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Abstract Vegetation plays a fundamental role in riverine environments, by affecting both hydrodynamics
and morphodynamics. At the same time, flow velocity and sediment scouring influence the decay of plants by
uprooting. The balance among such interactions defines whether or not rivers are colonized by submerged or
emergent vegetation. Previous studies focused on the shift between vegetated and barebed conditions through
flume experiments or numerical simulations. Herein, we derive analytical formulations for the threshold

in terms of flow velocity and Froude number, by accounting for the conditions of submergence. Both the
formulations predict lower thresholds for submerged vegetation than emergent plants. Vegetation characteristics
and flow regime variability play the major role in controlling the thresholds. The comparison of the proposed
relationships to available data shows a good agreement. These results have important implications to understand
bio-morphological changes induced by natural and human factors, as well as to design effective river restoration
projects.

Plain Language Summary Fluvial systems are amongst the most biologically and economically
important environments. The interactions between water, sediments, ecological components, as well as human
interventions lead to the developments of different riverine habitats. In this work we refer to the presence or not
of submerged plants, generally growing in water and emergent vegetation, generally riparian shrubs and trees
growing on riverbanks. We provide simple formulations to discriminate conditions for which plant species may
colonize and survive in a given fluvial environment. The critical conditions are derived in terms of the mean
flow velocity and the Froude Number, a dimensionless quantity relating flow velocity to the water depth. We
tested the proposed formulations against data from real rivers and highlighted that submerged vegetation shows
lower values of the threshold quantities than emergent plants. Besides other factors, the analysis may explain
why submerged plants are less common in large rivers and paves the way to understand the evolution of the
riverine systems subject to climate change, colonization by invasive species and human interventions.

1. Introduction

The presence of vegetation in fluvial environments was widely studied during the last decades (Nepf, 2012;
Solari et al., 2016; Wang et al., 2015, for a review). As part of the riverine habitat, plants have strong influence
on hydrodynamics, by altering the flow field (Bennett et al., 2002) and providing additional flow drag (Aberle &
Jarveld, 2013; Luhar & Nepf, 2013, among others), and on morphodynamics, by affecting threshold conditions
for the incipient motion of sediment (Yang et al., 2016) and the sediment transport rate (Vargas-Luna et al., 2015;
Vistild & Jarveld, 2018). Moreover, the presence of both submerged and emergent vegetation positively impacts
the quality of the fluvial system (Dosskey et al., 2010, for a review). Additionally, recent studies demonstrate the
influence of fluvial vegetation on the trapping of pollutant microplastics (Schreyers et al., 2021). At the same
time, water flow and sediment transport affect vegetation growth, spread and decay through processes of burial
(Pasquale et al., 2014) and uprooting (Edmaier et al., 2011, 2015). Furthermore, recent studies investigated the
influence of sediment supply and channel dynamics on the altered growth of vegetation at a river-basin scale
(Gran et al., 2015).

Vegetation dynamics in fluvial environments is typically modeled by the evolution in time and space of the plant
density. The equation includes a growth term, whose general solution is represented by a logistic function (Camp-
oreale & Ridolfi, 2006) and a decay term due to plant mortality induced by flow uprooting (Perona et al., 2014).
Further terms can be included in the equation. These terms are usually represented by high-order space-deriva-
tives of the plant density. For instance, D’Odorico et al. (2007) and Crouzy et al. (2016) proposed a diffusive term
(i.e., the Laplacian A = 9%dx* + 9*/dy?) to account for positive feedbacks between neighboring plants, later used
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Figure 1. Riparian and submerged vegetation in rivers (pictures taken by the authors). (a) Downstream view of the Rio Umia in Caldas de Eris (ES) (coordinates
42°36'10.49"N 08°38'33.51”"W) with submerged plants and grassy vegetation on the in-channel deposits (July 2021). (b) Upstream view of the Mangatokerau River
near the confluence into the Hikuwai River (NZ) (coordinates 38°17'57.26”S 178°15'31.36"E) with young shrubs on the banks (December 2019). (c) Downstream view
of the Secchia River near San Possidonio (IT) (coordinates 44°53'30.63”N 10°58'26.31”E) with mature bushes and trees on the banks (June 2021).

by Bérenbold et al. (2016) to perform a stability analysis of vegetated patches. Furthermore, Lejeune et al. (2002)
involved a bi-Laplacian term (i.e., A2) to investigate the dynamics of plants in arid landscapes.

While most of the research investigated the stability conditions for the emergence of vegetated patches, few
studies focused on the thresholds for the shift between vegetated and barebed states (Figure 1). Bendix (1999)
showed the influence of the unit stream power on riparian vegetation in the Piru and Sespe creeks (California,
USA). However, they concluded that vegetation may even survive in regions subjected to high stream power.
Bertoldi et al. (2014) numerically simulated the morphological evolution of the Magra River (Italy) by involving
simple relations for vegetation dynamics and its effects on flow velocities and sediment transport. They found a
range for the stream power, @, where the shift towards barebed conditions occurred. Perona et al. (2012) carried
out flume experiments with Avena sativa and found that the ratio between duration and intertime of flood plays
a key role in the uprooting process. More recently, Bertagni et al. (2018) and Calvani, Perona, Zen et al. (2019)
considered the dynamics of vegetation and variable flow discharges, mathematically simulated by a Compound
Poisson Process. Similarly to Perona et al. (2012), they found that the flow variability (parametrized by ¢, and
ﬂp in Bertagni et al., 2018 and Calvani, Perona, Zen et al., 2019 respectively) determines the threshold between
vegetated and unvegetated conditions.

In this work, we take into account the equation for vegetation dynamics at the steady state and derive simple rela-
tions for the critical conditions for which submerged and emergent plants are completely removed from the fluvial
system (shift from vegetated to barebed conditions). Then, the proposed equations are tested against data avail-
able in literature and the comparison shows a good agreement. Additionally, the proposed formulations hint that
the threshold values are mostly dependent on vegetation characteristics, thus suggesting that either plants adapted
to live in a certain fluvial environment, or the fluvial system operates as a species selector. Besides the interest for
river scientists, outcomes of our analysis have direct implications for practitioners to design restoration projects.

2. Mathematical Formulation

The dynamics of vegetation density is usually modeled by the sum of a growth term, a diffusive term mimick-
ing the positive feedbacks among nearby plants (D’Odorico et al., 2007), and a decay term to account for plant
removal due to flow drag acting on the submerged height of the plants (Perona et al., 2014). Previous studies
considered that each process (growth, spread, decay) does not occur at the same time. For instance, the decay due
to uprooting takes place during flood events only, while such high-flow conditions inhibit the growth process
(Crouzy et al., 2016). Birenbold et al. (2016) considered that plants grow for a period 7,, diffusion takes place
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during a time 7,,, and flow removal lasts 7,, over a total timescale T =, + 7, + 1,. Accordingly, the 1D equation
for vegetation dynamics can be written as:

%P = e (b= ) 2+ apADL — ay prmin (.Y} U 4 ()
where ¢ is the spatial density of vegetation, # is time, ¢, is the carrying capacity, Y is the water depth, &, is the
plant height, U is the mean flow velocity, and a,, a;, and a, are the growth, diffusion and decay rate, respectively.
The term min{A,, Y} accounts for the effective height subjected to flow drag. We remark that the decay rate
a, depends on flow regime as well, while ¢,, a;, and a, are species dependent only (Calvani, Perona, Schick,
et al., 2019). To be consistent with the 1D formulation, the Laplacian operator in Equation 1 accounts for the
spatial derivative in the longitudinal direction, only. In 2D models, the equation can be modified by replacing the
longitudinal velocity U by the modulus of the flow velocity, |I7| (Bérenbold et al., 2016), and by considering both
the longitudinal and the transversal coordinates in the Laplacian term. At equilibrium, the left-hand side term
(i.e., the time derivative) is null, as well as spatial derivative terms (e.g., Laplacian). In this condition, Equation 1
simplifies to:

o (P — Pty — aa pmin {h,, YU, =0 )

which is a quadratic equation in the variable ¢. Barenbold et al. (2016) already found that the problem admits a
trivial solution ¢, = 0, where the subscript O refers to equilibrium conditions. As such, no vegetation is never
allowed to grow and establish. The non-trivial solution of Equation 2 reads:

gty

p min {h,, Y} U? 3)

88

(l’(),l = ¢m -

The form of Equation 3 suggests that the solution, ¢, ;, may vanish (i.e., ¢, = 0) according to the values of
the parameters on the right-hand side. By arranging the terms, Equation 3 yields to the condition of the critical
velocity U,:

U, ifh, <Y
U .= 4
U, Vho/Y  ifh,>Y

with

U, = /% &n )
ag ta hy

The critical velocity U, represents the threshold value of mean flow velocity for the switch between vegetated
(U < U,) and barebed (U > U,) conditions (Figure 2a). The ratio & /Y represents the relative emergence. By intro-
ducing the celerity (g Y)"2, where g is the acceleration due to gravity, Equation 4 can be made dimensionless,
thus it reads:

Fro\/hJY — ifh, <Y

Fr. = (6)
Fro hyJY ith,>Y

with

1 m
Fr, = U, _ [oglg ¢ D

\Vghy @ ta g h;

The quantity Fr, = U, (g Y)7'” represents the critical Froude number for the establishment of vegetation

(Figure 2b). Similarly to U,, it turns out that vegetation can withstand flood events and may settle when the
Froude number is lower than Fr,. On the contrary, the riverbed remains unvegetated when the Froude number is
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—San Juaﬂ 4
—SF Salmon 1
L5 —Yampa
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1+ —SF Salmon 1
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Figure 2. Threshold conditions for the establishment of vegetation for the San Juan River (reach 4, blue line), the SF Salmon
River (reach 1, black line) and the Yampa River (red line). Vegetation and hydraulic parameters are taken from Table 1. (a)
The critical velocity U, versus water depth Y (Equation 4). Inset panel shows regions of vegetated and unvegetated conditions
for the San Juan River (reach 4). (b) The critical Froude number Fr, versus carrying capacity ¢,, (Equation 6). Inset panel
shows regions of vegetated and unvegetated conditions for the SF Salmon River (reach 1).

m

higher than the critical value. This result was graphically obtained by Bérenbold et al. (2016), while in this work
we explicitly provide an analytical expression. For given characteristics and properties of the vegetation, both the
Equations 4 and 6 show that the threshold variables admit a maximum in correspondence of emergent conditions.
This is clearly highlighted by the presence of the term £ /Y (i.e., the inverse of the submergence degree) which
is always higher than one for emergent vegetation. In almost emergent conditions (i.e., i, = Y), the thresholds U,
and Fr, equal the quantities U, and Fr,, respectively. These critical values are mostly dependent on vegetation
properties (i.e., species and growth stage), as shown by Equations 5 and 7.

3. Results

The graphical behavior of Equations 4 and 6 for plant in emergent conditions are plotted in Figures 2a and 2b,
respectively. Interestingly, the curves show that the amplitude of vegetated regions depends on the critical vari-
able. For instance, the formulation for threshold velocity (Equation 4) predicts a higher vegetated region (the
area below the critical curve) for SF Salmon River (reach 1, black line in Figure 2a) than the Yampa River (red
line in the same plot). Conversely, the formulation for the critical Froude number (Equation 6) indicates that the
vegetated region is higher for the Yampa River (compare the regions below the black and red lines in Figure 2b).

We validate the proposed relationships for the critical velocity, U,, and the critical Froude number, Fr,, by
comparing predicted values to the calculated thresholds for the rivers listed in Table 1. For the sake of compar-
ison, we derive threshold values for the rivers in Table 1 by rearranging Equation 4 in Calvani, Perona, Schick,
et al. (2019), a formula modeling the conditions for which plants disappear in vegetated channels with converging
riverbanks. From such equation, by involving the Manning relation, one can obtain:

Ur = (ks S)3/10<G (05 + q§/3>>—3/20 (qu 1y >7/20 N

gty

~ 7/80
Fro = g‘l/zka/“O S("/ZO(G (05 + q?/})) 3/80<¢m ag 1, ) ©)

Qg tyg

where the superscript m denotes that values are calculated according to measured values, k is the Gauck-
ler-Strickler coefficient, S is the bed slope, G = Ds (s — 1) is a quantity related to the mean grain size, D, and
sediment-to-water density ratio, s, @, is the critical Shields number for incipient sediment transport and g, is the
dimensionless sediment transport. Values of measured quantities, as well as the threshold values of U and Fr?"
calculated by means of Equations 8 and 9, are reported in Table 1. For the sake of clarity, in the calculations
we assume the growth period 7, equal to 365 days, according to the hypothesis that, on a yearly timescale, the
duration of high flows is much shorter than that of low flows (i.e., 1, < f,, see Table 1), as done by Calvani,
Perona, Schick, et al. (2019). Additionally, we perform the calculation by accounting for emergent conditions
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Table 1
Vegetation Parameters and Hydraulic Data for the River Reaches Involved in the Analysis
ur o Fr?
River name and reach a, [107 h Km~?] a, [cm? y~'] ¢,, (10> m~?] t, [h] Y[m] [ms™'] []
Clearwater 1 3.951 79.94 35.46 1.356 1.72 2.12 0.52
Clearwater 2 3.951 79.94 35.46 1.356 1.93 2.09 0.48
Clearwater 3 3.951 79.94 35.46 1.356 1.93 2.09 0.48
Colorado 1 16.48 38.47 129.3 0.952 0.71 1.60 0.61
Colorado 2 16.48 38.47 129.3 0.952 0.71 1.60 0.61
Colorado 3 16.48 38.47 129.3 0.952 0.71 1.60 0.61
Endrik 16.48 43.84 114.3 0.952 0.82 1.39 0.49
Feshie 16.48 43.84 114.3 0.952 0.46 2.27 1.07
Johnson 2.286 70.64 351.9 1.694 0.87 1.93 0.66
Kander 34.27 233.4 48.35 0.619 0.40 2.00 1.01
Little Snake 1 54.09 147.0 97.4 0.485 1.14 1.49 0.45
Little Snake 2 54.09 147.0 97.4 0.485 1.14 1.50 0.45
NF Clearwater 3.067 163.7 35.11 0.539 0.44 1.66 0.80
Salmon 3.951 309.6 44.14 1.356 1.68 2.50 0.62
San Juan 1 64.35 1.362 50.00 0.395 0.99 243 0.78
San Juan 2 64.35 429.5 50.00 0.395 0.99 243 0.78
San Juan 3 64.35 291.7 72.59 0.395 1.60 1.72 0.43
San Juan 4 64.35 291.7 72.59 0.395 2.01 2.00 0.45
Selway 1 3.066 166.8 18.4 0.539 0.52 1.21 0.53
Selway 2 3.066 166.8 18.4 0.539 0.53 1.21 0.53
SF Salmon 1 2.286 70.64 351.9 1.694 1.21 2.12 0.62
SF Salmon 2 2.286 70.64 351.9 1.694 1.21 2.12 0.62
Snake 1 0.154 163.7 77.33 1.287 0.61 0.95 0.39
Snake 2 0.154 163.7 77.33 1.287 0.80 0.73 0.26
Virgin 34.27 219.8 95.28 0.619 0.94 2.05 0.68
Wind 1 34.27 41.31 67.27 0.619 0.77 1.94 0.71
Wind 2 34.27 41.31 67.27 0.619 0.76 1.93 0.71
Yampa 16.48 37.53 124.2 0.952 0.95 1.35 0.44
Yellowstone 1 3.951 369.3 15.17 1.356 1.46 1.24 0.33
Yellowstone 2 3.951 375.6 11.56 1.356 1.57 0.91 0.23
Yellowstone 3 3.951 375.6 11.56 1.356 1.27 1.13 0.32
Yellowstone 4 3.951 375.6 11.56 1.356 1.27 1.13 0.32
Note. t is 365 days for all the rivers (Calvani, Perona, Schick, et al., 2019).
of the vegetation. This hypothesis allows simplifying plant height, &, in Equations 4 and 6, when considering
Equations 5 and 7. The comparison between measured (superscript m) and predicted (no superscript) quantities
is reported in Figure 3.
Comparison shows that the agreement seems to be satisfactory for both the variables. The correlation coefficient
is slightly higher for the critical Froude number (Figure 3a, R?> = 0.86, RMSE = 0.10) than the critical velocity
(Figure 3b, R? = 0.80, RMSE = 0.31 m s7'). Inset panels in Figures 3a and 3b represent the g-g (quantile-quan-
tile) plot of the residuals for threshold velocity and Froude number, respectively (e.g., U. — U!™). For each vari-
able, the population of the residuals is compared to a normal distribution N with the first and second moments
CALVANI ET AL. 50f 10
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Figure 3. Predicted versus measured critical quantities according to the data in Table 1. Continuous black line is for
perfect agreement, dashed lines represent +20% range. The inset panels show the quantile-quantile plot (g-g plot) of the
highlighted variable. (a) Comparison and g-¢ plot between predicted, U,, and measured, U} critical velocity (R? = 0.80,
RMSE = 0.31 m s™). (b) Comparison and ¢-q plot between predicted, Fr,, and measured, Fr" critical Froude number
(R?>=0.86, RMSE = 0.10).

(i.e., mean and variance) extracted from the same population. The linear agreement between the two distributions
is largely satisfied and this demonstrates that the residuals (i.e., estimating error) are normally distributed for both
the variables.

4. Discussion

In this work we provide analytic expressions for the threshold values of hydraulic variables governing the switch
between vegetated and barebed conditions in fluvial environments. The analysis is made on the basis of the logis-
tic equation for plant density at equilibrium. In this state, both the temporal and the spatial derivatives cancel out
because of stationary and homogeneous conditions. Additionally, the formulations are based on a 1D approach.
Surely, this hypothesis introduces simplifications and bias, which can be at the basis of the tendency to slightly
overestimate the measured data (Figure 3).

Equation 1 adopts a simple approach to vegetation uprooting based on the decay parameter o, and the duration ¢,.
The decay duration, ¢, accounts for the time necessary for the development of scouring processes around plant
stems. As a matter of fact, many studies demonstrated that bed erosion may be considered the main responsible
of vegetation removal (Bywater-Reyes et al., 2015; Calvani, Francalanci, et al., 2019; Perona et al., 2012), and
that flow drag alone is not sufficient for plant uprooting (Type II vs. Type I mechanism according to Edmaier
et al., 2011; 2015). As such, while vegetation characteristics of growth (i.e., a, and ¢,) may be obtained just
from species properties, determining the decay parameters (i.e., #, and ;) requires deeper attention (e.g., Calvani,
Perona, Schick, et al., 2019). Alternatively, the presence of scouring processes may be directly introduced in the
equation for vegetation dynamics (Equation 1), without significantly alter the main findings of this work. For
instance, we may speculate that ¢, may be expressed as a function of either the bed level changes or the sediment
transport rate, g, (e.g., as = a4(V - g5)). However, the hypothesis of equilibrium conditions demands that neither
bed level changes may occur over the total timescale 7, nor spatial variations of the sediment transport may be
accounted for over the considered length-scale.

Both the relationships (Equations 5 and 7) show the presence of the ratio 7,/z,. This quantity reasonably represents
the flow variability because 7, and 1, may be interpreted as the duration of low flow and high flow periods, respec-
tively. The interpretation agrees with the findings of Bertagni et al. (2018) and Calvani, Perona, Zen, et al. (2019)
on how flow variability governs the process of vegetation removal. Equation 7 shows a root relationship between
the critical Froude number and the carrying capacity, as plotted by Bérenbold et al. (2016) in Figures 9a and 9c
(for a comparison, see critical curves in Figure 2b). Moreover, Equation 6 shows that Fr, does not depend on the
width-to-depth ratio g, which was found by Bérenbold et al. (2016) as well in Figures 9b and 9d.

The main properties governing the dynamics of vegetation colonizing riverbed and banks are basically species-de-
pendent (see Table 1 and Calvani, Perona, Schick, et al., 2019). However, these characteristics may vary from
a plant to another because of the different growth stage and the growing location (e.g., Tron et al., 2015).
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While the proposed relationships may provide results for any values of the vegetation properties, the practi-
cal application to real cases deserves special attention. We recall that the hypothesis of equilibrium conditions
accounts for the constant value of vegetation characteristics over a timescale longer than the total duration 7. Yet,
it is worth noting that retrieving data for vegetation properties is time-consuming, and it is usually based on a
reach-scale approach (e.g., Forzieri et al., 2011; Latella et al., 2020). Similarly, recent investigations recommend
to characterize morphodynamic parameters at a reach-scale length (Carbonari et al., 2020;). Nevertheless, an
approach based on a shorter length-scale may be adopted as well, provided that the assessment of vegetation
parameters is meaningful to understand the entire channel dynamics.

For a given set of plant properties, both the relationships for threshold values (Equations 4 and 6) show that
submerged vegetation is more vulnerable to disturbances induced by flow in comparison to emergent vegeta-
tion. For plants in submerged conditions, the proposed relationships predict lower thresholds for higher plants
(i.e., older and with a deeper root system). While this seems counter intuitive, as a more robust root system may
better resist to removal (Bywater-Reyes et al., 2015; Calvani, Francalanci, et al., 2019), the problem relies in how
flow uprooting is modeled in the decay term (Equations 1 and 2). Therein, plant removal depends on the drag
exerted by flow velocity (i.e., U?) on the height of vegetation exposed to flow (i.e., &, for submerged plants, ¥
for emergent conditions). Therefore, the higher the submerged height, the lower the flow velocity required for
plant removal. Besides, it is supposed that that the decay coefficient is constant throughout the whole life stage,
whereas it may assume lower values for older plants, to account for a deeper root system and a reduction in the
decay rate.

To our knowledge, no studies specifically provided values of the growth and decay parameters for plants growing
under submerged conditions (e.g., macrophytes). At the moment, the quantification of threshold conditions can be
assessed by using the proposed equations (Equations 5 and 7) for the plants in emergent conditions for which the
growth and decay rates are available (Calvani, Perona, Schick, et al., 2019). Nevertheless, the critical quantities,
U, and Fr,, can be determined by considering threshold conditions based on different variables. For instance, it is
possible to derive the critical flow velocity and Froude number from the stream power per unit width, . This quan-
tity was previously involved by Bertoldi et al. (2014) to explain the sudden and sharp divide between vegetated and
unvegetated conditions occurring in the Magra River (Italy). By involving the Manning equation, it is straightforward
to transform the threshold conditions expressed by w_ into the corresponding values of U;" and Fr}', as

Ur =’ K7 s-1/10 (10)
Fri = ol k210 7120 g1 (1

In their work, Bertoldi et al. (2014) found that riparian vegetation disappeared for stream power per unit width in
the range 0.046 < @, < 0.054 m?s~!, which results in an average value w, = 0.05 m?s~! + 8%. By considering
k,=30m'*s71, and § = 0.003 8 (Bertoldi et al., 2014) in Equations 10 and 11, we obtain3.92 < U < 4.18ms™!
and 0.712 < Fr™ < 0.724. These ranges can be summarized as U = 4.05m s~! + 3.2% and Fr" = 0.72 + 0.8%.
While one may have expected that the wide range of threshold conditions given by Bertoldi et al. (2014) would
have transformed in a similar range in terms of the critical variables proposed in this work, the existence of a
narrower range for critical flow velocity, U_, and Froude number, Fr,, supports the existence of a unique threshold
value for vegetation (Equations 5—7). Besides the intrinsic scientific significance, the existence of a single thresh-
old condition is of valuable interest for practitioners in the design, for instance, of river restoration projects. To
this purpose, both the equations for threshold flow velocity and Froude number regarding vegetation in emergent
conditions can be rearranged, by means of the Manning formula. The modified relationships read:

; 2/7
Ut = <ag ”'¢m> K/ 53 (12)

Qaty

1/14

gt
gty

where the superscript e refers to emergent conditions. Yet, it is worth noting that bed slope, S, and material

composition (the roughness parameter, k, depends on grain size) play a fundamental role in determining the

thresholds for vegetation in emergent conditions. On the contrary, such terms do not appear in the formulation
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of the threshold flow velocity, U,, for submerged plants (see Equations 4 and 5 for comparison). However, plant
height, i, seems to be crucial to promote vegetation removal and to determine the thresholds for submerged
conditions.
5. Conclusions
Herein, the problem of the switch between vegetated and barebed conditions in rivers is mathematically tackled
by handling the equation for vegetation dynamics at the steady state. We derive simple formulations for the flow
velocity and the corresponding dimensionless Froude number at which the switch may occur. Comparison to
data from literature shows that the proposed relationships may capture the fundamentals of the removal process
and suggests the existence of a single threshold for which it occurs, rather than a broader range in terms of other
variables, such as the stream power. While the thresholds are mainly dependent on vegetation properties, the
equilibrium conditions may be affected by climate change and the presence of invasive species. This suggests the
hypotheses of vegetation adaptation and species selection by flow regime in fluvial environments. The outcomes
have direct implications for practitioners and designers of river restoration projects, where re-naturalization of
fluvial systems implies that vegetation may survive in a given flow regime.
Notation
Dy, Mean grain size
Fr Froude number
Fr, Threshold Froude number
Fr¢ Threshold Froude number for emergent conditions
Fr Threshold Froude number from measurements
Fr, Threshold Froude number for just submerged vegetation
g Acceleration due to gravity
G Parameter relating Dy, and s
h, Vegetation height
k, Gauckler-Strickler coefficient
N Gaussian distribution
q Quantile
q, Dimensionless sediment transport rate per unit width
s Sediment-to-water density ratio
S Bed slope
t Time
T Total timescale of plant dynamics
t, Duration of the decay stage
t Duration of the diffusive stage
f, Duration of the growth stage
U Mean flow velocity
U, Threshold flow velocity
U¢ Threshold flow velocity for emergent conditions
ur Threshold flow velocity from measurements
, Threshold flow velocity for submerged vegetation

Y Water depth
a, Decay rate due to flow uprooting
a, Growth rate
¢ Vegetation density
P, Vegetation density at equilibrium
?,, Carrying capacity
0, Shields number
0} Stream power
o, Threshold stream power
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