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12
13 Abstract

14  Our understanding of how root develop in soil may be at the eve of significant transformations. The
15  formidable expansion of imaging technologies enables live observations of the rhizosphere micro-pore
16  architecture at unprecedented resolution. Granular matter physics provides ways to understand the
17  microscopic fluctuations of forces in soils, and the increasing knowledge of plant mechanobiology may
18  shed new lights on how roots perceive soil heterogeneity. This opinion paper exposes how recent
19  scientific achievements may contribute to design a new theory for root growth in heterogeneous

20 environments.
21 Main text

22 Current knowledge of the biomechanics of plant root growth in soil is largely based on the extensive

23 work of plant biophysicists from the second half of the 20th century { ADDIN EN.CITE { ADDIN
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EN.CITE.DATA }} . The view was that both roots and soil must be considered as continua so that the
description of root soil interactions can be achieved with continuous mathematical functions of
macroscopic variables such as Young’s modulus of root tissue, soil penetration stress, and pore water
pressure { ADDIN EN.CITE
<EndNote><Cite><Author>Abdalla</Author><Year>1969</Year><RecNum>232</RecNum><DisplayT
ext>[4]</DisplayText><record><rec-number>232</rec-number><foreign-keys><key app="EN" db-
id="w99ddwvpas9ff5epwwOvw5ratpx5azrxstez" timestamp="1512665632">232</key></foreign-
keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Abdalla,
AM</author><author>Hettiaratchi, DRP</author><author>Reece,
AR</author></authors></contributors><titles><title>The mechanics of root growth in granular
media</title><secondary-title>Journal  of  Agricultural  Engineering  Research</secondary-
title></titles><periodical><full-title>Journal of  Agricultural Engineering Research</full-
title></periodical><pages>236-
248</pages><volume>14</volume><number>3</number><dates><year>1969</year></dates><isbn
>0021-8634</isbn><urls></urls></record></Cite></EndNote>}. Classical concepts from mechanics
and physiology then provide a suitable framework to understand factors controlling tissue growth in
its natural environment. The energy required to deform the root and surrounding soil, which
originates from the photosynthetic chemical energy accumulated within the tissues, is converted into
turgor pressure and mechanical energy { ADDIN EN.CITE
<EndNote><Cite><Author>Silk</Author><Year>1980</Year><RecNum>229</RecNum><DisplayText
>[5]</DisplayText><record><rec-number>229</rec-number><foreign-keys><key  app="EN"  db-
id="w99ddwvpas9ffSepwwOvw5ratpx5azrxstez" timestamp="1512664575">229</key></foreign-
keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Silk, W.
K.</author><author>Wagner, K.</author></authors></contributors><titles><title>Growth-
sustaining water potential distributions in the primary corn root. a non compartmented continuum

model</title><secondary-title>Plant Physiology</secondary-title></titles><periodical><full-
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title>Plant Physiology</full-title></periodical><pages>859-
863</pages><volume>66</volume><number>5</number><dates><year>1980</year></dates><isbn
>1532-2548</isbn><urls></urls></record></Cite></EndNote>}. Turgor pressure then overcome the
resistance from cell wall to stretching, the resistance to movement of water across membranes, and
the resistance to the displacement of the soil around the root { ADDIN EN.CITE
<EndNote><Cite><Author>Dexter</Author><Year>1987</Year><RecNum>226</RecNum><DisplayT
ext>[6]</DisplayText><record><rec-number>226</rec-number><foreign-keys><key app="EN" db-
id="w99ddwvpas9ff5epwwOvw5ratpx5azrxstez" timestamp="1512663998">226</key></foreign-
keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Dexter,
AR</author></authors></contributors><titles><title>Mechanics of root growth</title><secondary-
title>Plant  and soil</secondary-title></titles><periodical><full-title>Plant  and Soil</full-
title></periodical><pages>303-

312</pages><volume>98</volume><number>3</number><dates><year>1987</year></dates><isbn

>0032-079X</isbn><urls></urls></record></Cite></EndNote>}.

This classical view of root-soil biomechanics has been central to identify the biophysical factors limiting
growth in soil, but it is now challenged to predict morphologies and developmental patterns observed
in natural conditions (Figure 1). If roots were to experience homogeneous mechanical stress from the
soil, one would expect turgor pressure and Lockhart equation { ADDIN EN.CITE
<EndNote><Cite><Author>Lockhart</Author><Year>1965</Year><RecNum>185</RecNum><Display
Text>[1]</DisplayText><record><rec-number>185</rec-number><foreign-keys><key app="EN" db-
id="w99ddwvpas9ffSepwwOvw5ratpx5azrxstez" timestamp="1512051649">185</key></foreign-
keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Lockhart,
James A</author></authors></contributors><titles><title>An analysis of irreversible plant cell
elongation</title><secondary-title>Journal of Theoretical Biology</secondary-
title></titles><periodical><full-title>Journal of theoretical biology</full-

title></periodical><pages>264-
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275</pages><volume>8</volume><number>2</number><dates><year>1965</year></dates><isbn>
0022-5193</isbn><urls></urls></record></Cite></EndNote>} to predict accurately growth arrest in
soil. This is not the case and large discrepancies remain between measured turgor pressure (in the
order of 1MPa { ADDIN EN.CITE
<EndNote><Cite><Author>Clark</Author><Year>1996</Year><RecNum>231</RecNum><DisplayTex
t>[7]</DisplayText><record><rec-number>231</rec-number><foreign-keys><key  app="EN" db-
id="w99ddwvpas9ff5epwwOvw5ratpx5azrxstez" timestamp="1512664911">231</key></foreign-
keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Clark,
Li</author><author>Whalley, WR</author><author>Dexter, AR</author><author>Barraclough,
PB</author><author>Leigh, RA</author></authors></contributors><titles><title>Complete
mechanical impedance increases the turgor of cells in the apex of pea roots</title><secondary-
title>Plant, Cell &amp; Environment</secondary-title></titles><periodical><full-title>Plant, Cell
&amp; Environment</full-title></periodical><pages>1099-
1102</pages><volume>19</volume><number>9</number><dates><year>1996</year></dates><isb
n>1365-3040</isbn><urls></urls></record></Cite></EndNote>}) and the levels of mechanical
stresses at which growth is arrested (>5MPa { ADDIN EN.CITE
<EndNote><Cite><Author>Bengough</Author><Year>1991</Year><RecNum>224</RecNum><Displ
ayText>[8]</DisplayText><record><rec-number>224</rec-number><foreign-keys><key =~ app="EN"
db-id="w99ddwvpas9offSepwwOvw5ratpx5azrxstez" timestamp="1512663558">224</key></foreign-
keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bengough,
AG</author><author>Mullins, CE</author></authors></contributors><titles><title>Penetrometer
resistance, root penetration resistance and root elongation rate in two sandy loam
soils</title><secondary-title>Plant and Soil</secondary-title></titles><periodical><full-title>Plant
and Soil</full-title></periodical><pages>59-
66</pages><volume>131</volume><number>1</number><dates><year>1991</year></dates><isbn

>0032-079X</isbn><urls></urls></record></Cite></EndNote>}). Classical mechanics of continua is ill-
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equipped to explain the links between soil heterogeneity and stochasticity of plant development. The
root tissue itself is heterogeneous and cell types have different roles in facilitating growth and
penetration. Anchoring the base of the root for example, is necessary for cell elongation to produce
apical movement and deformation of the soil { ADDIN EN.CITE
<EndNote><Cite><Author>Bengough</Author><Year>2016</Year><RecNum>225</RecNum><Displ
ayText>[9]</DisplayText><record><rec-number>225</rec-number><foreign-keys><key =~ app="EN"
db-id="w99ddwvpasoffSepwwOvw5ratpx5azrxstez" timestamp="1512663688">225</key></foreign-
keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bengough, A
Glyn</author><author>Loades, Kenneth</author><author>McKenzie, Blair
M</author></authors></contributors><titles><title>Root hairs aid soil penetration by anchoring the
root surface to pore walls</title><secondary-title>Journal of Experimental Botany</secondary-
title></titles><periodical><full-title>Journal of experimental botany</full-
title></periodical><pages>1071-
1078</pages><volume>67</volume><number>4</number><dates><year>2016</year></dates><isb
n>0022-0957</isbn><urls></urls></record></Cite></EndNote>}. The root cap and its associated
border cells have also a fundamental role in reducing friction from the bulk soil. It was shown recently
that wheat genotypes with sharper root tips are more efficient at soil penetration { ADDIN EN.CITE
<EndNote><Cite><Author>Colombi</Author><Year>2017</Year><RecNum>230</RecNum><Display
Text>[10]</DisplayText><record><rec-number>230</rec-number><foreign-keys><key app="EN" db-
id="w99ddwvpas9ffSepwwOvw5ratpx5azrxstez" timestamp="1512664744">230</key></foreign-
keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Colombi,
Tino</author><author>Kirchgessner, Norbert</author><author>Walter,
Achim</author><author>Keller, Thomas</author></authors></contributors><titles><title>Root tip
shape governs root elongation rate under increased soil strength</title><secondary-title>Plant
Physiology</secondary-title></titles><periodical><full-title>Plant Physiology</full-
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2301</pages><volume>174</volume><number>4</number><dates><year>2017</year></dates><is

bn>0032-0889</isbn><urls></urls></record></Cite></EndNote>}.

To establish a biomechanical framework that accounts for the complexity of root interactions with the
granular medium, one must capture the microscopic nature of particle forces and the collective action
they have on root tissues (Figure 1A). { ADDIN EN.CITE <EndNote><Cite
AuthorYear="1"><Author>Evelyne</Author><Year>2017</Year><RecNum>199</RecNum><DisplayT
ext>Kolb, et al. [11]</DisplayText><record><rec-number>199</rec-number><foreign-keys><key
app="EN" db-id="w99ddwvpas9ff5epwwOvw5ratpx5azrxstez"

timestamp="1512484212">199</key></foreign-keys><ref-type name="Journal Article">17</ref-

type><contributors><authors><author>Kolb, Evelyne</author><author>Legue,
Valérie</author><author>Bogeat-Triboulot, Marie-
Béatrice</author></authors></contributors><titles><title>Physical root-soil
interactions</title><secondary-title>Physical Biology</secondary-title></titles><periodical><full-
title>Physical biology</full-

title></periodical><pages>065004</pages><volume>14</volume><dates><year>2017</year></dat

es><isbn>1478-3975</isbn><urls></urls></record></Cite></EndNote>} proposed to categorise the
nature of root mechanical responses to soil based on the scale of the soil heterogeneities. When the
medium is composed of small particles, individual variations in the force required to move them are
not perceived by the root. The behaviour of roots and soil can be homogenised, and classical
continuum mechanics usually applies (Box 1A) { ADDIN EN.CITE
<EndNote><Cite><Author>Faure</Author><Year>1994</Year><RecNum>233</RecNum><DisplayTe

xt>[12]</DisplayText><record><rec-number>233</rec-number><foreign-keys><key app="EN" db-
id="w99ddwvpas9ffSepwwOvw5ratpx5azrxstez" timestamp="1512665757">233</key></foreign-
keys><ref-type  name="Journal  Article">17</ref-type><contributors><authors><author>Faure,
AG</author></authors></contributors><titles><title>Stress field developed by root growth:

theoretical approach</title><secondary-title>Journal of Agricultural Engineering

{ PAGE \* MERGEFORMAT }



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

Research</secondary-title></titles><periodical><full-title>Journal ~ of  Agricultural Engineering
Research</full-title></periodical><pages>53-
67</pages><volume>58</volume><number>1</number><dates><year>1994</year></dates><isbn>
0021-8634</isbn><urls></urls></record></Cite></EndNote>}. Soils also contain objects that are too
large and or too rigid for a root to deform and displace, for example when roots grow in contact with
stones, in cracks or pores { ADDIN EN.CITE
<EndNote><Cite><Author>Jackson</Author><Year>1999</Year><RecNum>234</RecNum><DisplayT
ext>[13,14]</DisplayText><record><rec-number>234</rec-number><foreign-keys><key  app="EN"
db-id="w99ddwvpasoffSepwwOvwS5ratpx5azrxstez" timestamp="1512725012">234</key></foreign-
keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Jackson,
RB</author><author>Moore, LA</author><author>Hoffmann, WwA</author><author>Pockman,
WT</author><author>Linder, CR</author></authors></contributors><titles><title>Ecosystem
rooting depth determined with caves and DNA</title><secondary-title>Proceedings of the National
Academy of Sciences of the United States of America</secondary-title></titles><periodical><full-
title>Proceedings of the National Academy of Sciences of the United States of America</full-
title></periodical><pages>11387-
11392</pages><volume>96</volume><number>20</number><dates><year>1999</year></dates><
isbn>0027-
8424</isbn><urls></urls></record></Cite><Cite><Author>White</Author><Year>2010</Year><Rec
Num>235</RecNum><record><rec-number>235</rec-number><foreign-keys><key app="EN" db-
id="w99ddwvpas9ffSepwwOvw5ratpx5azrxstez" timestamp="1512725591">235</key></foreign-
keys><ref-type  name="Journal Article">17</ref-type><contributors><authors><author>White,
Rosemary G</author><author>Kirkegaard, John
A</author></authors></contributors><titles><title>The distribution and abundance of wheat roots
in a dense, structured subsoil-implications for water uptake</title><secondary-title>Plant, Cell &amp;

Environment</secondary-title></titles><periodical><full-title>Plant, Cell &amp; Environment</full-

{ PAGE \* MERGEFORMAT }



180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

title></periodical><pages>133-
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>1365-3040</isbn><urls></urls></record></Cite></EndNote>}. Growth forces cannot displace the
obstacle and the root usually combines tropic responses and mechanical buckling to avoid the obstacle
(Box 1B) { ADDIN EN.CITE
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magnitude of deflections? How does the distribution of particle forces modify the growth trajectory?

Understanding the forces acting on a root during the elongation requires detailed knowledge of the
physics of granular media. Granular media are assemblages of particles held by frictional and repulsive
forces from adjacent particles. The forces holding particles together form chain-like networks that

propagate at the contact points between neighbouring particles { ADDIN EN.CITE
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granular media depending on the external forces applied upon them { ADDIN EN.CITE
<EndNote><Cite><Author>Gnoli</Author><Year>2016</Year><RecNum>202</RecNum><DisplayTex
t>[22]</DisplayText><record><rec-number>202</rec-number><foreign-keys><key app="EN" db-
id="w99ddwvpas9ffSepwwOvw5ratpx5azrxstez" timestamp="1512485408">202</key></foreign-
keys><ref-type name="Journal  Article">17</ref-type><contributors><authors><author>Gnoli,
Andrea</author><author>Lasanta, Antonio</author><author>Sarracino,
Alessandro</author><author>Puglisi,
Andrea</author></authors></contributors><titles><title>Unified rheology of vibro-fluidized dry
granular media: From slow dense flows to fast gas-like regimes</title><secondary-title>Scientific
Reports</secondary-title></titles><periodical><full-title>Scientific reports</full-
title></periodical><pages>38604</pages><volume>6</volume><dates><year>2016</year></dates>
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there are efficient computational techniques that exploit the power of Graphical Processing Unit to
simulate roots and soil at the particle and cell resolution. Discrete Element Modelling (DEM) for
example uses Newton'’s second law to describe the motion of millions of interacting particles { ADDIN
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models reproduce closely experimental observations, even in the case of biologically complex systems
with detailed quantification of the force distribution surrounding growing roots { ADDIN EN.CITE
<EndNote><Cite><Author>Bourrier</Author><Year>2013</Year><RecNum>222</RecNum><Display
Text>[27,28]</DisplayText><record><rec-number>222</rec-number><foreign-keys><key app="EN"
db-id="w99ddwvpas9ffSepwwOvw5ratpx5azrxstez" timestamp="1512646513">222</key></foreign-
keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bourrier,
Franck</author><author>Kneib, Francgois</author><author>Chareyre,
Bruno</author><author>Fourcaud,
Thierry</author></authors></contributors><titles><title>Discrete modeling of granular soils
reinforcement by plant roots</title><secondary-title>Ecological = Engineering</secondary-

title></titles><periodical><full-title>Ecological Engineering</full-title></periodical><pages>646-

{ PAGE \* MERGEFORMAT }



362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

657</pages><volume>61</volume><dates><year>2013</year></dates><isbn>0925-
8574</isbn><urls></urls></record></Cite><Cite><Author>akih</Author><Year>2017</Year><RecNu
m>270</RecNum><record><rec-number>270</rec-number><foreign-keys><key = app="EN" db-

id="w99ddwvpas9ff5epwwOvw5ratpx5azrxstez" timestamp="1520156221">270</key></foreign-

keys><ref-type name="Conference Proceedings">10</ref-
type><contributors><authors><author>Fakih, Mahmoud</author><author>Delenne, Jean
Yves</author><author>Radjai, Farhang</author><author>Fourcaud,

Thierry</author></authors></contributors><titles><title>Modeling root growth in granular soils:
effects of root stiffness and packing fraction</title><secondary-title>EP) Web of
Conferences</secondary-title></titles><periodical><full-title>EP}  Web of Conferences</full-
title></periodical><pages>14013</pages><volume>140</volume><dates><year>2017</year></dat
es><publisher>EDP Sciences</publisher><isbn>2100-

014X</isbn><urls></urls></record></Cite></EndNote>}.

Despite recent experimental and theoretical breakthroughs, granular matter physics has not
transformed our understanding of the mechanics of root growth. Many current limitations are due to
our lack of understanding of how roots respond to complex mechanical signals, and particularly how
competition between multiple mechanical stimuli affects root responses. Cellular mechanisms
involved in the response to physical obstacles have not been fully characterised, but a growing number
of studies are now revealing the signalling and regulatory mechanisms involved in plant responses to
mechanical force. Research in animal sciences have identified a multitude of proteins which binding
domains are modified by mechanical forces { ADDIN EN.CITE
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are also well characterised, including the changes in cell division patterns, growth direction, cell
differentiation and gene expression { ADDIN EN.CITE
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A main difficulty, however, is to understand the nature of the mechanical signals perceived from the
soil particles surrounding plant roots. It is central to develop capabilities to study not only the forces
and displacement produced in the root soil system, but also the biological responses due to
mechanical interactions with soil particles. Unfortunately, experimenting with natural soils is
challenging because of its opacity. Rhizotron systems have been an extremely powerful tool to study

root growth { ADDIN EN.CITE { ADDIN EN.CITE.DATA }}, glass interfaces introduce strong border effects
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Optics and microscopy in the visible range have thus remained the preferred approach to make
observation of the biology and mechanics of the root. Confocal Laser Scanning Microscopes (CLSM)
have provided the first live images of root-particle interaction in high resolution with details available
on contact with particle surface, anatomical features at cell resolution and gene expression { ADDIN
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instantaneously often using the new generation of scientific-CMOS cameras. By taking a whole 2D
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Optics and microscopy also provides many ways to control and measure mechanical forces. Laser
ablation for example, has long been used to understand the distribution of forces within a tissue {
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successfully created a granular medium using a photo elastic media where maximum growth forces
and avoidance mechanisms could be observed (Figure 1B). New cantilever-based optical sensors {
ADDIN EN.CITE { ADDIN EN.CITE.DATA }} have also been developed to measure simultaneously growth
forces generated by a root and three-dimensional strain rate in responses to changes in external forces
applied to the root. { ADDIN EN.CITE { ADDIN EN.CITE.DATA }} for example, obtained stereoscopic data
to decompose root response to axial mechanical forces into different phases (Figure 1C). Hydrogels
can also be combined with fluorescent dyes and light sheet imaging to reconstruct interparticle forces
within the granular medium { ADDIN EN.CITE
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Techniques for mimicking soil physical conditions under a microscope are also emerging rapidly.
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media reproduces the physical and chemical properties of soil through control of the distribution of
sizes and surface chemistry of the particles (Figure 1D). Because the particles are made of
fluoropolymers that have refractive index close to water, only small adjustment of refractive indices,
usually by adding a colloid to the nutrient solution, allows light to travel without refraction through
the substrate. Microfluidics techniques have also progressed significantly and are becoming suitable
to live and high resolution microscopy of roots and microbes { ADDIN EN.CITE { ADDIN EN.CITE.DATA
}. Microfluidics allows precise and repeatable control of liquids and this could be used, for example,
to control water tension and particle cohesion in soil during live experiments. The range of materials
and fabrication techniques has been considerably expanded with the use of 3D printing { ADDIN
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soil studies { ADDIN EN.CITE { ADDIN EN.CITE.DATA }} .

The scientific community is better equipped than ever to make observations on the micromechanics

of root development in soil. Experimental systems provide soil-like growth conditions and allow for
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observations, measurements and data generation with precision, accuracy and resolution. How then
to transform the amount of information available to us into scientific breakthrough? The complexity
of the root-particle interactions is a major challenge. At each growth step, a root is in contact with a
new arrangement of particles that apply forces of varying magnitudes and orientations. Because there
are countless numbers of possible arrangements, the forces applied on roots cannot be
experimentally controlled. Measurements of granular forces in situ is required (Figure 2.1), and
granular media physicist have achieved such measurements. There are now great opportunities to
combine current knowledge of soil micromechanics with mechanobiology and propose a mechanistic
framework that account for sensing and response to micro-scale heterogeneity (Figure 2.2). New
theories must be developed to embrace stochasticity and explain responses to multiple mechanical
stimuli (Figure 2.3-4). Major challenges remain, but a recent look at the literature indicates our

thinking is evolving in the right way.
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Figure 1: Growing roots interact mechanically with soil particles during growth. These interactions
influence the morphology of the root, and the dynamics of development of the root system. A)
Irregular growth of cortex cells is observed in hard or compacted soil { ADDIN EN.CITE
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root diameter to increase and the root tip to buckle and bend towards the path of least resistance
(middle, lentils roots grown at 2MPa confining pressure). At the scale of the root system, interactions
causes growth trajectories to be stochastic as observed here on Anthyllis vulneraria grown on landslide
soils (image courtesy Loic Pages). Technological developments now allow precise characterisation of
mechanical interactions between a root and the growth substrate. These include for example, B)
photoelastic discs for measurement of  growth forces in soil pores { ADDIN EN.CITE
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- -
Soil Resource Soil Resource

Box 1: Root primary growth is a local process where elongation of tissues is taking place at the root
tip. Soil heterogeneity influences strongly how the tissue elongates and deforms (top), and local

interactions taking place at the tip can have drastic effects on the morphology and development of the
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whole root system, and the resources available to the plant (bottom). Mathematical modelling
provides a useful framework to explain how heterogeneity can affect the morphology of the root

system.

(A) When roots grow in soil particles which representative volume is small compared to the diameter
of the roots, the action of the particles can be averaged (top). In such conditions, it is unlikely for a
plant to perceive the fluctuations of forces from individual particles. If the mechanical resistance of the
soil is not limiting, root trajectories follow smooth streamlines (bottom). Mathematically, this
phenomenon has been described as the convection of root tips (density p) { ADDIN EN.CITE
<EndNote><Cite><Author>Kalogiros</Author><Year>2016</Year><RecNum>241</RecNum><Display
Text>[70]</Display Text><record><rec-number>241</rec-number><foreign-keys><key app="EN" db-
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the rate of change in root angle due to gravitropism g (d) define the growth of the root system:

0ep+V-F+0ggp =0,

with F = pE(cos(0) + sin(@)) is the spatial flux of root tips and gp is the angular flux of roots. In this

case, growth and resource acquisition is optimal.
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(B) When soil elements cannot be displaced, in the case of stones and rock for example, the root adopts
avoidance behaviours. Optimal growth is not affected and remains similar to (A), until the obstacle is
reached. Heterogeneities in this case define the boundaries within which convective growth is taking
place. Using the same mathematical framework, presence of such boundaries can be modelled through

boundary conditions, for example
dnp = 0.

Large scale soil heterogeneities can be problematic because they may restrain access to pools of
resources, e.g. deep water, even though the root growth in most parts of the soil domain is unaffected.

They may also forms paths of least growth resistance, for example in the case of pores and cracks.

(C) Intermediate cases are more problematic to analyse. Roots are in contact with particles which
apply forces of varying magnitudes and orientation. Although the root may overcome these forces, a
single particle may be able to deflect the growth trajectory. Since particles have inhomogeneous
distribution, root deflection occurs is stochastic. Mathematically, the phenomenon can be described by
a convection, where the growth velocity e<E (cm.d?) and the rate of change in root angle due to

gravitropism g (d) and random fluctuations define the dynamics:
dp+V-F+09(gp +Ddgp) =0,

gp + Dogp the angular flux of roots. The parameter D is the angular diffusion coefficient. Because D
relates to the probability of roots to be deflected by a particle, and the magnitude of such deflection,
there is a direct link between micro-mechanics of root particle interactions and the morphology of the
root system. Diffusive growth makes root trajectories irregular, and limits the expansion of the root
system, even when the elongation rate is not affected. Mathematical analysis of equation 3 reveals
the conditions for which transitions from convective growth to diffusive growth occur, i.e. for Peclet

number P, = %«1.
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Figure 2: Dissecting the complexity of root particles mechanical interactions requires an elaborate
research strategy. (1) First step is to better understand the nature of the forces applied to a root. This
can be achieved, using photo elastic beads, imaging, or developing artificial roots equipped with
sensors { ADDIN EN.CITE
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new experiments (grey arrows).
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