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Abstract

Headwaters play a crucial role in maintaining forest biodiversity by providing unique habitats and are important for the
regulation of water temperature and oxygen levels for downstream river networks. Approximately 90% of the total length of
streams globally originate from headwaters and these systems are discussed to be especially vulnerable to impacts of climate
change. This study uses an integrated hydrological model (HydroGeoSphere) in combination with 23 downscaled ensemble
members from representative concentration pathways (RCPs) 2.6, 4.5 and 8.5 to examine how climate change affects water
availability in a headwater catchment under baseflow conditions. The simulations consistently predict increasing water
deficits in summer and autumn for both the near (2021-2050) and far future (2071-2099). Annual mean water deficits were
estimated to be 4 to 7 times higher than historical levels. This is mainly due to a projected reduction in precipitation inputs
of up to — 22%, while AET rates remain similar to those observed during the historical reference period (1992-2018). The
declining groundwater storage reserves within the catchment are expected to result in a significant decline in surface water
availability during summer and autumn, with a reduction in mean annual stream discharge by up to 34% compared to the
reference period. Due to declining groundwater levels, upstream reaches are predicted to become intermittent in summer
leading to a reduction of the total stream flow length by up to 200 m. Findings from this study will enhance our understand-
ing of future water availability in headwater systems and may aid in the development of effective management strategies for
mitigating local impacts of climate change and preserving these vulnerable ecosystems.

Keywords Water availability in headwater catchment - Stream-aquifer interaction - Regional climate model - Integrated
hydrological modelling

Introduction

Stream-aquifer interactions are characterized by dynamic
exchange of water and solutes between the surface and sub-
surface flow domains. Direction and rate of water exchange
controls instream biogeochemical conditions, hyporheic
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(3) a disconnected stream describes the situation where
there is no water-saturated connection to the groundwater
facilitating high loss rates of stream water to the aquifer.
The exchange of water between stream and groundwater can
be highly variable in time and space due to the temporal
dynamics of river flows and the geologic heterogeneity at the
stream-aquifer interface (Conant 2004; Fleckenstein et al.
2006; Krause et al. 2007; Nyquist et al. 2008; Frei et al.
2009). Because of this high variability, it is often not pos-
sible to classify streams as purely gaining or losing (Baldwin
and Mcguinness 1963). A stream reach, however, can be
considered as net-gaining if it receives more water from the
aquifer than it loses, and net-losing if the opposite is true.

When precipitation inputs are low, inflowing groundwa-
ter is often the only source that sustains streamflow under
baseflow conditions (Delleur 1999). During droughts per-
ennial streams maintain continuous surface flow because
of groundwater inflow (Misra et al. 2011). Surface water
availability during baseflow conditions is essential for pre-
serving aquatic habitats and influencing water quality in
rivers and streams (Beatty et al. 2010; Choi et al. 2018). A
study conducted in Sweden during winter baseflow condi-
tions showed the importance of groundwater, where inflows
scaled non-linearly related to catchment size, ranging from
approximately 20% for smaller headwater catchments to
80% for larger sized catchments (Peralta-Tapia et al. 2015).
Similarly, Kaule and Gilfedder (2021) highlighted the sig-
nificance of groundwater inflow for headwater catchments
in Germany, where the fraction of instream groundwater
increased from 10% under normal flow conditions to 70%
during baseflow conditions in late summer. For the Upper
Colorado River Basin, Miller et al. (2016) found that on
average, 56% of river stream water originates from ground-
water inflow. The balance between moderate flow condi-
tions, floods, and droughts is crucial for the health of fluvial
ecosystems (Richter et al. 1997; Arthington et al. 2006), and
dropping groundwater levels can negatively impact ecologi-
cal processes and biodiversity for these sensitive ecosystems
(Choi et al. 2018).

According to IPCC (2014) there is an increase in global
temperature and various aquatic ecosystems are at risk of
serious impacts due to increasing water temperature and
lower water availability. The projections for climate change
indicate a significant reduction in the availability of ground-
water by the end of the twenty-first century, leading to sig-
nificant effects on both global and regional water resources
(Atawneh et al. 2021; Wunsch et al. 2022). Recent studies
for Central Europe found that climate change is expected to
increase the duration and frequency of low flow conditions
(Gosling et al. 2017; Marx et al. 2018) with an increase of
evapotranspiration rates during summer until 2100 (Chan
et al. 2021; Kaule and Frei 2022). For large areas in Ger-
many it is predicted that climate change will increase the
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probability of drought conditions due to higher evapotran-
spiration rates in summer that causes up to 43% annual
reduction in the streamflow by 2050 (Huang et al. 2010; Al-
Mukhtar et al. 2014). Goderniaux et al. (2009) and Wunsch
et al. (2022) found that due to increased evapotranspiration
and reduced percolation rates, groundwater storage is also
likely to decline as a result of climate change. According to
Natkhin et al. (2012) Northeast Germany has already seen a
significant reduction in groundwater recharge between 1957
and 2007, primarily as a result of decreased precipitation
and increased evapotranspiration rates.

Approximately 90% of the total length of streams glob-
ally originate from headwaters (Downing et al. 2012; Allen
et al. 2018), making them crucial for downstream water
availability and quality (Alexander et al. 2007). Headwater
streams in general are often more dependent on ground-
water inputs compared to downstream rivers and streams
(Kaule and Gilfedder 2021). Because of the strong depend-
ency of groundwater inputs and limited groundwater stor-
age reserves, streamflow in headwater catchments is highly
sensitive to climate change (Bennett et al. 2012). A shift in
precipitation patterns, increasing temperature and less rain-
fall during dry seasons in summer significantly can impact
the water availability in these systems with the potential to
also disrupt the connection between headwater catchment
and downstream river networks. Bernsteinova et al. (2015)
observed that headwater catchments in Central Europe were
already experiencing negative flow trends in summer due to
an increase in temperature from 1978 to 2011. Kaule and
Frei (2022) demonstrated that the water balance of headwa-
ter catchments located in the lower mountain ranges of Ger-
many has been and will continue to be significantly affected
by climate change, resulting in an increased frequency and
intensity of drought events.

Quantification of interactions between surface water bod-
ies (e.g., rivers and streams or lakes) and groundwater on
different spatial and temporal scales can be estimated using
integrated hydrological modeling frameworks (Frei et al.
2009; Chen et al. 2016). These modelling frameworks offer
a comprehensive and integrated view of the hydrological
cycle, accounting for interactions and feedbacks between
surface and subsurface flow processes. By accounting for the
complex dynamics and feedbacks between surface and sub-
surface water flow, integrated hydrological models enable a
more accurate representation of hydrological systems and
provide valuable insights into the impacts of human activi-
ties and climate change on the water cycle. Surface—ground-
water interactions on various scales were intensively studied
in the past using integrated hydrological models ( e.g., Ala-
aho et al. 2017; Chen et al. 2016; Cloutier et al. 2014; Frei
et al. 2009; Min et al. 2015) but only a few studies focused
on how these interactions are affected by climate change
(Goderniaux et al. 2015; Molano-Leno et al. 2018).
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As part of this study, our objective is to assess the influ-
ence of regional climate change on the water availability in
a small headwater catchment located in the Bavarian For-
est region of South-East Germany. This catchment can be
seen as a representative system for many forested catchments
located in the lower mountain ranges of Germany and Cen-
tral Europe. For this purpose, we used the integrated hydro-
logical model HydroGeoSphere (HGS) to represent hydro-
logical processes in the catchment, including surface and
subsurface flow as well as interactions between both flow
domains. We utilized Regional Climate Models (RCMs) to
predict future precipitation inputs, temperature, and potential
evapotranspiration rates. These parameters were integrated
into the HGS model to simulate runoff generation processes
in the catchment. Specifically, we focused on examining the
effects of climate change on instream water availability and
exchange of water between the stream and groundwater dur-
ing baseflow conditions in late summer. We hypothesize that
climate change will result in a decrease in groundwater con-
tributions to the stream, particularly during low flow condi-
tions in summer, due to dropping groundwater levels. This
hypothesis is based on the expectation that RCMs, with their
predicted changes in precipitation, temperature, and actual
evapotranspiration rates, will alter the hydrological cycle
and decrease the availability of groundwater for streamflow.
Results from this study will provide a better understanding
on future water availability in headwater systems and might

help to develop efficient management strategies to mitigate
local effects of climate change and to protect these sensitive
ecosystems.

Methods
Study area

The Grosse Ohe catchment is situated in the Bavarian Forest
National Park in South-East Germany (Fig. 1). It is the head-
water catchment of the Grosse Ohe river, the largest tributary
of the river Ilz which joins the Danube river at Passau, Ger-
many. The catchment covers 19.2 km? area (mean terrain slope
is 7.7°) and shares its border with the Czech Republic. Hin-
terer Schachtenbach having 3.5 km? area is the sub-catchment
located in the Grosse Ohe catchment. The elevation of the
Grosse Ohe catchment stretches from 770 to 1453 m.a.s.l. with
a permanent lake (Rachelsee) located at an elevation of 1070
m.a.s.l. in the north of the catchment. The bedrock geology
is characterized by two major rock types; biotite granite and
cordierite-sillimanite gneiss. The main proportion of the soil
consists of cambisol, while lithosol and histosol soil types also
can be found in this catchment. Most of the area is covered
with natural forest in which Norway Spruce is the dominant
species (almost 70%) (Beudert et al. 2015). Annual rainfall
in the Grosse Ohe catchment varies from 1350 to 1600 mm
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Fig. 1 Topographical map and location of the Grosse Ohe catchment and its sub-catchment Hinterer Schachtenbach, along with the downstream

river network
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yr~! with a mean annual discharge of 2.663 mm/d measured
at the Taferlruck gauging station located at the catchments’
outlet (Fig. 1). Based on the climate, the catchment lies in
the temperate zone and is affected by Atlantic and continental
influences (Béssler 2008).

Hydrological modelling

HydroGeoSphere (HGS) is an integrated fully distributed,
physical-based hydrological model that simultaneously rep-
resents surface and subsurface flow processes as well as inter-
actions between the two flow domains (Therrien et al. 2008).
A detailed model description along with all governing equa-
tions are available in detail in Aquanty Inc, (2015). In HGS, a
control-volume finite element scheme is used to solve the gov-
erning equations for 3D variably saturated subsurface flow and
2D-depth averaged surface flow. HGS uses the diffusive wave
approximation of the Saint—Venant equation for representing
2D-depth averaged surface flow, given as:

9,h, 0 oh 0 oh
aot 0 _a<doKOXa—xo> —a—y dUKOya_yo +d0F0iQo =0
(H

In Eq. (1) ¢, [-] is the surface flow domain porosity, #,
[L] the surface water elevation, d, [L] is surface water depth,
K, and K, are surface conductances [L T™'],Q, [L T™']is a
volumetric flow rate per unit area representing external source
and sinks and I', [L T~!] represents fluid exchanges with the
subsurface domain. Variably saturated subsurface flow is rep-
resented using the modified form of the 3D Richards' equation,
given as:

aS
~V.(@)+ )T, % Qg = Sstaa—V; +0,—2 )
where g [L T is the Darcy flux, 1“,,[L3 LT is symbol-
izes the exchange between surface and sub-surface domain,
Osc [L3 L3 T~1 is a volumetric flux that is associate with
a boundary condition. y [L] is the hydraulic head, 8, [-] is
the porosity, S, and S, [-] are the saturation and the specific
storage coefficient, respectively. Surface and subsurface
domains are linked using the dual node approach:

o~ 0 m

dr,=o kl K: (h = h, + wd—kdlK: (hg = h,) 3)
where, i, [L] is the surface water head, & and A, [L] are
the subsurface porous media and dual media hydraulic head
respectively, k, and k,, [-] are the relative permeabilities, w,
[-] is the volumetric fraction of the dual medium, K, and
K, [LT™'] are the vertical saturated hydraulic conductivi-
ties l,, ., [L] is a coupling length.

Daily potential evapotranspiration rates were calculated
with the FAO Penman—Monteith equation (Allen et al. 1998)
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based on the climatic available data (e.g. temperature, wind
speed, relative humidity, solar radiation). HGS is calculating
actual evapotranspiration based on the potential evapotran-
spiration rates using the method suggested by Kristensen
and Jensen (1975). Here actual evapotranspiration is divided
into three parts; evaporation from the canopy, transpiration
from plants and evaporation from the soil. Root uptake of
water (Tr) [LT~!] is calculated using the relationship shown
in Eq. (4).

Tr =f1(LAI)f2((9)RDF(Ep -E..) (4a)
SiLAD = C, + C,LAI (4b)
(Brc — 0)©
H=1- ———
PO G0, o

Here f;(LAI) [-] is a function of the Leaf Area Index
provided seasonally for each type of vegetation, C,[-], and
C,[-1, and f,(0)[-] is a function of the soil moisture content,
Root Distribution Function (RDF) defines the distribution of
the roots with depth [-], Ep [LT~']is the potential evapotran-
spiration. C; [] is a fitting parameter, 6, [-] is the moisture
content at wilting point, . [-] is the moisture content at
field capacity. Finally actual evaporation rates along with
transpiration from soil surface and subsurface soil layers is
estimated by Eq. 5

E, = a(Ep — E.4) (1 —f,(LADEDF) 5)

on [LT™!] is the canopy
evaporation and EDF [-] is the evaporation density function
and is assumed to be effective from soil surface to a given
extinction depth.

where, a [-] is a wetness factor, E

Model setup, parametrization and boundary
conditions

To achieve the objective of this study, we employed a nested
modelling approach using HGS. This involved developing
an HGS model for the entire Grosse Ohe catchment, as well
as a separate model for one of its sub-catchments, Hinterer
Schachtenbach (Fig. 2). As long-term discharge data were
only available for the entire Grosse Ohe catchment, the
larger model was used for calibration and validation, while
the model for the sub-catchment, was used for investigat-
ing the impact of climate change on surface/groundwater
interactions. Despite maintaining an accurate representa-
tion of surface/groundwater interactions, the sub-catchment
model demonstrated greater computational efficiency than
the larger catchment model. Due to its significantly lower
runtimes, we utilized the sub-catchment model to simulate
various long-term climate change scenarios.
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Fig.2 Model discretization of the A Grosse Ohe catchment and B the sub-catchment Hinterer Schachtenbach. The label 0 and 3500 m refer to

the total stream length used in Figs. 6 and 7

The computational grid for the surface flow domains of
both models was generated using the preprocessor software
AlgoMesh (HydroAlgorithmics Pty Ltd 2016). AlgoMesh
calculates an optimal triangular finite element mesh based
on the Delaunay criteria. To accurately represent surface/
groundwater interactions, both models utilized a refined
surface mesh in areas where these interactions were antici-
pated, such as stream locations and wetland areas (Fig. 2).
The elevation of the surface nodes was obtained from a 5 m
resolution digital elevation model (DEM). The final 2D
mesh of the larger catchment model contains 3399 nodes
and 6570 triangular elements, whereas the sub-catchment
model includes 1824 nodes and 3507 triangular elements.
To generate a 3D mesh for the subsurface flow domain, the
2D surface mesh was extended vertically by three main lay-
ers: a top layer with a thickness of 5 m, and middle and bot-
tom layers with a thickness of 10 m each. Furthermore, the
top layer was subdivided into multiple sub-layers, each with
a thickness of 0.5 m. The vertical discretization was kept
identical for both models to ensure consistency. The final
3D grid for the Grosse Ohe catchment comprises 40,788
nodes and 78,840 elements, while the sub-catchment grid
consists of 21,888 nodes and 42,084 elements. Vertical
discretization was implemented to represent the geological
conditions within the two catchments with a shallow soil
layer, a regolith main aquifer and an impermeable bedrock
layer. Around 5.6% of the total area of the catchment are
riparian wetlands with an average thickness of 1 to 2 m.
Wetlands were represented using an exponentially decay-
ing hydraulic conductivity (Ksat) distribution with depth,
following the approach proposed by Frei et al. (2010). All
Ksat values (wetlands, soil layer and regolith aquifer) were
parameterized during the calibration process, and the final

values can be found in Table S1 as part of the supplement.
Different overland flow and evapotranspiration properties
were assigned to the forested and wetland areas as well as to
the stream segments (see Table S1 supplement).

All boundary nodes at the catchment/sub-catchment
boundaries in the surface and subsurface flow domains,
except for the outlet nodes (surface flow domain), were set
as no-flow boundaries. Additionally, the subsurface nodes
representing the impermeable bedrock also were assigned
as no-flow boundary conditions. A critical depth boundary
was assigned to the surface nodes representing the outlet of
the catchment/sub-catchment, allowing the water to leave
the surface flow domain at the outlet location. Spatially
uniform daily rainfall and evapotranspiration rates were
applied as upper flux boundaries for both models to the sur-
face flow domain. Precipitation is the combined input of
rainfall and snowmelt. To simulate snowmelt, we utilized
the HBV light model (Seibert 1997), which has been previ-
ously used in combination with process-based hydrological
modeling, as presented in Kaule and Frei (2022). HBV uses
the degree-day method to estimate snowmelt based on the
air temperature.

Climate projections

The Intergovernmental Panel on Climate Change (IPCC)
introduced the Representative Concentration Pathways
(RCPs) in its fifth assessment report (ARS). These path-
ways play a crucial role in understanding the exploration of
climate change simulations and long-term predictions up
to 2100. The Regional Climate Model (RCM) output from
the EURO-CORDEX and ReKlies project was used in this
model and was provided and downscaled by the Bavarian
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State Office for Environment (LFU). RCM is a time series of
high-resolution climate data (0.11° or 12 km) for the period
of 1951-2006 and future scenarios ranging from 2006 to
2100. The selection of GCM and downscaling is very impor-
tant as every GCM has its strengths and shortcomings (IPCC
2014). The original RCM resolution is 12.5x 12.5 km, but
the LFU increased it to a 5% 5 km grid resolution. The
downscaling was carried out using the method proposed by
Marke (2008). The presence of deviations between climate
models and historical data is known as bias. This bias can
be corrected using bias adjustment or bias correction meth-
ods. The bias adjustment method uses the Quantile Delta
Mapping method (Cannon et al. 2015) and is widely used
in various studies to adjust the bias between projected and
observed data (Maraun 2013; Rajczak et al. 2016; Kim et al.
2016; Ngai et al. 2017; Ringard et al. 2017; Reiter et al.
2018). In order to evaluate potential impacts of climate
change on stream water availability for the sub-catchment,
in total we used 23 downscaled projections as input to the
HGS model (6 from RCP 4.5, 8 from RCP2.6 and 9 from
RCP 8.5, Table 1), detailed RCMs with their names are pro-
vided in Table 1. Each projection was split into two periods:
(1) near future 2021-2050 and (2) far future 2071-2099. As

a reference we additionally simulated the period from 1992
to 2018 based on available historical data. To investigate the
impact of climate change on water balance components, each
projection was simulated separately. Notably, each ensemble
member contributed equally to the ensemble mean with a
uniform weighting. The ensemble means of precipitation,
evapotranspiration, discharge, and storage change for each
pathway were calculated and compared with the reference
period.

Results
Model performance

The model was calibrated for the water year 2017
(11/01/2017-10/31/2018) based on available daily run-
off data measured at the outlet of the Grosse Ohe catch-
ment. Due to the high computational demand of the large
catchment model and associated long simulation runtimes,
calibration was performed manually. Using only a sin-
gle hydrological year for model calibration is frequently
employed when utilizing process-based and fully distributed

Table 1 Overview of the

GCM RCP RCM Institute T[°C] P [mm)] T[°C] P [mm)]

average annual temperature

and total annual precipitation 2021-2050 2071-2099

z‘c’re;zfiggphe’d climate change EC-EARTH  rcp2.6  CCLM4-8-17 CLMcom 824 1140.1 8.4 1169.1
EC-EARTH RACMO22E KNMI 8.47 1175.0 8.6 1197.3
EC-EARTH RCA4 SMHI 8.67 1097.5 8.8 1114.1
MIROC CCLM4-8-17 CLMcom  9.01 1000.0 9.1 1048.2
MPI WETTREG2018 CEC 8.35 1101.3 8.4 1085.8
MPI CCLM4-8-17 CLMcom  8.33 1189.0 8.2 1155.8
MPI RCA4 SMHI 8.87 1171.7 8.7 1100.5
MPI WRF361H UHOH 8.53 1088.2 8.6 1009.8
EC-EARTH  rcpd5  CCLM4-8-17 CLMcom 845 1100.0 9.3 1182.1
EC-EARTH RACMO22E r12 KNMI 8.75 1190.5 9.8 1228.9
EC-EARTH RCA4 SMHI 8.85 1125.6 10.0 1193.0
EC-EARTH RACMO22E KNMI 8.86 1105.1 9.8 1120.7
MPI CCLM4-8-17 CLMcom  8.22 1184.3 8.9 1173.8
MPI RCA4 SMHI 8.67 1155.8 9.6 1185.7
EC-EARTH rcp8.5 CCLM4-8-17 CLMcom 8.71 1176.5 11.0 1132.4
EC-EARTH RACMO22Er12 KNMI 9.06 1234.4 11.6 1246.9
EC-EARTH RCA4 SMHI 9.24 1176.4 12.0 1163.4
EC-EARTH RACMO22E KNMI 8.97 1147.4 11.5 1220.6
EC-EARTH WRF361H UHOH 8.84 1139.5 11.2 1044.5
MPI WETTREG CEC 8.78 1059.8 11.0 992.3
MPI CCLM4-8-17 CLMcom 8.31 1174.4 10.5 1219.4
MPI RCA4 SMHI 8.69 1136.3 11.5 1268.5
MPI WRF361H UHOH 8.43 1078.0 10.7 1045.9

Each scenario corresponds to a combination of a Global Climate Model (GCM) and a Regional Climate

Model (RCM)
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hydrological models (e.g. Cornelissen et al. 2013; Glaser
et al. 2016; De Schepper et al. 2017; Kaule and Frei 2022).
Validation was performed for the water years 2004-2017
(11/01/2004-10/31/2017). Figure 3 presents the observed
and simulated discharge of the Grosse Ohe catchment during
the calibration and validation period. The Nash—Sutcliffe-
Efficiency (NSE) for the calibration period was estimated
at 0.61, suggesting a satisfactory agreement between the
observed and simulated discharge values. Despite a slightly
lower NSE value of 0.51 for the validation period, the per-
formance of the process-based hydrological model remains
acceptable (Moriasi et al. 2007). Especially during low flow
conditions in summer/early autumn, discharge was repre-
sented very well by the HGS model, as suggested by the high
NSE score of 0.67 for this period. The simulations, however,
proved challenging when high flow conditions were encoun-
tered since peak discharges were often systematically under-
estimated. This discrepancy can be partly attributed by the
underestimation of precipitation rates during snow-melting
events in winter and spring, as predicted by the degree-day
method. Additionally, the insufficient resolution of the DEM
used in the study is unable to capture the small-scale topo-
graphical features (stream width <1 m) of the stream net-
work, contributing to the disparity between the observed and
simulated discharge values during high flow events.

Impact of climate change on the water balance
components

The water balance of a catchment is a representation of the
balance between precipitation (P), actual evapotranspiration
(AET), discharge (Q), and storage change (AS). These com-
ponents can help in understanding the changing hydrological

20
40

60

Precipitation [mm/d]

—— Precipitation

—— Simulated  --- Observed

30 ’

20

10

3
—

conditions. Table 2 shows the mean annual water balance
components for the different RCP ensembles utilized in the
sub-catchment model. Figure 4 illustrates the seasonally-
averaged water balance components for the sub-catchment,
for the water years 2021-2050 (A, C, E, G), 2071-2099 (B,
D, F, H), with the reference period of 1992-2018. According
to the near future simulations using ensembles from RCP
2.6, 4.5 and 8.5, the annual average precipitation (including
both rainfall and snowmelt) is expected to decrease by — 9%,
—12%, and — 12%, respectively, compared to the reference
period (Table 2). The far future simulations using ensembles
from RCP 2.6, 4.5, and 8.5 suggest that the annual average
precipitation inputs will decrease by -15%, -11%, and -22%,
respectively, compared to the reference period (Table 2).
Figure 4A, indicates that all simulated RCP ensembles
demonstrated a similar trend for precipitation, with a sub-
stantial decrease in seasonally averaged precipitation rates
during spring, summer, and autumn. For summer, the season
where baseflow conditions are mostly relevant, ensemble
simulations for RCP 8.5 for the far future showed the lowest
seasonally averaged precipitation inputs with a decrease of
141 mm compared to the reference period (Fig. 4B). Accord-
ing to the simulations across all RCP ensembles, average
winter precipitation (including rainfall and snowmelt) is pro-
jected to increase significantly. This increase can be attrib-
uted to a shift from snowfall towards rainfall and snowmelt,
which is caused by higher predicted temperatures during
winter.

In comparison to the reference period, the average annual
rates of AET shown in Table 2 were similar for the near and
far future simulations using RCP 2.6 (-4% and -3%) and RCP
4.5 (- 3% and — 0.5%). For the RCP 8.5 ensemble, aver-
age annual AET decreased by -4% for the near future and

Validation Calibration

| . (V.|

Discharge [mm/d]

2004 2008 2010

2012 2014 2016 2018

Years

Fig.3 Simulated and observed discharge for the calibration (11/01/2017-10/31/2018) and validation (11/01/2004—10/31/2017) period. NSE for

the calibration period is 0.61 and for the validation period 0.51

@ Springer



12 Page8of16

Environmental Earth Sciences (2024) 83:12

Table2 Average annual

Parameters Historic [mm/a]  Scenarios RCP2.6 [mm/a] RCP4.5 [mm/a] RCP8.5 [mm/a]
components of the water
?alaﬁcefé the SU£éC;t°hmergl Discharge 716 2021-2050 700 (~—2%) 694 (~—3%) 658 (~— 8%)
a(I)lrdtt}fe ﬁisf;f?ctal bl 2071-2099 597 (~—17%) 657 (~— 8%) 469 (~— 34%)
period Precipitation 1330 2021-2050 1210 (~=9%) 1171 (~=12%) 1175 (~— 12%)
2071-2099 1131 (~—15%) 1181 (~—11%) 1034 (- 22%)
AET 630 2021-2050 605 (~—4%) 608 (~-3%) 603 (~—4%)
2071-2099 610 (~—3%) 627 (~—0.5%) 675 (+7%)
Storage Change - 16 2021-2050 —95 (~—494%) - 131 (~-719%) —86 (~—438%)
2071-2099 —-76 (~—375%) - 103 (~—544%) —110 (~-588%)

The percentage in parentheses represent the relative change of the components to the historical reference
period. The scenarios include near future (2021-2050) and far future (2071-2099) simulations for RCP

2.6, RCP 4.5, and RCP 8.5

Q discharge, AET actual evapotranspiration, P precipitation

increased by + 7% for the far future simulations (Table 2). On
a seasonal basis, the average AET rates for all RCP ensem-
bles in the near future simulations were lower compared
to the reference period, and this trend was observed across
all seasons (Fig. 4E). In the far future simulations, particu-
larly, simulations using the RCP 8.5 ensemble showed the
highest seasonally averaged AET for all seasons (Fig. 4F).
Simulations revealed a general reduction in surface water
availability on an annual basis (Table 2), where average dis-
charge decreased by — 2%, — 3%, and — 8% (for RCP 2.6,
4.5 and 8.5, respectively) in the near future, and a severe
reduction by — 17%, — 8%, and — 34% (for RCP 2.6, 4.5 and
8.5, respectively) in the far future simulations. In the near
future, simulations using all RCPs showed a notable increase
in seasonally averaged discharge during winter when com-
pared to the reference period. However, for spring, summer,
and autumn, a decrease in discharge was observed across
all RCP ensembles. Simulations for all RCPs suggested a
significant decrease in seasonally averaged discharge for the
far future. Lowest discharge values were simulated during
baseflow conditions in summer and autumn, with a maxi-
mum decrease of up to — 50% for RCP 8.5 when compared
to the reference period.

Table 2 shows that on average there was a slight water
deficit of approximately — 16 mm per year during the refer-
ence period. However, it's important to note that although
this value is negative, the past conditions in the catchment
can be considered as neutral. This is because the long-term
storage changes in the catchment were relatively stable and
did not result in significant overall gains or losses of water.
For the near and far future simulations, average annual stor-
age change revealed a substantial increase in water deficits
for all RCP ensembles ranging from — 375 to — 719% when
compared to the reference period (Table 2). A seven-fold
increase in water deficit was predicted using the RCP 4.5
ensemble for the near future and a six-fold increase was
predicted using RCP 8.5 for the far future. Figure 4G and
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H present the simulated values for the seasonally aver-
aged storage change, wherein a positive value indicates
that the catchment is gaining more water than it is losing,
with water primarily stored in the subsurface (unsaturated
zone + groundwater). Negative values correspond to situa-
tions where the catchment is losing more water than it is
receiving, highlighting a deficit in the overall water budget.
Based on the presented seasonally averaged storage change
especially spring and summer is affected by increasing water
deficits as was predicted by all RCP ensembles in the near
and far future simulations. On average, simulations for all
RCP ensembles predict an excess of water during winter
and autumn, although average storage changes are only
slightly positive during autumn. This trend of increasing
water deficits becomes even more pronounced in the period
2071-2099, with a significant shift in the water balance
towards negative values, particularly in spring and summer.
Statistical significance in the differences between the histori-
cal and the climate change scenarios was assessed through
a t test where a=0.05.

Impact of climate change on stream-aquifer
interactions

For the sub-catchment simulations the total amount of
groundwater inflow into the stream (exfiltration rates in
Fig. 5) was estimated for all RCP simulations on a seasonal
basis. In both near and far future simulations, seasonally
averaged exfiltration rates show a significant decrease when
compared to the historical reference period, indicating a
severe reduction in groundwater availability for stream flow.
Particularly during summer and autumn seasonally averaged
exfiltration rates showed a substantial decrease by up to
—30% (RCP 8.5) compared to the reference period. Highest
decreases in exfiltration rates throughout all seasons were
simulated for the RCP 8.5 ensemble.
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To better understand the potential consequences of declin-
ing groundwater levels in the sub-catchment under baseflow
conditions, we investigated local surface-aquifer interactions
by extracting spatially distributed exchange fluxes along the
stream in the sub-catchment. Figure 6 presents the spatially
distributed exchange fluxes extracted for all RCP ensembles
and for all stream nodes in the sub-catchment model, rang-
ing from spring areas (X=0 m) down to the sub-catchment's
outlet (X=3500 m). Due to the unavailability of spatially
distributed data across all RCP simulations and days during
the summer and late autumn period, we made the choice
to designate a reference day for the purpose of evaluating
groundwater-surface water interactions. To determine an
appropriate reference day, we conducted an analysis of his-
torical data spanning from 2002 to 2018, as well as predicted
discharge from various RCP scenarios. Our analysis consist-
ently revealed that the lowest mean discharge consistently
took place in late summer, specifically in September. Con-
sequently, we settled on the 15th of September as our refer-
ence day. For each RCP ensemble member and the reference
period, the 15th September of each year consequently was
selected for which the local exchange fluxes were estimated.

Gaining stream sections are indicated by positive flux
rates, while losing sections are indicated by negative rates.
The flux rates for the reference period, which are presented
as the average values estimated for the historic reference
period (blue lines in Fig. 6), show that most stream sections
in the past received water due to groundwater inflow. There
are some stream reaches in the reference simulations where
flux rates are negative indicating losing conditions. These
losing conditions can be attributed to local topographical
features (e.g. break in slope). In Fig. 6, the areas shaded in
grey depict the range of variation for the extracted exchange
fluxes observed among the different simulations belonging
to a specific RCP ensemble. All RCP ensembles show a sim-
ilar trend of decreasing exchange fluxes between stream and
aquifer. While certain stream Sects. (1000 m > X > 1500 m)
exhibit a notable resilience to water deficits during summer
(with exchange fluxes only marginally different from those
observed during the reference period), the majority of both
the upstream and downstream sections show a significant
reduction in groundwater inflow due to declining groundwa-
ter levels. Especially the stream reaches close to upstream
spring areas (X <750 m) were most affected by the water
deficit in the different RCP ensembles e.g. where exchange
rates drop by up to~88% (RCP 8.5 far future) compared to
the reference period and where entire stream sections turn
from gaining into losing sections (X <250 m). This trend can
be observed among all RCP ensembles and for the near as
well as far future simulations.

Figure 7 illustrates the effect of the declining trend in
groundwater inflow on surface water availability during
baseflow conditions in the sub-catchment. For the reference

day (September 15th), the average surface water depths in
the past (historical reference period) ranged from 2.5 cm
in the upstream spring areas to approximately 0.5 m at the
sub-catchments’ outlet. Simulation results for the historical
reference period indicate that there was always sufficient
instream water available from baseflow to sustain a con-
tinuous streamflow for all sections of the stream within the
sub-catchment. For the near future simulations (Fig. 7), all
RCP ensembles predicted a significant decrease in surface
water availability along the entire stream. Despite maintain-
ing a continuous stream flow for the lower sections, the near-
future simulations (Fig. 7A, C and E) show a significant
decrease in surface water availability by up to 47% for the
entire stream. However, due to falling groundwater levels
and associated water loss to the aquifer, the most upstream
sections (X < 100 m) in all RCP ensembles are projected
to fall dry. A similar trend, with even less surface water
availability (here water depths decrease by up to 50% com-
pared to the reference period), is predicted for the far future
(Fig. 7B, D and F).

Discussion

In this study we used an integrated hydrological model to
investigate how local climate change affects the water avail-
ability of a headwater catchment under baseflow condi-
tions. Particularly, we focused on three different aspects: the
impact of climate change on (1) the different components of
the annual/seasonal water balance, (2) interactions between
the stream and aquifer, and (3) availability of surface water
resources. Model calibration and validation results revealed
a good overall model performance, with NSE values of 0.61
and 0.51, respectively. These values are consistent with
those typically reported in studies utilizing catchment-scale
hydrological models (e.g. Glaser et al. 2016; Kaule and Frei
2022; Partington et al. 2013). The model accurately rep-
resented catchment discharge under baseflow conditions.
Simulations, however, proved challenging when high flow
conditions were encountered since peak discharges were
often systematically underestimated. This discrepancy can
be partly attributed to the underestimation of snow-melting
in winter and spring, as predicted by the degree-day method.
Further, precipitation rates were spatially uniformly dis-
tributed over the catchment area, and the temporal model
resolution required daily input data. Since intensive rainfall
events can take place on temporal scales of minutes to hours,
discharge peaks might have been missed in the model.

The study's predictions for the near and far future were
generated using ensemble means derived from simulations
of multiple ensemble members from different RCPs. Nota-
bly, each member contributed equally to the ensemble mean
with uniform weighting. Ensemble members are usually
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«Fig.4 Mean water balance components for the Hinterer Schachten-
bach sub-catchment, presented seasonally for both the near future
(2021-2050) and far future (2071-2099), across all Representative
Concentration Pathway (RCP) projections. A, B Seasonally-aver-
aged monthly precipitation (P) (mm/month); C, D Seasonally-aver-
aged monthly discharge (Q) (mm/month); E, F Seasonally-averaged
monthly actual evapotranspiration (AET) (mm/month); G, H Sea-
sonally-averaged monthly storage change (AS) (mm/month) The box
represents the interquartile range (IQR), which spans from the 25th
percentile (Q1) to the 75th percentile (Q3), with the median indicated
by the line inside the box. The whiskers extend to the minimum and
maximum values within 1.5 times the IQR from the upper and lower
quartiles, respectively. Any data points outside of this range are dis-
played as points, representing potential outliers. Difference is signifi-
cant at a=0.05

chosen randomly from a larger population, which can intro-
duce statistical biases and raise concerns about their repre-
sentativeness for the whole population. One way to com-
pensate for this, is to employ as many ensemble simulations
as possible (Kaule and Frei 2022). In our study we used
all ensemble members that were available at the required
resolution, which in total included 23 members from 3 dif-
ferent RCPs. Since the downscaling of the scenarios was
performed by the Bavarian State Office for Environment
(LFU) rather than by ourselves, we had to depend on the
available number of ensemble members provided to us. Var-
ying model performances of different ensemble members
can introduce biases into the simulation results that might
be compensated by using non-uniform weights. Weighting
methods, however, require detailed information such as each
member's skill, error, and noise, which is often unavailable
(Weigel et al. 2010). Hence, Weigel et al. (2010) recom-
mended equal weights as the safest of all possible methods.

Across all RCP simulations, there is a consistent change
towards increasing water deficits in summer and autumn
predicted for both near and far future scenarios. The simu-
lations showed that the annual average water deficits were
approximately 4 to 7 times higher than those observed dur-
ing the historical reference period. Highest water deficits
of ~— 590% and ~— 720% were simulated for RCP 4.5 (near
future) and RCP 8.5 (far future), respectively. Increasing
water deficits can be primarily attributed to the projected
reduction in precipitation inputs by up to — 22%, as opposed
to AET rates which remain similar to those observed dur-
ing the historical reference period. Only the RCP 8.5 far
future ensemble showed a significant increase of 7% in mean
annual AET rates. These findings differ from results of other
studies that predict a general decrease in precipitation inputs
and a significant shift towards increasing AET rates for
European headwater catchments (e.g. Bencokova et al. 2011;
Kaule and Frei 2022). A limitation of our study is that poten-
tial shifts in the compositions and distribution of vegetation
were not accounted for in our simulations. However, it is
highly likely that the vegetation composition, particularly in

tree species, will undergo changes in the next 80—100 years.
Reasons for this are adaptation to more frequent and longer
drought conditions or infestation by pests such as bark bee-
tles. Changes in plant communities are likely to affect AET
rates and, consequently, will also impact water availability
in the catchment. Incorporating vegetation changes into our
simulations would require detailed scenarios regarding the
timescales of transition as well as vegetation-specific param-
eters that can be used to estimate AET. However, develop-
ing scenarios for future vegetation composition is outside
the scope of our expertise and beyond the objectives of our
study.

Prolonged water deficit conditions resulted in declining
groundwater storage reserves within the catchment. As a
result of declining groundwater levels and the associated
reduction in baseflow input, the stream network within the
catchment is expected to undergo a significant decline in
surface water availability especially during summer and
autumn. A reduction in annual mean stream discharge by
up to — 34% compared to the reference period was evident
across all emission scenarios and is most notable during
baseflow conditions in the late summer and early autumn
months. The analysis of spatial exchange fluxes during the
historical reference period indicated that the catchment's
stream is primarily gaining water from groundwater inflow
during baseflow conditions. There are some reaches in the
simulations where the stream loses water to the aquifer,
which can be explained by local topographical features
such as breaks in slope. Small-scale transitions between
gaining and losing conditions as a consequence of topog-
raphy or instream obstacles such as beaver dams or dead
trees has been described in literature as a common fea-
ture of headwater catchments (Huntington and Niswonger
2012; Majerova et al. 2015). The RCP simulations indicate
that a reduction in absolute exchange rates will affect all
stream reaches, including those with gaining and losing
conditions, as well as those located in higher and lower
areas of the catchment. However, for upstream reaches the
reduction of groundwater inflow under baseflow conditions
has severe consequences for the surface water availability
as the stream becomes temporarily intermittent. Conse-
quently, during summer and autumn it is predicted that the
stream network within the catchment will diminish by up
to 200 m, as upstream reaches near spring areas dry up as
they lose the connection to the local groundwater. Similar
findings were presented in Ward et al. (2020) that were
examining stream network dynamics for headwater catch-
ments in the U.S. Pacific Northwest. Here it was predicted
that Oregon's headwaters could experience a 25% decrease
in flow pathways during the driest months, ultimately lead-
ing to a reduction in the length of flowing river networks.
Similarly, Kaule and Gilfedder, (2021) highlighted that
in the lower mountain ranges of central Europe, extreme
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Fig. 6 Illustrates the projected flux exchange between the stream and
aquifer in m/d during baseflow conditions in late summer. The flux
rates were estimated for September 15th for all RCP ensembles and
the reference period, and the blue line represents the mean exchange

weather events and prolonged drought conditions could
potentially leading to stream disconnection and a severe
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flux for the reference period (1992-2018). The grey shaded area indi-
cates the range of variation in the exchange rates for the different
RCP scenarios

reduction in surface water availability under climate
change conditions.
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Fig. 7 Projected surface water depths for the stream during baseflow
conditions in late summer. Water depths were estimated for Septem-
ber 15th for all RCP ensembles and the reference period, and the blue

Conclusions and implications

Our study aimed to investigate the impact of regional cli-
mate change on the water availability of a small headwater
stream in the Bavarian Forest region of Germany. We used
an integrated hydrological model in combination with mul-
tiple ensembles from different Representative Concentra-
tion Pathways (RCPs) to examine the potential effects of
climate change on the stream's water resources. Simulations
indicated:

(1) A significant decrease in precipitation inputs for the
near (2021-2050) and far future (2071-2099).

Rates of actual evapotranspiration that are comparable
when related to the historical reference period (1992—
2017).

Prolonged water deficit conditions in future, resulting
in declining groundwater levels in the catchment.

A significant reduction in groundwater inflow during
baseflow conditions leading to a temporal intermittence
of the stream for upstream reaches

A reduction of the total flow length by up to 200 m for
the stream network in the catchment

2

3
“

®)

line represents the mean water depth for the reference period (1992—
2018). The grey shaded area indicates the range of variation in water
depths for the different RCP scenarios

These findings potentially can have significant implica-
tions for the ecosystem, as decreasing water availability
may lead to changes in the water flow regime, increased
water temperature and lower oxygen availability. Espe-
cially spring ecosystems depend on the continuous supply
of groundwater and in mid mountain ranges are character-
ized by low temperature variability (Biggs et al. 2016).
These ecosystems are recognized as biodiversity hotspots
that serve as habitats for a diverse range of species that
occupy various ecotonal niches (Cantonati et al. 2012).
Supply of groundwater from spring areas is important for
the regulation of water temperature and oxygen levels for
downstream reaches, which is especially relevant during
hot summer months when water temperatures can reach
stressful levels for aquatic organisms (Power et al. 1999).
Springs are the birthplace of 1st order streams, typically
located in the upstream areas of headwater catchments.
Our simulations have demonstrated that upstream reaches
are especially vulnerable to the effects of decreasing
groundwater levels, with a high likelihood that streams
in these areas will become intermittent in summer (as
was projected by all RCP scenarios). For spring areas
this could mean that water supply from groundwater will
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decrease substantially or could be interrupted entirely with
fatal consequences for these sensitive ecosystem and the
associated ecosystem services.

Headwaters play a crucial role in maintaining forest bio-
diversity by providing unique habitats, but they are also par-
ticularly vulnerable to the effects of climate change as was
shown by our simulations and various other authors (e.g.
Brooks 2009; Estrela-Segrelles et al. 2023; Lépez-de Sancha
et al. 2022; Ward et al. 2020). The anticipated increase in air
temperatures, coupled with declining inputs from groundwa-
ter sources, is expected to cause a shift towards higher water
temperatures in future (Van Vliet et al. 2013). For higher
water temperatures, transmission rates of certain diseases
can increase, posing health risks to freshwater species such
as fish (Karvonen et al. 2010). All RCP scenarios predict
a decline in summer precipitation, which, when combined
with reduced groundwater supply and increasing water tem-
peratures, may lead to lower dissolved oxygen concentra-
tions and increased biological oxygen demand in headwater
streams, thereby posing a threat to aquatic life (Whitehead
et al. 2009). Plant communities that have adapted to high
water saturation environments, such as riparian areas or
wetlands, will be impacted by the decreasing availability
of surface water during droughts, potentially resulting in a
reduction in the size of these areas over time (Dwire et al.
2018). Once headwater streams become intermittent, species
communities unadopted to such dry conditions might face
trouble to regain vitality fast which might lead to a shift in
the species composition (Majdi et al. 2020).

Supplementary Information The online version contains supplemen-
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