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Root architecture From Gregory, 
2006

Roots+soil+organisms=
RHIZOSPHERE



Early roots

Ancient root systems: (Left) The oldest (396 
Mio ys) rooting structure preserved in growth 
position; (Right) A 377 Mio-ys-old root of 
Chamaendendron multisporangiatum showing 
multiple bifurcations on both the root (R) and 
the Stem (S).
Source: Waisel et al., Plant Roots: the hidden 
half 

Leonardo Da Vinci (1498): Radice, detail from 
wall painting (fresco), Sala delle Asse, Castello 
Sforzesco, Milano 



Paleozoic landscapes shaped by plant evolution
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After Gibling and Davies,
Nature Geoscience, 2012
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Root hairs

Edmaier, Perona et al. 
HESS, 2011

Xerophyte: plant requiring very little water

Mesophyte: plant requiring only moderate amount of water

Hydrophyte: plant growing only in or on water

Halophyte: plant adapted to grow in saline conditions

Phreatophyte: plant obtaining water from near the water table 

Root hairs are 
commonly observed



Root architecture systems

PRIMARY ROOT SYSTEMS
Type I (Mesophytic): Primary root is fibrous fleshly 
and long. Secondary roots also long. 

Type II(Mesophytic) :  Primary root is fibrous and 
short. Secondary roots are long and well branched

Type III (Xerophytic): Primary root is long and 
fibrous. Secondary roots short and regularly spread

Type IV (Xerophytic and Mesophytic): Primary root 
long and tender, secondary are long if close to the 
surface 

Type V (Xerophytic): Primary root is forked and with 
only first order lateral roots

Type VI (Xerophytic): Primary root as type V, 
secondary roots as type IV

From Cannon, 
Ecology, 1949

Amsinchia spectabilis, scale 1:1 Ratibida columnaris, scale 1:2

Castanea Tungurutt, scale 1:400

Disoda papposa, scale 1:2.5

Altingia excelsa, scale 1:400 Eritchium argenteum, scale 1:10



Adventitius root systems
Type VII (Mesophytic and 
hydrophytic): Group adventitous
roots on short horiz or vertic
shoot axis
Type VIII (Mesophytic): 
Centralized multiformal root 
system with contractile (A) and 
absorbing-anchoring (B) roots

Type IX (Hydrophytic): 
adventitious roots form in the 
aerial portion of the shoot, are 
fibrous or fleshy
Type X (Mesophytic and 
hydrophytic): Adventitious are 
more than one kind and more 
than one group:

From Cannon, Ecology, 
1949

Zea mays, scale 1:3

Brodiaea lactea, scale 1:4
Carex irrigua, scale 1:3

Menyanthes trifoliata, scale 1:10



Example root statistics

After Schenk and Jackson, J of Ecology, 2002

Classification of rooting depth statistics for 
plants growing in water limited ecosystems

Classification of lateral root spread 
statistics for plants growing in water 
limited ecosystems



Biogeography of roots
After Shenk and 
Jackson, Ecol. 
Monogr., 2002



Vertical root distribution

Data from 
precipitation-driven 
environments 
(After Shenk and 
Jackson, Ecol
Monogr., 2002)



Root growth of some crop plants
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Day 60

Cabbage

Day 90

Surface root area: 23.3 cm2
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Eggplant

Notice, how crop plants 
tend to have a mode of 
the root profile which is 
not located at the 
topsoil!

In order to understand 
why we need to first 
learn about roots’ 
“tropism”

Müller, T.  2014;
Müller et al., 
Agric. Water 
Manag., 2016



Plant roots tropism
“Tropism” is the response of biological systems to environmental stimuli 

• Gravitropism (Geotropism): root response to gravity (Knight, 1811)

• Hydrotropism: response to soil moisture gradients(Sachs 1872)

• Phototropism: response to light sources (Darwin, 1881*)

• Thigmotropism: response to mechanical impedence (Darwin, 1881)

• Oxytropism (aerotropism): response to oxygen concentration 
(Pfeffer, 1906)

• Chemotropism: response to nutrients (chemicals) concentration

• Plagiotropism: response to temperature gradients (Kaspar and bland 
1992)

Darwin and Darwin, The power of movement in plants, 1881

Pea root growth



Example: gravitropism

After Boonsirichai et al., 
Ann. Rev. Plant Biol., 
2002 

Root cap cells are like gravity 
sensors

Mechanism (Fountain 
model): hormonal fluxes 
(Auxin) and sedimentation of 
starch-filled amyloplast 
within statocytes (cells of root 
cap) 

See also Aloni et al., Annals 
of Botany, 2006 



Example: chemotropism
After Drew, New Phyt., 1975

Barley plants grown for 21 days in controlled 
environment



Example: hydrotropism and oxitropism

Sachs’ experiment (1872) to 
demonstrate hydrotropism

Porterfield and Musgrave, 1998. Roots 
curvature change and growth proceeds 
toward region with higher O2
concentrationQuestion: do tropism responses control the vertical density 

distribution? In which environments?



Hydrotropism vs  oxitropism

Assumptions (confirmed):
- Nutrient availability is not a limiting factor for plants to grow (verified from soil samples)
- Precipitation is uniformly distributed at the island scale

After 
Pasquale et 
al., Ecol. Eng. 
2012



Dimensionless scaling

EREw
Ep

η ≈1.2

After Pasquale et 
al., Ecol. Eng. 2012

Author's personal copy

N. Pasquale et al. / Ecological Engineering 40 (2012) 167– 172 171

Fig. 3. (a) Temporal evolution through the season of the root structure of Plot 10 (2009 field campaign) showing how the root density histogram adjusts in time to the
experienced water table fluctuations. The blue line shows the experienced water table empirical histograms computed from April 2009 up to the uprooting day recorded
discharge. (b) Scaling relationship relating the depth of the highest root density (histogram mode) to that of the most frequent water table position, and the soil surface
elevation. No scaling is evident until the end of the season when data eventually re-align to the scaling relationship (orange dashed line) as the root architecture assumes
the  form shown in the inset panels.

Fig. 4. Map  of expected highest root density depth for the 2010 campaign as obtained from the scaling on 2009 data. The inset panel shows the coefficient of determination
R2 for observed vs. computed data points for the 2010 campaign at the end of the growing season. The yellow star indicates the location of the piezometer R034.

Inter-seasons prediction



Response to changing water regime

Gorla et al., 
WRR, 2015



Explicit root architecture models

Scheme of two major root architectures topologies: (A) dichotomous; (B) 
herringbone (from Smit, 2000). Numerals are exterior path length, the 
number of links in the path from each exterior link to the base link

An unsuited classification based on the 
number of links. These can change the order 
as roots grow.

See also:  Fitter, New Phytologist, 1987;
Bernston, New Phytologist, 1997



SIMROOT
(The American School, Lynch et al., Plant 

& Soil, 1997)

ROOTMAP
(The Australian School, Diggle, Plant & 

Soil, 1988)

• 3D-Geometric models
• Based on a number of predefined (probabilistic) geometric rules, e.g.:

Ø Number of branches
Ø Branching length
Ø Branching angles Includes some kinematics functions and 

generates “solid” 3-D roots

Types I, III, IV Type VII Type V, IX



Statistical root architecture models
The Italian School, Ecohydrology

(Laio, WRR, 2006,
Laio et al., GRL, 2006)

The American School, Optimization
C cost & benefit (Guswa, WRR, 2008

Guswa, WRR, 2010)



Root Distribution ModelRoot development model
Schwarz et al. 2010 Laio et al. 2006 Tron et al. 2014

Geophysical Research Letters 10.1002/2015GL064857

Figure 1. Tron et al. [2014] model scheme of water table and root growth dynamics in the riparian zone. Fluctuations of
the capillary fringe due to water table dynamics determine at a certain depth z∗ windows of water availability and
scarcity. These, in turn, drive statistically favorable or unfavorable conditions to root growth or decay (red continuous
and dotted lines) which in the last term produce the vertical root profile r(z).

analytically [Ridolfi et al., 2011; Tron et al., 2014]. The result is a relatively simple expression which describes
the mean vertical profile of roots

r(z) = 2!(z)k(z)
!(z) + !(z)k(z) + 1 − k(z) , (2)

where !(z) is the ratio between root growth and decay rates. The !(z) can be assumed to be a decreasing
function of z to describe the difficulty of plants to develop roots at large depths. The function k(z) reads

k(z) =
⎧
⎪
⎨
⎪⎩

[
Γ
(
#̃, h−z−L

$

)
− Γ

(
#̃, h−z

$

)]
⋅ Γ

(
#̃
)−1

if −∞ < z < h − L,

1 − Γ
(
#̃, h−z

$

)
⋅ Γ

(
#̃
)−1

if h − L < z < h,
(3)

where Γ(⋅, ⋅) is the incomplete gamma function and #̃ = #∕%. The strength and versatility of the model rely
on the fact that all parameters which appear in equations (2) and (3) are physically based and can be easily

Table 1. Parameter Values of the Modeled Root Profilesa

IDb $ (cm) #̃ h (cm) L (cm) c (cm) zm (cm) Δz (cm)

a1 35 1.5 200 120 – 160 –

a2 35 1.5 200 120 – 130 –

a3 35 1.5 200 120 – 200 –

a4 35 1.5 250 180 – 180 –

b1 15 2 139 30 40 60 –

b2 15 2 70 30 40 60 –

b3 15 2 70 30 40 60 –

b4 15 2 120 30 40 60 –

c1 15 2 228 30 40 60 15

c2 22 2 154 30 40 60 3

c3 15 2 113 30 40 60 23

c4 15 2 172 30 40 60 27

c5 25 2 149 30 40 60 2

c6 15 2 72 30 40 60 -9

d1 11 1.7 76 30 50 100 –

d2 5 1.6 77 30 50 100 –

d3 3 1.4 100 30 50 100 –
aThe parameters $, #̃, and h are water table related, L depends on the soil texture, c is the cutting length within the

soil, zm is the maximum root depth, and Δz is the surface elevation increase due to morphological changes.
bProfiles at the Rhone embankment (a), the Thur island in 2009 (b) and 2010 (c), and at the outdoor experiment in

Lausanne (d).

TRON ET AL. SIGNATURE OF RANDONMESS IN ROOTS 7100

Tron et al., JTB (2014)

Perona et al.,
Ecol. Eng. 2022

Awaiting for testing 
to crop plants 
under different 
irrigation scenarios. 
Any interest?



Plant roots biomechanics

Figure 2.15: Illustration of the different phases of a generic force-displacement curve.

Figure 2.16: Force-displacement curves for samples from Treatment E in: a) low

water level regime; b) high water level regime; c) saturated soil for low water level

regime; and d) saturated soil for high water level regime.

60

Experimental quantification of 
dynamotropism and 
hydropatterning plant root 
responses
Yahel Eliyahu-Yakir, PhD 
candidate

Author's personal copy

170 N. Pasquale et al. / Ecological Engineering 40 (2012) 167– 172

Fig. 2. Experimental relationship between the vertical root density distribution and the histogram of water table oscillations at each plot location for a number of exemplary
plots  located at different elevation. The vertical black line in the upper panels is the cutting length (when installed). The square on the top represents the original ground
surface  elevation of the plot. Lower panels show the root structure of one of the three uprooted exemplars per each plot location that were used to obtain the histograms.
The  inset panel in the root structure image for Plot 5 shows the effect of mechanical impedance (thigmotropism) for which the root locally bends around a flat vertically
oriented stone.

at the beginning of the season as the delayed tendency of roots to
gradually adapt to changes in the saturated water table (i.e., the
discharge regime) within the sediment. That is, cuttings are unable
to determine if the particular location where they were planted is
going to suffer lack of water or of oxygen, as obtaining experience of
this requires at least a season. Although this conclusion may  sound
rather “naive”, it can after all be justified by considering that pre-
cipitation is practically uniform at the spatial scale of the island.
Hence, time is needed for plants to respond consistently to the sur-
rounding environment and the scaling relationship would support
the idea that the time scale required to establish such consistent
responces is at least the duration of the growing season.

The scaling relationship can be rewritten in the form Zr = (!Zs +
Zw)/(1 + !) and used to assess the expected depth Zr of highest root
density. We  use the topography Zs of the island at the beginning
of the 2010 growing season, and computed Zw on this by using
the historical river discharge data. By this method, we obtained
the spatial map  shown in Fig. 4, which we used together with
the root data (average of three cuttings per plot) from the 2010
uprooting campaign in order to validate the scaling relationship
proposed in Eq. (1).  The gravel bar in 2010 is an island only for
river discharges above 80 m3/s. This precluded the use of the tech-
nique described by Pasquale et al. (2011) to compute the water
table in the sediment in correspondence of Plot 10 because for low
flows no stream is observed on the right hand side channel, with
an exception made for some pools of exfiltrating water that could
still be used as boundary condition for the other plots. Hence, for
Plot 10, we used the statistics computed from the observations of
the nearby piezometer R034. The results of the estimated highest
root density depth are encouraging (Fig. 4, inset panel). When com-
paring the observed vs. predicted root data the plot returns a high

coefficient of determination R2 despite the limitation of neglecting
the influence of seasonal topographic changes on the quantity Zs
and the use of the water table Zw from the nearby piezometer R034
as far as Plot 10 is concerned.

The results presented so far are useful for furthering our under-
standing of processes development and vegetation uprooting by
flow in alluvial sediments. Salix species have a dense taproot archi-
tecture (Kuzovkina and Volk, 2009), for which the anchorage is the
result of the tap root itself (the cutting in our case), plus the spa-
tial distribution and density of higher order roots (Ennos, 1993).
Beside nutrient and water absorption, anchorage is the second pri-
mary function of root systems and can influence their spreading
in the soil (Ennos, 1993). Roots must transfer the forces applied to
the canopy into the soil in order to counter flow-induced uproot-
ing mechanisms (e.g., see Edmaier et al., 2011). In some cases we
found that the direction of the roots might reflect the structural
need of countering the direction of the external force (i.e., drag due
to flow) applied to the canopy. However, given the high soil hetero-
geneity, root spread at certain depths was  in general rather broad
and only allowed for density measurements. On the one hand, this
fact limits our conclusions about a possible correlation between
root direction and applied forces. On the other hands, it leaves this
hypothesis open to future investigations, for instance by means of
controlled laboratory experiments.

By anchoring the plants to the soil, the root system reinforces
the soil with an additional spurious cohesion, which helps to pre-
vent soil erosion by modifying both incipient and transport bedload
conditions. As we  have shown in this paper, the fact that topogra-
phy and hydrology may  affect the location of the rooting depth
density (which are common measures of below-ground biomass
distribution (Schenk and Jackson, 2002a)) therefore has important

Root Asymmetry growth in response to hydromechanical Forcing Tempers soil ERosion 
(RAFTER)    
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whose origin ascribes to flow patterns in the 

sediment. For riparian species (e.g., Salicaceae, 

whose branches are typically used to prepare 

cuttings to generate replicates), which of the two 

mechanisms is prevailing is however not 

documented, and the response of roots to stem 

bending induced by flow drag has even never been 

described in the literature (Vannoppen et al. 2015, 

Price 2016). The molecular mechanisms behind 

mechano-sensing and responses are starting to be 

unveiled in some plant species. In the model 

herbaceous dicot plant Arabidopsis, bending of the 

primary root can induce new lateral root formation 

(Ditengou et al. 2008; Richter et al. 2009). In plant 

cuttings, this asymmetry would affect the vertical 

root density distribution as well as the biomechanics and resistance to uprooting because of the composite effect to soil 

reinforcement. The best root architecture for an anchorage system depends in facts on the type of forces it must withstand 

(Ennos 1993, Stokes et al. 1996, Edmaier et al. 2014, Bau and Perona 2020). In general, resistance to uprooting increases 

with rooting depth and the length of lateral branches, which is a key component of anchorage (Stokes 2002). The visual 

appearance of the results in Fig. 2.2 motivates further investigations of this research proposal.  

A fundamental research advancement in ecohydraulics and ecomorphodynamics is in understanding whether root 

azimuthal spreading in plant cuttings can be driven by controlled hydromechanical forcing to induce preferential growth 

directions. Accordingly, we formulate six research questions: i) Among hydropatterning and dynamotropism, which is the 

dominant response and do together maximise root density azimuthal asymmetry in plant cuttings? ii) Is dynamotropism a 

real tropism response that is perceived by the plant at the tissue level as a consequence of mechanical bending? iii) As 

roots contribute to bond sediment particles via root trapping, does an asymmetric root density reinforce differently 

sediment grains from a symmetric one? iv) Is sediment reinforcement by roots effective in contrasting local scouring and 

uprooting by flow? v) Is root density asymmetry a prerogative of plant cuttings or is it also observed in native riparian 

trees?; and, finally, vi) Can we control plant root growth dynamics to serve water bioengineering techniques, e.g. by piloting 

soil root entanglement and increase survival efficiency and resistance to uprooting during flooding events?  

2.2 Current state of your own research 

The RAFTER project brings together an interdisciplinary team with experimental and mathematical modelling expertise in 

ecohydraulics, ecohydrology, morphodynamics, plant phytology and soil biomechanics as well as river and forest 

engineering. The Hydraulic Platform LCH at EPFL has extensive in-house expertise (Paolo Perona) in most of the above 

areas. However, the team is considerably strengthened by the inclusion of project partners Giovanni De Cesare (EPFL, PL-

LCH), who is an expert of river hydraulics and physical modelling, Andrea Carminati (ETH Zurich) with specific expertise in 

plant phytology at the interface of these disciplines, and Massimiliano Schwarz (Bern University of Applied Sciences) with 

specific experience on experimental plant roots recovery and analysis in the forest engineering context.   

Figure 2.2. (Left) Belowground portion of a longitudinally halved 

Salix cutting, which had grown under aerotropic conditions and 

whose aboveground stem was mechanically tensioned in the 

downstream direction to simulate flow drag D. The cutting shows 

upstream azimuthal asymmetry in the amount of root biomass and 

suggests that preferential growth may also arise in response to the 

maximum bending moment, Mmax (right, after Pasquale, et al., 

2012). As a result of directional growth, upstream root density is 

higher than downstream one (asymmetry).  
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Junjia Kang, PhD 
candidate


