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 A B S T R A C T

Debris flows often increase in size due to bed erosion and entrainment, enhancing their hazardous potential. 
However, the effects of plant rooting on debris-flow erosion on ubiquitous vegetated slopes remain unknown, 
which hinders debris-flow hazard assessment. Here, we investigated the effects of roots on debris-flow bed 
erosion using scaled experiments in a 5 m long, 0.3 m wide laboratory flume with an erodible bed. Roots of 
fast-growing Sorghum bicolor (Sudan grass) seedlings were used as proxies for tree roots to quantify the effect 
of varying rooting characteristics on erosion. Our results indicate that erosion decreases non-linearly with 
increasing Root Length Density (𝑅𝐿𝐷) and Root Area Ratio (𝑅𝐴𝑅). Increases in either parameter enhance 
root–soil contact, thereby improving soil stability and reducing erosion. Among the two, 𝑅𝐿𝐷, and thus the 
combined effect of root length and root density, appears most influential, as 𝑅𝐴𝑅 does not capture the three-
dimensional structure of the root system. Our experimental results suggest that increasing root-soil contact at 
the debris-flow bed reduces erosion, decreasing or even preventing debris-flow volume growth. These findings 
imply that alterations in vegetation characteristics, such as those resulting from forest fires or reforestation, 
affect debris-flow erosion and open up possibilities for biogeomorphic scale experiments for slope processes.
1. Introduction

Debris flows are powerful and destructive mass movements that an-
nually cost thousands of lives and billions of euros worldwide (Prakash 
et al., 2024). The number of casualties has been directly linked to 
debris-flow volume (Dowling and Santi, 2014), which may grow several 
orders of magnitude by bed and bank erosion during transport (e.g. 
Iverson et al., 2011; Jakob, 2005). Therefore, understanding debris-
flow erosion is important for effective hazard assessment and mit-
igation. Previous laboratory, modeling, and fieldwork studies have 
shown that debris-flow bed erosion depends on complex interactions 
between debris-flow forces and bed strength. Many flow properties 
have been correlated to bed erosion rates including volume (De Haas 
et al., 2022; Chen et al., 2005), depth (Schürch et al., 2011; McDougall 
and Hungr, 2005), velocity (Iverson, 2012; McDougall and Hungr, 
2005), and basal, shear and impact forces (Roelofs et al., 2022; Li 
et al., 2020; Jakob, 2005), where an increase in either of these factors 
generally enhances erosion. The resistance of the bed against erosion, 
or bed shear strength, has been found to depend strongly on the 
pore-pressure of the bed at the bed-flow interface. An increase in pore-
pressure reduces intergranular friction and therefore weakens the bed 
shear strength (Zheng et al., 2023; Roelofs et al., 2023; Zheng et al., 

I This article is part of a Special issue entitled: ‘Debris flow mitigation’ published in Engineering Geology.
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2021; McCoy et al., 2012; Iverson, 2012). Vegetation roots are known 
to play a crucial role in improving bed, bank, and soil strength in 
both fluvial environments (Pollen, 2007; Pollen and Simon, 2005) and 
soil stability processes in mountainous environments (Draebing et al., 
2023; Roering et al., 2003; Schmidt et al., 2001). By strengthening the 
soil matrix, they help resist erosion, reduce sediment transport, and 
mitigate the risk of slope failures. Roots increase shear strength by 
anchoring the soil (Poirier et al., 2018; Kaspar and Singer, 2011), and 
bind soil particles through adhesive secretions and chemical reactions 
with clay (Galloway et al., 2020; Poirier et al., 2018). Additionally, 
roots resist tension forces and distribute shear stresses through the soil, 
thereby reducing shear stresses at the interface between the soil and 
the debris flow (Ghestem et al., 2014; De Baets et al., 2006).

While previous studies documented debris flows interaction with 
plants in many mountain regions (Booth et al., 2020; Bollschweiler 
et al., 2008; Wilford et al., 2005; Bunn and Montgomery, 2004; Johnson 
et al., 2000, Fig.  1;), we have surprisingly little quantitative under-
standing of how roots affect debris-flow erosion. Field observations 
indicate that roots can reduce debris-flow erosion (Cui et al., 2024; 
Wilford et al., 2005). Months to years after wildfires, where the above-
ground biomass is destroyed, erosion by debris flows peaks due to 
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Fig. 1. Examples of interactions between debris flows and vegetation. (a) Post-wildfire debris flow in Jamestown, Colorado, November 2013 (White, 2013), (b) 
The root network in a forest stand strengthens the soil, enhancing its resistance to the development of new channels on a debris-flow fan; British Columbia, 
Canada (Wilford et al., 2005), (c) Debris flow running through a forested fan; Keze gully, China (Cui et al., 2024), (d) A debris flow gully formed after a forest 
fire, exposing roots protruding from the gully banks; Glenwood Canyon, Colorado, USA (with courtesy of Francis Rengers), (e) A scour hole formed by a debris 
flow after a forest fire; Glenwood Canyon, Colorado, USA (with courtesy of Francis Rengers) (f) Exposed roots after severe debris-flow erosion of a debris-flow 
fan; British Columbia, Canada (Wilford et al., 2005).
weakened soil strength as a result of root decay (Thomas et al., 2021; 
de Graff, 2018; Meyer et al., 2001). In industrial forests, debris flows 
often scour channels down to bedrock, whereas in old-growth forests 
with well-developed root structures, such scouring is rare (Schmidt 
et al., 2001; Bunn and Montgomery, 2004). On debris-flow fans, root 
webs are observed to offer resistance to debris-flow erosion (Wilford 
et al., 2005, Fig.  1b and d;). Combined with the well-documented role 
of plant roots in soil stability (e.g. Vannoppen et al., 2015; Ghestem 
et al., 2014; De Baets et al., 2007), these findings suggest that roots 
may play a vital role in reducing erosion caused by debris flows (Fig. 
2). Despite the significance, our understanding of the effect of roots 
on debris-flow erosion remains limited, mainly because of a lack of 
quantitative data. This lack results from the infrequent and destructive 
character of debris flows, making it hard to measure flow properties, 
root characteristics, bed strength, and interactions between debris flow 
and bed in the field (Iverson, 1997). As data on debris-flow forces and 
of root characteristics are limited, their combined influence on erosion 
dynamics remains even more poorly constrained.

To improve our insight into this poorly understood process, we 
aim to (1) unravel the impacts of plant roots on debris-flow erosion 
and (2) test the applicability of fast-growing seedlings to study debris 
flow—plant interactions in scaled laboratory experiments. Here, we 
present novel experiments in a small-scale debris-flow flume with 
an erodible sediment bed, in which we grow live seedlings to form 
beds with a wide range of root traits. Laboratory experiments enable 
systematic and quantitative exploration of the effects of plant roots on 
debris-flow erosion under controlled conditions. In experiments, initial 
and boundary conditions can be precisely controlled, allowing for the 
isolation of individual variables. Debris flows have been successfully 
scaled in previous experiments, which, for example, increased our 
understanding of the effects of bed and debris-flow composition on 
erosion (Roelofs et al., 2023; Zheng et al., 2021), the seismic vibra-
tions and normal-force fluctuations of debris flows (De Haas et al., 
2021), and sediment trapping by vegetation (He et al., 2023). However, 
2 
scant debris-flow experiments have been conducted with plant roots. 
Fast-growing seedlings have already been successfully used in other 
geomorphic experiments to study various earth surface processes (e.g. 
Lokhorst et al., 2019; De Baets et al., 2007), but their potential re-
mains largely unexplored in debris-flow research. Such species offer 
several advantages, including the development of natural root-soil con-
tacts, a relatively short cultivation period, and the ability to alter root 
traits systematically. We conducted controlled laboratory experiments 
to quantify the effect of roots on debris-flow erosion. In this paper 
we do not test effects of above-ground biomass, which we removed, 
but focus on systematically varied root traits across experiments to 
identify key factors governing erosion reduction. The data generated 
could provide insights into the effects of wildfires and deforestation 
on debris-flow erosion, particularly when above-ground biomass is lost 
and remaining roots play a key role (Thomas et al., 2021; de Graff, 
2018; Meyer et al., 2001). A better understanding of these processes 
would also contribute to more accurate debris-flow models and fos-
ter the development of strategies to reduce debris-flow erosion and 
mitigate its hazards.

2. Methods

To study the effect of roots on debris-flow erosion, we conducted 
38 experiments in a flume with an erodible bed penetrated by natural 
roots. Each experiment’s seeding densities and vegetation ages differed 
to vary root traits while keeping the bed and debris-flow composition 
constant. For each density, an experiment was conducted with 5-day-
old and 8-day-old vegetation to vary root length and diameter (see 
Table S1 for conditions of each experiment). The initial set of experi-
ments was meant to determine the best experimental setup and to verify 
the applicability of the method. Therefore, each experimental setup was 
repeated once. The outcomes of these experiments are not included 
in the results. Once consistency and applicability were confirmed, 
subsequent experiments were conducted only once.
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Fig. 2. Sketch of (a) the primary forces driving debris flow erosion in the absence of vegetation, and (b) the additional mechanical effects of vegetation roots 
on debris-flow erosion reduction by increased soil cohesion and shear stress distribution through tensile strength.
2.1. Flume setup

The experiments were conducted in a debris-flow flume consisting 
of a 5.4 m long and 0.3 m wide channel inclined at 34◦, a mixing 
tank with a forced-action mixer and custom-made release gate (set-
up is similar to Roelofs et al., 2023 and De Haas et al., 2021; Fig.  3). 
To scale the magnitude of erosion, we applied a steep flume slope to 
compensate for the small volume and flow depth compared to field-
scale and thereby increased the shear stress and flow velocity. Five laser 
sensors captured flow hydrographs and velocities through time-distance 
measurements. Force fluctuations at the bed were measured using a 
Geospace GS-20DX geophone, installed on the underside of a plastic 
plate (0.14 m wide, 0.06 m long) at 2.98 m downstream of the release 
gate, recording seismic ground velocity (m/s, vertical and horizontal) 
with a 10–1000 Hz response. The measured seismic ground velocity 
is converted to a quantity proportional to seismic energy ((m/s)2) by 
squaring the velocity signal (Schimmel et al., 2022; De Haas et al., 
2021). The debris flow depth and velocity were measured at the same 
location as the geophone. The shear stress exerted by the debris flow 
on the bed was calculated as: 
𝜏 = 𝜌𝑔𝐻 sin(𝑆) (1)

where 𝜏 is the shear stress (Pa), 𝜌 is the density of the flow (kg/m3), 
𝑔 is the gravitational acceleration (m/s2), 𝐻 is the flow depth (m), 
and 𝑆 is the channel bed slope. In the lower 2.5 m of the channel, 
a vegetated erodible bed of 0.07 m thick was placed in a depression 
in the channel floor, of which the age and number of planted seeds 
were varied for each experiment. Bed elevation of the erodible bed was 
quantified before and after each experiment at sub-mm resolution with 
a Vialux z-Snapper three-dimensional scanner. From the measurements, 
the erosion volumes of the erodible bed were quantified by obtaining 
the difference in bed elevation before and after each experiment. The 
erosion rate was calculated by dividing the erosion volume by 1.5 s, 
as most erosion occurs within this time range under the influence 
of the boulder-rich debris flow front (Roelofs et al., 2023; De Haas 
et al., 2022; Zheng et al., 2021). At 46 cm downstream of the start 
of the erodible bed, pore water pressures were measured at 3 and 4 cm 
below the surface (custom-made with Keller Pressure PR-23SY, with an 
accuracy of ±0.25%FS). Each sensor was connected to a small plastic 
tube with a permeable filter extending into the bed at the corresponding 
depth. Before every experiment, the tubes were filled with de-aired 
water. The hydrostatic pressure measured prior to flow initiation was 
used as the reference, such that the reported values represent the 
change in pore pressure relative to this initial state.

For all experiments, debris-flow and bed compositions were kept 
constant (Table S2). Debris flows consisted of 75% sand, 5% clay 
(kaolin), 20% gravel, and a water fraction of 20% by weight (Fig.  4a 
and b). The erodible bed was loosely packed and consisted of 96% sand 
and 4% clay (Fig.  4c and d). The bed had a water fraction of 13% by 
weight (Table S2).
3 
2.2. Describing flow characteristics

To compare the scaled debris flows with natural ones, the Bagnold, 
Savage, and friction numbers were calculated for each experiment. 
These numbers describe the relationship between the forces that resist 
motion in debris flows, comprising collisional, frictional, and viscous 
forces (Iverson, 1997). The Bagnold number compares collisional and 
viscous forces (Iverson, 1997): 

𝑁𝑏 =
𝑣𝑠𝜌𝑠𝛿2𝛾
𝑣𝑓𝜇

(2)

where 𝑁𝑏 is the Bagnold number (-), 𝑣𝑠 is the volumetric solids fraction, 
𝜌𝑠 is the density of the flow (kg/m3), 𝛿 is the mean grain size (m), 𝑣𝑓
is the volumetric fraction of fines, 𝛾 is the flow shear rate (1/s): 
𝛾 = 𝑢

𝐻
(3)

where 𝑢 is the debris flow frontal velocity (m/s), and 𝐻 is the maximum 
flow depth (m). The interstitial fluid viscosity 𝜇 is estimated as (De Haas 
et al., 2015; Iverson, 1997): 
𝜇
𝜇𝑤

= 1 + 2.5𝑣𝑓 + 10.05𝑣2𝑓 + 0.0027316.6𝑣𝑓 (4)

where 𝜇𝑤 is the dynamic viscosity of pure water (0.001 Pa s). For 𝑁𝑏 >
200, the collisional forces dominate the viscous forces (Iverson, 1997). 
The Savage number compares collisional and frictional forces: 

𝑁𝑠 =
𝜌𝑠𝛿2𝛾2

(𝜌𝑠 − 𝜌𝑓 )𝑔𝐻 tan𝜙′ (5)

where 𝜌𝑓  is the fluid density (kg/m3), and 𝜙′ is the angle of internal 
friction, estimated at 42◦ (De Haas et al., 2015). The collisional forces 
dominate the viscous forces when 𝑁𝑠 > 0.1 (Iverson, 1997). Finally, 
frictional and viscous forces are compared with the friction number: 

𝑁𝑓 =
𝑣𝑠(𝜌𝑠 − 𝜌𝑓 )𝑔𝐻 tan𝜙′

(1 − 𝑣𝑠)𝛾𝜇
(6)

For 𝑁𝑓 > 2000, frictional forces dominate viscous forces (Iverson, 
1997).

2.3. Plant growth and quantification of root characteristics

To simulate natural root-soil contact as present in the field, live 
seedlings of Sorghum bicolor were grown in the erodible bed. S. bicolor
is a fast-growing seedling with a high germination rate and straight 
tap roots penetrating deep into the bed. Although the root architecture 
of S. bicolor is less complex than those of mature trees, it provides 
a practical and scalable proxy for studying root–soil interactions. Its 
roots exhibit similar mechanical effects in reinforcing soil and resisting 
erosion at small experimental scales (Lokhorst et al., 2019), enabling 
us to approximate the stabilizing effect of roots in a controlled setting. 
The tap root systems present in S. bicolor allow unambiguous data 
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Fig. 3. (a) schematic overview of the debris flow flume, with images showing (b) the flume, and (c) and (d) the grown plants of 5 and 8 days old. (e) and (f) a 
debris flow running over the erodible bed, (g) the erodible bed after an experiment. All lengths are in centimeters.
Fig. 4. Grain size distributions used in the experiments. (a) Grain size distribution of the debris flow and erodible bed used for the experiments, (b) the cumulative 
grain size distribution of the debris flow and the erodible bed.
collection, processing, and interpretation. The seed density was based 
on Lokhorst et al. (2019), who showed that a density of 2 seeds∕cm2

is a typical density with measurable effects in small-scale geomorphic 
experiments of channel bank collapse and erosion by flow. Our seed 
density ranged from 0.4 to 6 seeds∕cm2. The average germination rate 
was 70%, gradually declining to approximately 50% throughout the 
experiments, likely due to the decrease in light caused by shorter 
daylight. This resulted in root densities ranging from 0.3 to 4 roots∕cm2, 
assuming one root per seedling. Each sowing density was tested twice: 
once with plants grown for 5 days and once with plants grown for 
4 
8 days, which allowed for variation in root length and diameter. 
Before the start of each experiment, the above-ground biomass was 
cut off without disturbing the soil to isolate the effects of the roots on 
debris-flow erosion.

Before every experiment, we extracted ten roots from the erodible 
bed. We measured root length, root diameter, root density, root length 
density (𝑅𝐿𝐷), root area ratio (𝑅𝐴𝑅), and root tensile strength (𝑅𝑇𝑆), 
considering that these root traits have been identified as most important 
for stabilizing soils and controlling erosion by overland flow (Vannop-
pen et al., 2015; Ghestem et al., 2014; Bischetti et al., 2009; De Baets 
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Fig. 5. Illustration of the calculations of the concepts (a) 𝑅𝐿𝐷 and (b) 𝑅𝐴𝑅, 
where 𝑤 is the width, ℎ is the height, and 𝐿 is the length of the soil sample.

et al., 2008; Ali and Osman, 2008; De Baets et al., 2007; Pollen, 2007). 
Root lengths and diameters were averaged over the ten extracted roots 
and measured using an electronic caliper with an accuracy of 0.01 mm. 
Root density was determined by counting the number of plants per unit 
of surface area. As we used tap roots in our experiments, the number 
of plants corresponds to the number of roots. 𝑅𝐿𝐷 is used to quantify 
root distribution in soil, and was calculated as the root length per unit 
volume of soil (Fig.  5a; Vannoppen et al., 2015; Ghestem et al., 2014; 
De Baets et al., 2007): 

𝑅𝐿𝐷 =
∑

𝑅𝑜𝑜𝑡 𝐿𝑒𝑛𝑔𝑡ℎ
𝑠𝑜𝑖𝑙 𝑉 𝑜𝑙𝑢𝑚𝑒

(7)

where the 𝑅𝐿𝐷 is the Root Length Density (cm/cm3), the sum of the 
root lengths refers to the length of the total root system (cm) within 
the soil volume sampled (cm3), which translates to the volume of the 
erodible bed. For our experiments, the measured root lengths were 
scaled up based on the total number of counted roots. The 𝑅𝐴𝑅 is 
defined as the fraction of a plane of soil occupied by roots per unit 
area (Fig.  5b; Bierman and Montgomery, 2014; De Baets et al., 2008; 
Stokes et al., 2009): 

𝑅𝐴𝑅𝑑 =
∑

𝐴𝑟
𝐴

(8)

where 𝑅𝐴𝑅𝑑 is the Root Area Ratio (-), 𝐴𝑟 is the root area per root 
(m2), and 𝐴 the area measured (m2). The measured area is the width 
times the depth of the soil in the flume. The root area is calculated by:

𝐴𝑟 =
𝜋
4
𝑑2 (9)

where 𝑑 is the root diameter (m). A different function to calculate 𝑅𝐴𝑅
uses the 𝑅𝐿𝐷 (De Baets et al., 2006): 

𝑅𝐴𝑅𝑅𝐿𝐷 = 𝑅𝐿𝐷 × 𝐴𝑟 (10)

The apparent cohesion with roots (henceforth ‘root cohesion’) was 
calculated to assess the additional shear strength to the soil provided 
by roots. Root cohesion quantifies the effect of root traits on debris-
flow erosion and allows for a comparison to the shear stress exerted by 
debris flows. Root cohesion was calculated using the Wu and Waldron 
model (Waldron, 1977; Alam et al., 2018; Wu, 1984), with both 𝑅𝐴𝑅𝑑
and 𝑅𝐴𝑅𝑅𝐿𝐷 as input. As our roots grow perpendicular to the soil 
and barely change position during shearing (Schmidt et al., 2001), root 
cohesion (𝐶𝑟) is calculated as: 

𝐶𝑟 = 𝑅𝑇𝑆 × 𝑅𝐴𝑅 (11)

The WWM model assumes that all roots break simultaneously, which 
we assume valid for fast-flowing debris flows. The RTS provides a 
5 
measure of the roots’ resistance to breaking as a result of shear and 
is calculated as: 

𝑅𝑇𝑆 =
𝐹𝑚𝑎𝑥
𝐴𝑟

(12)

where 𝐹𝑚𝑎𝑥 is the maximum force that is exerted on a root before 
breaking (N), and 𝐴𝑟 the root area (mm2) (De Baets et al., 2008). For 
26 roots, the diameter was measured using an electronic caliper before 
conducting the breaking force test. The breaking force was determined 
by attaching roots of various diameters to a 100-gram PESOLA spring 
scale with a precision of ±0.3% (Hales et al., 2013). After attachment 
using UV resin, the roots were mechanically pulled at a controlled rate 
while recording the process on video. The exact moment of break-
age was identified in the footage, and the corresponding force was 
recorded.

3. Results

3.1. Debris flow characteristics

The experimental debris flows were consistently characterized by 
a small amount of saltating and rolling gravel, followed by a debris 
flow with a steep, coarse flow front, ending in a tapering tail with finer 
sediments (see supporting video). The mean maximum depth of the 
flow front was 5.2 cm, with a range from 4.5 to 5.6 cm (Fig.  6a) and 
velocities ranged between 3.2 and 4.1 m/s (Fig.  6b). The debris flows 
exerted a total shear stress of 3.8×106 to 1.1×107 kPa s (Fig.  6c), and a 
vertical seismic energy ranging from 8.0×10−7 to 2.7×10−6 (m/s)2 (Fig. 
6d). The calculated Bagnold numbers below 200 (90–130) indicate that 
viscous forces dominate over collisional forces (Fig.  6e). Furthermore, 
as the Savage numbers remain below 0.1 and the frictional numbers 
exceed 2000, the debris flows investigated in these experiments are 
primarily governed by frictional forces (Fig.  6f and g).

3.2. Root characteristics

Root traits changed during root growth. The 5-day-old vegetation 
was characterized by an average root length of 27 mm, an average root 
diameter of 0.54 mm, and an absence of branching. In contrast, 8-day-
old roots grew longer and thinned, on average 49 mm long and 0.47 
mm in diameter. Some of the roots showed minor signs of branching, 
which were of negligible size for our experimental runs.

An increase in root diameter decreased the root tensile strength 
(Fig.  7). The power law regression between root tensile strength and 
root diameter gives a statistically significant correlation between the 
parameters, in accordance with literature (e.g. De Baets et al., 2008; 
Genet et al., 2005).

Throughout the experiments, the sowing density, and therefore the 
root density, was increased (Table S1). With an increase in root density 
and root age, root cohesion increased simultaneously (Figure S1a), and 
the erosion decreased (Figure S1b).

3.3. Spatial erosion patterns

Spatial erosion patterns were similar under different conditions, 
with scour at the upstream end of the erodible bed and alternating 
erosion and deposition throughout the rest of the bed (Fig.  8). The 
scour at the upstream end of the bed decreased with an increase in 
root density and age (Fig.  8). Additionally, the gullies that formed on 
beds without roots or with low root densities (Fig.  8a, b, g and h) 
reduced in size on beds with higher root densities (Fig.  8c), ultimately 
disconnecting to form scours (Fig.  8d–f and i–j) and disappearing on 
beds with 8-day-old, dense roots (Fig.  8k and l). The scours originated 
on patches with little or no roots and progressively enlarged over the 
course of the debris flow. Depositional features formed on patches with 
a high root density (Fig.  8f and l).
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Fig. 6. Characteristics of the debris flows measured during the experiments.
Fig. 7. Correlation between root diameter and root tensile strength. The 𝑅2

for the correlation is 0.69, and the 𝑝-value is below 0.001.

3.4. Correlations between bed erosion and root traits

Roots strongly affected debris-flow erosion volumes (Fig.  9, Table 
S3). Beds without roots revealed increased erosion over beds with roots, 
where an increase in root density led to a non-linear decrease in erosion 
(Fig.  9a). 8-day-old vegetation was characterized by more developed 
roots, resulting in greater reduction of erosion compared to 5-day-old 
vegetation. An increase in 𝑅𝐴𝑅𝑑 resulted in a non-linear decrease in 
erosion (Fig.  9b). Notably, root density and 𝑅𝐴𝑅𝑑 did not fully account 
for root age; the 5-day-old roots correlated with a greater bed change 
than the 8-day-old roots with the same root density or 𝑅𝐴𝑅𝑑 . This 
indicates that some variation is left unexplained in these correlations, as 
root age should only affect the root traits, not the erosion. An increase 
in the root cohesion calculated from this 𝑅𝐴𝑅𝑑 resulted in a non-linear 
decrease in erosion (Fig.  9c). The trends differ between 5-day-old and 
8-day-old roots, and mirror the correlation between 𝑅𝐴𝑅𝑑 and erosion.

𝑅𝐿𝐷 exhibited a non-linear decrease in erosion with an increase 
in 𝑅𝐿𝐷 (Fig.  9d). Importantly, 𝑅𝐿𝐷 effectively accounts for the root 
ages by including the lesser protection by the shorter 5-day-old veg-
etation, explaining most of the variation in the correlation between 
root traits and erosion. The 𝑅𝐴𝑅𝑅𝐿𝐷 produced values ten times larger 
than the values calculated with the root diameters (Fig.  9e). This 
adjusted 𝑅𝐴𝑅𝑅𝐿𝐷 was associated with a non-linear decrease in erosion, 
where the difference between 5-day-old and 8-day-old roots is reduced 
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compared to the 𝑅𝐴𝑅𝑑 calculations (Fig.  9b vs. e). The same holds for 
the non-linear correlation between the 𝑅𝐴𝑅𝑅𝐿𝐷 and the bed change 
(Fig.  9f). The root cohesion accounts for the roots’ ages well, describing 
most of the variation between root cohesion and erosion.

4. Discussion

4.1. Effects of roots on debris-flow bed erosion

Our experiments showed that plant roots strongly reduce the mag-
nitude of erosion by experimental debris flows (Figs.  8 and 9). In our 
experiment, roots’ impact on erosion changed with growth and age, 
altering the 𝑅𝐴𝑅 and 𝑅𝐿𝐷, which can represent species-specific traits 
in nature. Our observed decrease in erosion with an increase in root 
density, 𝑅𝐴𝑅, 𝑅𝐿𝐷, and root cohesion (Fig.  9) can be explained by 
enlarging root-soil contact area, increasing enlacing and adhering prop-
erties (Vannoppen et al., 2015; Ghestem et al., 2014; De Baets et al., 
2007; Zhou and Shangguan, 2005). Additionally, roots directly reduce 
shear stress on the bed underneath the debris flow by distributing shear 
stresses over a greater area (Ghestem et al., 2014; De Baets et al., 2008).

𝑅𝐿𝐷 exhibited the strongest correlation with erosion and encapsu-
lated root characteristics regardless of root age (Fig.  9d), suggesting 
that root length, combined with root density, plays a key role in 
reducing debris-flow erosion. As roots grow deeper, they increase root-
soil contact and reduce the likelihood that erosion will occur below 
the root zone, where the roots would no longer be effective. Although 
𝑅𝐿𝐷 is often identified as the root trait that most strongly affects soil 
erosion (Vannoppen et al., 2015; Ghestem et al., 2014), most studies 
use 𝑅𝐴𝑅𝑑 as a proxy for root cohesion (e.g. Bischetti et al., 2009; 
De Baets et al., 2008; Pollen, 2007), predominantly because it is easier 
to measure in the field than 𝑅𝐿𝐷 (Vannoppen et al., 2015). Our results 
also revealed a decrease in erosion with an increase in 𝑅𝐴𝑅𝑑 (Fig. 
9b). As root diameter, and thus 𝑅𝐴𝑅𝑑 , increases, the soil-contact area 
increases simultaneously, enhancing soil shear strength (Ghestem et al., 
2014; De Baets et al., 2008; Reubens et al., 2007; Gyssels and Poesen, 
2003). However, the correlation between 𝑅𝐴𝑅𝑑 and erosion did not 
account for root age (Fig.  9b), which persisted in the calculations for 
root cohesion calculated with 𝑅𝐴𝑅𝑑 (Fig.  9c), in contrast to the cor-
relation between 𝑅𝐿𝐷 and erosion. Part of the unexplained variation 
can be attributed to the absence of root length in the calculation of 
𝑅𝐴𝑅  (Eq.  (11)). Furthermore, 𝑅𝐴𝑅  expresses root area per unit 
𝑑 𝑑
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Fig. 8. Trends in erosion and deposition patterns in the erodible part of the flume, as a function of root density and age. The root density corresponds to (a) 0 
roots/cm2, (b) 0.28 roots/cm2, (c) 0.83 roots/cm2, (d) 1.3 roots/cm2, (e) 2.3 roots/cm2, (f) 3.6 roots/cm2, (g) 0 roots/cm2 (same as a), (h) 0.26 roots/cm2, (i) 
0.75 roots/cm2, (j) 1.5 roots/cm2, (k) 2.0 roots/cm2, and (l) 3.3 roots/cm2.

Fig. 9. Bed erosion volumes as a function of root traits: (a) root density, (b) 𝑅𝐴𝑅𝑑 , (c) root cohesion calculated with 𝑅𝐴𝑅𝑑 , (d) 𝑅𝐿𝐷, (e) 𝑅𝐴𝑅𝑅𝐿𝐷, and (f) 
root cohesion calculated with 𝑅𝐴𝑅𝑅𝐿𝐷. The dotted lines denote the regression lines for each correlation. The 𝑅2 for each of these correlations ranges between 
0.814–0.963, and the 𝑝-values are consistently <0.001 (Table S3). Note that a negative net change implies net erosion and a positive net change implies net 
deposition.
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soil cross-section, while 𝑅𝐿𝐷 accounts for root distribution throughout 
the entire soil volume. Since root reinforcement affects the full soil 
matrix, 𝑅𝐿𝐷 more comprehensively represents root–soil interactions 
and their impact on stability. Additionally, the 𝑅𝐴𝑅𝑑 is less suitable 
for our experiments, as it assumes non-vertical root intersections with 
the plane (Stokes et al., 2009; Pollen, 2007). Since the roots used in 
our experiments are taproots, few roots grow this way.

Our experiments showed that high root length densities inhibited 
the formation of erosive bed forms. Scours typically develop in areas 
with low root length densities (Fig.  8), leading to increased sediment 
transport and accelerated erosion (Roberts et al., 2022; Kirkby and 
Bracken, 2009; Johnson and Whipple, 2007). Similarly, areas with high 
root length densities exhibit smaller scours as a result of increased root 
cohesion (Fig.  9b and f), thereby reducing erosion rates.

4.2. Incorporating 𝑅𝐿𝐷 in debris-flow bed erosion rate calculations

To illustrate how root cohesion can be incorporated into debris-flow 
bed erosion equations, we integrated 𝑅𝐿𝐷 into the erosion rate equa-
tion by Zheng et al. (2024). To achieve this, we created a dimensionless 
factor (𝐸𝑅𝐿𝐷) that is a function of the 𝑅𝐿𝐷 based on the correlation 
shown in Fig.  9d (Figure S2): 
𝐸𝑅𝐿𝐷 = 0.276 ln(𝑅𝐿𝐷) − 0.2707 (13)

An 𝐸𝑅𝐿𝐷 factor of 0 corresponds to no bed change, as the roots fully 
prevent erosion. An 𝐸𝑅𝐿𝐷 factor of 1 corresponds to a bed without 
roots. Integrating this factor into the equation by Zheng et al. (2024) 
gives: 

𝐸𝑐 = 𝐸𝑅𝐿𝐷
𝜌𝑔𝐻 sin𝑆 −

(

𝜌𝑔𝐻 cos 𝜃 − 𝜇𝑤
)

tan𝜙′

𝜌𝑢
(14)

where 𝐸𝑐 is the erosion rate (cm/s), S is the flume angle (34◦), and 𝜇𝑤
is the pore-pressure relative to the pore pressure before the debris flow 
(Pa).

Fig.  10 shows the erosion rate as measured during the experiments 
and as calculated by Eq.  (14). The calculated erosion rate reproduced 
the erosion rate measured during the experiments with promising 
accuracy, indicating that the equation effectively predicts a reduction 
in erosion as the 𝑅𝐿𝐷 increases. The erosion rate was calculated 
assuming a bed pore-pressure of 350 Pa, which is in the range of 
bed pore-pressures measured in our experiments (200–500 Pa), and 
in accordance with values measured in experiments by Roelofs et al. 
(2023) and Zheng et al. (2024). Due to variations in pore-pressure 
with depth, distance from the erosion plane, and across debris-flow 
experiments, discrepancies may arise in the predictions generated by 
erosion models for debris flows. Eq.  (14) primarily demonstrates the 
potential influence of roots rather than providing a fully generalizable 
erosion law. Field settings are variable, so the effect still needs to be 
confirmed at larger scales. However, soil and landslide studies consis-
tently show that increasing 𝑅𝐿𝐷 reduces or even prevents erosion (e.g. 
Vannoppen et al., 2015; Schmidt et al., 2001). This suggests that a 
similar stabilizing effect is likely for debris flows. Our findings distinctly 
showcase the potential of a correction factor based on 𝑅𝐿𝐷, which can 
be used to improve debris-flow erosion models.

4.3. Scaling effects

While scale experiments represent aspects of reality and may exhibit 
unwanted but limited scaling effects, the morphological and dynamic 
similarities between experimental and natural debris flows enable con-
trolled investigations of debris flow–bed interactions (Iverson and Den-
linger, 2001; Paola et al., 2009; Kleinhans et al., 2014; De Haas and 
Woerkom, 2016). Both natural and experimental flows are thickest at 
the flow front, which has a high solid fraction and large grain sizes. 
The flows taper into a tail with lower velocities, increased wetness, and 
fine sediment (Mcardell, 2016; Iverson, 1997; De Haas et al., 2023). 
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Fig. 10. Measured and fitted erosion rates for varying 𝑅𝐿𝐷 values. The 
coefficient of determination is 𝑅2 = 0.93 and the 𝑝-value is 2.87 × 10−9, 
indicating a strong and statistically significant correlation.

Furthermore, the dimensionless numbers characterizing flow dynamics 
and forces within a debris flow are dynamically similar to those of 
most natural debris flows, where frictional forces dominate debris-flow 
dynamics (Fig.  6f and g, Roelofs et al., 2022; Zhou and Ng, 2010). 
Key factors influencing debris-flow erosion in the field, such as pore-
pressure and bed shear strength, also play a role in our experiments. 
Furthermore, our scaled experiments successfully reproduce deposit 
characteristics of natural debris flows (De Haas and Woerkom, 2016; 
Iverson, 2014; Wilford et al., 2004; Kim and Lowe, 2004; Pierson, 
1986). The least erosion and occasionally even deposition is found 
on patches with high root densities, which is consistent with field 
observations, where well-developed root systems with higher 𝑅𝐿𝐷
and 𝑅𝐴𝑅 prevent deep scouring, and root webs are observed to resist 
erosion (Fig.  1; Löbmann et al., 2020; Wirth, 2009; Wilford et al., 
2005; Bunn and Montgomery, 2004; Schmidt et al., 2001). Erosion 
was observed between patches of roots, where root density was lower. 
This pattern agrees with field observations, as root networks spread 
outward from trees, leading to lower root cohesion and consequently 
more erosion (De Baets et al., 2007; Roering et al., 2003).

Table  1 presents the shear stresses and root traits measured during 
the experiments, alongside values reported from the field. This compar-
ison provides insight into the relative magnitudes of forces governing 
debris-flow erosion. RTS in natural environments is often some order 
of magnitude greater than the shear stresses exerted by debris flows, 
although the range is large. While RTS also exceeds shear stresses in 
our tests, the difference in magnitude is less pronounced. Additionally, 
root cohesion in our experiments is considerably lower than in field 
conditions. This discrepancy is expected, as our setup features taproots 
distributed over a large area, whereas natural conditions are often 
calculated per individual tree with a large root system. To compensate, 
we created high root densities. However, root cohesion remains on 
the lower end, possibly due to the experimental root simplicity. These 
deviations suggest that in our experiments, the erosion may be higher 
than expected in natural settings. Nonetheless, this discrepancy does 
not undermine the value of our experiments, as our primary goal is 
not to recreate real-world conditions, but to isolate and study the 
interactions between debris flows and plant roots. Despite the scaling 
differences, the combination of scaled debris flow experiments and 
scaled roots enables a systematic study of debris flow-root interactions. 
Our findings offer insight into how roots reinforce the soil and affect 
bed erosion, with fundamental mechanisms and morphological features 
that are consistent between the laboratory and the field.

4.4. Small-scale, big impact: lab versus field observations

Our research shows that there is high potential for using scaled live 
plants in debris-flow experiments. This enables us to study the effects 
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Table 1
Debris flow shear stresses measured during the experiments and during debris 
flow events in the field, along with root traits measured in the experiments 
and the field. The root cohesion from our experiments was calculated using 
𝑅𝐴𝑅𝑅𝐿𝐷. The root traits given by Vergani et al. (2012) are measured in the 
Swiss Alps, the traits given by Bischetti et al. (2009) in the Italian Alps.
 Shear stress RTS Root cohesion  
 KPa N/mm2 KPa  
 Our experiments 0.47–0.59 0.85–1.8 1.9 × 10−4–4.3 × 10−3 
 Illgrabena,b 0.37–5.1  
 Roßbichelbach (modeled)c 4–15  
 Montecito, USAd 1.6  
 Acer pseudoplatanuse 3.68–31.48  
 Castanea sativae,f 0.81–45 8.1–19.6  
 Fagus sylvaticae,f 3.38–75.22 14.4–86  
 Fraxinus excelsiore 3.89–24.91  
 Larix deciduae,f 1.03–110 17.4–38.3  
 Ostrya carpinifoliae,f 1.8–30.17 5.4–30  
 Picea abiese,f 2.84–95 13.8–35.4  
a De Haas et al. (2022).
b Berger et al. (2011).
c Dietrich and Krautblatter (2019).
d Kostynick et al. (2022).
e Vergani et al. (2012).
f Bischetti et al. (2009).

of plants on debris flows with a degree of control that is not attainable 
in the field, and enables systematic exploration of changes in boundary 
conditions and materials. Both modeling (e.g. Liu et al., 2021) and field 
research (e.g. Tang et al., 2018; Michelini et al., 2017; Johnson et al., 
2000) have been done on plant—debris flow interactions, but these 
studies remain primarily qualitative due to the lack of quantitative 
information regarding debris-flow forces and plant traits. Our exper-
imental study, for the first time, contributes quantitative knowledge 
because we can control the root conditions.

Our pioneering tests offer many options for future expansion and 
improvement. Our experiments were conducted using S. bicolor
seedlings as a proxy for tree roots. Tree root systems are typically 
characterized by extensive and hierarchical branching structures, with 
roots varying in diameter, orientation, and length, and often inter-
connecting to form complex networks (Ghestem et al., 2014; Bischetti 
et al., 2009). Moreover, natural environments host diverse tree species 
of varying ages, further increasing heterogeneity in root architecture 
and mechanical behavior (Pohl et al., 2011; Stokes et al., 2009). Where 
the simple root systems in our setup likely result in an underestimation 
of erosion resistance, future experiments could employ plant species 
with more complex, multi-scale root systems. Improving measurement 
of pore-pressure and water content could enhance our understanding 
of how roots affect loading conditions and pore water transfer between 
debris flow and bed, which is crucial for debris-flow erosion (Roelofs 
et al., 2023; Zheng et al., 2023). Roots may reduce erosion by in-
creasing permeability and enhancing drained conditions (Liu et al., 
2021; Kaspar and Singer, 2011; De Baets et al., 2011; Reubens et al., 
2007). Under these drained conditions, water and air can diffuse 
through the soil pores without increasing pore-pressure, which helps 
maintain intergranular friction. However, increased permeability could 
also facilitate the transfer of moisture and pore-pressure from the 
debris flow to the bed, thereby increasing pore-pressure in the bed 
and potentially enhancing erosion (Zheng et al., 2023). Furthermore, 
our experiments lacked above-ground biomass, which could reduce 
debris flow energy and size through obstructions (Liu et al., 2021; 
Michelini et al., 2017). However, above-ground biomass simultaneously 
increases the chances of root pullout, decreasing the soil strength and 
increasing erosion (Chen et al., 2024; Stokes et al., 2009). Further 
research could improve our understanding of the combined effect of 
above and below-ground biomass on debris-flow induced erosion.
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Our findings suggest that preventing cuttings or even planting trees 
on debris-flow fans and catchments can serve as effective strategies 
for mitigating debris-flow hazards, as an increase in 𝑅𝐿𝐷 and 𝑅𝐴𝑅
decreases erosion and therefore diminishes the volume and impact of a 
debris flow. Further experiments, modeling that represents the rooting 
density and structure, and additional field data will be essential for 
deepening our understanding and the predictability of these processes.

5. Conclusions

We experimentally investigated the effects of plant roots on debris-
flow erosion to gain a better understanding of the interaction between 
debris flows and trees. By combining measurements of debris-flow 
characteristics, erosion, and root traits, we were able to quantify the 
reduction of debris-flow induced erosion by roots compared to rootless 
beds. While our setup simplifies natural root structures and conditions 
and isolates effects of below-ground biomass from effects of above-
ground biomass, it enables a controlled study of fundamental erosion 
mechanisms.

Our experiments showed a clear non-linear relationship between 
𝑅𝐿𝐷 and debris-flow bed erosion, with minimal difference between 
5-day-old and 8-day-old roots. 𝑅𝐴𝑅 and root cohesion followed the 
same non-linear trend when calculated from 𝑅𝐿𝐷, indicating that the 
combined effect of root length and root density is an important factor 
for reducing debris-flow bed erosion. These results imply a potential 
application: vegetating debris-flow-prone slopes could reduce erosion 
and flow volume growth, thereby lessening their hazardous impact. The 
results also offer insight needed for hazard assessment: after wildfires, 
root decay may weaken root cohesion, increasing susceptibility to 
erosion and enhancing debris-flow volume and hazards.

Our results demonstrate that small-scale debris-flow experiments 
with live seedlings can provide valuable insights into the effects of 
plants on debris-flow erosion that are challenging to investigate in the 
field. Further experimental exploration can provide a scientific basis for 
the mitigation of debris-flow hazards using nature-based solutions and 
give insights into the effects of changing vegetation due to wildfires 
and deforestation on debris-flow hazards. Our findings point to a 
new pathway towards incorporating root characteristics into erosion 
models, and show the importance of vegetation in debris-flow-prone 
areas.
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