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Abstract. Across ecosystems, soil water is replenished by precipitation events and depleted by evapotranspiration. 

Evapotranspiration is driven by solar radiation and the aerodynamic evaporative demand of the atmospheric boundary layer 15 

(Eaero). However, vegetation regulates the rate of transpiration through species-specific stomatal closure mechanisms that 

depend on tree water status, which in turn depends on the tree’s water supply and the atmospheric water demand. Therefore, 

quantifying the effects of precipitation, solar radiation and Eaero on tree-mediated water fluxes is challenging. Here we use 

ERRA, a framework for de-mixing and de-convolving non-stationary system responses to multiple inputs, to quantify how 

atmospheric forcing affects ecosystem water fluxes and water content dynamics in a mixed beech and spruce forest. The 20 

resulting impulse-response functions describe how soil and tree water fluxes respond to three atmospheric forcing 

(precipitation, solar radiation, Eaero). Water contents of soils and trees responded positively and rapidly to precipitation pulses, 

indicating fast infiltration of precipitation into the soil and net increases in tree water contents. Tree water contents responded 

more clearly to precipitation inputs than sapflow rates did, suggesting that precipitation primarily reduced transpiration rather 

than enhancing tree water uptake. Trees responded quickly and strongly to impulses of solar radiation, but their responses to 25 

Eaero were less distinct, potentially reflecting stomatal closure effects on transpiration. The impulse-response functions reflected 

species-specific water use strategies and differences in hydraulic capacitance of trees, which buffered root water uptake during 

periods of high transpiration demand and thus prolonged the refilling of tree water storage after precipitation events. Impulse 

responses to solar radiation and Eaero were much less distinct in the soils than in the trees, illustrating how forest canopies 

shield the underlying soils from atmospheric forcing. Our study highlights how impulse-response functions can help to identify 30 

soil-plant-atmosphere relations, complementing our understanding of forest ecosystem functioning in response to atmospheric 

forcing. 

 

Summary (500 characters including spaces) 

We measured impulse responses of water fluxes to atmospheric forcing in a mixed beech and spruce forest. We found rapid 35 

responses to precipitation in soils and trees, and rapid responses to solar radiation and aerodynamic evaporative demand in 
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trees, but not in soils, which suggests that the forest canopy significantly shielded the soils from atmospheric forcing. We also 

found impulse-response functions to be affected by species-specific stomatal regulation and hydraulic capacitance. 

1 Introduction 

Transpiration from terrestrial ecosystems significantly affects the water cycle (Schlesinger and Jasechko, 2014). Transpiration 40 

is driven by atmospheric evaporative demand, is limited by soil water availability, and is controlled by species-specific plant 

physiology, complicating efforts to predict transpiration and its effects on the water cycle. Two key drivers of transpiration are 

incoming solar radiation, which provides the essential energy for photosynthesis, and the aerodynamic evaporative demand 

(Eaero), determined by wind speed and vapor pressure deficit (VPD; i.e., air dryness). Plant stomata regulate transpiration in 

response to changes in solar radiation and Eaero. As radiation increases, stomata open to gain carbon for photosynthesis. As 45 

Eaero increases, stomata may close to limit water loss to the atmosphere (Grossiord et al., 2020; McAdam and Brodribb, 2015). 

During times of high VPD or high solar radiation, stomata continuously adjust to prevent excessive water loss (Brodribb and 

McAdam, 2011), linked to turgor loss (e.g., Rodriguez-Dominguez et al., 2016) or even cavitation when water potentials 

approach extremely low values (e.g., Jones and Sutherland, 1991). 

 50 

Multiple studies in arid or semi-arid regions have found that soil water replenishment following precipitation pulses leads to 

transient increases in plant growth, transpiration and soil respiration (Collins et al., 2014; Delgado-Balbuena et al., 2023; 

Huxman et al., 2004a, b; Williams et al., 2009; Zeppel et al., 2008). Similar dynamics are also observed in more humid 

landscapes, as soil moisture increases after precipitation events, followed by progressive soil drying and decreasing plant and 

soil microbiome activity (Bai et al., 2026; Feldman et al., 2018). However, these studies have typically been based on daily 55 

observations, while plants and soils respond to precipitation inputs and atmospheric controls on much higher temporal 

resolutions. Furthermore, precipitation, VPD, solar radiation and soil moisture are strongly correlated at both sub-daily and 

longer timescales (Zhou et al., 2019), making it difficult to isolate their individual effects on plant and soil water fluxes. There 

are also feedbacks among many of these variables; for example, stomatal closure due to high VPD causes further increase in 

VPD as a consequence of the reduced water vapor supply from transpiration (Zhou et al., 2019). Similarly, because 60 

precipitation recharges soils but simultaneously decreases Eaero by raising humidity, its short-term and longer-term effects on 

transpiration may differ in magnitude or even in sign. To date, attempts to capture the effects of individual controls on 

transpiration have analyzed isolated periods with different antecedent dryness conditions (Feldman et al., 2021a, b) and cloud 

cover (Burns et al., 2015). 

 65 

Here, we explore responses of tree-mediated water fluxes to precipitation, solar radiation and Eaero using model-independent, 

data-driven methods that quantify impulse-response functions of nonstationary systems by de-convolving and de-mixing their 

input and output time series (Kirchner, 2022). We use the ERRA (Ensemble Rainfall Runoff Analysis, ERRA -- an R script 
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for Ensemble Rainfall-Runoff Analysis., 2026) framework, which was originally developed to capture runoff responses to 

precipitation of varying intensity under changing environmental conditions (Kirchner, 2024). ERRA has been successfully 70 

applied in combination with transit time distributions (Knapp et al., 2025), to link groundwater recharge to streamflow (Gao 

et al., 2025b) and to quantify controls on rapid and delayed runoff response (Gao et al., 2025a). Here we use ERRA to obtain 

impulse-response functions linking precipitation, solar radiation and Eaero as ecosystem impulses, and multiple water fluxes 

and dynamic water states as ecosystem responses. All these ecosystem impulses and responses were measured at sub-hourly 

resolution over the course of five growing seasons (2021-2025) at the WaldLab study site in Zurich. In particular, we assessed 75 

net recharge and depletion of soil and tree water content, net change of soil and branch water potentials, and sapflow dynamics 

of beech and spruce trees. We hypothesize that data-driven deconvolution of impulse-response relationships with different 

controls will yield insights into mechanisms affecting ecosystem water fluxes, i.e., variations in stomatal conductance in 

response to solar radiation or Eaero depending on soil water availability. We further hypothesize that species-specific 

physiological traits will be evident in the estimated impulse-response functions, making ERRA a useful tool for identifying 80 

and comparing ecosystem processes across biomes. 

2 Materials and Methods 

2.1 Field site and measurement setup 

The impulse-response analyses presented here are based on atmospheric controls and ecosystem water fluxes measured at the 

"WaldLab Forest Experimental Site” in Zurich (Switzerland, see Fig. 1). The study site is a typical central European managed 85 

mixed beech and spruce forest stand situated on a south-west facing slope. The mean annual temperature is 9.3 °C and annual 

precipitation averaged 1134 mm between 2010 and 2022. The luvisol soil at the site is roughly 1 m deep covering moraine 

material. Atmospheric variables were measured with an Atmos 41 all-in-one weather station (Meter Group GmbH) located in 

a clearing approximately 150 m outside of the forest plot. Soil water contents and soil water potentials were measured within 

a cluster of beech and a cluster of spruce trees (Fig. 1) every 10 minutes at 10, 20, 40 and 80 cm depth, using Teros 11 & 12 90 

soil moisture sensors and Teros 21 (10, 20 and 40 cm) or Teros 32 (80 cm) matric potential sensors (all sensors from Meter 

Group GmbH). We also installed eleven Teros 21 sensors at 20 cm depth along a transect between the beech and the spruce 

clusters. Sapflow was measured at 10-minute resolution in three beech and four spruce trees using SFS2 sapflow sensors (UP 

GmbH) installed at breast height (see Fig. 1). Sapflow sensor thermocouple readings in mV were converted to temperature 

difference in °C using a temperature-dependent factor as specified by the manufacturer. Temperature differences were 95 

converted to sapflow density using a Granier-type equation (Eq. B1 in Appendix B) with parameters obtained through a joint 

calibration of beech and spruce data as suggested by Peters et al. (2021), because beech and spruce yielded similar parameter 

values (see Fig. C1 in Appendix C). Three beech and three spruce trees were equipped with point dendrometers (ZN12 point 

dendrometers, Natkon AG) that measured stem radius variations at 10-minute resolution (see Fig. 1). We interpret the radius 

fluctuation signals as changes in tree water deficit (as explained in Zweifel et al., 2005). We transformed tree water deficit into 100 
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relative measure of tree water content by inverting the signal (multiplying by -1) and subtracting the smallest measured water 

content. Thus, the reference level of 0 for relative tree water content corresponds to the largest recorded tree water deficit. 

Three beech trees and one spruce tree were periodically equipped with psychrometers measuring at 15-minute resolution 

(PSY1 – ICT International Inc) during dry periods of the 2022, 2023 and 2024 growing seasons (see Fig. 1). Psychrometers 

had to be removed and re-installed frequently due to measurement failure and therefore could not always be installed on the 105 

same branch. 

 

We used these data to quantify impulses of atmospheric forcing by precipitation, vapor pressure deficit and solar radiation, 

and several resulting ecosystem responses, including changes in soil water content, soil water potential, sapflow density, tree 

water balances (obtained from dendrometer measurements) and branch water potentials (obtained from psychrometer 110 

measurements). 

 

 

Figure 1: Location of the ‘Waldlabor’ site in Zurich (a) and a schematic of the "WaldLab Forest Experimental Site” (b), indicating 

the locations of trees (spruce, beech and other species shown in green, orange and grey, respectively). The trees where sapflow 115 
sensors, dendrometers and psychrometers were installed are labelled with S, D and P respectively. Measured and estimated tree 

properties are shown in Table S1. The locations of the soil water profiles are indicated by black squares. The transect of soil water 

potential sensors connecting the beech and spruce clusters is indicated by the black line. The weather station is located outside the 

forest, approximately 150 m from the experimental site. Inset photos in the upper right corner show examples of soil sensor 

installation (c), sapflow and dendrometer sensor installation on a beech trunk (d), and psychrometer installation on a beech branch 120 
(e). 
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2.2. Applying ERRA to water fluxes and water states measured in soils and trees 

ERRA (Ensemble-Rainfall-Runoff-Analysis) facilitates data-driven calculation of impulse-response functions of nonlinear, 

nonstationary and heterogeneous systems (Kirchner, 2022). ERRA has been used to understand the hydrological behavior of 

catchments (Kirchner, 2024; Knapp et al., 2025), to compare response times and travel times in hydrology (Knapp et al., 2025), 125 

to quantify controls on rapid and delayed runoff responses in double-peak hydrographs (Gao et al., 2025a) and to study 

ecosystem water fluxes based on soil moisture and flux tower measurements (Gao et al, in press). However, the ERRA  

methodology can also be adapted to many different impulse–response data sets, as the underlying mathematical foundation is 

general. The mathematical foundation of the methodology is explained in detail in Kirchner (2022) and the proof-of-concept 

analyses are presented in Kirchner (2024). 130 

ERRA is based on de-convolving time series of impulses (I) and responses (R) at time j by fitting coefficients () for lag times 

from 0-k time steps between impulses and subsequent responses, yielding a multiple linear regression equation, where α is the 

constant term and εj are the residuals: 

 

𝑅𝑗 = ∑ 𝛽𝑘𝐼𝑗−𝑘
𝑚
𝑘=0 + 𝛼 + 𝜀𝑗  ,          (1) 135 

 

Within ERRA, residuals are assumed to be serially correlated, and ERRA automatically quantifies (and corrects for) serial 

correlation up to any arbitrary order (Kirchner, 2022). ERRA is further able to consider multiple impulses driving a response 

by expanding Eq. (1) with additional terms containing the coefficients and impulses of multiple controls. ERRA can quantify 

impulse-response functions even when the individual impulse time series are correlated (see Kirchner, 2022), as is the case in 140 

our dataset, where precipitation, Eaero, and solar radiation are strongly correlated. Additionally, the time series used to calculate 

the impulse-response functions can be subdivided based on user-specified criteria, in order to infer how the system's impulse 

response might change as ambient conditions change. For example, the response of streamflow to the same amount of 

precipitation varies for different levels of antecedent wetness (Gao et al., 2025a; Knapp et al., 2025).  

 145 

Here we extend the application of ERRA from rainfall-runoff assessments to ecosystem water flux responses to impulses from 

precipitation, aerodynamic evaporative demand (Eaero) and solar radiation during WaldLab's main growing season (April to 

September). The atmospheric impulses are correlated, as precipitation causes Eaero to decline and generally occurs with 

substantial cloud cover and lower solar radiation. Moreover, Eaero and solar radiation are strongly coupled due to the strong 

radiation effect on temperature. The de-mixing capabilities of ERRA provide an opportunity to disentangle the individual 150 

effects of these controls on ecosystem water fluxes. The individual response variables were analyzed independently from each 

other, meaning that ERRA was run independently for each response variable with the same set of impulse variables. 
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We analyzed the impulse-response functions of the trees up to time lags of 10 hours because this timespan covers the duration 

of daily periods of transpiration and because most responses were significantly shorter than 10 hours. For response variables 155 

measured in the soil, we evaluated the impulse-response functions at a geometric progression of time lags up to 5 days (with 

ERRA's nk parameter) rather than evenly spaced time lags, because the soil water responses occurred over a wide range of lag 

times (see Fig. 6&7). We further analyzed how the impulse-response functions vary based on soil water availability. To 

distinguish between relatively wet and dry soil conditions, we used five-hour average soil water potential measurements at 

20 cm depth to subdivide our analysis period into wet soil conditions (20 cm>-0.5 MPa) and dry soil conditions (20 cm-160 

0.5 MPa), with -0.5 MPa approximating the 0.3 quantile of average soil water potential at 20 cm within the beech cluster, 

where soils were generally drier compared to the spruce cluster (see Martinetti et al., 2025) and Fig. C3 in Appendix C. 

2.3. Data preparation and aggregation 

When the inputs and the outputs are provided in the same unit (e.g., mm h-1) to ERRA, the calculated impulse-response 

functions can be interpreted as distributions in units per time (e.g., h-1), describing the response at a given time lag per unit 165 

(increment) of the forcing variable. However, the variables measured at the site are reported in several different units. To 

facilitate comparisons among the three controls, we express Eaero and solar radiation in terms of equivalent water fluxes in 

mm H2O h-1. We computed the aerodynamic evaporative demand of the atmosphere (Eaero) from terms corresponding to a 

typical potential evapotranspiration equation: 

 170 

𝐸𝑎𝑒𝑟𝑜 =
𝜌𝑎𝑐𝑝

𝜌𝑤𝜆
∗ 𝑔𝑎 ∗ 𝑉𝑃𝐷 ∗ ∆𝑡          (2) 

 

where ga (the aerodynamic conductance) was derived from wind speed using a logarithmic wind profile and extrapolated to a 

reference grass surface assuming neutral stability, ρa and ρw are the air and water densities, respectively (1.002 kg m-3 and 

998.3 kg m-3), cp is the specific heat capacity of air at constant pressure (1004 J kg-1 K-1), and λ is the latent heat of vaporization 175 

(2.45 MJ kg-1 at 20°C). Eaero represents atmospheric drying power independent of radiative energy constraints and has units of 

mm H2O h-1. Solar radiation (originally measured in W m-2) was converted to kg H2O m-2 h-1 using λ and ρw.  

 

Where possible, we also converted the response variables into units of mm H2O h-1, taking the derivative in time where 

necessary. Soil water content expressed as VH2O/Vsoil was converted to VH2O/Asoil (resulting in mm H2O) using the measured 180 

soil volume and footprint around the Teros 11/12 VWC sensors (1010 ml and 66 cm2). We then took the time derivative of 

soil water content, to obtain the rate of net soil water recharge in mm H2O h-1, following Gao et al. (in press). We converted 

sapflow density into sapflux using the xylem area (estimated from tree cores – see Table A1 in Appendix A), and then 

converted it to a flux per unit surface area by the area of the tree crown, estimated using the diameter at breast height (see 

Sharma et al., 2016 and Table A1 in Appendix A), yielding sapflux in mm H2O h-1. Dendrometer measurements of tree stem 185 
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radius (in units of mm) were converted to changes in tree water content by taking the time derivative (to obtain mm h -1), 

multiplying by estimated circumference of the active xylem (to obtain mm2 h-1), and scaling by the ratio between tree height 

and tree crown area (as estimated above) to obtain the net tree water balance (i.e., change in tree water content) per unit crown 

area, in mm H2O h-1.  

 190 

We took the time derivatives of soil and tree water potentials to highlight their dynamic response to changes in atmospheric 

forcing. We did not attempt to convert these net changes in soil and tree water potentials to mm H2O h-1
 because they have no 

straightforward equivalents in terms of water content. Converting the other variables, however, has the advantage of expressing 

them in the same dimensions as the atmospheric forcing variables, facilitating more straightforward comparisons. Although 

some of the conversion factors (such as estimates of xylem area and crown area) are uncertain, they are used only as scaling 195 

constants and thus do not affect the dynamics embodied in the impulse-response functions. 

 

All of the response variables except sapflow are measured as states rather than fluxes, and are converted to fluxes or rates of 

change by taking their derivatives. This facilitates comparisons with the forcing variables by making their dimensions 

comparable, and by emphasizing the system's dynamic response rather than the persistent change in its state. For example, soil 200 

water content typically responds to precipitation impulses by increasing rapidly, followed by an extended period of drying due 

to evapotranspiration and drainage (see Fig. 2); by contrast, the rate of net soil water recharge (the derivative of soil water 

content) spikes immediately after the precipitation impulse and then declines toward a near-zero baseline (see Fig. C8 in 

Appendix C), providing a more sensitive indicator of short-term dynamics, and thus a more suitable signal for quantifying 

impulse-response functions.  205 

 

The atmospheric forcing is measured at a single location (the weather station), but tree responses and some soil responses (i.e., 

soil matric potential at 20 cm depth) were measured using multiple sensors at multiple locations. Averaging these 

measurements across locations would lead to a loss of data for all time steps in which any location's data is unavailable. Instead, 

we concatenated the time series for each sensor sequentially, along with stacked copies of the forcing variables, and used these 210 

stacked replicate time series as inputs to ERRA (the transitions between each of the sensors occur outside the growing season 

and thus are ignored by the analysis). The resulting impulse-response functions quantify the average response and its standard 

error based on all responses at all locations, with the standard error also accounting for the differences in response between 

different sensors or locations. 

 215 

We ran ERRA on half-hourly data obtained by aggregating and averaging the 15-minute data from psychrometers and 10-

minute data from other sensors. We additionally ran ERRA on daily averages of the soil data. The magnitudes and timings of 

the obtained impulse-response functions reflect how trees and soils respond to unit step increases of individual atmospheric 

control variables, while all other atmospheric control variables remain equal. 
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3. Results and Discussion 220 

3.1. Measured atmospheric forcing, water fluxes and water states in soils and trees 

Figure 2 shows example time windows of the measured impulse (Fig. 2a-d) and response variables (Fig. 2e-n) during periods 

of relatively wet and dry soil conditions (see Fig. C8 in Appendix C for a version of Fig. 2 where the same variables are 

transformed into mm h-1). Sapflow followed the daily cycles of the two major drivers of transpiration, Eaero and solar radiation. 

However, lower soil water availability during dry soil conditions reduced sapflow for both beech and spruce (Fig. 2i&j). Tree 225 

water contents and branch water potentials were inversely linked to sapflow, consistent with high sapflow rates arising in 

response to low tree water potentials, which in turn arise from tree water deficits. For spruce, tree water content correlated 

with soil water potentials after re-wetting by precipitation (Fig. 2h&l). Sapflow was higher and tree water content fluctuations 

were smaller for beech than for spruce, reflecting higher transpiration but smaller internal tree water storage capacity for beech 

(Fig. 2i-l). Fluctuations in branch water potentials were similar for beech and spruce and were stronger during dry periods 230 

(Fig. 2m&n). Visually inspecting the time series suggests that precipitation impulses cause strong, rapid responses in soil water 

contents and soil water potentials, as well as spruce tree water contents, and that solar radiation and Eaero generate strong 

sapflow responses in both tree species. Overall, responses to precipitation were stronger during dry periods. Sapflow response 

to Eaero and solar radiation was weaker during dry periods, while the response of branch water potential was stronger. However,  

given the strong correlation between vapor pressure deficit and solar radiation it is difficult from visual inspection only to 235 

determine the response to these drivers independently. 

 

During wet and dry soil conditions, precipitation characteristics and solar radiation dynamics remained similar, while Eaero 

increased during dry soil conditions compared to wet soil conditions (Fig. 3). Solar radiation and Eaero are strongly correlated 

on half-hourly time scales (Pearson r=0.44; p<0.001) during the growing season. Half-hourly precipitation is weakly (and 240 

negatively) correlated with both Eaero (r=-0.07; p<0.001) and solar radiation (r=-0.1; p<0.001). 
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Figure 2: Half-hourly aggregates of measured impulse and response variables during four days of wet soil conditions (left column) 

and four days of dry soil conditions, shifting to wetter conditions (right column). The impulse variables are precipitation P (a&b), 245 
aerodynamic evaporative demand Eaero (solid lines, c&d), and solar radiation R (dashed lines, c&d). The response variables in the 

soil are volumetric water content VWC (e&f) and soil water potentials soil (g&h). The response variables in beech and spruce trees 

are sapflow (i&j), tree water content TWC (k&l) and branch water potential branch (m&n). For the sake of clarity, only the soil 

responses measured at 20 cm and 40 cm depth at the spruce cluster are shown, as soil responses look similar across depths and 

species (see impulse-response functions in Figs. 4&5, and Fig. C3 in Appendix C). The sapflow and tree water content responses are 250 
shown for one beech and one spruce tree. The branch water potential responses shown here were obtained by averaging data from 

all available psychrometers installed on beech branches, therefore represent a species-averaged branch water potential signal 
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measured at the site. The responses of beech and spruce trees, particularly of sapflow and branch water potential, highlight the 

strong reduction in sapflow and branch water potentials that occurs due to soil dryness. The transformed variables into units of 

mm h-1 are shown in Fig. S8, and the full measurement period is shown in Figures C2 to C7 in Appendix C. 255 

 

 

Figure 3: Durations of precipitation events (a&e) and diel patterns of precipitation (b&f), aerodynamic evaporative demand Eaero 

(c&g), and solar radiation R (d&h) during the growing season. Note that the 24-hour duration bar in panels a&e also includes dry 

events with a duration longer than 24 hours. Lines depict mean half-hourly measurements of diel precipitation (b&f), Eaero (c&g) 260 
and solar radiation R (d&h) dynamics. The shading around the mean indicates +/- one standard deviation of measurements at the 

specific half-hour of the day. The lower bound is truncated at 0 for precipitation (b&f) and Eaero (c&g).Top and bottom rows show 

measurements under wet (a-d) and dry (e-h) soil conditions (we define dry soil conditions as average soil water potentials of less than 

-0.5 MPa at 20 cm depth). Eaero increased under dry soil conditions, whereas precipitation patterns and radiation dynamics remained 

similar between wet and dry soil conditions. 265 

 

3.2. Impulse-response functions of trees 

3.2.1. Tree impulse response to precipitation 

In the following, we present the impulse-response functions estimated by ERRA from ecosystem water fluxes and change of 

states. The left columns of Figs. 4 and 5 show the responses of beech and spruce, respectively, to impulses of precipitation. In 270 

both species, net tree water balance increases strongly, and rapidly, in response to precipitation (Figs. 4d, 5d). This response 

is faster in beech than in spruce, potentially reflecting the greater capacitance of tree water storage in spruce (Martinetti et al., 

2026). Note that the response variable is the rate of change of tree water content; thus Fig. 4d shows that in beech, tree water 

content increases for less than one hour after precipitation under wet soil conditions, but about two hours under dry soil 
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conditions. Likewise, Fig. 5d shows that in spruce, tree water content increases about two hours after precipitation under wet 275 

soil conditions, but for more than 10 hours under dry soil conditions. The response is also stronger, in both species but more 

markedly in spruce, under dry soil conditions than under wet soil conditions, potentially reflecting the larger tree water deficits 

that occur during dry soil conditions, and the greater water storage capacity of spruce relative to beech. Net changes in branch 

water potential exhibit responses to precipitation (Figs. 4g, 5g) that are broadly similar to, but less distinct than, those of net 

tree water balance (Figs. 4d, 5d). Sapflow response to precipitation is indistinguishable from zero in beech (Fig. 4a), except 280 

for a negative response at lags around 2 hours and a positive response around 8 hours under dry soil conditions. In spruce 

(Fig. 5a), sapflow response to precipitation is weakly positive at short lags and indistinguishable from zero otherwise. The 

relatively indistinct responses of sapflow to precipitation suggest that although precipitation is an important control on water 

availability for tree water uptake, it is not an important driver of sapflow in the short term. 

 285 

3.2.2. Tree impulse response to radiation and Eaero 

Unlike precipitation, radiation and aerodynamic evaporative demand Eaero are dominant drivers of potential evapotranspiration, 

and thus can be expected to affect tree water fluxes. The middle and right columns of Figs. 4 and 5 show the impulse responses 

of beech and spruce to Eaero and radiation. Sapflow responds strongly to Eaero and radiation in both beech (Figs. 4b,c) and 

spruce (Figs. 5b,c), with a markedly longer-lasting response to radiation in spruce (Fig. 5c) than in beech (Fig. 4c), reflecting 290 

spruce's greater capacitance. In both species, sapflow response to radiation is similar in wet and dry soil conditions (Figs. 4c, 

5c), but sapflow response to Eaero is more damped under dry soil conditions (Figs. 4b, 5b), plausibly reflecting the effects of 

soil dryness on stomatal conductance. In spruce, sapflow response to Eaero exhibits a marked transition from positive values at 

short lags to negative values at lags of 1-2 hours, potentially reflecting the lagged response of stomatal closure to changes in 

evaporative demand. This same transition from positive to negative in not observed in beech, potentially reflecting beech's 295 

weaker stomatal response to Eaero (i.e., less isohydric behavior) and spruce's greater capacitance (Ulrich and Grossiord, 2023; 

Martinetti et al., 2026). 

 

Net tree water balance exhibits sharp, brief negative responses to Eaero and radiation in both beech (Fig. 4e,f) and spruce 

(Fig. 5e,f). Note that these are net rates of change in tree water content, and thus correspond to sharp step increases in tree 300 

water deficits. This step change is delayed by about 30 minutes in spruce but is nearly instantaneous in beech, reflecting the 

greater capacitance of spruce. Branch water potentials exhibit rapid negative responses to radiation in both species (Figs. 4i 

and 5i); again these are rates of change in branch and thus represent sharp step decreases in branch water potentials. However 

the response of branch water potentials to Eaero is indistinct in both species (Figs. 4h and 5h), for reasons that remain unclear. 

From a physiological standpoint, stomata can be expected to open in response to increases in radiation ((all else equal; 305 

Shimazaki et al., 2007), consistent with the observed increases in sapflow and decreases in tree water content and branch water 

potential. There is no analogous physiological reason for stomata to open in response to increases in Eaero; on the contrary, they 
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can be expected to close when Eaero is high and water potentials are low. It nonetheless remains puzzling how the response of 

both species to Eaero can exhibit clear increases in sapflow and decreases in tree water content, without any identifiable change 

in branch water potentials.  310 

 

Figure 4: Beech trees - Impulse responses of sapflow (a-c), net tree water balance (dTWC/dt, d-f) and net change in branch water 

potential (dbranch/dt, g-i) to impulses of precipitation (left column), Eaero (middle column) and solar radiation (right column). 

Full and empty markers show mean responses under wet and dry soil conditions, respectively, as distinguished by a threshold of -0.5 315 
MPa in average soil water potentials at 20 cm. This threshold roughly corresponds to the 0.3-quantile of the average soil water 

potential at 20 cm depth measured at the beech cluster. The whiskers show +/- one standard error of the mean. The impulse responses 

peak immediately and last only ~1 to 2 hours for all variables except sapflow, which exhibits a second peak in the response to 

precipitation after ~8 hours under wet soil conditions. 

 320 
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Figure 5: Spruce trees - Impulse response of sapflow (a-c), net tree water balance (dTWC/dt, d-f) and net change in branch water 

potential (dbranch/dt, g-i) to impulses of precipitation (left column), Eaero (middle column) and solar radiation (right column). 

Full and empty markers show mean responses under wet and dry soil conditions, respectively, as distinguished by a threshold of -0.5 

MPa in average soil water potentials at 20 cm. This threshold roughly corresponds to the 0.16-quantile of the average soil water 325 
potential at 20 cm depth measured at the spruce cluster. Full markers show the mean impulse-response function under wet soil 

conditions, when average soil water potential at 20 cm was higher than -0.5 MPa. The whiskers show +/- one standard error of the 

mean. The responses peak in the first 3 hours in all variables (except where responses are indistinct, e.g., in panels g and h). Under 

dry soil conditions, the response of net tree water balance to precipitation is markedly stronger, as is the short-term response of 

branch water potential to radiation, whereas the response of sapflow to Eaero is more damped. 330 

 

3.2.3. Hydraulic capacitance and stomatal regulation explain differences in impulse-response functions between beech 

and spruce 

Relative to beech, spruce exhibited much lower sapflow rates than beech, but much larger variations in tree water content 

(Fig. 2i-l), reflecting spruce's greater hydraulic capacitance (and thus greater resilience against transient changes in soil water 335 

availability). While beech and spruce trees exhibit broadly similar responses to atmospheric controls, there are differences in 

the shape, magnitude, duration and timing of their impulse-response functions. The response of sapflow to solar radiation is 

smaller for spruce than for beech, but lasts significantly longer (Fig. 4c & 5c), illustrating how the greater capacitance of spruce 
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provides a more elastic buffer for tree water losses to transpiration, one that is re-filled more gradually by sapflow. The longer 

time to refill water storage in spruce can also be observed in the response of the net tree water balance to precipitation impulses, 340 

with spruce tree water content continuing to increase for more than 10 hours following precipitation impulses under dry soil 

conditions (Fig. 4d). By contrast, beech's less elastic tree water storage was typically refilled within the first 2 hours after 

precipitation impulses (Fig. 5d). Furthermore, peak responses of the net tree water balance occur within the same half hour as 

precipitation or radiation impulses in beech (Figs. 4d,f), but 30 minutes after precipitation or radiation impulses in spruce 

(Figs. 5d,f). This slower response of spruce trees likely reflects time needed to refill internal water storage in the roots (when 345 

precipitation impulses increase soil water availability) and to deplete internal water storage in the branches (when radiation 

impulses force transpiration). In other words, water storage of spruce tissues is first refilled or depleted near its source or sink, 

before the refill or depletion signal propagates to the point where tree water content is measured (i.e., at the tree stem at breast 

height). Similarly, branch water potentials of beech respond immediately to precipitation impulses (Fig. 4g), but due to the 

larger water storage capacity of spruce, the positive response in branch water potential occurs ~1 hour later, lasts longer, and 350 

is less distinct (Fig. 5g). 

 

The immediate response of net tree water balance to radiation impulses is roughly twice as strong under dry soil conditions 

than under wet soil conditions in beech (Fig. 4f), but is similar between wet and dry soil conditions in spruce (Fig. 5f). By 

contrast, the immediate response of net tree water balance to Eaero is half as large under dry soil conditions than under wet soil 355 

conditions in spruce (Fig. 5e), but is similar between wet and dry soil conditions in beech (Fig. 4e). This suggests that stomatal 

responses to Eaero are more sensitive to soil moisture in spruce than in beech, consistent with the characterization of spruce as 

being more isohydric than beech (Hesse et al., 2022; Knüver et al., 2022; Martinetti et al., 2025). In spruce, the responses of 

sapflow and tree water balance to Eaero (Fig. 5b,e) exhibit damped oscillations, changing sign before stabilizing near zero, 

consistent with lags in the negative feedbacks underlying stomatal regulation. Similar damped oscillations may also be present 360 

in beech (Fig. 4b,e), but are less distinct. The mechanisms controlling stomatal closure are more likely to be passive for spruce 

(a gymnosperm) and active for beech (an angiosperm). Passive closure is regulated by hydraulics and guard cell movement 

following changes in turgor water pressure (e.g., Brodribb and McAdam, 2017) and active closure is affected by abscisic acid 

signalling (e.g., McAdam and Brodribb, 2014). The more distinct oscillations in spruce might reflect a lagged negative 

feedback of stomatal regulation, related to the required hydraulic equilibration times of stomatal guard cells in passive stomatal 365 

control. 

 

3.3. Impulse-response functions in the soil 

For the sake of clarity, here we only show impulse-response functions of soil water dynamics at 20 cm depth, with similar 

results at 10 cm, 40 cm and 80 cm shown in Fig. C9-C14 in Appendix C. Because the patterns of response are mostly similar 370 

between the beech and spruce clusters, the comments below apply to both unless otherwise noted. 
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Under dry soil conditions, net soil water recharge and net changes in soil water potentials respond quickly to precipitation 

(Figs. 6a,b and 7a,b); because analyzed variables are derivatives, these spikes correspond to step increases in volumetric water 

content and soil water potentials. Under wet soil conditions, the response of net soil water recharge is reduced, and the response 375 

of soil water potential is not detectable (presumably because water potentials are already close to zero). 

 

On daily time scales, the peak response of soil water recharge to precipitation occurs on the same day that rain falls if soil 

conditions are wet (filled symbols, Figs. 6g and 7g), but if soil conditions are dry, the peak response of soil water recharge and 

soil water potential occurs on the day after rain falls (open symbols, Figs. 6g,j and 7g,j). This seems counterintuitive in view 380 

of the fast response seen in the half-hourly data, but it arises from the two different aggregation time scales (30 minutes vs 

24 hours), together with the fact that we are measuring the impulse response in the derivatives, and the fact that intense 

precipitation tends to fall late in the day (see Fig. 3). Figure C15 in Appendix C illustrates the phenomenon using a simple 

example of a pulse input of precipitation falling at 18:00, which generates a step increase in VWC that persists for several 

days, consistent with the quick spike response in the derivative of VWC, as shown in Figs. 6a and 7a. This step increase will 385 

be diluted by a factor of 4 when it is averaged over the day that the rain fell (because it occurred only in the last 6 hours of the 

day), but no similar dilution will occur in the following day. Thus when we take derivatives based on daily averages the 

increase in VWC on the day the rain falls will appear smaller than the increase on the day after the rain falls. 

 

A comparison between beech and spruce soils reveals that responses in soil water content are stronger below spruce trees than 390 

below beech trees, potentially because of the increased interception capacity of beech canopies during the main growing 

season. The sharp spike in soil water recharge at 20 cm depth is followed by a small, brief period of negative net recharge at a 

lag of about 0.5-1 hour (Figs. 6a, 7a). This may reflect the propagation of the wetting front to deeper layers, as observed by 

Gao et al. (in press). Dry soil conditions trigger stronger responses, particularly at soil depths of 20 cm (Figs. 6&7) and 40 cm 

(Fig. C10 & C13 in Appendix C); by contrast, under wet soil conditions, there is less capacity for retaining net soil water 395 

recharge, because water potentials are already close to 0. 

 

One might expect that impulses in Eaero or solar radiation, both forcing transpiration, would lead to decreases in soil water 

contents. However, the calculated responses fluctuate around 0 for time lags of up to 10 hours (Figs. 6b,c,e,f and 7b,c,e,f), 

particularly under dry soil conditions. By contrast, the daily averages show clear negative responses of VWC to radiation 400 

impulses under both wet and dry soil conditions (Figs. 6i and 7i), and a negative responses of soil water potentials under dry 

soil conditions (Figs. 6l and 7l). These observations plausibly reflect the time-integrated effects of root water uptake (resulting 

from radiation-driven transpiration) on soil moisture and soil water potentials over daily time scales. The same effects are 

indistinct on shorter time scales due to the buffering effects of water storage changes in the trees. Daily responses of soil  
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moisture and soil water potentials to Eaero are not distinctly observable (Figs. 6h,k and 7h,k), potentially due to the trees' 405 

stomatal response to changes in Eaero. 

 

Figure 6: Beech soil cluster - Impulse responses of net soil water recharge (dVWC/dt) and net change in soil water potential 

(dsoil/dt) to impulses of precipitation (left column), Eaero (middle column) and solar radiation (right column), for 20 cm depth 

within the beech cluster. The upper two rows (a-f) show short-term (0-10 hour) impulse-response functions of half-hourly data, while 410 
the lower two rows (g-l) show impulse-response functions over 0-5 days. Full and empty markers show mean responses under wet 

and dry soil conditions, respectively, as distinguished by a threshold of -0.5 MPa in average soil water potentials at 20 cm. This 

threshold roughly corresponds to the 0.3-quantile of the average soil water potential at 20 cm depth measured at the beech cluster. 

The whiskers show +/- one standard error of the mean. Short-term responses to precipitation peak immediately, and are stronger 

during dry soil conditions. The short-term responses to Eaero and solar radiation are highly uncertain in the first ~5 hours. Daily 415 
responses to radiation show soil water depletion (negative net soil water recharge), as well as decreases in soil water potentials under 

dry soil conditions.  
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Figure 7: Spruce soil cluster - Impulse responses of net soil water recharge (dVWC/dt) and net change in soil water potential 420 
(dsoil/dt) to impulses of precipitation (left column), Eaero (middle column) and solar radiation (right column), for 20 cm depth 

within the spruce cluster. The upper two rows (a-f) show short-term (0-10 hour) impulse-response functions of half-hourly data, 

while the lower two rows (g-l) show impulse-response functions over 0-5 days. Full and empty markers show mean responses under 

wet and dry soil conditions, respectively, as distinguished by a threshold of -0.5 MPa in average soil water potentials at 20 cm. This 

threshold roughly corresponds to the 0.16-quantile of the average soil water potential at 20 cm depth measured at the spruce cluster. 425 
The whiskers show +/- one standard error of the mean. Short-term responses to precipitation peak immediately, and are stronger 

during dry soil conditions. The short-term responses to Eaero and solar radiation are highly uncertain in the first ~5 hours. Daily 

responses to radiation show soil water depletion (negative net soil water recharge), as well as decreases in soil water potentials under 

dry soil conditions. 

4. Summary and outlook 430 

We applied ERRA to water fluxes and changes in water states within the soil-plant-atmosphere continuum of a mixed beech-

spruce forest. The resulting impulse-response functions reveal species-specific functional traits influencing tree-mediated 

water fluxes driven by precipitation, aerodynamic evaporative demand (Eaero) and solar radiation. The impulse-response 

functions were obtained directly from field data, without process modeling assumptions. Our results offer a data-driven 

alternative to other methods for assessing ecosystem functioning, including controlled experiments (Gebhardt et al., 2023; 435 
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Hesse et al., 2022; Huxman et al., 2004b; Knüver et al., 2022; Piayda et al., 2017; Werner et al., 2021), model simulations 

(Collins et al., 2014; Grant et al., 2012; Paschalis et al., 2015) complex statistical approaches where underlying assumptions 

are sometimes violated (e.g., temporal independence of measurements; Chen et al., 2026b) or black-box machine learning 

approaches (Bai et al., 2026; Chen et al., 2026a; Cranko Page et al., 2023; Qi et al., 2025). Our analysis illustrates how impulse-

response functions can help in characterizing ecosystem functioning and understanding its system dynamics. 440 

 

4.1. Beech and spruce trees show fast responses and differing internal storage effects 

Precipitation impulses led to rapid increases in water contents and water potentials after precipitation events. Similarly to (Ma 

et al., 2025), we found stronger responses in tree and soil water contents to precipitation falling under drier antecedent soil 

conditions (20 cm < -0.5 MPa), suggesting that soil water availability is an important control on tree-mediated water fluxes, 445 

modulating the response to atmospheric forcing (Kannenberg et al., 2019) across different ecosystems and within individual 

ecosystems. While sapflow response to radiation was similar between wet and dry soil conditions, sapflow response to Eaero 

was weaker under dry soil conditions, indicating that the trees regulated transpiration in response to impulses of Eaero (but not 

radiation) more strongly as soil water availability declined (Bai et al., 2026). Thus, dry soil conditions potentially reduce the 

light utilization efficiency of trees as a consequence of stomatal closure resulting from rising Eaero or vapor pressure deficit 450 

(Roby et al., 2020). Similarly, recent studies showed how ecosystem light utilization efficiency was increasingly determined 

by VPD in drier soils (Fu et al., 2025) or coarser soils (Wankmüller et al., 2024), both of which reduce soil water availability 

for plants. By contrast, tree water fluxes and carbon uptake are less stringently regulated by stomatal closure when soil water 

availability is high. Such conditions typically occur after precipitation events and lead to recovery in transpiration rates as a 

consequence of stomatal opening and increased photosynthetic rates (Huxman et al., 2004a, b; Wang et al., 2015). 455 

 

Our results indicate that following precipitation impulses, tree water storage rapidly rises, either through enhanced tree water 

uptake or decreased transpiration (due to canopy wetting inhibiting transpiration from the leaves, which would not be reflected 

in Eaero as inferred from weather station measurements outside the canopy). However, previous isotope studies have shown 

that most xylem water in similar ecosystems (Allen et al., 2019), and at our site specifically (Floriancic et al., 2024) originates 460 

from winter-season precipitation. These isotope studies seemingly contradict the rapid water uptake after summer precipitation 

events. A potential resolution of this apparent paradox could be that, when soils become dry (and thus the characteristic curve 

relating soil water potential and soil water content becomes steep), small additions of precipitation can make the water that is 

already stored in soils available to trees by enhancing the water potential in the soil. The mixing time of new precipitation 

water with water already contained in soils has been shown to take several hours (Liu et al., 2026), spanning a similar duration 465 

as the response in water uptake by our estimated impulse-response functions.  
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4.2. Trees buffer and shield soil from the atmosphere 

Figures 4 and 5 show that trees at our study site respond quickly and strongly to atmospheric forcing by Eaero and radiation, 

whereas Figs. 6 and 7 show no systematic soil responses to short-term Eaero and radiation forcing. This observation leads to the 470 

obvious question: why do the trees exhibit such clear responses, and the soils don't? Trees are strongly coupled to radiation 

forcing because the canopy intercepts most of the incident sunlight. But for the same reason, radiation forcing at the forest  

floor will be only a small fraction of that at the top of the canopy. Trees are also strongly coupled to Eaero because their canopies 

are directly exposed to the turbulent flow of the free atmosphere, and because the exposed canopy surface area is much larger 

than the underlying land surface (i.e., LAI is much greater than 1). The aerodynamic drag of the canopy strongly reduces 475 

below-canopy wind speeds, and thus strongly inhibits turbulent mixing between the forest floor and the free atmosphere. 

Evapotranspiration from the canopy and forest floor also makes humidity markedly higher below the canopy than above it. 

Canopy shading reduces temperatures at the forest floor, and thus reduces the vapor pressure deficit for any given level of 

absolute humidity. Thus by reducing wind speeds, raising humidity, and lowering ambient temperatures, the canopy greatly 

reduces Eaero below the canopy relative to Eaero above the canopy. Because radiation forcing and Eaero are greatly reduced at the 480 

forest floor relative to the top of the canopy, the variability of radiation forcing and Eaero at the soil surface is small compared 

to that which is experienced by the trees (or is measured by the weather station). The forest-floor litter layer further insulates 

the underlying soils from atmospheric forcing. Because the forcing by Eaero and radiation at the soil surface is weak, the 

response of the soils to that forcing is weak and indistinct (Figs. 6b,c,e,f and 7b,c,e,f).  

 485 

On daily timescales, however, one can detect responses to radiation forcing in both soil water content and soil water potential 

(Figs. 6i,l and 7i,l), suggesting that the strong responses of the trees to radiation forcing (Figs 4c,f,i and 5c,f,i) are being 

transmitted to the soil via root water uptake. Any such transmission will be buffered on short timescales by capacitance within 

the tree. We see no clear evidence suggesting transmission of Eaero responses through root water uptake on daily timescales, 

possibly because Eaero effects are more likely to be compensated by stomatal closure than radiation effects are. 490 

 

Figures 6a,d and 7a,d show that soils respond quickly and strongly to precipitation forcing, whereas Figs. 4a and 5a show only 

a relatively weak response of sapflow to precipitation. This observation suggests that, just as the forest canopy buffers and 

shields the soil from impulses of Eaero and radiation, the soil seems to buffer sapflow from precipitation forcing. Tree water 

content, however, responded rapidly to precipitation (Figs. 4d and 5d). Rapid responses in tree water content without 495 

corresponding responses in sapflow suggest that tree water content increases after precipitation events are primarily due to 

decreased transpiration (due to canopy wetting), rather than to rapid replenishment of tree water content as soil water 

availability increases. By contrast, sapflow exhibited distinct responses to solar radiation (Figs. 4c and 5c) that lasted longer 

in spruce trees than in beech trees, consistent with larger hydraulic capacitance of spruce than beech (Martinetti et al., 2026). 

The longer-lasting responses of sapflow to radiation in spruce trees presumably reflects refill of tree water storage above the 500 
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sapflow sensor. We do not observe an equivalent sapflow response to precipitation, despite rapid increases in soil moisture 

(under both wet and dry soil conditions; Figs 6a and 7a) and sharp increases in soil water potentials (under dry, but not wet, 

soil conditions; Figs. 6d and 7d). The weak sapflow response to precipitation may imply that soil water availability to the trees 

does not improve as much as one might think (because soil water potentials rise only in dry soils, which prevail only 16-30% 

of the time). Alternatively, it may imply that rising soil water availability does not lead to rapid replenishment of tree water 505 

above-ground, either because precipitation depresses evaporative demand by wetting the canopy, or because subsurface (i.e., 

root) water storages are replenished first, once soil water availability rises. 

 

 

4.3. Limitations and outlook 510 

We analyzed time series of ecosystem water fluxes, storages, and potentials in soils and trees. For some variables (soil matric 

potential at 20 cm depth and tree water fluxes and states) we installed several sensors in multiple locations or multiple trees. 

However, sensors at specific locations in the soil or on specific tree segments capture ecosystem water fluxes only at those 

points (i.e., stem measurement at breast height for sapflow and tree water content). The impulse-response functions showed 

differences in timing and duration of impulse responses in beech and spruce, likely originating from differences in hydraulic 515 

capacitance and stomatal regulation between the two species. However, we lack accurate measurements of transpiration rates 

because sapflow measurements were strongly affected by tree water storage dynamics on the time scales analyzed here. 

Accurate transpiration measurements, for example obtained with eddy covariance flux towers, could be used to infer impulse-

response functions reflecting stomatal regulation dynamics of beech and spruce more directly. Furthermore, we considered 

Eaero measured at the weather station outside the forest as a proxy for the aerodynamic evaporative demand. Although this is 520 

common practice in ecosystem water flux studies, the resistance to water movement from the leaves to the atmosphere is 

strongly determined by the depth of the turbulent boundary layer, which is controlled by humidity and wind speed at the 

canopy. Additionally, temperature affects stomatal conductance and transpiration by controlling photosynthetic capacity 

(Berry and Bjorkman, 1980; Wang et al., 2026), but in order to limit the complexity of our analysis, we did not include 

temperature as a forcing variable. Despite these limitations, our analysis shows how ERRA can be applied to ecosystem water 525 

fluxes and states to advance our understanding of ecosystem functioning. We therefore encourage its application on further 

datasets, potentially including eddy-covariance flux measurements, direct stomatal conductance measurements or more 

extensive soil water measurements.  
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Appendices 530 

Appendix A: Tree properties 

Table A1: Characteristics of trees at the WaldLab field site used for the study. The location of the trees is shown in Figure 1. 

Tree DBH  

[cm] 

Sapwood depth 

[mm] 

Sapwood area 

[cm2] 

Crown area [m2] Height  

[m] 

Beech 2 33.5 63 537 29 16 

Beech 3 24 31 243 17 18 

Beech 4 34 40 372 29 17 

Spruce 1 51 53 754 29 25 

Spruce 2 21 42 224 7 21 

Spruce 4 28 44 321 12 22 

Spruce 5 34 43 389 15 23 

Spruce 6 12 27 80 5 10 

 

Appendix B: Granier type equation to convert temperature differences to sapflow densities 

𝑢 = 213.625 ∗ (
𝑑𝑇𝑚𝑎𝑥

𝑑𝑇𝑎𝑐𝑡𝑢𝑎𝑙
− 1)1.509          (B1) 535 

where is u the sapflow density in cm3 m-2 s⁻¹, dTmax is the temperature difference occurring under zero-flow conditions (at 

predawn), calculated for a moving window of 5 days, and dTactual is the current temperature difference. 
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Appendix C: Supplementary Figures 

Figure C1: Calibration function (Eq. B1) used to convert temperature difference measured with sapflow sensors into sapflow 540 
densities. The red and green dots show data from Peters et al. (2021) for beech and spruce trees, respectively. The blue curve shows 

the joint calibration for beech and spruce data together, while the green curve shows the calibration for spruce data only. The 

shading around the curves show the 95% confidence of the fitted parameters. There is no substantial difference between the two 

species, which is why we used the same joint calibration for both species. 
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 545 

Figure C2: Precipitation (P; panel a), aerodynamic evaporative demand (Eaero; panel b) and solar radiation (R; dashed line in 

panel b) measured during the study period at the meteostation located approximately 150 from the study site outside the forest 

(see Fig. 1). 

Figure C3: Soil measurements at the beech (a&c) and spruce (b&d) cluster at the study site during the study period (July 2021 to 550 
December 2025; see Fig. 1 for exact locations of the measurements) at 10cm, 20cm, 40cm and 80cm depth. Volumetric water content 

(VWC; a&b) was measured with Teros11 and Teros12 sensors. Soil water potential (soil; c&d) was measured with Teros21 sensors 

at 10cm, 20cm and 40cm depth, and with Teros32 sensors at 80cm depth. Soil water potential at 20cm depth represents the average 

of multiple sensors and indicates lower water potentials in soils below the beech cluster compared to soils below the spruce cluster. 
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Figure C4: Sapflow (a&b), tree water content (TWC; c&d) and branch water potential (branch; e&f) measurements on beech (a,c,e) 555 
and spruce trees (b,d,f) at the study site (see Fig. 1 for the locations of the trees) during the growing season 2022. Branch water 

potentials measured with multiple psychrometers on beech trees (light brown) were averaged for Fig. 2.  
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Figure C5: Sapflow (a&b), tree water content (TWC; c&d) and branch water potential (branch; e&f) measurements on beech (a,c,e) 560 
and spruce trees (b,d,f) at the study site (see Fig. 1 for the locations of the trees) during the growing season 2023. Branch water 

potentials measured with multiple psychrometers on beech trees (light brown) were averaged for Fig. 2.  
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Figure C6: Sapflow (a&b), tree water content (TWC; c&d) and branch water potential (branch; e&f) measurements on beech (a,c,e) 

and spruce trees (b,d,f) at the study site (see Fig. 1 for the locations of the trees) during the growing season 2024. Branch water 565 
potentials measured with multiple psychrometers on beech trees (light brown) were averaged for Fig. 2. No psychrometer were 

installed on spruce trees in 2024. 
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Figure C7: Sapflow (a&b), tree water content (TWC; c&d) and branch water potential (branch; e&f) measurements on beech (a,c,e) 

and spruce trees (b,d,f) at the study site (see Fig. 1 for the locations of the trees) during the growing season 2025. No psychrometer 570 
were installed on beech or spruce trees in 2025. 
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Figure C8: Half-hourly aggregates of measured impulse and response variables during four days of wet soil conditions (left column) 

and four days of dry soil conditions, shifting to wetter conditions (right column). The impulse variables are precipitation P (a&b), 
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aerodynamic evaporative demand Eaero (solid lines, c&d), and solar radiation R (dashed lines, c&d). The response variables in the 575 
soil are time derivatives volumetric water content (dVWC/dt - e&f) and soil water potentials (dsoil/dt - g&h). The response 

variables in beech and spruce trees are sapflow (i&j), time derivatives in tree water content (dTWC/dt - k&l) and branch water 

potential (dbranch/dt - m&n). For the sake of clarity, only the soil responses measured at 20 cm and 40 cm depth at the spruce 

cluster are shown, as soil responses look similar across depths and species. The sapflow and tree water content responses are shown 

for one beech and one spruce tree. The branch water potential responses shown here were obtained by averaging data from all 580 
available psychrometers installed on beech branches, therefore represent a species-averaged branch water potential signal measured 

at the site. 

 

Figure C9: Beech soil cluster - Impulse responses of net soil water recharge (dVWC/dt) and net change in soil water potential 

(dsoil/dt) to impulses of precipitation (left column), Eaero (middle column) and solar radiation (right column), for 10 cm depth 585 
within the beech cluster. The upper two rows (a-f) show short-term (0-10 hour) impulse-response functions of half-hourly data, while 

the lower two rows (g-l) show impulse-response functions over 0-5 days. Full and empty markers show mean responses under wet 

and dry soil conditions, respectively, as distinguished by a threshold of -0.5 MPa in average soil water potentials at 20 cm. This 

threshold roughly corresponds to the 0.3-quantile of the average soil water potential at 20 cm depth measured at the beech cluster. 

The whiskers show +/- one standard error of the mean. Short-term responses to precipitation peak immediately, and are stronger 590 
during dry soil conditions. The short-term responses to Eaero and solar radiation are highly uncertain in the first ~5 hours. Daily 
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responses to radiation show soil water depletion (negative net soil water recharge), as well as decreases in soil water potentials under 

dry soil conditions. 

 

 595 

Figure C10: Beech soil cluster - Impulse responses of net soil water recharge (dVWC/dt) and net change in soil water potential 

(dsoil/dt) to impulses of precipitation (left column), Eaero (middle column) and solar radiation (right column), for 40 cm depth 

within the beech cluster. The upper two rows (a-f) show short-term (0-10 hour) impulse-response functions of half-hourly data, while 

the lower two rows (g-l) show impulse-response functions over 0-5 days. Full and empty markers show mean responses under wet 

and dry soil conditions, respectively, as distinguished by a threshold of -0.5 MPa in average soil water potentials at 20 cm. This 600 
threshold roughly corresponds to the 0.3-quantile of the average soil water potential at 20 cm depth measured at the beech cluster. 

The whiskers show +/- one standard error of the mean. Short-term responses to precipitation peak immediately, and are stronger 

during dry soil conditions. The short-term responses to Eaero and solar radiation are highly uncertain in the first ~5 hours. Daily 

responses to radiation show soil water depletion (negative net soil water recharge), as well as decreases in soil water potentials under 

dry soil conditions. 605 
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Figure C11: Beech soil cluster - Impulse responses of net soil water recharge (dVWC/dt) and net change in soil water potential 

(dsoil/dt) to impulses of precipitation (left column), Eaero (middle column) and solar radiation (right column), for 80 cm depth 

within the beech cluster. The upper two rows (a-f) show short-term (0-10 hour) impulse-response functions of half-hourly data, while 

the lower two rows (g-l) show impulse-response functions over 0-5 days. Full and empty markers show mean responses under wet 610 
and dry soil conditions, respectively, as distinguished by a threshold of -0.5 MPa in average soil water potentials at 20 cm. This 

threshold roughly corresponds to the 0.3-quantile of the average soil water potential at 20 cm depth measured at the beech cluster. 

The whiskers show +/- one standard error of the mean. Short-term responses to precipitation peak immediately, and are stronger 

during dry soil conditions. The short-term responses to Eaero and solar radiation are highly uncertain in the first ~5 hours. Daily 

responses to radiation show soil water depletion (negative net soil water recharge), as well as decreases in soil water potentials under 615 
dry soil conditions. 
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Figure C12: Spruce soil cluster - Impulse responses of net soil water recharge (dVWC/dt) and net change in soil water potential 

(dsoil/dt) to impulses of precipitation (left column), Eaero (middle column) and solar radiation (right column), for 10 cm depth 

within the spruce cluster. The upper two rows (a-f) show short-term (0-10 hour) impulse-response functions of half-hourly data, 620 
while the lower two rows (g-l) show impulse-response functions over 0-5 days. Full and empty markers show mean responses under 

wet and dry soil conditions, respectively, as distinguished by a threshold of -0.5 MPa in average soil water potentials at 20 cm. This 

threshold roughly corresponds to the 0.16-quantile of the average soil water potential at 20 cm depth measured at the spruce cluster. 

The whiskers show +/- one standard error of the mean. Short-term responses to precipitation peak immediately, and are stronger 

during dry soil conditions. The short-term responses to Eaero and solar radiation are highly uncertain in the first ~5 hours. Daily 625 
responses to radiation show soil water depletion (negative net soil water recharge), as well as decreases in soil water potentials under 

dry soil conditions. 
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Figure C13: Spruce soil cluster - Impulse responses of net soil water recharge (dVWC/dt) and net change in soil water potential 

(dsoil/dt) to impulses of precipitation (left column), Eaero (middle column) and solar radiation (right column), for 40 cm depth 630 
within the spruce cluster. The upper two rows (a-f) show short-term (0-10 hour) impulse-response functions of half-hourly data, 

while the lower two rows (g-l) show impulse-response functions over 0-5 days. Full and empty markers show mean responses under 

wet and dry soil conditions, respectively, as distinguished by a threshold of -0.5 MPa in average soil water potentials at 20 cm. This 

threshold roughly corresponds to the 0.16-quantile of the average soil water potential at 20 cm depth measured at the spruce cluster. 

The whiskers show +/- one standard error of the mean. Short-term responses to precipitation peak immediately, and are stronger 635 
during dry soil conditions. The short-term responses to Eaero and solar radiation are highly uncertain in the first ~5 hours. Daily 

responses to radiation show soil water depletion (negative net soil water recharge), as well as decreases in soil water potentials under 

dry soil conditions. 
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Figure C14: Spruce soil cluster - Impulse responses of net soil water recharge (dVWC/dt) and net change in soil water potential 640 
(dsoil/dt) to impulses of precipitation (left column), Eaero (middle column) and solar radiation (right column), for 80 cm depth 

within the spruce cluster. The upper two rows (a-f) show short-term (0-10 hour) impulse-response functions of half-hourly data, 

while the lower two rows (g-l) show impulse-response functions over 0-5 days. Full and empty markers show mean responses under 

wet and dry soil conditions, respectively, as distinguished by a threshold of -0.5 MPa in average soil water potentials at 20 cm. This 

threshold roughly corresponds to the 0.16-quantile of the average soil water potential at 20 cm depth measured at the spruce cluster. 645 
The whiskers show +/- one standard error of the mean. Short-term responses to precipitation peak immediately, and are stronger 

during dry soil conditions. The short-term responses to Eaero and solar radiation are highly uncertain in the first ~5 hours. Daily 

responses to radiation show soil water depletion (negative net soil water recharge), as well as decreases in soil water potentials under 

dry soil conditions. 

 650 
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Figure C15: Example of a step change in volumetric water content (VWC, red dashed line) after precipitation occurring in the last 

six hours of the day. Averaging over days (blue grey rectangles) can lead to artefacts. The closer the step increase occurs at the edge 

of the averaging time window, the larger the artefact. 

Code Availability 655 

The R code used to calculate impulse-response functions (ERRA) is available at https://doi.org/10.16904/envidat.529 

(Kirchner, 2024b). 

Data Availability 

The data used in this study is available on request. 
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