. Atmosphere was regarded as the
reference for C fluxes. Thus, positive values of CO2/CH4 fluxes
indicated an emission into atmosphere and negative values
indicated an uptake by the ecosystem.

The flux of CO2/CH4 (μmol m−2 s−1) was calculated by Eq. 2

FCO2/CH4 �
(V/A) × (dc/dt) × Patm

R × (T + 273.15) , (2)

where R is the gas constant at 273.15 K (8.314 m3 Pa K−1 mol−1),
T is the temperature inside the chamber (°C), V is the volume of
the chamber (m3), A is the surface area of the chamber (m2), Patm
is the atmospheric pressure (Pa), and dc/dt is the CO2/CH4
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concentration change against time (ppm s−1) calculated using
linear regression.

Modeling of CO2 and CH4 Fluxes
Gross Primary Production
The relationship between GPP and PPFD was often described by
a rectangular hyperbolic saturation curve (Thornley and Johnson,
1990):

GPP � GPPmax × PAR
k + PAR

, (3)

where GPPmax (μmol m−2 s−1) is the asymptotic maximum
GPP at light saturation and k (μmol photon m−2 s−1) is the
half-saturation value. These two variables were calculated by
the Michaelis–Menten equation (Johnson and Goody, 2011)
based on the light response curve of GPP (methods described
above). PAR (mol m−2 s−1) is the photosynthetically active
radiation.

This approach was modified by Kandel et al. (2013) who
introduced the effect of temperature and vegetation into the light
response model. Here, we modeled GPP following their equation,
while a simple VI (Eq. 1) was used instead of the ratio vegetation
index (RVI) in their equation. The model performance was
improved when the number of graminoid leaves and WTD
were incorporated with the linear function:

GPP � GPPmax × PAR
k + PAR

× (a × Graminoidleaves + b × VI

+c × WTD
WTDref

) × Tscale, (4)

where Graminoidleaves is the number of graminoid leaves, VI is
the vegetation index (Eq. 1), and WTD is the water table depth
(cm), and its reference value, WTDref, was set at −25 cm, which
was the lowest value we observed in the mesocosms. The
coefficients a, b, and c are fitted empirical parameters. Tscale
represents the temperature sensitivity of photosynthesis (Raich
et al., 1991; Mahadevan et al., 2008):

Tscale � (T − Tmin)(T − Tmax)
(T − Tmin)(T − Tmax) − (T − Topt)2, (5)

where T is the measured air temperature (°C). Tmin, Tmax, and Topt

are the minimum, maximum, and optimum air temperatures (°C)
for photosynthesis, respectively. Following Leroy et al. (2019),
they were set as 0, 20, and 40°C, respectively.

Ecosystem Respiration
ER was modeled based on the equation of Bortoluzzi et al.
(2006) and Leroy et al. (2019). The measured ER data were
fitted with temperature using nonlinear power regression.
Then, the residuals of this power regression were related to
other abiotic and biotic variables. WTD and the number of
graminoid leaves were linearly correlated to the residuals of the
power regression. Thus, they were included in the model by a
linear function:

ER � (d × WTD
WTDref

+ e × Graminoidleaves) × ( T − Tmin

Tref − Tmin
)f

,

(6)

where the reference of water table depth, WTDref, was also set at
−25 cm as mentioned above. Tmin is the minimum temperature
(°C) for positive respiration and Tref is the reference temperature
(°C). They were set as −5 and 15°C, respectively, following the
study of Bortoluzzi et al. (2006). T is the measured temperature
(°C). The model was fitted with air temperature and soil
temperature at 5, 15, and 30 cm depths. The best fit was found
when using the soil temperature at 5 cm. Thus, it was used as T
here. The coefficients d, e, and f are fitted empirical parameters.

CH4 Emissions
In accordance with Laine et al. (2007), data of CH4 emissions
were fitted with soil temperature using nonlinear regression, and
then the residuals of the nonlinear regression were related to
other variables. WTD was linearly correlated to the residuals
when values were above 9 cm, and the number of graminoid
leaves was also linearly correlated to the residuals. Thus, they
were included in the model as follows:

CH4 � (g × WTD
WTDref

+ h × Graminoidleaves)
× ( Ts − Tmin

Tref − Tmin
)i

(WTD> − 9 cm). (7)

where Tmin is the minimum temperature (°C) for CH4 emissions;
it was set as 1°C, which was the minimum soil temperature
observed at 5 cm depth. Tref is the reference temperature (°C); it
was set as 20°C which was the median value of annual soil
temperature at 5 cm depth. Ts is the measured soil
temperature (°C). The model was fitted with soil temperature
at 5, 15, and 30 cm depths. The best fit was found when using the
soil temperature at 5 cm. Thus, it was used as Ts here. The
coefficients g, h, and i are fitted empirical parameters.

There were 74 WTD data points measured below WTD of
−9 cm, that is, 28.6% of the total of 259 measured data. When
WTD was below 9 cm, CH4 emissions were independent of
temperature and WTD. Thus, the CH4 emissions were not
modeled by Eq. 7, but they were linearly interpolated in this case.

Calibration and Evaluation of Models
Two-thirds (randomly selected) of the available data from each
treatment were used to calibrate the model, and another one-
third of the data were used to evaluate the model. The quality of
model was evaluated by the adjusted determination coefficient
R2
adj and the normalized root-mean-square error (NRMSE; %) of

the linear relationship between measured and modeled data:

R2
adj � 1 − (1 − (1 − R2)(n − 1)

n − k − 1
), (8)

where R2 is the coefficient of determination, n represents the
number of data, and k is the number of independent regressors.
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NRMSE � 100 p

							(∑(y−̂y)
n

√ )
y

, (9)

where y is the measured value, ŷ is the modeled value,
y is the mean of measured values, and n is the number
of data.

The fitted parameters of the GPP model (a, b, and c), ER
model (d, e, and f), and the CH4 emission model (g, h, and i)
were calibrated by minimizing the NRMSE using the “SANN”
method of the optimum function in R (version 3.6.3, R Core
Team, 2020).

Calculation of Annual C Fluxes and C Budget
After calibration and evaluation of the C flux models, the models
were parameterized for each mesocosm under both treatments
individually. All the variables used in the models were
interpolated to set a 1-h dataset. To do so, PAR, air, and soil
temperature at 3 depths, which were monitored with a high
frequency (5min), were averaged over a 1-h time step. The other
variables which were measured with a low frequency (WTD,
number of graminoid leaves, and VI) were linearly interpolated
between the punctual measurements to set a 1-h dataset. Then, the
GPP, ER, and CH4 emissions were calculated at a 1-h time step using
the relationships between C fluxes and environmental variables
constructed above (Eq. 6, Eq. 7, and Eq. 8). Due to the technical
problems in August 2018 and the lockdown because of COVID-19
from March 2020, the environmental variable data recorded by
weather stations were not complete during these periods. Thus, the
modeled GPP, ER, and CH4 emissions at a 1-h time step were only
calculated from September 2018 to September 2019. Then, the
annual cumulated GPP, ER, and CH4 emissions (gCm−2 yr−1)
during this period were calculated as the sum of values at a 1-h
time step.

The annual greenhouse gas C budget (GGCB; gC m−2 yr−1)
indicates the net gaseous C accumulation/release rate of the
ecosystem. It was calculated for each mesocosm under both
treatments as follows:

GGCB � −GPP + ER + FCH4. (10)

where GPP is the annual cumulated gross primary production
(gC m−2 yr−1), ER is the annual cumulated ecosystem respiration
(gC m−2 yr−1), and FCH4 is the annual cumulated emission of
CH4 (gC m−2 yr−1).

Statistics
The significant differences in the annual mean of air temperature
(Ta) and soil temperature (Ts) at 5, 15, and 30 cm depths, and the
WTD and water content of surface Sphagnum peat between
control and OTC treatment were assessed by one-way
ANOVA. The effects of experimental warming and time on
the percentage cover of vegetation species, number of
graminoid leaves, and vegetation index (VI) were analyzed by
two-way repeated measure ANOVA using time as the repeated-
measure factor and treatment as the between-group factor. The
differences of the measured GPP, ER, NEE, and CH4 emissions

between control and OTC plots at different periods of the
growing season [early growing season (EG; April–May),
middle growing season (MG: June–August), late growing
season (LG: September), and the whole growing season (WG:
April–September)] were analyzed by two-way repeated measure
ANOVA using time as the repeated-measure factor and
treatment as the between-group factor. The differences of the
calculated GPPmax between the two treatments at different dates
were analyzed by one-way ANOVA. The significant differences in
the modeled annual cumulated GPP, ER, CH4 emission, NEE,
and GGCB between the two treatments were assessed by one-way
ANOVA. Before statistical analysis, the normality of distribution
and the homogeneity of variance of the data were tested. All the
statistics were performed in OriginPro 2019 (OriginLab,
United States).

RESULTS

Environmental Variables
The air temperature and soil temperature at 5 and 15 cm
depths increased significantly under OTC treatment. The
mean air temperature was 0.9°C higher in OTC plots than
in control during the 2 years of monitoring (Table 1). The
mean soil temperature at 5 cm depth was increased by 1.35°C,
and at 15 cm depth, it was increased by 0.92°C with OTC
treatment. However, the mean soil temperature at 30 cm was
not significantly affected by OTC treatment (Table 1). The
mean WTD and water content of surface peat throughout the
monitoring were similar between the two treatments
(Table 1). During the 2 years of monitoring, the WTD
ranged from −0.4 to −23.5 cm for control plots and from
−0.5 to −18 cm for OTC plots (Supplementary Figure
S2A), with higher levels in winter and lower levels in
summer. The water content of surface Sphagnum peat
showed similar seasonal variations to the WTD. However,
significant differences between the two treatments were found
during July–September 2019 and April–May 2020, with higher
values in OTC plots than in control plots (Supplementary
Figure S2B). The percentage cover of Sphagnum increased
significantly with time (p < 0.05; Figure 1A), while that of
graminoids and shrubs remained constant (Figures 1B,C),

TABLE 1 |Mean value of air temperature (Ta) and soil temperature (Ts) at 5, 15, and
30 cm depths of mesocosms, water table depth (WTD), and water content of
Sphagnum at 5 cm depth from August 2018 to July 2020. Significant differences
of ANOVA are expressed as *p < 0.05, **p < 0.01, and ***p < 0.001. Data are
presented as mean ± SD, n � 6.

Mean Significance

Control OTCs

Ta (°C) 14.01 ± 0.07 14.91 ± 0.14 ***
Ts at 5 cm (°C) 13.85 ± 0.42 15.20 ± 0.32 **
Ts at 15 cm (°C) 14.38 ± 0.17 15.30 ± 0.33 **
Ts at 30 cm (°C) 14.77 ± 0.10 14.94 ± 0.32
WTD (cm) −6.80 ± 0.47 −6.68 ± 1.08
Water content (%) 65.87 ± 3.53 70.71 ± 7.51
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resulting in an increase of the vegetation index (VI) with time
(p < 0.05; Figure 1D). However, the differences between the
two treatments were not significant. The number of graminoid
leaves increased significantly with time (p < 0.05), and it was
significantly higher in OTC plots than in control plots in May
2019 (p < 0.05; Figure 1E).

Measured CO2 and CH4 Fluxes
The GPP, ER, and NEE showed clear seasonal variations with
high absolute values during summer and low absolute values
during winter (Figures 2A–C). Comparing the two treatments,
GPP was increased by OTC treatment during EG (p < 0.001) and
LG (p < 0.05) in 2019, while no significant differences were

FIGURE 1 | Percentage cover (%) of (A) bryophytes (Sphagnum), (B) graminoids (Molinia caerulea and Eriophorum angustifolium), and (C) ericaceous shrubs (Erica
tetralix and Calluna vulgaris and (D) vegetation index (VI) and (E) the number of graminoid leaves from August 2018 to September 2019. Significant differences are
expressed as *p < 0.05, **p < 0.01, and ***p < 0.001.
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observed in 2018 (p � 0.41), and duringMG (p � 0.60) andWG in
2019 (p � 0.21; Figure 2A). ER was increased during LG in 2018
(p < 0.01), and EG (p < 0.05) and LG in 2019 (p < 0.01;
Figure 2B). NEE was enhanced only during EG in 2019 (p <
0.01; Figure 2C). CH4 emissions also showed high values in
summer and low values in winter (Figure 2D). Nevertheless, low
values were also observed during August–September 2019 and
May–July 2020 corresponding to the low WTD (below −10 cm;
Supplementary Figure S2A) in these periods. CH4 emissions

were not significantly affected by warming treatment during any
period of growing season (Figure 2D), while a significant
difference between the two treatments was found when the
WTD initially reached to the lowest level, with higher values
under OTC treatment than in control (p < 0.05; Figure 2D).

Modeled CO2 and CH4 Fluxes
The GPP, ER, and CH4 models were calibrated and evaluated for
the two treatments separately. Calibration of the models showed

FIGURE 2 | Measured (A) GPP (μmol m−2 s−1), (B) ER (μmol m−2 s−1), (C) NEE (μmol m−2 s−), and (D) CH4 emissions (μmol m−2 s−1) from August 2018 to July
2020 in control and OTC plots. Significant differences are expressed as *p < 0.05, **p < 0.01, and ***p < 0.001. Letters indicate different periods of growing season
(EG � early growing season, MG � middle growing season, and LG � late growing season).
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that the modeled data were in good agreement with the measured
data, with high R2

adj (>0.5) and low NRMSE (<70%). Meanwhile,

the evaluation results also suggested the good representative of the
models to themeasured data, with R2

adj higher than 0.8 andNRMSE
lower than 42% (except for the CH4 model which showed an R2

adj <
0.4 and an NRMSE >70%; Supplementary Table S1).

Modeled Gross Primary Production
The GPPmax, which was calculated using the Michaelis–Menten
equation based on the photosynthesis-irradiation curve, exhibited
obvious seasonal trends. It ranged from −1.60 to
−15.61 μmol m−2 s−1 for control plots and from −1.96 to
−20.26 μmol m−2 s−1 for OTC plots, with higher
photosynthetic capacity during summer and lower during
winter (Supplementary Figure S3A). GPPmax was enhanced

TABLE 2 | Modeled annual cumulated gross primary production (GPP;
gC m−2 yr−1), ecosystem respiration (ER; gC m−2 yr−1), CH4 emissions (CH4;
gC m−2 yr−1), net ecosystem exchange (NEE; gC m−2 yr−1), and greenhouse
gases carbon budget (GGCB; gC m−2 yr−1) from September 2018 to September
2019 in control and OTC plots. Data are presented as mean ± SD, n � 6.

GPP ER CH4 NEE GGCB

Control −501 ± 70 500 ± 102 16 ± 5 −2 ± 83 14 ± 82
OTCs −602 ± 73 615 ± 171 21 ± 9 13 ± 136 34 ± 137

FIGURE 3 | Modeled daily cumulated (A) GPP (gC m−2 d−1; solid lines), ER (gC m−2 d−1; dash lines), NEE (gC m−2 d−1; short dash lines), (B) CH4 emissions
(gC m−2 d−1), and (C) greenhouse gas carbon budget (GGCB; gC m−2 d−1) from September 2018 to September 2019 in control and OTC plots. Lines indicate the mean
values of replicates, and colored shading indicates the error bars of standard deviation.
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by OTC treatment in September 2018 and September 2019
(Supplementary Figure S3A). A linear relationship between
GPPmax and the number of graminoid leaves was observed for
both treatments (Supplementary Figure S3B).

The GPP model was parameterized for each replicate under
the two treatments individually. The results showed that the R2

adj
of mesocosms ranged from 0.81 to 0.99, and the NRMSE values
ranged from 6.0 to 45.3% (Supplementary Table S2). Therefore,
this model represented the measured GPP well (Supplementary
Figures S4A,B). The model parameters a and b which represent
the sensitivity to vegetation change, and the parameter c which
represents the sensitivity to WTD change, all showed similar
values between the two treatments (Supplementary Table S2).
The annual cumulated GPP during September 2018 to September
2019 ranged from −449 to −640 gC m−2 yr−1 for control plots and
from −523 to −719 gC m−2 yr−1 for OTC plots (Supplementary
Table S2). Comparing the two treatments, it was significantly
higher in OTC plots than in control plots (602 ± 73 vs. 501 ±
70 gC m−2 yr−1; p � 0.036; Table 2). This result suggested that
experimental warming increased the CO2 input through
photosynthesis. In particular, the enhancement of warming on
the GPP mainly occurred during April–May 2019 (Figure 3A),
corresponding to the higher graminoid leaf number under OTC
treatment in this period (Figure 1E).

Modeled Ecosystem Respiration
The results of parameterizing the ER model for each mesocosm
showed that the R2

adj values ranged from 0.58 to 0.95, with the
exception of R6 under OTC treatment (R2

adj � 0.06). The NRMSE
values ranged from23.8 to 70.2%, except for R6 underOTC treatment
(NRMSE � 104.1%; Supplementary Table S2). These results
suggested the good agreements between modeled and measured
ER values (Supplementary Figures S4C, D). The model
parameters d, e, and f (represent the sensitivity to WTD,
vegetation, and temperature change, respectively) were similar
between the two treatments (Supplementary Table S2). The
annual cumulated ER from September 2018 to September 2019
was 500 ± 102 gCm−2 yr−1 in control plots (ranging from 354 to
641 gCm−2 yr−1) and 615 ± 171 gCm−2 yr−1 in OTC plots (ranging
from 382 to 840 gCm−2 yr−1;Table 2 and Supplementary Table S2),
but the difference was not significant (p � 0.19; Figure 3A).

Modeled CH4 Emissions
After parameterizing the CH4 model for each replicate, we found that
theR2

adj ranged from0.82 to 0.97, except R3 underOTCs (R2
adj � 0.44).

The NRMSE values ranged between 18.3 and 41.7%, with the
exception of R3 under OTCs (NRMSE � 66.7%; Supplementary
Table S2). Thus, this model represented the measured CH4 emissions
well (Supplementary Figures S4E, F). The model parameters g, h,
and i (represent the sensitivity to WTD, vegetation, and temperature,
respectively) were similar between the two treatments
(Supplementary Table S2). The modeled annual CH4 emission
ranged from 11 to 22 gCm−2 yr−1 under control and from 11 to
33 gCm−2 yr−1 under OTC treatment (Supplementary Table S2),
with an average of 16 ± 5 and 21 ± 9 gCm−2 yr−1 in control andOTC
plots, respectively (Table 2). However, the warming treatment had no
significant effect on the annual CH4 emission (p � 0.83; Figure 3B).

Modeled Net Ecosystem Exchange and
Greenhouse Gas C Budget
The annual NEE of the control plots showed a slight input of CO2

(−2 ± 83 gC m−2 yr−1) but that of OTC plots exhibited a slight
output of CO2 (13 ± 136 gC m−2 yr−1; Table 2); however, no
significant difference between the two treatments was found
(p � 0.83). The annual GGCB showed a release of 14 ± 82
and 34 ± 137 gC m−2 yr−1 for control and OTC treatment,
respectively (Table 2). However, the difference was not
significant (p � 0.77). Thus, mesocosms under both treatments
acted as a C source. Particularly, a strong net C source was found
during July–August 2019 for both treatments (Figure 3C),
corresponding to the low WTD in this period (Supplementary
Figure S2A). This strong net C source mainly resulted from the
net CO2 source, as NEE showed similar values as GGCB during
this period (Figure 3A), while CH4 emissions only accounted for
0.9–2.2% in the total C fluxes.

DISCUSSION

Climate Regime and Vegetation Control on
the CO2 Fluxes
On the whole, the annual GPP (∼450–720 gC m−2 yr−1) and ER
(∼350–840 gC m−2 yr−1; Supplementary Table S2) in the present
study were higher than those from boreal peatlands, which
showed the GPP and ER fluxes between 100 and
500 gC m−2 yr−1 (e.g., Cliche Trudeau et al., 2014; Peichl et al.,
2014). This may be caused by the differences in climate regime,
particularly by the higher annual temperature in our study site
than in sites at higher latitudes. While when compared to studies
conducted under the same climatic condition, our values were
lower. In the same site (La Guette peatland) where our
mesocosms were collected, D’Angelo et al. (2021) reported the
GPP and ER were all above 1,000 gC m−2 yr−1 with in situ
measurements. In addition, Leroy et al. (2019) estimated an
annual GPP of 1,300 gC m−2 yr−1 and ER of 1,000 gC m−2 yr−1

in mesocosms dominated by Molinia caerulea collected from La
Guette peatland. This could be attributed to the differences in
vegetation. La Guette peatland was almost entirely invaded by
Molinia caerulea (Gogo et al., 2011). Thus, the percentage cover
of Molinia in both field and Molinia-dominated mesocosms was
higher than that of our mesocosms. The GPP of graminoids was
higher than that of shrubs and bryophytes, and the GPP of
graminoid-dominated peatlands was similar with those of
temperate grasslands (Rydin and Jeglum, 2013; Leroy et al.,
2019). Therefore, compared with the results of D’Angelo et al.
(2021) and Leroy et al. (2019), the lower GPP observed in our
study could be attributed to the lower abundance of graminoids.
This was supported by the fact that mesocosms with only
Sphagnum had a lower GPP and ER (400 and 380 gC m−2 yr−1,
respectively, Leroy et al., 2019) than those in our study. In
addition, the positive relationship between GPPmax and the
number of graminoid leaves also confirmed the strong effect
of graminoid abundance on GPP (Supplementary Figure S3B).
The lower ER observed in our study can also be attributed to the
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lower abundance of graminoids. Molinia caerulea has an
extensive root system, which is larger than that of other
species. Thus, the lower abundance of this species compared
with previous studies could induce lower root and leaf respiration
in our mesocosms.

Stimulation of Experimental Warming on the
Gross Primary Production
In previous studies, the effect of temperature rise on GPP varied
from increasing (e.g., Chivers et al., 2009) to decreasing (e.g.,
Voigt et al., 2017) or no effect (e.g., Johnson et al., 2013; Laine
et al., 2019), depending on the peatland type and initial vegetation
composition. In our research, the warming treatment
significantly increased the annual cumulated GPP of
mesocosms from 500 to 615 gC m−2 yr−1 (Table 2). The
enhancement mainly occurred during April–May 2019
(Figure 3A), when the number of graminoid leaves was higher
under warming treatment than that in control (Figure 1E).
Experimental warming facilitated the growth of graminoids,
thus increasing the plant biomass (evidenced by the higher
leaf number). The increase of plant biomass in turn increased
the capacity of vegetation to withdraw CO2 from the atmosphere
(higher GPP). Our result of a significant correlation between
GPPmax and graminoid leaf number (Supplementary Figure
S3B) confirmed this statement. In addition, Tuittila et al.
(2004) found that the GPP of Sphagnum increased with the
water content. In our study, the Sphagnum at 5 cm depth was
wetter under OTC treatment than that under control during
summer (Supplementary Figure S2B), probably caused by the
lower wind presence and speed in OTCs than in ambient
environment, which reduced the evapotranspiration. Thus, the
higher water content of Sphagnum in OTC plots may also have
contributed to the higher GPP under warming treatment.

Water Table Depth Modulates the
Ecosystem Respiration Response to
Warming
The warming treatment had no significant effect on the annual
cumulated ER in our research. This result was inconsistent with
previous studies which reported an increase of ER with
temperature (e.g., Updegraff et al., 2001; Chivers et al., 2009;
Voigt et al., 2017; Samson et al., 2018). Laine et al. (2019) found a
low temperature sensitivity of ER under the wet condition. In
their study, warming had no significant effect on ER under the
ambient wet condition, while ER was significantly increased by
moderate warming under the dry condition. The low temperature
sensitivity of ER under the wet condition may be attributed to the
low temperature sensitivity of soil respiration as it was reported to
be less sensitive to temperature change under the anaerobic than
aerobic condition (Szafranek-Nakonieczna and Stepniewska,
2014). Meanwhile, Chen et al. (2018) found a positive
relationship between the temperature sensitivity (Q10) of soil
respiration and the soil redox potential, which confirmed this
result. In our study, the mean WTD throughout the monitoring
was −6.80 and −6.68 cm for control and OTC treatment,

respectively (Table 1). The WTD was mostly above −5 cm
except during summer (Supplementary Figure S2A),
suggesting a dominant anaerobic condition in our mesocosms.
Therefore, the water saturated condition may lead to a low
temperature sensitivity of soil respiration and thus a similar
ER under both treatments.

Water Table Depth Dependence of CH4

Emissions
The annual cumulated CH4 emission in our results was lower
than 33 gC m−2 yr−1 found by Leroy et al. (2019), with
mesocosms collected from the same peatland. This was
caused by the lower WTD in our mesocosms
(Supplementary Figure S2A) than in their experiment.
During our monitoring, WTD reached to a level below
−15 cm during July–September 2019, while it remained above
−10 cmmost of the time in their experiment (data in Leroy et al.,
2017). WTD has been reported to be a stronger regulator on
CH4 emissions than temperature (Roulet et al., 1992; Turetsky
et al., 2008). When the WTD decreased, the amount of water-
saturated (i.e., anaerobic) peat decreased and the aerobic layer
increased. Thus, the oxidation of CH4 was promoted. In our
study, the correlation between CH4 emissions and temperature
was only found when WTD ranged between 0 and −9 cm.
However, when WTD dropped below −9 cm, CH4 emissions
were independent of temperature (Figure 2D). This result
confirmed the controlling of WTD on CH4 emissions. In our
results of the measured CH4 emissions, the enhancement of CH4

emission by warming treatment was only found when WTD
initially reached the lowest level (Figure 2D). Thus, warming
alone may have only a slight effect on the CH4 emissions, while
if warming interacted with WTD dropdown, their interaction
could have a significant effect on the CH4 emissions (Munir and
Strack, 2014).

Temperature and Water Table Depth
Modulate the Peatland Functioning
Previous research showed that the peatlands varied from C sink
(e.g., Koehler et al., 2011; Nilsson et al., 2008; Roulet et al., 2007)
to C source (e.g., Waddington and Roulet, 2000; Voigt et al.,
2017). In our study, the C balance of individual mesocosm
showed large variations ranging from gaseous C sink to the
source, with an average of 14 and 34 gC m−2 yr−1 output of C
under control and OTC treatment, respectively (Table 2). The La
Guette peatland also acted as a C source with an output of
220 gC m−2 yr−1 between 2013 and 2014. The stronger C
source in the field than our mesocosms was linked to the
repeated droughts in the previous years (D’Angelo et al.,
2021). However, in the study of Leroy et al. (2019), both
Sphagnum and Molinia caerulea dominated mesocosms
collected from this peatland acted as gaseous C sink. This
difference may be caused by the low WTD in our mesocosms
during summer (Supplementary Figure S2A). We found that the
mesocosms under both treatments showed high positive NEE
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values during July–September 2019 (Figure 3A), suggesting a
strong CO2 source. This strong CO2 source corresponded to the
low WTD in this period (Supplementary Figure S2A). The low
WTD induced a higher respiration under the aerobic condition.
Thus, the ER exceeded GPP and led to a net CO2 release. The CH4

emissions decreased following the decline of WTD, while it only
accounted for 0.9–2.2% of the total C fluxes. Therefore, the net C
losses in our study were mainly driven by the net CO2 output. The
controlling ofWTD on the CO2 exchange was in accordance with
the findings of Laine et al. (2019), who observed a decreasing CO2

uptake with low WTD due to the increase of CO2 release as a
result of the increased OM decomposition.

Hanson et al. (2020) have found that an air temperature increase of
2.25–9°C enhanced the net C source of peatland during 3 years of
monitoring. Bridgham et al. (2008) conducted a 7-year monitoring,
and the results showed that a soil warming of 1.6–4.1°C significantly
reduced the C accumulation of peatland. Bragazza et al. (2016) also
observed a reduction of peatland C accumulation with 5°C air
temperature increase during 3 years. Compared with our study,
these studies which found an impact of warming on the C budget
of peatlands always have a stronger temperature increase than our
study (0.9°C increase in air temperature; 1.35 and 0.95°C increase in
soil temperature at 5 and 15 cm depths, respectively) or longer time
warming treatment.Withmoderate warming (+0.7°C soil warming at
2 cm depth) for 2 years like in our study, Chivers et al. (2009) found
that warming did not modify the C balance of peatland. In addition,
there was another research that found the C sink of peatland can be
enhanced by manipulated warming (about 1°C air temperature
increase; Munir et al., 2015). This was caused by the enhanced
growth of shrubs by warming in their treed bog. It has been
demonstrated that the response of GHG emissions to warming
largely depended on the vegetation composition and
environmental conditions of the study site, as well as the warming
methods, the warming rate, and the duration of the experiment (Gong
et al., 2020). Any difference in these factors could lead to contrasting
results. In our study, we found that a temperate peatland which has
suffered a vegetation shift from Sphagnum to vascular plants
dominance remained stable in response to short-term moderate
warming. However, as the vascular plants could benefit more from
warming than Sphagnum (Bragazza et al., 2013; Buttler et al., 2015;
Dieleman et al., 2015), a vegetation structure change under long-term
warming is expected, whichmay lead to amodification of C balance in
the future.

CONCLUSION

In our study, the CO2 and CH4 fluxes of mesocosms collected from a
temperate peatland were monitored and modeled using abiotic and
biotic factors, including temperature, WTD, and vegetation. Models
based on these variables described the measured data well. The
modeled results showed that the experimental warming
significantly enhanced the annual CO2 uptake through
photosynthesis but had no effect on the ER and CH4 emissions.
The increase of photosynthesis was attributed to the faster growth of

graminoids under warming treatment during the early growing
season. The mesocosms under both treatments acted as a gaseous
C source, and it was caused by the net CO2 release during a lowWTD
period in summer. The gaseous C balance remained stable under the
2 years of moderate warming. Our study demonstrated the strong
effect of moderate warming on the gaseous C fluxes of temperate
peatlands. Moreover, we emphasized the necessity of integrating the
WTD and vegetation change along with warming to determine the
effect of their interactions on the peatland C fluxes. Further studies of
long-term monitoring with a consideration of climate induced both
abiotic and biotic factors will be needed to better estimate the feedback
of peatlands to global changes as well as its magnitude.
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