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Abstract

Aims Root shrinkage in drying soil has been shown
repeatedly. The aim of this study was to investigate the
dynamics of root-soil contact and its relationship with
plant water status during soil drying.

Methods The development of root-soil contact of Vicia
faba L. during a drying period was studied. Plants (N=4)
were grown in cylinders filled with a sandy soil. Samples
were repeatedly scanned with an X-ray CT scanner to
visualize root-soil contact. Soil matric potential, transpira-
tion rate, and stomatal conductance were measured daily.
Results Root-soil contact was lower in taproots than in
lateral roots at any time. Transpiration rate and stomatal

Responsible Editor: Anton Wasson

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11104-018-3769-4) contains
supplementary material, which is available to authorized users.

N. Koebernick (D<)

Bioengineering Sciences Research Group, Engineering Sciences
Academic Unit, Faculty of Engineering and the Environment,
University of Southampton, University Road, Southampton SO17
1BJ, UK

e-mail: n.koebernick @soton.ac.uk

N. Koebernick - S. Schliiter - S. R. G. A. Blaser -

D. Vetterlein

Department of Soil Physics, Helmholtz Center for Environmental
Research, Theodor Lieser Straf3e 4, 06120 Halle (Saale), Germany

N. Koebernick - D. Vetterlein

Insitute of Agricultural and Nutritional Sciences,
Martin-Luther-Universitdt Halle-Wittenberg,
Von-Seckendorff-Platz 3, 06120 Halle (Saale), Germany

Published online: 14 August 2018

- Steffen Schliiter - Sebastian R. G. A. Blaser -

conductance decreased before roots started to shrink.
Root-soil contact decreased significantly over the course
of the drying period, starting at soil matric potentials
below —20 kPa. Root shrinkage did not differ signifi-
cantly between taproots and laterals.

Conclusions This study confirms previous findings with
Lupinus albus roots in that roots shrink after transpiration
rate decreases. The dynamics of root shrinkage are
governed by soil water availability and transpirational
demand.

Keywords Root-soil contact - X-ray CT - Rhizosphere -
Drought stress - Root shrinkage

Introduction

Root-soil contact (RSC) is critical for plant-soil interac-
tions. Complete RSC can obstruct the diffusion of gas-
ses, while low contact can limit the uptake of water and
solutes by constraining the hydraulic pathway (Veen
et al. 1992). The degree of RSC is influenced by the
texture and the water status of the growing medium
(Herkelrath et al. 1977; Kooistra et al. 1992; Tinker
1976). As roots advance in the soil, they penetrate and
deform the soil matrix and this can lead to appreciable
compaction around the roots (Bruand et al. 1996;
Vollsnes et al. 2010). Based on density measurements
around roots and inflatable tubes, Dexter (1987) formu-
lated a simple model of soil compression around roots.
Soil density increases exponentially towards the root
surface, as the volume occupied by the expanding root
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is accommodated by an equivalent loss of porosity.
Hettiaratchi et al. (1990) developed a punch indentation
model for root growth showing that cyclic changes of
radial and axial root expansion may facilitate penetra-
tion of compacted soils.

Reduced RSC occurs when roots grow into macropores
or loose soil where they retain only partial contact or as a
consequence of root shrinkage (Tinker 1976). Living root
tissues shrink when they are dried beyond a certain thresh-
old. Theoretical considerations about the formation of air
gaps adjacent to the root surface date back to the 1950s
(Bemnstein et al. 1959; Philip 1957). Direct evidence of
shrinking roots in soil was provided by Huck et al. (1970),
who observed diurnal diameter changes by 25% of a
cotton root segment in response to changes in transpira-
tional demand. Cole and Alston (1974) determined that
shrinkage occurs at a water potential between —0.5 and —
1 MPa in excised maize roots. The first study to analyze
root shrinkage with actual measurements of RSC was
conducted by North and Nobel (1997a). They determined
RSC of droughted Agave deserti roots with a thin-section
technique developed by van Noordwijk et al. (1992). They
found that RSC had decreased from 94 to 21% after
14 days of drought. In a second treatment, they
re-established RSC of the droughted roots by vibrating
the samples. This resulted in more negative soil water
potentials around the roots, indicating higher root water
uptake and hence a limiting role of RSC in water uptake.
The vibrated roots also shrank less, which suggests a
feedback mechanism between contact loss and root shrink-
age. Such a mechanism was proposed by Carminati et al.
(2013), who stated that once a gap is formed at the root
surface, the additional resistance to water flow will lead to
increased root shrinkage and thus shrinkage is a self-
enforcing process. The reliance on destructive methods
has hindered researchers to study in detail the temporal
dynamics of root shrinkage and gap formation with regard
to plant and soil water status.

Recent advances in non-invasive imaging techniques
allow the direct observation of the root-soil interface
during plant growth. Particularly X-ray computed to-
mography (X-ray CT) is now widely used in the study of
plant-soil interactions (Mooney et al. 2012). While Hal-
ing et al. (2013) found that X-ray CT significantly
accelerated the decay of excised Vicia faba roots in soil,
Zappala et al. (2013) suggested that careful choice of
scanning parameters enables repeated scanning of roots
without impacting root architecture. Repeated scanning
allows the observation of dynamic changes of root-soil
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interactions with time and following the drying of soil.
Carminati et al. (2009, 2013) first observed the forma-
tion of air gaps with X-ray CT. In their experiments
using Lupinus albus roots in a sandy soil substrate, air
gaps appeared at soil matric potentials between —10 and
— 20 kPa, after transpiration rate of the plants started to
decrease. They concluded that air gaps were not the
cause but rather a consequence of water stress. The
authors compared the shrinkage of taproots with lateral
roots and found that taproots shrank to a higher degree
than laterals. Such a dissimilar behaviour raises the
question, if the observed differences are merely a result
of the larger diameter of taproots or if such functional
plasticity is a plant strategy for the efficient utilization of
resources, as it was proposed by Carminati and
Vetterlein (2013). MRI studies on pine roots have shown
that the taproot can play a major role in water uptake,
sometimes exceeding lateral roots in uptake efficiency
(MackFall et al. 1991). If taproots shrink more than
laterals, this higher uptake efficiency may only be
sustained when there is good RSC. In Carminati et al.
(2013) the detection of air gaps at lateral roots was
complicated by limited resolution and no method for
the determination of RSC was available. Therefore the
possibility of partial contact was omitted, while it may
play an important role in maintaining water and nutrient
uptake at low water potentials. Tinker (1976) argued
that, due to surface tension forces, it is more likely that
shrinking roots lose contact on one side of their surface,
while the other side remains in contact with soil. Nu-
merical simulations by Nye (1994) showed that partial
contact loss may lead to strong gradients of water po-
tential within the root cortex. Simulated water potential
was highest in the part of the cortex that was near the
contact zone with soil and steeply decreased away from
it. Thus, when a root starts to lose contact at one point of
its surface, further shrinkage is more likely to occur near
this point and shrinkage will be eccentric.

To analyze the extent of root shrinkage and the oc-
currence of partial contact, a method for the quantifica-
tion of RSC is needed. A robust method of RSC deter-
mination in X-ray CT images has been developed by
Schmidt et al. (2012). After segmenting the images into
root soil phase they used a morphological dilation oper-
ation on the soil phase so that it overlapped with the root
surface. Basic set theory then provided the degree of
RSC. In the present paper, we present an alternative
method of RSC determination by directly deriving it
from the surface area of roots, pores and soil matrix.
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The purpose of this study is to extend previous
experiments of Carminati et al. (2013) on the dynamics
of root shrinkage with Lupinus albus by (i) including a
method for RSC quantification, (ii) using a different
species, Vicia faba L., and (iii) imaging at a higher
resolution for a better comparison of taproots and lat-
erals. The use of Vicia faba was partly motivated by the
comparatively large diameter of its roots, in particular its
laterals, which will simplify the detection of gaps at the
surface of lateral roots. The use of a different species
may also help to generalize previous findings.

Materials and methods
Plant material and experimental setup

The experiment was set up with four replications (Vicia
I, II, 10, IV). PVC cylinders (8.1-cm diameter, 20-cm
height) were filled with a sandy soil from the field site
“Hithnerwasser”, which consisted of 92% sand, 5% silt,
and 3% clay. The soil was sieved to <2 mm and packed
into the cylinders by passing it through two sieves. The
procedure resulted in a homogeneous packing and a
bulk density of 1.62+0.007 Mg m > (porosity =

38.9%). Seeds of Vicia faba L. cv. Fuego were surface
sterilized in 10% H,O, for 10 min and soaked for one
hour in a saturated CaSO, solution. Seeds were placed
on wet filter paper and stored in a dark cabinet at room
temperature for 24 h to allow for germination. Germi-
nated seeds were carefully transplanted in the soil at
1 cm depth. The soil surface was covered with quartz
gravel (2-5 mm) to minimize evaporation. Liquid flow-
er fertilizer (Terrasan GmbH, containing 7% N, 1.3% P,
5% K) was diluted 1:100 and 100 ml per column of the
solution was applied to plastic reservoirs, the cylinders
were placed in these reservoirs. After all the water was
taken up by capillary rise, an additional 50 ml of deion-
ized water was applied. Free water was always available
in the reservoirs to provide well-watered growth condi-
tions for 14 days (¢,,=0 kPa at the bottom of the
columns). At the start of the drying period the reservoirs
were removed. The drying period lasted 13-23 days
varying between different samples. At the end of the
experiment plants were rewatered by placing the plastic
reservoirs with 100 ml deionized water at the bottom of
the samples for three hours. Plants were grown in a
climate chamber under controlled conditions (14 h pho-

toperiod, photon flux density 350 mmol m 2 s !,

constant temperature 23 °C, 65% relative humidity).
Lateral roots touched the sides of the pots after approx.
7 days and the root system became pot bound after
2 weeks of growth. Throughout the experiment the
columns were placed on balances and the weight was
continuously recorded. From the balance data, total
plant transpiration was calculated, ignoring weight gain
through plant growth. Relative transpiration rate was
calculated as the ratio between actual transpiration rate
and the maximum transpiration rate at the start of the
drying period. Microtensiometers (Vetterlein et al. 1993)
were inserted at 5-cm depth and soil matric potential
was measured at a 10 min interval. Stomatal conduc-
tance was measured daily using a steady-state leaf
porometer (Decagon Devices, Version 6.0) on the abax-
ial side of the youngest unfolded leaves. A measurement
was made on each leaflet and the mean of two measure-
ments was recorded.

CT scanning

CT scans of the samples were performed with an indus-
trial X-ray micro-CT scanner (X-Tek HMX 225)
equipped with a finefocus X-ray tube (spot size 5 um)
and a 512 x 512 detector panel. Initial scans of the entire
columns were performed to locate the taproot and lat-
erals. Based on these scans, a region of interest (ROI)
with a field of view 3 x 3 cm, 60 pm voxel side length
was chosen for ROI scanning, so that spatial details
<120 pum can be detected robustly. The region of interest
was located at a depth of 3—6 cm below the soil surface
in the center of the cylinder in all the samples. This
choice was based on the absence of major macropores
and the presence of taproot and laterals. The soil depth
was chosen in order to analyse well established roots,
where less change of root architecture over time was
expected. ROI scanning, where the field of view is
smaller than the total sample size, can be used to image
a subsample of the entire object at a higher resolution. A
precondition for ROI scanning is the macroscopic ho-
mogeneity of the region outside the field of view, which
is satisfied for homogeneously packed soil columns. A
downside of this method is the occurrence of truncation
artefacts, most commonly appearing as a bright concen-
tric band at the truncation edges. Local CT scans were
recorded with X-ray energy of 130 kV and a current of
500 pA. 800 projections with an exposure time of
400 ms using 2 frames per projection were recorded.
The resulting total scan time was 10.6 min. X-ray dose
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per scan was estimated using the free online calculator
RadProDose (McGinnis 2002—-2006). The estimated
dose was 1.1 Gy per scan. With a maximum number
of 10 scans per sample, the cumulative dose was still
well below the critical dose (~30 Gy) to influence plant
growth (Zappala et al. 2013). The samples were not
scanned on a daily basis to reduce the number of total
scans per sample. Instead, CT scanning was performed
at values of soil matric potential where root shrinkage
was observed in previous experiments with Lupinus
albus in the same substrate (Carminati et al. 2013). Scan
dates are recorded in Table 1. CT scans were performed
in the middle of the day phase of the 14 h photoperiod to
remove diurnal influences. When the plants were
rewatered, additional CT scans were performed three
hours after rewatering. These scans served as a rescue
treatment and will be referred to as rewatered controls.

Image processing and analysis

Image analysis was restricted to a cylinder of 400 pixels
(2.4 cm) diameter to remove truncation artefacts caused
by the ROI scanning. Cone beam artefacts at the top and
the bottom of the image were removed by cropping,
reducing the height of the images to 2.7 cm (450 pixels).
Raw images (Fig. 1a) were filtered using an adaptive
Gaussian filter to remove small scale noise while pre-
serving edges (Fig. 1b). An unsharp mask (Schliiter
et al. 2014) was performed subsequently to enhance
the contrast at the edges of objects (Fig. 1¢). The histo-
grams of the resulting images were bimodal and despite
significant overlap showed distinctive peaks for the root
phase and the solid soil phase (see supplementray
material, Fig. S1). Due to its small volume and partial
volume effects, the air phase had no separate peak but
was represented by a tail at the lower end of the histo-
gram. Therefore, a stepwise procedure was applied to
segment the three different phases. In the first step, the
root phase including air was segmented from the soil
phase. This threshold T, was computed by using the
average threshold of five standard histogram-based
thresholding methods following the procedure de-
scribed in Schliiter et al. (2014). Disconnected air filled
pores were excluded by applying region growing from a
seed point within the root system and a subsequent
opening operation. In the second step, the histogram of
the resulting region, which contained the root system
and the air gap, was used to find the threshold T,
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between air and roots with Rosin’s method for unimodal
thresholding (Rosin 2001).

The segmented images contained artefacts caused by
partial volume effects at the transition between air and
soil phase (Fig. 2b). These voxels were erroneously
classified as root voxels. A procedure to remove these
partial volumes by marking all root voxels with both air
and soil voxels in their neighbourhood as transition
voxels was developed (Fig. 2¢). Transition voxels were
reclassified as either soil or air voxels, based on the
comparison of their grey value with the mean grey value
of'the soil phase and the air phase, respectively (Fig. 2d).

The surface area of the different phases was quanti-
fied directly on binary images by computing the second
Minkowski functional M; of each phase (for further
detail, see Vogel et al. 2010). Therefore the images have
to be segmented into structure and background for each
phase that is evaluated. The surface area A of the eval-
uated phase does not yield the root-soil boundary direct-
ly but is the sum of the boundary areas with both
remaining phases. Calculation of A of each individual
phase yields the linear system

Aroot = Aroot—air + Arool—sail
Asuil - Aroot—soil + Aair—soil (1)
Auir = Aroot*air + Aair*soila

which is solved for RSC area

Aroo + Asoi _Aa[r
Arootﬁvoil = % (2)

Percentage of RSC is then simply calculated by

Amot*soil
= 100 3
r Aroot x ( )

For the analysis of root soil contact, taproot and
laterals were analyzed separately. They could be easily
separated by their different diameters. The opening map
of the root phase was calculated with a maximum
inscribed sphere method and subsequently segmented
by using a threshold which excluded lateral roots.

First order lateral roots were disconnected from the
taproot by this step. Second order lateral roots were not
separated but subsumed to the first order lateral they
originated from. Due to the large variability in growth
dynamics between the four biological replicates, a sub-
sampling routine was developed, which enabled the
analysis of RSC for individual first order lateral roots
within each CT scan. Lateral roots were subsampled
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Table 1 Overview of scanned sample replicates, showing the number of first order lateral roots in the region of interest (ROI) and the time of
CT scans for different samples. Soil matric potentials at the time of the scans are given in parentheses

# of laterals in ROI Time of CT scans after start of drought (soil matric potential [hPa])

Vicia 1 20 8d 11d
(—125) (=250)
Vicia 11 24 12d 13d
(-84) (-122)
Vicia 111 16 13d 18d
(—64) (=107)
Vicia IV 6 11d 16d
(=73) (-151)

12d 13d 13 d (rewater)

(-522) (< —550)

14d 15d 16 d 17d 17d
(—199) (—335) (—444) (—461) (rewater)
20d 21d 22d 23d 23d
(—211) (=300) (-332) (=377) (rewater)
20d 21d 22d 23d 23d
(—387) (—446) (—469) (< —=550) (rewater)

using a labelling algorithm, which assigned a label
number to each individual first order lateral root. The
number of lateral roots present in the ROI was between
6 and 24 (Table 1). That is, while the sample number for
tap roots is n = 4, the number of technical replicates for
lateral roots is much larger. Root soil contact was cal-
culated for the taproot, all lateral roots, and each indi-
vidual lateral root separately. To this end, each individ-
ually labelled root was opened separately and dilated by
2 voxels. The dilated structure was saved as a mask (see
Fig. 2d). Computation of root-soil contact for individual
roots took only the boundary areas present within the

mask into account. It has to be noted that the dilation
step meant that the mask representing the taproot
contained the basal part of emerging lateral roots.

RSC is here defined as the proportion of the root
surface in contact with the soil matrix. Root hairs are
excluded from this definition. Typical root hair diame-
ters are between 6 and 16 um (Leitner et al. 2010),
which is too small to be captured both precisely and
representatively using current industrial CT scanners.
An alternative way of calculating root soil contact is
provided by morphology and basic set theory (Schmidt
et al. 2012): Dilation of the root phase yields all the

40000

30000 - h

20000 b

10000 - b

Grey value

0 50 100 150 200 0 50

100 150 200 0 50 100 150 200

Distance [pixels]

Fig.1 Horizontal slice of a region of interest tomography of Vicia
I at Day 13 of the drying period, showing the effect of image
processing. Below, the profile of grey values along the white
arrows in the images containing soil, the taproot, and surrounding

air gaps is shown (a) raw image (b) filtered with adaptive gaussian
filter (¢) sharpened with unsharp mask. Arrows have a length of
200 pixels, corresponding to 12 mm
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Fig. 2 Enlarged cutout of the horizontal slice seen in Fig. 1,
showing the results of segmentation and post-processing. a Fil-
tered grey scale image. b Classified image after segmentation. Soil
phase is cyan, root phase is yellow, and air phase is black. Dis-
connected air-filled pores are part of the soil phase. ¢ Transition
voxels between soil and air phase are marked in red. Note that

voxels at the root interface. A subsequent intersection
with the soil phase yields only soil voxels in contact
with the root. The ratio of both volumes is calculated to
estimate RSC. This is possible, because the ratios of the
volume and the respective area of a defined shape are
the same. To validate our direct method for RSC quan-
tification, RSC was determined with the alternative
method based on the dilation of the root phase and
subsequent intersection with the soil phase. The two
methods showed good agreement (see supplementary
material Fig. S2).

The effect of the choice of the threshold on the results
was tested by perturbing the original T,; by segmenting
and reanalyzing the images with a manually changed
Tair A 5% higher and a 5% lower T,;, was chosen, thus
creating an envelope of 10% around the computed
threshold. The difference of RSC due to the variation
of T,; by 10% was on average 11.5+4.7%.

Image analysis was performed using the freely avail-
able software ImageJ] and Quantlm (www.quantim.ufz.
de). Statistical analysis was performed in SPSS 22 (IBM
Corp, Armonk, NY). Rewatered control treatments were
subjected to Kruskall-Wallis-Test to test for significant
differences between plants. Friedman’s test was applied
to test for statistical differences between repeated mea-
surements of each individual plant replicate. Post hoc
analysis with Wilcoxon signed-rank tests was conducted
with a Bonferroni correction applied, comparing each
repeated measurement to the rewatered control.
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transition voxels were located based on 3D images. d Classified
image after reclassification of transition voxels. The masks for the
calculation of root-soil contact in individual roots are indicated in
blue for taproot (TAP) and red for the lateral root (LAT),
respectively

Results
Effect of soil drying on plant transpiration

The duration of the drying period varied between the
four replications. In Vicia I, which was the largest plant,
the soil dried faster than in the remaining samples
(Fig. 3), the sample was rewatered after 13 days. Vicia
II was rewatered after 17 days of drying. The remaining
samples Vicia 1II and IV had lower transpiration and
were rewatered on Day 23. Soil matric potential after
rewatering could not be measured because air bubbles
had formed in the tensiometers at the final stage of
drying.

Stomatal conductance of the youngest unfolded
leaves decreased rapidly after the start of the drying
period (Fig. 4a). At soil matric potentials below
—5 kPa stomatal conductance was strongly reduced.
Further drying of the soil only slightly affected stomatal
conductance. 24 h after rewatering the recovery of sto-
matal conductance was measured. Moderate recovery
was seen in Vicia I (100.3 mmol m > s~ ') and Vicia 11
(66.7 mmol m s~ "), while in Vicia I1I and IV there was
no recovery after 24 h (1.2 and 4.4 mmol m 2 s ! re-
spectively). Reduction of stomatal conductance was
accompanied by a reduction of relative transpiration rate
(Fig. 4a, b). Maximum transpiration rate was observed
on Day 4 of the drying period in Vicia III and on Day 2
for the remaining samples. Between —5 to —10 kPa,
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transpiration decreased to about half of the maximum,
below —10 kPa relative transpiration still decreased, but
the reduction was less steep. Minimal relative transpira-
tion showed high variability between different samples,
ranging from 1% in Vicia IV to 31% in Vicia 111.

Development of RSC

The different phases, soil, root, and air could be distin-
guished according to their grey values. In Fig. 2a coarse
sand particles appear bright, the soil matrix appears light
grey, roots are dark grey, and air filled spaces appear
black. Due to the limited resolution (60 pm), water filled

Days of drying period

pores could not be distinguished from the soil matrix
and detectable air filled pore space was limited to
macropores >120 um diameter. The temporal develop-
ment of the three phases from the start of the drying
period (left column), to the end of the drying period
(center) up to 3 h after re-watering (right column) is
depicted in Fig. 5. All regions of interest contained
taproots and laterals. Samples I-III had similar architec-
tures, while sample IV differed in that (i) there were
overall fewer roots in the analyzed volume, and (ii) only
the upper 9-mm of the taproot could be clearly distin-
guished. Further down, the root divided into three roots
of similar diameter (Fig. 5j-1). These were classified as

— 400
" a b oxe ® Vvical [10
o v o Yo v Viciall
E b v & O Viciall -
2 300 D@i v & Vicialv 08 <
[ ] —
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Soil matric potential [kPa]

Fig. 4 Development of stomatal conductance (a), and relative transpiration rate (b) over soil matric potential. Note the logarithmic scaling
of soil matric potential. Different symbols indicate individual replicates
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Fig. 5 3D rendered view of the
root systems (grey) and air gaps
adjacent to the root (red) within
the region of interest at the first
scan (left column), before
rewatering (middle column), and
3 h after rewatering (right
column). (a-c) Vicia 1, (d-f) Vicia
11, (g-1) Vicia 111, (j-1) Vicia IV.
Dimensions of the shown region
are2.7cmx 2.4 cm x 2.4 cm. The
detached root fragment seen at the
top in a and ¢ was not detected in
b

lateral roots. There were no marked differences in root
architecture over time within the analyzed region of
interest. The maximum change of the combined volume
of roots and air within the analyzed region of interest
was on average 7.4 + 1.6% over the course of the exper-
iment (Fig. 6), indicating that (i) the segmentation pro-
cedure was relatively robust; (ii) the volume of the soil
phase did not change significantly during soil drying;
and (iii) there was no significant root growth within the
scanned region. In some instances, a part of the root
system was not successfully segmented at a specific
time step, which partly explains slight changes of the
combined volumes (Fig. 6). The single volumes of the
root and the air phase changed markedly over the drying
period. A decrease of root volume was accompanied by
an increase of air volume, signifying the shrinkage of
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roots. There was a considerable variation between the
different samples in both the extent and the dynamics of
shrinkage. Vicia I and II showed more shrinkage than
the remaining samples III and IV. At the end of the
drying period, root volume of both Vicia I and Vicia 11
was reduced to 71% of the respective original volume at
the first scan. Root volume of Vicia 1V at the end of the
drying period was 79% of the original volume. Roots of
Vicia 111 shrank to a lesser extent; the final volume was
89% of the original volume. Three hours after re-
watering, root volume increased in all samples, while
air volume decreased simultaneously. Temporal dynam-
ics of root shrinkage showed a high variation between
different samples. Initiation of root shrinkage was ap-
parent on Day 11 of the drying cycle in Vicia I, on Day
16 in Vicia 11, while in Vicia 11l and IV it started only on
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Fig. 6 Development of volume of the root and air phase within
the region of interest over time, respectively. Black triangles
represent air volume, black circles represent root volume. Grey

Day 23. Only in Vicia 1, shrinkage was observed be-
tween the first two scans. In the remaining samples both
air and root volume changed only slightly until Day 16
(Vicia 1) and Day 22 (Vicia 1II and IV), when root
shrinkage was initiated. The shape of the volume chang-
es over time showed an increasing rate of shrinkage with
the duration of the drying period (Fig. 6).

For further analysis taproot and laterals were ana-
lyzed separately. Among laterals, each lateral was
analysed separately to compensate for the large variabil-
ity among the four biological replicates (Vicia I to Vicia
IV) (Figs. 7 and 8). Relative root shrinkage was calcu-
lated in relation to the root volume of the rewatered
control. Maximum volumetric shrinkage at the driest

squares represent the combined volume of both phases. Note the
different ranges of the time axis

point was 23.5+3.9% for taproots and 27.2+13.8%
for laterals. There was no statistically significant differ-
ence between taproots and laterals (Mann-Whitney U =
6, p=0.69).

A major difference between taproot and laterals was
observed when analyzing RSC per se. In the rewatered
controls, average RSC of lateral roots was 84.1 £1.0%,
compared to RSC of only 42.1+0.6% of taproots
(Fig. 7). Taproot RSC was consistently much smaller
than lateral root RSC over the whole duration of the
drying period. Subsampling of individual lateral roots
showed taproot RSC was consistently below the 5th
percentile of lateral RSC. In all four sample replicates
change of lateral root RSC over the drying period was
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Fig. 7 Boxplots of root soil contact (RSC) during the drying
period and after rewatering. Boxplots show the range of lateral
root RSC for each repeated measurement, closed triangles show
taproot RSC. The dashed vertical line indicates rewatering of the

statistically significant (Friedman’s test, p < 0.05). Com-
parison of individual repeated scans with the respective
rewatered control showed that the temporal dynamics of
shrinkage were highly variable between the plant repli-
cates (Fig. 7). While in Vicia 1, lateral RSC was signif-
icantly reduced after 11 d of drought treatment, in Vicia
III a significantly reduced lateral RSC was not observed
until 23 d of drought. In Vicia IV, none of the individual
scans showed a statistically significant reduction of
lateral RSC, probably due to the low number of replicate
lateral roots. While over time, the different sample rep-
licates behaved quite differently, Kruskal-Wallis test
showed that lateral RSC of rewatered controls was not
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plants, rewatered controls are coloured in blue. Asterisks indicate
statistically significant reduction of RSC as compared with con-
trols (Bonferroni adjusted p <0.0125 in Vicia 1, and p <0.008 in
Vicia 1I-1V)

significantly different between the replicates (x*=
0.277, p=0.964). The temporal differences are can-
celled out when plotting RSC over soil matric potential
so that the dependence of RSC on soil water status
becomes more apparent (Fig. 8). Lateral RSC started
to decrease at matric potentials below —20 kPa, while
there was still some variability between individual plant
replicates. Taproot RSC was consistently lower and
more variable between replicates.

A further difference between taproot and lateral
roots was the location of the air gap. When the gap
was at maximum extension, it formed an almost
complete, concentric ring around the taproot. For
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lateral roots complete contact loss was only seen at
the base, while in more distal parts the air gap was
eccentrically located on one side of the root, while
the opposite side remained in contact with the soil.

Soil matric potential [kPa]

However, in some instances there were soil particles
stuck at the root surface and air filled gaps were
forming few micrometers away from the immediate
soil-root interface (Fig. 9b).

Fig. 9 a Vertical slice of Vicia I, after 8 days of the drying period.
Arrows show air rings at the base of lateral roots b: Horizontal
slice of Vicia 11, after 17 days of the drying period. The arrow
points to a gap appearing behind particles adhering to the root

surface. The inset shows the same slice at higher magnification.
The thickness of the layer adhering to the roots is ca. 5 pixels
(300 pum). Scalebar on the left is 10 mm, scalebar in the inset is
1 mm
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Discussion
Determination of RSC

The direct method to determine RSC showed good
agreement with the dilation method. The latter is similar
to the procedure used by Schmidt et al. (2012), who
determined that the accuracy of their method in measur-
ing the contact area of defined phantoms was 3%. The
accuracy of any method is obviously affected by image
quality, most notably resolution, signal to noise ratio and
contrast. The threshold to segment roots from air is a
particularly sensitive parameter, as our sensitivity anal-
ysis for T, has shown. Assuming an accuracy of 10% in
finding the “true” threshold, an error of 11.5% in RSC
was determined. This highlights the need for an auto-
mated threshold detection to avoid user bias, as was
done in this study. The effect of changing T, was not
tested, as it is a less sensitive parameter than T,;. The
contrast between roots and soil matrix is much higher
than the contrast between roots and air. Changing T,
would lead to a change of the total volume of roots
within the region of interest. It would therefore affect
relative shrinkage, but it would not affect RSC.

At the initial matric potential of —5 kPa, the mean
diameter of drained pores calculated with the Young-
Laplace equation will be approximately 60 wm, which is
below the resolution of the scans (approx. 120 pm). In
other words, a sizeable fraction of unresolved pore space
might already be drained and actual root soil contact will
be lower than what was measured. This is a limitation
that results from the cone beam geometry. ROI scanning
was used as a compromise between resolution and to
reduce the effect of pot size on root architecture. While
ROI scanning increases resolution it has also some
disadvantages like the reduction of contrast caused by
hardening of the beam and the occurrence of cupping
artefacts at the truncation edges of the resulting images.

Relation between root shrinkage and transpiration

Root shrinkage was observed long after stomatal con-
ductance decreased, showing that air gaps were not the
cause of water stress. The early decrease of stomatal
conductance and relative transpiration at relatively high
soil matric potentials is explained by the coarse texture
of the soil substrate and the resulting drop in soil hy-
draulic conductivity. This is in agreement with previous
work on Lupinus using the same substrate (Carminati
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etal. 2013). Stomatal conductance was measured on the
youngest unfolded leaves, which explains the steeper
reduction of stomatal conductance compared to relative
transpiration rate. As the responsiveness of stomata to
water stress tends to decrease with leaf age (Blackman
and Davies 1984; Willmer et al. 1988) it was hypothe-
sized that stomata in older leaves retained higher aper-
ture at moderate stress levels and closed when stress was
more severe. This was confirmed by single measure-
ments on older leaves (data not shown). When roots
started to shrink at matric potentials below —30 kPa no
further decrease of stomatal conductance of the young
leaves could be observed, yet, relative transpiration rate
was still decreasing. It can therefore not be excluded that
the additional resistance to water flow caused by re-
duced RSC contributed to water stress at this point. It
can again only be stated that gap formation was clearly
not the initial cause of stress, confirming the conceptual
model postulated in Carminati et al. (2013).

Dynamics of root shrinkage

Despite differences in growth dynamics, normalisation
of RSC to soil matric potential showed that all values of
lateral roots collapse onto one curve (Fig. 8), clearly
demonstrating that soil water availability is the main
driver of root shrinkage. The remaining variability be-
tween individual replicates can be explained by differ-
ences in plant size and duration of the drying cycle:
Vicia 1 and 11, which were overall bigger, had higher
transpiration rates than the remaining samples. Vicia |
had a maximum transpiration rate of 28.5 g water per
day and plant, Vicia 11 19.5 g d"', and Vicia IIl and IV
transpired 17 g d”' on maximum. Vicia I and II also had
the highest degree of root shrinkage, which can be
explained by a higher transpirational demand. As soil
matric potential was measured in the bulk soil only, the
matric potential drop across the rhizosphere was not
seen by the tensiometers. In Vicia I, which dried the soil
faster, this drop was potentially larger because transpi-
rational demand was higher and there was less time to
equilibrate between rhizosphere and bulk soil. The dif-
ferences in plant age of the individual replicates are
another potential source of variability in RSC, as rhizo-
sphere hydraulic properties can show considerable plas-
ticity with root age (Carminati and Vetterlein 2013).
The comparison of our present results for Vicia faba
with those of Carminati et al. (2013) for Lupinus albus
shows that roots of both Lupinus and Vicia started to
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shrink at a similar soil matric potential between —10 to
—30 kPa. In the present study the dynamics of gap forma-
tion can be seen more accurately due to technical im-
provements. Our results show that the shrinkage rate
increased with the duration of the drying cycle and with
decreasing soil matric potential. The drying period was
stopped somewhat arbitrarily when gaps were clearly
visible to observe the behavior upon re-watering. Further
drying would likely have resulted in a typical s-shaped
pressure-volume curve as in Cole and Alston (1974). It is
apparent that the soil matric potentials measured here and
in Carminati et al. (2013) are much higher than the root
water potentials at which Cole and Alston observed root
shrinkage (between —0.5 and—1 MPa), but also much
higher than the soil water potentials at which Huck et al.
(1970) observed diameter changes in cotton (between
—0.1 and—0.7 MPa). Even more negative soil water
potentials were reported by North and Nobel (1997a,
1997b) for desert succulents, but these values were mea-
sured when gaps were already present for a long time.
Again, this is explained by the coarse texture of the soil
substrate. The soil matric potentials were measured in
bulk soil, no measurements of either root water potential
or matric potential at the soil-root interface were available.
While potential gradients at the soil-root interface are
difficult to measure, simulation studies show that they
have a high impact on the occurrence of water stress
(Schroder et al. 2009) and that they are more important
in coarse textured soils (Javaux et al. 2008). When roots
start to shrink and the hydraulic pathway is reduced by
decreasing RSC, the gradient at the root-soil interface will
become even larger. Even when roots retain partial con-
tact, flux density will increase at a given volumetric flow
rate leading to a larger water potential drop (Faiz and
Weatherley 1982; Tinker 1976).

Taproots versus laterals

The most striking difference between Vicia and experi-
ments with Lupinus in Carminati et al. (2013) was the
different behavior of taproots and laterals. While in
Lupinus the taproot shrank more than laterals, in roots
of Vicia no significant difference of relative shrinkage
between taproots and lateral roots was found. A major
difference between both species is the thickness of lat-
eral roots. While Vicia laterals in the present study had a
diameter of over 1000 wm, Lupinus lateral roots were
generally below 500 pum in diameter. If gap size is
calculated for these diameters, relative shrinkage of

10% would result in a gap of 50-100 um (depending
on the eccentricity) in Vicia and 25-50 um in Lupinus.
Consequently, gaps around Vicia roots are easier to
detect. Carminati et al. admitted that their spatial reso-
lution (100 wm voxel size) was limiting the detection of
gaps around laterals. They suggested the use of a higher
resolution to confirm these results, which was done in
the present study. As they have rightly pointed out,
bigger gaps will be drained at higher matric potentials,
meaning that thicker roots lose hydraulic contact earlier.
The possibility that there are other anatomical or phys-
iological differences between the roots of both species,
which further explain the observed differences cannot
be excluded. Additionally, significant variations of root
traits can be observed between different genotypes of
one species, i.e. the differences that were found cannot
be interpreted as a species effect per se.

Different resolution can certainly not explain the ob-
served difference of taproot shrinkage. Taproots in the
present study had only partial contact with the soil even
under well-watered conditions. It would seem likely that
the potential drop at their interface would therefore be
larger and shrinkage would be more pronounced, as was
suggested by Carminati et al. (2013). A possible expla-
nation why there was no difference in shrinkage of tap-
roots and laterals despite larger diameter of the taproot is
a higher radial resistance to water flow due to the suber-
ization of the taproot endodermis. This would isolate the
xylem and reduce water depletion from the cortex. Typ-
ically, radial resistance of older roots tends to increase
with the development of apoplastic barriers (Bramley
et al. 2009; Frensch and Steudle 1989). As a conse-
quence, RSC of the older taproot is less critical. This is
in agreement with the notion that the main function of
taproots or primary roots is long distance transport, while
laterals are the main sites of water and nutrient uptake
(McCully 1999). An alternative explanation is that tap-
roots of Vicia underwent more secondary growth than
Lupinus, resulting in a larger share of the rigid stele
Versus cortex area.

RSC of the taproot — The role of lateral emergence

Initial restriction of RSC of taproots had not been re-
ported by Carminati et al. (2013), as the authors did not
quantify RSC, but width of the air gap and diameter of
the roots, respectively. In the present study, low contact
of the taproot coincided with the emergence of laterals.
In many instances there was an obvious ring of air
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around the laterals, exactly where they emerged from
the taproot (Fig. 9a). As laterals emerge they have to
rupture the cortex. This is beautifully illustrated in
Pond’s drawing of a seedling (Pond 1908), where the
ruptures closely resemble the rings of air that were
observed. As laterals advance further they displace soil
particles in their way, thereby increasing the size of these
localized air gaps. A further cause of lower RSC at the
taproot could be the lower abundance of root hairs and
mucilage, which are both thought to be critical for the
establishment of good RSC.

Lateral roots retain partial contact

Finally, it is observed that lateral roots retained partial
contact with the soil, although they exhibited higher
relative shrinkage than taproots. It cannot be stated with
certainty, that partial contact with the soil would have
been maintained during further drying. However, refer-
ring to the introduction, it is more likely that an addi-
tional contraction of the roots will lead to more shrink-
age on the side where the surface is no longer in contact
with the soil. Partial contact might even be crucial to
maintain water and nutrient uptake under drought con-
ditions, as elegant experiments have shown that re-
establishment of RSC by “squeezing” or vibrating the
soil temporarily reduced water stress in Helianthus
annuus (Faiz and Weatherley 1982). While the squeez-
ing treatment might have resulted in a change of the
water retention curve, which could partly explain these
results, other work has shown that water and nitrate
uptake decreases with decreasing RSC (Veen et al.
1992). In roots growing into pre-existing macropores,
partial contact may even determine patterning of lateral
roots. Bao et al. (2014) showed that lateral root produc-
tion of roots with partial contact at one side was biased
towards the contact side. This bias was not caused by
contact per se but by the higher water availability at the
contact side.

Conclusions & Outlook

An efficient method of measuring the dynamics of root
shrinkage and RSC in a drying soil using X-ray CT
scans of Vicia faba roots grown in a sandy soil sub-
strate was presented. The study confirms previous
work with Lupinus albus in that root shrinkage and
the formation of air gaps at the root-soil interface
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occurs when transpiration rate is already severely re-
duced. Both Vicia and Lupinus showed a similar reac-
tion to water stress and root shrinkage was initiated at
similar soil matric potentials. We therefore confirm
that root shrinkage is a consequence and not the cause
of water stress. When gaps appear, they will contribute
to water stress by narrowing the hydraulic pathways
and increasing the water potential drop at the root-soil
interface.

A major difference between the analyzed genotypes
of both species was the extent of shrinkage in the
different root orders. While in Lupinus lateral roots
shrank less than taproots, the present study shows that
in Vicia no significant difference was found between
taproots and laterals. Whether the differences are mere-
ly a result from different image resolution or there are
true anatomical and physiological differences remains
uncertain. The different dynamics of shrinkage be-
tween individual replicates show that the degree of
shrinkage varies with the size and the transpiration
rate of individual plants, i.e. bigger plants with higher
transpiration rates are affected more. It is concluded
that the dynamics of root shrinkage are governed by
soil water availability and transpirational demand.

Clearly, more comparative studies are needed to
answer this question, preferably involving more spe-
cies from different plant families. It was shown that
lateral roots retain partial contact with the soil, thus
further enabling the uptake of nutrients and water.
Retention of partial contact may be related to the
abundance of root hairs and mucilage, but further
studies involving plants differing in those traits are
needed to confirm this.

As root shrinkage is closely related to root water
potential, diurnal variation of RSC is expected. Future
studies should therefore include pre-dawn measure-
ments to see if gaps close completely at night with the
relaxation of plant water potential.
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