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ARTICLE INFO ABSTRACT

Keywords: Glacier retreat as a consequence of climate change creates new ice-free terrain and soil development that
Carbon sink prompt plant colonization and ecological succession. These processes impact terrestrial ecosystems with
Ecohydrology profound ecological and societal consequences. However, quantification of how the carbon cycle evolves in

Future climate deglaciated areas in response to these processes remains limited. We examined the impacts of forest expansion

and soil development on the carbon cycle under climate change in a deglaciated area in the Swiss Alps. Using
the mechanistic ecohydrological T&C model, we computed the changes in vegetation, soil, and carbon from
1981 to 2099 under climate change, revealing complex carbon cycle responses in deglaciating ecosystems.
Vegetation growth, soil organic matter, and plant nutrient uptake are projected to increase by mid-century
and then stabilize, indicating that plant growth is relatively limited by nutrient availability. The amount of
carbon stored in plant biomass will increase toward the end of the century at a faster rate than that of carbon
stored in soil and litter. The carbon cycle is projected to continue its current accelerating trend characterized by
enhanced vegetation photosynthesis, increased plant and soil respiration, and higher net ecosystem production
(N EP) by mid-century. Alpine ecosystems have already been serving as carbon sinks and have the potential
to increase their carbon sink capacity, but at varying rates depending on how climate will evolve: N EP will
stabilize around 24 gC m~2 y~! in RCP4.5 or might elevate to 55 gC m~2 y~! by end-century in RCP8.5. Even
under the most extreme scenario, this increase in stored carbon in the proglacial areas of the Swiss Alps is
still a drop in the ocean, as it represents only 0.9% of overall Swiss carbon emissions, thus highlighting the
need for additional carbon management and mitigation efforts.

Glacier retreat
Plant growth
Soil nutrients

1. Introduction high northern latitudes since the 1980s (Lucht et al., 2002; Zhu et al.,
2016; Dang et al., 2023). Still, this increase could be inhibited or even

Terrestrial ecosystems play a crucial role in the global carbon reversed with a further increase in temperature toward the end of the

cycle, annually exchanging a large amount of CO, with the atmo-
sphere (Schimel, 1995; Piao et al., 2009). Currently, averaged globally
for the decade 2013-2022, they function as net carbon sinks, absorbing
2.5-4.1 Gt C y~! of carbon from the atmosphere (Friedlingstein et al.,
2025). But continued climate change heightens the risk of releasing
carbon stored in the terrestrial biosphere back into the atmosphere, and
has already transformed some ecosystems from sinks to sources (Penue-
las et al., 2017; Wang et al., 2020; Ke et al., 2024). Thus, monitoring
ecosystem carbon cycle patterns and evolution is essential to climate
change prediction and impact assessment.

Terrestrial carbon exchange directly depends on environmental fac-
tors, mainly climatic conditions (Stuart Chapin III et al., 2009). For
example, surface warming has increased vegetation productivity in the
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century due to increasing aridity (Zhang et al., 2022). Considering
precipitation changes, there is evidence for a robust vegetation produc-
tivity response to mean precipitation and less so to other characteristics
of rainfall, such as rainfall intensity, intermittency and interannual
variability (Fatichi and Ivanov, 2014; Knapp et al., 2017; Paschalis
et al., 2020; Moustakis et al., 2022). Furthermore, numerous numerical
experiments have explored the response of terrestrial ecosystems to
elevated CO,, nitrogen deposition, and nutrient limitations at local and
global scales (De Kauwe et al., 2013; Zaehle et al., 2014; Fatichi et al.,
2016b).

So far, the climatic and environmental changes that occurred since
the 1960s have pointed to a global increase of terrestrial carbon
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sinks (Friedlingstein et al., 2025). Among terrestrial ecosystems, forest
ecosystems play a critical role in the global carbon cycle, with a
global forest sink of 3.5 Pg C y~! (Pan et al., 2024). As a result of
climate change and anthropogenic activities, these systems can evolve
over time. For example, forests can naturally regenerate in deforested
tropical regions and areas where agriculture has been abandoned,
greatly contributing to carbon sinks (Hooker and Compton, 2003;
Kuemmerle et al., 2011; Voicu et al., 2017; Williams et al., 2024). While
tropical and deforested areas receive much attention, the response
of the ecosystem carbon cycle to climate change in fast-changing
environments, such as where glaciers are rapidly retreating and forests
are taking over, has received less attention and can represent a hotspot
of carbon accumulation.

Mountain regions like the Swiss Alps are warming faster than other
land areas and the global average (Rangwala and Miller, 2012). Ecosys-
tems in the Alps have already shown a high sensitivity to changing
environmental conditions and are expected to be highly vulnerable to
future climate change (Portner et al., 2022). For example, glaciers have
been receding since the 1850s (Zemp et al., 2006), which leads to the
establishment of terrestrial ecosystems (Bosson et al., 2023), and are
projected to diminish by 50% by 2100 (Zekollari et al., 2019). Annual
runoff from glacier melting reached a maximum around 2006 and has
since been steadily declining (Huss and Hock, 2018), leading to glacier
melt-deficit droughts (Brunner et al., 2023). This water deficit, together
with robust evidence of a reduction in water availability due to snow
cover loss (Rumpf et al., 2022), has the potential to considerably affect
the local fauna and flora (Losapio et al., 2021; Tu et al., 2024). The
shift in the terrestrial environments not only affects the hydrological
cycle but also has substantial biogeochemical and ecological implica-
tions (Bosson et al., 2023), including alterations of the carbon cycle in
the Alps.

Glacier retreat exposes new terrain for soil development (Musso
et al., 2020), accompanied by plant colonization and succession in the
deglaciated area (Fischer et al., 2019). This can lead to fast vegetation
expansion as reported in the European Alps where rapid growth of
forests was detected (Thom and Seidl, 2022), providing space for stor-
age of organic carbon (Trautmann et al., 2023), and thereby increasing
carbon fluxes. Soil formation related to glacier retreat has been one
of the carbon sinks and increases over time, mainly accumulating
carbon as soil organic carbon (SOC) (Diimig et al., 2011; Khedim
et al., 2021). Warming and earlier starting of the growing season
favors spring CO, assimilation (Rogger et al., 2022). This higher rate
of storing more carbon leads to an increased net ecosystem carbon
balance, which has accelerated exponentially over the past decades
in glacier forelands (Smittenberg et al., 2012). While many studies
have focused on soil carbon accumulation in glacier foreland ecosys-
tems (Egli et al,, 2010; Diimig et al., 2011; D’Amico et al., 2015;
Khedim et al., 2021; Xing et al., 2022; Liu et al., 2024), there is still
limited understanding of the full carbon cycle in these ecosystems.
Although a shift toward higher carbon storage is observed in soils over
time (Egli et al., 2010; Diimig et al., 2011; D’Amico et al., 2015),
the complete carbon cycle, including other carbon pools and their
future capacity to increase sink capabilities, is not fully understood yet.
Elucidating whether glacier-related ecosystems currently act as carbon
sinks, or if they will become carbon neutral or even carbon sources in
the future is crucial to ecosystem management and to inform climate
change mitigation actions.

Here, we assess and characterize the joint impact of climate change
and glacier retreat on carbon dynamics considering soil development
and forest expansion. To this end, our numerical modeling focuses on a
fast-retreating alpine glacier in Switzerland as a case study. We employ
a weather generator model to enable climate simulations at an hourly
scale and estimate how climate uncertainties cascade into carbon flux
estimations on a glacier foreland in the Ferpécle catchment, Swiss
Alps. Invoked by two greenhouse gas emission scenarios obtained from
climate models, the generated climate forcings then drive a mechanistic
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Fig. 1. A flowchart describing the data and methods employed to assess changes in
the carbon cycle due to soil and vegetation dynamics following glacier retreat under
climate change. The number next to each data or process refers to the relevant sections.

ecohydrological model to compute the time series of carbon uptake and
storage from 1981 to 2099. We address the following research ques-
tions: how do carbon storage and carbon balance vary with ecological
succession and soil development? Which environmental factors control
the variations in carbon balance in deglaciating ecosystems? As a final
point, we discuss the potential contribution of proglacial areas to car-
bon absorption in the Alpine domain at the national scale, considering
Switzerland’s objective to reach net-zero emissions by 2050.

2. Study area, data, and methods

The present and future carbon dynamics in the Ferpécle proglacial
area were investigated in several steps illustrated in Fig. 1. Infor-
mation on the present and future climates was first collected and
fed into a weather generator model to generate multiple realizations
of downscaled present and future hourly climate time series, which
were later used to quantify uncertainties associated with future carbon
storage. These climate time series were subsequently employed to drive
a mechanistic ecohydrological model to analyze the changes in carbon
pools and fluxes. In the following, a detailed description of the study
area, data, and models used is presented.
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Fig. 2. The Ferpécle catchment in the Swiss Alps: (a) location and (b) landscape; main species in this catchment: (¢) Larix decidua, (d) Rhododendron ferrugineum, (e) Vaccinium

myrtillus, and (f) Poa alpina.
2.1. Study area

We focused our numerical experiments on the proglacial ecosystems
of the Ferpécle catchment, Swiss Alps (Fig. 2a). This area consists of
several glacier forelands, where substantial proglacial activities occur,
resulting from the retreat of two main glaciers: Ferpécle and Mont
Miné. During the Little Ice Age, these two glaciers coalesced, occu-
pying the entire Ferpécle catchment up to around 1800 m a.s.l (see
their extents in Fig. 2a) (Lambiel, 2021). They separated in the early
1960s, although glacier retreat was briefly interrupted by a short period
of growth in the 1970s and 1980s (Lambiel, 2021). Between 1973
and 2023, the glaciers receded by 1274 m, losing 17.5% of their
size. The Ferpécle catchment is an ideal study area due to its well-
monitored glacier retreat activities, ongoing biodiversity monitoring,
and its representation of a typical fast retreating alpine glacier.

From the current glacier position to the former frontal Little Ice
Age’s position, the moraine shows clear evidence of typical spatio-
temporal evolution of soil development, plant colonization, and eco-
logical succession (Lambiel, 2021). The study area is dominated by the
Arolla gneiss, a coarse-grained metamorphic rock primarily composed
of quartz, feldspar, and mica. In addition to Arolla gneiss, other meta-
morphic rocks present include eclogites, serpentinites, and calcschists.
The main soil type is Leptosols, dominated by coarse mineral fractions
(sand and gravel) with minimal clay content at its early development
stage. It is generally thin and rocky, consisting of glacial till, weathered
metamorphic material, and morainic deposits. Plant diversity initially
increased after glacier retreat, along with an increase in soil organic
matter (SOM) and soil nutrients (Charles et al., 2024). Over more
than 120 years, the soil acidified, the carbon to nitrogen (C/N) ratio
rose, and plant diversity and composition changed. Pioneer herbaceous
plants were quickly replaced by coniferous forests (Charles et al.,
2024). The main plant species are Larix decidua (trees; a European
larch), Rhododendron ferrugineum (evergreen shrubs; alpenrose), Vac-
cinium myrtillus (deciduous shrubs; European blueberry), and Poa alpina
(grass; alpine bluegrass), occupying 13.1%, 8.1%, 6.1%, and 32.7% of
the study area, respectively (Table S5 and Fig. 2c-f).

2.2. Data
Climate variables representing the present climate (1959-2022)

were obtained from the ERA5 hourly climate reanalysis product (Hers-
bach et al., 2020) to estimate the parameters of the AWE-GEN model

(Section 2.3) and run the T&C model (Section 2.4). Data include time
series of cloud cover, precipitation, atmospheric pressure, near-surface
relative humidity, shortwave radiation, near-surface air and dewpoint
temperatures, and 2-m wind speed, and were derived from the grid cell
covering the study area (45.9-46.1 °N and 7.4-7.6 °E). Due to its large
geographic coverage, ERA5 data needed to be bias-corrected using local
observations (Alves et al., 2021). To that end, we collected climatic data
from MeteoSwiss automatic weather stations located in the vicinity of
the Ferpécle catchment: precipitation from the Bricola station, air and
dewpoint temperatures and wind speed from the Arolla station, and
shortwave radiation from the Zermatt station (see the location of the
stations in Fig. 2a) for the corresponding period.

Future climate (precipitation and air temperature) data were ob-
tained from 10 regional climate models (RCM) that compose the official
CH2018 climate scenarios for Switzerland (Fischer et al., 2022). Data
cover the 1981-2099 period and include both the historical simulations
as well as two greenhouse gas emission scenarios (RCP4.5 and RCP8.5).
In addition, observed and projected atmospheric CO, concentrations
were also derived from two sources: historical data for the period
1959-2014 from the CMIP6 product (Meinshausen et al., 2017), and
future data for the period 2015-2099 from Cheng et al. (2022).

Vegetation fractions were obtained from the Swiss Federal Statisti-
cal Office for the years 1985, 1997, 2009, and 2018 (Table S5). Soil
organic carbon (SOC) content was determined using a CHNS Elemental
Analyser for soil samples collected from the top 10 cm of soil after
removing stones (>5 cm) and the organic layer, expressed as a percent-
age of the initial, oven-dried soil mass (Charles et al., 2024), and was
converted to units of carbon per area (Section S1). Sentinel-2 L2 A data
were downloaded to retrieve leaf area index (LATI) with a high spatial
resolution of 30 m using SNAP toolbox (Weiss et al., 2016).

2.3. The AWE-GEN model

The stochastic Advanced WEather GENerator (AWE-GEN) model
(Ivanov et al., 2007; Fatichi et al., 2011) combines physical information
and statistical approaches to reproduce a comprehensive and realistic
set of meteorological times series at the hourly resolution, including
precipitation, air temperature, cloud cover, relative humidity, wind
speed, and solar radiation. The model captures the diurnal cycle and
properly represents extreme climatic events such as heavy precipita-
tion, and therefore can be used to downscale and bias-correct climate
reanalysis data available at coarser resolution to a local scale (Fatichi
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et al.,, 2021; Ramirez et al., 2023). AWE-GEN can be also used to
adequately describe the natural climate variability (also known as
internal or stochastic climate variability) through the simulation of a
large ensemble of realizations for a given climate (Fatichi et al., 2016a).
Furthermore, AWE-GEN can be re-parameterized to simulate future
climate using factors of change obtained from climate models (Fatichi
et al., 2013), thus allowing the investigation of how climate change
impacts future eco-hydrological systems and the quantification of their
uncertainties (Moustakis et al., 2022).

2.4. The T&C model

The Tethys-Chloris (T&C) model (Fatichi et al., 2012) is an hourly-
scale mechanistic ecohydrological model that simulates the exchanges
of water, energy, and carbon among the atmosphere, vegetation, and
soil. It is a grid-based model that can be implemented from a single
plot (Fatichi et al., 2014) to the catchment and to large regional
scales (e.g., Mastrotheodoros et al. (2020)). The vegetation components
can accommodate horizontal and vertical composition of vegetation
to replicate the coexistence of high- (i.e., trees) and low-vegetation
(shrubs and grass) layers. The vegetation dynamics describe the plant
life cycle including photosynthesis at the hourly scale and phenology,
carbon allocation, and tissue turnover at the daily time scale. The soil
column can be partitioned into multiple layers to solve for infiltration,
ground evaporation, root water uptake and more generally for variably
saturated flow dynamics. The model also well represents hydrological
fluxes and energy fluxes, such as net radiation, latent and sensible
heat fluxes (Fatichi et al., 2012; Mastrotheodoros et al., 2017; Manoli
et al.,, 2018; Botter et al., 2021; Paschalis et al., 2024). The T&C
model has been extensively calibrated and validated in Alpine environ-
ments (Fatichi et al., 2014; Mastrotheodoros et al., 2019, 2020; Botter
et al., 2021) (Table S4) and we have used a similar parameterization
as that previously reported.

Given the vital importance of soil properties (e.g., soil carbon,
and soil nutrients) in the ecosystem carbon cycle, this study explicitly
considers the soil biogeochemistry (BG) module (Fatichi et al., 2019).
This module possesses various components, including litter generation
and turnover, the carbon and nutrient budgets of litter and soil organic
matter subdivided into functional components, soil macrofauna, and
the supply of primary minerals through rock weathering. The biogeo-
chemical fluxes are solved at a daily time scale. The T&C-BG model
has been employed to quantify changes in grassland productivity in
a changing climate in the Alps (Botter et al., 2021) and China (Pang
et al., 2023). Here, we used it to explore the responses of the ecosystem
carbon cycle under different climate scenarios in the Swiss Alps as
explained in the experimental design.

2.5. Experimental design

This section describes how AWE-GEN and T&C models were set
up to simulate carbon storage for present and future climates. First,
the ERAS data from 1959 to 2022 were bias-corrected based on the
observed data from the weather stations: precipitation was adjusted by
applying a quantile mapping method, air and dewpoint temperature
were de-biased using a delta monthly differences approach, and wind
speed and shortwave radiation were bias-corrected considering the
ratio between the observed and ERA5 data. Relative humidity was
calculated using the bias-corrected air and dewpoint temperature along
with atmospheric pressure, as ERA5 hourly data on single levels do not
provide relative humidity directly. The bias-corrected data was driven
T&C model without deactivating the BG module to adjust vegetation pa-
rameters based on values from previous studies (e.g., Mastrotheodoros
et al. (2020) and Botter et al. (2021)). Then, these time series were
repeated to extend them into a single realization of one thousand years
representing the statistics of the present climate. We ran the T&C model
with this extended period to enable soil nutrient accumulation from a
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starting point of minimal soil carbon concentration in the study area.
Exploring different soil parameter sets, we found the best one (Table
S6) that mimicked the measured SOC and its changing rates.

We defined the reference climate as the period between 1981 and
2010. Our rationale for choosing this period is that we require a 30-year
continuous climate data block to conduct robust statistical analysis, as
well as that the Swiss official CH2018 scenarios, used later to look
at future periods, are beginning in 1981. The AWE-GEN model was
calibrated for this period using the bias-corrected ERA5 data. The
remaining ERAS data for the years 2011-2022 were used to validate
the AWE-GEN model’s ability to simulate meteorological variables.

To simulate the future period (2011 to 2099) with the AWE-
GEN model, we divided this timeframe into nine overlapping sub-
periods, each spanning three decades (i.e., 1991-2020, 2001-2030
... 2071-2100), and employed the factors of change (FC) approach
(Fatichi et al., 2013) to compute the changes in statistics of precipi-
tation and air temperature for these sub-periods in comparison with
the reference period. Factor of change for precipitation (FCp,) was
calculated on a monthly basis:

RCM . FUT

P month

FCpr = — M REF W
month

where Pr'ﬁocrxf UT is the monthly precipitation statistic from a given

regional climate model (RC M) from the CH2018 climate scenarios for
a given future period (FUT), and Prﬁacnffl’REF is the monthly precipi-
tation statistic from a given RCM for the reference period (REF). In
the case of air temperature, FCr, was calculated in a similar manner,
but taking into account the difference in mean monthly air temperature
instead of the ratio:

_ RCM,FUT _ RCM,REF
FCT“ - Tamomh Tamomh : (2)

We note that the FC approach can account for changes in higher-
order statistics than simply the mean (e.g., standard deviation, kurto-
sis) (Peleg et al., 2019), and even if only the mean is altered, it will
cascade to impact other statistical aspects of the climate variable in
question, such as its extremes (Fatichi et al., 2013).

For each future sub-period, the 10 RCMs yielded 10 sets of FC
applied to the ERA5 data to obtain modified climate statistics represen-
tative of possible future pseudo-climates. Then, we re-calibrated AWE-
GEN and estimated its parameters across the nine future sub-periods. To
account for the uncertainties of future climate projections, we ran AWE-
GEN to stochastically simulate 10 realizations for each of the reference
and future periods (representing the natural climate variability), for
each of the two climate scenarios (emission scenario uncertainty), and
for each of the 10 RCMs (climate model uncertainty) (Fatichi et al.,
2016a). This resulted in a large ensemble consisting of 100 realizations
for each emission scenario spanning from 1959-2099. The FC for mean
precipitation and mean air temperature and the 5-95th percentile range
of the large ensemble are presented in Fig. 3.

The climate ensemble was used to drive the T&C model. The sim-
ulations were launched from 1959 to 1980 as a spin-up period, but
the outputs for this period were considered initialization and discarded.
The T&C model also required inputs of the projected changes in vegeta-
tion fractions in the study area, which were predicted by linear models.
First, soil chemical composition and physical components in the last
several decades were analyzed through principal component analysis
(Fig. S1), identifying two dominant factors that affect vegetation frac-
tions, which is the time since glacier retreat (ice-free years) and the
C/ N ratio. Then, based on the time series of these two dominant factors
and the monitored vegetation fractions (Table S5), linear models were
set:

Frorest = 0:0036 - e +0.015 - x¢ /= 52-107° ©)]

_ 000 +0.63-xc /N, =68
fgrass - grass ’ (4)
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Fig. 3. (a) Factor of change for mean precipitation (FCp,, blue line) with its 5-95th percentile range (shaded area) for RCP4.5, (b) factor of change for mean temperature (FCr,,
orange line) with its 5-95th percentile range (shaded area) for the RCP4.5 scenario. (c¢) and (d) are the same as (a) and (b) but for RCP8.5.

fbare — e—0.023~x,‘-me+0.03’ 5)
fech =0.57-(1- fforext - fgrass - fhare)’ (6)
fdecS =043- (] - ffarest - fgraxx - fbure)7 (7)

Where froests forasss Fhares fevess @nd fyp.s are the fractions of the
area covered by the forest, grass, bare land, evergreen and deciduous
shrubs (respectively), x,,, is the ice-free years, x¢, N fores and x¢, Nerass
are the C/N ratios of forest and grass (respectively). To project the
future vegetation fractions, we extrapolated these linear relations to the
future, and the future C/N ratios were derived from the T&C model
simulations.

To investigate the spatial heterogeneity of the ecosystem carbon
cycle in response to the dynamics of vegetation cover and soil devel-
opment, four distinct locations along a chronosequence were selected,
representing soil ages of 23, 60, 90, and 142 years of 2022 (Fig. 2a).
These sites capture the transitions from recently deglaciated areas to
more developed ones, allowing for an assessment of how the ecosystem
carbon cycle evolves with soil formation and vegetation succession
using the T&C model. The simulations started in 2022, aligning with
the determination of soil ages in that year.

Last, a sensitivity analysis was conducted to assess the factors
controlling the variations in carbon uptake and storage. The control
scenario (CT) referred to the ensemble run as described above, i.e., in-
cluding the time series of the present and projected precipitation, air
temperature, and atmospheric CO, concentration with the BG module
activated in the T&C model. The additional scenarios included: STa
- no changes in air temperature (i.e., FC;, was not applied and air
temperature retained the same as the 1981-1990 period in the future
climate); SPr — no changes in precipitation in the future; SCO2 — no
changes in atmospheric CO, concentration, with current concentration
levels maintained; SBG — the BG module was deactivated (i.e., soil
biogeochemistry processes did not play a role in plant growth and
physiology, and plants were considered in equilibrium with their nutri-
ent environment) while all other climate variables were changed. We
quantified the differences in carbon uptake at the end of the simulations
between the control and the other four scenarios to mark the relative
contribution of each factor. In the sensitivity analysis, we used net
primary production (N P P) instead of net ecosystem production (N EP,
see next) to represent carbon uptake by plants, as NEP cannot be
computed when the BG module was deactivated.

Table 1

Summary of the sensitivity analysis scenarios. Plus symbols indicate that future climate
scenarios have been included in the simulation, while “current levels” indicate that the
variable is maintained at the same level as in 1981-1990. Check marks indicate soil
biogeochemistry processes (BG module) play a role in plant growth and physiology,
but “Deactivated” indicates plants are considered in equilibrium with their nutrient
environment.

Scenario Ta Pr CO, BG module
CT + + + v
STa Current levels + + v
SPr + Current levels + v
SCO2 + + Current levels v
SBG + + + Deactivated

2.6. Metrics for ecosystem carbon balance

Net ecosystem production (N EP) measures an ecosystem’s net
carbon accumulation rate (terrestrial biomass, soil organic matter, and
litter), where positive values indicate that the ecosystem acts as a
carbon sink. In the absence of disturbances and lateral C transport,
N EP can be simplified as the balance between carbon gain and loss for
ecosystems (Chapin et al., 2006), such as the deglaciating ecosystems:

(8

where NEP is defined as the carbon gain that is expressed by the
gross primary production (G P P), minus the total ecosystem respiration,
composed of the autotrophic respiration (RA) and the heterotrophic
respiration (RH).

NEP ~GPP - (RA+ RH),

3. Results
3.1. Models evaluation

We begin by evaluating the AWE-GEN’s ability to simulate reference
climate statistics and the T&C model’s ability to reproduce vegeta-
tion dynamics. Here, we report the monthly comparison of the key
climatic drivers affecting vegetation: precipitation, air temperature,
shortwave radiation, and relative humidity. The monthly precipitation
during the calibration period 1981-2010 is well reproduced by AWE-
GEN (Fig. 4a), with a bias of only —0.047 mm between the mean
of the simulations and bias-corrected ERA5 data. We go beyond the
traditional evaluation procedure by comparing the observed ERA5
data from 2011-2022 with the simulated data of the two emission
scenarios. Observations and simulations are less closely matched during
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Fig. 4. Comparison of simulated monthly precipitation (a and b) and air temperature (c and d) with bias-corrected ERAS5 data during the calibration 1981-2010 and validation
period 2011-2022, which already includes climate perturbations with factors of change. The vertical bars represent the 5-95th percentile range.

Table 2

The measured and simulated SOC storage and accumulation rate for 0-25 cm soil depth in Ferpécle.

Soil age (y) Measured SOC

Simulated SOC

Value (gC m~2)

Rate (gC m~2 y1)

Value (gC m~2) Rate (gC m~2 y1)

60 2333 -
90 3051 24
142 3746 23.2

2412 -
3324 30.4
4157 27.8

this period (Fig. 4b), as expected, but the biases remain small (-1.81
mm for RCP4.5 and 0.19 mm for RCP8.5). Similarly, the monthly air
temperature is highly consistent with the bias-corrected EARS5 values
for both the calibration and validation periods (Fig. 4c—d). The bias
in air temperature for the 1981-2010 period is as low as —0.63 °C
and remains in the same order for the year 2011-2022 (-0.72 °C).
Biases for shortwave radiation and relative humidity for the calibration
period are also in the acceptable range of 22.99 W m~2 and —0.04,
respectively, presented in Fig. S2.

We used the leaf area index (LAI) and soil organic carbon (SOC)
to evaluate the T&C model’s performance. LAl is a key variable that di-
rectly affects plant photosynthesis and respiration. Due to image quality
limitations, the modeled LAI is compared to Sentinel-2 LAI data only
between June and September (i.e., during the growing season) from
2019 to 2023, with mean values of 2 and 2.6 m? m~2, respectively. The
23% difference in the simulated LAI is within a reasonable range due
to uncertainties in remote sensing products, the differences in spatial
resolution and the extent between the Sentinel-2 data and the study
area. The measured and simulated SOC for soil depths of 0-25 cm are
presented in Table 2. The simulated SOC accumulation rate is roughly
consistent with the measurements, in the order of 25 gCm~2 y~!, with
an overestimation of 9%.

3.2. Vegetation dynamics

The projected changes in the fractions of bare soil and vegetation
types (grass, shrubs, and forests) derived from the linear regression
models are presented in Fig. 5a. While bare soil has predominated
the study area in recent decades, enhanced soil development due to

glacier retreat enabled vegetation to take over, reducing the fraction
of bare soil below 15% already today in the study area as defined in
the “red box” (Fig. 2a). A diverse mixture of shrubs gradually occupies
the unvegetated areas and encroaches on grasslands. Simultaneously,
coniferous forests are projected to steadily grow and shade out shrubs,
leading to shrubs’ decline from mid-century. Ultimately, soil and en-
vironmental conditions enable forests to quickly dominate, and are
projected to reach over 75% coverage by the end of this century — a
growth of 25% from the current level.

The changes in vegetation fractions and climate influence the an-
nual and seasonal leaf area index (LAI) (Fig. 5b). Annual average LAI
increases until mid-century in both climate scenarios, and then levels
off under RCP4.5 to almost three times its initial level in the 1980s
(i.e., an increase from 0.5 to 1.5 m2? m~2). In contrast, under RCP8.5,
LAI continues to rise even after the mid-century, albeit at a slower rate,
at the end of the century reaching a level that is four times higher than
the 1980s.

3.3. Soil and plant nutrients

Soil organic nutrients (nitrogen and phosphorus) in mineral soils
accumulate with increasing soil age (Fig. 6a). Since the 1980s, these
nutrients are projected to experience a rapid build-up to continue
accumulating till the end of the century under both climate scenarios,
as the soil is continuously developing. Soil organic nitrogen is projected
to increase by 1.5 times (from about 200 to 350 gN m~2), while soil
organic phosphorus will double its values (from about 40 to 80 gP m~2)
by the end of the century in comparison to the 1980s values (Fig. 6a).
Their contents remain fairly stable throughout the year (not shown).
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Fig. 5. (a) Vegetation fraction and (b) annual average leaf area index (LAI) during 1981-2099 under RCP4.5 and RCP8.5, respectively. Shaded areas indicate the 5-95th percentile

range.

Mineral available nutrients, derived from soil inorganic nutrient
pools, primarily include available nitrogen and available phosphorus
(Fig. 6b). From the beginning of the simulation until the late 2030s,
available nitrogen has been decreasing and then stabilizing in both
climate scenarios. Conversely, available phosphorus increases consid-
erably from 0.78 gP m~2 in 1980 to 1.78 gP m~2 in the end-century,
which is a relatively high increase rate. We note that ecosystems in
proglacial areas are initially limited by phosphorus at the early stages
of primary succession (Goransson et al., 2016; Darcy et al., 2018).
However, as soil continues to develop, the dominant nutrient limitation
gradually shift toward nitrogen at the late successional stages (Yang
et al., 2021; Zhang et al., 2021).

Plant uptake of mineral nutrients (nitrogen and phosphorus; Fig. 6¢)
is regulated by both soil organic matter decomposition, plant nutrient
demand, and plant tissue nutrient concentration. Plant nutrient uptake
increased equally until mid-century in both scenarios, after which it
is higher in RCP8.5 than in RCP4.5. Overall, mineral available phos-
phorous is relatively high, likely due to a model limitation, but still
the phosphorous uptake remains reasonably accurate, as this process is
modulated by plants.

3.4. Ecosystem carbon cycle

After quantifying the changes in vegetation patterns and soil nu-
trients following glacier retreat, we investigated the evolution of the
ecosystem’s carbon balance. The changes in vegetation, soil (mainly
refers to the mineral soil), and litter carbon pools (overlap with the
organic layer) are presented in Fig. 7. Mean simulated carbon pools
during 1981-2020 are 1215 (vegetation), 2684 (soil), and 857 (litter)
gC m~2, increasing respectively to 2014, 3693, and 1018 gC m~2 by
mid-century for the two climate scenarios examined. After that, in the
absence of disturbances, these pools exhibit contrasting patterns: veg-
etation carbon continues to rise rapidly (with RCP8.5 having a higher
trend than RCP4.5), soil carbon increase slowly (with a similar trend in
both RCPs), and litter carbon stabilizes (less under RCP4.5 than RCP8.5,
probably because more decomposition at higher air temperature keeps
pace with more litter production).

The temporal dynamics of the key carbon-balance variables (N E P,
RH, RA, and GPP) are presented in Fig. 8. As one can expect,
vegetation productivity and respiration are rising with time, but while
stabilization is reached in RCP4.5 by mid-century, the positive trend
continues in RCP8.5 toward the end of the century. Autotrophic respi-
ration (Fig. 8c) is much larger than heterotrophic respiration (Fig. 8b)
without considering fauna in this region as the ecosystem is still young
and aggrading. Both respiration fluxes become more comparable after
the mid-century in RCP4.5, but not in RCP8.5. The net carbon accu-
mulation in the ecosystem (N EP; Fig. 8a) is positive over the whole
period under both RCP scenarios, implying the ecosystem consistently
functions as a carbon sink. Carbon sink levels remain largely stable for
RCP4.5 (around 24 gC m~2 y~1) but increases largely to around 55 gC
m~2 y~! by end-century for RCP8.5.

3.5. Carbon dynamics across the glacier foreland

The pronounced spatial heterogeneity of the ecosystem carbon cycle
in the glacier foreland is illustrated in Fig. 9. All carbon pools have
remarkable increasing trends toward the end of the century for soils
younger than 60 years (Fig. 9e,f). In contrast, in soils that are longer
exposed (i.e., > 90 years, Fig. 9g,h), the soil carbon and litter carbon
pools remain stable from 2060 to 2099, while vegetation carbon pools
rise even when approaching the end-century. Similarly, the key carbon-
balance variables (RA, RH, and G P P) rise rapidly in the young parts
even after mid-century (Fig. 9a,b), while they either increase slowly or
stabilize in old parts of the landscape (Fig. 9c,d). However, the absolute
carbon sink level increases along the chronosequence, from 18 to 58 gC
m™2 y‘l, values at the end of the century (Fig. 9a-d). Except for the
23-year-old soil sites, the carbon sink capacities are relatively stable
during the 2022-2099. As the very young soil only occupies a small
proportion of the foreland, the dynamics presented in Fig. 9c can be
considered as generally representative of carbon budget in the study
area.

4. Discussion
4.1. Ecosystem carbon cycle changes following glacier retreat

The simulations presented here show that fast forest expansion will
result in considerable changes to the carbon stocks (Fig. 7), with the
greatest changes potentially occurring in vegetation pools (Fig. 7a) that
are projected to reach 5 kg m~2 by end-century under the RCP8.5
scenario. Although our estimates are for relatively young, still-growing
forests, they are consistent with those expected for mature Alpine
forests. In mature mixed larch forests in the Alps, vegetation excluding
coarse roots can store carbon between 6.61 and 16.3 kg m~2 (Risch
et al., 2008; Nagler et al., 2015; Brandli et al., 2020; Canedoli et al.,
2024), indicating that forest carbon intake can be further increased
in the study area. We show that litter carbon pools largely overlap
with the organic layer, increasing from 0.6 to 1 kg m~2 over time
— while in mature larch forests, carbon in the organic horizons can
have even higher capacity, ranging from 0.71 to 4.76 kg m~2 (Nagler
et al., 2015; Canedoli et al., 2024). The simulated content of soil carbon
stocks is between 6.5 g C kg1 (for soil aged 50-year) to 13.3 g C
kg1 (soil aged 140-year), which is consistent with other studies in
the Alps (Egli et al., 2010; D’Amico et al., 2015). Moreover, in our
simulations, in the successional forest, carbon stocks in living biomass
are lower than in soil but increase with time due to enlarged tree
biomass (Fig. 7), and absence of simulated major disturbances, which
aligns with values reported in other studies (Thuille and Schulze, 2006;
Hiltbrunner et al., 2013; Guidi et al., 2014). Also, litter carbon pools
level off after mid-century, but soil carbon increases slowly, as sites for
storing physiochemically protected mineral associated organic carbon
might decrease, especially in a coarse texture soil, preventing faster
SOC content changes (Fang et al., 2015).
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Fig. 7. Annual values of: (a) vegetation carbon pools (Veg C), (b) soil carbon pools (Soil C), and (c) litter carbon pools (Lit C) during 1981-2099 under RCP4.5 and RCP8.5.

Vertical bars represent the 5-95th percentile range.

Plant photosynthetic rates have been increasing equally under dif-
ferent climate scenarios until mid-century, after which they vary as
higher warming promotes larger GPP that leads to higher leaf area,
promoting GPP increase even further (Street et al., 2007; Li et al.,
2019). Although both GPP and RA have upward trends, plant car-
bon use efficiency (CUE), which is one minus the ratio of RA to
GPP (Manzoni et al., 2018), exhibits a slight downward trend under
both scenarios. This is because CU E tends to decrease with forest ages
and even more so with air temperature (Delucia et al., 2007; Luo et al.,
2025). Carbon loss from heterotrophic respiration is increasing with
warming, driven by higher litter inputs, greater microbial biomass,
and overall higher litter decomposition at higher temperatures (Wang

et al., 2014; Nissan et al., 2023). Using our simulations, soil respiration,
excluding aboveground litter respiration, at mature soils (> 110 years)
was estimated to be about 200 gC m~2 y~! (Fig. 8b), comparable to
160 g CO,-C m~2 y~! in the nearby Damma glacier foreland (Guel-
land et al., 2013). When warming stimulates vegetation productivity
more than litter decomposition and SOM oxidation in an ecosystem,
carbon storage increases, forming a carbon sink (Cao and Woodward,
1998). The carbon sink rate of 24 gC m~2 y~! (RCP4.5, Fig. 8a) in
Ferpecle proglacial area coincides with other findings, such as the Swiss
Damma (Smittenberg et al., 2012) and Norwegian Brggger (Nakatsubo
et al., 2005) glacier forelands, where carbon accumulated approxi-
mately 20 gC m~2 y~1. Under RCP8.5, the carbon sink rate gets larger
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Fig. 8. Annual carbon balance: (a) net ecosystem production (NEP), (b) heterotrophic respiration (RH), (c) autotrophic respiration (RA), and (d) gross primary production (GPP)
during 1981-2099 under RCP4.5 and RCP8.5. Vertical bars indicate the 5-95th percentile range.

at 55 gCm~2 y~!, as a result of air temperature and CO, concentration
stimulating forest growth in these expanding ecosystems.

4.2. Driving mechanisms

Exploring the response of the ecosystem carbon cycle to changing
environmental conditions (Fig. 10), we discover that increasing air
temperature dominantly enhances carbon sink levels in glacier foreland
ecosystems, contributing to a 28% increase in N PP (Fig. 10a,b). This is
likely attributed to earlier snowmelt and a longer growing season (Rog-
ger et al., 2022), which supports higher LAI to sustain productivity (Li
et al., 2019). In comparison, elevated atmospheric CO, concentrations
only account for 6% of N PP increase, with soil nutrient limitations
suppressing CO, fertilization effects (Fleischer and Terrer, 2022). Since
these regions do not experience water scarcity (Filippa et al., 2019),
precipitation changes have a negligible impact on NPP increase. In
contrast, soil nutrient limitations directly result in a 42% change in
N PP, which indicates that nutrients play a key role in improving
carbon sinks in the proglacial areas. GPP changes react similarly to the
different factors (Fig. 10c).

Similar findings have been identified in other alpine ecosystems. At
an alpine treeline, climate warming rather than the rising atmospheric
CO, level drove changes in the net CO, uptake rates, as treeline trees
are not carbon limited (Wieser et al., 2019). However, in high alpine
environments, CO, enrichment accelerated carbon cycling, leading to
consistently increased carbon fixation, soil respiration, and dissolved
organic carbon (Héttenschwiler et al., 2002; Dawes et al., 2013). During
the process of wood encroachment, low temperature, instead of precip-
itation, served as the main limiting factor for vegetation N PP (Pellis
et al., 2019). In nutrient-limited areas, insufficient nutrient availability
might considerably constrain the carbon sink capacity (Goll et al., 2012;
Wieder et al., 2015; Terrer et al., 2019).

4.3. Uncertainty estimation
We foresee that by the end of the century, NEP values would be

around 24 gCm~2 y~! for the RCP4.5 and 55 gC m~2 y~! for the RCP8.5
(Fig. 8). Considering the internal climate variability and the climate

model uncertainty, we can quantify the uncertainty range (i.e., the
5-95th percentiles) around these estimates to be in the order of + 18
and + 11 gC m~2 y~! for the RCP4.5 and RCP8.5, respectively (Fig.
8). The level of uncertainty dictated by the various climate scenarios is
relatively constrained, which enhances the degree of confidence in the
N EP shifts.

Our analysis, however, does not consider several aspects (beyond
climate) that may affect uncertainty estimations. First, we only con-
sidered the natural growth of plants in the conversion of bare soil,
grass, and shrubs to forests; i.e., changes in vegetation fractions are
limited to those types of vegetation currently present in the study area.
Second, vegetation parameters, while constrained from observations
in previous studies, are assumed to remain constant with a changing
climate; several studies have shown that climate warming might alter
plant functional traits (Mastrotheodoros et al., 2017; Bjorkman et al.,
2018; Zhu et al., 2020; Wei et al., 2023). Third, we did not include
any type of disturbance beyond background mortality, however, while
infrequent in these Alpine ecosystems natural disturbances can be a
noteworthy component of the carbon cycle (Pugh et al., 2019).

4.4. Increasing carbon sinks in Alpine proglacial areas and their implica-
tions

Glacier shrinkage and the consequent development of post-glacial
ecosystems due to climate change represent some of the fastest ongoing
ecosystem shifts (Bosson et al., 2023), characterized by rapid soil
development and active plant colonization (Ficetola et al., 2024) and
resulting in changes to the carbon dynamics of the newly deglaciated
areas. Our findings support these statements and indicate that the
ecosystems in the proglacial area we explored are projected to enhance
their function as carbon sinks with climate change, with a rate stabiliz-
ing in the middle of the century (RCP4.5) or increasing up to the end
of the century (RCP8.5).

Switzerland currently emits around 11.74 Mt C y~! (Kemmler et al.,
2021). The Swiss government has targeted reaching net-zero emissions
by 2050, by reducing emissions from various sectors such as trans-
portation, energy, and industry (Thalmann and Vielle, 2019; Kannan
et al., 2022; Panos et al., 2023). Removing the natural intake of carbon
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in Switzerland, and the projected reduction in the energy, household,
industry, and transportation emissions by 2050, implies that Swiss
emissions should be further reduced by 3.19 Mt C (Kemmler et al.,
2021) to reach the government goals.

Based on these premises, we assess the maximum potential contribu-
tion of carbon sinks emerging from proglacial areas in the Swiss Alps
in the mid-century. Currently, there are around 161 large glaciers in
Switzerland (Fig. 11), occupying an area of 961 km? in total. A few
extreme assumptions are made: we assume that under the most extreme

10

climate scenario (RCP8.5), all glaciers in the Swiss Alps will entirely
disappear by 2050, that the N EP rate for mid-century computed for
Ferpecle (Fig. 8) is representative for all proglacial areas in Switzerland,
that forests are taking over in all locations similar to what projected
above, and that the changes in climate conditions in all proglacial areas
are similar as in our study area. With these assumptions, we compute
the maximum potential carbon absorption by the ecosystems in all
proglacial areas in 2050 to be 0.029 Mt C y~!. Essentially, even in the
absence of major disturbances, forest expansion in former glacier areas
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will result in an increase in carbon sequestration that is only a drop
in the ocean; just 0.9% of the carbon storage that is required to meet
the net-zero emission target in Switzerland. Compared to current net
CO, removals by Swiss forests at around 0.545 Mt C y~! (Réthlisberger
et al., 2024), this only accounts for 5.3%. However, when considering
the total forest area at around 1.32 x 10° ha (Brindli et al., 2020), the
carbon sink rate translates to 41.38 gC m~2, which is comparable to
the rate in deglaciated ecosystems. This limited carbon absorption ca-
pacity underscores the necessity for much more comprehensive climate
actions, such as the transition to renewable energy sources, to achieve
the net-zero target.

5. Conclusions

The results of this study, which employs a mechanistic ecohydro-
logical model with a biogeochemistry module to compute carbon pools
and fluxes from 1981 to 2099, show complex responses of the carbon
cycle to a rapidly changing environment in a proglacial area located in
the Swiss Alps. Following glacier retreat, newly exposed terrain allows
for soil development and plant colonization. Plant growth experiences
rapid accumulation of biomass, with NEP fluxes stabilizing after mid-
century. Soil organic nutrients and plant nutrient uptake continue to
rise by mid-century. Due to vegetation succession and soil development,
the carbon stored in vegetation, soil, and litter is increasing, espe-
cially before mid-century, and only vegetation pools keep increasing
rapidly thereafter. These changes will result in enhanced vegetation
productivity, ecosystem respiration, and net ecosystem production. The
ecosystems in the proglacial area are acting as carbon sinks, with sink
strength potentially continuing to rise toward the end of the century,
varying based on the climate change scenarios: around 24 + 18 gC m—2
y~!in RCP4.5 and 55 + 11 gC m~2 y~! in RCP8.5. Using Switzerland
as a case study, we examined the implications of such increases in
carbon storage on the national carbon budget. Even when extrapo-
lating and generalizing these carbon sink rates assuming the most
extreme case where all glaciers in Switzerland will be entirely disappear
by mid-century, the maximum carbon absorption only accounts for
0.9% of Swiss carbon intake required to reach net-zero emissions. This
highlights the limited potential of newly formed ecosystems to buffer
against rising atmospheric CO,, unless additional mitigation measures
are implemented.
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