
River ecomorphodynamics 
and bioengineering

(ENV-418, A.Y. 2025-26)
4ETCS, Master option

Prof. Paolo Perona
Platform of Hydraulic Constructions

Lecture 12-2: Plant effects on 
hydraulic resitance to flow, 
root biomechanics 



Salicacee and fluvial processes

Vegetation
(plant scale)

Canopy
(Above-ground 

biomass)

Roots
(below-ground 

biomass

Flow 
deflection

Flow 
resistance

Sediment 
transport

Flow velocity 
magnitude
/ direction

Deposition

Erosion

Substrate 
cohesion

Bank/bed 
stability

Vegetation
survival / 
growth

Ecomorphody
namics (pattern 

formation)

River ecosystem 
engineers/ 

ecological habitats 
formation

Plant roots 
biomechanics

Block lecture 1 Block lecture 2 Block lecture 3

Establishm
ent and 
growth



Hydraulic role and resistance to flow of plants and vegetated 
patches



Flow resistance
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Flow structure for emergent non-porous obstacles

Schnauder & 
Moggridge, Aq. 
Sci. 2009

21

Vegetation effects on bed morphodynamics

Schnauder & 
Moggridge, 2009

Local effects induced by stem or trunk

Melville and 
Sutherland, J. Hydr. 
Eng., 1988

=ds/D relative

Bed shear stress

Roulund et al, 
JFM, 2005



1D steady flow: deep layer approximation (US Corp of Eng)



n=0.11 n=0.13 n=0.14

n=0.15 n=0.18 n=0.20



Flow structure for submerged canopy
The velocity profile 
can be substantially 
modified by the 
presence of the 
canopy.

Part of the 
Turbulent Kintic
Energy (TKE) is 
absorbed by 
vegetation 

New flow structure 
originate by the 
coupling of 
fluctuating plants 
and flow vortexes 
(instabilities) 



1D Physical approach to shallow vs deep layer approximation
Katul et al., WRR, 2011

Deep Layer Approximation: Hw>>Hc Shallow Layer Approximation: Hw≈ Hc



Other models of vegetation roughness

Degree of 
submergence!



Effects of the canopy (porous obstacle) on transport processes

The interaction between
flow and the above-
ground biomass in rivers
is responsible for
enhanced either erosion
or deposition of
sediment, depending on 
obstacle porosity (very
much studied)

Schnauder & Moggridge, Aq. Sci. 2009

Francis, ESPL 2007



Flow deflection

Slide courtesy of E. Politti

Planar view Side view

Politti, E., Bertoldi, W., Gurnell, A.M., Henshaw, A., 2017. 
Feedbacks between the riparian Salicaceae and 
hydrogeomorphic processes: A quantitative review. Earth-
Science Rev. doi:10.1016/j.earscirev.2017.07.018 



Plant root biomechanics:
resistance to (static) uprooting and critical rooting length



Mechanical resistance to uprooting 

An early publication of Evelyn (1662) indicates a 
method to extract roots for use as an energy 
source, firewood (cited in Smit, 2000).

Source: Edmaier et al., 
ESPL, 2014;
Bau and Perona, JGR, 
2020

Many experiments have also been done at the field scale
(Ennos, J. Theor. Biol. 1993, Pollen and Simon, 2005, Schwarz et al., 2010)



Force – displacement relationship for rooted systems
In analysing physical quantities (force, work and jump

height) as a function of root parameters (length and number of
roots) we made use of regression analysis and looked for
relations in the form

Q ¼ CRa (2)

where Q denotes a physical quantity, R a root parameter, α the
exponent of the power law, and C the regression coefficient.
We looked for power law relations since this type of depen-
dence is expected from previous theoretical studies regarding
uprooting work (Ennos, 1993).
For the initial phase of the uprooting curve we computed the

force–strain product assuming that Hooke’s law holds

EA ¼ dF l0
dδ

(3)

with A the root cross-sectional area, E the elastic modulus of the
root-sediment matrix, dF the incremental uprooting force
applied on the plant, l0 the length of the main root and dδ the
incremental vertical displacement.

Results

Characteristics of the uprooting process

Figure 3 shows four example force–displacement curves of
seedlings uprooted from fully saturated sediment of the same
grain size. Peak force is higher for larger total root length
(Figure 3(A)–(C)) and, at equal total root length, uprooting of
Avena sativa seedlings tends to require a higher peak force than
uprooting of Medicago sativa seedlings (Figure 3(C)–(D)).
Figure 4 highlights the mechanics of uprooting during both

the ascending and descending phases of a force–displacement
curve. Uprooting mechanics involve processes occurring in
both the root material and the sediment matrix to which the
root is attached. At the beginning of the uprooting process,
the force increases linearly with displacement and shows
almost complete elastic recovery (Figure 4(A), red reach), as
was confirmed by cyclic pulling experiments (not shown). After
the elastic phase, the slope of the force–displacement curve
decreases, which indicates the onset of a plastic phase. Then,
a local maximum of uprooting force is reached, which usually
is followed by a pronounced drop in force, representing the
loosening of a single root. In the descending part of the force–
displacement curve, pronounced drops in force are observed,
which are associated with root failure (Bailey et al., 2002;
Mickovski et al., 2007). Note that force drops correspond to
root release from the sediment, not root breaking as the
samples with breaking were discarded. We further ascribe less
pronounced drops to movement of sediment trapped by roots.
In general, shorter roots lead to smoother force–displacement

curves. In particular, force drops occurring before the maxi-
mum of the force (Figure 4(A)) suggest an intriguing mechanism
of progressive load redistribution between the roots.

Maximum uprooting force and uprooting work

Figures 5 and 6 show the maximum uprooting force and work
against total root length for Avena sativa seedlings. Force and
work increase with increasing root length, consistent with pre-
vious research (Ennos, 1989; Bailey et al., 2002; Karrenberg
et al., 2003). While maximum uprooting force can be fitted lin-
early, uprooting work is better approximated by a power law,
with a best fit for an exponent of 1.4. This reflects the superpo-
sition of the action of multiple roots considering that the
number of roots and the total root length exhibit covariance.

Effect of number of roots

Maximum uprooting force and work were plotted against the
total root length for root systems consisting of 1–4 roots and
linear regressions were computed. In Figure 7 the coefficients
of the regressions are plotted for maximum uprooting force
(green circles) and uprooting work (blue triangles). The in-
crease of uprooting work with total root length becomes more
pronounced with increasing number of roots. For maximum
uprooting force, the effect is the reverse, as expected, since
the proportion of the total root length ltot accounted for by the
main root lmain
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Figure 3. Force–displacement curves for plants of Avena sativa (A)–(C) and Medicago sativa (D) with varying root length. While Avena sativa has a
multi-root system, Medicago sativa has a single-root system at the growth stages we consider.
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Figure 4. Force–displacement curve of a seedling of Avena sativa
with a total root length of 132mm and three roots. The red line in panel
A indicates the linear component of the uprooting process, resulting
from both elastic deformation of the root and the sediment. Arrows in
panel B indicate force drops due to root release from the sediment
(more pronounced) or sediment movement (less pronounced). This figure
is available in colour online at wileyonlinelibrary.com/journal/espl
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Force–displacement curve of a seedling of Avena sativa with a total root 
length of 132 mm and three roots. The red line in panel A indicates the 
linear component of the uprooting process, resulting from both elastic 
deformation of the root and the sediment. Arrows in panel B indicate 
force drops due to root release from the sediment (more pronounced) or 
sediment movement (less pronounced). 

uprooting, roots were scanned (EPSON Expression 10000 XL,
optical resolution: 2400 dpi) and analysed with the root anal-
ysis software WinRHIZO 2009 (Régent Instruments Canada,
Inc.) which provided estimates of several root architecture
variables.

Data analysis

Both uprooting work W and maximum uprooting force Fmax

were used to quantify the root resistance. Work is computed
from the force, F, versus the displacement, δ, curve as

W ¼ ∫F δð Þdδ (1)

where the displacement is given by δ=ωrt (Figure 2(A)), and ω
is the angular velocity, r the shaft radius and t the time.

The force–displacement curve of each uprooted plant was
analysed automatically (C program and Perl script, source code
available upon request) particularly by looking for the maxi-
mum uprooting force and by computing the uprooting work.
Force jumps were also identified (in terms of position, height
and width) as drops in the force signal. To avoid bias, all jumps
were considered in the statistics without setting any arbitrary
cutoff in the jump height.
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Figure 2. Schematic setup of the vertical uprooting experiment. (A) Box with plants placed on top of a scale and plants clipped to a string and pulled
up with constant velocity by a motor. (B) Clipped seedling being uprooted with entrapped sediment. This figure is available in colour online at
wileyonlinelibrary.com/journal/espl

Figure 1. Roots of Avena sativa (A)–(C) and Medicago sativa (D)–(F) around 48, 96, and 168 days after seeding (age increasing from left to right). At
later growth stages Avena sativa seedlings build additional roots (C) and both species develop root hair 6–7days after seeding. This figure is available
in colour online at wileyonlinelibrary.com/journal/espl
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uprooting, roots were scanned (EPSON Expression 10000 XL,
optical resolution: 2400 dpi) and analysed with the root anal-
ysis software WinRHIZO 2009 (Régent Instruments Canada,
Inc.) which provided estimates of several root architecture
variables.

Data analysis

Both uprooting work W and maximum uprooting force Fmax

were used to quantify the root resistance. Work is computed
from the force, F, versus the displacement, δ, curve as

W ¼ ∫F δð Þdδ (1)

where the displacement is given by δ=ωrt (Figure 2(A)), and ω
is the angular velocity, r the shaft radius and t the time.

The force–displacement curve of each uprooted plant was
analysed automatically (C program and Perl script, source code
available upon request) particularly by looking for the maxi-
mum uprooting force and by computing the uprooting work.
Force jumps were also identified (in terms of position, height
and width) as drops in the force signal. To avoid bias, all jumps
were considered in the statistics without setting any arbitrary
cutoff in the jump height.
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Figure 2. Schematic setup of the vertical uprooting experiment. (A) Box with plants placed on top of a scale and plants clipped to a string and pulled
up with constant velocity by a motor. (B) Clipped seedling being uprooted with entrapped sediment. This figure is available in colour online at
wileyonlinelibrary.com/journal/espl

Figure 1. Roots of Avena sativa (A)–(C) and Medicago sativa (D)–(F) around 48, 96, and 168 days after seeding (age increasing from left to right). At
later growth stages Avena sativa seedlings build additional roots (C) and both species develop root hair 6–7days after seeding. This figure is available
in colour online at wileyonlinelibrary.com/journal/espl
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In analysing physical quantities (force, work and jump
height) as a function of root parameters (length and number of
roots) we made use of regression analysis and looked for
relations in the form

Q ¼ CRa (2)

where Q denotes a physical quantity, R a root parameter, α the
exponent of the power law, and C the regression coefficient.
We looked for power law relations since this type of depen-
dence is expected from previous theoretical studies regarding
uprooting work (Ennos, 1993).
For the initial phase of the uprooting curve we computed the

force–strain product assuming that Hooke’s law holds

EA ¼ dF l0
dδ

(3)

with A the root cross-sectional area, E the elastic modulus of the
root-sediment matrix, dF the incremental uprooting force
applied on the plant, l0 the length of the main root and dδ the
incremental vertical displacement.

Results

Characteristics of the uprooting process

Figure 3 shows four example force–displacement curves of
seedlings uprooted from fully saturated sediment of the same
grain size. Peak force is higher for larger total root length
(Figure 3(A)–(C)) and, at equal total root length, uprooting of
Avena sativa seedlings tends to require a higher peak force than
uprooting of Medicago sativa seedlings (Figure 3(C)–(D)).
Figure 4 highlights the mechanics of uprooting during both

the ascending and descending phases of a force–displacement
curve. Uprooting mechanics involve processes occurring in
both the root material and the sediment matrix to which the
root is attached. At the beginning of the uprooting process,
the force increases linearly with displacement and shows
almost complete elastic recovery (Figure 4(A), red reach), as
was confirmed by cyclic pulling experiments (not shown). After
the elastic phase, the slope of the force–displacement curve
decreases, which indicates the onset of a plastic phase. Then,
a local maximum of uprooting force is reached, which usually
is followed by a pronounced drop in force, representing the
loosening of a single root. In the descending part of the force–
displacement curve, pronounced drops in force are observed,
which are associated with root failure (Bailey et al., 2002;
Mickovski et al., 2007). Note that force drops correspond to
root release from the sediment, not root breaking as the
samples with breaking were discarded. We further ascribe less
pronounced drops to movement of sediment trapped by roots.
In general, shorter roots lead to smoother force–displacement

curves. In particular, force drops occurring before the maxi-
mum of the force (Figure 4(A)) suggest an intriguing mechanism
of progressive load redistribution between the roots.

Maximum uprooting force and uprooting work

Figures 5 and 6 show the maximum uprooting force and work
against total root length for Avena sativa seedlings. Force and
work increase with increasing root length, consistent with pre-
vious research (Ennos, 1989; Bailey et al., 2002; Karrenberg
et al., 2003). While maximum uprooting force can be fitted lin-
early, uprooting work is better approximated by a power law,
with a best fit for an exponent of 1.4. This reflects the superpo-
sition of the action of multiple roots considering that the
number of roots and the total root length exhibit covariance.

Effect of number of roots

Maximum uprooting force and work were plotted against the
total root length for root systems consisting of 1–4 roots and
linear regressions were computed. In Figure 7 the coefficients
of the regressions are plotted for maximum uprooting force
(green circles) and uprooting work (blue triangles). The in-
crease of uprooting work with total root length becomes more
pronounced with increasing number of roots. For maximum
uprooting force, the effect is the reverse, as expected, since
the proportion of the total root length ltot accounted for by the
main root lmain
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Figure 3. Force–displacement curves for plants of Avena sativa (A)–(C) and Medicago sativa (D) with varying root length. While Avena sativa has a
multi-root system, Medicago sativa has a single-root system at the growth stages we consider.
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Figure 4. Force–displacement curve of a seedling of Avena sativa
with a total root length of 132mm and three roots. The red line in panel
A indicates the linear component of the uprooting process, resulting
from both elastic deformation of the root and the sediment. Arrows in
panel B indicate force drops due to root release from the sediment
(more pronounced) or sediment movement (less pronounced). This figure
is available in colour online at wileyonlinelibrary.com/journal/espl
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Force–displacement curves for plants of Avena sativa (A)–(C) and Medicago sativa (D) with varying 
root length 

broke at lower forces than Avena sativa, the former starting
to break at uprooting forces of 0.02N, the latter at 0.5N,
depending on sediment saturation (lower saturation favouring
root breaking).

Discussion and Conclusion

General considerations

There is general agreement on the fact that riparian species
‘engineer’ the evolution of the riverine morphology and
the riparian ecosystem in accordance with both negative
(e.g. vegetation removal by floods) and positive (e.g.
vegetation establishment) feedbacks with both hydrological
(e.g. flood frequency, duration and magnitude) and hydrau-
lic (e.g. local hydrodynamics) processes (Camporeale
et al., 2014; Gurnell, 2014). Hence, we discuss our hy-
potheses in this context.

1. Maximum uprooting force and work correlate differently
with total root length, and number of roots, because roots
are expected to work and fail progressively.

The data on uprooting force and work help to explain the
role of multiple roots in the whole uprooting process. In
particular, while maximum uprooting force was found to
increase linearly with total root length, uprooting work was
found to follow a power law with exponent 1.4, which is
close to the 1.5 predicted by Ennos (1993) for cohesive sed-
iment. Our results confirm the theory of Bailey et al. (2002)
that the collaboration of individual roots sums to give the
uprooting work of the whole root system. While the number
of roots determines a non-proportional increase of the
uprooting work, their effect on maximum uprooting force is
less evident, thus suggesting a mechanism of progressive load
redistribution as single roots loosen because of slip or sedi-
ment grain dislocation.

2. Anchorage will be stronger for seedlings grown in finer
sediment.

Sediment characteristics influence uprooting resistance,
with finer sediment leading to larger uprooting forces. This
finding is consistent with the results of Dupuy et al. (2005)
who made uprooting simulations with virtual root types and
varying sediment characteristics. We expect that a larger
contact area between roots and sediment contributes to this
fact, perhaps by enhancing the role of tortuosity as found
by Ennos (2000) and Dupuy et al. (2005) in the presence of
big stones. Planar root tortuosity was not found to have any
effect in our experiments, although this does not exclude that
it might have an impact on uprooting in sediment matrices
with bigger grain size.

3. Uprooting of seedlings will require greater force at lower
levels of sediment moisture.

According to Ennos (1990) and to Schwarz et al. (2011),
the maximum pullout force for comparable root lengths is
higher for non-saturated sediment, which could be the result
of a change in adhesion at the sediment–root interface or an
increasing role of undrained stresses in the fully saturated
case (Wood, 1995). This holds for the relatively high mois-
ture contents considered in our experiments, further research
is needed to extend to lower moisture contents. This means
that full sediment saturation would reduce the ability of a
seedling to withstand uprooting. Furthermore, root breaking
occurred more frequently with decreasing moisture content.
Several authors related drops in the force–displacement
curves to root breaking (Blackwell et al., 1990; Ennos,
1991; Easson et al., 1995; Bailey et al., 2002; Mickovski
et al., 2007). In our case, they result from root loosening,
as described by Gregory (2006). In this respect, higher mois-
ture content determined smaller and consequently more fre-
quent jumps in force, probably due to the lubricating action
of water. The cumulative distributions of the jump size do
not suggest the presence of a clear mode, that is smaller
jumps are the most frequent ones.

Concerning the biomechanics of our plant species, we
found that the elastic modulus for Avena sativa increased
with total root length, thus a greater force increment is
required to induce a given strain. We expect it to depend
on root material, and thus to change with vegetation age.
A difference in the elastic modulus was however not ob-
served between three- and four-root systems. This confirms
the assumption that uprooting force depends mainly on the
main root and the manner by which load is progressively
redistributed among tensioned roots. Due to its multi-root
architecture, Avena sativa required a larger uprooting work
than Medicago sativa for the same total root length.
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Figure 11. Maximum uprooting force (A) and uprooting work (B) for
Avena sativa (blue) and Medicago sativa (green). Markers indicate
average values for adjacent root length classes and are placed at the
middle of the respective class. Light coloured lines indicate standard
deviations for the respective root length class. This figure is available
in colour online at wileyonlinelibrary.com/journal/espl
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broke at lower forces than Avena sativa, the former starting
to break at uprooting forces of 0.02N, the latter at 0.5N,
depending on sediment saturation (lower saturation favouring
root breaking).

Discussion and Conclusion

General considerations

There is general agreement on the fact that riparian species
‘engineer’ the evolution of the riverine morphology and
the riparian ecosystem in accordance with both negative
(e.g. vegetation removal by floods) and positive (e.g.
vegetation establishment) feedbacks with both hydrological
(e.g. flood frequency, duration and magnitude) and hydrau-
lic (e.g. local hydrodynamics) processes (Camporeale
et al., 2014; Gurnell, 2014). Hence, we discuss our hy-
potheses in this context.

1. Maximum uprooting force and work correlate differently
with total root length, and number of roots, because roots
are expected to work and fail progressively.

The data on uprooting force and work help to explain the
role of multiple roots in the whole uprooting process. In
particular, while maximum uprooting force was found to
increase linearly with total root length, uprooting work was
found to follow a power law with exponent 1.4, which is
close to the 1.5 predicted by Ennos (1993) for cohesive sed-
iment. Our results confirm the theory of Bailey et al. (2002)
that the collaboration of individual roots sums to give the
uprooting work of the whole root system. While the number
of roots determines a non-proportional increase of the
uprooting work, their effect on maximum uprooting force is
less evident, thus suggesting a mechanism of progressive load
redistribution as single roots loosen because of slip or sedi-
ment grain dislocation.

2. Anchorage will be stronger for seedlings grown in finer
sediment.

Sediment characteristics influence uprooting resistance,
with finer sediment leading to larger uprooting forces. This
finding is consistent with the results of Dupuy et al. (2005)
who made uprooting simulations with virtual root types and
varying sediment characteristics. We expect that a larger
contact area between roots and sediment contributes to this
fact, perhaps by enhancing the role of tortuosity as found
by Ennos (2000) and Dupuy et al. (2005) in the presence of
big stones. Planar root tortuosity was not found to have any
effect in our experiments, although this does not exclude that
it might have an impact on uprooting in sediment matrices
with bigger grain size.

3. Uprooting of seedlings will require greater force at lower
levels of sediment moisture.

According to Ennos (1990) and to Schwarz et al. (2011),
the maximum pullout force for comparable root lengths is
higher for non-saturated sediment, which could be the result
of a change in adhesion at the sediment–root interface or an
increasing role of undrained stresses in the fully saturated
case (Wood, 1995). This holds for the relatively high mois-
ture contents considered in our experiments, further research
is needed to extend to lower moisture contents. This means
that full sediment saturation would reduce the ability of a
seedling to withstand uprooting. Furthermore, root breaking
occurred more frequently with decreasing moisture content.
Several authors related drops in the force–displacement
curves to root breaking (Blackwell et al., 1990; Ennos,
1991; Easson et al., 1995; Bailey et al., 2002; Mickovski
et al., 2007). In our case, they result from root loosening,
as described by Gregory (2006). In this respect, higher mois-
ture content determined smaller and consequently more fre-
quent jumps in force, probably due to the lubricating action
of water. The cumulative distributions of the jump size do
not suggest the presence of a clear mode, that is smaller
jumps are the most frequent ones.

Concerning the biomechanics of our plant species, we
found that the elastic modulus for Avena sativa increased
with total root length, thus a greater force increment is
required to induce a given strain. We expect it to depend
on root material, and thus to change with vegetation age.
A difference in the elastic modulus was however not ob-
served between three- and four-root systems. This confirms
the assumption that uprooting force depends mainly on the
main root and the manner by which load is progressively
redistributed among tensioned roots. Due to its multi-root
architecture, Avena sativa required a larger uprooting work
than Medicago sativa for the same total root length.
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Figure 11. Maximum uprooting force (A) and uprooting work (B) for
Avena sativa (blue) and Medicago sativa (green). Markers indicate
average values for adjacent root length classes and are placed at the
middle of the respective class. Light coloured lines indicate standard
deviations for the respective root length class. This figure is available
in colour online at wileyonlinelibrary.com/journal/espl
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Maximum uprooting force (A) and uprooting work (B) for Avena sativa (blue) and Medicago sativa 
(green). Markers indicate average values for adjacent root length classes and are placed at the middle of 
the respective class. Light coloured lines indicate standard deviations for the respective root length class. 

uprooting, roots were scanned (EPSON Expression 10000 XL,
optical resolution: 2400 dpi) and analysed with the root anal-
ysis software WinRHIZO 2009 (Régent Instruments Canada,
Inc.) which provided estimates of several root architecture
variables.

Data analysis

Both uprooting work W and maximum uprooting force Fmax

were used to quantify the root resistance. Work is computed
from the force, F, versus the displacement, δ, curve as

W ¼ ∫F δð Þdδ (1)

where the displacement is given by δ=ωrt (Figure 2(A)), and ω
is the angular velocity, r the shaft radius and t the time.

The force–displacement curve of each uprooted plant was
analysed automatically (C program and Perl script, source code
available upon request) particularly by looking for the maxi-
mum uprooting force and by computing the uprooting work.
Force jumps were also identified (in terms of position, height
and width) as drops in the force signal. To avoid bias, all jumps
were considered in the statistics without setting any arbitrary
cutoff in the jump height.
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Figure 2. Schematic setup of the vertical uprooting experiment. (A) Box with plants placed on top of a scale and plants clipped to a string and pulled
up with constant velocity by a motor. (B) Clipped seedling being uprooted with entrapped sediment. This figure is available in colour online at
wileyonlinelibrary.com/journal/espl

Figure 1. Roots of Avena sativa (A)–(C) and Medicago sativa (D)–(F) around 48, 96, and 168 days after seeding (age increasing from left to right). At
later growth stages Avena sativa seedlings build additional roots (C) and both species develop root hair 6–7days after seeding. This figure is available
in colour online at wileyonlinelibrary.com/journal/espl
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uprooting, roots were scanned (EPSON Expression 10000 XL,
optical resolution: 2400 dpi) and analysed with the root anal-
ysis software WinRHIZO 2009 (Régent Instruments Canada,
Inc.) which provided estimates of several root architecture
variables.

Data analysis

Both uprooting work W and maximum uprooting force Fmax

were used to quantify the root resistance. Work is computed
from the force, F, versus the displacement, δ, curve as

W ¼ ∫F δð Þdδ (1)

where the displacement is given by δ=ωrt (Figure 2(A)), and ω
is the angular velocity, r the shaft radius and t the time.

The force–displacement curve of each uprooted plant was
analysed automatically (C program and Perl script, source code
available upon request) particularly by looking for the maxi-
mum uprooting force and by computing the uprooting work.
Force jumps were also identified (in terms of position, height
and width) as drops in the force signal. To avoid bias, all jumps
were considered in the statistics without setting any arbitrary
cutoff in the jump height.
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Max force vs uprooting energy

ξ ¼ lmain

l tot
(4)

decreases with increasing total root length and number of roots
(see Figure 1, top). Hence, the contribution of more roots to the
maximum force does not occur exactly as if they were simulta-
neously loaded in parallel. Until the maximum force is
reached, tension in roots is distributed following the loosening
of roots that were already tensioned, and is therefore a progres-
sive though slightly cumulative process.

Effect of sediment size

In Figure 8, the coefficient of a linear regression of total root
length and maximum uprooting force is given for saturated
cases of four different grain sizes (d50: 0.6, 1.35, 1.85 and
2.6mm, respectively). A decrease with increasing grain size is
evident. A larger maximum force is needed to uproot Avena
sativa seedlings growing in sediment of smaller grain sizes.

Effect of sediment moisture content

More work and force are required to uproot plants growing in
less moist sediment, compared with fully saturated sediment
(Pollen, 2007; Pollen-Bankhead and Simon, 2010). Comparing
the linear regressions between total root length and maximum
uprooting force, the force required to uproot seedlings from

fully saturated sediment is on average (of the three different
sediment sizes) only 55% of the force required for non-
saturated sediment (Table I). For uprooting work, the increase
with non-saturated sediment is less pronounced (15% more
work for non-saturated sediment). From the non-overlapping
99% confidence intervals on the estimation of the regression
coefficients (see again Table I) it is also clear that the differ-
ence between saturated and non-saturated conditions is
statistically significant.

Initial elastic regime and descending phase

In Figure 9 the product EA (defined in Equation (3)) is plot-
ted against total root length – which in turn is correlated
with the length of the main root – for seedlings of Avena
sativa. Sediment (d50: 1.35mm) was fully saturated. Assum-
ing that the cross-sectional area of the roots stays constant at this
small age, the elastic modulus should increase with increasing
root length. Moreover, assuming that roots of equal diameters
and with equal lengths were working in parallel, one would
theoretically expect (see Appendix) the following difference in
the elastic modulus for three- and four-root systems

E3root

E4root
¼ 9

16
≈0:56 (5)

This difference could not be observed (Figure 9). Comparing
the slopes of the linear regressions of the elastic modulus as a

A B C

D E F

Figure 5. Maximum uprooting force against total root length for low saturation (A)–(C) and high saturation (D)–(F) for three different sediment sizes:
0.4–0.8mm (A,D), 1.0–1.7mm (B,E) and 1.5–2.2mm (C,F). This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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In analysing physical quantities (force, work and jump
height) as a function of root parameters (length and number of
roots) we made use of regression analysis and looked for
relations in the form

Q ¼ CRa (2)

where Q denotes a physical quantity, R a root parameter, α the
exponent of the power law, and C the regression coefficient.
We looked for power law relations since this type of depen-
dence is expected from previous theoretical studies regarding
uprooting work (Ennos, 1993).
For the initial phase of the uprooting curve we computed the

force–strain product assuming that Hooke’s law holds

EA ¼ dF l0
dδ

(3)

with A the root cross-sectional area, E the elastic modulus of the
root-sediment matrix, dF the incremental uprooting force
applied on the plant, l0 the length of the main root and dδ the
incremental vertical displacement.

Results

Characteristics of the uprooting process

Figure 3 shows four example force–displacement curves of
seedlings uprooted from fully saturated sediment of the same
grain size. Peak force is higher for larger total root length
(Figure 3(A)–(C)) and, at equal total root length, uprooting of
Avena sativa seedlings tends to require a higher peak force than
uprooting of Medicago sativa seedlings (Figure 3(C)–(D)).
Figure 4 highlights the mechanics of uprooting during both

the ascending and descending phases of a force–displacement
curve. Uprooting mechanics involve processes occurring in
both the root material and the sediment matrix to which the
root is attached. At the beginning of the uprooting process,
the force increases linearly with displacement and shows
almost complete elastic recovery (Figure 4(A), red reach), as
was confirmed by cyclic pulling experiments (not shown). After
the elastic phase, the slope of the force–displacement curve
decreases, which indicates the onset of a plastic phase. Then,
a local maximum of uprooting force is reached, which usually
is followed by a pronounced drop in force, representing the
loosening of a single root. In the descending part of the force–
displacement curve, pronounced drops in force are observed,
which are associated with root failure (Bailey et al., 2002;
Mickovski et al., 2007). Note that force drops correspond to
root release from the sediment, not root breaking as the
samples with breaking were discarded. We further ascribe less
pronounced drops to movement of sediment trapped by roots.
In general, shorter roots lead to smoother force–displacement

curves. In particular, force drops occurring before the maxi-
mum of the force (Figure 4(A)) suggest an intriguing mechanism
of progressive load redistribution between the roots.

Maximum uprooting force and uprooting work

Figures 5 and 6 show the maximum uprooting force and work
against total root length for Avena sativa seedlings. Force and
work increase with increasing root length, consistent with pre-
vious research (Ennos, 1989; Bailey et al., 2002; Karrenberg
et al., 2003). While maximum uprooting force can be fitted lin-
early, uprooting work is better approximated by a power law,
with a best fit for an exponent of 1.4. This reflects the superpo-
sition of the action of multiple roots considering that the
number of roots and the total root length exhibit covariance.

Effect of number of roots

Maximum uprooting force and work were plotted against the
total root length for root systems consisting of 1–4 roots and
linear regressions were computed. In Figure 7 the coefficients
of the regressions are plotted for maximum uprooting force
(green circles) and uprooting work (blue triangles). The in-
crease of uprooting work with total root length becomes more
pronounced with increasing number of roots. For maximum
uprooting force, the effect is the reverse, as expected, since
the proportion of the total root length ltot accounted for by the
main root lmain
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Figure 3. Force–displacement curves for plants of Avena sativa (A)–(C) and Medicago sativa (D) with varying root length. While Avena sativa has a
multi-root system, Medicago sativa has a single-root system at the growth stages we consider.
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Figure 4. Force–displacement curve of a seedling of Avena sativa
with a total root length of 132mm and three roots. The red line in panel
A indicates the linear component of the uprooting process, resulting
from both elastic deformation of the root and the sediment. Arrows in
panel B indicate force drops due to root release from the sediment
(more pronounced) or sediment movement (less pronounced). This figure
is available in colour online at wileyonlinelibrary.com/journal/espl
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function of total root length in Figure 9 one can obtain a lower
bound for the ratio introduced in Equation (5). We, however, do
not claim that linear (or any particular power-law) regression is
the best suited to describe the relationship: our goal is simply to
exclude a factor 0.56 between the two elastic moduli. Taking
the lowest slope (at the lower end of the 99% confidence
interval on the regression slope) for the three-root systems and
the highest (at the highest end of the 99% confidence interval)
for the four-root systems one finds that the ratio between the
elastic moduli must be larger than 0.85. This contradicts the
estimation of Equation (5) based on parallel loading of equal

length root fibres. In turn, this supports the idea that in our
experiments the mechanism of progressive loading is the
result of different adhesion and root length, with the main
root apparently playing a dominant role in the uprooting
process. We assume that root diameters are similar at this
growing stage.

After the peak force is supported, the decline of the force
does not occur smoothly but rather in distinct drops (Figure 4).
While we ascribe pronounced drops to the loosening of roots,
we explain smaller drops by sediment grain dislocation. In
Figure 10, the cumulative distribution functions of force drops

A B C

D E F

Figure 6. Uprooting work against total root length for low saturation (A-C) and high saturation (D-F) for three different sediment sizes: 0.4–0.8mm
(A,D), 1.0–1.7mm (B,E) and 1.5–2.2mm (C,F). This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Table I. Fitting equations for maximum uprooting force and uprooting work with total root length for low and high saturation as well as for three
different sediment sizes ranges (0.4–0.8mm, 1.0–1.7mm, 1.5–2.2mm) as shown in Figures 5 and 6 with 99% confidence intervals. Goodness of
fit measures R2 are given for linear fits

High saturation Low saturation

Gs (mm) Force (N) Work (J) Force (N) Work (J)

0.4–0.8 0.0027 ltot 3.9 10-6 ltot
1.4 0.0052 ltot 5.6 10-6 ltot

1.4

0.0025; 0.0029 3.6 10-6; 4.2 10-6 0.0048; 0.0056 4.8 10-6; 5.9 10-6

R2 = 0.52 R2 = 0.76
1.0–1.7 0.0021 ltot 3.2 10-6 ltot

1.4 0.0034 ltot 4.9 10-6 ltot
1.4

0.0019; 0.0023 3.0 10-6; 3.5 10-6 0.0030; 0.0038 4.3 10-6; 5.5 10-6

R2 = 0.40 R2 = 0.76
1.5–2.2 0.0019 ltot 3.3 10-6 ltot

1.4 0.0036 ltot 5.3 10-6 ltot
1.4

0.0017; 0.0021 3.0 10-6; 3.6 10-6 0.0032; 0.0040 4.6 10-6; 5.9 10-6

R2 = 0.35 R2 = 0.78
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function of total root length in Figure 9 one can obtain a lower
bound for the ratio introduced in Equation (5). We, however, do
not claim that linear (or any particular power-law) regression is
the best suited to describe the relationship: our goal is simply to
exclude a factor 0.56 between the two elastic moduli. Taking
the lowest slope (at the lower end of the 99% confidence
interval on the regression slope) for the three-root systems and
the highest (at the highest end of the 99% confidence interval)
for the four-root systems one finds that the ratio between the
elastic moduli must be larger than 0.85. This contradicts the
estimation of Equation (5) based on parallel loading of equal

length root fibres. In turn, this supports the idea that in our
experiments the mechanism of progressive loading is the
result of different adhesion and root length, with the main
root apparently playing a dominant role in the uprooting
process. We assume that root diameters are similar at this
growing stage.

After the peak force is supported, the decline of the force
does not occur smoothly but rather in distinct drops (Figure 4).
While we ascribe pronounced drops to the loosening of roots,
we explain smaller drops by sediment grain dislocation. In
Figure 10, the cumulative distribution functions of force drops
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In analysing physical quantities (force, work and jump
height) as a function of root parameters (length and number of
roots) we made use of regression analysis and looked for
relations in the form

Q ¼ CRa (2)

where Q denotes a physical quantity, R a root parameter, α the
exponent of the power law, and C the regression coefficient.
We looked for power law relations since this type of depen-
dence is expected from previous theoretical studies regarding
uprooting work (Ennos, 1993).
For the initial phase of the uprooting curve we computed the

force–strain product assuming that Hooke’s law holds

EA ¼ dF l0
dδ

(3)

with A the root cross-sectional area, E the elastic modulus of the
root-sediment matrix, dF the incremental uprooting force
applied on the plant, l0 the length of the main root and dδ the
incremental vertical displacement.

Results

Characteristics of the uprooting process

Figure 3 shows four example force–displacement curves of
seedlings uprooted from fully saturated sediment of the same
grain size. Peak force is higher for larger total root length
(Figure 3(A)–(C)) and, at equal total root length, uprooting of
Avena sativa seedlings tends to require a higher peak force than
uprooting of Medicago sativa seedlings (Figure 3(C)–(D)).
Figure 4 highlights the mechanics of uprooting during both

the ascending and descending phases of a force–displacement
curve. Uprooting mechanics involve processes occurring in
both the root material and the sediment matrix to which the
root is attached. At the beginning of the uprooting process,
the force increases linearly with displacement and shows
almost complete elastic recovery (Figure 4(A), red reach), as
was confirmed by cyclic pulling experiments (not shown). After
the elastic phase, the slope of the force–displacement curve
decreases, which indicates the onset of a plastic phase. Then,
a local maximum of uprooting force is reached, which usually
is followed by a pronounced drop in force, representing the
loosening of a single root. In the descending part of the force–
displacement curve, pronounced drops in force are observed,
which are associated with root failure (Bailey et al., 2002;
Mickovski et al., 2007). Note that force drops correspond to
root release from the sediment, not root breaking as the
samples with breaking were discarded. We further ascribe less
pronounced drops to movement of sediment trapped by roots.
In general, shorter roots lead to smoother force–displacement

curves. In particular, force drops occurring before the maxi-
mum of the force (Figure 4(A)) suggest an intriguing mechanism
of progressive load redistribution between the roots.

Maximum uprooting force and uprooting work

Figures 5 and 6 show the maximum uprooting force and work
against total root length for Avena sativa seedlings. Force and
work increase with increasing root length, consistent with pre-
vious research (Ennos, 1989; Bailey et al., 2002; Karrenberg
et al., 2003). While maximum uprooting force can be fitted lin-
early, uprooting work is better approximated by a power law,
with a best fit for an exponent of 1.4. This reflects the superpo-
sition of the action of multiple roots considering that the
number of roots and the total root length exhibit covariance.

Effect of number of roots

Maximum uprooting force and work were plotted against the
total root length for root systems consisting of 1–4 roots and
linear regressions were computed. In Figure 7 the coefficients
of the regressions are plotted for maximum uprooting force
(green circles) and uprooting work (blue triangles). The in-
crease of uprooting work with total root length becomes more
pronounced with increasing number of roots. For maximum
uprooting force, the effect is the reverse, as expected, since
the proportion of the total root length ltot accounted for by the
main root lmain
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Figure 3. Force–displacement curves for plants of Avena sativa (A)–(C) and Medicago sativa (D) with varying root length. While Avena sativa has a
multi-root system, Medicago sativa has a single-root system at the growth stages we consider.
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Figure 4. Force–displacement curve of a seedling of Avena sativa
with a total root length of 132mm and three roots. The red line in panel
A indicates the linear component of the uprooting process, resulting
from both elastic deformation of the root and the sediment. Arrows in
panel B indicate force drops due to root release from the sediment
(more pronounced) or sediment movement (less pronounced). This figure
is available in colour online at wileyonlinelibrary.com/journal/espl
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function of total root length in Figure 9 one can obtain a lower
bound for the ratio introduced in Equation (5). We, however, do
not claim that linear (or any particular power-law) regression is
the best suited to describe the relationship: our goal is simply to
exclude a factor 0.56 between the two elastic moduli. Taking
the lowest slope (at the lower end of the 99% confidence
interval on the regression slope) for the three-root systems and
the highest (at the highest end of the 99% confidence interval)
for the four-root systems one finds that the ratio between the
elastic moduli must be larger than 0.85. This contradicts the
estimation of Equation (5) based on parallel loading of equal

length root fibres. In turn, this supports the idea that in our
experiments the mechanism of progressive loading is the
result of different adhesion and root length, with the main
root apparently playing a dominant role in the uprooting
process. We assume that root diameters are similar at this
growing stage.

After the peak force is supported, the decline of the force
does not occur smoothly but rather in distinct drops (Figure 4).
While we ascribe pronounced drops to the loosening of roots,
we explain smaller drops by sediment grain dislocation. In
Figure 10, the cumulative distribution functions of force drops
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Figure 6. Uprooting work against total root length for low saturation (A-C) and high saturation (D-F) for three different sediment sizes: 0.4–0.8mm
(A,D), 1.0–1.7mm (B,E) and 1.5–2.2mm (C,F). This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Table I. Fitting equations for maximum uprooting force and uprooting work with total root length for low and high saturation as well as for three
different sediment sizes ranges (0.4–0.8mm, 1.0–1.7mm, 1.5–2.2mm) as shown in Figures 5 and 6 with 99% confidence intervals. Goodness of
fit measures R2 are given for linear fits

High saturation Low saturation

Gs (mm) Force (N) Work (J) Force (N) Work (J)

0.4–0.8 0.0027 ltot 3.9 10-6 ltot
1.4 0.0052 ltot 5.6 10-6 ltot

1.4

0.0025; 0.0029 3.6 10-6; 4.2 10-6 0.0048; 0.0056 4.8 10-6; 5.9 10-6

R2 = 0.52 R2 = 0.76
1.0–1.7 0.0021 ltot 3.2 10-6 ltot

1.4 0.0034 ltot 4.9 10-6 ltot
1.4

0.0019; 0.0023 3.0 10-6; 3.5 10-6 0.0030; 0.0038 4.3 10-6; 5.5 10-6

R2 = 0.40 R2 = 0.76
1.5–2.2 0.0019 ltot 3.3 10-6 ltot

1.4 0.0036 ltot 5.3 10-6 ltot
1.4

0.0017; 0.0021 3.0 10-6; 3.6 10-6 0.0032; 0.0040 4.6 10-6; 5.9 10-6

R2 = 0.35 R2 = 0.78
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process. We assume that root diameters are similar at this
growing stage.

After the peak force is supported, the decline of the force
does not occur smoothly but rather in distinct drops (Figure 4).
While we ascribe pronounced drops to the loosening of roots,
we explain smaller drops by sediment grain dislocation. In
Figure 10, the cumulative distribution functions of force drops

A B C

D E F

Figure 6. Uprooting work against total root length for low saturation (A-C) and high saturation (D-F) for three different sediment sizes: 0.4–0.8mm
(A,D), 1.0–1.7mm (B,E) and 1.5–2.2mm (C,F). This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Table I. Fitting equations for maximum uprooting force and uprooting work with total root length for low and high saturation as well as for three
different sediment sizes ranges (0.4–0.8mm, 1.0–1.7mm, 1.5–2.2mm) as shown in Figures 5 and 6 with 99% confidence intervals. Goodness of
fit measures R2 are given for linear fits

High saturation Low saturation

Gs (mm) Force (N) Work (J) Force (N) Work (J)

0.4–0.8 0.0027 ltot 3.9 10-6 ltot
1.4 0.0052 ltot 5.6 10-6 ltot

1.4

0.0025; 0.0029 3.6 10-6; 4.2 10-6 0.0048; 0.0056 4.8 10-6; 5.9 10-6

R2 = 0.52 R2 = 0.76
1.0–1.7 0.0021 ltot 3.2 10-6 ltot

1.4 0.0034 ltot 4.9 10-6 ltot
1.4

0.0019; 0.0023 3.0 10-6; 3.5 10-6 0.0030; 0.0038 4.3 10-6; 5.5 10-6

R2 = 0.40 R2 = 0.76
1.5–2.2 0.0019 ltot 3.3 10-6 ltot

1.4 0.0036 ltot 5.3 10-6 ltot
1.4

0.0017; 0.0021 3.0 10-6; 3.6 10-6 0.0032; 0.0040 4.6 10-6; 5.9 10-6

R2 = 0.35 R2 = 0.78
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Mechanical model (minimalist)
Crouzy et al., JTB, 2014

We observed two 
regimes for juveniles 
and mature seedlings

granularity (4) does not play a role when looking at fibres much
longer than the sediment grain size. As long as the granularity
G remains smaller than the length of the root fibres ltot, a change in
granularity does not affect the model predictions for the uprooting
work and the maximal uprooting force (summarized in Fig. 5). The
sediment grain size is the only characteristic physical length scale
relevant for the fluctuations of the friction coefficient. We
therefore estimated G¼2 mm, yielding a ratio G=ltot between
0.2 (shortest seedling root) and 0.01 (longest seedling root), in
accordance with our working hypothesis of a small G. In order to
go beyond this estimation, one should use the statistics of the
jumps in the force signal (see Fig. 4) to calibrate the value of
granularity G. We however refrained performing this calibration
procedure: even with a very good balance (weight was recorded at
a time resolution of 10 Hz, for details on the experimental setup,
see Edmaier et al., 2014), the jumps appear as vertical lines in the
recorded signal (Figs. 1 and 4). The insufficient time resolution
results in part of the characteristics of the jumps in the signal
originating from the response of the balance, which in turn
prevents direct comparison with the model.

The outcome of the calibration process is presented in the
lower (maximal uprooting force Fmax) and the upper (uprooting
work W tot) panels of Fig. 5. Note that the model parameters
maximising the likelihood of the experimental dataset do not
correspond to the parameters maximising the correlation in the

scatter plot of Fig. 5. Due to the high variability of the process we
do not try to reproduce the given realisation of the experimental
dataset (maximisation of the correlation) but the probability of
observing the experimental dataset with given model parameters.
As a result of the optimisation procedure we get μf 0

πdr "
0:2 mN=mm and σf 0πdr " 0:114 mN=mm, confirming the need to
go beyond the average properties of the friction and account for the
stochastic component of the uprooting process. Calibration is done
under the simplifying assumption that the root diameter dr and the
friction properties (μf 0

and σ2
f 0
) remain unchanged for the three-

root systems we consider. This assumption does not completely
reflect the situation in the experiments where one expects changes
in the fibres properties, but is sufficient for our purpose of capturing
a large portion of the response of seedling root systems subject to
uprooting constraints (with minimal modelling assumptions). We
see though in the lower panel of Fig. 5 that the model under-
estimates the maximal uprooting force Fmax for the more mature
seedlings of our dataset. Finally, note that the model parameters
used are summarized in Table 1.

Fig. 5. Experimental work W tot vs. realisation of the model (upper panel) and
experimental maximal uprooting force Fmax vs. realisation of the model (lower
panel). The values from the model were obtained using the same lengths of the
three root fibres as in each of the corresponding 98 uprooting experiments. The
model parameters used are those obtained after validation of the model (see
Section 3 for more details).

Table 1
Summary of model parameters.

Granularity G 2 mm
Average friction μf 0 πdr 0.2 mN/mm
Friction fluctuation σf 0 πdr 0.114 mN/mm
Length of the root fibres li Measured for each seedling
Elastic Young's modulus E Measured for each seedling

Fig. 6. Fres=Fmax vs. Fmax for both the uprooting curves generated from the model
(upper panel) and the corresponding 98 experimental uprooting curves (lower
panel). The residual force Fres denotes the force at the peak (principal or secondary)
preceding complete uprooting (see also Fig. 1). In Region I the peak force Fmax is
closely followed by complete uprooting (no or few recoveries), while in Region II a
sequence of partial recoveries (secondary peaks) follows the peak force Fmax.
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process). The process starts with an initial elastic regime which is
followed by a peak phase (Fmax denotes the peak force) and
subsequently a decay phase with temporary partial elastic recov-
eries (secondary peaks, Fres denotes the residual force for the peak
preceding complete uprooting). Note that as can be seen in Fig. 1,
the length of the main root gives a good estimation on the
extension of the overall uprooting process: the root system
presents a residual anchorage almost up to displacements equal
to the length of the main root.

As indicators for the performance of our model, we will
compare (Section 3) a statistics generated from the model with
the experimental statistics of the maximal uprooting force and the
total uprooting work. We choose those two indicators since they
are both relevant to quantify resistance of the seedling to envir-
onmental mechanical constraints (Edmaier et al., 2011, 2012,
2014). The uprooting work and the maximal uprooting force are
however not able to capture the details of the fluctuations in the
force signal. To this purpose, we perform an analysis of the
recoveries for both the experimental curves and realisations of
the theoretical model (using the same root parameters as the ones
from our validation dataset). As we will see in Section 4, the
younger seedlings of our dataset present a fast collapse of the root
anchorage after the peak force has been reached, while more
mature seedlings are able to partially recover failure of the
adhesion of the root fibres to the soil matrix.

As represented in Fig. 2, we consider fibrous root systems. In
the experiments conducted by Edmaier et al. (2012, 2014) 1550
seedlings growing under different saturation conditions and in
different sediment size distributions were uprooted using a
computer-driven motor. The seedlings were uprooted at various
development stages ranging from younger seedlings with one
single tap root to more mature ones with three secondary roots. In
this paper, we present 98 similar uprooting experiments for an
uprooting speed vE1.31 mm/s, twice slower as the one from
Edmaier et al. (2014). The instantaneous force was measured using
a balance recording at a frequency of 10 Hz, on which the box
containing the seedlings was deposited. The slower uprooting
speed allows a better insight into the fluctuations of the response
of the root system compared to Edmaier et al. (2014) since the
balance recording frequency is the same in the two works. Having
stated those differences, we can simply refer to Edmaier et al.
(2012) and Edmaier et al. (2014) for further details on the
experimental procedure.

The 98 experiments provide us with a set of uprooting curves
obtained for identical saturation, sediment distribution and num-
ber of roots. We indeed selected experiments with three-root
seedlings, growing in fully saturated conditions and in a sediment
(quartz sand) of size distributed between 2 and 3.2 mm (the same

distribution is used in all the 98 experiments). We chose three-
root systems since they present a range in maximal uprooting
force (see Fig. 5) much wider than the two-root systems. The
upper limit for development was given by the stage at which
breaking of root fibres occurred before slipping (experiments with
broken fibres were disregarded). The choice of saturated condi-
tions allows to obtain results more representative for the situation
of pioneer vegetation growing on river bars exposed to flow drag
during flooding events. Additionally to the procedure described in
Edmaier et al. (2012, 2014), we measured for the 98 seedlings
of our validation dataset the lengths of the individual roots by
scanning the roots after uprooting (for two examples of those
scans, see the right panel of Fig. 2). In Fig. 3 we plot the total root
length ltot versus the length of the main root lmain for the 98
experiments, showing the wide range of root lengths from our
dataset and the correlation between ltot and lmain. The different
maturities of the root architectures give us in turn access to a
wide range of uprooting forces: out of the 98 experiments,
maximal uprooting forces ranging from 17 mN to 316 mN could
be measured.

2.2. Modelling framework

With our modelling approach we try to capture the features of
the stress–strain curves described in the previous subsection with
a minimal number of components. The first important observation
from Fig. 1 is the presence of an initial linear regime in the
uprooting process. Note that reversibility during this initial phase
was tested in Edmaier et al. (2012, 2014). The first component of
our model is thus the elastic response of the system to small
perturbations based on Hook's law, under the simplifying assump-
tion that cross-section changes are negligible when pulling over
root fibres. When considering a single fibre, one obtains the elastic
force:

FeðtÞ ¼
EA
l
ðxðtÞ$zðtÞÞ; ð1Þ

where E is the elastic Young's modulus, A is the root's cross section
associated to the diameter dr, and l is the resting root length (we
stress on the fact that Eq. (1) describes a single root fibre). As in
Edmaier et al. (2012, 2014), we assume that the displacement
xðtÞ ¼ v % t is imposed by a pulling machine at the stem base (i.e.
the top of the root), while z(t) gives the displacement of the root
tip resulting from sliding (for a summary of the main variables, see
Fig. 2). We consider that the root is initially at rest, such that
xðt ¼ 0Þ ¼ zðt ¼ 0Þ ¼ 0. Note that our experimental results do not

Fig. 2. Schematic representation (left panel) and scans from the experiment (right
panels) of the root systems considered in this work. Note that seedlings with four
roots (lower-right panel) were discarded from the analysis. The variables x(t), li and
zi denote the displacement imposed at the top of the root, the length of the root
fibres (i¼1, 2, 3) and the displacement of the tips due to sliding, respectively. Green
arrows represent the forces transmitted tangentially to the roots. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this article.)

Fig. 3. Total root length ltot vs. length of the main root lmain for the 98 uprooting
experiments of our dataset.
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allow us to determine how close the apparent Young's modulus
(response of the fibre and the soil matrix) and the intrinsic Young's
modulus of the fibre are (see also Schwarz et al. (2010)).

Within the soil, we describe the root anchoring force by a
simplified friction model (Ennos, 1990; Pollen, 2007), with static
and dynamic coefficients f0 and fd, respectively. The critical force
opposing the pulling force is

Ff 0;d ¼ f 0;dπdrðl#zðtÞÞ: ð2Þ

Typically one has f 04 f d (Sheppard et al., 2005), but for simplicity
we assume in the following the equality f d ¼ f 0 throughout the
process. Further experiments with a higher time resolution in the
force measurement could help clarifying the question of the
imbalance between static and dynamic friction. Note that relation
(2) describes both situations of a strong or weak root/soil bond. In
the limit where the friction between the fibres and the soil matrix
is weak, our model corresponds to the model of debonded friction
from Schwarz et al. (2010), neglecting the tortuosity and with the
simplifying assumptions of constant root diameter and confining
pressure. Conversely, in situations where the friction or bonding
between the sediment and the roots is strong the coefficient f0
needs to be replaced by the soil shear strength S (if So f 0).

As illustrated in Fig. 2, the forces exerted by the different root
fibres are not necessarily equal since the fibres may have different
length and friction properties. This differs from the principle of
uniform “democratic” sharing of the load between the fibres used in
some earlier works, for a more detailed discussion on the question,
see also Schwarz et al. (2010) and Andersen et al. (1997).

Sliding occurs when the elastic force Fe exceeds the static
friction Ff 0 and stops when the elastic force equals the dynamic
friction Ff d :

dz
dx

¼ΘðFe#Ff 0 ;f d Þ; ð3Þ

with Θ the Heaviside function (Abramowitz and Stegun, 1972). In
order to account for the intrinsic heterogeneity of the root–soil
system, we include in the model fluctuations over the average
static friction as a stochastic contribution. We expect those
fluctuations to take place at a characteristic spatial scale

G% 2 mm ð4Þ

of the order of the size of the sediment grains (G is denoted
“granularity” hereafter). The choice of the sediment grain size for
fixing the spatial scale of the fluctuations is guided by the fact that
it is smallest length scale we could identify: we do not expect
fluctuations of the friction to scale spatially as the root diameter.
The maximal uprooting force for a single fibre including stochas-
ticity is then given by

Ff 0 ¼ ∑
jo ðl# zÞ=G

f j0πdr & G; ð5Þ

where the friction f0j is a random variable with expected value
μf 0

and variance σ2
f 0
. This relation can be seen as a stochastic

version of Eq. (2). For simplicity, we assume fluctuations of the
friction to be uncorrelated. We cannot directly measure experi-
mentally the details of the friction-coefficient fluctuations.
However, since in our dataset the total root length ranges from
1 cm to 17 cm and since the friction is the sum of the local
friction over the whole root, we can integrate the effects of the
local fluctuations in effective normally distributed fluctuations
of the friction (central-limit theorem, see for example Rice,
1995). In other words, only the average friction μf 0

and the
variance σ2

f 0
on the local friction are important for the integrated

friction, regardless of the details of the distribution of the local
friction properties. For the same reasons, the estimation of the

granularity (4) does not play a role when looking at fibres much
longer than the sediment grain size.

We stress at this point on the fact that our model – basing on
Eqs. (1), (3), (4) and (5) - differs fromwhat was proposed by Ennos
(1990): we do not restrict ourselves to the average mechanical
anchoring of the root-system but investigate the important role of
the stochastic component (5). It was indeed shown in Edmaier
et al. (2012, 2014) that the variance in the uprooting process of
seedlings presenting identical maturity is large. Note that the total
root length ltot is used as a proxy for root maturity. A stochastic
approach is therefore essential in order to capture processes in the
field like the colonisation of river bars by seedlings (Crouzy and
Perona, 2012). In this spirit, seedlings with anchoring properties in
the right tail of the distribution may be the only ones to survive a
flooding event and completely determine the distribution of the
vegetation after the flood.

Note that due to the use of Eq. (1) our model differs from the
model proposed by Ennos (1990) in another aspect: as the
displacement of the top of the root increases, Ennos (1990)
proposed a progressive transfer of the tension along the root fibre,
the whole root being stretched only when the critical uprooting
force leading to sliding of the fibre is reached. As a result, Ennos
(1990) expects

FeðtÞp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xðtÞ#zðtÞ

p
: ð6Þ

In the validation of the model, we obtained better results with the
linear response (1) than with (6), suggesting that the mechanism
of progressive transfer proposed by Ennos (1990) does not reflect
the situation in our experiment. The presence of a linear initial
response can already be observed in Fig. 1 and guided us in the
choice of (1). The better performance of the linear model (1) could
be due to the contribution of the sediment to the initial elastic
response. With the amount of data at hand, we are not able to
validate intermediate exponents (between 1 and 0.5) relating the
force Fe(t) to the stretching of the root fibre ðxðtÞ#zðtÞÞ and use in
the rest of the paper the approximation of a linear response. We
thus do try to justify a priori the use of linear response to model
the initial behaviour of the system (system equals root fibres and
soil matrix) beyond the better performance of the linear model
compared to the mechanism of progressive failure proposed by
Ennos (1990). For a n-root system (total root length ltot ¼∑n

i ¼ 1li)
with roots working in parallel, one expects the initial elastic
response to be

EA ∑
n

i ¼ 1

1
li

 !

xðtÞ ¼ EA
α
ltot

" #
xðtÞ: ð7Þ

The factor α accounts for the imbalance between the lengths of
the root fibres li. In Eq. (7) it was assumed that no root slides and
that the root geometrical and mechanical properties are identical
so that the linear-response approach is valid. Introducing ri ¼ ltot=li
we get

α¼ ∑
n

i ¼ 1
ri: ð8Þ

In particular, for a three-root system, one gets that

αZ9; ð9Þ

with the equality being achieved for roots of equal length. In other
words, we expect the initial elastic response of a three-root system
to be at least 9 times larger than the response of a single root with
the same total root length ltot. However, taking into account the
reduced friction (3) for shorter roots, one gets that in case of a
strong imbalance in the length of the three roots (i.e. a large α),
only the main root might contribute to the elastic response while
the secondary roots slide earlier. More precisely, we can write
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allow us to determine how close the apparent Young's modulus
(response of the fibre and the soil matrix) and the intrinsic Young's
modulus of the fibre are (see also Schwarz et al. (2010)).

Within the soil, we describe the root anchoring force by a
simplified friction model (Ennos, 1990; Pollen, 2007), with static
and dynamic coefficients f0 and fd, respectively. The critical force
opposing the pulling force is

Ff 0;d ¼ f 0;dπdrðl#zðtÞÞ: ð2Þ

Typically one has f 04 f d (Sheppard et al., 2005), but for simplicity
we assume in the following the equality f d ¼ f 0 throughout the
process. Further experiments with a higher time resolution in the
force measurement could help clarifying the question of the
imbalance between static and dynamic friction. Note that relation
(2) describes both situations of a strong or weak root/soil bond. In
the limit where the friction between the fibres and the soil matrix
is weak, our model corresponds to the model of debonded friction
from Schwarz et al. (2010), neglecting the tortuosity and with the
simplifying assumptions of constant root diameter and confining
pressure. Conversely, in situations where the friction or bonding
between the sediment and the roots is strong the coefficient f0
needs to be replaced by the soil shear strength S (if So f 0).

As illustrated in Fig. 2, the forces exerted by the different root
fibres are not necessarily equal since the fibres may have different
length and friction properties. This differs from the principle of
uniform “democratic” sharing of the load between the fibres used in
some earlier works, for a more detailed discussion on the question,
see also Schwarz et al. (2010) and Andersen et al. (1997).

Sliding occurs when the elastic force Fe exceeds the static
friction Ff 0 and stops when the elastic force equals the dynamic
friction Ff d :

dz
dx

¼ΘðFe#Ff 0 ;f d Þ; ð3Þ

with Θ the Heaviside function (Abramowitz and Stegun, 1972). In
order to account for the intrinsic heterogeneity of the root–soil
system, we include in the model fluctuations over the average
static friction as a stochastic contribution. We expect those
fluctuations to take place at a characteristic spatial scale
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of the order of the size of the sediment grains (G is denoted
“granularity” hereafter). The choice of the sediment grain size for
fixing the spatial scale of the fluctuations is guided by the fact that
it is smallest length scale we could identify: we do not expect
fluctuations of the friction to scale spatially as the root diameter.
The maximal uprooting force for a single fibre including stochas-
ticity is then given by

Ff 0 ¼ ∑
jo ðl# zÞ=G

f j0πdr & G; ð5Þ

where the friction f0j is a random variable with expected value
μf 0

and variance σ2
f 0
. This relation can be seen as a stochastic

version of Eq. (2). For simplicity, we assume fluctuations of the
friction to be uncorrelated. We cannot directly measure experi-
mentally the details of the friction-coefficient fluctuations.
However, since in our dataset the total root length ranges from
1 cm to 17 cm and since the friction is the sum of the local
friction over the whole root, we can integrate the effects of the
local fluctuations in effective normally distributed fluctuations
of the friction (central-limit theorem, see for example Rice,
1995). In other words, only the average friction μf 0

and the
variance σ2

f 0
on the local friction are important for the integrated

friction, regardless of the details of the distribution of the local
friction properties. For the same reasons, the estimation of the

granularity (4) does not play a role when looking at fibres much
longer than the sediment grain size.

We stress at this point on the fact that our model – basing on
Eqs. (1), (3), (4) and (5) - differs fromwhat was proposed by Ennos
(1990): we do not restrict ourselves to the average mechanical
anchoring of the root-system but investigate the important role of
the stochastic component (5). It was indeed shown in Edmaier
et al. (2012, 2014) that the variance in the uprooting process of
seedlings presenting identical maturity is large. Note that the total
root length ltot is used as a proxy for root maturity. A stochastic
approach is therefore essential in order to capture processes in the
field like the colonisation of river bars by seedlings (Crouzy and
Perona, 2012). In this spirit, seedlings with anchoring properties in
the right tail of the distribution may be the only ones to survive a
flooding event and completely determine the distribution of the
vegetation after the flood.

Note that due to the use of Eq. (1) our model differs from the
model proposed by Ennos (1990) in another aspect: as the
displacement of the top of the root increases, Ennos (1990)
proposed a progressive transfer of the tension along the root fibre,
the whole root being stretched only when the critical uprooting
force leading to sliding of the fibre is reached. As a result, Ennos
(1990) expects

FeðtÞp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xðtÞ#zðtÞ
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: ð6Þ

In the validation of the model, we obtained better results with the
linear response (1) than with (6), suggesting that the mechanism
of progressive transfer proposed by Ennos (1990) does not reflect
the situation in our experiment. The presence of a linear initial
response can already be observed in Fig. 1 and guided us in the
choice of (1). The better performance of the linear model (1) could
be due to the contribution of the sediment to the initial elastic
response. With the amount of data at hand, we are not able to
validate intermediate exponents (between 1 and 0.5) relating the
force Fe(t) to the stretching of the root fibre ðxðtÞ#zðtÞÞ and use in
the rest of the paper the approximation of a linear response. We
thus do try to justify a priori the use of linear response to model
the initial behaviour of the system (system equals root fibres and
soil matrix) beyond the better performance of the linear model
compared to the mechanism of progressive failure proposed by
Ennos (1990). For a n-root system (total root length ltot ¼∑n

i ¼ 1li)
with roots working in parallel, one expects the initial elastic
response to be
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The factor α accounts for the imbalance between the lengths of
the root fibres li. In Eq. (7) it was assumed that no root slides and
that the root geometrical and mechanical properties are identical
so that the linear-response approach is valid. Introducing ri ¼ ltot=li
we get

α¼ ∑
n

i ¼ 1
ri: ð8Þ

In particular, for a three-root system, one gets that

αZ9; ð9Þ

with the equality being achieved for roots of equal length. In other
words, we expect the initial elastic response of a three-root system
to be at least 9 times larger than the response of a single root with
the same total root length ltot. However, taking into account the
reduced friction (3) for shorter roots, one gets that in case of a
strong imbalance in the length of the three roots (i.e. a large α),
only the main root might contribute to the elastic response while
the secondary roots slide earlier. More precisely, we can write
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Conclusions from lab experiments
1. Maximum uprooting force and work correlate differently with total root length, and 
number of roots, because roots are expected to work and fail progressively. 

collaboration of individual roots sums to give the uprooting 
work of the whole root system (Bailey et al., 2002)

2. Sediment characteristics influence uprooting resistance, with finer sediment 
leading to larger uprooting forces (Dupuy et al., 2005) 

Anchorage will be stronger for seedlings grown in 
finer sediment because of larger contact area. 

3. Uprooting of seedlings will require greater force at lower levels of sediment moisture 
(Ennos, 1990; Schwarz et al, 2011). 

Full sediment saturation would reduce the 
ability of a seedling to withstand uprooting. 

The chance of flood survival for riparian seedlings should be higher when they grow on 
fine sediment. Resilience to flow duration (i.e. work depends on N roots) is a better 
strategy than resistance to peak flow (i.e., max force does not depend on N roots) 



Uprooting of seedlings in the field
conditions, although full saturation
may not have been achieved. We
tested 83, 73, and 56 seedlings for the
BR, BWR, and SMR sites, respectively
(Table 2). Seedlings experienced pro-
nation (from vertical) of 76 6 98, con-
sistent with flume measurements of
seedling pronation during high flows
[Manners et al., 2015].

We calculated the resisting force, FR, as
the horizontal component of the maxi-
mum pullout force. This entailed multi-
plying the maximum uprooting force,
as determined using each force trace
from the load-cell data, by cos(h),
where h is the angle between the
ground surface and the pronated
plant, which we measured with a
hand-held Kranz inclinometer (Figure
3). This approach allowed us to com-
pare resisting force to the horizontal
component of drag force.

To evaluate how scour depth influ-
enced FR and to measure FR under
Type I versus Type II conditions, we
performed identical pull tests for
seedlings chosen at random under
conditions of simulated scour
(n 5 114, n 5 16, n 5 32 for the BR,
BWR, and SMR sites, respectively;
Table 2). These pull tests were other-
wise identical to those performed on
seedlings in intact sediment. Seed-
lings were assigned a scour depth
(0.1, 0.2, or 0.3, or 0.4 m) and prior to

experimentation, we removed sediment in a 1 m radius around the base of each seedling until the
assigned scour depth was achieved and conducted the pull tests as described previously. The 1 m radius
was chosen to allow for digging down to 0.4 m depth without collapse, and for consistency among scour
treatments. The 0.4 m treatment was only conducted at the BR site, and was therefore excluded from the
statistical analyses. Sediment excavation completely uprooted some seedlings, resulting in zero force nec-
essary for removal.

2.4. Statistical Models
To quantify the influence of multiple factors on FR, we developed linear mixed-effects models [Crawley,
2007], treating site as a random factor to control for environmental differences between the three river
environments (e.g., with regard to grain size, climate, and discharge regime). We conducted analyses to
examine (1) how FR varied with seedling morphology, water-table depth, scour depth (Type I versus Type II
conditions), and species; and (2) how root morphology influenced FR.

Variables with nonnormal residual distributions (seedling height, seedling frontal area, seedling diameter,
and seedling root length) were log-transformed to satisfy residual assumptions. The response variable, FR,
displayed increasing variance and a nonnormal residual distribution and was therefore also log trans-
formed. For seedlings that were completely excavated with zero applied force, we assigned them a nominal
force of 1 N to accommodate the log transformation. In some cases, seedlings were inundated at base flow

Figure 3. Experimental pull test setup as implemented in the field. Seedlings
were pronated and h measured (with respect to horizontal) and uprooted using a
hand winch from manually saturated sediments. The maximum pullout force, Fap-

plied, was recorded using a load cell and data logger. The horizontal resisting force,
FR, was calculated as the horizontal component of the applied force (inset).
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From Bywater-Reyes et al., 2015 

across a range of flood magnitudes. This suggests that seedlings would be stable (Uc> flood velocities)
under most conditions in the absence of scour and/or unless seedlings were shallowly rooted. Extreme
floods (e.g., Q100) would be expected to produce substantial bar erosion and channel reorganization suffi-
cient to produce widespread uprooting in both sand-bed and gravel-bed systems.

Cross-section averages of velocities derived from 1-D modeling provide a simplified perspective on the
velocities experienced by seedlings at the scale of individual plants or patches or plants on bars. Topo-
graphic steering and form roughness from bars, the plants themselves, instream wood, or other roughness
sources [Dietrich and Smith, 1983; Lightbody and Nepf, 2006; Legleiter et al., 2011; Shields and Alonso, 2012;
Brown and Pasternack, 2014; Van de Lageweg et al., 2014], as well as turbulent fluctuations around the mean
velocity [Lapointe, 1992; Lawless and Robert, 2001], would cause plant-scale velocities to deviate from cross-
section averages. Comparison of our modeled cross-section average velocity for the BWR with measure-
ments within and around vegetation patches for a comparable flow in our study reach [Wilcox and Shafroth,
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coinciding with deeper water tables. For
the Arizona sites (and considering spe-
cies differences), the species effect indi-
cates root length was smaller for Populus
compared to Tamarix, and the interac-
tion between water-table depth and
species indicates that the root length
varied more for Populus with water-table
depth than for Tamarix (Figure 8b). This
is consistent with the findings (3.1) of
lower FR for Populus than Tamarix and of
a larger frontal area effect for Populus.

3.3. Uprooting Susceptibility
Comparison of calculated uprooting
velocities (Uc) for our test seedlings to
velocities modeled or measured at the
field sites indicated that the majority of
the population of seedlings would not
be expected to uproot. The mean veloc-
ities modeled for flows ranging from Q2

to Q100 using HEC-RAS were as follows:
0.5–0.6 m/s for the BR, 0.9–1.4 m/s for
the SMR, 1.6–3.3 m/s for the preregula-
tion BWR, and 0.6–1.5 m/s for the post-
regulation BWR (see supporting
information Table S2 and Figures S2c
and S2d for BR and SMR velocity results,
Figures S3b and S3c for BWR). Measured
velocities at the BWR during a flood
equivalent to a post-regulation Q10 in
which seedling uprooting was docu-
mented were up to 1.3 m/s in vegeta-
tion patches [Wilcox and Shafroth, 2013],
which is consistent with the mean mod-
eled Q10 velocity (1.2 6 0.2 m/s; support-
ing information Table S4 and Figure S3).

Calculated Uc values for the population of test seedlings are generally much greater than the modeled or
measured velocities for our field sites, with mean Uc values of !6 m/s for a no-scour, shallow water table-
depth-scenario (Figure 9 and supporting information Table S9). When the maximum modeled velocities are
considered (Q100), the preregulation BWR maximum modeled velocity could uproot a large proportion of
seedlings under a no-scour, shallow water-table depth scenario, with fewer seedlings susceptible to uproot-
ing with increasing water-table depths. Postregulation at the BWR and at the SMR, most seedlings would
not be expected to uproot unless subjected to scour ("0.3 m) and/or under shallow water-table depth sce-
narios. For the BR, where modeled velocities are lower, seedlings would not be expected to uproot unless
subjected to "0.3 m of scour. This analysis shows that, even given uncertainty in expected velocities and
hydraulic conditions at the sites, seedlings are highly resilient to uprooting across a range of high flows and
reinforces the importance of scour in uprooting.

4. Discussion

4.1. Controls on Seedling Uprooting Dynamics
Uprooting thresholds for pioneer woody seedlings are a function of a seedlings’ resisting force (FR) against
flood drag forces (FD). Our pull-test experiments quantified both aboveground and belowground aspects of
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2.2. Seedling Characterization
Seedlings for pull tests were selected at random and their elevations and locations were surveyed with RTK GPS.
We calculated base flow depth to water table for each seedling by subtracting the water table elevation surface
from the seedling’s surveyed elevation. Plant height and basal area were recorded and frontal area (Ac; equation
(1)) was calculated by the method described by Lightbody and Nepf [2006] using a Canon Rebel XT digital cam-
era, a blue background with a vertical and horizontal scale, and image processing in Adobe Photoshop and Mat-
lab Image Analysis Toolbox. Difficulties in maintaining uniform photo conditions (e.g., lighting, camera angles) in
the field result in error associated with this method of approximately 20% [Lightbody and Nepf, 2006].

To measure root frontal area, we excavated a subset of seedlings (n 5 34, n 5 7, n 5 9 for the BR, BWR, and
SMR, respectively; Table 2) chosen at random from the same population as pull-test seedlings by carefully
digging around the seedlings and extracting them. Plants were laid as they appeared in situ on a blue back-
ground, and root frontal area was extracted using the photographic method described above, using total
root frontal area as a metric of biomass. In addition, we determined the depth at which the highest root
density occurs by binning root frontal area in 1 cm intervals [Pasquale et al., 2011] and locating the maxi-
mum, thereby allowing us to evaluate whether the depth to the greatest root density influences uprooting
susceptibility, as proposed by Pasquale et al. [2012].

2.3. Lateral Pull Test Experiments
To address the challenge of measuring the forces associated with flood-induced seedling dislodgement, we
used lateral pull tests [Stone et al., 2013; Peterson and Claassen, 2013] that mimicked high-flow conditions,

while simultaneously being reproducible
and mobile at the field sites, to measure the
resistance of seedlings to uprooting (FR) by
floods. To simulate the concentration of
drag force below the leaves, near the base
of the seedling, when riparian seedlings are
submerged and bent [Wilson, 2007], we
attached a metal cord to a rope loop placed
around the seedling base and uprooted the
seedling laterally in the downstream direc-
tion. We uprooted seedlings using a hand
winch (assisted by a PullPal counterweight
for larger seedlings) anchored to a fence-
post installed 2 m downstream of the plant
(Figure 3). Exerted force was continuously
recorded by an Omega environmentally
protected load cell (445 or 2224 N depend-
ing on plant size; manufacturer reported
error 5 0.25%) attached to a Campbell
CR800 data logger. The sediment in a 1 m
radius around the base of each seedling was
wetted prior to pull tests, using 30 L of
water, to simulate subaqueous moisture

Table 1. Summary of Conditions at Each Field Site

Parameter Bitterroot River (BR) Bill Williams River (BWR) Santa Maria River (SMR)

Hydrology Unregulated snowmelt Dam-regulated dryland Unregulated dryland
Bed material Gravel Sand and fine gravel Sand
Climate Dry subhumid Arid/subarid Arid/subarid
Pioneer woody

species
Populus trichocarpa,

Salix exigua
Populus fremontii, Salix gooddingii,

Tamarix ramosissima
Populus fremontii, Salix gooddingii,

Tamarix ramosissima
Groundwater Seasonally variable Elevated/near surface Seasonally variable
Drainage area (km2) 6,500 12,000 3,700
Median grain size (mm) 23a 2.6 0.77

aGrain size data are presented in supporting information Figure S1.

Table 2. Sample Sizes (n) for Seedling Pull Tests and Excavationsa

Experiment Type Populus Tamarix

BR

Scour Depth (m)
0 83 NA
0.1 34 NA
0.2 33 NA
0.3 34 NA
0.4 13 NA
Excavated 34 NA

BWR

Scour Depth (m)
0 39 34
0.2 8 8
Excavated 1 6

SMR

Scour Depth (m)
0 28 28
0.2 15 6
0.3 6 5
Excavated 5 4

aPull tests were conducted for different scour depths, and a subset of
seedlings were excavated (supporting information Data Set S1).
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a) No basal scour;
b) Basal scour
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Wood logs resistance to pullout (early growth stages)



Sediment stabilisation by roots



Coverage (%)



Empirical models based on modified Mohr-Coulomb equation

Gray and Leiser, 1982

Wu et al., Can. Geotech. J., 1979

Additional cohesion due to roots

≈
Additional strength depends only on the amount of 
roots and their strength

Model limitations:
Ø Roots are assumed to be perpendicular to the slip plane (quite OK, lab exp shows 

that this compares to randomly oriented roots)
Ø Full tensile strength of all the roots is mobilized as the soils shears (disagreement 

with exps by Pollen et al., Wat. Sci. Appl. Ser., 2004)
Ø Roots are well anchored and do not pullout when tensioned (disagreement with 

exps, two main failure mechanisms are indeed pullout and/or rupture
Ø If failure occurs, then all roots break at the same time (disagreement with 

observations)

Water pore pressure

Shear distorsion from vertical

Total tensile root strength



The fiber-bundle (Riproot) model
(Pollen-Bankhead and Simon, WRR, 2005)

After Pollen and Simon, WRR, 2005
Pollen, Catena, 2006

C r
C r



BSTEM model to back calculate roots added “cohesion”



Sediment stabilisation from field experiments
Main idea: to compare scouring around and within low flow-blockage canopy (LFBC) plots
(Pasquale and Perona, River Flow 2014)

HYPOTHESES:
- Homogeneous grain size distribution;
- Homogeneous erosion at the cell scale;
- Average hydrodynamics conditions across 

the cell transect (no plot effects)

Low Flow 
Blockage 
Canopy 
(Rominger & 
Nepf, 2011) 
L0 ≈ 13 m >> 2 m 
à negligible 
effect on 
hydrodynamics



Very uncertain result that 
needs further 
experimental verification!

(Pasquale and Perona, River Flow 2014)

Correlation with scouring

Reinforcement depends on vertical root density distribution

Reinforcement depends on root 
volume


