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Abstract

Background and aims Water is often heterogeneously
distributed in soils. Understanding roots’ responses
to this soil-water heterogeneity is a key parameter
defining plant survival in dry climates. To determine
local root water uptake for partly dry conditions in a
plant’s root system, we prepared soil patches with
different water contents, then used neutron radiog-
raphy to monitor daily changes in root structure and
water uptake.

Methods Lupin plants were grown in 30x25x1 cm’
aluminum containers filled with sandy soil. In two
partitioning set-ups, the soil-root zone was divided into
either two or nine hydraulically-isolated soil compart-
ments. This was done by packing layers of coarse sand
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as capillary barriers, by which vertical and/or horizontal
soil water heterogeneity as well as homogeneous well-
watered treatments were applied for control. Daily
changes in soil water content in each compartment,
water uptake and root growth were monitored non-
invasively and quantified by neutron radiography dur-
ing a period of 15 consecutive days.

Results In optimal homogeneously-wet soil, lateral
roots in the top 10 cm of the root system showed the
highest water uptake rate, up to around 10 mg/(mm.
root. day), which on average was twice as much as that
for younger lateral roots in lower position and taproot.
In heterogeneous treatments, root water uptake declined
strongly in compartments with the soil water content
below 0.13-0.10 cm*/cm® while in parallel an enhanced
uptake rate, rising by up to 100 %, was observed for the
roots in wet compartments, presumably to compensate
for roots in dry compartments and, therefore, sustain the
total transpiration. Also, our observations showed that in
the drying compartment a reduction of soil water con-
tent to 0.10-0.15 triggered local cluster root formation.
Conclusions With the experimental set-up presented the
pattern of water uptake across a lupin root system can be
quantified and normalized to root length. Water uptake
was shown to be highly variable in different parts of the
root system. A threshold for water stress to cause cessa-
tion of local water uptake was identified, and the con-
siderable amount of compensation by water uptake in
other parts identified. The dynamic trade-off among
different parts of the root system seems to regulate total
root uptake also during water stress to sustain the daily
transpirational demand.
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Introduction

Spatiotemporal heterogeneity of water availability
around roots of plants is a general phenomenon, occur-
ring widely in natural environments. The heterogeneity
in soil water availability may restrict growth of roots and
plant’s water and nutrient supply (Lawlor 1973; Maurel
et al. 2010; McLean et al. 2011). There are two main
strategies that plants use in general for acquisition of
resources in patchy soils: 1) root proliferation within the
localized resources, e.g. of nutrients or water, to occupy
more of the favorable soil volume (structural response);
and 2) increasing root activity and uptake rate in the
resource-rich patches already intercepted by roots,
resulting in increased and faster utilization of the re-
sources (functional adjustment). Although many studies
have been done on plant’s responses to heterogeneous
nutrients distribution (Hodge 2010; Garcia-Palacios
et al. 2012; Mommer et al. 2012) and above-ground
responses to partial root-zone drying, there are only
limited direct observations of root behavior in response
to soil water heterogeneity. Studies on heterogeneous
salinity distribution in the root zone and studies on
partial root-zone drying have shown that plants take up
the most easily accessible water that is in good contact
with the roots, particularly from the parts of the root-
zone having higher water potential (Bazihizina et al.
2012). For most plants where a part of the root system
was in dry soil, a compensatory water uptake by the
other part of the root system in wet soil has been report-
ed, if soil conductance and water content around the wet
root portion were not limiting (McLean et al. 2011).
Root water uptake in soil is modulated and deter-
mined at a range of spatial and temporal scales: at the
scale of millimeters and centimeters, uptake rates are
determined by local soil and root hydraulic properties,
whereas at the plant scale processes are interacting
within the root system and are integrated through the
hydraulic architecture of the root system and plant tran-
spiration (Doussan et al. 2006). For the latter, plant
water uptake is proportional to the water potential gra-
dient across the atmosphere, shoot, root and soil path,
but is also controlled by the hydraulic conductance in
each component of the soil-plant continuum (North and
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Nobel 1991; North and Nobel 1995). Another important
parameter affecting water uptake is the root hydraulic
conductivity, radial and axial, both varying along the
length of the root system (Zarebanadkouki et al. 2013).
Root hydraulic conductivity can change due to root
development and also may vary in response to external
(e.g. drought or salinity) or internal factors (such as the
nutritional state and water status of the plant or the
demand for water from the shoot caused by transpiration
(Steudle 2000).

For a heterogeneous water distribution, particularly
in studies with partial root zone drying, a wide range of
plant’s responses in terms of root and stomata conduc-
tance, leaf water potential and water uptake rate have
been reported. In some plants leaf water potential and
transpiration remained constant when only a portion of
the root system had access to high potential water show-
ing enhanced root water uptake rate in the wet soil
compartments (Lawlor 1973; Liu et al. 2008). Existing
studies suggests different patterns of water uptake and
growth response exists under localized soil water avail-
ability in deep layers, e.g. for cultivated and wild lettuce
plants (Gallardo et al. 1996a). High water uptake was
observed only for the roots of cultivated lettuce in the
top layer, but for wild lettuce water uptake was spread
across the root system including deep roots (Gallardo
et al. 1996b). In other experiments, a decrease in tran-
spiration was observed with or without decline in leaf
water potential (Neales et al. 1989; Collins et al. 2010).

McLean et al. (2011), showed that draining an aquat-
ic compartment holding a third of the roots of Melaleuca
argentea, which beforehand took up about 60 % of the
plant’s water use, caused an increase in water uptake rate
in the remaining root parts in the wet sand. After
two days, root water uptake rate was on average more
than threefold greater in the sand compartment than for
the control plants. They reported that this higher uptake
rate was initially due to a threefold increase in hydraulic
root conductance (Lp) and a change in the aquaporin
expression.

Overall, for a long lasting water stress, root hydraulic
conductance may change because of physiological ad-
justment as a response to partial root-zone drying. These
changes can even vary within an individual plant root
system and within different response periods. Increased
root Lp and also fine-root growth in wet zones may be
important means by which species adapt to soil moisture
heterogeneity to compensate for partial drying events
(Gallardo et al. 1994). But, increasing water uptake from
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intact roots may be also due to an increase in water
potential gradients across the plant-soil system.
Anyway, root hydraulic conductance may even greatly
exceed requirements for sufficient shoot hydration
(Black et al. 2011).

Nevertheless, there is still a lack of studies of living
roots in soil quantitatively identifying which parts of the
root system are taking up more water than others. This is
mainly due to technical difficulties of quantifying local
water fluxes into different parts of roots or root zones. In
recent years some imaging techniques have been intro-
duced and tested for plant-soil studies, providing the
possibility of measuring specific properties of the plant-
soil-water system. Among the few available non-
destructive methods, Neutron Radiography (NR) has in-
creasingly allowed researchers to simultaneously image
living roots and quantify soil water distribution in soil in
situ (e.g., Furukawa et al. 1999; Menon et al. 2007,
Oswald et al. 2008; Tumlinson et al. 2008; Moradi et al.
2011; Zarebanadkouki et al. 2012; Moradi et al. 2013).
Roots can be distinguished in neutron radiographs from
soil, and soil water changes can be quantified with high
spatial and temporal resolution (Moradi et al. 2009; Esser
etal. 2010). Heavy water (D,0) has recently been used as
a neutron contrast agent to follow the water uptake of
single roots and water fluxes inside the roots, though
there are discussions about the interpretability of resulting
signal (Carminati and Zarebanadkouki 2013; Warren
et al. 2013b). Warren et al. (2013a) used neutron imag-
ing to show that individual root water uptake is auton-
omous to some degree - with differences in timing and
rates of relative water uptake by individual roots.
Zarebanadkouki et al. (2013) used neutron imaging to
show that root water uptake varied along the length of an
individual root, and roots in different soil layers had
different uptake rates. More studies are needed to un-
derstand the dynamics of these variations in water up-
take rate in various parts of the root system. Exposing
various parts of the root system to different water avail-
ability can reveal some of these seemingly interrelated
differences in water uptake rates along the root system.

Our objective is to quantitatively observe water con-
tent changes induced by individual parts of the root
system for partial root-zone drying situations. For these
parts of the root system we also want to derive the water
uptake and relate this to the transpiration of a whole
plant. The underlying hypothesis is that during partial
root-zone drying plant water uptake can be maintained
for a substantial amount of time before root growth

structurally changes the root system. Relating the water
uptake in parts of the root system to its root length
should contribute to sharpening the analysis.

We have combined neutron radiography with a root-
zone partitioning set-up that allows for separating water
availability to different parts of a root system and for
setting different levels of soil moisture in those parts.
Thus, we can measure and quantify roots, soil water, and
water uptake within each root-soil compartment over
time, all being part of a single root system.
Comparison between different compartments then could
reveal compensating mechanisms during localized wa-
ter stress in the root system. Moreover, we could quan-
tify the amount of roots in each compartment based on
the root length. Combining this information, with this
novel set-up we could even go one step further and
determine for each compartment the water uptake rate
per root length, as being affected by water availability in
this compartment and other parts of the root system
during partial root zone drying.

Materials and methods
Experimental set-up

The approach of neutron imaging requires using either
thin-slab containers with lateral extension of up to a few
decimeters or cylinders not exceeding a few centimeters
in diameter. We chose to use soil-filled thin-slabs of a
relatively large size, to allow for a long undisturbed root
growth in soil, in respect to root length and duration of
the experiment, and topographical differences in the root
system, i.e. tap root vs lateral roots, and upper vs lower
roots. And the target quantities, soil water content and
total root length in separated compartments, could be
observed well also in this thin-slabs. A higher temporal
resolution could be obtained in the two-dimensional
radiographs, instead of tomographies, because it
allowed for more frequent imaging of samples during
the same experimental period.

Soil sample design and preparation

Natural sandy soil from Chicken Creek artificial catch-
ment, Cottbus, Germany, was air dried and passed
through a 2 mm sieve. It is quaternary sand in an initial
stage of soil development, with a few percent each of'silt
and clay and low organic carbon content (Carminati
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et al. 2010). For more soil physical and chemical prop-
erties see Moradi et al. (2012). Soil material was not
sterilized for the experiment or treated otherwise. Thin
rectangular cubic aluminum containers (250 mm by
300 mm front side with 10 mm inner width) were
prepared to be suited for 2-D neutron radiography
(Fig. 1a). To avoid local soil micro heterogeneity from
layering or compaction, all samples were filled with the
sieved soil material horizontally, by opening the
250x300mm front-side wall. To create and keep soil
water heterogeneity, in six containers (used for control
and horizontal heterogeneity) the soil was partitioned
into nine compartments separated by two intersecting
vertical and horizontal capillary barriers made from
round-shaped sand with 0.5 to 1.0 mm grain size
(Fig. 1b). These containers will, henceforth, be named

Fig. 1 Lupin planted in 30x25x
1 em® aluminum container, (a),
soil compartments partitioned
with 1-cm-thick layers of course
sand as capillary barriers after
filling was completed (b), neutron
radiography of a horizontal
heterogeneity “H9” sample, equal
to control samples “C9”, (¢), and
neutron radiography of container
with vertical heterogeneity “H2”

(d)
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“C9” and “H9” for control and heterogeneous treat-
ments with nine compartments, respectively. For other
containers, one horizontal capillary barrier divided the
root zone into two equal top and bottom compartments
(to apply vertical heterogeneity). Those containers will
henceforth be named “H2”, for heterogeneous treatment
with two compartments (Fig. 1c and d).

The capillary barriers had been designed and tested in
a preliminary experiment to make sure that they prevent
water redistribution between the compartments and also
allow roots to easily penetrate through them with min-
imal disturbance. Prepared in that way, each compart-
ment, hydraulically isolated by the capillary barriers,
physically separates the part of the root system enclosed
in its soil volume from other parts of the root system
(Fig. 2a).
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Fig. 2 Unequal water content of different compartments in a
horizontal heterogeneous ‘H9’ sample 15 h after water injection
to the right side compartments: water content distribution in the
individual compartments (a), and the relative change in soil water
content of the compartments as obtained by the difference between

Plant growth conditions

A germinated Lupin (Lupinus albus L) seed was sown on
top of the soil in each container in a way that the seminal
root tip was located right at the center of the middle
container and pointing downwards. Then all containers
were fully irrigated with nutrient solution and then placed
in a walk-in plant growth chamber (Votsch, Balingen,
Germany) until the end of the experiment. The environ-
mental conditions in the growth chamber were set as 10 h
of dark, 14 h photoperiod with 8 h of constant, maximum
light radiation (about 300 pmol m 2 s ') and linear
transition before and after, a day/night temperature of
25/19 °C and constant relative humidity of 50 % for the
whole experimental period. For the first 10 days of
growth, all containers were irrigated regularly to keep
the soil moisture suited for plant growth and support
uniform root distribution in the containers.

The root system showed a strong taproot, which had
grown straight down to the bottom directly through the
three central compartments (see for example
supplementary material). A large number of laterals
branched out of the tap root to both sides without being
affected by vertical or horizontal barriers. Some laterals

(gud/guId) JUU00 IR

F 25

0.5

0

two consecutive images, as water content ratio (b). Figure 2b also
allows for identification of the compartments where most of the
water was removed by roots. The two dark rectangles at the bottom
of'the container are parts of the polyethylene stand needed to fix the
container in front of the neutron detector during imaging

showed visible formation of dense clusters of short
lateral rootlets called cluster roots or proteoid roots
(Shane and Lambers 2005). Water was injected into
each compartment with a syringe through an array of
72 small holes (1 mm in diameter and placed on a 3%
3 cm grid) that were drilled on one of the container
walls. This allowed for precise localized watering of
each compartment as well as accurate quantification of
local root water uptake. After closing the container, all
seams and the top were covered by aluminum tape to
prevent any water loss by evaporation. As it is shown in
Fig. 2, water actually was kept in the irrigated compart-
ments and did not pass through the capillary barriers.

Water treatment of samples

Three soil water treatments were applied, each with
three replicates: I) Equally moist compartments for the
whole root-zone; these were the control samples “C9”
(Fig. 1c), II) Horizontal heterogeneity by irrigating the
left-hand side, that is slightly less than half of the whole
root-zone, while withholding water from the middle
(taproot) and right hand-side “H9 (Fig. 1c), and III)
keeping the lower half of the root zone wet creating a
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vertical heterogeneity in containers named “H2”
(Figs. 1d and 2). To have equally grown root systems
as starting point for different water treatments, for all
samples the initial condition at the beginning of the
imaging period was wet soil in all compartments. Then
selected compartments were not irrigated further during
the next days. This allowed monitoring spatiotemporal
variations in water uptake in different parts of the root
system, particularly to quantify shifting of uptake from
drying parts to moist zones.

Neutron radiography and image analysis

Thermal neutron radiography was done at Paul Scherrer
Institute (PSI), in Switzerland, during a 2-week period.
Each sample was radiographed twice a day; once in the
early morning before transpiration started (as the initial
water status for the day), and once in the evening when
active transpiration stopped. This allowed quantification
of the daily water uptake in each compartment for each
sample, based on observed changes in water content, as
well as daily root growth. The field of view for the
neutron beam was 185*%185 mm with an image resolu-
tion of about 200 um. To cover the whole sample (with
size of 250 * 300 mm), four individual radiographs with
slight overlaps were taken and then stitched together,
similar to Rees et al. (2012) by ImageJ plugin ‘Mosaic’
(http://mosaic.mpi-cbg.de/?q=downloads/imagel]).

All raw neutron radiographs were first corrected for
open beam, background intensity, speckling noises as
basic image processing. Then also advanced image cor-
rections, i.e. for beam curvature, black body background
and secondary neutron scattering, were applied via the
software QNI (Hassanein et al. 2005). This multi-step
image correction and quantification was necessary to
achieve the high accuracy required to detect small
changes of water content in different parts of the images
and for consecutive images.

Soil water content and root water uptake rate

Based on the high correlation between neutron attenuation
coefficient from a soil-water sample and the amount of
hydrogen atoms in the sample (usually from water mole-
cules), volumetric water content was directly calculated
from neutron radiographs for each pixel (Oswald et al.
2008; Moradi et al. 2009). Having the volume of each
compartment and the daily changes in its volumetric water
content (difference between morning and next morning
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radiographs), the water volume removed by root water
uptake could be calculated on daily basis. The night time
transpiration rates were also calculated in the same way
and were shown to be small. The daily transpiration for the
whole plant was measured gravimetrically and via radiog-
raphies. Due to experimental limitations, especially pe-
riods of neutron beam failure at the facility, it was not
always possible to evaluate the daily differences directly,
but only for longer or shorter periods, e.g. evening before
to morning after. This was then modified to represent a day
period. If it was not possible to include the daytime period
(moring — evening) this value was omitted in the record.

Image analysis for root length calculation

To calculate root length, in each neutron radiograph
image the whole root system was segmented from the
background soil using the Roottracker-2D software
(Menon et al. 2007) (Fig. 3a and b). For low soil
moisture, the image segmentation identified almost all
of the root system correctly. However, for wet soil
conditions, very thin roots (such as cluster roots) could
not be segmented completely. To avoid a possible bias
of length quantification of fine roots by this slight de-
pendency on soil water content, we included tap root,
first order and second order lateral roots in the root
length calculation, but no roots smaller than that.
Instead, the cluster roots were removed from the seg-
mented images manually before root length calculation.

Then, the binary images of the root system were
processed in MATLAB software by skeletonizing the
root in the image. The skeletonizing algorithm removes
root pixels from the outward surface inwards until a
continuous one-pixel line remains (Fig. 3c). Then, the
number of pixels in the skeleton root system was count-
ed and multiplied by the pixel size to obtain root length.
This is an approximation only since roots growing di-
agonally through the quadratic pixel will not be attrib-
uted their full length. Though this could underestimate
real root length by a factor of \2 at most, the error is
actually much less because of the different root orienta-
tions without strict diagonal preference.

Water uptake rate per root length

Putting together information on both water uptake rate
and root length, we were able to retrieve for each com-
partment a daily water uptake rate normalized to the root
length in that compartment for that day. We called this
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Fig. 3 Raw neutron radiograph of part of a root system located in one compartment (a), roots segmented from the background soil by
Roottracker software (b), and the skeletonized root system derived from that via further image processing (c)

the normalized root water uptake rate. Thus our ap-
proach allowed for quantifying the key property that is
hard to obtain otherwise. By that we can distinguish
compartments that sustain a net water uptake rate by a
particular amount of roots, identified by their length,
from another compartment achieving the same net water
uptake with a smaller amount of roots.

Results
Whole-plant transpiration pattern

figure 4a shows average daily water content of the well-
watered control samples “C9”, one “H9” horizontal
heterogeneous treatment and the 2-layer vertical hetero-
geneous samples “H2” from day 10 to day 23 after
transplanting (DAT). The “H9”” samples are only shown
exemplarily because some of them were treated differ-
ently, e.g. in the last 2 days of the experiment water
supply was administered to formerly dry compartments.
The corresponding daily transpiration of C9, H2 and
H9, acquired from gravimetric measurements of the
thin-slab systems, is shown in Fig. 4b.

The soil water content and daily transpiration values
are for the entire container regardless of the spatial
distribution of water content or uptake. In fact, water
content in different compartments/layers of H9 and H2
containers varied considerably, which will be discussed
later. During the measurement period, reproducible re-
sults were observed among the replicates of each treat-
ment. Well-watered plants (C9) showed a constant in-
crease of transpiration rate while the soil was continu-
ously kept wet in a relatively narrow range of about 19—
25 %. For the H2 samples, despite higher transpiration
in the first days of measurement, transpiration pattern
increased less than the control in the second week of
imaging. On day 22 when the average water content
decreased to 0.08 cm’/cm’, transpiration in H2 de-
creased for the first time. It partly recovered on day 23
after the entire container (including the dry upper layer)
had been fully irrigated. Transpiration of H9 sample was
quite similar to the control until day 21 when it started to
decrease as average water content reduced to values
below 0.13 cm*/cm’ , then continued to decline for the
next 2 days. On day 23, with average soil water content
of below 0.10 cm®/cm?, the transpiration rate of the H9
sample reduced to almost only 55 % of the control.
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Fig. 4 Average daily water a

content of well-watered control
(C9), 2-layer vertical

heterogeneous (H2) treatment,
and 9-compartment horizontal
heterogeneous (H9) treatment (a).

Their corresponding total daily
transpiration is shown also (b).

0.1

Soil water content values marked

Water Content (cm®/cm?)
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Water uptake distribution in different parts of the root
system

In control containers, C9, in which all 9 compartments
were well-watered, a part of the root system showed
significant differences in water uptake rate. Figure 5
details the water uptake rate in various parts of the root
system in a C9 sample on the 17th day after
transplanting (DAT). Although soil water content was
relatively high in all compartments (soil water content
mostly ranged from 0.15 to 0.30 during the measure-
ment period), the lateral roots in the top right and top left
compartments showed the highest water uptake rate per
unit root length, compared to roots in other compart-
ments. These laterals on average removed about twice as
much water as the deeper lateral roots or the roots in the
middle compartments (including taproot and associated
lateral roots). Pooling the measurements of all C9 con-
tainers into a top compartment water uptake (left and
right as equal representations of a top compartment) a
Welch’s #-test showed that the higher uptake in the top
compartment is statistically very significant (p<0.001,
n=6). This was true for comparing laterals in top com-
partment water uptake with middle compartments, with
bottom compartments and also with the central
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12 13 14 15 16 17 18 19 20 21 22 23
Day after Planting

compartments containing the taproot. However, the
same test gave no evidence for significant differences
between the other compartments.

The spatial pattern of root water uptake in all com-
partments of an H9 sample on day 17, 20 and 23 after
transplanting is shown in Fig. 6. Initially and similar to
C9 samples, water uptake rate in H9 containers was
dominated by the top right and top left lateral roots
throughout the first week of measurement, when most
of the compartments were still wet (Fig. 6a).
Withholding irrigation to selected compartments in the
second and third weeks in combination with different
root density in compartments caused a patchy soil mois-
ture in the compartments exposing various parts of the
root system to different degrees of soil dryness.
Consequently, the pattern of root water uptake was
found to be dynamic and moderated by daily local soil
moisture in each compartment.

On day 20, uptake rate in the top right and left
compartments decreased as the soil water content in
these compartments decreased. Roots in the top center
compartment even stopped extracting water on day 20
as the soil water content in this compartment dropped
below 0.06. At the same time, water uptake rate (per unit
length of roots) from the wet lower compartments
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increased. Lateral roots in the middle left and right and
in the bottom left and right compartments showed an
average 50 % increase in water uptake per unit length of
root. On day 23, most of the compartments were dry or
relatively dry (soil water content ranged from 0.05 to
0.12). Therefore, local water uptake from dry compart-
ments as well as total transpiration was severely re-
duced. Water uptake from the top left and top right
compartments, which showed soil water contents of
smaller than 0.06, was almost zero. These compartments
initially had contributed the most to total transpiration
on day 17 when they were wet. The largest increase in
water uptake was observed in the bottom right compart-
ment (by 100 % compared to day 20), which had the
highest soil water content (i.e. 0.18).

In Fig. 7 changes in soil water content and root water
uptake rate as well as root uptake, as fraction of the total
of each compartment, are compared in three graphs.
This relates details on soil water changes in various
compartments of the sample to the contribution of com-
partments to the total transpiration; that is from day 20 to
21, when transpiration started to decrease due to de-
creasing soil moisture (cf. Fig. 4). The latter we define
as the contribution of each compartment to the total
daily transpiration of the plant. Average daily soil water
content in all compartments showed 2—5 units (cm’
water/cm’ soil) decrease from day 20 to day 21, except
the top center, right, and left compartments which were
already dry (Fig. 7a and b). Despite enhanced root water
uptake rate in wet middle and lower compartments, they
could not fully compensate for the water uptake reduc-
tion in the top left and right compartments. This

5 5
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Root Compartment

illustrates the importance of the top compartments in
total water uptake, possibly due to the combination of
higher root length and proximity to the collar (Fig. 7c
and d).

Compensatory water uptake from wet compartments

Daily total transpiration of vertically heterogeneous
containers, H2, as well as daily water content in both
top and bottom compartments are shown in Fig. 8a.
While the lower compartment was kept wet throughout
the neutron radiography measurement, the upper com-
partment was left drying to the residual water content a
week into the experiment. This exposed the roots in the
upper compartment, which accounted for more than
60 % of the total roots, to dry soil conditions. Despite
this decrease in available water for the plant, the tran-
spiration rate increased continuously (although with
lower rate than the control) over the next days as long
as the soil water content in the lower compartment
stayed above 0.15. Then soil water content in the lower,
wetter compartment decreased to 0.1 on day 22. This
then resulted in a decrease in transpiration. However,
this was only temporary, and apparently without perma-
nent damage to the root performance. After watering
both compartments on day 23, the transpiration in-
creased again in both and continued with the same trend
as in the first week.

Furthermore we can include the information on the
root length development. The top compartment roots
continuously grew in the first week (Fig. 8b). Roots in
the bottom compartment started with smaller root
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Fig. 6 Water Uptake rate per unit
root length in each compartment
with corresponding soil water
content in one horizontal
heterogeneous H9 sample on day
8, 11 and 14 after treatment (i.e.
DAT 17, DAT 20 and DAT 23)
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length, roots grew with similar rate, and the difference to
the top compartment stayed constant for about a week.
But from about 18 days after transplanting (DAT) root
growth in the top compartment slowed down and almost
stopped, coinciding with a complete stop in water up-
take there when soil became very dry (Fig. 8a). In this
phase roots in the bottom compartment increased further
in length while maintaining the water uptake rate per

length.

@ Springer

Figure 8b shows the root growth and the water up-
take rate per unit length of'the root in each compartment.
When the top compartment was still relatively wet in the
first days, similar root water uptake rates were calculated
for both compartments. On day 22, water uptake from
the upper compartment decreased as the soil water con-
tent decreased to below 0.1. The water uptake stopped
when the soil water content dropped to 0.05 on day 8.
As the top compartment dried, water uptake from the
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Fig. 7 Day-to-day changes in
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wet lower compartment increased as a compensatory
response to the partial soil dryness in the upper com-
partment. Although less than 40 % of the roots were
present in the wet lower compartment, it supplied almost
all of the transpiration demand from day 17 onwards.
This allowed even for an increase in total transpiration.
After re-wetting the whole root system on day 23, water
uptake rate in the top compartment increased substan-
tially, whereas the water uptake rate in the bottom com-
partment reduced and then was almost equal in both
compartments.

Cluster root formation
In the root length quantification cluster roots were ex-

cluded from the analysis, because a reliable automated
length determination for them was not possible.

Nevertheless, the presence and location of cluster roots
was well visible and interesting information on cluster
root formation could be derived from image quantifica-
tion and analysis. Figure 9a exemplifies cluster root
formation along the root system for an H9 sample at
the end of the experiment. Figure 9b shows the temporal
pattern of root growth and cluster root formation in three
compartments of one H9 sample. Cluster roots appeared
first in the middle compartment 12—-14 days after
transplanting when water content decreased from 0.15
to 0.05. Five days later, cluster roots formed in the right
compartment as the soil there dried below 0.15. At this
time, the roots with the same age and length properties
in the wet left compartment had not formed any cluster
roots. Only when the soil water content had decreased to
around 0.10 five days later formation of cluster roots in
the left compartment started. Our observation showed
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that consistently a soil water content reduction to 0.10—
0.15 triggered local cluster root formation.

Discussion

Due to low root density in some compartments in the
horizontally heterogeneous treatment, water extraction
by roots was lower and drying in those compartments
was slower. But also their water content reached dry
levels towards the end of the experiment. Therefore, root
systems were exposed to a (monotonic) transition
through different soil water contents rather than cyclic
changes. This situation provided a good framework for
investigating how actual root water uptake was distrib-
uted over different parts of the root system, which was
dominated by local soil water status over time.

Spatial pattern of root water uptake
We observed a significantly higher water uptake rate by

lateral roots of lupin plants in the upper layer compared
to other parts of the root system including lateral roots in
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lower layers. This confirms the findings of
Zarebanadkouki et al. (2013) that root water uptake
was different along the root length. We speculate that
this may be due to the shorter distance of axial flow in
the tap root to the shoot, and therefore smaller net root
resistance. Further studies should focus on better under-
standing of these differences in water uptake rate along
the root system. As for the roots in the top center
compartment, including taproot and the older parts
of the lateral roots, water uptake rate is lower.
Notably water uptake is reduced not only in absolute
terms but also if normalized to root length in the
compartment, though axial root resistance is expect-
ed to be less than that of the lateral roots in the top
left and right compartments (Zarehbanadkouki et al.
2013). Increasing radial root resistance due to root
suberization in old parts as well as differences in root
dimension and surface area could be responsible for
lower root permeability. However, this pattern of
uptake rate along the root system may differ across
other plants and could be a compensation strategy
depending on the spatiotemporal variation of water
content in the soil profile in natural ecosystems.
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Fig.9 Dynamics of soil water content in top left, middle and right
compartments in one horizontal heterogeneous sample H9 (a).
Dashed circles show the range of soil water content of each
compartment in which cluster roots formed and developed. (b)

Our results show dynamic interrelations between
topological root properties, surrounding soil water sta-
tus, total transpiration demand, and partial root water
uptake. It has been suggested that plants grown in soil
with heterogeneously-distributed water can maintain
optimal transpiration, or be close to it, as long as other
parts of the root system have access to easily-available
water with enough roots (Gallardo et al. 1994). When
there is no or low resistance for water movement from
soil to the root system (in relatively wet soil), compen-
satory water uptake is controlled via enhanced uptake in
wetter parts of the root system by root topology and
properties such as age, type or aquaporin expression. In
our experiment, for 4-week old lupin growing in sandy
soil, the capacity of the root system for compensatory
water uptake was calculated to be around 80 %. This
means that 80 % of the roots needed to be in wet soil to

meet the total transpirational demand. If smaller percent-
age of roots were in the wet soil, the compensatory water
uptake might not be sufficient to maintain the transpira-
tion demand. As for the soil water condition, there
seemed to be a critical point that affects compensation
capability of plant roots. Defining this critical soil water
content might prove useful for water management pur-
poses, although this might be difficult to define as it
depends on soil properties, particularly hydraulic con-
ductivity and spatial water distribution, as well as plant
properties such as root density and transpiration rate.
For the sandy soil we used in this experiment, this
critical point was shown to be between 0.10 and 0.13
volumetric water content.

Compensatory water uptake

Water uptake calculated for various parts of the root
system was highly variable and correlated with sur-
rounding soil water content as well as with root proper-
ties such as type, age and position along the root system.
Due to spatially-variable soil water availability in the
root zone, created by soil partitioning, relative water
uptake in each root segments varied from time to time
depending on the soil water tension in corresponding
compartment and water availability to other parts of the
root system. Therefore each root segment showed a
range of water uptake rates, varying from no uptake
(in very dry compartments) to high compensatory up-
take (in wet compartments when other compartments
were dry).

Our results showed an almost fully compensatory
water uptake by the upper half of the lupin root system.
As long as enough easily-available water existed in soil
for that part of the root system, it could just meet the
transpiration demand. Without having investigated the
mechanism behind, our results indicate the plasticity
and the dynamics of roots in acquiring water from
various root segments growing in soil with
heterogeneously-distributed water.

Cluster root formation

Formation of cluster roots is known as a strategy in
response to deficiency of plant nutrients, in particular
phosphorous and sometimes other elements such as
iron. It is well documented that cluster root formation
by white lupin is controlled by internal P status (Shu et.
al 2007). Some studies have shown that it also can be
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regulated by local P availability in the soil (reviewed by
Shane and Lambers 2005). In our experiment, however,
we found also a clear correlation between soil drying
and cluster root formation. But there is no indication that
after the observed appearance of cluster roots the water
uptake rate could have been enhanced, and it also has
not been reported in the literature that this should be
expected. Thus, cluster root formation during drying
conditions seems not to be a measure to sustain water
uptake. A possible explanation for the cluster roots
appearing is that soil dryness physically causes a lower
mobility of P, and other nutrients, towards the roots and
therefore could cause P deficiency in the shoot or roots
which should stimulate cluster root formation. In any
case, the induced unequal availability of water in the
experiment has demonstrated that the root system was
able to adjust to local conditions in response to water
insufficiency or its consequences, and that seems to
include this local stimulation of cluster root formation.

Conclusions

Using a combination of neutron radiography and well-
defined hydraulically-separated soil compartments, we
successfully quantified local water uptake for different
root segments of white lupin in situ. We observed a
spatially-distributed uptake pattern across the root sys-
tem which was dominated by root distribution, but also
root location. For a heterogeneous water distribution,
the root uptake pattern was moderated by local soil
water status in each part of the root system (particularly
in relatively dry zones) and also was influenced by the
overall water distribution in the root zone. In such a
situation with unequal water distribution, root water
uptake in dryer parts became limited below a critical
soil water content level (in our experiment between 0.13
and 0.10 cm*/cm®). When this happened, water uptake
consequently was increased in the rest of the root system
in wetter zones, as we could determine quantitatively.
This compensatory water uptake showed a dynamic
soil-plant dependent pattern. The portion of the root
system that has access to high potential soil water and
also the type and topology of the roots in wet zones
determine the compensation rate and therefore the pos-
sible transpiration deficit for water-restricted conditions.

From a practical point of view, the detected spatial and
temporal differences in root water uptake in addition to
the observed critical soil water status that initiates
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relocation of water uptake between root compartments
could be used for operation of partial root-zone drying
systems in croplands. In those only a part of the root
system is irrigated, by which water use efficiency in-
creases and irrigation water can be saved. Also extracting
more water with the same amount of root length, instead
of producing new roots, could partially save the plant
some carbon. However, long term physiological and
morphological adjustments and also nutritional effects
of unequal water availability need to be investigated
and then be considered in practices of partial irrigation.
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