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Water uptake and distribution are critical for drought recovery, yet previous drought conditions have been shown to impair water transport
by affecting soil–root contact and xylem conductivity. In order to investigate these dynamics, the approach of applying δ2H-labeled water as
a controlled irrigation was adopted, with this irrigation being administered to a mixed stand of mature European beech (Fagus sylvatica (L.))
and Norway spruce (Picea abies Karst. (L)) trees in control (CO) and throughfall exclusion (TE) plots following 5 years of experimental summer
drought. The δ2H concentrations were measured in soil, stem, twig and leaf water before and after rewetting to assess water pool turnover. The
labeled water infiltrated the upper 70 cm of soil in both treatments within 48 h. However, a notable delay in water uptake and distribution was
exhibited by TE trees in comparison with CO trees, where the label was detected in stems and leaves within 24 h. The TE beech demonstrated
water uptake after 4 days, while TE spruce exhibited a more pronounced delay of 7 days. Despite this delay, TE trees exhibited a higher turnover
of stem water pools (>75%) compared with CO trees (<50%), while leaf water turnover remained similar between treatments. The delayed
uptake in TE trees may be attributed to fine root loss in both species and the suberization of surviving fine roots in spruce, which likely reduced
water absorption efficiency. Additionally, the depleted stem water reserves in TE spruce may have delayed internal redistribution. These findings
underscore the importance of considering species-specific recovery dynamics and provide valuable insights into the long-term impacts of drought
on tree water relations.

Keywords: climate change, deuterium labeling (δ2H), drought stress recovery, forest ecosystems, soil water content, stable isotopes.

Introduction

It is beyond question that drought stress represents one of
the most onerous challenges for forest ecosystems (McDowell
et al. 2022). Due to the ongoing effects of climate change,
with an increase in the frequency and duration of dry and
hot periods (IPCC 2014), this challenge will become increas-
ingly difficult to overcome for all ecosystems. In particular,
ecosystems that have not been exposed to regular drought
events in the past, i.e., in temperate regions, and have a
long generation time will be threatened, as exemplified by
temperate forests under the intense drought events of 2003,
2015 and 2018/19 in Central Europe (Leuzinger et al. 2005,
Hartmann et al. 2018, Schuldt et al. 2020). It has been demon-
strated that the dominant species of Central European forests,

including Norway spruce (Picea abies Karst. (L)) and Euro-
pean beech (Fagus sylvatica (L)), are susceptible to drought
(e.g., Tomasella et al. 2018, Leuschner 2020, Hesse et al. 2024,
Paligi et al. 2025) and heat stress (e.g., Milad et al. 2011 and
citations within). Nevertheless, numerous studies have been
conducted on saplings/seedlings, which may not fully capture
the effects of drought on a natural forest stand (Englund and
Cooper 2003, Niinemets 2010). Mature trees may possess the
capacity to mitigate the adverse effects of stress to a certain
extent (Cavender-Bares and Bazzaz 2000, Betsch et al. 2011,
Andivia et al. 2018, Groover et al. 2025). This can be achieved
through, e.g., the utilization of stem water storage, which has
been demonstrated to play a pivotal role in the resilience of
temperate tree species (Köcher et al. 2013), the regulation of
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transpiration (Hesse et al. 2024) or changes in the root water
uptake depth (Børja et al. 2017, Liu et al. 2023, Kinzinger et al.
2025). However, the internal water storage will probably be
depleted following the occurrence of multiple severe drought
episodes (Knüver et al. 2022), and its refilling will potentially
further slow down the distribution of the newly absorbed
water (Martinetti et al. 2025). Moreover, a shift in water
uptake depth to deeper soil layers may occur (Brinkmann et al.
2019, Seeger and Weiler 2021, Bachofen et al. 2024), reducing
the risk of drought-induced mortality but possibly delaying
the uptake of precipitation during drought recovery. Spruce
and beech exhibit a markedly disparate root distribution.
Spruce has the majority of its roots in shallow soil, whereas
beech has a generally more extensive root system at greater
depths, as also observed on the experimental plots (Zwetsloot
et al. 2019). However, both species show a certain flexibility
in their rooting patterns under drought (Goisser et al. 2016,
Nikolova et al. 2020, Zwetsloot and Bauerle 2021). In addi-
tion, the recovery phase, which occurs when water becomes
available again after the drought period, has yet to be studied
sufficiently. Drought damage often manifests only when plants
cannot fully recover (Ruehr et al. 2019). Consequently, the
recovery process is inherently energy- and resource-intensive
with regard to water and carbon relations (Gallé et al. 2007,
Ruehr et al. 2019, Hesse et al. 2023), e.g., for the repair of the
water transport system (Brodribb et al. 2010, Tomasella et al.
2017) and regrowth processes (Trugman et al. 2018, Ruehr
et al. 2019, Hikino et al. 2022b). In both aspects, beech seems
to outperform spruce, with a quicker recovery, e.g., of stom-
atal conductance (Hesse et al. 2023), and less structural dam-
age, i.e., loss of leaf area (Gebhardt et al. 2023), under recur-
rent drought. Once water becomes available again, it might
be rapidly used in several processes, e.g., for transpiration or
metabolism, and, therefore, have a fast turnover (stored water
gets replaced and/or mixed with newly available water), espe-
cially in anisohydric species that do not rely much on safety
mechanisms or storage refilling. To gain insight into the dis-
tribution of irrigation water added to the soil after a drought
event, the subsequent uptake by trees, and the subsequent par-
titioning within the tree, we took advantage of the Kranzberg
Forest Roof (Kroof) experiment (Grams et al. 2021). Fol-
lowing 5 years of repeated experimental summer droughts,
the Kroof experiment started the recovery phase with con-
trolled irrigation in 2019. The Kroof experiment focuses
on two of the dominant tree species in Central European
forests: the more isohydric Norway spruce, the most impor-
tant species for foresters in Germany (Spiecker 2000, Hart-
mann et al. 2013), and the more anisohydric European beech,
the dominant species in natural succession for Central Europe
(Cavin et al. 2013, Pretzsch et al. 2013). We hypothesized
that:

H1 Drought-stressed trees shift their mean water uptake
depth due to the throughfall exclusion (TE) to deeper soil
layers, with beech rooting deeper than spruce.

H2 Trees recovering from drought
(i) take up the irrigation water on the day of irrigation

with shallower-rooting spruce having access to irri-
gated water earlier than deeper-rooting beech;

(ii) distribute the irrigation water within the tree to the
stem xylem and leaves quicker in beech than in
spruce.

H3 Water pools in trees, i.e., stem and leaves, and soil under
previous TE have a faster turnover time compared with
unstressed trees and soils.

The distribution of water in formerly stressed (TE) and
untreated (CO) plots was investigated using deuterated water
(2H2O). Our attention was directed towards the soil, which
had lost the majority of its plant-available water and exhibited
a high degree of hydrophobicity (Grams et al. 2021). This
suggests that the soil is expected to gradually refill with water
from the top down (Brinkmann et al. 2018). As a subsequent
step, the turnover of the various water pools was calculated
using mixing models (Phillips et al. 2005) in order to ascertain
the distribution of irrigation water and the duration of its
residence in the different compartments of the soil–plant
continuum (SPC).

Materials and methods

Experimental site and design

The Kroof experiment is located in the Kranzberg Forest near
Munich in southeastern Germany (11◦39′42′′E, 48◦25′12′′N).
The stand is composed of Norway spruce (P. abies Karst. (L.))
and European beech (F. sylvatica (L.)), planted in 1951 ± 2 AD
and 1931 ± 4 AD, respectively (Pretzsch et al. 2014). The site
benefits from a luvisol soil with a high water-holding capacity
derived from loess of tertiary sediments and an average precip-
itation of 750–800 mm per year, which provides an abundant
water supply (for details, see Grams et al. 2021). The clay
content increases gradually with increasing soil depth, but the
first 70 cm are characterized as silt with a medium clay content
(Ut3). Groundwater is only available at a depth of ∼7 m
and is therefore not accessible to the plants. The Kroof Phase
I experiment, conducted over a 5-year period (2014–2018),
investigated the impact of recurrent summer drought on beech
and spruce. The findings revealed significant disruptions in
both species’ water and carbon relations (e.g., Tomasella
et al. 2018, Hesse et al. 2019, 2021, Knüver et al. 2022).
Also, belowground growth was influenced by the prolonged
drought and less fine roots were produced in both species on
the experimental site (Zwetsloot and Bauerle 2021). However,
the fine root distribution hardly changed in both species even
after 4 years of repeated summer drought (Zwetsloot and
Bauerle 2021). A TE system was employed to induce drought
stress, whereby all summer precipitation was withheld from
six experimental plots. For comparison, six untreated control
plots (CO, Grams et al. 2021) were established in close
proximity to the TE plots. In 2019, the Kroof experiment
entered a second phase (Phase II) involving the irrigation of
the TE plots to the same level of soil water content as the
CO plots (more details below). During the first 15 days after
the irrigation, the roofs of the TE plots were kept closed. All
data presented within this manuscript were therefore collected
while the roofs were still closed.

Relative extractable water in the soil and xylem sap
flow density

Time-domain reflectometry (TDR) sensors (TDR100 and
TDR200, Campbell Scientific, Logan, UT, USA) were installed
to measure the mineral soil’s soil water content (SWC in
vol%) beneath the litter layer. The TDR installations were
made at three positions within each plot (Goisser et al. 2016,
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Grams et al. 2021). Four sensors were installed at four
different depths to record the SWC down to 70 cm for each
installation. The shallowest sensor recorded SWC at 0–7 cm
depth, the second one at 10–30 cm, the third at 30–50 cm
and the deepest at 50–70 cm, resulting in n = 6 for each
depth, position and treatment (total of 144 sensors). The
SWC was measured 9 and 1 days before (D−9 and D−1) and
immediately after irrigation (D1, D2, D4 and D7). Thereafter,
measurements were taken on a weekly basis. Based on the
SWC, we calculated the relative extractable water (REW in
%) using the permanent wilting point (Grams et al. 2021) and
the maximum saturation values (Hesse et al. 2023) from the
same experimental site for each soil depth.

Sap flow density per unit sapwood area was measured
using thermal dissipation sensors (Granier 1987) at 10-min
intervals. For each species and plot, sap flow was monitored
in two trees at breast height, specifically in the outer xylem
sapwood (0–2 cm depth). Two sensors were installed per tree,
positioned on the north and south-facing sides of the trunk.
The data from both sensors were averaged to obtain the mean
daily sap flow density for each tree (SF in l dm−2 day−1).
Measurements were conducted before, during, and after
irrigation to assess changes in sap flow dynamics. Data shown
here are from 7 days before the watering (pre, D−7 to −1),
from the days on and directly after the watering (D0–7) and
the week after (post, D8–15). A more comprehensive overview
of the long-term recovery of xylem sap flow is available in
Hesse et al. (2023) and during the drought period in Hesse
et al. (2024).

Labeling approach

Three CO and three TE plots were labeled with deuterated
water during the irrigation process. To apply the labeled water,
an irrigation system was designed with soaker hoses situated
at a distance of 20–30 cm across the plot (CS Perlschlauch
Premium, CS Bewässerungssyteme, Reichelsheim, Germany).
Further details can be found in Grams et al. (2021). The CO
plots were irrigated as well to apply the label and match
the effects of saturated topsoil, temperature and nutrient
availability (Grams et al. 2021). In order to ensure consistency
in the irrigation treatment between the CO and TE plots,
it was decided that 15 mm of water (∼2034.5 ± 537.3 L)
would be added to each CO plot with a deuterium signature
(δ2H) of 1468.36 ± 44.47�. The labeled water for the CO
plots was mixed with 99.9% deuterated water (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) in 1000 L tanks. The
quantity of water appended to each TE plot was determined
by utilizing SWC data. The mean volume of water added to
the TE plots with a δ2H-signature of 289.30 ± 2.48� was
12,849.3 ± 2801.7 L, which is ∼90 mm. The labeled water for
the TE plots was mixed in a 60,000 L collapsible pillow tank
(custom-made by FaltSilo GmbH, Bad Bramstedt, Germany)
with 99.9% deuterated water (Carl Roth GmbH + Co. KG,
Karlsruhe, Germany). The quantity of water applied to each
plot was regulated by an electronic water meter (Wasser-
mengenzähler, GARDENA Manufacturing GmbH, Ulm, Ger-
many). The irrigation duration for the CO plots was ∼7 h,
while the TE plots were irrigated for ∼40 h. Irrigation was
conducted in three discrete campaigns, with one CO and one
TE plot allocated to each campaign, over 3 weeks in May/June
2019. The irrigation of the plots commenced at 4 a.m. on
Day 0. On the day of irrigation and the following days no
rainfall occurred during daytime, except for D3 of campaign 3

(∼8 mm during daytime). A few nighttime precipitation events
occurred, with a max. precipitation of ∼ 9 mm on D8 during
campaign 1. Further weather information can be found in
Table S1 available as Supplementary Data at Tree Physiol-
ogy Online. For additional details on the calculations of the
amounts of water applied and the irrigation procedure, see
Grams et al. (2021).

δ2H-signature in individual compartments of the
soil–plant continuum

An overview of the samples collected for the assessment
of δ2H excess in soils, stems, twigs and leaves is given in
Table S2 available as Supplementary Data at Tree Physiol-
ogy Online.

In soil water
Mineral soil samples (δ2Hsoil, Table S2 available as
Supplementary Data at Tree Physiology Online) were
collected using a Pürckhauer soil sampler (diameter: 2 cm and
length: 100 cm) at several time points: before irrigation (D−6
and D−1), immediately after irrigation (D0, D1, D2, D4, D7),
and for midterm observation on D15 and D22 (Table S2 avail-
able as Supplementary Data at Tree Physiology Online). For
each plot, a single soil core was extracted from a depth of
70 cm, specifically beneath the beech, spruce and between the
two species. Subsequently, each core was divided into seven
10 cm sections, with each section’s subsample collected in
airtight 12 mL Exetainer vials (Labco, Lampeter, UK). Before
sampling, the soil surface exposed to air was removed to
minimize the evaporative enrichment of δ2H in soil water.
Following each sampling event, the entire core was cleaned of
residual soil, rinsed with tap water and dried.

In leaf and twig xylem water
Leaf samples (δ2Hleaf) were obtained via the use of a canopy
crane from the fully sun-exposed part of each tree crown,
situated at an approximate height of 30 m. Approximately
five beech leaves or 100 needles from a 1-year-old spruce
shoot were collected in airtight Exetainer vials. Leaf samples
were collected on the same days as soil samples (see above,
Table S2 available as Supplementary Data at Tree Physiol-
ogy Online). Twig samples (δ2Htwig) were only collected on
D−6 and D15 (Table S2 available as Supplementary Data
at Tree Physiology Online). Twigs with a diameter of ∼0.5 cm
were stripped of bark, cut into pieces ∼1 cm long and stored
in Exetainer vials.

Cryogenic extraction of water from leaf and soil samples and
isotopic analysis
All samples were stored at a temperature of 20 ◦C until
cryogenic water extraction. Tissue water was extracted by
cryogenic vacuum distillation for a period of 2 h (West et al.
2006). The extracted water was analyzed for its δ2H (against
the Vienna Standard Mean Ocean Water (VSMOW) stan-
dard) with an isotope-ratio-mass spectrometer (IRMS) linked
with a multiflow system (Isoprime, Elementar, Langenselbold,
Germany; for details, see Hafner et al. 2017) against two
monitoring standards (heavy: δ2H = 127.14� and light:
δ2H—179.22�, measurement precision—2.5� (1 SE of the
standard measurements)). Before the extraction, right after
extraction (including dried tissue) and after cleaning, the Exe-
tainer vials with leaf samples were weighted for calculations
of leaf water content (LWC— tissue water/fresh weight, in %).
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In situ measurements of xylem water isotopes
In situ measurement of soil isotopic signatures and the stem
water isotopic signature (δ2Hstem) on one TE/CO plot pair
was conducted using probes developed by Volkmann and
Weiler (2014) in a measurement setup similar to the setups
described in Volkmann and Weiler (2014), Volkmann et al.
(2016) and Seeger and Weiler (2021). In contrast to the
original setups, the probes were manually operated without
valve manifolds. The respective active probe was manually
connected to the flow controllers and a stable water isotope
analyzer (L2130 i, Picarro, Santa Clara, CA, USA). The probes
employ a measurement principle based on the equilibrium
between the gas phase within a vapor-permeable membrane
head (50 mm in length, 10 mm in diameter) and the sur-
rounding liquid water. For a more detailed description, refer to
Volkmann and Weiler (2014) and Volkmann et al. (2016). At
DBH, in situ xylem water isotope probes were installed into
stem-perpendicular, radially drilled holes (11 mm in diameter)
into one (on the CO plot) or two (on the TE plot) beech and
spruce trees. Each probe was measured once a day (from D0 to
D15, Table S2 available as Supplementary Data at Tree Phys-
iology Online) before midday against two monitoring stan-
dards (light standard: −74.22 ± 1.42� and heavy standard:
198.34 ± 2.87�).

Mixing models to calculate the turnover of water
pools

We used two-endmember mixing models on both destructive
and in situ sampled water isotopes to calculate the amount
of labeled water in the respective tissues (Phillips et al. 2005,
Hafner et al. 2020).

Xylem water and mean root water uptake depth
The mean water uptake depth of beech and spruce on the
CO and TE plots was calculated from the δ2Hsoil values
before irrigation. In general, the δ2H value decreased toward
the deeper soil layers in both treatments with only slight
differences (see Discussion for a more detailed analysis). To
achieve this, the δ2Hsoil was plotted against the logarithmic
soil depth and a linear regression was calculated for each
plot individually. By applying the δ2H value of the xylem
sapwood water (δ2Hstem) to the regression formula, the mean
root water uptake depth (RWU in centimeters) was calcu-
lated. The mean RWU on the CO plots was estimated to
be ∼30 cm in both species (Table 1), with beech exhibiting
a slightly shallower depth (27.5 ± 11.4 cm) compared with
spruce (33.5 ± 6.9 cm). On the TE plots, the RWU was
observed to be shallower in both species (Table 1), with beech
exhibiting a slightly shallower RWU (10.9 ± 7.6 cm) than
spruce (15.9 ± 4.3 cm). In light of the RWU, we elected to
utilize the soil δ2H values of 10–20 cm depth for the TE spruce
trees and the mean δ2H value of 0–10 cm and 10–20 cm for
TE beech trees as the δ2H signature of the mean water uptake
depth (δ2Hwater uptake). For CO trees of both species, a mean
of the 20–30 cm and 40–50 cm δ2H values was calculated and
used as the δ2Hwater uptake.

δ2Hwater_uptake =
δ2H20−30cm +

(
δ2H20−30cm−δ2H40−50cm

2

)

2

δ2Hwater uptake was used as one endmember (δ2H mix-
signature of the soil water taken up by the tree) in the mixing

Table 1. Root water uptake depth (RWU, cm) of beech and spruce
under control (CO) and throughfall exclusion (TE). P-value for treatment
overall = 0.0085. Values are given as the mean ± 1 SD.

RWU
(cm)

Beech Spruce

CO TE CO TE

27.5 ± 11.4 10.9 ± 7.6 33.5 ± 6.9 15.9 ± 4.3

model for the twig water and the other was the δ2H-signature
of the twig/stem water before the start of the irrigation
(δ2Htwig/stem of D−6) to calculate the fraction of labeled water
in the twigs and stems (Ftwig/stem in %).

Ftwig/stem = 1 − δ2Htwig/stem − δ2Hwater_uptake

δ2Htwig/stemD−6
− δ2Hwater_uptake

∗ 100

Leaf water
For the leaf data, we had to consider the evaporative enrich-
ment of leaf water (Farquhar and Cernusak 2005, Werner
et al. 2012, Cernusak et al. 2016). Therefore, we calculated
the direct evaporative enrichment (EER in �, Table 2) and
evaporative enrichment relative to the xylem water (�LW,
Table 2) of the leaf water on D−6 and D15.

EER = δ2HLeaf − δ2HTwig&�LW = δ2HLeaf − δ2HTwig

1 − δ2HTwig

Evaporative enrichment was not different between D−6
and D15 for each combination (Table 2). We used the ERR
corrected values of D−1 leaf water as one endmember and
δ2Hwater uptake to calculate the fraction of labeled water in the
leaves (Fleaf in %).

Fleaf = 1 −
(
δ2Hleaf − EER

)
− δ2Hwater_uptake(

δ2Hleaf D-1 − ERR
)

− δ2Hwater_uptake

∗ 100

Soil water
The values of D−1 and the irrigation water (δ2Htank, for CO:
1468.36 � and TE: 289.30 �) were used as endmembers for
the soil water samples. The fraction of labeled water (Fsoil in
%) was calculated for each depth, position and day.

Fsoil = 1 − δ2Hsoil − δ2Htank

δ2Hsoil D-1 − δ2Htank
∗ 100

Statistical analysis

For the statistical analyses, the isotopic data were expressed
relative to the SLAP2 isotopic standard for 2H (IAEA 2017);
isotopic data given in text and figures are calculated against
the V-SMOW standard. Additionally, we calculated the δ2H
changes by subtracting the mean of D−6 and D−1 from
the values of individual time points (�δ2H). Six trees on
three plots were sampled for each treatment, day and species,
giving six replicates for each measurement point in trees and
three replicates for soil samples. Data were analyzed for
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Table 2. Daily xylem sap flow density (SF in l dm−2 day−1) of beech and spruce under control (CO) and throughfall exclusion (TE). Values are given as the
mean ± 1 SD.

Species Beech Spruce

Day D−6 D15 D−6 D15

Treatment CO TE CO TE CO TE CO TE

LWC [%] 52.7 ± 7.5 51.9 ± 7.1 50.1 ± 1.5 52.0 ± 0.9 51.8 ± 0.9 51.3 ± 13.1 51.1 ± 0.7 49.9 ± 1.4
EER [� 2H] 43.9 ± 7.9 37.7 ± 6.9 46.1 ± 9.9 40.7 ± 5.8 50.3 ± 7.1 45.1 ± 5.9 42.3 ± 4.9 39.4 ± 4.4
�LW 0.6 ± 0.1 0.6 ± 0.1 4.8 ± 12.8 −1.9 ± 3.3 0.7 ± 0.08 0.6 ± 0.07 2.1 ± 1.9 1.4 ± 0.6
δ2Htwig [�] −71.2 ± 8.1 −65.2 ± 11.3 −6.2 ± 24.2 20.6 ± 30.9 −75.5 ± 4.5 −72.1 ± 6.0 −6.4 ± 21.6 −31.6 ± 10.6

statistical differences using R (R Development Core Team
2008) in RStudio (RStudio Team 2015). Data were plotted
with the ‘ggplot’ function (package: ggplot2, version: 3.1.0)
or the boxplot function (package: graphics, version: 3.5.2).
Data were tested for homogeneity of variances (Levene test)
beforehand, and the residuals of every model used were tested
for normality (Shapiro test/Q-Q-Plot). For differences in
the δ2H-signature of water extracted from soil, stem, twig
and leaf, a linear mixed-effect model (‘lme’ function) was
calculated, using the day, species and treatment as fixed and
the tree individual nested in the plot as a random effect
(package: nlme, version: 3.1–137). If the mixed-effect model
showed significant effects, a post hoc test with the ‘emmeans’
function with Tukey correction (package: emmeans, version:
1.3.1) was performed. Data in text and tables are presented as
means ± 1 SD.

Results

Changes in the volumetric relative extractable
water upon irrigation and xylem sap flow density

Prior to irrigation, the REW in the CO plots was ∼ 49%
in the deepest layer (50–70 cm) and 53% in the shallowest
layer (0–7 cm) (Figure 1a). The TE plots exhibited an REW
less than half of that observed in the corresponding soil
layers of the CO plot (Figure 1a). The top layer on the TE
plots exhibited exceptionally low REW, with values <10%.
Additionally, the layers between 10 and 30 cm, between 30
and 50 cm and between 50 and 70 cm also demonstrated
notable dryness, with ∼13%, 22% and 18% REW, respec-
tively. Following irrigation of the CO plots on D0, an increase
in REW was observed, followed by a gradual and consistent
decline in accordance with the typical progression of the
growing season. A notable increase in REW was observed
in the TE plots, reaching a plus of between 10% and 50%
across all layers from D0 to D4. However, the 0–7 cm depth
exhibited the least pronounced increase. From D3, a slight
decrease was observed as the trees absorbed the irrigation
water, until from D42, a steady increase in REW was observed
for all layers due to the opened roofs and rainfall events.
At D63, the CO and TE plots exhibited similar REW values
(Figure 1a). The SWC data can be found in Figure S1 avail-
able as Supplementary Data at Tree Physiology Online.

Sap flow density (SF) of CO and TE beech did not change
during the watering and remained constant over the whole
period with CO (11.1 ± 4.2 l dm−2 day−1) being slightly
higher than TE (8.1 ± 2.2 l dm−2 day−1) by ∼25% (Table 3).
In spruce, only CO (6.9 ± 3.4 l dm−2 day−1) showed
constant SF over the whole measurement period, while in

TE, there was a slight increase of ∼11% after the onset
of watering (before watering: 3.5 ± 2.7 l dm−2 day−1 and
after watering: 3.9 ± 2.7 l dm−2 day−1). Overall SF of TE
spruce was reduced by about 40–50% compared with CO
(Table 3).

Effect of drought on the root water uptake depth of
beech and spruce

Before irrigation, the linear regression between δ2Hsoil
and the logarithmic soil depth (Figure S2 available as
Supplementary Data at Tree Physiology Online) was signifi-
cantly different between CO and TE (P-value < 0.001), with
high R2 values for CO (0.91) and TE (0.92).

In both species, the mean RWU on the CO plots was close
to 30 cm depth (Table 1). On the TE plots, the RWU was
significantly shifted upwards in both species (P-value < 0.01,
Table 1), with beech being slightly shallower (10.9 ± 7.6 cm)
than spruce (15.9 ± 4.3 cm).

Tracing of irrigation water along the soil–plant
continuum
Before irrigation
Depth and TE significantly affected δ2Hsoil (P-value < 0.05),
with δ2Hsoil decreasing with depth and δ2Hsoil being generally
more enriched in CO than TE (Figure 2). δ2Hsoil of CO soils
ranged from −53.3 ± 5.7� in the shallowest layer (0–10 cm)
to −81.2 ± 7.8� in the deepest layer (60–70 cm), while on
average, δ2H of TE soil was 10.8 ± 3.2� lower (top layer:
−66.7 ± 11.6� and deepest layer: −91.6 ± 3.9�, Figure 2a).

Before irrigation, no significant differences between CO
vs. TE and beech vs. spruce were found for δ2Htwig and
δ2Hleaf. δ2Htwig on D−6 in beech was at −71.2 ± 8.1 �
(CO) and −65.2 ± 11.3 � (TE) and for spruce −75.5 ± 4.5� (CO) and − 72.1 ± 6.0 � (TE), respectively (Figure 2b).
For δ2Hleaf, no differences were found between treatments
and measurement days (D−6 and D−1), but beech trees
showed slightly lower values (mean of D−6 and D−1: CO:
−29.5 ± 3.5� and TE: −28.1 ± 7.5�) than spruce (mean of
D−6 and D−1: CO: −24.5 ± 5.8� and TE: −27.5 ± 5.4 �,
Figure 2c).

Changes in the isotopic signature upon irrigation with
2H-enriched water
Upon irrigation, δ2Hsoil on CO plots, especially in the three
uppermost layers (0–30 cm), increased (�δ2Hsoil) on the
day of the irrigation by 180–350� (Figure 1b). However,
�δ2Hsoil in lower depths of CO plots was lower, for 40–
50 cm on D0 at ∼45� and to a maximum of plus 120�
on D4–D7 and for 60–70 cm constantly at 45� from D0
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Figure 1. (a) Relative extractable water (REW in %) in control (CO) and throughfall exclusion (TE) of different soil depths (0–7 cm—orange,
10–30 cm—green, 30–50 cm—blue and 50–70 cm—purple, vertical dashed line—day of irrigation) and (b) soil water deuterium excess (�δ2HSoil) based
on values of D−1 for CO and TE of different depths (light orange—0–10 cm, . . . , dark orange—60–70 cm). Symbols show the mean ± 1 SE.

Table 3. Leaf water content (LWC in %), absolute (EER in �) and relative to the source water (�LW) evaporative enrichment of leaf water and deuterium
signal of twig water (δ2Htwig in �) of beech and spruce under control (CO) and throughfall exclusion (TE). Values are given as the mean ± 1 SD.

SF (l dm−2 day−1) Beech Spruce

CO TE CO TE

pre (Day −7 to −1) 11.2 ± 4.2 8.1 ± 2.8 6.8 ± 2.9 3.5 ± 2.7
D0 12.4 ± 4.1 8.7 ± 1.0 7.0 ± 3.3 3.0 ± 1.8
D1 11.3 ± 4.3 9.4 ± 2.0 6.9 ± 3.3 3.9 ± 2.9
D2 11.0 ± 4.3 9.4 ± 2.0 6.3 ± 3.2 3.8 ± 2.7
D3 8.7 ± 5.0 5.6 ± 3.0 6.6 ± 4.2 3.4 ± 2.3
D4 10.0 ± 3.3 7.3 ± 2.2 6.8 ± 3.3 3.9 ± 2.7
D5 12.1 ± 3.8 9.3 ± 2.7 7.8 ± 3.5 4.5 ± 2.8
D6 11.3 ± 3.7 8.3 ± 1.5 6.4 ± 3.0 4.2 ± 3.3
D7 11.6 ± 4.5 7.0 ± 3.0 7.2 ± 3.7 4.0 ± 3.0
Post (Day 8–15) 11.6 ± 4.6 7.6 ± 2.1 7.2 ± 3.4 4.1 ± 2.7

onward. A more homogenous distribution of the irrigation
water across soil depths was observed on TE plots, which
could be linked to the amount of irrigation water (for more
information, see Discussion). �δ2Hsoil rose during the first
4 days in all depths to a maximum of 150–200� over all five
depths (Figure 1b).

In stems at DBH of CO trees of both species, 2H-labeled
water was detected several days earlier than in the sapwood
of TE trees. In CO trees, as early as ∼ 7 h upon irrigation,
an increase (�δ2Hstem) of ∼10� was detected in stems at
DBH and raised over the following 3 weeks to a �δ2Hstem
of up to 55� and 35� in beech and spruce, respectively.
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Water distribution after drought in beech and spruce 7

Figure 2. Initial deuterium signature (δ2H in �) on D−6 before the irrigation of soil (a), twig (b) and leaf water (c) for beech and spruce under control
(CO—blue) and throughfall exclusion (TE—red).

Conversely, the detection of labeled water in stems of TE trees
was significantly delayed, i.e., on D5 for beech and D7 for
spruce (Figure 3). The maximum �δ2Hstem in stem water of
TE trees was 80� and 60� for beech and spruce, respectively.
A significant increase was found on D15 for beech and spruce
in the twig water, but no differences were found between CO
and TE (Table 2).

The dynamics in the �δ2Hleaf were similar to �δ2Hstem. In
CO trees already on D1 after labeling, a significant increase
was found in the leaf water for both species (beech: 10�
and spruce: 7�, Figure 4). In TE trees, this was significantly
delayed for both species by several days. For beech on D4, a
significant increase of �δ2Hleaf was found (�δ2Hleaf of 14�)
and for spruce, only on D7 (�δ2Hleaf of 13�). After 15 days,
both treatments showed similar �δ2Hleaf, with values of 65–
85� in beech and 35–55� in spruce (Figure 4). Treatment
(CO vs TE) had no effect on LWC for both species, and also,
irrigation did not change LWC (Table 2).

Turnover of water pools along the SPC

In the soil water of CO plots, only a minor fraction consisted
of labeled water. However, the fraction of irrigation water

remained relatively constant over 2 weeks at 8 ± 4%
(Figure 5). For the TE plots, a significant fraction of the water
found after the labeling was irrigation water (28 ± 13%,
Figure 5). Irrigation water was rather homogenously dis-
tributed across the different soil depths.

A similar pattern was found in the stem sapwood water,
with CO trees only showing a small fraction of irrigation
water (average of 38% in beech and 13% in spruce over time),
which was constant from D2 onward (Figure 5). In TE trees,
the fraction of labeled water rose on average to 58% in beech
from D5 and 62% in spruce from D7 on. The level in TE beech
remained relatively constant from D7/8, while in TE spruce,
it increased constantly to >80% until D15 (Figure 5).

The leaf’s fraction of labeled water increased differently
from the stem and soil. A constant rise was found over 2 weeks
for both species and treatments (Figure 5). For CO trees
already on D1, a significant fraction of irrigation water was
found in beech (8%) and spruce (7%). By D15, this proportion
increased to 61% in beech and 55% in spruce in the CO
treatment (Figure 5). The delay of 4 days for beech and 7 days
for spruce in the arrival of irrigation water, as observed in
the sapwood, was also identified in the leaf water. Levels of
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8 Hesse et al.

Figure 3. Deuterium excess (�δ2H) of stem sapwood water for beech (circle) and spruce (triangle) in CO (blue) and TE (red) plots. Significant increase in
CO beech and spruce on D1, TE beech on D5 and TE spruce on D7. The vertical dashed line marks the irrigation on D0. Symbols show the mean ± 1 SD.

Figure 4. Deuterium excess (�δ2H) of leaf water for beech (circle) and spruce (triangle) and CO (blue) and TE (red). Significant increase in CO beech and
spruce on D1, TE beech on D4 and TE spruce on D7. The vertical dashed line marks the irrigation on D0. Symbols show the mean ± 1 SD.

irrigation water in beech leaves rose to 9% on D4 and 66% on
D15 and in spruce to 12% on D7 and 30% on D15 (Figure 5).

Discussion

This study aimed to estimate the water uptake and intra-
tree distribution of previously drought-stressed mature beech
and spruce by δ2H-labeling during the first days of drought
recovery. The δ2H-signature of soil, stem and leaf water was
assessed before and during the first 2 weeks after drought
release by controlled irrigation (Grams et al. 2021). The
results showed that there was no difference in tracer uptake
between well-watered control trees of both species. How-
ever, both species experienced delayed water uptake during
drought recovery compared with control trees. Furthermore,
recovering spruce trees demonstrated a significantly slower
uptake and distribution of newly available water compared
with recovering beech trees.

Effects of drought on the mean water uptake depth
assessed by soil/stem water isotopic signature

The lower soil water isotopic signature in TE compared
with CO soil seems counterintuitive at first (Figure 2a),

as it is known from the literature that drought treatments
increase the isotopic signature of soil surface water through
evaporation (Dawson and Ehleringer 1998). In the present
experiment, only the summer precipitation was excluded,
so the precipitation’s δ2H-signature and its change over the
season must also be considered (Dansgaard 1964). According
to the model of Bowen et al. (2005), the δ2H-signature of
the winter precipitation (November to February) at the Kroof
site, when all plots receive precipitation, is about −94.3 ± 8.7�, while the summer precipitation (roofs closed and therefore
excluded rainfall on the TE plots, March to October) is much
higher: −51.8 ± 20.2� (annual mean: 65.9 ± 26.8�). As
TE plots only received the winter precipitation, the δ2H of
soil water must be lower than the signature of CO, with
evaporative enrichment of soil surface water potentially
counteracting this only to a minor extent.

Given that TE trees, on average, take up more water from
shallower layers than CO trees according to our findings
(Table 1 and Figure S2 available as Supplementary Data at
Tree Physiology Online), the similar δ2H values of twig and
leaf water δ2H-signatures appear to be a plausible outcome.
This is because the δ2H-signature of the CO plots is slightly
higher at all measured soil depths than in TE plots (Figure 2a).
However, the shift in RWU to shallower layers in the drought
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Water distribution after drought in beech and spruce 9

Figure 5. Fractions of irrigation water [%] after the irrigation in different compartments of the SPC for beech and spruce under control (CO, blue) and
throughfall exclusion (TE, red) treatment. Symbols show the mean ± 1SE.

treatment was unexpected and contradicts recent literature
(Bachofen et al. 2024) and our hypothesis H1, which postu-
lates that TE trees shift their mean RWU to deeper soil layers
during drought years. One potential factor influencing the
calculation of RWU is the reduction in xylem water transport
resulting from drought conditions. This phenomenon was
more pronounced in spruce than in beech (Table 2, Hesse et al.
2023). Given the substantial difference between beech and
spruce, it is evident that the potential enrichment of xylem
water during transport via exchange with the phloem sap or
other biochemical reactions (Martín-Gómez et al. 2017, Mon-
temagno et al. 2023) cannot fully account for the observed
shift in water uptake depth. Nevertheless, similar results have
been demonstrated in a Swiss forest stand for spruce, with
no alterations in water uptake depth under fluctuating water
availability and only minor (Brinkmann et al. 2019, Hack-
mann et al. 2025) to no changes for beech (Gessler et al. 2022)

and for herbaceous species (Prechsl et al. 2015). Furthermore,
the limited water availability throughout the entire soil depth
(up to 70 cm), as indicated by the plant-available water data
from the same experimental site (Figure 1a, Grams et al.
2021), may have compelled the plants to develop roots closer
to the surface in order to receive the winter precipitation as
soon as possible. This is particularly evident given that both
species lost a considerable number of vital root tips during the
drought treatment (Nickel et al. 2018). Therefore, we reject
H1 as both species moved their RWU to shallower layers,
with beech being even shallower than spruce. We furthermore
assumed that RWU would not change within the first 15 days
after the watering, as the major amount of newly assimilated
carbon was transported belowground, at least for spruce, into
the shallow soil layer (0–30 cm, Hikino et al. 2022a, 2022b).
Additionally, Zang et al. (2014) reported limited root growth
after drought stress in juvenile beech trees and Olesinski et al.
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(2011) found that full recovery in balsam fir only occurred in
the next growing season.

Distribution of labeled irrigation water during the
first days of drought recovery along the soil–plant
continuum

δ2H-enriched water added by irrigation was found in all parts
of the SPC, i.e., soil, stem water and leaves, for CO and
TE plots (Figures 1b, 3 and 4). However, the time of detection
and distribution varied depending on the drought treatment
and species. The δ2H-signal was detectable after ∼24 h in the
soil of the CO and TE plots in all depths (Figure 1b). The
label distribution in the soils of the TE plots was relatively
homogeneous (see the following paragraph for a detailed
discussion). In contrast, the soils of the CO plots exhibited
a higher δ2H-signature in the shallow soil layers throughout
the experimental period. This finding is consistent with other
studies that have demonstrated that water from deeper soil
layers is only replaced or mixed by heavy rainfall or snowmelt
(Gazis and Feng 2004, Brinkmann et al. 2018), but the differ-
ent amounts of water added during irrigation on CO and TE
plots should also be considered and might be one reason for
the more homogenous distribution across the TE plots.

Within both tree species, the δ2H-signature of the irrigation
water was found earlier in CO trees, i.e., on D1 after labeling,
than in TE trees (Figures 3 and 4). Irrigation water detection
was delayed by 3 (TE beech) to 6 (TE spruce) days compared
with CO trees. Labeled water was detected ∼3 days earlier in
TE beech than in TE spruce in both stem sapwood xylem and
leaves (Figures 3 and 4). We therefore reject hypothesis H2a,
which stated that trees under TE would take up irrigation
water on the day of irrigation, with shallower-rooted spruce
having access to irrigation water earlier than deeper-rooted
beech. The leaf water of TE beech showed an increase in δ2H
at D4 and TE spruce at D7, whereas in CO trees of both
species, δ2H showed increased values at D1 (Figure 4). Thus,
we accepted H2b, i.e., trees under TE absorbed irrigation
water and distributed it within the tree to the stem xylem
and leaves faster in beech than in spruce. The discrepancy
in distribution times between recovering trees (TE) and CO
trees may be attributed to the replenishment of water reserves
within the coarse root and stem xylem structures. It has been
postulated that mature trees possess a considerable capac-
ity for water storage within xylem tissues (Holbrook 1995,
Čermák et al. 2007, Matheny et al. 2015, Preisler et al. 2022).
During the drought periods, these internal storages have been
reduced, particularly in spruce (Knüver et al. 2022), and were
potentially refilled (Betsch et al. 2011) in the course of the
irrigation as suggested by Hesse et al. (2023) for trees of the
same experiment. Another possibility that could explain this
delay would be the loss of soil–root contact on the TE plots.
Under drought stress, the soil shrinks, creating an air-filled
space around the roots. This would significantly decrease
water uptake as the thin air layer drastically reduces water
conductivity between the soil and roots (Carminati et al. 2009,
Delval et al. 2025). The recovery of this soil–root contact is
hardly studied and is not yet quantified (Zheng et al. 2023) An
additional explanation is impaired xylem water transport, as
trees subjected to drought conditions tend to exhibit reduced
water transport, which can potentially lead to tree death
(Geßler et al. 2007, Mantova et al. 2022, McDowell et al.
2022). Such a reduction was observed for the xylem sap flow

density in beech and, to a greater extent, in spruce for the same
experimental trees (Table 3, Hesse et al. 2023, 2024). The
different hydraulic architecture (e.g., lower hydraulic conduc-
tivity) of conifers in comparison with angiosperms (Brodribb
et al. 2005, Johnson et al. 2012) could also partially explain
the time difference of 3 days in leaf δ2H-signature enrichment
between TE beech and TE spruce. Nevertheless, a compara-
ble discrepancy between CO beech and CO spruce should
have been observed if hydraulic architecture was the main
determining factor, but both trees showed enriched stem and
leaf water already on D1 under control conditions (Figures 3
and 4). Thus, the xylem sap flow alone is an insufficient
explanation for the observed differences; for a more detailed
discussion about the sap flow during the recovery, please
refer to Hesse et al. (2023). Other potential explanations
are the significant loss of fine roots in TE spruce and TE
beech at the experimental site (Nickel et al. 2018), rhizosphere
hydrophobicity (Zarebanadkouki and Carminati 2014, Zare-
banadkouki et al. 2016) or a reduction of root-surface contact
(North and Nobel 1997, Carminati et al. 2009) with negative
consequences for the water uptake capacity (Tschaplinski
and Blake 1985). Additionally, spruce suberizes its fine roots
during periods of severe drought, thereby further diminishing
its water uptake ability (Nikolova et al. 2020). The depth of
RWU did not appear to be a significant factor in water uptake
timing and patterns following irrigation, as both species utilize
water from similar soil layers (Table 1). Most likely, the
delay in water uptake between CO and TE trees can be
attributed to a combination of soil properties, such as soil
hydrophobicity and loss of soil–root contact, and additional
plant-related factors, such as refilling of internal water storage
and reducing sap flow in TE trees. However, the difference
between TE beech and TE spruce is probably mainly caused
by plant-related properties, such as their different responses
to the previous drought, with spruce generally responding
more strongly than beech. For example, strongly reduced sap
flow, tightly controlled stomatal opening, and significant loss
of internal water storage of spruce under recurrent drought
(Tomasella et al. 2018, Pretzsch et al. 2020, Knüver et al. 2022,
Hesse et al. 2023, 2024).

Soil and tree water pool turnover upon irrigation

The distribution of deuterated water after irrigation was
generally very different between CO and TE in both soil and
tree compartments. The high proportion of irrigation water
in the soil of the TE plots compared with the low proportion
on the CO plots (Figure 5, bottom) can be attributed to the
different amounts of water added and the very low initial
water content on the TE plots. However, an evident pattern
emerged on the CO plots, indicating that the shallower soil
layers contained a greater proportion of irrigation water than
the deeper soil layers (Figure 1b). This indicates that the water
initially mixed in the upper layer and then gradually infiltrated
deeper, becoming increasingly diluted with depth (Gisi 1997,
Huang et al. 2013). In TE, the pattern was more variable,
as the irrigation water was potentially moving directly to
different depths rather than percolating through them. The
highly hydrophobic nature of the soil, resulting from 5 years
of TE of summer precipitation, led to a significant reduction
in water infiltration (see Grams et al. 2021). Given that this
hydrophobicity had to be overcome before water could infil-
trate the shallowest soil, a process that can take several days
(Burch et al. 1989, Bauters et al. 2000), it is plausible that some
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parts of the water may have taken different routes, driven
by the hydrophobicity of the topsoil (Gimbel et al. 2016).
One potential explanation is the formation of soil cracks,
which can occur naturally as a consequence of severe drought
(Novàk et al. 2000). Alternatively, the presence of root and
animal pipes may also be a contributing factor (Amelung et al.
2018), as these have been observed on the experimental sites
on several occasions (personal observations).

The δ2H of the stem sapwood xylem water was quickly
changed and subsequently stabilized in CO trees after irriga-
tion for both species (Figure 5, middle). The irrigation water
was, therefore, probably not directly transported upward to
the leaves, but mixing with stored water in the stem did
occur to some extent. Studies for other species report that
up to 50% of transpired water originates from stem water
storage (Waring et al. 1979, Hao et al. 2013, Liu et al. 2021,
Poyatos et al. 2021). A comparable pattern was observed
in the TE trees, with an even more pronounced increase in
the δ2H-signature of the sapwood water (and a plateau in
beech only) but with a time delay of several days in both
species (Figure 5, middle). This delay could indicate that
within several days or weeks, the water storage in the inner
xylem of the trees will be replenished (i.e., stable level of
newly added water in Figure 5, middle), with beech again
showing a faster response (∼7 days) than spruce (at least
15 days as no flattening of the curve was observed until
D15 in Figure 5, middle). Additionally, this also indicates
a mixing of freshly absorbed water with water stored in
the inner xylem before transporting it upward to the leaves
(Anderegg et al. 2012, Liu et al. 2021). Despite the afore-
mentioned time lag in TE trees between beech and spruce,
a similar increase in the fraction of irrigation water was
found in the leaves for both species (Figure 5, top). The
fraction of labeled water increased continuously over the
experimental period to the same level for CO and TE in
beech and spruce, respectively. These findings indicate that
leaves have a high priority in water allocation upon drought
stress release, despite the mixing of newly absorbed and
stored water in the xylem, which is also reflected in the
very quick recovery of leaf physiology upon drought release
(Ruehr et al. 2019, Hesse et al. 2023, Wagner et al. 2023).
Additionally, our results suggest that leaves have minimal
capacity for internal water storage, as the 2H values of the
leaf continuously increased without reaching a plateau. There-
fore, we accept H3, that water pools in trees, i.e., stem and
leaves, and soil under previous TE have a faster turnover
time compared with unstressed trees and soils, for the soil
water pool. However, we reject it for the tree organs, as TE
trees showed a slower water pool turnover compared with
CO. However, TE trees showed much higher fractions of
irrigation water in the stem and soil water pool (except for
leaves). This could be connected to the lower water content in
drought-stressed trees (Konings et al. 2021) and the re-filling
of internal water storage (Hesse et al. 2023, Martín-Gómez
et al. 2023).

Conclusions

Our findings highlight species-specific differences in drought
recovery, with beech exhibiting a faster distribution of newly
available water compared with spruce. The delayed uptake
and distribution in drought-stressed trees, particularly in

spruce, suggests that stem water refilling might play a
critical role in re-establishing hydraulic function before soil
water can be effectively utilized. Additionally, the shift in
water uptake toward shallower soil layers indicates the
importance of surface moisture availability in post-drought
recovery. Further research should explore the long-term
consequences of repeated drought events on tree hydraulic
function, soil–root interaction and tree internal water storage.
Understanding how trees balance stem water refilling with
transpiration demands will be essential for predicting future
forest resilience. Additionally, investigating the role of soil
properties, microbial activity and mycorrhizal associations
in water uptake under drought and rewetting conditions
could provide deeper insights into belowground recovery
mechanisms. Advanced techniques, such as high-resolution
stable isotope tracing and non-invasive imaging of root
dynamics, could further refine our understanding of post-
drought water distribution and uptake.
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