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Abstract
Central Europe has been experiencing unprecedented droughts during the last decades, stressing the decrease in tree water availability. However, the assessment of
physiological drought stress is challenging, and feedback between soil and vegetation is often omitted because of scarce belowground data. Here we aimed to model
Swiss forests' water availability during the 2015 and 2018 droughts by implementing
the mechanistic soil-vegetation-atmosphere-transport (SVAT) model LWF-Brook90
taking advantage of regionalized depth-resolved soil information. We calibrated the
model against soil matric potential data measured from 2014 to 2018 at 44 sites along
a Swiss climatic and edaphic drought gradient. Swiss forest soils' storage capacity of
plant-available water ranged from 53 mm to 341 mm, with a median of 137 ± 42 mm
down to the mean potential rooting depth of 1.2 m. Topsoil was the primary water
source. However, trees switched to deeper soil water sources during drought. This
effect was less pronounced for coniferous trees with a shallower rooting system than
for deciduous trees, which resulted in a higher reduction of actual transpiration (transpiration deficit) in coniferous trees. Across Switzerland, forest trees reduced the
transpiration by 23% (compared to potential transpiration) in 2015 and 2018, maintaining annual actual transpiration comparable to other years. Together with lower
evaporative fluxes, the Swiss forests did not amplify the blue water deficit. The 2018
drought, characterized by a higher and more persistent transpiration deficit than in
2015, triggered widespread early wilting across Swiss forests that was better predicted by the SVAT-derived mean soil matric potential in the rooting zone than by
climatic predictors. Such feedback-driven quantification of ecosystem water fluxes
in the soil–plant-atmosphere continuum will be crucial to predicting physiological
drought stress under future climate extremes.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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I NTRO D U C TI O N

water content, the soil matric potential is a comparable measure of
water availability for plant roots across different soil characteristics

In 2003, 2015, and 2018, Central Europe experienced the most se-

and is directly related to plant water potential (Novick et al., 2022;

vere droughts over the past 2100 years (Büntgen et al., 2021). These

Steppe, 2018) and distinct levels of drought stress, as was shown

droughts impressively showed that water availability is vital to forest

for beech (Walthert et al., 2021). Furthermore, root distribution and

health (Senf et al., 2020) as it impacts ecosystem functioning and

related root water uptake (RWU) are critical constraints for the plant

productivity (Babst et al., 2010; Beer et al., 2010; Jung et al., 2017;

water supply. Finally, the spatiotemporal variability of the soil water

Nussbaumer et al., 2020; Trotsiuk et al., 2020) and the runoff and

availability needs to be matched with the root depth distribution to

drainage from forests (blue water) that may refill ground and sur-

derive the development of drought stress over time.

face water resources. Water availability via plants further feedbacks

Commonly applied drought indices are predominantly based on

on surface temperature and vapour pressure deficit (VPD) and has

meteorological quantities, such as the standardized precipitation

a dominant role in separating energy and water fluxes, modulat-

index and the standardized precipitation evapotranspiration index

ing the carbon sink strength (Gao et al., 2021; Granier et al., 2007;

(Vicente-Serrano et al., 2010). Being fully empiric, they implicitly

Humphrey et al., 2021). Limited water supply triggers a cascade of

assume water storage in the soils during rainfall and water usage

physiological responses, such as stomatal closure, reduced water

for evapotranspiration during (precedent) sunshine. However, phys-

and nutrient uptake, downregulation of photosynthesis, early wilt-

iological drought intensity depends on plant physiological and mor-

ing, crown dieback, and mortality, as observed in 2018 in Germany,

phological traits and their interference with the soil and atmosphere.

Austria, and Switzerland (Obladen et al., 2021; Schuldt et al., 2020;

Drought indices more explicitly related to soil moisture or physiolog-

Walthert et al., 2021). So far, several studies have focused on the

ical drought typically rely on numerical models such as the German

impacts of recent droughts on carbon assimilation using eddy cova-

drought monitor (Samaniego et al., 2018). While the Palmer Drought

riance measurements and remote sensing data (Gharun et al., 2020;

Severity Index (Palmer, 1965) takes the available water storage ca-

Ramonet et al., 2020; Stocker et al., 2019; Thompson et al., 2020;

pacity (AWC) as a simple bucket besides temperature and precip-

Wang et al., 2020), mapping of early wilting via anomalies in re-

itation into account, indices based on hydrological models like the

mote sensing-derived vegetation indices (Brun et al., 2020; Schuldt

Evapotranspiration Deficit Index or the Soil Moisture Deficit Index

et al., 2020; Sturm et al., 2022), characterizing these droughts in

have been shown to be superior in predicting physiological drought

terms of climatic characteristics (Buras et al., 2020) or in terms of its

(Schwärzel et al., 2009; Sepulcre-C anto et al., 2014; Speich, 2019;

remote-sensing derived water mass deficit (Boergens et al., 2020),

Wu et al., 2021). An even closer link to physiological drought is

and evapotranspiration anomalies (Ahmed et al., 2021). Only a few

expected from the transpiration deficit (Td also referred to as ED),

studies have evaluated these droughts with mechanistic models

expressed as the difference or ratio between actual (Ta) and poten-

(Mastrotheodoros et al., 2020; Moravec et al., 2021), targeting hy-

tial transpiration (Tp) (Leuning, 1995; Vicente-Serrano et al., 2015;

drological impacts rather than physiological drought stress.

Zierl, 2001) or the soil matric potential (Schmidt-Walter et al., 2019).

Vegetation and, in particular, trees modulate the water balance

Mechanistic soil-vegetation-atmosphere-transport (SVAT) mod-

by stomatal activity (Ewers et al., 2005) and are returning water to

els, in contrast to bucket-t ype models, can account for interactions

the atmosphere (‘green water’) by transpiration. Trees either follow

in the soil–plant-atmosphere continuum. They balance belowground

a conservative, drought-avoiding water-use strategy and effec-

water supply with aboveground water demand to simulate water

tively control transpiration by stomatal regulation in response to

availability and physiological drought (Federer, 1979; Schmidt-

atmospherically or soil drought (Teuling et al., 2010), or sustain high

Walter et al., 2020) and may improve urgently needed understand-

stomata conductance and water consumption at high atmospheric

ing of ecosystem responses to drought (Xu et al., 2013). However,

demand to maintain assimilation, at the risk of severe xylem embo-

the application of SVAT models at the regional scale is often im-

lism (Massmann et al., 2019). Soils largely determine whether water

peded by low data availability and the inability to constrain model

is available to plants due to their ability to retain precipitation, store

parameters. While the availability of aboveground vegetation char-

water, and host plant roots. Consequently, they mediate between a

acteristics is rapidly increasing thanks to remote sensing techniques,

meteorological drought (lack of precipitation, high air temperature)

belowground information is still often limited. For Switzerland, re-

and a physiological drought (water deficiency, not covering plant

gionalized information on depth-resolved soil properties and max-

needs). The amount of water available to plants depends on soil

imum potential rooting depth (mrd) was recently made available

properties (e.g. stone content, texture, bulk density) and is quantified

(Baltensweiler et al., 2021). With Swiss-wide soil matric potential

by the water retention curve, the relationship between the volumet-

measurements, including the two major droughts (2015 and 2018),

ric soil water content, θ, and the soil matric potential, ψs. Unlike soil

the application of a physically based SVAT model became feasible.

|
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In our study, we implemented the SVAT model LWF-Brook90 for

hydraulic conductivity of the rooting zone, which is assumed to

the forested area of Switzerland using >160,000 days of soil matric

correspond to the hydraulic conductivity of the bulk soil. As water

potential measurements for the model calibration. We aimed at a

uptake is computed for each soil layer, roots with access to moist

feedback-driven separation between green and blue water fluxes in

soil layers enable compensation of water uptake to account for the

the Swiss forest areas and to assess the impact of 2015 and 2018

transpiration demand.

droughts on these water fluxes. A second objective was to delineate

The water movement in the soil is modelled by numerically

critical thresholds of drought intensity/water availability to improve

solving the Richards equation using the Mualem–van Genuchten
hydraulic parameters (Mualem, 1976; van Genuchten, 1980). The

predictions of early wilting.

Mualem–van Genuchten parameters were predicted based on re-

2
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gionalized and depth-resolved soil properties (described below) with

M ATE R I A L S A N D M E TH O DS

two PTFs, namely Wessolek et al. (2009) and Puhlmann and von
Wilpert (2011). Organic forest floor layers were not considered in

In the first step, we mapped the AWC of forest soils using pedotrans-

this study.

fer functions (PTFs) to predict the soil hydraulic parameters of

The dynamic of the leaf area index (LAI) was simulated with the R

the water retention curve based on regionalized soil parameters

package vegperiod version 0.3.1 (Nuske, 2017), where dates of bud-

(Baltensweiler et al., 2021). Then, the dynamic filling and emptying

burst were calculated with the degree-day approaches described in

of the AWC was simulated with the calibrated SVAT LWF-Brook90

Menzel (1997) and the end of the vegetation period when LAI starts

model. Finally, we derived the water budget and drought indices

to decline with the method of von Wilpert (1990). The LAI sea-

from the model application. The latter were used to predict the 2018

sonality was delineated with the b90 method of the LWFBrook90R

early wilting pattern with a general additive model (GAM) and to de-

package.

rive early wilting thresholds.

2.2 | Initial and forcing data for model simulations

2.1 | SVAT model: LWF-Brook90

The SVAT model was applied at the site and Swiss scale (forested
The

&

sites, 500 m spatial resolution). The SVAT model was forced by the

Kennel, 2001), recently implemented in an R environment (Schmidt-

process-based

SVAT

model

LWFBrook90

(Hammel

daily meteorological data (air temperature [mean, max, min], precipi-

Walter et al., 2020), was used for water balance simulations (pack-

tation, relative humidity, global radiation, vapour pressure, and wind

age LWFBrookR version 0.4.5). LWF-Brook90 is a modification of the

speed) derived from MeteoTest (MeteoTest, 2020) for both applica-

well-known Brook90 model (Federer, 2002), which simulates daily

tion scales from 2013 to 2019 (250 m spatial resolution). The year

transpiration and interception from a single layer plant canopy (big

2013 was solely used to dampen transient effects of uncertain initial

leaf) and soil water fluxes through the soil profile. The interception is

conditions and was excluded from further analysis.

calculated following Rutter et al. (1972), and the simulation of snow

At the site level used for calibration and validation, measured

accumulation and melt relies on a traditional degree-day method for

LAI, tree height, tree species, and elevation and slope angle were

estimating snow energy balance.

measured in the field, and the soil properties from a soil profile were

Shuttleworth and Wallace (1985) modification to Penman–

used as input data. LAI calculation was based on hemispherical pho-

Monteith potential evapotranspiration separates transpiration and

tos taken in the middle of the vegetation periods in 2014 and 2015,

soil evaporation. With Federer's method, potential transpiration

representing the LAI max of each stand. The soil hydraulic parame-

is reduced to actual transpiration (Federer et al., 2003). On a sub-

ters were derived from the soil properties texture, soil organic car-

daily basis (assuming that the potential transpiration rate varies as

bon, bulk density, and gravel content (for the PTF of Puhlmann &

a half-sine wave), actual transpiration is the minimum of potential

von Wilpert, 2011), and texture and gravel content (for Wessolek

transpiration and the water supply rate on the soil-to-leaf pathway,

et al., 2009) per soil horizon.

taking into account root density distribution, rhizosphere and plant

For the spatial model application, LAI (500 m pixel size) was

root and xylem resistance, and the critical leaf water potential at

derived from a Moderate Resolution Imaging Spectroradiometer

which stomata close. RWU is described by the single root model

(MODIS) over the years 2015–2018 (Justice et al., 2002), tree

(Cowan, 1965; Hillel & van Bavel, 1976). Assuming a uniform radial

height from the 1 m spatial resolution vegetation height model

root distribution around the stem allows for estimating the rooting

(Ginzler & Hobi, 2016) and tree type (fraction of broadleaved

zone. Here we parameterized relative root length densities of the

versus needle-leaved trees) at 3 m spatial resolution from a Swiss

soil layers from the cumulative proportion of roots derived by the

broadleaf distribution map (Waser et al., 2017). A 50% broadleaf

model after Gale and Grigal (1987). The maximum rooting depth and

abundance threshold was used to classify deciduous and conifer-

the shape parameter beta were used as fitting parameters, with max-

ous forests. Elevation and slope angle were derived from the digi-

imum rooting depth and depth distribution observed in the soil pro-

tal elevation model DHM25 of Swisstopo with a spatial resolution

files at 44 sites as prior parameters. RWU decreases with decreasing

of 25 m.
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The spatial SVAT modelling relies on recently published maps of
soil properties (Baltensweiler et al., 2021) with information on clay,
sand, gravel, and Corg contents and fine earth density for the following soil depths: 0–5, 5–15, 15–30, 30–60, 60–100, and 100–200 cm.
In addition, the mrd was also spatially available. These maps (25 m
spatial resolution) are based on random forest models created from
2071 forest soil profiles. The models were evaluated against an external, independent data set and achieved an R 2 of 0.21–0.49 for
texture (clay, sand, and gravel contents) across all soil depths. While
for fine earth density, the R 2 varied between 0.51 and 0.64 across
all depth intervals, soil organic carbon content was more difficult to
predict (R 2 = 0.19–0.32). The mrd map was also validated with the

external dataset and achieved an R 2 of 0.19. Finally, we applied the

PTFs introduced above to all depth layers to generate maps of plant-
AWC (between −6.3 and −1585 kPa) and gravitational water storage
capacity (GWC, between 0 and −6.3 kPa). Uncertainties of the spatial
input soil layers were propagated through the calculations of AWC
and GWC by sampling 1000 within the 95% confidence interval of
each pixel of sand, Corg, and gravel contents taking the covariance of

F I G U R E 1 Location of sites with soil matric potential
measurements used for model calibration and validation along a
Swiss climatic and edaphic drought gradient (n = 44, LoWa). For
plausibility checks, we used eddy covariance measurements from
two Swiss FluxNet sites that are also part of the Swiss Long-term
Forest Ecosystem Research Programme (LWF). From 11 LWF sites,
throughfall measurements were used for model plausibilization.

sand and clay into account. Then, uncertainties of cumulated AWC
and GWC down to a specific depth (1 m, 2 m, mrd) were calculated

the lower installation depth was 50 and 70 cm, respectively). For 17

by the additive formula for error propagation.

sites, additional sensors were installed at a third (between 110 and

Despite higher resolution input data, a spatial resolution of

150 cm) and a fourth soil depth (between 140 and 200 cm). The soil

500 m was selected for efficient SVAT simulation. The data were ag-

matric potential data were used for the sensitivity analysis, calibra-

gregated by bilinear resampling. All analyses and plotting have been

tion and validation of model parameters.

carried out in Rx64 4.1 using the packages sf (1.0–1), sp (1.4–5), raster

For model plausibilization, we used throughfall-, LAI data

(3.4–13), hydroGOF (0.4–0), dplyr (1.0.7), tidyr (1.1.3), lubridate (1.7.10),

(Thimonier et al., 2019, 2010) measured at 11 LWF sites, and above-

purr (0.3.4), viridis (0.6.1), data. table (1.14.0) and ggplot2 (3.3.5).

canopy actual evapotranspiration (ETa) measured at two Swiss
FluxNet sites, which are also part of the Swiss Long-term Forest

2.3 | Sites with measurements
Starting in 2013, soil matric potential was measured at 44 sites
(Figure 1) located on a climatic-edaphic drought gradient across

Ecosystem Research (LWF) programme network (Figure 1).

2.4 | Sensitivity analysis, calibration, and
validation procedure

Switzerland (LoWa network). The sites follow a precipitation gradient (between 650 and 1370 mm mean annual precipitation, MAP)

Generally, model sophistication is paralleled by introducing more

from the Central Valais (n = 17 with 744 ± 55 mm MAP), Eastern

adjustable parameters, increasing the problem of equifinality, where

Grisons (n = 10 with 870 ± 94 mm MAP), Eastern Jura (n = 10

different parameter sets may produce similar model outputs. The

with 957 ± 120 mm MAP), to the Central Grisons (n = 7 with

calibration procedure we applied improves model reliability and re-

1003 ± 102 mm MAP). Mean annual temperatures range between 4.9

duces the equifinality problem (Beven & Kirkby, 1979). The model

and 9.9°C. Measured forests include beech (n = 10), spruce (n = 3),

calibration was targeted at finding the best combination of model

pine (n = 13), oak (n = 8), and mixed stands of spruce with pine (n = 5)

parameters with respect to the depth-resolved matric potential

and oak with beech (n = 5). According to the World Reference Base

measurements. The goal was (i) to derive two calibrated parameter

for Soil Resources, soil types are mainly Leptosols and Cambisols of

sets for deciduous (oak and beech) and coniferous (pine and spruce)

varying soil depth and stone content. The sites cover an elevation

forests and (ii) to assess the model performance and reliability

range from 455 to 1495 m asl with a mean elevation of 1075 m asl for

with input data that is not spatially aggregated to 500 m raster cell

coniferous and 717 m asl for deciduous stands.

resolution.

MPS-2 probes (MeterGroup, Decagon Devices) were used for

Before the model calibration, regional sensitivity analysis via

soil matric potential measurements that were temperature cor-

Monte Carlo Filtering (Hornberger & Spear, 1981) was conducted to

rected according to Walthert and Schleppi (2018). The range of

identify sensitive model parameters that significantly improved the

accurate measurements for MPS-2 probes is from −9 kPa to about

agreement between measured and simulated soil matric potential

−1000 kPa (corresponding to pF 1.95 and 4, respectively). Probes

(kPa). A combined objective function cof using Nash–Sutcliffe effi-

were installed at 20 and 80 cm depth in all soils (only in two sites,

ciency (NSE) and Kling Gupta efficiency (KGE) was used

5932
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cof (n, N) =

√
∑N ((
2
i=n

1 − NSEi

)2 (
)2 )
+ 1 − KGEi

(1)

2.5 | SVAT-based drought indices and early wilting

which represents the Euclidean distance to the optimal NSE and

The model's ability to predict physiological drought was tested by

KGE = 1 over different soil depths (from n the uppermost soil layer to N

intersecting simulated drought indices and soil matric potential with

the deepest). All sites were equally weighted to derive average final pa-

a Sentinel-II based early-wilting map of 2018 (Brun et al., 2020). As

rameter sets for the subsequent spatial application. The 30 runs (from

drought indices, we used the soil matric potential, deficit of plant-

5000) with the best performance over the entire soil profile (cof[1,5])

available water in the root zone (from the mineral soil surface to

were selected and declared ‘behavioural’ runs, while the remaining

the maximum rooting depth) (ADEF), the ratio of actual to potential

runs were ‘non-behavioural’. The two-sample Kolmogorov–Smirnov

transpiration (Ta/Tp), and relative plant-available soil water in layers

test was used to test for parameter differences between behavioural

with roots (RELAWAT). In addition, we used a one-sided, equal vari-

and non-behavioural runs. The maximum distance between the empiri-

ance t-test to assess differences in drought indices for pixels with

cal cumulative distribution functions expressed by the behavioural and

and without early wilting.

non-behavioural parameter sets (test-statistic Dmax) served as a mea-

GAMs (Hastie & Tibshirani, 1986) were used to test the ability

sure to identify sensitive parameters (Harlin & Kung, 1992). Parameters

of LWF-Brook90-derived drought indices to predict physiological

were sampled from uniform prior distributions with boundary values

drought represented by the presence of 2018 early wilting. The

derived from the literature (Federer, 2002; Federer et al., 2003; Groh

fraction of early wilting mapped on 10 m resolution of the Sentinel-2

& Puhlmann, 2013; Schmidt-Walter et al., 2020) or, for the soil hy-

images within a 100 m resolution pixel (Brun et al., 2020) was used

draulic parameters, within ±30% of the predicted value from the PTF.

as the target variable. The explained deviance was used to assess the

For the sensitivity analysis, 5000 parameter sets were sampled and

calibration strength of uni- and multivariate GAMs fitted 100 times

classified into behavioural and non-behavioural. The parameters with

to stratified random samples of 10,000 raster cells. A binomial error

Dmax values >0.2 in any of the main tree species plots were subse-

distribution was used. Response curves were derived from these

quently used as fitting parameters in the calibration procedure. These

univariate fits. As explanatory variables, in addition to the LWF-

parameters were sampled 5000 times for model calibration, and the

Brook90-derived drought indices, the set of predictors described in

30 best runs for each site (all over NSE 0.25) were selected for the

Brun et al. (2020) was used as explanatory variables (including vari-

forward model prediction. The calibration and validation procedure

ables describing vegetation structure, topography, soil properties,

were done with the PTF of Wessolek et al. (2009) and Puhlmann and

temperature, and precipitation). The model formulas were kept fixed

von Wilpert (2011). We used slope, aspect, latitude, species, and tree

but the degree of freedom for each smoother was optimized, except

height as fixed parameters derived from site surveys.

for categorical variables: such semi-quantitative indices were mod-

For model validation, the transferability in time was tested by a

elled with smoothers of three degrees of freedom at maximum (Brun

temporal data split where the years 2015–2017 were selected for

et al., 2020). The R package mgcv (Wood, 2006) was used to fit the

model calibration and the drought situation 2018 for model valida-

GAMs. Research data are publicly archived in EnviDat (Meusburger

tion. The spatial transferability of the model was tested for 11 sites

et al., 2022).

that were not included in the model calibration of the remaining
33 sites. From the 30 best runs at the 33 calibration sites, we derived median parameter sets for coniferous and deciduous forests
to predict soil matric potential at the validation sites. These validation sites were selected to represent different regions and species.

3
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R E S U LT S

3.1 | SVAT model parameters and performance

For spatial model application, median parameter sets for coniferous
and deciduous forests of all 44 sites and calibrated to the period

Soil matric potential measurements in 44 soil profiles along the Swiss

2015–2018 were used. Model validation further involved comparing

drought gradient from 2014 to 2018 successfully constrained the

simulated throughfall amounts with those observed at 11 Swiss LWF

SVAT model. Parameter sensitivity measured by Dmax identified the

sites (Thimonier et al., 2019). Finally, simulated actual evapotrans-

parameters with the strongest potential to optimize the combined

piration and soil evaporation were compared to eddy covariance

objective function. Dmax thereby depended on the predominant tree

measurements on one site with coniferous trees and another with

species and the two applied PTFs (Table S1).

predominantly deciduous trees. Turbulent fluxes of water vapour

For the PTF of Wessolek et al. (2009), the most sensitive param-

were measured continuously above the canopy using the eddy cova-

eter was the critical leaf water potential at which stomata are fully

riance method in two forest sites in Davos (coniferous) and Lägeren

closed (psicr, MPa), followed by the shape of the root distribution

(mixed deciduous). In the coniferous forest in Davos, measurements

(betaroot, unitless) and the maximum root depth (maxrootdepth,

were collected at 35 m and in the mixed deciduous forest in Lägeren

m). Of further importance were parameters that control poten-

at 47 m. Half-hourly evapotranspiration fluxes were calculated using

tial transpiration, for example, the solar radiation level at which

the EddyPro software (v6.1.0, LI-COR Inc.). For more technical de-

leaf conductance is half of its maximum, solar shortwave radiation

tails about the eddy covariance measurements, see Paul-Limoges

at leaf level (r5, W m−2), maximum internal conductivity for water

et al. (2020) and Etzold et al. (2011).

flow through the plants (mxkpl, day−1 MPa−1), and maximum leaf

|
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vapour conductance when stomata are fully open (glmax, m s−1).

the measurements, even though simulated budburst day of the year

To a lesser extent, parameters controlling preferential soil water

(DOY) was not included as a fitting parameter.

flow (ilayer, as an integer of the soil layer and infexp as the frac-

The median posterior parameters of behavioural runs were

tion of infiltration to the uppermost soil layer), the lower bound-

extracted for each dominant species (Table S3) as well as for de-

ary condition (a drain value of 1 corresponding to free drainage),

ciduous and coniferous sites (Figure 3), subsequently used for the

2

−2

maximum leaf area index (maxlai, m m ), and soil evaporation

spatial model application. The fitted aboveground parameters were

resistance at field capacity (rssa, s m−1). The saturated hydraulic

higher than the defaults for maximum leaf vapour conductance

conductivity of the soil (ksat, mm day−1) did not differ significantly

(glmax), maximum internal conductivity for water flow through the

between the best and remaining runs. For the PTF of Puhlmann

plants (mxkpl), and solar radiation level at which leaf conductance

and von Wilpert (2011), parameters controlling root distribution

is half (r5). Less negative values compared to the default were ob-

were most important, followed by the flow parameter ilayer and

tained for the critical leaf water potential at which stomata close

psicr. At the lower boundary of the soil profile, the soil hydraulic

(psicr). The average values of measured maximum LAI were 4.6 for

parameter ths (soil layer 5) and ksat (soil layer 4, 5) were sensitive.

deciduous and 3.4 for coniferous stands. The corresponding fitted

Furthermore, the fraction of internal aboveground plant resis-

maximum LAI values were only 1% higher and 3% lower for decid-

tance (the remaining resistance is attributed to the belowground

uous and coniferous trees, respectively. Belowground fitted values

root resistance) to water flow in the xylem (fxylem, 0–1) and the

showed with values of 0.5 that free drainage is hampered (a value of

parameter controlling potential transpiration by setting VPD at

1.0 would indicate free drainage, and 0.0 a no-flux boundary), and

which leaf conductance is halved (cvpd, kPa) were sensitive.

values of ilayer and infexp above 0 indicate a macro-pore-assisted

For the time-split calibration period (2015–2017), the simulations

infiltration to deeper soil layers. Soil evaporation resistance at field

with the PTF of Wessolek et al. (2009) yielded median NSEs of 0.52,

capacity (rssa) was higher than the default value. The two param-

0.55, 0.37, and 0.26 for the average measurement depths of 20, 80,

eters describing the root distribution differed between coniferous

110–150, and 140–200 cm, respectively. The KGE values were gen-

and deciduous sites with greater fitted maximum rooting depth

erally higher, with median values between 0.68 and 0.5 along the

(maxrootdepth) for deciduous trees and a smaller decline (higher

soil profile. For the PTF of Puhlmann and von Wilpert (2011), both

betaroot) with soil depth as compared to coniferous sites (Figure 3,

performance criteria were lower, particularly for the deeper mea-

right). The mean maximum rooting depth of the studied easily root-

surement depths (Table S2). Therefore, all the following results are

able soils was fitted to 1.59 and 1.30 m for deciduous and coniferous

based on the PTF of Wessolek et al. (2009). All NSE and KGE values

trees, respectively.

originated from runs with the best performance for all measurement

Comparing simulated evapotranspiration fluxes for the two

depths (minimum combined objective function cof[1,4]). Selecting

uncalibrated sites using the median parameter sets with eddy co-

the 30 best runs based on a single measurement depth (cof[1,1],

variance measurements of ETa above-canopy (Davos and Lägeren)

cof[2,2], …) generally resulted in NSE >0.63 values for all 44 sites

indicates a good agreement regarding the seasonal course and de-

and depths.

viations of absolute fluxes (Figure 2c). In winter, ETa was underesti-

The model's transferability in time and its capability to predict

mated for Davos while it was overestimated for Lägeren. At Lägeren,

droughts were tested for the 2018 drought event. The temporal

the simulated ETa peaks in July were higher than observed except for

validation yielded better performance criteria than the calibration

2017, and the maximum daily ETa of 8.0 mm was observed on 25 July

for both PTFs (Table S2). In contrast, the model's transferability in

2015, and simulated at 5.9 mm. Lateral water fluxes along the slope

space to non-calibrated sites using the median posterior parameters

might cause higher discrepancies in Lägeren. While LWF-Brook90

for deciduous and coniferous forests derived from the 33 calibra-

does have a downslope module, it does underestimate incoming

tion sites yielded with NSE20 = 0.29, NSE80 = 0.41, NSE140 = −8.51,

water from uphill at sites with steep slopes like Lägeren and there-

NSE190 = −9.29 lower model performance, particularly for the

fore tends to underestimate water availability. The maximum daily

deeper soil layers where for 8 of 17 sites the simulated conditions

simulated surface runoff and drainage fluxes in early January 2018

were wetter than measured (Table S2).

are 69.6 and 38.3 mm, several times higher than the fluxes returning

Exemplarily, a site at the upper and lower end of model cali-

to the atmosphere.

bration performance is shown in Figure 2. A site with low overall

At the 11 Swiss LWF sites, uncalibrated simulated interception

model performance (NSE20 = 0.15, NSE80 = 0.58, NSE140 = 0.30,

evaporation (Ei, as the difference between bulk precipitation and

NSE190 = 0.03) was near Hohtenn in the Valais, with spruce on

throughfall) was simulated with a mean value of 14.8% ± SD 2.4%,

silty loam soil at 1140 m asl. One of the best fits (NSE20 = 0.75,

which is in the range of measured Ei of 14.0% ± SD 7.8%. The ob-

NSE80 = 0.87) could be achieved at a site near Neunkirch in the Jura

served variability of interception was higher than the modelled,

region, a beech site on a loamy and stony soil at 472 m asl. Both soils

with the highest interception losses at the Picea abies site near

show drying in summer to pF values >4. However, we have to point

Vordemwald and the lowest at the Pinus sylvestris site near Visp,

out that values below pF 2 cannot be measured with the MPS-2

where LAI is low due to a high mortality rate. The variability be-

sensor. The simulated onset of the transpiration matched well with

tween sites was smaller for simulated values.
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F I G U R E 2 Simulated (black) and
observed (red) pF (negative decadic
logarithm of the matric potential in
hPa) values in different soil depths
(right y-scale) exemplarily shown for
sites with lower (a) and higher (b) model
performance. Grey ribbons indicate the
uncertainty resulting from parameter
estimates. Summer half year from 1 April
to 30 September in yellow. (c) Monthly
eddy flux measured (red) and simulated
(black) ETa fluxes for the two uncalibrated
sites, Davos (DAV, coniferous) and
Lägeren (LAE, deciduous).

3.2 | Storage capacity of plant-available soil water
in Swiss forests

the AWC above 1 m nor the AWC above mrd differed between predominantly deciduous and coniferous stands. The fractions of average AWC and GWC per volume of soil decrease with soil depth

The layered spatial soil property maps combined with the PTF-

(Figure S4), resulting in an AWC that is 36% higher between 0 and

derived soil hydraulic parameters allowed us to predict the plant-

1 m than between 1 and 2 m soil depth.

available soil water storage capacity (AWC) for the forested area of
Switzerland. The resulting median AWC that Swiss forest soils retain
against gravitation amounted to 137 ± 42 mm when integrated from
the surface to the regionalized mrd with a median depth of 1.19 m.

3.3 | Swiss forest water fluxes of drought and
non-drought years

Across Switzerland, values ranged from 53 mm in mountain areas
to 341 mm on the Swiss Plateau (Figure 4). The total AWC volume
summed to 2.0 ± 0.6 km3 above mrd. The median AWC decreased

Water fluxes across Switzerland for non-drought years (Table 1)
showed a mean annual actual evapotranspiration (ETa) flux of

to 107 ± 12 mm and a storage volume of 1.44 ± 0.16 km3 if 1 m soil

571 mm, with the maximum rate of 888 mm observed in the

depth was assumed as the lower boundary for roots. Under satu-

Northern Alps and the minimum of 243 mm in a dry inner alpine val-

rated conditions, additional gravitational water (GWC) of 71 ± 40 mm

leys (at 1730 m asl) with shallow mrd (Figure 5). Actual transpiration

(until 1 m) and 91 ± 58 mm (until mrd) was estimated (Figure S2). The

(Ta) accounted on average for 52% of the ETa flux, with higher shares

uncertainties for these water pools accumulate when summed over

in the Swiss Plateau and the Ticino. Runoff (F) showed the highest

the six different soil depths (Figure S3). The average coefficient of

rates in the eastern part of the Northern Alps and the Ticino. Total

variation (CV) for the six soil layers ranges between 0.13 and 0.18 for

soil water in all layers at the end of each year (total soil water in

AWC and GWC. The mrd introduces the most considerable uncer-

all layers = SWAT) was on average 327 mm and generally higher on

tainty to AWC, with a mean CV of 0.42. Across Switzerland, neither

the Swiss Plateau than in the Alps and Ticino. In the studied period,
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F I G U R E 3 Posterior parameters estimated from best fits to measure matric potential data at 21 coniferous and 23 deciduous sites.
LWF-Brook90R default parameters are indicated as dotted horizontal lines. Aboveground parameters involve the maximum leaf vapour
conductance when stomata are fully open (glmax, m s−1), the maximum leaf area index (maxlai, m2 m−2), the maximum internal conductivity
for water flow through the plants (mxkpl, day−1 MPa−1), critical leaf water potential at which stomates fully closes (psicr, MPa), and solar
radiation level at which leaf conductance is half of its maximum solar shortwave radiation value at leaf level (r5, W m−2). Belowground
parameters involve the shape of the root distribution (betaroot, unitless), the lower boundary condition (a drain value of 1 corresponding
to free drainage), preferential flow (ilayer, as an integer of the soil layer and infexp as the fraction of infiltration to uppermost soil layer), the
maximum root depth (maxrootdepth, m), and soil evaporation resistance at field capacity (rssa, s m−1).
F I G U R E 4 Available water storage
capacity (AWC in mm) of Swiss forest soils
until (a) 1 m soil depth and (b) the mrd.
Estimates are calculated according to the
pedotransfer function of Wessolek
et al. (2009) applied to regionalized,
layered soil properties and maximum
potential root depth information
(Baltensweiler et al., 2021). Grey pixels
represent the hill shade of non-forested
areas.

the share of precipitation returning to the atmosphere by ETa was

winter. In drought years (Table 1), absolute fluxes of F and the sum

41%, and the runoff fraction was 57%. The annual average transpira-

of evaporation fluxes (E) were smaller. However, the fraction of F

tion deficit (Td) was estimated as 42 mm and thus much lower than

in relation to precipitation was higher with 58% and 60% for the

the maximum values simulated at site level in the lower altitudes of

2015 and 2018 droughts, respectively. The most distinct difference

Valais with up to 350 mm. Deciduous and coniferous species sepa-

in drought years was the increased Td. Trees reduced the potential

rated precipitation slightly differently between ETa and F. While Ta

transpiration by 23% (in 2015) and 28% (in 2018), compared to 12%

was quite similar for the deciduous and coniferous trees, they dif-

in non-drought years.

fered in the higher generation of runoff by sites with deciduous

On a Swiss scale, monthly water uptake from deeper soil lay-

trees, which mainly occurred due to lower interception losses during

ers is larger for deciduous trees, with the largest share simulated to
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TA B L E 1 Simulated annual water fluxes (mm) per drought, non-drought years, and deciduous (dec) and coniferous (con) trees.
Precipitation (P), runoff (F), evapotranspiration (ETa), actual transpiration (Ta), potential transpiration (Tp), transpiration deficit (Td = Tp − Ta),
evaporation of soil (Es), evaporation of snow (Esn), interception on leaves (Ei), and the sum of evaporation fluxes (E)
Year

Tree

P

F

ETa

Ta

Tp

Td

Es

Esn

Ei

E

2015

con

1182

674

547

283

379

96

89

63

111

264

2015

dec

1135

677

508

289

368

79

98

46

74

219

2018

con

1230

727

554

294

415

121

82

67

112

261

2018

dec

1190

724

511

293

308

105

94

46

78

218

Non-drought

con

1385

761

594

294

340

46

106

64

131

300

Non-drought

dec

1364

797

550

299

337

38

117

44

90

251

F I G U R E 5 Yearly average (2014–
2019) of precipitation (P), actual
evapotranspiration (ETa), evaporation as
the sum of soil, snow and interception
evaporation (E), actual transpiration (Ta),
runoff (F), and total soil water storage
(SWAT).

originate from 0 to 60 cm soil depth, while for the coniferous trees,

Jura mountains and low-elevation areas of Valais and Ticino. Low

the maximum water share was derived from the 0 to 30 cm soil layer

ratios persisted until August and September in the eastern part of

(Figure 6, left panel). However, daily transpiration per soil layer

the Swiss Plateau. In 2018, the Ta/Tp was already relatively small

shows a clear shift in plant water sources in July 2018, where after

in June. In July, the hotspots occurred in the northeastern Swiss

the drying out of the upper layers, a larger share of water uptake

Plateau, at a lower elevation of Valais and Ticino and the Grison

by roots was simulated for deeper layers. For deciduous trees, this

area. In September, the north-western part of Switzerland and the

shift to deeper water sources was more pronounced and persistent

region north of Lake Geneva were still dry. In several regions, the

(Figure 6, left panel). After drying of the deep layers at deciduous

2018 drought persisted longer than the 2015 drought, and low ratios

sites, the uppermost soil layer became the primary water source for

occurred still in October. The higher intensity predicted for the 2018

the remainder of the year due to rain events. The difference in soil

drought can also be expressed by the average Td, which was with

water uptake resulted from the different root distribution of conif-

18 mm (June), 48 mm (July), 29 mm (August), and 12 mm (September)

erous and deciduous trees (Figure 6, right panel).

higher in 2018 than with 7 mm (June), 53 mm (July), 21 mm (August),
and 5 mm (September) in 2015.

3.4 | Drought indices and thresholds for 2018
early wilting

Across Switzerland, modelled drought indices in 2018 matched
well with a remotely sensed early-wilting map, for which they were
excellent predictors. Mean soil matric potential in the potential
rooting zone in August 2018 showed with 20% univariate explained

The ratio of actual to potential transpiration (Ta/Tp) as a measure of

deviance higher explanatory power than the best climatic predic-

plant water supply to atmospheric demand shows distinctly lower

tor, despite the coarser spatial resolution. The univariate explained

ratios in 2015 and 2018 than in non-drought years (Figure 7). In

deviance fell to 15% and 12% when only the upper 60 cm and 30 cm

the summer of 2015, low ratios occurred instantaneously across

of the mean soil matric potential were considered. Low soil matric

large forest areas of Switzerland, with hotspots in the northern

potential matched the early-wilting hotspot close to Lake Constance
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F I G U R E 6 Simulated root water uptake aggregated for different soil depths per deciduous and coniferous trees across Switzerland
at daily resolution (left panel). Cumulative root fraction per soil depth for coniferous and deciduous sites (points) and posterior depth
distribution parameter, beta (lines, right panel).

and the north-western part of Switzerland, while the match was

None of the soil hydraulic parameters was sensitive, even though

worse in the Jura mountains and in Grisons (Figure 8). The drought

the saturated hydraulic conductivity (Ksat) was previously reported

stress index Ta/Tp had a univariate explained deviance of 16%. Areas

as a highly sensitive parameter (Walthert et al., 2015). This is likely

with low Ta/Tp matched the hotspot regions of early wilting, except

due to the limited measurement range of our sensors (ψs < −10 kPa),

the Jura mountains and the Ticino. These missing regions were cap-

where non-mobile water predominates, which was less suitable to

tured by the minimum daily Ta/Tp values simulated in August. Other

constrain Ksat.

drought indices such as ADEF and RELAWAT showed lower explained deviances of 3% and 11%, respectively.

All soil matric potential measurements of a soil profile were combined in the objective function with the intention to simulate the

The mean Ta/Tp significantly differs (p < .001) between pixels

water balance along the entire soil profile correctly. This procedure

with (Ta/Tp = 0.57) and without early wilting (median Ta/Tp = 0.75).

reduced the performance metric, but the achieved NSE and KGE val-

The same (p < .001) is observed for soil matric potential, where the

ues can be considered behavioural (Knoben et al., 2019). Fitting the

median soil matric potential in the rooting zone of browning affected

model to a single observed depth enhanced the performance criteria

pixels is −818 kPa and without browning, −562 kPa.

but at the cost of unrealistic parameter estimates. For all sites, we
observed a bias in the first year. The destruction of roots during sen-

4
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DISCUSSION

4.1 | Model performance and posterior parameters

sor installation was likely responsible for this bias towards wetter
observed conditions after installation. The temporal validation with
the 2018 drought demonstrated the model's capability to predict future drought since the performance criteria improved compared to
the calibration period. The spatial transferability of the model was

For SVAT models, a major source of uncertainty results from pa-

less satisfactory as the agreement between observed and simulated

rameter estimates and equifinality due to the higher data demand

soil matric potential decreased remarkably for the deeper soil layers

than data availability (Beven & Kirkby, 1979). The sensitivity analysis

(with wetter simulated conditions). Still, the magnitude of intercep-

helped identify parameters that significantly affect the model per-

tion and ETa at uncalibrated sites was predicted accurately.

formance. The model sensitivity to a given parameter thereby de-

Posterior parameters related to plant conductivity (glmax, mxkpl,

pended on the model structure, the objective function, and target

and r5) were all higher than the default LWF-Brook90 parameters.

variables within the objective function. The most sensitive param-

The higher fitted mean glmax values of 0.011 m s−1 (deciduous trees)

eters for the measured soil matric potential under predominantly dry

and 0.0087 m s−1 (coniferous trees) are within reported ranges for

conditions were the parameters controlling stomatal closure (psicr)

Fagus sylvatica and Quercus spp. of 0.0002–0.018 m s−1 and Picea

and root distribution, followed by plant hydraulic conductivities.

abies and Pinus sylvestris of 0.007–0.013 m s−1 (Bréda et al., 2006;
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F I G U R E 7 Ratio of actual to potential transpiration (−) as mean of non-drought years 2014, 2016, 2017, 2019 (left) and 2015 (middle) and
2018 (right) for the month June, July, August, September, and October (rows). The smaller the ratio, the larger the predicted reduction of
actual transpiration due to soil drought.
Köstner, 2001; Schmidt, 2007). In contrast, the fitted psicr had

earlier stomata closure. The fitted psicr values were at the higher

median values of −1.4 MPa for deciduous and −1.1 MPa for conifer-

spectrum of leaf water potential compared to minimum leaf water

ous trees, which was higher than the default settings indicating an

potential reported across Germany, Switzerland, and Austria (Arend
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F I G U R E 8 Comparison of (a)
early-wilting occurrence (percentage
occurrence within a 500 m pixel) in August
2018 (adapted after Brun et al., 2020) and
(b) univariate response curves of mean
soil matric potential in the rooting zone
(ψs) and actual to potential transpiration
Ta/Tp. (c) Map of mean soil matric potential
in the rooting zone in August 2018 and (d)
boxplot of soil matric potential in pixels
with and without early wilting. (e) Map
of actual to potential transpiration (Ta/Tp)
in August 2018 and (f) boxplot of Ta/Tp in
pixels with and without early wilting.

et al., 2021, 2022; Walthert et al., 2021; Zweifel et al., 2007). These

the applicability of the model parameters to wet, mobile soil water

studies found minimum leaf water potential of Fagus sylvatica in the

conditions still needs (ψs > −10 kPa) to be tested.

range of −1.2 to −3.3 MPa, of Quercus spp. from −1.8 to −4.0 MPa,
and of Pinus sylvestris and Picea abies from −1.4 to −2.5 and − 0.9 to
−4.2 MPa, respectively. However, most studies did not report the

4.2 | Plant-available water storage capacity

degree of stomatal closure related to these leaf water potentials.
Belowground, the posterior parameters indicated the occurrence of

AWC is the water pool held at a soil matric potential between field

preferential flow with approximately only 30%–60% of rainfall water

capacity and the wilting point (adjusted by gravel content) poten-

infiltrating to the first layer (~upper 20 cm of the soil), while the re-

tially available for plants during drought. AWC was shown to be

mainder of water infiltrated to deeper soil layers. Furthermore, the

an essential basis for modelling ecosystem water balance (Granier

posterior root parameters indicated that the roots of deciduous trees

et al., 1999), tree growth (Guillemot et al., 2017), and survival

reached deeper and root density declined less rapid with soil depth

(Preisler et al., 2019). The presented AWC map is based on the PTF of

than the roots of coniferous trees, which agrees with global obser-

Wessolek et al. (2009), which produced overall the best calibration

vations of shallower rooting systems of evergreen needle-leaf trees

results. This PTF uses the German soil textural classes to predict the

(Fan et al., 2017). For the posterior resistance to soil evaporation at

Mualem–van Genuchten parameters; bulk density and soil organic

field capacity, high values compared to LWF-Brook90 default pa-

matter are not considered. The uncertainty of the AWC map was

rameters were fitted, but the values were still not higher than found

partly reduced by the discretization step of sand, silt, and clay frac-

in a comparable study (Schmidt-Walter et al., 2020). The omission of

tion to textural classes. The mrd introduced the largest uncertainty.

the organic layers might have been responsible for this, as organic

The presented assessment did not include the AWC of organic lay-

layers may prevent soil evaporative losses. In general, the model was

ers that can be considerable in forests and therefore underestimates

fitted to measurements drier than field capacity (ψs < −10 kPa). Thus,

the AWC presented here, particularly for coniferous sites at high
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elevation. An overestimation of AWC is expected in regions with an-

Topsoil water sources dominated after the summer of 2018 and

aerobic soil horizons that are less rootable such as in Flysch areas or

the drying of deeper layers. This difference in source water depth

depressions on the Swiss Plateau.

between species and with successive drying agrees with the find-

The presented AWC map is, to our knowledge, the first one to

ings of Brinkmann et al. (2018), observing deeper water sources for

take advantage of regionalized and depth-resolved soil properties.

beech than for spruce trees. However, it is expected that there is a

A previous AWC map (until 1 m soil depth) of Swiss forests soils was

large variability between the species merged here into deciduous or

based on 1234 soil profiles grouped into AWC classes according to

coniferous groups, for example, between beech and pubescent oak

Eckelmann (2005) and regionalized by assigning them to lithological

or even between trees of the same species growing under different

classes (Remund & Augustin, 2015).

edaphic conditions as reported in measurement studies, for example, for hydromorphic conditions (Gessler et al., 2022) or having a

4.3 | Swiss forest water balance
The presented mean water balance (2014–2019) complies with the

different acclimation legacy (Gao et al., 2021; Zweifel et al., 2020).

4.4 | Physiological drought prediction capacity

evaporation and transpiration fractions expected for Switzerland, such
as a maximum ETa of 800 mm year−1 (Schädler & Weingartner, 2002).

Mean soil matric potential in the potential rooting zone was identi-

The estimated ETa was 5% and 7%, and Ta was 9% and 4% lower

fied as the most powerful predictor for spatial patterns of 2018 early

than simulated for coniferous and deciduous trees in Switzerland by

wilting in Switzerland. The better performance of our 500 m resolu-

Zierl (2001), and also 7% lower than eddy covariance-derived meas-

tion outputs compared to 100 m resolution climatic variables under-

urements from two sites. Accordingly, the runoff proportions are with

lines that the relevance of the information contained in the coarsely

57% higher than the identified 51% by Zierl (2001).

resolved soil water status predictors outcompetes the substantially

We hypothesized that a lower proportion of blue water (water

higher density of information contained in the more finely resolved

that drains to the freshwater system) in dry years was driven by an

climatic predictors. As stressed by Piedallu et al. (2011) and hypoth-

increased ETa flux, as predicted by Mastrotheodoros et al. (2020)

esized Sturm et al. (2022), it was shown that detailed 3D soil infor-

for the entire Alpine mountain range. The first part of the hypothe-

mation improves physiological drought stress prediction. The smaller

sis was confirmed (Table 1). On average, 12% to 8% less flow (run-

univariate explained deviance by soil matric potential in the upper

off+drainage) occurred for deciduous and coniferous areas in both

60 cm compared to soil matric potential in the entire rooting zone,

drought years. However, our findings suggest that this flow deficit

and the switch to deeper source water during dry topsoil conditions

in dry years was not amplified by higher ETa fluxes during drought

indicates that deeper soil water is a critical source during drought con-

years in forests. Indeed, the drying out of the topsoil layers seems

ditions buffering the impacts of dry climatic conditions. Areas with

to have caused a lower Es flux, and the precipitation deficit led to a

early wilting showed a significantly lower soil matric potential with

lower Ei flux in dry years. The Swiss forests mean Ta showed only

mean values close to the recently estimated threshold of −800 kPa

marginal differences between coniferous and deciduous trees and

for mature beech trees (Walthert et al., 2021). Here, we want to point

also between drought and non-drought years. We explain this sur-

out that we merged species with likely different wilting thresholds.

prising stability in the Ta flux by the shift in RWU from the upper to

The drought index Ta/Tp performed almost as well as soil matric

the lower layers following the preceding drought and through av-

potential in predicting 2018 early wilting. The Ta/Tp spatiotemporal

eraging across sites that are energy limited where Ta is higher and

pattern highlighted the longer persistence of the 2018 drought in

water-limited sites where Ta is lower during drought. By stomatal clo-

autumn than the 2015 drought. Furthermore, the duration and the

sure, trees saved 8% and 9% of the incoming yearly precipitation in

drought intensity were higher in 2018 than in 2015, as indicated

2015 and 2018. The high variability of Td between drought and non-

by higher cumulative Td over the summer months. All this might be

drought years emphasizes trees' plasticity to adjust transpiration to

responsible for further visible crown damages after 2018 (Braun

varying climatic conditions.

et al., 2020; Brun et al., 2020; Sturm et al., 2022) but not after 2015.

Regarding tree species, coniferous trees, on average, were returning a larger share of precipitation via leaf interception and
snow evaporation to the atmosphere than deciduous trees. The Td
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is slightly higher for coniferous trees, even though the deciduous
and coniferous areas' AWC (until mrd, 1 and 2 m) does not differ.

The interlinkages between aboveground and belowground via a

The higher Td for coniferous trees likely results from the shallower

mechanistic SVAT model revealed that Swiss forests are strongly

root distribution limiting water supply earlier. For coniferous trees,

feedback driven under drought. Forest trees reduced the poten-

source water originates predominantly from the topsoil (approx.

tial transpiration by 23% (in 2015) and 28% (in 2018). Furthermore,

30 cm) and only during a short time window deeper water becomes

modelled evaporative fluxes were smaller in dry years due to (i) the

relevant. On the other hand, deciduous trees were simulated to take

precipitation deficit causing lower interception loss and (ii) lower soil

up water also from deeper layers, particularly in spring and summer.

moisture causing less soil evaporation. Thus, for the Swiss forest
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area, our findings do not confirm the amplification of the 2015 and

5941

ORCID

2018 drought by an enhanced ETa flux as predicted for the Alpine

Katrin Meusburger

https://orcid.org/0000-0003-4623-6249

mountain range. In contrast, the lower evaporation flux and the

Volodymyr Trotsiuk

https://orcid.org/0000-0002-8363-656X

higher Td counteract the water deficit, emphasizing the strong regu-

Paul Schmidt-Walter

latory capacity of the studied forest ecosystem.

Andri Baltensweiler

In 2018, large-scale early wilting was observed in Switzerland,

Philipp Brun

https://orcid.org/0000-0003-2699-0893
https://orcid.org/0000-0003-1933-6535

https://orcid.org/0000-0002-2750-9793

and the Td confirmed a longer duration and intensity of the

Fabian Bernhard

2018 drought than in 2015. Under the highest Representative

Mana Gharun

Concentration Pathway 8.5, the risk of such droughts is expected to

Frank Hagedorn

increase by seven times until the second half of the century affect-

Anne Thimonier

ing large parts of Central Europe (Hari et al., 2020). The simulated

Peter Waldner

soil matric potential and the drought index Ta/Tp were significant

Lorenz Walthert

https://orcid.org/0000-0003-0338-0961
https://orcid.org/0000-0003-0337-7367
https://orcid.org/0000-0001-5218-7776
https://orcid.org/0000-0002-4685-1957
https://orcid.org/0000-0001-8982-6156
https://orcid.org/0000-0002-1790-8563

predictors of 2018 widespread early wilting in Switzerland, despite
the substantially lower information content than spatially higher

REFERENCES

resolved climatic variables. Increasing the spatial resolution of the

Ahmed, K. R., Paul-Limoges, E., Rascher, U., & Damm, A. (2021). A first
assessment of the 2018 European drought impact on ecosystem
evapotranspiration. Remote Sensing, 13(1). https://doi.org/10.3390/
rs13010016
Arend, M., Link, R. M., Zahnd, C., Hoch, G., Schuldt, B., & Kahmen, A.
(2022). Lack of hydraulic recovery as a cause of post-drought foliage
reduction and canopy decline in European beech. New Phytologist,
234(4), 1195–1205. https://doi.org/10.1111/nph.18065
Arend, M., Link Roman, M., Patthey, R., Hoch, G., Schuldt, B., & Kahmen,
A. (2021). Rapid hydraulic collapse as cause of drought-induced
mortality in conifers. Proceedings of the National Academy of Sciences
of the United States of America, 118(16), e2025251118. https://doi.
org/10.1073/pnas.2025251118
Babst, F., Bouriaud, O., Poulter, B., Trouet, V., Girardin Martin, P., & Frank
David, C. (2010). Twentieth century redistribution in climatic drivers of global tree growth. Science Advances, 5(1), eaat4313. https://
doi.org/10.1126/sciadv.aat4313
Baltensweiler, A., Walthert, L., Hanewinkel, M., Zimmermann, S., &
Nussbaum, M. (2021). Machine learning based soil maps for a
wide range of soil properties for the forested area of Switzerland.
Geoderma Regional, 27. https://doi.org/10.1016/j.geodrs.2021.
e00437
Beer, C., Reichstein, M., Tomelleri, E., Ciais, P., Jung, M., Carvalhais, N.,
Rödenbeck, C., Arain, M. A., Baldocchi, D., Bonan, G. B., Bondeau,
A., Cescatti, A., Lasslop, G., Lindroth, A., Lomas, M., Luyssaert,
S., Margolis, H., Oleson, K. W., Roupsard, O., … Papale, D. (2010).
Terrestrial gross carbon dioxide uptake: Global distribution and
covariation with climate. Science, 329(5993), 834–838. https://doi.
org/10.1126/science.1184984
Beven, K. J., & Kirkby, M. J. (1979). A physically based, variable contributing area model of basin hydrology / un modèle à base physique de
zone d'appel variable de l'hydrologie du bassin versant. Hydrological
Sciences Bulletin, 24(1), 43–69. https://doi.org/10.1080/02626
667909491834
Boergens, E., Guntner, A., Dobslaw, H., & Dahle, C. (2020). Quantifying
the central European droughts in 2018 and 2019 with GRACE
follow-on. Geophysical Research Letters, 47(14). https://doi.
org/10.1029/2020GL087285
Braun, S., de Witte, L. C., & Hopf, S. E. (2020). Auswirkungen des
Trockensommers 2018 auf Flächen der Interkantonalen
Walddauerbeobachtung. Schweizerische Zeitschrift für Forstwesen,
171(5), 270–280. https://doi.org/10.3188/szf.2020.0270
Bréda, N., Huc, R., Granier, A., & Dreyer, E. (2006). Temperate forest
trees and stands under severe drought: A review of ecophysiological responses, adaptation processes and long-term consequences.
Annals of Forest Science, 63(6), 625–6 44.
Brinkmann, N., Seeger, S., Weiler, M., Buchmann, N., Eugster, W., &
Kahmen, A. (2018). Employing stable isotopes to determine the

SVAT model would likely further improve its predictive capacity of
drought-induced early wilting. Furthermore, with its low computation demands and its iterative coupling to remote-sensing-derived
forest characteristics, the model has a high potential to be transformed into an operational nowcasting tool.
Our study emphasized the importance of belowground processes. The sensitivity of the root parameters and the buffering effect of deeper soil water during dry periods stress the importance of
these processes for physiological drought prediction. Still, the actual
root distribution and RWU by individual species and their modulation by edaphic, climatic, and acclimation processes remain a major
uncertainty and opportunity for improvement in predicting physiological drought.
AC K N OW L E D G E M E N T S
Evaluations were partly based on data from the Swiss Long-term
Forest Ecosystem Research programme (www.lwf.ch), which is
part of the UNECE Co-operative Programme on Assessment and
Monitoring of Air Pollution Effects on Forests ICP Forests (www.icp-
forest s.net). We are particularly grateful to the Swiss Federal Office
for the Environment (FOEN) supplying regionalized meteorological
data of MeteoTest. We also thank M. Zappa, who supplied an initial
meteorological dataset. K.M. acknowledges funding from the WSL
drought initiative. M.G. acknowledges funding by the Swiss National
Science Foundation project ICOS-CH Phase 3 20F120_198227. F.B.
acknowledges funding from the Swiss National Science Foundation
project 185093. We thank Noureddine Hajjar, Oliver Schramm, Maria
Schmitt Oehler, and the local field observers at the LWF sites for
the determination of the throughfall amounts. In addition, we thank
Marco Walser for the uncounted soil surveys and analysis. Open access funding provided by ETH-Bereich Forschungsanstalten.
C O N FL I C T O F I N T E R E S T
All authors declare no conflict of interests.
DATA AVA I L A B I L I T Y S TAT E M E N T
The data that support the findings of this study are openly available
in EnviDat at: 10.16904/envidat.335

5942

|

residence times of soil water and the temporal origin of water taken
up by Fagus sylvatica and Picea abies in a temperate forest. New
Phytologist, 219(4), 1300–1313. https://doi.org/10.1111/nph.15255
Brun, P., Psomas, A., Ginzler, C., Thuiller, W., Zappa, M., & Zimmermann,
N. E. (2020). Large-scale early-wilting response of central European
forests to the 2018 extreme drought. Global Change Biology, 26(12),
7021–7035. https://doi.org/10.1111/gcb.15360
Büntgen, U., Urban, O., Krusic, P. J., Rybníček, M., Kolář, T., Kyncl, T.,
Ač, A., Koňasová, E., Čáslavský, J., Esper, J., Wagner, S., Saurer,
M., Tegel, W., Dobrovolný, P., Cherubini, P., Reinig, F., & Trnka, M.
(2021). Recent European drought extremes beyond common era
background variability. Nature Geoscience, 14, 190–196. https://doi.
org/10.1038/s41561-021-0 0698- 0
Buras, A., Rammig, A., & Zang, C. S. (2020). Quantifying impacts of
the 2018 drought on European ecosystems in comparison to
2003. Biogeosciences, 17(6), 1655–1672. https://doi.org/10.5194/
bg-17-1655-2020
Cowan, I. R. (1965). Transport of water in the soil-plant-atmosphere system. Journal of Applied Ecology, 2, 221–239.
Eckelmann, W. (2005). Bodenkundliche Kartieranleitung. Schweizerbart.
Etzold, S., Ruehr, N. K., Zweifel, R., Dobbertin, M., Zingg, A., Pluess, P.,
Häsler, R., Eugster, W., & Buchmann, N. (2011). The carbon balance
of two Contrasting Mountain Forest ecosystems in Switzerland:
Similar annual trends, but seasonal differences. Ecosystems, 14(8),
1289–1309. https://doi.org/10.1007/s10021-011-9481-3
Ewers, B. E., Gower, S. T., Bond-L amberty, B., & Wang, C. K. (2005).
Effects of stand age and tree species on canopy transpiration
and average stomatal conductance of boreal forests. Plant, Cell &
Environment, 28(5), 660–678. https://doi.org/10.1111/j.1365-3040.
2005.01312.x
Fan, Y., Miguez-Macho, G., Jobbágy, E. G., Jackson, R. B., & Otero-C asal,
C. (2017). Hydrologic regulation of plant rooting depth. Proceedings
of the National Academy of Sciences of the United States of America,
114(40), 10572–10577. https://doi.org/10.1073/pnas.1712381114
Federer, C. A. (1979). A soil-plant-atmosphere model for transpiration
and availability of soil water. Water Resources Research, 15(3), 555–
562. https://doi.org/10.1029/WR015i003p0 0555
Federer, C. A. (2002). BROOK 90: A simulation model for evaporation,
soil water, and streamflow. http://www.ecoshift.net/brook/brook
90.htm
Federer, C. A., Vörösmarty, C., & Fekete, B. (2003). Sensitivity of annual
evaporation to soil and root properties in two models of contrasting complexity. Journal of Hydrometeorology, 4(6), 1276–1290.
https://doi.org/10.1175/1525-7 541(2003)004<1276:SOAET
S>2.0.CO;2
Gale, M. R., & Grigal, D. F. (1987). Vertical root distributions of northern
tree species in relation to successional status. Canadian Journal of
Forest Research, 17(8), 829–834. https://doi.org/10.1139/x87-131
Gao, D., Joseph, J., Werner, R. A., Brunner, I., Zürcher, A., Hug, C., Wang,
A., Zhao, C., Bai, E., Meusburger, K., Gessler, A., & Hagedorn,
F. (2021). Drought alters the carbon footprint of trees in soils—
Tracking the spatio-temporal fate of 13C-labelled assimilates in
the soil of an old-growth pine forest. Global Change Biology, 27(11),
2491–2506. https://doi.org/10.1111/gcb.15557
Gessler, A., Bächli, L., Rouholahnejad Freund, E., Treydte, K., Schaub,
M., Haeni, M., Weiler, M., Seeger, S., Marshall, J., Hug, C., Zweifel,
R., Hagedorn, F., Rigling, A., Saurer, M., & Meusburger, K. (2022).
Drought reduces water uptake in beech from the drying topsoil,
but no compensatory uptake occurs from deeper soil layers. New
Phytologist, 233(1), 194–206. https://doi.org/10.1111/nph.17767
Gharun, M., Hörtnagl, L., Paul-Limoges, E., Ghiasi, S., Feigenwinter,
I., Burri, S., Marquardt, K., Etzold, S., Zweifel, R., Eugster, W., &
Buchmann, N. (2020). Physiological response of swiss ecosystems
to 2018 drought across plant types and elevation. Philosophical
Transactions of the Royal Society, B: Biological Sciences, 375(1810),
20190521. https://doi.org/10.1098/rstb.2019.0521

MEUSBURGER et al.

Ginzler, C., & Hobi, M. L. (2016). Das aktuelle Vegetationshöhenmodell
der Schweiz: Spezifische Anwendungen im Waldbereich.
Schweizerische Zeitschrift für Forstwesen, 167(3), 128–135. https://
doi.org/10.3188/szf.2016.0128
Granier, A., Bréda, N., Biron, P., & Villette, S. (1999). A lumped water
balance model to evaluate duration and intensity of drought constraints in forest stands. Ecological Modelling, 116(2), 269–283.
https://doi.org/10.1016/S0304-3800(98)00205-1
Granier, A., Reichstein, M., Bréda, N., Janssens, I. A., Falge, E., Ciais, P.,
Grünwald, T., Aubinet, M., Berbigier, P., Bernhofer, C., Buchmann, N.,
Facini, O., Grassi, G., Heinesch, B., Ilvesniemi, H., Keronen, P., Knohl, A.,
Köstner, B., Lagergren, F., … Wang, Q. (2007). Evidence for soil water
control on carbon and water dynamics in European forests during the
extremely dry year: 2003. Agricultural and Forest Meteorology, 143(1),
123–145. https://doi.org/10.1016/j.agrformet.2006.12.004
Groh, J., & Puhlmann, H. (2013). Kalibrierung eines Bodenwasserhaushalts
modells mit einer kombinierten Zielfunktion für die Optimierung
der Wasserretentionskurve. [calibration of a soil-water balance
model with a combined objective function for the optimization of
the water retention curve]. Hydrologie und Wasserbewirtschaftung,
57, 152–163. https://doi.org/10.5675/HyWa_2013_4_1
Guillemot, J., Francois, C., Hmimina, G., Dufrêne, E., Martin-StPaul, N.
K., Soudani, K., Marie, G., Ourcival, J. M., & Delpierre, N. (2017).
Environmental control of carbon allocation matters for modelling forest growth. New Phytologist, 214(1), 180–193. https://doi.
org/10.1111/nph.14320
Hammel, K., & Kennel, M. (2001). Charakterisierung und Analyse der
Wasserverfügbarkeit und des Wasserhaushalts von Waldstandorten in
Bayern mit dem Simulationsmodell BROOK90. Frank.
Hari, V., Rakovec, O., Markonis, Y., Hanel, M., & Kumar, R. (2020).
Increased future occurrences of the exceptional 2018–2019 central
European drought under global warming. Scientific Reports, 10(1).
https://doi.org/10.1038/s41598-020-68872-9
Harlin, J., & Kung, C.-S. (1992). Parameter uncertainty and simulation
of design floods in Sweden. Journal of Hydrology, 137(1), 209–230.
https://doi.org/10.1016/0022-1694(92)90057-3
Hastie, T., & Tibshirani, R. (1986). Generalized additive models. Statistical
Science, 1(3), 297–310. https://doi.org/10.1214/ss/1177013604
Hillel, D., & van Bavel, C. H. M. (1976). Simulation of profile water storage
as related to soil hydraulic properties. Soil Science Society of America
Journal, 40, 807–815.
Hornberger, G. M., & Spear, R. C. (1981). An approach to the preliminary
analysis of environmental. Journal of Environmental Management, 12, 1.
Humphrey, V., Berg, A., Ciais, P., Gentine, P., Jung, M., Reichstein,
M., Seneviratne, S. I., & Frankenberg, C. (2021). Soil moisture–
atmosphere feedback dominates land carbon uptake variability.
Nature, 592(7852), 65–69. https://doi.org/10.1038/s41586-021-
03325-5
Jung, M., Reichstein, M., Schwalm, C. R., Huntingford, C., Sitch, S.,
Ahlström, A., Arneth, A., Camps-Valls, G., Ciais, P., Friedlingstein,
P., Gans, F., Ichii, K., Jain, A. K., Kato, E., Papale, D., Poulter, B.,
Raduly, B., Rödenbeck, C., Tramontana, G., … Zeng, N. (2017).
Compensatory water effects link yearly global land CO2 sink
changes to temperature. Nature, 541(7638), 516–520. https://doi.
org/10.1038/nature20780
Justice, C. O., Townshend, J. R. G., Vermote, E. F., Masuoka, E., Wolfe,
R. E., Saleous, N., Roy, D. P., & Morisette, J. T. (2002). An overview
of MODIS land data processing and product status. Remote Sensing
of Environment, 83(1), 3–15. https://doi.org/10.1016/S00344257(02)00084-6
Knoben, W. J. M., Freer, J. E., & Woods, R. A. (2019). Technical note:
Inherent benchmark or not? Comparing Nash-Sutcliffe and KlingGupta efficiency scores. Hydrology and Earth System Sciences, 23,
4323–4331. https://doi.org/10.5194/hess-23-4323-2019
Köstner, B. (2001). Evaporation and transpiration from forests in Central
Europe – Relevance of patch-level studies for spatial scaling.

MEUSBURGER et al.

Meteorology and Atmospheric Physics, 76(1), 69–82. https://doi.
org/10.1007/s00703 0170040
Leuning, R. (1995). A critical appraisal of a combined stomatal-
photosynthesis model for C3 plants. Plant, Cell & Environment, 18,
339–335. https://doi.org/10.1111/j.1365-3 040.1995.tb00370.x
Massmann, A., Gentine, P., & Lin, C. (2019). When does vapor pressure deficit
drive or reduce evapotranspiration? Journal of Advances in Modeling Earth
Systems, 11(10), 3305–3320. https://doi.org/10.1029/2019MS001790
Mastrotheodoros, T., Pappas, C., Molnar, P., Burlando, P., Manoli, G.,
Parajka, J., Rigon, R., Szeles, B., Bottazzi, M., Hadjidoukas, P., &
Fatichi, S. (2020). More green and less blue water in the Alps during
warmer summers. Nature Climate Change, 10(2), 155–161. https://
doi.org/10.1038/s41558-019-0676-5
Menzel, A. (1997). Phänologie von Waldbäumen unter sich ändernden Klimabedingungen - Auswertung der Beobachtungen in den
Internationalen Phänologischen Gärten und Möglichkeiten der
Modellierung von Phänodaten. Forstliche Forschungsberichte
München.
Meteotest. (2020). Klimadaten Waldforschung: Berechnung von historischen Meteo- und Trocken-heitsindizes für die Waldforschung
auf der Basis von SwissMetNet-Stationsdaten.
Meusburger, K., Gharun, M., & Walthert, L. (2022). Water availability of
Swiss forests during the 2015 and 2018 droughts. https://www.
envida t.ch/datase t/water-a vaila bilit y-o f-s wiss-f orest s-d uring-
the-2015-and-2018-droughts
Moravec, V., Markonis, Y., Rakovec, O., Svoboda, M., Trnka, M., Kumar,
R., & Hanel, M. (2021). Europe under multi-year droughts: How severe was the 2014-2018 drought period? Environmental Research
Letters, 16(3). https://doi.org/10.1088/1748-9326/abe828
Mualem, Y. (1976). A new model for predicting the hydraulic conductivity
of unsaturated porous media. Water Resources Research, 12(3), 513–
522. https://doi.org/10.1029/WR012i003p0 0513
Novick, K. A., Ficklin, D. L., Baldocchi, D., Davis, K. J., Ghezzehei, T.
A., Konings, A. G., MacBean, N., Raoult, N., Scott, R. L., Shi, Y.,
Sulman, B. N., & Wood, J. D. (2022). Confronting the water potential information gap. Nature Geoscience, 15(3), 158–164. https://doi.
org/10.1038/s41561-022-0 0909-2
Nuske, R. (2017). Vegperiod: Determine thermal vegetation periods.
https://doi.org/10.5281/zenodo.1466541.
Nussbaumer, A., Meusburger, K., Schmitt, M., Waldner, P., Gehrig, R.,
Haeni, M., Rigling, A., Brunner, I., & Thimonier, A. (2020). Extreme
summer heat and drought lead to early fruit abortion in European
beech. Scientific Reports, 10(1), 5334. https://doi.org/10.1038/
s41598-020-62073- 0
Obladen, N., Dechering, P., Skiadaresis, G., Tegel, W., Kessler, J., Hollerl,
S., Kaps, S., Hertell, M., Dulamsuren, C., Seifert, T., Hirsch, M., &
Seim, A. (2021). Tree mortality of European beech and Norway
spruce induced by 2018-2019 hot droughts in Central Germany.
Agricultural and Forest Meteorology, 307. https://doi.org/10.1016/j.
agrformet.2021.108482
Palmer, W. C. (1965). Meteorological drought. Research paper no. 45, US
weather bureau, Washington, DC.
Paul-Limoges, E., Wolf, S., Schneider, F. D., Longo, M., Moorcroft, P.,
Gharun, M., & Damm, A. (2020). Partitioning evapotranspiration
with concurrent eddy covariance measurements in a mixed forest.
Agricultural and Forest Meteorology, 280. https://doi.org/10.1016/j.
agrformet.2019.107786
Piedallu, C., Gégout, J.-C ., Bruand, A., & Seynave, I. (2011). Mapping soil
water holding capacity over large areas to predict potential production of forest stands. Geoderma, 160(3), 355–366. https://doi.
org/10.1016/j.geoderma.2010.10.004
Preisler, Y., Tatarinov, F., Grünzweig, J. M., Bert, D., Ogée, J., Wingate,
L., Rotenberg, E., Rohatyn, S., Her, N., Moshe, I., Klein, T., &
Yakir, D. (2019). Mortality versus survival in drought-affected
Aleppo pine forest depends on the extent of rock cover and
soil stoniness. Functional Ecology, 33(5), 901–912. https://doi.
org/10.1111/1365-2435.13302

|

5943

Puhlmann, H., & von Wilpert, K. (2011). Testing and development of pedotransfer functions for water retention and hydraulic conductivity
of forest soils. Landschaftsforschung und Naturschutz, 12, 66–71.
Ramonet, M., Ciais, P., Apadula, F., Bartyzel, J., Bastos, A., Bergamaschi,
P., Blanc, P. E., Brunner, D., Caracciolo di Torchiarolo, L., Calzolari, F.,
Chen, H., Chmura, L., Colomb, A., Conil, S., Cristofanelli, P., Cuevas,
E., Curcoll, R., Delmotte, M., di Sarra, A., … Yver Kwok, C. (2020).
The fingerprint of the summer 2018 drought in Europe on ground-
based atmospheric CO(2) measurements. Philosophical Transactions
of the Royal Society of London. Series B, Biological Sciences, 375(1810),
20190513. https://doi.org/10.1098/rstb.2019.0513
Remund, J., & Augustin, S. (2015). Zustand und Entwicklung der
Trockenheit in Schweizer Wäldern. Schweizerische Zeitschrift für
Forstwesen, 166, 352–360. https://doi.org/10.3188/szf.2015.0352
Rutter, A. J., Kershaw, A., Robins, P. C., & Morton, A. J. (1972). A predictive model of rainfall interception in forests, 1. Derivation
of the model from observations in a plantation of Corsican pine.
Agricultural Meteorology, 9, 367–384.
Samaniego, L., Thober, S., Kumar, R., Wanders, N., Rakovec, O., Pan, M.,
Zink, M., Sheffield, J., Wood, E. F., & Marx, A. (2018). Anthropogenic
warming exacerbates European soil moisture droughts. Nature Climate
Change, 8(5), 421–426. https://doi.org/10.1038/s41558-018-0138-5
Schädler, B., & Weingartner, R. (2002). Komponenten des natürlichen
Wasserhaushaltes 1961–1990. In Hydrologischer Atlas der Schweiz
(Vol. Tafel 6.3). Bundesamt für Landestopographie. https://doi.
org/10.7892/boris.134447
Schmidt, M. (2007). Canopy transpiration of beech forests in northern
Bavaria –Structure and function in pure and mixed stands with oak
at colline and montane sites (p. 252). Universität Bayreuth. Fakultät
Biologie/Chemie/Geowissenschaften.
Schmidt-Walter, P., Ahrends, B., Mette, T., Puhlmann, H., & Meesenburg,
H. (2019). NFIWADS: The water budget, soil moisture, and drought
stress indicator database for the German National Forest Inventory
(NFI). Annals of Forest Science, 76(2), 39. https://doi.org/10.1007/
s13595-019-0 822-2
Schmidt-Walter, P., Trotsiuk, V., Meusburger, K., Zacios, M., &
Meesenburg, H. (2020). Advancing simulations of water fluxes, soil
moisture and drought stress by using the LWF-Brook90 hydrological model in R. Agricultural and Forest Meteorology, 291, 108023.
https://doi.org/10.1016/j.agrformet.2020.108023
Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhnlein, C., Damm,
A., Gharun, M., Grams, T. E. E., Hauck, M., Hajek, P., Hartmann, H.,
Hiltbrunner, E., Hoch, G., Holloway-Phillips, M., Körner, C., Larysch,
E., Lübbe, T., Nelson, D. B., Rammig, A., … Kahmen, A. (2020). A first
assessment of the impact of the extreme 2018 summer drought
on central European forests. Basic and Applied Ecology, 45, 86–103.
https://doi.org/10.1016/j.baae.2020.04.003
Schwärzel, K., Feger, K.-H., Häntzschel, J., Menzer, A., Spank, U.,
Clausnitzer, F., Köstner, B., & Bernhofer, C. (2009). A novel approach in model-based mapping of soil water conditions at forest
sites. Forest Ecology and Management, 258(10), 2163–2174. https://
doi.org/10.1016/j.foreco.2009.03.033
Senf, C., Buras, A., Zang, C. S., Rammig, A., & Seidl, R. (2020). Excess
forest mortality is consistently linked to drought across Europe.
Nature Communications, 11(1), 6200. https://doi.org/10.1038/
s41467-020-19924-1
Sepulcre-C anto, G., Vogt, J., Arboleda, A., & Antofie, T. (2014).
Assessment of the EUMETSAT LSA-SAF evapotranspiration
product for drought monitoring in Europe. International Journal of
Applied Earth Observation and Geoinformation, 30, 190–202. https://
doi.org/10.1016/j.jag.2014.01.021
Shuttleworth, W. J., & Wallace, J. S. (1985). Evaporation from sparse crops-an
energy combination theory. Quarterly Journal of the Royal Meteorological
Society, 111(469), 839–855. https://doi.org/10.1002/qj.49711146910
Speich, M. (2019). Quantifying and modeling water availability in temperate forests: A review of drought and aridity indices. iForest - Biogeosciences
and Forestry, 12(1), 1–16. https://doi.org/10.3832/ifor2934-011

5944

|

Steppe, K. (2018). The potential of the tree water potential. Tree Physiology,
38(7), 937–940. https://doi.org/10.1093/treephys/tpy064
Stocker, B. D., Zscheischler, J., Keenan, T. F., Prentice, I. C., Seneviratne, S.
I., & Peñuelas, J. (2019). Drought impacts on terrestrial primary production underestimated by satellite monitoring. Nature Geoscience,
12(4), 264–270. https://doi.org/10.1038/s41561-019-0318-6
Sturm, J., Santos, M. J., Schmid, B., & Damm, A. (2022). Satellite data
reveal differential responses of swiss forests to unprecedented
2018 drought. Global Change Biology, 28(9), 2956–2978. https://
doi.org/10.1111/gcb.16136
Teuling, A. J., Seneviratne, S. I., Stöckli, R., Reichstein, M., Moors, E.,
Ciais, P., Luyssaert, S., van den Hurk, B., Ammann, C., Bernhofer,
C., Dellwik, E., Gianelle, D., Gielen, B., Grünwald, T., Klumpp, K.,
Montagnani, L., Moureaux, C., Sottocornola, M., & Wohlfahrt, G.
(2010). Contrasting response of European forest and grassland energy exchange to heatwaves. Nature Geoscience, 3(10), 722–727.
https://doi.org/10.1038/ngeo950
Thimonier, A., Kosonen, Z., Braun, S., Rihm, B., Schleppi, P., Schmitt, M.,
Seitler, E., Waldner, P., & Thöni, L. (2019). Total deposition of nitrogen in swiss forests: Comparison of assessment methods and evaluation of changes over two decades. Atmospheric Environment, 198,
335–350. https://doi.org/10.1016/j.atmosenv.2018.10.051
Thimonier, A., Sedivy, I., & Schleppi, P. (2010). Estimating leaf area index
in different types of mature forest stands in Switzerland: A comparison of methods. European Journal of Forest Research, 129(4), 543–
562. https://doi.org/10.1007/s10342-0 09-0353-8
Thompson, R. L., Broquet, G., Gerbig, C., Koch, T., Lang, M., Monteil, G.,
Munassar, S., Nickless, A., Scholze, M., Ramonet, M., Karstens, U.,
van Schaik, E., Wu, Z., & Rödenbeck, C. (2020). Changes in net ecosystem exchange over Europe during the 2018 drought based on
atmospheric observations. Philosophical Transactions of the Royal
Society, B: Biological Sciences, 375(1810), 20190512. https://doi.
org/10.1098/rstb.2019.0512
Trotsiuk, V., Hartig, F., Cailleret, M., Babst, F., Forrester, D. I., Baltensweiler,
A., Buchmann, N., Bugmann, H., Gessler, A., Gharun, M., Minunno,
F., Rigling, A., Rohner, B., Stillhard, J., Thürig, E., Waldner, P.,
Ferretti, M., Eugster, W., & Schaub, M. (2020). Assessing the response of forest productivity to climate extremes in Switzerland
using model-data fusion. Global Change Biology, 26(4), 2463–2476.
https://doi.org/10.1111/gcb.15011
van Genuchten, M. T. (1980). A closed-form equation for predicting the
hydraulic conductivity of unsaturated soils. Soil Science Society of
America Journal, 44(5), 892–898. https://doi.org/10.2136/sssaj
1980.03615995004 400050002x
Vicente-Serrano, S. M., Beguería, S., & López-Moreno, J. I. (2010). A
multiscalar drought index sensitive to global warming: The standardized precipitation evapotranspiration index. Journal of Climate,
23(7), 1696–1718. https://doi.org/10.1175/2009JCLI2909.1
Vicente-Serrano, S. M., Camarero, J. J., Zabalza, J., Sangüesa-Barreda, G.,
López-Moreno, J. I., & Tague, C. L. (2015). The evapotranspiration
deficit controls growth and net primary production: Implications
for Circum-Mediterranean forests under forecasted warmer and
drier conditions. Agricultural and Forest Meteorology, 206, 45–54.
https://doi.org/10.1016/j.agrformet.2015.02.017
von Wilpert, K. (1990). Die Jahrringstruktur von Fichten in Abhängigkeit
vom Bodenwasserhaushalt auf Pseudogley und Parabraunerde:
Ein Methodenkonzept zur Erfassung standortsspezifischer
Wasserstreßdispostion. Freiburger Bodenkundliche Abhandlungen.
Walthert, L., Ganthaler, A., Mayr, S., Saurer, M., Waldner, P., Walser,
M., Zweifel, R., & von Arx, G. (2021). From the comfort zone to
crown dieback: Sequence of physiological stress thresholds in
mature European beech trees across progressive drought. Science
of the Total Environment, 753, 14. https://doi.org/10.1016/j.scito
tenv.2020.141792

MEUSBURGER et al.

Walthert, L., Scherler, M., Stähli, M., Huber, M., Baltensweiler,
A., Ramirez–Lopez, L., & Papritz, A. J. (2015). Böden und
Wasserhaushalt von Wäldern und Waldstandorten der Schweiz
unter heutigem und zukünftigem Klima (BOWA–CH). Birmensdorf,
Eidg. Forschungsanstalt für Wald, Schnee und Landschaft WSL;
Zürich, Eidg. Technische Hochschule ETH, 117.
Walthert, L., & Schleppi, P. (2018). Equations to compensate for the temperature effect on readings from dielectric decagon MPS-2 and
MPS-6 water potential sensors in soils. Journal of Plant Nutrition and
Soil Science, 181(5), 749–759. https://doi.org/10.1002/jpln.201700620
Wang, S., Zhang, Y., Ju, W., Porcar-C astell, A., Ye, S., Zhang, Z., Brümmer,
C., Urbaniak, M., Mammarella, I., Juszczak, R., & Folkert Boersma,
K. (2020). Warmer spring alleviated the impacts of 2018 European
summer heatwave and drought on vegetation photosynthesis.
Agricultural and Forest Meteorology, 295, 108195. https://doi.
org/10.1016/j.agrformet.2020.108195
Waser, L. T., Ginzler, C., & Rehush, N. (2017). Wall-To-Wall tree type
mapping from countrywide airborne remote sensing surveys.
Remote Sensing, 9(8), 766–790. https://doi.org/10.3390/rs9080766
Wessolek, G., Kaupenjohann, M., & Renger, H. (2009). Bodenphysikalische
Kennwerte und Berechnungsverfahren für die Praxis. Technische
Universität Berlin, Institut für Ökologie, Fachgebiete Bodenkunde/
Standortkunde und Bodenschutz.
Wood, S. N. (2006). Low-rank scale-invariant tensor product smooths for
generalized additive mixed models. Biometrics, 62(4), 1025–1036.
https://doi.org/10.1111/j.1541-0 420.2006.00574.x
Wu, R., Liu, Y., & Xing, X. (2021). Evaluation of evapotranspiration deficit index
for agricultural drought monitoring in North China. Journal of Hydrology,
596, 126057. https://doi.org/10.1016/j.jhydrol.2021.126057
Xu, C., McDowell, N., Sevanto, S., & Rosie, F. (2013). Our limited ability to
predict vegetation responses to water stress. The New Phytologist,
200, 298–3 00. https://doi.org/10.1111/nph.12450
Zierl, B. (2001). A water balance model to simulate drought in forested
ecosystems and its application to the entire forested area in
Switzerland. Journal of Hydrology, 242(1–2), 115–136. https://doi.
org/10.1016/s0022-1694(00)00387-5
Zweifel, R., Etzold, S., Sterck, F., Gessler, A., Anfodillo, T., Mencuccini, M.,
von Arx, G., Lazzarin, M., Haeni, M., Feichtinger, L., Meusburger,
K., Knuesel, S., Walthert, L., Salmon, Y., Bose, A. K., Schoenbeck,
L., Hug, C., de Girardi, N., Giuggiola, A., … Rigling, A. (2020).
Determinants of legacy effects in pine trees – Implications from
an irrigation-stop experiment. New Phytologist, 227(4), 1081–1096.
https://doi.org/10.1111/nph.16582
Zweifel, R., Steppe, K., & Sterck, F. J. (2007). Stomatal regulation by microclimate and tree water relations: Interpreting ecophysiological
field data with a hydraulic plant model. Journal of Experimental
Botany, 58(8), 2113–2131. https://doi.org/10.1093/jxb/erm050

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information can be found online in the
Supporting Information section at the end of this article.
How to cite this article: Meusburger, K., Trotsiuk, V., Schmidt-
Walter, P., Baltensweiler, A., Brun, P., Bernhard, F., Gharun, M.,
Habel, R., Hagedorn, F., Köchli, R., Psomas, A., Puhlmann, H.,
Thimonier, A., Waldner, P., Zimmermann, S., & Walthert, L.
(2022). Soil–plant interactions modulated water availability of
Swiss forests during the 2015 and 2018 droughts. Global
Change Biology, 28, 5928–5944. https://doi.org/10.1111/
gcb.16332

