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Methods  We captured for the first time the root sys-
tem architecture of maize plants grown in rectangular 
rhizotrons in 3D using neutron computed laminog-
raphy (NCL). Simultaneously, we measured pH and 
oxygen concentration using fluorescent optodes and 
the 2D soil water distribution by means of neutron 
radiography. We co-registered the 3D laminography 
data with the 2D oxygen and pH maps to analyze the 
sensor signal as a function of the distance between 
the roots and the optode.
Results  The 3D root system architecture was suc-
cessfully segmented from the laminographic data. We 
found that exudation of roots in up to 2 mm distance 
to the pH optode induced patterns of local acidifica-
tion or alkalization. Over time, oxygen gradients in 
the rhizosphere emerged for roots up to a distance of 
7.5 mm.
Conclusion  Neutron computed laminography 
allows for a three-dimensional investigation of root 
systems grown in laterally extended rhizotrons as the 
ones designed for 2D optode imaging studies. The 
3D information on root position within the rhizotrons 
derived by NCL explained measured 2D oxygen and 
pH distribution. The presented new combination of 
3D and 2D imaging methods facilitates systematical 
investigations of a wide range of dynamic processes 
in the rhizosphere.

Keywords  Laminography · Neutron imaging · 
Rhizosphere biogeochemistry · 3D root system 
architecture · Root-soil interaction · Root activity

Abstract 
Purpose  Root growth, respiration, water uptake as 
well as root exudation induce biogeochemical pat-
terns in the rhizosphere that can change dynamically 
over time. Our aim is to develop a method that pro-
vides complementary information on 3D root system 
architecture and biogeochemical gradients around the 
roots needed for the quantitative description of rhizo-
sphere processes.
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Introduction

Plant-soil interactions induce a high spatiotempo-
ral variability of soil properties in the root zone. 
Water and nutrient acquisition and the extent of 
biogeochemical gradients in the rhizosphere are 
connected to the spatial distribution of roots in soil 
and affected by the architecture of the root sys-
tems (Hinsinger et  al. 2009, 2005; Smith and De 
Smeth 2012). Root respiration, water and nutrient 
uptake as well as root induced pH variations differ 
between roots of different physiological function, 
morphology and branching order (Ahmed et  al. 
2018; Rudolph-Mohr et  al. 2017) as well as along 
single roots (Aguilar et  al. 2003; Chaignon et  al. 
2002; Rudolph et al. 2013). Due to the highly vari-
able nature of root growth, there is a clear need to 
gain complementary information about root sys-
tem architecture and chemical composition of the 
rhizosphere over larger spatial and temporal scales, 
which has been identified as one of the key chal-
lenges in rhizosphere research (Roose et al. 2016).

In-situ imaging methods have been applied to 
study the root system of soil-grown plants. 3D 
non-invasive methods such as neutron tomogra-
phy (Moradi et al. 2011; Tötzke et al. 2017, 2021), 
X-ray tomography (Aravena et  al. 2011; Koeber-
nick et al. 2017) or magnetic resonance tomography 
(Pohlmeier et al. 2008; van Dusschoten et al. 2016) 
can yield detailed information on root system archi-
tecture and rhizosphere behavior. The maximum 
diameter of the usually cylindrical plant containers 
ranges from 30–120 mm depending on the imaging 
modality as well as the desired spatial resolution. 
The temporal resolution depends on the time needed 
to perform the 3D scan and may range from seconds 
to hours (Tötzke et al. 2019). 2D imaging allows for 
studying larger root systems grown in slab-shaped 
rhizotrons with lateral dimensions of several hun-
dred of millimeters. However, 2D approaches are 
intrinsically limited by averaging in transmission 
images such as neutron radiography (Menon et  al. 
2007; Moradi et al. 2009) or yield just a 2D imprint 
of the 3D root-soil compartment, as for example 
optical fluorescence imaging using planar optodes 
(Blossfeld et  al. 2013; Rudolph-Mohr et  al. 2017; 
Strömberg 2008). As each of the methods has spe-
cific strengths and limitations, the combination of 

two or more techniques can provide complementary 
information on the root-soil system when applied 
simultaneously to the same sample. For instance, 
neutron tomography was recently combined with 
magnetic resonance imaging to achieve synergis-
tic information of water mobility and total water 
content in the rhizosphere (Haber-Pohlmeier et  al. 
2019). Optical fluorescence imaging and neutron 
radiography are a unique combination to study plant 
root systems grown in slab-shaped rhizotrons in 
respect to dynamic changes (Rudolph-Mohr et  al. 
2014). The application of this combined imaging 
approach showed the dynamics of root respiration, 
pH changes and water uptake related to root mor-
phology at high spatial and temporal resolution 
(Rudolph-Mohr et  al. 2017). However, the inter-
pretation of the observed 2D biogeochemical gradi-
ents had some ambiguity as the optical fluorescence 
sensors that were attached to the front or rear wall 
of the rhizotron capture the activity of roots in dif-
ferent distances with different contrast and timing. 
Therefore, extending this imaging set-up by a tomo-
graphic approach should be considered a crucial 
next step to link the biochemical information of soil 
with the 3D root system architecture (RSA).

Different requirements regarding sample size and 
geometry make the combination of 2D optical fluo-
rescence imaging and 3D transmission tomography 
technically challenging. When it comes to measur-
ing the three-dimensional RSA, a cylindrical shape of 
the plant container is a clear advantage as it ensures 
uniform transparency of the sample during the tomo-
graphic scan. The maximum possible diameter of 
such containers is limited to a few centimeters and 
depends on the actual attenuation property of the 
plant-soil sample. This imposes spatial constraints 
for root growth and thus limits the application of 
standard tomographic techniques to young plants. A 
slab-shaped rhizotron represents the optimum con-
tainer design for 2D chemical imaging with planar 
optodes (Rudolph et  al. 2012) allowing for studying 
root systems and water uptake on the scale of several 
decimeters in the lateral direction (Dara et al. 2015). 
However, the rectangular design has usually limited 
the imaging approach to two dimensions, since tomo-
graphic acquisition of the 3D root systems in such a 
container is associated with considerable difficulties. 
When the rhizotron is rotated during the tomographic 
scan, the large lateral extension of the container leads 
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to insufficient neutron transmission of the sample 
over a significant angular range. Although it is not 
impossible to perform standard neutron tomography 
of rectangular slabs (Esser et  al. 2010), the image 
quality suffers from pronounced imaging artefacts 
due to the limited sector of accessible projection 
angles. An adapted tomographic technique especially 
suited for flat samples is computed laminography and 
it has been applied in synchrotron X-ray (Helfen et al. 
2011b) and conventional X-ray CT-scanners (Fisher 
et al. 2019) as well as at neutron imaging instruments 
(Helfen et  al. 2011a; Salvemini et  al. 2015), but not 
yet with plant roots in soil. By tilting the rotational 
axis with respect to the incoming beam, each projec-
tion has a similar overall transmission over the full 
angular range of the scan, which is a better basis for a 
tomographic reconstruction.

The aim of the present study was to apply neu-
tron computed laminography (NCL) for the first time 
to capture the RSA of maize plants grown in slab-
shaped rhizotrons. This 3D information is useful by 
itself, but also required to enhance the interpretation 
of 2D pH and oxygen patterns captured by optical 
fluorescence imaging. Complementary neutron radi-
ography was applied to obtain 2D water maps of the 
soil during the experiment. We co-registered the 3D 
laminography with the 2D fluorescence images to 
investigate to which extent the local root volume con-
tributes to signal changes in the planar optodes. We 
hypothesize that also roots grown in some distance to 
the optode have an influence on the observed oxygen 
and pH values and therefore data on the entire root 
system is needed for a complete interpretation.

Material and methods

Plant growth

Three slab-shaped, boron-free glass rhizotrons 
(150  mm × 150  mm × 15  mm) were prepared with 
optodes either sensitive to pH or oxygen (covered 
area of 130 mm × 140 mm) glued to their inner sides. 
The rhizotrons were filled with quartz sand (grain size 
distribution 200–2000  µm, initial pH(CaCl2) = 6.57) 
and separated into an upper and a lower compart-
ment by a horizontal layer (width: 10 mm) of a fine 
sand-silt mixture (grain size distribution 1–250 µm). 

As long as this layer was water saturated, it prevented 
gas exchange between the lower compartment and 
the ambient air allowing the observation of root oxy-
gen consumption. The rhizotrons were covered with 
aluminum foil, which was only removed during the 
imaging procedure. Maize seeds (Zea mays L. cv. 
Golden Bantam) were germinated in the dark at 21 °C 
and planted two days after germination. The sand sur-
face was covered with a 1  cm thick layer of coarse 
gravel to minimize evaporation. Plants were grown in 
a plant growth chamber (Vötsch, Balingen, Germany) 
with a daily photoperiod of 14 h with a light intensity 
of 300 µmol m−2 s−1. The light intensity was ramped 
up from zero to 100% between 6 a.m. and 8 a.m. and 
ramped down between 6 p.m. and 8 p.m. Temperature 
was 25 °C during the day and 19 °C at night, the rela-
tive humidity was kept at 60%. Plants were irrigated 
with nutrient solution (as described in Rudolph-Mohr 
et  al. 2017) during the growing period of 19  days. 
At the start of the experiment, the maize plants were 
21 days old (calculated after sowing).

Neutron radiography and computed laminography

Neutron imaging enables the detection of roots and 
soil water content due to the sensitivity to hydrogen 
bearing materials. Neutron radiography is a two-
dimensional transmission imaging technique able to 
map the RSA and changes in the local soil water con-
tent of the root-soil system in 2D. The soil water con-
tent θ was determined from the neutron radiographs 
according to the method described in Rudolph-Mohr 
et al., (2017). In the drier range (θ < 0.15 cm3 cm−3), 
the volumetric soil water content is determined 
with approx. ± 5% accuracy. At higher soil moisture 
(θ > 0.15  cm3  cm−3) scattering artefacts increase 
the relative error up to ± 10%. The pixel size of the 
neutron radiographs was 100 µm corresponding to a 
physical spatial resolution of approx. 200  µm. The 
root system of plants grown in slab-shaped rhizotrons 
mainly extends in vertical and lateral direction, which 
can be captured by 2D neutron radiography. How-
ever, the actual root system represents a 3D-structure 
where the third spatial direction (i.e. the thickness of 
the slab orientated in the direction of the propagating 
beam during radiographic measurements) contains 
the information about the distance of the roots to the 
planar optodes measuring pH and O2. Extracting this 
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information requires a tomographic approach that can 
capture sample objects with large lateral extension. 
Computed laminography (Helfen et  al. 2011a, b) is 
such an adapted tomographic approach. In standard 
tomography, the axis of sample rotation is orientated 
perpendicular to the beam. The basic idea of com-
puted laminography is to tilt this axis, such that the 
sample transmission stays at a constant level for the 
full set of projections. This way, artefacts related to 
highly attenuated images that limit standard tomog-
raphy can be eliminated or at least mitigated. We 
performed NCL on three maize plants at the neutron 
imaging instrument CONRAD-2 (BER II, Helmholtz 
Centre Berlin, Germany) (Kardjilov et al. 2016). Note 
that tilting the rotational axis in plant experiments 
bears the risk of mechanical changes in the soil and 
of bending the plant stem because the aboveground 
part of the plant may slide across the detector when 
rotated by full 360°. Yet, for a complete reconstruc-
tion of a tomographic scan, a full 360° is not nec-
essarily required. To avoid any movement of roots 
and soil or even the loss of sand during the scan the 
rhizotrons were sealed at the top, and mounted on a 
sample holder in front of the detector (Fig. 1a). The 
rotational axis was then tilted by an angle of 20° (γ) 
towards the vertical. Since the sample was mounted 
lying on the rotation table holder the container plane 
had an angle of 70° to the detector plane and the ver-
tical (Fig.  1b). The collimation ratio (L/D) was 330 
limiting the geometrical blurring to ~ 400 µm, which 
was the limitation of the spatial resolution in this 

experiment. The field of view in this experiment was 
200 × 200  mm2 and the voxel size was 99  µm. We 
captured 450 projections (exposure time: 30  s) over 
a 205° rotational range resulting in a scan time of 4 h 
per plant. The mean volumetric soil water content 
was 0.10 cm3 cm−3 at the start of NCL.

Optical fluorescence imaging with planar optodes

Oxygen concentrations and pH values were meas-
ured using planar optodes. These optical sensors are 
thin foils in which a fluorescent dye is incorporated 
in a polymeric matrix. Setups for optical imaging 
rely on fluorescence emission that varies in intensity 
depending on the concentration of the analyte. The 
fluorescent sensors were manufactured and calibrated 
at University of Potsdam as described in Rudolph-
Mohr et al. (2014). Changes in fluorescence intensity 
were captured using a cooled camera system (Kappa 
DX 4C-285 FW) with a 500  nm long-pass filter 
and a UV light (type 215 L, Peqlab, Erlangen, Ger-
many). The field of view of the fluorescence images 
was 258  mm × 221  mm, resulting in a pixel size of 
360 µm.

Experimental set‑up

At the beginning of the experiment, the rhizotrons 
were wetted from the bottom until the soil reached 
field capacity referring to a mean volumetric water 
content of 0.24 cm3  cm−3. After this irrigation 

Fig. 1   Setup for neutron 
computed laminography 
(NCL). a Test rhizotron 
filled with sandy soil and 
featuring an oxygen optode. 
The rhizotron is fixed 
in a sample holder and 
positioned in front of the 
neutron detector. The direc-
tion of the neutron beam 
path is indicated by the big 
red arrow. b The rotational 
stage with the maize sample 
is mounted on a goniom-
eter to adjust the tilt angle 
versus the vertical; here the 
axis is tilted by 20° towards 
the detector
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event, we took 2D neutron radiographs and fluores-
cence images simultaneously every 3  h in order to 
image root growth, soil water content as well as pH- 
and oxygen dynamics during the following 5  days. 
Between the measurements, the plants were kept in 
a plant growth chamber close to the neutron imag-
ing instrument maintaining the light, temperature and 
humidity conditions the plants experienced during the 
growing period. After 5  days without further water-
ing, we applied NCL to capture the 3D root system 
architecture.

Image processing and analysis

The projections from NCL were corrected for cam-
era noise and beam fluctuations. Reconstruction of 
the 3D volume of the samples was performed with 
the software Octopus Reconstruction 8.9.4 (Inside 
Matters, Gent/Belgium; cone beam geometry, axis 
skew: 20°). The root system was segmented using the 
region growing algorithm implemented in VG Studio 
Max 3.1 (Volume Graphics, Heidelberg/Germany). 
Starting from a user-defined seed-point placed within 
a root, the region of interest is expanded in three 
dimensions. Voxels connected to the initial selec-
tion that do not deviate more than a defined toler-
ance value from the average gray value of the voxels 
within the growing region are added (dynamic mode). 
Placement of several initial seeds and local adjust-
ment of the gray-scale value threshold was required to 
segment all visible roots. The segmented root system 
was skeletonized using the plugin ‘Skeletonize3D’ 
in Fiji (https://​imagej.​net/​Skele​toniz​e3D). For each 
slice of the 3D volume, the number of pixels belong-
ing to the root skeleton was multiplied by the voxel 
size and divided by the slice volume to calculate the 
root length density distribution (RLD in mm  mm−3) 
within the rhizotron. Additionally, total root length 
was calculated separately for the upper and lower 
compartment (above resp. below the horizontal layer) 
by multiplying the total number of root pixels by the 
voxelsize. Co-registration of the fluorescence images 
and the reconstructed data from NCL was achieved 
by scaling the images and manually setting landmarks 
using the software ImageJ (https://​imagej.​net/). Oxy-
gen concentrations and pH values were calculated 
from the gray-scale fluorescence images according 
to Rudolph-Mohr et  al. (2014). The segmented 3D 
image of the root system was compartmented into 

1  mm thick slices in the z-direction to illustrate the 
influence of the root-sensor distance on the O2 and 
pH maps. The Euclidean distance transform was cal-
culated from the segmented 3D root systems in Fiji 
(plugin  ’Exact Euclidean Distance 3D’) to plot oxy-
gen concentration as a function of distance to the 
nearest root surface in the 3D domain.

Results

3D root system architecture

The three-dimensional structure of the root system of 
three maize plants grown in slab-shaped rhizotrons 
could be successfully reconstructed from the neutron 
computed laminography scans. The quality of the 
reconstructed 3D object showed to be appropriate to 
perform a semi-automated segmentation of the root 
system based on region growing algorithms. Figure 2 
provides different perspective views on the segmented 
root system of an exemplary selected maize plant 
(sample 1). The front view (central panel of Fig.  2) 
resembles a 2D-view as obtained by neutron radiog-
raphy, but offers also a visual perspective due to the 
third dimension. It shows the well-developed root 
system, which extends through the horizontal barrier 
layer shown as gray shadowed area. This layer was 
introduced to study root oxygen consumption under 
limited gas exchange with the ambient air in the lower 
compartment of the rhizotron. The considerably 
higher water content of the sand-silt material in the 
barrier layer made the segmentation of the roots more 
challenging. Due to unfavorable contrast, the segmen-
tation algorithm missed to detect a few roots within 
this region. The laterally arranged panels of Fig.  2 
show top and bottom view as well as the respective 
side views of the root system. It is evident that even 
in such a flat rhizotron, roots form a 3D structure and 
often several different roots overlap. In 2D neutron 
radiography, those roots cannot be distinguished from 
each other and neither their relative positioning and 
connections. It is clearly visible that roots tended to 
grow more along one side of the rhizotron, i.e. along 
the pH-sensor. The mean spatial distribution of the 
root length of the three maize individuals within the 
rhizotron shows that root length close to the front is 
higher than close to the back side or the center of the 
rhizotron, especially between z = 0–7.5 mm (Fig. 3). 

https://imagej.net/Skeletonize3D
https://imagej.net/
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The 3D root systems of the other two maize plants are 
shown in the supplementary information (Fig. S1).

Local impact of roots on the oxygen distribution 
pattern

We hypothesized that not only the roots grow-
ing in direct contact to the planar optode (located 
at z = 0  mm and z = 15  mm, Fig.  3), but also those 
parts of the root system located in greater distance to 
the sensor impact the measured oxygen and pH pat-
tern, respectively. To test this, we projected different 
sub-volumes extracted from the 3D laminographic 
scan of the root system onto the 2D oxygen maps 
(Fig.  4). Starting with the roots growing directly 
along the optode (up to 0.1  mm distance), we suc-
cessively included roots located within 1  mm up to 
15  mm distance from the sensor (Fig.  5). The latter 
then includes all roots. Additionally, we compared 
oxygen concentration with respect to the distance to 

Fig. 2   Root system of a 
21-days-old maize plant 
(sample 1) grown in a 
slab-shaped rhizotron (150 
× 150 × 15 mm). The roots 
were captured with neutron 
computed laminography, 
segmented and 3D-rendered 
from different perspectives 
using VG Studio Max 3.1. 
In the horizontal barrier 
layer with higher water con-
tent the contrast between 
roots and soil was lower 
and not all roots could be 
segmented. The pH optode 
is attached at the front, the 
oxygen optode at the back 
side of the rhizotron as 
illustrated in the video in 
the supplementary informa-
tion

Fig. 3   Spatial distribution of the root length density (RLD, 
mm root length mm−3 soil) plotted in the thickness direction 
z of the rhizotrons (mean ± SD, n = 3). Positions of the pH and 
oxygen optode are z = 0 mm and z = 15 mm, respectively



Plant Soil	

1 3

the nearest root surface in 3D in the upper and lower 
compartment of the rhizotrons (Fig. 5 and Fig. S2).

Two hours after watering, local oxygen depletion 
zones formed around individual roots (Fig. 4a). Roots 
growing within a distance of up to 1.5 mm from the 
planar oxygen sensor had a substantial influence on 
the observed oxygen distribution (Fig.  4b). The oxy-
gen uptake of roots located at a greater distance from 
the oxygen sensor was not yet detected at this time as 
indicated by the root segment grown at 2 mm distance 
(highlighted by a white arrow in Fig. 4c) and the steep 
oxygen gradient towards the root surface (Fig. 6).

The laminography revealed that not many roots 
grew directly along the oxygen optode in the lower 
part of the rhizotron (c.f. Figure  4a). However, 13  h 
after rewetting, regions of oxygen consumption started 
to form in the bottom part of the rhizotron as well 
(Fig.  5a). The depletion zones (O2-conc. < 1.5  mg 
L−1) can be attributed to metabolic activity of the 
roots located in the distance range of 7.5 mm from the 
optodes (Fig. 6a).

In the further course of the experiment (c.f. Fig-
ure  5c), different oxygen patterns formed above and 
below the barrier layer. A higher total root length 
(3640 mm vs. 2560 mm in the lower compartment) and 
evaporation in the upper part of the system resulted in 
a quicker decrease in soil moisture from 0.20 cm3 cm−3 
to 0.14  cm3  cm−3 (c.f. Figure 5d) which lead to well 
aerated conditions in the upper soil compartment (c.f. 
Figure 5c and 6b). The roots in the lower compartment 
respired the available oxygen. The diffusive transport 
of oxygen from the ambient air was still limited by 

the water-saturated barrier layer but likely not fully 
restricted (Fig.  5c, black arrow). Additionally, local 
oxygenation started at the bottom part which can be 
explained by sealing failure (Fig.  5c, black arrow), 
which is supported by the local change in water con-
tent (Fig. 5f). Further water uptake by the roots led to 
a steady reduction of the soil water content and pro-
moted the re-aeration of the lower soil compartment 
(Fig. 5e and Fig. 6a). In contrast, oxygen concentration 
in the lower compartment of the other two maize plants 
remained < 1.5 mg  L−1 40 h after rewetting as re-aer-
ation was still restricted (Fig. S2 a, c). The comple-
mentary measurement of 2D soil water maps (Fig. 5b, 
d and f) and 3D RSA, the latter revealing the distance 
between roots and detector, provided key information 
to understand the spatial and temporal distribution of 
oxygen concentration in this experiment.

Local impact of roots on the pH distribution pattern

Analogous to the evaluation of oxygen concentra-
tions, the influence of the maize root system on the 
local soil pH was analyzed. The majority of the root 
system grew close to the pH optode (Fig.  3). Clear 
patterns of local acidification close to the roots grow-
ing within 2 mm distance to the pH sensor could be 
observed in the lower compartment of the rhizotron 
(c.f. Figure 7a–c). Some root segments also alkalin-
ized their immediate environment. The difference 
in mean pH between top and bottom compartment 
(pHmean,top = 5.4; pHmean,bottom = 6.5) is a result of the 
non-uniform distribution of the root system featuring 

Fig. 4   Soil oxygen distribution at one side of maize sample 1, 
captured 2 h after watering overlaid with different sub-volumes 
of the root system: a 0.1 mm (roots growing directly along the 
O2 optode); b 1.5  mm; c 2  mm and d 15  mm, i.e. the com-
plete root system, shown in a perspective view from the oppo-
site side. The black arrow in (a) marks a region where oxygen 

consumption of a root grown at a distance of about 1.5 mm is 
detected. In contrast, the white arrow in (c) shows a root seg-
ment at a distance of 2  mm, whose influence on the oxygen 
distribution is not visible yet. Oxygen consumption by this part 
of the root system could, however, be detected at 13  h after 
watering as shown in Fig. 5a)



	 Plant Soil

1 3

more roots in upper compartment (c.f. Figure  7d, 
day 5 after rewetting). The mean water content of 
the two compartments differed only marginally at 
this time (0.090  cm3  cm−3 vs. 0.094  cm3  cm−3, not 
shown here). During the 6-day experiment the mean 
pH changed slightly from pH = 5.9 to pH = 5.5 in the 
upper compartment and from pH = 6.1 to pH = 6.5 
in the lower compartment (Fig. S3). While the local 
patterns of pH change in the lower compartment can 
be attributed to single roots within 2 mm distance to 

the sensor, there may also be an impact of the entire 
root system on mean pH changes. This highlights the 
importance to gain complementary information on 
3D root distribution within the studied systems.

Discussion

Applying NCL, we succeeded to reproduce the 
three-dimensional structure of maize root systems in 

Fig. 5   Time series of oxy-
gen concentration for maize 
sample 1 are shown in (a, 
c, e) and soil water maps 
in (b, d, f), as measured in 
the maize root system by 
optical fluorescence and 
neutron imaging. Roots not 
further than 7.5 mm from 
the optode were projected 
onto the oxygen maps. The 
black arrows in (c) mark 
regions of commencing 
re-aeration
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a quality appropriate to extract the 3D root system 
architecture. We found the majority of roots grow-
ing close to the pH optode at the front side of the 
container. Apparently, the hydrophilic properties of 
the pH sensor matrix, which is mainly composed of 
hydrogel, have favored root growth, probably due to 
the higher water availability. In contrast, the oxygen 
sensor matrix is composed of a hydrophobic polysty-
rene material and did not have an attracting effect on 
roots. However, some roots may accumulate there just 
as further growth in this direction is geometrically not 
possible. By image registration, we correlated the 3D 
information from NCL to the spatiotemporal pattern 
of soil oxygen concentration and pH changes derived 
by optical fluorescence imaging and complemented it 
with 2D water maps measured by neutron radiogra-
phy. This way, the influence of roots on the measured 
pH and O2 concentration maps could be evaluated, 
considering the actual root-sensor distance and the 
local soil water content. Knowledge of the local soil 
water content is a prerequisite because the oxygen 

transport in the aqueous phase is substantially slower 
than in the gaseous phase. Though concentrations 
and transport of oxygen in soils has been investigated 
extensively, few studies describe oxygen dynamics 
on the rhizosphere scale (Ben-Noah and Friedman 
2018). We observed that respiration of roots in direct 
contact to the oxygen sensor led to an immediate 
reduction of the local oxygen concentration. How-
ever, when water-saturated soil conditions prevailed 
for many hours the sensor also detected an oxygen 
consumption of roots at a greater distance, i.e. the 
respiration activity of the entire root system became 
evident over time. Local oxygen concentration and 
soil moisture can vary dynamically in the rhizos-
phere forming spatiotemporal patterns that depend 
on respiration activity of roots and microbes, on soil 
structure, irrigation and root growth (Cook et  al. 
2007; Watt et  al. 2006). In this study, root respira-
tion (including microbial oxygen consumption in the 
rhizosphere) resulted in oxygen deficiency especially 
in the lower compartment of the rhizotron where the 

Fig. 6   Oxygen concentra-
tion as a function of the 
Euclidean distance to the 
nearest root surface in 3D 
of maize sample 1 in the 
lower compartment (a) and 
the upper compartment 
(b). Line color indicates 
the time (in hours) after 
rewetting the samples 
from 0.1 cm3 cm−3 to 
0.24 cm3 cm−3 volumetric 
water content

Fig. 7   a Soil pH distribution 5  days after watering (maize 
sample 1). Roots with increasing distance to the optode were 
projected onto the pH maps: b 0.1 mm (directly touching the 

optode), c 2 mm, d 15 mm (all roots). The two black arrows in 
(b) mark positions where the observed pH pattern was affected 
by roots located within a distance of 0.1 mm to 2 mm
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gas exchange with the atmosphere was restricted by 
the barrier layer. The formation of oxygen depletion 
zones was linked to the local root length density and 
the measured concentration gradients depended on 
the distance between root and sensor. This is in line 
with other studies measuring oxygen concentrations 
in the rhizosphere. Depending on the water content 
of the soil, the oxygen gradients around the roots 
extended over a distance of more than 4 mm into the 
soil (Kuzyakov and Razavi 2019).

Roots frequently excrete organic compounds stim-
ulating microbial activity and strongly influencing the 
pH of rhizosphere. We found that roots in direct vicin-
ity (up to 2 mm) to the pH optode caused a distinct 
rhizosphere pattern of reduced local soil pH, very 
likely by their exudations. Over the course of 6 days, 
we observed a slight acidification (0.4 pH units) in 
the upper compartment whereas the lower compart-
ment shows a slight alkalization (0.4 pH units). It 
has been reported earlier that both alkalization and 
acidification could occur along single roots, which 
can be attributed to various root functions (Chaignon 
et  al. 2002). Changes in physiological properties 
occur along the roots as a result of tissue aging and 
differentiation (Hodge et  al. 2009). Jaillard et  al. 
(1996) defined four areas of activity along the maize 
root and showed that the area next to the base of the 
stem, where second order roots emerge and elongate, 
strongly acidifies the environment. Additionally, the 
ability of plants to acidify or alkalize their rhizos-
phere depends on their environment. Chaignon et al. 
(2002) showed that tomato and oilseed rape decreased 
rhizosphere pH when growing under calcareous con-
dition but alkalized the rhizosphere under acidic soil 
conditions. In summary, acidification and alkaliza-
tion in the rhizosphere of plants are well documented 
and the rhizosphere extent (~ 2  mm) is in line with 
other studies (Blossfeld et  al. 2013; Chaignon et  al. 
2002; Hinsinger et al. 2003; Taylor and Bloom 1998). 
Another possibility is optode signal drift caused by 
dye leaching or by changes in soil water content. 
However, in a former study we could show the stabil-
ity of the pH optode by recalibrating the matrix after 
the experiment (Rudolph-Mohr et al. 2014). For other 
optodes sensitive to CO2, which is pH active due to 
the concomitant formation of carbonic acid, it was 
shown that the volumetric water content very much 
influenced the amount of detected CO2 (Holz et  al. 
2020). Due to the complexity and interdependence of 

root-soil interactions, the combination of 2D and 3D 
in-situ imaging techniques applied to the same sample 
can provide valuable experimental datasets to answer 
those questions. Coupling of in-situ imaging experi-
ments with the parametrization of models is the key 
for an enhanced understanding of the interactions and 
processes within the rhizosphere (Roose et al. 2016).

One key challenge of the analysis of tomographic 
data of root systems in soil is the segmentation of the 
root system, i.e. the classification whether a pixel 
belongs to the root or soil domain. In wet soil condi-
tions, the distinction between root and soil is particu-
larly difficult. For this reason, we applied NCL only 
at the end of the experiment, when the low soil water 
content provided the most favorable contrast between 
roots and soil. We used a semi-automated region-
growing algorithm with manually set seed-points to 
segment the roots in the laminographic data set. This 
method requires a high level of user interaction, as also 
reported from segmentation of large and complex root 
systems from X-ray tomography (Flavel et  al. 2012). 
The future challenge is to implement classification pro-
tocols for automatic segmentation and therefore higher 
throughput. Further improvements in the image quality 
would greatly facilitate the applicability of automated 
segmentation algorithms and quantitative analysis of 
the RSA. This requires optimization of the imaging 
conditions, e.g. measuring at lower soil water content, 
adaptation of reconstruction algorithms and the use of 
neutron imaging facilities with higher neutron beam 
intensity, such as the imaging station NeXT located at 
Institut Laue-Langevin (ILL), Grenoble/ France (Ten-
gattini et al. 2020) and the future neutron tomography 
station ODIN located at European Spallation Source 
(ESS), Lund/ Sweden (Andersen et al. 2020). Neutron 
computed laminography as a 3D imaging method is 
potentially suitable for the quantification of root traits 
such as root diameter, root length density, branching 
angles, number of root tips and surface area. It is intrin-
sically not suitable for the dynamic quantification of 
soil moisture and root water uptake in 3D, as tilting the 
rotational axis may induce gravitational driven shifts in 
the soil water distribution including plant stress influ-
encing its transpiration behavior. Furthermore, tilting of 
the rhizotron during the laminography scan could also 
affect the oxygen distribution and was therefore applied 
only at the final day of the experiment. Certainly, the 
method provides the opportunity of 3D investigation of 
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root systems grown in rectangular slabs, a set-up often 
used for optical imaging approaches.

Neutron computed laminography in combination 
with optical imaging of biogeochemical gradients is 
an important next step in understanding rhizosphere 
processes. The presented new combination of imag-
ing methods facilitates systematical investigation of 
the influence of different environmental conditions on 
a wide range of dynamic processes in the rhizosphere. 
The method also allows in general for a three-dimen-
sional investigation of root systems grown in laterally 
extended rhizoboxes, which has a wide range of appli-
cations in rhizosphere research.
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