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Abstract
Aims Plant roots often encounter heterogeneity in soil
water content and respond by compensating water uptake from wet zones to cope with the transpiration
demand. Simultaneously, plants may also exhibit rootmediated hydraulic redistribution from wet to dry zones.
Experiments were conducted to simultaneously monitor
compensated root water uptake and hydraulic redistribution in the vadose zone.
Methods Vertical and horizontal split-root lysimeters
were used to hydraulically isolate maize roots under
altering soil water conditions. Compensated root water
uptake and root-mediated hydraulic redistribution were
monitored by continuous measurement of water content
in the lysimeter compartments.
Results Soil water heterogeneity and limited soil water
availability were found to accelerate the root water uptake from moist region to compensate the reduced water

availability in dry zone. However, no measurable root
mediated hydraulic redistribution was observed in short
term basis, despite high water potential gradient in the
root zone of both lysimeters. The night-time transpiration and xylem refilling processes seem to override
the hydraulic redistribution on a diurnal basis in our
experiment.
Conclusions Our study shows that compensated root
water uptakeplays a major role in meeting the transpiration demand. In contrast, the role of root mediated
hydraulic redistribution is found to benegligible in
maize plant.
Keywords Compensatory root water uptake . Hydraulic
redistribution . Split-root lysimeter . Night-time
transpiration . Xylem refilling
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Water uptake by plant roots is often regulated by endogenous factors such as root-shoot biomass and growth
stage, as well as by external factors including soil water
content, nutrient availability, and prevailing weather conditions (Albasha et al. 2015). The soil water content in the
root zone is often heterogeneously distributed due to
multiple factors such as soil type, irrigation/rainfall variability, non-uniform root distribution, and dynamic root
water uptake patterns (Doussan et al. 2006; Yadav and
Mathur 2008; Dara et al. 2015). Therefore, plants often
deploy compensated root water uptake (hereafter referred
to as CRWU) (Green and Clothier 1995; Yadav et al.
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2009), root mediated hydraulic redistribution (HR)
(Richards and Caldwell 1987; Caldwell et al. 1998;
Oliveira et al. 2005), and adaptive root growth
(Clausnitzer and Hopmans 1994) to cope with the soil
moisture heterogeneity.
CRWU is a process in which water requirements of
the plant under limiting soil moisture conditions are
fulfilled by enhanced uptake from wetter root zone
(Šimůnek and Hopmans 2009; Couvreur et al. 2012;
Javaux et al. 2013). For example, when the water content in the upper zone with a high root density decreases,
water absorption from the deeper moist layers increases
for compensation (Teuling et al. 2006). Thereby,
CRWU allows plants to transpire at or close to the
potential demand though a part of the root system is
subjected to limited soil moisture availability (Soylu
et al. 2017). CRWU is a prominent root water uptake
mechanism in many plants with roots in the capillary
zone (Kang et al. 2002; Karimov et al. 2014; Soylu et al.
2017) or zones with heterogeneous soil structure
(Kuhlmann et al. 2012). In addition, CRWU can be
observed when some part of root biomass gets permanently damaged (Poni et al. 1992; Vysotskaya et al.
2004; Black et al. 2011). Alternate partial root-zone
drying (Kang et al. 2003; Mingo et al. 2004), regulated
deficit irrigation (Kang and Zhang 2004; Leib et al.
2006; Chai et al. 2016), localized irrigation (Green and
Clothier 1995), and alternate furrow irrigation (Kang
et al. 2002) are some of the irrigation practices that are
supposed to use CRWU to reduce evaporation loss.
Therefore, an accurate estimation of CRWU is essential
for understanding plant water uptake patterns and for
simulating soil water flow in the vadose zone under
varying soil moisture conditions.
HR is a passive transfer of soil moisture via the root
system from a region of high water potential to low
water potential (Oliveira et al. 2005). Thereby, under
heterogenous soil moisture condition, the roots reallocate water from wetter soil layers to drier soil layers. The
transferred water is further used for transpiration
(Burgess and Bleby 2006) and to some extent, moderate
the intensity of CRWU (Guswa 2012). The magnitude
of HR depends on multiple factors, including water
potential gradient between the soil layers, root conductivity, spatial distribution of the root system, and transpiration demand (Meinzer et al. 2004; Doussan et al.
2006). HR is typically observed in deep-rooted desert
plants, shrubs, and trees, for which hydraulically
redistributed water contributes towards the transpiration

demand (Hultine et al. 2003; Oliveira et al. 2005;
Neumann and Cardon 2012). The ecological impacts
of HR such as preventing the loss of hydraulic conductivity of roots (Bauerle et al. 2008), increasing nutrients
acquisition and their mobilization (Warren et al. 2008,
Armas et al. 2012; Sardans and Peñuelas 2014), have
also been described previously. However, studies on
HR in agriculture crops under field conditions are limited and have contradictory observations on its relevance from a hydrological perspective (ZegadaLizarazu and Iijima 2004; Cai et al. 2018; Meunier
et al. 2018).
HR is more likely to happen when the transpiration
demand is low, especially during night hours (Richards
and Caldwell, 1987) and after rainfall (Hultine et al.
2004). However, the active night-time transpiration
has been observed in many crops due to partial closure
of the stomata (Tolk et al. 2006; Caird et al., 2007a, b).
Moreover, studies have shown that plants can also lose
the hydraulic conductivity of xylem tissues in roots,
shoots and stem during day time due to embolism/
cavitation as a result of soil water stress (McCully
1999; Domec et al. 2006; Lovisolo et al. 2008;
Johnson et al. 2009). Depending on multiple factors
such as species, genotype, stage of development, extent
and severity of water stress (Thapa et al. 2011; Knipfer
et al. 2017), plants can recover from cavitation by xylem
refiling (McCully et al. 1998; Yu et al. 2018) during
night hours (Domec et al. 2006) or after irrigation
(Brodersen et al. 2010). Therefore, night-time transpiration and xylem refilling can modulate the magnitude of
HR (Howard et al. 2009; Prieto et al. 2010a, b; Yu et al.
2018).
Though the mechanisms of root water uptake,
including CRWU and HR, were studied under varying soil moisture conditions (Drew 1975;
Koebernick et al. 2015; Dara et al. 2015), the cause
and impact on each other require further investigations. As both mechanisms can be triggered under
heterogeneous soil moisture conditions, we studied
the co-occurrence and magnitude of these mechanisms in maize plant. This can be achieved by generating a water potential gradient between root zones
followed by measuring the change in soil water
content as a proxy for water uptake/release by plant
roots. However, an accurate estimation of root water
uptake is often limited by the soil water flux due to
the water potential gradient between the root zone
(Musters and Bouten 2000). Therefore, we

Plant Soil

performed a series of split-root lysimeter experiments, wherein the plant roots are compartmentalized into hydrologically isolated regions aligned
vertically or horizontally. Further, the role of nighttime transpiration and xylem refilling were also investigated in association with HR. Therefore,
the current study aimed at improving the understanding of root water uptake by maize under heterogeneous soil moisture conditions while simultaneously considering CRWU and HR.

Materials and methods
Experimental rationale and setup
The design of the vertical and horizontal split-root lysimeters and the location of sensors is shown in Fig. 1. The
design and experimental strategies of the column lysimeter are described in the supporting information (S1). The
vertical split-root lysimeter is constructed by assembling
two chambers made of acrylic glass with an internal
measurement of 12 × 22 × 43 cm (L × W × H). The horizontal split-root lysimeter is made of a cylindrical PVC
column with an internal diameter of 12.7 cm and a height
of 55 cm, divided into two compartments using beeswax

Fig. 1 Schematic representation of the split-root lysimeter experiment
setups. (a) The vertical split-root lysimeter with soil moisture sensor
locations. The root distribution is represented in the right panel in terms

of 1 cm thickness. The consistency of the wax was
reduced by adding vegetable oil to avoid crack during
root growth and diurnal temperature variations. A provision for drainage was also made at the bottom of all
lysimeter compartments, along with the option for irrigating them separately. The soil substratum made of silt,
clay, and organic matter in the proportion of 16:4:1
(bulk density 1.36 g/cm3) was used as the growing
medium in the experimental setup. Germinated
seedlings of maize were planted in the lysimeters.
In the vertical split-root lysimeter, the root cap with
apical meristem (1 cm from the tip) of the seedlings was
excised and transplanted to the seedling chamber
that placed directly in the middle of the lysimeter (Fig.
1a). This was to enhance the primary lateral root growth
(Brouder and Cassman, 1994; Fernández et al. 2011),
which leads to equal distribution of roots between the
compartments while interconnected only via the plant
biomass. One week after transplantation, the lysimeters
were thinned to two seedlings per setup. All lysimeters
were kept outdoors during the growing stage and irrigated daily and weekly with the NPK (16–16–16) solution till their reproductive stage. To minimize the impact
of radiation-induced heating of the root zone on root
growth, lysimeters were wrapped with jute and kept
moist during the growth period (Poni et al. 1992).

of its dry weight (in grams). (b) The horizontal split-root lysimeter. (c)
The control lysimeter with dimensions
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For continuous measurement of soil water content,
four soil moisture sensors (WaterScout SM 100, sensing
area is 6 cm × 2 cm) were installed in each zone of the
lysimeter as shown in Fig. 1. In the vertical split-root
lysimeter, two sensors were installed per compartment,
one at a distance of 15 cm below the root-shoot junction
(L1/R1) and the other 5 cm above the bottom drainage
(L2/R2). In horizontal split-root lysimeter, the sensors
were installed at the locations of 10 cm (S1), 20 cm (S2),
33 cm (S3), and 43 cm (S4) from the top. The reading
from each sensor was considered as the average soil
water content of the corresponding zone. The entire
experimental setup was mounted over a weighing machine (Wensar counter scale 30 kg, accuracy 0.1 g) for
the mass balance analysis. Control lysimeters were built
in parallel to corresponding split-root lysimeters for
measuring potential transpiration (Fig. S1A and Fig.
S2A, respectively).
Vertical split-root lysimeter
The vertical lysimeter was left unirrigated to bring the
soil water content in both compartments to wilting point
by allowing the plants to transpire over multiple days
(phase I) (Fig. 2a I). Phase II was initiated by irrigating
the right compartment to field capacity, while the left
compartment remained under water stress (Fig. 2a II).
When the soil water content in the right compartment
reached the wilting point, phase III was initiated by
switching irrigation to the left compartment (Fig. 2a
III). Phase IV began by irrigating both compartments
to field capacity when the left compartment reached the
wilting point (Fig. 2a IV). At the end of phase IV, the
shoot biomass of the plant was excised from its root, the
stem-root interface was sealed with parafilm to prevent
sap flow, and the right compartment was then irrigated
to field capacity (Fig. 2a V, S1B). At the end of phase V,
each compartment was segmented into two sections of
20 cm each (Fig. S1C, D), the roots were separated from
the soil by washing, and the dry weight of the roots from
each section was measured (Fig. 1a).

Fig. 2 Schematic representation of irrigation during different phases of
vertical and horizontal split-root lysimeter experiments. The initial soil
water content of blue coloured compartments was near to field capacity,
while the sand filling represents the compartments with soil water
content near the wilting point. (a) Irrigation scenarios in the vertical
split-root lysimeter: (I) Both left and right compartments are under water
stressed conditions; (II) The right compartment is irrigated while the left
compartment is under waster stress; (III) The left compartment is irrigated and the right compartment is under water stress; (IV) Both compartments are irrigated; (V) Zero transpiration conditions with the irrigated right compartment after shoot removal. (b) Irrigation scenarios in the
horizonal split-root experiment: (I) Both left and right compartments
irrigated to field capacity; (II) The lower compartment irrigated while
the upper compartment is under waster stress; (III) The water table as a
bottom boundary condition

phase I, by irrigating only the lower compartment (Fig.
2b II). When the soil water content in the lower compartment declined to 3% due to continuous transpiration, the water table treatment (phase III) was performed
for three days (Fig. 2b III). For this, the whole lysimeter
setup was kept partially immersed in a water reservoir
under a constant level of water and the surface evaporation was prevented. In the end, the lysimeter was
segmented into four sections of 10 cm each, such that
the sensor location was in the middle of each section.
The roots were then collected, washed (Fig. S1B), and
the dry root biomass was determined (Fig. 1b).

Horizontal split-root lysimeter
Estimation of actual and potential transpiration
Phase I of the horizontal split-root experiment was initiated by irrigating both compartments to field capacity
(Fig. 2b I). The lysimeter was then left unirrigated for
one week, while the soil water content was recorded
continuously. Phase II started from the wilting point of

Potential transpiration from all lysimeters was estimated from its corresponding control lysimeter. For that, a
control lysimeter was maintained along with each splitroot lysimeter setup under the same environmental
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conditions. Before each experiment, a correlation function (K) for transpiration was obtained for each splitroot lysimeter with its corresponding control
(Table S1). For that, the soil water content in the main
lysimeter and its control were maintained in the optimal
range, and the transpiration flux was measured at multiple time intervals. From this data, a correlation coefficient (K) (Ray and Sinclair 1997; Vamerali et al.
2003) was obtained by assuming a linear relationship
between the transpiration rate from the main experiment and its control. Here we assumed that the change
in plant biomass during the yield formation stage of the
maize plant is in the same proportion (Koca and Erekul
2016). Therefore, the potential transpiration from the
main lysimeter (Tp) can be estimated from the transpiration rate of the control (Tpc) using the correlation
coefficient, K (Tp = Tpc * K).
Throughout the experiment, the soil water content in the control lysimeter was maintained in the
optimal range by replenishing water lost by transpiration. Surface evaporation from the main splitroot lysimeters and their corresponding controls
was prevented by a layer of sand and aluminium
foil (Faria et al. 2010; Moradi et al. 2011). As the
exposure of the soil surface to the atmosphere was
restricted, it was assumed that the evaporation loss
during the experiment was negligible. This suggests
that the weight loss from any lysimeter between
two time points was exclusively due to the transpiration flux. To measure the actual and potential
transpiration rates, the weight of the lysimeter
setups and their corresponding controls were recorded every day at 7 am, 10 am, 1 pm, 4 pm,
and 7 pm throughout the experiment. Actual transpiration during any time interval was then obtained by mass balance. Corresponding potential transpiration was estimated by multiplying the transpiration flux from the control lysimeter with its correlation coefficient (K).

Results
CRWU under varying soil moisture conditions in maize
Vertical split-root lysimeter
During the early days of phase II and III (days 2, 3,
6, 7), the transpiration demand of the plant was

fulfilled from the irrigated compartment, while the
soil water content in the other compartment was
near the wilting point (Fig. 3a, c, d). Also, a sharp
decline in the soil water content in the irrigated
compartments was observed during these days, as
compared to phase IV. These observations confirm
the occurrence of CRWU by enhanced water uptake
from the irrigated compartments that compensated
the water uptake reduction from the dry compartments (Šimůnek and Hopmans 2009; Yadav et al.
2009). Also, after irrigating the dry compartment
during the phase change, the transpiration rate was
fully recovered, indicating that the roots in dry compartments remained viable despite temporary water
stress.
The relative soil water depletion from zones R1
and R2 of the wet compartment on day 2 (phase II)
was 81.5% and 18.5%, respectively, while the depletion from zones L1 and L2 of the dry compartment remained negligible (Fig. 3b). Similarly, on
day 6 of the experiment (phase III), the relative soil
water depletion was nearly 76.7% and 23.3% from
zones L1 and L2, respectively, while it remained
insignificant from zones R1 and R2. During days
10 and 11 (phase IV), the relative soil moisture
depletion from zones L1, L2, R1, and R2 was
37.8%, 11.45%, 39.7%, and 11%, respectively.
Comparable root distribution and soil moisture depletion on days 10 and 11 with optimal soil water
content suggest a linear correlation between water
uptake and root density (Fig. 3b). As the soil water
content was gradually depleted from the high root
density regions (below 15%, phase II, III, and IV), a
shift in the location of water extraction to low root
density zones and an increased absorption rate from
these zones were observed. For example, on day 4
(phase II), the relative water depletion from location
R1 decreased to 25.7% and from R2 increased to
74.3%, while it remained unchanged in the dry
compartment. Similarly, on day 10, the relative water depletion from L1 and R1 was 41.6%, and 39.4%,
whereas it was 11.5%, and 7.5% from L2 and R2
respectively. On day 14, the relative water depletion
from locations L1 and R1 decreased to 13.8% and
12.3%, respectively (Fig. 3b). In comparison, it increased from L2 and R2 to 37.7% and 36.2%, respectively, indicating that compensatory water uptake
from zones L2 and R2, and thus the potential transpiration rate was maintained (Fig. 3d). It was further
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Fig. 3 The vertical split-root lysimeter with a fully grown maize plant
under varying soil moisture conditions. (a) Soil water content recorded
by soil moisture sensors from four different locations under different
irrigation scenarios. Solid lines indicate the soil water content variation
during day time and dotted lines indicate the soil water content during

confirmed from the control setup that the potential
transpiration rate was maintained despite the prevailing soil water stress in some regions during phase II,
III, and IV (Fig. 3c, days 2–3, 6–8, and 13–14).
When the soil water content in both compartments of the vertical split-root lysimeter was near
field capacity (days 10 and 11), water uptake from
zones L2 and R2 was nearly 11.5% and 9% of the
total diurnal water uptake rate, respectively (Fig.
3b). During phase II and III, when CRWU occurred
under heterogeneous water distribution, the water
uptake from zones L2 and R2 was as high as 70%
(day 4) and 75% (day 8), respectively, of the corresponding total diurnal water uptake quantity. This
suggests that when compensation occurs, a fraction
of roots in the wet soil exhibits a high water absorption rate per unit of its dry weight as compared to
the roots present in the dry zone. Thus, under localized water stress condition, the roots that are “active” in supplying water to plants can be defined as
the portion of roots that are exposed to soil with
favorable water content.

night. (b) Relative soil moisture depletion (root water uptake) from
sensor zones L1, L2, R1, and R2 in the vertical split-root lysimeter
and the corresponding relative root distribution. (c) Actual transpiration
(Ta) and potential transpiration (Tp) measured in litres at a regular time
interval. (d) Daily relative transpiration

Horizontal split-root lysimeter
On days 1 and 2 of phase I in horizontal split-root lysimeter
experiment, relative soil moisture depletion from zones S1,
S2, S3, and S4 was 46%, 25%, 19%, and 10%, respectively, and the corresponding root distribution was 47%,
29%, 16%, and 8% (Fig. 4b). This indicates that the water
extraction rate from the soil is linearly correlated with the
root density distribution under optimal soil moisture condition, as reported previously by Yu et al. (2007) and
Yadav et al. (2009). After that, when the soil water content
of a region was reduced below 15%, the root water extraction rate from that zone decreased substantially (Fig. 4a, b).
Also, the zone of maximum root water uptake shifted
downwards into deeper soil layers with a lower root density. Water absorption from these deeper soil layers increased to cope with the transpiration demand. The highest
rate of water uptake from zone S4 with the lowest root
density was observed during the final days of
phase I and II when the average soil water content
in the lysimeter fell below 10%. This indicates that
reduced root water uptake from the dry zone was
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Fig. 4 The horizontal split-root lysimeter with a fully grown maize plant
under different soil moisture conditions. (a) Soil water content variations
recorded using soil moisture sensors under different irrigation scenarios. Day time soil water content is represented by solid lines and dotted
lines represent the night time soil water content. (b) Relative soil

moisture depletion (root water uptake) from sensor zones S1, S2, S3,
and S4 in the horizontal split-root lysimeter and the corresponding root
distribution in the zones. (c) Actual transpiration (Ta) and potential
transpiration (Tp) measured at a regular time interval. (d) Daily relative
transpiration

fully or partially compensated by enhanced water
uptake from the wetter zone (Fig. 4b).
The comparable actual and potential transpiration
rates estimated from the control lysimeter further confirmed the existence of CRWU (Fig. 4c, days 4–6, 8–9,
and 12–14). On day 8 (phase II), when only the lower
compartment was irrigated while the upper compartment was near the wilting point, a reduction in root
water uptake from the upper compartment was fully
compensated by increased water uptake from the lower
compartment. Likewise, during the water table boundary treatment (phase III), when the roots in the lower
compartment received ample water, a reduction in root
water uptake from the upper compartment was almost
fully compensated by an increased uptake from the
lower compartment supplied with water by a capillary
rise, and thereby the transpiration demand was fulfilled
(Fig. 4d). Moreover, during the water table treatment,
around 24% of fine roots in the lower compartment
that had access to the capillary water mostly contributed
towards the transpiration demand. In comparison, water
uptake from the remaining 76% of fine roots was negligible. Thus, a fraction of the root biomass present in

the moist layer meets the plants’ transpiration demand
through the CRWU.
Root mediated HR under heterogeneous soil moisture
conditions
Vertical split-root lysimeter
Previous studies (Ryel et al. 2002; Mendel et al. 2002;
Amenu and Kumar 2008; Couvreur et al. 2014) revealed
that the high water potential gradient in the root zone
along with the reduced transpiration demand can result
in the redistribution of soil moisture through root-shoot
biomass. Phase II and III of the vertical split-root lysimeter experiment were performed with an objective to
create a high water potential gradient between the two
compartments. In the split-root lysimeter experiments,
HR can be analyzed by observing an increase in the soil
water content in the dry compartment during low transpiration periods. A high water potential gradient between the hydraulically isolated compartments was generated during phase II (Fig. 2a II, Fig. 3a II). A reciprocal water potential gradient was also generated in phase
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III between the compartments to make sure that both
compartments possess active roots despite being temporarily subject to water-stress (Fig. 2a III, Fig. 3a III).
Since the maize plant was in yield-forming stage and
retained comparable root biomass in both compartments
(Fig. S1D), redistribution of water between the wet to
dry compartments was expected. Although the night
hours in early days of phase II and III supported favorable conditions for HR, no considerable increase in the
soil water content was observed in the dry compartments (Fig. 3a II zone L1 and L2, Fig. 3a III zone R1
and R2), indicating the absence of HR.
To assess any possible existence of passive HR
between the compartments in the absence of transpiration, the shoot biomass was removed, the right
compartment was irrigated, and the soil moisture
distribution was monitored over a period of 24 h
(phase V) (Fig. 2aA V, Fig. S1B). It was hypothesized that HR through the roots should occur under a
high water potential gradient as long as roots are
intact and hydrated even in the absence of shoot
biomass (Leffler et al. 2005). The existence of a
strong soil moisture gradient between the two compartments interconnected via the shared root system
and the absence of any measurable change in water
content in the two compartments suggested the lack
of measurable passive redistribution of soil moisture
by roots (Fig. 3a V). A high water potential gradient
created after the removal of the plant shoot biomass
did not result in a redistribution of soil water to the
dry zone, even in the absence of transpiration.

Night-time transpiration and xylem refilling
under different soil moisture conditions
Vertical split-root lysimeter
Under optimal soil moisture conditions, the nighttime transpiration was up to 12% of the total transpiration. This suggests its significant contribution
towards the daily transpiration flux(Fig. 5a). In contrast, a reduction in the night-time transpiration on
days 4, 8, and 13–14, compared with the control
suggests that night-time transpiration can also be
affected by soil water stress. When the daily transpiration rate dropped below 70% of the potential
transpiration demand, the observed night-time transpiration was negligible (on days 5, 9, 15, and 16).
Moreover, during days 4, 8, 14, and 15, a high water
uptake rate by plant roots was observed during night
(e.g., Fig. 3a: zones R2 and L2, days 14–15, dotted
lines, Fig. S3B), while night-time transpiration was
nearly zero (Fig. 3c). Although the plant showed
temporary wilting during these days, the recovery
during night hours suggested the existence of xylem
refilling.

Horizontal split-root lysimeter
During the early days of phase II and III of the horizontal split-root lysimeter experiment, a strong water potential gradient and hydraulic isolation existed between the
upper and lower compartments (Fig. 4a). In the groundwater table treatment, during the transition from phase II
to III, soil water content in the sensor regions S3 and S4
were increased to the optimal soil moisture range, while
the upper compartment remained unaffected. The night
hours of phase III (days 12, 13, and 14) were found to be
favorable for HR. However, a visible increase in the soil
water content was not observed in the dry compartment
(Fig. 4a III). Phase III was further extended for three
more days and two nights, but no measurable HR was
observed by the sensors.

Fig. 5 Actual t(Ta) and potential (Tp) transpiration fluxes measured
during day and night from the (a) vertical split-root lysimeter and (b)
horizontal split-root lysimeter
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Horizontal split-root lysimeter
Similarly, in the horizontal split-root lysimeter, when
the soil water content was not limiting on days 1, 2, 3,
and 8, the night-time transpiration rate was comparable
to the control experiment (Fig. 4c, Fig. 5b). During these
days, night-time transpiration accounted for 8–12% of
the total daily transpiration loss. On days 6 and 7, when
the day-time transpiration reduced, the night-time transpiration flux was insignificant compared to the control.
Since the control and horizontal split-root lysimeter
experiments were carried out under the same environmental conditions, the soil moisture availability was the
single most important factor that controlled night-time
transpiration. Under water stress, the transpiration flux
overrides the water absorption rate during day time.
While the night-time transpiration flux was negligible,
the overall root water uptake during this period was
higher than the normal rate, as shown by the dotted
portion of the S3 and S4 lines on days 5, 6, and 11 in
Fig. 4a and Fig. S4B. Also, the plant showed signs of
temporary wilting in the evening of these days along
with overnight recovery apparently through xylem
refilling.

Discussion
In the current study, the quantitative and qualitative
implications of the CRWU and HR mechanisms were
investigated by alleviating the transpiration due to soil
moisture heterogeneity. Fully grown maize plants of
yield formation stage were used in all experiments due
to their extensive root system that helped in the effective
compartmentalization of roots. This further ensured
minimal impact of biomass change on transpiration
measurements (Koca and Erekul 2016). Also, a comparable soil water content recorded by all four sensors after
irrigation indicated that the soil was homogenously
packed.
Compensated root water uptake
In agreement with the previous studies (e.g., Šimůnek
and Hopmans 2009; Yadav et al. 2009; Faria et al.
2010), the split-root experiments suggested that CRWU
plays a critical role in the survival of plants under
heterogeneous soil moisture conditions. In this study,
when one half of the root system in the vertical split-root

lysimeter was under severe water-stressed condition,
almost 100% compensation was observed due to an
increase in water uptake from the other half of the
lysimeter. Similarly, in the horizontal split-root lysimeter, the water absorption capacity of the roots in the
lower compartment, increased upto four times. Our
results suggest that compensation occurs when a fraction of the root biomass present in the wet zone becomes
extremely effective in absorbing water from the moist
soil compared to the roots present in the dry soil. Due to
this compensatory root water uptake, total water extraction was not substantially reduced, which is in agreement with previous reports (e.g., Cabelguenne and
Debaeke 1998; Dara et al. 2015). However, when the
average soil water content in the lysimeter dropped
below a certain threshold, the roots were unable to
fully compensate. Therefore, the transpiration
rate was not maintained at its optimal level. In agreement with our findings, Tan and Buttery (1982) reported
that root water uptake from the half root zone of peach
seedlings was sufficient for meeting the transpiration
demand while the other part of the root zone was dry.
Similar findings were made in plants like potato
(Stalham and Allen 2004; Liu et al. 2008), kiwifruit
vines (Green and Clothier 1995), sorghum (Faria et al.
2010), tomato (Mingo et al. 2004), and bell pepper (Yao
et al. 2001).
The groundwater table treatment in the horizontal
split-root and column lysimeter experiments
(Supporting Information S1) confirmed that even a
small portion of roots that can grow into the deep moist
soil layer might be of considerable advantage to plants
through CRWU (Šimůnek and Hopmans 2009; Jarvis
2011). Furthermore, when compensation occurs, the
relative root distribution and water uptake profiles become dissimilar. Consequently, the root distribution
becomes a poor indicator of the root water uptake
distribution (Šimůnek and Hopmans 2009; Javaux
et al. 2013). When the soil water content is above 15%
in all regions, the root water uptake was relatively
proportional to the root density distribution. When the
soil water content in the high root density region
dropped below 15%, the water uptake from this region
decreased, and root water uptake shifted to next highest
root density region.
During phase II and III in the vertical split-root
lysimeter, when irrigation was switched from one compartment to another, the plant shifted their source of
water uptake from the dry zone to the wet zone and
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initiated CRWU without much delay. This also shows
that even when roots’ permeability was reduced due to
soil drying (North and Nobel 1991), it rapidly recovered
upon rewetting (Kang and Zhang, 2004; Liu et al. 2008).
This suggests that the alternate partial root-zone drying
method can be practiced effectively in maize. Furthermore, the same experimental strategy can be used for
studying compensatory nutrient uptake for effective
fertigation.
Root mediated hydraulic redistribution
Although there are several studies on HR, its implication
on the root water uptake is still unclear in maize and
other crops (Wan et al. 2000; Zegada-Lizarazu and
Iijima 2004). Thus, we investigated the existence of
HR in maize under our experimental conditions. No
measurable HR was observed in any of our experiments,
even under a strong water potential gradient. Previous
studies have considered HR as a passive process that
occurs due to the difference in the soil water potential
between root zones (Mendel et al. 2002; Amenu and
Kumar 2008). Being a passive phenomenon, it was
reasonable to expect HR between the hydraulically isolated compartments, yet connected through the rootshoot junction. Previous studies by Faria et al. (2010)
and Meunier et al. (2018) observed the root mediated
water redistribution from a high soil water content zone
(25%–35%) to medium dry zone (10%). In our experiments, there were multiple events in both vertical and
horizontal split-root lysimeter experiments where a part
of the root system was exposed to medium dry conditions. However, no measurable HR was observed in
both cases.
Various studies have shown that night-time transpiration can be significant (e.g., Caird et al., 2007b;
Gleason et al. 2017; Claverie et al. 2018). In agreement
with this, it was observed that night-time transpiration
accounted for 8–12% of total daily transpiration under
optimal soil water supply. Water loss measured during
the night from all lysimeters was comparable to their
corresponding controls. When the maize plant was subjected to limited water availability, the night-time transpiration was reduced significantly, which is in agreement with Ludwig et al. (2006) and Howard and Donovan (2007).
An unexpected soil moisture depletion was noticed during night hours while the plant was
experiencing water stress, which is in contrary to

the observed night-time transpiration. During this
period, the actual transpiration was below its potential rate, and plant showed signs of temporary
wilting during day time and recovered during night.
The xylem refilling process seemed to be triggered
during night hours. As a result, water uptake was
higher than the transpiration rate, as also reported by
Gleason et al. (2017). The night-time transpiration
and xylem refilling processes might thus override
the HR on a diurnal basis in our experiment. Various other studies have found a substantial decrease
in the magnitude of hydraulically redistributed water
when the night-time transpiration increased due to
the vapor pressure deficit (Howard et al. 2009;
Prieto et al. 2012). Likewise, the xylem refilling or
rehydration of plant tissues during the night time
may also reduce HR significantly (Prieto et al.
2012; Neumann et al. 2014; Yu et al. 2018).
There is some consensus that when the soil water
content in the root zone reaches near the wilting point,
the change in rhizosphere properties such as root and
soil shrinking (North and Nobel 1991; Hu et al. 2011;
Zarebanadkouki and Carminati 2014), mucilage
shrinking and biodegradation (Zarebanadkouki and
Carminati 2014) may occur. These physico-chemical
changes may lead to the formation of air-filled gaps
between the soil and the roots (Sharp and Davies, 1985;
Carminati, et al. 2013) or even to water repellence by
roots due to drying of mucilage around the roots
(Moradi et al. 2012). This may lead to substantial
localized hydraulic resistance in the soil at the root
vicinity that may lead to inadequate contact between
the soil and root surfaces. Thus, the hydraulic conductance at the soil-root interface could decrease, or even
result in rupture of the hydraulic continuum, which
may limit the HR in extremely dry soil (Carminati and
Vetterlein 2013; Couvreur et al. 2020). Also, the low
soil hydraulic conductivity may reduce the diffusion of
exuded water from the roots, which may limit the
measurement of HR with soil moisture sensors. Thus,
a strong water potential gradient may not necessarily
favor the occurrence of HR (Carminati and Vetterlein
2013; Couvreur et al. 2020). Another reason for not
observing the HR is the prompt triggering of the
CRWU on the next day before moisture can diffuse
from the root-soil interface into the soil due to the low
soil hydraulic conductivity. Moreover, the root development stage at which HR was determined would also
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affect the HR magnitude (Zegada-Lizarazu and Iijima,
2004; Shen et al. 2011).
Although evidence indicates that HR is a common
phenomenon in crops, its magnitude may vary among
the plants under different experiment conditions. For
instance, in a split-root study, Wan et al. (2000)
observed HR in the drought-tolerant strains of maize
but not in the drought-susceptible one. Also, HR was
not observed in maize using isotope analysis in a
split-root study by Zegada-Lizarazu and Iijima
(2004). Likewise, Corak et al. (1987) detected HR
in alfalfa plants, whereas Dirksen and Raats (1985)
could not observe. Similarly, HR was detected in
pearl millet (Vetterlein and Marschner 1993), pigeon
pea (Sekiya and Yano 2004), and oat (McCully
1995). However, Zegada-Lizarazu and Iijima (2004)
could not detect HR in any of these species using the
stable hydrogen isotope in a split-root setup. Further,
Shen et al. (2011) found that the contribution of HR
water towards transpiration in wheat was negligible,
while Valizadeh et al. (2003) found that HR helped in
the acquisition of nutrient from dry soil patch in
wheat. In a split-root experimental study with isotopes to investigate the existence of HR in sixteen
agricultural crops by Zegada-Lizarazu and Iijima
(2004), nine species did not show the evidence for
HR. Although there is limited evidence for HR in
agriculture crops (e.g., Zegada-Lizarazu and Iijima
2004; Sekiya and Yano 2004), its magnitude is often
very low, which raises a question about the relevance
of HR in supporting the root water uptake demand
under field conditions, particularly on a diurnal scale.
For example, Cai et al. (2018) reported that hydraulically redistributed water in wheat was too low to be
detected by soil moisture sensors. The contradictory
observations in terms of HR suggest the need to use
multiple techniques for the precise estimation of HR
in crops under field conditions (Rothfuss and Javaux
2016). The current method, which is based on soil
water content variations, is effective in providing the
quantitative analysis of hydraulically redistributed
water. However, the measurement of soil water content is often limited to the vicinity of the sensor. In
our experiments, despite using multiple methods under varying soil moisture conditions, no measurable
HR was observed at the point of measurement. Further investigations are needed to verify if the HR can
be significant during a period of long-term reduced
transpiration conditions.

Conclusions
The contribution of CRWU and HR towards transpiration
in plants under limiting soil moisture conditions remain
elusive. We used multiple methods in parallel to verify the
presence of CRWU and HR under varying soil moisture
conditions. Our results suggest that the majority of the
transpiration demand is aided by CRWU and not by HR.
Though the possible existence of HR under given experimental conditions cannot be excluded, HR is unlikely to
have a direct hydrological impact. Therefore, our research
suggests that the role of HR in meeting the transpiration
demand can be neglected when modeling the transpiration
in maize. The current research also suggests the use of
maize plant as a model system for studying alternate partial
root-zone drying.
Acknowledgments AT is supported by SRF from Ministry of
Human Resource Development (MHRD), Govt. of India. AT is
also thankful to United States-India Educational Foundation
(USIEF), India, for Fulbright-Nehru Doctoral Fellowship
(FNDR). We are grateful to the reviewers for constructive criticisms and valuable comments, which were of great help in revising
the manuscript. We sincerely thank Jees Sebastian for editing and
proofreading the manuscript.
Author’s contributions AT and BKY designed the experiments. AT performed the experiments. BKY, AT, and JS analyzed
the data. AT, BKY, and JS wrote the manuscript.

References
Albasha R, Mailhol JC, Cheviron B (2015) Compensatory uptake
functions in empirical macroscopic root water uptake
models–experimental and numerical analysis. Agric Water
Manag 155:22–39. https://doi.org/10.1016/j.
agwat.2015.03.010
Amenu G, Kumar P (2008) A model for hydraulic redistribution
incorporating coupled soil-root moisture transport. Hydrol
Earth Syst Sci 12:55–74. https://doi.org/10.5194/hess-1255-2008
Armas C, Kim JH, Bleby TM, Jackson RB (2012) The effect of
hydraulic lift on organic matter decomposition, soil nitrogen
cycling, and nitrogen acquisition by a grass species.
Oecologia 168:11–22. https://doi.org/10.1007/s00442-0112065-2
Bauerle T, Richards J, Smart D, Eissenstat D (2008) Importance of
internal hydraulic redistribution for prolonging the lifespan of
roots in dry soil. Plant Cell Environ 31:177–186. https://doi.
org/10.1111/j.1365-3040.2007.01749.x
Black MZ, Patterson KJ, Minchin PE, Gould KS, Clearwater MJ
(2011) Hydraulic responses of whole vines and individual
roots of kiwifruit (Actinidia chinensis) following root

Plant Soil
severance. Tree Physiol 31:508–518. https://doi.org/10.1093
/treephys/tpr045
Brodersen CR, McElrone AJ, Choat B, Matthews MA, Shackel
KA (2010) The dynamics of embolism repair in xylem:
in vivo visualizations using high-resolution computed tomography. Plant Physiol 154:1088–1095. https://doi.
org/10.1104/pp.110.162396
Brouder S, Cassman K (1994) Cotton root and shoot response to
localized supply of nitrate, phosphate and potassium: Splitpot studies with nutrient solution and vermiculitic soil. Plant
Soil 161:179–193. https://doi.org/10.1007/BF00046389
Burgess S, Bleby T (2006) Redistribution of soil water by lateral
roots mediated by stem tissues. J Exp Bot 57:3283–3291.
https://doi.org/10.1093/jxb/erl085
Cabelguenne M, Debaeke P (1998) Experimental determination
and modelling of the soil water extraction capacities of crops
of maize, sunflower, soya bean, sorghum and wheat. Plant
Soil 202:175–192. https://doi.org/10.1023
/A:1004376728978
Cai G, Vanderborght J, Couvreur V, Mboh CM, Vereecken H
(2018) Parameterization of root water uptake models considering dynamic root distributions and water uptake compensation. Vadose Zone J 17:170125. https://doi.org/10.2136
/vzj2016.05.0043
Caird MA, Richards JH, Donovan LA (2007a) Nighttime stomatal
conductance and transpiration in C3 and C4 plants. Plant
Physiol 143:4–10. https://doi.org/10.1104/pp.106.092940
Caird MA, Richards JH, Hsiao TC (2007b) Significant transpirational water loss occurs throughout the night in field-grown
tomato. Funct Plant Biol 34:172–177. https://doi.
org/10.1071/FP06264
Caldwell MM, Dawson TE, Richards JH (1998) Hydraulic lift:
consequences of water efflux from the roots of plants.
Oecologia 113:151–161. https://doi.org/10.1007
/s004420050363
Carminati A, Vetterlein D (2013) Plasticity of rhizosphere hydraulic properties as a key for efficient utilization of scarce
resources. Ann Bot 112:277–290. https://doi.org/10.1093
/aob/mcs262
Carminati A, Vetterlein D, Koebernick N, Blaser S, Weller U,
Vogel HJ (2013) Do roots mind the gap? Plant Soil 367:651–
661. https://doi.org/10.1007/s11104-012-1496-9
Chai Q, Gan Y, Zhao C, Xu H-L, Waskom RM, Niu Y, Siddique
KH (2016) Regulated deficit irrigation for crop production
under drought stress. A review Agron Sustain Dev 36:3.
https://doi.org/10.1007/s13593-015-0338-6
Clausnitzer V, Hopmans J (1994) Simultaneous modeling of
transient three-dimensional root growth and soil water flow.
Plant Soil 164:299–314. https://doi.org/10.1007
/BF00010082
Claverie E, Meunier F, Javaux M, Sadok W (2018) Increased
contribution of wheat nocturnal transpiration to daily water
use under drought. Physiol Plant 162:290–300. https://doi.
org/10.1111/ppl.12623
Corak SJ, Blevins DG, Pallardy SG (1987) Water transfer in an
alfalfa/maize association: survival of maize during drought.
Plant Physiol 84:582–586. https://doi.org/10.1104
/pp.84.3.582
Couvreur V, Rothfuss Y, Meunier F, Bariac T, Biron P, Durand
JL, Richard P, Javaux M (2020) Disentangling temporal and
population variability in plant root water uptake from stable

isotopic analysis: when rooting depth matters in labeling
studies. Hydrol Earth Syst Sci 24:3057–3075. https://doi.
org/10.5194/hess-24-3057-2020
Couvreur V, Vanderborght J, Draye X, Javaux M (2014) Dynamic
aspects of soil water availability for isohydric plants: focus on
root hydraulic resistances. Water Resour Res 50:8891–8906.
https://doi.org/10.1002/2014WR015608
Couvreur V, Vanderborght J, Javaux M (2012) A simple threedimensional macroscopic root water uptake model based on
the hydraulic architecture approach. Hydrology & Earth
System Sciences 16:2957–2971. https://doi.org/10.5194
/hess-16-2957-2012
Dara A, Moradi BA, Vontobel P, Oswald SE (2015) Mapping
compensating root water uptake in heterogeneous soil conditions via neutron radiography. Plant Soil 397:273–287.
https://doi.org/10.1007/s11104-015-2613-3
Dirksen C, Raats P (1985) Water uptake and release by alfalfa
roots 1. Agron J 77:621–626. https://doi.org/10.2134
/agronj1985.00021962007700040025x
Domec JC, Scholz FG, Meinzer FC, Goldstein G, Villalobos-Vega
R (2006) Diurnal and seasonal variation in root xylem embolism in neotropical savanna woody species: impact on
stomatal control of plant water status. Plant Cell Environ
29:26–35. https://doi.org/10.1111/j.1365-3040.2005.01397.
x
Doussan C, Pierret A, Garrigues E, Pagès L (2006) Water uptake
by plant roots: II–modelling of water transfer in the soil rootsystem with explicit account of flow within the root system–
comparison with experiments. Plant Soil 283:99–117.
https://doi.org/10.1007/s11104-004-7904-z
Drew M (1975) Comparison of the effects of a localised supply of
phosphate, nitrate, ammonium and potassium on the growth
of the seminal root system, and the shoot, in barley. New
Phytol 75:479–490. https://doi.org/10.1111/j.14698137.1975.tb01409.x
Faria LN, Da Rocha MG, Van Lier QDJ, Casaroli D (2010) A
split-pot experiment with sorghum to test a root water uptake
partitioning model. Plant Soil 331:299–311. https://doi.
org/10.1007/s11104-009-0254-0
Fernández FG, Brouder SM, Volenec JJ, Beyrouty CA, Hoyum R
(2011) Soybean shoot and root response to localized water
and potassium in a split-pot study. Plant Soil 344:197–212.
https://doi.org/10.1007/s11104-011-0740-z
Gleason SM, Wiggans DR, Bliss CA, Young JS, Cooper M, Willi
KR, Comas LH (2017) Embolized stems recover overnight in
Zea mays: the role of soil water, root pressure, and nighttime
transpiration. Front Plant Sci 8:662. https://doi.org/10.3389
/fpls.2017.00662
Green S, Clothier B (1995) Root water uptake by kiwifruit vines
following partial wetting of the root zone. Plant Soil 173:
317–328. https://doi.org/10.1007/BF00011470
Guswa AJ (2012) Canopy vs roots: Production and destruction of
variability in soil moisture and hydrologic fluxes. Vadose
Zone J 11(3). https://doi.org/10.2136/vzj2011.0159
Howard AR, Donovan LA (2007) Helianthus night-time conductance and transpiration respond to soil water but not nutrient
availability. Plant Physiol 143:145–155. https://doi.
org/10.1104/pp.106.089383
Howard AR, Van Iersel MW, Richards JH, Donovan LA (2009)
Night-time transpiration can decrease hydraulic

Plant Soil
redistribution. Plant Cell Environ 32:1060–1070. https://doi.
org/10.1111/j.1365-3040.2009.01988.x
Hu T, Kang S, Li F, Zhang J (2011) Effects of partial root-zone
irrigation on hydraulic conductivity in the soil–root system of
maize plants. J Exp Bot 62:4163–4172. https://doi.
org/10.1093/jxb/err110
Hultine K, Williams D, Burgess S, Keefer T (2003) Contrasting
patterns of hydraulic redistribution in three desert phreatophytes. Oecologia 135:167–175. https://doi.org/10.1007
/s00442-002-1165-4
Hultine KR, Scott R, Cable W, Goodrich D, Williams D (2004)
Hydraulic redistribution by a dominant, warm-desert phreatophyte: seasonal patterns and response to precipitation
pulses. Funct Ecol 18:530–538. https://doi.org/10.1111
/j.0269-8463.2004.00867.x
Jarvis N (2011) Simple physics-based models of compensatory
plant water uptake: concepts and eco-hydrological consequences. Hydrol Earth Syst Sci 15:3431–3446. https://doi.
org/10.5194/hess-15-3431-2011
Javaux M, Couvreur V, Vanderborght J, Vereecken H (2013) Root
water uptake: from three-dimensional biophysical processes
to macroscopic modeling approaches. Vadose Zone J 12(4).
https://doi.org/10.2136/vzj2013.02.0042
Johnson DM, Meinzer FC, Woodruff DR, Mcculloh KA (2009)
Leaf xylem embolism, detected acoustically and by cryoSEM, corresponds to decreases in leaf hydraulic conductance
in four evergreen species. Plant cell environ 32:828-836
10.1111/j.1365-3040.2009.01961.x
Kang S, Hu X, Goodwin I, Jerie P (2002) soil water distribution,
water use, and yield response to partial root zone drying
under a shallow groundwater table condition in a pear orchard. Sci Hortic 92:277–291. https://doi.org/10.1016
/S0304-4238(01)00300-4
Kang S, Hu X, Jerie P, Zhang J (2003) The effects of partial
rootzone drying on root, trunk sap flow and water balance
in an irrigated pear (Pyrus communis L.) orchard. J Hydrol
280:192–206. https://doi.org/10.1016/S0022-1694(03
)00226-9
Kang S, Zhang J (2004) Controlled alternate partial root-zone
irrigation: its physiological consequences and impact on
water use efficiency. J Exp Bot 55:2437–2446. https://doi.
org/10.1093/jxb/erh249
Karimov AK, Šimůnek J, Hanjra MA, Avliyakulov M, Forkutsa I
(2014) Effects of the shallow water table on water use of
winter wheat and ecosystem health: implications for
unlocking the potential of groundwater in the Fergana
Valley (Central Asia). Agric Water Manag 131:57–69.
https://doi.org/10.1016/j.agwat.2013.09.010
Knipfer T, Cuneo IF, Earles JM, Reyes C, Brodersen CR,
McElrone AJ (2017) Storage compartments for capillary
water rarely refill in an intact Woody Plant. Plant Physiol
175:1649–1660. https://doi.org/10.1104/pp.17.01133
Koca YO, Erekul O (2016) Changes of dry matter, biomass and
relative growth rate with different phenological stages of
corn. Agric Agric Sci Procedia 10:67–75. https://doi.
org/10.1016/j.aaspro.2016.09.015
Koebernick N, Huber K, Kerkhofs E, Vanderborght J, Javaux M,
Vereecken H, Vetterlein D (2015) Unraveling the hydrodynamics of split root water uptake experiments using CT
scanned root architectures and three dimensional flow

simulations. Front Plant Sci 6:370. https://doi.org/10.3389
/Fpls.2015.00370
Kuhlmann A, Neuweiler I, Van der Zee S, Helmig R (2012)
Influence of soil structure and root water uptake strategy on
unsaturated flow in heterogeneous media. Water Resour Res
48:W02534. https://doi.org/10.1029/2011WR010651
Leffler AJ, Peek MS, Ryel RJ, Ivans CY, Caldwell MM (2005)
Hydraulic redistribution through the root systems of senesced
plants. Ecology 86:633–642. https://doi.org/10.1890/040854
Leib BG, Caspari HW, Redulla CA, Andrews PK, Jabro JJ (2006)
Partial rootzone drying and deficit irrigation of ‘Fuji’apples
in a semi-arid climate. Irrig Sci 24:85–99. https://doi.
org/10.1007/s00271-005-0013-9
Liu F, Song R, Zhang X, Shahnazari A, Andersen MN, Plauborg
F, Jacobsen S-E, Jensen CR (2008) Measurement and modelling of ABA signalling in potato (Solanum tuberosum L.)
during partial root-zone drying. Environ Exp Bot 63:385–
391. https://doi.org/10.1016/j.envexpbot.2007.11.015
Lovisolo C, Perrone I, Hartung W, Schubert A (2008) An abscisic
acid-related reduced transpiration promotes gradual embolism repair when grapevines are rehydrated after drought.
New Phytol 180(3):642–651. https://doi.org/10.1111
/j.1469-8137.2008.02592.x
Ludwig F, Jewitt RA, Donovan LA (2006) Nutrient and water
addition effects on day-and night-time conductance and transpiration in a C3 desert annual. Oecologia 148:219–225.
https://doi.org/10.1007/s00442-006-0367-6
McCully ME (1995) Water efflux from the surface of field-grown
grass roots. Observations by cryo-scanning electron microscopy. Physiol Plant 95:217–224. https://doi.org/10.1111
/j.1399-3054.1995.tb00830.x
McCully ME (1999) Root xylem embolisms and refilling.
Relation to water potentials of soil, roots, and leaves, and
osmotic potentials of root xylem sap. Plant Physiol 119:
1001–1008
McCully ME, Huang CX, Ling LEC (1998) Daily embolism and
refilling of xylem vessels in the roots of field-grown maize.
New Phytol 138:327–342. https://doi.org/10.1046/j.14698137.1998.00101.x
Meinzer F, Brooks J, Bucci S, Goldstein G, Scholz F, Warren J
(2004) Converging patterns of uptake and hydraulic redistribution of soil water in contrasting woody vegetation types.
Tree Physiol 24:919–928. https://doi.org/10.1093
/treephys/24.8.919
Mendel M, Hergarten S, Neugebauer H (2002) On a better understanding of hydraulic lift: a numerical study. Water Resour
Res 38:1183–1193. https://doi.org/10.1029/2001WR000911
Meunier F, Rothfuss Y, Bariac T, Biron P, Richard P, Durand J-L,
Couvreur V, Vanderborght J, Javaux M (2018) Measuring
and modeling hydraulic lift of Lolium multiflorum using
stable water isotopes. Vadose Zone J 17:160134.
https://doi.org/10.2136/vzj2016.12.0134
Mingo DM, Theobald JC, Bacon MA, Davies WJ, Dodd IC
(2004) Biomass allocation in tomato (Lycopersicon
esculentum) plants grown under partial rootzone drying:
enhancement of root growth. Funct Plant Biol 31:971–978.
https://doi.org/10.1071/FP04020
Moradi AB, Carminati A, Lamparter A, Woche SK, Bachmann J,
Vetterlein D, Vogel H-J, Oswald SE (2012) Is the

Plant Soil
rhizosphere temporarily water repellent? Vadose Zone J
11(3). https://doi.org/10.2136/vzj2011.0120
Moradi AB, Carminati A, Vetterlein D, Vontobel P, Lehmann E,
Weller U, Hopmans JW, Vogel HJ, Oswald SE (2011)
Three-dimensional visualization and quantification of water
content in the rhizosphere. New Phytol 192:653–663.
https://doi.org/10.1111/J.1469-8137.2011.03826.X
Musters P, Bouten W (2000) A method for identifying optimum
strategies of measuring soil water contents for calibrating a
root water uptake model. J Hydrol 227:273–286. https://doi.
org/10.1016/S0022-1694(99)00187-0
Neumann RB, Cardon ZG (2012) The magnitude of hydraulic
redistribution by plant roots: a review and synthesis of empirical and modeling studies. New Phytol 194:337–352.
https://doi.org/10.1111/j.1469-8137.2012.04088.x
Neumann RB, Cardon ZG, Teshera-Levye J, Rockwell FE,
Zwieniecki MA, Holbrook NM (2014) Modelled hydraulic
redistribution by sunflower (H elianthus annuus L.) matches
observed data only after including night-time transpiration.
Plant Cell Environ 37:899–910. https://doi.org/10.1111
/pce.12206
North GB, Nobel PS (1991) Changes in hydraulic conductivity
and anatomy caused by drying and rewetting roots of Agave
deserti (Agavaceae). Am J Bo 78:906–915. https://doi.
org/10.1002/j.1537-2197.1991.tb14494.x
Oliveira RS, Dawson TE, Burgess SS, Nepstad DC (2005)
Hydraulic redistribution in three Amazonian trees.
Oecologia 145:354–363. https://doi.org/10.1007/s00442005-0108-2
Poni S, Tagliavini M, Neri D, Scudellari D, Toselli M (1992)
Influence of root pruning and water stress on growth and
physiological factors of potted apple, grape, peach and pear
trees. Sci Hortic 52:223–236. https://doi.org/10.1016/03044238(92)90023-6
Prieto I, Armas C, Pugnaire FI (2012) Water release through plant
roots: new insights into its consequences at the plant and
ecosystem level. New Phytol 193:830–841. https://doi.
org/10.1111/j.1469-8137.2011.04039.x
Prieto I, Kikvidze Z, Pugnaire FI (2010a) Hydraulic lift: soil
processes and transpiration in the Mediterranean leguminous
shrub Retama sphaerocarpa (L.) Boiss. Plant Soil 329:447–
456. https://doi.org/10.1007/s11104-009-0170-3
Prieto I, Martínez-Tillería K, Martínez-Manchego L, Montecinos
S, Pugnaire FI, Squeo FA (2010b) Hydraulic lift through
transpiration suppression in shrubs from two arid ecosystems: patterns and control mechanisms. Oecologia 163:
855–865. https://doi.org/10.1007/s00442-010-1615-3
Ray JD, Sinclair TR (1997) Stomatal closure of maize hybrids in
response to drying soil. Crop Sci 37:803–807. https://doi.
org/10.2135/cropsci1997.0011183X003700030018x
Richards JH, Caldwell MM (1987) Hydraulic lift: substantial
nocturnal water transport between soil layers by Artemisia
tridentata roots. Oecologia 73:486–489. https://doi.
org/10.1007/BF00379405
Rothfuss Y, Javaux M (2016) Isotopic approaches to quantifying
root water uptake and redistribution: a review and comparison of methods. Biogeosci Discuss 14:2199–2224.
https://doi.org/10.5194/bg-14-2199-2017
Ryel R, Caldwell M, Yoder C, Or D, Leffler A (2002) Hydraulic
redistribution in a stand of Artemisia tridentata: evaluation of
benefits to transpiration assessed with a simulation model.

Oecologia 130:173–184. https://doi.org/10.1007
/s004420100794
Sardans J, Peñuelas J (2014) Hydraulic redistribution by plants
and nutrient stoichiometry: shifts under global change.
Ecohydrology 7:1–20. https://doi.org/10.1002/eco.1459
Sekiya N, Yano K (2004) Do pigeon pea and sesbania supply
groundwater to intercropped maize through hydraulic lift?—
hydrogen stable isotope investigation of xylem waters. Field
Crop Res 86:167–173. https://doi.org/10.1016/j.
fcr.2003.08.007
Sharp R, Davies W (1985) Root growth and water uptake by
maize plants in drying soil. J Exp Bot 36:1441–1456.
https://doi.org/10.1093/jxb/36.9.1441
Shen Y, Zhang Y, Li S (2011) Nutrient effects on diurnal variation
and magnitude of hydraulic lift in winter wheat. Agric Water
Manag 98:1589–1594. https://doi.org/10.1016/j.
agwat.2011.05.012
Šimůnek J, Hopmans JW (2009) Modeling compensated root
water and nutrient uptake. Ecol Model 220:505–521.
https://doi.org/10.1016/j.ecolmodel.2008.11.004
Soylu ME, Loheide SP, Kucharik CJ (2017) Effects of root distribution and root water compensation on simulated water use
in maize influenced by shallow groundwater. Vadose Zone J
16(10). https://doi.org/10.2136/vzj2017.06.0118
Stalham M, Allen E (2004) Water uptake in the potato (Solanum
tuberosum) crop. J Agr Sci 142:373–393. https://doi.
org/10.1017/S0021859604004551
Tan CS, Buttery BR (1982) The effects of soil moisture stress to
various fractions of the root system on transpiration, photosynthesis, and internal water relations of peach seedlings. J
am Soc Hort Sci 107:845–849. https://doi.org/10.13031
/2013.12973
Teuling AJ, Uijlenhoet R, Hupet F, Troch PA (2006) Impact of
plant water uptake strategy on soil moisture and evapotranspiration dynamics during drydown. Geophys Res Lett 33.
https://doi.org/10.1029/2005GL025019
Thapa G, Dey M, Sahoo L, Panda SK (2011) An insight into the
drought stress induced alterations in plants. Biol Plantarum
55:603–613. https://doi.org/10.1007/s10535-011-0158-8
Tolk JA, Howell TA, Evett SR (2006) Nighttime evapotranspiration from alfalfa and cotton in a semiarid climate. Agron J 98:
730–736. https://doi.org/10.2134/agronj2005.0276
Valizadeh G, Rengel Z, Rate A (2003) Response of wheat genotypes efficient in P utilisation and genotypes responsive to P
fertilisation to different P banding depths and watering regimes. Aust J Agric Res 54:59–65. https://doi.org/10.1071
/AR02040
Vamerali T, Saccomani M, Bona S, Mosca G, Guarise M, Ganis A
(2003) A comparison of root characteristics in relation to
nutrient and water stress in two maize hybrids. Plant Soil
255:157–167. https://doi.org/10.1023/A:1026123129575
Vetterlein D, Marschner H (1993) Use of a microtensiometer
technique to study hydraulic lift in a sandy soil planted with
pearl millet (Pennisetum americanum [L.] Leeke). Plant Soil
149:275–282. https://doi.org/10.1007/BF00016618
Vysotskaya LB, Arkhipova TN, Timergalina LN, Dedov AV,
Veselov SY, Kudoyarova GR (2004) Effect of partial root
excision on transpiration, root hydraulic conductance and leaf
growth in wheat seedlings. Plant Physiol Biochem 42:251–
255. https://doi.org/10.1016/j.plaphy.2004.01.004

Plant Soil
Wan C, Xu W, Sosebee RE, Machado S, Archer T (2000)
Hydraulic lift in drought-tolerant and-susceptible maize hybrids. Plant Soil 219:117–126. https://doi.org/10.1023
/A:1004740511326
Warren JM, Brooks JR, Meinzer FC, Eberhart JL (2008)
Hydraulic redistribution of water from Pinus ponderosa trees
to seedlings: evidence for an ectomycorrhizal pathway. New
Phytol 178:382–394. https://doi.org/10.1111/j.14698137.2008.02377.x
Yadav BK, Mathur S (2008) Modeling soil water uptake by plants
using nonlinear dynamic root density distribution function. J
Irrig Drain Eng 134:430–436. https://doi.org/10.1061
/(ASCE)0733-9437(2008)134:4(430)
Yadav BK, Mathur S, Siebel MA (2009) Soil moisture dynamics
modeling considering the root compensation mechanism for
water uptake by plants. J Hydrol Eng 14:913–922.
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000066
Yao C, Moreshet S, Aloni B (2001) Water relations and hydraulic
control of stomatal behaviour in bell pepper plant in partial
soil drying. Plant Cell Environ 24:227–235. https://doi.
org/10.1111/j.1365-3040.2001.00667.x

Yu G-R, Zhuang J, Nakayama K, Jin Y (2007) Root water uptake
and profile soil water as affected by vertical root distribution.
Plant Ecol 189:15–30. https://doi.org/10.1007/s11258-0069163-y
Yu T, Feng Q, Si J, Mitchell PJ, Forster MA, Zhang X, Zhao C
(2018) Depressed hydraulic redistribution of roots more by
stem refilling than by nocturnal transpiration for Populus
euphratica Oliv. In situ measurement. Ecol Evol 8:2607–
2616. https://doi.org/10.1002/ece3.3875
Zarebanadkouki M, Carminati A (2014) Reduced root water uptake after drying and rewetting. J Plant Nutr Soil Sci 177:
227–236. https://doi.org/10.1002/jpln.201300249
Zegada-Lizarazu W, Iijima M (2004) Hydrogen stable isotope
analysis of water acquisition ability of deep roots and hydraulic lift in sixteen food crop species. Plant Prod Sci 7:427–
434. https://doi.org/10.1626/pps.7.427
Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

