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Abstract

Background and aims Biopores as microbial hotspots
provide additional nutrients to crops — but only if their
roots grow within the biopores. Such reuse has never
been quantified as pre-crop-specific biopores are hardly
differentiated from the multitude of pre-existing
biopores. Quantification requires e.g. radionuclide la-
belling of pre-crops (**’Cs, to label their biopores) and
main crops ( 14C, to detect new roots). Preliminary test-
ing was performed on simulated biopore reuse: both
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nuclides given to the same plant were excreted into the
same rhizosphere.

Methods Cichorium intybus (cv. Puna) and Medicago
sativa (cv. Planet) were each sequentially labelled via
the leaves with '*’Cs and '*CO,. B-signals were
visualised by imaging of horizontal soil cuts - with and
without shielding off the weaker “C.

Results Both species allocated 7.1-9.4% of the "*’Cs
and 21-63% of the '*C below ground. The first image
gave both activities; while the second gave only '*’Cs.
Subtracting the second from the first image gave the '*C
distribution, resulting in successful separation of the
signals. Thus, separate spatial representations of the
roots were obtained. Main root locations by '*’Cs and
14C showed a very high spatial overlap coefficient (>
0.95).

Conclusions Biopore reuse quantification likely be-
comes feasible with this sequential labelling and
shielding approach.

Keywords Crop rotation - Detritusphere - Foliar
application - Leaf feeding - Radionuclides - Root
channel - Root system

Introduction

The root system and its surrounding soil, known as the
rhizosphere (Hiltner 1904), are recognised as key inter-
faces of carbon (C) cycling. Roots induce strong chem-
ical, biological and physical changes in soil, e.g. by
exudation of easily available carbon sources, i.e.
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rhizodeposition. As the exuded C sources boost micro-
organisms, the rhizosphere is deemed a microbial hot
spot (Jones et al. 2009; Kuzyakov and Blagodatskaya
2015; Paterson 2003). After their death, roots leave
behind voids, so-called biopores (Kautz et al. 2013),
through which subsequently grown crop roots grow
faster into the subsoil and reach additional resources.
One of the presumably largest benefits for subsequent
crops is the biochemical environment created by root
decay and rhizodeposition. In the field, even two years
after root death and decomposition, C contents in root
biopores, also known as the detritusphere, were still 2.5
times higher than in bulk soil, leading to up to 5.5 times
higher microbial biomass and concomitantly increased
enzyme activities (Hoang et al. 2016; Banfield et al.
2017). This likely causes faster C turnover and simulta-
neously nutrient mobilisation from soil organic matter
and solid phases. Biopores appear particularly interest-
ing for promoting plant growth in low-input systems
such as organic agriculture. It was reported that crops
growing in previously established biopores may benefit
from nutrients and from the reduced mechanical resis-
tance (Athmann et al. 2013; Ehlers et al. 1983; Yunusa
and Newton 2003). If biopores are indeed largely ben-
eficial, their relevance depends on if they are reused in a
crop rotation or not. Reuse of biopores could be pro-
moted by management practices such as no-till and crop
rotations with tap-rooted pre-crops, which create large-
sized biopores (Kautz et al. 2013). On the contrary, it is
also possible that depending on soil conditions or other
not well-understood factors, this may not always be the
case: roots may end up trapped within biopores, which
may have had their walls compacted due to root expan-
sion or earthworm burrowing (Hirth et al. 2005).
Biopores may be lined with hydrophobic root-derived
substances hampering water and nutrient uptake
(Carminati 2013). What is more, in some biopores the
root-soil contact may be limited (White and Kirkegaard
2010). Such points underline that we are far from a full
understanding of biopore dynamics and their controlling
factors.

Regardless of the positive or negative effects,
biopores are re-used by subsequent crops (White
and Kirkegaard 2010): barley modified its root
size distribution depending on the pre-crop root
system (Han et al. 2016). Up to now, there has
been only scarce quantitative information on the
reuse of biopores by subsequently grown crops.
This is due to the challenging and often
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impossible determination of roots growing in spe-
cific biopores among countless other biopores of
varying age and genesis (Athmann et al. 2013;
Han et al. 2015). Therefore, a tool is needed to
separate and to quantify biopores and active roots.
For this purpose, we propose radionuclide labelling
of pre-crops with radiocaesium ('*’Cs), labelling
main crops with '*CO, and visualisation of each.
137Cs was released into the atmosphere by nuclear
weapon tests until 1953 and by nuclear power
plant accidents, e.g. in Chernobyl, Ukraine
(UNSCEAR 2011). '"*’Cs has been used as a
long-term soil erosion proxy all around the globe
due to its half-life of ~30 years and its strong
binding to soil particles, especially clay (Cremers
et al. 1988; Schuller et al. 2002; Walling and He
1999). The Chernobyl fallout including '*’Cs has
also been used to assess the age of preferential
flow paths in soil (Hagedorn and Bundt 2002).
This makes '*’Cs an excellent candidate for the
biopore labelling. Its chemical behaviour is also
similar to potassium, which means 137¢s may be
used to simulate solute dynamics once released by
the roots.

The inspiration for our concept was the path of the
137Cs fallout caused by the Chernobyl nuclear disaster
through the plant leaves to the roots and into the
rhizosphere, where '*’Cs strongly binds to the soil
matrix. Our approach imitates this by labelling crops
through the leaves with '*’CsCl to create '*’Cs-la-
belled roots. The roots may be left to decompose to
form '*’Cs-labelled biopores before the next crop.
The second labelling with '*C is thought to be per-
formed on the new crops. Assimilated '*CO, will be
exuded as '*C—photosynthates into the rhizosphere of
some of the previously created '*’Cs-biopores. Both
radionuclides’ 3~ decay can be visualised by phos-
phor imaging of soil cross sections, but the main
challenge lies in separating the '*’Cs and '*C signals,
which are spatially overlapping in some biopores in
the case of reuse. The separation of activities should
be possible because during the '*’Cs decay 95% of
the energy is released as (3~ radiation with an energy
of 514 keV, whereas the maximum energy of the *C
[~ decay is 156 keV (Nucleonica 2014). Therefore,
the two 3 radiations can be separated by shielding
off the weaker "*C B~ radiation while allowing the
higher energy '*’Cs radiation to pass through (Amato
and Lizio 2009).
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Fig.1 Concept of the experiment: 1) Labelling the same plants with first '*’Cs and then with '“C, 2) imaging with and without shielding and

3) subtracting the signals and image processing

This up-to-now theoretical concept requires at least
1.5 years to test, so we simulated the biopore reuse in a
pot experiment to test its feasibility (Fig. 1). The same
plants of either fibrous (alfalfa) or tap-rooted (chicory)
root system were labelled first with '*’Cs through leaf
feeding and after a few days with '*C in a '*CO,
atmosphere, instead of waiting for root decomposition
and growth of new plants. As both radionuclides are
excreted into the same locations, this would be the
simulation of a reused biopore, i.e. the spatial overlap
of both radionuclides in a specific root channel. Two
sequential imagings of soil cross sections with and
without shielding and image processing will separate
the 3~ signals (Fig. 1). Thus, two-dimensional represen-
tations of the root systems will be acquired, which can
be quantified, and the feasibility of visualising biopore
reuse will be apparent.

Material and methods

Soil and plant preparation

Five specimens of chicory (Cichorium intybus L.
cv. Puna) and five specimens of alfalfa (Medicago

sativa L. cv. Planet) were grown for 200 days in
pots of 15.5 cm height and 5 cm diameter. These
species were chosen, as they feature different root
system architectures and both species have been
widely used in our research group, i.e. their fea-
tures and peculiarities are well known. The soil
was taken from a long-term field experiment site
of the Department of Soil Science of Temperate
Ecosystems of the Georg-August - University of
Goettingen in Hohenpoelz (Bavaria), Germany.
This loamy Luvisol was chosen as its properties
are well known through previous studies (Dippold
and Kuzyakov 2016; Gunina et al. 2014). Selected
soil properties are given in Online Resource 6.
The soil was dried at 40 °C, disaggregated by
passing through a 2 mm sieve and then mixed
with 25% fine sand to reduce shrinking and
swelling.

The seeds were germinated on wet filter paper
for two days. One seedling was planted in each
pot at the depth of 0.5 cm. Plants were kept in
controlled conditions, i.e. at a temperature of
22 °C, humidity of 50-60% and constant light
intensity of ~200 pmol m ? s '. During the
growth period, weak fertilisation was carried out
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twice (Norg, Porgs» K) and plants were watered
every other day.

Dual labelling experiment

When plants were 200 days old, the labelling
experiment started. The '*’Cs labelling solution
was prepared as follows: 18.5 MBq of '*’CsCl
dissolved in 0.1 M HCIl were obtained from
POLATOM (Otwock, Poland) through Hartmann
Analytic (Brunswick, Germany). About 50 Bgq
ul™! were added to aqueous solutions of unlabelled
133CsCl (0.5 mM) (Sigma-Aldrich Chemie GmbH,
Munich, Germany) in 5 ml Eppendorf vials
(Eppendorf AG, Hamburg, Germany).

For the '*’Cs labelling, two chicory leaves of
each plant were cut with a razor blade at their
widest part and immediately immersed in a 5 ml
vial containing 2500 pl of the '*’Cs solution
(Online Resource 1), whereas 2-3 alfalfa stems
were cut with a razor blade and immersed in a
1 ml vial filled with 500 pul '*’Cs solution. Both
solutions contained the same '*’Cs activity con-
centration of 50 Bq ul'. It was chosen as previ-
ous tests carried out with younger plants with
25 Bq ul™' resulted in satisfying images.
Eppendorf vials were put into 20 ml scintillation
vials for stability and these in turn fixed by
clamps attached to a lab stand (Online Resource
1). Transparent tape was used to secure the plant
parts onto the vials and to limit evaporation. To
monitor evaporation, one vial was filled with a
defined volume of '*CsCl solution and left next
to the plants. There were considerable differences
in the volumes of solution taken up by the plants.
As the alfalfa vials were empty after 24 h, 250 ul
of distilled water was added to enable uptake of
residual activity possibly remaining in the vials.
Chicory leaves took up less solution, so that after
2 days the immersed leaves were taken out of the
vial, patted dry and two different leaves were cut
and immersed for another 24 h. Remaining "*’Cs
activity in the vials was determined by the HiDex
Automatic Gamma counter (550-750 keV, 3” Nal
detector, count time 10 min, count efficiency
17.5%; HiDex Oy, Turku, Finland). In this case,
the v radiation from the '*’Cs decay chain is used
instead of the direct '*’Cs B~ emission. The re-
maining activities in the vials were related to the
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initial activities to calculate the uptake of the
37Cs tracer.

(Aim'tial - Avial)

Effi37¢s = x 100% (1)
Aim'tial

with:

Eff;3,c the uptake efficiency of the 137Cs tracer from

the vial [%]
A the '¥’Cs activity of the vial and its remaining
volume after labelling [Bq]
the '*’Cs activity of the vial and the tracer
solution prior to labelling [Bq]

To show the potential of the approach, the same
plants were labelled also with '*CO, instead of waiting
for root decomposition and growth of new plants
(Fig. 1). *CO, labelling was performed in an airtight
and transparent plastic chamber under a plant growth
lamp. 5 MBq of Na,'*CO; (Hartmann Analytic,
Brunswick, Germany) were dissolved by phosphoric
acid (Sigma-Aldrich Chemie GmbH, Munich,
Germany) and the formed '*CO, was pumped into the
chamber by a peristaltic pump and cycled for 36 h. A
120-mm fan supported the even distribution of the
%C0O, inside the chamber. Four days after the '*C
labelling, the soil cores were cut horizontally at the
depth of 5 cm below the soil surface with a sharp utility
knife. Prior to this, the plastic pot was cut open with a
cut-off wheel tool (Dremel 4000 series, Dremel Corp.
Racine, WI, U.S.A)).

Ainitial

137Cs and '*C imaging

The cut soil surfaces were placed on phosphor
imaging plates (BAS-MS 2040; 20 by 40 cm;
Fujifilm Europe GmbH, Duesseldorf, Germany).
A 12 pm Hostaphan® film (Mitsubishi Polyester
Film GmbH, Wiesbaden, Germany) was placed
between the samples and the imaging plate to
protect it from the labelled soil during the first
imaging. This first image showed the activities of
137Cs and '*C, while the second imaging showed
only the "*’Cs activity. For the second imaging,
six additional plastic films (polypropylene, 40 pum
thickness, density 0.95 ¢ cm_3, MDF-
Verpackungen GmbH, Bergisch Gladbach,
Germany) were used to shield off the 'C radia-
tion. Full shielding was checked by 1 ul drops of
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activities of 125 Bq of '*’Cs and '*C put next to the soil
cuts. Exposure was three hours for both images. The
imaging system FLA 5100 (Fujifilm Europe GmbH,
Duesseldorf, Germany) was used to read the plates with
aresolution of 100 um. The same procedure was carried
out once for each plant species for the dried and flat-
tened leaves and stems.

Determination of exposure and shielding

The number of plastic films required for shielding off
the '*C B~ radiation was worked out separately. On a
sheet of coated paper (DescProtect, LLG Labware
GmbH, Meckenheim, Germany) 1 pl drops of dissolved
137CsCl and "*C—glucose were added at increasing ac-
tivities ranging from 1 to 125 Bq. Additionally, the
remaining 3 radiation of 13 7Cs, as well as, the optimal
exposure time for the imaging were determined.

Image processing

The emitted B~ radiation from the decay of '*’Cs
and '*C was stored in 16-bit digital images. The
imaging plates store the signal as the quantum
level (i.e. the logarithmic pixel-wise greyscale da-
ta) for each pixel. These were then converted to
standardised PSL (photo-stimulated luminescence)
units. This is an arbitrary unit describing the
absorbed and corrected energy on the imaging
plate. For the conversion, we followed the protocol
given in the technical documentation of the image
format (Fuji Photo Film Co. Ltd. 2003):

P\, 4000 Lx(%-05)
PSL = (100) x o x 10 (2)

with:

P the pixel size (P = 100 um)

QL the pixel-wise grey value (quantum level) initially
stored in 16-bit images

S the sensitivity factor (S = 1000)

L the latitude (L = 5) and

G related to the image format and equals to 65535
for 16-bit images.

Image processing was performed in MATLAB
2015 (The MathWorks GmbH, Ismaning, Germany).
As the first step, the converted images were

normalised to get a similar background based on
blank areas in the images. There were two sets of
images for each plant: one capturing the decay of
both '3’Cs and '*C, and the other one showing the
decay of only '*’Cs after shielding off the '*C. Each
set of images was taken separately and was, there-
fore, not overlapping pixel by pixel. To quantitative-
ly separate the contributions of '*’Cs and '*C, over-
lapping both sets of images enabled subtraction of
the two images, i.e. the second from the first image.
The two images were aligned by defining one image
the reference and applying geometric transformations
to the other image. For this purpose, an intensity-
based image registration was used. Since the second
imaging also reduced the intensity of the '*’Cs sig-
nal, this was corrected by calculating the attenuation
from defined '*’Cs activities put next to the soil
samples. Photos of soil cross sections were taken
prior to imaging. These photos were aligned with
the images obtained by imaging. Thanks to the big
contrast between the roots and the soil in these
photos, the roots were easily segmented from the
soil through a threshold method. We focussed on
the main root of each plant. A Euclidean distance
map was applied to the segmented root to calculate
the root radius. This distance map was used to
categorise pixels around the roots according to their
lateral distance from the rhizodermis, i.e. the outer-
most primary cell layer of the root tissue. The pixel-
wise PSL values were then converted to activities
(full details see next section). To calculate the radial
profiles of the nuclide-specific activities as a function
of the distance from the rhizodermis, mean activities
were determined at given distances from the
rhizodermis (Zarebanadkouki et al. 2016) - assuming
radial symmetry around the roots. Summing up the
increments of activities at each distance gave the
total activity excreted by the root (Eq. 3).

Ay = iin (7Tr2 71'7”?71) X A; (3)

o
i=1

with:

A, the total activity of each nuclide excreted by the
root [Bq]

7 the distance of a pixel i from the rhizodermis
[mm] with 7y, the root radius
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A;  the mean activity of each nuclide in the distance r;
from the rhizodermis [Bq mm 2]

Since different initial activities were applied to the
plant species and the root diameter was different among
species, we normalised the total excreted activities ac-
cordingly (Eq. 4).

Atat
A = 4
tot,norm Arcvd < 27”’0 ( )
with:
A, the normalised total activity of each nuclide
norm  [BqBq mm™']
Asor the total activity of each nuclide excreted by
the root [Bq]
Aeva the total activity of a nuclide recovered in a pot
and shoot
7o the root radius

Quantification of the images

The pixel-wise PSL values were converted to
137Cs and 'C activities by a regression describing
the relation between the PSL values and the activ-
ities of '*’Cs and '*C standards. The regression
function was obtained by imaging known activities
of P7Cs and '“C. For this, 0.5 g of the soil from
the plant experiment were adjusted to 25% soil
moisture (gravimetric) by dropwise addition of
150 ul of dissolved '*C—glucose and '*’Cs activ-
ities ranging from 20 to 325 Bq ul™'. The soil was
mixed to achieve a uniform mixture and trans-
ferred to a 96-well microtiter plate (U-shaped
wells with a diameter of 6.94 mm and a depth
of 11.65 mm; Brandplates®, Brand GmbH + Co
KG Wertheim, Germany). A smooth soil surface
was prepared on the level of the rim of each cup.
Aliquots of '*C—glucose were dissolved in
Rotiszint® eco plus scintillation cocktail (Carl
Roth GmbH + Co. KG, Karlsruhe, Germany) and
activities were determined by the liquid scintilla-
tion counter Tricarb™ B3180 TR/SL (PerkinElmer
Inc., Waltham, MA, U.S.A.). Activities of '*’Cs
were measured on the HiDex Automatic Gamma
counter. The images were normalised to the back-
ground and emitted energies were converted to
PSL values. The '*’Cs and '*C activities and their
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PSL values were normalised to the applied areas
and a linear function was fitted to the PSL values.

Spatial overlap of '*’Cs and "*C hot spots

The quantified and ready images of '*’Cs and '*C
were taken and the spatial overlap () of the main
activities was estimated by the spatial overlap co-
efficient (Eq. 5) (Bolte and Cordelieres 2006;
Manders et al. 1993). This was performed by
means of the JACoP plugin (Cordelieres and
Bolte 2009) in Fiji (Schindelin et al. 2012;
Schindelin et al. 2015) using manually set thresh-
olds.

YiAi X B;
EENSTRSATY:

with:

A the intensities of a pixel of channel A,
B the intensities of the corresponding pixel of
channel B

Determination of '*’Cs and C bulk activities

At the end of the experiment, all soil was collect-
ed, plants were cut above ground and the dry
weight of the soil and shoots were determined
after drying at 75 °C for 120 h. Visible, larger
roots were pre-ground separately in a ball mill
(PM 100; Retsch, Haan, Germany) for at least
15 min prior to adding the soil and milling for
another 15 min. Five replicates of ~1 g of soil and
roots were taken and '*’Cs vy activity was mea-
sured. The same samples were incinerated at
500 °C and the resulting '*CO, was trapped in
Oxysolve C-400 scintillation cocktail (Zinsser
Analytic GmbH, Frankfurt, Germany) prior to the
scintillation measurement.

The belowground tracer allocation was
expressed as the belowground activity relative to
the total recovered activity (shown for "*’Cs in
Eq. 6a). The aboveground allocation was
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calculated as the aboveground activity relative to
the total activity recovered (shown for '*C in
Eq. 6b).

137
Cshcluwgr(zund

137
Csbelowgruund,[

i i
! C aboveground i 137C elowground i
_ 7 (Y7 Cosapores Z‘J’ Sweowsrowds) 000, (6a)
with:
137csbelowground the mean belowground 137¢cg
allocation of a plant species [%]
137Csbdowgmun¢,~ the recovered belowground 137¢s
activity of a replicate i, i.e. soil
and roots [kBq]
13 7Csab(,v€gmun¢ ;. the ¥7Cs activity recovered in the
shoot of a replicate i [kBq]
n the number of replicates
14 Cabovegmund
Z” . 14C¢zhovegruund,i
= 14Cu oveground i 14C elowground i
_ T (“Caoagromt*Coetongromas) 150, (6b)
n
with:
14Cab,,vegmnd the mean aboveground 14C allocation
of a plant species [%]
14Cbe,,,wgmu,,d, ; the belowground 4c activity
recovered in a replicate 7, i.e. roots and
soil [kBq]
14Cabovegm,md, ;. the 1C activity recovered in the shoot
of a replicate i [kBq]
n the number of replicates
Results

Labelling with '*’Cs and '*C

137Cs transported within the leaves of both plant species
was detectable 6 h after labelling had started using a
Geiger-Miiller counter with a small probe. Presence of
137Cs in the roots, i.e. at the bottom of pots, was detect-
able two days after labelling. Imaging confirmed that

strongly increased '*’Cs activities were allocated to the
more distal parts within four days in the case of both
plant species, e.g. in young leaves and leaf bases of
chicory (Online Resources 2 and 3). '*’Cs uptake was
98.0 £ 0.8% for chicory and 99.8 + 0.1% for alfalfa
(Table 1). Root allocation of '*’Cs did not strongly
depend on the plant species: chicory allocated
9.4 £ 1.5% and alfalfa allocated 7.1 &+ 1.6% of the tracer
below ground (Table 1). Even after four days, more than
90% of the '*’Cs was still in the shoot, which is also
discernible in the imaging of the shoot (Online
Resources 2 and 3).

Imaging revealed that the '*C B~ radiation was
completely shielded to the background level by six
layers of 40 um polypropylene film and one layer of
12 pm Hostaphan® film (Online resource 7). Shielding
attenuated the '*’Cs radiation by 35.8 + 1.5%.

The "*’Cs and '*C labelling technique and its feasi-
bility will be first illustrated exemplarily for two repli-
cates per species. Detailed images of all pots are given
as Online Resources 4 and 5. The example images of
both species are shown in Fig. 2, in which the intensities
correspond to the quantum level, i.e. the logarithmic
pixel-wise greyscale data. Both plants, roots and their
rhizosphere showed strongly increased activities of
137Cs and "C and therefore, their spatial distribution
can be easily distinguished. Pixel-wise subtraction of
137Cs images from the images of total '*’Cs and '*C
activity gave the '*C contribution (Fig. 3). Here,
subtracting the '*’Cs image from the total image worked
remarkably well and resulted in two separate datasets of
137Cs and '*C, which was the main aim of this experi-
ment. Both radionuclide distributions gave good repre-
sentations of the roots (Fig. 2, top and below, Online
Resources 4 and 5), including the prominent main roots
and laterals (chicory), as well as secondary roots (alfal-
fa). Congruence of the main root locations by both
radionuclide distributions was very high as determined
by the overlap coefficient with 96.0 + 1.1% for chicory
and 95.3% + 0.9% for alfalfa.

Quantification of the intensities

The two separated radionuclide visualisations were
quantified by a regression function, which described
the linear relation between PSL value and the activities
of each radionuclide (R*> > 0.98, Fig. 4). For further
quantifications, we focussed on the main root of each
plant. Radial distributions of '*’Cs and '*C activities as
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Table 1 "*7Cs and "*C budget. Shown are means of five replicates + standard errors of the mean

137Cs uptake 137Cs aboveground 137Cs belowground 14C aboveground 14C belowground

[%] [%] of recovery [%] of recovery [%] of recovery [%] of recovery
Chicory 98.0£0.8 90.6+1.5 94+1.5 374+45 62.6+4.5
Alfalfa 99.8 0.1 929+1.6 71+1.6 79.4 £ 6.0 20.6 £ 6.0

a function of distance from the rhizodermis are given in
Fig. 5. For both plants, the activities were higher near
the rhizodermis and decreased towards the bulk soil. In
general, the '*’Cs activity at the rhizodermis was about
4-5 times higher than the activity of '*C. The radial
extension of '*’Cs was also larger in both plants than the
4c (e.g. alfalfa, ca. 0.25 cm vs. 0.15 cm). The rhizo-
sphere extensions of '*’Cs and '*C were about 40%
smaller in the case of alfalfa compared to chicory. The
two plant species initially received different total activ-
ities and their roots had different diameters. Therefore,
Fig. 6 shows activities normalised to the total recovered
activities and root perimeter: chicory excreted ~23 times
more '*C and 15 times more '*’Cs than alfalfa. Both
species gave more '*’Cs than '*C into the rhizosphere at
5 cm depth. So, the excretion of nuclides depended on
the plant species and the type of nuclide.

Alfalfa

Fig. 2 Imaging of '*’Cs and "*C (fop) and '*’Cs only (middle)
activities in the soil at a depth of 5 cm for alfalfa (left) and chicory
(right). Below the imagings are rotated photos of the respective
soil cuts. The images presented quantum level data (QL, i.e. the
pixel-wise grey values stored in 16-bit images) which was initially
captured during imaging. The red colour corresponds to higher
activities. Note, that here two plants are given as examples and all

@ Springer

Discussion
The double labelling approach

We presented a proof-of-concept, which should enable
the visualisation and quantification of the reuse of
biopores (Fig. 1). Our approach simulates the path of
the Chernobyl '*’Cs fallout from the leaves into the
roots by labelling crops through the leaves with
137CsCl to create '*"Cs-labelled root biopores. The roots
of the subsequently grown crop could then be differen-
tiated by '*CO, labelling to create '*C—labelled roots.
The feasibility of our concept was shown in an experi-
ment, in which the same plants were labelled by both
tracers. This simulates the situation of a re-used root
channel, i.e. both radionuclides spatially overlapping in
the same root channel.

7cs [aL]

5cm

plants are given as supplementary information (Online Resources
4 and 5). Numeric identifiers and arrows relate to 1) lateral root
emerging from the single tap root of chicory, 2) a large number of
fine roots growing in the gap between the soil and the container, 3)
sloughed off rhizodermis, and 4) smaller secondary roots as op-
posed to chicory’s taproot
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Fig. 3 Procedure of image
processing after conversion to
PSL units and successful
subtraction of '*’Cs activity
(middle) of total activity (fop) to
yield the 'C activity

(bottom), shown for two
examples of the largest, i.e. main
roots, to which a colour map was
applied

~1cm

Applying '*’Cs and 'C to plants was easy, fast and
straightforward. Labelling plants with '*CO, and "*C—
photosynthate release into the soil is well established
(Pausch and Kuzyakov 2011). There were earlier hints
that the labelling with '*’Cs might be feasible: '*’Cs
from seedlings incubated in '*’CsCl solution was re-
leased from their roots into the '*’Cs-free soil
(Bystrzejewska-Piotrowska and Urban 2004). Of the
total '37Cs activity, 7.1-9.4% was allocated below
ground within four days (Table 1). At least four reasons
explain why the '*’Cs labelling worked remarkably
well: T) the absence of uptake-regulating barriers in cut
leaves and stems as compared to roots (e.g. Casparian
strip in the root endodermis), II) the comparatively high
mobility of caesium in plants (Online Resources 1 and
2; Bystrzejewska-Piotrowska and Urban 2004), III) its
similarity to K and, therefore, possibly selective uptake,
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and IV) the translocation of it to the roots through the
phloem (Buysse et al. 1995; Zhu and Smolders 2000). It
may be speculated that the '*’Cs uptake follows the
uptake mechanisms of other cations, i.e. uptake through
the cut surface or stomata, or cuticular penetration
(Fernandez and Eichert 2009; Stock and Holloway
1993). The contributions of the three mechanisms for
the two species cannot be estimated from our data.
However, we found evidence of selective uptake of
137Cs by chicory. Almost all '*’Cs activity was taken
up from the tracer solution (Table 1). Yet, there was
still solution present at the end of the experiment in
the chicory vials, which contained 137Cs  activities
lower than the '*’Cs activity expected in the remain-
ing volume. Hence, we assume selective uptake of
Cs compared to water, most probably since Cs is a
K analogue.
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Fig. 4 Standardisation of '*’Cs and '*C activities and their PSL (photo-stimulated luminescence) values by linear regression
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Fig. 5 Radial profiles of '*’Cs (leff) and '*C (right) activities as a

function of the distance from the rhizodermis for five alfalfa replicates
(top) and four chicory replicates (bottom). Data averaged in radial
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Fig. 6 Total *’Cs and "*C activities in the rhizosphere of alfalfa
and chicory obtained from Eq. 4, i.e. normalised by the total
activities taken up by each plant and the root perimeter. The data
are averaged among replicates and error bars show standard errors
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The belowground allocation induced very strong sig-
nals in the soil - far above the detection limit and the
background luminescence of the imaging plate. Herein,
we focussed on the main roots, which turn into biopores
desirable in organic agriculture (Kautz et al. 2013), but
finer roots were also labelled. The main challenge was to
prove that both nuclides were individually detectable.
This required separation of '*’Cs and '*C ™ radiation
signals, which was achieved by shielding during the
two-step imaging procedure (Fig. 3, Online Resource
7). It was shown that the root release of radionuclides
could be used to visualise roots, their locations and
features such as laterals or secondary roots - irrespective
of the species (Fig. 2). After labelling, the '*’Cs distri-
bution in the rhizosphere represents the Cs™ and K*
excretion from the roots from the start of the labelling
to imaging. Also, it gives the size distribution of the
roots and later biopores in a soil cut. ' *C—photosynthates
in the rhizosphere are representative of the root exuda-
tion of low molecular organic substances. Like '*’Cs,
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the '*C activity distribution gives the size, extension and
locations of the roots (Fig. 3). Consequently, the size
distribution and count data of roots and biopores of both
fibrous and tap-rooted plants could be determined and
compared. The descriptive statistics are needed as a
foundation for future research.

Our experiment has shown, that both radionuclides
were allocated below ground, gave satisfying represen-
tations of the roots and the strong signals were success-
fully separated from each other through shielding during
imaging (Fig. 3). The low mobility of *’Cs in soil and
its long half-life of about 30 years are well-established
properties and should lead to stable labelling of biopores
(Cremers et al. 1988; Walling and Quine 1995). Also,
the rhizodeposition of '*C—photosynthates is frequently
and successfully applied. With these prerequisites met,
biopore reuse quantification comes within reach.

Implications for biopore reuse

The reuse of pre-crop biopores in crop rotations by
subsequently grown main crops is obvious (Elkins
1985; Han et al. 2016), but has not been quantified yet
due to a lack of methods. Although not specifically
tested herein, our approach should be feasible for
biopore studies. Even under the assumption, that only
low '¥7Cs activities were excreted by the roots within
four days, the signal was already strong enough for
imaging (Fig. 2). The exact '*’Cs activities excreted
are only of secondary importance in this regard. As long
as '*’Cs is translocated into the roots prior to root death,
it will be released into the developing root channel upon
cell death and during root decomposition.
Hypothetically and according to our concept, after the
main crop phase in a crop rotation, unused biopores
would feature only '*’Cs, while reused biopores would
show a spatial overlap of '*’Cs and '*C activities.
Finally, roots growing in bulk soil would be only la-
belled with "*C and not with '*’Cs. In principle, earth-
worm biopores could also be labelled by feeding earth-
worms '2’Cs- or '*C—labelled litter, which would enable
more earthworm-related research opportunities. '*C and
bomb-fallout '*’Cs were already shown to be possible
tools to determine the age of individual burrows, biotur-
bation and organic matter turnover (Cheshire and
Griffiths 1989; Hasegawa et al. 2013; VandenBygaart
et al. 1998).

We presented one approach to quantify the '*’Cs and
14C signals to later quantify biopore reuse from the

imagings: the overlap coefficient (Bolte and
Cordeliéres 2006; Manders et al. 1993). Since both
labellings were performed on the same plants without
waiting for root decomposition after the pre-crop phase,
all '3’Cs-labelled roots were also labelled with '*C
(Fig. 3). This is discernible from the high overlap coef-
ficient of >0.95.

Further applications

This dual labelling approach could be particularly useful
to localise and visualise further processes on different
scales: on the smaller rhizosphere scale, estimating the
rhizosphere extension of organic and inorganic sub-
stances, and on a larger scale, the root system
architecture.

Extension of photosynthates and solutes’ diffusion
in the rhizosphere: the rhizosphere boundary

As the highest '*’Cs and '*C activities were located
around the main roots, i.e. the tap roots and largest
fibrous roots, these were considered the main regions
of interest (Fig. 2). Radial distributions of '*’Cs and '*C
starting from the rhizodermis into the bulk soil are
shown in Fig. 5. The distance of the rhizodermis to the
point where the activity was for the first time down to
5% of the activity of the root centre was defined as the
rhizosphere extension. This definition is rather arbitrary
since it only serves the purpose of showing the feasibil-
ity of the approach also in the narrow rhizosphere:
heterogeneous rhizodeposition patterns in varying soil
depths can be determined easily.

The radionuclide localisation and activity distribu-
tion explain I) the pattern of the gradients and II) the
amount of tracer excreted by the root. Radionuclide-
specific rhizosphere extensions were expected accord-
ing to the size and charge of the excreted compounds
(Fig. 5). '*7Cs* strongly binds to iron oxides and clays
(Giannakopoulou et al. 2007; Riise et al. 1990) and is
not taken up by microorganisms in large amounts like C,
e.g. as an energy source. This results in a '*’Cs rhizo-
sphere extension which is monotonically decreasing.
The '*’Cs distribution represents the microbially non-
decomposable release of K. On the contrary, "*C—la-
belled photosynthates are taken up very fast and effi-
ciently by microorganisms (Fischer et al. 2010), re-
spired, used for biofilm formation or stabilised as
necromass (Miltner et al. 2012). The locations of such
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processes are clearly visible in Fig. 5 as the distribution
of "C increases and decreases within the rhizosphere.
The radial distribution of '*C was also similar to the
distribution of enzyme activities in the rhizosphere
(Razavi et al. 2016). Apart from these lateral patterns,
exudation along the roots could be studied by cutting the
soil cores either horizontally at different depths, by
cutting it vertically or by using rhizotrons (Razavi
et al. 2016).

Separating and quantifying radionuclides in the rhi-
zosphere on a resolution of 100 um was accomplished
(Fig. 3). Enhancing the resolution to 25 pm is possible
and will capture finer details and more exact rhizosphere
extensions. Utilising the '*C activity as a proxy for
organic compounds in the rhizosphere will help eluci-
date C dynamics in root-induced hot spots (Pausch and
Kuzyakov 2011). '*’Cs as an analogue for the nutrient
potassium could be a new tool not just for biopore reuse
but also a proxy for solute excretion from roots. To our
knowledge, there is no tool available yet to quantitative-
ly visualise the rhizosphere dynamics of both root exu-
dates and solutes in situ. We, therefore, propose this
radionuclide imaging/shielding approach, which should
in principle also work with *°K, *°Sr (as an analogue for
Ca), *°Cl, **S or **P. Changing the radionuclides would
also enable to study other processes or elements, e.g.
behaviour of anions in the rhizosphere.

Root system architecture

Albeit the biopore reuse was our prime interest, the ap-
proach may also be useful to study the root system archi-
tecture. Herein, the soil core was cut once in 5 cm depth.
By increasing the number of cuts, one may be able to get a
3D approximation of the root system. Additionally, extra
vertical cuts could be helpful for modelling. Repeated
pulses of '*C and '*’Cs ensure that the roots are
homogenously labelled. Compared to computer tomogra-
phy, this approach may be less accurate and needs destruc-
tive sampling, but it is certainly more affordable.

Methodological recommendations

It is recommended to label the first crop with '*’Cs and
the subsequent crop with '“C due to the rapid microbial
C turnover in the rhizosphere and fast losses as
4C0O, compared to '*’Cs. If biopore reuse of further
crops appears interesting, a third crop could be labelled
with radionuclides having maximum (3~ decay energies
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not too close to 156 or 514 keV, such as *°K (1.31 MeV)
or **C1(0.71 MeV). In case extremely high activities are
used, an overglow effect may occur, i.e. very high
activities paired with long exposure times may cause
unproportional luminescence on the imaging plates. We
have not found this to impact the image quality in our
setup. If this effect occurs, two measures could help to
maintain a high localising resolution: I) keeping the
distance between the soil and imaging plate as small as
possible and II) 3D collimators or anti-scatter grids
cutting off scattered radiation.

High CsCl concentrations in plants may inhibit pho-
tosynthesis and may cause contractile roots in young
plants (Bystrzejewska-Piotrowska et al. 2004). Even
though the actual '*’Cs tracer concentrations are orders
of magnitude too low to cause such effects, we recom-
mend high activities of the '*’Cs tracer and lowest
concentrations of a '**CsCl medium. Mature plants are
expected to be less affected by salinity as compared to
young plants (Hasegawa et al. 2015). Leaves of our
200 day-old plants did not show any colour changes at
CsCl concentration of 0.5 mM. Chicory leaves were left
in the "*’Cs solution for up to 48 h without visible
damage. In a different pre-test (not shown), damages
were observed after >48 h, but this may vary for differ-
ent species or growth stages. We, therefore, recommend
pre-tests with the desired plant species and unlabelled
solutions. The unlabelled CsCl medium is also required
to handle the 137Cs, as its actual concentration would be
too small to handle: the slightest contamination with
clay or iron oxides in a tracer solution without '**Cs
would bind a large part of the *’Cs.

For the leaf-feeding, cutting the leaves under water
and adding a surfactant such as Silwet® Gold (Spiess-
Urania, Hamburg, Germany) to the CsCl solution may
further reduce the risk of unsuccessful labellings caused
by embolies. If performed in the field, the leaf feeding
procedure may be carried out like in the laboratory, i.e.
cutting the leaves and immersing them in a solution of
tracer and surfactant. Repeated '*’Cs pulse labelling at
different growth stages is expected to label the root
pores more homogenously in deeper soil layers.

CO, pulse labelling is regularly performed and
specific issues were reviewed extensively elsewhere
(Kuzyakov and Domanski 2000; Meharg 1994). Due
to rapid C turnover in soil and rhizosphere, the imaging
procedure should be carried out as soon as possible after
the second, i.e. '“C labelling, to receive the strongest '*C
signals. In the field, the 4co, labelling can be
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performed in a portable plastic chamber similar to our
laboratory setup (Hafner and Kuzyakov 2016). In the
field and unlike in this experiment, roots will not be as
concentrated as in our pots, but rather be more dis-
persed. One countermeasure could be to use larger im-
aging plates (i.e. maximum 35 x 43 cm with our man-
ufacturer). Also, the signals may be weaker because of a
higher root mass and, therefore, possibly lower '*’Cs
activity per rhizodermis. To maintain a high image
quality, two measures are recommended: I) repeated
pulse labelling of both nuclides (cf. above) and II)
longer exposure.

For easier cutting of the soil cores, we adjusted the
water content to 45-50% of the maximum water holding
capacity. Freezing the soil cores could also be a suitable
approach to avoid the redistribution of soil particles
during the cutting (Kuzyakov et al. 2003). However,
care should be taken not to cause excessive stress on
the surrounding soil. Regarding occupational health and
safety, during the cutting and handling of the soil and
solutions in the lab, we strongly recommend to always
follow common radiation protection rules to keep radi-
ation exposure as low as reasonably achievable.
Incorporation of '*’Cs-contaminated soil dust could be
minimised by wearing face masks and performing dust-
producing tasks in a fume hood.

Some issues are conceivable and may need con-
sideration when scaling this proof-of-concept up to
a crop rotation — since this was not yet tested. The
largest difference between this experiment and a
crop rotation would be the duration of root de-
composition and with this comes a range of issues
regarding the feasibility of the approach. First,
137Cs release upon root cell death needs to be
shown. In soils with a high biotic activity, the
signals might be disturbed in the long run: even
though '*’Cs should not diffuse away from miner-
al surfaces, soil particles may be pushed away by
earthworms or roots. For instance, secondary thick-
ening or growth of thicker main crop roots may be
expected to weakly impact the positions of '*’Cs
signals by slightly pushing soil particles away
from their former position. Even if the main crops
pushed '*’Cs-labelled soil away, e.g. in the case of
a fibrous pre-crop and a tap - rooted main crop,
spatial overlap of '*’Cs and '*C would still be
expected. In the opposite case, i.e. the main crop
features small roots compared to the biopore di-
ameter, the main crop '*C signal may be small. In

this case, multiple pulse or continuous labelling is
recommended. It, however, remains to be deter-
mined if these effects are relevant for the time
frame of root decomposition in a crop rotation.

Conclusions

A new dual labelling approach with foliar application of
137Cs and "*C and selective shielding during the imag-
ing of soil cuts was successfully tested: more than 99%
of the '*"Cs tracer was taken up irrespective of the plant
species and of this 7.1-9.4% were allocated below
ground within four days. 3~ radiation around the roots
proved that both '*’Cs and '*C were released into the
rhizosphere, effectively creating roots labelled with both
137Cs and "C. Shielding successfully separated the two
signals. Albeit not specifically tested herein, if the two
tracers are applied to separate, subsequent crops in a
crop rotation, the ultimate goal of biopore reuse quanti-
fication appears feasible: the long half-life of '*’Cs, its
relatively high energy 3 radiation and very low mobil-
ity in soil should enable stable and long-term labelling
of rhizosphere soil and, after decomposition, root
biopores. Labelling main crops with "*C would enable
quantification of the reuse of root biopores and would
help estimate their importance over longer periods and
on larger scales — possibly under field conditions. We
conclude that '*’Cs can be a useful proxy of biopore
reuse and possibly for the extent of solute dynamics in
the rhizosphere and root system architecture studies.
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