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ABSTRACT: Landscape experiments of fluvial environments such as rivers and deltas are often conducted with live seedlings to
investigate effects of biogeomorphological interactions on morphology and stratigraphy. However, such experiments have been
limited to a single species, usually alfalfa (Medicago sativa), whereas important environments in nature have many different vegeta-
tion types and eco-engineering effects. Landscape experimentation would therefore benefit from a larger choice of tested plant
species. For the purpose of experimental design our objective was to identify fast-germinating and fast-growing species and
determine their sensitivity to flow conditions during and after settling, their maximum growth, hydraulic resistance and added
bank strength. We tested germination time and seedling growth rate of 18 candidate species with readily available seeds that are fast
growing and occur at waterlines, plusMedicago sativa as a control. We selected five species that germinate and develop within days
and measured properties and eco-engineering effects depending on plant age and density, targeting typical experimental conditions
of 0–0.3 m/s flow velocity and 0–30 mm water depth. Tested eco-engineering effects include bank strength and flow resistance. We
found that Rumex hydrolapathum can represent riparian trees. The much smaller Veronica beccabunga and Lotus pedunculatus can
represent grass and saltmarsh species as they grow in dense patches with high flow resistance but are readily erodible. Sorghum
bicolor grows into tall, straight shoots, which add significantly to bank strength, but adds little flow resistance and may represent
sparse hardwood trees. Medicago sativa also grows densely under water, suggesting a use for mangroves and perhaps peat. In
stronger and deeper flows the application of all species changes accordingly. These species can now be used in a range of landscape
experiments to investigate combined effects on living landscape patterns and possible facilitation between species. The testing and
treatment methodology can be applied to new species and other laboratory conditions. © 2019 The Authors. Earth Surface Processes
and Landforms Published by John Wiley & Sons Ltd.
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Introduction

Many landscapes on planet Earth are formed by a suite of phys-
ical and biological processes, and the greatest challenges lie in
understanding how biogeomorphological interactions lead to
emergent patterns and dynamics that differ from those either
dominated by life, such as tropical rainforest and peat, or pure
morphodynamics devoid of life, such as alluvial fans on planet
Mars. Eco-engineering species, which modify their physical
environment such that conditions become favourable to further
settling and establishment of other species, are of particular
interest (Jones et al., 1994; Corenblit et al., 2011; Gurnell et al.,
2012) (Table I). While a great number of field studies have been
conducted (Leonard and Luther, 1995; Gurnell and Petts, 2006;
Vandenbruwaene et al., 2011) and model development with in-
teractions of species and hydromorphodynamics is intensifying

(Coco et al.,2013; Solari et al., 2016; Nardin et al., 2016;
Fagherazzi et al., 2012), morphodynamic landscape experi-
ments with live vegetation lag behind in the representation of
eco-engineering species. To avoid practical difficulties of real
plants in scaled experiments, some experimenters used plastic
vegetation (e.g. Luhar and Nepf, 2011; Vargas-Luna et al.,
2015) but this removes the mutual interaction of biotic and
physical processes. While both numerical modelling and
‘physical modelling’ of plants have had their use, the investiga-
tion of eco-engineering effects implies that new individuals and
new species can settle, grow and be subject to the various
causes of mortality through ageing and environmental stresses
(van Oorschot et al., 2016). This means that experiments with
live vegetation potentially lead to novel insights into channel-
scale, bar-scale and reach-scale eco-engineering effects, and
indeed significant understanding was gained in river
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experiments with live vegetation (Gran and Paola, 2001;
Coulthard, 2005; Braudrick et al., 2009; Bertoldi et al., 2009;
van Dijk et al., 2013) (see, for review, Kleinhans et al.,2015).
Here we investigate methods to select and scale live vegeta-

tion for use in morphodynamic landscape experiments of fans,
deltas, rivers, estuaries and tidal basins, which were often
conducted without vegetation (e.g. Stefanon et al., 2010). We
aim to find vegetation species suitable for these large-scale ex-
periments with dynamic, evolving landscapes of channels and
floodplain, which are characterized by small water depths, and
we focus on (partially) emergent vegetation. These experiments
are typically conducted to investigate biogeomorphological
patterns, dynamics and resulting stratigraphy at the scale of
bars, channels, meander or braid belts and larger phenomena,
meaning that experiments are typically between 103 and 105

times smaller and faster than the simulated systems in nature
(Kleinhans et al., 2015). In this paper, ‘suitability for experi-
ments’ is particularly targeting the landscape experiments.
However, the types of auxiliary experiments conducted here
to test specific vegetation properties and effects can also be
set up for engineering scale experiments and full-scale flume
experiments that target specific eco-engineering effects. Vege-
tation interacts with hydromorphodynamics through a large
number of processes (Corenblit et al.,2011, van Oorschot et al.,
2016; Kleinhans et al., 2018; Schwarz et al., 2018). The most
important at the aforementioned scales are increased hydraulic
resistance and increased strength of the bed, banks and flood-
plain surface. However, individual riparian trees cannot be
scaled down a factor of 1000 or more, l et alone small species
such as grasses and reeds. The challenge in using vegetation for
hydromorphological landscape experiments at such scales is
thus to scale their effects on the hydromorphodynamics such
that these fit the experimental flow velocities, water depths,
sediment strengths and bank strengths (Kleinhans et al.,
2015). In other words, experiments are considered successful
when similarity of relevant processes is obtained (Gran and
Paola, 2001; Coulthard, 2005; Tal and Paola, 2007; Paola et al.,
2009). This may mean that individual plants in experiments
represent the effects of a large number of plants (Kleinhans
et al.,2015).
Thus far, most experiments with living vegetation were

conducted with alfalfa (Medicago sativa) sprouts, which, as
individual plants, are considerably larger on the experimental
scale than riparian trees in nature. However, as a vegetation
cover they have interesting morphological effects (Braudrick
et al., 2009; Tal and Paola, 2010; Perona et al., 2012; van
Dijk et al., 2013; Crouzy et al., 2013) that are mainly deter-
mined by the easily measurable quantities spatial vegetation
density (Nepf, 1999; Gran and Paola, 2001; Zong and Nepf,
2010; Nepf, 2012a, 2012b) and root length (Edmaier et al.,
2014). Here, vegetation density determines flow resistance
and the degree to which the flow is deflected elsewhere,
away from the vegetation, and root length determines the

shear stress that the vegetation can survive and the strength
the vegetation adds to the banks. Furthermore, the seed distri-
bution in all experiments except van Dijk et al., (2013) was
done manually. However, van Dijk et al., (2013) showed that
morphological effects of vegetation differed considerably
when spread hydrochorously – that is, spread by the water
from the upstream water and sediment source. These findings
illustrate that settling, growth and mortality all have important
effects in experiments, as also demonstrated in models (van
Oorschot et al.,2016).

Since the discovery that alfalfa (Medicago sativa) can be used
in river experiments (Gran and Paola, 2001), most further re-
search has been conducted with this species (Braudrick et al.,
2009; Tal and Paola, 2010; Perona et al., 2012). Notable ex-
ceptions, all with larger seeds and plants, were Perona et al.,
(2012) and Clarke (2014), who seeded oats (Avena sativa) to
represent riparian trees, and Coulthard (2005) and Rominger
et al., (2010), who planted several bedding plant species that
represented entire patches of vegetation. The advantages of al-
falfa over many other species are its fast germination and high
germination fraction, especially after pre-soaking treatment,
and its resilience to changes in temperature, light and water
availability (Clarke, 2014). Furthermore the characteristics of
the roots are considered similar to juvenile riparian vegetation
in nature. As the roots grow there is an increase in the forces
plants can withstand (Edmaier et al., 2014). Such forces include
the flow on the plants that may lead to uprooting, the flow on
the rooted soil that may lead to erosion, and the weight of the
oversteepened bank that is partly carried by the bundle of roots
(e.g. Simon and Collinson, 2002). However, in order for the
roots to have a significant effect on bank retreat, but not stabi-
lize the banks completely, the roots should neither be much
shorter than channel depth nor much longer. This means that
the plant species and the scale of the experiment need to
match, which suggests a necessity to work with small juveniles
or sprouts.

In nature, however, there are many different habitats with
types of vegetation that differ considerably in characteristics
and eco-engineering effects from riparian trees (Corenblit et al.,
2011; Gurnell et al., 2012; Bouma et al., 2014). For rivers and
estuaries these include salt marshes with, for example,
Spartina species, mangrove forests including Avicennia
species, riparian forests with, for example, Salicacea species
and vegetated deltas with Nelumbo species. These species
differ largely in how they affect biogeomorphodynamics:
salt marshes occur in the intertidal area and can be alternately
submerged and emerged; mangroves are emergent but grow
in the intertidal area; riparian forests are emergent and
grow in general above the waterline; hile vegetated deltas also
have macrophytes including floating vegetation. The eco-
engineering species in these environments have starkly
different settling conditions, inundation and uprooting toler-
ance, rooting density and added bank strength and flow

Table I. Examples of fluvial and coastal vegetation types and their habitats with distinct eco-engineering effects that we aimed to reproduce

Eco-engineering landscape Habitat Eco-engineering effects Example species

Riparian vegetation Intertidal area up Soil enforcement due to rooting Avicenna, Salix
(trees and mangroves) to higher bathymetry flow focusing/retardation

(Corenblit et al., 2007)
Saltmarsh Mean water level Soil enforcement Spartina, Juncus

up to high tide substantial flow retardation
(Schwarz et al., 2018)

Freshwater floodplain Adjacent to channel Marsh-like effects for grasses; Phragmites, Typha
up to highest flooded areas riparian type effects for trees

(van Oorschot et al., 2016)
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resistance. This leads to the question of how we can represent
these different vegetation types in laboratory experiments.
Given the presence of hundreds of thousands of plant species
on the planet, a wider selection of experimentally applicable
species should be possible and of use in a range of
biogeomorphological experiments.
The main advance in using live vegetation in physical exper-

iments is that they allow study of two-way interactions between
hydromorphology and biology. Plants may settle and develop
somewhere in the experimental system as a function of initial
hydromorphological conditions and controlled boundary con-
ditions. Through their interaction with the flow they affect sed-
imentation patterns and therefore alter the landscape. These
vegetation-driven changes in the landscape either favour or
hinder new plant development in the next seeding cycle, and
possibly facilitate other species that would otherwise not settle
there. Figure 1 is an illustration of the biogeomorphological

patterns that emerge when different vegetation species are
combined in tidal experiments (Kleinhans et al., 2017a; Braat
et al., 2018; Leuven et al., 2018) with scaling, sediment and
vegetation treatment similar to that in van Dijk et al., (2013).
Such experiments need to be developed in the future, but need
a starting point of systematically analysed sensitivity of species
to landscape experiment conditions and effects of the species
on critical aspects of the hydromorphodynamics.

The objective of this paper is therefore to find and test several
vegetation species that can represent a range of different set-
tling conditions and tolerance against inundation and erosion
in laboratory experiments, and have different eco-engineering
effects, in particular enhanced bank strength by rooting and
hydraulic resistance depending on sprout size and settling den-
sity. In this sense both the methods and the results are intended
to be a benchmark for physical modelling with vegetation. The
results may aid in the choice between species in an

Figure 1. Examples of vegetation settling locations and morphological effects of five vegetation species in tidal pilot experiments, not further de-
scribed here, in a tilting flume described in Kleinhans et al. (2017a). [Colour figure can be viewed at wileyonlinelibrary.com]
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experiment, and the suite of methods can efficiently be reused
to test the same species under different laboratory conditions
and can be used to test new species for other types of
experiments.

Methods

The study was set up as follows. First we created a large list of
candidate species based on roughly known germination times,
size, preference to grow in wet conditions and commercial
availability. From this list we selected fast-growing species for
practical reasons of fast progress of experiments, in which
the duration of plant germination is time consuming. Then the
settling velocity of the seeds and potential eco-engineering ef-
fects of selected species were tested in a set of four experiments
under hydromorphological conditions of roughly 5–30 mmwa-
ter depth and scale typical for landscape experiments. We
measured seed settling velocities for use as an indicator of seed
transport in suspension, sensitivity of seedlings to inundation
depth in terms of sprouting, hydraulic resistance caused by seed-
ling stems, and reduction of bank erosion caused by rooting. Fi-
nally, we discuss the environments that these species can
represent in their application in various landscape experiments.
There are some limitations to this study. First, the experi-

ments are all conducted for a specific range of
hydromorphodynamic conditions in landscape experiments,
meaning water depths of 5–30 mm in a number of laboratories.
Second, the transport of seeds is based on settling velocity ex-
periments and seed characteristics. We used these to interpret
likely seed transport and establishment patterns, but these need
to be studied in actual landscape-scale experiments, and mod-
ified in other types of experiments such as distorted engineering
scale models and flume experiments targeting specific biophys-
ical feedbacks. While trial and error in such large experiments
are at the cost of considerable experimental time, the proposed
methods here are fast and may well be applicable to many dif-
ferent experimental settings and species.

Selection of species

Our first selection of 19 vegetation species was based on three
criteria: they should be able to grow near thewaterline in nature,
the species need to be fast growers, and seeds need to be avail-
able for purchase in quantity (Table II). This limited our selection
to species well known to our botanical gardens, which is appro-
priate for practical reasons but also suggests that further searches
for useful species likely yield a longer list. The growth rate of
seedlings is essential in experimental design, where the charac-
teristic timescale at which a natural stress such as a flow event
can be applied needs to be related to the characteristic timescale
of vegetation development (Tal and Paola, 2007; Perona et al.,
2012; Kleinhans et al., 2015):

τ ¼ T develop

T disturbance
(1)

where T is a timescale, τ>1means that vegetation is likely to sur-
vive typical disturbances and τ<1means higher vegetationmor-
tality. This relative timescale indicates how long experiments
have to be paused after seeding events, which typically is the
most important limiting factor in the duration of experiments.
The first 19 species were therefore tested on how they develop
with respect to the water depth and how fast they grow. We also
sought a large range in seed size, or diameter, between species,
because this is an indicator of the potential length that the plants

attain without nutrients (Leishman et al., 2000) and because
seed size likely affects the transport mode in the experiments.

To test the suitability of the species for time-limited
experiments, we conducted the following experiment. Of each
species, three pots with 10 seeds on a sand surface were
prepared. The sand in all our experiments was a coarse, poorly
sorted mixture with a D50 of 0.55 mm, a D10 of 0.32 mm and a
D90 of 1.2 mm, and, due to the wet separation process by the
supplier, entirely devoid of silt, clay and nutrients. This sand
was designed to prevent experimental flow from being
hydraulically smooth and forming scour holes and ripples
(Kleinhans et al., 2017b). The water levels in the pots were
controlled, as described later, at 10 mm below the bed surface,
at the bed surface and 10 mm above the bed surface. The seeds
in these pots were allowed to grow for 15 days. The experiment
was conducted in May and June in a greenhouse with a
naturally varying temperature and light intensity in the
Netherlands.

During the experiment we measured shoot development dur-
ing 15 days, and root length after 15 days, for all plants. This
provided insight into the development time of the plants and
their dimensions. We also tested the effect of a cold treatment
(Clarke, 2014), but found no difference except for Lycopus
europaeus, Mysotis scorpioides, Typha latifolia (LE, MyS and
TL), which benefited from the treatment. Based on the results
and criteria, five promising species were selected for further
investigation under more controlled conditions. The other
experiments described below were performed only with the
five selected species.

Transport mode of seeds in experimental flows

Following selection of the most promising species, the charac-
teristics important for hydrochorous transport of the seeds were
determined. These are characterized by the Rouse number and

Table II. The 19 candidate species in which growth rate was
measured, with abbreviations used in this paper and with typical
environments. A few more species tested initially, shown in Figure 6,
were not suitable or readily available.

Species name Abbrev. Natural environment

Beta vulgaris rubra BV Coastal grasslands, salt marshes
Brassica oleracea
botrytis cymosa BO (Silty) coastal areas

Brassica rapa BR Waterfronts, fallow land

Lotus pedunculatus LP
Swamps, waterfronts, grassland,
dikes

Lycopus europaeus LE Swamps, ditches, moist forest
Lythrum salicaria LS Marshes, floodplains

Medicago sativa MeS
Grassland, fallow land,
waterfronts

Myosotis scorpioides MyS Swamps, waterfronts

Persicaria bistorta PB
Moist grassland, ditches, moist
forests

Phacelia tanacetifolia PT Gardens, roadsides, wasteland

Raphanus sativus RS
Moist sandy loams, cultivated
only

Rumex hydrolapathum RH Swamps, waterfronts, floodplains
Sorghum bicolor SB Hot arid or semi-arid areas

Spinacia oleracea SO
Moist well-drained soils,
cultivated only

Tagetes patula TP Pine–oak forest
Typha latifolia TL Wetlands

Veronica beccabunga VB
Waterfronts, marshes, grasslands,
wet grounds

Vigna radiata VR Moist grasslands
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the particle Reynolds number as indicators of particle mobility
and settling out of the water column. In nature, seed buoyancy
affects the seed dispersal patterns (Sarneel et al., 2014). In ex-
periments, however, seeds should be pre-soaked when they
are spread hydrochorously; otherwise most of the seeds leave
the flume floating without settling (Clarke, 2014). As the seeds
are no longer buoyant after pre-soaking, the degree of suspen-
sion of the seeds determines whether the seeds deposit from
bedload close to the main channel or are carried further up
on the floodplain in suspension. This points to the need for
laboratory protocols to standardize soaking and seeding proce-
dures in a given experimental setting.
We use the Rouse number Z as an indication of whether a

particle is transported as bedload (Z>2.5), suspended load
(0.8<Z<1.2) or washload (Z<0.8) for given flow conditions
(Cheng and Chiew, 1999):

Z ¼ ws

κu∗
(2)

where ws is the particle settling velocity in still water, κ = 0.4 is

the von Karman constant and u∗ ¼
ffiffiffiffiffiffiffiffi
ghS

p
is the shear velocity,

assuming normal flow, where g is the gravitational acceleration
(m/s2), h is water depth (m) and S is slope (m/m). The particle
Reynolds number is a measure for the behaviour of the flow
around the seeds with diameter Ds, which affects the settling
behaviour (Cheng and Chiew, 1999):

Rep ¼ Dsws

ν
(3)

where ν is dynamic viscosity (ν≈1.16×10�6 m2/s for lab tem-
perature). A particle Reynolds number of Rep>10 means turbu-
lent flow around the seed, 1<Rep<10 means transitional
conditions and Rep<1 means laminar flow conditions. To be
able to use the particle Reynolds number we measured seed di-
ameter along the longitudinal axis with a digital Vernier caliper.
Both the particle Reynolds number and the Rouse number

are a function of the particle settling velocity. This was deter-
mined in a settling tube. A 0.36 m tall glass cylinder of
0.05 m diameter was filled with tap water at about 11° C.
Low numbers of seeds, pre-soaked for 24 hours, were released
and the time to reach the bottom was recorded with a stop-
watch. To account for measurement errors the measurements
were repeated eight times.

Sensitivity to water depth in the sprouting phase

For plants to occupy the range of physical environments in ex-
periments, a high sensitivity to shallow water depth is needed.
In most experiments the plants should not settle and develop on
the main channel floor, but rather at the water line and above it
as riparian trees (Francis et al., 2006), or slightly below it in
mangrove (Krauss et al., 2008), reed and saltmarsh settings

(Craft et al., 2009; Schwarz et al., 2018). For the plants to differ-
entiate between these types of natural vegetation they should
develop differently when grown under different inundation
conditions. Therefore, we test sprouting and development of
the plant length and diameter for a typical range of bed eleva-
tions in landscape experiments from above to below the aver-
age water surface.

A series of plant pots with controlled water level were pre-
pared to test the sensitivity of the species to inundation depth
(Figure 2). As we used washed, poorly sorted sand without nutri-
ents and without silt or finer sediment, the sprouts are limited in
growth by the nutrients stored in the seed itself. The plant
seeds ranged from slightly smaller than the median grain size
(Veronica beccabunga) up to 10 times larger (Sorghum bicolor).
The pots were filled with a sand layer of 70 mm, deeper than the
longest roots, andwere placed in trays with a water height of 60,
70 or 80 mm. This provided either submerged beds with the
water level above the sand surface, in which case the sand
was 10 mm below the water surface, fully saturated beds with
water, sand and seeds at the same level, or beds that were wet
because of the capillary rise of water that was 10 mm below he
surface. The water level in the trays was kept constant by a con-
stant head systemwith an overflow and pump to ensure oxygen-
rich conditions and negligible flow. Light intensity was kept
constant at 180 lux and the temperature was 22.5±0.5° C.
Additionally, chlorine and an anti-algae product were added
to reduce the growth of algae, biofilms and fungi, which is also
of importance in flume experiments when these are not the
scope of the research and considered pests. The effective chem-
ical in the anti-algae was didecyldimethylammonium chloride,
which was applied at 1.77 g/m3. Preliminary tests showed that
more seeds sprouted when these chemicals were added, and
no difference in sprouting was found between this dose
and higher concentrations.

We measured the fraction of seeds that germinated on a daily
basis as well as shoot length and diameter. Length and diameter
were measured with a digital Vernier calliper. After 14 days the
plants were carefully removed from the soil and root length was
measured. Unlike shoots, roots are thus only measured at the
end of the experiment. Figure 3 shows images of the roots
and shoots after 14 days of growth of the five plants selected
for more detailed experiments. To characterize the plant growth
we compared sprout growth with the typical time dependence
of plant growth, and fitted a sigmoidal function by least squares
(Yin et al., 2003):

w ¼ wmax 1þ t e � t
t e � tm

� �
t
te

� � te
te�tm

(4)

where w is the biomass of a plant, which we substituted with
measured length at time t, wmax is the maximum biomass,
which we substituted with maximum sprout length obtained
without nutrients, te is the time before the maximum length
was reached, and tm is the time when the growth speed
was greatest. Therefore, we can easily determine the time of

Figure 2. Experimental setup to test water-level sensitivity during sprouting of five species. The system has one inflow (right), flows over to the other
two boxes and has one outflow (left)
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maximum growth and end of growth of the sprouts for our pre-
scribed laboratory conditions.

Increase of flow resistance by seedling stems

Thirdly, we sought dimensions and effective flow resistance of
the vegetation which scales reasonably well with flow depth
and retardation in rivers, deltas, estuaries and fans. We pre-
dicted and measured flow resistance characteristics of the five
tested species. Flow resistance expressed as Chezy roughness
C (m1/2/s) by emergent vegetation is predicted as follows
(Baptist et al., 2007):

Cv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2g
CdmDvh

s
(5)

where Cv is the Chezy roughness due to vegetation, g is the
gravitational acceleration, Cd≈2 is the drag coefficient, taken
somewhat rougher than that of perfect cylinder (Park et al.,
1998), m the stem density (m�2), Dv the stem diameter and h
the water depth. The combined roughness Ctot of bed surface
and vegetation is then given by

C tot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

C�2
b þ C�2

v

s
(6)

where Cb is the bed roughness that can be estimated with the
Colebrook–White relation for hydraulically smooth flow
(Silberman et al., 1963):

Cb ¼ 18log10
12hu∗

3:3ν

� �
(7)

where u∗ the friction velocity obtained through
ffiffiffiffiffiffiffiffi
ghS

p
. These

equations forecast friction values based on geometrical pa-
rameters and were compared to the actual Chezy value
based on combined water depth and velocity measurements,
determined as

C ¼ uffiffiffiffiffi
hs

p (8)

As typical water depths in landscape experiments are be-
tween 0.005 and 0.03 m (Hoyal and Sheets, 2009; Tal and
Paola, 2010; van Dijk et al., 2013; Kleinhans et al., 2014)

Figure 4. Experimental setup for hydraulic resistance measurement in straight flumes and Friedkin bank erosion tests. (a) The parallel flumes with
uniform vegetation that were used for flow resistance measurements by tracer dye. (b) Schematic representation of the Friedkin flume (based on
van Dijk et al., 2013; Kleinhans et al., 2014) with water flowing in from the bottom left corner, approaching the sediment at a 45° angle. (c) Example
of vegetated sediment block installed for bank erosion testing. (d) Block with vegetation species during the erosion process, showing coloured water.
[Colour figure can be viewed at wileyonlinelibrary.com]

Figure 3. Images of the five species that were investigated in more detail based on preliminary testing after 14 days of growth: (a) Lotus
pedunculatus; (b) Medicago sativa; (c) Rumex hydrolapathum; (d) Sorghum bicolor; and (e)Veronica beccabunga. [Colour figure can be viewed at
wileyonlinelibrary.com]
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and stem length and thickness are correlated, our plant
lengths should not exceed the h<0.03 m value by much to
represent submerged grasses, but can be significantly higher
when representing trees.
To determine the actual flow roughness, five small parallel

flumes were set up to test the effect of the five vegetation spe-
cies on flow velocity (Figure 4a). The channels were 70 mm
wide and 1.5 m long and had a bed surface gradient of
S=0.0083 m/m. The first 0.3 m of each flume was filled with
gravel to break the inflow jet and accelerate formation of a
boundary layer. Downstream of this 0.2 m of bare sand was
followed by 1 m of vegetated sand. The channels were all
filled with 20 mm of sand in which vegetation was seeded,
as uniformly as possible by hand, over the last 1 m length at
densities of 2 seeds/cm2. A discharge of 38 L/h was applied
to the channel, which resulted in laminar flow conditions with
negligible sand transport and an average water depth of
1.5 mm, which means sidewall effects are negligible
(Williams, 1970). At 7, 8 and 9 days after seeding, the flow
velocity through the vegetation was measured. This was done
by pouring 0.3 cm3 water with brilliant blue dye, 50 mm
before the vegetation started and timing the breakthrough of
the front of the dye as it crossed a white boundary just down-
stream of the vegetation. This measurement was repeated 4
times every day. For the front we took the first crossing in
the centre third of the channel. Control experiments without
vegetation quantified flow resistance of bare sand and ensured
that all five parallel flumes behaved similarly within measure-
ment accuracy.

Reduction of bank erodibility by rooting

Root length and root density mainly determine the reduction of
erodibility of channel banks and the potential for uprooting as
shown in past bank erosion experiments (Abernethy and
Rutherfurd, 2001; Pollen, 2007; van Dijk et al., 2013; Edmaier
et al., 2014). The work W(j) required to uproot a seedling has
been estimated as (Edmaier et al., 2014)

W ¼ aL1:4tot (9)

where Ltot is the total root length and a is a calibration parame-
ter based on saturation and sediment grain size, typically about
3��5×10�6 (Edmaier et al., 2014). A general indicator of the
potential for bank undercutting is the rooting depth relative to
the bank height. This was experimentally tested and expressed
as (Perona et al., 2012)

λ ¼ Lrooting depth

Lbank height
(10)

where λ>1 means that vegetation is likely to prevent
undercutting and λ<1 means undercutting may occur. This is
a simplification of the variability and complexity of natural
root systems, but it does show that the direct scaling between
bank height and rooting depth affects whether vegetation
will reduce bank collapse rates. Sediment may also be re-
moved directly by the turbulent flow from a rooted cutbank,
but this erosion is slowed down depending on rooting
depth, density and added flow resistance by roots sticking
out of the bank.
To test the effect of rooting on bank erosion rate an experi-

ment based on Friedkin (1945) and van Dijk et al., (2013)
was conducted. We prepared sediment blocks with several
vegetation ages similar to van Dijk et al., (2013). These blocks

were placed in our Friedkin flume at the end of a 50 mm wide,
1.5 m long channel with a slope of 0.0083 m/m, where the flow
attacks the vegetated sediment block under a 45° angle
(Figure 4). The discharge through the channel was 500 L/h.
Sand was glued to the bottom of the upstream flume to create
hydraulically rough conditions. This setup is different from a
landscape experiment and a natural system. However, the fixed
and large angle of flow incidence enables us to compare the
erosion with and without vegetation in a fully controlled setting
and thus isolates the contribution of the vegetation roots to the
erosion resistance in a fraction of an hour.

To determine the effect of the vegetation on bank erosion
rates we tracked the disappearance of the sediment block by
following the position of the bank top line over time. For auto-
matic detection of eroding the bankline the water was coloured
by brilliant blue for contrast in overhead photographs taken by
a consumer-grade camera every 30 seconds. As the sediment
thickness was kept constant in all experiments, we assume that
sediment volume is a direct function of bankline position. The
bankline was extracted through contrast and pattern recogni-
tion by the computer. This, however, resulted in an apparent
increase in volume during the first minute of some of the exper-
iments. When the first water reaches the sediment block, sand
fell down into the channel, which is analysed as a bankline
which progrades into the channel. Following removal of the
collapsed sediment, the bank top line indicates volume.
Temporal variability is in part caused by these bank collapses
and in part by shadows of overhanging vegetation on partly
collapsed banks, causing temporary increases of apparent
volume. These experiments were conducted for the species
Medicago sativa, Rumex hydrolapathum, Lotus pedunculatus,
Veronica beccabunga and Sorghum bicolor at a seeding density
of 2 seeds/cm2 after 7 and after 9 days of growth, which were
expected to be of typical density and have clearly measurable
effects on the basis of published experiments with Medicago
sativa (van Dijk et al., 2013; Kleinhans et al., 2015). Duplicates
were run to quantify variability, which was found to be accept-
ably small in van Dijk et al., (2013).

Results

Germination fraction and time, and the height reached after 15
days, differed between species by a factor up to 10 (Figure 5). If
we assume two design criteria, namely the usual experimental
water depths and fast germination, approximately half the
species required more than a week to germinate and therefore
did not meet the requirements for most landscape-scale exper-
iments (Figure 5a). Furthermore, many species remained either
extremely small – for example, Lycopus europaeus (LE), Typha
latifolia (TL) – or grew too tall – Vigna radiata (VR) – as they
would emerge from the deepest channels (Figure 5b). A corre-
lation between seed diameter and stem length exists but shows
such a large variation that it is not reliable for prediction
(Figure 6). Based on these data, Medicago sativa (MeS), Lotus
pedunculatus (LP) and Rumex hydrolapathum (RH) were
selected for further analysis. Additionally, a taller and a smaller
species were included that germinate fast: Veronica
beccabunga (VB), because this species grows up to 15 mm,
with roots up to 10 mm, which allows undercutting by deeper
channels; and Sorghum bicolor(SB), because it grows relatively
tall. Sorghum bicolor was selected over the faster germinating
Vigna radiata (VR) because the Vigna radiata seeds are so large
that they cannot easily be transported hydrochorously in
morphological experiments with channels up to several
centimetres deep.
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Transport mode of seeds in experimental flows

The Rouse number was calculated for 0.0075 m/m slope
and 0.03 m channel depth. The settling velocities and seed
diameters of the species ranged over an order of magnitude
and this resulted in concurrent differences in particle Reynolds

and Rouse numbers (Table III). The Rouse number was largest
for Sorghum bicolor, followed by Lotus pedunculatus and
Medicago sativa (Table III). These three seed types were likely
transported as bedload, under the described experimental
conditions. Rumex hydrolapathum was intermediate between
bedload and suspended load for the given flow conditions,
and the transport mode of Veronica beccabunga was
transported as washload or in suspension, depending on the
experimental conditions.

Sensitivity to water depth in the sprouting phase

When the growth experiments were repeated for the five
selected species under controlled laboratory lighting, tempera-
ture and antipest conditions, all species sprouted after 4–5 days
except for Medicago sativa, which sprouted after only 2 days
(Figure 7). Veronica beccabunga, Soghum bicolor and Lotus
pedunculatus sprouted slightly faster when the water was at

Figure 6. Maximum plant length plotted against seed size under typical laboratory conditions and in the absence of nutrients in the sand. The circles
are the species we selected for further analyses. Some species plotted here were tested only once for selection purposes and are not listed in Table II as
follows: AP, Alisma plantago-aquatica; CP, Carex pseudocyperus; PM, Persicaria maculata: RSL, Raphanus sativus Longipinnatus; Sg, Sorghum
bicolor (other batch than in Tables II, III). [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 5. Germination and growth of the candidate species (see Table II for abbreviations). In all cases the seeds were pre-soaked for 24 hours. (a)
Average germination time, in days, between the first and last appearance of individuals for all species and water levels, as far as available. The number
on top of the bars represents the number of sprouted seeds that are averaged in the bar (holds for part (b) as well). Note that germination times beyond
a few days excessively increase experiment duration. (b) Average stem length of germinated individuals after 15 days. [Colour figure can be viewed at
wileyonlinelibrary.com]

Table III. Properties determining seed transport by water. Seed
diameter Ds and settling velocity ws were measured experimentally.
The Rouse number was calculated for 0.0075 m/m slope and 0.03 m
channel depth

Species Ds (mm) ws (m/s) Rep Z

Lotus pedunculatus 1 0.066 66 3.5
Medicago sativa 2.5 0.058 146 3.1
Rumex hydrolapathum 3.0 0.037 112 1.8
Sorghum bicolor 5 0.12 614 6.5
Veronica beccabunga 0.3 0.01 2.9 0.5
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the soil surface than for the lower water level, while Medicago
sativa and Rumex hydrolapathum sprouted equally quickly
(Figure 7). Although these measurements were conducted for
only 10 seeds, the results generally agreed with earlier pilot
experiments.
After several days the plants reached their maximum shoot

height, except for Sorghum bicolor, (Figure 8). Plant growth
was approximately logistic, with an initial acceleration and a
asymptotic decrease as plants reached their maximum length.
The five species had considerably different root and shoot

lengths after 2 weeks of growth. Water level, however, had a
minor effect on plant growth (Figure 9). Root and shoot diame-
ters were fairly similar for Medicago, Rumex and Lotus,
whereas Veronica was thinner and Sorghum was thicker.

Increase in flow resistance by seedling stems

The flow resistance of Rumex hydrolapathum was largest, with
about 50% reduction in flow velocity relative to the bare sand
bed (Figure 10), with Medicago sativa a close second. Veronica
beccabunga and Lotus pedunculatus had a somewhat smaller
flow resistance (Figure 10a). There was, however, an effect of
the fraction of germinated seeds, which was most clear for Sor-
ghum bicolor, which showed the lowest reduction in flow ve-
locity. Given the constant discharge and slope, a reduction in
flow velocity was compensated for by an increase in water
depth (Figure 10b). We compared our measured Chezy value
(derived through Equation (8)) with the predicted values ac-
cording to Equation (5). The reduction in flow velocities was
similar to what was expected based on the Baptist equation
(Equation (5)) (Baptist et al., 2007), when we assumed a drag
coefficient of 2, which is a reasonable assumption for the stem
Reynolds number of 150 in our experiments with cylindrical
stems (Figure 10c). An increase in roughness increase by a fac-
tor 2–4 was found for the different vegetation species.

Reduction of bank erodibility by rooting

Rooting effects on bank erosion rates differed between the
species (Figure 11). All vegetation types reduced bank erosion
considerably, relative to the control experiment without plants.

Figure 8. Average growth curves for the five selected species on the sand bed at the water surface (a,c) and on the sand bed at 10 mm above the
water surface (b,d) for seedling length (a,b) and stem diameter (c,d). Measurements were conducted on the germinated individuals of 10 seeds per
species per condition, so that fluctuations in dimensions indicate variability rather than temporal change. The dashed lines are fitted growth curves
based on Equation (4) (Yin et al., 2003) (Table IV). The numbers in parts (a) and (b) indicate the number of sprouted seeds. Minimum and maximum
values are displayed after 4, 7 and 10 days. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 7. Fraction of germinated seeds for five selected species.
Dashed lines indicate seeding at 10 mm above the water surface; solid
lines indicate seeding at the water surface. [Colour figure can be viewed
at wileyonlinelibrary.com]
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The effect of Medicago was much greater than that of Veronica
or Lotus, especially after 9 days when the bank could not be
eroded by the imposed flow. This was at least partly due to
the root lengths of the species (Figure 9c). The roots of some
species also reduced bank erosion to zero at a certain channel
width, in contrast to weaker species and the control experi-
ments. The control runs with sand only showed a linear de-
crease in volume over time. This indicates that shear stress is

not limiting potential bank erosion as all experiments had the
same flow conditions; rather, the binding effects of roots and
the protective shielding of exposed roots together gradually re-
duced erodibility of the bank. Although there was considerable
variation between duplicates and between 7 and 9 days of
growth before subjecting the samples to flow, most species
showed either a constant or increasing resistance to erosion
by the flow due to further growth of the roots, as observable

Figure 9. Shoot and root lengths measured after 14 days, at the end of the growth period: (a) shoot lengths; (b) shoot diameters; (c) root lengths; (d)
root diameters. ‘Seed at surface’ means that the water level is equal to the bed level with seeds, and ‘seed above surface’ means that the bed level is
10 mm above the water level. The numbers in the bars of plot (a) are the number of sprouted plants used. [Colour figure can be viewed at
wileyonlinelibrary.com]

Table IV. Coefficients obtained by fitting the growth equation (Equation (4)) to time-dependent size data of five selected vegetation species

Species
Seeds at water level Seeds 10 mm above water level

Max. length te tm Max. length te tm
(mm) (days) (days) (mm) (days) (days)

Lotus pedunculatus 20 7 3 19 7 3
Medicago sativa 29 5 3 23 6 2
Rumex hydrolapathum 35 7 5 44 5 3
Sorghum bicolor 120 12 8 113 11 7
Veronica beccabunga 13 5 2 7 9 3

Figure 10. Measured flow velocity and derived vegetation resistance measured in shallow flow by dye tracer for a seeding density of 2 seeds/cm2

after 7 days. (a) the flow velocity based on the breakthrough time of the tracer front; (b) the corresponding water depth based on continuity of imposed
discharge and measured velocity; and (c) the Chezy value based on measurements (Equation (8)) and predictions (Equation (5)). [Colour figure can be
viewed at wileyonlinelibrary.com]
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in the constant or increasing time before the sediment was re-
duced by, say 40%. At this point, the channel had on average
widened by almost a factor of two and the bed shear stress re-
duced by a similar factor.

Discussion

To summarize, we examined four vegetation species with
potentially different eco-engineering effects in morphological
experiments from the frequently used Medicago sativa, which
extends previous work by Clarke (2014). The four species,
Lotus pedunculatus, Rumex hydrolapathum, Sorghum bicolor
and Veronica beccabunga, grow best under different inunda-
tion conditions and have different eco-engineering effects.
Nevertheless, all four grow fast under laboratory conditions,
with a development timescale of 5 days or less, which makes
them practically usable and suitable for morphological experi-
ments (Kleinhans et al., 2015). As withMedicago sativa, all four
species have their maximum growth rate around day 3 and
their final length after 7 days, except Sorghum bicolor, which
has its maximum growth rate after 7 days and its maximum
length after 12 days. The lengths of the species range from 10
to 40 mm, with outlier Sorghum bicolor up to 120 mm. Assum-
ing typical water depths of 5–30 mm in the channels, these four
species will be emergent except in the channels.
Both the sensitivity to water depth and the duration of growth

allow for control on where species establish in experiments.
The magnitude and timing of flow events following establish-
ment will affect which species survive, dependent on age and
water depth.
Based on the measured Rouse and particle Reynolds num-

bers we derived for typical experimental conditions, we infer
for landscape experiment conditions that Sorghum bicolor,
Medicago sativa and Lotus pedunculatus are transported as
bedload in typical fluvial and tidal landscape experiments,
and possibly in suspension on steeper and more dynamic allu-
vial fans and fan deltas. Veronica beccabunga seeds, on the
other hand, are transported as washload, and Rumex
hydrolapathum is transitional between bedload and suspended
load. This implies that Medicago sativa, Sorghum bicolor and
Lotus pedunculatus seeds may get transported into local lows.
Rumex hydrolapathum is partly transported as suspended load,
which means that it will reach higher elevations in the water
column, and Veronica beccabunga is transported as washload

or in suspension, meaning that it can be transported onto bars
and banks in very shallow and slow flows, possibly in between
other vegetation. These differences can therefore result in a
sorting of the vegetation with Rumex hydrolapathum and Ve-
ronica beccabunga ending up on higher bed elevations than
Medicago sativa, Lotus pedunculatus and Sorghum bicolor. In
different experimental settings species might reach higher or
lower elevations as shear stress increases or decreases respec-
tively, and these inferences do not include competition for
space effects. The species are sufficiently different in their sen-
sitivity to inundation to be able to select different behaviours;
for example, Lotus pedunculatus and Medicago sativa are able
to sprout under water whereas the others are not. Three species
that show a clear difference in germination rate for different wa-
ter availability, namely Lotus pedunculatus and Rumex
hydrolapathum, which sprout best under wet conditions, and
Sorghum bicolor, which sprouts best under dry conditions.

Important eco-engineering effects are flow retardation
through hydraulic resistance, reducing forces on the plants
and increasing survival for new plants, and bank strength due
to rooting, increasing the chances of survival on the banks.
All vegetation species significantly retard the flow, with the
highest reduction due to Rumex hydrolapathum and the
smallest due to Sorghum bicolor for a constant seeding density.
For emergent vegetation with equal drag coefficients, the only
two changing variables are the stem density (the number of
stems per square meter) and the stem diameter. As we seeded
the same vegetation density, differences in flow retardation
should result from differences in stem diameter and germina-
tion rate between species. An increase in flow retardation with
increasing stem diameter was present in most of our results. Lo-
tus pedunculatus, Rumex hydrolapathum and Medicago sativa
retarded the flow to an expected degree based on only their
stem diameter, whereas Sorghum bicolor retarded the flow to
a smaller degree because of its limited germination rate. Part
of the flow retardation in the experiments with Sorghum bi-
color, however, comes from the unsprouted seeds in the flume.
Veronica beccabunga, on the other hand, retarded the flow sub-
stantially more than expected, as it developed some dense
clumps despite the attempts to seed as uniformly as possible
(Figure 10). The degree to which these eco-engineering effects
change in the presence of fine sediment remains to be tested.
Possibly the flow retardation leads to enhanced sedimentation
of fine sediments and low-density sediments. Furthermore, in-
teractions and possible facilitation between multiple species

Figure 11. The part of the sediment block that remains, over time, in the Friedkin experiments based on detection of the bank line and assuming a
constant height. (a) All species when they are still developing after 7 days and (b) when all species except sorghum have reached their final dimen-
sions after 9 days. Species were seeded on sand 10 mm above the water surface. The dashed and solid lines are duplicates to obtain a feeling for
variability. Note that not all lines start at the same height, which is due to initial collapse to angle of repose of the 90° bank slope after wetting, which
is observed as a bank line change. [Colour figure can be viewed at wileyonlinelibrary.com]
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in one experiment offer exciting prospects for control in more
complex landscapes.
Experimental studies of biogeomorphological interactions

tend to focus on the bank strength added by vegetation (Tal
and Paola, 2007; Braudrick et al., 2009). In rivers the main ef-
fect of trees may indeed be to increase the strength of banks
(Smith, 1976; Millar, 2000; Tal and Paola, 2007; Murray et al.,
2008; Gurnell et al., 2012), but in some river types (Kleinhans
et al., 2018) and in other ecotopes flow retardation or other ef-
fects could be more important (Bouma et al., 2007; Corenblit
et al., 2011; Nepf, 2012b; Schwarz et al., 2014). We found that
Veronica beccabunga and Lotus pedunculatus can reduce ero-
sion by 30–50%, whereas Sorghum bicolor, Medicago sativa
and Rumex hydrolapathum reduce erosion up to a factor of
four, which is due to differences in root length (Perona et al.,
2012). The same differences in root length also increase plant
resistance against uprooting (Edmaier et al.,2014), which is also
observed in natural riparian systems (Corenblit et al., 2011;
Gurnell et al.,2012). However, this strongly depends on water
depth and bank height (Perona et al., 2012), so that these find-
ings need testing and calibration for different experimental
scales, conditions and setups, including the conditions affect-
ing plant growth and survival. Nevertheless, the trends and dif-
ferences between species are likely robust for many fluvial and
tidal landscape experiments.
The above leads to a tentative designation of the five species

to different purposes (Table V). Owing to their large effect on
bank erosion, Rumex hydrolapathum and Medicago sativa be-
have similarly to riparian and mangrove tree species in small-
scale experiments. In nature, flow retardation due to fully
grown trees is relatively minor compared to marsh species, be-
cause of the large distances between tree trunks, while riparian
trees in the bushy life stage provide a high flow resistance (van
Oorschot et al., 2016). The latter is represented well by these
two species following hydrochorous seed distribution. Rumex
hydrolapathummay represent riparian tree species particularly
well as its seeds are partly transported in suspension and there-
fore end up on higher elevations in the system. On the other
hand, Medicago sativasprouts particularly well under moist
conditions, which makes this species perhaps suitable to repre-
sent mangrove vegetation in intertidal habitats, for which there
are currently no landscape experiments available. Medicago
sativamay, however, cause problems in landscape experiments
with shallow water depths, because it tends to develop close to
the waterline or even under water due to its spreading charac-
teristics, which is unwanted when simulating riparian trees that
develop at higher bed levels. However, this may possibly be
used to represent reed marsh or mangrove development with
organic matter accumulation, or, depending on the force of
the floods, tree species that have ample dead wood. The flow
retardation by Lotus pedunculatus and Veronica beccabunga
is smaller when seeding densities are similar, but preliminary

testing in landscape experiments suggests that these species
tend to settle at much higher plant densities. In nature the num-
ber of stems of grass-like species is obviously much larger than
that of tree-like species, even in the seedling life stage, and this
is well represented by the settling and growth patterns of these
species. Therefore, Veronica beccabunga and Lotus
pedunculatus significantly retard the flow and would likely
capture sediment, while their effect on bank erosion is limited.
This makes them suitable to represent marsh or freshwater
floodplain species. It is, however, important to take into ac-
count that Veronica beccabunga can occupy higher areas,
while Lotus pedunculatus will occur close to the channels
when spread hydrochorously. This makes them suitable for dif-
ferent types of experiments. Sorghum bicolor can best represent
large trees or even larger forested areas as its roots can stabilize
the sediment significantly. It sprouts poorly under moist condi-
tions, however, so it is best seeded by hand and left to germi-
nate with little water.

The differences between these species lead to development
of landscapes through eco-engineering effects and
hydromorphological feedbacks. Veronica beccabunga and
Lotus pedunculatus might colonize the relatively wet areas in
experiments where they drive sedimentation due to flow retar-
dation, therefore reducing the flow shear stress and inundation
pressure. Sedimentation might also facilitate the development
of other species such as Sorghum bicolor and Rumex
hydrolapathum and therefore drive a process similar to natural
succession. These two species might then further bind the
sediment due to their relatively large and strong roots with,
for example, a fixed bar as a result. Because these are living
vegetation species they can be used in fluvial and tidal land-
scape experiments, as the processes (e.g. binding sediment
and retarding flow velocity) by which they affect
morphodynamics are similar in these different settings – for
example, experiments with respect to tidal channel formation
(e.g. Stefanon et al., 2010; Vlaswinkel and Cantelli, 2011),
meandering rivers (e.g. Tal and Paola, 2010) or vegetated deltas
(e.g. Piliouras et al.,2017).

All the above suggestions need to be tested further under spe-
cific application conditions. Our set of tests provides a compre-
hensive and fast forecast of plant settling conditions,
experimental duration and eco-engineering effects that reduce
pilot testing time and quantify effects that are difficult to isolate
in costly, large and complex living landscape experiments.

Conclusions

Seedlings of five vegetation species were tested for use in
biogeomorphological landscape experiments and found to
have practically usable sprouting times, different sensitivity to
hydrodynamic conditions and different eco-engineering

Table V. Suggested species usage in landscape experiments. Added flow resistance is expressed as the multiplication factor of the bare bed
resistance. Erosion reduction is expressed as the approximate multiplication factor on the bank erosion in the bare control Friedkin experiment

Species Vegetation type Natural habitat Added flow resistance Erosion reduction

Lotus pedunculatus Saltmarsh Lower intertidal area 2.5 1.5
Grasses Floodplain

Medicago sativa Mangrove trees Lower intertidal area 3 >5
Channels

Rumex hydrolapathum Riparian trees Floodplain 3 3
Mangrove trees Intertidal area

Sorghum bicolor Larger trees Floodplain 2 2
Veronica beccabunga Saltmarsh (Higher) intertidal area 2 1.3

Riparian grasses Floodplain, waterline
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effects. In the absence of nutrients in the sand, growth ceases at
a sprout size depending on seed size. We interpreted their pos-
sible representations in the context of certain landscape exper-
iments, but these depend on the scale and purpose of
experiments.
For landscape experiments with bars and channels, Rumex

hydrolapathum and Medicago sativa can be used to represent
(young) trees, while Lotus pedunculatus and Veronica
beccabunga can represent reed/grass-like vegetation, for exam-
ple on marshes. The effect on bank erosion of Rumex
hydrolapathumand Medicago sativa is substantially larger than
that of Veronica beccabunga and Lotus pedunculatus, but their
effects on flow velocity are similar. When spread
hydrochorously Veronica beccabunga and Rumex
hydrolapathum will colonize the higher elevations because
their seeds are (partly) transported in suspension. Sorghum bi-
color can best represent riparian trees as it grows solitarily
and its roots can add significant bank strength, while its effect
on flow velocity is limited. However, Sorghum bicolor sprouts
poorly under moist conditions.
Generic experimental methods were used for characteriza-

tion of seedling properties, these being growth speed, seed be-
haviour in suspension, sensitivity to water depth in sprouting,
and flow resistance and bank erodibility as functions of seeding
density. The discussed species provide a benchmark to choose
from in physical modelling, and the methods and approaches
can be used for other species as well as at other length scales
and timescales of future experiments.

ACKNOWLEDGEMENTS—Discussion with three anonymous re-
viewers and guidance from the guest Editor are gratefully acknowl-
edged. This research was funded by the European Research Council
(ERC Consolidator agreement 647570) to PI Kleinhans. Part of this work
was conducted as a BSc thesis project by SdL. Support and discussion
by Chris Roosendaal, Arjan van Eijk, Mijke van Oorschot and Lonneke
Roelofs are cordially acknowledged. The authors contributed in the fol-
lowing proportions to conception and design, data collection, analysis
and conclusions, and manuscript preparation: IRL (30, 60, 40, 60%),
SJdL (10, 30, 20, 10%), GvB (20, 10, 0, 0%), SS (10, 0, 10, 10%) and
MGK (30, 0, 30, 20%).

References
Abernethy B, Rutherfurd ID. 2001. The distribution and strength of ri-
parian tree roots in relation to riverbank reinforcement. Hydrological
Processes 15(1): 63–79.

Baptist M, Babovic V, Rodríguez Uthurburu J, Keijzer M, Uittenbogaard
R, Mynett A, Verwey A. 2007. On inducing equations for vegetation
resistance. Journal of Hydraulic Research 45(4): 435–450.

Bertoldi W, Zanoni L, Tubino M. 2009. Planform dynamics of braided
streams. Earth Surface Processes and Landforms 34(4): 547–557.

Bouma TJ, van Belzen J, Balke T, Zhu Z, Airoldi L, Blight AJ, Davies AJ,
Galvan C, HawkinsSJ, Hoggart SP, Lara JL. 2014. Identifying knowl-
edge gaps hampering application of intertidal habitats in coastal pro-
tection: Opportunities and steps to take. Coastal Engineering 87:
147–157.

Bouma T, Van Duren L, Temmerman S, Claverie T, Blanco-Garcia A,
Ysebaert T, Herman P. 2007. Spatial flow and sedimentation patterns
within patches of epibenthic structures: Combining field, flume and
modelling experiments. Continental Shelf Research 27(8):
1020–1045.

Braat L, Leuven JRFW, Lokhorst IR, Kleinhans MG. 2018. Effects of es-
tuarine mudflat formation on tidal prism and large-scale morphology
in experiments. Earth Surface Processes and Landforms 43:
2342–2357. http://dx.doi.org/10.1002/esp.4395

Braudrick CA, Dietrich WE, Leverich GT, Sklar LS. 2009. Experimental
evidence for the conditions necessary to sustain meandering in
coarse-bedded rivers. Proceedings of the National Academy of
Sciences 106(40): 16936–16941.

Cheng NS, Chiew YM. 1999. Analysis of initiation of sediment suspen-
sion from bed load. Journal of Hydraulic Engineering 125(8):
855–861.

Clarke LE. 2014. The use of live vegetation in geomorphological exper-
iments: How to create optimal growing conditions. Earth Surface Pro-
cesses and Landforms 39(5): 705–710.

Coco G, Zhou Z, van Maanen B, Olabarrieta M, Tinoco R, Townend I.
2013. Morphodynamics of tidal networks: Advances and challenges.
Marine Geology 346: 1–16.

Corenblit D, Baas AC, Bornette G, Darrozes J, Delmotte S, Francis RA,
Gurnell AM, Julien F, Naiman RJ, Steiger J. 2011. Feedbacks between
geomorphology and biota controlling earth surface processes and
landforms: A review of foundation concepts and current understand-
ings. Earth-Science Reviews 106(3): 307–331.

Corenblit D, Tabacchi E, Steiger J, Gurnell AM. 2007. Reciprocal inter-
actions and adjustments between fluvial landforms and vegetation
dynamics in river corridors: A review of complementary approaches.
Earth-Science Reviews 84(1–2): 56–86.

Coulthard TJ. 2005. Effects of vegetation on braided stream pattern and
dynamics. Water Resources Research 41(4): W04003. https://doi.org/
10.1029/2004WR003201

Craft C, Clough J, Ehman J, Joye S, Park R, Pennings S, Guo H,
Machmuller M. 2009. Forecasting the effects of accelerated sea-
level rise on tidal marsh ecosystem services. Frontiers in Ecology
and the Environment 7(2): 73–78.

Crouzy B, Edmaier K, Pasquale N, Perona P. 2013. Impact of floods on
the statistical distribution of riverbed vegetation. Geomorphology
202: 51–58.

Edmaier K, Crouzy B, Ennos R, Burlando P, Perona P. 2014. Influence of
root characteristics and soil variables on the uprooting mechanics of
Avena sativa and Medicago sativa seedlings. Earth Surface Processes
and Landforms 39(10): 1354–1364.

Fagherazzi S, Kirwan ML, Mudd SM, Guntenspergen GR, Temmerman
S, D’Alpaos A, Koppel J, Rybczyk JM, Reyes E, Craft C, Clough J.
2012. Numerical models of salt marsh evolution: ecological,
geomorphic, and climatic factors. Reviews of Geophysics 50(1):
RG1002. https://doi.org/10.1029/2011RG000359

Francis RA, Gurnell AM, Petts GE, Edwards PJ. 2006. Riparian tree
establishment on gravel bars: Interactions between plant growth
strategy and the physical environment. In Braided Rivers: Process,
Deposits, Ecology and Management, Sambrook Smith GH, Best JL,
Bristow CS, Petts GE (eds), Vol. 36, Blackwell: Oxford; 361–380.

Friedkin JF. 1945. Laboratory Study of the Meandering of Alluvial
Rivers. Vicksburg, MS.

Gran K, Paola C. 2001. Riparian vegetation controls on braided stream
dynamics. Water Resources Research 37(12): 3275–3283.

Gurnell AM, Bertoldi W, Corenblit D. 2012. Changing river channels:
The roles of hydrological processes, plants and pioneer fluvial
landforms in humid temperate, mixed load, gravel bed rivers. Earth-
Science Reviews 111(1): 129–141.

Gurnell A, Petts G. 2006. Trees as riparian engineers: The Tagliamento
River, Italy. Earth Surface Processes and Landforms 31(12):
1558–1574.

Hoyal D, Sheets B. 2009. Morphodynamic evolution of experimental
cohesive deltas. Journal of Geophysical Research: Earth Surface
114(F2): F02009. https://doi.org/10.1029/2007JF000882

Jones CG, Lawton JH, Shachak M. 1994. Organisms as ecosystem
engineers. In Ecosystem Management, Samson FB, Knopf FL (eds),
Springer: Berlin; 130–147.

Kleinhans MG, Braudrick C, van Dijk WM, van de Lageweg WI, Teske
R, van Oorschot M. 2015. Swiftness of biomorphodynamics in
Lilliput- to giant-sized rivers and deltas.Geomorphology 244: 56–73.

Kleinhans MG, de Vries B, Braat L, van Oorschot M. 2018. Muddy and
vegetated floodplain formation effects on fluvial pattern in an
incised river. Earth Surf. Process. Landforms 43(14): 2948–2963.
https://onlinelibrary.wiley.com/doi/full/10.1002/esp.4437

Kleinhans MG, Leuven J, Braat L, Baar A. 2017b. Scour holes and
ripples occur below the hydraulic smooth to rough transition of mov-
able beds. Sedimentology 64(5): 1381–1401.

Kleinhans MG, van Dijk WM, van de Lageweg WI, Hoyal DC, Markies
H, van Maarseveen M, RoosendaalC, van Weesep W, van Breemen
D, Hoendervoogt R, Cheshier N. 2014. Quantifiable effectiveness
of experimental scaling of river- and delta morphodynamics and stra-
tigraphy. Earth-Science Reviews 133: 43–61.

I. R. LOKHORST ET AL.2934

© 2019 The Authors. Earth Surface Processes and Landforms Published by John Wiley & Sons Ltd. Earth Surf. Process. Landforms, Vol. 44, 2922–2935 (2019)

http://dx.doi.org/10.1002/esp.4395
https://doi.org/10.1029/2004WR003201
https://doi.org/10.1029/2004WR003201
https://doi.org/10.1029/2011RG000359
https://doi.org/10.1029/2007JF000882
https://onlinelibrary.wiley.com/doi/full/10.1002/esp.4437


Kleinhans M, van der Vegt M, Leuven J, Braat L, Markies H, Simmelink
A, Roosendaal C, van Eijk A, Vrijbergen P, van Maarseveen M.
2017a. Turning the tide: Comparison of tidal flow by periodic
sea-level fluctuation and by periodic bed tilting in scaled landscape
experiments of estuaries. Earth Surface Dynamics 5: 731–756.

Krauss KW, Lovelock CE, McKee KL, López-Hoffman L, Ewe SM, Sousa
WP. 2008. Environmental drivers in mangrove establishment and
early development: A review. Aquatic Botany 89(2): 105–127.

Leishman MR, Wright IJ, Moles AT, Westoby M. 2000. The evolutionary
ecology of seed size. In Seeds: The Ecology of Regeneration in Plant
Communities, Fenner M (ed), CABI: Ascot, UK; 31–57.

Leonard LA, Luther ME. 1995. Flow hydrodynamics in tidal marsh can-
opies. Limnology and Oceanography 40(8): 1474–1484.

Leuven JRFW, Braat L, van Dijk WM, de Haas T, van Onselen E,
Ruessink BG, Kleinhans MG. 2018. Growing forced bars determine
non-ideal estuary planform. Journal of Geophysical Research: Earth
Surfa 123: 2971–2992. https://doi.org/10.1029/2018JF004718

Luhar M, Nepf HM. 2011. Flow-induced reconfiguration of buoyant
and flexible aquatic vegetation. Limnology and Oceanography
56(6): 2003–2017.

Millar RG. 2000. Influence of bank vegetation on alluvial channel pat-
terns. Water Resources Research 36(4): 1109–1118.

Murray A, Knaapen M, Tal M, Kirwan M. 2008. Biomorphodynamics:
Physical-biological feedbacks that shape landscapes. Water Re-
sources Research 44(11): W11301. https://doi.org/10.1029/
2007WR006410

Nardin W, Edmonds D, Fagherazzi S. 2016. Influence of vegetation on
spatial patterns of sediment deposition in deltaic islands during flood.
Advances in Water Resources 93: 236–248.

Nepf H. 1999. Drag, turbulence, and diffusion in flow through emer-
gent vegetation. Water Resources Research 35(2): 479–489.

Nepf HM. 2012a. Flow and transport in regions with aquatic vegeta-
tion. Annual Review of Fluid Mechanics 44: 123–142.

Nepf HM. 2012b. Hydrodynamics of vegetated channels. Journal of
Hydraulic Research 50(3): 262–279.

Paola C, Straub K, Mohrig D, Reinhardt L. 2009. The ‘unreasonable ef-
fectiveness’ of stratigraphic and geomorphic experiments. Earth-Sci-
ence Reviews 97(1): 1–43.

Park J, Kwon K, Choi H. 1998. Numerical solutions of flow past a
circular cylinder at Reynolds numbers up to 160. KSME International
Journal 12(6): 1200–1205.

Perona P, Molnar P, Crouzy B, Perucca E, Jiang Z, McLelland S,
Wüthrich D, Edmaier K, Francis R, Camporeale C, Gurnell A. 2012.
Biomass selection by floods and related timescales. Part 1. Experi-
mental observations. Advances in Water Resources 39: 85–96.

Piliouras A, Kim W, Carlson B. 2017. Balancing aggradation and
progradation on a vegetated delta: The importance of fluctuating dis-
charge in depositional systems. Journal of Geophysical Research:
Earth Surface 122(10): 1882–1900.

Pollen N. 2007. Temporal and spatial variability in root reinforcement
of streambanks: Accounting for soil shear strength and moisture.
Catena 69(3): 197–205.

Rominger J, Lightbody A, Nepf H. 2010. Effects of added vegetation on
sand bar stability and stream hydrodynamics. Journal of Hydraulic
Engineering 136(12): 994–1002.

Sarneel JM, Beltman B, Buijze A, Groen R, Soons MB. 2014. The role of
wind in the dispersal of floating seeds in slow-flowing or stagnant
water bodies. Journal of Vegetation Science 25(1): 262–274.

Schwarz C, Gourgue O, van Belzen J, Zhu Z, Bouma T, van de Koppel J,
Ruessink G, Claude N, Temmerman S. 2018. Self-organization of a
biogeomorphic landscape controlled by plant life-history traits. Na-
ture Geoscience 11: 672–677.

Schwarz C, Ye Q, van der Wal D, Zhang L, Bouma T, Ysebaert T,
Herman P. 2014. Impacts of salt marsh plants on tidal channel initia-
tion and inheritance. Journal of Geophysical Research: Earth Surface
119(2): 385–400.

Silberman E, Carter R, Einstein H, Hinds J, Powell R. 1963. Friction fac-
tors in open channels. Journal of the Hydraulics Division ASCE 89(2):
97–143.

Simon A, Collinson A. 2002. Quantifying the mechanical and
hydrologic effects of riparian vegetation on streambank stability.
Earth Surface Processes and Landforms 27(5): 527–546.

Smith DG. 1976. Effect of vegetation on lateral migration of anasto-
mosed channels of a glacier meltwater river. Geological Society of
America Bulletin 87(6): 857–860.

Solari L, van Oorschot M, Belletti B, Hendriks D, Rinaldi M,
Vargas-Luna A. 2016. Advances on modelling riparian vegetation–
hydromorphology interactions. River Research and Applications
32(2): 164–178.

Stefanon L, Carniello L, D’Alpaos A, Lanzoni S. 2010. Experimental
analysis of tidal network growth and development. Continental Shelf
Research 30(8): 950–962.

Tal M, Paola C. 2007. Dynamic single-thread channels maintained by
the interaction of flow and vegetation. Geology 35(4): 347–350.

Tal M, Paola C. 2010. Effects of vegetation on channel
morphodynamics: Results and insights from laboratory experiments.
Earth Surface Processes and Landforms 35(9): 1014–1028.

van Dijk W, Teske R, van de Lageweg W, Kleinhans M. 2013. Effects of
vegetation distribution on experimental river channel dynamics. Wa-
ter Resources Research 49(11): 7558–7574.

van Oorschot M, Kleinhans M, Geerling G, Middelkoop H. 2016. Dis-
tinct patterns of interaction between vegetation and
morphodynamics. Earth Surface Processes and Landforms 41(6):
791–808.

Vandenbruwaene W, Maris T, Cox T, Cahoon D, Meire P, Temmerman
S. 2011. Sedimentation and response to sea-level rise of a restored
marsh with reduced tidal exchange: comparison with a natural tidal
marsh. Geomorphology 130(3–4): 115–126.

Vargas-Luna A, Crosato A, Uijttewaal WS. 2015. Effects of vegetation
on flow and sediment transport: Comparative analyses and validation
of predicting models. Earth Surface Processes and Landforms 40(2):
157–176.

Vlaswinkel BM, Cantelli A. 2011. Geometric characteristics and evolu-
tion of a tidal channel network in experimental setting. Earth Surface
Processes and Landforms 36(6): 739–752.

Williams GP. 1970. Flume width and water depth effects in sediment-
transport experiments. In Geological Survey Professional Paper
562-H, USGS. Reston, VA.

Yin X, Goudriaan J, Lantinga EA, Vos J, Spiertz HJ. 2003. A flexible sig-
moid function of determinate growth. Annals of Botany 91(3):
361–371.

Zong L, Nepf H. 2010. Flow and deposition in and around a finite patch
of vegetation. Geomorphology 116(3–4): 363–372.

TESTS OF SEEDLINGS FOR LANDSCAPE EXPERIMENTS 2935

© 2019 The Authors. Earth Surface Processes and Landforms Published by John Wiley & Sons Ltd. Earth Surf. Process. Landforms, Vol. 44, 2922–2935 (2019)

https://doi.org/10.1029/2018JF004718
https://doi.org/10.1029/2007WR006410
https://doi.org/10.1029/2007WR006410



