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Abstract

Continuing negative rainfall anomalies, coupled with climate change projections of
increased drought severity and frequency, drive an urgent need to increase resilience
and integration in land and water management strategies in many regions of the
world. However, complex interactions between land cover change, ecohydrological
partitioning and water availability are difficult to quantify, especially at different tem-
poral and spatial scales. In conjunction with local stakeholders, we developed plausi-
ble, alternative land use scenarios (including forest diversification and agroforestry
schemes) based on the existing four primary land use types (i.e., conifer and broad-
leaved forests, arable agriculture, and pasture) in a 66 km? drought-sensitive catch-
ment in northern Germany. We used modelling to evaluate spatial and temporal
changes in water flux partitioning, storage and ages. The spatially-distributed, tracer-
aided ecohydrological model, EcH,O-iso, calibrated using hydrometric, ecohydrologi-
cal and isotopic data at daily time steps from 2007 to 2019 was used in this assess-
ment. The results showed that replacing conifer forests with uneven-aged mixed
forests with younger broad-leaved trees had the greatest potential for reducing total
evapotranspiration and increasing groundwater recharge. For coniferous forests, a
50% increase in the proportion of broad-leaved trees was projected to result in an
11% increase in groundwater recharge across the catchment. The mixed-forest man-
agement alternatives also reduced groundwater turnover times, which would support
more rapid recovery of soil moisture and groundwater stores following droughts. This
study demonstrates that such an ecohydrological modelling approach has the poten-
tial to contribute useful science-based evidence for policy makers allowing quantita-
tive assessment of potential land use effects on water availability and effective

communication with stakeholders.
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1 | INTRODUCTION

Over the past decade, dry, warm periods of increased severity and
longevity have resulted in water scarcity problems in many parts of
the world. In the lowlands of central Europe, for example, the 2018
drought resulted in widespread reductions in crop yields, forest dam-
age, low groundwater levels and cessation of streamflow (Kowalski
et al., 2022; Schuldt et al., 2020). Such droughts are expected to occur
more frequently as a consequence of climate change (Grillakis, 2019).
Ongoing negative rainfall anomalies and climate projections for future
warmer, drier conditions have focused policy making towards building
resilience in land and water management (e.g., the low water concept
in Germany (MLUK-Ministerium fir Landwirtschaft, 2021) and
drought management plans in Spain (Estrela & Vargas, 2012)). As
evapotranspiration is usually the dominant water flux in drought sen-
sitive areas, water partitioning under different land uses becomes a
key issue in terms of what land cover will be sustainable and how it
will impact other ecosystem services such as groundwater recharge
and streamflow generation.

The flat lowlands of the Northern European Plain cover an exten-
sive area where the fertile soils are intensively farmed for arable pro-
duction, whereas wetter and drier soils support pasture and forests,
respectively (Bogucki, 1996; Jones et al., 2012). On the best agricul-
tural land, high value cereal crops such as wheat and maize have been
grown. In forests, planting conifers were favoured because of large
demands for softwoods and high profitability from their rapid growth
and short rotation periods (Johann, 2006). In northern and central
Europe this resulted in extensive monocultures of arable crops and
fast-growing conifer forests predominantly Scots pine (Pinus sylves-
tris). Such forests were converted from more natural mixed forests,
including broadleaves such as oak (Quercus robur) and beech (Fagus
sylvatica) (Felton et al., 2010; Johann, 2006). These monocultures lack
biodiversity and can reduce the stability of ecosystems, with less resil-
ience to external disturbances such as drought, wind and fire damage
and insect infestation; resulting in potentially reduced yields (de Groot
et al., 2021; Wright et al., 2021). Consequently, there is growing inter-
est in replacing monocultures to enhance sustainability and resilience
in the face of climate change (Liu et al., 2018).

Recent studies have shown that alternative land uses such as
agroforestry and mixed forests are promising land management strat-
egies with many benefits including increased ecosystem biodiversity,
and optimizing water use in relation to competing needs (Kuyah
et al.,, 2019; Landgraf et al., 2023; Wright et al., 2021; Wu, Kuang,
et al,, 2021). Increasing the proportion of broad-leaved trees is an
extensively studied strategy for such adaptations (Astrup et al., 2018;
Schwaab et al., 2020). In addition to mixed-species planting, uneven-
aged alternatives with variable proportions of young and mature trees
have also been shown to reduce vulnerability to future risks
(Kuuluvainen & Gauthier, 2018; Savilaakso et al., 2021). However,
there is a lack of accessible and robust tools to generate advanced
spatio-temporal understanding of potential impacts of different land
use management alternatives on hydrological fluxes and water bal-

ance components. In terms of water cycle variability, this requires

quantitative understanding of how ecohydrological water partitioning
changes, as well as how this affects water storage in the subsurface
(i.e., soil moisture and groundwater) and the generation of streamflow.
This is crucial in complex, heterogenous catchment landscapes to plan
spatial arrangements of sustainable and drought resilient land cover
types (Neill et al., 2021).

Ecohydrological models are invaluable for quantifying how differ-
ent land use and vegetation communities partition rainfall into “green”
water fluxes that return moisture to the atmosphere and “blue” water
fluxes to groundwater recharge and streamflow generation (Fatichi
et al., 2016). Such models play a key role in improving understanding
of processes and effects which cannot be easily monitored and thus,
provide an evidence base to policy makers (Vose et al., 2011). These
models are increasingly sophisticated and can specifically conceptual-
ize the dominant processes determining land cover effects on water
partitioning by parameterising key vegetation influences, such as can-
opy characteristics (e.g., leaf area index, canopy interception capacity,
stomatal resistance etc.), rooting properties (e.g., densities, depth dis-
tributions etc.) and management effects (Guswa et al., 2020). These
land use controls can be conceptualized at multiple scales (plant to
large catchment). Spatially distributed models can link variations in soil
properties, land use and so forth and water availability in the land-
scape. Importantly, incorporation of environmental tracers, such as
stable water isotopes, into such ecohydrological models is a new
development that can help constrain process uncertainty and improve
model performance (Kuppel et al., 2018; Smith et al., 2021). This is
because: (a) accurate tracking of a conservative tracer through an eco-
hydrological system and landscape can quantify the water storage
that water fluxes mix with more accurately than hydrometrically-
based models (Birkel et al., 2011); (b) such tracking can constrain esti-
mates of ages (i.e., the average time elapsed since water entered the
system as rainfall) of water fluxes and storages from different land-
scape compartments (Hrachowitz et al., 2013); and (c) capturing the
phase changes of water in isotopic fractionation can help resolve
evapotranspiration into its components of canopy interception, soil
evaporation and transpiration (Kuppel et al., 2020).

Recent use of such tracer-aided ecohydrological models has pro-
vided invaluable insights into how different vegetation and land use
affect the interactions between water fluxes, storage and ages across
a contrasting range of complex, heterogenous landscapes
(e.g., Douinot et al., 2019; Knighton et al., 2020; Kuppel et al., 2018;
Smith et al., 2021; Yang et al., 2021). Such models allow quantitative
assessment of the likely effects of land use change on water availabil-
ity as they are more nuanced than traditional hydrological models in
simulating storage changes at multiple spatial and temporal scales
(Smith, Tetzlaff, Maneta, & Soulsby, 2022a). For example, effects of
different species, management (i.e., age and density of vegetation)
and landscape topology can be explored (Neill et al., 2021). Conse-
quently, such models have untapped potential as decision support
tools for land and water managers; as well as providing powerful visu-
alizations for communicating the spatio-temporal implications of land
use change on water availability to stakeholders in a process-based
way (Smith, Tetzlaff, Maneta, & Soulsby, 2022b).
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Here, we applied the spatially-distributed, tracer-aided ecohydro-
logical model EcH,O-iso to assess the water use and explore the asso-
ciated impacts of alternative land use changes in the 66 km?
Demnitzer Millcreek catchment (DMC) in north-east Germany. DMC
lies in a mixed land use lowland, drought sensitive landscape that was
severely impacted by the 2018 European drought. Subsequent ongo-
ing drought has resulted in urgent consideration of potential land use
changes designed to better balance crop and timber production with
reduced green water fluxes, increased water retention in the land-
scape and maintenance of blue water fluxes to groundwater recharge
and streamflow generation. Our overarching goal therefore was to
assess the ecohydrological implications for such land use changes
(with focus on a move from traditional arable farming and conifer for-
ests to increased agroforestry and mixed forest) in terms of spatio-
temporal differences in water flux partitioning, storage dynamics and
ages. We used multi-criteria model calibration to specifically address

the following three research questions.

e How do land use changes affect green and blue water flux parti-
tioning across a complex landscape?

e What are the implications for water storage and age dynamics
under different plausible agroforestry and mixed-forest land use
scenarios?

e Which land management options are most drought-resilient in
terms of enhancing water storage and reducing water loss from
evapotranspiration, especially in the context of successive years of
drought?

In addressing these questions and applying EcH,O-iso to
drought-related land use changes as a “proof of concept”, we also
sought to highlight uncertainties with the modelling, as well as asses-
sing current limitations with such an approach and future research

needs to further improve ecohydrological modelling approaches.

2 | STUDYSITE

The land use change assessment was undertaken for a landscape typi-
cal of the North European Plain (NEP) in northern Germany. The study
site DMC is approximately 50 km SE of Berlin (Figure 1a). Established
over 30 years ago, DMC is an environmental observatory with data
on hydroclimate, hydrodynamics and water quality. Its characteristics
have been extensively described elsewhere, so only a concise sum-
mary follows (for details see Gelbrecht et al., 1998, 2005; Kleine et al.,
2021; Smith et al., 2021). DMC (66 km?) has a complex land use pat-
tern that is representative of the NEP, dominated by monocultures of
agricultural crops (e.g., maize, wheat etc.) mainly in the North and
coniferous forest (mainly Scots pine) dominating the south (Figure 1a);
though small areas of broadleaved forests (mainly oak and beech) and
pastures (for sheep and cattle grazing) are also present. The topogra-
phy is representative of the NEP (Bése & Brande, 2010) with gentle
slopes (steepest in the headwaters) and limited relief variation (30-

90 m.a.s.l) (Figure 1b). Silty brown earth and sandy podzols are the

dominant soil types, supporting arable crops and forests, respectively
(Figure 1c). Substantial areas of poorly drained peat and gley soils
fringe the river network and support pasture. The soils are predomi-
nantly underlain by glacial tills and the water table is typically 1-3 m
below the surface (Ying et al., 2024).

The climate is humid continental. Average annual precipitation is
~580 mm, which has declined by ~20 mm per year over the last
decade (Smith, Tetzlaff, Maneta, & Soulsby, 2022a). Moreover, in
recent years, negative precipitation anomalies have become more fre-
quent, and annual precipitation in dry years can be about half of that
in wet years (German Meteorological Service, 2020). Mean annual
temperature is ~9.8°C with a slightly increasing trend over the past
three decades (Wu, Tetzlaff, et al., 2021). DMC also experiences high
potential evapotranspiration (PET) (~600 mm Pa). The combined
effects of low rainfall and high PET result in a climate-sensitive hydro-
logical regime with runoff coefficients <10%. Streamflow is
groundwater-dominated and shows distinct seasonality with flows
increasing in winter as groundwater recharge raises the water table
(typically by ~1 m) and declining in spring and summer as ET increases
and recharge declines (Ying et al., 2023). Storm runoff is superim-
posed on this seasonality, especially in heavier winter rainfall, by the
activation of artificial drains in more poorly drained soils and overland
flow from wet riparian soils (Wu et al., 2022).

Since the 1990s, catchment management interventions have
sought to reverse historic drainage schemes and retain water in the
landscape longer. These include re-naturalization of some sections of
river channels and restoration of wetlands; though after 2006, recolo-
nization by beavers (Castor fibre) accelerated natural re-wilding (Smith
et al., 2020). In recent years, patches of alternative land uses such as
agroforestry and use of syntropic agriculture have been established
on an experimental basis (Figure 1a) (Landgraf et al., 2023).

3 | METHODS

3.1 | Mechanics of the EcH,O-iso model in
ecohydrological analysis

EcH,O-iso is an extension of the ecohydrological model EcH,O,
which adds a tracer module that tracks stable water isotopes (6°H and
§'80) and their transport and phase-change fractionation in water
fluxes (Kuppel et al., 2018). Concurrent time stamping of precipitation
inputs allows estimations of water ages in each model storage and flux
(Figure 2). The EcH,O-iso model has been successfully applied to
catchments with contrasting geographical and ecohydrological charac-
teristics in Germany (Douinot et al., 2019; Yang et al., 2021), the UK
(Neill et al., 2021), Sweden (Smith et al., 2019) and the US (Knighton
et al., 2020); applications also include a wide range of temporal scales
(e.g., Smith, Tetzlaff, Landgraf, et al., 2022).

Briefly, the governing equations are solved for each vegetation
type at each time step and each model grid for the four major compo-
nents (i.e., energy, water, biomass and tracer). The integrated energy-

water-vegetation-tracer model provides a mechanistic insight into
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how land cover impacts ecohydrological partitioning in response to
external climatic and hydrological drivers. The model is solved using a
vertical scheme with multiple layers from the canopy to soil surface to
three subsurface layers. The canopy processes are driven by precipita-
tion, incoming radiation, air temperature, relative humidity and wind-
speed, and impact the energy exchanges between canopy and land
surface, evapotranspiration, soil water availability and soil water
potential energy. The canopy-level processes can be characterized by
three key equations in terms of canopy energy balance (Equation 1),
root zone water balance (transpiration, Equation 2) and soil matric
potential (Equation 3).

The energy balance equation assumes that vegetation has negligi-
ble heat capacity and allocates the available energy (net radiation, Ry)

—_— ' S
Low : 30 ]

FIGURE 1 The location of
the Demnitzer Millcreek
catchment and: (a) land use

(b) elevation with discharge and
stream sampling sites for stream
isotopes (c) soils with
groundwater and soil sampling
sites.

Arable lands and forests

"1 Silty, Gley Brown Earth
771 Podzolic Brown Earth
771 Sandy Gley
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to conductive sensible heat flux (H) and latent heat flux between can-
opy and atmosphere. Latent heat fluxes are associated with evapora-
tion of canopy intercepted water (LE) and vegetation transpiration
(LET). All the terms in Equation (1) are nonlinearly related to canopy
temperature (T.), which is determined by using Newton-Raphson

method to find the root of Equation (1).

Rnc(Tc)+|—E(Tc)+LET(TC,5U5)+H(TC):O. (1)

Net radiation absorbed by each vegetation type in the grid cell is
derived from the sum of incoming shortwave radiation (Rs) and long-
wave radiation (R)) and deduction due to canopy emission of longwave

radiation:
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Roc(Te) = Rs(1 — ason) (1 — e KeeeslA) 1 Ry — (ecaT?), (1.1) using a Jarvis-type multiplicative model (Jarvis, 1976), incorporating

where ag denotes soil albedo; Kgeers denotes the light extinction
coefficient (Beer's law); LAl denotes the leaf area index of the vegeta-
tion; e, denotes the emissivity and absorptivity of the vegetation and
o denotes the Stefan-Boltzmann constant. The parameters in bold are
those highlighted by Morris sensitivity analysis and calibrated in this
study as described in Section 3.2 and Table S1.

Latent heat flux consumed for evaporation of canopy-intercepted
water is controlled by maximum intercepted water (CWS,..,):

1) (ea—ex(Te) (rH+ g -cws) )
o ¥ X ra(W) ’

(12)

where p, denotes density of air; c, denotes the specific heat capacity
of air; e, denotes air vapour pressure at air temperature (T,); e}
denotes the saturation vapour pressure of leaf surface at T¢; rH
denotes the relative humidity; CWS and CWS,,.., denote the current
canopy water storage and its maximum, respectively; y denotes psy-
chrometric constant; r, denotes aerodynamic resistance between the
leaf surface and atmosphere and is a function of wind speed (W).
Latent heat flux used by vegetation transpiration is calculated
from the difference between vapour pressure at atmosphere and leaf
surface. LET is constrained by aerodynamic and leaf stomatal resis-

tance. Stomatal conductance controlling transpiration is estimated

factors such as shortwave radiation (f(Rs)), air temperature (f(T,)),
vapour pressure deficit (f(vpd), gs,,4) and soil water potential (f(¥s)).

_ PaCa(ea—ei(Te)-rH)
LET(T.,%s) 7—7/(ra(W) ) (1.3)

Fe(¥s) = 85 max - LAI-f(Rs) - F(Ta) - flvpd) - F(¥5)] 7, (14)

where r. denotes the canopy resistance (reverse of canopy conduc-
tance); g5max denotes maximum stomatal conductance; gs,,4 denotes
the vapour pressure deficit sensitivity for conductivity; LAl is used to
scale stomatal conductance to canopy conductance.

Sensible heat flux between different canopy is calculated as:

_PaCa (Ta=To)

H(To =220

(1.5)

The water balance follows the energy balance structure and is
multilayered with a vegetation canopy, soil surface and three subsur-
face layers (Figure S1). Throughfall occurs when precipitation exceeds
maximum canopy storage (CWS,,,.,), which is limited by LAI. The infil-
tration rate is estimated using the Green-Ampt approximation of the
Richards equation. The root zone water balance is calculate consider-
ing the infiltration contribution to soil moisture (Equation 2). The left

term is the transpiration flux derived from latent heat flux, whereas
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the right term represents changes in soil water flux in the root zone

over one time step.

LET(Te,¥s) _St1—Si

e At (1—6r) -dos, (2)
W

where p,, denotes density of water; 4, denotes the latent heat of
vaporization; S; and S, 1 respectively denote the degree of saturation
at the beginning and end of a time step (At);  denotes the soil poros-
ity; 6, denotes the residual soil water content; dos denotes the soil
depth with 95% root distribution.

The transpiration fraction of water taken up from each soil layer
(three soil layers in EcH,0-iso) is not only determined by the propor-
tion of the water content of each soil layer but the Koot parameter
which allocates according to the respective fraction of roots that is
assumed to vary exponentially with soil depth (Equation 2.1). dgs
is chosen from the smaller between the total soil depth and 95% dis-
tribution depth to ensure that the calculated 95% depth does not
exceed the total soil depth.

1 — e Kroot-dia
fu= 1 — e Krootd
e Kroot-dir _ o—Kroot-(di1+d12)
flz=
1 — e Kroord , (2.1)

fL3 =1- le - fLZ
—Kroot-d
dos — min ( 4.log2 (0.05+0.95¢ ))

-K root

where fi1, f12, fi3 denote the root fraction in three distinct soil layers,
namely L1, L2, and L3; d;4 and di» denote the respective soil depths of
L1 and L; d denotes the total soil depth; Koot denotes the exponential
parameter that controls the root distribution of each vegetation type
in the grid cell.

Soil water potential related to the canopy energy balance and
root zone water balance is calculated by using the Brooks-Corey
parameter and air entry pressure (Agc and (,c).

'Pae

Agc

¥

©)

Str1

Subsurface water can move vertically between the three layers
and laterally to the next downslope cell when field capacity is
exceeded. The latter is conceptualized by a 1D kinematic wave
approximation where groundwater flux is proportional to the cell
slope and effective hydraulic conductivity (K}, and K K}, Equation 4).
When groundwater depth exceeds soil storage capacity, upward
return flow occurs. Any ponded water on the soil surface (either from
infiltration-excess or return flow) is routed laterally to the adjacent
downslope cell as overland flow or directly to the channel. Channel
routing is estimated using a 1D kinematic wave approach associated
with hydraulic parameters (M,, Table S1), and re-infiltration is

possible.

%+ KhSinsx%Jrqrch — drtn — Acap — dchan =0, 4)
where hg denotes the water depth exceeding field capacity; t denotes
time; Ky, denotes effective hydraulic conductivity; S, denotes the cell
slope; x denotes distance; q,., denotes the recharge flow rate to the
saturated layer; g, denotes the upward return flow rate; g4, denotes
the rate of water from free gravitational pool to the capillary water
pool when soil moisture is below filed capacity; g, denotes the rate
of water from subsurface to channel.

The tracer module of EcH,O-iso, assisting in constraining the
uncertainties, applies the assumption of full mixing for all implemen-
ted tracked quantities (i.e., isotopes and water age) in each storage
compartment. The precipitation age is fixed at zero, whereas the age
of each storage compartment (e.g., L1, L2 and L3- representing
groundwater) increases at the end of each time step. The concentra-
tion of the tracers in the outflow are equal to those of the relevant
storage. Isotopic fractionation only occurs during soil evaporation, as
canopy evaporation does not interact with the surface and subsurface
and throughfall is assumed to have the same isotopic composition of
precipitation for the same time step and a water age of zero. The
Craig-Gordon model (Craig & Gordon, 1965; Gat, 1995) is used to
simulate the isotopic composition changes in the top soil layer during
soil evaporation processes.

3.2 | Model setup, parametrization and calibration
The hydroclimatic and isotopic data used in modelling are presented
in the supporting information (Text S1). The modelling workflow is
shown in Figure 2. The model was set up to run at daily time steps for
a simulation period of 13 years (Jan 2007-Dec 2019). Grid cells were
evenly distributed with a square grid (250 m). Based on existing land
use (Figure 1a), four primary types were categorized: conifer forests,
broadleaved forests, arable agricultural lands and pasture, with pro-
portions of 29%, 6%, 52% and 13%, respectively (Figure 4a-d).The
domain was divided using Thiessen polygons into five climate areas
for the inputs using forcing data from five weather stations within
10 km of the catchment. Because of limited spatial variation observed,
precipitation isotopes were applied uniformly across the catchment.
Leakage to deeper groundwater was allowed at the bottom of the
model domain. The first 2 years of simulation were used as a warm-up
period to initialize soil moisture, groundwater storage and discharge,
in terms of volumes isotopic composition and so forth.

The tracer-aided calibration and validation of EcH,O-iso in DMC
that has been reported in previous work (see Smith et al. (2021) for
details) was used as the basis here. Prior to calibration, a Morris sensi-
tivity analysis was carried out to assess the impact of individual model
parameters (Morris, 1991; Sohier et al., 2014), which were specified
for each vegetation and soil type. The most sensitive was combined
and a total of 100 000 parameter sets sampled using Latin hypercube

sampling for Monte Carlo simulations. Multi-criteria calibration of the
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sensitive parameters (against soil moisture under four land uses, stream
discharge and distributed soilwater, groundwater and streamwater iso-
topes, evapotranspiration derived from remote-sensing data, transpira-
tion derived form sapflux) across different model compartments was
conducted for two simulation periods (2009-2014; 2018-2019) to
cover both wet and dry conditions. Model validation was carried out
for 2015-2017 at the same sites as calibration (Figure S2 and S3). In
Smith et al. (2021), 100 parameter sets with best performance in simu-
lating fluxes, discharge and isotopes were selected by ranking the best
overall efficiency using empirical cumulative distribution functions.

As a further constraint on models to be used in land use change
scenarios, we used the Tr/ET ratio to reject models where the Tr/ET
ratio in the southern forests was markedly lower than in croplands.
This is because such models would be inconsistent with a global
assessment of Tr/ET ratio from FLUXNET datasets (https://fluxnet.
fluxdata.org), as reported by Gu et al. (2018), where Tr/ET values for
conifer forests (0.3-0.79) and deciduous broad-leaved forests (0.49-
0.68) should be similar or higher to those for croplands (0.18-0.48).
Consequently, from the initial 100 parameter sets, we refined our
selection to 10 sets characterized by higher gsmax, lower gs,pq and
lower CWS,,,.x for conifer and broad-leaved forests (Figure S1a). In
addition, we compared our evapotranspiration rates with two FLUX-
NET stations near Dresden, Germany-situated ~150 km from Berlin
and with similar climate and land uses (Figure S1b). The comparison
showed a similar ranges and differences to our simulations in conifer
forests and croplands. To further test the model, we extended the val-
idation using observed hydrometric and isotopic data spanning 2020-
2022. Table S1 shows the most sensitive parameters with their initial
ranges used in the calibration process and the final calibrated ranges
for the selected 10 parameter sets. Two efficiency criteria were used:
Nash-Sutcliffe efficiency (NSE) (Nash & Sutcliffe, 1970) and root
mean square error (rMSE). The calibration and validation details are
presented in Figure S2 and S3, all exhibiting good agreement with the
observations, though increases in soil moisture following the driest
summer and autumn in the time series (2022) were overpredicted.

As elaborated in Section 3.1, root distribution is an important
indicator that influence the transpiration of different vegetation types
and the water balance in the subsurface root zone. The calibrated
roots of crops and pastures are mainly distributed in the first layer,
whereas the roots of conifers and broadleaved trees are more uni-

formly distributed in layer 1 and 2 (Figure S4).

3.3 | Scenarios and data post-processing

The multi-criteria calibrated and validated model was used as the
baseline scenario for the comparison with potential land use change
simulated for the same time period. We established “extreme” scenar-
ios that would result from catchment-wide conversion to a single land
use (represented by the specific vegetation parameters for each
land use) covering the entire catchment (i.e., conifer forests, broad-
leaved forests, arable agriculture and pasture) to quantify the resulting
changes in water partitioning and ages as a benchmark of maximum
impact, which allows us to better interpret the results of more

realistic, intermediate scenarios. Then, in conjunction with local stake-
holders (the main land owners of the catchment), we devised alterna-
tive water-sensitive land use scenarios. Six plausible, alternative
scenarios were explored that would partially replace arable agricul-
tural lands and conifer forests with broad-leaved trees of different
ages to assess the impact of these management strategies on water
cycle variability at the local and catchment scale (Table 1). To capture
the temporal dimension of impacts resulting from land use change and
subsequent vegetation growth, two stages (S1 and S2) after conver-
sion were set as snap-shots, featuring young and mature broad-leaved
trees, respectively. Changes in forest structure (i.e., proportional vege-
tation cover, vegetation heights and LAl of broad-leaved trees) were
simulated for each stage. For S1, young broad-leaved trees were des-
ignated as 8 years old based on the empirical knowledge of the agro-
forestry experiment site, and the vegetation height was determined
by a linear relationship with age. Locally measured LAl of young
broad-leaved trees was divided by the LAl of mature broadleaves to
obtain a scale factor for LAl Then, the LAl of young broad-leaved
trees was determined by scaling the LAI time series of mature broad-
leaved trees using the scale factor (see also Neill et al.,2021). For S2,
only vegetation cover was changed. For each stage, we designed
three scenarios. For scenario A, 10% of arable agricultural land in each
grid cell were replaced with young or mature broad-leaved trees. For
scenario B, 50% of conifer forests in each grid cell were replaced with
young or mature broad-leaved trees. Scenario C is a combination of
scenarios A and B. The work flow chart of the model also summarizes
the land use scenario experiments (Figure 3).

Spatial maps of daily outputs of modelled catchment states using
the 2009-2019 climate data were analysed for different water fluxes,
storage volumes and ages under the land use change scenarios. Green
water fluxes include the components of total evapotranspiration (ET),
which are transpiration (Tr), soil evaporation (Es) and evaporation of
intercepted water (Ei). Blue water fluxes include overland flow (Ov),
groundwater recharge (GWr) and lateral groundwater flow (GWf).
Although infiltration (Infil) is not strictly a blue water flux, it serves as
a crucial source for both green and blue water and is therefore dis-
cussed along with blue water fluxes due to our interest on increasing
water storage. Ages of streamwater, transpiration and soil evaporation
were also quantified. Given the older groundwater ages, groundwater
mean residence time (MRT = GW volume/GW flux) was calculated to
show the influence of flux changes on storage and local groundwater
age (Massmann et al., 2009). Long-term averages were computed for
all the scenarios for the simulation period and all the 10 parameter
sets at the catchment scale. Time series plots were also generated at

the featured sampling sites.

4 | RESULTS

4.1 | Baseline water flux partitioning and
water age

The EcH,O-iso model effectively managed uncertainties across vari-
ous datasets under different land uses. It successfully captured
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diverse ecohydrological flows (with discharge NSE ~0.7 and rMSE
~0.1 m® s~ L evapotranspiration rMSE ~1 mm d~%) and showed satis-
factory performance in simulating soil moisture with rMSE
<0.05 m® m~2 for both forest and cropland sites. Isotopic calibrations
also showed low uncertainties with rMSE not exceeding 3.6%o
(Table 2). Figure 4 shows the average catchment-wide distribution of
modelled water fluxes and ages under the baseline of current land
use. Green water fluxes were highest in the South, where conifer for-
ests predominate (Figure 4e-h). Mean daily ET was high compared
with precipitation, especially under forests, reaching ~2 mmd~%. Tr
averaged 0.47 mm d~1 across the catchment and was also highest
from conifer forests, whereas it was lower in pastures and broad-
leaved forests. Because of the lower canopy shading and wetter soils,
pastures exhibited higher Es. Conversely, Ei was highest under conifer
forests due to the tree canopy.

Blue water fluxes also exhibited high spatial variability. Ov was
largely restricted to riparian areas of the headwater tributaries in the
NE contributing to the stream channel network. Infil was more uni-
form, though with a slight decrease under forests in the South due to
higher interception losses, with GWr showing a similar pattern. How-
ever, high ET limited GWr throughout the catchment, particularly
under conifer forests, resulting in significantly lower recharge than
Infil. GWf also showed a dependence on land use, with higher values

under agriculture in the North.

Flow chart of model setup, parameterization, calibration and scenario experiments.

Groundwater is the largest modelled water storage in DMC and
the groundwater MRT was much shorter under arable land in the
North (~10 years) and much longer under forests in the South
(~100 years), indicating the highest turnover of groundwater under
agriculture and lower turnover under conifer forests. Consequently,
mean streamwater age was relatively old in the northern headwaters
(5-10 years) but then decreased through wetland areas with pasture
and peat soils in the central catchment (~5 years), with limited inputs
from forested areas. Transpiration water age reflected that of soil-
water and was also younger from agriculture (<1 year) and older from
conifer forest (~2 years), indicating deeper, older water was utilized
by deeper rooting forests with lower net rainfall. Soil evaporation age
was the oldest in the peats and gley soils reflecting pasture
distribution.

Figure 5 presents a breakdown of various accumulated modelled
green water fluxes across sites, under different land uses with the
accumulated precipitation and daily temperature, whereas Table S2
summarizes the average ecohydrological partitioning. The overarching
trends observed in these accumulated green fluxes appear to be con-
sistent with the annual precipitation; decreasing with reduced precipi-
tation patterns. During the summer, as energy inputs rise, both
accumulated ET and Tr exhibit a more rapid increase. Accumulated ET
fluxes of conifer forests are the highest among the four primary land

uses, followed by broad-leaved forests, croplands and pastures.
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TABLE 1  Scenarios.
Vegetation type
Conifer Arable
Broad-leaved forest forest agricultural land Pasture  Young broad-leaved forest
Scenarios  Proportional aerial coverage
Baseline 6% 29% 52% 13% 0
S1A - - —-10% - 10% of arable agricultural lands replaced
with young broad-leaved trees
S1B - —-50% - - 50% of conifer forests replaced with young
broadleaf trees
SiC - —-50% —-10% - 10% of arable agricultural lands and 50%
of conifer forests replaced with young
broad-leaved trees
S2A 10% of arable agricultural lands replaced - —-10% - -
with mature broad-leaved trees
S2B 50% of conifer forests replaced with mature —-50% - - -
broad-leaved trees
S2C 10% of arable agricultural lands and 50% of —-50% —-10% - -

conifer forests replaced with mature
broad-leaved trees

Note: The—symbols represent proportion changes from existing vegetation type. “Extreme” scenarios are for single vegetation types. S1 is for uneven-

aged scenarios, and S2 is for even-aged scenarios.

Specifically, the accumulated Tr fluxes generally mirrored the overall
trends of ET across different land uses, except that croplands higher
than broad-leaved forests. However, the sequence for accumulated
Es fluxes is inverted, with deciduous broad-leaved forests highest par-
ticularly ins spring prior to leaf out. As for Ei, although the median of
conifer forests is lower than that of broad-leaved forests, its upper
bound is notably higher (Table S2). Notably, these fluxes exhibit dis-
tinct patterns when comparing different land uses, demonstrating the
model's skill, and associated uncertainty, in capturing the responses of
various land uses to climatic and hydrological changes. Such differ-
ences support the integrated effects of the parameterisation
described in Section 3.1.

4.2 |
moisture

Temporal changes in discharge and soil

Figure 6 shows the simulated time series of outlet discharge and soil
moisture under baseline conditions and for extreme land use changes.
Modelling the catchment with only conifer forest land cover resulted in
the largest reduction in streamflow over the entire simulation period,
with a decline of ~72 + 17% compared with the baseline (Figure 6a).
For the extreme scenario of conversion to arable, flows increased by
~11% compared with baseline (Figure 6b). In both cases, impacts were
greatest for low and average flows. Meanwhile, conversions to broad-
leaved forests and pastures increased flows by 39 +72% and
139 + 44% from baseline, respectively. The uncertainties of simulated
streamflows generally decreased with decreasing flows, with the lowest

uncertainty for the extreme conifer forests scenario.

Unlike the extreme land use changes, the stakeholder-designed
land use scenarios showed limited differences in streamflow generation
compared to the baseline, especially for scenario A when only 10% of
agricultural lands were replaced with broad-leaved forests. For scenar-
ios B and C, modelled discharge slightly increased but in general the dif-
ferences were subtle (Figure 6c,d). Table S3 summarizes the flow
duration curve statistics for baseline and designed scenarios (Figure S5
shows the curves). The differences between the stakeholder-designed
and baseline scenarios were greater during low flows that equal to or
exceed this discharge 95% of the time, especially for S1 scenarios
under the implementation of uneven-aged management. Meanwhile,
scenarios B and C also exhibited higher values, indicating an increase in
low discharges under the mixed-forest scenarios. Overall, uneven-aged
mixed forest of conifer and young broad-leaved trees resulted in most
marked changes. The high flows for S1B and S1C increased by ~12%.
The low flows for S1B and S1C increased by 35% and 52%, respec-
tively. The high flows for S2B and S2C increased by 5% and 6%,
respectively, and their exceedence curves exhibited similar patterns
from high flow to mid-flow. However, the increase in low flows for S2C
(13%) was lower than that for S2B (35%). Compared to the baseline
scenario, both the high and low flows for scenarios A either remained
unchanged or slightly decreased.

The temporal dynamics of discharge responses are strongly linked
to land use impacts on catchment storage, which can be indexed by
the simulated soil moisture changes in L1 (top 15 cm). Soil moisture in
the extreme conifer scenario was lowest and generally lower than the
baseline, especially during the growing season (May—September)
(Figure 6e). Soil moisture for the extreme arable crop scenario showed

similar patterns, and the uncertainties of both conifer and crop were
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FIGURE 4 (a-d) Existing land use in the model categorized as four main generic types; arable agriculture (crop), broad-leaved forests (broad),
conifer forests (conifer) and pastures (past). Distribution of annual average of modelled (e-h) daily green fluxes, (i-1) daily blue fluxes and

(m) water ages of the baseline scenario. The colour bar of blue flux is truncated to emphasize spatial patterns (largest blue flux reached

11.5 mm d~ 1 for overland flow). Grey cells on the overland flow sub-figure indicate stream paths without simulated overland flow. Note that
groundwater MRT is in years (log scale). The values shown on the subplots are catchment-wide, long-term (2009-2019) average and standard
deviations. Ei, evaporation from intercepted water; Es, soil evaporation; EsA, soil evaporation water age; ET, total evapotranspiration; GW,
groundwater mean residence time (MRT); GWH, cell-to-cell lateral groundwater flow; GWr, groundwater recharge; Infil, infiltration into the first
soil layer (L1, top 15 cm); Ov, cell-to-cell overland flow; Stream, streamwater age; Tr, transpiration; TrA, transpiration water age.

lower than the baseline. An increase in soil moisture in the extreme
scenarios only occurred in the pasture scenario, which increased by
13+ 8% on average over the baseline (Figure 6f). The extreme
broad-leaved scenario showed no overall difference to the baseline.
The simulated soil moisture dynamics for design scenarios were not
substantially different to the baseline, though soil moisture slightly

increased for scenarios C (Figure é6g,h).

4.3 | Catchment-scale spatial patterns in water
flux partitioning changes

The temporal changes in streamflow and soil moisture simulation
reflect the effects of more complex spatial patterns of modelled
changes in green water fluxes under contrasting land use as shown in

Figure 5 and Table S2. Compared to the baseline, ET and Tr generally
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TABLE 2 Median calibration efficiency for hydrometric and
isotopic data from multicriteria calibration.

Location NSE rMSE
Discharge (m® s~ Demnitz Mill 0.82 0.07
Demnitz 0.66 0.11
Evapotranspiration (mm dh Forest - 0.94
Cropland - 1.11
Soil moisture (m® m~3) Forest - 0.05
Cropland - 0.06
Stream isotopes (%o) Demnitz Mill - 2.98
Bruch Mill = 3.6
Peat North - 1.88
Soil isotopes (%o) Forest layer 1 0.65 -
Forest layer 2 0.11 -
Groundwater isotopes (%o) GW4 - 2.28

Abbreviations: NSE, Nash-Sutcliffe efficiency; rMSE, root mean square
error.

decreased under the stakeholder-driven scenarios, whereas Es and Ei
generally increased (Figure 7). The simulations show a transpiration-
dominated pattern in green water fluxes. The most dramatic changes
also occurred in Tr with decreases of up to 13 + 6%, especially in the
southern forests where a greater proportion of conifer conversion to
broadleaves was simulated. Compared to the even-aged scenarios
S2B and S2C (Figure 7k,), uneven-aged scenarios S1B and S1C
(Figure 7h,i) had slightly greater impact on reducing catchment-wide
Tr. A 50% increase in the proportion of broad-leaved trees focused on
the southern conifer forests was projected in a reduction of ~9 + 6%
from baseline Tr across the catchment (Figure 7h).

The most marked changes in mean Es were mainly in the south-
ern mixed forest, as the increased cover of deciduous broad-leaved
trees allows greater energy inputs to the forest floor in spring prior to
leaf-out. Similarly, S1 with younger broad-leaved trees also promoted
higher Es due to lower shading (Figure 7m-o).

Ei increased most in even-aged mixed forests, followed by
the agroforestry with mature broad-leaved trees (Figure 7v-x). Ei in
the uneven-aged mixed forests also declined slightly (Figure 7t,u). ET
decreased most in the southern mixed forest, with a small scattered
increase at the fringe of the mixed forest, mainly due to increased Es
(Figure 7b, c, ef). For even-aged scenarios (S2A and S2C), ET
increased slightly in the formerly arable-dominated northern areas,
mainly because the decrease in Tr could not offset the increase in Ei
(Figure 7d,f).

Figure 8 shows the differences of modelled blue water fluxes
between the stakeholder-designed scenarios and the baseline. Similar
to green fluxes, scenarios B and C with mixed forest in the southern
catchment showed most marked differences, which were generally
greater for the latter. Furthermore, except for infiltration, changes in
blue water fluxes were more pronounced for uneven-aged scenarios
(S1B and S1C). Ov increased in some places around the stream chan-

nels, particularly in the southern mixed forests (Figure 8c). In all

scenarios, Infil slightly decreased following a similar spatial pattern
and magnitude to the changes in Ei (Figure 7). However, even the
greatest reduction in Infil rates reached only ~2% of the baseline Infil,
which was for the even-aged scenario of replacing conifers with
mature broad-leaved trees (Figure 8k). Because of the combined
effects of increased ET and decreased Infil, the simulated GWr and
GWTf were reduced in the northern agroforestry (Figure 8 scenarios A
and C). However, despite the slight reduction in Infil, GWr and GWf
under mixed forests still increased as the reduction in ET exceeded
the reduction in Infil. For coniferous forests, a 50% increase in the
proportion of broad-leaved trees was projected to result in an average
11% increase in GWr across the catchment (Figure 8n).

44 | Catchment-scale changes in water age

Figure 9 shows the catchment-wide modelled water age changes in
streamflow, groundwater, transpiration and soil evaporation. Overall,
the spatial patterns of changes were more significant in scenarios B
and C; and tended to be greater for the latter. Uniquely, streamwater
age showed changes across the whole catchment, meaning upstream
land use changes impacted downstream water ages (Figure 9a,d).
With the exception of scenarios S2A and S2C, there was a general
reduction in streamwater age. Replacement with mature broad-leaved
trees in the arable area slightly increased streamwater ages of the
whole catchment (Figure 9d,f), whereas impacts of the replacement of
conifer forests would be limited within the southern areas as a direct
consequence of streamflow direction (Figure 9b,e). Groundwater MRT
showed a small increase (~ 0.2 years) under scenarios with replace-
ment in the arable areas (Figure 9g,). The turnover of groundwater
under mixed forests notably increased, as the groundwater mean resi-
dence time was reduced by 2.7-4.4 years (~9%-15% of the baseline)
in the original conifer-dominated areas, with the greatest reduction in
uneven-aged scenarios (Figure 9h,i). Transpiration water age was pro-
jected to generally increase for all scenarios, with S2C demonstrating
the highest values. Soil evaporation age was projected to increase for
all the scenarios except S2A and S2C where some of the northern ara-

ble lands were replaced with mature broad-leaved trees.

4.5 | Land use effects on evapotranspiration and
water storage

We also analysed ET losses and groundwater levels at the catchment
scale under each land use type and each modelled scenario.
Figure 10a shows the long-term average ET rates for each land use
type across the entire catchment. Under baseline conditions, arable
land—given its extensive coverage—contributed the most to catch-
ment ET. Conifer forests, despite having a more limited spatial extent,
had only a slightly lower contribution losses of water in the system
than arable lands due to high Tr and Ei rates. In the extreme scenarios,
ET losses showed the reverse of effects on streamflow (Figure 6):

conifer forests exhibited the highest ET rates, followed by arable
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FIGURE 5 Breakdown of green water fluxes for different land uses: (a) total evapotranspiration, (b) transpiration, (c) soil evaporation and
(d) evaporation from intercepted water. (a—e) show the accumulated values for each year, (f) is the daily temperature. Lines represent the
simulated median, and shaded regions represent the upper and lower ranges of simulations for the top 10 parameter sets.

lands, broad-leaved forests and pasture. Among the design scenarios,
the most significant differences occurred in the conifer forests in sce-
narios B and C. The median ET loss of conifer forests dropped by
more than 50% in the southern mixed forests. The changes to arable
lands were not substantial.

The normalized groundwater level calculated under each land cover
(which unlike evapotranspiration rates were not proportionally weighted)

were used as a proxy of groundwater storage (Figure 10b). For the

baseline, groundwater storage was highest under arable lands. Mean-
while, in both baseline and extreme scenarios, the groundwater storage
under conifer forests was the lowest. Compared to the baseline scenario,
the agroforestry scenarios showed no significant change in terms of
increasing groundwater storage (S1A and S2A). However, mixed-forest
scenarios substantially increased storage in areas where conifer forests
were partially replaced; in particular the uneven-aged scenarios almost

doubled groundwater storage from baseline (S1B and S1C).
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5 | DISCUSSION
5.1 | Whatis the potential of tracer-aided
ecohydrological models in assessing land use effects?

In the face of increased water-related challenges and risks, reliable
information for planning water resources is crucial (Vose et al., 2011).
Ecohydrological models such as HYLUC (Calder et al.,, 2003) and
RHESSys (Tague & Frew, 2021) have a long history of helping to
understand the impact of land use change on water availability in
complex landscape systems, and elucidating the relationships between
land management, critical zone interactions and water storage-flux
dynamics. Such insights can provide an evidence base to help inform
policy makers and stakeholders about the potential impacts of differ-
ent management strategies and their associated uncertainties in
regions where water security concerns are growing.

Here, an assessment framework was developed using EcH,O-iso
to use tracers to help constrain ecohydrological models to evaluate
the changing interactions between water, energy and biomass produc-
tions across spatio-temporal scales in a lowland drought sensitive
catchment under alternative land use scenarios (Figure 3). As in other
systems that have been extensively tested and validated under a wide
range of climatic and hydrological conditions (Douinot et al., 2019;
Knighton et al., 2020; Neill et al., 2021; Smith et al., 2019; Smith, Tet-
zlaff, Landgraf, et al., 2022; Yang et al., 2021), EcH,O-iso was subject
to an isotope-aided, spatial distributed, multi-criteria calibration

against streamflow, soil moisture, Tr and groundwater (see Figure S2

and S3 and Smith et al. (2021)). This enabled the model to produce
robust simulations of water storage-flux-age interactions that could
help visualize the spatio-temporal dynamics under contrasting pro-
posed land uses aimed at reducing water losses to the atmosphere
and their associated uncertainties.

Previously, reduced uncertainties in process representation have
shown that the inclusion of isotopes can increase confidence in the
model's simulation of water flux, storage and age dynamics in DMC
across a range of hydroclimatic conditions (Smith et al., 2021). This
tracer-aided framework provides an integrated modelling approach
that can link scales across the catchment and more explicitly constrain
storage and age estimates within modelling experiments than conven-
tional modelling without tracers (Xu, & xue, Li, L., & Zhao, J., 2017).
The general applicability of the model and its use of increasingly avail-
able data to drive it, enhances the transferability of the approach and
its potential to be upscaled to larger catchment and regional scales
(e.g., Yang et al., 2023).

In applying the framework, we found that both modelled water
storage and flux exhibited spatio-temporal variability, which was dom-
inated by the close coupling of land cover type and soil distributions.
This provides a powerful tool for demonstrating the crucial role that
land management plays in controlling water availability in drought-
sensitive landscapes. Such evidence also helps show the potential that
land management has to manipulate ecohydrological partitioning and
aid regulation of water storage and availability depending on local pri-
orities. The spatial assessments generated by the model provided an

intuitive catchment-wide understanding of ecohydrological dynamics
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(2009-2019) average and standard deviations. Ei, evaporation from intercepted water; Es, soil evaporation; ET, total evapotranspiration; Tr,

transpiration.

that can aid communication with and between stakeholders. For exam-
ple, the model showed that conifer monocultures have higher ET and
lower GWr compared with other land covers (Figure 4) consistent with
previous research in the same region (Douinot et al., 2019) and other
temperate landscapes (e.g., Calder et al., 2003). Furthermore, the tempo-
ral results highlight the cascading effects of land management on stream-
flow generation, and the most marked impacts on low flow periods
(Figure 6 and Table S3). With associated representation of model uncer-
tainty, such outputs can be an important part of the evidence base and
decision support tools for developing policies for land and water man-
agement in such drought-sensitive landscapes (Ahn & Merwade, 2017;
Calder, 2005; Delgado et al., 2010). Moreover, by examining time series
simulations, we can zoom in on specific stress periods or locations and
gain a more nuanced understanding of the non-linear effects of land
management on water storage and flux under different hydroclimatic
periods (Smith, Tetzlaff, Maneta, & Soulsby, 2022a).

5.2 | How do land use changes affect green and
blue water flux partitioning?

Land use type and extent are a first order control on water partition-
ing with a given area, and quantifying the implictions for water avail-
ability are fundamental to development of sustainable policies and
planning (Ahn & Merwade, 2017). Using generic land use types in
DMC, annual water use generally increases in the order of pasture
(median ET 340 mm a ~%) < crops (400 mm a ~%) < broadleaved trees
(432 mm a %) < conifers (510 mm a %) with increased interception
being the dominant flux of increased water loss under forest canopies
(Table S2). Thus changes such as diversifying conifer forests with
broadleaves or converting agricultural land to agroforestry, alter the
amount of water intercepted by vegetation (Figure 7s-x). Although
these changes in Ei might appear subtle, a change of 0.01 from a base-

line of 0.11 represents a relative change of roughly 9%. In scenarios
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FIGURE 8 Distribution of differences in long-term (2009-2019) average of daily blue fluxes between designed scenarios and baseline.
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cell-to-cell overland flow.

like S2C, the relative change reaches nearly 18%. Such variations,
even if they seem relatively small in absolute terms, can cumulatively
impact the amount of water available for transpiration and ultimately
affect the amount of blue water that can be recharged into subsurface
storage or streams (Figure 8).

Furthermore, land use changes can alter vegetation composition
and different plant types that have different water use strategies
depending upon their physiology. These changes, which can be para-
meterised in the model (e.g., LAl, canopy storage, stomatal
conductance, rooting distributions—see Table S1), can affect water
partitioning. Modelling in DMC indicated that conifer forests, despite
their smaller area, have only slightly lower contributions to total
catchment ET losses compared with the dominant arable lands as a
result of greater interception loss and their high Tr rates (Figure 10).
This aligns with previous findings in central Europe (Calder

et al., 2003; Cannell, 1999). However, after implementation of design

scenarios, the simulated total green fluxes markedly dropped in the
mixed forests, particularly in terms of Tr as Ei remained high and Es
increased (Figure 7). This resulted in an increase in GWr and GWf
(Figure 8). A recent study used a European tree-ring database to show
that mixed forests, particularly of conifers and broadleaves, are more
resilient to drought. This may point to multiple advantages in forest
management adopting more nature-based solutions based on more
diverse species composition and lower planting densities (Pardos
etal., 2021).

Simulations also showed that uneven-aged management of coni-
fer and young broad-leaved forests could further reduce catchment
ET and increase recharge (Figures 7 and 8). This aligns with more tra-
ditional selection silviculture, which creates and maintains uneven-
aged forest structures through selective felling of individual trees or
small groups of trees to maintain more sustainable regeneration
(Brillhardt et al., 2022; Nyland, 2016). These findings demonstrate
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FIGURE 9 Distribution of differences in long-term (2009-2019) average of water ages between designed scenarios and baseline. Differences
were computed as designed scenarios minus baseline scenario. Stream age, streamwater age; GW MRT, groundwater mean residence time; Tr

age, transpiration water age; Es age, soil evaporation water age.

the potential benefits and strong influence of active management, as
well as generic land cover type, in manipulating ecohydrological parti-

tioning in a more sustainable way.

53 |
and age?

What are the implications for water storage

Quantifying water storage dynamics is critical for improving under-
standing of water cycling (Zhou et al., 2022) and regulating water par-
titioning in terrestrial ecohydrological systems (Bouaziz et al., 2020).
In this regard, tracer-aided models calibrated against extensive isoto-
pic data can better contrain the subsurface storage needed to explain
tracer damping and mixing (Soulsby et al., 2015). Catchment water
storage can be indexed by soil moisture and groundwater storage.
Infiltration and recharge are important processes for increasing water

storage, whereas ET is the main exit route of water from the

catchment. Here, soil moisture under extreme conifer forests and ara-
ble lands were similar and lower than in other scenarios, particularly
during the growing season when coniferous trees and crops account
for large water losses (Figure 6e) indicating the potential vulnerability
of these land uses in terms of drought resilience.

Under agroforestry, no major changes were simulated in terms of
increasing groundwater storage in the catchment (Figure 10b) reflect-
ing the increased tree cover leading to higher levels of ET due to
increased interception and reduced infiltration, though the limited
extent of the increased tree cover (10%) dictated that modelled
effects were small. This is consistent with recent similar eddy covari-
ance measurements of ET over crops and agroforestry at several sites
in Germany (Markwitz et al., 2020). However, mixed-forest scenarios
increased storage when replacing conifer forests; with the uneven-
aged scenarios almost doubling the groundwater storage in the mod-
elled domain compared to baseline (Figure 10b). This emphasizes the

importance of management decisions on species selection and age in
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FIGURE 10 Boxplot of estimated average catchment (a) evapotranspiration contribution and (b) normalized groundwater levels (as a proxy of
groundwater storage) for land use types of broad-leaved forest (broad), conifer forest (conifer), croplands (crop), pasture (past) and young
broadleaved forest (ybroad) under different scenarios. The lower/upper box boundaries are the 25th/75th percentiles, respectively, the inner box
line is the median, and the lower/upper error lines are the 10th/90th percentiles, respectively. Note that the evapotranspiration is proportional to
cellwise land cover, and the groundwater storage was computed as the groundwater level under certain land cover. The p-values represent that
the differences between the means of different land use types were statistically significant (p < = 2e-16 denotes value close to 0).

manipulating catchment water storage and improving water availabil-
ity, water uptake, or water use efficiency. Further, management has to
be compatible with local climatic and edaphic conditions (Pardos

et al.,, 2021).

Quantifying the ages of water through tracer-aided ecohydrologi-
cal models can also provide valuable insights into the impact of land

use change on the interactions between water fluxes and storage

within landscapes (Sprenger et al., 2019). Although uncertain, simula-
tions showed that the inclusion of broad-leaved trees in mixed forests
could increase the turnover of groundwater (Figure 9) as increased

recharge can help accelerate the movement of water in the subsurface

(Befus et al., 2017). This can reduce recovery times from external dis-
turbances such as drought and thus, enhance landscape resilience
(Griebler & Avramov, 2015; Smith, Tetzlaff, Maneta, & Soulsby, 2022a).
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54 | Towards more drought-resilient land
management?

The modelling presented here is a first step towards providing a learn-
ing framework for understanding how land use change might be used
to manage water cycling and availability in the DMC. Although this
already provides evidence that can aid decision making, further
improving understanding will depend on integrating insights from
other studies, new data and thinking how to refine the modelling fur-
ther. Fundamental to this will be embedding stakeholders more
strongly into the modelling work flow to ensure that results can most
usefully contribute to more resilient decision making given the likeli-
hood of a warmer, drier future for DMC.

For example, there is growing evidence showing benefits of agro-
forestry in enhancing water storage and soil moisture, and thus,
increasing drought resilience (Kuyah et al., 2019; Siriri et al., 2013).
However, each situation is complex with a different geographical con-
text; thus, more optimal water use through agroforestry cannot be
generalized for all systems (Bayala & Prieto, 2020). In DMC, for exam-
ple, modelling showed that the combination of increased ET and
decreased infiltration can lead to slightly reduced groundwater
recharge and groundwater flow in agroforestry (Figure 8 scenarios A
and C). Although this does not diminish the potential of agroforestry
in terms of maintaining soil moisture, it highlights the trade-offs of
affecting different ecosystem services. Ecohydrological modelling can
be parameterized to capture more specific variations within generic
land use types (e.g., species-specific traits, tree-crop ratios etc. in
agroforestry) and can be used to explore the potential impacts of
agroforestry or other land uses in more detail (Liu et al., 2018). Now
that field data are becoming available from eddy covariance
(e.g., Markwitz et al., 2020) or isotope data (Landgraf et al., 2023),
there is the potential for further model testing and refinement.

The potential for diverse, uneven-age mixed forests for improving
drought resilience was highlighted by the simulations. Even in the dry
year, groundwater recharge and streamflow generation were pre-
dicted to be enhanced under mixed-forest with uneven-aged manage-
ment (Figure S6 and S7). Other benefits of mixed-forest management
have been reported elsewhere (Felton et al., 2010, 2016; Liu
et al., 2018), including increased biodiversity, reduced stand vulnera-
bility to pest damage, increased bird abundance and so forth. (Alder
et al., 2018; Felton et al., 2016). The modelling approach in DMC
offers an efficient and transferable tool to investigate, visualize and
communicate spatio-temporal effects and inherent uncertainties of a
wide range of management strategies in building drought resilience
(Pardos et al., 2021). Moreover, the model has the potential to go
beyond the “snap shot” assessment of alternative management strate-
gies in time, modelling forest growth dynamics over shorter timesteps
and including climate change scenarios in addition to land use change
(Douinot et al., 2019; Kuppel et al., 2018; Maneta & Silverman, 2013).

The EcH,0-iso application here involved relatively simple repre-
sentation of land cover manipulations as a first step in the assessment
of land use impacts on ecohydrological partitioning. More detailed

analysis is possible but would require: (a) further data collection,

(b) model improvements and (c) even more direct stakeholder engage-
ment in understanding model outputs and uncertainty. In terms of
data, the model calibration showed the value of soil isotope data and
transpiration proxies (sap flux rates) in constraining the model. For
more detailed applications for different species, ages, densities, man-
agement options, additional data on LAl changes, interception losses,
rooting distributions would likely prove effective calibration con-
straints. For model improvements, the land use change impacts are
currently largely assessed via structural changes to the vegetation
(cf. Neill et al., 2021). However, EcH,0O-iso allows vegetation dynam-
ics to be assessed (Douinot et al., 2019), and temporal changes in soil
properties associated with land use change need to be incorporated
(e.g., Poorter et al., 2021). In this regard, recent forest productivity
changes associated with drought conditions could be used to better
understand the complex lag effects of droughts on forests physiology
and water cycling and incorporate this behaviour in models (e.g., Pohl
etal, 2023).

Furthermore, the limitations associated with calibration through
random sampling can be possibly mitigated by implementing more
structured calibration methods, such as formal Bayesian DREAM
approach (Vrugt et al., 2009) and Limits of Acceptability framework
(Beven, 2019) though this would result in significantly higher compu-
tation time. Finally, although the modelling outputs give intuitive
insights into the likely spatio-temporal impacts of land use change
options (Smith, Tetzlaff, Maneta, & Soulsby, 2022b), the results are
uncertain and ensuring effective stakeholder communication and

understanding of this is a key priority.

6 | CONCLUSION

We developed a framework for quantifying and visualizing the impact
of different land use management strategies on water flux partition-
ing, storage and age. This utilizes the novel spatially-distributed and
tracer-aided ecohydrological model, EcH,O-iso, to analyse extreme
and plausible design scenarios and consider uncertainties. Using
modelling experiments to examine the effects of diversification and
introduce broadleaved trees into arable and coniferous monocultures,
we found that uneven-aged mixed forests of conifer and broadleaved
trees had the greatest potential to impact on increasing water avail-
ability in the catchment. Agroforestry showed no significant changes
in groundwater storage, likely due to the limited tree cover extent
(~10%) used in the scenario. We demonstrated the potential benefits
and influence of active management, as well as the importance of
generic land cover type, in manipulating ecohydrological partitioning
in a more sustainable way. Our results underscore the importance of
further developing ecohydrological modelling and integrating more
empirical data to improve understanding of how land management
can manipulate water availability to build drought resilience at con-
trasting temporal and spatial scales. Beyond providing insights from a
hydrological perspective, our study offers valuable knowledge to help
make scientifically informed decisions regarding optimal land use

changes. The findings should encourage stakeholders to consider
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strategic diversification towards uneven-aged mixed forests, given

their potential in enhancing drought resilience.
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