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Biomorphological scaling laws from convectively accelerated
streams

G. Calvani'-2, P. Perona?, C. Schick? and L. Solari!

! Department of Civil and Environmental Engineering, University of Florence, Florence, Italy

2Institute for Infrastructure and Environment, School of Engineering, The University of Edinburgh, United Kingdom

Abstract

Worldwide convectively accelerated streams flowing into downstream-narrowing
river sections show that riverbed vegetation growing on alluvial sediment bars gradually
disappears forming a front beyond which vegetation is absent. We revise a recent analyt-
ical model able to predict the position of the vegetation front. The model was developed
considering the steady state approximation of 1-D eco-morphodynamics equations. While
the model was tested against flume experiments, its extension and application to the field
is not trivial as it requires the definition of proper scaling laws governing the observed
phenomenon. In this work, we present a procedure to calculate vegetation parameters and
flow magnitude governing the equilibrium at the reach scale between hydro-morphological
and biological components in rivers with converging boundaries. We collected data from
worldwide rivers about sections topography, hydro-geomorphological and riparian vegeta-
tion characteristics to perform a statistical analysis aimed to validate the proposed proce-
dure. Results are presented in the form of scaling laws correlating biological parameters
of growth and decay from different vegetation species to flood return period and duration,
respectively. Such relationships demonstrate the existence of underlying selective processes
determining the riparian vegetation both in terms of species and cover. We interpret the
selection of vegetation species from ecomorphodynamic processes occurring in convec-
tively accelerated streams as the orchestrated dynamical action of flow, sediment and vege-

tation characteristics.

Keywords: fluvial processes; riverbed vegetation; biomass selection; flow uprooting; con-

verging channels
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1 Introduction

Riparian and in-channel vegetation must be considered not only as either a source
of additional drag to fluvial stream [e.g., Baptist et al., 2007; Nepf, 2012; Vargas-Luna
et al., 2015, among others] or an agent passively affecting sediment transport and mor-
phological processes [e.g., Zong and Nepf, 2010; Vargas-Luna et al., 2016, among others],
but also to play an active role within the riverine habitat [Gurnell, 2014]. Therefore, it
is fundamental to take into account the positive and negative feedbacks between hydro-
morpho-dynamics and vegetation establishment, growth and decay [Edmaier et al., 2011,
Perona et al., 2012], in order to correctly model river evolution, particularly when refer-
ring to long-term predictions. Such mutual interactions gathered attention from scientific
community only recently [e.g., see the review by Camporeale et al., 2013]. Specifically,
the attention to rivers with converging banks begun with the preliminary conceptual model
on island formation proposed by Gurnell and Petts [2006] whereas Edmaier et al. [2015]
and Bywater-Reyes et al. [2015] pioneered some studies on the removal conditions of veg-
etation due to flow in laboratory experiments and field campaigns, respectively. The re-
sulting empirical relationships can be used only when referring to the specific vegetation
types involved in their studies. Moreover, results of such predictions are affected by er-
rors mainly originated by the lack of knowledge about the dynamical interactions between
vegetation and river morphodynamics [Solari et al., 2016]. Additionally, the temporal and
spatial scales at which reciprocal feedbacks between river morphodynamics and riparian
vegetation occur still remains an open question [Manners et al., 2015]. Recently developed
river eco-morphodynamic models attempt to bridge this gap, by taking into account spe-
cific equations for vegetation dynamics (i.e., growth and decay): particularly, the growing
term is mainly related to plant-species properties (i.e., by neglecting dependence on nu-
trient availability and water table level, as usually occurs in river corridors [e.g., Pasquale
et al., 2014]), whereas coefficients for decay and mortality due to flow uprooting is intrin-

sically related to both hydraulic conditions and plant root resistance [Edmaier et al., 2011].

To our knowledge, the first analytical approach to describe eco-morphodynamic in-
teractions has been done by Perona et al. [2014], who derived a simple 1-D formulation
for the river width where vegetation front is expected to occur in channels with converg-
ing banks. Results were validated using previously collected data from laboratory experi-
ments [Perona et al., 2012] but never applied to real case studies. As a matter of fact, in

straight channels with parallel riverbanks, vegetation development is mainly imposed on
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already settled sedimentary emergent patterns, such as bars and islands, [Corenblit et al.,
2007; Gurnell, 2014], whereas vegetated rivers with converging boundaries show the dis-
tinguishable pattern of a vegetated area inside the main channel downstream which plants
are likely to be more easily removed (e.g., figure 1(Replaced: -e;f) replaced with: c-f)).

In this planform configuration, due to the intrinsic and dynamically active flow-biomass
interaction, a distinctive sediment-plant pattern can be commonly found inside the main
channel, particularly, a barebed area where pioneer vegetation is on average precluded to
colonize and establish [Perona et al., 2014]. Because of the narrowing longitudinal width,
the stream is convectively forced to accelerate, resulting in increasing velocity and shear
stresses which essentially affect local morphodynamics and promote plant uprooting [Per-
ona et al., 2014], thus limiting the longitudinal establishment and growth of vegetation.
Here we stress the term "on average" to highlight that the position of the vegetation front
changes according to flow regime, but its averaged location is set on the long-term pe-
riod (i.e., years). Indeed, such location depends on the inter-time between flood events and
their magnitude. As a matter of fact, vegetation can colonise the area downstream such
position during long low-flow or drought period but it is likely to be uprooted during fol-
lowing high floods, whereas upstream region still remains vegetated. Therefore, vegetation
front is the result of the mutual interactions between plant and river characteristics, which,

at the front, depend on both biological and hydrological time scales.

In this work, we studied the interactions between riverbed vegetation and river mor-
phodynamics at the reach scale by following the approach of Perona et al. [2014] for rivers
with converging banks. We first validated the formula for the river width where vegetation
front is expected by using already collected data about flow discharge, grain size curve,
sediment transport and riparian vegetation size and growth rate from 35 natural worldwide
rivers (figure 1(Replaced: -a;b) replaced with: a,b)). Then, we used the validated formula
to calculate the flow discharge return period and the flow decay coefficients characteriz-
ing the vegetation pattern. Lastly, we could correlate biological parameters of growth and
decay to hydrological time scales, and, as a result, prove that vegetation plays a fundamen-
tal role in defining the equilibrium conditions of a river reach according to the different

species.
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2 Materials and Methods

Most of the river reaches with converging banks show the existence of a specific
cross-section beyond which vegetation is on average precluded to establish, i.e., there ex-
ists a front where vegetation vanishes. Perona et al. [2014] experimentally showed that
this results from the intensifying capacity of flow to uproot vegetation due to increasing
velocity in the convergent reach. They theoretically derived a formula to calculate the
river width where vegetation front is located by taking into account biomass dynamics,
the steady state of the system from a one-dimensional approach, the approximation of rect-
angular cross section, the equation of Baptist et al. [2007] for the bed roughness with non-
submerged vegetation and a modified version of Meyer-Peter-Miiller relation for bedload
transport which accounts for the additional critical Shields stress due to the presence of
roots [Pasquale et al., 2011]. The proposed equation reads:

by = 34 G3I8 (9c +q§/3)3/8 (ﬁ)ﬂs 0

bm

where by is the river width where the vegetation front is located, c is the Gauckler-Strickler
roughness coefficient, G = D5 (‘% - ) is a parameter combining median grain size Dso,
sediment density p, and water density p, 6. is the critical dimensionless Shield stress for
the initiation of sediment movement, gy = kQ—L is the dimensionless sediment transport per
unit width with k = 8Ds0V/G g, B is a parameter representing the ratio between vegetation
decay rate ay and growth rate @, ¢,, is the maximum carrying capacity and Q is the av-
erage flow discharge at the steady state. While the critical dimensionless Shield stress for
the incipient sediment transport 6, should take into account the presence of plants in the
vegetated areas [Pasquale et al., 2011], the value for barebed conditions [e.g., Chiew and
Parker, 1994] can be assumed when dealing with the area near the vegetation front, where
vegetation density is negligible (¢ =~ 0). Additionally, it is important to highlight that,
while hydraulic coefficients, sediment transport parameters, biomass carrying capacity ¢,,
and growth rate a, can be easily calculated or retrieved from literature, the decay rate ay,
thus B3, and the average flow discharge Q are in general difficult to estimate, and therefore

often unknown.

The logistic law for the dynamics of vegetation density ¢ can be expressed as [Cam-

poreale and Ridolfi, 2006]:

d
Lt 9 Gn-9) —aa s ¥ O

(D

2
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Therein, a, is the growth rate, ey is the decay rate due to flow uprooting, Y is the flow
depth and U is the mean flow velocity. We recall that the growth rate g depends on
species characteristics only (i.e., when water and nutrients are continually available, as
expected in riverine habitats), whereas the decay rate a4 is related to both hydraulics and

vegetation properties [Edmaier et al., 2011].

If we assume that growth and decay due to flow are separately active, a possible so-

lution to the logistic law (Eq. (2)) is given in figure 2. Accordingly, we hypothesise that,

g

over a total period t4 + 4, the growth and decay terms are active for fractions atle and
8
zdtftg , respectively [Bdrenbold et al., 2016; Crouzy et al., 2016]. By accounting for the

negligible vegetation density at the front (i.e., ¢ < ¢,,) and the steady state of the solu-

tion (i.e., % = 0), as hypothesised by Perona et al. [2014], we modify the logistic law and
obtain:
a, ¢ E Y U? _la__
M b+t d te +1g

where 1, is the time for which vegetation grows and t4 is the time for which vegetation

is removed due to uprooting. Without entirely reporting the mathematical derivation, for
which we address the reader to Perona et al. [2014], here below we propose to use Eq. (3)
in order to rewrite Eq. (1) as

38 7/8 4 7/8
o )" (2]
m g

where Qg is the reference flow discharge governing bio-morphological changes at the
reach scale, a sort of formative discharge controlling vegetation establishment, growth and
decay. Again, hydro-morphological (i.e., mean grain size and critical Shields number) and
biological (i.e., carrying capacity and growth rate) parameters can be easily obtained from
literature or quick field campaigns. On the contrary, quantities related to vegetation de-
cay (i.e., @y) and temporal durations (e.g., f; and Q ) can be obtained by intensive field

investigations over long monitoring periods only.

Here we propose a procedure to calculate the vegetation dynamics parameters and
overcome the issue. Firstly, we assume that the equilibrium at the reach scale is achieved
over a yearly time scale, that is z, + 14 = 365 days. Secondly, as the flood events able
to uproot vegetation are rare, we expect t; < t, (figure 2) and, as a result, it follows
tg ~ 365 d. By doing so, we assume the disturbances induced by high floods having a

negligible effect on vegetation growth. Now, by comparing Eq. (1) and Eq. (4) and using

3)

4)
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the approximation for 7, it is easy to obtain:
0365 =04-1"* (5)

which represents a relation among the flow discharge at the steady state Q, the reference
flow discharge O, and the decay duration 74. Lastly, the flow duration curve is involved in

the system of equations, to have an additional relation between flow discharge and time.

We started our analysis by retrieving data for hydraulic (historical daily mean flow
discharge), sediment (grain size curve and sediment transport rate) and riparian vegetation
properties (species, cover percentage, age and dimensions) for rivers showing a reach with
converging banks. We could collect data for 19 rivers and a total of 35 reaches (figure 1).
Although convergent boundaries is a worldwide ubiquitous pattern (see figure 1) and fig-
ure 1 in Perona et al. [2014]), we selected river reaches according to the availability of
previously collected data. For reaches in the same rivers, for which we could not find spe-
cific data on sediment transport and vegetation cover, we used information from the near
cross section. Data about flow discharge were collected at the closest measuring station
and used to calculate the yearly duration curve of daily mean flow discharges, while grain
size curve and sediment transport rate were taken from previous studies (see complete
references after Table 2). We used the Dsg to calculate the coefficient G and the Do to
calculate the Gauckler-Strickler coefficient ¢ in Eq. (1). For the riparian vegetation prop-
erties, we collected data from previous monitoring studies, particularly concerning species,
cover percentage, maturity age and maximum diameter at maturity age (see Table 2 for
references about vegetation data). For each river reach, we characterized the vegetation
by averaging the parameters of growth rate a, and carrying capacity ¢,, of each species,

according to cover percentage, as

-bi;

- 1 Ci Dmax *
_ 6
m = 2046.36 Z bo. (0.0254) ©

5 = T Z G D%nax,i (7)
& 4.31536000 : Imax,i

Therein, C; is the cover percentage and D,,,y,; is the diameter at maturity age #,4x,; of
the i—th species, being bg; and b ; two coefficients related to the family of the plant.
Eq. (6) was modified from Arner et al. [2001] whereas we derived Eq. (7) by consider-
ing the growth rate of each single species to be constant during the whole life-stage (i.e.,
the maturity age #,qx,;). Then, according to similar properties of the predominant vege-

tation species and cover, the 35 study reaches were gathered in 8 different groups. Table
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1 summarises group properties and river reach characteristics, whereas all the data can be
found in Table 2. Lastly, we took measurements of river width at the vegetation front from
Google Earth (e.g., figure 1(Replaced: -e-f) replaced with: c-f)). (Added: Particularly, the
river width was measured along the perpendicular to main flow direction in bankfull con-

ditions.)

At this point, we have a system of three equations (i.e., (Replaced: Egs replaced
with: Equations) (1), (5) and flow duration curve for each river reach) but four unknowns:
the parameter 8 = Z—:, the reference flow discharge Qg, the time durations ¢4 and the flow
discharge at the steady state Q. We solve the problem by exploring the space of solutions
in terms of the unknown parameter S over a range of values covering 4 orders of mag-
nitude (i.e., from 10° to 103 s> m™) for each river reach in a group. Once fixed a value
of B, the flow discharge at the steady state Q can be calculated by reversing (Replaced:
Eq- replaced with: Equation) (1). It is now straightforward to calculate the left-hand side
term in (Replaced: Eg- replaced with: Equation) (5). Then, by using the flow duration
curve, it is possible to calculate the (4, Q4) couples (right-hand side term in (Replaced:
Eg- replaced with: Equation) (5)) that solve the problem. Usually, two pair values appear
as solution (the quantity Qg - tZ/ % has a typical parabolic like shape) and, between them,
we select the one with higher Q4 according to the initial hypothesis 74 < t,. The proce-
dure is graphically explained in figure 3: the flow duration curve (continuous black line)
is multiplied, once, by the quantity 3657/8 (light gray line) to calculate the left-hand side

{7/8

term and, once, by the corresponding time (dashed dark gray line) to obtain the right-

hand side quantity in (Replaced: Eg- replaced with: Equation) (5).

Flow discharge Q4 and the corresponding time ¢, are recorded for all the river reaches
in the same group (i.e., similar vegetation cover) and, then, we calculate the standard devi-
ation of the flow duration ?4, for each tested value of the parameter 8. Figure 4 shows the
clear trend of such standard deviation at varying the parameter S8 for some groups of river
reaches. As a result, it is possible to identify a minimum in the standard deviation, and,
as we are dealing with equilibrium conditions, a minimum in a function seems to suggest
the presence of scaling laws associated to the predominant vegetation cover. Moreover,
we argue that it is unlikely that different river reaches, with different hydraulic conditions
and morphological characteristics, can satisfy the predicting relation ((Replaced: Eg- re-
placed with: Equation) (1)) and show the existence of such minimum in the ¢; standard

deviation without it being the expression of an underlying fundamental dynamics depend-
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Table 1. Main vegetation properties and river reaches for each group included in the analysis.

Group Main properties  Species Cover 1D River reaches?
Balsam poplar 64% 1 Clearwater 1
Other willows 33% 2 Clearwater 2
Sandbar willow 3% 3 Clearwater 3
Douglas fir. 77%
16 Salmon
1 Populus > 64%  Sandbar willow 23%
32 Yellowstone 1
Plains cottonwood 78%
33 Yellowstone 2
Russian olive 16%
34 Yellowstone 3
Sandbar willow 6%
35 Yellowstone 4
Fremont cottonwood 52%
Salt cedar 41% 14 Rio Grande 1
Russian olive 6% 15 Rio Grande 2
Sandbar willow 1%
Populus < 55%
2 Plains cottonwood 42%
Tamarix > 30% 17 San Juan 1
Russian olive 29%
18 San Juan 2
Salt cedar 29%
Salt cedar 439
19 San Juan 3
Russian olive 36%
20 San Juan 4
Plains cottonwood 21%
Salt cedar 56% 4 Colorado 1
Other willows 30% 5 Colorado 2
Box elder 14% 6 Colorado 3
Goat willow 66%
3 Salix > 30% 7 Endrick
Common alder 17%
8 Feshie
Scots pine 17%
Sandbar willow 82%
31 Yampa
Box elder 18%
Other willows 60% 11 Little snake 1
4 Eleagnus > 30%
Russian olive 40% 12 Little snake 2
) 23 Snake 1
5 Celtis Netleaf hackberry 100%
24 Snake 2
8
Western cedar 79%
Box elder 13% 13 NF Clearwater
Other willows 8%
6 Thuja

MW actarm ~adase

007
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Group  Main properties  Species Cover 1D River reaches®

Norway spruce 46%
Scots pine 31% 10 Kander
Grey alder 23%
Common alder 40%
Downy birch 40% 27 Tay
g Acer, Betula Scots pine 20%
& Picea Salt cedar 62%
Freemont cottonwood 23% 28 Virgin
Black willow 15%
Water birch 48%
29 Wind 1
Spruce 36%
30 Wind 2

Narrowleaf cottonwood 16%

“Numbers, when present, refer to different reaches in the same river

ing on similar vegetation cover. In the end, for a particular vegetation cover (i.e., group
of river reaches), we select the value of the parameter 8 corresponding to the minimum
in the t4 standard deviation, the calculated reference flow discharge Q, and its associated
flow duration t;. Lastly, for the river reaches in a group, we calculate an average decay

rate @y = - .

3 Results

We first used the proposed procedure and a dataset of different vegetation cover
properties and hydro-morphological characteristics to validate the relation derived by Per-
ona et al. [2014]. We explored the space of the unknown parameter 8 (i.e., the ratio be-
tween decay and growth rates) over four orders of magnitude (i.e., from 10° to 103 s> m™>,
see figure 4). As a matter of fact, for higher values of the parameter S, either (Replaced:

Eq- replaced with: Equation) (1) does not provide any solution or the solution shows very

high 74 standard deviation.

As a result, we obtained different values for the parameter 8 according to the differ-

ent vegetation properties. We argue that it depends on the interactions among river mor-
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phology (i.e., river width), river hydrology (i.e., flow duration curve) and, intrinsically,
the characteristic of the vegetation (i.e., species and coverage). We interpret these inter-
actions and the existence of the minimum in the ¢; standard deviation as the orchestrated
dynamical action of flow and morphological adjustments which together contribute to se-
lect vegetation species sharing biomechanics properties that guarantee their survival in

such environments.

We used such values of the 8 parameter to predict the river width at the vegetation
front and compare it against the measured one (e.g., figure 1(Replaced: -e} replaced with:
c)). Figure 5 shows the comparison between measured and calculated river widths at the
vegetation front for each tested river reach. For most of the rivers, the error for the cal-
culated width at the vegetation front is within + 20% bound, resulting in a high value of
the correlation coefficient (R> = 0.926). We applied the proposed procedure and the pre-
vious calculated 8 parameters to two additional rivers not included in Table 1: the Taglia-
mento River (see figure 1(Replaced: -e;f) replaced with: e.f) [Gurnell and Petts, 2006])
and the Maggia River (see Figure 9 in Perona et al. [2014]). We found very good agree-
ment between measured and calculated width at the vegetation front for the case study of
the Tagliamento River, whereas the agreement is fairly less good for the Maggia River.
The altered flow regime due to upstream flow regulation, in the case of the Maggia River,
modified the flow duration curve and, as a result, the return period for moderate flood
controlling the vegetation growth and decay is affected when compared to that of natural

flood events. Similar conclusion was given by Perona et al. [2014] as well.

Furthermore, the procedure proposed in this work allows to calculate the flow mag-
nitude Qy, its percentile (namely 74) in the flow duration curve and, additionally, its return
period (i.e., £;' ). Eventually, (Replaced: Eg- replaced with: Equation) (5) provides the
equivalent steady state flow discharge Q to be involved in (Replaced: Eg: replaced with:
Equation) (1). We combined such results in scaling relationships both for the averaged
vegetation decay @4 and the averaged growth @, rates, with respect to the different hydro-
logical time scales. Consequently, we could correlate the first one to the time 4, which
fairly resembles the duration of a flood event (figure 6). It is well acknowledged, indeed,
that only during high flood events vegetation can be uprooted and removed, due to the si-
multaneous action of flow drag and bed erosion (Type II uprooting according to Edmaier
et al. [2011]). Figure 6 shows that each vegetation cover has a particular combination of

decay rate and temporal scale ¢4 governing its removal process. For instance, plant species

—10-
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of Group 2 and 4 (e.g., Tamarix and Eleagnus) are prone to uprooting (i.e., high @;) and
can be uprooted with shorter 7; temporal scale. On the contrary, plants species of Groups
1 and 5 (e.g., Populus and Celtis) resulted stronger against uprooting (i.e, low @) and re-

quire, for instance, deeper bed erosion for their removal during a flood event.

As a result, it turns out that instantaneous uprooting (Type I according to Edmaier
et al. [2011]) is unlikely to occur in riverine habitats with already established vegetation
and certain flood duration is required for morphological changes (i.e., bed erosion) to re-
duce root anchoring and promote plant uprooting [Perona and Crouzy, 2018; Calvani et al.,

2019].

Moreover, we could correlate the average growth rate @, to the return period of the
flow magnitude Q,4, which represents a reasonable timescale for plants to start colonising,
establish and grow on river bare bedforms. The flood return period 7 was calculated as
the reciprocal of the timescale 7,4: for the sake of clarity, T is the return period of a daily

flow discharge equal to the reference flow discharge Q.

The results of the correlation are shown in figure 7. Particularly, figure 7 highlights
that plants with low growth rate (e.g., Group 5 and 7) can survive in fluvial systems char-
acterised by low flow magnitude Qg (i.e., short return period 7). On the contrary, species
with higher growth rate can withstand higher flood events. In this regard, the case of
Tamarix species (Group 2) represents a particular case, as this species is recognised to be
invasive in many ecosystems and, once established, very hard to removed [e.g., Sher et al.,
2002; Stromberg et al., 2007]. In such a way, the results suggest that in a given hydro-
morphological fluvial system (i.e., once the channel geometry, grain size distribution and
hydrological regime are fixed), only some plants species, and within the same species,
only mature plants (i.e., old enough to have developed a strong root apparatus) can tackle
flood events. We interpreted these biomorphological scaling relationships as the ability for
rivers to select vegetation according to their growing and survival properties. On the con-
trary, such relationships quantify the ability for plants species to withstand convectively
increasing specific stream power within the converging channel and the particular hydro-

logical conditions.

—11-
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4 Discussion

The role of riparian and in-channel vegetation is commonly acknowledged among
the factors controlling the morphodynamic evolution of fluvial environments [see Campo-
reale et al., 2013, for a review]. As the presence of such biological component started to
be taken into account in modelling only recently [e.g., van Oorschot et al., 2016], the mor-
phodynamic equilibrium at the reach scale is usually modelled by means of empirical re-
lationships, mostly related to bankfull discharge or other characteristic values [e.g., Parker
et al., 2007; Wilkerson and Parker, 2010], without explicitly accounting for the presence of
vegetation. Figure 8 shows the comparison between the measured width at the vegetation
front and the predicted bankfull width using the Lacey’s relationship [Savenije, 2003] for

the steady state flow discharge Q resulting from the performed analysis.

Results are somehow controversial: the bankfull predictor seems to work better in
the cases where one can expect vegetation to play a significant role, that is when river
width is narrower (i.e., measured by lower than 150 m). On the contrary, for wider rivers,
the prediction works well with the proposed formulation (see figure 5 for comparison).
This suggests that the steady state flow discharge Q in (Replaced: Eg- replaced with:
Equation) (1) is representative of bankfull discharge only for narrow fluvial systems (i.e.,
with by< 150m), whereas the vegetation dynamics is governed by higher flow discharges
in larger rivers. Similarly, vegetation front is located at the bankfull width in small streams,
whereas its location is upstream (i.e., where river width is larger due to the convergent

configuration) of the bankfull width correspondent to the flow discharge Q.

Figure 5 shows some predicting errors in the estimation of river width at the veg-
etation front. Such errors can be ascribed to the simplifications introduced in the model
((Replaced: Eg- replaced with: Equation) (4)), with particular focus on the one-dimensional

approach to river geometry and flow. In this regard, (Replaced: forriverreachesshowing

replaced with:

some river reaches included in the analysis show the presence of large-scale bedforms
(i.e., central or multiple bars) covered by in-channel vegetation (see figure 1c-f). For such
rivers,) it is straightforward to assume the steady state flow discharge Q as a conceptual
value only, whereas the reference discharge Qg represents the flow governing the vege-
tation dynamics. Additionally, the evolution of such large-scale bedforms (Deleted: {see

figure—1-e;d)-)is not explicitly taken into account in (Replaced: Eg- replaced with: Equa-

—12—-



328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

tion) (1) (the model is one-dimensional)(Replaced: -but replaced with: . Nevertheless,)
their influence on flow can be considered by an appropriate roughness coefficient c. Pre-
diction errors can also be correlated to either measuring errors from Google Earth (al-
though limited to some meters) or the different flow period when pictures were taken (e.g.,
low or high water stage). Furthermore, in some cases, due to the absence of measuring
stations, we used similar data of flow duration curve and vegetation cover for different
reaches in the same river, regardless of the distance among them (e.g., reaches 33, 34 and
35 in figure 5). Although we did not identify tributaries from aerial photos, the presence

of small streams may lead to downstream alteration in the flow regime.

Analysis results are intrinsically related to the additionally hypothesis made in the
proposed procedure. Conversely to 74 for @y, we cannot involved 7, as a temporal scale
for the growth rate oy, as we fixed its value (¢, ~365d). It follows that, according to
the flow regime of each particular river, this approximation may lead to errors when, for
instance, the bio-morphological equilibrium requires longer time to be achieved. Mor-
phodynamic processes (e.g., width adjustment, bank erosion, bar migration) can delay
the achievement of such equilibrium and, in this case, a longer time scale #, should be
taken into account. This should also be considered when dealing with important alter-
ations in the flow regime, both in relation to natural changes due to climate change [e.g.,
Stromberg et al., 2010; Rivaes et al., 2013] and human interventions due to flow regulation
[e.g., Johnson, 1997] or dam removal [e.g., Shafroth et al., 2002], and in the vegetation
cover, due to alien species colonisation [e.g., Stromberg et al., 2007] or artificial planta-
tions [e.g., Perry et al., 2001]. (Added: It is undisputed that such factors may induced
change in the eco-morphodynamic equilibrium at different temporal scales. A river sub-
jected to flow regulation by damming which, for instance, increases the return period of
the reference flow discharge, will react by showing a narrower by in the short term. In
other words, the vegetation front moves downstream, because, with a higher return period,
plants have longer time to grow and colonise the river bed. However, on the long term,
the new return period will result in a different vegetation cover (selection mechanism),
as pointed out in Figure 7. Similar considerations can be made in the opposite case. )In
this regard, the presence of outliers in figure 6 (Group 6) and in figure 7 (Group 1) can
be explained by considering the main species composing the vegetation cover. Group 1
is mainly constituted by river reaches showing Populus species in the plant composition:

poplars are known for its fast growing (@, in figure 7) and, accordingly, they were artifi-
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cially introduced in riverine environments for timber production. Conversely, Group 6 is
mainly constituted by reaches showing plants of the genre Thuja. Such plants are more
typical of swamps and wetlands, rather than riverine habitats, and their low decay rate ay
may be related to the rare occurrence of flow uprooting in such environments [Stewart,

2009].

5 Conclusions

In this work, we analysed the interactions between river morphodynamics and veg-
etation properties at the reach scale. We based our analysis on the one-dimensional equa-
tions derived by Perona et al. [2014] for the river width where vegetation front is located,
provided the existence of an ubiquitous pattern in rivers with convergent boundaries. We
first proposed a procedure to calculate the biological parameters and hydrological timescales
governing such equilibrium at the reach scale. Accordingly, we validated the proposed
procedure against data from real rivers on a yearly time scale, accounting for the effective
duration of flow removal, and concluded that vegetation front location is predictable and
dependent on the vegetation species, thus providing guidance for future river restoration
projects. Due to the defined planform configuration, we could point out the implicit inter-
plays among plants species, river morphology and flow duration. As a result, we demon-
strate the ability for rivers to select, by hydrodynamic-induced mortality, biomass (i.e.,
plant species) according to the flow regime (flood event return period and duration) of the
river itself. Furthermore, our analysis shows the importance of accounting for vegetation
dynamics and its influence on river properties, both in long-term simulations where flow
conditions change in time according to time-scale depending on growth rate «, and at the
flood event scale, where vegetation density changes according to a4: therefore, the choice
of time-scale and time-step shall reflect not only hydraulic conditions but also vegetation

properties.
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Figure 1. Convergent banks in rivers are an ubiquitous planform configuration. a,b) Worldwide location

of the river reaches included in the analysis - Images from Google Earth. c¢) A reach of the Kander River
(Switzerland) showing the presence of a vegetation front in 2009. d) The same reach of the Kander River

in 2016. Although bar morphology changed, the location of the vegetation front is stable. ) A reach of the
Tagliamento River (Italy) showing the presence of a vegetation front in 2016. f) The same reach of the Taglia-
mento River in 2018, with unchanged position of the vegetation front. Red lines highlight the converging

configuration of riverbanks. Green lines show the position of the vegetation front.
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Figure 2. A possible solution to the logistic law for vegetation dynamics ((Replaced: Eg- replaced with:
Equation) (2)) when growth and decay terms are separately active. Green line represents the solution consid-
ering the growing term governed by @g and 7 is its duration. Red line is the solution considering the decay

rate a4 only and 7 is the decay duration.
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Figure 3. A common flow duration curve (continuous black line) and the associated parabolic-like shape
curve obtained as a result of the product by its duration time to the power of 7/8 (dashed dark-gray line).
Continuous light-gray curve is the flow duration curve multiplied by 3657/8. Dashed black lines show the

calculation of the flow discharge O, and its relative duration time 7.
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underlying interactions between hydro-morphology and vegetation govern the uprooting process at the reach

scale, according to the different plant species.
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25—



%€

MOT[IM Teqpues
bs MO TtEad M SLLO N «V9°9€  (60)(80)(xD) (1DEQD(LINS)
9G'T1 9°GLE . S — 78€1 091 LS  9€0  S€S ol ot et pouossmofex S
%YL “U03309 Sure[q
o%hE  MO[[IM IRQpUES
be MO TtbEad M IV9¢€ N «CI'LT (60800 (1DEQDLINS)
9G'T1 9°GLE ] S—— 78€1 091 LS 9€0 S8¥ 1 ot o O -
oNowh ‘uonod wC_EAH
o%hE  MO[[IM IeqpuURS
bs MO TPEed M CV'TC N 6V ¥ (60(8D@D) 1DEQDLINS)
9G'T1 9°GLE il S— T8¢l 091 LS 9€0 LLS < ot o - ouosmonex €€
oNowh ‘uonod mﬁ_.mrm
%9  MO[[Im Jeqpues
0 OAITO UBISSI M .91°S0 N 98TV (60802 (1DEQDLINS)
LTSI €69e  bSI AOUTISSHE - zger 091 LS SLO SL9 | ouomsmorag, CE
¥ P01 L0 oLt I
o\o@h ‘uonod wﬁﬁme
htc - MOl IEApUES M6S00 NIV (60E0@0a000e
a4 9°60€ 96°CI 96€ YOI OF'E 9§ 91
Ll Ay sefsnoq dP bl ST obb HOIeS
O%hE  MO[[Im Jeqpues
0 SMOTITA IO M VL'8C N €961 (608092 @DTDLINS)
9F'S€ vooL  htt MRPWO 00z €111 vvb 6TT  €¥C ¢ owmmay €
Y 911 6T Y
%19 Ierdod wesjeg
o%¢  MO[[IM Jeqpues
0 SMOTITA IO M .C1'80 N «L691  (60(80)(9D) (T D(LINS)
9%'S¢ v6'6L (133 [MAIPWO 00z €111 vvr 6T1 0LT - owmray C
O 911 J€ 9P
%19 Ierdod wesreg
oh¢  MO[[IM Jeqpues
0 SMOTTIM IO M J6°1Y N «IOLT (608090 @IDLIXS)
9¥'se po'6L  bEE MMWPWO - 100z TPl 885 LT 0TI Lroeamey L
ST ,911 67 91
%19 Ierdod wesreg
[-w 011 [_&gwo]  [%]
o I ) soads [ pow]  [ww] [ww] o] [w] [, ]

L ¢ ol

26—



J[qe) Y} JO PUD Y} JB SADUIIJJAI JO IST'T
“JOALI QUIES U} UT SIYOBAI JUAIQPIP 0] IoJa1 uasard uaym ‘sroquuinpy,,
51T "uonod sure[q
, SATIO UBISSTT M 69°8¢€ N ..89°CI (8D@DLDODOTS)
6STL L'16T b9t MO UBISSOY 1687 ore 06  SY'T LIl puenfueg OC
It .801 LY 9€
et 1epad 1[es
51T ‘U009 Ssure[q
, OATIO UBISSTT M .£0°8C N .91°CC (8D@DLDODOTS)
6STL L'16T b9E MO UBISSOY 1687 ove 06 SY'T 16 cuenfueg 61
(6€ -801 9 9¢
et 1epad 1[eS
%6 1epad 1[es
, SATIO UBISSTT M £9°€ES N .71°€C (8D@DLDODO1S)
00°0S S6ch 6T MO UBISSY - 1¢'g7 001 o  0lI't T6 zuenfueg 81
81 801 £F o9€
Tl “U0JOD SULB[]
%6 1epad 1[eS
) OATIO URISSTT M . T€°8S N .£8°LS (8D@DLDODO1S)
00°0S 9¢'1 b6T MO UBISSY - 1¢'g7 001 o 0I't 6 [wenpueg LI 7
F1 801 £V 9€ o
b "U0JOO sure|d ¢
%1  MO[[Im Teqpues
%9 Ao URISShY M 8TSE N .66°€S  (6D(8DHD) @D(LDOTXS)
95°€9 €y - mpooyeg | LFCC SEUL TOr0 €80 1gl 5 001 0 e zopuerpory S|
%S U030 JUOWAL]
o1  MO[[Im Jeqpueg
%9 SATIO RISy M (IP°SE N .96 €T  (60)(8DHD) @D(LDO1XS)
95°€9 060rL mpooieg  LVCC STEL 10 €80 08 e 001 o <o [opueigory V!
%S U030 JUOWAL]
[ow co1] [,_&ud]  [%]
19400 soadg [ pow]  [ww] [ww] o] [w] L < o] L ¢ o)
w 8
0} pol [@EN)]
siojowrered pue SONSLIAIOBIBYD UONBIOTIA 0 06¢7 oS S fg  opmuSuor]

OIS dr dnoin
opmme




. M SLBC  N..SEIC 8(@1D0(S)
€CLL L€91 %001 ALSQYRY PN g7 006  OFS  LbO  0SE zoyeug 70
00 oLI1 81 9
S
. M 0087  N«.L8'IC 8D(@D1D0(S)
€CLL L€91 %001 AMSQYRY PN 7L 006  OFS  OT'T  8HT [oypug €
S 911 20 9
b0¥ A0 UBISSTY M 6867  NLT90 BOEDLDFE@)
0v'L6 0'Lp1 LS8 0L8 S8 €Tl 80T 2l
09 SMOIIIM PO L0801 .S 0P ¢ FYEUS oW
.v
b0¥ A0 UBISSIY M 8070  N.9LI9I SOEOLNFENE@)
0v’L6 0'Lp1 SLS8  0L8 S8y  €TT S8l I
B9 SMO[IM YO 2801 .SE.OF T OAPES A
*b31 9P X0d M LT6T  NFSOP DD
Tyel €SLE 1'65¢ 8 vE  9TT €01 edurex 1€
%hT8  MO[[IM IEqpUES ST o801 LT 0
Nl auid sj00§
, 1OD1E LOWWO M FETI N ..0¥'CE (€DEDEDA D)
Rl v8'ey LT Pl D T80T 06 vS 796 6L ompag 8
S 6£00 S0 oLS .
%599 MO[I 1200
YA auid 100§
, 1OD1E LOWWO M 0801 N .8L'61 (SOEDESDEDT)
€vll v8'er L1 Pl D IS €LS 68T vl W ypug L
LT 700 £0 595 .
%599 MO[I 1200
Ui 1op[ xog
) SOl 1o M 999¢ N .,L9SE (6DEDTDODLD) ¢
€6Cl Li'8€ b0E E-RPWO - ¢4z 06 86 ILT 99¢C ¢ opeiopoy 9
9T .801 £0 o6€
%9$ TEpad I[ES
%t 19pJo X0g
N SAOTIIA Io M 9€°0¢ N .19°0% (60)(SD@VOTNLD)
€6C1 Li'8€ b0E EPWMO - ¢4z 06 8 ILT 9vE zopeiopy S
£1 801 81 o6€
%98 1epad I[ES
%l 10p|o X0g
) SMOTIIA 10 M (L8'LT N «20°6S (60)(80)(@VOD(L1)
€621 Li'8€ b0g PO ¢ /47 06 8¢ ILT LT [ opeiopy ¥
0S oLO01 0€ o6€
%9S 1epad I[ES
[w o1l [Awo]  [%]
100D soadg [ pow] [ww] [ww] o]  [w] L < o] L < ol
gy 50 (329)

PRSP

28—



J[qe} Ay} JO PUD Y} I8 SIOUIJJAI JO ISI']
“JOALI QUIEBS Q) UI SAYILBAI JUAIQYIP 0} 19Jal Juasard uaym ‘SIoquinn,,
%EY  "MB0p IAIs0 Iy M 8EE€0 N .SHE0 $D@DIDOS)
6°1S¢€ ¥9°0L 9S€ €11 8  0ST O 9T
%LS Tope £a10 b oSTT LS obt ¢ UOHIIES dS
%EY  "MBOp IAISO payY M 69L0 N .¥8'80 SIS
6°1S¢€ ¥9°0L 95€ €11 8¢  0ST ¥S ST
%LS Tope £a10 b oSTT LS ot 1 HOUWTES IS L
%EY  "MB0p IAIS0 pay M 2197 NGLI'EE ($D@IDO(S)
6°1S¢€ ¥9°0L 169°0 oy 061 TOS  Sv 6
%LS Tope £a10 0€ oSTT TS otF vostHor
%61 SMO[[IM 1Y
M OFST N.LTO'6T (s D)
0F'8I goo1  %hTT  PuldEsoRPUNd g gl 4z 09T LOC :;iw_x%@ @
(€ oST1 S0 9t C ABMIIS
%65 Jepad UIdISIM
%61 SMO[[IM 1Y)
M 6961 N €L LS (60)(80(LO(TD)
0¥'8I goor  %hTT  PuldwsoRpued  ocor gl 4z 09T 601 :%;w;%@ 1z 9
ST .ST1T 0 9t [ ABM[S
%6S Jepad UIdISoM
%S SMO[[IM 1Y)
, 1OD13 X0 M £STI N 96'%0 @)G6DODL9)
1°se L'€91 bt PRXOd /897 8¢ 6 ¥6L 96 oemeay AN £
€ STT St 9P
%6L Jepad UIdISoM
[w co1] [,_A;uo]  [%]
1oA0D) soroadg [(-p ]  [ww]  [ww] o] [wi] [ o] [ec < o]
w S .
0] o (@]
OIS gl dnoin
s1oyowered pue  SOnSLId)ORIRYD uone1agaA ) 06¢7 0Scr S km ow::waoq spmne]
“JOAOD UONIL}OZ2A JO SONSLIJORIRYD JR[IWIS 0] $I9JA1 dnOoID) *SUOI)OIS-SSOID JOALI GE AU JOJ BIEP PIIOJ[[0J JO Arewuung  *7 d[qeL,

20—



[#8611 xtpuapy puv 4auivpm (627) {[L10T] uonvN a1 10f vind 1210M (82) {66611 yrus (LT) {[L00T] uoring puv vutys (92) {[010¢] »4paid (ST) {[900T] ¥PA0N (+T) [L10T] 243y24y M0]] 4243y [puovN (£7)

(12611 w2121 puv 211117 (T2) “[€102] ¥214d puv 42]121 (12) (0021 1 12 4211214 (02) *[6002] P11 (61) 2[500T] 02qujoH (81) (50021 SvoH (L1) ‘[+00T] 1v 12 sut2g (91) :[000T] 17 12 v2apiD (1)

[p6611 Sur2awsug 074 ($1) 9102 1v 12 nosauzg (€1) :[¥00¢] stapuy puv yoiyd (1) [010T] v 12 suassavid (11) *[8L6T] 1w 12 uorvy) (01) (66611 1va4t0 puv junlig (6) :[00T] 10 12 sa0g (8)

‘(L1021 PIP@02D NAVE (L) [L10T] P1v@ NAVE (9) {[T10T] 17 12 2191y () :[6861] uosnS1a puv yriomysy (v) ‘[$8611 smaipuy (€) :[0861] smatpuy (z) :[6L61] STUPWIW pup 1vsuy-1y (1)

JOALI QUIES Q) UT SAYOBAT JUSIQYIP 0} JoJaI Juasard uaym ‘Sroquiny],,

%91 "U0JI0D "MOLIBN]
q M .Z000 N.£I°LS
LTLY €1y b9t OMAS g9z SL T vee SOl (80O T PUIM  0F
80 5601 81 £
%8y yo11q 19JeA\
%91 ‘U0JI0D “MOLIBN]
q M FSIS N .T960
LT'LY 11y b9t onIdS g9z SL e w6l ($D@ODG) | PUIM 6T
61 o601 ST ot
% 8Y yo1Iq 19JeA\
ST MO[[IA Yor[g
, -UO1105 TUOWIAL M .$6°60 N .IT€¢€ 8D@DUOTNS)
8T°S6 61T btT nooy 4 o¢pe SL ST 98T LT wsny  8C
SS €11 £6 9¢ o P
9%T9 Tepad J[eS
9%0T auid 100§
MITSE N6191
€S6b 0965  bO¥ yuq Aumod zggy S vI'T 61T 991 (€D@ADEOED KL, LT
ST 5£00 6T 9
%0 I9p[e uowwo))
%ET Iopre £a1n
) ourd 5105 qd.9€9¢ N .00 LT @GDO1(L9)
ey 7'EET ble 181098 pog L8T 9L €€l 88 wpueyy 01
6€ 5L00 9€¢ 9%
9%9% Qonuads AemIoN
[,w o1l [,_&;udo]  [%]
s 19400 soads [ pow] [uww] [ww] o oop]  [ud] [ . o] [ ¢ o]
Yo 0 (328)
LANIS gl dnoin
s1ojowered pue SONSLISOBIBYD UONEBIOTIA ) 06¢7 0sq S Ig opmiSuo] spmine]

"I9A0D GOENHOMO\/ JO SOnSLId)dRIRYD JE[TWIS 0} SI9Jal QZOHU *SUOTIII3S-SSOID JOALT CE AY) JOJ BIep Paldd[od Jo %HQEESM ‘g 9lqeL

-30-



