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Hydraulic redistribution (HR) by deep-rooting trees can provide water from deeper
soil layers to shallow-rooted understory plants, yet species-specific and temporal
patterns of HR water uptake remain poorly understood. We investigated whether
HR water from mature oaks (Quercus robur L./Quercus petraea (Matt.) Liebl) is
preferentially taken up by oak seedlings compared to co-occurring understory
species, and how HR water use varies over the course of the day. During drought
periods in mature oak stands in Germany, two field experiments were conducted.
In a deep-soil 2H-labeling experiment of mature oak trees, HR water was detected
in the roots of three different understory plants. Six days after labeling, HR water
amounted to 16 + 8% (oak), 13 + 7% (black cherry, Prunus serotina Ehrh.), and
8 + 4% (small balsam, Impatiens parviflora DC.) of total root water content. Although
intraspecific oak—oak HR was initially the highest, after 60 days all species contained
approximately 20% HR water, indicating no persistent species-specific advantage.
A second experiment analyzing natural 8**O abundance revealed pronounced
diurnal dynamics of HR water use in oak seedlings. Contrary to expectations,
the HR water fraction peaked at midday, when transpiration was highest. Overall,
29 + 6% of the daily transpired water in oak seedlings originated from HR. These
results demonstrate that HR can substantially contribute to seedling water use
during dry periods, highlighting the ecological importance of HR for understory
plant water supply in temperate forests. Future studies should analyze specific
pathways through which HR water is transported from redistributing plants to
the roots of receiving plants to assess the impact of plant species, degree and
type of mycorrhization or soil physical properties on HR.
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Introduction

Hydraulic redistribution (HR) of soil water through roots of mature trees occurs along a
soil moisture gradient, usually during dry climatic conditions (Prieto et al., 2012; Richards and
Caldwell, 1987). Water is transported through the root system from moist to drier soil layers,
mainly overnight when stomata are closed and tree water storage is filled (Richards and
Caldwell, 1987). Hydraulic lift (HL) from deep moist to surface-dry soils, has been found
mainly in deep-rooted plants from mostly Mediterranean and dry climates (Jackson et al.,
2000; Prieto et al., 2012). However, due to more frequent drought events in temperate regions,
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studies have shown that temperate trees are also able to redistribute
water in the soil (Hafner et al., 2017, 2025; Nadezhdina et al., 2009;
Zapater et al., 2011).

Shallow rooted understory plants (SRUP) are particularly
vulnerable to drought events due to their limited access to water in
deeper soil layers. HR water transported by mature trees during
drought conditions may play a critical role in the water balance of
SRUP (e.g., Dawson, 1996; Hafner et al., 2025), potentially
enhancing their survival and resilience during extended dry periods
(Brooks et al., 2002; Pang et al., 2013; Pereira et al., 2006). Although
the contribution of redistributed water to the daily transpiration of
SRUP remains uncertain, estimates suggest that redistributed water
could account for up to one third the daily transpiration (Hafner et
al., 2021, 2025). For small Acer saccharum (Marshall) trees, Dawson
(1996) showed that during two periods of drought, between 7 and
17% of their transpiration water originated from HR water by
bigger trees. However, to our knowledge, no study has investigated
the diurnal pattern of HR water in SRUP transpiration. It remains
unclear whether HR water enables SRUP to maintain transpiration
during peak daily temperature and light intensity, conditions under
which sustained gas exchange may be critical for preventing heat
stress, or whether HR water is largely depleted during early
morning hours, potentially leaving SRUP more vulnerable to
midday drought stress. While stomatal closure is a protective
response, the timing and extent of water availability may still
influence the physiological resilience of SRUP under extreme
conditions. However, since HR occurs overnight, it seems plausible
that most of the HR water taken up by SRUP is used during early
morning transpiration, with its contribution gradually decreasing
throughout the day.

Moreover, it is unclear if all SRUP can access HR water equally.
There are two main pathways how SRUP can access HR water. One
possibility is the direct uptake of water released into the soil (Hafner
etal, 2017, 2021; Querejeta et al., 2003; Sun et al., 1999; Warren et al.,
2008). However, fine roots of SRUP must be in close proximity (scale
of mm) to fine roots of the HR tree, since HR water may not travel far
beyond the rhizosphere soil of the redistributing tree, especially under
dry soil conditions. Alternatively, HR water may be exchanged over
longer distances (scale of cm) via a common mycorrhizal network
(Egerton-Warburton et al., 2007; Querejeta et al., 2007). This suggests
that seedlings of the redistributing tree may have greater access to HR
water since they often establish within the rooting zone of the mature
fruiting tree. This is particularly true for oak, where seedlings tend to
germinate in the root zone around the mature tree due to the weight
of the acorns (Uhl, 2011). Additionally, other species that share
mycorrhizal fungi with the redistributing tree, forming a common
mycorrhizal network that could facilitate the water transfer, may take
up HR water. In this case the amount may depend on the mycorrhizal
overlap. While these factors suggest a potential influence of species
identity on HR water distribution, it remains uncertain to what extent
water redistribution varies depending on the species involved.

In this study HR during natural drought conditions in stands of
oak (Quercus robur L. and Quercus petraea (Matt.) Liebl.), a tap rooted
species with high HR potential (Zapater et al., 2011), was investigated.
We conducted two separate field experiments to investigate the
transport patterns of HR water from the mature oaks to neighboring
SRUP. In a first experiment, the uptake of HR water by different SRUP
species was investigated. In a second experiment, we quantified the
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proportion of HR water in the transpiration of oak seedlings
throughout the day. We hypothesized:

HI: The contribution of HR water from mature oak to understory
plants’ tissue water is higher in oak seedlings than in other shallow
rooted understory plants.

H2: The contribution of HR water to seedlings by mature oaks is
highest during the morning and decreases during the day as HR

happens overnight.

Materials and methods
Site description and experimental setup

To answer the hypotheses two different field experiments were
conducted in 2023 and 2024 during natural periods of drought in
Bavaria and Brandenburg, Germany.

HR water uptake across mycorrhizal types
(labeling experiment)

The labeling experiment was conducted in a monocultural oak
(Quercus robur L.) stand (0.4 ha) in Brandenburg (Zwillenberg-Tietz-
Stiftung, 52°32'17.66"N, 12°40'5.43"E). Five oaks of similar DBH
(30.98 + 2.31 cm) were selected, based on high abundance (>10 per
species) of surrounding shallow rooted understory plants (SRUP). We
selected three different SRUP species with different predominant
mycorrhization types: oak seedlings (ectomycorrhiza, EM), black
cherry seedlings (Prunus serotina EHRH.; arbuscular mycorrhiza, AM
and EM) and small balsam (Impatiens parviflora DC.; AM, sometimes
no mycorrhization) (Fruleux et al., 2023; Harley and Harley, 1987;
Heklau et al., 2022). Per each mature tree, 30 PVC tubes (1 m length,
13 mm inner diameter, MCM Systeme, Viersen, Germany) were
inserted for *H-labeling into the surrounding soil within a radius of
1.5 m from the stem. The tubes were vertically installed in the soil to
a depth of 70 cm (Figure 1 and Supplementary Figures S1, S2). Each
tube was perforated at the lower 20 cm and the bottom was sealed
with a plug (for further details see Hafner et al., 2025).

Soil water content (SWC) was recorded every 15 min near
each tree with two time-domain-transmission sensors
(Supplementary Figures S1, S3, TMS-4, TOMST s.r.o., Prag, Czech
Republic, Wild et al., 2019). One sensor was installed in 60 cm depth
to monitor SWC within the labeled area and one in 10 cm to monitor
SWC in the surface soil where the SRUP had their roots. We sampled
soils in 10 and 60 cm depth and analyzed soil particle distribution
using the integral suspension pressure method (Pario, Meter Group,
Inc., Pullman, USA, Durner and Iden, 2021). Soil particle distribution
was used to calculate soil water retention according to the equation of
van Genuchten (1980) and with the values of Wessolek et al. (2009).
Using the retention curve, measured SWC was transferred to soil
matric potentials (SMP) (for calculations and specific values used to
determine the retention curve, see Supplementary Figures S4, S5 and
Supplementary Equation S1).

During a dry period in July 2023 (<3 mm of rain in 16 days before
labeling started, average SWC of 17.6 + 0.4% in 10 cm depth; Table 1),
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FIGURE 1

SRUP of oak,
black cherry and
small balsam

Schematic figure of the experimental setup of labeling experiment. A total of five mature oaks with surrounding shallow rooted understory plants
(SRUP) of oak, black cherry and small balsam were selected. Within a radius of 1.5 m surrounding the mature tree, 30 perforated PVC-tubes were
equally distributed in a circle. 21 days after the tubes were installed, a total of 7.2 L of ?H labeled water per tree was inserted through the tubes to a soil
depth of 50-70 cm, well below the maximum rooting depth of the SRUP. Six and 60 days after the labeling, soil samples and SRUP roots were
sampled, and analyzed for 8°H enrichment due to HR by the mature tree. Created in Biorender (https://BioRender.com/n87t455).

TABLE 1 Volumetric soil water content (SWC, vol-%) and soil matric potential (SMP, kPa) in two soil depths across three sampling times.

Timepoint Soil depth SWC (vol-%) SMP (kPa) Gradient SWC Gradient SMP
(cm) (vol-%) (kPa)
10 17.6 +0.4% —13.7 + 1.4 46+1.3 8.9+2.7
¢ 60 222405 —49+0.6"
10 15.9 +0.3* —20.9 + 1.8* 38+ 1.1 12.3 + 3.8
N 60 19.7 + 0.5 8.6+ 1.20
10 10.9 + 0.4 —118.5 +20.7* 4009 89.0 + 36.6"
0 60 14.9 + 0.4 —29.5+42%

The SWC and SMP gradients are shown for each sampling point. Lowercase letters indicate significant differences between soil depths (10 cm and 60 cm) per sampling time. Uppercase letters
indicate significant differences within the same soil depth across sampling times. Values are shown as mean + 1 SE.

in total 7.2 L *H enriched water (5 atom%) was added during a
period of 6 days via tubes to 50-70 cm soil depth. Soil and plant
material were sampled before labeling (t0) and six (t6) and 60 days
(t60) after the labeling started. The sampling was done during dawn.
On each sampling day, two soil cores (80 cm depth, 2 cm diameter,
Piirkhauer) were taken in the labeled area, ~1 m to the north and to
the south side of the labeled tree. Soil samples from 10 to 80 cm were
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segmented into 10 cm samples, while the surface soil (0-10 cm) was
sampled in three labeled tree were taken from the lower stem
(30-40 cm height) using an incremental drill (diameter 0.5 cm).
Samples were taken from the north side of the stem, and only the
conducting sapwood (~2-3 cm depth), assessed using the light
transmission method, was sampled. Per labeled tree, three SRUP per
species were carefully excavated and roots and shoots photographed
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before separately sampling them for isotopic analysis. All samples
were quickly collected into airtight 12 mL exetainer vials (LabCo,
Lampeter, UK), transported to the lab in a Styrofoam box and stored
at —18 °C until further analyses. Total root length was measured
from images using ImageJ (ImageJ 1.53e). We used this as a proxy
for maximum potential rooting depth, acknowledging that this
likely overestimates actual depth since roots do not grow strictly
vertically. For each species and timepoint, we averaged all root
lengths and refer to this parameter as mean rooting depth.

Diurnal dynamics of HR water uptake
(diurnal experiment)

The diurnal experiment was conducted in a mixed oak-beech
forest in Bavaria (Aura forest, 50°13'21.91”N, 9°39’44.21”E) in
August 2024 on two consecutive days under dry, stable weather
conditions. Temperature, humidity or VPD did not differ between the
2 days (climate station: Aura im Sinngrund, 50°10'49.8"N,
9°34'27 48"E,
Supplementary Figure S6). Five plots with >15 oak seedlings

~7.8km away from the experimental plot,

surrounded by mature oaks (Quercus petraea (Matt.) Liebl.) were
selected. Three seedlings per plot were excavated at each of six
timepoints (afternoon “anl”: 04 p.m., sunset “ss”: 09 p.m., predawn

«

“pd”: 05 a.m., sunrise “sr”: 06 a.m., midday “md” 12 p.m., late
afternoon “an2”: 05 p.m.). Samples of anl and ss were taken on day
one, the rest on day two. Since weather conditions were consistent,
data were combined into a diurnal window from predawn to sunset.
Before excavation, seedlings’ transpiration was measured with a
porometer (LI-600, LI-COR Environmental, Lincoln, United States)
and daily transpiration rates were calculated assuming linear increase
or decrease between sampling times. Seedlings were photographed
to measure root length and shoot length and leaf area later with
Image] (Image] 1.53e) as in labeling experiment. Roots and shoots
(with leaves) were collected in separate 12 mL exetainer vials.
Additionally, soil samples (midday and predawn) were taken in the
middle of each plot the same way as in labeling experiment. Finally,
also xylem samples from the nearest mature oak at a height of
30-40 cm were collected at each sampling time and plot. All samples
were stored at —18 °C until further analyses.

Water extraction and isotope analysis

Water from all samples, except for shoot and leaf samples, from
both experiments was extracted for 120 min via cryogenic vacuum
extraction (West et al., 2006). In labeling experiment, 8°H, and in
diurnal experiment, 8O values were analyzed using an isotope ratio
mass spectrometer coupled to a multiflow system (IsoPrime 100 and
IsoPrime Multiflow, Stockport, UK) with a measurement precision of
&°H: SD < 2%o0; 8'0: SD < 0.3%o. Samples were corrected with
monitoring standards (heavy: 8°H = 127.14%o, 8'*0 = 14.35%o; light:
&8H = —179.22%0, 8"0 = —26.74%0) and expressed in the delta
notation against the Vienna Standard Mean Ocean Water (VSMOW).
The measurements were done at the institutional facilities. To
determine total water content in the SRUP, shoots with leaves were
dried per seedling and water content was calculated as the difference
between dry and harvest weight.
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Mixing models

To evaluate the fraction of redistributed water in seedlings in
labeling experiment six (f_seedling_t6) and 60 (f_seedling_t60) days
after the labeling started, two endmember mixing models
(Equations 1, 2) were calculated:

2 2
o Hseedling_tﬁ -0 HSeedling_tO
2

fseedling = (1)

2
xylem_t6 — o HSeedling_tO

2 2
o Hseedling_t60_5 HSeedling_tO
2

fseedling o = (2)

2
nylem7t60 -0 HSeedling?tO

The values 8 Heeing © Tepresent seedling root water composition
before labeling. The values 6°Hieedting 1 and 8"Hieedring 0 represent the
isotopic composition of seedling root water six and 60 days after labeling
started. 8" Hiyiem_1s ad 8" Hiyiem_s0 Fepresent xylem water composition in
the mature oaks six and 60 days after the labeling started.

In diurnal experiment, we assumed that as soil depth increased,
the 8O signature of soil water would become more negative.
Therefore, we considered HR water uptake by seedlings if 3'°0 values
were lower (i.e., reflecting deeper soil water sources) than those of
seedlings sampled at sunset, when we assume that no (or the least
amount of) HR water was present in seedlings’ tissue. Indeed, 8'*0O
values were highest and corresponded to surface soil layers. We also
assumed that water uptake depth of the seedlings did not change
during the day. Accordingly, the fraction of redistributed water in
roots of the seedlings at each timepoint (f_seedling pd/sr/md/anl/
an2) was calculated as (Equation 3):

18

S Oseedling?pd?sr?md?anlfanZ
18

-0 OSeedling_sunset

fseedli”gpd_sr_md_anl_anz T
é Oxylem?pd?sr?md?anlfanZ

3)

18
-0 OSeedling _ sunset

The values 8"*Ojecding sunser Fepresent the composition of the water
in the seedling roots at sunset. The values 8" Oseediing pd_sr_md_an1_an> and
8" Oylem_pd_sr_md_an1_an2 T€Present the composition of the water in the
seedling root and xylem of the mature tree at the respective sampling
times. Standard errors of the model calculations were assessed for
both experiments with the isoerror 1.04 tool (Phillips and
Gregg, 2001).

Statistical analyses

Statistical analyses were performed in R using RStudio (R
Development Core Team, 2023). In labeling experiment, 8*H values
were tested for significant differences between time points t0, t6, and
t60. In diurnal experiment, 8'*O values were tested for significant
differences between all sampling times and the sunset sampling time.
For both experiments, homogeneity of variances was assessed using
Bartlett’s test and the Fligner-Killeen test, while normality of residuals
was assessed using the Shapiro-Wilk test. In labeling experiment, the
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Shapiro-Wilk test revealed a deviation from normality. In diurnal
experiment, Bartlett’s test revealed non-homogeneity of variances for
8'80 values. Therefore, the non-parametric Kruskal-Wallis rank-sum
test was applied in both experiments and pairwise comparisons were
performed with Dunn’s post-hoc test using the Benjamini-Hochberg
method (package “dunn.test” version 1.3.6; Dunn, 1964). All data are
presented as mean * 1 standard error (SE). In diurnal experiment two
exponential soil profiles were calculated correlating 8'°O values to the
specific soil depth. The first profile shows the correlation between 80O
in soil water and soil depth. The second profile shows the same
correlation but without the values in 4.5 cm and 8 cm depth. The
mean 8"0 values of these two depths were tested for significant
differences from the corresponding 8'*O values of the estimated soil
profile (excluding the values at 4.5 cm and 8 cm) using a paired t-test.

Results
Labeling experiment

The SWC in 10 cm soil depth was significantly lower than in
60 cm depth at all sampling times and the same was observed for SMP
(p=0.067 at t60; Table 1). In 10 cm depth, SWC and SMP were
significantly lower at t60 compared to the other sampling times, while
in 60 cm, this was observed only for SWC, not for SMP. The gradient
in SWC between soil depths was not different between time points (all
about 4 vol-%; Table 1). However, the gradient in SMP between 10 and
60 cm was by trend the largest at t60 (89.0 + 36.6 kPa, p = 0.05 vs. t0
(8.9 +2.7kPa) and p = 0.06 vs. t6 (12.3 £ 3.8 kPa); Table 1).

10.3389/ffgc.2025.1742600

Soil water samples showed an enrichment of 447 + 174%o in
40-80 cm depth at t6 compared to t0 (Figure 2). The upper soil layers
(0-30 cm) did not differ significantly from t0 samples, though a trend
toward 8*H enrichment was observed in 3-6 cm (—1.0 * 8.1%o;
p = 0.08; Figures 2a,b). At t60, significant enrichment was detected in
30-80 cm, while the 0-20 cm layer remained unchanged to t0 samples.
The 20-30 cm layer showed a tendency toward enrichment (p = 0.10;
Figure 2¢).

In mature oak, 8H value in xylem water increased from
—64.6 + 7.8%0 (t0) to 143.8 +79.7%0 (t6) and remained enriched
(78.1 + 39.0%o) at t60 (vertical dashed orange, blue and green lines in
Figures 2a—c, respectively).

The mean root length of SRUP did not vary significantly within
species. Between species, oak had the deepest and small balsam the
shallowest rooting depth (Figure 2). At t6 the measured mean root
lengths were 17.0 £ 1.4 cm (oak), 8.6 + 0.4 cm (black cherry) and
5.8 + 1.1 cm (small balsam). At t60, the measured mean root lengths
were similar in oak (16.1 + 1.1 cm) and small balsam (6.8 + 0.9 cm),
whereas black cherry (12.8 + 0.8 cm) had deeper mean root lengths.
Mean rooting depths of all three species were more shallow than
labeling depth and capillary rise of label on t60 (Figure 2).

Root water 8°H values at t6 and t60 were enriched in all three
SRUP species. At t6, 8°H increased by 28%o in oak, 22%o in black
cherry and 13%o in small balsam. By t60, enrichment remained at
19%o in oak and 18%o in black cherry, showing a slight decrease from
t6, while in small balsam, 8H enrichment increased to 19%eo,
exceeding its t6 value (Table 2).

At t6, oak seedlings had the highest fraction of HR water in their
roots (16 + 8% corresponding to 51 + 9 pL, n = 12), followed by black

a) b) c)
14
10 4= e e - = = = = _- .
mi -
-20
= |
§ 301
- ¥ *
£ -404
[0 ]
E -50
= 1
92 .60
1 1
-704
1 - t0
to =
-80 -@- t60 I
-80-10 0 10 805005000 -80 -10 0 10 80 500 5000 -80 -10 0 10 80 500 5000
2 2 2
5°H (%o) 5°H (%o) 5°H (%o)
——— 0k === == plack cherry = = = smallbalsam = m=mm xylem water
FIGURE 2
8°H value per soil depth at (a) tO before labeling started (orange & gray dots and line), (b) at t6—-6 days after labeling started (blue dots and line), and (c)
at t60-60 days after labeling started (green dots and line). The gray shaded area represents the labeling depth (50-70 cm). Asterisks indicate significant
8°H differences between t0 and post labeling values (**p < 0.01, *p < 0.05, (*) p = 0.056; blue = t6, green = t60). Vertical dashed-dotted colored lines
represent mean §2H value of xylem water in mature oaks (n = 4, colored shaded area). All values are given as means + 1 SE. Additional horizontal black
lines indicate the mean rooting lengths of excavated SRUP at sampling [showing only the mean without SE per species and sampling time for
simplicity; solid = oak (SE attO = 1.1 cm, t6 = 1.4 cm, t60 = 1.1 cm), dashed = black cherry (SE at t0 = 1.0 cm, t6 = 0.4 cm, t60 = 0.8 cm), and
dotted = small balsam (SE at t0 = 0.3 cm, t6 = 1.1 cm, t60 = 0.9 cm)]. Note: §°H values on the x-axes are in log scale.
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TABLE 2 &%H value of SRUP root water per species at sampling times
before labeling (t0), 6 days after labeling started (t6) and 60 days after
labeling started (t60).

Species ‘ Sampling time ‘ 8%H (%)
Oak t0 —289+37
t6 —0.7 £ 6.9%%%*
t60 —9.8 £4.3%
Black cherry t0 —27.1+34
t6 —5.4 + 8.0%
t60 —9.2 £4.9%
Small balsam t0 —21.8+32
t6 —-8.2+1.9%
t60 =22 £ 3.2%%

Statistics indicate significant differences between t0 and after labeling values per species
(*<0.05, #* < 0.01, *** < 0.001). Values represent mean + 1SE.

cherry (13 + 7% corresponding to 18 + 3 uL, n = 9) and small balsam
(8 +4% corresponding to 36 + 10 pL, n =7), with no significant
differences between species. By t60, approximately 20% of root water
in all SRUP originated from redistributed water by mature oak
(Figure 3).

Diurnal experiment

Soil 80 values did not differ significantly between midday
and predawn and decreased exponentially with soil depth.
However, 80 values were significantly deviating from the
calculated soil profile (Figure 4) in 4.5 cm depth at midday and
predawn and in 8 cm depth only at midday. In sampled seedlings,
total water content, leaf area and rooting length (15.2 + 0.4 cm)
remained consistent across sampling times (Table 3). However,
80 in seedlings’ root water exhibited a diurnal pattern, peaking
at sunset. As 80 values in both afternoons showed no significant
differences, all measured values were merged into a single diurnal
cycle from predawn to sunset (see Methods and Figure 5). 80
decreased from predawn to midday, then increased again in the
afternoon (Figure 5a). This pattern suggests that seedlings
accessed water from progressively deeper soil layers until midday,
followed by a shift toward more superficial sources later in the day.
Notably, the midday minimum 8'*O value corresponded to a soil
depth (approximately 25cm) that exceeded the estimated
maximum rooting depth of the seedlings, implying that this water
may have originated from hydraulic redistribution by deeper-
rooted trees.

Mixing model calculations (Equation 3) indicated that at
midday, 50 £ 9% of seedlings’ root water originated from HR,
compared to ~30% at sunrise and in the afternoons (Figure 5a).
Transpiration rates increased from morning to midday, when it
reached 1.79 + 0.24 mmol m~2 s7' (0.2 mL h™!), remained stable
until afternoon and then declined toward the evening (Figure 5b).
Assuming root water reflected also transpired water due to limited
seedlings water storage, ~0.1 mL h™' of HR water was transpired
during midday (Figure 5b). The total daily transpiration of the
seedlings was 1.81 + 1.67 mL, and overall 29 + 6% (~0.6 mL) of
the daily transpired water originated from HR water of mature oak.
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Discussion

In this study we investigated patterns and dynamics of uptake of
HR water by SRUP of different species. We quantified diurnal
distribution and usage of HR water by SRUP. While oak seedlings
initially contained the highest fraction of HR water by mature oaks, HR
water contributions to SRUP root water eventually equalized across
species. HR water was present in SRUP root water throughout the entire
day, accounting for up to 50% of total root water. Contrary to our initial
hypothesis, HR water contribution to seedlings’ water peaked at midday
and declined afterwards, following the pattern of daily transpiration.

Uptake of HR water by seedlings

In labeling experiment, no SRUP had roots deep enough to reach
the soil layers where the label accumulated at t6. At t60, one oak and
one black cherry with the longest roots potentially reached the soil
depth were label accumulated in soil depth 20-30 cm (Figure 2c).
However, most oak and black cherry seedlings had root lengths
shorter than the labeled soil depth at t60 (<20 cm). Additionally, at
both sampling times the seedlings with longer root lengths were
equally enriched in &°H as the seedling with shorter root lengths,
confirming that they took up HR water from the surface soil rather
than directly from the labeled soil layers.

The results from diurnal experiment showed no variation in the
8'0 soil profile between midday and pre-dawn sampling. This lack of
temporal variation likely reflects the large soil water pool relative to the
small amount of redistributed water, which may be sufficient to alter
the isotopic composition of seedling root water but insufficient to
measurably change bulk soil water isotopic signatures. In addition, the
absence of detectable differences may indicate that no roots of mature
trees were present in the sampled soil cores. Pre-dawn and midday soil
cores were intentionally taken in close proximity to each other to
minimize spatial variability in soil properties. Consequently, the
decrease in 80 in seedling root water, despite unchanged soil profiles,
indicates water uptake from deeper soil layers (Brinkmann et al., 2018;
Kahmen et al., 2022). By midday, the measured root water 8O
corresponded to a soil depth of approximately 20 cm. This exceeds the
mean root length of the seedlings (Table 3), suggesting that seedlings
accessed HR water provided by mature trees from deeper soil layers.
These findings align with previous studies where HR was detected in
seedlings, reflected by lower 'O values in the morning compared to
the afternoon, when transpiration started (Hafner et al., 2025). This
suggests that the water taken up in both experiments likely originated
from HR rather than direct uptake from deeper soil layers.

Redistribution of labeled water by mature
trees (labeling experiment)

In labeling experiment, at t6 &°H showed a non-significant
enrichment (p = 0.08) in the 3-6 cm surface soil layer, which was not
found at t60. This enrichment may reflect localized release of
hydraulically redistributed water into the rhizosphere of mature tree
roots. Given the strong spatial heterogeneity of HR, soil cores that are
not taken in close proximity to active fine roots may fail to capture
these localized isotopic signals. Although soil cores at t0, t6, and t60
were taken in close proximity, small differences in sampling position
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t6

|| t60

30-

HR water fraction (%)

(T 7

FIGURE 3

oa black cherry small balsam

oa black cherry small balsam

HR water in SRUP root water by species (bars with no pattern = oak, bars with stripe pattern = black cherry and bars with dotted pattern = small
balsam) at t6 (blue bar) and t60 (green bar). Values represent mean + 1SE. No significant differences were found between the species at either t6 or

diurnal experiment. The solid black line represents an exponential fit
of the 80 soil profile using all values, while the dashed black line
represents the fit excluding values at 4.5 and 8 cm depth. Red and
blue asterisks indicate significant differences between measured
values in 4.5 and 8 cm depth from the calculated theoretical soil §'*O
value on the dashed line (**p < 0.01, *p < 0.05, n.s. p > 0.05).

may have resulted in variable proximity to active roots. In addition,
a short rain event occurring between t6 and t60 likely contributed to
dilution or homogenization of soil water isotopic signatures, further
masking potential HR-related enrichment in bulk soil water.
However, since the intermediate soil layers (6-10, 10-20, 20-30, and
30-40 cm) showed no enrichment compared to t0 (Figure 2), capillary
rise or diffusion of water can be ruled out as the cause for this increase.
Instead, this may indicate the release of HR water into the drier top soil
via the root system of the mature trees (Prieto et al., 2012; Zapater et al.,
2011), as their xylem 8°H was significantly enriched at t6 (Figure 2).
At t60, a significant 8°H enrichment was observed in upper soil
layers (30-40 cm and by trend in 20-30 cm) compared to those at t6
(Figure 2), which could be attributed to diffusion and/or capillary rise.
Since labeled water only moved 20 cm (from 40 cm at t6 to 20 cm at t60)
over 54 days (t6 to t60), the estimated rate of water traveling via capillary
rise in the soil was at about 0.4 cm per day and therefore negligible as a
potential transport way of the labeling at t6. In our sandy soil
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t60.
TABLE 3 Mean rooting depth (cm), total water content (mL; including
roots, shoots, and leaves) and leaf area (cm?) of seedlings at different
0 sampling times.
-10 =
= -20- n Rooting Total plant Leaf area
= 30~ depth (cm) water (mL) (cm?)
o
S -40 - Predawn (05:00) 15 13.72£0.74 0.81 £0.05 12.40 £ 1.76
3 -50-
o 80 Sunrise (07:00) 15 16.95 + 1.41 0.99 +0.07 11.85 +1.32
-60 <
.70 4 Midday (12:00) 15 15.37 £ 0.94 0.85+0.08 17.46 £ 1.72
12 11 10 -9 -8 -7 -6 -5 -4 -3 1. Afternoon (16:00)* | 15 15.17 £ 0.58 0.98 £0.10 16.81 + 1.64
3'%0 (%0)
2. Afternoon (17:00) 15 15.27 £1.03 0.81 £ 0.06 12.54 £ 1.08
FIGURE 4
. . 21:00)* 15 14.86 £ 0.72 0.83 £0.06 14.53 £ 1.53
80 values by soil depth at midday (red) and predawn (blue) + 1 SE in Sunset (21:00)

Sunset (21:00) and early afternoon (16:00; marked with an asterisk) samples were collected
1 day earlier than the others. Values are presented as mean + 1 SE. No significant differences
in seedling parameters were found between sampling times.

environment, diffusion between H and ?H across the 45 cm distance (i.e.,
from the labeling depth at 60 cm to the average rooting depth of seedlings
at ~15cm) can be neglected as a relevant transport process, since
calculations indicated that it is too slow (see Supplementary material).
This further supports our conclusion that HR via mature oak roots was
the primary source of labeled water in the surface soil.

The soil matric potential gradient between the labeling depth and
the topsoil was not very high (~12 kPa at t6 and ~89 kPa at t60;
Table 1). While HR has been observed even under moderate drought
conditions (Hafner et al.,, 2017), its magnitude and the extend of water
release into the soil and toward neighboring species likely increases
with steeper soil water potential gradients (Hafner et al., 2020).

Mycorrhizae or soil as transport path for
redistributed water toward SRUP (labeling
experiment)

The fraction of HR water in SRUP was between 8 and 16% at
t6 and increased to ~20% at t60 across species. Those values align
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FIGURE 5

predawn to sunset.

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

(a) Fraction of HR water (red bars) and §'*O values (blue dots and line) in root water during the diurnal cycle. Fraction of HR water was calculated based
on the 80 values at sunset (Equation 3). Asterisks indicate significant differences in §'°O-values between sunset and the other sampling times

(***p < 0.001, **p < 0.01, and *p < 0.05). Bars and dots are slightly shifted along the x-axis to avoid overlapping SE values and improve visibility. (b)
Transpiration rates (ml h=%; purple bars) and the corresponding fraction of transpired HR water (orange bars) at the different sampling times. All values
are presented as mean + 1 SE. Dark gray shaded area indicates nighttime, while light gray shaded area indicates dusk and dawn in both panels. Note
that sunset (21:00) and early afternoon (16:00) samples were taken 1 day before the others. Since no significant differences were found between the
two afternoon samples and weather conditions remained constant across both days, all samples were merged into a diurnal cycle starting from

with previously reported values in Douglas fir seedlings in semi-
arid areas (21.6%; Schoonmaker et al., 2007) and several temperate
tree species seedlings (16%, Hafner et al., 2025). At t6, oak
seedlings had the highest fraction of HR water in their roots,
followed by black cherry, while small balsam had the lowest
(Figure 3). Previous studies have shown that HR water was
transported through mycorrhizal fungi in potted oak seedlings
(Querejeta et al., 2003) and water transport between species is
generally possible by shared mycorrhizae (Egerton-Warburton et
al., 2007; Querejeta et al., 2007). The SRUP species in labeling
experiment are associated with different types of mycorrhizae.
While oak only forms symbioses with EM (Harley and Harley,
1987), black cherry mostly is found with AM (Heklau et al., 2022),
rarely also with EM, especially in Europe (Fruleux et al., 2023).
Small balsam is only associated with AM or has no mycorrhization
at all (Harley and Harley, 1987). Although we did not assess
mycorrhizal associations in this study, a potential mycorrhizal
dissimilarity between black cherry and small balsam SRUP to
mature oaks could help to explain the observed trend in the
fraction of HR water uptake in SRUP root water at t6. By t60,
however, all three SRUP species showed similar fractions of HR
water in root water. The similar fractions over all SRUP species
could be explained by the deeper rooting depth of black cherry,
but not for small balsam. This appears contradictory to the clear
pattern at t6 and to our hypothesis 1. One possible explanation is
that the gradient in SMP between deep and surface soil tended to
be higher at t60 than at t6 (Table 1), which could indicate more
redistribution of water (Hafner et al., 2020) through mature oaks
and explain the generally higher fractions of HR water in SRUP
(Figure 3). Additionally, the labeled water may have been
mobilized and redistributed in the upper soil during the 54-day
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period through soil hydraulic conductivity and by rainfall events
that promoted water movement within the soil matrix. The 8O
values at 4.5 cm and 8 cm deviated from the fitted soil water
profile (Figure 4) and may reflect HR from deeper soil layers.
However, soil water isotope profiles can also be influenced by
mixing of water and redistribution processes in the root zone, as
discussed by von Freyberg et al. (2020). As result, all species may
have had more equal opportunities to take up labeled water,
regardless of their mycorrhizal associations or spatial proximity
to the fine roots of mature oaks. Finally, the label could have also
been built up in the plants over 60 days and not all be transpired
right away. Patterns of increasing contribution of a tracer to plant
tissue water through mycorrhizal transport have been previously
described (Kakouridis et al., 2022; Wu et al., 2024) but no clear
explanation has been given so far. We summarize that oak
seedlings took up a higher fraction of HR water within a shorter
period of time than the other two SRUP while in the long term,
all species may benefit to a similar extent from HR water.
However, pathways need to be investigated in further studies.

Diurnal dynamics of HR water uptake
(diurnal experiment)

The 8'O value in the seedlings at sunset was chosen as
endmember for our mixing model, because §'°0O at sunset was the
highest, reflecting surface water origin (approximately 4 cm soil
depth, Figures 4, 5). Although a noticeable fraction (21-35%) of HR
water was found already at predawn and at sunrise, respectively, the
highest fraction of HR water in seedlings was detected at midday
(approximately 50%). In the afternoon, the contribution of HR
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water to seedlings’ water started to decrease, suggesting that the HR
water ‘reservoir’ was getting lower. However, even at 5 p.m., a
(30%)
HR. Transpiration measurements showed that the seedlings

relevant fraction of root water originated from
transpired ~1.8 mL of water daily, while their average water content
was ~0.9 mL (Table 3). This indicates that the seedlings exchanged
nearly twice their water content per day, with 29 + 6% of the daily
transpired water originating from HR. The estimated HR water
fractions are slightly higher than those in labeling experiment. This
difference could be due to the different sites or slightly different
weather conditions, as the experiments were conducted in two
different years and locations. Nevertheless, the values remain
consistent with previous studies on HR water contributions to
seedlings’ transpiration (e.g., Dawson, 1996; Hafner et al., 2021;
Richards and Caldwell, 1987). These results reject our hypothesis 2.
HR water was utilized throughout the day, with observed
accumulation peaking around midday, coinciding with the period
of the highest transpiration. While our mixing model attributes the
shifts in 8'%0 solely to HR water uptake, we acknowledge that other
physiological processes, such as phloem-mediated exchange or tree-
internal water redistribution (Grau et al., 2025; Nehemy et al., 2022;
Tierney et al., 2025) might also contribute to the observed diurnal
patterns. Therefore, potential daytime redistribution of deep soil or
stem stored water by mature trees should be investigated. However,
given that we restricted the sampling to roots and the small size of
the root systems of the seedlings, such exchange mechanisms are
likely to play a minor role, though further research is needed to
fully disentangle their potential influence.

Conclusion

This study highlights the critical role of HR water for SRUP in
temperate forests. Shared mycorrhizal networks may facilitate faster
access to redistributed water. However, other pathways, including
spatial relationships between interacting root systems of different
species should be explored (Paya et al., 2015). Interestingly, HR water
is utilized by the seedling throughout the day, peaking at midday and
suggesting that HR may indeed support SRUP water consumption
under water limited conditions when it is most needed. Future
research should explore interactions between shallow-rooted and
tap-rooted mature trees to better understand HR water dynamics, as
well as how the physical distance and mycorrhizal networks between
SRUP and the redistributing tree influence HR water uptake.
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