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Abstract Riparian seedlings growing on river bars, islands, and floodplains create feedback processes with
hydraulics, sediment transport, and channel morphodynamics. For example, intact seedling uprooting by the
flow typically requires some degree of sediment scour before seedling removal. Estimates of the critical scour
depth (Lc) that allows for individual seedling uprooting are often based on the resisting root force (FP). We
develop a new mechanistic FP equation that includes root‐sediment friction from different grain size
distributions, root irregularities, and lateral root areas. Simple laboratory experiments demonstrate that root‐
sediment friction coefficients from previous studies may be orders of magnitude lower than those that occur in
riparian areas with coarse grain size distributions. We test different forms of our equation using field measured
FP to find that accurate FP predictions require: (a) a range of root‐sediment frictional effects, (b) declining
taproot diameter with below ground distance, and (c) root hair effects. Combining our FP equation with simple
flow calculations, we calculate that Lc for an individual seedling is not constant as often assumed but depends on
the bed grain size distribution, flow conditions, aboveground seedling patch density, and belowground and
aboveground individual seedling biomass properties. We calculate similar Lc for invasive and native seedling
species, suggesting that invasive seedling removal through targeted high‐flow dam releases requires careful
consideration of potential effects on native seedlings.

Plain Language Summary Vegetation growing in and along rivers affects river stability, river shape,
flooding, and habitat for other organisms. Newly established vegetation can be pulled out by the river flow only
if sediment erosion first occurs around the vegetation, which reduces the root‐related forces holding vegetation
in place. We develop a new equation to predict these root related forces and the amount of erosion that is needed
for vegetation removal by the flow. We find that the friction between roots and surrounding sediment can vary
with the sediment size, irregularities in the root shape, and root areas. Accurate root force predictions are
required including these root‐sediment friction effects as well as root diameter changes belowground and root
hair impacts. The erosion depths needed for vegetation removal were not constant as often assumed and could
vary with characteristics of the sediment, flow, and vegetation itself. We calculated that invasive and native
vegetation species can have similar scour depths for removal, which has implications for invasive species
removal strategies in rivers.

1. Introduction
Within fluvial systems, riparian vegetation can significantly impact flow hydraulics (Boothroyd et al., 2016;
Curran & Hession, 2013; Chen et al., 2012; Nepf, 1999), sediment transport (Bouma et al., 2007; Yager &
Schmeeckle, 2013; Yang et al., 2016; Zong & Nepf, 2011), and resulting channel morphodynamics (Bertoldi
et al., 2014; Bywater‐Reyes et al., 2017; Gurnell et al., 2019; Li et al., 2022; Tranmer et al., 2024). These physical
processes, in turn, affect the initial recruitment, stability, and fitness of individual plants as well as the diversity of
riparian ecosystems (Braatne et al., 1996; Caponi et al., 2019; Cooper et al., 1999; Corenblit et al., 2016; Shafroth
et al., 1995; Tranmer et al., 2020). Some of the complex feedback mechanisms between riparian vegetation and
physical processes are included in 1D and 2D morphodynamic models (Bertoldi et al., 2014; Caponi & Sivi-
glia, 2018; Li et al., 2022; Solari et al., 2016; Yamasaki et al., 2019). However, uncertainties remain on how to
best capture these feedback mechanisms, particularly for flow induced removal of seedlings. This can be critical
in river restoration projects, where planted seedlings are often used to increase bank strength, augment future
channel shading, and restore native vegetation populations. Whether such planted seedlings will be stable during
floods is largely neglected. Other restoration projects target manual or flow‐induced removal of non‐native
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seedlings owing to their potential negative effects on ecological function, channel morphology, and native
vegetation (Belote et al., 2010; Elliott et al., 2019; Johnson, 1997; Shafroth et al., 2010). Therefore, predictions of
flow‐induced seedling removal are important for fundamental channel morphodynamics and applied river
management.

During high‐flow events, individual seedling root resistance typically exceeds the fluid forces on a plant's
aboveground biomass and therefore, some degree of sediment scour is usually required for flow induced removal
(Bau’ et al., 2019; Bywater‐Reyes et al., 2015; Calvani et al., 2019; Edmaier et al., 2015; Taye et al., 2026).
Sediment scour can be locally caused by individual stems (Wu et al., 2021; Yager & Schmeeckle, 2013) or can
occur at larger spatial scales (e.g., patch, bar, reach) (Rominger et al., 2010; Taye et al., 2026; Tranmer
et al., 2024; Vargas‐Luna et al., 2019), the latter of which is our focus. Individual seedling removal with sediment
scour occurs when fluid forces exceed either the: (a) root‐sediment frictional forces (FP), which results in plant
uprooting and pullout of an intact root system, or (b) root tensile strength, which causes taproot breakage and root
pullout above the breakage point. The critical scour depth required for individual seedling removal (Lc) is
calculated by balancing fluid forces with root resisting forces (Bau’ et al., 2019; Bywater‐Reyes et al., 2015;
Calvani et al., 2019). To predict vegetation effects on channel migration and stability, morphodynamic models
often require some estimate of Lc for individual seedlings or patches of seedlings (Bertoldi et al., 2014; Caponi &
Siviglia, 2018).

Significant uncertainties remain in estimating Lc for individual seedling uprooting partly because predicting FP

can be challenging. Relatively simple mechanistic equations for single seedlings (Calvani et al., 2019), more
complex mechanistic root bundle models (Pollen & Simon, 2005; Pollen‐Bankhead & Simon, 2009; Schwarz
et al., 2010), or empirical fits between measured pullout forces and seedling characteristics (Bau’ et al., 2019;
Bywater‐Reyes et al., 2015) have all been used to determine FP. In particular, uncertainties remain in how to
represent the effects of: (a) variable taproot diameters, (b) root‐sediment friction, (c) lateral roots, and (d) root
hairs.

Equations using vertically constant (Calvani et al., 2019; Zhu et al., 2022) or vertically decreasing (Schwarz
et al., 2010) taproot diameters both provide reasonable FP predictions, making it unclear if taproot diameter
changes with depth are important. Root‐sediment friction effects are also not systematically parameterized; they
have been estimated from ropes/wood/steel/rubber pulled out of soil/sand mixtures (Calvani et al., 2019; Schwarz
et al., 2011; Zhu et al., 2022) or from simple sediment friction angles (Schwarz et al., 2010). Measured FP can
vary with the bed grain size distribution (GSD) (Bywater‐Reyes et al., 2015) likely because of GSD dependent
sediment friction angles (Yager et al., 2018) and root‐sediment friction coefficients (Schwarz et al., 2010).
However, root‐sediment friction has only been estimated for relatively fine grain sizes (sand or smaller) that is not
representative of the wider range of potential alluvial GSDs (e.g., sand vs. cobble‐gravel) in which riparian
vegetation (e.g., Populus, Salix, Tamarix) grows. Although some equations account for frictional resistance at
root junctions (Schwarz et al., 2010), most use smooth cylindrical roots. Such simplified root models do not
include root irregularities such as changes in root diameter, path, or shape caused by impenetrable obstacles such
as large rocks (thigmotropism) (Kolb et al., 2017; Martins et al., 2020; Silverberg et al., 2012).

The area and configuration of lateral roots can also affect FP (Mickovski et al., 2007; Schwarz et al., 2011), which
are included directly in root bundle models (Schwarz et al., 2010; Zhu et al., 2022). Despite the advantages of such
models, they typically contain many difficult to measure variables and do not include scour effects on FP, thereby
rendering them impractical for Lc estimates in morphodynamic models. Conversely, simple mechanistic FP

equations incorporate lateral roots as a greater number of total roots without accounting for potentially important
variables such as lateral root areas, lateral root diameters, or lateral root burial depths (Calvani et al., 2019).
Finally, although root hairs are important for water and nutrient uptake (Cai & Ahmed, 2022), their effects on
seedling stability and FP are uncertain; root hairs have been shown to significantly increase FP (De Baets
et al., 2020) or have no measurable effect (Bailey et al., 2002).

To address these uncertainties, we develop a simple mechanistic FP equation for individual seedlings that in-
cludes: (a) vertical taproot diameter changes, (b) effects of grain size distribution, root shape irregularities, and
lateral roots on root‐sediment friction coefficients, (c) root hair effects, and (d) sediment scour induced reductions
in buried root areas. We quantify root‐sediment friction coefficients using laboratory experiments in which we
measure FP for simulated roots with different shapes, bed GSD, and lateral root areas. We test our equation using
field measurements of FP and previously published data that include manual scouring around seedlings. We
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finally couple our FP equation with equations for fluid forces on individual plants to predict differences in scour
susceptibility between native and non‐native riparian species in the USA.

2. Methods
2.1. Pullout Forces, Drag Forces, and Critical Scour Depths

We developed a system of equations to predict Lc for individual seedlings that may be growing within patches of
vegetation or could be isolated on the riverbed. We assumed that within a patch of vegetation, root‐sediment
friction and FP for an individual seedling were not influenced by roots of other seedlings within the patch and
that pullout occurred rather than breakage because the root tensile strength exceeded FP. Although soil strength
can be influenced by roots from multiple plants (Pollen & Simon, 2005; Schwarz et al., 2010), the interacting
effects of multiple seedlings on root‐sediment friction within coarse alluvial sediment (e.g.., sand and gravel) are
unknown and require further investigation. Conversely, our calculations included the effects of vegetation patch
density on the fluid forces experienced by an individual seedling within a patch. Such effects have been well
studied and can be predicted using equations for flow through vegetation patches.

2.1.1. Pullout Force Equations

To predict FP, we started with the Mohr‐Coulomb law for saturated sediment

τs = c + [σ − uw] tan ϕ (1)

where τs is the sediment shear strength, c is the sediment cohesion, σ is normal stress, uw is the pore water
pressure, σ− uw is the effective stress, ϕ is the sediment friction angle (Table 1). We generally ignored cohesion
(c = 0) given that we are focused on gravel‐bedded rivers dominated by coarse sediment. Following Calvani
et al. (2019), we determined FP as the product of the sediment shear strength, root‐sediment friction coefficient
( f ), and the taproot area that remains for a given assumed erosion depth (Le) (Figure 1). Our FP equation accounts
for root hair resistance and a declining taproot diameter (DT) with vertical distance below the bed surface (z).
Assuming a constant DT overpredicted FP (see results section) because the largest overlying sediment weight
occurred at high z where DT was actually very small. We defined FP as

FP = π[ρs − ρw][1 − λ] g tan ϕ[1 + CRH]∫
LT

Le
[z − Le]DT(z) f (Le) dz (2)

where LT is total vertical taproot length, ρs is sediment density, ρw is water density, g is gravitational acceleration,
and λ is sediment porosity (Table 1). We included a root hair resistance term (CRH= 1.18), which is the ratio of the
force due to root hairs alone to the force from roots without hairs using data from Da Baets et al. (2020) (see
Figure S1 in Supporting Information S1). We integrated Equation 2 between Le and LT to obtain the pullout force
that results from a given scour depth; when Le= 0, this is equivalent to integrating between the bed surface (z= 0)
and the bottom of the taproot.

We estimated DT(z) using a dimensionless linear function

DT(z)
DT(0)

=
DT(z)
DS

= − 0.99
z
LT

+ 1 (3)

in which we assumed that: (a)DT at z= 0 is equal to the seedling stem diameter (DS) at the bed surface, and (b)DT

linearly decreases with z and reaches 0.01DS at the taproot end (z = LT).

We did not include lateral roots directly in Equation 2 because of the large amount of information required to
properly do so. For example, we would need to know the exact number of lateral roots, the vertical position at
which the lateral root begins, the angle of the lateral root from horizontal, the starting diameter of the lateral root,
the length of the lateral root, and the change in the lateral root diameter along its length. We instead indirectly
included the effects of lateral root area (ALR) through f (see Sections 2.2 and 3.1) and incorporated the effects of
lateral root scour by making f a function of the scour depth ( f(Le)).
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2.1.2. Drag Force Equations

The critical scour depth needed for seedling removal (Lc) is equal to Le in Equation 2 when the drag force on the
seedling (FD) equals FP (Bau’ et al., 2019; Bywater‐Reyes et al., 2015; Calvani et al., 2019). We ignored seedling
buoyancy and the drag force on any exposed roots after scour, which we assumed to be small or removed by the
flow. Buoyancy calculations required volumes of leaves and stems, which were not readily available but could be

Table 1
Symbol Legend

a Projected vegetation patch area per volume

Ac Frontal canopy area exposed to the flow

ALR Lateral root area before any scour

ALR(Le) Lateral root area for a given scour depth

c Cohesion

CD Seedling drag coefficient

CP Seedling pronation correction to reduce FD

CRH Root hair resistance term

DS Stem diameter at bed surface

DSEQ Stem equivalent diameter

DT(z) Taproot diameter at a given z

g Gravitational acceleration

GSD Grain size distribution of bed

HC Canopy height

h Flow depth

f Root‐sediment friction coefficient

FD Drag force on seedling

FP Root force resisting seedling pullout

Lc Critical scour depth; Lc = Le in Equation 2 when FP = FD

Le Assumed/measured scour depth for FP calculations

LT Taproot length

m Number of seedlings per unit bed surface area

S Energy slope

u Vertically averaged velocity over canopy height

u(Z) Velocity at Z distance above the bed

uw Pore water pressure

wc Volumetric water content of sediment

z Vertical distance below the ground surface

Z Vertical distance above the ground surface

ϕ Sediment friction angle

λ Sediment porosity

ρw Water density

ρs Sediment density

σ Normal stress

τ Reach‐averaged shear stress

τcg Critical shear stress for gravel

τcs Critical shear stress for sand

τs Sediment shear strength
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estimated in the future using allometric equations. The drag force on an in-
dividual seedling's aboveground canopy is

FD =
1
2
ρCDACu2CP (4)

where CD is the individual seedling drag coefficient, Ac is the individual
seedling frontal canopy area (Figure 1), u is the vertically averaged flow
velocity within a vegetation patch, and CP is a correction factor to account for
potential seedling pronation following Bywater‐Reyes et al. (2015) (Table 1).
Downstream oriented/pronating seedlings may require higher scour depths
than those oriented upstream or vertically (Taye et al., 2026) because pro-
nation likely reduces FD. We used a velocity profile equation for flow through
a submerged vegetation patch (Defina & Bixio, 2005), neglecting the portion
of the profile above the vegetation

u(Z) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2gS
β(G/H2C)

⎡

⎢
⎢
⎢
⎢
⎣
(
h
HC

− 1)
sinh (βZHC

)

cosh(β)
+
1
β

⎤

⎥
⎥
⎥
⎥
⎦

√
√
√
√
√
√
√

for 0 < Z ≤ HC (5)

where u is the flow velocity at Z vertical distance above the bed surface and

G = 0.0144
̅̅̅̅̅̅̅̅̅
hHC

√
(6)

β =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
aCDHC

G/HC

√

(7)

and S is energy slope, h is flow depth, andHC is canopy height (Figure 1). The
projected vegetation patch area per volume (a) is provided by

a = mDSEQ (8)

where m is the number of plants in the patch per unit bed surface area andDSEQ is the stem equivalent diameter of
the plants. For simplicity, we assumed that all seedlings within the vegetation patch are the same size as the
individual seedling of interest for which we are calculating pullout removal. Normally Equation 8 usesDS instead
of DSEQ by assuming plants lack foliage but to implicitly account for canopy foliage we determined DSEQ as

DSEQ = AC/HC (9)

Finally, u is given by the integral of Equations 5 over the canopy height

u =
1
HC

∫

HC

0
u(Z) dZ (10)

Grain roughness effects on the velocity profile are often neglected in flow through vegetation (Nikora et al., 2013;
Yang et al., 2015) and we assumed that differences in bed GSD will not significantly alter u .

2.1.3. Predictions of FP or Lc

To predict FP using Equations 2 and 3, we required estimated values of f, which we obtained in Sections 2.2 and
3.1, and measured values of ϕ, Le, DS, LT, and ALR. To instead predict Lc for a given flow condition, we iterated
Equations 2–10 to solve for Lc (Lc= Le) using estimated values of ϕ,DS, LT, ALR, S, h, m, HC and AC, and assumed
values of Cp (see SI related to Section 4.1 for details) and CD. We estimated ALR, HC, and AC using plant‐type

Figure 1. Conceptual diagram of seedling including the stem diameter (Ds),
taproot length (LT), lateral root area (ALR), canopy area (Ac), canopy height
(Hc), flow depth (h), flow velocity averaged over the plant height (u),
vertical distance belowground (z), vertical distance aboveground (Z), and
assumed erosion depth (Le). Figure background image generated with
Microsoft Copilot.
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specific regressions withDS to eliminate the need for direct measurements of every seedling.We did not develop a
regression for LT given its large potential site‐specific controls (e.g., groundwater, impermeable layer). We used
new field measurements and previously published data to develop these allometric relations and to test FP

predictions.

2.2. Laboratory Experiments to Estimate f

We conducted laboratory experiments to test whether f varies with GSD, ALR, root irregularities, and lateral root
burial depth. Following previous studies (Schwarz et al., 2011), we used ropes to simulate roots to avoid root
breakage and have repeatable conditions between experiments. In experiment Set 1, we used three different GSDs
(well‐sorted 1 mm diameter sand; gravel with sizes of 20–60 mm; mixture of 50% sand and 50% gravel) with
moisture contents of 20% by weight (∼28% by volume) to replicate conditions during field FP measurements
(Section 2.3.2). In half of the experiments, we tied 3 knots in the taproot to simulate taproot thickness irregu-
larities (see Supporting Information S1). For each GSD and presence/absence of knots, we used two different DT,
each having 8–12 different values of LT (Table 2).

In experiment Set 2, we used sand, a single DT without knots, and simulated lateral roots sown into the taproot.
Each lateral root had the same length and diameter to vary ALR by changing the number of lateral roots. We varied
the number of lateral roots (two, four, eight) or the lateral root depth (end of taproot, 10 cm above the end,
combination of both depths; Figure S3 in Supporting Information S1) between experiments, with each of these
conditions having a range of LT.

We buried two (with lateral roots) or four (without lateral roots) taproots within a 27 cm diameter bucket. We held
the taproots vertically during burial and placed them as far as possible from each other and the bucket walls. For
the gravel and sand‐gravel mix, the taproot did not remain perfectly vertical because large gravel particles leaned
on it during filling. We observed similar taproot path deviations when excavating real roots in gravel (Sec-
tion 2.3.2). Each lateral root was placed horizontally at the desired burial depth and was spread away from the
other lateral roots. Although lateral roots may grow at any angle, we used horizontal roots to simplify data
interpretation. After root placement, we vertically dropped the bucket 10 times from a height of 5 cm to settle the
sediment.

We vertically pulled on each taproot using a load cell (Transducer Techniques MLP‐300 with SSI display/logger)
until the root was completely removed from the bucket and recorded the measured peak force as FP. We measured
ϕ by placing each GSD on a board, rotating the board until sediment started to move, and recording the angle at
which movement occurred. We estimated the wet sediment bulk density as the wet sediment weight for a known
volume. We back calculated f for each taproot using Equation 2 with the known FP, DT, LT, λ, and ϕ. Therefore,
we removed the effects of sediment friction angle, taproot diameter, and burial depth to isolate the effects of root‐
sediment friction, root irregularities, and lateral roots. We varied the sediment moisture content in a third
experiment set (see Supporting Information S1) that verified our f values from Sets 1 and 2 were also

Table 2
Laboratory Experiments With Simulated Roots

Experiment set 1 2

Taproot diameter, DT (m) 0.0019, 0.0059 0.0059

Taproot length, LT (m) 0.18–0.45 0.175–0.45

GSD (Wet bulk density, ϕ) Sand (1,467 kg/m3, 35.9°),
Gravel (1,522 kg/m3, 52.2°),
Mix (1,990 kg/m3, 46.3°)

Sand (1,467 kg/m3, 35.9°)

Taproot irregularities With knots, Without knots Without knots

Lateral root area, ALR (cm
2) 0 3, 6, 12

Lateral root depth (m) N/A 0.13–0.45

Lateral root diameter (m) N/A 0.0015

Total number of experiments 108 40
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representative of the saturated bed conditions (Figure S4 in Supporting Information S1) that occur during high
flows and seedling pullout.

2.3. Field Measurements of Allometric Scaling and FP

2.3.1. Previously Published FP and Seedling Characteristics

Bywater‐Reyes et al. (2015) measured FP, DS, total root area, HC, LT, depth to groundwater, and AC for Populus,
Salix, and Tamarix seedlings grown at three different sites in the United States. They also manually scoured
sediment around a test group of seedlings to explore how Le affects FP. The total root area was measured using
scaled 2D photographs of excavated seedlings and included the taproot area. In their data, we estimated ALR for
each seedling as its total root area minus its average 2D taproot area (0.5LTDS), with any ALR<0 being removed
from the data set. We developed allometric relations between log(DS) and log(ALR), log(HC), and log(AC) for all
sites combined but separated Populus/Salix (native type) from Tamarix (invasive type). We compared our pre-
dicted and measured FP (see SI for details on calculations) only in the Bitterroot (BR; mostly gravel,
D50 = 23 mm) and Santa Maria (SM; mostly sand, D50 = 0.77 mm) Rivers because their GSDs were repre-
sentative of our f experiments.

2.3.2. FP and Seedling Characteristics on the Tagliamento River

Our study site focused on sand patches in a reach of the Tagliamento River, Italy (Latitude 46.235°N; Longitude
13.042°E; elevation 209.32 m a.s.l.) that has been previously used for analyses of riparian vegetation dynamics
(e.g., Bertoldi & Gurnell, 2020). The dominantly gravel‐bedded reach has an island‐braided morphology with a
braid plain up to 800 mwide and a longitudinal gradient of 0.0036m/m. A sediment sample from our sand site had
a 20% moisture content by weight, which set the moisture content in our f experiments (Section 2.2). The sieved
GSD had a maximum size of 2 mm, and a median size of 0.1 mm with 11% of the distribution being finer than
0.044 mm.

We measured FP for 20 seedlings that had finished one growing season at this sand site (DS = 1.3–5.2 mm). For
each seedling, we: (a) recorded the genus (Populus or Salix) and DS, (b) attached a static cord to the seedling base
and pulled vertically with the same load‐cell winch system (Transducer Techniques MLP‐300) as in Liffen
et al. (2013) for large plants, or with a hand‐held load cell (Wagner FDIX Force One) for small seedlings, (c)
recorded the peak force as FP, and (d) estimated LT using scaled photos. We only predicted FP (see details in SI)
for five seedlings (four Salix, one Populus) because the remaining 16 experienced significant breakage.

We also excavated full root systems of 10 Populus and 10 Salix seedlings at the sand site to test whether
allometric relations for Populus/Salix in the Tagliamento were similar to those from the United States' sites. For
each excavated seedling, we measured DS using calipers, HC using rulers, and ALR using scaled photographs. To
partly validate Equation 3, we also measured DT along z using scaled photos of three of these excavated
seedlings (two Populus, one Salix; LT ∼ 0.05–0.2 m) and using photos of three larger seedlings (two Salix, one
Populus; LT ∼ 0.4–0.6 m) excavated from other bars within the same reach.

3. Results
We first validated the general form of Equation 2 and explored controls of root irregularities, GSD, and ALR on f
using our laboratory measurements. We then used these data to develop a multiple regression equation for f. We
next tested Equation 3 using our field measurements of DT variation with z. We also developed allometric re-
lations to predict ALR, HC, and AC from DS using the compiled field data, and used simple equations to estimate
potential ALR decline with sediment scour. With all necessary equations in place, we explored the sensitivity of
the estimated FP to controlling variables (e.g., GSD, irregularities). Finally, we compared predicted to measured
FP for the Tagliamento and United States' field sites.

3.1. Laboratory Experiments and Predictions of f

3.1.1. Measured Controls on FP and f

In experiments without simulated lateral roots (Set 1), FP increased with greater taproot 3D surface area for all
tested LT and DT (Figure 2a) as expected from Equation 2. For a given total root surface area (3D taproot area +
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3D lateral root area), experiments with (Set 2) and without lateral roots generally had the same measured FP

(Figure 2a). Lateral root burial depth also did not affect FP (Figure S2 in Supporting Information S1). Lateral roots
therefore simply enhanced root‐sediment friction ( f ) through added root areas and did not impact the total
overlying sediment weight resisting root pullout. We conclude that lateral root effects can just be included in f
without needing detailed lateral root architecture information in Equation 2. Note that all taproot areas throughout
this paper are 3D surface areas and the added lateral root areas in Figure 2a are also 3D surface areas. All other
reported lateral root areas (ALR) for laboratory experiments, equations, and field measurements are 2D planar
areas to be consistent with field ALR being derived from 2D photographs. We isolated lateral root impacts on f by
calculating the median f for a given ALR in experiment Set 2 (sand, without knots). Median f increased with greater
ALR, which further confirmed that lateral root area partly controls root‐sediment friction (Figure 2b).

Experiments without lateral roots (Set 1) showed that GSD and knots also control f. Holding the presence/absence
of knots constant, median f increased from sand to gravel to mixed sediment, implying that f is greater with
coarser/wider GSD (Figure 2c). We controlled for differences in sediment bulk density and friction angle between
GSDs when estimating f; the GSD has additional impacts on f beyond these commonly used variables. The
standard deviation (std) of the f distribution also increased with coarser/wider GSD. For a given GSD, high f likely
occurred when large grains directly on top of (or adjacent to) the taproot pinched the taproot and needed to be
displaced before the taproot could be removed. When not in contact with the taproot, such large rocks had little to
no effect, producing low f values for both the gravel and sediment mixture that were similar to those for sand. We
observed a similar process during field seedling excavation; taproots were difficult to remove if overlain or
wedged by large gravel or cobbles. In addition to these large grain effects, the median and standard deviation of f

Figure 2. Experiments using buried ropes to simulate roots. (a) Measured pullout force (FP) as a function of the total buried
root surface area for knotless taproots buried in sand and that included or lacked lateral roots. (b) Measured root‐sediment
friction coefficient ( f ) distributions for different 2D lateral root areas (ALR) for knotless roots buried in sand. Std is the
standard deviation of each distribution. (c) Measured f distributions for taproots without lateral roots as a function of different
GSD and presence/absence of knots. (d) Predicted (Equation 12) versus measured f for every experiment (gray) with median
values (blue) for grouped experimental conditions (ALR, presence/absence of knots, GSD).
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were the largest for the sediment mixture likely because sand filled gravel pore spaces, thereby increasing local
root‐sediment contact areas. Taproot knots also increased the median f and the standard deviation in the f dis-
tribution (Figure 2c) for a given GSD. Knots acted in a similar way to large grains; the taproot would be
temporarily stuck during pullout as knots interacted with surrounding particles, particularly large rocks.

3.1.2. Equation to Predict f

In our experiments, fwas generally at least an order of magnitude larger than those previously used (e.g., 0.7–0.9)
(Calvani et al., 2019) to predict FP (Figures 2b and 2c). We concluded that a new equation was needed for f for
gravel‐bedded rivers. We first developed a multiple regression between log( f ) and log transformed nominal
metrics for GSD (sand = 1, gravel = 2, mix = 3) and knots (without knots = 1, with knots = 2) using all ex-
periments without lateral roots (Set 1)

f = 100.50+0.61 log(GSD)+1.46 log(knots),R2 = 0.72, adj. R2 = 0.52,p < 1 × 10− 5 (11)

We then initially developed a linear regression between f and ALR for the experiments with lateral roots (Set 2).
However, this predicted unrealistic values of f (e.g., 1 × 106) for field seedlings with ALR much greater than those
tested in the lab and demonstrated that f does not steadily increase with ALR. We therefore fit an exponential
function that: (a) asymptotes to a constant value of f for ALR > 12 cm

2 (maximum value in lab) and (b) predicts f
equal to that from Equation 11 when ALR = 0 (knotless taproot in sand) to seamlessly combine the two
regressions.

f = 100.50+0.61 log(GSD)+1.46 log(knots) + 4.33(1 − e(− 1866ALR(Le))) (12)

The second term on the right side of Equation 12 is from the second regression (R2 = 0.68, p < 0.003), where
ALR(Le) is the area of lateral roots remaining for a given scour depth. We lacked sediment scour in our experi-
ments and ALR(Le) = ALR, but in the field, scour will decrease lateral root area and f (see Section 3.3). The median
predicted f from Equation 12 closely matched the median measured f for a given experimental condition (i.e., ALR,
GSD, knots) (Figure 2d), as expected. Equation 12 only predicts a single f for a given condition and cannot capture
measured f variability (std) that was driven by local sediment packing or large rocks. Uncertainties in f predictions
are therefore likely to be an important source of FP prediction uncertainties (see Section 3.5). Future work is also
needed on f values for seedlings with ALR larger than 12 cm

2.

3.2. Validation of DT Variation With z

We tested whether DT decreases with vertical distance belowground as predicted by Equation 3 or remains
constant as assumed in previous studies. Despite careful efforts, no taproot was excavated to its full length and
smallest diameter because of the delicacy of small roots. For example, our smallest measured DT was relatively
large (0.15–0.37DS) because the taproot broke. We therefore estimated LT for each seedling using the measured
DS in Equation 3; we forced DT at the taproot end to equal the predicted value. Equation 3 predicted the general
measured DT decline with z for the tested seedlings (Figure 3), indicating that assuming a constant DT is likely
incorrect. Random DT variations were superimposed on this general vertical decline in DT and could be partly
caused by photo measurement error. However, visual inspection of real taproots showed that largeDT fluctuations
are driven by root shape irregularities (thigmotropism) and further confirmed the potential field importance of
“knots” used in our laboratory measurements of f. Such random DT variations, which are not represented by
Equation 3, likely add significant uncertainties to FP predictions in addition to the f spatial variations that are not
captured by Equation 12.

3.3. Allometric Relations and ALR Decrease With Scour

For a given seedling, we require ALR to calculate FP and require HC and AC to determine FD and Lc. We used data
from Bywater‐Reyes et al. (2015) to develop regressions between these variables andDS (Figure S5 in Supporting
Information S1) for Populus/Salix and Tamarix

log(HC) = 1.49 + 0.91 log(DS) for Populus/Salix, R2 = 0.55, p < 0.0001 (13‐1)
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log(HC) = 0.61 + 0.36 log(DS) for Tamarix, R2 = 0.40, p < 0.0001 (13‐2)

log(AC) = 1.94 + 1.82 log(DS) for Populus/Salix, R2 = 0.75, p < 0.0001 (14‐1)

log(AC) = 0.03 + 0.99 log(DS) for Tamarix, R2 = 0.59 ( p = 0.9 intercept, p < 0.0001 slope) (14‐2)

log(ALR) = 0.80 + 1.57 log(DS) for Populus/Salix, R2 = 0.54, p < 0.06 (15‐1)

log(ALR) = − 1.54 + 0.46 log(DS) for Tamarix, R2 = 0.20, p < 0.04 (15‐2)

We tested multiple regression equations that also included distance to groundwater, but onlyHC for Tamarix had a
statistically significant (p < 0.1) influence from groundwater and we therefore ignored the groundwater effects
discussed by Bywater‐Reyes et al. (2015). Measured ALR andHC for Populus/Salix in the Tagliamento River were
within the Populus/Salix data scatter from Bywater‐Reyes et al. (2015) (Figure S5 in Supporting Information S1).
Although likely important, site‐specific controls (e.g., groundwater depth, solar exposure) on these allometric
scaling relations could not be isolated and we used Equations 13‐1, 13‐2, 15‐1, and 15‐2 for all subsequent
calculations.

While Equation 15 predicts lateral root area before any scour, another equation is necessary to estimate the
remaining lateral root area for a given scour depth (ALR(Le)). Vertical ALR distributions are not generally
quantified for Salix, Populus, or Tamarix. Based on similar assumed equation forms as in Cunico et al. (2024), we
therefore assumed three different possible root distributions where ALR is: (a) linearly distributed throughout LT
(b= 1), (b) concentrated near the surface (b= 7), or 3) concentrated at depth (b= 0.15). We estimated ALR(Le) for
these three conditions (Figure 4) using the different listed exponents (b) in

ALR (Le) = ALR[1 −
Le
LT

]

b

(16)

3.4. Predicted Controls on FP

With all equations developed, we explored FP sensitivity to DS, GSD (sand vs. mixture), root shape irregularities
(knots in our experiments), and root hairs. We used Equations 2 and 3, 12, 15‐1, and 15‐2 for Populus/Salix, (16)
with b = 1, and the following values: ϕ from Table 2, λ = 0.3, ρs = 2,650 kg/m

3, ρ = 1,000 kg/m3, Le = 0 m, and
LT = 0.3 m. As expected, FP increased with larger DS because of greater taproot and lateral root areas associated
with larger seedlings (Figures 5a and 5b). For the same DS, FP was 2–2.7 times higher for seedlings in a sediment

Figure 3. Measured normalized taproot diameter (DT(z)/DS) as a function of normalized vertical distance (z/LT) for six
seedlings. Equation 3 is the solid black line.
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mixture than in pure sand because of higher f and ϕ for the sediment mixture
(Figure 5a vs. 5b). Holding all else constant, addition of root shape irregu-
larities or hairs increased FP by a factor of 1.7–2.6 or 2.2, respectively, and
including both effects resulted in 3.8–5.8 times higher FP. Root shape irreg-
ularities had greater impacts on FP for the sediment mixture than for sand,
reflecting measured f changes with knots for different sediments in our ex-
periments (Figure 2c). In summary, ignoring the effects of coarse GSDs, root
shape irregularities, and root hairs can result in large underestimates of FP.

We now examine how Le affects FP using the three different potential ALR(Le)
forms resulting from Equation 16 and by unrealistically assuming ALR is
unaffected by scour. To generalize our results, we discuss normalized scour
depths (Le/LT) and pullout forces (FP(Le)/FP(Le = 0)), where the normalized
pullout forces are pullout forces for a given scour depth divided by the pullout
force without any scour. Irrespective of input variables, FP was generally
∼35%‐50% or 5%–10% of its pre‐scour value when the scour depth was 20%
or 50%, respectively, of the taproot length (Figures 5c and 5d). This implies
that a relatively small amount of scour can significantly reduce the root
resistance force keeping seedlings in place and therefore the fluid force
needed to remove seedlings.

Figure 4. Effect of normalized scour depth (Le/LT) on the proportion of
lateral root area remaining buried (ALR(Le)/ALR) for three different assumed
vertical distributions of ALR.

Figure 5. Effects of stem diameter, root shape irregularities, and root hairs on predicted FP for (a) a sediment mixture and
(b) sand. (c, d): Effect of Le/LT on normalized pullout forces for different lateral root distributions (Equation 16, blue lines) or
for assuming lateral roots do not change with scour (black line). (c) Calculations are for a high total friction from a sediment
mixture with root irregularities and hairs versus (d) a low total friction from sand with no root irregularities or hairs. Any lines
not visible in (c, d) are underneath other lines.

Journal of Geophysical Research: Earth Surface 10.1029/2026JF009129

YAGER ET AL. 11 of 18

 21699011, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026JF009129 by C

ochraneItalia, W
iley O

nline L
ibrary on [28/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The relation between normalized pullout forces and scour depths was independent of DS and LT and only
depended on frictional sources (GSD, root irregularities, root hairs, ALR) (Figures 5c and 5d). The assumed
vertical distribution of ALR had little influence on normalized pullout forces when total friction was high (i.e., root
irregularities, root hairs, sediment mix) (Figure 5c) but a relatively large impact when total friction was small (i.e.,
no root irregularities, no root hairs, sand) (Figure 5d). This occurred because the proportional influence of ALR on
f, compared to all other frictional sources, changes with total friction (see Figure 2c). For low total friction, ALR

has a relatively high proportional influence on f, causing different lateral root distributions to change the
normalized pullout force by up to 50%.

Regardless of total friction, the vertical ALR distribution had the largest impact on normalized pullout forces
at intermediate Le/LT (∼0.2–0.6) because of competing effects as Le/LT increased. For example, when scour
depths are small (Le/LT < 0.2), small changes in f because of low lateral root loss are multiplied by large
overlying sediment weights and large taproot areas (Equation 2) to have little impact on FP. At large scour
depths (Le/LT > 0.6), large changes in f from high lateral root loss are multiplied by small overlying
sediment weights and small taproot areas to also cause little change in FP. Instead, moderate scour depths
have significant changes in f multiplied by moderate overlying sediment weights and taproot areas to cause
large FP changes.

3.5. Field Validation of Predicted FP

We used field measured FP (Section 2.3) to test: (a) our predictions of FP using Equations 2 and 3, 12, 15‐1, 15‐2,
and 16, (b) the importance of root hairs by removing their effect from Equations 2, and 3) the importance of a
vertically changing DT by assuming DT(z) = DS instead of using Equation 3. Details on the input variables used
for each site are provided in the Supporting Information S1. We compared the predicted and measured FP using
the log‐transformed mean‐absolute error (MAE) (see Yager et al., 2012 for details).

Assuming a constant DT(z) resulted in systematic over‐prediction of FP (MAE = 3.8) with 78% of observations
being over‐predicted and 19% being over‐predicted by more than an order of magnitude (Figure 6a). This
occurred because constant DT(z) multiplies the large overlying sediment weights at the taproot bottom by
incorrectly high taproot areas. Removal of root hair effects counteracted the constant DT(z) to improve FP pre-
dictions (MAE = 3.0) (Figure 6b). In previous studies, constant DT(z) may have produced accurate FP or Lc
predictions because root hair effects were excluded and low f values were employed (0.7–0.9) (Calvani
et al., 2019). We suggest instead that FP predictions includeDT(z) variations because our measuredDT(z) declined
with z, even for small seedlings (Figure 3).

With DT(z) represented by Equation 3, accurate FP predictions were only obtained by including root hair effects.
Excluding root hair effects resulted in systematic under‐prediction of FP (84% of data; 15% by more than an order
of magnitude) and high prediction errors (MAE = 4.3) (Figure 6d). Including root hairs provided the lowest
observed prediction errors (MAE = 2.9) without systematic under‐ or over‐prediction (Figure 6c). Prediction
accuracy was independent of both plant type (Populus/Salix vs. Tamarix) and manually imposed scour depths,
implying that the combination of Equations 2 and 3, 12, 15‐1, 15‐2, and 16 generally captured these two effects on
FP. Systematic under‐prediction of FP at all sand sites occurred because these locations likely had silt/clay
material that had cohesive effects, which were neglected in our calculations.

Even with root hair and DT(z) variation effects included in Equation 2, FP prediction errors were up to an order of
magnitude (Figure 6c). Such errors partly occurred because of large uncertainties in ALR estimated from Equa-
tions 15‐1 and 15‐2; ALR had an order of magnitude of scatter for a given DS (Figure S5 in Supporting Infor-
mation S1). However, FP predictions were relatively insensitive to ALR if other significant frictional sources were
present (e.g., gravel, root irregularities) (Figure 5c), which occurred for all sites. Therefore, FP prediction errors
were most likely caused by unaccounted for local field variations in f given the high f variability measured for a
given laboratory condition (Figure 2). Further uncertainties may have resulted from unquantified spatial vari-
ability in λ, DT(z), ϕ, and bed saturation as well as from unquantified matrix suction effects (see Supporting
Information S1).
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4. Discussion
Accurate pullout force predictions are required: (a) friction coefficients that account for GSD, root irregularities,
and lateral roots, (b) decreases in taproot diameter with vertical distance belowground, and (c) root hair effects.
Specifically, friction coefficients developed from pulling metal rods through soil (Calvani et al., 2019;
Potyondy, 1961) were at least an order of magnitude smaller than what we measured for coarse alluvial sediments
(Figure 2) and resulted in underpredictions of FP by orders of magnitude. Root‐sediment friction in rivers
therefore cannot be accurately estimated from agricultural or construction studies that use much finer sediment.
However, we observed considerable scatter in the friction coefficient for a given sediment and root condition
(Figure 2). Estimates of root‐sediment friction could be improved through future experiments. For example, we
co‐varied the GSD variance and median size in our experiments and could not separate these two effects. We
suggest additional experiments to further improve our f equation that: (a) independently vary GSD moments, (b)
have a wider range of lateral root depths, areas, and angles, and (c) include lateral root irregularities.

We developed FP and scour depth predictions using allometric relations for Populus/Salix and Tamarix but
similar predictions could be expanded to other species/plant types by simply replacing these scaling relations in
Equations 13‐1, 13‐2, 14‐1, 14‐2, 15‐1, and 15‐2. Further, we observed root hairs when excavating Populus/Salix
but for any plants lacking root hairs, the root hair correction factor could be simply set to zero. Although we
ignored the effects of pronation angle in both our measured and predicted FP, our FP predictions for manually
pronated seedlings from Bywater‐Reyes et al. (2015) still reasonably match the measured values. Development of
predictive equations for pronation angles could improve future FP estimates. We only account for root pullout
resistance to seedling removal, but seedlings could instead be removed by taproot breakage if the flow strength

Figure 6. Measured versus predicted FP for the Bitterroot (BR) and Santa Maria Rivers (SM) from Bywater‐Reyes
et al. (2015) and for the Tagliamento River (Tag). Populus/Salix (circles), Tamarix (squares), sand sites (black and gray), and
sediment mixtures (blue) are shown with a 1:1 line (solid black) and order of magnitude of prediction uncertainty (dashed
black lines). In (a, b) a vertically constant taproot diameter is employed whereas in (c, d) the taproot diameter changes as
shown in Figure 3 (Equation 3). Predictions in (a, c) include root hairs, whereas those in (b, d) exclude root hairs.
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exceeds the root tensile strength. Future work on a root breakage equation
would provide a comprehensive understanding of the effects of scour depth
on seedling removal.

4.1. Implications for Channel Morphodynamics and Restoration of
Native Species

In morphodynamic or riparian vegetation recruitment models, thresholds for
physical disturbance and seedling removal by the flow include a critical
Shields number, critical proportion of belowground biomass that is scoured,
or critical bed erosion depth (Benjankar et al., 2020; Bertoldi et al., 2014;
Caponi & Siviglia, 2018; Li et al., 2022; Tranmer et al., 2023). Such
thresholds are usually assumed to be independent of vegetation characteris-
tics, which may not be physically reasonable. For example, previous studies
have found that the critical scour depth for seedling removal should vary with
total root biomass, length or volume, taproot depth, and/or the vertical root
distribution (Caponi & Siviglia, 2018; Taye et al., 2026). To test if other
variables are important, we predicted the relative critical scour depth needed
for seedling removal (Lc/LT) using Equations 2–10, (12), (13–15) for Populus/
Salix seedlings, and (16) with assumed values for the GSD, LT, DS, CP, CD,
and plant density within a patch (m). We iteratively solved this system of
equations using reach‐averaged flow conditions capable of transporting
gravel (τ/τcg= 1; τ= reach‐averaged shear stress, τcg= critical shear stress for
gravel) and calculated the corresponding transport stage for sand (τ/τcs) for
the same τ (see Supporting Information S1 for details).

For a given τ, relative critical scour depths varied substantially (e.g., 0.1–0.9)
with GSD and vegetation density (Figure 7). Holding all else constant,
seedlings in sand required lower Lc/LT than those growing in sediment mix-
tures (Figure 7a) because of lower root‐sediment friction. Seedlings in dense
vegetation patches (high m) required greater Lc/LT than those in sparse
patches (low m) (Figure 7a) because they experienced lower flow velocities
and therefore drag forces. The critical scour depth also varied with reach‐
averaged flow conditions and aboveground seedling characteristics (dis-
cussed below). Assuming a constant critical scour depth in morphodynamic
models could result in large errors in predicted vegetation removal and
resulting flow, sediment transport, and morphology changes. Explicit
implementation of our proposed equations in reach‐scale morphodynamic
models would likely require significant computational time and large
amounts of input variable information that may prove prohibitive. Instead, our
estimated variability in critical scour depths could be implemented in such
models using statistical approaches (Cunico et al., 2024) to investigate how
critical scour depths influence morphodynamic changes.

Our calculations also have implications for riparian vegetation restoration.
For example, Lc/LT strongly varied with taproot length when LT ≤ 0.3 m
(Figure 7a). Therefore, seedlings with taproot lengths limited by high water
tables or by growth in the channel near baseflow elevation (Broadfoot, 1973;
Cooper et al., 1999; Mahoney & Rood, 1992; Naumburg et al., 2005; Scott
et al., 1996; Stromberg et al., 2007; Tron et al., 2014) may be particularly
susceptible to scour. Seedlings growing in dense vegetation patches required
relatively high Lc/LT (Figure 7a) and such patches may also experience lower
sediment scour depths than sparse patches for the same upstream sediment
supply (Yager & Schmeeckle, 2013). Thus, seedlings in dense patches could

Figure 7. (a) Critical scour depth (Lc/LT) variation with taproot length (LT),
plant density (m), and sediment type (sand vs. sediment mixture). Critical
scour depth variation withDT, LT, and plant type for a sediment mixture with
m of (b) 3 m− 2 or (c) 30 m− 2.
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be more scour stable than those in sparse patches. Restoration of Populus/Salix through seeding planting pro-
grams may benefit from denser plantings with appropriate groundwater levels to reduce seedling removal through
scour. Conversely, dense plantings may result in greater competition and less healthy seedlings (Adair &
Binkley, 2002; Tozzi et al., 2013). A holistic understanding of seedling density effects on competition, applied
fluid forces, and FP may inform the best planting density.

4.2. Removal of Native Versus Invasive Species by Scour

Some restoration efforts include manual or flow‐driven removal of non‐native plants (e.g., Tamarix in the United
States) (González et al., 2017; Kui et al., 2019; Shafroth et al., 2010; Stromberg et al., 2007) or sometimes even
native species that have stabilized normally bare channel bars that provide critical avian habitat (Johnson, 1997).
We compared predicted Lc/LT for different aged Populus/Salix and Tamarix seedlings growing in a sediment
mixture and subjected to τ/τcg = 1.5 (see SI for details). We assumed DS was a proxy for age and that LT was
independent of DS and was limited by external factors (e.g., groundwater level).

For Populus/Salix, Lc/LTwas mostly independent of seedling age for lowm (Figure 7b) and counterintuitively was
greater for younger plants (smaller DS) than older plants for large m (Figure 7c). In contrast, Tamarix required
greater Lc/LT for older seedlings (largerDS) regardless ofm. Tamarix also required lower Lc/LT than Populus/Salix
for young seedlings (e.g., DS < 5 mm), implying that young Tamarix may be more susceptible to flow removal
than Populus/Salix. Older invasive seedlings (e.g., DS > 10 mm) had similar removal potential as native plants.
These results demonstrate that Tamarix removal throughflow releases could likely only occur when seedlings are
very small (∼ first year of growth), as empirically demonstrated by Bywater‐Reyes et al. (2015). Manual removal
could be required for older Tamarix to avoid also scouring Populus/Salix of similar sizes. We conclude that
Tamarix scour resistance is not a major contributor to Tamarix outcompeting Populus/Salix in regulated United
States' streams. Instead, Tamarix has different drought and salt tolerances, adaption to disturbances, or tolerance
of high/low nutrient levels (Edwards, 2024; Edwards et al., 2024).

Predicted Lc/LT differences between Tamarix and Populus/Salix were controlled by the allometric relations for
ALR,HC, and AC for each plant type (Equations 13‐1, 13‐2, 14‐1, 14‐2 15‐1, and 15‐2 and Figure S5 in Supporting
Information S1). For low DS, Tamarix had both higher canopy areas (AC) and greater canopy heights (HC) than
Populus/Salix, causing higher applied flow velocities and drag forces and therefore lower required Lc/LT. For
large DS, Tamarix had slightly higher HC but lower AC compared to Populus/Salix, resulting in similar Lc/LT. For
Populus/Salix, minimum Lc/LT values occurred at moderate DS because of similar allometric tradeoffs between
ALR, HC, and AC with larger DS. A better understanding of the site‐specific controls (e.g., depth to groundwater,
climate) on these allometric relations (Bywater‐Reyes et al., 2015) could improve Lc/LT predictions for invasive
and native species.

5. Conclusions
We presented a new mechanistic equation for the pullout force resisting riparian seedling removal by the flow.
Our equation incorporates root‐sediment friction, root hair effects, taproot diameter changes with vertical distance
belowground, and sediment scour effects on remaining root areas. Laboratory experiments demonstrated that
previously employed constant root‐sediment friction coefficients could be orders of magnitude too low. We
instead developed an empirical equation for root‐sediment friction varying with the bed grain size distribution,
root irregularities, and lateral root areas. Predicted pullout forces matched measured values only if we incor-
porated these frictional effects, root hairs, and taproot diameter changes with depth.

We combined our pullout force equation with equations for the applied fluid force on an individual seedling
within a vegetation patch to determine the critical scour depth for seedling removal by the flow. Contrary to
common assumptions in morphodynamic models, the critical scour depth was not constant and should be treated
as a dynamic parameter influenced by belowground and aboveground seedling traits, reach‐averaged flow
conditions, bed grain size distributions, and vegetation density. Invasive and native seedlings had similar critical
scour depths except for very young plants, which suggests that invasive species removal strategies (i.e., flow
based vs. manual) should vary with seedling age.
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