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Abstract. Peatlands play a crucial role in the global carbon
cycle, acting as long-term carbon sinks. However, their sta-
bility is increasingly threatened by climate change, particu-
larly through rising temperatures and the intensification of
droughts. This study focuses on the Bernadouze peatland in
the Pyrenees Mountains and aims to validate a newly imple-
mented Sphagnum Plant Functional Type (PFT) in the ISBA
land surface model, assess the temporal evolution of carbon
fluxes over the past 64 years, and investigate the factors in-
fluencing carbon accumulation, with a particular emphasis
on drought events.

The model was validated using in situ data, demonstrat-
ing reasonable carbon flux estimations. Using this validated
model, we reconstructed the net ecosystem exchange (NEE)
dynamics of the Bernadouze peatland from 1959 to 2022.
The results reveal significant interannual variability in NEE,
largely driven by air temperature and water table depth.
While the peatland has remained a carbon sink, extreme
droughts such as those in 1989, 1994, 2003, and most re-
cently 2022 have led to substantial CO2 emissions.

Our findings suggest that although increasing tempera-
tures have extended the growing season and enhanced gross
primary productivity (GPP), the rising frequency and inten-
sity of droughts pose a long-term risk to peatland carbon stor-
age. The dryness index developed in this study appears to be
a strong predictor of summer and annual NEE, offering a po-
tential tool for estimating carbon fluxes in peatlands lacking
direct measurements.

1 Introduction

Peatlands are vital to the global carbon cycle, serving as
significant carbon reservoirs and actively exchanging CO2
and methane with the atmosphere (Gorham et al., 2012).
However, the stability of these carbon stocks is increasingly
threatened by global warming (Page and Baird, 2016; Carter
et al., 2012; Loisel et al., 2021), highlighting the need for pre-
cise models to predict their carbon balance. This concern is
particularly relevant in mountainous regions, where climate
change is expected to be more pronounced (Rogora et al.,
2018), potentially affecting the functioning of mountain peat-
land ecosystems.

Models have been developed to represent the biophysi-
cal and biogeochemical processes that occur in peatlands.
Sphagnum mosses are considered the dominant vegetation in
Northern peatlands (Turetsky, 2003) and function differently
from vascular plants, lacking stomata to regulate their water
content (Clymo and Hayward, 1982). They acquire water ei-
ther by absorbing atmospheric precipitation or through cap-
illary action directly from the soil surface. Their presence is
also crucial for the accumulation of organic carbon in peat-
lands, as they have a lower litter decomposition rate com-
pared to vascular plants (Scheffer et al., 2001; Lang et al.,
2009). As a result, various classes of models have been de-
veloped to account for the role of Sphagnum mosses, re-
flecting diverse approaches. Dynamic vegetation and ecosys-
tem models, developed as offline tools without atmospheric,
climate, or carbon feedbacks, have since incorporated these
processes into their frameworks (Wania et al., 2009; Frolk-
ing et al., 2010; Walker et al., 2017; Gong et al., 2020; Met-
zger et al., 2016). Furthermore, specific Continental Surface
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Models (CSMs) have been developed for the representation
of peatlands (St-Hilaire et al., 2010; Wu and Blodau, 2013;
Wu et al., 2016; Wania et al., 2013; Park et al., 2018). There
have also been ongoing efforts to improve the representation
of Sphagnum mosses in Global Land Surface models, with
varying degrees of complexity and scope (Chadburn et al.,
2015; Porada et al., 2016; Druel et al., 2017; Qiu et al., 2019;
Shi et al., 2015; Grant et al., 2012; Shi et al., 2021).

Efforts to study peatland responses to drought episodes in-
creasingly rely on field measurements and mesocosm exper-
iments (Sterk et al., 2023; Robroek et al., 2024), though re-
search in this area remains limited. A significant limitation
of these methods is the scarcity of continuous field measure-
ments capturing medium-term carbon fluxes over decades
or longer. Such data would offer critical insights into the
frequency and long-term effects of episodic drought events
on carbon accumulation. Current carbon flux measurements
are generally restricted to contemporary dynamics, which
exhibit notable interannual variability, complicating efforts
to extrapolate trends over medium or long-term timescales
(Young et al., 2021). To explore long-term carbon accumula-
tion dynamics, peat coring analyses provide a reliable means
of determining the average LOng-term apparent Rates of C
Accumulation (LORCA), offering insights into millennia of
accumulation (Turunen, 2003). Additionally, based on the
same methodology, the Actual Rate of Carbon Accumulation
(ARCA) can be determined, theoretically enabling the ob-
servation of carbon accumulation over decades or centuries
(Chaudhary et al., 2017). Interest in ARCA has grown re-
cently, particularly as a means of assessing the effects of cli-
mate and environmental changes on carbon accumulation.
However, its reliability has been questioned (Young et al.,
2021; Frolking et al., 2014), as ARCA does not accurately
reflect the net balance of organic carbon in peatlands. An al-
ternative approach involves modeling exercises that combine
peat core age data with empirical models of organic matter
decomposition. This allows reconstruction of historical car-
bon fluxes, linking absorbed and released carbon to initial
peatland carbon stock (Yu, 2011; Packalen and Finkelstein,
2014; Frolking et al., 2010; Bunsen and Loisel, 2020; Loisel
and Yu, 2013). In this study, we propose another complemen-
tary approach, leveraging a CSM that use atmospheric forc-
ing data as input. Observationally-based atmospheric forc-
ings, available with hourly resolution for some regions since
the 1960s, provide a robust basis for modeling peatland evo-
lution over the past several decades. Against the backdrop
of Europe’s severe drought in 2022 (Faranda et al., 2023),
recent research on the Bernadouze peatland in the Pyrenees
mountains identified a significant carbon release to the at-
mosphere during this event, supported by six years of field
data (Garisoain et al., 2024). This drought presents a com-
pelling case within a 64 year record, raising questions about
its severity as an isolated event versus its representation
of a broader trend. Additionally, it prompts examination of

whether the peatland’s functioning during 2022 aligns with
long-term behavior.

To address these questions, this study pursues three key
objectives: (1) Implementation and first-site evaluation of a
new Sphagnum Plant Functional Type (PFT) within the ISBA
land surface model; (2) Assessment of the temporal evolution
of carbon fluxes from the Bernadouze peatland over the past
64 years; (3) Investigation of the factors influencing carbon
accumulation, with a particular focus on drought episodes.

2 Materials and methods

2.1 Study site

The Bernadouze peatland, located at an altitude of 1343 m
in the eastern French Pyrenees (42.80273° N; 1.42361° E),
covers roughly 4.7 ha and is part of a national biological re-
serve. Designated as a regional biological reserve since 1983
and a Natura 2000 site since 2007, it is one of the four sites
of the French National Peatland Observatory Service SNO-
Tourbieres. Characteristic of alpine and southwestern Euro-
pean mountainous peatlands, it is classified as a soligenous
fen, continuously receiving water from precipitation and sur-
face runoff. It has formed over the past 5000 years within a
1.4 km watershed with steep slopes averaging 50 %. A beech
forest surrounds the fen, extending up to 1800 m. The peat-
land has an average peat depth of 2 m, reaching up to 6 m
in some areas. The vegetation comprises species typical of
both ombrotrophic areas, such as Sphagnum palustre and
Sphagnum capillifolium, and minerotrophic areas, including
Carex demissa and Equisetum fluviatile (Henry et al., 2014).
This distribution is illustrated in Fig. 1 of Garisoain et al.
(2023), which shows the spatial arrangement of vegetation
types across the study site.

2.2 Environmental monitoring

Piezometer wells are 50 mm diameter PVC tubes, distributed
across the peatland to cover the full spatial extent of the site
(Fig. 1 from Garisoain et al., 2024), and their placement cor-
responds to the locations where chamber measurements were
conducted. Water table depth (WTD) data were recorded at
1 h intervals, and the mean value from the nine piezome-
ters is used throughout the study. As in precedent studies
of the same peatland (Garisoain et al., 2023, 2024) we used
the S2M reanalysis, which combines the French weather ser-
vice 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 at
the scale of the “Couserans” massif (a mountainous region
in the central Pyrenees, southwestern France), assuming ho-
mogeneous weather conditions across the massif for equiv-
alent altitudes but accounting for local topographic features
in the calculation of shortwave radiation. The S2M model
has a vertical resolution of 300 m and provides hourly out-
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puts. The topographical features of the peatland, including
altitude, slope, and aspect, were carefully accounted for to
ensure that the atmospheric variables extracted for the site
accurately represent local conditions.

2.3 Carbon fluxes

Hourly validated time series of CO2 fluxes (GPP, ER, and
NEE) spanning 2017 to 2022 are available, as detailed by
Garisoain et al. (2024). These time series were derived from
statistical models based on monthly CO2 flux measurements
using the static chamber technique. The use of the statistical
model allows reconstruction of daily fluxes, enabling direct
comparison with the ISBA model outputs at the same tempo-
ral resolution. The reconstructed fluxes are considered spa-
tially representative of the peatland due to the coverage and
replication of the chamber measurements. In the following
sections, these reconstructed datasets are used as a reference
for model validation, and readers should note that the valida-
tion is performed against the derived statistical model rather
than the raw measurements.

2.4 Model development

In the present study, we utilize the ISBA model, which is part
of the SURFEX land surface modeling platform (Version 9)
and serves as the land surface component of the global Earth
System Model CNRM-ESM (Delire et al., 2020). ISBA is
widely employed to simulate surface processes, but it does
not currently represent mosses or Sphagnum, which are es-
sential components of ecosystems such as peatlands. To ad-
dress this limitation, we introduce a new plant functional
type (PFT) designed specifically for modeling mosses and
Sphagnum within the ISBA framework. This work details the
implementation of this novel PFT and the associated mod-
ifications to the model to better represent the dynamics of
peatland ecosystems. The other PFTs, representing vegeta-
tion types such as herbaceous plants and trees, have been
thoroughly described in the existing literature (Gibelin et al.,
2008).

2.4.1 Photosynthesis of Sphagnum

Plant photosynthesis is modeled according to the descrip-
tion by Goudriaan (1986) and Jacobs (1994), focusing on the
equations involving the dependence on mesophyll conduc-
tance or CO2 (Eq. 1) and light dependency (Eq. 2).

Am= Ammax× (1− e
−gm∗(Ci−0)

Ammax ) (1)

Am is the assimilation rate under light-saturated condi-
tions (kgm−2 s−1), Ammax is the maximum assimilation rate
(kgm−2 s−1), gm∗ is the mesophyll conductance without wa-
ter stress (ms−1), Ci (kgm−3) is the internal mesophyll CO2

concentration (see Eq. 4) and 0 (kgm−3) is the CO2 compen-
sation point, meaning the CO2 concentration below which
the plant no longer fixes CO2.

An = (Am+Rd)× (1− e
−εIa

Am+Rd )−Rd (2)

An is the net assimilation rate kgm−2 s−1, Rd is the “dark
respiration” kgm−2 s−1, ε the light use efficiency kgJ−1 and
Ia is the photosynthetically active radiation Wm−2.

Rd =
Am

9
(3)

Rd is the mitochondrial respiration, empirically fixed.
In ISBA, gm∗ and Ammax depend on the PFT parameters

and the leaf surface temperature following a Q10 function,
modified by Collatz et al. (1992) to account for inhibitions
(Jacobs et al., 1996). Then, gm∗ is replaced by gm, which
allows accounting for plant water stress conditions (see Ta-
ble A1). Thus, the effect of stomatal closure on photosyn-
thesis in ISBA is controlled by gm, not by gs (the stomatal
conductance), which is calculated as a function of An and
used solely to determine transpiration fluxes (see Eq. B5, Ap-
pendix B).

To model the photosynthesis of Sphagnum mosses, only
mesophyll conductance has been considered to contribute to
photosynthesis, even though the transfer of CO2 within the
hyaline cells is still poorly understood (Weston et al., 2015).
Since Sphagnum mosses lack stomata, stomatal conductance
is no longer defined for the Sphagnum PFT. Therefore, the
relationship between Sphagnum moss photosynthesis and
Sphagnum moss water content is accounted for through gm.
Shi et al. (2021) and Walker et al. (2017) described Sphag-
num moss photosynthesis using the concept of total Sphag-
num moss CO2 conductance, derived from measurements by
Williams and Flanagan (1998) relating Sphagnum moss wa-
ter content to Sphagnum moss CO2 conductance. In our case,
we relate Sphagnum moss mesophyll conductance and total
Sphagnum moss CO2 conductance. Although they are not the
same physical quantity. In Jacobs (1994) description, gm is
the closest approximation to total CO2 conductance. Hence,
the normalized total Sphagnum moss CO2 conductance (gtot)
was first defined following Gong et al. (2020) (Eq. 4 and
Fig. A1). This variable was then used to parameterize the
relationship between gm and gtot proposed by Williams and
Flanagan (1998) (Eq. 5).

gtot =


(β + γ ×wSp+ η×w

2
Sp) if wopt ≥ wSp ≥ wmin

(1− 0.8× wSp−wopt
wmax−wopt

) if wSp ≥ wopt

0 if wSp ≤ wmin

(4)

gm= α× gtot (5)

η =
β − 1
w2

opt
(6)

γ =−2×wopt× η (7)

WherewSp is the water content of Sphagnum mosses (gg−1),
gtot is the normalized total conductance, β, γ , η are coef-
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ficients given in Table A2, wmin and wmax respectively the
maximum and minimum water content of Sphagnum mosses
(gg−1), wopt (gg−1) is the water content of Sphagnum that
maximizes gtot and α (ms−1) is a parametrized coefficient
given in Table A2.

2.4.2 Leaf area index – Canopy scaling

The evolution of Sphagnum moss biomass results from the
balance between carbon assimilation through photosynthe-
sis and Sphagnum moss mortality, calculated according to
Eq. (8):

1B

1t
= Ac−Rc−

B

1t
exp

(
−t

τ

)
(8)

where B is the active biomass of Sphagnum mosses in
kgm−2, B

1t
exp

(
−t
τ

)
is the mortality of the Sphagnum moss

biomass, τ is the characteristic mortality time, 1t is a
timestep of 1 d, Ac is the net assimilation of the Sphagnum
mosses canopy andRc is the respiration of Sphagnum mosses
canopy (Ac = LAI×An, Rc = LAI×Rd).

The LAI is directly calculated from the leaf biomass reser-
voir B according to:

LAI= B ×SLA (9)

where SLA (specific leaf area) is a foliar vegetation in-
dex representing the leaf area per unit of assimilated carbon
(m2 m−2 kg−1).

SLA= e×Nm+ f (10)

Here,Nm is the mass-based nitrogen concentration in the leaf
(Calvet and Soussana, 2001). The SLA is defined for each
vegetation type.

Once net assimilation is calculated, multiplying by the
LAI allows for scaling from the individual Sphagnum strand
to the Sphagnum canopy. The ISBA model follows the as-
sumption of maintaining constant temperature, humidity, and
CO2 concentration throughout the canopy. Additionally, a ra-
diative transfer model for photosynthetically active radiation
was developed by Carrer et al. (2013), allowing for the rep-
resentation of light diffusion within a canopy based on its
LAI. This module accounts for the decrease in light radiation
along the vertical profile of the canopy (with more light at the
top of the canopy) as well as the diffusion of light towards the
lower parts of the canopy. The attenuation of light within the
canopy thus leads to a decreasing vertical profile of photo-
synthesis within the canopy. Leaf respiration, on the other
hand, is assumed to be constant along the vertical profile of
the canopy. Canopy respiration corresponds to the respiration
calculated at the leaf level multiplied by the LAI.

2.4.3 Biomass pools

In the original ISBA model, vegetation is represented by up
to six biomass reservoirs: leaves, stem, wood, fine and coarse

roots, and a small storage pool corresponding to nonstruc-
tural carbohydrates (Gibelin et al., 2008; Delire et al., 2020).
For grass/herbaceous PFTs’, wood and coarse roots are ex-
cluded. Leaf biomass evolves based on photosynthetic car-
bon assimilation and is reduced by turnover, respiration, and
allocation to other pools. Leaf area index (LAI) is derived
from leaf biomass and specific leaf area, which depends on
both PFT and nitrogen content. Mortality and turnover are
PFT-dependent and climate-sensitive, especially for leaves.
Photosynthesis and respiration are computed at sub-daily
time steps, while the biomass pools evolve on a daily basis.

For Sphagnum, the structure was simplified to reflect
its particular growth strategy and morphology. Only two
biomass reservoirs are considered: B, representing the pho-
tosynthetically active green biomass, and Bbrown, the dead
biomass. The latter is fed by senescence from the green
biomass and follows a similar formulation to the original
model’s decay processes, with an adjusted decay rate spe-
cific to Sphagnum. This minimalist representation captures
the essential dynamics of Sphagnum growth and decomposi-
tion, consistent with its role in peat accumulation and its lack
of differentiated organs like leaves or roots.

The brown Sphagnum mosses (Bbrown) are uniformly dis-
tributed over 10 cm of the soil profile, and this vertical distri-
bution is maintained throughout the simulation.

2.4.4 Sphagnum water content

To model the evolution of the water content in Sphagnum
mosses, we followed the work of St-Hilaire et al. (2010), con-
sidering a linear relationship between the soil water content
at 10 cm and the water content of Sphagnum mosses.

wSp = b×wsoil,10 cm+ c (11)

where wSp is the water content of Sphagnum mosses in gg−1

and wsoil,10 cm is the soil water content at 10 cm in m3 m−3.
The empirical coefficients b and c are given in Table A2.

The precipitation interception reservoir is considered neg-
ligible. Consequently, Sphagnum mosses receive water pri-
marily through capillary action from the soil within 10 cm of
the surface. Although direct interception of rainfall also con-
tributes in reality, this process is not explicitly modeled here.
Instead, we account only for the effect of capillarity by relat-
ing the water content of Sphagnum to that of the upper 10 cm
of soil. Precipitation that would otherwise be intercepted by-
passes the moss canopy and infiltrates directly into the soil,
thereby influencing both soil and Sphagnum water content.

2.4.5 Sphagnum evaporation

Given that Sphagnum mosses do not possess stomata, we
consider that the latent heat flux from the vegetation is solely
due to the evaporation of water from the their epidermal cells.
The plant transpiration phenomenon controlled by stomata is
therefore eliminated here. Thus, we have:
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Eveg =
Fveg

Ra+Rsp
× (qsat(Ts)− qa)× ρa

with Ra =
1

CHVa
(12)

Eveg is the latent heat flux from the vegetation (see Eq. B5,
Appendix B) in kg m−2 s−1. Ra and Rsp represent the air and
Sphagnum canopy resistances, respectively. Fveg is the frac-
tion of vegetation, qsat(Ts) is the specific humidity at satura-
tion at temperature Ts, Ts is the surface temperature and qa is
the specific humidity of the air at reference altitude za. ρa is
the air density at altitude za, CH is the drag coefficient, and
Va is the wind speed at za.
Rsp has been modeled following the work of Bond-

Lamberty et al. (2011) and Gong et al. (2020), who experi-
mentally established a relationship between the resistance of
the Sphagnum canopy and the water content of the Sphagnum
mosses. The Sphagnum moss resistance to water decreases
towards low values when the water content of the Sphag-
num mosses is high, leading to strong evaporation. Below
a threshold value, as the Sphagnum mosses dry out, the resis-
tance of the Sphagnum mosses increases linearly, allowing to
retain a minimal threshold of water in the Sphagnum mosses.
As such, we define:

Rsp =max
(

1
SWIsp/d

,Rsp,min

)
(13)

with d in sm−1, d and Rsp,min given in Table A2.
By choosing this approach, we diverge significantly from

Bond-Lamberty et al. (2011) and Gong et al. (2020), who
link bulk resistivity to the water content of Sphagnum
mosses. Here, we disregard the water content of Sphag-
num mosses and instead directly use the soil water content
at 10 cm depth through the Sphagnum Soil Wetness Index
(SWIsp). However, this new formulation remains consistent
with previous ones when representing the Sphagnum canopy
resistance (Rs) as a function of the water content of Sphag-
num mosses (Fig. A2).

Following Decharme et al. (2016) to account for soil water
stress by using the Soil Wetness Index we define the Sphag-
num Soil Wetness Index:

SWIsp =
∑
j

sphafracjmax
(

10−4,min
(
wsoil,j −wwilt,j

wfc,j −wwilt,j
,1
))

(14)

Here, sphafracj is the proportion of brown Sphagnum in
layer j , wsoil,j is the soil water content of layer j , wfc,j is
the soil water content at field capacity of layer j , and wwilt,j
is the soil water content at wilting point of layer j , all in
m3 m−3.

SWIsp varies between 10−4 when the soil water content of
the Sphagnum zone is less than or equal to the wilting point,
and 1 when water is not a limiting factor. Beyond 10 cm
depth where we assume there are no living Sphagnum any-
more, SWIsp = 0.

The resistance of Sphagnum mosses to water is inversely
proportional to the availability of water in the surface layers
of the soil. The more water there is in the surface layers, the
lower the resistance, with a minimum value of Rs = 1. The
resistance then increases according to the inverse function as
the water content of the soil decreases. The water evaporated
by the Sphagnum mosses is then removed from the top 10 cm
of soil, proportional to the layer depth from each layer con-
cerned.

2.4.6 Soil physics

The ISBA model resolves soil heat and water exchanges us-
ing a 14-layer scheme over 12 m depth, minimizing numer-
ical errors in diffusion equations. Thermal depth remains
constant at 12 m, while hydrological depth varies with veg-
etation. The surface energy balance combines properties of
snowpack and soil/vegetation. A 12-layer snow model by
Boone and Etchevers (2001) and improved by Decharme
et al. (2016) simulates snow properties like energy ab-
sorption, density, and melt processes, considering surface
albedo and radiation absorption. Heat transfer in soil follows
Fourier’s law, accounting for soil water content, porosity,
and conductivity. Water mass fluxes are described using the
Richards equation, incorporating precipitation, snowmelt,
freezing/thawing, and vapor transport. Soil hydraulic proper-
ties relate to water content and soil texture, with adjustments
for ice presence.

2.4.7 Carbon pools in soil

The ISBA model balances plant debris decomposition and
microbial activity to represent soil carbon stocks, based on
the CENTURY model (Parton et al., 1993). Plant debris, in-
cluding leaves, stems, and roots, is divided into structural and
metabolic litter reservoirs, above and belowground. These
decompose into three types of soil carbon reservoirs: fast
(less than a year), slow (about a decade), and passive (hun-
dreds to thousands of years). This decomposition process
drives soil heterotrophic respiration, releasing CO2 (Gibelin
et al., 2008).

2.4.8 Thermal and hydraulic properties of peat soils

ISBA calculates thermal and hydraulic properties of soil by
combining mineral soil attributes with those of soil organic
carbon (SOC), adjusted for the organic matter proportion in
each layer. We keep the same method for peat soils. Peat or-
ganic matter density is defined using porosity and the density
of pure organic matter (1300 kgm−3). In our simulations, the
SOC fraction in each layer is fixed at 1, reflecting the as-
sumption of a completely organic soil. Peat porosity ranges
from 0.930 in surface fibric soil to 0.845 in deeper sapric
soil, significantly affecting both the thermal conductivity and
water retention capabilities of the soil. These variations in-
fluence organic matter density and overall soil properties,
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particularly in peat soils, ensuring accurate modeling of soil
thermal and hydraulic dynamics (Decharme et al., 2016).

2.4.9 Biogeochemical processes in peat

The research conducted by Morel et al. (2019) has led to
the development of a biogeochemical module capturing var-
ious physical and chemical processes occurring within peat-
lands. This module discretizes the soil into 14 layers, with
soil physics resolved for each. It calculates the concentra-
tions of O2, CO2, and CH4 in each layer, enabling represen-
tation of biogeochemical processes across the entire vertical
profile. Hence, processes such as methanogenesis in anaer-
obic conditions, methanotrophy (methane oxidation to CO2
in the presence of O2), and heterotrophic respiration (produc-
tion of CO2), are described within ISBA. Soil water level and
thus O2 concentration in peat regulate these chemical pro-
cesses. Various equations account for the three different gas
transport mechanisms in peat, including transport by plants,
ebullition, and diffusion.

The carbon accumulation in the soil and its transfer be-
tween layers are represented by an advection term consid-
ered constant at 2 mmyr−1 (Guenet et al., 2013). The phe-
nomenon of cryoturbation, i.e., the mixing of surface peat
layers due to freezing and thawing, is modeled using a diffu-
sion equation following Koven et al. (2009).

2.4.10 Ecosystem respiration

Ecosystem respiration is defined here as the combination
of heterotrophic respiration across the peat profile and au-
totrophic respiration from surface vegetation.

Heterotrophic respiration is calculated for each of the 14
soil layers, based on the CO2 concentration in each layer.
Two sources of CO2 are modeled for each layer: the produc-
tion of CO2 from organic matter decomposition (CO2,oxic)
and the production of CO2 resulting from methane oxidation
(CO2,methane), indirectly linked to methane concentration in
each layer and thus to methanogenesis.

CO2,oxic
i(z)= θ(z)ki(z,Tg)Ci(z)

×min

(
1,
Cmax(z)

1t

1∑
j θ(z)kj (z,Tg)Cj (z)

)
(15)

Here, i and j represent the types of carbon reservoirs
(metabolic and structural litter, active C, slow C, passive C).
CO2,oxic production is determined by the organic matter de-
composition rate (θ(z)ki(z,Tg), which initially depends on
soil temperature and moisture content (Morel et al., 2019).
The function θ(z), varying between 0.05 (dry soil) and 1
(above field capacity), accounts for soil moisture impact on
microbial activity. In this study, soil moisture did not appear
to strongly constrain organic matter decomposition in near
surface moss dominated layers as indicated by the closer
agreement between ISBA and observed (statisticaly mod-
elled) soil respiration when θ(z) was excluded (Fig. A4b and

e). We nevertheless aimed to preserve contrasting drought
responses across vegetation types. Therefore, θ(z) was re-
moved for Sphagnum, while it was retained for herbaceous
to maintain drought sensitivity where moisture deficits are
expected to constrain belowground carbon turnover. The de-
composition rate (ki(Tg)) follows an Arrhenius-like equation
(Q10), accounting for increased decomposition with temper-
ature rise. The last part of the equation considers oxygen
availability with Cmax(z) representing the maximum carbon
mass producible from available oxygen.

Methane oxidation CH4+2O2→ CO2+2H2O contributes
to CO2 production, especially in deeper layers. For litter
above ground, CO2 is directly released to the atmosphere.
In deeper layers, diffusion, plant-mediated transport (PMT),
and evapotranspiration facilitate CO2 escape. Gas diffusion
in soil layers leads to vertical gas movements based on con-
centration gradients. PMT depends on leaf area index (LAI),
while evapotranspiration is influenced by PFT.

2.5 Water table depth diagnosis and dryness index
development

First, based on the ISBA outputs, we derived Eq. (16), which
relates, for each soil layer, the change in volumetric water
content to the change in water equivalent height, assuming
the layer is saturated.

wj,sat(t)
∂hj (t)

∂t
= dj

∂wj,soil(t)

∂t
(16)

with wj,sat the volumetric water content of soil layer j at sat-
uration, hj the height of water in the layer j , dj the vertical
width of the layer j , wj,soil the volumetric water content of
soil layer j .

Then, we derived the ISBA-diagnosed WTD by summing
over the soil layers down to 2 m depth, i.e. those where vari-
ations in water content are significant. This calculation as-
sumes that the variation of wsat with depth z is negligible, al-
lowing it to be factored out of the summation (see Fig. A3a):

WTDISBA =
∑
j

1hj =
∑
j

1wj,soil× dj

wj,sat
(17)

where 1hj , and 1wj,soil represent the changes in water
equivalent height and soil volumetric water content, respec-
tively, calculated explicitly through the temporal discretiza-
tion of Eq. (16).

The dryness index is based on the work of Garisoain et al.
(2024) (see Fig. A3b). We first define the daily soil water
deficit dif(t):

dif(t)= Tairnormalized(t)−WTDnormalized(t) (18)

We use the daily mean of Tair(t) and WTD(t) to calculate
dif(t). Normalization of each variable (X) was done follow-
ing Xnormalized =

X−Xmin
Xmax−Xmin

. A minimum WTD value of 1m
was imposed to elevate the normalized WTD values, since

Biogeosciences, 23, 3407–3431, 2026 https://doi.org/10.5194/bg-23-3407-2026



R. Garisoain et al.: Sphagnum and herbaceous net ecosystem exchanges in a Pyrenean peatland 3413

the diagnosed WTD tends to produce water tables that do
not drop sufficiently during droughts. This adjustment allows
the normalized WTD to better discriminate drought periods,
which would otherwise be overly smoothed by the index (see
Fig. A3b).

To consider only periods of positive water deficit, we de-
fine the function f (t) as:

f (t)=

{
dif(t), if dif(t) > 0

0, otherwise
(19)

The Dryness Index (DI) is then calculated by integrating f (t)
over the summer period:

DI=

august∫
july

f (t)dt (20)

This formulation ensures that only days with a positive soil
water deficit contribute to the DI, providing a simple and
physically meaningful measure of summer dryness.

2.6 Statistical analyses

To compute Pearson correlation coefficients (r2), root mean
square errors (RMSE) trends and associated p values, we
used the statsmodels Python library. In particular, the Ordi-
nary Least Squares (OLS) (https://www.statsmodels.org/dev/
generated/statsmodels.regression.linear_model.OLS.html,
last access: 11 May 2026) regression function was employed
to fit a linear model and perform an F -test to assess the
statistical significance of the relationship.

To assess the relative contribution of each season to
interannual variability in net ecosystem exchange (NEE)
(Fig. 6), we applied SHAP (SHapley Additive exPlanations),
a game-theoretic approach widely used for interpreting
machine learning models. Specifically, we trained an Ordi-
nary least squares Linear Regression model from sklearn
python library (https://scikit-learn.org/stable/modules/
generated/sklearn.linear_model.LinearRegression.html,
last access: 11 May 2026) to predict annual NEE from
seasonal values (summer, autumn, spring, and winter).
We then used SHAP values to estimate how much each
seasonal predictor contributed to the model output. Rather
than relying on model coefficients or explained variance,
we computed the mean absolute SHAP values across all
observations to quantify each season’s average influence.
These contributions were normalized to express their relative
importance as percentages. This approach provides a robust
and interpretable measure of feature relevance, even for
collinear predictors. The SHAP methodology is described
in detail at: https://shap.readthedocs.io/en/latest/index.html
(last access: 11 May 2026).

A simple linear model using R2 or an F -test tends to at-
tribute explanatory power to the first variables entered into
the model. When predictors are correlated as is the case here

with seasonal NEE components (e.g., summer NEE , autumn
NEE) this can lead to shared variance being unfairly cred-
ited to one variable over another. In contrast, SHAP values,
based on Shapley values from cooperative game theory, aver-
age the contribution of each variable across all possible com-
binations of input features. This results in a fair and consis-
tent allocation of importance, even when variables are highly
interdependent or collinear.

2.7 Experimental protocol

At the Bernadouze site, we obtained a 64-year meteorologi-
cal data series (1959–2022) from the S2M reanalysis, which
was used as input for the ISBA land surface model. To estab-
lish a contemporary carbon balance for the various carbon
compartments, we simulated a 7000-year spin-up to account
for the peatland’s age, repeating the 64 year atmospheric
forcing. This approach ensured a realistic accumulation of
carbon in the soil reservoirs. The model was run in a one-
dimensional configuration, at a single grid point correspond-
ing to the location of the Bernadouze peatland.

For model validation (Sect. 3), we constrast simulations
with 100 % Sphagnum cover and 100 % herbaceous cover.
Herbaceous cover was simulated with the use of the ISBA
PFT boreal grassland (BOGD). For the remainder of the
study (Sect. 4), the vegetation distribution is assumed to con-
sist of 70 % herbaceous plants and 30 % Sphagnum mosses,
based on the cartography provided by Henry et al. (2014).
Accordingly, the GPP, ER, and NEE values presented cor-
respond to this vegetation mix. A subsection is dedicated to
analyzing the sensitivity of carbon fluxes to vegetation com-
position.

3 Model validation over the 2017–2023 period

Carbon fluxes

Figure 1 compares three time series from 2017 to 2023, illus-
trating Gross Primary Productivity (GPP), Ecosystem Res-
piration (ER) and Net Ecosystem Exchange (NEE) mod-
eled by a statistical model (grey) and the ISBA model for
Sphagnum (orange) and Herbaceous (blue). The top plot
(a) shows GPP with r2 values of 0.6 and 0.62 (RMSE of
1.9 and 1.6 µmol−2 s−1, see Fig. A4a, b), indicating mod-
erate agreement between the models. The middle plot (b)
shows ER with r2 values of 0.82 and 0.44 (RMSE of 0.9
and 1.6 µmol−2 s−1, Fig. A4d, e), revealing stronger agree-
ment for ER, particularly for Sphagnum respiration. The
bottom plot, Fig. A4c, f, shows NEE with r2 values of
0.1 and 0.2 (RMSE of 1.6 and 1.3 µmol.−2 s−1). Addi-
tional scatter plots for the mixed vegetation configuration
(Fig. A4g–i) highlight contrasted performances across fluxes.
For GPP, the mixed simulation shows a level of agreement
comparable to that of herbaceous vegetation alone (r2

=

0.62, RMSE= 1.58 µmol−2 s−1). For ER, the mixed con-

https://doi.org/10.5194/bg-23-3407-2026 Biogeosciences, 23, 3407–3431, 2026

https://www.statsmodels.org/dev/generated/statsmodels.regression.linear_model.OLS.html
https://www.statsmodels.org/dev/generated/statsmodels.regression.linear_model.OLS.html
https://scikit-learn.org/stable/modules/generated/sklearn.linear_model.LinearRegression.html
https://scikit-learn.org/stable/modules/generated/sklearn.linear_model.LinearRegression.html
https://shap.readthedocs.io/en/latest/index.html


3414 R. Garisoain et al.: Sphagnum and herbaceous net ecosystem exchanges in a Pyrenean peatland

Figure 1. Daily (a) gross primary productivity and (b) ecosystem respiration fluxes compared between statistical models (grey) (Garisoain
et al., 2024) and ISBA over the 2017–2022 period for herbaceous (blue) and Sphagnum mosses (orange).

figuration exhibits an intermediate performance, but with
a substantial improvement compared to herbaceous vegeta-
tion alone (r2

= 0.60, RMSE= 1.32 µmol−2 s−1). For NEE,
the mixed simulation yields higher skill scores (r2

= 0.24,
RMSE= 1.17 µmol−2 s−1) than either vegetation type con-
sidered separately, although overall correlations remain low.

The ISBA model captures the interannual variability of
GPP, ER and NEE effectively (Fig. A5), Consistently show-
ing slightly higher values at the beginning of the growing
season, much higher values at the end of the growing season,
and stronger winter ecosystem respiration (ER) compared to
the statistical model. Herbaceous vegetation is more sensi-
tive to summer droughts than Sphagnum, leading to reduced
GPP and ER in summer, especially during the 2022 drought,
which caused a sharp decline in herbaceous GPP and ER.

3.0.1 Water table depth

Figure 2 compares the mean water table depth (WTD) from
in situ measurements (grey with shaded standard deviation)
to the ISBA diagnosted WTD (orange for Sphagnum mosses
and blue for herbaceous) over the period 2017–2022. The
ISBA model generally follows the observed data, captur-
ing the overall trends and seasonal variations (Fig. A5) in
WTD although there are occasional deviations, particularly
at the end of the growing season and during drought events
where the observed data shows higher variability. Over-
all, the ISBA model demonstrates rather satisfactory per-
formance in simulating WTD (r2

= 0.47, RMSE= 0.09 m
for herbaceous, r2

= 0.33, RMSE= 0.1 m for Sphagnum

and r2
= 0.45, RMSE= 0.09 m for the mixed vegetation,

Fig. A6). The simulated WTD with herbaceous plants is con-
sistently lower than with Sphagnum mosses.

4 Results: Water and carbon balance of the peatland
over the last 60 years

4.1 Environmental variables

Figure 3 consists of three panels, labeled (a), (b), and (c),
illustrating the evolution of mean and maximum annual tem-
perature, annual cumulative precipitation, and annual mean
water table depth (diagnosed from ISBA) from 1959 to 2022,
along with their respective trends and p values. Annual mean
temperature (a) shows a significant (p value< 0.05) increas-
ing trend over the years. The annual mean temperature in-
creases from approximately 7 °C in the early years to about
9 °C by 2022. Annual maximum temperature shows a similar
evolution with an increase up to 8 °C from 1959 to 2022.

Annual cumulative precipitation (b) ranges from approx-
imately 1000 to 2250 mm, while the Water Table Depth
(WTD) (c) varies between −0.16 and −0.29 m over the
whole period. A steady increase in the level of the water ta-
ble is observed from 1967 to 1983, followed by a sharp de-
cline, reaching its minimum in 1989. After this, the WTD
rises again and stabilizes, although notable interannual fluc-
tuations persist until the end of the period. Interestingly, the
fluctuations in annual precipitation closely mirror those of
the mean annual WTD, suggesting a strong correlation be-
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Figure 2. Hourly in situ mean water table depth is shown in grey, with its standard deviation in shaded areas, compared to the hourly
diagnosed water table depth of ISBA over the 2017–2022 period for two different types of vegetation herbaceous (blue) and Sphagnum
mosses (orange).

Figure 3. (a) Mean and maximum annual air temperature (°C) and (b) annual cumulate precipitation mm yr−1 both from the S2M reanalysis
and (c) mean water table depth (m) diagnosed from ISBA outputs, along with their trends as red dashed lines and corresponding p values.

tween these two variables. The trends of annual cumulative
precipitation and annual mean WTD move in opposite direc-
tions, with precipitation increasing and the level of the wa-
ter table decreasing. However, both trends are not significant
(p values > 0.05).

4.2 Net ecosystem exchanges

This section analyzes long term NEE dynamics and their
drivers using ISBA simulations forced by the S2M reanal-
ysis. Unless stated otherwise, all simulations and analyses
presented in this section use the site vegetation distribution
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derived from Henry et al. (2014), i.e., 70 % herbaceous plants
and 30 % Sphagnum mosses.

4.2.1 An overall carbon sink despite strong
inter-annual variability

Figure 4 illustrates (a) the annual Net Ecosystem Ex-
change (NEE) and (b) the cumulative NEE from 1959
to 2022. The lowest annual NEE is modelled in 2011
(−171 gCm−2 yr−1), while the highest value occurs in 2022
(122 gCm−2 yr−1). Panel (b) shows a long-term decrease
in cumulative NEE, indicating that the ecosystem acts as a
net carbon sink over the entire study period. Piecewise lin-
ear trends computed for three successive 22 year periods
(1959–1980, 1980–2001, and 2001–2022) reveal a progres-
sive intensification of carbon uptake, as evidenced by in-
creasingly negative slopes of cumulative NEE. The compar-
ison of slopes between periods indicates that this intensifica-
tion is not linear through time. The strongest increase in car-
bon sequestration occurs between the first and second peri-
ods, while the rate of intensification decreases after the early
2000s, suggesting a slowdown in the acceleration of the car-
bon sink despite continued strengthening.

Interannual variability, quantified by the standard devia-
tion of annual NEE and reported as text annotations for each
period, shows a marked temporal evolution. Variability is
highest during the early period (1959–1980), decreases sub-
stantially during the phase of strongest sink intensification
(1980–2001), and slightly increases again during the most
recent period (2001–2022). This pattern suggests that the
period of rapid carbon sink strengthening coincides with a
more stable interannual behaviour, whereas recent decades
combine sustained carbon uptake with a renewed increase in
year-to-year variability.

Overall, despite substantial annual fluctuations, the long
term signal remains robust and highlights a persistent accu-
mulation of carbon by vegetation over the past six decades.

4.2.2 Seasonality of GPP, ER and NEE over the
1959–2022 period

Figure 5 depicts the seasonal mean and interannual vari-
ability in gross primary production (a), ecosystem respira-
tion (b), and net ecosystem exchange (c) over several time
periods, specifically 1959–1980 (blue), 1980–2001 (orange),
and 2001–2022 (green), with a focus on the year 2022 both
from ISBA (red line) and the statistical model (purple line).
Periods of approximately 22 years were chosen to ensure
statistically robust trend estimates, following common cli-
matological practice for analysing multi-decadal variability.
Given the 64 year length of the record, three successive pe-
riods were defined with a slight overlap, allowing each pe-
riod to be long enough for robust linear trends while main-
taining three comparable intervals (World Meteorological
Organization, 2017). Each subplot shows cumulative val-

ues with their respective mean and interannual variability at
90 % confidence interval. In panel (a), GPP values are nega-
tive, indicating carbon uptake by vegetation, with more pro-
nounced uptake during the growing season (April to Septem-
ber). Panel (b) shows ER values, which are positive, repre-
senting carbon release. Respiration increases during warmer
months, with higher rates, suggesting intensified ecosystem
respiration. Panel (c) combines GPP and ER to show NEE.
The GPP intensifies over time and becomes increasingly pro-
nounced across the three periods. The same trend is observed
for respiration. As a combination of these two variables, NEE
exhibits greater seasonal variability, which is not necessarily
easy to grasp from this graph but is more apparent in Fig. 6.
The mean NEE values for the periods 1980–2001 and 2001–
2022 show a similar trend, except during winter, when the
NEE of the 2001–2022 period shifts towards positive values.
Nonetheless, over the annual cycle, both of these periods dis-
play more negative NEE values compared to the 1959–1980
period.

The seasonality of GPP (a) and ER (b) has gradually in-
tensified over time, as observed in the three periods. For
NEE (c), the trend is less straightforward, but its seasonality
has become increasingly pronounced. Additionally, the dura-
tion of the growing season has extended, as reflected by the
earlier spring and later summer inflection points of cumula-
tive NEE (solid blue, orange and green curves (panel c)).

Focusing on 2022, the NEE curve (red) deviates entirely
from the interannual variability of the three periods com-
bined, starting in July and continuing through November.
Comparing this with the statistical model for 2022 (purple
curve), we observe that despite differences in seasonality be-
tween ISBA and the statistical model, both agree in high-
lighting 2022 as a year significantly outside the confidence
intervals. While GPP and ER for 2022 remain within the
2001–2022 interannual variability, the GPP is notably close
to the lower limit (−GPP to the upper limit), underscoring
the exceptional nature of this year in terms of carbon flux
dynamics.

Figure 6a shows that across all time periods, summer is
the season contributing the most to annual NEE variability,
accounting for approximately 39 % of the total contribution
over the 1959–2022 period. Autumn and spring follow, alter-
nating in second place depending on the period, with com-
parable contributions of around 23 %–25 %. Winter consis-
tently exhibits the lowest contribution, around 11 % of the
annual NEE variability. The distribution of signed SHAP val-
ues for the full period (Fig. 6b) further highlights the sea-
sonal dynamics. Summer displays a wide variability, with
the median and central 50 % of values slightly below zero,
but with long positive tails reflecting years with strong CO2
release to the atmosphere. Autumn is generally shifted to-
ward positive values, with extreme positive contributions in
some years. Spring is centered slightly below zero, with ex-
tremes toward negative values. Winter shows relatively low
variability, with a skewed distribution including many neg-
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Figure 4. (a) Annual net ecosystem exchange (gCm−2 yr−1) from 1959 to 2022, as simulated by ISBA. (b) Hourly cumulated net ecosystem
exchange (gCm−2) from 1959 to 2022, also from ISBA. The pannel additionally reports the linear trend (slope), its p value, and the standard
deviation of annual NEE for three distinct periods: 1959–1980, 1980–2001, and 2001–2022.

ative contributions but a long positive tail, indicating occa-
sional meaningful contributions despite its overall smaller
role. Overall, these results confirm that summer dominates
the interannual variability of annual NEE, but also reveal
that other seasons particularly autumn and spring can con-
tribute substantially in certain years. This supports the focus
on summer NEE drivers while recognizing the importance of
seasonal context.

4.3 Joint Influence of Air Temperature and Water
Table Depth on Summer NEE Variability

Panel (a) of Fig. 7 shows the evolution of cumulative sum-
mer NEE (red) compared to cumulative annual NEE (blue)
from 1959 to 2022. The cumulative summer NEE tends to
“drive” the cumulative annual NEE almost always sharing
the same sign, except in years near equilibrium (cumula-
tive annual NEE= 0). This relationship is supported by a
strong correlation between summer and annual cumulative
NEE (r2

= 0.71, Fig. A7) and by the fact that summer NEE
contributes approximately 40 % of the interannual variability
of cumulative NEE (Fig. 6).

Panel (b) illustrates the evolution of the dryness index
from 1959 to 2022. The trend shows an increasing pattern,
with p = 0.054, which is slightly above the conventional sig-

nificance threshold of 0.05. As the dryness index increases,
the cumulative summer NEE also increases, showing a good
correlation (r2

= 0.6, Fig. A8). The dryness index exceeded
6 in only one year from 1959 to 1980, in five years from 1980
to 2001, and in six years from 2001 to 2022. This suggests an
increase in the frequency of high dryness index episodes, in-
dicating a rising frequency of summer droughts. Four years
also stand out with particularly high dryness index values:
1989, 1994, 2003, and 2022, all of which occurred after the
1980s.

4.4 Vegetation sensitivity

Figure 8 highlights the changes in the distribution of the an-
nual cumulated Net Ecosystem Exchange (NEE) over 1959–
2022. The black curve represents the probability density of
NEE for a vegetation mix of 70 % herbaceous and 30 %
Sphagnum, with shaded regions representing the 95 % confi-
dence intervals accounting for variations in vegetation com-
position.

We observe that while the overall shape of the annual
cumulative NEE probability density remains largely un-
changed, significant differences arise depending on the veg-
etation type, particularly around the peak of the distribu-
tions. Sphagnum mosses amplify NEE extremes, either en-
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Figure 5. Seasonal evolution of cumulated (a) gross primary productivity (shown with negative sign by convention), (b) ecosystem respira-
tion, (c) net ecosystem exchanges from ISBA over several time periods: 1959–1980 in blue, 1980–2001 in orange, 2001–2022 in green with
interannual variability represented as a 90 % confidence interval. Superimposed, the 2022 NEE seasonality simulated by ISBA (red curve)
and the statistical model (purple curve).

hancing CO2 absorption by vegetation or increasing CO2
release to the atmosphere, resulting in a flatter distribution
compared to herbaceous vegetation. In contrast, herbaceous
plants have a buffering effect, with a distribution more con-
centrated around the main peak and a secondary, smaller
peak slightly below +100 gCm−2 yr−1, resulting in a bi-
modal pattern. These findings highlight the importance of
considering different vegetation types, as they respond differ-
ently to changing environmental conditions. For complete-
ness, the corresponding figures for GPP and ER are provided
in the Appendix (Fig. A10).

5 Discussions

5.1 Model validation and vegetation sensitivity

The primary objective of this study was to evaluate the
newly implemented Sphagnum PFT in the ISBA land sur-
face model. Sphagnum photosynthetic activity is linked to
water content in the top 10 cm of soil. While the model re-
produces site scale carbon fluxes reasonably well given ob-
servational constraints, a more detailed validation of the wa-
ter cycle would require eddy covariance data and multi site
evaluations to assess parameter transferability. The aim was
not to optimize parameters, but to test whether realistic be-
havior could be reproduced at a well instrumented site using
literature derived values.
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Figure 6. (a) Seasonal contributions to annual NEE across four time periods: 1959–1980 in blue, 1980–2001 in orange, 2001–2022 in green,
1959–2022 in grey. Each bar represents the relative importance of a season in explaining the total NEE, as determined by Shapley regression
coefficients. Seasons are defined as winter (December–February), spring (March–June), summer (July–August), and autumn (September–
November). (b) Distribution of SHAP values by season for 1959–2022. Positive or negative SHAP values indicate the direction of each
season’s contribution to annual NEE, showing whether a season increases or decreases the yearly flux.

Figure 7. (a) Summer net ecosystem exchanges (in red) compared to annual (in blue) from 1959 to 2022, as simulated by ISBA. (b) Dryness
index, derived from water table depth combining ISBA outputs and S2M reanalysis data, from 1959 to 2022 with its trend as red dashed line
and associated p value.
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Figure 8. Probability density function of annual cumulated net ecosystem exchange over 1959–2022. In black, the vegetation mix corre-
sponds to 70 % herbaceous and 30 % Sphagnum. In orange a 100 % Sphagnum mix and in blue a 100 % herbaceous mix. In shaded areas,
the 95 % confidence intervals corresponding to the variation of the vegetation mix in the form α×NEESphagnum+β ×NEEherbaceous with
β = 1−α and α varying from 0 to 1 in steps of 0.01.

The mixed representation, combining Sphagnum and
herbaceous PFTs, accounts for contrasting responses to soil
moisture. We removed the influence of soil moisture on res-
piration (θ(z)) for Sphagnum, allowing the moss layer to
maintain microbial activity under dry conditions, while it
was retained for herbaceous layers to preserve the soil mois-
ture sensitivity of heterotrophic respiration. Although res-
piration from the herbaceous component alone is not im-
proved, retaining θ(z) is consistent with previous validations
of the ISBA model for herbaceous vegetation, ensuring the
parameterization remains grounded in established formula-
tions (Gibelin et al., 2008). Importantly, the combination of
PFTs captures contrasting responses to soil moisture, intro-
ducing functional diversity that likely increases the robust-
ness of ecosystem carbon fluxes. This mechanism is reflected
in the observed modest improvement of NEE on the mixed
vegetation dataset, even if GPP and respiration alone do not
always show large gains. These results also highlight the
broader uncertainty in representing heterotrophic respiration
as a function of soil moisture: classical formulations derived
from mineral soils may not adequately capture responses
in organic soils, as noted in other peatland modeling stud-
ies (Qiu et al., 2019; Guenet et al., 2024), emphasizing the
need for further research on moisture/respiration parameteri-
zations.

By combining PFTs with contrasting functional responses,
the model captures compensatory dynamics across vegeta-
tion types: herbaceous layers respond strongly to moisture
deficits, while Sphagnum maintains near surface moisture
and microbial activity. This functional diversity improves site
scale carbon flux estimates and suggests increased model ro-
bustness under variable hydrological conditions, which could

be further enhanced by including interactive dynamics be-
tween Sphagnum mosses and herbaceous following the work
of Kim and Verma (1996) but also competition and coupled
carbon/water processes (Lippmann et al., 2023; Heijmans et
al., 2008; Wu and Blodau, 2013a; Gong et al., 2020).

5.2 The key predictors of annual net ecosystem
exchange (NEE)

The methodology developed in this study aimed to inves-
tigate the variability and evolution of carbon fluxes in the
Bernadouze peatland from 1959 to 2022 using a CSM vali-
dated for the present period (2017–2022). This approach pro-
vides insight into the long-term functioning of the peatland
on a century-scale timescale, which has been scarcely ex-
plored in the literature due to the lack of suitable tools. This
novel methodology provides access to an unprecedented tem-
poral scale, enabling current observations to be interpreted
within a broader historical perspective.

Over the past 64 years, the Bernadouze peatland has
shown marked variability in net ecosystem exchange (NEE),
while overall maintaining its role as a carbon sink. This
variability is strongly influenced by climatic and hydrologi-
cal conditions, particularly precipitation, water table dynam-
ics, and air temperature, as highlighted in previous research
(Yurova et al., 2007; Laine et al., 2019). The reconstruction
of water table height, together with the development of a dry-
ness index that integrates both air temperature and water ta-
ble depth, offers a robust explanation for the observed fluc-
tuations in carbon fluxes, as also supported by other studies
(Helbig et al., 2022). Vapor Pressure Deficit (VPD) is gener-
ally an important factor to consider, particularly for vegeta-
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tion development, as it influences both GPP and plant tran-
spiration (Fu et al., 2022). However, at the Bernadouze site,
VPD is low and exhibits little variation (Figure A9 (a)), sug-
gesting it has a limited effect on NEE. Furthermore, VPD is
strongly correlated with temperature, which captures much
of its potential influence. A recent study in Northern Hemi-
sphere peatlands (Chen et al., 2023) also indicates that VPD
has a neutral effect on vegetation and does not necessarily
induce stomatal closure in vascular plants. The humid condi-
tions at the site, along with the presence of bryophytes, help
satisfy atmospheric water demand. Overall, air temperature
and water table depth remain the primary drivers explaining
NEE variability.

It is also observed that, in Bernadouze, summer NEE is the
dominant contributor to the annual carbon balance, though
the relative influence of other seasons varies across time pe-
riods. In recent decades, transitional seasons such as spring
and autumn have become increasingly significant compared
to earlier years. Understanding how climate change influ-
ences NEE seasonality offers key insight into the complex
dynamics of carbon fluxes and the shifting balance between
source and sink processes throughout the year, as also em-
phasized by Helbig et al. (2022). The dryness index devel-
oped in this study also appears to be a good proxy for summer
NEE and, consequently, for annual NEE (Figs. A8 and A7).
On other peatland sites where carbon flux measurements are
not available, this index could potentially serve as a prelimi-
nary source of information to estimate the carbon balance of
peatlands.

5.3 Climate change and droughts episode

Over the past 64 years, the Bernadouze peatland has expe-
rienced an increasing frequency of severe droughts, as indi-
cated by the calculated dryness index (Figs. 7b and A3b).
These events have contributed to the destabilization of the
NEE balance, particularly in 2022. Despite some differ-
ences in seasonal representation, both ISBA and the statis-
tical model by Garisoain et al. (2024) agree that from July
to November 2022, conditions fell completely outside the
range of interannual variability. Similar dry summers have
occurred in the past, notably in 1989, 1994, and 2003, and
have consistently led to significant CO2 emissions into the at-
mosphere. The years 1989 and 2003 are recognized as having
experienced different types of drought conditions in France,
ranging from multi-year precipitation deficits (1989–1990)
to short, hot, and dry periods (2003) (Vidal et al., 2010).
Similarly, 1994 is also identified as a year with a hot sum-
mer, preceded by a winter precipitation deficit in Southern
Europe (Vautard et al., 2007). The dryness index effectively
captures these hot and dry summers, which impact vegeta-
tion, its development, and consequently, the NEE flux.

As the growing season lengthens and GPP increases due
to rising air temperatures, a compensatory effect appears to
be at play. The peatland’s greening and higher summer GPP

fluxes currently help mitigate the impact of droughts, al-
lowing it to remain a carbon sink. Over the 2001–2022 pe-
riod, spring and autumn have played a growing role in shap-
ing annual NEE, suggesting that these transitional seasons,
along with winter, may become increasingly influential in the
future, potentially counterbalancing summer carbon losses.
However, the longevity of this balance remains uncertain.
Some years, in our data, show a partial imbalance, indicating
that the compensatory effect may not always fully buffer ex-
treme conditions. Similar patterns have been observed in Eu-
ropean forest ecosystems (van der Woude et al., 2023), where
compensatory mechanisms were insufficient to maintain car-
bon balance; this provides a useful analogy for interpreting
the partial signals we observe in our peatland data. While
greening and seasonal compensation currently mitigate sum-
mer carbon losses, prolonged or intensified droughts in the
future could challenge this balance and affect the peatland’s
long term carbon sink function.

The significant increase in annual maximum temperatures
about 8 °C over 64 years raises concerns about the vege-
tation’s ability to withstand such extreme warming. Stud-
ies on potential shifts in plant composition under climate
change could provide valuable insights into the future of
these ecosystems (Antala et al., 2022; Dieleman et al., 2015).
This further emphasizes the need to integrate a broader range
of plant communities and their interactions into land surface
models, to more accurately represent ecosystem dynamics
and their role in the carbon cycle.

6 Conclusion

This study highlights the importance of accurately represent-
ing Sphagnum mosses in land surface models to simulate
peatland carbon dynamics under changing climatic condi-
tions. Validation of the new Sphagnum PFT within the ISBA
model showed its ability to reproduce observed carbon fluxes
with reasonable agreement. Analysis of the Bernadouze peat-
land over the past 64 years revealed that while it has remained
a net carbon sink, increasing drought frequency and sever-
ity, particularly exemplified by the 2022 event, are destabi-
lizing its carbon balance. The findings emphasize the critical
role of vegetation composition, hydrological conditions, and
seasonal climate dynamics in modulating peatland carbon
fluxes. They also suggest that although compensatory mech-
anisms currently maintain peatland sink function, future in-
tensification of droughts driven by climate change could po-
tentially shift these ecosystems from carbon sinks to carbon
sources. This underscores the urgent need to integrate inter-
active vegetation dynamics and drought responses into land
surface models to better project peatland contributions to the
global carbon cycle under future climate scenarios.
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Appendix A: Figures and tables

Figure A1. Normalised total Sphagnum conductance as a function of Sphagnum water content.

Figure A2. Sphagnum canopy water resistance as a function of Sphagnum water content.
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Figure A3. (a) Diagnosed water table depth (WTD) from 1959 to 2022 for the Sphagnum-herbaceous vegetation mix. (b) Light blue:
normalized WTD, red: normalized air temperature (Tair), pink: normalized Tair minus normalized WTD, dark blue area under the curve
represents the dryness index (DI). Normalization of each variable (X) was done following Xnormalized =

X−Xmin
Xmax−Xmin

. WTDmin = 1 m is
taken from observations and not the diagnosed one from ISBA.

Figure A4. Comparison of daily ecosystem photosynthesis, respiration and net ecosystem exhange from the statistical model with: (a) the
new Sphagnum photosynthesis, (b) the new Sphagnum ecosystem respiration, (c) the new Sphagnum net ecosystem exchange, (d) the
previous herbaceous photosynthesis, (e) the previous herbaceous ecosystem respiration, (f) the previous herbaceous net ecosystem exchange,
(g) the mixed vegetation photosynthesis, (h) the mixed vegetation ecosystem respiration, (i) the mixed vegetation net ecosystem exchange.
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Figure A5. Daily annual cycle (2017–2022) of (a) Gross Primary Productivity, (b) Ecosystem Respiration, (c) Net Ecosystem Exchange,
(d) Water Table Depth from the statistical model in black, the ISBA Sphagnum model in orange, the ISBA herbaceous model in blue, and
the ISBA mixed vegetation in green.

Figure A6. Hourly ISBA-diagnosed water table depth (WTD) with herbaceous vegetation as the dominant cover is compared to hourly in
situ WTD in the left panel, while the right panel presents ISBA-diagnosed WTD with Sphagnum as the dominant vegetation versus in situ
WTD.
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Figure A7. Annual NEE versus Summer NEE for each year from
1959 to 2022.

Figure A8. Summer NEE versus Dryness Index for each year from
1959 to 2022.

Figure A9. (a) Annual mean of vapor pressure deficit (VPD) (Pa)
and scatter plot between VPD and air temperature; (b) Annual mean
of relative humidity (%) from 1959 to 2022 derived from the S2M
reanalysis.

Figure A10. Probability density function of annual cumulated
(a) GPP and (b) ER over 1959–2022. In black, the vegetation mix
corre- sponds to 70 % herbaceous and 30 % Sphagnum. In orange
a 100 % Sphagnum mix and in blue a 100 % herbaceous mix. In
shaded areas, the 95 % confidence intervals corresponding to the
variation of the vegetation mix in the form α×YSphagnum+β ×
Yherbaceous with β = 1−α, α varying from 0 to 1 in steps of 0.01
and Y being GPP or ER.
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Table A1. Changes between Sphagnum and C3 herbaceous plant functional type in ISBA.

Parameters Units C3 Herbaceous Sphagnum Comments

0(25) ppmv 45 45

ε0 kgCO2 J−1 PAR 0.017× 10−6 0.017× 10−6

Ammax(25) mg m−2 s−1 1.7 1.0 Jacob’s hypothesis:
Ammax = V cmax/2.

f (–) f = f ∗0 (1−
Ds
D∗max

)+fmin
Ds
D∗max

f = f ∗0 f does not vary with
air humidity

f ∗0 (–) f ∗0 = 0.95 f ∗0 = 0.8

gm

m s−1 g∗m = e
2.381−0.6103ln(D∗max) gm = αgtot (Eq. 5) SWI= 1

gm = e
2.381−0.6103ln(Dmax) gm = αgtot (Eq. 5) SWIc < SWI< 1

gm = gm,minimum gm = αgtot (Eq. 5) SWI≤ SWIc

Dmax

kgH2O kg−1
air D∗max = 0.045 Non used SWI= 1

Dmax =D
X
max+ (D

∗
max−

DXmax)
SWI−SWIc

1−SWIc

Non used SWIc < SWI< 1

Dmax =D
X
max

SWI
SWIc

Non used SWI≤ SWIc

τ Days 150 80

SLA m2 kg−1
DryMass e = 5.56; f = 6.73; Nm = 1.3 e = 12; f = 5;

Nm = 1.3

Root zone – 20 cm, exponential profile
distribution

no roots Uniform distribution of
Sphagnum over the top
10 cm

Vegetation height m LAI
6 0.05 Impacts Drag

coefficient (H and LE
fluxes)

Note 1: g∗m,D
∗
max are the same quantities as gm,Dmax but without hydric stress. Note 2: DXmax = 0.4: this is the maximum value of Dmax.

Table A2. Parameters used for the Sphagnum PFT and their associated equations.

Parameter Value Equation

α 0.0004 (mol−1 m3) (5)
β −0.5 (4)
γ 0.5 (4)
η −0.0416 (4)
b 27.6 (gg−1) (11)
c −0.5 (gg−1) (11)
d 1 (sm−1) (13)
Rs,min 1e−4 ms−1 (13)
wmin 2.4 (gg−1) (4)
wmax 22 (gg−1) (4)
wopt 6 (gg−1) (4)
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Appendix B: ISBA equations

Ammax(Ts)=
Ammax(25)×Q(Ts−25)/10

10
[1+ exp[0.3(T 1− Ts)][1+ exp[0.3(Ts− T 2)]

(B1)

where Ammax(25) is Ammax at 25 °C,Q10 is fixed at 2.0, Ts is
the skin temperature in °C and T 1 and T 2 are reference tem-
perature values. gm in unstressed soil moisture conditions,
gm∗, depends on temperature via the same Q10 function as
Ammax.

0(Ts)= 0(25)×Q(Ts−25)/10
10 (B2)

0(25) is 0 at 25 °C. Here Q10 is fixed at 1.5.

ε = ε0

(
Ci −0

Ci− 20

)
(B3)

ε is the initial quantum use efficiency, where ε0 is the maxi-
mum quantum use efficiency.

Ci = fCa+0(1− f ) (B4)

The internal CO2 concentration Ci, is directly derived from
the CO2 concentration in the air Ca and from f which is
detailed in Table A1.

Eg = (1−Fveg)ρaCHVa(αqsat(Ts)− qa)

Ev = Fvegρa

(
δ

Ra

)
(qsat(Ts)− qa)

Etr = Fvegρa

(
1− δ
Ra+Rs

)
(qsat(Ts)− qa) (B5)

The evaporation of the vegetated surface is the sum of the
evaporation of the soil (Eg) and the evaporation of the vege-
tation (Eveg): E = Eg+Eveg. The evaporation of the vegeta-
tion is itself distributed between the direct evaporation (Ev)
due to the fraction of folliage covered by water intercepted
and the transpiration (Etr): Eveg = Ev+Etr.
Fveg is the fraction of vegetation, δ the fraction of folliage

covered by intercepted water and Rs is the canopy resistance
taking into account the upscalling of the cuticular and stom-
atal resistance.

For the modelling of Sphagnum, δ is set to 0, and Rs is
changed in Rsp (in this context, historical transpiration effec-
tively corresponds to the evaporation from Sphagnum).

Code and data availability. The data presented in this study are
available at https://doi.org/10.5281/zenodo.16984992 (Garisoain
et al., 2025).

The S2M dataset is freely accessible via the AERIS data center
at https://doi.org/10.25326/37#v2020.2 (Vernay et al., 2023). The
S2M data are provided by Météo-France, CNRS, CNRM, and the
Centre d’Études de la Neige through AERIS.

The model used in this study is open-source. The ISBA model,
as implemented in this work, is part of SURFEX version 9 and can
be downloaded from the SURFEX platform: http://www.umr-cnrm.
fr/surfex/ (last access: 11 May 2026).

Author contributions. RG, CD, BD and LG conceptualized and de-
signed the study. RG modified and implemented the model, con-
ducted formal analysis of the results, and led the writing of the orig-
inal draft with contributions from all co-authors. All authors partic-
ipated in reviewing, editing, and finalizing the manuscript.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. The authors gratefully acknowledge
Matthieu Lafaysse for providing the S2M data and for his
valuable support.

Financial support. This work is part of project PEACE of the ex-
ploratory research program FairCarboN and received government
funding managed by the Agence Nationale de la Recherche under
the France 2030 program, reference ANR-22-PEXF-0011. Obser-
vatoire Homme-Milieu Pyrenees Haut Vicdessos – LABEX DRI-
IHM ANR-11-LABX0010. The bernadouze site is part of the “Ser-
vice National d’Observation des Tourbières” (SNO-French Peatland
Observatory), part of the research infrastructure OZCAR, accred-
ited by the INSU/CNRS.

Review statement. This paper was edited by Petr Kuneš and re-
viewed by Katharina Jentzsch and one anonymous referee.

References

Antala, M., Juszczak, R., van der Tol, C., and Rastogi, A.: Impact
of climate change-induced alterations in peatland vegetation phe-
nology and composition on carbon balance, Sci. Total Environ.,
827, 154294, https://doi.org/10.1016/j.scitotenv.2022.154294,
2022.

Bond-Lamberty, B., Gower, S. T., Amiro, B., and Ewers,
B. E.: Measurement and modelling of bryophyte evaporation
in a boreal forest chronosequence, Ecohydrology, 4, 26–35,
https://doi.org/10.1002/eco.118, 2011.

Boone, A. and Etchevers, P.: An Intercomparison of Three Snow
Schemes of Varying Complexity Coupled to the Same Land
Surface Model: Local-Scale Evaluation at an Alpine Site,
J. Hydrometeorol., 2, 374–394, https://doi.org/10.1175/1525-
7541(2001)002<0374:AIOTSS>2.0.CO;2, 2001.

https://doi.org/10.5194/bg-23-3407-2026 Biogeosciences, 23, 3407–3431, 2026

https://doi.org/10.5281/zenodo.16984992
https://doi.org/10.25326/37#v2020.2
http://www.umr-cnrm.fr/surfex/
http://www.umr-cnrm.fr/surfex/
https://doi.org/10.1016/j.scitotenv.2022.154294
https://doi.org/10.1002/eco.118
https://doi.org/10.1175/1525-7541(2001)002<0374:AIOTSS>2.0.CO;2
https://doi.org/10.1175/1525-7541(2001)002<0374:AIOTSS>2.0.CO;2


3428 R. Garisoain et al.: Sphagnum and herbaceous net ecosystem exchanges in a Pyrenean peatland

Bunsen, M. S. and Loisel, J.: Carbon storage dynamics in peat-
lands: Comparing recent- and long-term accumulation histo-
ries in southern Patagonia, Glob. Change Biol., 26, 5778–5795,
https://doi.org/10.1111/gcb.15262, 2020.

Calvet, J.-C. and Soussana, J.-F.: Modelling CO2-enrichment ef-
fects using an interactive vegetation SVAT scheme, Agr. For-
est Meteorol., 108, 129–152, https://doi.org/10.1016/S0168-
1923(01)00235-0, 2001.

Carrer, D., Roujean, J.-L., Lafont, S., Calvet, J.-C., Boone,
A., Decharme, B., Delire, C., and Gastellu-Etchegorry, J.-
P.: A canopy radiative transfer scheme with explicit FA-
PAR for the interactive vegetation model ISBA-A-gs: Impact
on carbon fluxes, J. Geophys. Res.-Biogeo., 118, 888–903,
https://doi.org/10.1002/jgrg.20070, 2013.

Carter, M. S., Larsen, K. S., Emmett, B., Estiarte, M., Field,
C., Leith, I. D., Lund, M., Meijide, A., Mills, R. T. E., Ni-
inemets, Ü., Peñuelas, J., Portillo-Estrada, M., Schmidt, I.
K., Selsted, M. B., Sheppard, L. J., Sowerby, A., Tietema,
A., and Beier, C.: Synthesizing greenhouse gas fluxes across
nine European peatlands and shrublands – responses to cli-
matic and environmental changes, Biogeosciences, 9, 3739–
3755, https://doi.org/10.5194/bg-9-3739-2012, 2012.

Chadburn, S., Burke, E., Essery, R., Boike, J., Langer, M.,
Heikenfeld, M., Cox, P., and Friedlingstein, P.: An im-
proved representation of physical permafrost dynamics in the
JULES land-surface model, Geosci. Model Dev., 8, 1493–1508,
https://doi.org/10.5194/gmd-8-1493-2015, 2015.

Chaudhary, N., Miller, P. A., and Smith, B.: Modelling past,
present and future peatland carbon accumulation across
the pan-Arctic region, Biogeosciences, 14, 4023–4044,
https://doi.org/10.5194/bg-14-4023-2017, 2017.

Chen, N., Zhang, Y., Yuan, F., Song, C., Xu, M., Wang, Q.,
Hao, G., Bao, T., Zuo, Y., Liu, J., Zhang, T., Song, Y., Sun,
L., Guo, Y., Zhang, H., Ma, G., Du, Y., Xu, X., and Wang,
X.: Warming-Induced Vapor Pressure Deficit Suppression of
Vegetation Growth Diminished in Northern Peatlands, Nat.
Commun.,14, 7885, https://doi.org/10.1038/s41467-023-42932-
w, 2023.

Clymo, R. S. and Hayward, P. M.: The Ecology of Sphagnum,
in: Bryophyte Ecology, edited by: Smith, A. J. E., 229–289,
Springer Netherlands, https://doi.org/10.1007/978-94-009-5891-
3_8, 1982.

Collatz, G. J., Ribas-Carbo, M., and Berry, J. A.: Coupled
Photosynthesis-Stomatal Conductance Model for Leaves
of C4 Plants, Functional Plant Biology, 19, 519–538,
https://doi.org/10.1071/pp9920519, 1992.

Decharme, B., Brun, E., Boone, A., Delire, C., Le Moigne, P.,
and Morin, S.: Impacts of snow and organic soils parameteri-
zation on northern Eurasian soil temperature profiles simulated
by the ISBA land surface model, The Cryosphere, 10, 853–877,
https://doi.org/10.5194/tc-10-853-2016, 2016.

Delire, C., Séférian, R., Decharme, B., Alkama, R., Calvet,
J.-C., Carrer, D., Gibelin, A.-L., Joetzjer, E., Morel, X.,
Rocher, M., and Tzanos, D.: The Global Land Carbon Cy-
cle Simulated With ISBA-CTRIP: Improvements Over the
Last Decade, J. Adv. Model. Earth Sy., 12, e2019MS001886,
https://doi.org/10.1029/2019MS001886, 2020.

Dieleman, C. M., Branfireun, B. A., McLaughlin, J. W.,
and Lindo, Z.: Climate change drives a shift in peat-
land ecosystem plant community: Implications for ecosys-
tem function and stability, Glob. Change Biol., 21, 388–395,
https://doi.org/10.1111/gcb.12643, 2015.

Druel, A., Peylin, P., Krinner, G., Ciais, P., Viovy, N., Pere-
gon, A., Bastrikov, V., Kosykh, N., and Mironycheva-Tokareva,
N.: Towards a more detailed representation of high-latitude
vegetation in the global land surface model ORCHIDEE
(ORC-HL-VEGv1.0), Geosci. Model Dev., 10, 4693–4722,
https://doi.org/10.5194/gmd-10-4693-2017, 2017.

Faranda, D., Pascale, S., and Bulut, B.: Persistent anticyclonic
conditions and climate change exacerbated the exceptional
2022 European-Mediterranean drought, Environ. Res. Lett., 18,
https://doi.org/10.1088/1748-9326/acbc37, 2023.

Frolking, S., Roulet, N. T., Tuittila, E., Bubier, J. L., Quillet, A.,
Talbot, J., and Richard, P. J. H.: A new model of Holocene
peatland net primary production, decomposition, water bal-
ance, and peat accumulation, Earth Syst. Dynam., 1, 1–21,
https://doi.org/10.5194/esd-1-1-2010, 2010.

Frolking, S., Talbot, J., and Subin, Z. M.: Exploring the relationship
between peatland net carbon balance and apparent carbon accu-
mulation rate at century to millennial time scales, The Holocene,
24, 1167–1173, 2014.

Fu, Z., Ciais, P., Prentice, I. C., Gentine, P., Makowski, D., Bas-
tos, A., Luo, X., Green, J. K., Stoy, P. C., Yang, H., and Ha-
jima, T.: Atmospheric Dryness Reduces Photosynthesis along
a Large Range of Soil Water Deficits, Nat. Commun., 13, 989,
https://doi.org/10.1038/s41467-022-28652-7, 2022.

Garisoain, R., Delire, C., Decharme, B., Ferrant, S., Granouillac,
F., Payre-Suc, V., and Gandois, L.: A Study of Dominant Veg-
etation Phenology in a Sphagnum Mountain Peatland Using In
Situ and Sentinel-2 Observations, J. Geophys. Res.-Biogeo., 128,
e2023JG007403, https://doi.org/10.1029/2023JG007403, 2023.

Garisoain, R., Jacotot, A., Delire, C., Binet, S., Le Roux, G.,
Gascoin, S., Rosset, T., Gogo, S., Granouillac, F., Payre-
Suc, V., and Gandois, L.: Mountain Peatlands and Drought:
Carbon Cycling in the Pyrenees Amidst Global Climate
Change, J. Geophys. Res.-Biogeo., 129, e2024JG008041,
https://doi.org/10.1029/2024JG008041, 2024.

Garisoain, R., Delire, C., Decharme, B., and gandois, l.: Sphagnum
and Herbaceous Net Ecosystem Exchanges in a Pyrenean Peat-
land: A Long-Term Study Using the ISBA Model, Zenodo [dat
aset], https://doi.org/10.5281/zenodo.16984992, 2025.

Gibelin, A.-L., Calvet, J.-C., and Viovy, N.: Modelling
energy and CO2 fluxes with an interactive vegeta-
tion land surface model-Evaluation at high and mid-
dle latitudes, Agr. Forest Meteorol., 148, 1611–1628,
https://doi.org/10.1016/j.agrformet.2008.05.013, 2008.

Gong, J., Roulet, N., Frolking, S., Peltola, H., Laine, A. M.,
Kokkonen, N., and Tuittila, E.-S.: Modelling the habitat prefer-
ence of two key Sphagnum species in a poor fen as controlled
by capitulum water content, Biogeosciences, 17, 5693–5719,
https://doi.org/10.5194/bg-17-5693-2020, 2020.

Gorham, E., Lehman, C., Dyke, A., Clymo, D., and
Janssens, J.: Long-term carbon sequestration in North
American peatlands, Quaternary Sci. Rev., 58, 77–82,
https://doi.org/10.1016/j.quascirev.2012.09.018, 2012.

Biogeosciences, 23, 3407–3431, 2026 https://doi.org/10.5194/bg-23-3407-2026

https://doi.org/10.1111/gcb.15262
https://doi.org/10.1016/S0168-1923(01)00235-0
https://doi.org/10.1016/S0168-1923(01)00235-0
https://doi.org/10.1002/jgrg.20070
https://doi.org/10.5194/bg-9-3739-2012
https://doi.org/10.5194/gmd-8-1493-2015
https://doi.org/10.5194/bg-14-4023-2017
https://doi.org/10.1038/s41467-023-42932-w
https://doi.org/10.1038/s41467-023-42932-w
https://doi.org/10.1007/978-94-009-5891-3_8
https://doi.org/10.1007/978-94-009-5891-3_8
https://doi.org/10.1071/pp9920519
https://doi.org/10.5194/tc-10-853-2016
https://doi.org/10.1029/2019MS001886
https://doi.org/10.1111/gcb.12643
https://doi.org/10.5194/gmd-10-4693-2017
https://doi.org/10.1088/1748-9326/acbc37
https://doi.org/10.5194/esd-1-1-2010
https://doi.org/10.1038/s41467-022-28652-7
https://doi.org/10.1029/2023JG007403
https://doi.org/10.1029/2024JG008041
https://doi.org/10.5281/zenodo.16984992
https://doi.org/10.1016/j.agrformet.2008.05.013
https://doi.org/10.5194/bg-17-5693-2020
https://doi.org/10.1016/j.quascirev.2012.09.018


R. Garisoain et al.: Sphagnum and herbaceous net ecosystem exchanges in a Pyrenean peatland 3429

Goudriaan, J.: A simple and fast numerical method for the compu-
tation of daily totals of crop photosynthesis, Agr. Forest Meteo-
rol., 38, 249–254, https://doi.org/10.1016/0168-1923(86)90063-
8, 1986.

Grant, R. F., Desai, A. R., and Sulman, B. N.: Modelling
contrasting responses of wetland productivity to changes
in water table depth, Biogeosciences, 9, 4215–4231,
https://doi.org/10.5194/bg-9-4215-2012, 2012.

Guenet, B., Eglin, T., Vasilyeva, N., Peylin, P., Ciais, P., and
Chenu, C.: The relative importance of decomposition and trans-
port mechanisms in accounting for soil organic carbon profiles,
Biogeosciences, 10, 2379–2392, https://doi.org/10.5194/bg-10-
2379-2013, 2013.

Guenet, B., Orliac, J., Cécillon, L., Torres, O., Sereni, L., Martin,
P. A., Barré, P., and Bopp, L.: Spatial biases reduce the ability
of Earth system models to simulate soil heterotrophic respiration
fluxes, Biogeosciences, 21, 657–669, https://doi.org/10.5194/bg-
21-657-2024, 2024.
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