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Abstract. Peatlands play a crucial role in regional water balance and carbon dynamics but are often degraded due
to drainage and agricultural use. In Germany, many drained peatlands have shifted from carbon sinks to CO, sources.
Rewetting these ecosystems is therefore essential to restore their ecological functions and mitigate greenhouse gas
emissions. However, effective rewetting requires a detailed understanding of peatland hydrology and its response
to climatic and management conditions. To address this need, this study employs a fully coupled surface—subsurface
hydrological model (HydroGeoSphere) to analyze the complex hydrological functioning of a typical degraded fen
peatland site (11.6 ha) in Brandenburg, Germany. The model-based quantification of hydrological fluxes is basis for
assessing peatland vulnerability to climate variability and land use while providing a hydrological baseline for future
evaluation of rewetting strategies. The studied peatland is connected to a regional aquifer and intensively drained
by a system of ditches. Simulations used daily meteorological inputs and detailed field measurements from 2015 to
2023. Evapotranspiration (ET) was parameterized using field-measured vegetation dynamics (seasonal leaf area
index and management schedules), while measured ditch water levels served as hydraulic boundary conditions. The
site was spatially divided into different management units with distinct vegetation parameters. The peat profile was
represented by two layers (a 0.3 m highly degraded surface peat overlying a 0.7 m less degraded layer) overlying
sand (aquifer) and till (aquifer base). The model was evaluated from different angles against eddy covariance ET and
groundwater table dynamics during a calibration period (2016—2020) and a validation period (2021-2023) using a
multi-metric approach. The model successfully reproduced seasonal water-table fluctuations and ditch—peatland
interactions, including ET-driven hydraulic gradient dynamics between summer and winter. Simulated ET closely
matched eddy covariance measurements, with RMSE values of 64 mm yr~', 10.2 mm month™, and 1.01 mm d’, and
showed only minor biases during dry conditions, while over the year seasonal dynamics of ET were also well captured
by the model. The model reproduced groundwater variations with sufficient accuracy, achieving KGE values of 0.80—
0.85, NSE of 0.83-0.86, and RMSE of 0.15 m during calibration and validation. The analysis of seasonal and
interannual water-storage changes showed pronounced shifts between hydrological surplus and deficit,
demonstrating that drained fens are highly sensitive to evapotranspiration demand and prolonged drought. The

modeling approach captured key hydrological processes with high robustness. The modelling framework provides a
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hydrological baseline and a basis for future assessment of peatland rewetting measures. These findings support

ongoing restoration initiatives on drained peatlands in Europe.

1. Introduction

Peatlands rank among the most efficient terrestrial ecosystems for long-term carbon sequestration, holding nearly
one-third of global soil carbon despite representing only about 3% of the Earth's land surface. Around 10% of
Europe’s land area, and approximately 5% of Germany’s land area are covered by peatlands (Page et al., 2011; Xu et
al., 2018; Tanneberger et al., 2021; BMUV, 2021). The specific microclimatic conditions, organic-rich soils and high
water tables within peatlands are the basis for a specific flora and fauna (Millar et al., 2018; Li et al., 2019). In
Germany, peatlands have stored carbon amounts comparable to those in the country’s forests. However, more than
90% of these peatlands have been drained, and over 95% are now considered degraded, primarily due to agricultural
land use, making them significant sources of greenhouse gas emissions (Joosten & Tanneberger, 2017; Tanneberger
et al., 2021). The regional hydrological effects caused by peatland drainage are rarely quantified, despite their
recognized importance for climate change mitigation and adaptation strategies. These drained ecosystems currently
release an estimated 53 million tons of CO,-equivalents annually, corresponding to roughly 7% of Germany’s total
anthropogenic emissions (BMUV, 2021). This hydrological degradation not only amplifies greenhouse gas emissions
but also disrupts essential ecological functions. At the process level, biogeochemical cycles in peatlands are tightly
linked to water-table dynamics which controls oxygen availability and drives organic matter decomposition (Tfaily
et al., 2013; Khaledi et al. 2024). In addition to the carbon storage functions, peatlands play an essential role in
regulating local and regional hydrological cycles. Some peatlands in Europe can help to maintain water tables, and
to buffer hydrological extremes (Karimi et al., 2025). They influence groundwater discharge and streamflow
dynamics through their water-retentive capacity. Despite the central role of water storage dynamics in controlling
peatland functioning, quantitative assessments of seasonal and interannual storage change in peatlands remain rare
(Bourgault et al., 2017). Most studies focus on water-table variability or individual flux components, while the full
water-balance partitioning, including lateral exchanges with ditches and groundwater systems, has received limited
attention. Besides drainage and land use, climate change, including rising temperatures and shifting precipitation
patterns intensified peatland vulnerability. Simulations by McLaughlin et al. (2021) indicate that under severe
warming scenarios, peatlands may lose a significant portion of their carbon sink capacity due to drying and enhanced
peat decomposition. Swindles et al. (2025) demonstrate that higher summer temperatures across European
peatlands increase decomposition and carbon release unless water tables are maintained near the surface, further
highlighting the vulnerability of these systems under warming and water scarcity. Restoring the natural hydrological
function of peatlands through rewetting has therefore become a central goal of environmental policy and research
(Ekardt et al., 2020; Chen et al., 2023; Meyer-lirshof et al., 2025).

Although climate variables, particularly precipitation, temperature and solar radiation (through evapotranspiration),
are primary drivers of peatland hydrology, understanding and managing the hydrological behavior of drained and
rewetted peatlands requires accurate, spatially explicit representations of surface—subsurface water interactions
and boundary conditions of the water balance. However, modeling such ecosystems remains challenging due to
several factors such as the high spatial variability in vegetation, water management and anthropogenic interventions

(drainage, pumping, and water level regulators such as weir), complex feedback between evapotranspiration and
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shallow groundwater, seasonally shifting ditch—peatland interactions, and soil heterogeneity with compacted
organic layers over mineral substrates. Recent lysimeter modeling in degraded peat has shown that ignoring such
heterogeneity (e.g., by using unimodal parameterizations) leads to overestimation of water storage and dampened
water-table dynamics, whereas dual-porosity representations better capture observed fluctuations (Davies et al.,
2024). Modelling tools are essential for disentangling these drivers. Many previous studies have used statistical or
conceptual models to relate water levels to meteorological variables (e.g., Okkonen & Kléve, 2010; Ballard, et al.,
2011; Binet et al., 2013; Bertrand et al., 2021). While these models can predict typical seasonal fluctuations, they
struggle to simulate extreme droughts or capture feedback among vegetation, soil hydraulics and surface water.
Traditional physically based hydrological models often decouple surface and subsurface processes or oversimplify
vegetation—atmosphere interactions, limiting their ability to simulate water dynamics in such complex settings
(Paniconi & Putti, 2015). Hence, fully coupled surface—subsurface models are necessary to resolve the complex

interactions governing peatland hydrology.

HydroGeoSphere (HGS) is a fully integrated, physically based model that simultaneously solves the
three-dimensional Richards equation for variably saturated subsurface flow together with two-dimensional surface
flow equations, enabling explicit representation of vertical heterogeneity, lateral exchanges with rivers or ditches,
and spatially variable vegetation and management practices (Ala-aho et al., 2017, Hwang et al., 2018). Furthermore,
HGS enables spatially distributed parameterization of vegetation and land cover, making it particularly suitable for
peatlands where agricultural management practices such as mowing or grazing strongly influence
evapotranspiration and soil moisture dynamics. Despite its strengths, HGS remains underutilized in peatland studies
as its application requires long-term hydroclimatic data and high-resolution land use information for validation.
Recently, Renaud et al. (2025), used a 2D cross-sectional transect to model water-table dynamics, which simplified
the computational setup but inherently neglected three-dimensional fluxes parallel to the river. Moreover,
vegetation parameters such as leaf-area index and root depth were not measured on site but derived from literature,
so the model did not capture dynamic vegetation growth or land-management variations. By addressing these
limitations through field-measured vegetation data and a fully parameterized 3D model setup, this study offers a

more realistic simulation of peatland hydrological processes.

This study presents a coupled surface—subsurface hydrological model for a degraded fen peatland that provides a
basis for future assessment of potential rewetting measures under different climatic and hydrological conditions.
Our objectives are (i) providing optimized parametrization for a better understanding of peatland hydrological
processes under different climate conditions and land management pressures (ii) considering all relevant water
fluxes between groundwater, surface water and atmosphere within a fully-integrated modeling, and (iii) quantifying
the specific contributions of precipitation, evapotranspiration, inflow, outflow and water storage change to the
water balance of the peatland site. The insights support the design and adaptation of effective rewetting strategies

in the context of a sustainable preservation of peatlands in the future.
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2. Methodology

2.1. Case Study

The study site represents a degraded fen peatland located near Paulinenaue in the federal state of Brandenburg,
northeastern Germany (Fig. 1a). The peatland, including its surrounding drainage ditches, covers an area of
approximately 11.6 ha. It has been extensively drained through a network of ditches that maintain water levels below
the surface during the vegetation period for agricultural grassland production. The water levels and drainage rates

in the ditches are controlled by small weirs.

The land cover is permanent grassland, composed primarily of a few grass species such Phalaris arundinacea, Elymus
repens, Alopecurus pratensis, Poa spp., and Juncus spp., which were identified through botanical surveys. Vegetation
dynamics and management patterns were characterized by in-situ Leaf Area Index (LAI) measurements collected
seasonally from 2015 to 2020. The peatland is divided into eight management units, each with distinct mowing and
grazing schedules (as an example, see Table S1 in Supplement, showing the management units and plant growth
stages in year 2015). Groundwater levels inside and outside the study site have been recorded daily since 2015.
Observations suggest that the peatland site and its surrounding groundwater are hydraulically connected to a larger
regional aquifer system (Fig 1c). An eddy covariance station in the middle of the study site has been operational since

2014 to measure land—atmosphere exchanges, including evapotranspiration (Fig. 1b).

At the surface, the site is covered by a peat sequence consisting of a more compact, strongly decomposed upper
layer underlain by a thicker layer of less degraded peat, both of which play a central role in regulating water storage
and flow (Fig. 3). Beneath the peat, the topsoil consists of silt to fine sand, followed by a saturated zone of medium
to coarse sand with an average thickness of about 10 m. According to the Brandenburg geological database
(Geologischer Dienst, Landesamt fiir Bergbau, Geologie und Rohstoffe Brandenburg), the geological base (bedrock)

is composed of till with clay lenses, which forms the lower hydrological boundary (Fig. 5).
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Fig. 1. Location of the study site in northeastern Germany (a), and positions of the eddy covariance towers,
piezometers, and ditch water level measurement within the site, and the order of management units (b),
groundwater fluctuations in and outside of the study site since 2015 (c). Background satellite imagery: © Microsoft

Bing Maps.

Daily values of precipitation, net radiation, soil heat flux, temperature, wind speed, and relative air humidity were
measured as part of the station eddy covariance2 at the study site (Fig.1b, eastern site). The data were used for
calculating the potential evapotranspiration (ET) with the FAO Penman—Monteith method (Allen et al., 1998).
Annual precipitation over the study period (2015-2023) ranged from a minimum of 299 mm in 2018 to a maximum
of 640 mm in 2017 (Fig. 2). Annual ET, averaged is roughly 710 mm, with the highest value of 829 mm in 2018 and
the lowest of 594 mm in 2021 (Fig. 2). The pronounced water deficit in dry years (e.g., 2018, 2019, 2020, and 2022)
reflects meteorological drought conditions where ET, substantially exceeded precipitation during the growing
season. Such deficits are known to promote peat desiccation, increase oxidation, and accelerate carbon losses. These
climatic patterns are particularly critical for the hydrology of drained peatlands, as summer deficits exacerbate

groundwater drawdown.
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2.2. Eddy Covariance Tower

The eddy station on the study site (eddy covariancel in Fig. 1b) is equipped with an Irgason CO2/H20 open path

analyser (Campbell) for measuring the wind components and the water content of the air with a frequency of 10 Hz.

A CNR4 sensor (Kipp & Zonen) measured the shortwave and longwave downwell and upwell radiation components

6
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so that the net radiation can be calculated as the difference between the components. Three soil heat flux plates
(Huxeflux) measured the ground heat flux at 8 cm depth. The heat stored in the layer above the heat flux plates was
calculated on the basis of the measured soil temperature and volumetric water content above the plates and soil
properties (organic matter content, volumetric heat capacity) by the approach of de Vries (1963) described in
Liebethal and Foken (2006). All data were stored on a CR3000 data logger (Campbell).

The software package TK3 was used for the post-processing of the 10 Hz raw data (Mauder and Foken, 2015). All
data were checked for their quality and validity following the Foken evaluation system (Foken and Wichura, 1996,
Foken, 2008a). The data were aggregated to 30-minutes values. Only data sets fulfilling the quality requirements
were used in the following steps of the data processing. The gap of the energy balance as sum of net radiation, soil
heat flux, latent and sensible heat flux was closed using the Bowen ratio method (Foken, 2008b; Foken et al, 2006;
Mauder et al., 2018; Twine et al., 2000). At the end of the post-processing the data were aggregated to daily values
and the actual evapotranspiration was calculated based on the latent heat flux. Eddy covariance estimates of
evapotranspiration are subject to uncertainties arising from instrument accuracy, energy-balance closure issues,
footprint variability, and gap-filling procedures (Foken, 2008b; Mauder et al., 2018). Data gaps were filled with data
from a neighboring station (eddy covariance2 in Fig. 1b). The data of the neighboring station were processed in the

same way as the data of station 1.

2.3. Leaf Area Index (LAI)

Leaf Area Index (LAI) measurements were collected in the study area using a SunScan Canopy Analysis System (Delta-
T Devices, UK) at multiple locations within each of the eight management units. Measurements were taken across
different months and seasons between 2015 and 2020 to capture seasonal vegetation dynamics and the influence
of distinct management practices such as mowing and grazing. The resulting LAl time series provided spatially and
temporally distributed information on canopy development, which was directly integrated into the HGS model to
parameterize vegetation-dependent processes such as evapotranspiration and interception. LAl is a key variable in
peatland hydrological modeling because it governs canopy resistance, influences transpiration rates, and modulates
the partitioning of energy fluxes between latent and sensible heat. For the simulation period 2021-2023, when direct
LAl measurements were unavailable, management schedules and seasonal patterns from the corresponding earlier

years were assumed, based on consistent agricultural practices at the site.

2.4. Hydrologic Numerical Model

The HGS model was used to develop a fully integrated, physically based hydrological model of the fen peatland. HGS
solves the three-dimensional Richards equation for variably saturated porous media together with the diffusion-
wave approximation of the Saint-Venant equations for surface water flow, using a control-volume finite element
approach (Therrien et al., 2010). This integration allows a dynamic representation of surface—subsurface exchanges,
interception, infiltration, evapotranspiration, and lateral groundwater—ditch fluxes. The model domain represents
the degraded fen peatland and its surrounding drainage ditches (Fig. 5). The vertical domain extends to a depth of
nearly 12 m, representing three geological layers: (i) two peat layers showing different degrees of peat degradation
(around 1 m), (ii) a middle to coarse sand layer (saturated/unsaturated), and (iii) glacial till with clay lenses as the
geological base. The model mesh consisted of 2,490 nodes and 4,523 triangular elements with refined vertical
discretization near the surface. Mesh quality indicators confirmed robustness, with aspect ratios (mean 1.6), edge
ratios (mean 1.2), minimum internal angle (mean 30.8°, SD 2.6°) and maximum angle (mean 70.0°, SD 4.7°). Avoiding

7
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high aspect ratio and extreme angles is critical for numerical convergence in finite element modeling. At the land
surface, daily precipitation and potential evapotranspiration (ETo) were applied as Neumann fluxes. Along the
perimeter of the model domain, observed ditch water levels were imposed as fixed head (Dirichlet boundary) to
represent the regionally controlled drainage network. Missing ditch-water-level observations were filled using linear
interpolation between the nearest available observations. A no-flow condition was applied at the till-clay base,
which acts as the lower geological boundary. To establish realistic initial states, the year 2015 was used as a spin-up
phase to bring the model to hydrostatic equilibrium before the analysis period starts. Boundary and initial conditions

are summarized in Table 1.

2.5. Hydraulic Properties of Peat Layers

Peat soils’ hydraulic conditions differ markedly from mineral soils due to their high organic content, large pore space,
and variable degree of decomposition. Intact peat typically has very high porosity and strong water-holding capacity,
but drainage and agriculture use cause compaction and oxidation, which reduce porosity and saturated hydraulic
conductivity. The soil profile in Paulinenaue is represented by two peat layers with contrasting degrees of
degradation (Fig. 3). The upper degraded peat (=30 cm depth) was parameterized with a lower porosity (8s = 0.70)
and reduced saturated conductivity (Kx = Ky = 0.5 m d™"; Kz = 0.1 m d™), reflecting compaction and reduced vertical
flow pathways (Fig. 3). A relatively steep van Genuchten a (1.5 m™) was applied to capture its rapid desaturation
when the water table drops. In contrast, the less degraded lower peat layer was assigned a higher porosity (6s =
0.80) and higher conductivity (Kx = Ky =3 m d™'; Kz =0.3 m d™"), consistent with its fibrous structure and larger pores.
The van Genuchten a (0.75 m™) and B (1.7) values represent its higher water retention capacity, keeping water
available under moderate suctions (Fig. 4, ranges based on Wallor et al., 2018, and Wallor et al., 2018; Liu, H. and

Lennartz, B., 2019; Renaud et al., 2025). Hydraulic properties of the peat layers are summarized in Table 2.

Table 1. Boundary and initial conditions applied in the HydroGeoSphere model.

Boundary / Condition Representation in Model Description / Notes

Top boundary Neumann flux Daily precipitation and ET, (from DWD station)
Ditches (lateral) Dirichlet boundary (fixed head) Observed ditch water levels applied around perimeter
Bottom boundary No-flow Till/clay base considered impermeable

Spin-up / Initialization Hydrostatic equilibrium (year 2015) One warm-up used before analysis period

Table 2. Peat hydraulic properties



Layer K(md™) Os [m3m3] o (m?) B(-) Residual Saturation

Kx,y Kz
Upper degraded peat 0.5 0.1 0.7 1.5 1.2 0.05
Lower less degraded peat 3 0.3 0.8 0.75 1.7 0.15
223 . K: Hydraulic conductivity
224 . Os: Porosity
225 o a: Van Genuchten parameter
226 . B: Van Genuchten parameter
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229 Fig. 4. Soil water retention curves for upper degraded peat (a = 1.5, f = 1.2) and lower less degraded peat (a = 0.75,
230 B=1.7).
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Fig. 5. 3D view of the HydroGeoSphere model domain. (a) Subset of the irregular triangular surface mesh
representing the peatland topography, with colors indicating layers of different hydraulic properties. (b) Cross-

sectional view of the model layers illustrating the internal mesh and geological structure.

2.6. Evapotranspiration Parameterization

Evapotranspiration in the model is represented through parameterizations for transpiration, evaporation, and
interception processes. The evapotranspiration parameterization is summarized in Table 3. Transpiration was
governed by three fitting constants (C1—C3) that control the ratio of actual to potential evapotranspiration (AET/ETo)
following the Kristensen & Jensen (1975) framework. With C1 = 0.4 and C2 = 0.10, AET/EToincreases linearly with LAI

from a baseline of 0.10 and reaches 1.0 at LAl = 2.3-2.5. Although the observed seasonal maximum LAl in the fen
10
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grassland is around 7, this parameterization reflects the assumption that full ETo is typically achieved at moderate
canopy densities and further increases in LAl do not substantially raise transpiration. C3 = 2.0 defines the soil
moisture stress response, producing a gradual increase in AET/ETo between the wilting point (6 = 0.1) and field
capacity (6 = 0.4), so that transpiration is reduced under drought but recovers smoothly after rewetting (Fig. 6).
Transpiration limiting saturations were set to 0.1 (wilting point), 0.4 (field capacity), 0.95 (oxic limit), and 1.0 (anoxic
limit), reflecting the ability of fen grasses to remain physiologically active in wet soils but to become constrained
under both drought and oxygen stress. Evaporation limiting saturations were 0.1 (minimum) and 0.4 (maximum).
Thus, evaporation is suppressed under dry conditions but occurs at full potential once the upper soil layer contains
moisture. An evaporation depth of 0.40 m was specified, representing the active soil layer contributing to
evaporation, while root uptake was parameterized with a maximum depth of 0.40 m and a quadratic decay function
to simulate dense surface rooting and sparse rooting at depth. A canopy storage parameter of 0.01 and initial
interception storage of 0.0 were included to account for short-term retention of precipitation on plant surfaces. This
parameterization ensures that the model captures the interaction between vegetation structure, soil water
availability, and atmospheric demand, while distinguishing between vegetation-driven transpiration, soil

evaporation, and open-water evaporation from ditches.

Table 3. Evapotranspiration parameterization used in the HydroGeoSphere model.

Parameter Value (unit) Notes / Role in Model

Transpiration fitting constants

C1 0.4 Controls slope of AET/ET, increase with LAl
2 0.1 Baseline evaporation fraction, present even at low LAl
c3 2.0 Soil-moisture stress sensitivity

Transpiration limiting saturations

Wilting point 0.1 Below this, transpiration ceases

Field capacity 04 Maximum transpiration occurs between FC and oxic limit
Oxic limit 0.95 Plants remain active under near-saturated conditions
Anoxic limit 1.0 Plants inactive due to oxygen stress

Evaporation limiting saturations

Minimum saturation (ez) 0.1 Below this, evaporation ceases

Maximum saturation (e;) 0.4 Above this, full evaporation occurs

11



Evaporation depth 0.40 (m) Depth of soil layer contributing to evaporation

Root uptake

Root depth 0.40 (m) Maximum rooting depth of fen grassland

Root distribution Quadratic decay Denser roots near surface, fewer roots at depth

Canopy & interception

Canopy storage parameter 0.01 Maximum temporary canopy water storage
Initial interception storage 0.0 No initial interception storage
258 . LAI: Leaf Area Index
259 ° ET: Evapotranspiration
260 . AET: Actual Evaporation
261 . ETo: Potential Evaporation
262 ° FC: Field Capacity
263
264
AET/ET, as function of LAl (C1=0.4, C2=0.10) AET/ET, as function of soil moisture (C3=2.0)
1.0 1.0 :
0.8 0.8
© 0.6 = 0.6 i
{11] (1) |
E I :
w L !
<€ << |
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265

266 Fig. 6. Reduction functions for AET/ETo used in HydroGeoSphere with C1 = 0.4, C2 =0.10 and C3 = 2.0. Left: effect of
267 LAI; Right: soil-moisture stress between wilting point (6 = 0.1) and field capacity (6 = 0.4).
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2.7 Model calibration and validation

The HGS model was calibrated against observed groundwater levels and eddy covariance evapotranspiration
measurements using an iterative manual calibration procedure. An automated calibration was not feasible because
of the computational demands of the fully coupled HGS simulations. Model parameters were adjusted manually
within physically realistic ranges reported in the literature for degraded and less degraded peat soils (Wallor et al.,
2018a; Liu and Lennartz, 2019; Menberu et al., 2021; Renaud et al., 2025) until satisfactory agreement with the
observed groundwater dynamics and evapotranspiration was achieved. The calibration focused primarily on peat
hydraulic properties and evapotranspiration parameters. During the calibration process, peat porosity (6s) and the
van Genuchten parameters a and B were identified as the most sensitive parameters controlling groundwater
fluctuations and water-storage dynamics. These parameters strongly influence soil water-retention characteristics
and therefore determine the availability of water for evapotranspiration and the response of groundwater levels to
climatic forcing. Saturated hydraulic conductivity also influenced model results, particularly the timing of
groundwater-level responses and lateral exchanges between the peatland and the surrounding ditch system. The
period 2016-2020 was used for calibration because it encompassed a broad range of hydrological conditions,
including both wet (2017) and dry years (2018), thereby providing a robust basis for parameter evaluation. The
period 2021-2023 was subsequently used for model validation. Model performance was assessed using a multimeric
framework including the Nash—Sutcliffe efficiency (NSE), Kling—Gupta efficiency (KGE), and root mean square error
(RMSE), as each metric has a specific hydrologic focus (Guse et al., 2019). For the evapotranspiration
parameterization, the Kristensen—Jensen coefficients (C1-C3) described in Section 2.6 were adjusted during
calibration to reproduce observed evapotranspiration dynamics.

2.8. Water Storage Changes

HGS applies evapotranspiration as a fully distributed process, with contributions from surface and canopy
evaporation as well as subsurface evaporation and transpiration acting on all nodal layers within the specified
evaporation and rooting depths. Because AET is implemented across multiple depth intervals, the resulting water
balance cannot be accurately derived from surface fluxes alone. Therefore, a volumetric, node-based accounting
approach was applied to quantify all inflow, outflow, and storage terms consistently across the 3D model domain.
Storage change (AS) was obtained from the nodal mass-balance output, which reports changes in fluid mass within

each control volume at each time step. It is calculated as follows:

AS = PCP + HI - AET - HO - Resid (1)
PCP: Precipitation

AET: Evapotranspiration

HI: Horizontal inflows

HO: Horizontal outflows

Resid: Nonlinear Newton residual

The sum of all vertical inflow and outflows between all layers is zero. Cumulative storage changes were then
calculated from these time-step values and plotted to evaluate seasonal and interannual storage dynamics. The
volumetric fluxes were divided by the total contributing nodal-control-volume area to provide depth-equivalent units
(i.e., mm day?).

13
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3. Results

3.1. Actual Evapotranspiration

Figures 7a,b compares simulated AET from the HGS model with observations derived from eddy covariance
measurements for the period 2015-2023 (excluding 2019 due to data gaps). At the annual scale, the model captures
the interannual variability of AET reasonably well, with simulated values ranging between 515 and 757 mm yr™’'
compared to measured values of 589—720 mm yr™". Years with relatively high and low observed evapotranspiration
(e.g., 2020 and 2022) are also reflected in the model output, resulting in a root mean square error (RMSE) of about
64 mm yr~'. At the monthly scale, the model reproduces both the magnitude and seasonal dynamics of AET, closely
tracking the observed annual cycles with higher evapotranspiration during the growing season (May—September)
and lower values during winter months. The agreement is strong (RMSE = 10.2 mm month™, NSE = 0.91, and KGE,
0.88), indicating that the model adequately represents both seasonal variability and interannual differences in
evapotranspiration, although slight underestimations are apparent in some autumn and winter months (e.g., year
2021). Notably, during the extremely dry year 2018 (annual precipitation around 300 mm yr™"), the largest
discrepancies occurred in the summer months, with the model overestimating evapotranspiration relative to the

eddy covariance observations.

Figure 8 shows model results of monthly variations of main AET components which are transpiration and evaporation
(from soil and canopy storage) for 2016—2023. Both components are lowest in winter and increase through spring,
peaking in summer. Transpiration dominates the growing season, often reaching 80—100 mm month™ in June—
August, whereas evaporation is smaller (about 5-30 mm month™) with short pulses after wet periods. Interannual
variability is evident in the amplitude and timing of both components. The strongest summer transpiration occurs in
2018, consistent with warm, dry conditions and high canopy demand. The high precipitation in June and July of 2017
and winter of 2018 increased water availability into the following growing season and supported canopy
development, with LAl around 7, yielding the highest transpiration rates in summer 2018. In contrast, 2021 shows
subdued transpiration for much of the year and several moderate evaporation pulses, indicating wetter surface
conditions. Evaporation peaks are most pronounced in early to mid-summer 2017 and in July 2021-2022, reflecting
precipitation events and enhanced soil or canopy wetness. In 2017 precipitation totals were high and the water table
often reached or exceeded the surface, indicating saturated peatland conditions; these conditions limited root
aeration and reduced transpiration, while sustained soil and canopy wetness enhanced evaporation. Overall, actual
evapotranspiration is transpiration-dominated in summer, while evaporation contributes a larger share during cooler

or wetter months and immediately following rainfall.
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Fig. 7. Comparison of simulated and observed actual evapotranspiration (AET) using HydroGeoSphere calculations

and eddy covariance measurements: (a) annual values (2019 excluded due to missing observations), and (b) seasonal

variability based on monthly data.
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Fig. 8. Seasonal dynamic of actual evapotranspiration components, (a) Transpiration, (b) Evaporation from soil water

and canopy storage (interception).

3.2. Groundwater Level

The HGS model successfully reproduced the daily dynamics of groundwater levels in the Paulinenaue fen site for the
period 2015-2023 (Fig. 9). Simulated water levels closely followed observed groundwater levels in the central
piezometer, capturing both seasonal fluctuations and interannual variability at daily resolution. The fit is strong, with
model performance metrics of NSE = 0.83, KGE = 0.80, and RMSE = 0.15 m during calibration period (2016-2020),
and NSE = 0.86, KGE = 0.85, and RMSE = 0.15 m, during validation (2021-2023). Observed ditch water levels were
consistently higher than simulated peatland groundwater levels during summer months and slightly lower during
winter, reflecting the seasonal inversion of hydraulic gradients between the ditch and peatland aquifer. This pattern

was well reproduced by the model, which captured both the summer drawdown of the groundwater table caused
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by high evapotranspiration and the winter recharge-driven rise. In addition, during the flood years in summer 2017,
in winter 2022, and in winter 2023, when water levels rose above the peat surface, the model correctly reproduced
the occurrence of surface inundation, confirming its ability to simulate both groundwater and overland flow
processes. Conversely, in summers where ditch water level data were unavailable and the boundary values were
linearly interpolated (e.g., 2018), the simulated groundwater level deviated from observations, underlining the
system’s sensitivity to accurate ditch boundary conditions. This sensitivity is further illustrated in summer 2021,
when two consecutive groundwater drawdowns occurred: the one with observed ditch data was captured better by
the model than the one interpolated ditch data. These results demonstrate that the parameterization of
evapotranspiration, ditch boundary conditions, and soil-surface coupling adequately represents the main
hydrological controls on groundwater and surface water dynamics in this drained fen system. To demonstrate that
model performance extends beyond the observation well, Figure 10 shows the simulated spatial dynamics of surface
inundation across the peatland during winter 2018. It captures the progression from widespread inundation in
January (Fig. 10a) to its disappearance by March (Fig. 10b), confirming the model’s ability to reproduce site-wide
hydrological responses including the extent, depth, and temporal evolution of surface inundation, not just point-
scale fluctuations. Figure 10 is interpreted as a physically consistent model prediction supported by groundwater

observations for that specific time period, rather than as a validated inundation map.

Daily Groundwater level
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Fig. 9. Observed and modeled dynamics of groundwater and ditch water levels in the Paulinenaue fen site for the
period 2015-2023.
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Fig. 10. Simulated water depth (m) dynamics on top of the peatland during winter 2018, showing gradual reduction

of surface water extent and depth from (a) 6" January to (d) 4" March. The sequence illustrates initial flooding and

the slow drop in water level over time.

Table 4. Model performance in simulating groundwater dynamic for calibration (2016-2020) and validation period

(2021-2023).

Performance measures

Calibration (2016-2020)

Validation (2021-2023)

KGE 0.80 0.85
NSE 0.83 0.86
RMSE 0.15 0.15
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3.3. Water Fluxes

The year 2017 represents a wet year (precipitation 640 mm year?) and the year 2018 an extremely dry year
(precipitation 299 mm year?) for the study region. Daily water fluxes (inflow, outflow, precipitation, and actual
evapotranspiration) from 1% January 2017 to 31°* December 2018 are shown in Figure 11. Daily inflow and outflow
show event-driven dynamics, with sharp outflow pulses after rainfall, especially in autumn and winter when
evapotranspiration is low (Fig. 11a). Inflow occurs mainly during summer, when AET-driven water deficits create
hydraulic gradients that generate flow from the ditches and adjacent aquifer into the peatland site. Outflow is higher
and more frequent in 2017 and smaller in 2018. The positive netflow (inflow - outflow) indicates that lateral

exchange via ditches and the aquifer supplied additional water to the domain during summer drawdown.

Simulated AET reproduces the timing and magnitude of the observed seasonal cycle, with summer maxima and
winter minima (RMSE = 1.01 mm day™", KGE = 0.70; Fig. 11b). The largest deviations occur during the extreme drought

of 2018, when the model slightly overestimates summer AET.

Figure 11c shows both simulated and observed groundwater levels, allowing a direct interpretation of how flux
variations shape water-table dynamics. Groundwater levels are well reproduced, with simulated heads closely
tracking observations and capturing seasonal rises, recessions, and most event-scale fluctuations (RMSE = 0.12 m,
KGE = 0.88, NSE = 0.92). During warm seasons, ditch water levels are generally higher than the peatland water table,
reflecting AET-driven drawdown of the groundwater level; the gradient between ditch and groundwater level and
the associated lateral inflow which are accurately captured by the model. During winter months the groundwater

levels are higher than the ditch water levels and outflow from the site to the ditch occurs (Fig 11a).

Figure 12 illustrates the strong coupling between the seasonal characteristic of the meteorological components of
the water balance and the water storage behavior of the study site reflected in groundwater dynamic. The wet
periods (summer/autumn 2017, autumn 2023) and the dry summer 2018 deviate significantly from the average
annual pattern. Within times with water levels above surface, inundated depressions act as important buffers

providing short-term storage (Fig. 12a).

The water storage of the site (Fig. 12a) follows this seasonal hydrological cycle. From December to February, water
storage increases, as precipitation and inflow exceeds evapotranspiration and outflow. From April onward, water
storage decreases, with the strongest decline in June—August (-60 to —120 mm month™), reflecting high evaporative
demand. Deviations from this normal behavior occur after periods of heavy rainfall. For example, the strongest
positive storage pulses, reaching values up to +80 to +100 mm month™, occurring during months with high

precipitation (June/July 2017) resulted in an inundation of large parts of the site.

The groundwater hydrograph (Fig. 12b) reflects the dynamic of the water storage of the study site. It shows the same
seasonal pattern as the water storage (Fig. 12a), with highest water levels occurring between December and
February and the lowest levels typically in June—September. Winter water levels frequently rise above 28 m a.s.l,,
while summer minima often drop 0.5-1 m below the winter peak (e.g., see the variation in 2022). The deepest
groundwater levels occur in the drought years of 2018 and 2022, whereas 2017, and 2023 show elevated water

tables associated with wetter conditions.

The average monthly water storage changes across all years (Fig. 12c) highlights the consistency of this seasonal
pattern. Autumn and winter months display predominantly positive storage changes with low variability, whereas
19
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spring and summer months exhibit consistently negative medians and a wide spread of values. June and July show
the strongest negative extremes due to the high stochasticity of precipitation. While the other water balance
components exhibit clear seasonal patterns, summer precipitation is irregular and dominated by long dry periods
without any precipitation and heavy rainfall events, causing a wider spread of water storage changes in these

months.

Water management measures can also lead to extreme water storage changes. For example, the pronounced
negative water storage change in February is the result of water management operations. Following the heavy
rainfall in June-July 2017, large parts of the study region remained inundated for several months. To reduce flooding,
the water authority lowered the water level in the main drainage channel (GroRer Havellandischer Hauptkanal),
which subsequently caused a regional decline in groundwater levels. These effects are also well reflected by the

model.
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Figure 13 summarizes the annual values of all water balance components (AET, precipitation, inflow, outflow, and
water storage change) for the period 2016—-2023. Precipitation and inflow represent the water supply and AET and
outflow the water consumption. A negative annual water-storage change indicates that end-of-year storage is lower
than at the beginning, implying that stored water was used to supply dry-year conditions. In contrast, a positive
storage change means that additional water was retained at the site, which typically occurs in wetter years. The
results illustrate the clear contrasts between wet and dry years, reflecting the combined influence of precipitation,
AET, and lateral exchange with the ditch—aquifer system. Years with above-average precipitation such as 2017 and
2023 resulted in positive annual storage changes, indicating that the peatland gained water over the hydrologic year
and maintained elevated groundwater levels. In contrast, the consecutive dry years of 2016, 2018 and 2019 show
negative annual storage, confirming a cumulative moisture deficit, progressive drying of the peat profile, and decline
in the groundwater level consequently. The years 2020-2022 have a neutral annual water balance, as groundwater

levels at the beginning and end of each year are nearly identical.

AET represents the dominant annual loss term in all years and varies strongly between wet and dry years. Only in
wet years like 2017 and 2023 do the precipitation have a similarly high level as AET. The highest AET totals occur in
2018, when atmospheric water demand was elevated. Although lateral inflow from the surrounding ditch—aquifer
system partially counterbalances these losses during summer drawdown, it is insufficient to compensate for the large
climatic deficits during extreme drought period. Conversely, in wet years, lateral outflow becomes more prominent
as high groundwater levels and winter recharge promote export of water from the peatland. Comparison of inflow
and outflow shows that the inflow is greater than the outflow. It underlines the dependency of the water balance of

the site from its catchment. This is typically for peatland sites under similar climatic conditions as our study area.

2016 2017 2018 2019 2020 2021 2022 2023

750
Inflow
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Qutflow
B ecr
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Fig. 13. Simulated annual sums of water balance components (AET: actual evapotranspiration, PCP: precipitation,

Annual fluxes (mm/yr)

inflow, and outflow, AS: water storage change)
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4. Discussion

4.1 Model performance and evapotranspiration dynamics

This study demonstrates that a fully coupled surface—subsurface model, based on extensive field measurements can
reproduce and explain the hydrological behavior of a degraded fen peatland under varying climatic and management
conditions. By calibrating and validating HGS over nine years of data, the model reproduced groundwater
fluctuations and evapotranspiration dynamics with high accuracy. The integration of field-based Leaf Area Index (LAI)
measurements and detailed land management schedules enhanced the realism of evapotranspiration
parameterization. While vegetation parameterizations are increasingly incorporated into ecohydrological models,
the use of field-based LAl measurements and management schedules remains relatively uncommon in fully coupled
surface—subsurface hydrological simulations. The explicit representation of vegetation dynamics is therefore a
distinctive aspect of this model setup. Nevertheless, slight seasonal mismatches occurred, particularly an
overestimation of AET during the extremely dry summer of 2018. While uncertainties associated with eddy
covariance evapotranspiration measurements may contribute to this discrepancy, the model generally reproduced
observed evapotranspiration dynamics well. Potential causes of the 2018 mismatch and implications for future

model development are discussed in Section 4.5.

The parametrization of transpiration in this study was tailored to reflect the behavior of fen grass species that
tolerate high water tables and oxygen stress. By allowing plants to remain physiologically active under near-saturated
conditions, the model reproduced a characteristic feature of peatland vegetation that is often absent in standard
hydrological models, which typically reduce transpiration under such conditions. This was particularly evident in
summer of 2017, when water levels were above the surface, yet transpiration still occurred, reflecting the ability of
fen species to maintain activity under saturated conditions. The current evapotranspiration parametrization applied
here works well for the existing vegetation composition and successfully reproduces observed fluxes under saturated
conditions. However, if rewetting is sustained over the long term, vegetation composition may shift, as shown by
Dietrich (2024) and Dietrich and Kaiser (2017), where wetter conditions favored the establishment of sedges with
different evapotranspiration dynamics compared to grassland species. This indicates that future hydrological
modeling should allow for updating or dynamic parametrization of vegetation to reflect such ecological changes and

ensure that evapotranspiration feedback remain realistically represented under prolonged rewetting.
4.2 Influence of peat hydraulic properties

The two-layer representation of degraded versus less degraded peat was critical for simulating vertical water storage
and fluxes and therefore groundwater dynamics. The compacted upper peat dried out quickly and drove rapid water-
table fluctuations, while the deeper, less degraded layer buffered water losses and sustained groundwater levels
during droughts. This pattern is consistent with field studies showing that the upper 20—30 cm of peat, which has
been significantly altered by drainage, is associated with an increase in bulk density and a decrease in porosity,
specific yield, and saturated hydraulic conductivity, while deeper peat often retains more of its original storage
capacity (Price et al., 2009; Menberu et al., 2021). If this vertical contrast is ignored, models tend to overestimate
water storage in the surface layer and keep too much water available for plants, which leads to an underestimation

of evapotranspiration sensitivity to drought. Similarly, homogeneous parameterizations often dampen simulated
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water-table rebounds, whereas layered or dual-reservoir approaches can reproduce the fast-rewetting response
seen in drained peatlands after rainfall (Binet et al., 2013). This effect has also been observed in lysimeter-based
modeling of degraded peat soils, where unimodal (homogeneous) parameterizations tended to overestimate soil
water storage and dampen water-table fluctuations compared to bimodal approaches (Davies et al., 2024). Capturing
this heterogeneity is therefore essential for realistically assessing evapotranspiration dynamics and the rewetting
potential of degraded peatlands.

Another important consideration relates to peat degradation effects on hydraulic properties. In this study,
anisotropic saturated hydraulic conductivity was implemented for both, the degraded upper and less degraded lower
peat layers. These parameters were kept constant throughout the nine-year simulation period. While this approach
is appropriate for capturing short- to medium-term dynamics, it is important to acknowledge that peat hydraulic
properties are not static, as long-term use of agricultural machinery leads to soil compaction. In addition, numerous
studies have shown that peat degradation processes — such as oxidation, compaction, and subsidence — lead as
well to marked changes in bulk density, porosity, and saturated hydraulic conductivity over time (Sherwood et al.,
2013; Morris et al., 2022). However, such changes generally occur much more slowly than the timescales considered
in most peatland management and rewetting studies. Typical peat accumulation rates in Europe are approximately
1 mm yr~' (Swindles et al., 2025), showing that significant recovery of peat-forming layers and associated hydraulic

properties requires very long time.
4.3 Ditch-groundwater interactions and water balance

The study confirms that ditch water levels consistently exceed groundwater levels during summer, leading to a water
flow from the ditch into the site. During winter, the direction of the gradient and consequently, the flow direction is
often reversed, reflecting seasonal variability. Capturing these shifts is only possible if the parametrization of
hydraulic exchange processes is appropriately implemented. The correct representation of ditch—aquifer
connectivity determines whether the model can reproduce both summer and winter dynamics. In addition,
evapotranspiration parametrization plays a central role in shaping these gradients over the year, since vegetation
water use strongly influences groundwater levels during summer. Therefore, accurate representation of AET demand
supports the model’s ability to simulate seasonal shifts in ditch—groundwater interactions. These dynamics, including
the occurrence of inundation during wet years, were well captured by the model. However, the sensitivity of
simulations to ditch boundary conditions (e.g., during periods with interpolated ditch water level data in 2018 and
2021) underscores the importance of reliable monitoring networks. By quantifying inflow, outflow, and
evapotranspiration, the model provided a detailed water budget. The results highlight the vulnerability of degraded
peatlands to climatic water deficits, especially during consecutive drought years (2018-2020). Future rewetting
strategies must account not only for precipitation variability but also for ditch—aquifer connectivity and vegetation-

driven demand.

The modeled water balance shows that the hydrological functioning of the drained fen is highly sensitive to both
seasonal and interannual climate variability. The system alternates between periods of net storage gain and net
storage loss because of the balance between precipitation inputs, evaporative demand, and the hydraulic
connections to the surrounding drainage network. Similar to observations in other degraded peatlands in Germany
(e.g., Ahmad et al., 2021), evapotranspiration emerges as the dominant control on water-table drawdown during
the growing season, even when groundwater levels remain shallow (e.g., April 2023). This strong atmospheric control
creates persistent hydraulic gradients toward ditches that reinforce lateral inflows during dry periods. The
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fluctuations between hydrological surplus and deficit reflect a characteristic vulnerability of drained fens: their long-
term water balance is not simply a function of annual precipitation, but of the interaction between evaporative
demand, soil hydraulic properties (such as porosity), and drainage boundary conditions. As noted in previous studies
(Price & Ketcheson, 2009; Sherwood et al., 2013), degraded surface peat with reduced specific yield intensifies water-
table variability, amplifying seasonal drying and limiting the system’s capacity to retain water during drought. This
behavior underscores a key challenge for rewetting efforts such as raising ditch water levels that alone may not be
sufficient to counterbalance increased evaporative demand under warmer climates, as also emphasized by Dietrich
(2024) and Davies et al. (2024).

4.4 Implications for rewetting and future management

Effective rewetting strategies therefore require measures that reduce drainage and enhance local water retention,
particularly during periods of high atmospheric demand. The validated modelling framework provides a physically
based basis for future evaluation of peatland rewetting measures. Although no explicit rewetting scenarios were
simulated in this study, the model captures the principal hydrological processes governing water-table dynamics,
including evapotranspiration, groundwater—ditch interactions, and water-storage changes. The results indicate that
successful rewetting is likely to depend not only on raising ditch water levels but also on maintaining sufficient water
availability within the wider catchment and reducing drainage losses during dry periods. Consequently, the model
provides a useful framework for future investigations of ditch management, water-retention measures, and climate-

change adaptation strategies in degraded fen peatlands.
4.5 Model limitations and future developments

However, the model results also show that mesh quality and refinement influenced convergence and stability,
especially in the heterogeneous peat—sand-till sequence. The finite element mesh avoided extreme aspect ratios,
yet further adaptive refinement could improve representation of sharp hydraulic gradients at ditch—peat interfaces.
Although topography in our peatland site remains largely stable, long-term degradation and compaction can lead to
subsidence and localized depressions as a result of human activities. In such cases, applying dynamic meshing
schemes, as recently proposed in HGS applications (Hwang et al., 2025), could be valuable. These approaches adjust
the computational grid to evolving surface conditions and may therefore improve long-term peatland simulations by

maintaining numerical stability and better capturing altered hydrological pathways caused by subsidence.

Another limitation relates to the evapotranspiration parameterization. Although the observed LAl of the fen
grassland reached values of approximately 7 during peak growing seasons, the Kristensen—Jensen evapotranspiration
formulation assumes that transpiration demand reaches its maximum at LAl values of about 2.3-2.5. Consequently,
increases in canopy density above this threshold do not lead to further increases in simulated transpiration. This
simplification may reduce the sensitivity of the model to interannual variations in vegetation development and
canopy structure. However, under the climatic conditions of the study site, evapotranspiration appears to be
constrained more strongly by water availability than by canopy density during extreme drought periods. For example,
during the summer drought of 2018, groundwater levels declined substantially and the peat profile dried out, limiting
root water uptake despite high vegetation productivity. Similar observations were reported by Dietrich et al. (2021),
who found that actual evapotranspiration remained below atmospheric demand because of insufficient water
availability. Therefore, the overestimation of AET in 2018 is more likely related to limitations in the representation

of drought-induced water stress and plant-accessible water than to the LAl parameterization itself. Future studies
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could investigate alternative canopy-resistance formulations that maintain sensitivity to high LAl values while also

improving the representation of drought stress under extreme conditions.

Additional uncertainty arises from the eddy covariance evapotranspiration measurements, peat hydraulic properties,
and boundary-condition data. In particular, uncertainties associated with energy-balance closure, gap-filling
procedures, and interpolated ditch-water-level observations may contribute to some discrepancies between
simulated and observed values. Although the model reproduced groundwater and evapotranspiration dynamics well
overall, these uncertainties should be considered when interpreting individual events and extreme drought periods.
Future climate change may increase the importance of these limitations. While shallow groundwater currently
supports high evapotranspiration rates in many fen systems, more frequent and prolonged droughts could result in
deeper groundwater tables and stronger soil-moisture limitations. Under such conditions, accurate representation
of plant-accessible water and drought-induced transpiration reduction may become more important than the
representation of canopy density alone. Consequently, future rewetting and climate-change scenario analyses would

benefit from improved representation of drought-induced water stress and plant-accessible water.

One of the model's great strengths is that it integrates all factors involved in the water balance of a peatland area
into a single model. It takes into account evaporation processes by vegetation parameters, vertical and horizontal
flow processes in the unsaturated and saturated soil zones, and the integration of water management facilities such
as ditches. The direct coupling of ditches and groundwater makes the model ideal for scenario analyses of water

management measures to improve water retention or peatland restoration.

While the model performed well at the field scale, scaling these insights to regional levels remains challenging due
to computational demand and the need for site-specific data (LAI, peat properties, ditch management, groundwater
dynamics). The approach nevertheless provides a benchmark for developing hybrid modeling frameworks that

combine physically based simulations with machine learning to extend results across larger peatland landscapes.

5. Conclusion

This study applied a fully coupled HGS model to investigate the hydrological functioning of a degraded fen peatland
under present climatic and management conditions. The model successfully reproduced groundwater fluctuations,
evapotranspiration dynamics, and ditch—groundwater interactions, which represent the key hydrological processes
governing the peatland water balance essential for accurately quantifying their contributions to the overall water
budget. Key to this achievement is the optimized parametrization of evapotranspiration processes, which not only
accounted for vegetation dynamics through measured LAl and management schedules but also incorporated the
physiological behavior of peatland plant species, capable of maintaining growth and transpiration under fully
saturated conditions. In addition, the explicit representation of the hydraulic properties of the layered peat structure
(degraded and less degraded) plays an important role, which allowed the model to capture rapid water-table
fluctuations and storage changes. The results emphasize that ditch—aquifer connectivity and water-consuming
vegetation strongly shape the dominant seasonal gradients between surface water and groundwater. Therefore,
correct parametrization of both exchange processes and evapotranspiration is essential to capture the observed
seasonal reversals in hydraulic gradients. Moreover, the assessment of seasonal and interannual storage changes

offers new insight into the long-term hydrological sensitivity of degraded fens. The marked alternation between
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water-storage gains in wet years and cumulative deficits during drought demonstrates the limited capacity of drained
peatlands to buffer increases in evaporative demand, even when shallow groundwater and lateral inflow provide
temporary support. This research provides a detailed framework for representing peatland hydrology and highlights
the importance of integrating vegetation—water interactions to accurately quantify water balance components. The
model establishes a robust hydrological modelling framework for future assessment of management interventions

aimed at sustainable peatland rewetting.
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