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Abstract. Vegetation and hydrology are tightly coupled: forest structure regulates evapotranspiration and soil moisture, while
water availability governs tree growth, mortality, and succession. Yet hydrological and dynamic vegetation models typically
maintain a domain-specific focus, limiting their ability to represent the feedbacks between forest dynamics and catchment-scale
water dynamics. We address this gap by coupling the distributed hydrological model mHM with the individual-based forest
model FORMIND, and apply the coupled framework (FORMIND-mHM) to the Selke river catchment in Central Germany,
a mixed deciduous catchment with approximately 40 % forest cover. We examine how explicit vegetation—water interactions
affect hydrological flux partitioning, and whether catchment-scale discharge carries exploitable information about stand-scale
gross primary production (GPP). The coupled framework achieved discharge performance comparable to stand-alone mHM
while substantially altering ET partitioning, shifting the transpiration fraction (E,/ET) from 0.50 in stand-alone mHM to 0.73
in the coupled framework, closer to observed ranges for temperate forests. Furthermore, a seasonal GPP—discharge relationship
emerged consistently across all gauges, demonstrating that river discharge carries information about forest productivity, an an-
alytical pathway accessible only through coupled modelling. FORMIND-mHM is therefore particularly suited to applications
where vegetation—water feedbacks are central, including long-term projections of forest dynamics under changing climatic

conditions.

1 Introduction

The vegetation and the hydrological cycles of landscapes are tightly coupled (Beaulieu et al., 2016). Forest structure and com-
position regulate evapotranspiration, interception, and soil moisture dynamics (Andréassian, 2004; Ellison et al., 2017), while
water availability governs tree growth, mortality, and successional trajectories (Allen et al., 2010; Choat et al., 2012; Wang
et al., 2019). These interactions and feedbacks are inherently bidirectional and operate across both short and long timescales
(Fatichi et al., 2016a; Wang et al., 2019). Understanding them is fundamental to predicting how forests and water balances

respond to environmental change.
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Well-established models exist for both domains and have been successfully applied across a broad range of research ques-
tions. Forest models are widely used to investigate forest properties such as carbon balance, tree size distributions, and succes-
sional dynamics, processes that are otherwise difficult to study due to challenges of spatial scale and observational timescales
(Bugmann and Seidl, 2022; Fischer et al., 2025). With increasing pressures from ongoing climate change, intensifying distur-
bance regimes, shifting societal demands on forest ecosystems, and growing challenges in reforestation and forest management,
forest models are used for addressing several pressing questions facing forest ecosystems today (Shifley et al., 2017; Bugmann
and Seidl, 2022; Seidl and Turner, 2022; Diaz-Yafiez et al., 2024). Hydrological models, in turn, are broadly applied for under-
standing water fluxes at the catchment scale, with applications ranging from flood forecasting to drought monitoring and water
resource management (Sahu et al., 2023). As climate change alters precipitation patterns (Drollinger et al., 2025) and intensi-
fies hydrological extremes (Boeing et al., 2025; Swain et al., 2025) while global water demand continues to grow (Wada et al.,
2013), hydrological models are increasingly relied upon to inform water management under conditions that differ substantially
from the historical record (Fatichi et al., 2016b).

However, due to their respective domain-specific foci, both forest models and hydrological models often come with comple-
mentary limitations that constrain their ability to represent the feedbacks between forest dynamics and catchment-scale water
cycling (Fatichi et al., 2016a; Wang et al., 2019; Zhang et al., 2023). While some global vegetation models, such as LPJml, are
being applied to examine hydrologic fluxes (Zaherpour et al., 2018), many stand-scale forest models use simplified representa-
tions of soil water dynamics. While vegetation structure and productivity are influenced by water availability, the hydrological
processes that determine soil moisture, including infiltration, drainage, and lateral redistribution, are rarely represented in more
detail (Fatichi et al., 2016a; Bugmann and Seidl, 2022). This potentially limits the ability of forest models to capture how ver-
tical and catchment-scale heterogeneity in soil moisture constrains tree water uptake and growth, particularly under conditions
where water availability is a primary driver of forest dynamics. Hydrological models, conversely, often simplify plant—water
interactions, relying on empirical methods to calculate potential evapotranspiration and prescribing static values of leaf area
index (LAI) as a proxy for vegetation. Ecophysiological processes such as photosynthesis, transpiration, and respiration are
integral to the hydrological cycle and highly dynamic, responding to climate variability, disturbances, and environmental stres-
sors (Thompson et al., 2011; Kordrostami et al., 2025). Given the dominance of transpiration in continental evapotranspiration,
Jasechko et al. (2013) argue that improvements in the simulation of biological water fluxes should be prioritised over physical
evaporation fluxes in hydrological modelling. Conventional hydrological models therefore systematically miss the influence
of vegetation dynamics, both long-term structural changes and short-term physiological responses, on water flux partitioning
(Kim et al., 2018).

As a result, key emergent properties of coupled water-vegetation systems, including the partitioning of evapotranspiration,
the regulation of soil moisture, and the translation of vegetation dynamics into catchment-scale water fluxes are difficult to as-
sess via these domain-specific models, limiting their ability to represent the coupled behaviour of water and vegetation systems.
Parameters governing cross-domain processes, such as plant water use efficiency, which directly links carbon assimilation to

water loss, are particularly difficult to constrain from single-domain observations alone.
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Representing these dynamic vegetation—soil moisture feedbacks in environmental models requires a joint modelling ap-
proach. As the construction of monolithic interdisciplinary models pose great scientific and technical challenges (Vedder et al.,
2024), we chose to couple existing models using the FINAM model coupling Framework (Miiller et al., 2025). Specifically,
we couple a process-based individual-based forest model with a distributed hydrological model, combining the strengths of
both domains to provide a more process-consistent representation of vegetation—water feedbacks: a hydrological soil module
provides the forest model with a detailed and spatially consistent representation of soil moisture, while explicit vegetation
dynamics replace the static parametrisations of the hydrological model with a physiologically grounded representation of plant
water use.

For the vegetation component, we use FORMIND (Ko6hler and Huth, 1998; Bohn et al., 2014; Fischer et al., 2016), a dynamic
vegetation model of the forest gap model class that simulates forest dynamics by explicitly representing individual trees within
patches of 20m x 20m. Applications range from stand-scale analyses of forest structure and carbon cycling at the hectare
scale to ecosystem-scale investigations of tropical forest dynamics across regions such as the Amazon basin (Rodig et al.,
2017a, 2019; Bauer et al., 2021, 2024). Soil water availability is a central driver within the model, as spatial heterogeneity in
soil moisture at the patch scale strongly influences emergent forest structure and productivity, yet the hydrological processes
governing soil moisture availability remain simplified within the model, motivating the coupling approach pursued in this study.

For the hydrological component, we use the spatially distributed mesoscale hydrologic model mHM (Samaniego et al., 2010;
Kumar et al., 2013; Thober et al., 2019), which simulates key processes of the hydrologic cycle using a grid-based approach that
accounts for spatial heterogeneity in topography, land use, and soil type. The model operates at grid resolution ranging from
lkm x 1km to 4km x 4km. In this study, we set the cell size at the intermediate level to 4 km x 4 km compatible with the
German drought monitor (Zink et al., 2016). Vegetation in mHM is represented through prescribed LAI values, which define
canopy storage capacity and regulate evapotranspiration potential. This static representation, while computationally efficient,
cannot capture the dynamic feedbacks between forest structure and hydrological partitioning that are the focus of this study.

Coupling independently developed domain-specific models is a challenging task and gives rise to both methodological
questions regarding the coupling as well as analytical questions concerning the dynamics of the joint model, which we address
in this paper. The considered models operate on vastly different spatial scales and differ in their representation of vegetation
and hydrological processes. We therefore ask (1) how the spatial and process-level differences between an individual-based
forest model and a mesoscale hydrological model can be reconciled within a coupled modelling framework, (2) examine how
the coupling affects the partitioning of water fluxes, and (3) analyse whether it improves the representation of key hydrological
processes compared to stand-alone approaches. Building on this, the coupled framework opens new analytical possibilities that
neither stand-alone model can provide. To demonstrate these capabilities, we (4) analyse to what extent hydrological signals at
the catchment scale carry information about carbon cycle dynamics at the stand scale and apply the framework for cross-domain
parameter inference. By addressing these questions, this work aims to demonstrate the value of explicit water—vegetation
coupling for improving process understanding, enabling cross-domain model parametrization, and advancing predictions of

ecohydrological dynamics under environmental change.
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We apply the coupled model framework as a case study to the Selke catchment in Central Germany (458 km?) and use
observations from two complementary sites within the Terrestrial Environmental Observatories (TERENO) network for model
validation. Leveraging inventory data and eddy covariance measurements from the Hohes Holz’ site, a mixed deciduous
forest in Central Germany, we validate the vegetation component of the coupled model framework under well- characterized
climatic and forest conditions. The hydrological component of the coupling is validated using discharge observations from three
gauges within the Selke catchment, which extends across the forested Harz Mountains and the predominantly agricultural
foreland. Subsequently, we apply the complete coupled modelling framework to the Selke catchment, offering insights into

vegetation—hydrology interactions across the full range of land cover conditions present in the catchment.

2 Methods

To analyse the effect of dynamic vegetation on soil moisture dynamics and catchment-scale hydrology, we coupled the
individual-based forest gap model FORMIND with the mesoscale hydrological model mHM using the FINAM model cou-
pling framework (Miiller et al., 2025). We applied the coupled framework at two complementary scales: at the stand scale,
evaluating its performance against eddy covariance measurements at the 9 ha "Hohes Holz’ mixed deciduous forest site in
Central Germany, and at the catchment scale, applying the complete framework to the Selke catchment in the Harz Mountain
region. The following sections introduce each model component, describe the coupling architecture, the model evaluation at
both study sites, the model setup for the Selke catchment, and finally provide an overview of the experiments conducted at both

scales.
2.1 Forest model FORMIND

FORMIND is a process-based, dynamic vegetation model belonging to the forest gap model family, which has been contin-
uously developed since the late 1990s (Shugart et al., 2018). The model simulates forest dynamics by explicitly representing
individual trees within 20 m x 20 m patches, capturing tree growth, mortality, recruitment, and competition for light, canopy
space, and water (Rodig et al., 2017b; Holtmann et al., 2021).

Soil water availability is a central driver of forest structure in FORMIND. Heterogeneity in soil moisture at the patch level
influences structural diversity in modelled forests through its effect on gross primary productivity (GPP). First, the potential
GPP of the forest achievable under optimal temperature and sufficient soil water conditions is computed based on incoming
radiation. Plant water uptake is assumed to be proportional to GPP (water use efficiency concept) but constrained by three
factors: the maximal atmospheric water demand, the amount of water available in the soil, and the competition between trees

for water resources. GPP is then adjusted according to the actual amount of water absorbed using a GPP reduction factor. The
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reduction factor is calculated using the approach of Granier et al. (1999) as follows:

0 if ®soi1(t) S epwpa
Osoil(t) — Opwp .
Pw (®soi1> = % if ®pwp < @soil(t) < @msw7 (1)
msw pwp
1 if emsw < @soil (t)a

where ©,,,,, is the permanent wilting point in V' % and ©,,,,, is the minimum soil water content in V' % (R&dig et al., 2017b).
FORMIND’s soil water compartment consists of a single soil layer of configurable depth, set to 2 m for temperate forests in
this study. Daily soil water content depends on precipitation (P R), interception (I V), plant water uptake (7'R), and surface
and subsurface runoff (RO):

d®soil
dt

= PR(t) — IN(t) — RO(t) — TR(t). (2)

Interception is calculated as a function of leaf area index (LAI); surface runoff depends on the amount of water already pooling
and on soil porosity; gravitational subsurface runoff is calculated using the Brooks—Corey relation as implemented in Liang
et al. (1994); and transpiration is calculated using the water-use-efficiency concept:

1 GPP
Apatch WUE ’

all trees

TR= 3)
where Apqcn is the patch size in m?. As soil water content is tracked independently for each patch, surface and subsurface
runoff that exits a patch does not contribute to the water balance of neighboring patches. The water balance is therefore closed

at the patch scale, but not at the ecosystem or catchment scale.
2.2 Mesoscale hydrologic model mHM

The mesoscale Hydrological Model (mHM) (Samaniego et al., 2010; Kumar et al., 2013; Thober et al., 2019) is a grid-based,
spatially explicit hydrologic model accounting for canopy interception, snow accumulation and melt, soil moisture dynamics,
infiltration and surface runoff, evapotranspiration, subsurface storage and discharge generation, deep percolation and base
flow, as well as flood routing. The model employs a multiscale parameter regionalisation scheme to account for the variability
of landscape attributes and model parameters at the sub-grid level, thereby enabling seamless prediction of water flows and
conditions across different spatial scales and locations. In this study, we set the cell size at the intermediate level to 4 km x
4 km compatible with the German drought monitor (Zink et al., 2016).

In mHM, vegetation is represented by prescribed monthly values of leaf area index (LAI) that vary seasonally but remain
constant across years. The LAI determines the canopy interception storage and, depending on model configuration, is used
to estimate a correction term to the potential evapotranspiration (PET). Soil moisture dynamics are resolved across & discrete
soil layers within the root zone, collectively referred to as the upper soil. Actual evapotranspiration from the kth soil layers,
E!f is calculated based on soil moisture stress, the fraction of roots present, and the remaining PET. We follow the notation of

Samaniego et al. (2010), where subscript numbers on 3 denote the specific parameter as introduced in the original publication:
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ok 8l (Ey(1)) ifh=1,

EX(t) = , @
a* gty (Ep(t) - Zﬁ;i Ez])f*l(t)) otherwise,

with

B, (1) = Ey(t) = Ea(t) — Ex(0), )

where E, is the potential evapotranspiration, F1 (t) is evaporation from the canopy in mmd ™!, Fy(t) is evaporation from
free-water bodies in mmd ™", and S is the fraction of roots in layer k. For the coupled framework we assume a constant PET

throughout all soil layers. The soil moisture stress factor o is defined as:

0 ifzk(t—1) < B,
kit —1)-p
o BT = e e k1) < B, ©
Bie — Bis
1 otherwise,

where z%(t — 1) is the soil moisture in layer k at the previous time step, 37 is the permanent wilting point, and 3% is the
soil moisture limit above which actual transpiration is equated with PET. This formulation is structurally equivalent to the soil
moisture stress function used in FORMIND (Eq. (1)), allowing both models to respond consistently to soil water limitation
despite operating with different vertical soil discretizations.

The remaining net rainfall, after accounting for interception, is partitioned into soil moisture storage and infiltration into the
root zone layers. Total runoff generated at each cell consists of fast and slow interflow components and base flow, and is routed

to the downstream neighboring cell.
2.3 Coupling components and implementation.

FORMIND and mHM are usually applied to different spatial domains and scales. FORMIND simulates forest dynamics and is
therefore only applied to forested areas, whereas mHM is designed to simulate the complete water balance of entire catchments.
Coupling the two models therefore required reconciling two spatial domains that only partially overlap, one being the catchment
as a whole, and the other the subset of forested grid cells within it for which FORMIND provides vegetation dynamics. We
addressed this challenge by explicitly separating model components by their spatial domain and scale. We simulated forested
areas using the coupled FORMIND-mHM system at the patch scale (20m x 20 m), while the mHM component continued
to simulate non-forested areas on a 4km x 4 km grid; we subsequently combined the output of the two domains to obtain
catchment-wide water fluxes. For each 4 km x 4 km grid cell, we considered a sample of 9 ha of forest, i.e., 225 individual
patches, each with its own soil moisture storage (Figure 1).

In the coupled model framework (FORMIND-mHM), we wrapped each included model in a so-called ’FINAM component’.

Such components exhibit a well-specified interface, which facilitates the data exchange between them (Miiller et al., 2025).
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Figure 1. Conceptual overview of the coupled model framework including the forest model FORMIND, the hydrologic model mHM and
the model coupling framework FINAM. FORMIND and the upper soil component are engaged in a circular coupling on 20m x 20m
patches. The mHM instances are running on a 4 km x 4 km grid. Output from forest and non-forest is weighted by land cover fractions in
a scaling component and passed to the catchment-wide mHM component. The data passed between components are as follows: throughfall
(TR), effective precipitation (P), potential transpiration (TR,), GPP reduction factor (rgpp), forest (exfilfrest) and non-forest exfiltration
(exfilyon-forest) and total exfiltration into the lower soil (exfilwowi). Output variables, including daily values of GPP (FORMIND), ET (upper
soil), and river discharge (mHM full-catchment), are written to NetCDF format via a dedicated output writer component integrated into the
FINAM framework.
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Implementing the separation of forested and non-forested domains within this framework required six components, which we
grouped into three functional categories: main components, scale-transferred process components, and a scaling component.
The three main model components were the FORMIND component for forest dynamics; an mHM component for water
dynamics in non-forested areas; and an mHM component for runoff estimation and river routing in the complete catchment.
The FORMIND component modelled forest dynamics at patch-scale for all forested areas and calculated tree water demand.
The mHM component for water dynamics calculated soil moisture dynamics at grid-scale for all non-forested areas. The mHM
component for the complete catchment received infiltration fluxes into the lower soil from forested and non-forested areas and

modelled catchment-wide subsurface flows and river discharge.

Two additional scale-transferred process components brought processes originally represented at the mHM grid scale (4 km
x 4 km) down to the scale of individual forest patches (0.04 ha), namely a snow module and a soil moisture module. The soil
module and the snow module were necessary to link the process representations of FORMIND and mHM at the patch scale.
The soil component calculated actual evapotranspiration and changes in soil moisture according to mHM principles (Eq. (4)),
based on the water demand of trees calculated by the FORMIND component. We implemented it as a stand-alone component
to provide each forest patch in FORMIND with its own soil moisture storage, explicitly linking the patch-scale vegetation
dynamics of FORMIND with the grid-scale hydrology of mHM. Due to the sequential calculation of hydrologic processes in
mHM, we also implemented the snow module as an independent FINAM component, calculating snow accumulation and melt
for each patch. Both components were implemented following the structure and logic of their respective mHM counterparts
(Samaniego et al., 2010; Kumar et al., 2013).

Finally, we introduced a scaling component combining the exfiltration fluxes (infiltration into the lower soil) from the
forested and non-forested domains according to land-cover fractions per 4 km x 4 km cell (Eq. (7)) and passed the resulting
catchment-wide exfiltration to the catchment-wide mHM component, which calculated all subsurface flows for the entire
catchment.

The individual processes were simulated in the following order: for every simulated day, FORMIND first computed the
potential transpiration (Eq. (3) and passed it to the soil module, which used it to calculate new soil moisture levels and derived
a GPP reduction factor based on the mHM soil stress factor (Eq. (6)). FORMIND then applied this factor to adjust GPP
estimates for the forest according to soil water limitations, accounting for interspecific competition for water and soil moisture
availability. The soil module subsequently provided exfiltration for all forested areas to the scaling component, which combined

it with the corresponding non-forested contribution from the mHM component for non-forested areas:

emﬁltotal = fforest . ex,ﬁlforest + fnotSealedNotForest : emﬁlnon-forest O

where frorest 1S the fraction of the grid cell covered by forest, fi,otSealedNotForest 1S the fraction of the cell that is neither covered
by impermeable surfaces nor forested, exfily, . i the exfiltration calculated by the soil module for the forested fraction, and
exfil L on—torest 1 the exfiltration calculated by mHM for the non-forested fraction. Weighting the non-forest contribution by

ShotSealedNotForest rather than the total non-forest fraction excluded sealed surfaces, from which no exfiltration into the lower
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soil occurs. The catchment-wide mHM component acted solely as a receiver of this combined exfiltration input and continued

to calculate subsurface flows and runoff generation for the entire catchment area.
2.4 Model evaluation and analysis

Since the coupled framework integrates two models from different modelling domains, we assessed its dynamics separately for
each domain before evaluating the fully coupled system at the catchment scale. Therefore, we conducted the model evaluation
in two parts. To that end, we used observations from two complementary research sites within the TERENO network: the
Hohes Holz forest site, used to evaluate the vegetation component against eddy covariance measurements, and the Selke river
catchment, used to evaluate the hydrological component against discharge observations from the Meisdorf gauging station.
The Selke catchment is situated in the Harz Mountain region and the Harz foreland in Saxony-Anhalt, Germany, covering
an area of 458 km? with a main stream length of 64.4km and a forest cover of approximately 40 % (Figure 2). It is a sub-
catchment of the intensively monitored Bode catchment within the TERENO network. The upper Selke is located in the Harz
Mountains, where forests dominate the landscape, followed by agricultural land. As the upper Selke is at a higher elevation,
snowmelt contributes considerably to river discharge in late winter and spring. The downstream part of the catchment, hereafter
called the *Lower Selke’, lies in the foreland of the Harz Mountains. The Lower Selke is a fertile plain with productive soils,

dominated by arable agriculture (Winter et al., 2021).
2.4.1 Model setup for the Selke catchment

We set up both models for the Selke catchment using publicly available input data. We parametrised FORMIND using a tem-
perate deciduous forest parameter set (Fischer et al., 2026), representing the mixed beech—oak forest conditions characteristic
of the Selke catchment. We configured mHM using the German Drought Monitor setup (GDM-v1-2016) introduced by Boeing
et al. (2022), providing soil texture, topography, and land cover data at the required spatial resolution.

We obtained meteorological forcing data, including daily precipitation, mean temperature, and minimum and maximum
temperature, from the Deutsche Wetterdienst (DWD). We provided potential evapotranspiration (PET) as an external input,
calculated using the Hargreaves—Samani method from the same meteorological data. The land cover data distinguishes forest,
impervious, and pervious surfaces as the three land cover classes used in the coupled framework. We took soil hydraulic
properties and geological information from GDM-v1-2016, and obtained observed stream flow data for model evaluation
operated by the Landesbetrieb fiir Hochwasserschutz und Wasserwirtschaft Sachsen-Anhalt (LHW). The initialization of the
forest component was based on 1 km x 1,km inventories extrapolated from forest inventory data from the German National
Forest Inventory, which we processed as described below.

For each 4km x 4 km mHM grid cell with a forest fraction above 5 %, we identified the nearest 1 km x 1,km inventory
point within 4 km using a KDTree spatial search and selected the inventory with the highest forest fraction as the represen-
tative initialization. Since we ran FORMIND on a representative 300 m x 300 m simulation area in each mHM grid cell, we

subsampled each 1 km x 1,km inventory by dividing it into a 3 x 3 grid of 300m x 300 m tiles and selected the tile with the
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highest tree density. We shifted tree coordinates to the tile origin prior to model initialization. We initialized grid cells without

a suitable inventory within the search radius using a default inventory representative of the broader study area.
2.4.2 Stand-scale evaluation

To assess the functionality of the vegetation component at the stand-scale, we compared daily ET and GPP estimates from both
FORMIND-mHM and stand-alone FORMIND against eddy covariance observations, and evaluated the performance of the
coupled framework relative to the stand-alone model. To that end, we applied both models to the Hohes Holz forest and initial-
ized them with the same 9 ha of forest inventory data from the site. Furthermore, we applied the same mode parametrization,
using soil parameters adjusted according to the local soil type (Maidment, 1995). We used observational data from an eddy
covariance tower situated at the forest site (Pohl et al., 2023) and compared daily ET and GPP estimates from both models
against tower observations using linear regression.

The forest research site "Hohes Holz’ is located within a mixed deciduous forest situated 200 metres above sea level in
the Magdeburger Boerde region of Central Germany (52° 05’ N, 11° 13’ E). It has a subatlantic-submontane climate, with an
average annual temperature of 9.1 °C and an average annual precipitation of 563 mm in the climatic period 1981- 2010. The
study site is dominated by European beech (Fagus sylvatica L.) and sessile oak (Quercus petraea) and lies within a 15 km?
area of predominantly municipal forest, which is managed by regional forestry. The "Hohes Holz’ study site was established

in 2013 as part of the TERENO project (Pohl et al., 2023).
2.4.3 Catchment-scale evaluation

To assess the plausibility of the hydrological component at the catchment-scale, we compared discharge simulations from the
coupled framework as well as a stand-alone version of mHM and the observed stream flow in the Selke catchment. Three gauges
measure river discharge within the Selke catchment: Hausneindorf, Meisdorf, and Silberhiitte, ordered from downstream to
upstream. We focused model evaluation on gauge Meisdorf, which drains a sub-catchment with a higher forest cover fraction
than the full catchment represented by Hausneindorf, making it more directly relevant for assessing the effect of dynamic
vegetation on hydrological partitioning. We evaluated daily discharge simulations from both model configurations against

observations using the Kling-Gupta Efficiency (KGE) and its components (correlation r, variability ratio «, and bias ratio /3).
2.4.4 Model analysis

To assess the effect of both the coupling and parameter optimization on model performance, we evaluated four model con-
figurations. The first configuration, mHM, represented stand-alone mHM with default parameters. The second configuration,
FORMIND-mHM, represented the coupled framework with the same default parameters, allowing us to isolate the effect of
the coupling. The third configuration, mHM,, represented stand-alone mHM with parameters optimized for gauge Meisdorf.
The fourth configuration, FORMIND-mHM,,, represented the coupled framework using the soil parameters derived from the

mHM,,,; optimization, allowing us to assess the effect of parameter optimization on the coupled framework without introduc-
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Figure 2. Catchment map of the Selke basin in central Germany. The catchment has an area of 458 km? with approximately 40 % forest
cover. Land cover classes are presented as defined in mHM and are classified into forest (dark green), artificial surfaces (grey, hatched), and
agricultural areas (light green). Triangles indicate the three stream gauges present in the catchment: Silberhiitte (blue), Meisdorf (green), and

Hausneindorf (red), ordered from upstream to downstream. The river network is derived from mHM.

ing additional degrees of freedom. We did not independently optimize FORMIND, as the coupled framework already achieved
satisfactory agreement with observed GPP and ET at the Hohes Holz site using the existing temperate forest parametriza-
tion, and optimizing FORMIND against hydrological target variables risks conflating the contributions of the vegetation and
hydrological components to overall model performance.

We further examined the sensitivity of the coupled framework to two key parameters, the canopy interception constant
in mHM and the water use efficiency (WUE) in FORMIND, varying both parameters independently while holding all other
parameters constant. We tested the canopy interception constant at four values corresponding to 25 %, 50 %, 75 %, and 100 %
of the original parameter value, and WUE at five values ranging from 2 to 10 in increments of 2. We ran each configuration for
the period 2005-2015 with a three year warm-up period and evaluated model performance using the KGE at gauge Meisdorf.

To assess the relationship between vegetation productivity and catchment-scale discharge, we conducted an interannual

regression analysis between simulated GPP and observed discharge (Q) for all three gauges in the Selke catchment. Prior to
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analysis, we smoothed both GPP and Q time series using a 7-day centered moving average to reduce high-frequency variability.
We shifted GPP 15 days forward in time to account for the delay between vegetation water uptake and its subsequent expression
in stream flow. We selected this lag based on a sensitivity test across values between 7 and 30 days, with 15 days producing
the most consistent results across all three gauges. This value is broadly consistent with the characteristic timescale of the slow
interflow component in mHM for the Selke catchment, as implied by the recession coefficient K, and falls within the range of
vegetation water transit time estimates for temperate forests reported in the literature (Felton et al., 2025).

We then applied the following procedure for each day of year (DOY) separately. We computed the mean GPP and mean
Q within a £7-day window around the respective DOY for each year individually, yielding one paired value per year for
each DOY. We then calculated an interannual Pearson correlation coefficient (R) and regression slope across these annual
values using linear regression, requiring a minimum of five years of data per DOY to ensure statistical robustness. We spatially
averaged GPP over the upstream area of each gauge. We present results for gauge Meisdorf as the primary study gauge, with

results for all three gauges provided in the Supplements (Figure S8).

3 Results

The following sections present the evaluation of the coupled framework at the stand and catchment scale, the effect of param-
eter optimization on water balance partitioning, the sensitivity of the framework to key parameters, and the GPP—discharge

relationship.
3.1 Evaluation of the vegetation component

FORMIND-mHM improved stand-scale agreement with eddy covariance observations at Hohes Holz relative to stand-alone
FORMIND, for both ET and GPP, over the evaluation period 2015-2020 (Figure 3). For ET, FORMIND-mHM improved the
agreement of the simulations with observations (R? = 0.702) relative to FORMIND (R? = 0.551), and the coupled framework
produced slightly lower ET estimates during the vegetation period (Figure 3a). We found a similar improvement for GPP (R? =
0.793 vs. 0.614), with FORMIND-mHM producing lower GPP estimates in spring and early summer, which tend to be higher

in stand-alone FORMIND in the absence of coupled soil moisture constraints (Figure 3b).
3.2 Evaluation of hydrologic component

To evaluate FORMIND-mHM at the catchment scale, we analysed the hydrological fluxes, partitioning, and discharge genera-
tion using mHM and the coupled model framework. Comparing actual evapotranspiration (AET) and soil saturation averaged
over all forested cells with at least 70 % forest cover revealed similar hydrological dynamics in both optimized configurations.
The coupled framework produced slightly higher AET (Figure 4a) and lower soil saturation during summer months (Figure 4b).

At gauge Meisdorf, the coupled framework achieved a KGE of 0.85 compared to 0.91 for stand-alone mHM, with closely
matching correlation (r = 0.90 vs. 0.91), variability (o« = 0.91 vs. 1.00), and bias (8 = 0.94 vs. 1.00) (Figure 4c). Both models

tended to underestimate annual discharge across the simulation period (Figure 4d). Outside the vegetation period, FORMIND-
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Figure 3. Scatter plots of (a, b) daily evapotranspiration (ET) and (¢, d) gross primary production (GPP) for a temperate forest at Hohes Holz.

We compared the coupled model framework (FORMIND-mHM) and stand-alone FORMIND against eddy covariance observations for the

period 2015-2020. Observations are from an eddy covariance flux tower situated at the Hohes Holz. Both variables show improved agreement

between FORMIND-mHM and observed fluxes compared to stand-alone FORMIND, as indicated by higher coefficients of determination

(R?).

mHM underestimated discharge, while showing closer agreement with observations during spring and summer (Figure 4e).

Both models tended to underestimate discharge during low-flow periods, as indicated by the flow duration curve (Figure S2).
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Figure 4. Comparison of FORMIND-mHM and stand-alone mHM for the Selke catchment with optimized soil parameters for gauge Meis-

dorf. (a) Forest mean actual evapotranspiration (AET) and (b) forest mean soil saturation for the period 2005-2023, showing close agreement

between both model configurations. (¢) Daily hydrograph at gauge Meisdorf on a logarithmic scale for the period 2001-2016, with Kling-

Gupta efficiency (KGE), correlation coefficient (r), and bias components (v, 3) for both configurations. (d) Annual mean discharge compared

to observed values, with mean annual precipitation shown as bar chart. (e) Mean seasonal discharge climatology compared to observations,

with mean monthly precipitation shown as bar chart.

3.3 Water balance partitioning and effect of parameter optimization

Table 1 summarizes water balance components and model performance for both optimized and non-optimized configura-

tions of mHM and FORMIND-mHM for the more forested Meisdorf sub-catchment. Without any parameter optimization,
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Table 1. Water balance components and model performance for the Selke catchment for the four model configurations: stand-alone mHM,
initial coupling FORMIND-mHM, optimized mHM,,, for Meisdorf, and optimized coupling FORMIND-mHM,,, for Meisdorf. Upper sec-

tion: water balance components for the Meisdorf sub-catchment; lower section: performance metrics at the Meisdorf gauge.

mHM FORMIND-mHM mHM,,;; FORMIND-mHM,

Sub-catchment: Gauge Meisdorf mm yr~*

Transpiration — 267.2 361.1 2344 354.6
Evaporation 220.1 124.8 237.5 130.0
Exfiltration 179.7 180.8 194.1 182.1
Runoff 9.8 7.0 8.5 5.7
A Soil 1.0 0.7 32 22
A Snow -0.6 -0.6 -0.6 -0.6
Total Flux 677.1 673.8 677.1 674.0
Precipitation 677.1 677.1 677.1 677.1
Closure Error 0.0 33 -0.0 32

Model performance — Meisdorf gauge [—]

KGE 0.82 0.77 0.91 0.85
r 0.90 0.88 0.91 0.90
o 0.86 0.81 1.00 0.91
B 0.93 0.93 1.00 0.94

the initial coupling of FORMIND-mHM already achieved a KGE of 0.77 at gauge Meisdorf, demonstrating that the coupled
framework produces hydrologically plausible results without requiring recalibration. Parameter optimization further improved
model performance for both configurations: KGE increased to 0.85 for FORMIND-mHM and 0.91 for stand-alone mHM for
the calibration period 2005-2015.

The two models diverged most strongly in the partitioning of evapotranspiration, shifting from canopy evaporation in mHM
to transpiration in FORMIND-mHM. For the Meisdorf sub-catchment, FORMIND-mHM estimated 354.6 mm yr~" to tran-

spiration compared to 234.4 mm yr—!

in optimized mHM, while evaporation was correspondingly lower in FORMIND- mHM
(130.0mm yr—! vs. 237.5mm yr—!). This shift was consistent across both optimized and non-optimized configurations and
was more pronounced in the Meisdorf sub-catchment than in the full catchment, reflecting the higher forest cover fraction of

the former. Exfiltration and runoff remained broadly comparable between both model configurations in all experiments.
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Figure 5. Sensitivity of water balance partitioning and discharge performance to water use efficiency of trees in FORMIND-mHM for a
10-year modelling period. Stacked bars show mean annual water flux components (transpiration, evaporation, exfiltration, surface runoff,
and storage changes) as a function of WUE, with the Kling-Gupta efficiency (KGE) for discharge at gauge Meisdorf shown as a line (right

axis).

3.4 Parameter sensitivity tests

To better understand the sensitivity of the coupled framework to key parameters and to identify which aspects of the model are
most responsive to cross-domain constraint, we tested the response of FORMIND-mHM to variations in two parameters: WUE
in FORMIND and the canopy interception constant in mHM. Increasing WUE in the forest simulation shifted water balance
partitioning away from transpiration towards exfiltration and runoff. At gauge Meisdorf, this was accompanied by a steady
increase in KGE with WUE, which peaked at WUE,=,8 before stabilizing (Figure 5). Across five WUE values, increasing
WUE from 2 to 8 increased KGE from =~ 0.3 to = 0.7. In contrast, varying the canopy interception constant across four values
in stand-alone mHM indicated little influence on model performance or water balance partitioning across the tested range

(Figure S4).
3.5 GPP-discharge relationship

The seasonal relationship between simulated GPP and observed discharge at gauge Meisdorf revealed a pronounced anti-
phase dynamic over the course of the year (Figure 6). GPP rose steeply from near zero in January to a peak of approximately
30Mg Cha~tyr~! in June, while discharge followed the opposite trajectory, declining from winter highs of around 2-3

m?s~! to summer minima below 0.5 m? s~ !(Figure 6b). This anti-phase pattern was also reflected in the interannual correla-
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Figure 6. Seasonal relationship between simulated gross primary production (GPP) and observed discharge (Q) at gauge Meisdorf. (a) Mean
seasonal cycles of simulated GPP (green, left axis) and observed discharge (blue, right axis), with shaded areas indicating the interquartile
range across years. (b) Inter- annual correlation coefficient (R) between GPP and Q as a function of day of year, calculated using a 7-day

smoothing window, a lag of 15 days, and a day- of-year window of +7 days.

tion coefficient R, which describes, for each day of year, how strongly annual anomalies in GPP covary with annual anomalies
in discharge across years. R shifted from weakly negative in January and February to strongly negative in March and April (R
~ —0.5), before turning positive through summer and peaking above 0.5 between July and September (Figure 6a). The transi-
tion from negative to positive R in late April coincided with the onset of the growing season, when increasing vegetation water
demand suppresses discharge. This seasonal pattern was consistent across all three gauging stations within the Selke catch-
ment (Figure S8). The wide uncertainty band in discharge throughout winter and spring reflects high inter-annual variability in

snowmelt and precipitation timing, in contrast to the comparatively consistent GPP trajectory across years.

4 Discussion

In this study, we coupled the individual-based forest gap model FORMIND with the mesoscale hydrological model mHM to
investigate how the spatial and process-level differences between the two models can be reconciled within a coupled frame-
work, how the coupling affects hydrological flux partitioning, and whether it improves the representation of key hydrologic

processes. Further, we tested the possibility of cross-domain parameter inference and if catchment-scale river discharge carries
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information about stand-scale GPP of forests. The coupled framework achieved performance comparable to stand-alone mHM
for key hydrological variables while simultaneously improving ET and GPP estimates relative to stand-alone FORMIND,
suggesting that the integration of dynamic vegetation adds relevant information without sacrificing hydrological predictive
skill. The most notable structural difference between the two model configurations was a shift from evaporation-dominated
to transpiration-dominated ET partitioning, which has direct consequences for soil moisture dynamics and the representation
of vegetation water stress in forested catchments. Finally, the seasonal GPP—discharge relationship and the cross-domain pa-
rameter inference demonstrated that coupled modelling frameworks open analytical pathways that are inaccessible to either
stand-alone model.

The coupled framework presented here differs from existing vegetation-hydrology coupling approaches in its combination
of process detail and temporal resolution. While several such frameworks have been developed, they vary considerably in their
representation of forest dynamics and hydrological processes. Here, we explicitly coupled stand-scale vegetation dynamics
with catchment-scale hydrological processes. One comparable approach is FORHYCS, a distributed ecohydrological model,
developed by Speich et al. (2020), who coupled the forest model TreeMig (Lischke et al., 2006) with the hydrological model
PREVAH (Gurtz et al., 1999) and applied it to an alpine catchment in Switzerland. The coupling case study demonstrated
that dynamic vegetation representation substantially affects simulated streamflow under climate change. The coupling is based
on the assumption that the current-year water balance has negligible effects on forest structure, not considering within-year
drought responses that are central to the research questions addressed here. In comparison, FORMIND-mHM addressed this
limitation as the daily data exchange between model components captures seasonal vegetation—water feedbacks that are lost in
annual coupling schemes.

Jia et al. (2026) coupled LPJ-GUESS (Smith et al., 2001, 2014) with the three-dimensional subsurface flow model ParFlow
(Ashby and Falgout, 1996; Jones and Woodward, 2001; Kollet and Maxwell, 2006) and applied the framework (PF-LPJG)
across the Danube River Basin. The coupled model substantially improved streamflow and surface soil moisture simulations
relative to stand-alone LPJ-GUESS without requiring parameter calibration. Several conceptual differences distinguish PF-
LPJG from the FORMIND-mHM framework presented here. First, LPJ-GUESS represents vegetation as age cohorts, meaning
that fine-scale structural heterogeneity in canopy composition and competition is not resolved. Second, the two frameworks
differ in the variables exchanged and the coupling strategy employed. In PF-LPJG, LPJ-GUESS provides net atmospheric
water input (P-ET) as an upper boundary condition to ParFlow, which in turn overwrites the internal soil moisture states
of LPJ-GUESS with updated soil moisture and surface/subsurface runoff fields, replacing LPJ-GUESS’s native soil module.
In FORMIND-mHM, by contrast, the exchange is centred on the vegetation—water interface. The soil component mediates
between the two models while both retain their native structure, making the vegetation—carbon feedback explicit in the coupling
interface. Third, while the inter-model data exchange operates at a daily timestep in both frameworks, PF-LPJG disaggregates
daily P-ET values into hourly inputs for ParFlow’s internal calculation, capturing sub-daily soil moisture dynamics at the
cost of substantial modifications to the LPJ-GUESS source code, limiting the transferability of the approach to other model

combinations. Here, using the FINAM framework avoids invasive modifications to the source code of either stand-alone model
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and retains the vegetation—carbon feedback as an explicit part of the coupling interface, while remaining transferable to other

model combinations.
4.1 Implications of coupled vegetation—hydrology modelling

The coupled framework yielded values of evapotranspiration partitioning which are more in line with observational data.
Transpiration in forests typically dominates ET, with transpiration fractions (E;/ET) ranging from 0.54 to 0.90 depending
on forest type (Wei et al., 2017; Hassan et al., 2026), yet transpiration in stand-alone mHM accounts for only roughly half
of total evapotranspiration in forested areas. The coupled framework produced a transpiration fraction of 0.73 for forested
areas, substantially closer to observed ranges, suggesting that the dynamic vegetation representation provides a more process-
consistent partitioning of evapotranspiration than the static LAI parametrisation used in stand-alone mHM. This shift had
direct consequences for simulated soil moisture dynamics, with the coupled framework producing lower summer soil moisture
levels than stand-alone mHM, a difference that remains plausible but could not be directly validated against observations
in the absence of corresponding field data. The practical relevance of this difference is greatest in heterogeneous landscapes
where forest cover varies substantially across sub-catchments, as the coupled framework responded to spatial variation in forest
structure in a way that stand-alone mHM cannot.

Within the coupled model framework the soil became more prone to soil moisture depletion than compared to stand-alone
FORMIND. The multi-layer soil representation in the coupled framework refined the simulation of vegetation water stress
relative to stand-alone FORMIND, and directly contributed to the improved GPP agreement observed at Hohes Holz. The
single soil layer used in stand-alone FORMIND implies that water stress is governed by the mean moisture of the entire
rooting zone, which can mask depletion in the top soil. In the coupled framework, water uptake per layer was limited by the
relative root fraction and the remaining evapotranspiration potential, meaning that low soil moisture in upper layers could
not be compensated by increased uptake from deeper layers. This made the model more sensitive to soil moisture depletion
in early summer, suppressing GPP earlier in the vegetation season and reducing the overestimation shown by stand-alone
FORMIND during this period. This is consistent with the higher R? values observed for FORMIND-mHM relative to stand-
alone FORMIND (Figure 3).

Besides improving process representation, the coupled model framework enables the investigation of cross-domain relation-
ships. Kim et al. (2018) demonstrated in an experiment with a temperate deciduous forest receiving approximately twice the
annual precipitation of the Selke catchment that increased GPP leads to a significant reduction in annual catchment discharge.
Here, we inverted this perspective to examine whether river discharge itself carries exploitable information about GPP. The sea-
sonal reversal from a negative to a positive GPP—discharge relationship around peak GPP reflected the onset of water limitation:
as transpiration increased with rising GPP, soil moisture was progressively depleted, and the resulting reduction in available
water constrained both GPP and discharge generation, producing a positive correlation. Outside of late summer, the signal
remained comparatively weak for most of the rest of the year (Figure 4b), when both variables were governed by a wider range

of environmental drivers not captured by this bivariate signal. These results illustrate a broader point: by coupling vegetation
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and hydrological domains within a single framework, statistical relationships between state variables of different ecosystem
compartments become directly testable, opening analytical pathways that are inaccessible to either stand-alone model.
Further, the coupled framework offers now opportunities for cross-domain parameter inference. The sensitivity of discharge
performance to WUE demonstrated that hydrological observations could be used to constrain forest ecophysiological param-
eters that are otherwise difficult to determine at the stand scale. While WUE can be estimated at the ecosystem level as the
ratio of GPP to evapotranspiration, it exhibits substantial variability across ecosystem types, years, and climatic conditions
(Beer et al., 2009), reflecting the complexity of the underlying biochemical processes that regulate the carbon-water trade-off
in plants and their stomata (Medlyn et al., 2011). This makes the selection of a representative value for a heterogeneous catch-
ment a non-trivial task without observational constraints. The results presented here suggest that discharge observations at
gauging stations, which are far more widely available than eddy covariance measurements, could provide a practical pathway

for constraining WUE at the stand scale.
4.2 Trade-offs, applicability, and technical considerations

The described advantages of a coupled model system came at the cost of increased model complexity. Rather than parametris-
ing a single model, the coupled framework required the parametrisation of both FORMIND and mHM, each with their own
parameter sets and calibration requirements. Furthermore, the coupled framework was substantially slower to execute than
stand-alone mHM, as it combined the computational cost of running FORMIND, which is inherently more computationally
expensive than mHM due to its individual-based simulation of tree dynamics, with the additional overhead of the snow and soil
modules that needed to be implemented to bridge the differing spatial scales of the two models. This had direct implications
for model calibration, as a full calibration of the coupled system requires a large number of model runs, making automated
parameter optimisation approaches computationally difficult without further performance improvements of the coupled model.
This issue could be mitigated by parallelising the execution of FORMIND in the different forest cells. Nonetheless, for applica-
tions where full parameter optimisation is essential, models that integrate vegetation dynamics internally, such as LPJ-GUESS
(Smith et al., 2001), may offer a more computationally tractable alternative, notably at the cost of reduced process detail at the
stand scale.

These advantages and trade-offs raise the question when coupling is worthwhile, and suggest that the value of coupling
depends strongly on the research question and application context. The coupled framework is particularly suited to studies
where vegetation—water feedbacks are central to the research question. This includes long-term projections under environ-
mental change, where static vegetation representations cannot capture forest mortality, succession, or structural reorganisation,
and catchments with spatially heterogeneous forest cover, where the dynamic vegetation representation provides more robust
parameter transferability than a statically parametrised model. The insensitivity of stand-alone mHM to changes in the canopy
interception parameter illustrates this point further: the static vegetation representation could not translate structural differ-
ences in forest canopy into meaningful hydrological responses. Besides these long-term studies, coupling may be particularly
worthwhile for studies focusing on the forest stand scale, where the hydrological consequences of structural changes in forest

composition could in principle be resolved directly.
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Conversely, the added complexity of coupling may not be justified when discharge prediction is the primary objective, as
stand-alone mHM achieved more accurate results in this regard and was computationally more efficient. Additionally, the
coupled framework requires a forest initialisation workflow for FORMIND, which may make its application challenging in
data-sparse regions. Similarly, coupling adds most value to forest modelling if water limitation is a central driver of forest dy-
namics, for instance in drought scenarios or under projected increases in evaporative demand. In cases where water availability
is not a primary constraint on forest growth, stand-alone FORMIND may provide equally adequate representations of forest
dynamics at lower computational cost and effort.

The FINAM model coupling framework (Miiller et al., 2025) enables a component-based architecture with flexible data
exchange between models, allowing each model to retain its native structure while communicating through well-defined inter-
faces. The additional complexity of the coupled system arises from two structural requirements rather than from limitations
of FINAM itself: providing each FORMIND patch with its own soil moisture storage required an independent soil moisture
component operating at patch scale, and the sequential calculation order of mHM then necessitated extracting the snow module
as a separate component to maintain the correct process sequence.

We selected FINAM (Miiller et al., 2025) over alternative coupling frameworks such as BMI (Peckham et al., 2013; Hutton
et al., 2020) and OpenMI (Moore and Tindall, 2005; Gregersen et al., 2007; Harpham et al., 2019) for its Python-native
implementation, built-in infrastructure for scheduling and component management, and its ability to integrate new Python
modules directly into the coupling pipeline. These features were essential for implementing the snow and soil modules as

independent components.

5 Conclusions

In this study, we coupled the forest model FORMIND with the hydrological model mHM to examine the feasibility of inte-
grating dynamic vegetation into a distributed hydrological model and to assess how this integration affects hydrological par-
titioning. We showed that an initial, non-optimized coupling of both models already achieved good model performance, with
further improvements gained through parameter optimization. The integration of dynamic vegetation had a significant effect
on hydrological partitioning, shifting evapotranspiration from evaporation-dominated to transpiration-dominated, with direct
consequences for soil moisture dynamics. The coupled framework further achieved a catchment-wide closed water balance, a
fundamental prerequisite for credible long-term simulations of ecohydrological dynamics. Additionally, we demonstrated that
catchment-scale discharge carries exploitable information about stand-scale GPP, with a seasonal relationship that emerged
from the shared dependence of both variables on soil moisture availability.

Among existing coupled frameworks, FORMIND-mHM is one of the few that combines individual-based forest modelling
with mesoscale hydrology, explicitly resolving the growth, mortality, and competition of individual trees while simultaneously
representing catchment-scale water fluxes. This makes it particularly well suited for questions at the forest management scale,

where the hydrological consequences of specific management decisions can be directly simulated. These are questions that
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coarser vegetation representations, such as those used in land surface models or population-based forest models, cannot address
at the required level of process detail.

These results demonstrate that explicit coupling of vegetation and hydrological models offers both a more process-consistent
representation of water—vegetation feedbacks and new opportunities for cross-domain model evaluation. As pressures on forest
and water resources continue to intensify under environmental changes, frameworks such as FORMIND-mHM provide a

pathway towards more integrated predictions of ecohydrological dynamics across ecosystem boundaries.

Code and data availability. The mHM code is available on Zenodo at https://doi.org/10.5281/zenodo.21670439 (Samaniego et al., 2026).
The Formind-mHM code is available on Zenodo at https://doi.org/10.5281/zenodo.21904998 (Bruns et al., 2026). The sources of the corre-

sponding datasets for model setup and forcings are out lined in detail in Sect. 2
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