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Abstract This study provides a multi‐year (2017–2022) Net Ecosystem Carbon Balance (NECB) of a
Pyrenean mountainous peatland through the integration of field data, satellite imagery, and statistical modeling.
Fluvial organic carbon export was measured at 30 min frequency, while gaseous (CO2 and CH4) exchanges were
measured monthly using closed chambers. These measurements were combined with Sentinel‐2 derived
chlorophyll index and in situ high frequency (1 hr) measurements of key environmental variables such as air
temperature, photosynthetically active radiation, and water table level, to develop hourly gaseous carbon flux
models (R2= 0.69 for GPP, R2= 0.84 for ER, R2= 0.59 for CH4). Over the 2017–2022 period, modeled average
GPP (610 ± 39 gC.m− 2.year− 1) and ER (641 ± 59 gC.m− 2.year− 1) showed that the peatland acted as a weak
source of CO2 to the atmosphere, releasing 31 ± 73 gC.m

− 2.year− 1. Considering fluvial carbon export and CH4
exchanges, the loss of carbon from the peatland increased to 55 ± 73 gC.m− 2.year− 1. Dissolved organic carbon
constituted 8%–106% of the NECB. The estimated long‐term organic accumulation rate indicated a steady
carbon accumulation rate of 16.4 gC.m− 2.year− 1, contrasting with the contemporary NECB, suggesting a recent
shift in ecosystem functioning from a carbon sink to a source. The study underscores the role of water
availability and air temperature through a drought index (DI), in shaping the NECB. The DI correlated
significantly with annual carbon gaseous fluxes, except for 2022, marked by an intense drought. During this
year the peatland became a large source of carbon (189 gC.m− 2.year− 1) to the atmosphere.

Plain Language Summary Peatlands contain large amounts of organic carbon that was accumulated
during the Holocene. Mountain peatlands, although very numerous, are still poorly known because they are
small and scattered in the landscape in valley bottoms often difficult to reach. Whether these systems currently
accumulate carbon and may continue to do so in the future is largely unknown. Here we present a
comprehensive assessment of the carbon balance of a mountain peatland in the French Pyrenees, based on field
measurements including winter CH4 fluxes and fluvial export of dissolved organic carbon, satellite imagery and
statistical models. We show that on average over 2017–2022 the peatland acted as a weak source of carbon to the
atmosphere and also lost carbon to the nearby stream. However, this weak source hides strong interannual
variability: in 2018 the peatland acted as a carbon sink but in the year 2022 when an intense drought struck SW
Europe, the peatland acted as a substantial source of carbon. Our study underscores the vulnerability of
mountain peatlands to climatic fluctuations, emphasizing the necessity for comprehensive monitoring and
modeling approaches to accurately assess their carbon balance under changing climatic conditions, including
extreme events.

1. Introduction
Peatlands are central to the global carbon cycle (Gorham et al., 2012; Harenda et al., 2018; Parish et al., 2007).
These huge carbon stock result from an unbalanced carbon budget over millennia (Loisel et al., 2017; Nugent
et al., 2018). In peatlands, carbon inputs by primary productivity exceeds carbon losses in forms of CO2 and CH4
emissions to the atmosphere and fluvial carbon export (Abdalla et al., 2016; Billett et al., 2010; M. R. Turetsky
et al., 2014), leading to negative NECB (Net Ecosystem carbon Balance, (Chapin et al., 2006)). Waterlogged
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conditions restrict oxygen to the topmost centimeters of the peat, limiting aerobic organic matter degradation
emitting CO2, but promoting methanogenesis. Then, peatlands constitute a large but underconstrained source of
CH4 to the atmosphere (Kirschke et al., 2013). Peatlands are also recognized as potentially important sources of
organic carbon to surface waters, at local (Rosset et al., 2019; Tunaley et al., 2017) and global scales (Rosset
et al., 2022). If undisturbed peatlands have remained carbon sinks over millennia, It has been widely demonstrated
that carbon uptake by peatlands is considerably reduced when disturbed (Fenner & Freeman, 2011; M. Turetsky
et al., 2002). Global changes and drought events can potentially alter the carbon balance of peatlands, turning
them from carbon sinks to sources (Carter et al., 2012; Keane et al., 2021; Loisel et al., 2021; Page & Baird, 2016;
Yan et al., 2022). This hypothesis is still debated due to a lack of comprehensive field observations (Muhr
et al., 2011; Wang et al., 2015).

Climate change is expected to be particularly pronounced at high elevation, with direct impacts on mountain
ecosystems (Rogora et al., 2018). At the scale of the Pyrenean range, recent downscaling projections predict
a temperature increase for the next century, and if the precipitation amount variation is not clear, soil
moisture might be reduced in relation to higher evapotranspiration (Amblar‐Frances et al., 2020). Similarly,
the snow season will be shortened due to the temperature increase. Klos et al. (2023) have shown that snow
deficit in winter and drought lead to reduced soil surface saturation in a wetland area under a Mediterranean
climate. Therefore, a strong impact on the carbon cycling within mountainous peatlands of the Pyrenees is
expected.

The exceptional weather during summer and fall of 2022 in Western Europe might be a good example of such
future disruption. July was the hottest on record in Spain since the 1970ies, and summer temperatures were on
average 3°C higher than climatological values over large parts of S‐W Europe (Serrano‐Notivoli et al., 2023).
Close to 30% of Europe was under severe summer drought (van der Woude et al., 2023). The flow of the Po River
reached its lowest point in the last two centuries (Montanari et al., 2023). This unprecedented summer heat led to a
general reduced carbon uptake by European forests (van der Woude et al., 2023) and a decreased greenness of the
above tree‐line ecosystems in the Alps (Choler, 2023).

While many studies focused on carbon dynamic in northern peatlands (Abdalla et al., 2016; M. R. Turetsky
et al., 2014; Yu, 2012), there is still a great lack of measurement data on mountain peatlands, which are less
accessible. Many mountain peatlands are still unknown and are not yet included in global peat maps (Xu
et al., 2018). Their role in the local and global carbon cycles remains uncertain. Indeed, the few existing studies
highlight their sensitivity to climate change (Fonseca et al., 2023), related to the specific ecological and hy-
drological condition shaping carbon cycling in these ecosystems (Millar et al., 2017; Pullens et al., 2016; Santoni
et al., 2023; Yao et al., 2022). These include a short vegetation period, important carbon emissions during non‐
vegetation period (Pullens et al., 2016; Yao et al., 2022), the influence of altitude on ecosystem functioning
(Millar et al., 2017), a strong inter‐annual variability of carbon balance due to climate variability experienced by
alpine peatlands (Pullens et al., 2016), or the major role of storm events in fluvial carbon export (Birkel
et al., 2017; Rosset et al., 2019).

Investigating the role of climatic drivers on individual carbon fluxes and ultimately on peatlands NECB re-
quires establishing pluri‐annual inventories of carbon fluxes. Such studies are scarce (D’Angelo et al., 2021;
Dinsmore et al., 2010; Nugent et al., 2018; Roulet et al., 2007). More studies have established multiannual
evolution of NEE (Aurela et al., 2007; McDonald et al., 2023; Nugent et al., 2018), with most studies being
limited to the vegetation period. Multiannual studies allow identifying drivers for annual and seasonal fluxes,
highlighting the role of all the components of the peatland C cycle, NEE, CH4 fluxes and DOC exports (Roulet
et al., 2007).

In this context, this study aims at quantifying the NECB (CO2, CH4 exchange and fluvial carbon export) in a
mountain peatland located within the French Pyrenees over a six‐year period (2017–2022). This study period
includes the major drought event which occurred during the 2022 summer (Faranda et al., 2023). Our main
objectives are to (a) model high‐frequency CO2 and CH4 fluxes using monthly in situ chamber fluxes mea-
surements combined with environmental variables monitored on‐site and derived from satellite observations, (b)
quantify the peatland's inter‐annual NECB including the drought event, (c) identify the influence of the drought
event on the components of the peatland C balance (CO2 and CH4 fluxes, DOC exports).
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2. Materials and Methods
2.1. Study Site Description

Field work was conducted in the peatland of Bernadouze, a French mid‐altitudinal north‐facing peatland (N42°
48’10.4″, E01°25’26.1″; 1,343m asl) located in the Pyrenees mountains (Figure 1). This peatland, classified as a
regional biological reserve since 1983 and a Natura 2000 site since 2007, is one of the four sites of the French
National Peatland Observatory Service SNO‐Tourbieres (Gogo et al., 2021). The peatland has developed for
5,000 years (Jalut et al., 1982) in a 1.4 km watershed with very steep slopes (50% on average). It covers an area of
4.7 ha, has an average depth of 2m, with some areas down to 9.5 m (Jalut et al., 1982; Reille, 1990). Its size and
altitude are representative of peatlands in the East part of the Pyrenees. Vegetation characteristic of an ombro-
tophic area (Sphagnum palustre and Sphagnum capillifolium) and a minerotrophic area (herbaceous Carex
demissa and Equisetum fluviatile) are both present on the site (Garisoain et al., 2023; Henry et al., 2014) see
Figure S1 in Supporting Information S1. The climate is temperate with a strong continental influence, classified
“Cfb” following Koppen‐Geiger typology (Rubel et al., 2017). Mean annual temperatures and precipitation over
the 1959–2022 period ranged around 7.5°C and 1,478 mm.year− 1, respectively (Rosset et al., 2019; Vernay
et al., 2022; Vidal et al., 2010). The peatland is usually covered with snow from November to March.

2.2. Environmental Monitoring

Air temperature (AT) and photosynthetically active radiation (PAR, SKP215 sensor, Campbell Scientific) were
measured directly in the peatland, precipitation (P) at a weather station located ∼450m away (https://osr.cesbio.
cnrs.fr/sites‐dobservation‐donnees/sites‐perennes/bernadouze/), and water table depth (WTD) by 9 automatic
piezometer probes (Orpheus Mini water level logger) (Figure 1). Piezometer wells are 50 mm diameter PVC
tubes. All data were recorded at a 1‐hr frequency. In the remainder of the study, the WTD refers to the mean value
obtained from the 9 piezometers. AT and PAR sensors occasionally experienced disruptions due to periodic
snowfall and battery losses, resulting in gaps in the time series. To overcome these gaps, AT and PAR derived
from the S2M reanalysis was used, which combines the French weather service SAFRAN meteorological
reanalysis (8 km resolution) with the SURFEX/ISBA‐crocus snow cover model (Vernay et al., 2022). The S2M
chain was applied in a local mode, that is, at the scale of the “Couserans” massif, assuming homogeneous weather
conditions across the massif for equivalent altitudes but accounting for local topographic mask in the calculation
of the shortwave radiation. The vertical resolution of the S2M model is 300 m, with an hourly frequency.
Particularly for PAR, the site's topographical features were carefully considered, through altitude, slope, and

Figure 1. Map of the peatland of Bernadouze, in the Pyrenees (France). The yellow circles indicate the locations of the soil
collars for GHG (greenhouse gas) flux measurements and of the automatic piezometers. The blue and red triangles indicate
respectively the peatland inlet and outlet where dissolved organic matter fluorescence (fDOM) is measured in situ at a high
frequency (30 min).
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aspect of the peatland. The S2M chain provided a time series from 2013 to 2022 corresponding to both direct and
diffuse incident solar energy. We used a linear regression between the measured PAR radiation in the field and the
total incident radiation from S2M to validate the PAR time series. Lastly, start and end dates of snow cover over
the peatland were identified based on S2M snowfall records and Sentinel‐2 image screening (Sentinel‐hub
Playground, https://apps.sentinel‐hub.com/sentinelplayground/), respectively. The CI (chlorophyll index)
vegetation index is commonly used as a proxy for the photosynthetic activity of vegetation. CI was calculated
from Sentinel‐2 level 2A products, that is, bottom of atmosphere reflectances at a 20m resolution available in
Google Earth Engine (S2 SR HARMONIZED data set). The CI index was spatially averaged over the ombro-
trophic zone of the peatland, where Sphagnum mosses predominate (Garisoain et al., 2023).

2.3. Development of an Annual Drought Index Based on AT and WTD

A Drought Index (DI) was developed (a) to evaluate the drought pressure on the site, combining temperature and
water level, and (b) to compare the interannual variability of cumulated carbon fluxes to the combined variations
of AT and WTD, the two main variables available for the site that influence these fluxes, analogous to ombro-
thermic diagrams. The index is defined as the total area above zero and below the curve resulting from the
subtraction of hourlyWTDnormalized from ATnormalized time series (Figure S4 in Supporting Information S1), after
data normalization.

2.4. Monthly Monitoring of CO2 and CH4 Fluxes

Monitoring of CO2 and CH4 exchanges between the peatland and the atmosphere started in 2017 for CO2 and
2019 for CH4 and was performed using the static chamber technique (with the use of custom‐made transparent
acrylic chambers, 30 cm in diameter and height placed on 30 cm diameter soil‐collars). This strategy was adopted
in 2016 since installation of an eddy covariance tower was impossible due to the modest size and topography
(strong slopes) of the site. Collars were inserted in 9 locations close to the automatic piezometers, and spatially
distributed to cover the vegetation mosaic (Figure 1). Despite the recognized potential for soil collars‐induced
biases in gas flux measurements (Heinemeyer et al., 2011; Jovani‐Sancho et al., 2017; Ramirez et al., 2017),
this approach is the sole method that could guarantee a perfect seal between the chamber and the peatland soil,
featuring uneven microtopography and densely packed vegetation. Monthly measurements were conducted
mostly during snow‐free periods, resulting in 50 and 34 campaigns for CO2 and CH4, respectively. In each
campaign, flux measurements were performed on five randomly selected collars, following the recommendation
of ICOS network (Pavelka et al., 2018). Flux measurements at each selected location were taken around mid‐day,
first in day‐light using the transparent chamber, yielding the net ecosystem exchange (NEE). The chamber was
subsequently covered with an opaque aluminum cover to quantify the ecosystem respiration (ER). Each flux
measurement lasted 5 min. The measurements over the 5 plots lasted for less than 2 hr. The chamber has an
automatic fan. The evolution of CO2 concentrations in the chamber was monitored with a CARBOCAP® GMP
343 CO2 probe (VAISALA) from 2017 to 2021, and to a LI‐7810 (LI‐COR) analyzer from 2019 to 2022. From
2019 to 2022, concurrent monitoring was performed to confirm the similarity of the measurements from the two
analyzers (Figure S2 in Supporting Information S1). For CH4, all measurements were conducted with the LI‐7810
since 2019. Flux measurements were carried out during the winter of 2021 and 2022. The chamber was positioned
directly on the snow, because the collars were buried under 0.5–1 m snow. Additionally, manual measurements of
AT, PAR and WTD were also conducted with each flux measurement.

Fluxes of CO2 and CH4 were then calculated from the linear regression of the concentrations inside the chamber
over time, using the following equation:

FCO2,CH4
=

dCO2,CH4

dt
×

h × Pa
R × AT

(1)

where F is the flux of CO2 or CH4 (μmol.m
− 2.s− 1), dCO2,CH4

dt the slope of the evolution in gas concentrations within
the chamber as a function of time (ppm.s− 1); h the total headspace height (chamber + soil collar; m); Pa the
atmospheric pressure (J m− 3); R the ideal gas constant of 8.314 (J.K− 1.mol− 1); and AT the air temperature inside
the chamber (K). Then, the gross primary productivity (GPP), was calculated as GPP = − NEE + ER.
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Some collars were dominated by Sphagnummosses, others by herbaceous vegetation or a mixture of the two. No
significant differences in fluxes could be established when the collars were distinguished by dominant vegetation
type (not shown see Supporting Information in Garisoain et al. (2023)). The fluxes considered below therefore
correspond to the average over the entire peatland (Sphagnum mosses and herbaceous plants combined).

2.5. Modeling of Hourly GPP, ER, NEE, and CH4

Hourly CO2 and CH4 fluxes across the studied period were determined for all combined plots, by fitting non‐
linear equations and empirical parameters to the in situ measurements and the auxiliary data collected during
each campaign. First, the GPP was derived using PAR, AT and a chlorophyll index (CI) (Gitelson & Mer-
zlyak, 1994). The CI index was obtained every 3–4 days from Sentinel‐2 L2A data and was then linearly
interpolated to daily values. This index has been demonstrated to be an effective predictor of CO2 exchanges in
peatlands (Tucker et al., 2022). The dependence on a near infrared vegetation index (the CI here) facilitates the
representation of GPP seasonality (Junttila et al., 2021), while the reliance on hourly AT and PAR allows
describing the diurnal cycles. The equation for GPP is as follows:

GPP = a × PAR × AT × CI (2)

here, GPP is in μmol.m− 2.s− 1, with PAR in μmol.m− 2.s− 1 and AT in K.

Then, ER was adapted from the equations of Bortoluzzi et al. (2006); Leroy et al. (2017), with the inclusion of
GPP following Gao et al. (2015):

ER = (b ×
WTD

WTDmin
+ c) × ed×

AT
ATmax + f ×GPP − g (3)

with ER in μmol.m− 2.s− 1, WTD in m counted negative downward below ground and AT in K. WTDmin and
ATmax represent the minimum and maximum values of WTD and AT observed throughout the study period,
respectively.

The NEE (μmol.m− 2.s− 1) was then inferred from the calculated ER and GPP as follows:

NEE = ER − GPP (4)

Lastly, CH4 fluxes were estimated, from PAR, AT, CI, and WTD with the following equation:

FCH4 = (h × CI × PAR + i × CI × AT + j × AT) × (l + m ×WTD) (5)

here, FCH4 is in μmol.m
− 2.s− 1, PAR in μmol.m− 2.s− 1, AT in K, andWTD in m. WTD is negative when the water

table lies beneath the soil surface.

Empirical parameters a, b, c, d, f, g, h, i, j, l, and m (Equations 2, 3, and 5) were determined through an opti-
mization process (“curve fit” function) from the python scipy.optimize library that uses non‐linear least squares to
fit a function to the in situ GHG data. A function was fitted for each flux (GPP, ER, CH4) or each Equations 2, 3,
and 5. Specific values of the empirical parameters can be found in Table S1 in Supporting Information S1. Hourly
time‐series of GPP, ER, NEE, and FCH4 were then computed using Equations 2–5 with the 1‐hr frequency
auxiliary data from S2M, the WTD recorded on the site, and the daily CI time‐series. Finally, GPP was set to zero
during snow‐covered periods.

2.6. Fluvial Organic Carbon Export From the Peatland

The fluvial organic carbon export (DOC) from the peatland was determined following the methodology described
in Rosset et al. (2019) The peatland area represents approximately 3% of the entire watershed. In order to ascertain
the contribution of the peatland to the DOC flux (hereafter FDOC), a high frequency in situ protocol was
developed at the inlet and outlet of the peatland (Figure 1). The DOC concentrations were estimated at a high
temporal resolution (30 min) using an optical proxy (fluorescence of dissolved organic matter, fDOM) on a EXO‐
2 probe (YSI, USA), by following the signal correction and calibration described in Rosset et al. (2019). Inflow
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and outflow DOC fluxes were determined, which enabled the calculation of the specific contribution of the
peatland area to the watershed's DOC flux (from 64% to 85% of the outlet flux). High frequency temporal fluxes
were finally summed annually to calculate the specific DOC flux in g m− 2.yr− 1.

2.7. Peat Core Sampling and Analysis

In September 2016, a one‐m monolith was extracted using a stainless steel Wardenaar peat corer, in the south and
ombrotrophic section (Rosset et al., 2020) of the peatland. The core was kept frozen and then sliced at a 1 cm
resolution following the protocol described in De Vleeschouwer et al. (2010) and wet and dry mass were then
determined for all subsamples to calculate the peat bulk density. Total carbon and nitrogen contents were analyzed
for all samples using a Flask 20,000 elemental analyzer (ThermoScientific, USA). In order to establish carbon
accumulation rates at different timescales, seven samples (averages depths of − 1.5, − 3.3, − 5.4, − 7.4, − 13.6,
− 28.7 and − 67.7 cm, Table S2 in Supporting Information S1), Sphagnum macro‐fossils were extracted and sent
to Beta Analytic (USA) for 14C measurements (acid/alkali/acid treatment). Five samples contained radiocarbon
from aerial nuclear weapon tests (“so‐called bomb 14C pulse”). Based on the 14C bomb‐pulse curve, we assigned
precise date intervals (Goodsite et al., 2001; Spalding et al., 2005). We then combined these calibrated ages with
the 2 conventional radiocarbon ages, interpolating the dates for each depth using Clam age depth model (Figure
S5 in Supporting Information S1) (Blaauw, 2010). The carbon accumulation rate for each peat layer (1 cm
resolution) was computed using the age model, bulk density and carbon content. The long‐term apparent rate of
carbon accumulation (LORCA, gCm− 2.yr− 1) was derived by dividing the total mass of accumulated carbon by the
deepest 14C calibrated age (Turunen, 2003). Recent apparent rates of carbon accumulation (RERCA; gC.m− 2.
yr− 1) were calculated by dividing the total mass of carbon accumulated in the acrotelm by three ages (1850 CE,
1900 CE and 1950 CE) up to the coring year (2016 CE).

2.8. Net Ecosystem Carbon Balance

In order to assess the carbon dynamics of the peatland, the net annual ecosystem carbon balance (NECB) was
computed for each year spanning 2017 to 2022. The NECB was determined as follows:
NECB = ER − GPP + FCH4 + FDOC, considering these variables as the primary sources and sinks within the
peatland (Chapin et al., 2006). Loss of carbon by VOCs (volatile organic compounds) were not considered, as
they could not be assessed. Regarding fluvial carbon export, dissolved CO2, CH4 and POC (particulate organic
carbon) contribution, were not included due to lack of instrumentation In a previous study (Rosset et al., 2019),
POC export had been estimated to represent 17% of the total organic fluvial export. Note that this sign convention
is opposite to Chapin's original definition but simplifies the comparison with NEE. A negative value in the NECB
signifies carbon uptake by the peatland, indicating its role as a carbon sink. We use modeled values for ER, GPP
and FCH4, and measured values for FDOC.

2.9. Uncertainties Estimation of the Models in the Annual Cumulated NEE and FCH4

We established the models that fit best the observations for GPP, ER, NEE and CH4 fluxes. To estimate the
uncertainty related to this choice of models, we used the bootstrap function in the scipy.stats library to calculate “a
two‐sided bootstrap confidence interval of a statistic” (https://docs.scipy.org/doc/scipy/reference/generated/
scipy.stats.bootstrap.html). This function first “takes a random sample of the original sample (with replacement).”
Second, “Compute the bootstrap distribution of the statistic: for each set of resamples, compute the test statistic”
and finally “Determine the confidence interval” δ. With this function, we have calculated the 95% confidence
interval for the coefdirector coefficient of the linear regression between the best fit and the observations: obser-
vations = coefdirector × bestfit. Then by multiplying coefdirector ± δ (confidence interval) and the best fit time
series, we obtain an estimate of the 95% confidence interval of the best fit of the GPP, ER, and CH4 fluxes, and
thus get an idea of the uncertainty of the models in relation to the observed data. To obtain the confidence interval
of the NEE, the addition of the confidence interval of GPP and RE was used (δNEE = δGPP + δRE).

3. Results
3.1. Environmental Variables

The mean annual temperature ranged between 7.72 and 9.39°C, with 2022 being the warmest year of the entire
study (Table 1). The growing season in Bernadouze extends from mid‐April to late October due to low
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temperatures, limited light availability, and the regular presence of a snow cover. Annual accumulated precipi-
tation ranged between 1,224 and 1,843 mm, with 2022 being the driest recorded year during the study (Table 1).
The mean water table was − 0.21 m below the soil surface during the entire measuring period, with slight mean
WTD interannual variation (range − 0.18 m to − 0.25 m; Figure S3b in Supporting Information S1). A large
decrease in the WTDwas observed each year during summer, supported by a concomitant decrease in rainfall and
an increase in air temperature. Specifically, the mean interannual WTD for July and August was − 0.35 ± 0.13 m.
However, in 2019 and 2022, the WTD during these months was down to − 0.43 ± 0.11 m and − 0.53 ± 0.10 m,
respectively, compared to the four other years when the mean WTD stayed between − 0.28 and − 0.32 m.

3.2. Observed CO2 and CH4 Fluxes

Observed net ecosystem exchange (NEE), gross primary productivity (GPP), and ecosystem respiration (ER)
exhibited clear seasonal variations throughout the years of measurements. Interannual variation was particularly
pronounced for NEE, with peak measurements ranging from around − 5 to around − 12 μmol.m− 2.s− 1 in 2020 and
2022, respectively. This pattern of NEE was likely driven by the interannual variation of peak GPP, whose lower
and higher values were also observed in 2020 (14.9 ± 3.21 μmol.m− 2.s− 1) and in 2022 (21.3 ± 3.92 μmol.m− 2.
s− 1), respectively. In contrast, interannual variations in ER fluxes were less clear, with peak values ranging from
9.77 ± 2.37 to 13.6 ± 1.23 μmol.m− 2.s− 1, with the largest flux observed in 2019. For methane (CH4), stable
emissions were observed throughout 2019, but a marked seasonal cycle was evident in the other three years,
particularly in 2021 and 2022 (Figure 2d). Average CH4 measurements over the four years of measurements were
52.9 ± 37.8 nmol.m− 2.s− 1. Finally, measurements of ER and CH4 conducted with a snow cover on the peatland
(>1m) during the 2021–2022 winter, averaged 0.64 ± 0.17 μmol.m− 2.s− 1 and 22.8 ± 8.55 nmol.m− 2.s− 1,
respectively (Figures 2c and 2d).

3.3. Modeled CO2 and CH4 Fluxes

The degree of correlation between the modeled values of GPP and ER and the measured ones, was evaluated using
the R2 of the Pearson correlation coefficient (Figure S7 in Supporting Information S1). The obtained R2 values of
0.69 and 0.84 for GPP and ER, respectively, indicated a satisfactory performance of the models to represent the
underlying CO2 flux processes. However, for CH4 and NEE the correlation between the modeled values and
measured values is weaker, with R2 values of 0.59 and 0.45.

3.4. Seasonal Evolution and Interannual Variability GPP, ER and NEE Fluxes

The annual cumulated GPP ranged from 556 to 665 gC.m− 2.yr− 1 with a mean of 610 ± 39 gC.m− 2.yr− 1

(Figure 4a). For ER, the annual cumulated value remained relatively consistent from 2017 to 2021, ranging from
599 to 634 gC.m− 2.yr− 1; however a notable increase of the annual cumulated ER of 22% was observed in 2022,
reaching 770 gC.m− 2.yr− 1 (Figure 4b). This interannual variability of GPP and ER resulted in very large dif-
ferences in annual NEE, ranging from − 62 gC.m− 2.yr− 1 in 2018 to 156 gC.m− 2.yr− 1 in 2022. These large

Table 1
Mean Annual Air Temperature (MAAT, °C), Precipitation (MAP, mm.year− 1), Flow of the Stream (mm), Range (Min‐Max)
for Annual DOC Export (gC m− 2.year− 1), and Cumulated GPP, ER, NEE, FCH4 and NECB (gC m− 2.year− 1) From 2017 to
2022 and Associated Uncertainties

Year 2017 2018 2019 2020 2021 2022

MAAT °C 7.77 7.72 7.83 8.68 7.95 9.4

MAP (mm) 1,444 1,843 1,603 1,602 1,385 1,224

Flow (mm) 390 433 345 492 345 244

FDOC (gC.m− 2.year− 1) [15.9 − 21.2] [14.5 − 19.3] [17.9 − 23.9] [31.2 − 41.6] [16 − 21.3] [13.4 − 17.2]

GPP (gC.m− 2.year− 1) 645 ± 77 665 ± 79 556 ± 66 564 ± 67 615 ± 73 614 ± 73

ER (gC.m− 2.year− 1) 622 ± 93 603 ± 90 634 ± 95 620 ± 93 599 ± 89 770 ± 115

NEE (gC.m− 2.year− 1) − 23 ± 170 − 62 ± 169 78 ± 161 56 ± 160 − 16 ± 163 156 ± 188

FCH4 (gC.m− 2.year− 1) 20.5 ± 3.5 21.8 ± 3.8 16.9 ± 2.9 19.4 ± 3.4 20.7 ± 3.6 18 ± 3.1

NECB (gC.m− 2.year− 1) 15 ± 176 − 23 ± 175 115 ± 167 111 ± 169 23 ± 169 189 ± 193
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differences can be explained by the seasonal cycle of these fluxes and their cumulated values. During winter, from
November to April, the peatland is covered in snow, resulting in zero GPP and low but constant ER, resulting in
positive NEE. Then, starting from April, both GPP and ER increased significantly, producing a sharp increase in
the cumulated values. During this period, the increase in NEE was faster (larger ER than GPP) in years 2017–
2019 but remained stable from 2020 to 2022. This is related to a later start of photosynthesis in 2017–2019.
Then, in early June, the cumulated NEE started to decrease, driven by an uptake of C by the peatland (GPP≥ ER).
For all years except 2017 and 2018, cumulated NEE increased again from mid‐July to August or September,
indicating lower GPP than ER. This mid‐summer periods with lower GPP than ER corresponded to low levels of
the WT in mid‐summer in the last 4 years (Figure S3 in Supporting Information S1). This peak in the NEE value
was specifically marked for 2019, 2020, and 2022, for which the system fully turned into a source of C, while it
remained a C sink for the other years. After that, cumulated NEE decreased again due to higher GPP than ER until
September (for 2019, 2020, and 2022) and October (for 2017, 2018, 2021).

Finally, uncertainties have been established for all fluxes and are presented in Figures S8 and S9 in Supporting
Information S1. These allow us to take into account biases due to statistical modeling, as well as biases due to the
spatialization of measurements on the peatland. Although the uncertainties associated with the cumulated fluxes
are significant, the general trend remains the same.

Figure 2. Observed (blue; mean ± SD, n = 5) and modeled (gray) (a) NEE (μmol.m− 2.s− 1), (b) GPP (μmol.m− 2.s− 1), (c) ER
(μmol.m− 2.s− 1), and (d) FCH4 (nmol.m

− 2.s− 1) fluxes from January 2017 to December 2022 in the peatland of Bernadouze.
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3.5. Fluvial Organic Carbon Exports

The DOC export from the peatland exhibited a high interannual variability, with values ranging from [13.4–17.2]
to [31.2–41.6] gC.m− 2.yr− 1 over the reported period (Table 1). The range provided here for the specific DOC flux
covers the uncertainties related to the water inflow due to the karstic nature of the watershed (Rosset et al., 2019).
For annual carbon balance, an annual mean value is considered.

3.6. Net Annual Ecosystem Carbon Balance

The peatland NECB showed a large interannual variability, ranging from − 23 to 189 gC.m− 2.yr− 1 (mean of 55
gC.m− 2.yr− 1) (Figure 5). The peatland was a net source of C for all years except 2018. FCH4 and FDOC fluxes
constituted an equivalent contribution to NECB. Cumulated FCH4 remained stable for all years with a mean value
of 20± 1.7 gC.m− 2.yr− 1, which represented 36% of the mean NECB during the whole studied period. FDOCwith
an average value of 21.2 ± 7.1 gC.m− 2.yr− 1, accounted for 38% of mean NECB over the entire period.

3.7. Long Term Carbon Accumulation Rates

The analyzed peat core showed a high density of the peat below 10 cm depth, with a peak of 0.37 g.cm− 3 at 30 cm
and an average value of 0.22 ± 0.06 g.cm− 3 for the whole core below 10 cm (Figure S6 in Supporting Infor-
mation S1). The carbon content was consistently high and uniform along the entire core, with an average of
43.9 ± 2.6% C. A decrease of carbon content (down to 33% C) was observed around 30 cm, consistent with the
increase of bulk density (Figure S6 in Supporting Information S1). The peat is dating back to 4088 Yr BP at a
depth of 73 cm. The 14 C data are summarized in the Table S2 in Supporting Information S1. The LORCA was
calculated at 16.4 gC.m− 2.yr− 1, while larger values were observed for RERCA, with 48.5, 59.2 and 72.1 gC.m− 2.
yr− 1 since 1850 CE, 1900 CE and 1950 CE, respectively.

Figure 3. Monthly average diurnal cycle of modeled GPP, ER, NEE, and CH4 over the 2017–2022 period.
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3.8. Combined Effect of AT and WTD on Annual Cumulated Fluxes

For the 2017–2021 period only, a strong correlation between the annual values of GPP, ER, NEE, FCH4 and the
Drought Index (DI) was evidenced (Figure 6). A rising drought index, that is, an increase in AT and/or a decrease
in WTD, led to a reduction in GPP (Figure 6a). Conversely, this rise resulted in an increase in ER and NEE

Figure 5. Annual values with uncertainties (in gray) of NEE, FCH4, FDOC, and NECB between 2017 and 2022 (gC.m
− 2.

yr− 1), and LORCA (gC.m− 2.yr− 1).

Figure 4. Cumulative values (gC.m− 2.yr− 1) of (a) ‐GPP, (b) ER and (c) NEE over the period 2017 to 2022. The shaded area correspond to the time periods when the
peatland is covered with snow.
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(Figures 6b and 6c). Additionally, a decrease in FCH4 with increased DI could also be observed (Figure 6d). The
year 2022 was characterized by a strong drought (DI value of 53). For this 2022, the annual carbon fluxes did not
follow the linear regression established with DI for the preceding years (Figure 6).

4. Discussion
4.1. Fluxes Modeling Strategy: Benefits From Combining In Situ and Remote Sensing Data

The inclusion of the CI vegetation index to the GPP, CH4 and indirectly ER flux models significantly improved
their reliability (Table S3 in Supporting Information S1). Other studies have previously included satellite
vegetation indices to model peatland GPP (Harris & Dash, 2011; Ingle et al., 2023; Junttila et al., 2021; Lees
et al., 2021; Schubert et al., 2010) (see Equation 1). As presented by Gao et al. (2015) and again by Junttila
et al. (2021), the inclusion of GPP in the respiration Equation 2 improved the ecosystem respiration model. This is
because ecosystem respiration includes vegetation respiration that is on average proportional to GPP (see for
instance Collalti and Prentice (2019)).

We chose to model NEE as the difference between ER and GPP instead of directly modeling NEE. Since our NEE
measurements were all taken at midday, they were all negative (see Figure 2). As a result, direct modeling of NEE,
even if it led to a stronger correlation coefficient (R2 = 0.69), did not enable us to reconstruct meaningful diurnal

Figure 6. Relationships between annual cumulated values (gCm− 2.year− 1) of (a) GPP, (b) ER, (c) NEE, and (d) FCH4 and the
drought index DI. Black linear regression corresponds to the 2017–2021 period.
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NEE fluxes. The separation between photosynthesis and respiration fluxes therefore appeared to be of prime
importance to reproduce a positive NEE flux during the night and negative ones when photosynthesis exceeds
respiration during the day (Figure 3) (D Acunha et al., 2019; Lafleur et al., 2001).

In our study, the chlorophyll index is key for CH4 exchanges modeling. In particular, observed CH4 fluxes
correlated very well with the CI × PAR product at our site, enabling the reproduction of the diurnal cycle
described by other studies (Lhosmot et al., 2022; Long et al., 2010). CH4 fluxes are usually modeled using
temperature and water table fluctuations (Baird et al., 2019). Only a limited number of studies have used
vegetation indices (Rasanen et al., 2021; Sjogersten et al., 2023; Tucker et al., 2022). Our statistical CH4 model
shows higher nighttime than daytime CH4 emissions (Figure 3). Recent publications on methane emissions from
peatlands have highlighted the links observed between photosynthesis fluxes, PAR and methane fluxes to explain
this observation. In particular, Lhosmot et al. (2022); Knox et al. (2021) showed that for temperate Sphagnum
peatlands, diurnal methane fluxes reach their minimum when PAR and photosynthesis are at their maximum. In
our model, The CI × AT product modulates the seasonality of CH4 fluxes, the latter widely documented and
linked to soil and air temperature (Chang, 2022; Chi et al., 2020).

This approach is promising in the perspective of studying carbon cycling in mountainous peatland sites where
installation of EC tower is difficult if not impossible. Optical remote sensing can also serve to acquire spatialized
proxies for peatland like plant biomass (Pang et al., 2023) or water table depth (Burdun et al., 2023) These proxies
can then be utilized to derive spatialized carbon balances for peatlands, offering valuable data for broader‐scale
studies.

4.2. Beyond NEE: Contribution of Under‐Studied Fluxes in Mountain Peatland NECB

While the NEE continues to be the primary factor influencing the NECB, our study revealed the relative
importance, for a mountainous peatland site, of usually under‐considered fluxes in peatland carbon studies, like
winter CH4 and fluvial organic carbon fluxes. CH4 fluxes are in the high range of those reported by Abdalla
et al. (2016) for northern peatlands. The annual cumulative CH4 emissions represented 78% of total NEE
emissions. If methane emissions are the highest during the summer, our study revealed that methane winter fluxes
(when the peatland is covered with snow) accounted for 17% of annual methane emissions, whereas winter CO2
fluxes accounted only for 5% of total respiration fluxes. Similar contributions (10%–30%) of winter fluxes to
annual methane emissions had previously been reported for boreal peatlands (Dise, 1992; Pelletier et al., 2007;
Strack et al., 2008; Webster et al., 2018) and mountain wetlands (Mast et al., 1998). Changes in winter fluxes have
been shown to influence the annual carbon balance (Nugent et al., 2018). In addition to winter fluxes, our study of
the carbon balance of the Bernadouze mountain peatland showed that fluvial carbon exports were crucial when
estimating the ecosystem NECB. For the studied period (6 years), carbon export of fluvial organic carbon (127
gC.m− 2) was equivalent to the CH4 emissions (117 gC.m

− 2).

The annual DOC exports represented from 8% (2022) to 106% (2021) of NECB.When all years are combined, the
fluvial organic carbon export represented 38% of the peatland carbon loss (NECB over 6 years). This proportion
would even increase if POC was included. At this peatland, it could represent 17% of the fluvial carbon export
(Rosset et al., 2019). The fluvial export represented 66% of the carbon emitted as CO2 (NEE). This is more than
what has been reported by Dinsmore et al. (2010) in Scotland, where DOC represented 24% of NEE C uptake and
by Roulet et al. (2007) for the Mer Bleue peatland in Canada, where DOC represented on average 37% of mean
NEE. This average value hides a strong interannual variability. In 2022, because of the drought, fluvial export
(13–17 gC.m− 2) was small compared to carbon release as CO2 (156 gC.m

− 2). In contrast, in 2021, the fluvial
export of carbon (16–21 g.m2) was equivalent to the carbon uptake of CO2 by the peatland (16 g.m

2) presumably
attributed to the mountainous terrain, the peatland's relatively modest size in relation to the watershed, and ep-
isodes of heavy precipitation which tend to accentuate the contribution of fluvial exports (Rosset et al., 2019).

4.3. Temperate Mountain Peatlands: From Weak Carbon Sinks to Potential Carbon Sources

The Bernadouze peatland has been, on average, a modest carbon sink in the past millennium. The LORCA value
reported for this site is lower than the average value reported for temperate peatlands, 26.1 ± 1.47 gCm− 2.yr− 1

(Charman et al., 2013), or more recently for several peatlands in central‐Eastern Europe with an average of 21
gCm− 2.yr− 1 (Longman et al., 2021). This mountain peatland show similar LORCA to boreal peatlands, that
exhibit values ranging from 13 to 35 gCm− 2.yr− 1 (Loisel et al., 2014; Loisel & Yu, 2013; Primeau &
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Garneau, 2021; Ratcliffe et al., 2018; Turunen, 2003). In contrast to LORCA, the RERCA values for Bernadouze
reveal much higher rates of C accumulation, ranging from 48.5 to 72.1 gCm− 2.yr− 1. However, the elevated values
of C accumulation rates at the top of the core, as highlighted by Payne et al. (2019); Young et al. (2019) are due to
the presence of undecomposed acrotelm peat, and underestimation of respiration fluxes. In contrast with the
above results, our integrated study indicates that this peatland acted as a net source of carbon between 2017 and
2022, with an average positive NECB value of 55 gCm− 2.yr− 1. The few existing peatland NECB report mostly
carbon sink, with a important interannual variability (Roulet et al., 2007). In Bernadouze, the annual NECB
variability mainly resulted from the variation in the annual NEE, while both DOC and CH4 fluxes remained
relatively stable over the studied period. This is inline with the 6 years study at Mer Bleue (Roulet et al., 2007) and
the synthesis of Carter et al. (2012) when comparing CO2 and CH4 fluxes. At our site, the positive average NEE of
32 gCm− 2.yr− 1, contrasts with most of the reported values for temperate peatlands in the literature ranging from
0 to − 200 gCm− 2.yr− 1 (Alekseychik et al., 2021; Nugent et al., 2018; Peichl et al., 2014).

This discrepancy between long term and recent carbon balance for the Bernadouze peatland suggest that the
peatland might turn from a long term sink to a source of C. However, the timing and processes behind such a
switch, are uncertain. A change in the carbon balance of the peatland can be expected from the ongoing climate
change. Mean annual temperatures in the peatland increased by 1° since the early 1960ies and maximum tem-
peratures by 8°C for instance. Knowing the sensitivity of ecosystem respiration to temperature (Ben &
Thompson, 2010; Sun et al., 2023), it is likely that the ER increased in the last 50 years. It has been observed that
drier conditions in summer were associated with lower carbon uptake in Canadian boreal peatlands (McDonald
et al., 2023). Similarly, higher temperatures also mean higher evapotranspiration that may reduce soil water
content and deepen the water table even if the precipitation remain stable. This also tends to increase C release to
the atmosphere by promoting oxic decomposition. However, higher temperatures and longer growing season will
favors GPP. Our results for the last 6 years indicate that the balance between C release and uptake was more in
favor of C release, whether directly to the atmosphere as CO2 or CH4, or to the river system as DOC.

4.4. Impact of a Severe Drought on a Mountain Peatland Carbon Balance

This study add to the few field studies that have explored the impacts of severe drought on peatlands (Sterk
et al., 2023). Mesocosm studies have been conducted to compensate for this scarcity (Dieleman et al., 2015; X.
Kang et al., 2018; Robroek et al., 2024; Sterk et al., 2023). While these are valuable initial approaches, they do not
fully replicate in situ conditions, including the influence of topography, hydrology, and microhabitats, all of
which can modify gas exchanges. The severity of the 2022 drought on the peatland, quantified by the drought
index (DI), stands out from the interannual variability of the site, at least over the 2017–2021 period. Recent
climate studies based on the observational record showed that the summer of 2022 was exceptional compared to
the last 50 years (Serrano‐Notivoli et al., 2023; van der Woude et al., 2023). Paleoclimatic reconstructions for the
Central Pyrenees even show that this summer was likely the driest in the last 280 years and the hottest in the last
700 years (Serrano‐Notivoli et al., 2023).

We observed the combination of higher temperatures and the significant drop in the water table, likely driven by
intense soil water evaporation due to high vapor pressure deficit and a lack of precipitation, resulted in an extreme
drought. It led to premature vegetation senescence, thereby shortening the growing season. Sphagnum mosses,
lacking stomata, are particularly vulnerable to drought and heat wave compared to vascular plants since they
cannot regulate their own water content (Bragazza, 2008). In Equation 2, the decline in the CI vegetation index is
responsible for the decrease in GPP during the 2022 drought (Figure S10 in Supporting Information S1). At our
site, simultaneously, rising air temperatures and high evaporation rates have caused the peat to desiccate,
permitting oxygen to infiltrate the soil. This, in turn, promoted the decomposition and oxidation of organic matter,
as observed by Kuiper et al. (2014); Fenner and Freeman (2011). While autotrophic respiration associated with
GPP declined, heterotrophic respiration increased more significantly, leading to a rise in ecosystem respiration as
described by Keane et al. (2021); Fenner and Freeman (2011). Some studies present contrasted findings regarding
respiration's response to drought, which may differ from our observations in 2022. Some suggest that if soil water
content drops too low, CO2 producing bacteria are unable to break down organic matter because they require
water for survival (E. Kang et al., 2022). Others propose that microorganisms exhibit stability in the face of
drought, making GPP reduction the primary mechanism behind NEE destabilization (Yan et al., 2022). In any
case, drought disrupted the peatland's carbon balance, as evidenced by the significant increase in NEE. Similar
observations have been made in all other relevant studies (Keane et al., 2021; Sterk et al., 2023; Yan et al., 2022).
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The years 2019 and 2022, which have a higher DI index compared to the others (specifically, 28 and 53), exhibit
the lowest annual cumulated CH4 fluxes (16.9 and 18 gC.m

− 2). As reported in the literature (Perryman
et al., 2023; Wu et al., 2020; X. Kang et al., 2018; Goodrich et al., 2017), soil drying, which allows oxygen to
infiltrate and oxidize methane, reduced surface CH4 flux sources. The effect is not as strong on annual DOC,
although it can be noticed that the lowest exports are recorded in 2022, in relation to the reduction of the annual
discharge.

5. Conclusions
This study provides an interannual NECB for a mountain peatland. It highlighted the importance of taking into
account winter CH4 fluxes and fluvial export of DOC when establishing annual carbon balance for these eco-
systems. The study's novel approach, combining field flux measurements, chlorophyll index derived from sat-
ellite images and statistical modeling, improved the reliability of flux modeling for GPP, CH4, and ER for remote
sites. It provided a comprehensive understanding of CO2 and CH4 exchanges on an hourly timescale, describing
diurnal cycles consistent with the literature and allowing a better prediction of carbon fluxes. If the LORCA
reported an average carbon accumulation at our site over millennia, the 6 years NECB revealed that the peatland
acted as a net source of carbon. However, this trend still needs confirmation over the longer term, as the peatland
may currently be in an exceptionally dry state, not reflecting its behavior over longer timescales.

Our study focuses on carbon fluxes and their driving factors, particularly emphasizing their response during a
severe drought in 2022. It underscores the pivotal role played by water availability, air temperature, and their
interplay, represented by the drought index, in determining the net ecosystem carbon balance of the peatland.
Mountain peatlands are likely to face exceptional climatic events in the future. Our record for the year 2022 stands
out due to exceptionally severe drought conditions, might represent what will become non‐exceptional years in
the future. During this period, the peatland experienced a shortened growing season, primarily because of sub-
stantial water stress. Consequently, this disturbance disrupted the equilibrium between gross primary productivity
and ecosystem respiration, causing net ecosystem exchange to shift toward becoming a carbon source.

This study opens up opportunities for longer‐term investigations into the effects of extreme drought on peatlands.
The next step would involve examining post‐drought years to analyze the peatland's short‐term response to a
drought. As droughts are likely to occur more frequently in the future (Dai, 2013), they will have a lasting impact
on peatland ecosystems. Questions about how plant communities will adapt and the carbon sequestration capacity
of peatlands will become increasingly important.

Data Availability Statement
The data presented here are available at https://doi.org/10.5281/zenodo.10878083 (Garisoain, 2024). The S2M
data set is freely available on the AERIS data center on the following https://doi.org/10.25326/37#v2020.2
(Vernay et al., 2023). The S2M data are provided by Meteo‐France, CNRS, CNRM, Centre d’Etudes de la Neige,
through AERIS.
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