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Abstract 13 

Our understanding of how root develop in soil may be at the eve of significant transformations. The 14 

formidable expansion of imaging technologies enables live observations of the rhizosphere micro-pore 15 

architecture at unprecedented resolution. Granular matter physics provides ways to understand the 16 

microscopic fluctuations of forces in soils, and the increasing knowledge of plant mechanobiology may 17 

shed new lights on how roots perceive soil heterogeneity. This opinion paper exposes how recent 18 

scientific achievements may contribute to design a new theory for root growth in heterogeneous 19 

environments. 20 

Main text 21 

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

work of plant biophysicists from the second half of the 20th century { ADDIN EN.CITE { ADDIN 23 
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EN.CITE.DATA }} . The view was that both roots and soil must be considered as continua so that the 24 

description of root soil interactions can be achieved with continuous mathematical functions of 25 

macroscopic variables such as Young’s modulus of root tissue, soil penetration stress, and pore water 26 

pressure { ADDIN EN.CITE 27 

<EndNote><Cite><Author>Abdalla</Author><Year>1969</Year><RecNum>232</RecNum><DisplayT28 

ext>[4]</DisplayText><record><rec-number>232</rec-number><foreign-keys><key app="EN" db-29 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512665632">232</key></foreign-30 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Abdalla, 31 

AM</author><author>Hettiaratchi, DRP</author><author>Reece, 32 

AR</author></authors></contributors><titles><title>The mechanics of root growth in granular 33 

media</title><secondary-title>Journal of Agricultural Engineering Research</secondary-34 

title></titles><periodical><full-title>Journal of Agricultural Engineering Research</full-35 

title></periodical><pages>236-36 

248</pages><volume>14</volume><number>3</number><dates><year>1969</year></dates><isbn37 

>0021-8634</isbn><urls></urls></record></Cite></EndNote>}. Classical concepts from mechanics 38 

and physiology then provide a suitable framework to understand factors controlling tissue growth in 39 

its natural environment. The energy required to deform the root and surrounding soil, which 40 

originates from the photosynthetic chemical energy accumulated within the tissues, is converted into 41 

turgor pressure and mechanical energy { ADDIN EN.CITE 42 

<EndNote><Cite><Author>Silk</Author><Year>1980</Year><RecNum>229</RecNum><DisplayText43 

>[5]</DisplayText><record><rec-number>229</rec-number><foreign-keys><key app="EN" db-44 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512664575">229</key></foreign-45 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Silk, W. 46 

K.</author><author>Wagner, K.</author></authors></contributors><titles><title>Growth-47 

sustaining water potential distributions in the primary corn root. a non compartmented continuum 48 

model</title><secondary-title>Plant Physiology</secondary-title></titles><periodical><full-49 
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title>Plant Physiology</full-title></periodical><pages>859-50 

863</pages><volume>66</volume><number>5</number><dates><year>1980</year></dates><isbn51 

>1532-2548</isbn><urls></urls></record></Cite></EndNote>}. Turgor pressure then overcome the 52 

resistance from cell wall to stretching, the resistance to movement of water across membranes, and 53 

the resistance to the displacement of the soil around the root { ADDIN EN.CITE 54 

<EndNote><Cite><Author>Dexter</Author><Year>1987</Year><RecNum>226</RecNum><DisplayT55 

ext>[6]</DisplayText><record><rec-number>226</rec-number><foreign-keys><key app="EN" db-56 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512663998">226</key></foreign-57 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Dexter, 58 

AR</author></authors></contributors><titles><title>Mechanics of root growth</title><secondary-59 

title>Plant and soil</secondary-title></titles><periodical><full-title>Plant and Soil</full-60 

title></periodical><pages>303-61 

312</pages><volume>98</volume><number>3</number><dates><year>1987</year></dates><isbn62 

>0032-079X</isbn><urls></urls></record></Cite></EndNote>}.  63 

This classical view of root-soil biomechanics has been central to identify the biophysical factors limiting 64 

growth in soil, but it is now challenged to predict morphologies and developmental patterns observed 65 

in natural conditions (Figure 1). If roots were to experience homogeneous mechanical stress from the 66 

soil, one would expect turgor pressure and Lockhart equation { ADDIN EN.CITE 67 

<EndNote><Cite><Author>Lockhart</Author><Year>1965</Year><RecNum>185</RecNum><Display68 

Text>[1]</DisplayText><record><rec-number>185</rec-number><foreign-keys><key app="EN" db-69 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512051649">185</key></foreign-70 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Lockhart, 71 

James A</author></authors></contributors><titles><title>An analysis of irreversible plant cell 72 

elongation</title><secondary-title>Journal of Theoretical Biology</secondary-73 

title></titles><periodical><full-title>Journal of theoretical biology</full-74 

title></periodical><pages>264-75 
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275</pages><volume>8</volume><number>2</number><dates><year>1965</year></dates><isbn>76 

0022-5193</isbn><urls></urls></record></Cite></EndNote>} to predict accurately growth arrest in 77 

soil. This is not the case and large discrepancies remain between measured turgor pressure (in the 78 

order of 1MPa { ADDIN EN.CITE 79 

<EndNote><Cite><Author>Clark</Author><Year>1996</Year><RecNum>231</RecNum><DisplayTex80 

t>[7]</DisplayText><record><rec-number>231</rec-number><foreign-keys><key app="EN" db-81 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512664911">231</key></foreign-82 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Clark, 83 

LJ</author><author>Whalley, WR</author><author>Dexter, AR</author><author>Barraclough, 84 

PB</author><author>Leigh, RA</author></authors></contributors><titles><title>Complete 85 

mechanical impedance increases the turgor of cells in the apex of pea roots</title><secondary-86 

title>Plant, Cell &amp; Environment</secondary-title></titles><periodical><full-title>Plant, Cell 87 

&amp; Environment</full-title></periodical><pages>1099-88 

1102</pages><volume>19</volume><number>9</number><dates><year>1996</year></dates><isb89 

n>1365-3040</isbn><urls></urls></record></Cite></EndNote>}) and the levels of mechanical 90 

stresses at which growth is arrested (>5MPa { ADDIN EN.CITE 91 

<EndNote><Cite><Author>Bengough</Author><Year>1991</Year><RecNum>224</RecNum><Displ92 

ayText>[8]</DisplayText><record><rec-number>224</rec-number><foreign-keys><key app="EN" 93 

db-id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512663558">224</key></foreign-94 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bengough, 95 

AG</author><author>Mullins, CE</author></authors></contributors><titles><title>Penetrometer 96 

resistance, root penetration resistance and root elongation rate in two sandy loam 97 

soils</title><secondary-title>Plant and Soil</secondary-title></titles><periodical><full-title>Plant 98 

and Soil</full-title></periodical><pages>59-99 

66</pages><volume>131</volume><number>1</number><dates><year>1991</year></dates><isbn100 

>0032-079X</isbn><urls></urls></record></Cite></EndNote>}). Classical mechanics of continua is ill-101 
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equipped to explain the links between soil heterogeneity and stochasticity of plant development. The 102 

root tissue itself is heterogeneous and cell types have different roles in facilitating growth and 103 

penetration. Anchoring the base of the root for example, is necessary for cell elongation to produce 104 

apical movement and deformation of the soil { ADDIN EN.CITE 105 

<EndNote><Cite><Author>Bengough</Author><Year>2016</Year><RecNum>225</RecNum><Displ106 

ayText>[9]</DisplayText><record><rec-number>225</rec-number><foreign-keys><key app="EN" 107 

db-id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512663688">225</key></foreign-108 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bengough, A 109 

Glyn</author><author>Loades, Kenneth</author><author>McKenzie, Blair 110 

M</author></authors></contributors><titles><title>Root hairs aid soil penetration by anchoring the 111 

root surface to pore walls</title><secondary-title>Journal of Experimental Botany</secondary-112 

title></titles><periodical><full-title>Journal of experimental botany</full-113 

title></periodical><pages>1071-114 

1078</pages><volume>67</volume><number>4</number><dates><year>2016</year></dates><isb115 

n>0022-0957</isbn><urls></urls></record></Cite></EndNote>}. The root cap and its associated 116 

border cells have also a fundamental role in reducing friction from the bulk soil. It was shown recently 117 

that wheat genotypes with sharper root tips are more efficient at soil penetration { ADDIN EN.CITE 118 

<EndNote><Cite><Author>Colombi</Author><Year>2017</Year><RecNum>230</RecNum><Display119 

Text>[10]</DisplayText><record><rec-number>230</rec-number><foreign-keys><key app="EN" db-120 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512664744">230</key></foreign-121 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Colombi, 122 

Tino</author><author>Kirchgessner, Norbert</author><author>Walter, 123 

Achim</author><author>Keller, Thomas</author></authors></contributors><titles><title>Root tip 124 

shape governs root elongation rate under increased soil strength</title><secondary-title>Plant 125 

Physiology</secondary-title></titles><periodical><full-title>Plant Physiology</full-126 

title></periodical><pages>2289-127 
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2301</pages><volume>174</volume><number>4</number><dates><year>2017</year></dates><is128 

bn>0032-0889</isbn><urls></urls></record></Cite></EndNote>}.  129 

To establish a biomechanical framework that accounts for the complexity of root interactions with the 130 

granular medium, one must capture the microscopic nature of particle forces and the collective action 131 

they have on root tissues (Figure 1A). { ADDIN EN.CITE <EndNote><Cite 132 

AuthorYear="1"><Author>Evelyne</Author><Year>2017</Year><RecNum>199</RecNum><DisplayT133 

ext>Kolb, et al. [11]</DisplayText><record><rec-number>199</rec-number><foreign-keys><key 134 

app="EN" db-id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" 135 

timestamp="1512484212">199</key></foreign-keys><ref-type name="Journal Article">17</ref-136 

type><contributors><authors><author>Kolb, Evelyne</author><author>Legue, 137 

Valérie</author><author>Bogeat-Triboulot, Marie-138 

Béatrice</author></authors></contributors><titles><title>Physical root-soil 139 

interactions</title><secondary-title>Physical Biology</secondary-title></titles><periodical><full-140 

title>Physical biology</full-141 

title></periodical><pages>065004</pages><volume>14</volume><dates><year>2017</year></dat142 

es><isbn>1478-3975</isbn><urls></urls></record></Cite></EndNote>} proposed to categorise the 143 

nature of root mechanical responses to soil based on the scale of the soil heterogeneities. When the 144 

medium is composed of small particles, individual variations in the force required to move them are 145 

not perceived by the root. The behaviour of roots and soil can be homogenised, and classical 146 

continuum mechanics usually applies (Box 1A) { ADDIN EN.CITE 147 

<EndNote><Cite><Author>Faure</Author><Year>1994</Year><RecNum>233</RecNum><DisplayTe148 

xt>[12]</DisplayText><record><rec-number>233</rec-number><foreign-keys><key app="EN" db-149 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512665757">233</key></foreign-150 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Faure, 151 

AG</author></authors></contributors><titles><title>Stress field developed by root growth: 152 

theoretical approach</title><secondary-title>Journal of Agricultural Engineering 153 
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Research</secondary-title></titles><periodical><full-title>Journal of Agricultural Engineering 154 

Research</full-title></periodical><pages>53-155 

67</pages><volume>58</volume><number>1</number><dates><year>1994</year></dates><isbn>156 

0021-8634</isbn><urls></urls></record></Cite></EndNote>}. Soils also contain objects that are too 157 

large and or too rigid for a root to deform and displace, for example when roots grow in contact with 158 

stones, in cracks or pores { ADDIN EN.CITE 159 

<EndNote><Cite><Author>Jackson</Author><Year>1999</Year><RecNum>234</RecNum><DisplayT160 

ext>[13,14]</DisplayText><record><rec-number>234</rec-number><foreign-keys><key app="EN" 161 

db-id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512725012">234</key></foreign-162 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Jackson, 163 

RB</author><author>Moore, LA</author><author>Hoffmann, WwA</author><author>Pockman, 164 

WT</author><author>Linder, CR</author></authors></contributors><titles><title>Ecosystem 165 

rooting depth determined with caves and DNA</title><secondary-title>Proceedings of the National 166 

Academy of Sciences of the United States of America</secondary-title></titles><periodical><full-167 

title>Proceedings of the National Academy of Sciences of the United States of America</full-168 

title></periodical><pages>11387-169 

11392</pages><volume>96</volume><number>20</number><dates><year>1999</year></dates><170 

isbn>0027-171 

8424</isbn><urls></urls></record></Cite><Cite><Author>White</Author><Year>2010</Year><Rec172 

Num>235</RecNum><record><rec-number>235</rec-number><foreign-keys><key app="EN" db-173 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512725591">235</key></foreign-174 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>White, 175 

Rosemary G</author><author>Kirkegaard, John 176 

A</author></authors></contributors><titles><title>The distribution and abundance of wheat roots 177 

in a dense, structured subsoil–implications for water uptake</title><secondary-title>Plant, Cell &amp; 178 

Environment</secondary-title></titles><periodical><full-title>Plant, Cell &amp; Environment</full-179 
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title></periodical><pages>133-180 

148</pages><volume>33</volume><number>2</number><dates><year>2010</year></dates><isbn181 

>1365-3040</isbn><urls></urls></record></Cite></EndNote>}. Growth forces cannot displace the 182 

obstacle and the root usually combines tropic responses and mechanical buckling to avoid the obstacle 183 

(Box 1B) { ADDIN EN.CITE 184 

<EndNote><Cite><Author>Monshausen</Author><Year>2009</Year><RecNum>200</RecNum><Dis185 

playText>[15]</DisplayText><record><rec-number>200</rec-number><foreign-keys><key app="EN" 186 

db-id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512484654">200</key></foreign-187 

keys><ref-type name="Journal Article">17</ref-188 

type><contributors><authors><author>Monshausen, Gabriele B</author><author>Gilroy, 189 

Simon</author></authors></contributors><titles><title>The exploring root—root growth responses 190 

to local environmental conditions</title><secondary-title>Current opinion in plant 191 

biology</secondary-title></titles><periodical><full-title>Current opinion in plant biology</full-192 

title></periodical><pages>766-193 

772</pages><volume>12</volume><number>6</number><dates><year>2009</year></dates><isbn194 

>1369-5266</isbn><urls></urls></record></Cite></EndNote>}. The behaviour of roots growing in 195 

soils with particles of intermediate sizes is more challenging to understand. A root can displace 196 

individual particles from the soil, but the forces exerted by each of the particles can also influence the 197 

course of root development (Box 1C). Although such growth environments are common for fine roots 198 

or due to the presence of aggregate and sand particles, growth patterns in such conditions are not 199 

well understood. How frequently does a root deflect from their growth trajectory? What are the 200 

magnitude of deflections? How does the distribution of particle forces modify the growth trajectory?  201 

Understanding the forces acting on a root during the elongation requires detailed knowledge of the 202 

physics of granular media. Granular media are assemblages of particles held by frictional and repulsive 203 

forces from adjacent particles. The forces holding particles together form chain-like networks that 204 

propagate at the contact points between neighbouring particles { ADDIN EN.CITE 205 
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<EndNote><Cite><Author>Mueth</Author><Year>1998</Year><RecNum>236</RecNum><DisplayT206 

ext>[16]</DisplayText><record><rec-number>236</rec-number><foreign-keys><key app="EN" db-207 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512726253">236</key></foreign-208 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Mueth, 209 

Daniel M</author><author>Jaeger, Heinrich M</author><author>Nagel, Sidney 210 

R</author></authors></contributors><titles><title>Force distribution in a granular 211 

medium</title><secondary-title>Physical Review E</secondary-title></titles><periodical><full-212 

title>Physical Review E</full-title></periodical><pages>3164-213 

3169</pages><volume>57</volume><number>3</number><dates><year>1998</year></dates><url214 

s></urls></record></Cite></EndNote>}. Because particles are disordered or have various sizes and 215 

shapes, large variations in magnitude and direction of particle forces arise { ADDIN EN.CITE 216 

<EndNote><Cite><Author>Mueth</Author><Year>1998</Year><RecNum>236</RecNum><DisplayT217 

ext>[16,17]</DisplayText><record><rec-number>236</rec-number><foreign-keys><key app="EN" 218 

db-id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512726253">236</key></foreign-219 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Mueth, 220 

Daniel M</author><author>Jaeger, Heinrich M</author><author>Nagel, Sidney 221 

R</author></authors></contributors><titles><title>Force distribution in a granular 222 

medium</title><secondary-title>Physical Review E</secondary-title></titles><periodical><full-223 

title>Physical Review E</full-title></periodical><pages>3164-224 

3169</pages><volume>57</volume><number>3</number><dates><year>1998</year></dates><url225 

s></urls></record></Cite><Cite><Author>Liu</Author><Year>1995</Year><RecNum>237</RecNum226 

><record><rec-number>237</rec-number><foreign-keys><key app="EN" db-227 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1512726482">237</key></foreign-228 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Liu, 229 

CH</author><author>Nagel, Sydney R</author><author>Schecter, 230 

DA</author><author>Coppersmith, SN</author><author>Majumdar, 231 
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Satya</author></authors></contributors><titles><title>Force fluctuations in bead 232 

packs</title><secondary-title>Science</secondary-title></titles><periodical><full-233 

title>Science</full-title></periodical><pages>513-234 

515</pages><volume>269</volume><number>5223</number><dates><year>1995</year></dates>235 

<isbn>0036-8075</isbn><urls></urls></record></Cite></EndNote>}. Early theoretical work based on 236 

dry and static monodisperse particles showed that distribution of contact forces vary greatly and the 237 

overall force distribution follows an exponential decline { ADDIN EN.CITE 238 

<EndNote><Cite><Author>Coppersmith</Author><Year>1996</Year><RecNum>186</RecNum><Dis239 

playText>[18,19]</DisplayText><record><rec-number>186</rec-number><foreign-keys><key 240 

app="EN" db-id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" 241 

timestamp="1512053975">186</key></foreign-keys><ref-type name="Journal Article">17</ref-242 

type><contributors><authors><author>Coppersmith, SN</author><author>Liu, C-243 

h</author><author>Majumdar, Satya</author><author>Narayan, 244 

Onuttom</author><author>Witten, TA</author></authors></contributors><titles><title>Model for 245 

force fluctuations in bead packs</title><secondary-title>Physical Review E</secondary-246 

title></titles><periodical><full-title>Physical Review E</full-title></periodical><pages>4673-247 

4685</pages><volume>53</volume><number>5</number><dates><year>1996</year></dates><url248 

s></urls></record></Cite><Cite><Author>Hurley</Author><Year>2016</Year><RecNum>251</Rec249 

Num><record><rec-number>251</rec-number><foreign-keys><key app="EN" db-250 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1513158087">251</key></foreign-251 

keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Hurley, 252 

RC</author><author>Hall, SA</author><author>Andrade, JE</author><author>Wright, 253 

J</author></authors></contributors><titles><title>Quantifying interparticle forces and 254 

heterogeneity in 3D granular materials</title><secondary-title>Physical Review Letters</secondary-255 

title></titles><periodical><full-title>Physical Review Letters</full-256 

title></periodical><pages>098005</pages><volume>117</volume><number>9</number><dates><257 
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year>2016</year></dates><urls></urls></record></Cite></EndNote>}. Particles dynamics is better 258 

understood too.  Contact forces in granular media propagate through complex waves { ADDIN EN.CITE 259 

<EndNote><Cite><Author>Zhang</Author><Year>2017</Year><RecNum>61</RecNum><DisplayTex260 

t>[20]</DisplayText><record><rec-number>61</rec-number><foreign-keys><key app="EN" db-261 

id="w99ddwvpas9ff5epww0vw5ratpx5azrxstez" timestamp="1511963947">61</key><key 262 

app="ENWeb" db-id="">0</key></foreign-keys><ref-type name="Journal Article">17</ref-263 

type><contributors><authors><author>Zhang, Lingran</author><author>Lambert, 264 

Stéphane</author><author>Nicot, 265 

François</author></authors></contributors><titles><title>Discrete dynamic modelling of the 266 

mechanical behaviour of a granular soil</title><secondary-title>International Journal of Impact 267 

Engineering</secondary-title></titles><periodical><full-title>International Journal of Impact 268 

Engineering</full-title></periodical><pages>76-269 
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>0734743X</isbn><urls></urls><electronic-resource-271 

num>10.1016/j.ijimpeng.2017.01.009</electronic-resource-num></record></Cite></EndNote>} 272 

with appearance of macroscopic phenomenon such as clogging and arching, where particles 273 

spontaneously organise as vaults { ADDIN EN.CITE 274 
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physical heterogeneity, physical barriers and chemical gradients, with direct applications to root and 801 

soil studies { ADDIN EN.CITE { ADDIN EN.CITE.DATA }} . 802 

The scientific community is better equipped than ever to make observations on the micromechanics 803 

of root development in soil. Experimental systems provide soil-like growth conditions and allow for 804 
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observations, measurements and data generation with precision, accuracy and resolution. How then 805 

to transform the amount of information available to us into scientific breakthrough? The complexity 806 

of the root-particle interactions is a major challenge. At each growth step, a root is in contact with a 807 

new arrangement of particles that apply forces of varying magnitudes and orientations. Because there 808 

are countless numbers of possible arrangements, the forces applied on roots cannot be 809 

experimentally controlled. Measurements of granular forces in situ is required (Figure 2.1), and 810 

granular media physicist have achieved such measurements. There are now great opportunities to 811 

combine current knowledge of soil micromechanics with mechanobiology and propose a mechanistic 812 

framework that account for sensing and response to micro-scale heterogeneity (Figure 2.2). New 813 

theories must be developed to embrace stochasticity and explain responses to multiple mechanical 814 

stimuli (Figure 2.3-4). Major challenges remain, but a recent look at the literature indicates our 815 

thinking is evolving in the right way.  816 
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Figures 817 

  818 

Figure 1: Growing roots interact mechanically with soil particles during growth. These interactions 819 

influence the morphology of the root, and the dynamics of development of the root system. A) 820 

Irregular growth of cortex cells is observed in hard or compacted soil { ADDIN EN.CITE 821 
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root diameter to increase and the root tip to buckle and bend towards the path of least resistance 834 

(middle, lentils roots grown at 2MPa confining pressure). At the scale of the root system, interactions 835 

causes growth trajectories to be stochastic as observed here on Anthyllis vulneraria grown on landslide 836 

soils (image courtesy Loïc Pagès). Technological developments now allow precise characterisation of 837 

mechanical interactions between a root and the growth substrate. These include for example, B) 838 

photoelastic discs for measurement of  growth forces in soil pores { ADDIN EN.CITE 839 
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 892 

 893 

 894 

Box 1: Root primary growth is a local process where elongation of tissues is taking place at the root 895 

tip. Soil heterogeneity influences strongly how the tissue elongates and deforms (top), and local 896 

interactions taking place at the tip can have drastic effects on the morphology and development of the 897 
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whole root system, and the resources available to the plant (bottom).  Mathematical modelling 898 

provides a useful framework to explain how heterogeneity can affect the morphology of the root 899 

system. 900 

 (A) When roots grow in soil particles which representative volume is small compared to the diameter 901 

of the roots, the action of the particles can be averaged (top). In such conditions, it is unlikely for a 902 

plant to perceive the fluctuations of forces from individual particles. If the mechanical resistance of the 903 

soil is not limiting, root trajectories follow smooth streamlines (bottom). Mathematically, this 904 

phenomenon has been described as the convection of root tips (density 𝜌) { ADDIN EN.CITE 905 
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the rate of change in root angle due to gravitropism g (d-1) define the growth of the root system:  919 

𝜕𝑡𝜌 + ∇ ∙ F + 𝜕𝜃𝑔𝜌 = 0, 920 

with F = 𝜌𝐸(cos(𝜃) + sin(𝜃)) is the spatial flux of root tips and 𝑔𝜌 is the angular flux of roots. In this 921 

case, growth and resource acquisition is optimal. 922 
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(B) When soil elements cannot be displaced, in the case of stones and rock for example, the root adopts 923 

avoidance behaviours. Optimal growth is not affected and remains similar to (A), until the obstacle is 924 

reached. Heterogeneities in this case define the boundaries within which convective growth is taking 925 

place. Using the same mathematical framework, presence of such boundaries can be modelled through 926 

boundary conditions, for example 927 

𝜕𝑛𝜌 = 0. 928 

Large scale soil heterogeneities can be problematic because they may restrain access to pools of 929 

resources, e.g. deep water, even though the root growth in most parts of the soil domain is unaffected. 930 

They may also forms paths of least growth resistance, for example in the case of pores and cracks. 931 

 (C) Intermediate cases are more problematic to analyse. Roots are in contact with particles which 932 

apply forces of varying magnitudes and orientation. Although the root may overcome these forces, a 933 

single particle may be able to deflect the growth trajectory. Since particles have inhomogeneous 934 

distribution, root deflection occurs is stochastic. Mathematically, the phenomenon can be described by 935 

a convection, where the growth velocity e<E (cm.d-1) and the rate of change in root angle due to 936 

gravitropism g (d-1) and random fluctuations define the dynamics: 937 

𝜕𝑡𝜌 + ∇ ∙ F + 𝜕𝜃(𝑔𝜌 + 𝐷𝜕𝜃𝜌) = 0, 938 

𝑔𝜌 + 𝐷𝜕𝜃𝜌  the angular flux of roots. The parameter D is the angular diffusion coefficient. Because D 939 

relates to the probability of roots to be deflected by a particle, and the magnitude of such deflection, 940 

there is a direct link between micro-mechanics of root particle interactions and the morphology of the 941 

root system. Diffusive growth makes root trajectories irregular, and limits the expansion of the root 942 

system, even when the elongation rate is not affected.  Mathematical analysis of equation 3 reveals 943 

the conditions for which transitions from convective growth to diffusive growth occur, i.e. for Peclet 944 

number 𝑃𝑒 =
𝑔

𝐷
<<1.   945 

 946 
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 949 

Figure 2: Dissecting the complexity of root particles mechanical interactions requires an elaborate 950 

research strategy. (1) First step is to better understand the nature of the forces applied to a root. This 951 

can be achieved, using photo elastic beads, imaging, or developing artificial roots equipped with 952 

sensors { ADDIN EN.CITE 953 
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to characterise how these forces (orange arrows) are perceived by plant roots. This could be achieved 979 

using  e.g. modern LSM microscopes, artificial soils, calcium or FRET tension sensors to inform on the 980 

perception of forces induced by heterogeneous media { ADDIN EN.CITE 981 
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response to complex distribution of forces must be characterised. In this case, responses can be 993 

studied on simplified systems where position and magnitude of forces can be controlled accurately, 994 

using lab-on-chip device and more traditional developmental biology approaches. Experiments and 995 

data can then be used to formulate and test new concepts and biomechanical theories (black arrows). 996 

Computational models can test biomechanical theories in most realistic conditions using latest 997 

technologies, e.g. particle based simulations and computer hardware (4) and influence the design of 998 

new experiments (grey arrows).  999 
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