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Abstract
Background And Aims Root hair emergence is affected
by heterogeneities in water availability in the growth
medium. Root hairs preferentially emerge into air,
whereas their emergence into water is inhibited. Yet,
these results were based either on destructive methods
or on roots grown on an agar-air interface. Addition-
ally, there is a lack of knowledge about the spatial dis-
tribution of root hairs as hairs elongate radially across
the rhizosphere. Therefore, root hair growth in soils
remains largely unexplored.
Methods Maize (Zea Mays L.) plants were grown in
microcosms which were scanned with a synchrotron-
based X-ray μCT. The distribution of root hairs along
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the root epidermis and radially across the rhizosphere
(i.e. as function of distance from the root epidermis)
was analysed using spatial point pattern analysis.
Results While hairs emerged randomly in air-filled
pores, their emergence was inhibited where the root
was in contact with the soil matrix. As hairs elongated
radially into the soil, they were preferentially located
in the close proximity of soil particles. In maize, we
rarely observed root hairs penetrating into soil aggre-
gates.
Conclusion We conclude that in maize, root hairs
grow in air-filled pores at the root-soil interface, where
the flow of nutrients and water is impeded. Across the
rhizosphere, hairs establish contact to the soil by grow-
ing in the proximity to soil particles. The effect of hairs
on uptake processes, plant anchorage and rhizosheath
formation might be limited (in maize) as they hardly
penetrate into soil aggregates.

Keywords Root hairs · Root plasticity · Cell fate ·
Rhizosphere

Introduction

In the persuit of soil resources, root hairs, tubular pro-
trusions of epidermal root cells, have been shown to be
a beneficial root trait. By substantially increasing the
contact area between roots and soil and thus the vol-
ume of soil affected by roots, they facilitate the uptake
of nutrients, particularly those with limited mobility in
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soil systems (e.g. phosphorus, Bates and Lynch 1996,
Haling et al. 2013, Miguel et al. 2015, Misra et al.
1988, Singh Gahoonia et al. 1997, Zhu et al. 2010).
In addition, when the root-soil contact is loose and
the soil is dry, they facilitate root water uptake by
bridging low conductivity air gaps at the root surface
(Robbins and Dinneny 2015). Thereby, they attenu-
ate gradients in soil matric potential at the root-soil
interface (Carminati et al. 2017, Duddek et al. 2023,
Marin et al. 2021).However, at very negative soilmatric
potentials the effect of hairs on uptake processesmaybe
hindered by hair dehydration and shrinkage (Duddek
et al. 2023). Root hairs have also been shown to favour
plant anchorage (Bengough et al. 2016), rhizosheath
formation (Burak et al. 2021) and carbon exudation
(Holz et al. 2018). Their impact on these processes is
influenced by their contact with the soil matrix and
hence by their spatial emergence along the root epider-
mis and how they elongate into the soil.

Root hair development is regulated by genetic
factors, plant hormones and environmental controls.
Bibikova and Gilroy (2002), Dolan and Costa (2001),
Müller and Schmidt (2004), Salazar-Henao et al.
(2016), Zhang et al. (2023) give comprehensive reviews
of the mechanisms underlying the development of root
hairs. Epidermal cells in most vascular plants are clas-
sified in root hair cells (trichoblasts) and non-root hair
cells (atrichoblasts). The spatial arrangement of these
cell types has been investigated for a variety of plant
species. Thereby, three distinct root hair emergencepat-
terns have been identified. In the type III pattern (e.g.
in Arabidopsis), trichoblasts are located at the junction
of two underlying cortical cells resulting in root hair
cell files, which are surrounded by cell files of atri-
choblasts (Bünning 1951,Dolan et al. 1994). In the type
II pattern (e.g. rice), cell fate depends on asymmetric
epidermis cell division, with the smaller cells forming
trichoblasts and the larger cells forming atrichoblasts
(Clowes 2000, Pemberton et al. 2001). In the type I
pattern (e.g. maize), root hairs potentially form from
any epidermal root cell regardless of their position in
relation to cortical cells or cell size, which is expected
to result in a highly plastic emergence pattern.

Nevertheless, root hair plasticity in response to var-
ious environmental signals was found to be indepen-
dent of pattern type (Clowes 2000, Cormack 1944,
1947). For example, phosphorus availability has been

shown to have a fundamental effect on root anatomy,
causing changes in root hair density (Ma et al. 2001).
The authors found that root hair density of Arabidop-
sis increasedmassively in phosphorus-deficient growth
media. Additionally, Zhu et al. (2005) observed that
maize root hairs responded to phosphorus deficiency
by increasing their length. Foehse and Jungk (1983)
obtained a similar result, but also noted that root hair
length and density were affected by phosphorus con-
tent in the plant rather than by the phosphorus content
at the root surface. It is worth noting that these results
originate from roots grown in nutrient solution. They
contradict a field study based on 8 weeks old maize
roots, where no significant effect of phosphorus on root
hairs was found (Anderson et al. 1987). On the other
hand,Mackay andBarber (1985) demonstrated by a pot
experiment that root hair density and growth was more
affected by soil moisture than phosphorus availabil-
ity. The authors also studied the response of root hair
growth to soil drying and wetting cycles (Mackay and
Barber 1987). In agreement with their former experi-
ment, they found that root hair growth was promoted
by dry soil and reduced by wet soil conditions. When
analyzing roots and root hairs in field cores, White and
Kirkegaard (2010) found that root hair emergence pat-
terns differed between roots growing through pores and
cracks.Root hair densitywas negatively correlatedwith
root-soil contact: root hair density dropped exponen-
tially with increasing root-soil contact. It was hypothe-
sised that roots growing through macropores relied on
root hairs providing root-soil contact. The observations
reviewed above suggest that the increase in root hairs
might be a response to water availability. Indeed, it has
been shown that root hairs have evolved mechanisms
to sense and respond to the distribution of water. Bao
et al. (2014) demonstrated that root hair emergence is
controlled by heterogeneity in water availability. Roots
of Arabidopsis, maize and rice were grown at the sur-
face of a vertically placed agar medium and the authors
monitored the development of lateral roots and root
hairs. They observed that lateral roots predominantly
formed on the agar contact side of the root, a mech-
anism termed hydropatterning, which is regulated by
an auxin gradient across the root radius in response to
water availability (Giehl and von Wirén 2018, Orosa-
Puente et al. 2018).Conversely, root hairs preferentially
emerged at the air side of their experimental setup. Yet,
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the mechanism of root hair patterning remains unclear,
and Bao et al. (2014) found that root hair initiation on
the agar contact side could be rescued by a treatment
with abscisic acid (ABA) and the ethylene precursor
1-aminocyclopropane-1 - carboxylic acid (ACC). Scan-
ning soil-grown root systems using an X-ray CT, Bao
et al. (2014) showed that hydropatterning of lateral
roots also occurred in physiologically relevant condi-
tions. However, the spatial resolution of their CT scans
(actual pixel size: 22 µm) was not sufficient to study
the patterning of root hairs.

So far, root hair emergence patterns in soils have
not been investigated non-destructively and in situ. Fur-
thermore, information on the spatial distribution of root
hairs as function of the distance from the root epidermis
is lacking. This knowledge is of particular interest to
better understand the effect of root hairs on nutrient and
water uptake, plant anchorage, rhizosheath formation
and the interaction between roots and microorganisms.
Especially for nutrient and water uptake, mathemati-
cal models are based on the assumption of uniformly
distributed root hairs within a homogeneous soil (Itoh
and Barber 1983, Leitner et al. 2010, Segal et al. 2008,
Zygalakis et al. 2011).Given the patterning of root hairs
(Bao et al. 2014) and the distinct hydraulic properties
of the rhizosphere compared to the bulk soil (Carmi-
nati et al. 2010, Gregory 2006, Hinsinger et al. 2009,
Lavelle 2002, Watt et al. 2006), this might not be a safe
assumption. So far only image-based nutrient andwater
uptake models inherently include this spatial complex-
ity throughout the rhizosphere. However, these models
are computationally highly expensive, and their predic-
tive power on large scales is limited.

Therefore, the objective of this study was to deter-
mine, non-destructively and in situ, a general pattern
of root hair emergence and growth. In particular, we
tested whether the distribution of maize root hairs both
along the root epidermis and as a function of distance
from the root epidermis was spatially random or fol-
lowed a non-random pattern. This was achieved by
collecting high-resolution image data of maize (Zea
Mays L.) roots and root hairs using synchrotron-based
X-ray computed microtomography (CT). After image
processing, we conducted a spatial point pattern analy-
sis to analyse the spatial distribution of root hairs along
the root epidermis and within the rhizosphere. Spa-
tial point pattern analysis is a powerfull geo-statistical

method, that has been used extensively in plant ecol-
ogy to unravel pattern-process relationships and biotic
interactions (Ben-Said 2021).

In the present work, we applied it to evaluate the
following hypotheses:

1) We hypothesized that root hairs preferentially
emerge (a) into the air-filled pore space and (b) in the
close vicinity of contact surfaces between roots and soil
particles.

2) We hypothesized that the distal segments of root
hairs are preferentially located in the close vicinity of
soil particles or aggregates.

The rationale for (1a) was based on the observed
root hair patterns of Bao et al. (2014) and the results
of White and Kirkegaard (2010). Hypothesis (1b) was
based on the assumption that root hair emergence in the
close proximity to soil particles may facilitate hair-soil
contact establishment compared to randomly emerging
hairs. The rationale for 2) was that root hairs attached to
soil aggregates were able to extract soil resources even
though soil macropores had been drained. Such hairs
would also improve plant anchorage and rhizosheath
formation.

Materials and methods

We grew maize seedlings in microcosms and scanned
plastic cylinders containing a loamy soil and maize
roots in a synchrotronX-rayμCT.After image segmen-
tation,we extracted root hair emergence points, the root
epidermis and the root-soil contact area. Based on the
assumption of cylindrical root segments, we projected
the data from 3D to 2D-surfaces and conducted a repli-
cated spatial point pattern analysis, which gave statisti-
cal insights into spatial patterns of root hairs along the
root epidermis.

We then replaced the root segments in the images
with cylinders of radius ‘mean root radius plus 1) half
of the mean root hair length and 2) the mean root hair
length’ (Fig. 1c).Wewill refer to these cylinders as ‘rhi-
zosphere cylinders’ in the remainder of the text. This
definition is functional to define the 2D surface for the
analysis of root hair distribution.We repeated the repli-
cated spatial point pattern analysis on the rhizosphere
cylinders to assess the distribution of root hairs radially
across the rhizosphere (i.e. as a function of distance
from the root epidermis into the soil).
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Fig. 1 Overview of the
image processing pipeline.
(a) Reconstructed 2D slice
of the raw data showing a
root with root hairs
(medium grey), air-filled
pore space (black) and soil
particles (light grey, scale
bar = 300 µm). (b) 3D
rendering of the segmented
data showing a root segment
with turgid root hairs
(yellow) and the soil matrix
(brown, scale bar = 300
µm). (c) Same 2D slice as
in (a) with two white circles
indicating rhizosphere
cylinders (distances to the
epidermis: inner circle:
122.75 µm, outer circle:
245.5 µm, scale bar = 300
µm). (d) 3D rendered root
segment (white) showing
root-soil contact surface
(blue) and root hair
emergence points (black,
scale bar = 300 µm). (e) 2D
plot of the unwrapped root
epidermis (from (d)) as
distance map (dark blue:
root-soil contact) and the
root hair emergence points
(black)

Plant growth

Maize (ZeaMaysL., B73wild-type) plantswere grown
in 3D-printed seedling holders. Each seedling holder
was connected to seven 1.3ml plastic cylinders (80mm
length, 4.5 mm diameter) and the setups were filled
with a fertilized loamy soil at a dry bulk density of
1.2 g cm−3. In total, 13 plants were grown for 14 days
under controlled conditions in a climate chamber at a
relative air humidity of 65% and a temperature of 22◦C
during day (12h) and 18◦C during night (12h). Volu-
metric water content of the samples was checked daily
and readjusted to 0.22 cm3 cm−3. This translated into a
soil matric potential of approx. −0.03 MPa (estimated
based on the water retention curve of the used soil tex-
ture, Vetterlein et al. 2021). As reported by Duddek
et al. (2023) the macropores in the used soil texture
were drained at this matric potential.

Imaging and image processing

As water and roots have similar X-ray attenuation,
the respective grey scale values overlap in the image
data, which makes it difficult to distinguish between
roots and water-filled pore space. To increase the con-
trast between roots and macropores, we stopped water-
ing the plants two days before imaging, resulting in
drainedmacropores at the time of scanning. Plantswere
transported alive to the X02DA TOMCAT beamline
of the Swiss Light Source synchrotron (Paul Scherrer
Institute, Villigen, Switzerland). Shortly before scan-
ning individual plastic cylinders, roots were cut with a
razor blade and the plastic cylinders were disconnected
and sealed with parafilm. In total 48 scans of of 16
cylinders and 8 individual plants were performed. The
present study is based on four scans of three cylinders
and three individual plants (four technical replicates,
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three biological replicates), published in Duddek et al.
(2022). Regarding data selection, only samples con-
taining turgid roots could be used in this study, as dehy-
drating roots shrink and recede so that the position of
root hair emergence points in relation to the soil matrix
changes. As turgid root hairs indicate that also the cor-
responding roots are fully turgid (Duddek et al. 2022),
we only considered those samples that contained a con-
siderable amount of turgid root hairs.

The actual voxel size of the images (Fig. 1(a)) was
0.65 x 0.65 x 0.65 µm3 which enabled us to sharply
resolve root hairs. A comprehensive description of the
beam and detector setup is available in Duddek et al.
(2022, supporting information).

Each reconstructed dataset consisted of 2160 images
per stack and exhibited a physical size of 3.05 mm x
2.28 mm x 1.40 mm. The image data were processed
in Avizo Thermo Fisher Scientific (2020). After a con-
version from 16bit to 8bit, an Unsharp Masking filter
(2D) was applied to account for the Paganin low-pass
filter occurring prior to the CT reconstruction. The data
was segmented by applying a marker-based watershed
transformation which resulted in a label field consist-
ing of soil matrix (including water-filled micropores),
air-filled pore space and roots including turgid root
hairs (Fig. 1(b)). Subsequently, the root and root hair
domains were separated by applying a morphological
opening and the root hairs were added to the label field
as an independent label. Aswe could not segment dehy-
drated root hairs using the aforementioned approach,
root hair emergence points were labelled manually and
added to an independent label in the label field. The
root volume was determined by applying a label anal-
ysis and both the mean root radius and the mean root
circumference were calculated based on the root vol-
ume, the length of the root segment and the assumption
of a cylindrical root segment. If a root segment grew
along the plastic cylinder wall, the part facing the cylin-
der wall typically did not contain any root hairs andwas
excluded from further analysis. This applied to two of
four samples (samples 01 and 03).

Based on the label field consisting of the materi-
als 1) soil matrix, 2) air-filled pore space, 3) root, 4)
root hairs and 5) root hair emergence points, a sur-
face mesh was generated in Avizo. Finally, the root
epidermis, root hair emergence points and the inter-
face between root epidermis and soil particles (root-soil
contact) were exported as individual triangular meshes
in the stl-format (Fig. 1(d)).

Unwrapping

The exported meshes were unwrapped, meaning that
the surfacemeshes generated in 3Dwere projected onto
a 2D-surface (UV mapping). This was achieved using
the ‘Cylinder Projection’ tool in Blender (Blender
Online Community 2002). Thereby, the aspect ratio of
the meshes was maintained and the basic assumption
of this transformation was that the root segments were
cylindrical. Finally, we exported the unwrapped data in
the stl-format (Fig. 1(e)).

The unwrappedmeshes of 1) the root-soil contact, 2)
the root hair emergence points and 3) the root epidermis
were imported in Cloud Compare (Girardeau-Montaut
2002) and scaled according to the previously calcu-
lated mean root circumference and length of the cor-
responding root segment. By computing the concave
hull (Cross Section tool in CloudCompare), the con-
tours of the root epidermis were extracted as polylines
and exported as svg-files. The contours of the root hair
emergence points were generated as well and the centre
of each emergence point was calculated and exported
in the csv-format. The latter resulted in a set of root
hair emergence points in Cartesian coordinates.

The stl-file containing the unwrapped root-soil con-
tact was imported in Avizo and converted to a binary
image. If the root was not growing along the plastic
cylinder wall, we mirrored the image on the right and
left boundary. This way, we created periodic bound-
aries in the binary image, meaning that we took the
cylindrical shape of the root into account. If the root
was growing along the cylinder wall, we did not mirror
the data, but instead removed the part facing the wall
(as described above). We then applied a Euclidean dis-
tance transform, cropped the resulting distance map to
its original size (in the case of periodic boundaries,
Fig. S1), and exported it as a tiff file. This distance
map included the Euclidean distance from each pixel
of the root epidermis to the nearest root-soil contact
(Fig. 1(e)).

To test hypothesis 2), we assessedwhether root hairs
grew uniformly across the rhizosphere or whether their
position depended on the distance to soil particles.
To this end, we constructed the so-called rhizosphere
cylinders: Based on the label field containing the root,
we calculated the centre of mass of the root domain in
each slice of the image stack. We then placed a circle
into each slice, the origin of which corresponded to the
root centre of mass, and the radius of the circle was
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equal to the mean root radius (constant for the entire
stack of slices and determined as described above) plus
1) one half of the mean hair length (122.75 µm) or
2) plus the mean hair length (245.5 µm) reported in
Duddek et al. (2022) (Fig. 1 (c)). After replacing the
root domain in the label field by the generated cylin-
ders, the intersections of the rhizosphere cylinders with
root hairs (wewill refer to themas ‘intersection points’)
were added manually to the label field. Repeating the
aforementioned procedure, we subsequently generated
triangle meshes of the rhizosphere cylinders, the inter-
section points and the interface between the rhizo-
sphere cylinders and soil particles.We then repeated the
previously described approach to unwrap the data and
to generate Euclidean distance maps representing the
distance from each pixel across the rhizosphere cylin-
ders to the closest rhizosphere cylinder - soil matrix
contact. The 2D-plots of the unwrapped root epidermis
and the two unwrapped rhizosphere cylinders, includ-
ing the generated distance maps and emergence or
intersection points, respectively are available for all
samples in Fig. S2 - S5.

Spatial point pattern analysis

The spatial point pattern analysis was conducted using
the ‘spatstat’ library, (Baddeley et al. 2015, version
3.0-3) in R (RCore Team 2022, version 4.2.1) with the
front-endRStudio (RStudioTeam2002, 2022.02.3). To
study the distribution of root hair emergence points on
the epidermis, the envelopes of the root epidermis, the
distance maps of epidermis-soil contacts and the coor-
dinates of root hair emergence points were imported to
R. To study the distribution of root hairs radially across
the rhizosphere, the envelopes of the rhizosphere cylin-
ders, the distance maps of rhizosphere cylinder-soil
contacts and the coordinates of root hair intersection
points were imported to R. To conform to the jargon of
spatial point pattern analysis, we will refer to both root
hair emergence points and root hair intersection points
as ‘events’ in the remainder of the text.

The key assumption of the study was that root hairs
were distributed over the epidermis and the rhizosphere
cylinders according to a Poisson process. The assump-
tion behind the replicated point pattern analysis is that
the four samples are independent replicates of the same
point process and that they are comparable to each other
(Baddeley et al. 2015).

Homogeneous Poisson point process

The homogeneous Poisson point process model was
utilized as null-model to test whether the intensity,
i.e. the spatial density of root hairs on the epidermis
and within the rhizosphere was spatially constant or
depended on the distance to the soil particles. A homo-
geneous Poisson point process X is characterized by
two fundamental properties (Baddeley et al. 2015, Dig-
gle 2013, Illian et al. 2008).

1. Thenumbern(X∩W )of events falling in any region
W exhibits a Poisson distributionwithmeanλ·|W |.
Here, λ represents the constant intensity (number
of events permm2 of regionW ) and |W | the surface
area of region W.

2. The numbers of events n in k disjoint regions
B1, B2, ..., Bk are independent random variables
for arbitrary k.

Points resulting from a homogeneous Poisson pro-
cess are randomly distributed in space. The homo-
geneous Poisson process is commonly considered as
the archetype model for ‘complete spatial randomness’
(CSR).

Inhomogeneous Poisson process

Releasing the assumption of a constant in favour of
a spatially varying intensity in item 1. above leads to
the definition of the inhomogeneous Poisson process
(Baddeley et al. 2015, Diggle 2013, Illian et al. 2008).
More precisely, the spatially constant intensity λ is
replaced by a non-constant intensity function λ(u),
depending on the spatial location u. The number of
events in any subregion B follows a Poisson distribu-
tion with mean

∫
B λ(u)du.

The independence property (see 2. above) is also
valid for an inhomogeneous Poisson point process.
Comprehensive summaries of further general proper-
ties of both homogeneous and inhomogeneous Pois-
son point processes are available in Baddeley et al.
(2015), Diggle (2013), Illian et al. (2008), Wiegand
and Moloney (2013).

Testing spatial correlation

To analyse the spatial correlation of the point patterns
(inter-point dependence), summary statistics based on
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the spacing between events were calculated. In gen-
eral, a test for inter-point dependence has three pos-
sible outcomes: 1) The events are clustered, meaning
that a typical event of the pattern has more neighbours
than expected by CSR; 2) The point process is regu-
lar, meaning that a typical event of the pattern has less
neighbours than expected by CSR; or 3) The events are
distributed according to CSR.

Nearest neighbour distance distribution function
G(r) and empty space functionF(r)

To reveal information on the spatial arrangement of
the events, both the nearest neighbour distance distribu-
tion function G(r) and the empty space function F(r)
were calculated. These cumulative distribution func-
tions (CDFs) are particularly suitable to study local
interactions of events (Wiegand and Moloney 2013).

In a point process X, the G-function characterises
the shortest distance from an arbitrary event xi to the
pattern X\xi . Thus, the G function estimates the prob-
ability of another event existing within a distance r of
an arbitrary event xi .

In contrast, the empty space function F(r) calcu-
lates the distance from an arbitrary reference location
u ∈ R

2 (which does not coincide with an event) to
the closest event of the process. Hence, the F-function
estimates the probability of finding an event in a radial
distance r from an arbitrary reference location u.

Note that for a completely random pattern (homoge-
neous Poisson Point process), the distributions of both
the nearest neighbour distances and of the empty space
distances are equal, while they differ for general point
processes.

Comprehensive descriptions including the mathe-
matical foundation of the G- and F-functions and the
DCLF-test are available in Baddeley et al. (2015), Dig-
gle (2013), Illian et al. (2008), Wiegand and Moloney
(2013).

The G- and F-functions (null hypothesis: CSR of
the four samples) were estimated using the ‘Gest’ and
‘Fest’ functions of the ‘spatstat’ library. The option
‘best’ was selected for edge correction. Subsequently,
the resulting G- and F functions were pooled over the
four samples using the ‘pool’ function of spatstat.

Additionally to the computation of the G- and
F- functions, which allowed a visual assessment of
whether or not the point patterns resulted from CSR,
we followed the recommendation of Diggle (2013)
and conducted a Monte Carlo test with the integrated
squared deviation of the G- and F- functions from

their theoretical values under CSR as a test statistic.
This hypothesis test is termed as the ‘Diggle-Cressie-
Loosmore-Ford (DCLF) test’ and was applied call-
ing the ‘dclf.test’ function in spatstat. The resulting
sample-wise p-values of the DCLF-tests were pooled
by calculating their harmonicmeanusing the ‘hmp.stat’
function of the ‘harmonicmeanp’ package (Wilson
2019).

A methodological limitation of our analysis is
related to the fact that the non-negligible, finite spa-
tial extent of an emergence or an intersection point of
a root hair was neglected. Its position was approxi-
matedmerely by a point of infinitesimal size (optimally
located in the centre of a emergence or intersection
point). But the spatial extent of the root hair cells on
the epidermis and root hair extent in more distal parts
of the hairs actually provide a physical lower bound
as to how close two recorded events can get to each
other and how close they can get to soil particles. This
means that along the epidermis, two root hairs cannot
get closer to each other than the diameter of a epider-
mal cell (0.0215 mm, Steudle et al. 1987), and they
cannot get closer to soil particles than 0.01075 mm.
Across the rhizosphere, two turgid root hairs cannot
be detected closer than 0.01788 mm (mean root hair
diameter) and they cannot get closer to soil particles
than 0.00894 mm (mean root hair radius). Neverthe-
less, the negligence of the finite size of the root hairs
and root hair cells can be justified by the fact that both
the root epidermal cell diameter and the root hair diam-
eter are at least two orders of magnitude smaller than
the edge length of the observation windows (Baddeley
et al. 2015).

Testing the dependence of the intensity on the distance
to soil particles

To test whether the distribution of events on the root
epidermis and throughout the rhizosphere depended on
the distance to soil particles, we conducted formal tests
of dependence on a covariate. For all tests, the null
hypothesis was that the intensity was homogeneous,
the alternative hypothesis was that the intensity was
inhomogeneous, and the significance levelwas selected
as α = 0.05.

To test the homogeneity for the root epidermis, the
observation windows were divided into two tiles, and
a quadrat counting test of homogeneity was applied.
To address the aforementioned neglection of the phys-
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ical root epidermal cell diameter, the first tile (‘Root
- soil contact’, Fig. 3) covered the distance interval
[0, 0.0215] mm, which means that all root hairs that
emerged at the root-soil contact were included in this
tile. We used the mean epidermal cell diameter (0.0215
mm) instead of the corresponding radius as the upper
boundary of the interval, because the locations of root
hair emergence points had been marked manually,
which may have introduced some spatial errors in the
recorded positions. Therefore, using the diameter of
the epidermal cells rather than their radius as the upper
limit for the first tile resulted in a more conservative
analysis.

The second tile (‘Pore space’, Fig. 3) covered the
distances from 0.0215 mm to the maximum distance
in the observation windows. This allowed us to test
whether root hairs preferentially emerged into air-filled
pore space or into partially water-saturated soil aggre-
gates (hypothesis 1a). We performed sample-wise chi-
square tests of uniformity, which relate the event counts
within each tile to the number of events predicted by the
model assuming homogeneous intensity. The sample-
wise results were pooled by calling the ‘pool’ func-
tion. Due to their better statistical performance, we
additionally conducted sample-wise Berman’s Z2 tests
(Berman 1986) by applying the ‘berman.test’ function
in spatstat. The results were pooled by calculating their
harmonic mean as described above.

To test the homogeneity of the distribution of events
on the rhizosphere cylinders, the observation windows
were divided into three tiles. The first tile (‘rhizosphere
cylinder - soil contact’, Fig. 6) covered the distance
interval [0, 0.01788] mm, which corresponds to the
mean diameter of the root hairs (Duddek et al. 2022).
The intervals for the second and third tiles (‘pore space
close to soil’ and ‘pore space distant from soil’, Fig. 6)
were selected such that the remaining part of the obser-
vation window was split into two parts of equal area.
On these three tiles, we performed pair-wise chi-square
tests and again pooled the results. Furthermore, we
accounted for multiple testing by a Bonferroni cor-
rection (Neyman and Pearson 1928). This approach
allowed us to study whether root hairs were prefer-
entially located in certain distances from soil particles
on the rhizosphere cylinders (hypothesis 2).

We further performed tests that take the exact val-
ues of the covariate at each event into account. The tests
compare the cumulative distribution function (CDF) of

the covariate at the events with the spatial CDF of the
covariate at all spatial locations within the observation
window. For a point process with homogeneous inten-
sity the two CDFs should be (approximately) the same.

To test this, we fitted a Poisson point process model
to the hyperframe of the point patterns of all samples
using the mppm function (spatstat) before perform-
ing a goodness of fit test based on the Kolmogorov-
Smirnov statistic (Kolmogorov 1933) by calling the
function ‘cdf.test’ in spatstat with the argument ‘test
= ks’. The model is based on the assumption that all
point patterns are independent replicates of the same
homogeneous Poisson process with variable intensity.
Additionally, we conducted sample-wise Berman’s Z2
tests and pooled the results as described above.

Non-Parametric estimation of the intensity of the
point process

To complement the analyses we estimated the depen-
dence of the intensity on the distance to soil particles
non-parametrically. To this end, one assumes that the
intensity λ(u) at any spatial location u within the obser-
vation windowW can be expressed as a function of the
covariate Z(u):

λ(u) = ρ(Z(u)), (1)

where ρ is the function to be estimated. This non-
parametric estimation of ρ(Z(u)) was done by the
‘rhohat’ function of the spatstat library. It relates the
probability density of covariate values at all events
within the observation window to the probability den-
sity of covariate values at random locations through-
out the observation window. As kernel estimator, the
‘reweighting’ estimator was selected (Baddeley et al.
2012). The smoothing bandwidth was calculated by the
‘density’ function of the ‘stats’ package (Rodríguez-
Álvarez et al. 2017, version 4.2.1) and multiplied by a
factor of 2 in order to reduce oscillations in the results.

Discriminatory power of a covariate

To assess the strength of the dependence of the intensity
of the point pattern on the covariate, the receiver oper-
ating characteristics (ROC) were generated. The ROC
plot represents a probability-probability plot of CDF
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values of the covariate at the events plotted vs. the spa-
tial CDF at all locations. For a covariate exhibiting high
discriminatory power, the ROC curve lies considerably
above or below the 1:1 line. For a more quantitative
assessment of the discriminatory power of a covariate,
we calculated the area under the ROC curve (AUC).
It’s value ranges in the interval [0, 1]. Values close to 0
and 1 indicate strong discrimination, while a value of
0.5 indicates no discriminatory power (Baddeley et al.
2015). The results of the individual ROC-curves were
pooled using the ‘pool’ function in spatstat. The corre-
sponding AUC indices were evaluated by calculating

the arithmetic mean and the standard deviation of the
individual AUC indices.

Results

Inter-point dependence on the root epidermis

At the epidermis, the four root sections analysed con-
tained a total of 928 events with an average intensity of
90 ± 14 events/mm2. Up to a distance of 0.06 mm, the
pooled nearest neighbour distance distribution function

Fig. 2 Summary statistics
for analysing the spatial
correlation of root hair
emergence and intersection
points. (a), (c), (e): Pooled
nearest neighbour distance
distribution function G(r)
for point patterns along the
root epidermis, rhizosphere
cylinder 1 and rhizosphere
cylinder 2. (b), (d), (f):
Pooled empty space
function F(r) for point
patterns on the root
epidermis, rhizosphere
cylinder 1 and rhizosphere
cylinder 2. The Ĝkm(r) and
F̂km(r) functions represent
the spatial Kaplan-Meier
estimates (Baddeley and
Gill 1997) of the G(r)- and
F(r)-functions,
respectively. Gpois(r) and
Fpois(r) represent the
theoretical G(r)- and
F(r)-functions for a
stationary Poisson process
of equal estimated intensity.
The shaded areas represent
the pointwise 95%
confidence intervals of the
G(r)- and F(r)-functions in
between the lower (lo) and
upper (hi) simulation
envelopes. The presented
p-values resulted from the
pooled DCLF-tests
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(G(r)) deviated from CSR indicating a regular pattern
(Fig. 2(a)). For distances > 0.06 mm, the G-function
followed CSR. In contrast, the pooled empty space
function (F(r)) did not significantly deviate from CSR
(Fig. 2(b)). The results of both functions are supported
by the presented pooledDCLF values (Fig. 2 (a)& (b)).
The deviation of the G-function from CSR justified to
further explore the effect of the covariate ‘distance to
soil particles’ on the root hair emergence pattern.

Inhomogeneous intensity of root hair emergence
on the root epidermis

The quadrat counting results on the root epidermis
(Fig. 3) show a significantly (p = 6.91 · 10−8) reduced
intensity of events at the root-soil contact. The results of
the sample-wise chi-square tests (Table S1 and Fig. S9)
were significant for three of four samples. These results
suggested to reject the null hypothesis of a homoge-
neous intensity. While root hair emergence was inhib-
ited at root-soil contact, hairs preferentially emerged
into air-filled macropores.

Similarly, both the pooled Kolmogorov-Smirnov
test (p < 2.2 · 10−16) and the pooled Berman Z2
test (p = 3.5 · 10−6) were significant, also indicat-
ing the rejection of the null hypothesis (CSR). The

Fig. 3 Intensity of root hair emergence points on the epidermis.
Pooled quadrat counting results for testing the dependence of the
root hair distribution along the root epidermis on the covariate
‘distance to soil particles’ (*** p < 0.001)

sample-wise results of the analysis are presented in
Table S2 and Fig. S12.

Visual inspection of the sample-wise results in
Fig. S12 revealed that the CDFs of the covariate at
the reported events were horizontally offset by about
0.01 mm compared to the spatial CDFs at all locations
within the observation windows (under the assumption
of CSR; dashed red line). This suggested that the rejec-
tion of the null-hypothesis (CSR) was caused by the
inhibition at root-soil contact. To test this (hypothesis
1b), the distance interval [0, 0.0215] mm to soil parti-
cles and the corresponding eventswere excluded before
generating the CDFs and applying both the pooled
Kolmogorov-Smirnov test and the pooled Berman Z2
test. The results (p = 0.27 and p = 0.12, respec-
tively) suggested to accept the null hypothesis and thus
confirmed that the events in the air-filled pore space
were randomly distributed. The sample-wise results are
available in Table S2 (‘Root Epidermis excl. contact’)
and Fig. S13.

The non-parametric estimates of the intensity as a
function of the covariate (Fig. 4(a) - (d)) were in agree-
ment with the aforementioned results: At small dis-
tances up to 0.05 mm, the estimated ρ̂(Z(u)) were
significantly below the estimated mean homogeneous
intensity (red dashed line in Fig. 4) for all samples.
At greater distances, the estimated functions oscillated
around themean value, but the deviations from a homo-
geneous intensity appeared non-significant.

The pooled Receiver Operating Characteristic (ROC)
curve (Fig. 5(a)) and the corresponding area under the
curve (AUC) reflected that the effect of the covariate
‘distance to soil particles’ on the intensity of the point
process was weak. The ROC curves did not substan-
tially deviate from the 1:1 line, meaning that the covari-
ate had a lowdiscriminatory power. Thiswas confirmed
by the mean AUC value of 0.57 ±0.01 (Fig. 5(a)). The
sample-wise ROC curves are presented in Fig. S16.

Inter-point dependence across the rhizosphere

To statistically evaluate hypothesis (2), stating that radi-
ally across the rhizosphere, root hairs were preferen-
tially located in the close vicinity of soil particles, we
repeated the spatial point pattern analysis at two speci-
fied distances from the root epidermis at (1) half and (2)
the mean root hair length (rhizosphere cylinders 1 and
2). At distance (1), the analysis was based on a total of
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Fig. 4 Non-parametric estimation of the intensity of the point
processes. Solid lines show the estimated functions, grey
envelopes represent the 95% confidence band and the red dashed
lines show the mean homogeneous intensities. (a) - (d): Esti-
mated intensity of root hair emergence on the root epidermis as
a function of the distance to soil particles. (e) - (h): Estimated

intensity of root hair intersection points at a radial distance of
122.75 µm from the root epidermis (rhizosphere cylinder 1) as
a function of the distance to soil particles. (i) - (l): Estimated
intensity of root hair intersection points at a radial distance of
245.5 µm from the root epidermis (rhizosphere cylinder 2) as a
function of the distance to soil particles

Fig. 5 Pooled receiver Operating Characteristic (ROC) curves.
(a) ROC curves for root hair emergence points on the root epider-
mis. (b) ROC curves for root hair intersection points at a radial
distance of 122.75 µm from the root epidermis (rhizosphere

cylinder 1). (c) ROC curves for root hair intersection points at a
radial distance of 245.5µm from the root epidermis (rhizosphere
cylinder 2)
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632 events at an intensity of 42.3 ± 11.4 mm−2, while
at distance (2), the analysis was based on 368 events at
an intensity of 20.9 ± 9.2 mm−2.

At bothdistances from the root epidermis, the pooled
nearest neighbour distance distribution function (G(r))
(Fig. 2(c), (e)) deviated from CSR at inter-point dis-
tances< 0.04mm.On the other hand, the pooled empty
space function (F(r)) did not systematically deviate
from CSR. Nevertheless, except for the G(r)-function
of rhizosphere cylinder 2 (Fig. 2(e)) the pooled results
of the DCLF-tests suggested to reject the null hypothe-
ses stating that all studied patterns were CSR. Again,
these deviations from CSR justified to further study
the effect of the covariate ‘distance to soil particles’ on
the distribution of events across the rhizosphere. The
sample-wise results of the G- and F functions are pre-
sented in Fig. S6 - S8.

Inhomogeneous intensity of root hair distribution
across the rhizosphere

The intensities of events at both radial distances from
the root epidermis reflected the following trend: The
intensity in tile one (rhizosphere cylinder-soil contact)
was significantly smaller than the intensity in tile two
(pore space close to soil particles; Fig. 6). The p-values

of the pooled chi-square tests at distance 1 and distance
2 were significant (p < 2.2 · 10−16 in both cases). The
intensities in tile two were also larger than in tile three
(pore space distant from soil particles). The chi-square
tests were significant at both distances from the root
epidermis (p = 9.0 · 10−4 and p < 2.9 · 10−5, respec-
tively). In summary, the results suggested to reject the
null hypothesis of homogeneity. They also indicated
that the intensity of events radially across the rhizo-
sphere was reduced at soil particles. It appears that
root hairs rarely penetrated into soil aggregates. But
the intensity was increased in the pore space close to
soil particles and levelled again off at larger distances
from the soil particles. The corresponding sample-wise
results are presented in Fig. S10 and S11.

Similar results were found using the pooled Kolmo-
gorov-Smirnov test. The results for the rhizosphere
cylinders 1 and 2 were significant (p < 2.2 · 10−16

in both cases), suggesting to reject the null hypothesis
of CSR. The sample-wise results of the Kolmogorov-
Smirnoff tests are available in Fig. S14 and S15.

The pooled Berman’s Z2 tests were significant as
well (p < 2.2 · 10−16 in both cases). The non-
parametric estimates of the intensity (Fig. 4(e) - (l))
were in agreement with the quadrat counts: For both
rhizosphere cylinders, the estimates ρ̂(Z(u)) were

Fig. 6 Quadrat counting results for testing the dependence of
the root hair intersection points on the covariate ‘distance to soil
particles’. The intensity of events [1/mm2] is plotted for the three
tiles: rhizosphere cylinder - soil contact, pore space close to soil
particles, and pore space distant from soil particles. (a) Results

for rhizosphere cylinder 1 (at a radial distance of 122.75 µm
from the root epidermis). (b) Results for rhizosphere cylinder 2
(at a radial distance of 245.5 µm from the root epidermis). Sig-
nificance levels taking the Bonferroni correction into account (*:
p < 0.017, **: p < 3.33 · 10−4, ***: p < 3.33 · 10−4)
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significantly above the estimated mean homogeneous
intensity for small distances to soil particles (< 0.08
mm). At larger distances however, the estimates were
significantly below the mean and converged against
zero (Fig. 4(e), (f), (i), (j), (l)) or ρ̂ did not differ sig-
nificantly from CSR (Fig. 4(g), (h), (k)).

In summary, our results indicated that the intensities
of the root hair intersection points on both rhizosphere
cylinders depended on the spatial covariate ‘distance to
soil particles’.

The pooled ROC curves (Fig. 5(b) and (c)) and the
corresponding AUC values reinforced these results.
The ROC curves deviated considerably from the 1:1
lines and the mean AUCwere equal to 0.69± 0.07 and
0.7 ± 0.08 for rhizosphere cylinder 1 and 2, respec-
tively.

Discussion

We found spatial patterning of root hairs in non-
destructive in situ measurements of soil grown roots.
Our results confirmed that root hairs emerged prefer-
entially into air-filled macropores, while their emer-
gence into partially water-saturated soil aggregates was
inhibited. Furthermore, our results suggest that hairs
emerged randomly into air-filled macropores, which
explains the low discriminatory power of the covari-
ate ‘distance to soil particles’ estimated based on the
ROC-curve (Fig. 5(a)).

In addition, we found that at two specific radial dis-
tances from the root epidermis, root hairs were prefer-
entially located in the pore space close to soil particles.
In contrast, they were less abundant in the pore space
distant from soil particles, and their occurrence was
strongly inhibited within soil aggregates. However, our
approach does not allow us to disentangle whether root
hairs actually grew towards soil particles or whether
they were pushed there by the moving menisci at the
liquid–gas interface during the drying and rewetting
cycles of the soil.

Our results suggest that root hairs bridge air-filled
low-conductivity pores at the root-soil interface and
establish contact with soil particles some radial dis-
tance away from the root-soil interface. While this
mechanism attenuates the gradients in nutrient avail-
ability and water potential across the rhizosphere,
their inability (in maize) to penetrate soil aggregates
may limit root hair - soil contact and hence uptake

processes, plant anchorage, rhizosheath formation and
root-microorganism interactions.

Based on these findings, we accept hypothesis (1a)
stating that root hairs emerge preferentially into air-
filled pore space. However, our results do not confirm
hypothesis (1b) saying that root hairs emerge in the
close vicinity of root-soil contact surfaces. Our results
rather suggest that hairs emerge randomly into air-filled
pores. Furthermore,we accept hypothesis 2, stating that
radially across the rhizosphere, distal segments of root
hairs are preferentially located in the vicinity of soil
aggregates.

Root epidermal patterning

In contrast to other known root epidermal patterns (type
II, e.g. in rice and type III, e.g. in Arabidopsis, Clowes
2000, Dolan 1996), in maize all root-epidermal cells
can potentially generate a root hair. Thus, those cells
that form root hairs (trichoblasts) are expected to be
randomly distributed throughout the root epidermis
(type I pattern, Hochholdinger et al. 2018, Salazar-
Henao et al. 2016), and they are expected to be par-
ticularly plastic in response to environmental signals
(Belimov et al. 2022, Cormack 1944, Hochholdinger
et al. 2018). However, independent of the root epider-
mal pattern type, Bao et al. 2014 found that root hairs
emerged at the air- rather than at the agar contact-side
of their experimental setup. Regarding the patterning of
lateral roots, the authors speculated that thewater avail-
ability (as a product of soil hydraulic conductivity and
soil water potential) may be the critical environmental
signal. This may also apply for root hair patterning, but
further investigation is needed to improve our under-
standing of this process.

While these findings were based on studies in artifi-
cial growthmedia (agar),White and Kirkegaard (2010)
obtained similar results under physiologically relevant
conditions. They surveyed in a microscopic analysis of
soil cores containing a structured soil the abundance
of wheat root hairs in cracks and pores. In agreement
with Bao et al. (2014), they found a negative corre-
lation between root-soil contact and root hair density.
Our results are consistent with those reported by Bao
et al. (2014) and White and Kirkegaard (2010). Unlike
the study by White and Kirkegaard (2010), our experi-
mental approach was non-destructive, but it was based
on a sieved soil instead of field samples. Additionally,
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the synchrotron-basedX-rayμCT approach allowed us
to detect root hairs in the soil matrix.

Our finding that root hairs in maize hardly pene-
trated soil aggregates across the rhizosphere contra-
dict the results presented by Koebernick et al. (2017).
Using the same experimental approach as in our study
(synchrotron-based X-ray μCT), the authors showed
that root hairs in barley disappeared on one side of
soil aggregates but reappeared on another. This was
explained by root hairs growing through soil aggre-
gates. In maize, the latter was hardly observed and
the discrepancy between these two species may be
explained by differences in the ability of root hairs to
overcome the mechanical resistance of the soil aggre-
gates: The turgor pressure within the vacuole of maize
root hairsmaybe lower than in barley. Thiswould result
in a lower maximum penetration force in maize.

Limitations

Studying inter-point dependence of root hair emer-
gence on the epidermis, we found that inhibition
occurred at small distances (< 0.06 mm). This could
be explained by the fact that we determined the posi-
tion of each root hair cell as a point with infinitesimal
extent. We thereby neglected the spatial extent of the
root hair cells. Hence, there was a physical boundary as
to howclose events could get to each other.We assumed
in our analysis that we determined the centres of the
hairs, but we are aware that the manual segmentation
of root hair emergence points introduced some errors.
We accounted for this by assuming that at the root epi-
dermis, root hairs were in contact with soil particles at
distances up to the diameter of root hair cells (0.0215
mm). At the two rhizosphere cylinders, we assumed
that the minimum distance between soil particles and
root hairs was equal to the mean diameter of root hairs
(0.01788 mm). By considering the diameters of hair
cells and hairs rather than the corresponding radii, we
chose conservative estimates. Although the character-
istic interaction between events is considered in the
Gibbs hard core process (Baddeley et al. 2015, Illian
et al. 2008, Wiegand and Moloney 2013), we based
our analysis on the assumption of a Poisson process.
This was justified by the fact that the spatial extents
of the observation windows were about two orders of
magnitude larger than the root hair radii.

Furthermore, our approach neglected the anisotropy
of epidermal cells. Their length is considerably larger
than their diameter: As reported by Zidan et al. (1990)
and Moreno-Ortega et al. (2017), they reach lengths of
up to 0.2 mm.

It is worth noting that the replicated point pat-
tern analysis is based on the assumptions that the
four samples are comparable to each other and that
they are independent replications of the same point
process. Further limitations of our approach relate to
the segmentation of root hairs. While their classifica-
tion within air-filled pores was straightforward, we are
aware that their segmentation within soil aggregates is
more prone to errors. This is due to the lower con-
trast between partially saturated soil aggregates and
root hairs. Therefore, under-segmentation of root hairs
(especially within soil aggregates) cannot be excluded.

Another limitation is related to the unwrapping pro-
cedure that was applied prior to the spatial point pat-
tern analysis. We unwrapped the epidermis of the root
segments under the assumption of cylindrical roots of
constant radii and we are aware that this simplification
may have introduced errors.

Additionally, the growth conditionswithin the exper-
imental setup are likely to have introduced limitations.
Clearly the environmental conditions within our exper-
imental setup were not comparable to field conditions
due to the limited size of the plastic cylinders and the
fact that we used a sieved soil. However, the micro-
cosms were required in order to collect high-resolution
μCT data. The increased soil porosity along the plastic
cylinderwallsmay have created favourable root growth
paths. We corrected for this effect by excluding parts
of the root epidermis where there were no soil particles
between the cylinder wall and the root, or where roots
were even in contact with the cylinder wall.

Implications and outlook

Our findings contribute to the ongoing discussion on
root plasticity as breeding target for more productive
crops (Schneider andLynch 2020). The authors empha-
sised that in low input environments, plastic root phe-
notypes are beneficial for exploiting inhomogeneously
distributed soil resources. The fact that root hairs pref-
erentially emerged into air-filled pore space andnot into
soil aggregates suggests that they bridge air-filled (low
conductivity) gaps at the root-soil interface. Thereby,
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they attenuate gradients in nutrient availability and
water potential throughout the rhizosphere (Duddek
et al. 2023, Keyes et al. 2013). Nevertheless, as they
rarely grew through soil aggregates (in maize), their
contact with soil particles is expected to be markedly
reduced compared to hairs growing randomly through
the rhizosphere (and thus penetrating into soil aggre-
gates). This may be part of the explanation of discrep-
ancies in the effect of root hairs on root water uptake
observed for different crop species such as barley and
maize (Cai et al. 2021, Carminati et al. 2017). It is also
expected to affect both plant anchorage and rhizosheath
formation. Root hairs growing through soil aggregates
are hypothesized to experience a greater adhesion to
soil particles, which may increase uprooting resistance
and the rhizosheath thickness.

Our results have implications formathematicalmod-
elling of nutrient and water uptake, too. The spatial dis-
tribution of root hairs relative to soil particles is of par-
ticular interest under dry soil conditions, when macro-
pores are drained and both nutrient and water transport
are limited to the soil micropore region. So far, the spa-
tial distribution of root hairs in relation to soil particles
is inherently included in image-based models (Daly
et al. 2016,Duddek et al. 2023,Keyes et al. 2013).How-
ever, thesemodels are computationally highly demand-
ing and homogenized (multi-scale) models are needed
to predict root resource acquisition at bigger scales.
Up-scaled models are usually based on the assump-
tion of uniformly distributed hairs in a homogeneous
soil domain (Itoh and Barber 1983, Leitner et al. 2010,
Segal et al. 2008, Zygalakis et al. 2011). However, our
results suggest that this leads to an oversimplification
of the rhizosphere, neglecting in particular the plas-
ticity of roots and root hairs to environmental triggers
on the one hand, and distinct hydraulic parameters of
the rhizosphere compared to the bulk soil on the other.
Depending on the model assumptions, this masks the
rhizosphere and especially the root hair effect. There-
fore, our analysis has the potential to improve the gener-
ation of up-scaled root models with respect to a variety
of plant-relevant processes.
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