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A B S T R A C T

Study region: Montane grassland within the Gulling catchment, Austrian Alps. Study focus: A
climate-change experiment in a grassland ecosystem used lysimeters and HYDRUS-1D models to
quantify changes in evapotranspiration (ET) and groundwater recharge (GWR) due to warming
(+3 ◦C) and elevated CO2 concentrations (𝛥CO2; +300 ppm). Findings at the plot-scale were
generalized and transferred to the surrounding catchment, half comprised of grassland, using
three lumped rainfall–runoff models and two spatially-distributed Community Water Models,
differing in soil hydraulic properties.

New hydrological insights for the region: Warming increased ET and decreased GWR and
river discharge compared to ambient conditions. 𝛥CO2 increased stomatal resistance, which
partially offset warming effects. In scenarios combining warming and 𝛥CO2, the impact of
warming was higher than 𝛥CO2 effect. Elevation influenced the sensitivity of ET to warming,
which was greater at the catchment scale than at the plot scale, while GWR was more sensitive
to warming at the plot scale. Under dry conditions, GWR and discharge exhibited increased
sensitivity to warming at both scales. HYDRUS-1D successfully reproduced lysimeter experiment
results and their sensitivity to warming and 𝛥CO2. Despite model agreement on water flux
sensitivity to climate changes, the varying response magnitudes highlight the need for a multi-
model approach in climate impact assessments. This study provides insights into how climate
change might impact hydrological dynamics of montane grassland systems across the Central
European Alps.
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1. Introduction

Climate change is disrupting the hydrological cycle not only by altering precipitation patterns but also by increasing evaporative
emand (IPCC, 2021; Allan et al., 2020; Teuling, 2018; Duethmann and Blöschl, 2018). Such changes may ultimately lead to
eductions in both surface water and groundwater resources in various regions (Green et al., 2011; Haslinger et al., 2022). Further,
ecent work by Zhang et al. (2023) suggests that the sensitivity of river discharge to changes in evapotranspiration (ET) due to
arming is greater than previously thought. Thus, understanding the impact of changing ET on water fluxes in a changing climate

s critical for future assessments of water resources.
Rainfall–runoff models are commonly used to investigate how changes in precipitation and ET due to warming (denoted as

𝑇 ) and elevated CO2 concentrations (denoted as 𝛥CO2) impact water fluxes at plot, regional, and global scale (Duethmann et al.,
020; Karlsson et al., 2016; Bastola et al., 2011; Broderick et al., 2016). Global-scale studies (Milly and Dunne, 2016; Berg et al.,
016; Zhang et al., 2023) have shown that the rise in terrestrial ET attributed to global warming often surpasses precipitation
ncreases, resulting in continental drying. This phenomenon is largely driven by the direct effects of warming, which increase the
apor pressure deficit and the Clausius-Clapeyron slope, thereby increasing potential evapotranspiration (PET) (Scheff and Frierson,
014; Milly and Dunne, 2016). In arid climates, the greening effect due to 𝛥CO2 can further amplify the effects of 𝛥𝑇 , leading to
igher water use for vegetation (Ukkola et al., 2016). Conversely, in humid regions with dense vegetation, 𝛥CO2 can mitigate 𝛥𝑇
ffects and contribute to water conservation through partial stomatal closure, a process by which plants close the openings on their
eaves to regulate water loss (Leakey et al., 2009; Milly and Dunne, 2016; Ukkola et al., 2016; Yang et al., 2021). The contrasting
r intensifying impacts of 𝛥𝑇 and 𝛥CO2 on water fluxes are largely due to variations in regional climate and vegetation responses,
ighlighting the need for region-specific assessments of climate change impacts (Fatichi et al., 2016).

Prior research conducted in the Alpine region has predominantly focused on exploring the effects of climate change on water
luxes by analyzing historical river discharge observations (Duethmann and Blöschl, 2018; Duethmann et al., 2020) or employing
ydrological models combined with regional climate change scenarios (Wagner et al., 2017; Hanus et al., 2021). These studies
ommonly report that warming leads to a decrease in overall river discharge and an increase in ET, especially in summer. However,
hese findings were mainly derived from individual modeling exercises and offer limited insight into the sensitivity of specific water
luxes at different scales or across different models. Several studies have demonstrated that the choice of the hydrological model can
ffect the simulated response of groundwater recharge and river discharge to climate change (Moeck et al., 2016; Karlsson et al.,
016; Broderick et al., 2016). This underscores the importance of empirical data to support these results and the importance of a
ulti-model approach to better constrain the impact of 𝛥𝑇 and 𝛥CO2 on water fluxes (Fatichi et al., 2016).

To address this knowledge gap, a long-term climate-change experiment was conducted in a montane grassland in the Austrian
lps (Piepho et al., 2017; Herndl et al., 2011), a region where grassland ecosystems cover about 40%–45% of the land area and play
central role in regulating the water balance (BMLRT, 2020; Inauen et al., 2013; Wieser et al., 2008). Data from this experiment,

nalyzed by Forstner et al. (2021) for the period 2015–2018, was derived from six high-precision weighing lysimeters operated under
onditions of increased temperature and elevated CO2 concentrations. The study found that warming (+3 ◦C) led to an increase in ET
nd a decrease in groundwater recharge, while 𝛥CO2 (+300 ppm) had the opposite effect, leading to a decrease in ET and increase
n groundwater recharge. These effects are attributed to the reduction in plant transpiration due to partial stomatal closure from
O2 enrichment (Vremec et al., 2023; Leakey et al., 2009). However, when both 𝛥𝑇 and 𝛥CO2 were present, the 𝛥CO2 effect did

not fully counterbalance the increased ET caused by 𝛥𝑇 , resulting in a net increase in ET compared to current ambient climatic
conditions.

In this study, we expand our understanding of how climate change affects the hydrological cycle, by moving beyond plot-
scale investigations of montane grasslands water fluxes (lysimeter experiments and HYDRUS-1D models) to a catchment scale
analysis utilizing five rainfall–runoff models. This includes three lumped-parameter models (GR4J, HyMod, and HBV𝐸𝐷𝑈 ) and two
spatially-distributed Community Water Model (CWatM) models. Specifically, we evaluate

• how changes in PET, driven by 𝛥𝑇 and 𝛥CO2, impact the water fluxes observed at plot scale and to which extent these
observations can be reproduced by soil hydrological modeling;

• how and why the impacts of changes in PET on modeled water fluxes differ from the plot scale to the catchment scale;
• how the simulated impacts at catchment scale vary across different rainfall–runoff models.

This multi-model approach is aimed to underscore the broader implications and to address the uncertainties associated with
upscaling the climate-driven changes of water fluxes through various models.

2. Data and methods

2.1. Study site

The investigated area was the Gulling catchment, located in the Enns valley of Austria, adjacent to the experimental facility
shown in Fig. 1. The catchment spans an area of 156 km2 and covers an altitude range from 644 to 2220 m, with a mean elevation
of 1430 m. Half of the catchment comprises grassland (51%; mainly including pastures, alpine meadows, and extensive and managed
grassland), 48% is forested, while the remaining 1% consists of high elevation bare rock surfaces and water bodies. The soil in the

catchment is mainly composed of cambisol (62%), podzol (35%), and luvisol (3%). The catchment receives an average annual
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Fig. 1. Location of the Gulling catchment and the Lysi-T-FACE experimental site with their different factor combinations: ambient (Amb.), +3 ◦C (𝛥𝑇 ), +300 ppm
CO2 (𝛥CO2), and +3 ◦C combined with +300 ppm CO2 (𝛥𝐶𝑇 ).

precipitation of 1450 mm (1990–2016), is influenced by snowmelt during spring, and has an average annual temperature of 5.2 ◦C
(1990–2016).

The main experimental plot site was the Lysi-T-FACE experiment conducted at the AREC Raumberg-Gumpenstein research
station (Piepho et al., 2017; Herndl et al., 2011). The objective of this climate-change experiment was to investigate the effects of
𝛥𝑇 , 𝛥CO2, and drought on the ecohydrology of managed montane grassland. The facility is situated at an elevation of 707 m above
sea level, close to the confluence of the Enns and Donnersbach rivers in the eastern Austrian Alps. Among the plant communities
present are grasses such as Arrenatherum elatius and Festuca pratensis, and legumes such as Lotus corniculatus and Trifolium pratense,
which are typical of permanent grassland in the Alps (Schaumberger, 2011). Preliminary analysis revealed three soil horizons at
the site (A𝑝ℎ: 0–25 cm, B𝑣; 26–90 cm, C𝑣: > 100 cm), with the soil type classified as a Cambisol, primarily consisting of loamy sand
with soil texture analyzed according to ÖNORM L 1050 for the A (45 ± 5% sand, 45 ± 5% silt, and 9 ± 3% clay) and B horizon
(53 ± 10% sand, 37 ± 8% silt, and 10 ± 3% clay). The median bulk density of the upper two horizons is 1.4 g cm−1, and the
median saturated hydraulic conductivity is 114 cm day (range: 50.5–234.1 cm day−1). The average annual precipitation at the site
is 1077 mm (1991–2020) with an annual mean temperature of 8.5 ◦C (1991–2020).

2.2. Workflow

Our approach to assess the individual and combined effects of 𝛥𝑇 and 𝛥CO2 on the sensitivity of potential evapotranspiration
(PET), and in turn on actual evapotranspiration, groundwater recharge, and river discharge at both the plot and catchment scales,
consisted of three main steps (Fig. 2):

1. Quantification of the effects of 𝛥𝑇 and 𝛥CO2 at the plot scale using lysimeter soil water fluxes.
2. Generalization of plot-scale findings to compute PET for different levels of 𝛥𝑇 and 𝛥CO2, cross-checking the results with

lysimeter data.
3. Simulation of three climate change scenarios at the plot and catchment level, mirroring the lysimeter experiment, to compare

water flux changes against current ambient climatic conditions.

Each step followed a storyline approach (Shepherd, 2019; Buitink et al., 2021), where the current or past hydrological system was
influenced by future conditions (𝛥𝑇 and 𝛥CO2). Such approaches have been used to better understand (a) process changes and (b)

system response to changes in climate conditions (Van Tiel et al., 2023). We explain each step in more detail below. The first two
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Fig. 2. Schematic representation of the study’s workflow, which involved: (1) quantifying responses of lysimeter soil water fluxes to warming (𝛥𝑇 ) and elevated
CO2 concentrations (𝛥CO2); (2) generalizing the findings from lysimeter experiments; and (3) upscaling these results to the catchment level.

steps covered the lysimeter observation period from 2016 to 2021, while the last step covered the years 1990 to 2016 to account
for local climate variability and enable comparisons at both plot and catchment levels.

2.3. Lysimeter soil water fluxes

In the study, lysimeters were used to quantify the components of the soil water balance, comprising precipitation (P), actual
evapotranspiration (ET𝑎), groundwater recharge (GWR) and the change in the soil water storage 𝛥S, assuming no overland flow
occurred:

𝛥𝑆 = 𝑃 − 𝐸𝑇𝑎 − 𝐺𝑊𝑅 (1)

Data from six high-precision weighing lysimeters, which are part of the Lysi-T-FACE concept that applies a heating treatment
and free-air controlled enrichment with CO2 to open-field plant canopies (Herndl et al., 2011), were used to quantify and generalize
the effects of 𝛥𝑇 and 𝛥CO2. Here, the dataset from Forstner et al. (2021) formed the basis for our analysis, which we then extended
by expanding the observation period for three more years. The six lysimeters were divided into different treatments: two were
treated with 𝛥CO2, two with 𝛥𝑇 , one with both 𝛥CO2 and 𝛥𝑇 , and one remained under ambient conditions. To achieve a controlled
increase of +300 ppm in CO2 compared to ambient conditions, the 𝛥CO2-treated lysimeters were subjected to a Free Air Carbon
dioxide Enrichment (FACE) system as described by Miglietta et al. (2001). Temperature control was accomplished using an infrared
heater-based free air enrichment system (T-FACE) to raise the temperature by +3 ◦C (relative to ambient surface temperature),
following the method outlined by Kimball (2005). Daily soil water fluxes were calculated by resampling 10-min water balance
data to daily sums. Leaf area index (LAI) measurements were conducted throughout the growing season using the AccuPAR LP-80
Ceptometer, with at least 10 measurements per year per lysimeter. A more detailed description of the lysimeter setup can be found
in Herndl et al. (2011) and Forstner et al. (2021), as well as in the Supplementary material. We quantified changes in annual
lysimeter soil water fluxes for the growing season from 2016 to 2021, a period which included the relatively dry years of 2018 and
2019. The start and end of each growing season were defined based on the thermal approach of Ernst and Loeper (1976), computed
using daily average ambient temperature (see Supplementary material). To evaluate the significant effects of 𝛥𝑇 and 𝛥CO2 on daily
actual evapotranspiration, groundwater recharge, and LAI measurements from the lysimeters, we employed an analysis of variance
4 



M. Vremec et al.

l
(

2

t

w
F
i
p
f
m
2

e

s
L
u
v

Journal of Hydrology: Regional Studies 56 (2024) 101970 
(ANOVA) followed by a post hoc Tukey test. We limited our daily ET𝑎 analysis to days when the CO2 concentration in CO2–enriched
ysimeters was within 30% of the target (+300 ppm) and the 𝛥𝑇 lysimeters were within 30% of the target temperature increase
+3 ◦C) (0.7 < TAR < 1.3; TAR = target achievement ratio).

.4. Potential evapotranspiration under 𝛥𝑇 and 𝛥CO2

Potential evapotranspiration for the lysimeter treatments, the plot and catchment scale hydrological models, was computed using
he Penman–Monteith (PM) equation (Allen et al., 1998):

𝑃𝐸𝑇 = 1
𝜆

⎡

⎢

⎢

⎣

𝛥(𝑅𝑛 − 𝐺) + 𝜌𝑎𝑐𝑝𝑘(𝑒𝑠 − 𝑒𝑎)∕𝑟𝑎
𝛥 + 𝛾(1 + 𝑟𝑠

𝑟𝑎
)

⎤

⎥

⎥

⎦

(2)

where PET is the potential evapotranspiration [kg m−2 d−1 equivalent to mm d−1], 𝜆 is the latent heat of vaporization [MJ kg−1], 𝛥 is
the slope of the saturation vapor pressure curve [kPa K−1], 𝑅𝑛 [MJ m−2 d−1] is the net radiation, 𝐺 is the soil heat flux [MJ m−2 d−1],
𝜌𝑎 is the air density [kg m−3], 𝑐𝑝 is the specific heat of dry air [MJ kg−1 K−1], 𝑒𝑠 is the saturation and 𝑒𝑎 is the actual vapor pressure
of the air [kPa], 𝛾 is the psychrometric constant [kPa K−1], 𝑟𝑠 is the bulk surface resistance [s m−1], 𝑟𝑎 is the bulk aerodynamic
resistance [s m−1], and k is for unit conversion (=86 400) [s d−1]. The value of 𝑟𝑎 was calculated using crop height (equation 4
in Allen et al., 1998), with an assumed value of 0.12 LAI following Vremec et al. (2021). Net radiation was computed as incoming
net shortwave radiation minus outgoing net longwave radiation, according to equation 40 in Allen et al. (1998). This calculation
used measured solar radiation and daily mean, maximum, and minimum temperatures. 𝐺 was set to 0 as suggested by Allen et al.
(1998).

The PM equation was combined with an adapted CO2-dependent stomatal resistance model to capture the effect of 𝛥CO2 on
stomatal resistance and LAI (Yang et al., 2019; Vremec et al., 2023, 2024):

𝑟𝑠 =
𝑟𝑙(CO2)
𝐿𝐴𝐼

=
𝑟𝑟𝑙−300 ×

{

1 + 𝑆𝑟𝑙−CO2
× ([CO2] − 300)

}

𝐿𝐴𝐼
(3)

where 𝑆𝑟𝑙−[CO2] [ppm−1] is the relative sensitivity of 𝑟𝑙 to 𝛥[CO2]; and 𝑟𝑟𝑙−300 [s m−1] is the reference stomatal resistance when
atmospheric [CO2] is 300 ppm. The relative sensitivity of 𝑟𝑙 to 𝛥[CO2] represents the change in 𝑟𝑙 per ppm increase in [CO2].

We used the two equations above to (i) assess changes in stomatal resistance under 𝛥CO2 by inversely estimating stomatal
resistance at lysimeters with ambient CO2 and lysimeters treated under 𝛥CO2, and (ii) obtain 𝑟𝑟𝑙−300 and 𝑆𝑟𝑙−CO2

, which are necessary
to compute PET at any CO2 concentration. Here, 𝑟𝑟𝑙−300 and 𝑆𝑟𝑙−CO2

were estimated by comparing calculated PET (using the PM
equation) with the measurements obtained from lysimeters. To estimate these parameters, the trust-region reflective least squares
algorithm, as implemented in Scipy (Virtanen et al., 2020), was employed. This analysis was conducted only on days when the
ET𝑎 measured by the lysimeter was considered equivalent to the PET demand. The relevant periods were identified according
to Vremec et al. (2023), selecting days when plant transpiration was not limited by water availability and the LAI was greater
than 2. The periods when water availability affected plant transpiration were defined as days when the soil moisture anomaly index
(calculated from the soil water content at a depth of 30 cm) was below –2. This procedure was performed for all six lysimeters,
where approximately 50% of the data was preserved.

Experimental warming of grassland can impact the vapor pressure deficit (VPD) between the inside of the leaves and the outside
air, under conditions of (i) constant relative humidity (RH = constant) or (ii) constant actual vapor pressure (e𝑎 = constant) (Kimball,
2005; Scheff and Frierson, 2014):

𝑉 𝑃𝐷 = 𝑒𝑠(1 − 𝑅𝐻) = 𝑒𝑠 − 𝑒𝑎, (4)

here RH is the near-surface relative humidity. In scenarios where e𝑎 is constant, RH would have to decrease. Scheff and
rierson (2014) recommend examining the impact of global warming on PET under constant RH to observe how variations in e𝑠
nfluence VPD and PET. However, to better represent the open-field conditions of our infrared-heated plot, where warming was not
erformed everywhere (i.e. by global warming), we adapted our model to evaluate the effects on PET under constant e𝑎 conditions,
ollowing Kimball (2005). Recent insights from land surface observations (Douville and Willett, 2023) suggest that such scenarios
ay indeed reflect real-world conditions over land to some extent, where relative humidity is expected to decrease (Allan et al.,
020). As such, PET was estimated using the Penman–Monteith equation, adjusting the ambient daily temperature by the 𝛥𝑇 factor

for computing e𝑠, 𝛥, and 𝜌𝑎, thereby increasing VPD and the Clausius-Clapeyron slope, while keeping other variables constant (R𝑛,
e𝑎, r𝑎, r𝑠 𝛾, 𝜆, c𝑝). This approach was also applied at the catchment to enable a direct comparison between the different scales. The
ffects of 𝛥𝑇 on PET under constant RH are also presented in Supplementary material, Figure S8.

The daily meteorological data used to estimate PET were obtained from on-site meteorological, including temperature, wind
peed, relative humidity, and solar radiation. LAI data from 2016 to 2021 were derived from AccuPar measurements, while a mean
AI of 2.2, representing the growing season average, was applied to the period from 1990 to 2016. Model performance was analyzed
sing the Kling-Gupta efficiency (KGE), and the bias was calculated as the mean of the differences between observed and simulated

alues.
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2.5. Plot-scale hydrological model

Soil water fluxes at the plot scale were modeled with a HYDRUS-1D model (Šimůnek et al., 2008). This model takes PET
s input, and divides it into potential soil evaporation and potential transpiration using Beer’s law (Ritchie, 1972). The model
hen calculates actual transpiration and groundwater recharge based on the availability of water in the root zone, as described
y Van Genuchten (1980). The soil water retention and hydraulic conductivity function were characterized using the unimodal Van
enuchten–Mualemmodel (Van Genuchten, 1980). The soil horizon was divided into three layers, each layer represented by a set
f soil hydraulic properties. The meteorological data used for estimating PET, along with the daily precipitation data that served as
nput for the HYDRUS-1D model, were acquired from the onsite Irdning station (approximately 150 m from the study site), operated
y the national meteorological service GeoSphere Austria. PET was estimated according to Section 2.4.

The calibration of the HYDRUS-1D model was performed using daily seepage rates at the lower lysimeter boundary, soil water
ontent, and matric potential data obtained from the ambient weighing lysimeter at a depth of 10 and 30 cm. Given that soil water
ontent rarely reached very dry conditions near the wilting point, we complemented our calibration data with matric potential
nd soil water content data collected in the drier range (see Supplementary material, Figure S1). This additional dataset was
btained with the WP4C dew point potentiometer from disturbed soil samples. We incorporated this additional dataset to improve
he predictive capability, particularly under drier conditions. To capture the effects of both wet and dry years, the entire available
eriod (2016–2021) was used for calibration (Shen et al., 2022). During this period, annual precipitation ranged from 946 mm in
021 to 1275 mm in 2017, and average annual temperatures varied from 7.9 ◦C in 2021 to 9.1 ◦C in 2018.

The DREAM𝑍𝑆 (DiffeRential Evolution Adaptive Metropolis) global optimization algorithm, as implemented in the Spotpy
package (Houska et al., 2015) and described by Vrugt (2016), was employed to calibrate the HYDRUS-1D model. With a range of
different measurement types for the HYDRUS-1D model, the data likelihood was aggregated as the sum of the logarithmic likelihoods
of each measurement type following Schübl et al. (2022). We constrained the uniform prior distributions using physically plausible
values derived from previous modeling studies at the site (Stumpp et al., 2012; Schübl et al., 2022) and laboratory soil analyses,
while the standard deviations of the measurement errors were determined using data from the duplicated lysimeters. For more
details on the calibration procedure, see Supplementary material.

We undertook the plot-scale modeling exercise for two key reasons. The first was to compare the observed sensitivity of water
fluxes, based on lysimeter data, to those predicted by our simulations at the plot scale (2016–2021). The second was to obtain
plot-scale water flux data for the period 1990–2016, enabling a comparison of water fluxes at plot and catchment scale within the
same timeframe.

2.5.1. Catchment rainfall–runoff models
In this catchment modeling study, we selected a range of widely applied hydrological models, each with varying complexity

and distinct methodologies for representing soil and water routing processes. The spatially-distributed Community Water Model
(CWatM) model was chosen for its physically-based representation of hydrological processes, including infiltration, evapotranspi-
ration, groundwater recharge, and snow melt, and its wide application in regional and global scale studies. The non-linear soil
moisture accounting module of CWatM simulates unsaturated zone flow using the Richards equation with the Van Genuchten
simplification (Van Genuchten, 1980). The lumped parameter models–GR4J (Perrin et al., 2003), HyMod (Moore, 1985), and
HBV𝐸𝐷𝑈 (Aghakouchak and Habib, 2010)–were selected for their simple structure, the same input data requirement, small number
of model parameters (<8), and their common use in climate change impact studies focusing on river discharge.

Two CWatM models (Burek et al., 2020) were used, which required information on landcover and soil hydraulic properties.
These two models differed in the used soil hydraulic properties: one model used data from the Harmonized World Soil Database
1.2. (referred to as CWatM C model), while the other used the same soil hydraulic properties as the HYDRUS-1D model (referred
to as CWatM 𝐶∗ model) (see Supplementary material, Figure S4). The lumped-parameter models and the CWatM model utilized
data with a daily temporal resolution. Additionally, the CWatM model employed a spatial resolution of 1 × 1 km2. A more detailed
description of the models is available in the Supplementary material.

Meteorological data (including precipitation, temperature, wind, relative humidity, and solar radiation) for the Gulling catchment
was obtained from the Spartacus dataset in the form of 1 × 1 km gridded datasets for the period between 1990–2016 (Hiebl and Frei,
2016, 2018). Discharge data for the Gulling river was collected from the Aigen station, which is operated and made available by the
Central Hydrographical Bureau (HZB; https://ehyd.gv.at/, last access: 17 March 2023). The land cover information was obtained
from the EU CORINE Land Cover (2018) and the soil map from the Harmonized World Soil Database 1.2.

The catchment-scale modeling workflow consisted of the following steps:

1. Calibration of CWatM using historical climate and discharge data.
2. Calibration of the lumped-parameter models, utilizing catchment averaged PET, rainfall, and snowmelt (from CWatM) along

with discharge data.
3. Adjustment of PET to reflect different 𝛥𝑇 and 𝛥CO2 scenarios.
4. Execution of climate change scenarios across all models.

Our main focus in employing the rainfall–runoff models was to determine how changes in PET affect water fluxes at the catchment
scale and to understand how model choice and complexity influence the sensitivity of these fluxes to changes in PET. Thus, to
improve comparability between models, we utilized the same catchment averaged rainfall, snowmelt and PET values computed

by the CWatM model for all the rainfall–runoff models. As the catchment consisted of approximately 50% grassland and 50%
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forest, we computed PET for each landcover type as follows. For grassland areas, PET in the CWatM model was calculated using
the Penman–Monteith equation with stomatal resistance values calibrated from Section 2.4. For forest and other land cover types,
we used the FAO-56 Penman–Monteith equation for a well-watered grass reference crop (Allen et al., 1998). Given the current
understanding about the sensitivity of ET of spruce and pine forests (Ward et al., 2018), which are the dominant forest type in the
catchment, to elevated CO2 concentrations, we assumed forest areas to be non-sensitive to elevated CO2. Finally, to generate an
verage PET value for each grid cell in the CWatM model, we multiplied the estimated PET for grassland or non-grassland areas by
he corresponding land cover fraction from the CORINE Land Cover map. For the analysis at the catchment level, we assumed an
AI of 2.2 for grassland, which is consistent with the calculations at the plot level.

Calibration followed a split-sample approach: the first seven years were allocated for the warm-up period, the next ten years
1997–2006) for validation, and the last ten years (2007–2016) for calibration. The CWatM calibration employs the DEAP framework
n Python (Fortin et al., 2012), implementing the NSGA-II evolutionary algorithm (Deb et al., 2002). We used a modified Kling-
upta efficiency (KGE) metric defined by Kling et al. (2012) and implemented in CWatM (Burek et al., 2020). Additionally, the

umped-parameter models were calibrated using the DREAM algorithm (Vrugt, 2016), which is compatible with a modified KGE
etric by Liu et al. (2022). This choice was due to the metric’s compatibility with the Bayesian framework used in DREAM. The

ainfall–runoff models’ calibration was based on daily discharge. The performance of the rainfall–runoff models was analyzed by
mploying the KGE for overall and high flows and log-transformed KGE (logKGE) for low flow performance (Gauch et al., 2023).

.5.2. Analysis of change of the modeled climate change scenarios
Using one plot and 5 different rainfall–runoff models, we simulated three climate change scenarios reflecting the lysimeter

reatments and corresponding to the RCP 6.0 scenario (see Supplementary material, Figure S5; Van Vuuren et al., 2011):

1. warming of 3 ◦C (𝛥𝑇 scenario);
2. an increase in CO2 concentration of 300 ppm (𝛥CO2 scenario);
3. warming of 3 ◦C combined with an increase in CO2 concentration of 300 ppm (𝛥𝐶𝑇 scenario)

The relative sensitivity of water fluxes to 𝛥𝑇 and 𝛥CO2, was represented as relative changes between the climate change scenarios
ater flux and the ambient conditions. In these scenarios, only the input PET was altered, with precipitation unchanged. At the

atchment scale, we assessed the effects on ET𝑎, GWR, and river discharge. Since each rainfall–runoff model includes a different soil
torage component, percolation was calculated internally as the water exiting the soil storage. Given that our calculations included
nnual fluxes, we assumed all percolation to eventually contribute to groundwater recharge. To account for local climate variability
nd to compare plot and catchment models, all models used meteorological data from 1990 to 2016.

The 𝛥𝐶𝑇 scenario, being the most realistic rather than purely mechanistic, was employed in a detailed examination of its impacts
n river discharge (Q), focusing on high (95th percentile, 𝛥𝑄95) and low flows (5th percentile, 𝛥𝑄5). Additionally, their relationship
ith the aridity index (AI), computed as annual precipitation divided with 𝑃𝐸𝑇 , was assessed.

. Results

.1. Observed changes in lysimeter water fluxes

The lysimeter water fluxes, shown in Fig. 3, revealed distinct effects of 𝛥CO2 and 𝛥𝑇 . Specifically, 𝛥CO2 led to a general decrease
in actual evapotranspiration (ET𝑎) by –6 ± 4% and an increase in groundwater recharge (GWR) by 17 ± 17% from 2016 to 2021. In
contrast, 𝛥𝑇 resulted in an increase in ET𝑎 by 17 ± 8% and a decrease in GWR by –47 ± 19%. When both 𝛥𝑇 and 𝛥CO2 were present
(𝛥𝐶𝑇 ), the influence of 𝛥𝑇 prevailed against 𝛥CO2, causing an increase in ET𝑎 by 9 ± 9% and a decrease in GWR by –40 ± 18%.

otably, both 𝛥𝑇 and 𝛥𝐶𝑇 were associated with reduced precipitation, primarily due to a decline in non-rainfall water (dew and
og) by –5 ± 2%, while 𝛥CO2 slightly increased precipitation by 2 ± 4%. Changes in non-rainfall due to 𝛥𝑇 and 𝛥CO2 are explained
n greater detail in Forstner et al. (2023). Changes in soil water storage during the growing season (𝛥𝑆), were most pronounced due
o 𝛥𝑇 in 2018, followed by 2019 and 2020 (Fig. 3d). The 𝛥𝑇 lysimeters showed the largest changes in 𝛥𝑆, contrasting with minimal
hanges in the 𝛥CO2 lysimeters, which exhibited the smallest differences in 𝛥𝑆. These observations are consistent with Forstner
t al. (2021), who analyzed the same dataset for the period 2015–2018.

ANOVA and post-hoc Tukey tests conducted on daily ET𝑎 and GWR showed significant differences (p < 0.05) among the groups
Ambient [Amb], 𝛥CO2, 𝛥𝐶𝑇 , 𝛥𝑇 ), except for the comparison between 𝛥𝐶𝑇 and the ambient lysimeter. Interestingly, when the dry
ears of 2018 and 2019 were excluded from the ANOVA analysis, a significant difference emerged between these two groups as
ell.

.2. Implication of the 𝛥𝑇 and 𝛥CO2 effects in the Penman-Monteith equation

When comparing ET𝑎 measurements from lysimeters, under non-water-limited conditions, to estimates derived with the Penman–
onteith equation, we found that lysimeters treated with elevated CO2 exhibited higher stomatal resistance values (103 ± 14 s m−1),

ompared to those without CO2 treatment (71 ± 14 s m−1) (Fig. 4,c). To generalize these findings and compute PET at any CO2
oncentration, we calibrated the CO2-adjusted stomatal resistance model, as per Eq. (3). The calibrated values were 65 ± 7 s m−1

or the reference stomatal resistance at 300 ppm and 0.002 ppm−1 for the relative sensitivity of stomatal resistance to CO2. The

NOVA analysis on the measured LAI data from 2016 to 2021 indicated no significant effects (Fig. 4,b) of 𝛥𝑇 or 𝛥CO2 on LAI,
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Fig. 3. Absolute values of actual evapotranspiration (ET𝑎; a), groundwater recharge (GWR; b), precipitation (P; c), and the change in soil water storage (𝛥𝑆;
d) for each of the growing seasons from 2016 to 2021.

Fig. 4. Scatterplots comparing the potential evapotranspiration observed at the lysimesters (PET𝑜𝑏𝑠) with the estimated PET using the adapted Penman–Monteith
equation (PET𝑠𝑖𝑚; a). The box plots display the leaf area index (LAI) for each treatment, including ANOVA results (b). The estimated stomatal resistance obtained
from inverse modeling for lysimeters under ambient CO2 and 𝛥CO2 conditions is presented as a bar plot in panel (c).

suggesting that the changes in ET due to 𝛥CO2 were primarily driven by stomatal resistance change. We then applied the CO2-
adjusted Penman–Monteith equation, with estimated stomatal resistance and sensitivity specific to our grassland site, to validate
estimated PET for each lysimeter. The model performance was robust for all lysimeters, as indicated by KGE higher than 0.8 and
minimal model biases (Fig. 4,a).

3.3. Observed versus modeled changes in water fluxes due to 𝛥𝑇 and 𝛥CO2 at the plot scale

The calibrated HYDRUS-1D model showed good performance in simulating the water fluxes of the ambient lysimeter, as indicated
by a KGE of 0.83 for groundwater recharge and a KGE higher than 0.75 for soil water content (see Supplementary material, Figures
S1-S3). Fig. 5 presents the model’s sensitivity to 𝛥𝑇 and 𝛥CO2, illustrating relative changes in annual water fluxes between the
climate change scenarios and ambient conditions for both modeled data (HYDRUS-1D; 1997–2016) and observed data (lysimeters;
2016–2021). Despite covering different periods, the modeled water fluxes exhibited similar mean annual sensitivity to 𝛥𝑇 and 𝛥CO2
as the lysimeters; though the lysimeter data showed greater annual variability (Fig. 5).

For 𝛥CO2, sensitivities of simulated and observed PET were –6 ± 0.5% and –6 ± 5%, respectively. Under 𝛥𝑇 , they were 17 ± 2%
for simulated and 18 ± 8% for observed PET. For 𝛥𝐶𝑇 , the sensitivities were 10 ± 1% in the simulated data and 10 ± 10% in the
observed data. Similarly, the sensitivities of both simulated and observed actual evapotranspiration (ET𝑎) to 𝛥CO2 were –6 ± 0.5%
and –5 ± 5%, to 𝛥𝑇 were 16 ± 2% and 17 ± 8%, and to 𝛥𝐶𝑇 were 10 ± 1% and 9 ± 10%. Lastly, the sensitivities of GWR to these
changes were 12 ± 6% and 8 ± 11% for 𝛥CO2, –31 ± 10% and –28 ± 19% for 𝛥𝑇 , and –19 ± 1% and –25 ± 20% for 𝛥𝐶𝑇 .

3.4. Modeled changes in water fluxes at the catchment scale

3.4.1. Performance of the rainfall–runoff models to simulate river discharge
Performance metrics for both the calibration (KGE𝑐𝑎𝑙, 2007–2016) and validation period (KGE𝑣𝑎𝑙, 1997–2006) indicated strong

model performance, with KGE values exceeding 0.8 (Table 1). Notably, the CWatM and GR4J models performed particularly well
in capturing low flows, indicating their robustness in varied flow conditions, while the HBV and Hymod models were less effective
in capturing low flow dynamics.
8 
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Fig. 5. Annual observed and modeled relative changes in potential evapotranspiration, actual evapotranspiration, and groundwater recharge at the plot scale.
The box plots show the annual variability in the relative change of the water flux between the climate change scenario and ambient conditions, for observed
fluxes between 2016–2021 and modeled fluxes between 1997–2016.

Fig. 6. Box plots illustrating the annual relative change in estimated catchment-averaged PET between the climate change scenarios and ambient conditions (a),
and the relative average catchment PET change per elevation band within the catchment for these same scenarios (b).

Table 1
Kling-Gupta efficiency (KGE) and KGE in logarithmic space (logKGE) for all rainfall–runoff
models. CWatM (C) model used soil hydraulic properties from the Harmonized World Soil
Database 1.2, while CWatM (C*) used soil hydraulic properties obtained from the ambient
lysimeter.
Model KGE𝑐𝑎𝑙 KGE𝑣𝑎𝑙 logKGE𝑐𝑎𝑙 logKGE𝑣𝑎𝑙

GR4J 0.85 0.80 0.85 0.79
HBV𝐸𝐷𝑈 0.85 0.83 0.73 0.60
HyMod 0.84 0.83 0.45 0.4
CWatM (C) 0.80 0.84 0.75 0.81
CWatM* (C*) 0.80 0.82 0.68 0.75

3.4.2. Potential evapotranspiration
The analysis demonstrated that annual catchment-scale PET was influenced by both 𝛥𝑇 and 𝛥CO2 during the modeled period

from 1997 to 2016 (Fig. 6). 𝛥𝑇 led to an increase in annual PET of 30 ± 1% compared to ambient conditions, while 𝛥CO2 resulted
in a reduction of –5 ± 0.1%. Under the 𝛥𝐶𝑇 scenario, there was a mean increase in PET of about 23 ± 1%. As detailed in
Section 2.4, evapotranspiration for the catchment was calculated separately for grassland and non-grassland areas, with each grid
cell’s results aggregated according to their respective landcover fractions. Notably, the estimated PET for grassland areas showed
greater sensitivity to 𝛥𝑇 (32 ± 1%) compared to the FAO-56 equation (27 ± 1%) used for non-grassland areas. Additionally, we
found that its sensitivity to both 𝛥𝑇 and 𝛥CO2 intensifies with increasing elevation. This trend was further clarified through a simple
sensitivity analysis presented in Figure S6 in the Supplementary material. The analysis reveals that PET becomes more sensitive to
increases in 𝛥𝑇 under conditions of lower temperatures and higher wind speeds, which are typical at higher altitudes.

3.4.3. Impact on actual ET, groundwater recharge and river discharge
The results of the catchment-scale modeling show that 𝛥𝑇 increases ET𝑎 and decreases GWR and discharge across all models,

while 𝛥CO2 has the opposite minor effect (Fig. 7). These models consistently showed the same direction of sensitivity for all fluxes:
a mean change in ET𝑎 of –4 ± 1% for 𝛥CO2, 24 ± 4% under 𝛥𝑇 , and 19 ± 3% for 𝛥𝐶𝑇 . Similarly, GWR and discharge sensitivities
were closely aligned, with increases of 2 ± 1% under 𝛥CO2 and decreases of –12 ± 3% under 𝛥𝑇 and –10 ± 3% for 𝛥𝐶𝑇 for GWR.
Discharge sensitivity to 𝛥CO2 was 2 ± 0.4%, –11 ± 2% under 𝛥𝑇 , and –9 ± 2% for 𝛥𝐶𝑇 .

While the direction of change was consistent across all models, the magnitude of relative sensitivity varied, particularly under the
𝛥𝑇 and 𝛥𝐶𝑇 scenarios. Notable inter-model differences were observed, especially for the ET𝑎 flux under 𝛥𝑇 , with the HBV𝐸𝐷𝑈 and
CWatM models showing mean relative changes of 20 ± 1% and 28 ± 2%, respectively. In the 𝛥𝐶𝑇 scenario, the GR4J model exhibited
the greatest decrease in river discharge, whereas the HBV model showed the least decrease. The GR4J model demonstrated the
𝐸𝐷𝑈
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Fig. 7. Modeled relative changes in actual evapotranspiration, groundwater recharge and discharge for GR4J (G), HBV𝐸𝐷𝑈 (H𝐵), HyMod (H𝑀 ), CWatM (C), and
CWatM* (C*) models. The box plots show the annual variability in the relative change of the flux under the climate scenario and ambient conditions, while the
uncertainty bands in each figure represent the 5%–95% range of annual variability in the simulated water flux.

Fig. 8. The upper panels show the relative difference of mean (𝛥𝑄𝑚𝑒𝑎𝑛), high (𝛥𝑄95) and low (𝛥𝑄5) flows between the 𝛥𝐶𝑇 and the ambient scenario at the
catchment scale for GR4J (G), HBV𝐸𝐷𝑈 (H𝐵), HyMod (H𝑀 ), CWatM (C), and CWatM* (C*) models. The lower panels of the figure show how the relative change
in the flows correlates with the annual aridity index.

Fig. 9. The calculated annual climatic water balance for the ambient and 𝛥𝐶𝑇 scenario (a), the modeled annual PET and ET𝑎 for the plot and catchment scale
(b), the relative change of GWR between ambient conditions and 𝛥𝐶𝑇 scenario in relation to aridity for the plot scale, with HYDRUS-1D simulated GWR serving
as proxy for lysimeter observations, and at the catchment scale (c).

highest sensitivity in annual river discharge, with a mean relative change of –13 ± 2%, contrasting with the HBV𝐸𝐷𝑈 model, which
had the smallest deviation at –9 ± 1

3.4.4. Sensitivity of extreme flows under elevated CO2 and warming
The catchment-scale models demonstrated higher sensitivity and greater year-to-year variability for low flows compared to high

flows (Fig. 8). When comparing the annual response in discharge across different years to annual aridity, the models consistently
showed higher sensitivity of annual mean and high flows in drier conditions. In contrast, the effect of aridity on low flow sensitivity
was less clear.
10 
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3.5. Sensitivity of water fluxes at plot versus catchment scale

The annual catchment-averaged climatic water balance, computed as the difference between annual catchment precipitation
nd potential evapotranspiration, from 1997 to 2016 was 590 ± 165 mm higher than at the plot scale (Fig. 9,a), indicating that the

plot scale was considerably more water-limited than the catchment. This difference can be attributed to both lower precipitation
amounts and increased actual evapotranspiration (ET𝑎) at the plot scale (Fig. 9,b), with the latter influenced by its location at a
lower elevation compared to the studied catchment. An analysis of groundwater recharge (GWR) sensitivity to aridity shows that
both the plot and catchment models are more sensitive during drier years (Fig. 9,c).

4. Discussion

4.1. Sensitivity of the plot-scale model to climate scenarios

In this study, the Penman–Monteith equation and HYDRUS-1D models showed high performance in replicating lysimeter
measurements at the plot level, particularly the soil water content and groundwater recharge in the calibration period (2016–
2021)(see Supplementary material, Figure S1). Comparing the longer HYDRUS-1D simulation period (1990–2016) with the lysimeter
data, the HYDRUS-1D models accurately reflected the sensitivities of actual evapotranspiration and groundwater recharge to 𝛥CO2
and 𝛥𝑇 , consistent with the lysimeter dynamics (Fig. 5). While the models demonstrated comparable sensitivity to climate change
variables, they exhibited less year-to-year variability compared to the lysimeter measurements. This difference likely arises because
models, as simplifications of the natural system, do not fully capture the complex natural variability found in different lysimeter
plots across years (Beven, 2011).

4.2. Scaling from plot to catchment: model comparisons and implications

Examining the sensitivity of actual evapotranspiration and groundwater recharge at both plot and catchment scales reveals that
at the catchment level, especially in higher elevation areas, actual evapotranspiration shows higher sensitivity. This increase in
sensitivity is associated with lower temperatures and higher wind speeds typical of elevated areas. Consequently, shifting from local
to catchment scale, particularly in higher elevation areas, leads to a marked increase in actual evapotranspiration sensitivity to 𝛥𝑇
and 𝛥CO2. This aligns with findings from prior studies, supporting the hypothesis that altitude-dependent climate conditions can
influence evapotranspiration sensitivity (Guo et al., 2017; Sun et al., 2020).

The sensitivity of groundwater recharge to 𝛥𝑇 and 𝛥CO2 is less pronounced at the catchment scale. This could be attributed to
the higher amount of precipitation the catchment receives (∼500 mm year−1 greater than plot scale), resulting in more groundwater
recharge compared to the plot scale and reduces the impact of potential evapotranspiration. A similar observation was made by other
studies (Schübl et al., 2023; Berghuijs et al., 2024), where precipitation dictated the predominant recharge processes. Therefore,
at the catchment level, a warmer and more CO2-enriched future may result in a significant change in actual evapotranspiration
(18%–25% for the 𝛥𝐶𝑇 ), but the relative change in discharge may be smaller (10%–15% for the 𝛥𝐶𝑇 ). On the other hand, at the
plot level, even minor relative changes in actual evapotranspiration could have a larger impact on groundwater recharge.

As described in Section 2.4, our study evaluated the impacts of warming on PET under conditions of constant e𝑎, aligning with
our lysimeter experiment setup. We also extended our analysis to include PET changes at constant RH, as recommended for studies
analyzing the impacts of global warming by Scheff and Frierson (2014). These additional findings, detailed in the Supplementary
material (Figure S8), demonstrated a significantly lower sensitivity to warming compared to our lysimeter observations. This
complicates direct comparisons at the plot level, and thus was not included in the main text. Furthermore, the sensitivities computed
under constant e𝑎 conditions closely mirrored those reported by other studies in the region. For example, Duethmann and Blöschl
(2018) reported similar increases in PET in Austria, observing a 2.8% rise per decade from 1977 to 2014, corresponding to a 0.45 ◦C
temperature increase per decade. This trend suggests a 19% rise in PET with a 3 ◦C warming—closely reflecting our findings (Fig. 5).
Their study, using measured meteorological data including temperature, relative humidity and net radiation, provides a valuable
comparison and validates the reliability of our experimental approach. Additionally, our modeled discharge sensitivity aligns with
Rhine River discharge projections by Buitink et al. (2021), where a 2.5 ◦C warming resulted in a 20% reduction in discharge. These
similarities indicate that our experimental scenarios were well-aligned with observed regional warming effects. Future research will
be better positioned to examine these impacts in more detail when longer time series from lysimeter measurements (Forstner et al.,
2021) and eddy covariance data (Pastorello et al., 2020) become available.

When scaling plot findings to the catchment scale, all rainfall–runoff models shared common inputs of rainfall, snowmelt, and
PET, and operated on basic groundwater storage assumptions. Despite their differences, the models consistently showed similar
patterns in discharge sensitivity and its relationship to water availability. Yet, the sensitivity’s magnitude varied, largely due
to differing representations of soil water storage and routing mechanisms. These differences affected the calculation of actual
evapotranspiration (Fig. 9), impacting both actual evapotranspiration sensitivity, as well as groundwater recharge, and discharge.
In line with previous findings (Velázquez et al., 2013; Bastola et al., 2011; Moeck et al., 2016), our findings support the use of
multiple models for a more complete evaluation of climate change impacts on water resources, particularly at the catchment level
where benchmark data are not available.

These findings highlight the different responses to climate change that emerge when scaling up from plot to catchment level.

While these observations may be particularly relevant to mountain catchments like the studied area, where integration across the
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whole basin includes inputs from high elevation, high rainfall zones, they also raise important questions about the generalizability
of these effects. Further research is needed to understand these dynamics in other types of catchments and under different climatic
conditions. This will aid in better predicting the hydrological impacts of climate change and developing effective water resource
management strategies for future conditions.

4.3. Increased sensitivity of groundwater recharge and discharge in dry years

In conditions of greater aridity, our study reveals an increased sensitivity of modeled groundwater recharge at both plot
nd catchment scales, as observed under a future scenario in Fig. 9. The sensitivity becomes more pronounced in drier years,
here the reduced total water availability for groundwater recharge or discharge amplifies the response to changes in actual
vapotranspiration. However, as opposed to the mean and high flow (𝛥𝑄95), the low flows (𝛥𝑄5) tend to be less sensitive in dry

years (low aridity index in Fig. 8). This corresponds to the expectation that the relationship reverses when water availability limits
the effect of 𝛥𝑇 on ET, and consequently on GWR and Q. Conversely, under drier conditions with higher temperatures and global
radiation, actual evapotranspiration can increase if water availability is not the limiting factor. This phenomenon, known as the
drought paradox, leads to amplified decreases in groundwater recharge and river discharge (Mastrotheodoros et al., 2020).

These observations in montane grassland, which are generally energy-limited, highlight the interplay between temperature,
evapotranspiration and available water resources, which has important implications for these ecosystems. Shifts in these factors
can alter the balance between energy and water availability, leading to shifts in ecosystem dynamics. For example, variations in the
annual distribution of precipitation could lead to ecosystems transitioning from energy-limited to water-limited conditions during
periods of drought and high temperature (Haslinger et al., 2022; Teuling, 2018), suggesting that future actual evapotranspiration
under a warmer climate might be constrained by source limitation (water) or enhanced by source abundance (temperature and
radiation).

5. Summary and conclusion

In this study, we investigated how climate change could impact the hydrology of montane grassland. We specifically focused on
how sensitive plot and catchment water fluxes were to changes in potential evapotranspiration (PET) due to warming and elevated
CO2 concentrations. To achieve this, we utilized data from a climate change experiment involving lysimeters subjected to warming
(𝛥𝑇 ; +3 ◦C), elevated CO2 conditions (𝛥CO2; +300 ppm), and a combination of both (𝛥𝐶𝑇 ), to simulate future climate change
scenarios. The findings from the lysimeters were modeled using a soil hydrological model and extrapolated to the catchment scale,
by employing five different rainfall–runoff models of varying complexity. By adjusting the PET inputs in these models, we were able
to simulate changes in actual evapotranspiration (ET𝑎), as well as the potential impacts of these changes on river discharge (Q) and
groundwater recharge (GWR). Our key findings include the following:

1. The soil hydrological models effectively reproduced the lysimeter fluxes-with similar sensitivity to 𝛥CO2 and 𝛥𝑇 ; however,
they exhibited less variation from year-to-year.

2. 𝛥𝑇 increased ET𝑎 and decreased GWR and Q, while 𝛥CO2 mitigated the effects of 𝛥𝑇 at both the plot and catchment scale.
At the plot scale, 𝛥CO2 effects partially buffered the hydrological response of 𝛥𝑇 . Thus, overlooking effects of 𝛥CO2 could
lead to overestimating the impacts of climate change.

3. The sensitivity of ET𝑎 to 𝛥𝑇 was greater at the catchment than at the plot scale, reflecting increased ET sensitivity to warming
with higher elevation. In contrast, GWR was more sensitive at the plot scale, attributed to drier conditions at these lower
elevations compared to the catchment scale.

4. Drier conditions increased the sensitivity of GWR and Q to 𝛥𝐶𝑇 across scales, indicating increased risks in a likely future
climate.

5. Despite consistent patterns in water flux sensitivity to 𝛥𝑇 and 𝛥CO2 across different rainfall–runoff models, variability in
impact magnitude underscores the value of multi-model approach for more robust climate change impact assessments on
water resources.
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