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Abstract
Aims Hydraulic redistribution (HR) enhances water re-
sources for neighboring crops in silvopastoral agrofor-
estry (AF). Here, we tested whether and to what extent
water stressed shallow-rooted neighboring plants bene-
fit from water redistributed by deep-rooted poplar
plants.
Methods We conducted trace experiments with deuter-
ated water (2H2O) in greenhouse soil column experi-
ments. We measured hydraulic lift (HL) by poplars
grown at two levels of soil drying and estimated the
amount of hydraulically lifted water. In a parallel exper-
iment we grew poplars and barley (Hordeum vulgare) in
two columns connected via a small cross-rooting
segment.
Results Soil moisture measurements and stable isotope
signatures of soil and xylem water proved the occur-
rence of HL in poplar. Additionally, stable isotopes
proved the transport of water from deep roots of poplars
to shallow roots of barley.
Conclusions In conclusion, the experiments showed
that poplars are capable to redistribute water during
drought spells and that this water can facilitate plant
growth of shallow-rooted crops. This result implies
evidence for an enhanced soil water supply of plants in
agroforest systems under drought conditions.

Introduction

Water is one of the most limiting resources for plant
growth, survival and productivity. Agricultural intensi-
fication at the expense of biodiversity and productivity
of natural ecosystems, in addition to increasing mean
temperatures and declining annual precipitation aggra-
vate water scarcity during summer drought spells.
Drought risks put intense pressure on water use efficien-
cy in agricultural managed soils and landscapes. There-
fore, soil water resources should be well managed and
avoidable water losses reduced.

Silvopastoral AF combines silviculture with conven-
tional agriculture by implementing tree strips into crop
land and it offers diverse opportunities to optimize water
use efficiency, especially during dry summer periods.
Moreover, deep rooting trees can increase plant avail-
able water by relocating soil water from deep, moist soil
layers to dry, shallow layers via the root system. HR
describes the movement of water from wet to dry soil
regions via the roots along water potential gradients in
the soil in periods of low transpiration rates (Burgess
et al. 1998, 2000; Prieto et al. 2012; Richards and
Caldwell 1987). During high transpiration rates, leaf
water potential is significantly lower compared to soil
water potential in the rhizosphere and water moves from
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plant roots to foliage. HR takes place when reversed
potential gradients occur – i.e. when soil water potential
is lower than the water potential. HR is passive in the
sense that its driving force is a gradient in water potential
and does not require active pumping by the root system.
However, plants could regulate HR by modifying the
permeability of roots and that of the rhizosphere, for
instance by secretingmucilage or losing contact with the
soil (Carminati et al. 2010, 2013). A recent study byYan
et al. (2020) shows that HR can be actively regulated by
root hairs and rhizodeposition. Depending on soil char-
acteristics, root distribution and soil water distribution,
HR can occur upwards (i.e. hydraulic lift (HL))
(Caldwell and Richards 1989), downwards (Burgess
et al. 1998; Schulze et al. 1998; Smith et al. 1999) and
horizontal (Brooks et al. 2002).

The impacts of ecological and hydrological conditions
on the intensity of HR vary among ecosystems, soil tex-
tures and plant communities (Neumann andCardon 2012).
It is suggested that the intensity of HR decreases as a
function of the amount of sand in the soil (Wang et al.
2009). HR requires large gradients in water potential, as
water is released from the roots along this gradient. In
sandy soils the root-soil contact fraction decreases as the
soil dries and the resistance to water movement is greatly
increased (Passioura 1991), implying that less water can be
released into dryer soil (Vetterlein and Marschner 1993).
In this study different moisture gradients were used to
identify HR in sandy soils.

HR could be beneficial in AF systems as it can supply
water to shallow-rooted crops growing next to trees (Liste
and White 2008; Ludwig et al. 2004; Moreira et al.
2003).This was shown in greenhouse experiments
(Hawkins et al. 2009). Additionally, research in the semi-
arid Sahel has shown that two native shrubs not only
perform hydraulic lift (Kizito et al. 2006, 2007, 2012) but
can also assist millet through in-season drought (Bogie
et al. 2018). Moreover, redistributed water extends the life
span of roots and preserves the root-soil contact in drying
soils and at the same time reduces the occurrence of root
embolism under water stress (Bauerle et al. 2008; Domec
et al. 2004).

A method to experimentally investigate HR is the use
of water stable isotopes. The application of 2H2O water
as an environmental tracer offers many advantages due
to the fact that it is part of the water molecule, it is a non-
radioactive and eco-friendly substance, without any
damaging characteristics for the application in natural
ecosystems, and it is considered to be conservative

(Koeniger et al. 2010). Because root water uptake and
transport through the xylem in general does not change
the isotopic composition of the soil water (Zimmermann
et al. 1967), 2H2O was successfully used to identify
rooting depth of plants in subtropical (Kulmatiski et al.
2010) and semiarid environments (Beyer et al. 2016), as
well as the occurrence of a benefit of HR for drought
tolerance (Dawson 1993; Hawkins et al. 2009). Further-
more, Bogie et al. 2018 used labeled water (²H2O ) to
show that interplanted shrubs “bioirrigate” hydraulicly
lifted water to adjacent millet plants. Although it is
accepted that HR is important for drought tolerance, less
is known about tree-crop interactions in temperate agri-
cultural systems which are well watered during autumn,
winter and beginning of spring, while they might face
drought spells during the summer.

The objective of this study was to test the hypothesis
that water stressed crops benefit from hydraulic
redistributed water from deep rooting trees. In particu-
lar, we tested to what extent different soil moisture
gradients have an impact on the amount of HR and if
poplar trees redistribute water to neighboring shallow
rooted barley plants.

Material and method

Experimental set up and plant culture

The experiments were performed in a greenhouse with
no additional light source or automatic shading. Plants
were exposed to natural diurnal light and temperature
variations. The windows were kept open to allow air
exchange and level out the relative humidity.

The first experimental setup had a completely ran-
domized block design with four replications that had the
following treatments: (A) upmost soil dry, middle and
subsoil at field capacity; and (B) upmost and middle soil
layers dry and subsoil at field capacity. Eight identically
constructed Plexiglas® columns A&B (height 100 cm,
diameter 30 cm) were filled with fine quartz sand (0,1 −
0,2mm, Fig. 1). In each column, three sand layers were
hydraulically separated by two fine gravel (2.0–5.0mm)
layers acting as capillary boundary and preventing water
redistribution across the layers. Perforated metal tubes
(diameter 0.5 cm, length 28 cm) allowed for irrigation of
each soil layer separately and remained in the column
for the whole times of the experiment. The top soil layer
was irrigated from the soil surface.
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The second experimental setup had two replicates
that had the following treatment: C) topmost soil layer
dry and subsoil around field capacity, with the adjacent
column dry. Two soil columns were connected via a
cross-rooting section (Fig. 1: C and Cbarley). A Plexi-
glas® tube (10 cm length and 10 cm in diameter)
connected the two soil columns at a height of 50 cm.
In contrast to the first setup, the experiment C had two
hydrologically divided soil layers, whereas the soil col-
umn Cbarley was filled without any layer with sand (same
material was used as in first experimental setup).

Poplar (Populus nigra x Populus maximowiczii) cut-
tings were grown in water until roots sprouted and then
they were planted into soil columns. They were grown
for seven months to ensure a vigorous root growth into
all soil layers. Barley (Hordeum vulgare) was sown at
the soil surface in soil column Cbarley 28 days before the
tracer experiment started. During the first five weeks of
the experiment the poplar cuttings were irrigated and
fertilized (N + P2O5 + K2O+(MgO + S)) once a week
with 60ml of fertilized water, to maintain the soil above
field capacity. Afterwards, irrigation was extended to
the middle layers A2 and B2. After seven weeks the
lowest layers A3, B3 and C2 were irrigated. During the
first months the amount of irrigation was adapted to
observed plant health and rooting depth and was in-
creased over the time of the whole experiment. After
three months A1, B1 and C1 were fertilized again.
Similarly, Cbarley was irrigated to attract the poplar roots
to this soil column. Right after sowing the barley, Cbarley

was irrigated and fertilized again (details are found in
the supplemental material).

Establishing soil moisture gradients

In one soil column of each experimental set-up the volu-
metric soil moisture content was measured with dielectric
SM 300 sensors (Delta-T Devices Ltd, Cambridge, United
Kingdom). SM 300 sensors were placed in the middle of
each soil layer, except for Cbarley, where the sensors were
placed at 10 cm soil depth. SM300measured soil moisture
content at a time interval of 2 min for the whole time of
plant culture and tracer experiment. Irrigation was adapted
10 weeks prior to tracer injection to allow the trees and
roots to adapt to established soil moisture gradients.

Experiments A and B served to mimic two different
soil water content distributions and to assess their im-
pact on HR. Soil columns A and B were irrigated
equally until specific soil moisture gradients were

established. Replicates of A were mainly irrigated in
the middle (A2) and lowest (A3) soil layers, whereas
replicates of B were irrigated mainly in the lowest (B3)
soil layers. Due to root water uptake and evaporation,
soil moisture contents close to the permanent wilting
point (PWP) were reached in the upmost layers (A1, B1)
and middle soil layer (B2) (Fig. 2). The lowest layers
(A3, B3) were maintained at or above field capacity. We
measured the water retention curve of used sandy soil by
using a pressure chamber apparatus. The water content
at a matric potential of -1.5MPa (pF 4.2) is referred to as
the wilting point, and it was equal to 0.04 volumetric
water content.

In experiment C the samples were first irrigated and
fertilized in both columnswith the intention to attract the
poplar roots to grow across the cross-rooting section.
During the first two months, poplars showed slower
growing rates compared to those in the first experiment,
therefore irrigation and fertilization was intensified in
soil column C. With the start of regulating the soil
moisture gradients, irrigation was then again enhanced
in column Cbarley, to foster poplar root growth into
Cbarley and on the other side to ensure successful sowing
of barley.

Sampling and water extraction

Two hours before tracer injection, soil and plant samples
were collected to determine the background values of
2H in soil water and xylem sap. The tracer was injected
at 10 a.m. Soil samples were taken in the upper soil layer
at 5 cm soil depth. For xylem samples small segments of
the branch were cut off, the bark and phloem was
removed rapidly and immediately after sampling the
soil and xylem were stored airtight in weighted vials
for the cryogenic vacuum extraction and thereafter fro-
zen at -18°C. To ensure a sufficient amount of extract-
able water at least 10 g of soil and 5 g of plant material
were sampled.

The tracer injection was conducted simultaneously in
all samples to allow comparability between replicates.
1000 ml of deuterated water (10 atom% 2H) were
injected via the irrigation tubes in the lowest soil layers
(A3, B3, C2). Subsequently, soil and plant samples were
collected at 10, 24, 34, 48, 58, 72 hours after injection of
the tracer. Soil samples were taken in A1, B1 and C1 at
2.5 cm depth. Xylem was sampled at the same time as
soil samples and additionally at 3, 5, and 8 hours after
injection.
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Soil and xylem water was extracted with cryogenic
vacuum distillation (West et al. 2006). Xylem samples
were extracted for 60 min and soils for 45 min with a
heating source of approx. 100°C. To determine and
secure the completeness of water extraction, samples
were weighed before and after extraction and again after
24 h oven drying at 105°C.

Stable isotope analyses were done at the Centre for
Stable Isotope Research and Analysis (KOSI) at the
University of Göttingen. Xylem and soil waters were
analyzed with continuous flow EA/TC isotope ratio

mass spectroscopy (Delta V™ plus IRMS, Thermo
Fischer Scientific™, Bremen, Germany).

Root distribution

After the tracer experiments, the soil columns were
opened and roots were sampled in each soil layer. Liv-
ing roots were assorted for fine (< 2 mm) and coarse (> 2
mm) roots, by cutting the roots into pieces and sieved
them. Afterwards they were oven dried for 48 h at
105°C (until constant weight was achieved) and

Fig. 1 Schematic experimental
setup of greenhouse soil columns
filled with fine grained quartz
sand and hydraulic barriers.
Figure is not scaled

Fig. 2 Volumetric water content
in soil columns of one replicate
per experimental set up with soil
specific range of field capacity
(pF 1.8–2.5) and permanent
weelting point (pF 4.2) during last
three weeks before the tracer
experiment
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weighted to calculate the specific dry root distribution in
each soil layer (referring to DIN ISO 11,465).

Data analysis

To clearly state whether the injected tracer was abundant
in the samples, we used the criteria first proposed by
Kulmatiski et al. (2010) and later adapted by Beyer et al.
(2016). If the detected stable isotope signatures in ex-
tracted soil or xylem water were higher than four times
the standard deviation of the background sample, we
assumed the tracer to be present in the sample.

Continuously measured water contents were
smoothed with Savitzky-Golay convolution to improve
the signal-noise ratio of the two minutes measurements
with a 60 min moving window averaging (Savitzky and
Golay 1964).

Calculations

Volume of hydraulic redistributed water in the upper
layer

We calculated the HL in volume of water per time (here
per day) (Eq. 1) with the help of the mass balance of
2H2O, under the assumption that that there is no signif-
icant change in water content in the upper soil layer (i.e.
we assume that the water flowing out from the root at
night is taken up during the next day). In addition we
assume that the concentration of 2H2O flowing out of
the roots is equal to the measure concentration in the

poplar xylem Cx. From these assumptions we derive the
following equation:

Cx � Csð Þ � HL ¼ θ � Volupperlayer � dCs

dt
ð1Þ

with Cx [atom%] being the 2H2O concentration in the
poplar xylem and Cs [atom%] being the 2H2O con-
centration in the upper layer (after one day), HL [cm3

d− 1] describing the hydraulic lift in volume of water
per time, θ [-] being the soil water content in the upper
layer, Volupper layer [cm

3] being the volume of the
upper soil layer and dCs/dt [atom% d− 1] describing
the change in the 2H2O concentration in the upper soil
layer over one day.

Results

Root distribution

In experiments A and B the density of coarse roots
was the highest in the upmost soil layers (Table 1).
The amount of coarse poplar roots decreased by
80 % in A and ca. 75 % in B with increasing soil
depth. On the contrary, fine roots did not show this
typical root pattern, with more than half of the total
fine root mass being found in the lowest soil layers
A3 and B3. The mass of fine roots was highly de-
pendent on soil water content. High amounts of fine
root density were associated with high soil water
contents, whereas soil layer with lower water content

Table 1 Distribution of living poplar and barley roots in both experiments sorted by fine and coarse roots

Column Layer Volumetric water content [1] Poplar Barley

Coarse roots Fine roots Fine roots
[mg cm−3] [mg cm−3] [mg cm−3]

A 1 0.067 0.46 (±0.061) 0.37 (±0.033) -

2 0.115 0.12 (±0.004) 0.65 (±0.134) -

3 0.231 0.09 (±0.004) 0.78 (±0.068) -

B 1 0.050 0.46 (±0.017) 0.25 (±0.033) -

2 0.048 0.22 (±0.021) 0.28 (±0.072) -

3 0.244 0.12 (±0.012) 0.68 (±0.177) -

C 1 0.061 0.39 (±0.222) 0.26 (±0.030) -

2 0.093 0.05 (±0.017) 0.24 (±0.027) -

barley 0.095 - 0.04 (±0.013) 0.28 (±0.097)

[1] Volumetric water content as mean over 10 weeks before tracer experiment
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and therefore less plant available water had lower
fine root densities (Table 1). This becomes particu-
larly obvious comparing A2 and B2. While in A2
soil moistures were close to field capacity, soil water
contents in B2 were closer to the PWP and root
density decreased by more than 50 %.

In comparison to A and B, root mass in columns C
and Cbarley was lower, especially regarding the total
amount of fine roots. Fine root density was constant
over depth, whereas coarse root density decreased by
almost 90%. Poplar fine roots were observed in Cbarley.
However, no barley roots were found in soil column C,
indicating that poplar did use the crossing-section to root
in Cbarley.

Soil water content

Soil water contents highly differed between the treat-
ments. A steep increase in water content followed
irrigation, and then water content decreased due to
drainage, evaporation and root water uptake. In ex-
periment (A), soil moisture increased with soil depth
from close to PWP in A1 to more than field capacity
in the lowest soil layer A3 (Table 1; Fig. 2). B1 and
B2 were close to PWP while B3 remained wet. The
soil columns in experiment C were overall drier
compared to A and B. Soil moisture in C2 was close
to field capacity, whereas C1 and Cbarley were close
to PWP. Small diurnal changes in soil water contents
were visible in all columns and all depths, with small
amplitudes of moisture gain during the night and
water loss over the day. However, these oscillations
are within the precision of the sensors.

Stable isotope data

Experimental setup 1

Xylem 2H values increased under both drying stages (A
and B) to values above artificial tracer threshold within
the first 5 hours after tracer injection (Fig. 3), showing
clear artificial tracer abundance. Stable isotope values of
trees in experiment A ranged between 0.5 and 0.8 at-
om% (mean 2H over time 0.68 atom% ± 0.10), whereas
trees grown under drier conditions (B) showed values
ranging from 1.5 to 1.9 atom% (mean 2H over time 1.52
atom% ± 0.30). 2H values of poplar A indicated mixing
of waters from the two wet layers, while poplar
confronted with severer soil drying mainly takes up

water in B3. Assuming homogenous mixing of injected
and present water, we obtain the poplar B takes up water
almost entirely in B3.

Clearly artificial 2H values in soil water are found
48 h after injection in the topmost soil layers of A1 (0.16
atom% ± 0.06) and already after 34 h in B1 (0.33 atom%
± 0.15). The lower soil water stable isotopes values of
A1 can be explained by the mixing and multilayered
root water uptake of poplar A, resulting in lower 2H
values of redistributed water compared to the set up B.
Towards the end of the experiment, 2H values decreased
in experiment A.

Experimental setup 2

2H values in poplar xylem slightly increased during the
first three hours after injection, with a decline in the
evening of day one (Fig. 4). During the second day 2H
values rose up to 0.37 atom% (± 0.028) and again de-
clined during the second night. The same pattern with a
time shift of 12 h was observed in the 2H values of the
barley xylem. Whereas a first peak was seen in the
evening of the first day, values during the second day
stayed rather low and increased again remarkably during
the second night up to 0.026 atom% (± 0.0002), follow-
ed by a repetitive decrease over day three.

Soil water isotopes did not change much during the
days and no clear artificial tracer abundance can be seen,
although 2H signatures rose up to 0.055 atom% ±
0.023 at day three.

Amount of hydraulically lifted water

Based on the mass balance for 2H2O we were able
calculating the HL in volume of water per day (Eq. 1).
Therefore we used the daily mean water content and the
isotopic values after 24 hours after the tracer injection.
For the replicates of A we have a flux of 67,45 cm3 d− 1

and for replicates of B a flux of 66,25 cm3 d− 1.

Discussion

Our results support the hypothesis that water stressed
shallow rooted crops can greatly benefit from hydraulic
redistributed water by neighboring deep rooted trees.
The main factor driving the occurrence of HR is a steep
soil water potential gradient between topsoil and
subsoil.
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Diurnal changes in water content are an indication of
HR (Caldwell and Richards 1989). However, parts of the
fluctuations of soil water content are caused by water
redistribution along the soil profile. Therefore, from small
amplitudes of changes in soilmoisture content only it is not
possible to state whether hydraulic redistribution takes
place. To distinguish between these simultaneously occur-
ring processes, we used 2H as naturally abundant stable
water isotope tracer. The applied high 2H concentrations
(> 0.02 atom%) in the hydrological separated subsoil allow
to prove the occurrence of HR.

Stable isotope values are affected by the mixing of
tracer and present soil water after injection. Although
diffusion and convection due to gravitational forces and
density variations take place over the whole time, ho-
mogenous mixture and equilibration of 2H might not be
achieved during the observation time. This and the
effect that poplars did not have identical root systems,
although with no clear differences in root mass within
one experimental set up (Table 1), result in high stan-
dard deviations (Fig. 3). Nevertheless, due to identical
fertilization and watering, we assume that transpiration

Fig. 3 Tracer recovery in poplar
xylem and upper soil under two
different soil moisture gradients
representing varying drought
stress. Values are means of
replicates ± standard deviation
and significance to background
value (± 4 * standard deviation) is
marked. Clearly artificial 2H
signal is marked above where
tracer is abundant

Fig. 4 Dynamics of 2H-tracer of
poplar and barley xylem growing
in combined soil columns as well
as upper soil. Values are means of
replicates ± STD. Clearly
artificial 2H signal is marked
above where tracer is abundant
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and root water uptake rates were not significantly dif-
ferent along the replicates.

The amount of hydraulically lifted water was similar
in both drying scenario, A and B. It means that water in
the lowest soil layers was sufficient to sustain HL. In
this case the available water did not directly influence
the effect of HR, as long as enough water was available
to properly meet the demand of transpiration and growth
(Liste and White 2008).

The 2H values in the poplar xylem show fluctuation
during day and night: enriched in the evening and de-
pleted (in relation to the day before) in the morning.
Enrichment of 2H was caused by root water uptake in
the subsoil driven by the transpiration demand. During
night time diffusion of water between xylem, phloem
and cortex might explain the low 2H values in the next
morning (poplar A day 2&4, poplar B day 2&3 and
poplar C day 3&4). Over the second night the soil water
stable isotope values increased due to HL (A). The next
morning the redistributed water was taken up by poplars
in addition to subsoil root water uptake. This process
outweighed the diffusive interchange of waters in the
plant during the night and will causing an enrichment of
tracer over the following day.

It has to be noted that hydraulically redistributed
water in the soil always represents a mixture of water
pools: subsoil water taken up during the day, previously
redistributed soil water and water present in the plant
itself. Once water is relocated in the upper soil layers,
evaporative fractioning will occur, influencing the soil
water isotopy and causing a decreasing natural depletion
of 1H with increasing soil depth (Allison et al. 1983). In
our experiments, the impact of natural fractioning in
comparison with the shown enriched values of 2H was
negligible.

As a consequence of root water uptake of hydrauli-
cally redistributed water, 2H2O values in barley in-
creased strongly by the next morning (third day). We
assume that hydraulically redistributed water was much
easier accessible compared to residual water in the upper
soil. Therefore, barley plants will use redistributed water
first and by the end of the day the ratio of origin water
pools will shift towards residual soil water explaining
the decreasing 2H over the day. Our results of the reuse
of redistributed water by neighboring plants and seed-
lings agree with findings among other studies Dawson
1993; Bogie et al. 2018; Hawkins et al. 2009; Liste and
White 2008; Ludwig et al. 2004; Moreira et al. 2003;
Muler et al. 2018).

Our calculations indicate high amounts of water
redistributed by poplar trees. Considered the young
age and growing conditions (quartz sand, limited space
of rooting depth, low nutrient availability, very low Corg

and defined irrigation sequences) of the poplars grown
in the greenhouse, one might expect even greater HL
with older trees and larger root system. On the other
side, the soil conditions in our experimental set up were
extreme because of the high differences in water avail-
ability between dry and wet zones in a short distance.
Therefore, the amount and impact of HL under natural
field conditions needs further studies.

Further studies should also investigate inmore details
the mechanisms and plants traits favoring HL. For in-
stance, it should be clarified to what extent HL is affect-
ed by root traits such as root diameter, root hairs, root
hydraulic permeability, as well as the presence of my-
corrhiza, which can enhance HL due to their extension
in soil and enlarged active surface area.

According the “stress-gradient hypothesis” postulat-
ed by Bertness and Callaway (1994), beneficial plant
interactions have increasingly positive effects when the
environmental stresses increase, whereas competitive
interactions become more intense under less severe
stresses. Michalet et al. (2014) added that at extremely
harsh environmental conditions beneficial interactions
collapse and competition between plant organisms dom-
inate. Although it has been shown that the facilitative
effects of HR might be less relevant than the competi-
tion for water in semi-arid regions (Ludwig et al. 2004),
in temperate regions with moderate stress HR can over-
come the competition for water.We could show that HR
mainly enhances water resources for the deep rooting
tree itself, by increasing the amount of plant available
water to facilitate next days’ water need. In addition, we
have found that redistributed water was taken up by the
neighboring barley, facilitating their growth.

Applying these results to AF systems is not straight-
forward, as both temporal and special scales of our
experiment were limited to greenhouse conditions.
However, combination of isotopic sampling, transpira-
tion measurements and soil moisture measurements
over the relevant depths could be performed in the field
and provide estimates of HR in AF. Such data could
support the implementation of trees into crop land and
their potential to enhance soil water resources and main-
tain shallow rooted crop growth, preventing high har-
vest losses due to prolonged summer drought spells. The
limiting factor for HR as natural enhancement for water
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resources is the overall availability of water in the sub-
soil. We could show in this experiment that as long as
sufficient water resources are available in the subsoil,
HR by trees could sustain crop growth in an AF system.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11104-
021-04894-0.
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