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How to build vegetation patches in hydraulic studies: a hydrodynamic-
ecological perspective on a biological object

Loreta Cornacchiaa,b, Garance Lapetoulea, Sofia Liccia, Hugo Basquina and Sara Puijalona

aUniv. Lyon, Universit�e Claude Bernard Lyon 1, CNRS, ENTPE, UMR 5023 LEHNA, Villeurbanne, France; bDepartment of Water
Engineering and Management, Faculty of Engineering Technology, University of Twente, Enschede, The Netherlands

ABSTRACT
Vegetation in freshwater and coastal ecosystems modifies flows, retains sediment, protects
banks and shorelines from erosion. Hydraulic laboratory studies with live vegetation or artifi-
cial plant mimics, or numerical models with abstracted patches, are often used to quantify
the effects of vegetation on water flow and sedimentation. However, the choice of plant
and patch characteristics is often not supported by field observations of patch dimensions,
density or spacing between consecutive patches. The discrepancy between plants in natural
conditions and in flume experiments or numerical studies may affect the relevance of these
findings for natural ecosystems. In this study, we provide guidelines for building realistic
vegetation patches in hydraulic studies. We collected data on four species of fully sub-
merged freshwater aquatic macrophytes that can grow into well-defined patches. We con-
sidered three relevant levels: individual plants (inside patches), isolated patches and multiple
neighbouring patches. At the plant level, we observed significant differences in biomechan-
ical traits (Young’s modulus, flexural stiffness), resulting in stem Cauchy numbers ranging
from 85.25 to 325.84, and leaf Cauchy numbers from 163.81 to 2003.97. At the patch level,
we found significant relationships between patch length, width and height, showing covari-
ation among different patch characteristics. The relationships among patch dimensions dif-
fered significantly among sampling sites for three of the four species, suggesting high
intraspecific variability in patch sizes. By providing a first set of guidelines for choosing cor-
rect and ecologically relevant plant characteristics, this dataset aims to improve our under-
standing of the complex processes occurring inside and around submerged vegetated
patches.
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1. Introduction

Vegetation modifies flow patterns, retains sediment,
protects banks and shorelines from erosion and
enhances nutrient retention (Haslam 1978; Franklin
et al. 2008). It is important for coastal protection
and the morphodynamic evolution of landscapes
(Murray et al. 2008; Temmerman et al. 2013).
Because of its importance for hydraulics and ecosys-
tem functions, many studies have explored the inter-
action between water flow and aquatic vegetation
using three main experimental approaches. First, in
situ studies have measured flow modification
induced by live vegetation (Sand-Jensen and Mebus
1996; Sukhodolova 2008; Licci et al. 2019) and com-
pared the effects of different species (Sand-Jensen
and Mebus 1996; Sand-Jensen 1998; Licci et al.
2016; Przyborowski et al. 2019). Second, these inter-
actions have been studied in laboratory flumes with
controlled conditions using real vegetation (Puijalon

et al. 2008b; Cornacchia et al. 2019b; Marin-Diaz
et al. 2020). Finally, flume experiments are often
carried out using artificial plant mimics (Kouwen
and Unny 1973; Siniscalchi et al. 2012; Rominger
and Nepf 2014; Vettori and Nikora 2018;
Sukhodolov et al. 2022). Complementary to labora-
tory experiments, numerical modelling provides
detailed information on flows over and inside the
vegetation canopy, especially for processes that are
difficult to measure experimentally (Marjoribanks
et al. 2017; Tschisgale et al. 2021). While some stud-
ies aim for general insights on the processes and
effects of vegetation using an abstracted representa-
tion of it, other studies aim to reproduce more real-
istic plant configurations.

The interactions between aquatic vegetation,
hydrodynamics and sedimentation processes typic-
ally involve a wide range of levels of organization,
from individual plants to patches (aggregation of
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plants) to patch mosaics (aggregation of patches
with different shapes and sizes). At the individual
plant level, the modification of hydrodynamic forces
and the rates of sediment deposition vary depending
on the plant characteristics, such as species morpho-
logical properties and biomechanical traits (Sand-
Jensen and Mebus 1996; Sand-Jensen 1998; Licci
et al. 2016; Marjoribanks et al. 2019). Stem flexibility
is also an important plant trait for flow-vegetation
interactions: flexible vegetation has a much lower
capacity to reduce hydrodynamic energy and attenu-
ate waves than stiff vegetation, although its flexibil-
ity also leads to reduced drag (Bouma et al. 2005;
Paul et al. 2012; Bouma et al. 2013). At a larger level
of organization, individual plants can grow together
into well-defined regions called patches (Forman
1995), which are the focus of several fluid mechan-
ics studies because they exhibit interesting properties
(Ghisalberti and Nepf 2006; Folkard 2011; Liu and
Nepf 2016). Patches are composed of individual
plants at high density and show sharp edges with
the surrounding bare sediment (Schoelynck et al.
2018). Vegetation growth in patches can limit
hydrodynamic stress on individual plants because
water velocity is increased at the top of the canopy
or at the edges of the patch, while individuals inside
the patch are protected (Sand-Jensen and Madsen
1992; Schoelynck et al. 2013). Therefore, a patch
represents a “unit element” of a canopy on which to
study the interactions between hydrodynamics, vege-
tation and several other processes that can directly
impact vegetation development (e.g. transport of
nutrients, patterns of sediment erosion and depos-
ition) (Marion et al. 2014; Folkard 2019). At this
level, a higher vegetation density increases stem-
and canopy-scale turbulence and sediment resuspen-
sion within the vegetation (Tinoco and Coco 2016;
Yang et al. 2016). Stem-scale and patch-scale turbu-
lence can limit the deposition of fine material down-
stream of a patch (Chen et al. 2012; Liu and Nepf
2016). Finally, flow deceleration within a patch
occurs over an adjustment length that relates to
plant morphology and patch structure (Chen et al.
2013), and a minimal patch size is required to trigger
the ecosystem engineering capacity of plant patches,
both in freshwater (Licci et al. 2019) and marine
environments (Bouma et al. 2009). At the patch
mosaic level, multiple patches create inhomogeneities
in the landscape, such as gaps with recirculation
zones (Kondziolka and Nepf 2014; Meire et al. 2014;
De Lima et al. 2015). This kind of configuration has
rarely been studied, despite many aquatic plants
growing in patches that are rarely isolated.

In hydraulic laboratories, live plants are often
used to reach a more realistic representation of
plant-flow interactions in natural systems. Many

studies also use mimics, which are simplified but
convenient for disentangling the effects of multiple
plant characteristics (e.g. density and morphology;
Fonseca and Cahalan (1992); Bouma et al. (2005)).
Although some studies find that the behaviour of
artificial mimics is different from that of real vegeta-
tion (Aberle and J€arvel€a 2013; Vettori and Nikora
2019), mimics offer the advantage of being more
reproducible. Moreover, they prevent some of the
difficulties linked to the use of real plants: flumes
have to provide optimal environmental conditions
(e.g. water, light availability) to keep plants alive
and in good health for the duration of the experi-
ment (Vettori and Rice 2020). Plants also continue
growing during an experiment, so their morphology
can change during longer-term experiments and
affect the results.

While both live plants and mimics have advan-
tages and disadvantages, for freshwater species there
is a lack of data on the morphological and biomech-
anical characteristics of live plants and patches on
which to base artificial mimics. Even in studies
where live plants are used, the patch characteristics
(dimensions, density) have to be chosen based on
naturally observed values. In numerical models,
input data are also needed to set the initial condi-
tions and realistic parameters for the simulations. In
many cases, not only the values of these parameters
but also the relationships between traits or charac-
teristics are important. There are constraints on
individual plants growing in a patch, for instance,
limits on the maximum height they can reach
(Puijalon et al. 2008a; Puijalon et al. 2011; Marion
et al. 2014) or changes in plant density with patch
size (Cornacchia et al. 2022), so that not all combi-
nations of parameter values are possible. Thus, paired
data on the same species should be collected at the
individual and patch levels (e.g. on single plants
sampled within a patch). These findings have major
implications for our ability to address scientific ques-
tions under realistic conditions and to extend the
results of eco-hydraulic studies to natural conditions.
There is a need to collect field data on the relation-
ships between plant and patch traits, and on both
intra- and interspecies variability that can guide the
design of vegetation patches in hydraulic laboratories
and that of abstracted patches in numerical studies.

This study aims to provide guidelines for design-
ing ecologically relevant vegetation patches in
hydraulic studies to achieve a more realistic repre-
sentation of vegetation and advance understanding
of plant-flow interactions. The study was carried out
on four species of fully submerged aquatic plants
(Callitriche platycarpa K€utz., Groenlandia densa (L.)
Fourr., Elodea canadensis Michx., Potamogeton
crispus L.) that show contrasting morphologies and
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grow into patches with well-defined edges. We
focussed on three levels of organization that are
relevant to investigate flow-vegetation interactions:
the individual plant within a patch, the patch, and
the between-patch level. The individual plant level is
relevant because morphological and biomechanical
properties largely influence the reaction of a plant
to physical forces imposed by the flow patterns, and
its capacity to modify these patterns. It is also rele-
vant for physiological processes (e.g. photosynthesis,
nutrient uptake). At the patch level, flow modifica-
tion is larger than that caused by single organisms:
patches can modify the flow throughout the water
column and at significant distances downstream, as
well as modify turbulence, produce wakes, and alter
sediment transport and deposition. At the between-
patch level, larger-scale flow features such as inter-
acting wakes are produced, which can increase
habitat diversity, promote vegetation growth, and
influence landscape development. Thus, the rele-
vance of each of these levels of organization high-
lights the need for their realistic representation.

2. Materials and methods

2.1. Field sampling and study species

The four different species of freshwater macrophytes
in this study were chosen because they can form
well-defined patches in small freshwater streams.
One of the species, E. canadensis, is very similar in
morphology to Elodea nuttallii (Planch.) H. St.
John, and patches often contain both species.
Therefore, the plant-level and patch-level data for
Elodea patches are labelled Elodea sp. and may
include either one of the sampled species. Natural
patches were sampled in artificial drainage channels
along the Rhône River (France) that are naturally
colonized by submerged vegetation (for further

description of the sampling sites, see Supporting
Information Table S1 and Figure S1; Cornacchia
et al. (2018); Licci et al. (2019)). During the field
data collection, we focussed on three levels of
organization. The following parameters were col-
lected and paired with data on local hydrodynamic
conditions (water depth and flow velocity
measurements):

1. Plant level: plant height, dimensions of stem
cross section, Young’s modulus, second moment
of area, flexural stiffness, Cauchy number.

2. Patch level: width, length, height and their allo-
metric relationships; density; fresh and dry mass
per m2.

3. Between-patch level: species composition (%
cover in the patch), minimum and maximum
gap size (distance between consecutive patches),
distance between patch centroids.

The characteristics of the study sites regarding
the species sampled in each channel, sampling years,
water depths and depth-averaged velocities are
shown in Table 1. The methodology used for meas-
uring water depth and depth-averaged velocities is
described in Section 2.3.1.

2.2. Flow velocity and water depth
measurements

For the plant-level measurements, we characterized
the hydrodynamic conditions encountered by plants
(Table 2). A vertical profile was measured 1m
upstream from the leading edge of each sampled
patch, using an Acoustic Doppler Velocimeter
(ADV, FlowTracker Handheld ADV, SonTek, USA).
For each profile, flow velocity was measured at five
vertical locations of 5%, 10%, 20%, 40% and 90% of

Table 1. Key characteristics of the sampling sites (with abbreviated names used in the text) along the Upper Rhône River
(France). Sampling was in June for all years.

Site Species sampled Sampled level (year) Coordinates Mean water depth (m)
Mean flow velocity (m

s-1)

Br�egnier-Cordon (BCL) C. platycarpa Patch (2015, 2018) 45.6452 N, 5.6080 E 0.52 ± 0.18 0.21 ± 0.15
G. densa Patch (2015, 2018)

Fl�evieu (FLE) C. platycarpa Patch (2015, 2018) 45.7645 N, 5.4752 E 0.61 ± 0.20 0.17 ± 0.04
Elodea sp. Patch (2015, 2018)

Peyrieu (PEY) Elodea sp. Patch (2015, 2018) 45.6765 N, 5.6773 E 0.61 ± 0.10 0.13 ± 0.05
Serri�eres-de-Briord (SDB) C. platycarpa Patch (2015, 2018) 45.8153 N, 5.4269 E 0.83 ± 0.29 0.20 ± 0.07

G. densa Patch (2015, 2018)
P. crispus Patch (2015, 2018)

Tremurs (TRE) C. platycarpa Plant (2018, 2020)
Patch (2015, 2018,

2020)

45.6421 N, 5.6827 E 0.45 ± 0.13 0.22 ± 0.10

G. densa Plant (2018) Patch
(2018)

Elodea sp. Plant (2018, 2020)
Patch (2018, 2020)

P. crispus Plant (2018, 2020)
Patch (2015, 2018,

2020)
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the depth above the riverbed. Velocity was recorded
over 100 s at 1Hz.

For the patch-level measurements in 2015, the
mean flow velocity (1m upstream of the leading
edge of each patch; Table 3) was measured using
the ADV FlowTracker at 40% of the depth above
the riverbed over 20 s at 1Hz. At the same location,
the water depth was measured with a ruler. These
measurements were carried out at 31 points at site
BCL, 21 points at FLE, 15 at PEY, 28 at SDB and 15
at TRE and averaged to obtain the mean water
depth and mean flow velocity for each sampling site
(Table 1).

2.3. Plant-level measurements

For each species, a monospecific patch of average
length was selected for coupled measurements of
hydrodynamics, morphological and biomechanical
traits (Figure 1a).

2.3.1. Morphological traits
Ten individual plants were sampled per patch to
measure maximum plant height, fresh and dry mass
(leaves, roots, and stems), dimension of stem cross
section, Young’s modulus, second moment of area
and flexural stiffness and for calculation of the

Cauchy number (Section 2.3.3). The maximum plant
height (cm) was measured in the laboratory with a
ruler, by laying the plant on a flat surface and
stretching the plant. To measure mass (g), the plants
were divided into roots, stems and leaves. The dif-
ferent parts were weighed to obtain fresh mass (after
blotting the excess water from the plant with
absorbent paper) and dry mass (measured after dry-
ing in the oven for 48 h at 60 �C). The dimension of
the stem cross-section (mm) was measured using a
digital calliper (± 0.02mm) at the basal part of the
stem. This dimension was the diameter for species
with circular cross-sections and the length of the
major axis for species with elliptical cross-sections.

2.3.2. Biomechanical traits
Biomechanical traits were measured through bending
tests on 10 replicate individuals per species using a
universal testing machine (Instron 5942, Canton,
MA, USA). The species considered all have a caules-
cent growth form: the stem bears the leaves (canopy),
and the bending of the stem is a key element for plant
bending (movement with the flow) and canopy
reconfiguration. Therefore, bending tests were carried
out on the basal part of the main stem (Hamann and
Puijalon 2013). However, due to the very high flexi-
bility of the stems of the species studied, a three-point

Table 2. Data on individual plants within patches for the four macrophyte species: average morphological and biomechan-
ical traits [plant height (cm), dimension of stem cross-section (diameter for species with circular cross-section, major axis
length for elliptical cross-sections, in mm), Young’s modulus (MPa), second moment of area (�10�13 m4), flexural stiffness
(�10�5 N m2)]. All traits are expressed as the mean (± SD) of the values for observed individuals (number of individuals indi-
cated next to the species name).

Species

Plant
height
(cm)

Dimension of
stem

cross-section
(mm)

Young’s
modulus
(MPa)

Second
moment
of area

(�10-13 m4)

Flexural
stiffness

(�10-5 N m2)
Stem Cauchy
number (-)

Leaf Cauchy
number (-)

Upstream
flow

velocity
(m s-1)

Callitriche platycarpa
(n¼ 170)

27.1 ± 9.6 0.70 ± 0.17 1191.45 ± 1428.88 0.172 ± 0.266 0.851 ± 0.628 95.27 ± 229.65 357.26 ± 424.04 (n¼ 32) 0.13

Groenlandia densa
(n¼ 10)

35.0 ± 10.4 1.79 ± 0.16 42.05 ± 16.28 5.25 ± 1.95 2.11 ± 0.90 85.25 ± 82.13 N/A 0.12

Elodea sp. (n¼ 105) 52.6 ± 14.1 1.59 ± 0.26 119.78 ± 44.66 3.68 ± 2.31 3.94 ± 2.02 325.84 ± 273.33 163.81 ± 126.90 (n¼ 95) 0.19
Potamogeton crispus

(n¼ 105)
51.6 ± 20.8 2.4 ± 0.41 66.29 ± 48.38 53.4 ± 478.5 3.18 ± 1.45 297.35 ± 417.50 2003.97 ± 2531.63 (n¼ 25) 0.12

Table 3. Patch level data for the four macrophyte species in either monospecific or mixed patches: canopy length, width,
rooted length, canopy height and water depth (m), as well as flow velocity measured 1m upstream of the canopy. Values
are expressed as the mean (± SD) across observed patches (numbers of observed patches indicated next to the species
names). The sizes of mixed patches were obtained from aerial photographs, and therefore, only the canopy length and width
could be measured.

Species
Canopy

length (m)
Canopy
width (m)

Rooted
length (m)

Max. canopy
height (h, m)

Water depth
(H, m)

Submergence
ratio (H/h)

Upstream flow
velocity (m s-1)

Callitriche platycarpa (n¼ 38) 1.22 ± 0.79 0.41 ± 0.27 0.70 ± 0.50 0.30 ± 0.17 0.60 ± 0.20 2.74 ± 1.79 0.20 ± 0.08
Groenlandia densa (n¼ 26) 1.30 ± 0.74 0.72 ± 0.49 1.25 ± 0.77 0.17 ± 0.13 0.59 ± 0.35 4.20 ± 2.04 0.26 ± 0.14
Elodea sp. (n¼ 31) 1.31 ± 0.99 0.42 ± 0.26 1.05 ± 1.08 0.20 ± 0.13 0.64 ± 0.15 4.94 ± 3.55 0.13 ± 0.05
Potamogeton crispus (n¼ 13) 1.11 ± 0.49 0.47 ± 0.56 0.58 ± 0.64 0.20 ± 0.11 0.62 ± 0.30 3.66 ± 1.96 0.28 ± 0.07
Mixed C. platycarpa –

B. erecta – Elodea sp. (n¼ 4)
3.68 ± 1.59 1.48 ± 0.97 – – – – –

Mixed B. erecta – Elodea sp. (n¼ 7) 2.83 ± 2.48 1.45 ± 0.78 – – – – –
Mixed C. platycarpa – B.

erecta (n¼ 9)
2.65 ± 1.38 1.89 ± 1.37 – – – – –

Mixed C. platycarpa –
Elodea sp. (n¼ 6)

1.11 ± 0.51 0.98 ± 0.97 – – – – –
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bending test could not be performed on the samples
because the samples tend to slip off the support bars.
The samples were tested as cantilever beams using a
one-fixed end bending test (Hamann and Puijalon
2013), where each stem sample (5 cm in length) was
clamped horizontally at its basal end while a force
was applied at the midpoint of the sample by lowering
a probe at a constant rate of 10mm min�1. The fol-
lowing biomechanical traits were calculated:

1. The bending Young’s modulus (E in MPa)
quantifies the sample stiffness and is defined as
the slope of a sample’s stress–strain curve in the
elastic deformation region.

2. The second moment of area (I in m4) quantifies
the distribution of material around the axis of
bending, accounting for the effect of the cross-
sectional geometry of a structure on its bending

stress. Because the stem cross-sections for C.
platycarpa, G. densa and Elodea sp. are approxi-
mately circular, I was calculated as I ¼ (pr4)/4,
where r is the radius of the stem cross-section
(Niklas 1992). The stem cross-section of P.
crispus is elliptical; hence, I was calculated as I ¼
(p/4)/ab3, where a and b are the shorter and lon-
ger axes of an elliptical cross-section, respectively.

3. The flexural stiffness (EI in N m2) was calcu-
lated by multiplying E and I and quantifies the
stiffness (resistance to bending) of the stem.

2.3.3. Cauchy number
The Cauchy number is a dimensionless parameter
that describes the degree of plant reconfiguration in
response to flow and is the ratio between the hydro-
dynamic drag and the restoring force due to stiff-
ness. In this study, the Cauchy number based on

Figure 1. Overview of the measurements carried out on different aquatic macrophyte species at three different levels of
organization (individual plant within patch, patch and between-patch). At level C, the different colours represent different spe-
cies. The macrophyte illustration is by Dieter Tracey, Marine Botany UQ, and was sourced from the Integration and Application
Network (ian.umces.edu/media-library, CC BY-SA 4.0).
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stem dimensions was calculated as follows:

CaS ¼ qU2dL
EI=L2

(1)

where q is the water density (1000 kg/m3), U is the
mean flow velocity (m s�1), d is the dimension of
the stem cross-section (m), L is the plant length
(m), and EI is the flexural stiffness (N m2). Eq. 1 is
similar to the calculation method applied by Luhar
and Nepf (2011) to seagrass blades, but blade width
is replaced by the dimension of stem cross-section
because we consider species with circular or ellip-
tical stem cross-sections. Since the leaves of aquatic
plants also contribute to hydrodynamic drag, a
Cauchy number based on total leaf area was also
calculated for a subsample of the individuals of all
species, except G. densa:

CaL ¼ qU2A
EI=L2

(2)

where A is the total leaf area without reconfigur-
ation (Zhang and Nepf 2022). The total leaf area
was measured on a subsample of plants by separat-
ing the individual leaves from the stems, scanning
and measuring them using WinFOLIA software
(Regent Instruments Inc.).

2.4. Patch-level measurements

For each species, vegetation patches were selected
to cover the full range of lengths observed at the
field sites, from very short (on the order of 10 cm)
to very long (on the order of meters). A patch was
identified as a well-defined vegetated area, clearly
isolated from surrounding bare areas or from
other vegetation patches. The measurements taken
at this level were the patch dimensions, fresh and
dry mass and shoot density per m2 (Figure 1b),
where a plant shoot consists of a stem and leaves.
This sampling was not designed to make a link
between patch dimensions and the local flow
regime, but rather to look for patches of specific
sizes to cover the full range of lengths observed at
the field sites.

2.4.1. Patch dimensions
The general morphology of the patch was measured
in terms of the maximum patch length, width,
height and length of the rooted region. These meas-
urements were taken with a tape measure. Due to
the continuous movement of the plants with the
current, these variables have a measurement uncer-
tainty of a few centimetres.

Additionally, in the 2020 sampling, the field
measurements of patch dimensions were also
coupled with low-altitude aerial photographs on
which the surface areas of patches (viewed from the

top) were measured by image analysis. The photo-
graphs were taken with a digital camera mounted
on a pole at approximately 2m height. The surface
area of each patch was used to calculate the total
dry mass per surface area (Section 2.3.2).

2.4.2. Patch fresh mass, dry mass and shoot
density
Measurements of patch fresh and dry mass per m2

were taken in June 2018 and in summer 2020. In
2018, 39 patches of different lengths were sampled
(17 patches of C. platycarpa, 9 of G. densa, 10 of
Elodea sp. and 3 of P. crispus). A corer with a diam-
eter of 8 cm was used to sample the biomass in the
middle of the patch. The samples were brought back
to the laboratory to measure fresh mass, and dry
mass was measured after drying in the oven at 60
degrees for 48 h. Based on the surface area sampled
with the corer, the dry mass was expressed as total
(aboveground and belowground) dry mass per unit
surface area (g m�2).

For the 37 patches sampled in 2020 (17 patches
of C. platycarpa, 10 of Elodea sp. and 10 of P.
crispus), whole patches were collected in the field.
Due to the large amount of plant material to be
analysed, each patch was divided into subsamples.
The fresh mass was measured for all subsamples,
while the dry mass was obtained only for a sub-
sample of the total. Based on the FM:DM ratio in
the subsamples, the total dry mass for the whole
patch was estimated from the total fresh biomass.
Using the patch surface areas obtained from image
analysis, the total patch dry mass was used to calcu-
late total dry mass per unit surface area (g m�2).

Shoot density (number per m2) was also calcu-
lated for each of the four species. This was esti-
mated by sampling 10 individuals per patch and
calculating an average dry mass per plant. The total
dry mass per m2 was divided by the average dry
mass per plant to obtain the shoot density per m2.

2.5. Between-patch level measurements

To measure the gaps, or distances, between different
patches (Figure 1c), a series of low-altitude aerial
photographs were collected at sites PEY and FLE.
At PEY, the community was composed of Veronica
anagalloides, Nasturtium officinale and Elodea sp. In
FLE, the most common species were Callitriche pla-
tycarpa and Berula erecta, with a few patches of
Myriophyllum sp., Elodea sp., and V. anagalloides.

The photographs were taken with a digital cam-
era mounted on a pole at approximately 2m height.
All photos were taken along a stretch of 100m from
upstream to downstream at each site, with an over-
lap of 80% between pictures and a 2-m ruler (with
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0.1m units) for scale in each picture. Aerial photo-
graphs were collected between May 23rd and June
14th, 2018, at times of day when the sun was at its
highest point, and in the few hours before and after
(between 10:00 and 14:00 h), to reduce the effect of
sun glare. The pictures were mosaicked together
using Autopano software, and the species were iden-
tified (together with the % cover of each species, in
the case of mixed patches). After that, polygons
were drawn manually to delineate each vegetation
patch using ImageJ to measure the maximum patch
length, width, and the minimum and maximum gap
length between consecutive patches. Furthermore,
the centroid of each patch polygon was identified to
measure the shortest distance between centroids of
adjacent patches. To limit user bias, all measure-
ments were carried out by a single person. A com-
parison of the patch dimensions measured in the
field and those measured from the aerial images
(n¼ 38) showed that patch lengths were measured
with an accuracy of 2.8%, and patch widths with an
accuracy of 4.5%.

2.6. Statistical analyses

A linear mixed model, using maximum likelihood,
was used to test for differences in biomechanical
traits across species. This model included species as
the fixed effect and individual plant as a random
effect (to account for nonindependence between the
individual plants sampled within the same patch).
The dependent variables were Young’s modulus,
second moment of area and flexural stiffness.

For each species, ANCOVAs were used to test
how the relationships between patch length and
width, and between patch length and height, dif-
fered among sampling sites (i.e. intraspecies variabil-
ity). For each species, the ANCOVA was carried out
on the patch width or patch height (dependent vari-
able), using the length as a covariate and the site as
a categorical predictor. Length, site, and their inter-
action were included in the model at first, and non-
significant interaction terms were then removed to
obtain the final model. Finally, a Tukey–Kramer test
was applied to investigate which slopes and inter-
cepts differed. Two-way ANOVA was used to test
the effects of sampling site and patch length on the
patch dry mass per m�2 within each species. For all
traits and characteristics, we also tested for any sig-
nificant differences between sampling years (further
described in Supporting Information, Appendix S1).
All statistical analyses were performed in R 4.0.3 (R
Core Team 2020).

The ANCOVA and ANOVA were conducted on
independently collected samples after testing for
normality and homoscedasticity of the data

(Shapiro-Wilk and Brown-Forsythe tests). In add-
ition to the above assumptions, the ANCOVA was
conducted only if, for each site category, there was a
significant linear relationship between the dependent
variable and the covariate, and if the ranges of the
dependent variable overlapped between the different
categories. Therefore, ANCOVA was not performed
on P. crispus as the relationship between the covari-
ate and dependent variable was significant for only
one site, and on Elodea sp. for the relationship
between patch length and height.

3. Results

3.1. Plant-level data

Plant-level data for the four studied species are pre-
sented in Table 2. Across all species, plant height
ranged on average from 27.1 cm (C. platycarpa) to
56.2 cm (Elodea sp.), while the stem cross-section
dimension ranged from 0.70mm (diameter for C.
platycarpa) to 2.4mm (major axis length for P.
crispus). The second moment of area was highly
variable among species, ranging across multiple
orders of magnitude (10�12 to 10�14 m4). Flexural
stiffness varied between 10�5 and 10�6 N m2, while
the Young’s modulus ranged from 42.05 to
1191.45MPa. Based on these parameters, the stem
Cauchy number CaS (Table 2) ranged from 85.25
(for G. densa) to 325.84 (for Elodea sp.). The
Cauchy number based on total leaf area CaL was 4
to 7 times larger than CaS for two of the species (C.
platycarpa and P. crispus), indicating the contribu-
tion of leaves to the hydrodynamic drag. However,
for Elodea sp., CaL was 50% smaller than CaS.

We found significant differences in the biomech-
anical traits of the investigated species in terms of
Young’s modulus (F3,36 ¼ 19.8, p< 0.001) and flex-
ural stiffness (F3,36 ¼ 29.7, p< 0.001). The Young’s
modulus of C. platycarpa was significantly higher
than that of Elodea sp. and P. crispus (Tukey’s HSD,
p< 0.001 for both pairwise comparisons) but not
significantly different from that of G. densa (Tukey’s
HSD, p¼ 0.07). C. platycarpa had the highest flexi-
bility, with a significantly lower flexural stiffness
than that of Elodea sp. and P. crispus (Tukey’s HSD,
p< 0.001 for both pairwise comparisons) but not
compared to G. densa (Tukey’s HSD, p¼ 0.53).
Between the sampling years (2018 and 2020), we
found significant differences in Young’s modulus for
P. crispus, in second moment of area for C. platy-
carpa and P. crispus, and in flexural stiffness for C.
platycarpa and Elodea sp. (Supporting Information
Table S2). Moreover, we found significant differen-
ces in the dimension of the stem cross-section for
C. platycarpa and Elodea sp.
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Figure 2. Allometric relationship between patch length, width and height for Callitriche platycarpa, Groenlandia densa, Elodea
sp. and Potamogeton crispus. Different symbols indicate the sampling sites. Different regression lines are plotted if significant
differences in the relationship were found among sites. In (a), the dashed regression line refers to site SDB and the solid line
is for all other sites. In (b) and (c), one regression line refers to all sites. In (d), dashed line refers to site SDB, solid line to site
BCL. In (e), dashed line is for site PEY, solid line for site TRE. In (f), the regression line refers to site PEY; in (g), to site TRE; in
(h), to site SDB. Statistical descriptions of the relations are provided in Table 5.
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3.2. Patch dimensions

The mean patch sizes for all species are shown in
Table 3. The longest observed patches were of
Elodea sp. (5.0m), followed by C. platycarpa (3.3m)
and G. densa (2.8m). The ratio of patch width to
length appeared to decline for longer patches of C.
platycarpa and Elodea sp., possibly due to water
flow diversion around longer patches, which limits
their expansion in width.

The relations between patch dimensions (that
between patch length and width and that between
patch length and height) differed by sampling site in
some cases, suggesting a degree of intraspecies vari-
ability (Figure 2). For C. platycarpa and Elodea sp.,
the effect of the interaction between length and site
on patch width was not significant, whereas the
effects of both length and site were significant
(Table 4). These results indicate that for each

species, the slopes of the relationships between
length and width did not significantly differ among
sites. For these two species, only the intercepts of
the relationships between length and width differed
among sites, with the patches sampled at site SDB
being wider for a given length than those at the
other sites for C. platycarpa, and the patches
sampled at site PEY being wider for a given length
than those at site TRE for Elodea sp. For G. densa,
the effects of both the interaction between length
and site and the site were not significant (Table 4),
indicating that the relationship between length and
width did not differ among the sampling sites.

In the relationship between patch length and
height of C. platycarpa, the effects of both the inter-
action between length and site and the site were not
significant (Table 4), indicating that the relationship
between length and height did not differ among the
sampling sites. For G. densa, the interaction between
length and site was significant (Table 4), indicating
that the relationship between height and length var-
ied in slope among sampling sites (smaller slope for
site BCL than for site SDB). In the range of patch
lengths sampled, for a given length, the patches had
lower heights at site BCL than at site SDB. A statis-
tical description of all the relationships is provided
in Table 5. We found no significant differences in
the relationships between patch dimensions among
sampling years, except for that between patch length
and width of Elodea sp. (Supporting Information
Table S3).

To illustrate the extent to which species can grow
differently under similar environmental conditions,
we considered the allometric relationships at the
TRE site, where three of the four species are found

Table 4. Relationships among the patch width, patch height and patch length, sampling site and interactions between patch
length and site per species (ANCOVA tests). Nonsignificant interaction terms that were successively dropped are indicated in
italics (F and p value correspond to the model with higher-order interaction where the term is present).
Dependent variable: patch width

C. platycarpa G. densa Elodea sp.

Length F1,33 ¼ 52.92, p< 0.001 F1,23 ¼ 67.37, p< 0.001 F1,23 ¼ 16.21, p< 0.001
Site F3,33 ¼ 9.83, p< 0.001 F1,23 ¼ 0.59, p¼ 0.448 F1,23 ¼ 4.28, p¼ 0.05
Length� Site F3,30 ¼ 2.38, p¼ 0.09 F1,22 ¼ 0.62, p¼ 0.44 F1,22 ¼ 0.39, p¼ 0.5

Dependent variable: patch height

C. platycarpa G. densa

Length F1,33 ¼ 46.9, p< 0.001 F1,22 ¼ 80.93, p< 0.001
Site F3,33 ¼ 0.88, p¼ 0.46 F1,22 ¼ 42.76, p< 0.001
Length� Site F3,30 ¼ 0.51, p¼ 0.67 F1,22 ¼ 23.19, p< 0.001

Table 5. Regression lines of the allometric relationships between patch length, width, and height (presented in Figure 2).
The independent variable (x) is patch length.

Dependent variable (y)

Species Patch width Patch height

C. platycarpa y¼ 0.218x þ 42.18 (site SDB) y¼ 0.218x þ 7.57 (other sites) y¼ 0.16x þ 7.95 (all sites)
G. densa y¼ 0.56x þ 0.17 (all sites) y¼ 0.138x þ 2.23 (site SDB) y¼ 0.033x þ 6.7 (site BCL)
Elodea sp. y¼ 0.13x þ 31.38 (site PEY) y¼ 0.13x þ 13.03 (site TRE) y¼ 0.078x þ 9.36 (site PEY)
P. crispus y¼ 0.218x þ 1.8 (site TRE) y¼ 0.218x � 10.44 (site SDB)

Figure 3. Summary view of the differences in the relation-
ship between patch length and patch width for species liv-
ing in the same environmental conditions (site TRE),
indicating differences in the growth modes of each species.
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(Figure 3). These differences in the relationship
between patch length and width can be related to
water flow diversion and acceleration along the sides
of a patch, which limits its expansion in width. The
intensity and scale of this negative feedback likely
differs among species and could determine the size
of the pattern, as found in other ecosystems
(Rietkerk and van de Koppel 2008).

3.3. Patch fresh mass, dry mass and shoot
density

Values of total (aboveground and belowground)
patch fresh and dry mass per unit surface area are
presented in Table 6. The total dry mass per unit

surface area tended to increase with patch length for
all species (Figure 4). However, in the case of C.
platycarpa, it reached a maximum in patches of
1.5m length across different sites and declined again
for the largest patches (> 2m). For this species,
total dry mass was significantly higher in intermedi-
ate patches (1.0–1.5 m length class) than in shorter
patches between 0.2 and 0.8m in length (two-way
ANOVA, F5,14 ¼ 3.68, p¼ 0.02). No significant dif-
ferences were found among the sampling sites. We
found no significant differences in total dry mass
between sampling years (2018 and 2020), except for
C. platycarpa (Supporting Information Table S2).

For P. crispus, the total patch dry mass (g m�2)
significantly differed among sites (two-way ANOVA,

Figure 4. Total (aboveground and belowground) dry mass per unit surface area (g m�2) of vegetation patches of increasing
length sampled at different sites. Error bars, when present, represent the SD among replicate patches in the same length cat-
egory. Note the different x-axis range in Elodea sp. Dotted lines connect the data points for visualization.

Table 6. Patch fresh and dry mass (aboveground and belowground) per m2 and shoot density (num-
ber per m2) for different macrophyte species. Shoot density was estimated based on the average dry
mass of 10 shoots per species and patch total dry mass. Values are expressed as the mean (± SD)
across sampled patches (number of patches sampled are indicated next to the species names; the
fresh and dry mass were measured on the same patches).
Species Fresh Mass (g m-2) Dry Mass (g m-2) Shoot density (n. m-2)

Callitriche platycarpa 4062.1 ± 6124.8 (n¼ 33) 228.9 ± 263.4 4468 ± 4826 (n¼ 16)
Groenlandia densa 2458.5 ± 674.8 (n¼ 9) 267.2 ± 69.9 1591 ± 416 (n¼ 9)
Elodea sp. 1819.1 ± 1268.0 (n¼ 19) 155.7 ± 100.2 364 ± 236 (n¼ 10)
Potamogeton crispus 1159.7 ± 1585.3 (n¼ 13) 133.8 ± 181.8 238 ± 149 (n¼ 10)
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F1,8 ¼ 20.63, p< 0.01), with patches at the TRE site
showing significantly higher biomass than those at
the SDB site (post-hoc Tukey test, p< 0.01). For
Elodea sp., the patches sampled at site PEY had sig-
nificantly higher dry mass than those sampled at site
TRE (post-hoc Tukey test, p< 0.05). For G. densa,
no significant difference was observed among patches
sampled at different sites (one-way ANOVA, F2,6 ¼
0.36, p¼ 0.7).

The shoot density, reported in Table 6, ranged from
an average of 238 shoots per m2 within patches of P.
crispus up to 4468 shoots per m2 in C. platycarpa.

3.4. Species composition at the between-patch
level

At site PEY, all patches (n¼ 100) were monospecific:
68% were made up of V. anagalloides, 27% of N. offi-
cinale, 2% of Elodea sp. For the remaining 3% of the
patches, the species could not be clearly identified
from the images. At site FLE, the species composition
in the patches (n¼ 209) was more variable, with 83%
of patches monospecific and 17% mixed. Within the
monospecific patches, 69% were composed of C. pla-
tycarpa, 24% of B. erecta, 3% of Myriophyllum sp., 2%
of Elodea sp. and 2% of V. anagalloides. Among the
mixed patches, 26% were a mixture of C. platycarpa,
Elodea sp. and B. erecta; 26% were B. erecta and
Elodea sp.; 26% were C. platycarpa and B. erecta; and
the remaining 22% were C. platycarpa and Elodea sp.
The patch sizes of the mixed patches are reported in
Table 3 (note that the number of mixed patches can

be lower than indicated by the percentages, because
the size was not measured if the patch was not
entirely captured in the aerial picture).

3.5. Interpatch distances

The minimum and maximum interpatch distances
had comparable distributions at sites FLE and PEY,
with both sites showing positively skewed distribu-
tions (Figure 5). In FLE, the minimum distance
ranged between 0 cm (no visible gap between
patches) and 554.0 cm, with a mean of 63.8 and a
median of 18.5 cm. The maximum distance ranged
between 4 and 770 cm (mean of 129.2 and median
of 94.0 cm). At PEY, the distances were generally
lower than those at FLE, and minimum distances
varied between 0 and 286 cm (mean of 60.5 and
median of 40 cm). The maximum distances varied
between 10 and 341 cm (mean of 105.5 and median
of 85.5 cm).

When analysing the distances between patch
centroids (Figure 5), we found a mean distance of
197 cm (median 168.5 cm) at FLE. The centroid dis-
tances varied between 23 cm and 708 cm. Among
the observed distances (n¼ 314), 75% were oriented
in the main direction of flow, but they were ori-
ented in a different direction in 25% of the cases,
which indicated that staggered patch distributions
were observed.

Mean distances between patch centroids were
also comparable at PEY, where the mean value was
157.5 cm (median 145 cm). The observed range of

Figure 5. Frequency distributions of minimum and maximum interpatch distances and distances between patch centroids for
the sites of FLE (top panels) and PEY (bottom panels).
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distances was, however, more limited compared to
that at the previous site, ranging between 25 and
441 cm. Among the observed distances at this site
(n¼ 126), slightly over half of the patch pairs (51%)
were oriented in the main flow direction, while 49%
were oriented in other directions. This indicates that
patches commonly grow adjacent to each other and
in complex arrangements.

4. Discussion

The present investigation aims to provide realistic
vegetation parameters for ecohydraulic laboratory
and numerical studies that focus on the vegetation
patch as the main study unit. The parameters are
provided for four different species of aquatic macro-
phytes at three relevant levels of organization for
hydraulic studies: individual plants (inside patches),
single vegetation patches and multiple neighbouring
patches. We found significant relationships between
patch length, width and height for the species con-
sidered (consistent with the results of Sand-Jensen
and Madsen (1992) for Callitriche cophocarpa),
except for the relationship between length and width
of P. crispus. The relationships between patch
dimensions differed significantly among sampling
sites for three of the four species, suggesting a high
intraspecies variability in patch size. This suggests
that different species respond differently to local
conditions, either because of intraspecific variability
or due to phenotypic plasticity (with certain species
showing higher levels of plasticity than others).
Since all these cases exist and all are possible in
nature, providing parameter ranges is relevant infor-
mation for studies that are better suited to focus on
a range of values (or minimum and maximum val-
ues), rather than on a single value. Significant differ-
ences in biomechanical traits (Young’s modulus and
flexural stiffness) were also observed, resulting in
stem Cauchy numbers ranging from 85.25 to 325.84,
and leaf Cauchy numbers between 163.81 and
2003.97. Depending on the species, shoot density
varied from hundreds to a few thousand individuals
per square metre. Distances between patches (gap
sizes) were on average 1.5m and although the range
of observed values was quite broad, the mean and
median gap sizes were comparable among the study
sites. The average distance between patch centroids
was also approximately 1.5m. These data provide
useful information for constructing more realistic
vegetation patches in laboratory flume studies and
can be equally important for modelling studies by
providing a clear set of cases and initial conditions
for model simulations.

The results of the biomechanical tests are com-
parable to the results found by Łoboda et al. (2018a,

2018b) on two of the same aquatic plant species.
The bending Young’s modulus was in the same
order of magnitude and similar range of value as in
our measurements (38.96 ± 42.60MPa for P. crispus
and 95.32 ± 51.59MPa for E. canadensis sampled at
the same time of the year). The values of second
moment of area ((8.61 ± 5.7)�10�13 m4 for P.
crispus and (0.8 ± 0.3)�10�13 m4 for E. canadensis)
and flexural stiffness ((2.6 ± 2.6)�10�5 N m2 for P.
crispus and (0.6 ± 0.3)�10�5 N m2 for E. canadensis)
are also comparable to our study. The small differ-
ences observed may be related to the environmental
conditions in the different sites.

The stem Cauchy number (CaS) calculated based
on the data in this study was lower than that previ-
ously reported for very flexible vegetation, although
it falls within the estimated range of Ca � 10 to
40,000 (for a typical velocity range of U¼ 5–50 cm
s�1) (Luhar and Nepf 2011). However, leaves have a
strong impact on hydrodynamic drag and contribute
to increase the Cauchy number: the Cauchy number
based on total leaf area (CaL) was 4 to 7 times larger
than CaS for two of the species (C. platycarpa and
P. crispus). Elodea sp. was the only species where
CaL was smaller than CaS but the inclusion of leaves
would still contribute to increase the total Cauchy
number by 50%. Considering that longer leaves and
stems would increase the Cauchy number, the dis-
crepancy may also partly arise because plants can
vary greatly in length, depending on the conditions:
plant length is generally higher in standing water
than in running water, and there are constraints on
plant length depending on patch size, as further dis-
cussed below.

4.1. Constraints on growth of plants into
patches: relevance of paired data per species

A relevant aspect of this study is to provide coupled
data on individual plants growing inside patches,
which is crucial because there are relationships
between parameters at different levels. Within a sin-
gle vegetation patch, differences in plant height are
found between the front and rear of the patch:
plants located at the front are shorter due to the
high flow stress, while plants located in the down-
stream portion are more sheltered and can grow
longer (Gessner 1955; Cornacchia et al. 2016). Both
hydrodynamic conditions and patch formation
impose constraints on the size (length) of a plant.
Regarding hydrodynamic conditions, size reduction
has frequently been observed in single isolated
plants in running systems (Puijalon and Bornette
2004; Puijalon et al. 2008b). However, the regular
and compact shape of a patch is also determined by
hydrodynamic constraints (constraining length of a
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plant depending on its location in a patch), which
also implies that a plant cannot grow long in a small
patch. Therefore, the characteristics measured on a
plant growing in standing conditions cannot be
applied to running conditions. Our findings may
inspire future research by raising the hypothesis that
isolated plants are not under the same constraints as
plants growing within a patch. In that case, plant
and patch characteristics would need to be based as
much as possible on paired data collected on a sin-
gle species at both the individual and patch levels.

Our patch sampling strategy did not allow us to
make a link between patch dimensions and the local
flow regime. Regardless of the sampling strategy,
relating patch dimensions to the local hydrodynamic
conditions is challenging without a measure of patch
growth rates: a patch could be long because it is
growing fast in slow flow conditions, or it could be
long because it has grown slowly over many years
in fast flow conditions. The fact that the growth rate
varies according to the flow conditions leads to this
disconnection to the patch traits, so that patch age
is not necessarily related to its size. Future studies
are needed to follow patch growth over time to
investigate how flow velocity affects patch
dimensions.

To show the importance of coupled data and the
relationship between different parameters, we illus-
trate an example of the potential errors that can occur
when paired data are disregarded. In this study, the
leaf Cauchy number calculated using paired data (i.e.
data per species) varied between 163.81 and 2003.97.
If paired data were not considered and the most
extreme (minimum and maximum) values across all
species were used for each variable needed to calcu-
late the Cauchy number, the results would be differ-
ent: the leaf Cauchy number would be 31.24 when
the lowest values among all species are used, and it
would be 5948.88 when all the highest values are
used. This example illustrates the consequences of
respecting the paired data per species as opposed to
using a value observed for any of the species. While
the covariation between characteristics might appear
to increase sampling efforts as there is a need to use
paired data, it may also be a way to reduce sampling
effort by using proxies. The statistical relationships
presented in this study between patch dimensions are
one example of how sampling can be reduced, for
instance by obtaining all required patch dimensions
from aerial photographs.

4.2. Directions for future research on flow-
vegetation interactions

The findings from this work point to vegetation
properties that have thus far been overlooked in the

literature and provide useful recommendations for
future research directions. For future studies on
flow-vegetation interactions at the between-patch
level and with the objective of exploring the role of
patch configurations, we emphasize that 25 to 50%
of the observed patch pairs were not oriented in the
main direction of flow. This is somewhat counterin-
tuitive considering the presence of flow acceleration
and negative feedbacks next to the patches but is
consistent with the findings of Cornacchia et al.
(2019a), who showed that patch staggering is fre-
quent. These data suggest that adjacent patches or
more complex distributions are also quite common,
as already explored in studies on vegetation tussocks
in salt marshes (Vandenbruwaene et al. 2011; Meire
et al. 2014). We also highlight that while monospe-
cific patches were prevalent at one of the field sites,
the other site showed a 20% occurrence of multispe-
cies (“mixed”) patches. The study of mixed patches
is thus far a largely overlooked aspect of the com-
plexity of flow-vegetation interactions (Schoelynck
et al. 2018), but due to their common occurrence in
the field, we provide an indication of their sizes and
species composition, and we suggest that it would
be an interesting direction for future studies.

5. Conclusions

This study aims to provide data to build vegetation
patches in ecohydraulic studies. Four patch-forming
species of submerged aquatic macrophytes were
considered, and their characteristics were studied at
three levels relevant for flume and modelling stud-
ies: individual plants (inside patches), single vegeta-
tion patches and multiple patches. The key findings
include the following:

1. The results show that different plant character-
istics covary in natural patches, as shown by the
relationships between patch length, width, and
height and by the changes in dry mass with
patch size. The covariation between different
patch characteristics should be considered when
building mimics and planning experimental
conditions because not all combinations of par-
ameter values might occur in nature.

2. Vegetation species differ from each other for
“sets” of characteristics, rather than single prop-
erties: a challenge for future ecohydraulics stud-
ies will be to separate the effect of each of these
characteristics on hydrodynamic and sedimenta-
tion processes. We stress the need for more
studies on real patches, complemented by mod-
elling approaches, to make progress in this
direction.
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