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Rivers are roads which move, and which carry us whither we desire to go.
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Summary
The functioning of aquatic ecosystems is influenced to a great extent by the presence of
aquatic vegetation, also called macrophytes. Submerged macrophytes are typically
abundant in lowland streams. In temperate mid-latitude climate zones, their presence is
highly variable in both space and time. Through their above-ground structures they are
able to directly influence water flow by modifying current velocity, changing hydrology
and promoting sediment trapping (and its associated nutrients). Distinct spatial
vegetation patterns are observed, ranging from continuous vegetation cover to patchy
vegetation cover. However, it is not clear what the steering mechanisms are that cause
these spatial vegetation patterns. Furthermore, there is only limited knowledge on the
effect of distinct spatial patterns on the transport of material. The aim of this thesis was
to determine on one hand the key factors controlling the spatial distribution of
macrophytes and on the other hand the effect of distinct spatial patterns of macrophytes
on water flow and transport processes. These aspects were investigated through a
combination of field measurements and numerical modelling.
A digital cover photography technique is developed to map macrophytes at the species
level with a very-high spatial and a flexible temporal resolution. The method is
successfully applied in two lowland rivers in the upper Nete catchment (Belgium). Next,
a plant growth model is developed to simulated the spatio-temporal growth of
macrophytes in two dimensions. This model is coupled with a two dimensional depthaveraged hydrodynamic model to simulate the reciprocal interactions between
macrophytes and water flow. Macrophytes create hydraulic resistance and therefore
reduce the flow velocity within vegetation patches. The formulation in our model
accounts for the complex morphology and flexibility of natural, submerged
macrophytes. Meanwhile, once a critical velocity is exceeded vegetation patches cannot
expand further and existing vegetation patches disappear. We found that distinct spatial
patterns dominated by different species are the result of the magnitude of the plant-flow
interaction and of specific growth strategies of the dominant species. The effect of these
distinct spatial patterns on the transport of material is quantified by field
measurements. Tracer experiments are conducted with dissolved and particulate
organic matter at three vegetation covers in a lowland river in Poland. Our results show
that vegetation reduces the longitudinal dispersion coefficient and reduces the transient
storage zone, while the retention of particulate organic matter increases. In addition, the
most heterogeneous flow field is found in partially vegetated treatments. Finally, a field
survey is performed in two river reaches with continuous and patchy vegetation cover.
The morphological activity tends to be higher during the summer when macrophytes
are abundantly present in both rivers reaches.
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Samenvatting
Het functioneren van aquatische ecosystemen is in grote mate beïnvloed door de
aanwezigheid van waterplanten, ook macrofyten genoemd. Ondergedoken macrofyten
zijn typisch aanwezig in laagland rivieren. In gebieden met een gematigd klimaat op een
gemiddelde breedtegraad is hun aanwezig heel variabel in de ruimte en tijd. Er zijn
verschillende vegetatiepatronen geobserveerd, variërend van vegetatiepatronen met
een continue vegetatie tot fragmentarische vegetatie patronen. Door hun bovengrondse
structuren zijn ze instaat om de stroomsnelheid te veranderen, de hydrologie te
beïnvloeden en de invang van sediment en de gebonden nutriënten te bevorderen. Het is
echter niet duidelijk wat de sturende mechanismen zijn voor deze verschillen
ruimtelijke vegetatiepatronen. Daarenboven is de kennis over het effect van de
verschillende ruimtelijke patronen op het transport van materiaal beperkt. Het doel van
deze thesis was om enerzijds de belangrijkste factoren te onderzoeken die de
ruimtelijke verdeling van macrofyten bepalen te onderzoeken en anderzijds om het
effect van deze verschillende patronen op water stroming en transport processen te na
te gaan. Deze elementen werden onderzocht door een combinatie van veldmetingen en
numeriek modeleren.
Een digitale gebiedsdekkende fototechniek, met een zeer hoge ruimtelijke en een
flexibele temporele resolutie werd ontwikkeld om macrofyten op soortniveau te
karteren. De methode is met succes toegepast in twee laagland rivieren in het
bovenstroomse stroomgebied van de Nete (België). Vervolgens is een plantengroei
model ontwikkeld om de ruimtelijke en tijdelijke groei van macrofyten te simuleren in
twee dimensies. Dit model is gekoppeld met een diepte-gemiddeld hydrodynamische
model om de wederzijdse interactie tussen de macrofyten en de waterstroming te
simuleren. Macrofyten creëren hydraulische weerstand en daardoor verlaagt de
stroomsnelheid in vegetatiepatches. De formulering in ons model brengt de complexe
morfologie en de buigbaarheid van natuurlijke ondergedoken vegetatie in rekening.
Ondertussen, zodra een kritische stroomsnelheid is overschreden kunnen
vegetatiepatches niet verder uitbreiden en verdwijnen bestaande vegetatiepatches. We
vonden dat verschillende ruimtelijke vegetatiepatronen gedomineerd door
verschillende soorten, het resultaat zijn van de grootte van de plant-stromingsinteractie
en van specifieke groeistrategieën van de dominante soort. Het effect van deze
verschillende ruimtelijke patronen op het transport van materiaal is gekwantificeerd
door veldmetingen. Tracer experimenten zijn uitgevoerd met opgelost en particulair
organisch materiaal bij drie bedekkingsgraden in een laagland rivier in Polen. Onze
resultaten tonen dat vegetatie de longitudinale dispersie coëfficiënt en de tijdelijke
opslag van opgeloste stoffen verlaagt, terwijl het vasthouden van particulair organisch
materiaal verhoogt. Verder werd het meest heterogene stromingsveld waargenomen
tijdens het experiment met een gedeeltelijke vegetatie bedekking. Tenslotte werd een
veldcampagne uitgevoerd in twee rivierdelen met een continu en fragmentarisch
vegetatiepatroon. De morfologische activiteit lijkt hoger wanneer macrofyten abundant
aanwezig zijn in beide rivierdelen.
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Chapter 1

1.1 Abstract
The focus of this study was twofold. We investigate the mechanisms steering spatial
vegetation patterns and we study the effect of distinct spatial vegetation patterns on
transport processes in lowland rivers. This enables us to increase our knowledge on the
functioning of vegetated aquatic rivers and to optimize the current management.
Abiotic factors strongly affect the growth of aquatic vegetation such as light, nutrients
and temperature. Meanwhile, sudden changes in flow velocity, turbulence and bed
erosion, grazing by invertebrates and vertebrates, and river management can disturb
the growth of aquatic vegetation. Therefore, aquatic vegetation typically occurs in river
reaches with high light penetration and on average low flow velocities. This is illustrated
by tree well-known ecological concepts.
Strong interactions between aquatic vegetation, water flow and transport processes are
present in lowland rivers and are called bio-geomorphic feedbacks. The formation of
spatial vegetation pattern through bio-geomorphic feedbacks at reach scale is studied
through numerical modelling and field monitoring. A numerical model is developed that
describes spatio-temporal growth of macrophytes in relation to water flow. Specific field
experiments and field campaigns are performed to measure transport processes at
multiple spatial patterns in lowland rivers in Belgium and Poland.
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1.2 Rivers from source to mouth
Rivers form a complex system where material and energy are produced or are added,
stored, transformed and transported along a large gradient of varying abiotic conditions
(Humphries et al. 2014). In general, the dominant source of organic material and energy
can be instream production (autochthonous) or external inputs (allochthonous)
depending on local conditions. The prevailing transport direction varies between
longitudinal dominated (along the river) or lateral dominated (connection with the
floodplain) (Junk et al. 1989; Thorp and Delong 1994; Thorp et al. 2006; Vannote et al.
1980). Instream aquatic vegetation plays an important role in the functioning of these
systems and typically occurs only in a part of the river. Several ecological concepts have
been proposed to describe the variation of these patterns and processes from the source
to the mouth of rivers. We focus on four ecological concepts wherein the macrophytes
play an important role.
A first well-known concept is the river continuum concept (Vannote et al. 1980) which
focusses on the longitudinal connectivity along the river (Fig. 1.1). The headwaters of a
river are usually narrow. The shade created by riparian vegetation and the relatively
high flow velocities limit the growth of macrophytes. Allochthonous inputs of organic
matter such as leaves of the riparian vegetation form the main source of material and
energy input. This is further processed by organisms such as macroinvertrebrates, fungi,
and fish before it is transported downstream. In the middle reaches autochthonous
inputs become more important via the abundant growth of macrophytes and
periphyton. This region is characterized by high light availability and low flow velocities,
which are ideal conditions for the growth of macrophytes (Riis and Biggs 2003).
Instream primary production reduces again in the lower reaches. The main limitation of
macrophyte growth in the lower reaches is low light availability due to the deep water
column with a relatively high amount of suspended matter (Vannote et al. 1980).
A second concept, the riverine productivity model puts the local instream primary
production by macrophytes and riparian leave fall central, while the transport plays a
minor role (Thorp and Delong 1994) (Fig. 1.1). Energy and material input come from
local autochthonous production and direct inputs form the riparian zone. The local
amount of material and energy is affected by macrophytes in two ways. First the growth
of macrophytes increases primary production. Second, organic material is retained by
the aboveground biomass of macrophytes(Thorp and Delong 1994). Additionally, the
presence of patches of macrophytes creates a great habitat heterogeneity within the
river channel, which is beneficial for many other organisms (Caffrey and Kemp 1992).
Thirdly, the flood pulse concept, describes the lateral connection between the river and
its floodplain (Junk et al. 1989). Allochthonous input of organic matter from the
floodplain is the main source of material and energy. The exchange with the floodplain
takes place during a relatively short period in time, e.g. once a year during several weeks
or months in tropical systems. Although this concept was originally developed for rivers
in tropical regions, it can be applied in temperate regions as well (Tockner et al. 2000).
During flood events the discharge may increase and can cause the breakage or uprooting
of macrophytes that grow in the main channel of the river (Biggs 1996).
3
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Recently, attempts have been made to combine these three concepts in the river wave
concept (Humphries et al. 2014). It compares patterns and processes in rivers with the
position on a wave in time or space. Three phases are distinguished, each of which is
comparable with one of the previously explained concepts. First, during base flow
conditions (i.e. low discharge) local allochthonous inputs and autochthonous production
are dominant, while the transport of material is less important. Also rapid degradation
of organic material is taking place then, through microbial and invertebrate activity and
carbon transfers to higher trophic levels, similarly as explained in the riverine
productivity concept. Second, when the discharge increases, longitudinal transport
becomes more dominant as described by the river continuum concept. Third, when
discharge reaches its maximum the lateral connectivity with the floodplain is taken into
account for the exchange of energy and material, similar as the flood pulse concept.
During this phase macrophytes can be uprooting due to the increased flow velocities.
Summarising, typically reaches located in the middle of the catchment have a suitable
habitat for macrophytes. These regions are characterized by high light penetration and
on average low flow velocities. However, macrophytes can be uprooted through high
flow velocity during peak discharge events. Macrophytes increase the local amount of
energy and material through autochthonous production and through the retention of
allochthonous material, as a consequence of flow velocity reduction and sediment
deposition within the macrophyte canopy.

Figure 1.1: Conceptual illustration of the river continuum concept, riverine productive concept and flood
pulse concept. See text for details on each concept.
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1.3 Functioning of vegetated rivers
The functioning of lowland rivers is influenced to a great extent by the presence of
instream aquatic vegetation (Bornette and Puijalon 2011; Newbold et al. 1982; Runkel
2007). Aquatic vegetation affects the water quantity (Old et al. 2014) and water quality
(Park et al. 2003), which has a further impact on other aquatic organisms and the
biodiversity (Dvoraki and Best 1982; Martin et al. 2005) in river ecosystems. This
implies that macrophytes contribute to the delivery of many regulating services, which
can be beneficial to the human society (Boerema et al. 2014).
Aquatic vegetation changes the water quantity via increased hydraulic resistance in
rivers (De Doncker et al. 2011; Green 2005b). This results in decreased flow velocities,
reduced drainage capacity and increased water levels (Bal et al. 2011b; Old et al. 2014).
Higher water levels in combination with high amounts of precipitation may increase the
flooding risk of the surrounding areas (O'Hare 2015).
Aquatic vegetation strongly influences biochemical cycles in aquatic ecosystems
(Jeppesen et al. 1998; Marion et al. 2002). It increases oxygen dynamics through
production during the day via photosynthesis and uptake during the night via
respiration (Park et al. 2003). Oxygen is needed for the decomposition of organic matter
(Reina et al. 2006). Nutrients are taken up via the roots and/or shoots of macrophytes,
this reduces the nutrient concentration in the water (Bal et al. 2013; Cornelisen and
Thomas 2004; Madsen and Cedergreen 2002). However, the majority of these nutrients
are released when the vegetation dies off in winter. So the net effect of aquatic
vegetation on the nutrient concentration is limited over a year period compared to the
nutrient load of the river (Schoelynck 2011).
Next, aquatic vegetation has also an effect on other organisms and on the biodiversity of
the river ecosystem. The production of oxygen is essential for the survival of organisms
including fish, amphibians and macroinvertebrates (Caffrey and Kemp 1992) .
Macrophytes deliver food to higher trophic levels (Gross et al. 2001; Lauridsen et al.
1993), and increase the habitat heterogeneity (Schoelynck et al. 2012). This diversity is
needed for water organisms such as fish and macro-invertebrates to hunt, mate and
spawn, for egg-laying, shelter or rest (Dvorak and Best 1982; Martin et al. 2005).
Since aquatic vegetation forms a link between the sediment phase and water column in
aquatic systems, it is one of the key quality elements to evaluate the ecological status of
aquatic systems. For example the environmental legislation of the European Union is
implemented in the Water Frame Work Directive and aims to achieve a good ecological
status of the water bodies, such as the chemical status of surface water and the
structural biodiversity (2000/60/EG).

1.4 Growth forms and growth conditions of macrophytes
As illustrated above, macrophytes play an important role in rivers. Here we focus on the
morphology and growth requirements of macrophytes. In this thesis aquatic vascular
plants are considered as macrophytes. Macrophytes are taxonomically classified based
on shared characteristics, but this classification doesn’t group plants according to their
5
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morphology and interaction with water flow (Green 2005a; O'Hare 2015). Therefore we
distinguish four main groups based on their growth form: submerged plants with roots,
floating plants with roots, exclusive floating plants, and emergent plants (Fig. 1.2)
(Schoelynck 2011). This classification enables to transfer findings to general principles
applicable to other species with a similar growth form (O'Hare 2015). The underground
parts are used to anchor the plant in the soil to prevent uprooting (Sand-Jensen 1998) as
well as for the uptake of nutrients from the soil. Plant parts rising above the water level
can be used to produce flowers (O'Hare 2015) and the stems of emerged vegetation
have often air channels to transport gases from the leaves to the submerged parts. The
submerged leaves are often long and thin with a high surface to volume ratio, which
increases light interception and gas exchange (Bloemendaal 1988). This specific shape
also enables streamlining with high flow velocities (Sand-Jensen and Pedersen 2008;
Schoelynck et al. 2013). Macrophytes growing in rivers developed two distinct strategies
to cope with the hydrodynamic forces they encounter in rivers: avoidance versus
tolerance strategy (Puijalon et al. 2011). The first strategy is characterized by a high
flexibility of the plants which can bend with increasing flow velocities and as such
maximally reduce the drag force they feel frim the flowing water. They also don’t need to
invest much energy in strength tissue (e.g. lignin). Plants with a tolerance strategy
however, are mainly built of stiff and strong tissue with a high tensile force.
Consequently they have less capacity to bend and therefore experience high drag forces
(Coops and VanderVelde 1996; Puijalon et al. 2011).

Figure 1.2: Classification of macrophytes according to their growth form, (a) submerged plants with
roots, (b) floating plants with roots, (c) exclusive floating plants, and (d) emergent plants (figure from
Schoelynck 2011).

The occurrence and growth of macrophytes in lowland rivers is governed by many
abiotic and biotic factors. Previous literature suggests that macrophyte growth is the net
result of growth processes, regulated by available resources, and die-off processes,
controlled by stress and disturbances (Biggs 1996; Grimm and Fisher 1992). The
resources consist of light, nutrients (carbon, nitrogen, phosphorus) and temperature.
The disturbances include physical disturbances such as temporal variations in
hydraulics and sediment bed dynamics (sudden changes in flow velocity, turbulence and
bed erosion) and spatial variations in hydraulics (local variation in flow velocities,
turbulence and bed erosion), biotic disturbances such as grazing by invertebrates and
vertebrates (Biggs 1996; Bornette and Puijalon 2011; Cotton et al. 2006) and
6
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anthropogenic disturbances such as river management (e.g. mowing of macrophytes). In
addition, the presence of macrophytes is influenced by plant competition and succession
(Grimm and Fisher 1992) and sediment bed characteristics (Gurnell et al. 2012).
Over time we observe seasonal patterns, multiple year patterns and succession (O'Hare
2015). Clear annual cycles in biomass are observed with abundant plant growth in
spring and reaching peak biomass during summer months in mid latitude climate zones
(Clarke 2002). This is followed by die-off in colder months where the above-ground
biomass nearly completely disappears (Battle and Mihuc 2000; Menendez et al. 2003).
Overwintering of plants occurs via propagules and seeds for annuals, whereas for
perennial plants the entire root system persists over winter. Over multiple years the
species composition can change resulting from changes in aforementioned abiotic and
biotic parameters controlling growth and die-off of macrophytes (Wiegleb et al. 2014).
For example, increased nutrient loading drives species composition towards more
floating leaved species since light becomes the main limiting factor (Bunn et al. 1997).
Succession takes place over a longer period of time wherein the entire macrophyte
community can shift from stress-tolerant species to more competitive species. The
occurrence of flood events can reset this shift in species composition, by removing the
vegetation and resetting the abiotic conditions (Corenblit et al. 2007; O'Hare 2015). This
is already demonstrated in high energy rivers (Gurnell 2014). We expect that the same
principle of vegetation succession holds in low energy rivers. However the prevailing
abiotic conditions are less extreme compared to high energy rivers. High energy rivers
are characterized by wave action or current motion of such magnitude that deposition of
fine-grained sediment (i.e. clay and silt) cannot take place, while sediment deposition is
possible in low energy rivers (Whittow, 2000). This reduces the relative importance of
abiotic conditions on the vegetation development and increases the relative impact of
biotic interactions between macrophyte species. Because of this, resets in low energy
rivers are expected to occur in only a part of the river.

1.5 Bio-geomorphic interactions
In vegetated lowland rivers, so-called bio-geomorphic interactions occur between
vegetation, water flow, and sediment transport. (Corenblit et al. 2007; Schnauder and
Moggridge 2009) These bio-geomorphic interactions are important as they govern a
number of key mechanisms, such as the spatial self-organization of vegetation patches
and of river bed geomorphology (Schoelynck et al. 2012). These reciprocal interactions
between vegetation, water flow and sediment transport are shown in Fig. 1.3 and the
numbers of the arrow are discussed. (1) The geomorphology of the river is a main driver
for the water flow (Mackin 1948). The spatial distribution of stream velocity in rivers is
affected by boundary conditions of the systems such as sediment type, and plan form
shape of the river (Mackin 1948). It is generally known that complex processes in river
bends result in high flow velocities in outer bends and reduced flow velocities in inner
bends. (2) Water flow is shaping the sedimentation and erosion processes (Richards
2004). The location of sedimentation and erosion depends on the ratio of the bottom
shear stress and critical shear stress for erosion and sedimentation (Umeda 2011). The
bottom shear stress is a function of the flow velocity and density difference between the
7
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water and sediment, while the critical shear stress for erosion and sedimentation is a
function of the bed material and material in transport, respectively. Erosion can be
induced at locations where the shear stress is above the critical shear stress for erosion
(Umeda 2011), whereas sedimentation may be induced at locations where the bottom
shear stress is lower than the critical shear stress for sedimentation. On top of these
abiotic processes, reciprocal interactions are present between macrophytes and water
flow in vegetated rivers. (3) Macrophytes are able to directly influence the water flow by
modifying the current velocity through their above-ground structures (O'Hare 2015)
and increase the hydraulic resistance resulting in a reduced flow velocity in and behind
vegetation patches and a flow acceleration adjacent to macrophyte patches (Nepf 2012;
Sand-Jensen and Mebus 1996). (4) Flow velocity is determining for the hydraulic stress
encountered by the vegetation, which may lead to reduction in the growth or mortality
(Schoelynck et al. 2013). (5) Through the presence of shoots the critical shear stress for
erosion is increased within vegetation which prevents erosion (Clarke 2002; SandJensen 1998). (6) The geomorphology (water depth, sediment type) and transport
processes (sedimentation and erosion processes) influence the occurrence of vegetation
(Gurnell 2014; Riis et al. 2001). Suspended matter can reduce the light availability and
hence lower the photosynthesis of the macrophytes (Parkhill and Gulliver 2002). This
can be more pronounced at location with a high water depth.
Figure 1.3: Schematic overview of the
bio-geomorphic processes in lowland
rivers. The main components are:
vegetation, water flow and transport of
organic and mineral particles. The
interaction between the components
are numbered (1-6), see text for details.

1.6 State of the art
Spatial vegetation patterns
The aforementioned bio-geomorphic processes can be studied at different spatial scales
in rivers. We focus on the patch and reach scale. A macrophyte patch can be defined by
an area covered by vegetation, which has a finite spatial extent that is larger than an
individual shoot but smaller than the entire reach. The size of these vegetation patches
varies strongly from a few square decimetre to a few square meter (Gurnell et al. 2006;
Sand-Jensen et al. 1999). The reach scale is defined as a river section of 10 to 200 m
(Schoelynck et al. 2012). The vegetation distribution at this scale ranges between a
continuous vegetation cover to a patchy vegetation cover, dominated by a single species
or multi species assemblages (Wiegleb et al. 2014).
It was demonstrated that patch scale interactions between vegetation, water flow and
sediment transport can lead to reach scale vegetation patterns in a lowland river
(Schoelynck et al. 2012). These patch-scale bio-geomorphic interactions are typically
scale dependent (Bouma et al. 2009; Bouma et al. 2013; Bouma et al. 2007;
8
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Vandenbruwaene et al. 2011). Within vegetation patches a positive feedback is present:
the flow velocity is reduced and the accumulation of organic and mineral sediment
improve the local growth conditions for the vegetation (Schoelynck et al. 2012).
Adjacent to the patch a negative feedback is present: flow acceleration and erosion
deteriorate the growth conditions for vegetation and can cause breakage or uprooting of
the vegetation (Bornette and Puijalon 2011; Puijalon et al. 2005; Puijalon et al. 2011).
Studies have demonstrated that these scale-dependent feedbacks at individual patchscale can lead to the spatial self-organisation of macrophytes patches at reach scale of
lowland rivers (Schoelynck et al. 2012). Spatial self-organisation in ecosystems is the
process where large scale patterns develop from disordered initial conditions through
small scale feedbacks between organisms and their environment (Rietkerk and Van de
Koppel 2008), in this case between the macrophytes and the water flow (Schoelynck et
al. 2012). Spatial self-organising of vegetation patches is important for ecosystem
functioning, since self-organised ecosystems have a higher resilience and resistance to
environmental change and a higher productivity compared to homogeneous ecosystems
(Lejeune et al. 2004; Rietkerk and Van de Koppel 2008).
Besides, the growth strategy of macrophyte species can give rise to reach scale spatial
vegetation patterns. First, many aquatic plants reproduce both vegetative and sexual,
this leads to differences in initial growth performance and response to environmental
conditions (Wiegleb et al. 2014). The colonization of bare sediment by plants can be
initiated by reproduction via seeds and propagules, or by the formation of rhizomes.
Propagules are distinct units that have the purpose of reproduction (Chuang and Ko
1981). Rhizomes are underground plant parts which are used for dispersion of the
parental plant. The location and number of meristems in these plant parts (Arber 1920;
Sculthorpe 1967) affect the successful establishment of the plant parts (Barrat-Segretain
et al. 1998). Second, the lateral expansion of vegetated areas is controlled by the
presence of one or more organs such as rhizomes, stolons and turions (Wiegleb et al.
2014). Macrophyte species typically invest in a certain growth strategy characterized by
the formation of specific organs (Wiegleb et al. 2014).
Other possible explanations for the occurrence of distinct spatial vegetation patterns
include the occurrence of single disturbance events (Riis and Biggs 2003) or weather
extremes (Bunn and Arthington 2002). Further, the spatial variability of abiotic
conditions can determine specific vegetation patterns at reach scale such as water depth
(Bornette and Puijalon 2011; Riis and Biggs 2003) and sediment stability (Schutten and
Davy 2000).
There is a strong need to investigate the mechanisms that are steering the spatial
pattern formation of macrophytes at reach scale. This leads to the central research
question of this thesis: ‘What is the relative importance of plant-flow interaction and
growth strategies of species on the spatial pattern formation of macrophytes?’ We
hypothesise that the interaction between the vegetation and water flow at patch scale is
determining for the spatial vegetation pattern at reach scale. In addition, the growth
strategy of the species might influence the reach scale vegetation patterns as well.
Therefore, a plant-growth model is developed that simulates the temporal and spatial
9
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growth of macrophytes based on their growth strategies. This model should be coupled
with a hydrodynamic model to account for the species-specific plant-flow interactions.
Currently, two shortcomings prevent the development of such a model: detailed
vegetation maps to calibrate and validate the numerical model, and the representation
of natural, flexible vegetation in hydrodynamic models.
Monitoring
Monitoring the spatial distribution of macrophytes is necessary to study the
mechanisms of pattern formation and to calibrate numerical models. Conventional
ground level monitoring methods range from fast methods with a high observer bias
due to expert judgement (Tansley scaling method) to more detailed scaling methods
which have a higher accuracy but are more time consuming and require high expert
knowledge (Blanquet 1928; Londo 1976). More recently, high resolution low-altitude
image data collection techniques are developed to map spatial ecological patterns. These
digital techniques are relatively fast, cover large areas (Rango et al. 2010) and can be
applied in intertidal areas during low tide when the vegetation is not submerged
(Barrell and Grant 2015; Guichard et al. 2000; van der Wal et al. 2014). More challenging
is the mapping of submerged vegetation, e.g. in rivers or lakes, due to the high
absorbance of light by the water column (Visser et al. 2013). The spatial resolution of
the current techniques ranges between 25 cm (Flynn and Chapra 2014; Nezlin et al.
2007) to 5.6 cm (Husson et al. 2014) and 4 cm (Anker et al. 2014). However, these
resolutions are still too coarse to distinguish different macrophyte species, which often
requires assessment of the shape of individual leaves. The size of the leaves ranges
between a few square centimetre to several square decimetre.
A method is needed that can map the dynamic patchiness of macrophytes in rivers with
a very-high spatial (sub-centimetre) and flexible temporal resolution. The detection of
fine scale details in structure, texture and pattern on very-high spatial resolution image
data allows identification of macrophytes up to species level (Bryson et al. 2013; Visser
et al. 2013). Properties like biomass and hydraulic resistance depend strongly on
species composition and need flexible temporal resolution (monthly) data acquisition to
catch seasonal variation. Low-altitude image data collection seems the most suitable
method to obtain high spatial and flexible temporal resolution data while minimizing the
time and cost (Carter et al. 2005; Legleiter 2003).
Numerical models
The representation of aquatic vegetation in hydrodynamic models is via the inclusion of
a hydraulic resistance. Empirical relationships are derived to quantify the effect of
vegetation on the water flow (Green et al., 2005b). These relationships include biomass
and resistance, (Dawson 1978; De Doncker et al. 2009), blockage factors and resistance
(Green 2005a), or discharge (Bakry et al. 1992; Larsen et al. 1990; Temple 1986; Van
Ieperen and Herfst 1986). The Manning coefficient is a commonly used parameter to
express the hydraulic resistance created by vegetation (Green 2005b). The Manning
coefficient quantifies the hydraulic resistance based on the on the average flow velocity
in a river reach, the hydraulic radius and water level gradient (more information can be
10
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found on p. 22). The Manning coefficient can be implemented in hydrodynamic models
(Vargas-Luna et al. 2015). This coefficient can vary over time depending on the moment
in the growth season (Morin et al. 2000). However, this representation is basic since it
doesn’t account for the difference in canopy density. Several approaches were
developed based on the Manning equation that characterise individual species
properties. The vegetation is represented as rigid sticks with a certain diameter, height
and density (number of stems per unit horizontal area) (e.g. Baptist et al. 2007; Huthoff
et al. 2007; Stone and Shen 2002; Wilson et al. 2003; Zhang et al. 2013). However, these
formulations still don’t account for species traits like bending of the plants and the
complex morphology. Therefore it is necessary to develop a method that correctly
implements vegetation resistance, based on a variable vegetation height and, common
botanical parameters when dealing with natural instream macrophytes.
The growth of macrophytes over time has been implemented in one-dimensional
numerical models (Best et al. 2001; Scheffer et al. 1993; Titus and Adams 1979).
However, these models are not suitable to investigate spatial pattern formation of
macrophytes. A spatial model of recolonization of bare soil by macrophytes was
developed by Chiarello and BarratSegretain (1997) but didn’t include the interaction
with the water flow. Recently cellular automata models are used to simulate the spatial
growth of macrophytes (Li et al. 2012; Lin et al. 2011). These models are based on many
simple components that act together to produce complicated patterns and can be
coupled with a hydrodynamic model (e.g. DELFT3D-FLOW-WAQ in the study of Li et al.
(2012); Lin et al. (2011)). The model domain can have a structured (Li et al. 2012) or
unstructured grid (Lin et al. 2011). However, the resistance created by the vegetation is
not implemented in these models (Li et al. 2012; Lin et al. 2011). Recently, van Oorschot
et al. (2016) developed a coupled vegetation-morphodynamic model to investigate the
migration of river channels by including riparian vegetation at large spatial scale (1000
m by 3600 m with a resolution of 0.25 m) and large temporal scale, 150 years. It should
be noticed that riparian vegetation is only temporally inundated, while instream
macrophytes are permanently inundated. Also the lateral expansion of vegetation
patches is not included in this model (van Oorschot et al., 2016).
Summarizing, the hydraulic resistance created by the vegetation needs to account for
the ability of flexible macrophytes to temporary reconfigure their canopy with the flow
and the complex morphology of natural plants. The lack of a correct implementation of
vegetation resistance, based on common botanical parameters and a variable vegetation
height, is a structural shortcoming in contemporary hydrodynamic models, when
dealing with flexible, submerged macrophytes. A plant growth model needs to be
developed to simulate the growth of macrophytes including the temporal and spatial
growth processes of macrophytes.
Transport processes
Once the steering mechanisms of spatial pattern formation of macrophytes are known,
the additional interaction with the transport of organic and mineral sediment should be
investigated to complete our knowledge of the bio-geomorphic interactions present in
lowland rivers (Fig. 1.3).
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The transport of dissolved matter is strongly affected by macrophytes. First, vegetation
increases hydraulic resistance, hence reducing flow velocities and increasing water
depth (De Doncker et al. 2009b; Franklin et al. 2008), which will affect advection of
dissolved matter. Second, the influence of vegetation on longitudinal dispersion is less
clear. Macrophytes may enhance turbulence and diminish the vertical shear stress,
resulting in a decreased longitudinal dispersion (Nepf et al. 1997; Wilcock et al. 1999).
However, the longitudinal dispersion may also increase by enhanced mechanical
dispersion (Nepf et al. 1997). The latter is a known phenomenon in porous media in
which each particle follows its own route, with a different length, through a network of
pores. Third, transient storage zones can be present as wake zones behind the
vegetation stems (Nepf et al. 1997), within and behind dense vegetation patches in the
main channel (Sukhodolova et al. 2006) or riparian vegetation along the banks (Wilcock
et al. 1999). The net result of macrophytes on the transient storage zone is therefore
difficult to predict.
The potential effects of macrophytes on the transport and retention of particulate
matter both organic and mineral is expected to be twofold. First, it creates a sieve-like
structure in the water column the particles are physically trapped by both leaves and
organisms living on the plants (Cotton et al. 2006; Pluntke and Kozerski 2003). Second,
it increases the hydraulic resistance and reducing the flow velocity the residence time
and settling chance of the particles is increased (Folkard 2011). Moreover, reciprocal
interactions between macrophytes and transport of mineral sediment are present in
vegetated lowland rivers. For example, the colonization of bare sediment by pioneer
vegetation facilitates the rapid establishment of other plants that can in turn reinforce
the development of vegetated landforms (Gurnell, 2014).
This brings us to the last research questions: ‘To which extent are transport processes
affected by spatial changes of macrophytes?’ and ‘How are vegetation patterns affected
by transport processes?’. We hypothesise that the interaction of vegetation and material
depends on the spatial scale (patch versus reach) and on macrophyte composition in
terms of morphology at patch scale and vegetation pattern at reach scale.

1.7 Aims and objectives
The first aim of this thesis was to determine the key factors steering the spatial
distribution of macrophytes at reach scale. This is achieved by the development of a
numerical model. In order to calibrate and validate such a model, we need two technical
developments. First, a method is needed to observe the spatial vegetation patterns in the
field. Second, the representation of vegetation in this model needs to account for the
ability of flexible macrophytes to temporary reconfigure their canopy and the complex
morphology of macrophytes.
The second aim of this thesis was to gain more insight in the effect of distinct spatial
vegetation patterns on transport processes. To do so, we performed field experiments at
different vegetation covers and we monitored the location of vegetation patches and
geomorphological changes in two rivers with a distinct vegetation pattern. This
information can in the future be used to extend the numerical model.
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1.8 Field sites
The experiments and field measurements of this thesis are performed in two catchments
in mid-latitude zones in Europe. The reaches are situated in the middle reaches of the
catchment where the local conditions are favourable for macrophyte growth. The Nete
catchment is situated in a dense populated area and has strong anthropogenic
influences, while the Biebrza catchment has a more pristine situation.
The Nete catchment is a sub-basin of the Scheldt catchment and is located in the NorthEast of Belgium (Fig. 1.4a). The catchment has an area of 1673 km2, the relief is
relatively flat with altitudes between 0 and 70 m TAW (i.e. Belgian reference level for
elevations) and the main sediment type is sand (CIW 2009). The land uses in the
catchment are green area and grazing land (26.4 %), residential area (25 %), forestry
(23 %) and cropland (20.5 %) (CIW 2009). On a yearly basis 389 million m3 water is
drained from the catchment by a total length of the watercourses of about 2400 km
(Agiv 2011). The rivers are fed by rainwater runoff and through subsurface seepage. The
surface water meets the biological water standards in 46 % of the measurements points
(BBI ≥ 7). The aquatic vegetation composition consists of free floating macrophytes,
floating macrophytes with roots, submerged macrophytes and emerged macrophytes
(CIW 2009). The field sites used in this thesis (Chapter 2, 4, 6) are situated in the Zwarte
Nete and Desselse Nete on the border of the villages Retie and Dessel (Fig. 1.4a). These
are the least contaminated tributaries of the Nete catchment. The study sites are
surrounded by pasture and cropland. During two to three years we monitored the
spatial distribution of macrophytes, hydraulic parameters and geomorphic
characteristics.
The upper Biebrza catchment is situated in the North-East of Poland (Wassen et al.
2003) and has an area of about 800 km2 (Fig. 1.4b). The Biebrza river forms the core of
the Biebrza National Park which is considered as an important wetland and is since
1995 added to the RAMSAR Convention list. The soil in the Biebrza NP consists mostly of
peat, interspersed with sand deposits on mineral islands and infiltration zones, and river
alluvium close to the river. The main land use is agriculture (44 %), extensive farming
(17 %), and forestry (15 %). The remaining 25 % is peatland. The macrophyte species
composition is very rich due to low human impact and consists of a large variety of
boreal and continental species. The macrophyte species of the four growth forms are
present. The study site is located in the Brzozówka river (Chapter 5). This tributary of
the Biebrza river lays in the downstream part of the upper Biebrza catchment (Fig.
1.4b). The field experiments are conducted at peak biomass in two consecutive years.
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(a)

ZN

DN
(b)

BR
Figure 1.4: (a): (left panel) The location of the study area is indicated with a black dot in the North East of
Belgium. Insert: the location of Belgium in Europa is shown in dark grey. (right panel) Map of the Nete
catchment with the locations of the study areas (black dot) in the Zwarte Nete (ZN) and Desselse Nete
(DN). Illustrations of both sites are shown. (b) (left panel) The location of the study area is indicated with
a black dot in the North East of Poland. Insert: the location of Poland in Europa is shown in dark grey.
(right panel) Map of the Biebrza catchment with the location of the study area in the Brzozówka (BR) and
an illustration of the site.
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1.9 Thesis outline
The first aim of this thesis was to determine key factors controlling the spatial
distribution of macrophytes (Chapter 4). Therefore a digital photography technique is
developed to map these spatial patterns of macrophytes (Chapter 2) and the effect of
three macrophyte species on the flow is quantified (Chapter 3). The second aim was to
investigate the effect of the spatial distribution of macrophytes on transport of organic
matter (Chapter 5) and sediment (Chapter 6). All these aspects were investigated by
the development of an idealized spatial plant growth model and by performing field
measurements. In Fig. 1.5 the chapters of the thesis are linked with the bio-geomorphic
processes present in lowland rivers as shown in Fig. 1.3.

Figure 1.5: Schematic overview of the link between the thesis chapters 1 to 7. The key factors
determining the bio-geomorphic processes in rivers are shown in the same colours used in Fig. 1.3
emphasizing the imprint of this scheme into the outline of the thesis.
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In Chapter 2 a rapid and cost-effective digital aquatic vegetation cover photography
technique based on orthogonal low-altitude digital cover photography technique is
developed. The images have a very-high spatial (subcentimeter) resolution – which
allows identifying macrophytes up to species level - and flexible temporal resolution to
collect data frequently (monthly or higher). This technique is successfully applied in two
lowland rivers in the upper Nete catchment (Belgium) to map the spatial distribution of
the macrophytes. From this, four key properties of vegetated rivers are derived:
vegetation cover, patch size distribution, biomass and hydraulic resistance. The
vegetation maps are used to calibrate and validate the plant growth model developed in
Chapter 4.
The first step of the plant growth model is to quantify the effect of macrophytes on the
water flow. Therefore we adapted in Chapter 3 the way hydraulic resistance created by
flexible natural submerged vegetation is represented in the two dimensional depthaveraged hydrodynamic model TELEMAC-2D. First, to account for the complex
morphology of natural vegetation, the wetted surface area of the plants is used instead
of separate parameters (density, diameter and height). Second, to account for the
flexible nature of plants, the vegetation height is not fixed but depends on the upstream
velocity. This results in an adjusted hydraulic resistance coefficient that is an input for
the hydrodynamic model. The adjusted formula was validated by comparing the stream
velocities of a laboratory flume experiment with the modelled stream velocities.
In the second step, the plant growth model of Chapter 3 is extended in Chapter 4. The
effect of the water flow on macrophytes is implemented with a threshold velocity. The
change in biomass is simulated by spatial and temporal growth processes. The extended
plant growth model is used to investigate the role of species specific growth strategies
and plant-flow interactions on the spatial distribution of vegetation at reach scale. We
focus on three species which form distinct vegetation patterns at reach scale. The
vegetation patterns range between patchy vegetation patterns with clearly delineated
vegetation patches alternating with bare soil to a continuous vegetation cover where
plants occupy the complete river bed. The resulting simulated spatial vegetation
patterns are compared with the ones observed using the digital cover photography
technique developed in Chapter 2.
The effect of vegetation covers on the hydraulic resistance and transport capacity is
investigated in Chapter 5. A field experiment is conducted in the Biebrza National Park
(Poland) at three vegetation covers: initial vegetation, partially mowed and vegetation
free. The different vegetation covers are achieved by experimental vegetation removal.
At each vegetation cover, hydraulic properties (stream velocity, hydraulic resistance)
and vegetation maps are recorded. Dissolved and particulate tracers are released to
quantify the effect of macrophytes on the transport and retention. This information is
necessary to understand the behaviour of dissolved and particulate material and to
implement these processes in our coupled plant-growth hydrodynamic model.
The bio-geomorphic interactions in vegetated rivers are further studied in Chapter 6.
We focus on the effect of macrophyte species traits and the spatial scale. A field survey is
performed in two river reaches in the Nete catchment (Belgium). The reaches have a
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continuous and patchy vegetation cover. Measurements are taken monthly at patch
scale during one year and biannually at reach scale during three and two growth
seasons in each reach. The occurrence of macrophytes is linked to the water depth at the
start of the growth season. While elevation changes of the river bed are related to the
vegetation characteristics (presence and morphology of the macrophytes species).
In Chapter 7 a synthesis of the results of previous chapters is given. The strength and
limits of the coupled plant-growth hydrodynamic model are discusses. Based on this,
perspectives of future research are formulated.
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Abstract
The presence of aquatic vegetation instream ecosystems is highly dynamic in both space
and time. A digital cover photography technique is developed to map aquatic vegetation
at species level which has a very-high spatial and a flexible temporal resolution. A digital
single-lens-reflex (DSLR) camera mounted on a handheld telescopic pole is used. The
low-altitude (5 m) orthogonal aerial images have a low spectral resolution (Red-GreenBlue), high spatial resolution (~1.9 pixels cm-2, ~1.3 cm length) and flexible temporal
resolution (monthly). The method is successfully applied in two lowland rivers to
quantify four key properties of vegetated rivers: vegetation cover, patch size
distribution, biomass and hydraulic resistance. The main advantages are that the
method is: (i) suitable for continuous and discontinuous vegetation covers (ii) of veryhigh spatial and flexible temporal resolution, (iii) relatively fast compared to classical
ground survey methods, (iv) non-destructive, (v) relatively cheap and easy to use, and
(vi) the software is widely available and similar open source alternatives exist. The
study area should be less than 10 m wide and the prevailing light conditions should be
sufficient to look into the water. Improvements in the images processing are situated in
the automatic delineation and classification of the vegetation patches.
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2.1 Introduction
The presence of aquatic vegetation in river ecosystems tends to be highly variable in
space and time. Because of the importance of vegetation in fluvial ecosystems there is a
need to map and monitor this variability. The study described in this paper presents a
method for detailed mapping of the dynamic vegetation patterns in rivers.
Macrophytes, or aquatic plants, have different growth forms: exclusively submerged,
submerged with floating leaves, exclusively floating or emergent. They occur in single
species beds with a continuous cover or in a discontinuous composition of multiple
species. The interaction between vegetation and water flow leads to spatial patterns of
vegetation patches at reach scale, river sections of 100 to 200 m (Schoelynck et al.
2012). A macrophyte patch can be defined by an area covered by vegetation, which has a
finite spatial extent that is larger than an individual shoot but smaller than the entire
reach. The size of these vegetation patches varies strongly from a few square decimetre
to a few square meter (Gurnell et al. 2006; Sand-Jensen et al. 1999). The size of the
individual leaves ranges from several square centimetre to several square decimetre. In
temperate mid-latitude climate zones, the development of these vegetation patches has
an annual cycle with abundant plant growth in the growth season followed by die-off
(Battle and Mihuc 2000; Menendez et al. 2003).
These dynamic processes result in changes in key properties of vegetated rivers like
vegetation cover, patch size distribution, biomass and hydraulic resistance in rivers. All
these properties have knock-on effects on instream processes like for example: nutrient
cycling (Dhote and Dixit 2009; Krause et al. 2011; Seitzinger et al. 2006), the transport
of dissolved matter and the retention of particulate matter (Cordova et al. 2008; Horvath
2004; Lamberti et al. 1989), bedload sediment transport (Gibbins et al. 2007) and drift
of macro-invertebrates (Extence et al. 1999). The first of the key properties, macrophyte
cover, is an essential parameter used for monitoring of fluvial ecosystems. Macrophytes
are for example used as a quality parameter in the assessment of the ecological status of
surface water for the Water Framework Directive in Europe (EU 2000). The assessment
takes into account the number of species and species abundance. The second key
property, the frequency distribution of patch sizes, can be used to investigate spatial
self-organisation in river ecosystems. Spatial self-organisation in rivers is the process
where large scale patterns develop from disordered initial conditions through small
scale feedbacks between plants and the water flow (Lejeune et al. 2004; Rietkerk et al.
2004; Schoelynck et al. 2012). The process is important for ecosystem functioning, since
self-organised ecosystems have a higher resilience and resistance to environmental
change and a higher productivity compared to homogeneous ecosystems (van de Koppel
et al. 2008). Schoelynck et al. (2012) showed the presence of spatial self-organisation of
macrophytes patches in lowland rivers. They demonstrated that the size distribution of
macrophytes patches can be described by a power-law relationship, which is an
indication of self-organisation (Newman 2005; Scanlon et al. 2007). Thirdly, the biomass
is a crucial parameter in many ecological studies for example for the calculation of mass
balances or quantification of nutrient fluxes (Borin and Salvato 2012; Dinka et al. 2004).
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The parameter values depend on vegetation extent and species composition. Finally, the
hydraulic resistance of a river reach is influenced by obstructions like aquatic
vegetation, bed material, the meandering of the river and irregularities of the crosssections (Chow 1959). Macrophytes increase the hydraulic resistance which leads to
reduced stream velocities and increased water levels upstream (De Doncker et al.
2009b). A direct effect of increased water levels is a higher risk of flooding. The effect of
macrophytes on the hydraulic resistance is threefold: through vegetation density (e.g.
biomass (De Doncker et al. 2009b)), plant characteristics (e.g. flexibility (Bal et al.
2011)) and spatial distribution (e.g. cross-sectional blockage (Green 2005b)). In general:
high biomass, stiff plants and large cross-sectional blockage all lead to a higher
resistance to water flow, which is expressed by a higher Manning roughness coefficient
(n) (Chow 1959; Madsen et al. 2001; Vereecken et al. 2006). Recently more detailed
hydrodynamic models are developed, which incorporate such plant features (Chapter
3).
To quantify the above-mentioned vegetation parameters and use them for monitoring,
modeling and management of river processes, a method is needed that can map the
dynamic patchiness of macrophytes in rivers with a very-high spatial (sub-centimetre)
and flexible temporal resolution. The detection of fine scale details in structure, texture
and pattern on very-high spatial resolution image data allows identification of
macrophytes up to species level (Bryson et al. 2013; Visser et al. 2013). Properties like
biomass and hydraulic resistance depend strongly on species composition and need
flexible temporal resolution (monthly) data acquisition to catch seasonal variation. Lowaltitude image data collection seems the most suitable method to obtain high spatial and
flexible temporal resolution data while minimizing the time and cost (Carter et al. 2005;
Legleiter 2003).
High resolution low-altitude image data collection techniques proved to be suitable for
many ecological studies in intertidal marine environments with a spatial extend
between 0.01 - 1 ha and resolutions ranging between 0.5 - 5 cm. Examples are patterns
of algae distribution (Guichard 2000), biophysical control of benthic diatom films and
macroalgae (van den Wal 2014), the distribution of eelgrass and blue mussel (Barrell
and Grant 2015) and terrain models of intertidal rocky shores (Bryson 2013). However,
images were mostly obtained at low tides while study sites were not inundated. Due to
the absorption of light by the water (Visser et al. 2013), limited spatial resolution or high
costs (Flynn and Chapra 2014; Husson et al. 2014; Shuchman et al. 2013), it is only
relatively recently that more studies started looking at mapping aquatic vegetation in
submerged environments, including rivers and lakes (Anker et al. 2014; Silva et al. 2008;
Villa et al. 2015). Hyperspectral remote sensing is successfully used to measure the river
morphology (Tamminga et al. 2015), to map invasive aquatic vegetation in a delta
(Hestir et al. 2008) and submerged macrophytes and green algae in rivers (Anker et al.
2014). However, these hyperspectral images are costly and/or have too low spatial
resolution (~1-3 m) to be applied in small streams (stream width <10 m) (Shuchman et
al. 2013). Recent efforts have been undertaken to obtain low-cost, high spatial
resolution (sub-decimetre to sub-metre) images, but with a low spectral range. At a
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resolution of 25 cm, Flynn and Chapra (2014) mapped aquatic submerged vegetation
and green algae in small lowland rivers and lakes, and Nezlin et al. (2007) mapped algae
and mussels on tidal flats. Higher spatial resolution images were obtained by Husson et
al. (2014) (5.6 cm) and Anker et al. (2014) (4 cm) to record aquatic vegetation.
However, these resolutions are still too coarse to distinguish the different macrophyte
species, which often requires assessment of the shape of individual leaves. A common
recommendation from several of the before mentioned studies is the requirement that
images are taken under optimal conditions, e.g. no diffuse light, sun at its highest
position, clear water, no ripples. This further limits the applicability of the methods and
is an additional reason why this technique has not yet become mainstream in river
ecosystems: it is difficult to look into a river with a camera (Visser et al. 2013).
In this paper we present a rapid and cost-effective digital aquatic vegetation cover
photography technique based on orthogonal low-altitude images with a very-high
spatial (sub-centimetre) resolution and flexibility to collect data frequently (monthly or
higher) under optimal weather and scene illumination conditions. We use the collected
images to map the spatial distribution of aquatic vegetation at species level in two river
ecosystems (± 200 m river reaches) and we demonstrate how the maps are suitable to
monitor four key properties of vegetated lowland rivers, being vegetation cover, the
patch size distribution, the biomass and the hydraulic resistance.

2.2 Materials and methods
2.2.1 Study site
The data were collected in 2013 in two lowland rivers in the North East of Belgium,
Zwarte Nete and Desselse Nete (51° 15’ 3.45” N, 5° 4’ 54.27’’ E) (Fig. 1.4a). Both rivers
are characterised by extensive plant growth in summer and are surrounded by pastures,
which limits overhanging and other riparian vegetation. The rivers have a low
suspended matter concentration (< 50 mg L-1) and the substrate consists of sand
(median grain size is 167 µm). The Zwarte Nete has a mean width of 4.4 m, the water
depth ranges between 0.5 - 0.6 m and the discharge between 0.2 - 0.5 m3 s-1. A reach of
187 m was mapped where multiple species were present. The Desselse Nete is slightly
larger with a mean width of 5.4 m, mean water depth of 0.6 - 0.7 m and mean discharge
between 0.3 - 0.6 m3 s-1. Here a reach of 180 m was selected, dominated by a single
submerged species with floating leaves: Potamogeton natans (L.). The following species
were present in one or both reaches: submerged species: Callitriche obtusangula (Le
Gall), Myriophyllum spicatum (L.), Potamogeton pectinatus (L.) Ranunculus peltatus (L.),
Sagittaria sagittifolia (L.), Sparganium emersum (L.) and emergent species: Typha
latifolia (L.) and riparian vegetation (not identified to species level). No exclusively
floating species were present.
2.2.2 Image collection
The images were collected with a Nikon D300s DLSR camera with a crop sensor
(NikonCorporation, 2009). As inherent to most unmodified cameras, three broad
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spectral bands are obtained (RGB): a blue (400 - 500 nm), a green (500 - 600 nm) and a
red band (600 - 700 nm). The files were compressed as JPEG (fine) with an image
dimension of 4288 x 2848 pixels and an image size of 12.3 megapixels. The camera was
equipped with a Tokina AT-X 116 Pro DX (11-16mm, F2.8) wide angle lens that has a
large field-of-view and a distortion of 0.6% (Dxomark). The zoom was set at the widest
possible angle and the focus at infinity. The camera was attached with a ball head to a
handheld telescopic pole to take low altitude nadir-facing images of the water surface
(Fig. 2.1a). The lower end of the pole was placed at the river bank. The pole was tilted so
that the camera was positioned above the center line of the river at a height of
approximately 5 m above the water surface (Fig. 2.1b). The camera was remotely
operated from a laptop (tethered capture), which also provided live view to ensure
correct positioning of the image footprint. Both river banks had to be visible on each
image. No polarization filter was used as this was not thought to have an effect with the
camera at nadir positon. Camera ISO was set to 200 to minimize the noise and a variable
aperture to achieve a fast shutter speed (Pekin and Macfarlane 2009). The images
generally covered an area of 10 m (along the stream) x 6.5 m (across) (Fig. 2.2a and
2.2b).
(a)

(b)

Figure 2.1: Illustrations of the
image collection in the field. (a)
The DSLR camera is attached
with a ball head to a handheld
telescopic
pole
to
take
orthogonal images. (b) One
person holds the pole with
camera tilted in order to
position the camera at a height
of 5 m above the water surface.
A second person checks with a
live view on a laptop that both
river banks are visible on each
image and takes the images
with tethered capture.

Multiple images were collected at monthly intervals covering the entire reaches of both
rivers from April to September 2013. The distance between two consecutive images was
4 m to ensure sufficient overlap (~30 % overlap). Data was collected on clear days
around noon to achieve optimal illumination conditions. The angle between the sun and
the camera is around 40° between 11 a.m. and 1 p.m. (summertime) in Belgium. Several
ground controls points (GCPs) were positioned along the reaches to allow
georeferencing of the image mosaics. Both reaches are bounded upstream and
downstream by small bridges which were included as GCPs. Geographic coordinates for
the GCPs were obtained with a dGPS (Trimble R4 GNSS, Eersel, NL) with an accuracy of 1
cm. The exact coordinates of the river banks were once measured with an electronic
theodolite (Total Station, Sokkia set 510k, Capelle a/d Ijssel, NL) with an spatial interval
of 2 to 3 m. The coordinates of the river bank were considered as complementary GCPs,
which are clearly visible on the images.
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Figure 2.2: Examples are given of the image collection, processing and analysis in the Zwarte Nete (a, c, e)
and the Desselse Nete (b, d, e) on the 13 th of August 2013. Illustrations are shown of individual images
taken with a DSLR camera attached to a pole(a, b), a plan view of a part of the image mosaic (c, d),
vegetation map, with colors indicating the species (submerged species: red-yellow, floating species: green,
emerged species: blue) and the location of the ground survey (black rectangular) (e, f). The water flow
direction is indicated with an arrow.
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2.2.3 Spatio-temporal vegetation cover
Three steps are needed to create vegetation maps at species level: (i) image dehazing
and stitching by month and reach, (ii) georeferencing of image mosaics , (iii) manual
delineation of vegetation patches.
Firstly, haze is removed from the images with the Autopano Giga (v. 3.0, Kolor, Francin,
FR) software using the Neutralhazer Light Anti-Haze plug-in. The software is then used
to image mosaics across the full river reaches using image matching algorithms to match
up overlapping photographs. For some images the matching process seemed to be
affected by reflection, movement of the vegetation with the river current and a
homogeneous riparian margin. In these cases we manually added extra control points at
matching locations in both images. The image mosaics were exported as a JPEG. This
protocol was repeated for the images of both reaches and for each month. Secondly, in
ArcGIS (v. 10.1, ESRI Inc, Redlands, USA) the image mosaics were georeferenced using a
spline transformation. It should be noted that the GCPs were not present in all image
mosaics. An example of georeferenced image mosaics is given in Fig 3c and 3d. Thirdly,
polygons were drawn manually delineating the vegetation patches. Patches consist of a
single species and have a minimum size of 2 dm2. For each polygon the type of species
was obtained from the image (Fig. 2.2e and 2.2f). The surface area of each polygon was
calculated and summed to obtain the total vegetation cover per reach and per species.
The manual image classification was validated against independent field measurements
of vegetation presence. A conventional grid method (Anker et al. 2014; Champion and
Tanner 2000) was used for estimation of macrophyte cover on the ground. A
rectangular grid of 2.88 by 0.88 m (36 by 11 cells of 0.08 by 0.08 m) was placed at a
fixed location monthly in both streams on the same days the images were collected. The
presence of macrophytes in each cell is recorded and determined to species level. The
image data was resampled to 0.08 m resolution with the name of the dominant species
contained within each cell. The overall accuracy is calculated by comparing the species
in each cell of both grids with a true or false evaluation. This is done per month per
river. The relative cover for each vegetation class is given for the months with a cover
accuracy of less than 95 %.
2.2.4 Patch size distribution
We tested if the frequency distribution of patch sizes can be approached by a power-law
relationship. Herefore we used the inverse cumulative distribution which is the
probability that a patch size (S) is larger than or equal to s (Newman 2005; Scanlon et al.
2007):
(Eq. 2.1)
with s the size of a patch and β the power-law exponent. A power-law relationship in
this context means that the sizes of patches varies strongly with many small patches and
relatively few large patches. R (R Core Team 2014) version 3.2.0, was used to fit a
standard least squares regression on the log-transformed data.
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2.2.5 Biomass
A conversion factor between the cover and the biomass can be obtained from literature
(e.g. Flynn et al. 2002; Madsen and Adams 1989). However, the required input data
weren’t available for species in our study area, therefore the three dominant species in
both rivers (C. obtusangula, P. natans, S. emersum) were sampled monthly to obtain the
monthly conversion factor biomass:cover (Tab. 2.7). Vegetation samples were collected
at the date of image acquisition, downstream from the studied reaches to not destruct
the natural growth of the vegetation within the study reaches. Each month, three
replicates per species were sampled by manually removing the above ground vegetation
in a quadrant of 0.5 m x 0.5 m that was placed upon a monotopic vegetation patch. The
samples were oven dried (at 70° C for 48 h) and weighed afterwards (dry weight, DW).
It has to be noted that in May 2013, no sample could be taken for C. obtusangula.
Therefore the average was taken of values of April and June to estimate the biomass in
that month. The total biomass (gDW m-2) in each reach was calculated for every month
by multiplying the species specific conversion factor (gDW m-2) with the corresponding
cover data (m2) obtained by the image analysis. This is summed afterwards for the
whole reach and divided by the total area of the reach.
The applied image method is targeted to quantify vegetation cover in a non-destructive
way. However, the validation of the total biomass required mowing of all the vegetation
and is therefore a destructive method. We only had the opportunity to use the mowing
method in August. On 26 and 28 August 2013 the entire reach in the Desselse Nete and
Zwarte Nete was mechanically mowed by cutting most vegetation just above the
sediment and removing it from the river. All mowed vegetation from both reaches was
immediately weighed (fresh weight, FW). A representative subsample of the biomass
consisting of a mixture of all species, was transported to the lab. The subsample was
weighed (FW), dried at 70°C for 48h and reweighed (DW). This enabled us to determine
a conversion factor between FW and DW for the biomass of the entire reach.
R 3.2.0 was used to perform an one-sample t-test to test the difference between the total
biomass obtained by the mowing method (one value) and by the image method (three
values).
2.2.6 Hydraulic resistance
The hydraulic resistance of rivers can be expressed as a Manning coefficient (Chow
1959). The commonly used equation to calculate the Manning coefficient is based on
hydraulic parameters and is applicable in vegetated and non-vegetated rivers (Eq. 2.2,
Tab. 2.1) (Chow 1959). The equation uses the cross-sectional area, discharge, hydraulic
radius and the water level slope. The water discharge was measured upstream of both
reaches at the same days the images were taken using an electromagnetic flow meter
(Valeport model 801, Totnes, UK) and calculated by the velocity-area method (Bal and
Meire 2009). Simultaneously, the water level was measured with pressure sensors
(Eickelkamp, Geisbeek, NL) placed in the water column near the bridges bordering the
reach upstream and downstream with a time interval of 20 min. and accuracy of 0.5 cm.
The water levels are corrected for atmospheric pressure and averaged over 24 h for
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each sampling campaign. The water level slope in the reaches was calculated by
subtracting the upstream and downstream water level, divided by the length of the
reach. Additionally, different empirical relationships are used to convert vegetation
properties to the Manning coefficient. Based on the data of Green (2005a) we found an
empirical relationship (Eq. 2.3, Tab. 2.1) between the Manning coefficient and the
vegetation cover. De Doncker et al. (2009a) fitted an equation (Eq. 2.4, Tab. 2.1) based
on measurements of the biomass (gDW m-2) and the Manning coefficient. These
empirical relationships (Eq. 2.3 and Eq. 2.4) are easy to use, but have a limited
application potential. They don’t account for the species composition and the horizontal
and vertical distribution of the vegetation. The general Manning coefficient (Eq. 2.2) is
used to validate the empirical equations (Eq. 2.3 and Eq. 2.4).
Table 2.1: Overview of the equations used to calculate the Manning coefficient, n (s m -1/3). Eq. 2.2 is used
to calculate the Manning coefficient, with A (m2) cross-sectional area, Q (m3 s-1) discharge, R (m) hydraulic
radius, S (m m-1) water level slope, for which all parameters are measured in both reaches of the study
area. Eq. 2.3 and Eq. 2.4 are empirical relationships between the Manning coefficient and the vegetation
cover (%) and Manning coefficient and the biomass (g DW m -2), respectively All parameters are derived
from the digital maps.

Reference
Chow et al. (1956)

Equation

Green (2005)
De Doncker et al. (2009)

Number
Eq. 2.2
Eq. 2.3
Eq. 2.4

2.3 Results
Between 86 and 115 images (~ 1.9 pixels cm-2, ~ 1.3 cm edge length) were taken per
reach from which 41 to 56 were selected to construct the image mosaic. The images
collection took around one hour per reach per sampling campaign. Reduced illumination
of the submerged vegetation target for the April and September data due to low sun
angles, made macrophyte detection more difficult. Processing of the images took around
two days for months with a low vegetation abundance (< 30%) and around three days
for months with a high vegetation cover (> 30%).
2.3.1 Spatio-temporal vegetation cover
The total vegetation cover and partial species cover is given per month in the two
reaches (Fig. 2.3). In the Zwarte Nete, the total vegetation cover increases from April to
August and suddenly decreases in September due to the scheduled mowing event on 28
August 2013. The dominant species in the Zware Nete are S. emersum and M. spicatum
during the sampling period (Fig. 2. 3a). The natural development of the vegetation cover
in the Desselse Nete is different. The growth was disturbed by an extra mowing on 25
June 2013 for management and safety regulations. Two months later, the initially
scheduled mowing event on 26 August 2013 took place. P. natans is the most abundant
species in the Desselse Nete each month and recovered completely 8 weeks after the
first mowing event (Fig. 2.3b).
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Figure 2.3: Vegetation cover per species per month for the reach in the (a) Zwarte Nete and (b)Desselse
Nete. The colors of the bars refer to the species, the same colors for the species as in Fig. 2.2 are used
(submerged species: red-yellow, floating species: green, emerged species: blue). The total vegetation
cover per month is added in italics.

The validation of the image method with the ground survey showed that the accuracy of
species idendification is very high (>97 %) in the study reach dominated by a single
species (Desselse Nete), Tab. 2.2. These high values are due the relative simple
composition of the vegetation patches, where the whole reach is covered by a single
species. On the contrary, the accuracy is less (> 59%) in the river with a heterogeneous
composition of multiple species, certainly in months when the vegetation patches are
developing (June and July).
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Table 2.2: The accuracy (%) of the species identification of the image method compared to the ground
survey method per month per river. The accuracy is based on species level; for each grid cell (n=396) the
species is compared between the image method and the ground survey method.

Month

April

May

June

July

August

September

Zwarte Nete

100

100

66.4

59.6

84.8

93.7

Desselse Nete

100

100

100

100

97.0

100

For those months with a cover accuracy less than 95 %, the relative cover of each
vegetation class is given separately in Tab. 2.3. The difference in cover for each class
between the ground survey method and the image method is less than 12 %.
Table 2.3: Percentage vegetation cover (%) estimated by the image method and the ground survey
method (GS) for June, July, August and September in the Zwarte Nete.

Month
Method
C. obtusangula
M. spicatum
P. pectinatus
S. emersum
Riparian
vegetation
Bare soil

June
GS
Image
2.3
0.0
1.3
0.0
32.3
29.6

July
GS
Image
2.0
0.0
25.5
24.0
62.1
59.3

August
GS
Image
2.5
2.5
5.1
0.0
86.4
97.5

September
GS Image
0.0
0.0
4.6
6.1

64.1

10.4

1.0

95.5

70.4

16.6

0.0

94.0

2.3.2 Patch size distribution
In total 262 vegetation patches were mapped in August in the Zwarte Nete, of which 143
C. obtusangula patches. The surface area of these patches ranges from 0.04 m2 and 2.76
m2. The size frequency distribution of the patches is plotted on a double logarithmic
scale (Fig. 2.4). A significant power-law relationship was found for the upper part of the
distribution (least squares regression on the log-transformed data; p< 0.001, R2 = 0.99;
59 % of the data).
Figure 2.4: The inverse cumulative distribution of the patch
sizes of C. obtusangula plotted on a double logarithmic scale.
A power-law relationship is added with β = 0.6 of Eq.1
(p<0.001; R² = 0.99).
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2.3.3 Biomass
The total biomass estimated by the image analysis method is given monthly per reach
(Tab. 2.4) and the monthly conversion factors are given in Tab. 2.7. The mowed
vegetation is immediately weighed (FW) and converted to dry weight with measured
the conversion factor FW:DW equal to 10.3. The total biomass (gDW m-2) obtained by
the image analysis method does not significantly differ from the biomass (gDW m-2)
obtained by the mowing method. The results of the one-sample t-test is a p-value of
0.797 and 0.198 for the Zwarte Nete and Desselse Nete, respectively.
Table 2.4: Total biomass (gDW m-2) per month in both rivers. The biomass is estimated by the image
analysis method and by mowing method when all vegetation was removed and weighed.

Month
Apr.
Zwarte Nete
Image
0
Mowing
Desselse Nete
Image
0.9
Mowing
-

May

Jun.

Jul.

Aug.

Sept.

3.3 ± 0.1
-

11.4 ± 3.0
-

56.8 ± 5.9
-

187.5 ± 34.2
193.3

10.8 ± 1.3
-

65.8 ± 8.8
-

101.6 ± 26.4
-

36.7 ± 7.9
-

150.4 ± 24.4
123.6

13.8 ± 3.5
-

2.3.4 Hydraulic resistance
Variation of the Manning coefficient over time is shown for the Zwarte Nete and
Desselse Nete in Fig. 2.5. In the Zwarte Nete the Manning coefficient is based on
hydraulic data, Eq. 2.2, increases from April to August and again decreasing in
September to values similar to the ones of April. The Manning coefficients of the Zwarte
Nete calculated with the empirical equations (Eq. 2.3 and Eq. 2.4) are well in agreement.
The largest difference is found in August with values of 0.26, 0.30 and 0.20 for Eq. 2.2,
Eq. 2.3 and Eq. 2.4, respectively. The Manning coefficient based on hydraulic data, Eq.
2.2, varies between 0.03 and 0.17 in the Desselse Nete. The empirically based Manning
coefficients overestimate this value every month up to a factor two. The largest
differences are found in the months May, June and August.

Figure 2.5: Manning coefficient in function of time for the (a) Zwarte Nete and (b) Desselse Nete. For the
validation the Manning coefficient is calculated with Eq. 2.2 () based on field measurents, Table 2.1. The
Manning coefficient is calculated with Eq. 2.3 ( ) and Eq. 2.4 (), these are empirical relationships with
cross-sectional blockage and biomass, respectively see Table 2.1.
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2.4 Discussion
There is a strong need for new methods to acquire 2D data on the spatial and temporal
distribution of vegetation in small rivers. The digital cover photography technique
applied in this paper is a useful tool to obtain this detailed 2D information. This method
has six main advantages: (i) it can be applied in rivers with any kind of vegetation cover
(ii) it has a very-high spatial resolution, around 1.9 pixels cm-2 (~1.3 cm edge length),
and a very flexible temporal resolution with the frequency only dependent on
availability of suitable weather conditions; (iii) it is relatively fast, two to three days to
collect and process the data of a reach of 180 m; (iv) it is non-destructive in contrast to
other methods where sampling is involved; (v) the equipment is relatively cheap with a
single time cost of approximately € 2000 for the camera, lens, control software and
memory card; (vi) the software used to process the data is widely available and similar
open source alternatives exist. Tab. 2.5 shows the performance of the current method in
comparison to five other commonly used remote sensing approaches with optical
imagery. The spectral range and spectral resolution depends on the sensor for all
platforms mentioned in Tab. 2.5. Manned aircraft imaging can have a wide range of
spectral resolution from very narrow band hyperspectral imagery to one very broad
band for a panchromatic image. Similarly for satellite imagery, sensors with a high
spectral resolution are available. However, these images are of low spectral quality and
low spatial resolution. Hyperspectral sensors with a high spectral resolution are
available for unmanned aerial vehicles but can only be assembled on larger vehicles. The
current method is particularly suitable for studies in river reaches are which difficult to
access and require high spatial resolution. In addition, limited technical training is
required to pre- and post-process the images. The method can be used in its current
stage in relative small study areas for monitoring, modelling and management purposes.
Applying this method in larger study areas requires further automatization of image
collection and image classification.
The image data collection requires suitable light and site conditions. The water needs to
be clear (i.e. ideally < 1 m deep and low turbidity) (Visser et al. 2013), which are similar
requirements for the occurrence of macrophytes in the first place (Riis and Biggs 2003).
Light intensity should be sufficient to penetrate the surface and illuminate the
submerged macrophytes. The angle between the sun and the camera should be around
45° to minimize sun glint and maximize the light availability in the water. The time of
image collection depends on the latitude of the study area, for example in Belgium
(latitude 52 °) this is around noon, between 11 a.m. and 1 p.m., summertime. Techniques
currently under development may in the near future allow the removal of remaining
surface reflection (Hardesty 2015). Other requirements are related to the study area
itself. The rivers and streams should be relative small, i.e. <10 m wide, which is the
equivalent of the spatial extent covered by one image, and at least one river bank should
be accessible and stable enough to position the pole. Yet these limitations to the study
area can be overcome by attaching the camera to an Unmanned Aerial Vehicle (UAV)
(Husson et al. 2014; Tamminga et al. 2015) or by attaching the pole to the bow of a boat
(Lirman and Deangelo 2007).
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The image processing as it was done is this study works well, yet improvements are
possible to delineate and identify the vegetation patches. This study used a manual
interpretation based on expert judgement, which is a sound method to separate
between different species (Husson et al., 2014), because the manual delineation and
identification uses many image elements like size, shape, shadow, colour, texture,
pattern, location and surroundings (Colwell 1960; Tempfli et al. 2009). However, the
observer bias can still be present since this method makes use of manual decision rules
concerning the exact edge of the vegetation patches. In the study reach dominated by a
single species the accuracy is very high (>97 %). These high values are due to the
relative simple composition of the vegetation patches, where the whole reach is covered
by a single species (Desselse Nete). On the contrary, the accuracy is less (> 59%) in the
river with a heterogeneous composition of multiple species (Zwarte Nete), certainly in
months when the vegetation patches are developing (June and July). If we compare the
relative cover of each vegetation class between the image method and ground survey,
differences are less than 12 %. The images method proved to be suitable to estimate the
relative cover of each vegetation class in rivers with a continuous and discontinuous
vegetation cover. However, it is difficult to map the exact location of all vegetation
patches in rivers with heterogeneous vegetation cover. This is due to the movement of
the vegetation patches by the flowing water and the relatively simple image processing.
Another limitation is the detecting of rare species which are normally not abundantly
present, e.g. C. obtusangula was detected by the ground survey in June and July in the
Zwarte Nete but not by the image method. The last limitation is the distinguishing of
multi-layered plant communities, e.g. P. natans was classified as S. emersum in August
(Desselse Nete), while only a few leaves of S. emersum where present on top of P. natans.
Similar limitations are found by Anker et al. (2014). From the images, plant growth form
(submerged, submerged with floating leaves, emergent) can be easily recognized as well
as the species identification up to genus level. A classification up to species level is
possible but requires knowledge of the species present in the reach. This information
can simply be obtained during the collection of the images at the field site. Automatic
classification methods based on spectral signatures could not be used to automatically
delineate and identify vegetation patches under these specific circumstances. The
varying incidences of light, the prevailing sub-optimal light conditions during the
sampling campaign and submergence depth of the vegetation caused complications for
automated species detection (Visser et al. 2013). Alternative image analysis approaches
such as object based image analysis (OBIA) are less reliant on spectral information and
may mitigate for such conditions, however applications of such approaches in
submerged environments are still in a developmental stage (Visser et al., 2016).
The image analysis method proved suitable to measure the spatio-temporal vegetation
cover, which is a primary parameter for monitoring vegetated ecosystems. For instance
within the Water Framework Directive, it is essential for long-term monitoring of
vegetation abundance (Hering et al. 2010). Changes in abundance and location of the
vegetation were derived directly from the image data. For example the regrowth
capacity of P. natans was high after the mowing event in June, and pre-mowed cover
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values were reached within 8 weeks, which is similar as for other macrophyte species
(Bal et al. 2006). Other, more conventional methods to estimate vegetation cover data
range from fast methods with a high observer bias due to expert judgement (Tansley
scaling method based on 5 classes) to more detailed scaling methods which have a
higher accuracy but are more time consuming and require high expert knowledge
(Braun-Blanquet scaling method based on 9 classes (Blanquet 1928)) and Londo scaling
method based on at least 21 classes (Londo 1976)). These methods have two main
disadvantage. First, abundance class errors are difficult to correct even with high expert
knowledge (Wiederkehr et al. 2015). Second, the classification of the cover uses
discontinuous class scales which is less accurate and can hamper data analyses. Hence
the image analysis method fulfils the requirement of a more objective quantification of
the cover with a continuous cover scale with high spatial and flexible temporal
resolution.
The cover maps were also used in this study to investigate the presence of spatial selforganisation of macrophytes in lowland rivers. A significant power-law relationship of
the frequency distribution of the patch sizes is found, which is an indication of spatial
self-organisation (Newman 2005; Scanlon et al. 2007). This is in agreement with a study
of Schoelynck et al. (2012), who investigated the spatial self-organisation of
macrophytes in the same reach in the Zwarte Nete in 2008. In that study of Schoelynck
et al. (2012) the exact location of all vegetation patches was determined using an
electronic theodolite. It took roughly three weeks to map the whole reach, which is
much slower in comparison with the new method, were we needed 1 hour to collect the
images and two to three days to process the data. So obtaining spatial information of
vegetation is much faster compared to classic methods.
From the cover data, biomass can be derived using simple non-destructive
cover:biomass conversion factors. These conversion factors can be determined for the
specific field site or can be obtained from literature (e.g. Madsen and Adams (1989);
Flynn et al. (2002)). The biomass (gDW m-2) estimated by the image analysis method
was compared to the biomass obtained from the scheduled mowing method. The
biomass obtained by the two methods does not significantly differ from each other in
both reaches. The relatively small differences may be attributed to inaccuracies in both
methods. During the scheduled mowing, the biomass could have been slightly
overestimated when non-plant material like sediment, stones, dead wood… is removed
too which adds up to the total fresh weight, or underestimated when not all the
vegetation was removed. However, we only assessed the biomass in a month with high
biomass. Higher relative difference in biomass might be expected when less biomass is
present, but this would result in low absolute differences. The image analysis method
may also have certain flaws and uncertainties involving the estimation of the speciesspecific biomass obtained by the plots. The within species variation of the biomass may
not be fully captured by three replicas (e.g. by depth variance of the river and of the
vegetation). The image analysis method doesn’t account for variability in the density.
Classic methods of biomass estimation are based on destructive measures of the
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biomass (mowing, harvesting), which disturb the follow-up of natural vegetation
development during the growth season (Wood et al. 2012).
The Manning coefficient based on empirical relationships is close to the one based on
hydraulic data in the Zwarte Nete but is overestimated in the Desselse Nete. The
empirical relationships don’t account for the species composition and horizontal and
vertical distribution of the vegetation, which are different in both rivers and are major
determining factors of the hydraulic resistance of the reach. The Zwarte Nete is
dominated by submerged vegetation and this vegetation type has similar effects on the
hydraulic resistance as the vegetation used to construct Eq. 2 and Eq. 3. The Desselse
Nete is dominated by the floating species P. natans which is a more open species that
concentrates the majority of the biomass near the water surface, which leads to a limited
interaction with the water flow: rivers with macrophytes can have a 2 to 7-fold increase
of the resistance for floating (Green 2005a) and submerged (Bal and Meire 2009)
species, respectively, compared to rivers without vegetation. The same vegetation
biomass or cover will therefore result in a lower hydraulic resistance. Detailed 2D
hydrodynamic models can be used to quantify more accurately the hydraulic resistance
created by the vegetation based on plant density, species characteristics and spatial
distribution of the vegetation (Chapter 3). Accurate 2D spatio-temporal vegetation cover
data, as obtained by the digital cover photography technique, is indispensable to
calibrate and validate these models. The spatial distribution of the vegetation is a direct
input to these models. Therefore these models account for the exact location of all
vegetation patches and the different plant characteristics of all species. This is a major
leap forward for engineers and water managers in the fine-tuning of the hydrodynamic
models of vegetated rivers.

2.5 Conclusion
We successfully applied a digital cover photography technique based on orthogonal
aerial images with a very-high spatial (sub-centimetre) and flexible temporal (monthly)
resolution. The produced vegetation maps were used to assess four key properties of
vegetated lowland rivers which are important for monitoring, modelling and
management, being spatio-temporal variation in vegetation cover, patch size
distribution, biomass and hydraulic resistance. Compared to conventional methods, our
technique has six main advantages: (i) it is suitable for continuous and discontinuous
vegetation covers (ii) it has a high spatial and flexible temporal resolution, (iii) it is
relatively fast, (iv) it is non-destructive, (v) the equipment is relatively cheap, (vi) the
software used to process the data is widely available. The main limitations are related to
the study area itself, which should be limited in size, and the prevailing light conditions
should be sufficient to look into the water. Improvements in the images processing are
situated in the automatic delineation and classification of the vegetation patches.
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Table 2.5: Comparison of the current method with five other remote sensing approaches using optical imagery and ground level visual survey. The features where the
current method performs good are highlighted in bold.

This study

Spatial
resolution
(pixel edge
length)
< 1 cm

Temporal
resolution

Spectral Operation cost
region

Collection cost Spatial extent

Weather
dependency

Flexible

RGB

Medium

Low

Low

m²

(man hours,
consumables)
Kite, blimp and balloon
< 5 cm
photography
(Barrell and Grant 2015; Bryson et
al. 2013; Guichard et al. 2000)

Flexible

RBG

Low

NIR

(man hours,
consumables)

Knowledge
requirements
(obtaining,
processing)
Low

(sun)
Medium

m²

Medium

Medium

(sun, wind speed)

Unmanned aerial vehicles
(Rango et al. 2010)

1-10 cm
Flexible
(dependent on
sensor and flight
height)

RBG
NIR

High (training,
man hours, postprocessing)

Medium

m² - hm²

Medium
High
(sun, wind speed)

Manned aircraft imaging

0.3 - 5m
(dependent on
flying height)

Flexible

RGB
NIR
MIR

High
(plane charter,
post-processing)

High

m² - km²

High
(sun, sky
conditions)

High

Freely available satellite images
(NASA 2016; U.S. Department of
the Interior and U.S. Geological
Survey 2016)

>5m

Fixed
Several/year
(dependent on
location and
resolution)

RGB
NIR
MIR

0

0

> 1 km²

High
(sun, sky
conditions)

Medium

Commercial satellite images
(Apollo Mapping 2016; Satellite
Imaging Corporation 2016)

0.5-5 m

Fixed
RGB
14-100 days
NIR
(dependent on MIR
location
and
resolution)

0

Medium

> 1 km²

High
(sun,
sky conditions)

Medium

Ground level visual survey

Variable

Flexible

High

-

m²

None

Low
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2.7 Appendix
Table 2.6: Overview of the measured hydraulic data per river per month. These values are used to
calculate the Manning coefficient with Eq. 2.2.

Apr.

May

Jun.

Jul.

Aug.

Sept.

Zwarte Nete
Discharge
Cross-sectional area
Hydraulic radius
Water level slope

(m3 s-1)
(m2)
(m)
(m m-1)

0.28
1.06
0.35
0.0007

0.5
1.39
0.43
0.0007

0.23
1.28
0.37
0.0009

0.25
1.97
0.43
0.0012

0.2
2.36
0.51
0.0013

0.46
1.69
0.39
0.0005

Desselse Nete
Discharge
Cross-sectional area
Hydraulic radius
Water level slope

(m3 s-1)
(m2)
(m)
(m m-1)

0.45
1.43
0.38
-

0.61
1.63
0.33
0.0005

0.33
1.76
0.44
0.0009

0.39
1.90
0.46
0.0006

0.32
2.65
0.57
0.0009

0.61
2.32
0.52
0.0008
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Table 2.7: The cover-to-biomass conversion factor mean ± st. error (g m-2) is measured per month for C.
obtusangula, S. emersum and P. natans (n=3). Note that no replicas were taken in April, so no st. error is
given.

C. obtusangula
P. natans
S. emersum

42

Apr.
28.5
146.0
1.1

May
NA
116.6 ± 15.9
4.6 ± 1.7

Jun.
114.8 ± 37.7
172.8 ± 45.3
49.9 ± 8.5

Jul.
123.7 ± 8.6
209.8 ± 48.3
85.3 ± 14.0

Aug.
238.4 ± 50.3
174.5 ± 19.5
202.2 ± 62.0

Sept.
354.9 ± 41.0
190.6 ± 67.6
64.0 ± 10.7
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Based on the paper published in Environmental Fluid Mechanics (2016)

43

Chapter 3

Abstract
In-stream submerged macrophytes have a complex morphology and several species are
not rigid, but are flexible and reconfigure along with the major flow direction to avoid
potential damage at high stream velocities. However, in numerical hydrodynamic
models, they are often simplified to rigid sticks. In this study hydraulic resistance of
vegetation is represented by an adapted bottom friction coefficient and is calculated
using an existing two layer formulation for which the input parameters were adjusted to
account for (i) the temporary reconfiguration based on an empirical relationship
between deflected vegetation height and upstream depth-averaged velocity, and (ii) the
complex morphology of natural, flexible, submerged macrophytes. The main advantage
of this approach is that it removes the need for calibration of the vegetation resistance
coefficient. The calculated hydraulic roughness is an input of the hydrodynamic model
Telemac 2D, this model simulates depth-averaged stream velocities in and around
individual vegetation patches. Firstly, the model was successfully validated against
observed data of a laboratory flume experiment with three macrophyte species at three
discharges. Secondly, the effect of reconfiguration was tested by modelling an in situ
field flume experiment with, and without, the inclusion of macrophyte reconfiguration.
The inclusion of reconfiguration decreased the calculated hydraulic roughness which
resulted in smaller spatial variations of simulated stream velocities, as compared to the
model scenario without macrophyte reconfiguration. We discuss that including
macrophyte reconfiguration in numerical models input, can have significant and
extensive effects on the model results of hydrodynamic variables and associated
ecological and geomorphological parameters.
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3.1 Introduction
In-stream macrophytes (aquatic vegetation) increase the resistance encountered by
river flow (Baptist et al. 2007). Concomitantly, it has been shown that configurations of
macrophyte patches and non-vegetated zones cause local decreased flow velocity within
vegetation patches and local increased flow velocity right next to the vegetation patches
(Vandenbruwaene et al. 2011; Zong and Nepf 2010); as well as overall increased water
levels, compared to vegetation free parts of the river (Bal et al. 2011b). The water flow,
in turn, creates drag force on the vegetation (Jarvela 2005; Nepf 2012b). These mutual
plant-flow interactions have important effects on the hydraulic, ecological and
geomorphic functioning of lowland rivers (Franklin et al. 2008; Gurnell 2014;
Schoelynck et al. 2012) and it is therefore crucial to implement plant-flow interactions
in hydrodynamic models.
Plant-flow interactions have been relatively well studied in recent years through
numerical modelling (Huthoff et al. 2007; Zhang et al. 2013), laboratory experiments
(Bal et al. 2011a; Nepf and Ghisalberti 2008; Nikora and Nikora 2010; Ortiz et al. 2013)
and field measurements (Sand-Jensen and Pedersen 2008; Schoelynck et al. 2012).
Vegetation resistance can be quantified via empirical relationships or with
hydrodynamic models. In the empirical approach, the overall resistance in a vegetated
reach is determined via the relationship between biomass and resistance, (Dawson
1978; De Doncker et al. 2009) or between blockage factors and resistance (Green 2005).
However, it has been demonstrated that hydraulic resistance is also influenced by
discharge; and several authors have investigated n-UR relationships (Bakry et al. 1992;
Larsen et al. 1990; Temple 1986; Van Ieperen and Herfst 1986). The Manning
coefficient, n (m s-1/3), quantifies the overall hydraulic resistance in a river reach and
depends on flow velocity, U (m s-1), and hydraulic radius, R (m), with the latter being the
ratio of the cross-sectional area to the wetted perimeter. Several approaches, based on
this Manning equation, are derived to estimate the hydraulic resistance caused by
submerged vegetation and have been implemented into hydrodynamic models (e.g.
Baptist et al. 2007; Huthoff et al. 2007; Stone and Shen 2002; Wilson et al. 2003; Zhang
et al. 2013), see for Vargas-Luna et al. (Vargas-Luna et al. 2015)a comparative analysis.
These equations divide the vertical velocity profile into two layers: one layer within the
vegetation canopy and one layer above the vegetation canopy. The relative contribution
of both layers depends on the vegetation height. Therefore, in this study the
reconfiguration is described by the temporary bending of the vegetation, which results
in varying vegetation height in function of stream velocity. Previous studies described
the reconfiguration of vegetation by the reduction in frontal area (A) and streamlining
(CD, drag coefficient) (de Langre et al. 2012).
Nevertheless, there is a gap between the theoretical understanding and description of
hydraulic resistance, caused by vegetation and common botanical measurements, used
in practice (Folkard 2011b). The vegetation is often represented by simple, rigid sticks
in experiments (Chen et al. 2013; Jarvela 2002; Nepf 1999) and modeled as such (Wu
2007; Zhang et al. 2013). Yet, we identify two main difficulties when dealing with
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natural, flexible macrophytes: (i) including the flexible structure, and (ii) quantifying the
species’ complex morphology. Firstly, in attempts to better mimic the flexibility of plants
in a natural situation, researchers have used rice shoots (do Amaral et al. 2005) or
alfalfa seedlings (Tal and Paola 2007), instead of artificial, rigid plant structures. Yet
these are still emergent objects, while many of the in-stream macrophytes grow
typically submerged and interact with the flow to a great extent (Horppila and
Nurminen 2003). Submerged macrophytes have their entire canopy in the water column
and experience a drag force, which consists of form drag and friction drag (Folkard
2011b). Due to the buoyancy and the stiffness of the macrophytes, the canopy stays in
an upright position (Nikora 2010). At higher stream velocities, the flow-induced drag
force pushes the macrophytes in a more downward position (Puijalon et al. 2005). Their
morphology is therefore often flexible and streamlined to enable temporary
reconfiguration of the canopy and to avoid potential damage at high stream velocities
(Schoelynck et al. 2013). Models for submersed, flexible vegetation , for which the whole
bed is homogeneously covered with vegetation exist (Dijkstra 2009; Dijkstra and
Uittenbogaard 2010). Dijkstra (2009) modeled the bending of flexible seagrass and
flexible plastic strips based on biophysical processes, including vegetation position and
buoyancy. Luhar and Nepf (2011) calculated the plant posture of flexible seagrass using
the force balance between posture-dependent drag and restoring forces, due to
vegetation stiffness and buoyancy. However, in rivers and streams a patchy vegetation
pattern is often observed, where zones with vegetation alternates with bare sediment,
or with vegetated zones of a different species (Schoelynck et al. 2013). Experiments with
flexible vegetation patches have been executed by e.g. (Folkard 2005; Ortiz et al. 2013;
Siniscalchi and Nikora 2012; Siniscalchi et al. 2012). Secondly, the morphology of the
vegetation is traditionally represented by the stem diameter and number of stems per
unit horizontal area. These parameters can be measured relatively easily for single
branched species; but for broadly branched species with many leaves it is difficult to
quantify these parameters. We lump therefore, in this paper, these parameters into the
plant surface area; this approach is similar to the method suggested by Aberle and
Jarvela (2013) where the leaf area index is used.
The aim of this study is to derive a practical approach to quantify vegetation resistance
which can be applied in 2D depth-averaged models on reach scale. By using a 2D model
we are able to investigate spatial heterogeneous vegetation patterns on reach scale.
Future applications can include the effect of different spatial vegetation patterns on the
overall hydraulic resistance, the impact of spatio-temporal vegetation dynamics on the
flow field, habitat suitability for macro-invertebrates, optimisation of flood
management, etc.
Quantification of the hydraulic resistance created by the vegetation needs to account for
the ability of flexible macrophytes to temporary reconfigure their canopy with the flow
and the complex morphology of natural plants. The calculated hydraulic resistance
induced by flexible macrophytes will depend on whether or not the model accounts for
temporary reconfiguration. Consequently, this gives rise to differences in depthaveraged velocity distribution; hence affecting results on associated hydraulic,
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ecological and geomorphological processes. The lack of correct implementation of
vegetation resistance, based on common botanical parameters and a variable vegetation
height, is a structural shortcoming in contemporary hydrodynamic models, when
dealing with natural in-stream macrophytes. Two research questions are addressed in
this study;



How to estimate the hydraulic resistance of in-stream macrophyte patches
including temporary reconfiguration and based on measurable plant parameters?
What is the effect of inclusion or exclusion of macrophyte reconfiguration on the
modelled flow field?

We demonstrate that if reconfiguration is not included, the hydraulic resistance can be
overestimated, often resulting in incorrect flow velocities. These research questions are
addressed with the 2D hydrodynamic model Telemac 2D (Hervouet 2007). The
modeling of a laboratory flume experiment performed by Bal et al. (2011b) is used to
address the first research question. The second research question is answered by
modeling an in situ field flume experiment executed by Schoelynck et al. (2013). Both
experiments are selected because natural, flexible, aquatic vegetation is used and stream
velocities in and around the vegetation patch are recorded in detail.

3.2 Materials and methods
In this study we extend a resistance estimation method for vegetation to calculate the
representative Chézy value of in-stream macrophytes. We formulate appropriate plant
parameters to account for the flexible and complex structure of the vegetation. These
parameters are quantified for three target species. The hydrodynamic model and
calculation scheme is described. Finally, the experimental setup of the two case studies
is summarised.
3.2.1 Parameter formulation
Vargas-Luna et al. (Vargas-Luna et al. 2015) performed a comparative analysis and
validation of fourteen models which describe the resistance effect caused by aquatic
vegetation. Here we built further upon the approach proposed by Baptist et al. (2007)
(Eq. 3.1), which was identified by Vargas-Luna et al. (Vargas-Luna et al. 2015) as one of
the model approaches that performs best to simulate both submerged and emerged
vegetation, real and artificial vegetation, and rigid and flexible vegetation. It is important
that the vegetation height in the formula corresponds to the deflected vegetation height
in the field (Vargas-Luna et al. 2015); therefore in this study we consider
reconfiguration as a varying deflected vegetation height in function of stream velocity.
Furthermore, (Eq. 3.1) is successfully used in other studies with real vegetation: such as
the simulation of the flow field over a river floodplain with grass, reed and softwood
(Arboleda et al. 2010; Crosato and Saleh 2011), and marsh vegetation (Nardin and
Edmonds 2014). Following the approach of Baptist et al. (2007), the representative
Chézy value (Cr) at every gridcell with vegetation is described by (Eq. 3.1):
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(Eq. 3.1)
(Eq. 3.1) assumes a uniform flow velocity through the fully submerged vegetation and a
logarithmic profile above the vegetation (Baptist et al. 2007). The first term in (Eq. 3.1)
represents the resistance created by the river bed and within the vegetation canopy. The
second term accounts for the vegetation-free flowing zone above the canopy. The
resistance created by the vegetation depends on the following plant parameters: canopy
height , k (m), number of stems per unit horizontal area, m (m-2), diameter of the stems,
D (m) and drag coefficient, CD (-). The Chézy coefficient for the bed roughness (Cb) is
obtained from standardised tables (Ancrement and Schneider 1989); the Manning value
found in these tables is converted into a Chézy coefficient by using the mean water
depth of the domain. The gravitational acceleration, g (m s-2) is 9.81, the Von Kármán
constant, κ (-) is 0.4 and the water depth, h (m) is calculated in every grid cell. The
representative Chézy value is used as an adapted bottom friction coefficient in the
hydrodynamic model Telemac 2D.
In this research we study macrophyte patches that are flexible and consist of multiple
individual shoots, which are woven into one another and can therefore not be identified
individually. Hence, two adjustments on the input parameters are needed: (i) to account
for the flexibility of the vegetation, the vegetation canopy height, ku (m), is varied as a
function of the upstream depth-averaged velocity; and (ii) the complex morphology is
represented by the total wetted surface area, Aw (m²), of the plants. The symbols in Eq.
3.2: Cr, Cb, g, κ and h are the same as defined for Eq. 3.1.
Firstly, in order to simulate the variation in vegetation canopy height, as a function of
upstream depth-averaged velocity, a relationship between the bending angle and
upstream depth-averaged velocity is used. The bending angle is defined as the angle
between the horizontal bed and the shoot (Bal et al. 2011a) (Fig. 3.1). The deflected
vegetation height, ku, which is the vegetation height after bending, is calculated as the
product of the shoot height, L (m) and the sine of the bending angle (Tab. 3.1). The
deflected shoot length is the product of the shoot height and the cosine of the bending
angle. At lower velocities the deflected patch length is less reduced than the deflected
shoot length, because the deflected patch length is impacted only by the shoots at the
trailing end (Fig. 3.1).
Secondly, the complex morphology of stems and leaves is represented by replacing the
product of the individual plant parameters, vegetation height, k, number of stems, m,
and stem diameter, D - in (Eq. 3.1) - by the wetted plant surface area, AW, of all plant
structures (stems, leaves, etc.):
(Eq. 3.2)
We do this because - as input for the model - it is not feasible to measure the individual
plant parameters k, m and D on plant species with a complex morphology, while the
characteristic area can be quantified as follows. For example, the leaf area index can be
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used, which is defined as the one-sided leaf area per horizontal area (Aberle and Jarvela
2013; Jalonen et al. 2013; Schoneboom et al. 2010). Another approach is the product of
plant frontal area per canopy volume and vegetation height to describe the
characteristic area, A, in (Eq. 3.2) (Nepf 2012a). For flexible vegetation it is difficult to
quantify the frontal area. Sand-Jensen (2003) and Bal et al. (2011a) suggest to use the
total wetted plant surface area (Aw). The wetted plant surface area of the vegetation is
the total surface area of the vegetation canopy, which is in contact with the water,
quantified per unit surface area of the river bed and is used in this study. It depends on
the species and biomass but is independent of stream velocity and reconfiguration of the
vegetation (Sand-Jensen 2003). Therefore, this parameter can be quantified accurately
and it accounts for the friction created by all plant structures including the stems and
the leaves, which is important since leaves can account for 60 % of the total drag
generated by macrophytes (Bal et al. 2011a). However, it should be noticed that the
wetted plant surface area does not take into account the plant morphology itself.
Figure 3.1: Sketch showing a side-view of
a flexible vegetation patch which consists
of multiple shoots (grey lines). The
deflected vegetation height depends on
the upstream depth-averaged velocity,
because the flow-induced drag force
pushes the macrophyte in a downward
position.

3.2.2 Parameter estimation
Three submerged macrophyte species are used in this study: Callitriche platycarpa, Kütz
(various-leaved water-starwort) is widely branched; Potamogeton pectinatus, L., also
known as Stuckenia pectinata (sago pondweed) is ramified, but more streamlined than
the former; and Potamogeton natans, L. (floating pondweed) is a single branched
macrophyte with one leaf at the end of each shoot. P. pectinatus and P. natans have a
similar stiffness and are less flexible than C. platycarpa (Bal et al. 2011a).
An empirical relationship is used between the bending angle (α) and the upstream
depth-averaged velocity based on published flume experiments of single shoots of the
target species (Bal et al. 2011a) (Tab. 3.1). In this published study, the bending angle
was measured between the horizontal bed and the lowest 0.05 m of the shoot (Bal et al.
2011a). From the pictures that the authors took we can see that the bending angle along
the whole length of the shoot is approximately constant. In our study, vegetation patches
consisting of multiple shoots are modelled, therefore the bending angle of a single shoot
is used as a proxy of the bending angle of all shoots in a whole patch (Fig. 3.1). We
checked the reliability of this assumption by comparing the observed bending angle of C.
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platycarpa shoots (Bal et al. 2011a) and patches (Schoelynck et al. 2013) at three
different velocities in published flume studies. The observed bending angles of shoots
and patches were, respectively, 19° and 19°, 13° and 13°, 11° and 9° decimal degrees at
stream velocities of 0.1, 0.2 and 0.3 m s-1. The similarity can be explained by the
mechanism that the leading edge of the patch pushes the whole canopy downwards
under the same angle.
Table 3.1: Plant parameters of the vegetation module, deflected vegetation height, bending angle (values
from (Bal et al. 2011a)), total wetted plant surface area per unit horizontal bed (field measurements of
2008 and 2013), bulk drag coefficient (values derived from (Bal et al. 2011a)).

Species

Bending
angle

Wetted plant Bulk drag
surface area Coefficient

Vogel
exponent

C. platycarpa

Deflected
vegetation
height
ku (m)
LCp * sin (α)

α (°)
5.6*U-0.53

AW (m2 m-2)
43.9 ± 20.4

CD’ (-)
0.034 ± 0.003

b (-)
-1.09

P. pectinatus

LPp * sin (α)

5.5*U-0.55

13.7 ± 0.8

0.054 ± 0.004

-0.78

P. natans

LPn * sin (α)

8.7*U-0.60

8.5 ± 3.5

0.049 ± 0.004

-0.76

The wetted plant surface area is measured for the three target species. In total, nine
vegetation samples of both C. platycarpa and P. natans were taken at peak biomass
(June, July and August 2013) in two lowland rivers in north east Belgium. Biomass was
sampled in plots of 0.25 m² with only the presence of the target species. Two samples of
P. pectinatus were taken in the same rivers in 2008. The leaves and stems subsamples of
each species were spread on a white background and photographed. Using ArcGIS 10.1
the surface area was determined. The wetted plant surface area was calculated using the
dry weight of the subsample and the whole sample (Tab. 3.1).
Finally, the drag coefficient is quantified based on drag force measurements. The drag
force acting on single shoots of each target species was measured at eight stream
velocities between 0.02 and 0.37 m s-1 (Bal et al. 2011a). The drag coefficient is
calculated with the generally accepted drag force equation (Eq. 3.3) (Hoerner 1965):
(Eq. 3.3)
with drag force, FD (N), drag coefficient, CD (-), density of water, ρ (kg m-3), characteristic
area of the object, Ac (m2) and the stream velocity, U (m s-1). Usually the characteristic
area is defined as the projected area exposed to the flow (Hoerner 1965), whereas in
this study the wetted area is used for the same reasons as mentioned in paragraph
(3.2.1). The experimentally determined drag coefficient, CD obtained by (Eq. 3.3), is a
function of stream velocity and can be described by a power function, CD = a Ub, with a
and b being species specific constants. Although this approach should be regarded as an
assumption due to a change of dimension in (Eq. 3.3) when b ≠ 0, this relationship was
also found in other experimental studies where the drag coefficient of flexible elements
was measured (Sand-Jensen 2003; Siniscalchi and Nikora 2012). The constants a and b
are estimated for the three species with each correlation coefficient (R2) higher than
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0.99. The constant a represents the flow independent part of the CD,exp. It can be related
to the object if it was rigid; and we call this the bulk drag coefficient, CD’. We assume that
the bulk drag coefficient is a good proxy for the drag coefficient used in (Eq. 3.2), since
this equation was originally derived for rigid elements. CD’ is assumed to be species
specific and independent from vegetation density. Note that the flexible behaviour of the
macrophytes is explicitly taken into account by the variable vegetation height depending
on upstream depth-averaged velocity.
3.2.3 Model description and calculation scheme
Telemac 2D is used to simulate water depths and depth-averaged stream velocities in
both longitudinal and lateral direction (Hervouet 2007). This hydrodynamic model
solves the depth-averaged Navier-Stokes equations for continuity and momentum
simultaneously. The overall viscosity coefficient is constant for the entire model domain
and equals 10-4 m2 s-1. A similar value is recommended to simulate accurately the sharp
gradients of the depth-averaged velocity at the vegetation edges. This method already
provides good results - as will be presented in the results section - showing that our
simplified model approach is able to capture the most important processes determining
the flow field in and around macrophyte patches at the studied scale. Specific models to
simulate turbulence within aquatic vegetation are available. For example, King et al.
(2012) developed a k-ɛ model to simulate the turbulent kinetic energy generation and
dissipation in interaction with vegetation, incorporating turbulence effects at stem scale
and at scales of the vertical shear. In this study we chose to not take into account the
turbulence effects due to the presence of vegetation, in order to keep the model as
simple as possible.
A triangular regular grid with a node interval of 0.1 m is used. The boundary conditions
are a constant discharge at the upstream boundary and a constant water depth
downstream. Despite the grid size being small, a substantial amount of vegetation area
is present in each grid cell and is between 852 and 4290 cm². The Chézy coefficient for
the bed roughness (Cb) is obtained from standardised tables (Ancrement and Schneider
1989) and validated for an empty flume: this was 48 m1/2 s-1 for the laboratory flume
experiment and 20 m1/2 s-1 for the in situ field flume.
(Eq. 3.2) quantifies the hydraulic roughness in function of the water depth in every grid
cell; this matrix is then used as input in the hydrodynamic model. The calculation
scheme is as follows: firstly, the boundary conditions of the system are defined and the
depth-averaged velocity in an empty flume is calculated at the location upstream of the
vegetation patch; then the deflected plant height is calculated, given this upstream
depth-averaged velocity. Next, the representative Chézy value is calculated according to
(Eq. 3.2) in every vegetated grid cell, which is used as input in the hydrodynamic model.
In case of multiple vegetation patches an iterative approach is suggested. Initially the
depth-averaged velocity is used to calculate the Cr of all patches. This initial Cr value
should be used then to rerun the hydrodynamic model and to recalculate the depthaveraged velocity. In the next iteration, the depth-averaged velocity immediately
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upstream of each patch should be used to recalculate Cr. This is repeated until the flow
field and Cr are in balance.
3.2.4 Case studies
The first case study consists of the modelling of experiments done by Bal et al. (2011b)
(Fig. 3.2a). They investigated the influence of different macrophyte distribution patterns
on the overall hydraulic resistance in a laboratory flume (25 m long, 3 m wide, 0.3 m
water depth). The velocity was measured over a time interval of 30 s (Valeport 801
electromagnetic flow meter) at 65 locations, of which 26 inside the vegetation, 13 at the
edge and 26 next to the vegetation. At every location, 5 measurements were done with a
depth interval of 0.05 m. No vegetation was present in the first 9 m of the flume, to
create a uniform velocity profile across the upstream boundary. The configuration of
one vegetation patch of 9 m by 1 m along the side wall of the flume was selected for this
study. Three macrophyte species (C. platycarpa, P. pectinatus and P. natans) at three
discharges (0.063, 0.095 and 0.127 m3 s-1) are modelled, hence the first case study
includes nine scenarios. The observed stream velocities are depth-averaged at each
measurement location and are spatially, linearly interpolated in Akima’s algorithm in R
ver. 3.0 (Akima 2013).
The second case study is an in situ field flume experiment, with C. platycarpa, performed
by Schoelynck et al. (2013) (Fig. 3.2b). The authors investigated the bending of patches
as a result of the upstream depth-averaged velocity. A flume was placed in a lowland
river in north east Belgium, creating a test section of 4.8 m long and 1 m wide. A
vegetation free zone of 5 m upstream of the test section was installed to obtain a
uniform velocity across the upstream boundary. The incoming discharge was 0.057 m³
s-1; upstream and downstream water depth was 0.43 m and 0.68 m, respectively. At 26
locations in the flume the velocity was measured with an electromagnetic flow meter
(Valeport 801) during 30 s. The depth-averaged stream velocities were calculated from
measurements with a depth-interval of 0.1 m and afterwards spatially, linearly
interpolated using Akima’s algorithm.

Figure 3.2: (a) Illustration of the laboratory flume of Bal et al. (2011b), and (b) the in situ field flume of
Schoelynck et al. (2013).
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3.3 Results
3.3.1 Validation of flow field around vegetation patches
The observed depth-averaged stream velocities of the laboratory flume are plotted
versus the modelled stream velocities to illustrate the model performance (Fig. 3.3).
This is done for the 65 locations where the velocity was measured, respectively, for each
combination of three macrophyte species and three discharges (Fig. 3.3). Error bars of
the observed depth-averaged velocity represent the mean standard error based on the
individual standard deviations of the 5 measured stream velocities at each location. The
Cr is calculated by once subtracting, and once summing, the input parameters Aw and CD’
with their respective standard deviation. Depth-averaged velocities are modelled
accordingly and are shown as error bars of the modelled depth-averaged velocity per
location (Fig. 3.3). A good fit gives points around the 1:1-line, most points lie close to the
1:1-line in each scenario. In all simulations of C. platycarpa, one point- in the left lower
corner of the plot - is highly overestimated by the model. This point is situated at the
upstream edge of the vegetation patch. In the panels of P. pectinatus a set of 6 points is
overestimated by the model; these points are located in the channel next to the
vegetation patch. In the simulation of P. natans the model performance of small stream
velocities is poorer; these points are located at the upstream edge of the vegetation
patch.
For the nine scenarios, the coefficients of determination between modelled and
observed depth-averaged velocities are all higher than 0.89 (Tab. 3.2). The mean
absolute error and the root mean squared error do not exceed 0.023 m s-1 in all
scenario’s and are similar across species and discharges. The coefficient of variation the relative error between observed and modelled data - is between 0.10 and 0.26 for all
model scenarios. The Nash-Sutcliff coefficients are higher than 0.91 for the scenarios
with C. platycarpa and P. natans, and lower for scenarios with P. pectinatus, but still
higher than 0.39. The weaker performance of the scenarios with P. pectinatus can be due
to an underestimation of the representative Chézy value, which results in lower stream
velocities in the patch and higher stream velocities adjacent to the patch. Overall we can
conclude that the model performs well in reproducing the observed depth-averaged
velocity patterns and magnitudes for these conditions without any calibration of the
parameters.
The scenario of C. platycarpa at a discharge of 0.127 m3 s-1 is now discussed in detail, the
other scenarios have similar results. The spatial distribution of the depth-averaged
velocity is plotted in Fig. 3.4a based on the observed data (measurements available for
only part of the flume) and based on the model simulations in Fig. 3.4b (modelled for the
whole flume). The depth-averaged velocity at the location of the patch drops to 0.01 m s1 in the observed and modelled data, though the actual velocity is lower inside the
vegetation layer and is higher above the vegetation in the free flowing zone. The
magnitude of the depth-averaged velocity adjacent to the patch increases to 0.20 m s-1
for the modelled data, which is comparable to the observed value of 0.21 m s-1.
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Figure 3.3: Observed depth-averaged velocity versus modelled depth-averaged velocity for C. platycarpa
(first column), P. pectinatus (second column) and P. natans (third column). The discharge is 0.063, 0.095
and 0.127 m³ s-1 for the first, second and third row, respectively. The black line represents the 1:1-line.
Error bars of the observed depth-averaged velocity represent the mean standard error based on the
individual standard deviations of the 5 measured velocities at each location. The C r is calculated by once
subtracting, and once summing, the input parameters A w and CD’ with their respective standard deviation.
Depth-averaged velocities are modelled accordingly and are shown as error bars of the modelled depthaveraged velocity per location.

The modelled depth-averaged velocities show a slowdown along the vegetated
longitudinal-section (Fig. 3.4c, black). The values of the modelled data are in line with
those of the observed data. The increase in depth-averaged velocity in the open channel
adjacent to the vegetation patch is slightly underestimated at the first part of the
vegetation patch: the modelled depth-averaged velocity is 0.015 m s-1 lower than
observed (Fig. 3.4c, grey). A similar trend is noticed along the cross-section: the depthaveraged velocity is slowed down in the part through the vegetation, while the depthaveraged velocity increased around the vegetation (Fig. 3.4d). The modelled depthaveraged velocities are also in line with the observations.
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Table 3.2: Comparison between observed data and modelled data for a laboratory flume experiment:
coefficient of determination (R²), mean absolute error (MAE), root mean squared errors (RMSE),
coefficient of variation (CV= RMSE/uavg) and Nash-Sutcliff model efficiency coefficient
with uo,avg=mean depth-averaged observed velocity and n=number of paired observedmodelled stream velocities.

Species
C. platycarpa

P. pectinatus

P. natans

Discharge
(m³ s-1)
0.063
0.095
0.127
0.063
0.095
0.127
0.063
0.095
0.127

R²
(-)
0.96
0.97
0.97
0.89
0.93
0.94
0.97
0.98
0.98

MAE
(m s-1)
0.006
0.011
0.014
0.010
0.018
0.023
0.004
0.008
0.010

RMSE
(m s-1)
0.008
0.015
0.019
0.013
0.023
0.027
0.005
0.011
0.013

CV
(-)
0.16
0.17
0.16
0.26
0.26
0.23
0.10
0.14
0.11

NS
(-)
0.91
0.93
0.94
0.39
0.48
0.63
0.92
0.93
0.94

Figure 3.4: Spatial distribution of the depth-averaged velocity of the observed data (a) and modelled data
(b) for C. platycarpa at a discharge of 0.127 m3 s-1. The vegetation patch is demarked with a black line in
(a) and (b). The water flows from left to right. The arrows in (a) indicate the location of the cross-section
in the middle of the patch, which are displayed in (d), and the longitudinal transects displayed in (c); one
through the vegetation (black) and one adjacent to the vegetation (grey). The modelled data are
represented by circles and the observed data by stars in (c) and (d).
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3.3.2 Effect of macrophyte reconfiguration on the modelled flow field
The flow field is now simulated with and without reconfiguration for an in situ field
flume experiment (Schoelynck et al. 2013). The total biomass and rooted area of the
vegetation patch is the same in both scenarios, so an equal amount of vegetation is
present in both scenarios. The plant height is calculated with the bending angles of Tab.
3.1. The free flowing calculated zone above the canopy is 0.08 m in the scenario after
reconfiguration and similar to the field observation of 0.1 m, while the vegetation is
considered to remain in upright position in the scenario without reconfiguration (Fig.
3.5). Note that the patch length is longer with reconfiguration due the bending.
In contrast to the flat bottom of the laboratory flume, the river bottom of the in situ field
flume had a significant bottom slope, with a higher water depth at the end of the flume.
As a result a decreasing depth-averaged velocity towards the end of the flume is
observed (Fig. 3.5a) and accurately simulated by the model in the scenario with
reconfiguration (Fig. 3.5b). The depth-averaged velocity at the downstream end of the
patch drops to 0.06 m s-1 in the observed data and to 0.07 m s-1 in the modelled data. It
can be seen from the data in Fig. 3.4b that the depth-averaged velocity in the open
channel increases to 0.11 m s-1. In the observed data, the depth-averaged velocity is 0.16
m s-1 at one location. Without implementing reconfiguration, the flow field shows more
extreme values (Fig. 3.5c): a higher depth-averaged velocity adjacent to the patch, 0.19
m s-1, and a lower depth-averaged velocity behind the patch, 0.05 m s-1. Furthermore,
the decreased depth-averaged velocities in the patch already start at the upstream edge
of the patch; while, when reconfiguration is implemented, the depth-averaged velocity
gradually decreases through the patch.

Figure 3.5: Spatial distribution of the depth-averaged velocity of the observed data (a) and modelled data
with (b) and without (c) reconfiguration for the in situ field flume. The vegetation patch is demarked with
a black line in (a), (b) and (c). The water flows from left to right.
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The modelled data with reconfiguration are in better agreement with the observed data
compared to the scenario without reconfiguration (Tab. 3.3). The correlation coefficient
and Nash-Sutcliff coefficient are both higher in the case that reconfiguration of the
canopy is implemented in the model. In addition, the mean absolute error, root mean
squared error and the coefficient of variation, are lower with the inclusion of
macrophyte reconfiguration.
The distribution of the stream velocities per water volume is calculated to have more
detailed information on how the flow field is changed by the vegetation. The depthaveraged velocity distribution of the model simulation, with the inclusion of
reconfiguration, peaks at the interval of 0.10 to 0.12 m s-1 (Fig. 3.6), with 46.2 % of the
water volume having this depth-averaged velocity. While two peaks are observed in the
simulation without reconfiguration: 31.3 % of the water volume is in the interval 0.10 0.12 m s-1 and 25 % is in the interval 0.04 – 0.06 m s-1. Next, the range of stream
velocities is higher without reconfiguration 0.04 and 0.16 m s-1, compared to the
simulation with reconfiguration 0.06 and 0.14 m s-1. More extreme values are observed
without reconfiguration, the water volumes with a depth-averaged velocity lower than
0.06 m s-1 and higher than 0.14 m s-1 are 8.5% and 7.2 %, respectively.
Table 3.3: Comparison between observed data and modelled data with and without reconfiguration of an
in situ flume with a patch of C. platycarpa: coefficient of determination (R²), mean absolute error (MAE),
root mean squared errors (RMSE), coefficient of variation (CV) and Nash-Sutcliff model efficiency
coefficient (NS).

Species

Reconfiguration R²

MAE

RMSE

CV

(-)

(m s-1)

(m s-1)

(-)

NS

C. platycarpa

Yes

0.74

0.014

0.017

0.17

0.52

C. platycarpa

No

0.63

0.016

0.023

0.23

0.16

Figure 3.6: Water volume (%) with according depth-averaged velocity, for the model simulation with
macrophyte reconfiguration and without, of an in situ flume with a patch of C. platycarpa.
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3.4 Discussion
The majority of mathematical studies and experiments to quantify hydraulic resistance
created by aquatic vegetation does not consider vegetation with natural characteristics
but simplifies it to e.g. rigid sticks (e.g. Baptist et al. 2007; Chen et al. 2013; Nepf 2012b;
Zhang et al. 2013), horsehair matrasses (e.g. Wu et al. 1999) or flexible plastic strips (e.g.
Ciraolo et al. 2006; Dijkstra 2009; Kouwen and Li 1980; Ortiz et al. 2013). However,
natural macrophytes are flexible and have more complex morphology compared to the
former objects. In this study, we quantify the hydraulic roughness of natural submerged
flexible macrophytes with a complex morphology using (Eq. 3.2) (Baptist et al. 2007).
Vegetation was originally represented by rigid sticks, thus two adjustments are needed:
(i) to account for the flexibility of the vegetation, the vegetation canopy height is varied
as a function of the upstream depth-averaged velocity, and (ii) the morphology is
represented by the total wetted surface area (Aw) of the plants. These parameters are
estimated for three different macrophytes species (Tab. 3.1) and the proposed method is
successfully validated against experimental data (Fig. 3.3, 3.4 and 3.5). Next, we
demonstrate that the incorporation of macrophyte reconfiguration in hydrodynamic
river modelling results in a more realistic simulation of the observed depth-averaged
velocity distribution (Fig. 3.6).
The approach presented in this study has three main advantages. Firstly, the plant
parameters have a physical meaning and can be measured on natural macrophytes; this
removes the need of further calibration of the hydraulic roughness. Secondly, the
calculated hydraulic roughness created by vegetation is represented by an adapted
bottom friction coefficient and hence can be used as input in existing hydrodynamic
models. Lastly, a 2D depth-averaged model is used to directly account for the spatial
variation in vegetated reaches and makes it possible to study spatial heterogeneous
patterns.
However, the method presented in this paper also has limitations. It should be noted
that macrophyte reconfiguration is described by the temporary bending of the
vegetation which results in varying vegetation height in function of upstream depthaveraged velocity. This approach is therefore only valid for flexible vegetation, for which
reconfiguration of the canopy results mainly in variation in vegetation height. Currently
the vegetation resistance file is a fixed input in the hydrodynamic model based on the
upstream depth-averaged velocity, thus new resistance files need to be calculated
whenever the upstream depth-averaged velocity changes. Furthermore, Bal et al.
(2011b) showed that stream velocity patterns also depend on the spatial configuration
of vegetation patches and on water depth. The case studies presented in this study only
contained one vegetation patch at one water depth. Future model application should
study the accuracy of the proposed formulations in more complex multi-patch
simulations. Finally, several limitations are inherent to 2D models. As a consequence of
the 2D model approach, it is not possible to derive the stream velocities in and above the
vegetation separately. Also, detailed 3D processes are expected to occur around finite
submerged vegetation patches (Nikora and Nikora 2010; Sukhodolova and Sukhodolov
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2012); vertical circulation patterns and expansion of mixing layers are, however, not
captured by the presented 2D model. Skimming flow results in flow separation within
and above the canopy, with reduce flow within the canopy and a boundary layer
developing above the canopy (Folkard 2011a). This process is indirectly taken into
account by the two layer formulation of (Eq. 3.1).
Notwithstanding two adjustments, the proposed method is able to accurately simulate
the depth-averaged stream velocities for nine scenarios of a laboratory flume
experiment (Fig. 3.3 and 3.4). The hydraulic roughness of the vegetation results in a flow
deceleration through - and downstream of - the vegetation, and an acceleration adjacent
to the vegetation (Schoelynck et al. 2013; Vandenbruwaene et al. 2011). The magnitude
of velocity changes depends on the morphology and flexibility of the macrophyte species
(Bal et al. 2011a; Bal et al. 2013). The highest resistance is created by the most dense
species C. platycarpa, for which the spatial variation depth-averaged velocity ranged
between 0.01 and 0.16 m s-1 at discharge 0.095 m3 s-1. A similar impact on the stream
velocity is found for Callitriche cophocarpa (Sand-Jensen and Pedersen 2008). P.
pectinatus is a less densely growing macrophyte and P. natans is the least dense species,
hence the depth-averaged velocity range at the same discharge between 0.02 – 0.12 m s1 and 0.03 – 0.14 m s-1, respectively. These differences between the three target species
are well simulated with the model (Fig. 3.3).
Here, we discuss that including macrophyte reconfiguration in the input of numerical
models can have significant and extensive effects on the model results of hydrodynamic
variables and associated ecological and geomorphological parameters. This is illustrated
by the simulation of the in situ field flume. The values presented are indicative and
cannot be directly extrapolated to bigger spatial scales like reaches or entire rivers.
Presumably the importance of the reconfiguration of the vegetation will become more
pronounced as the real river morphology is taken into account and the number of
patches increases.
In this study, reconfiguration is described by a variable vegetation height. Including
reconfiguration, results in a free flowing zone above the canopy of 0.08 m, while it
disappears in cases without reconfiguration. The magnitude of this zone affects the
hydraulic roughness and hence the depth-averaged velocity distribution (Fig. 3.6). A
smaller variation of the depth-averaged velocities, with less deceleration of the velocity
through the patch and less acceleration around the patch (Tab. 3.4) is observed when
reconfiguration is included. A second example is a decreased water level slope with
reconfiguration (Tab. 3.4). The water level slope is the difference between the average
water level, across the upstream and downstream boundary, divided by the flume
length. Thirdly, we calculated the reach averaged hydraulic resistance expressed by a
Manning coefficient. This is lower when the model accounts for macrophyte
reconfiguration (Tab. 3.4). Therefore, the overall resistance created by the vegetation
increases without reconfiguration. This finding is in agreement with previous studies,
which also found that the impact of the vegetation becomes less pronounced with
increasing free flowing zones above the canopy (Stephan and Gutknecht 2002; Wilson
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2007; Wu et al. 1999). However, small values of the Manning coefficient are recorded;
this is probably due to significant bottom slope which results in lower depth-averaged
stream velocities towards the downstream end of the flume.
The maximal depth-averaged velocity adjacent to the patch is the first example of an
ecological parameter. It is 0.13 m s-1 with reconfiguration, compared to 0.19 m s-1
without reconfiguration. This higher stream velocity can have severe impacts on plant
performance during several life stages, such as: (i) settlement of seeds; (ii) survival rate
and growth of propagules; and (iii) breakage of entire plants. Firstly, (Koch et al. 2010)
tested the effect of flow velocity on horizontal dispersion distance of seeds of three
macrophyte species in a flume experiment. It was found that the dispersion distance
significantly increased for current velocities above 0.2 m s-1. Longer dispersion distance
reduces the probability of seeds to remain in suitable habitats that were already
colonised by the parent plants. Secondly, the survival rate of C. platycarpa was measured
by transplanting propagules within and adjacent to existing patches of the same species
(Schoelynck et al. 2012). It was found that both survival and growth were significantly
lower, adjacent to the patch. These differences were attributed to difference in flow
velocity. Thirdly, macrophytes experience drag force, which can lead to stem breakage
(Puijalon et al. 2011). The magnitude of the drag force depends on the flow velocity. An
overestimation of prevailing stream velocities, adjacent to the patch when
reconfiguration is not taken into account, could therefore lead to incorrect predictions of
plant performance - as discussed above. In a second ecological example, Extence et al.
(1999) categorises the occurrence of benthic macro-invertebrates based on the
prevailing stream velocities in rivers. Category I represents the highest stream velocities
that are a habitat to rheophilic species (i.e. species preferring zones with high flow
velocities), whereas categories III to VI represent low velocities suitable to limnophilic
species (i.e. species preferring zones with low flow velocities). From our results it was
found that, with the inclusion of macrophyte reconfiguration, the stream velocities do
not exceed the threshold stream velocity of 0.2 m s-1 (Tab. 3.4); thus all taxa of category
III are able to tolerate these conditions’ taxa. The stream velocities of both scenarios in
cases belong to the same category. However, simulated depth-averaged velocity, without
implementing reconfiguration, can exceed the threshold value of 0.2 m s-1 more rapidly
in cases with higher incoming stream velocities or other macrophyte species.
Macrophytes also influence the geomorphology of the river bed (Gurnell 2014;
Montakhab et al. 2012), higher velocities adjacent to patch might lead to scouring or
grain sorting. Firstly, the maximum values for the bed shear stress are 0.37 and 0.73 N
m-2 (Tab. 3.4), respectively, with and without the inclusion of macrophyte
reconfiguration. Schoelynck et al. (2013) showed that a minimal bed shear stress of
0.15-0.16 N m-2 is needed to initiate sediment motion in the in situ flume, with prevailing
median grain size of 0.167 mm (Schoelynck et al. 2013). 2013). Secondly, the sediment
bed load transport rate based on the bed shear stress is, respectively, 0.25 and 0.24 g m 1 s-1, without and with the inclusion of macrophyte reconfiguration (Tab. 3.4). Note that
for the calculation of the shear stress and sediment bed load transport the depthaveraged velocity is used instead of the near bed velocity. Near bed velocities are
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expected to be lower and resulting in a lower shear stress and lower bed load transport.
However, we want to illustrate the effect of difference in depth-averaged stream
velocities between inclusion and exclusion of reconfiguration; therefore, the difference
between the two scenarios is more important than the absolute values. Finally, the
Shield parameter is the ratio of the actual forces acting on sediment and the forces
needed to initiate sediment motion (Umeda 2011). The values for the scenarios with and
without reconfiguration are 4.5 and 9.5, respectively. These values are both higher than
1; this implies the movement of sediment adjacent to the macrophyte patch, but with a
different magnitude.
Table 3.4: Values of the investigated hydraulic, ecological and geomorphological parameters calculated
based on the model scenario, with and without the inclusion of macrophyte reconfiguration of an in situ
flume, with a patch of C. platycarpa. u95 = 95 percentile of velocities between 2.4 m and 4.8 m of the study
section; D50 = 167 µm; D84 = 280 µm.

Parameter

Reference

With

Without

Unit

reconfiguration
Hydraulics
Depth averaged velocity (range) Model ouptut

0.07 - 0.13

0.05 - 0.19

m s-1

Water level slope

Model output

6.7 10-6

162 10-6

m m-1

Manning coefficient

(Chow 1959)

0.011

0.048

s m-1/3

Maximal depth-averaged
velocity

Model output

0.13

0.19

m s-1

Macro-invertebrate drift at u95

(Extence et al. 1999)

III (<0.2 m s-1)

III (<0.2 m s-1) -

Shear stress at u95

(Gibbins et al. 2007)

0.37

0.73

N m-2

Bedload transport rate at u95

(Gibbins et al. 2007)

0.24

0.25

g m-1 s-1

Shield parameter at u95

(Umeda 2011)

4.5

9.5

-

Ecology

Geomorphology

3.5 Conclusion
The aim of this study is to derive a practical approach to quantify vegetation resistance
which can be applied in 2D depth-averaged hydrodynamic models on reach scale. The
hydraulic resistance created by flexible in-stream macrophytes with a complex
morphology is represented by an adapted bottom friction coefficient. Measurable plant
parameters are derived and quantified to account for the variable vegetation height and
complex morphology of three submerged macrophyte species. This approach removes
the need for calibration of the vegetation resistance and can be applied in reaches with
spatial heterogeneous vegetation patterns. This study has three major findings: (i) the
model is able to accurately predict the depth-averaged velocities in and around a
vegetation patch, by implementing the vegetation resistance into the hydrodynamic
model Telemac 2D without calibration of any parameter. (ii) The flexible vegetation
approach is superior to a fixed vegetation height. Inclusion of macrophyte
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reconfiguration in the model decreases the simulated hydraulic resistance which results
in less variation in the simulated depth-averaged velocity distribution as compared to
the model scenario without macrophyte reconfiguration. (iii) Inclusion or exclusion of
macrophyte reconfiguration can have significant and extensive effects on the model
results of hydrodynamic variables and associated ecological and geomorphological
parameters. This implies that more attention should be paid to the variable vegetation
height in hydrodynamic models when dealing with flexible, submerged macrophytes.
Acknowledgements
Data
used
in
this
paper
can
be
accessed
via
the
authors
(veerle.verschoren@uantwerpen.be). V.V. thanks the Institute for the Promotion of
Innovation through Science and Technology in Flanders (IWT-Vlaanderen) for personal
research funding. D.M. would like to thank BOF (Bijzonder Onderzoeksfonds, UGhent)
for funding personal research. K.D.B. would like to acknowledge the financial support of
the South African National Research Foundation (NRF). This research was partly
executed with the financial support of the FWO for the Scientific Research Network
(WOG) “the functioning of river ecosystems through plant-flow-soil interactions”.

3.6 References
Aberle, J. & J. Jarvela, 2013. Flow resistance of emergent
rigid and flexible floodplain vegetation. J
Hydraul Res 51(1):33-45.
Akima, H., 2013. Akima: Interpolation of irregularly
spaced data. R package ver. 3.0.
Ancrement, G. J. & V. R. Schneider, 1989. Guide for
selecting Manning's roughness coefficients for
natural channels and flood plains. United States
government printing office.
Arboleda, A. M., A. Crosato & H. Middelkoop, 2010.
Reconstructing the early 19th-century Waal
River by means of a 2D physics-based numerical
model. Hydrol Process 24(25):3661-3675.
Bakry, M. F., T. K. Gates & A. F. Khattab, 1992. FieldMeasured Hydraulic Resistance Characteristics
in Vegetation-Infested Canals. J Irrig Drain EAsce 118(2):256-274.
Bal, K. D., T. J. Bouma, K. Buis, E. Struyf, S. Jonas, H. Backx
& P. Meire, 2011a. Trade-off between drag
reduction
and
light
interception
of
macrophytes: comparing five aquatic plants
with contrasting morphology. Funct Ecol
25(6):1197-1205.
Bal, K. D., N. Brion, V. Woule-Ebongue, J. Schoelynck, A.
Jooste, C. Barron, F. Dehairs, P. Meire & T. J.
Bouma, 2013. Influence of hydraulics on the
uptake of ammonium by two freshwater plants.
Freshwater Biol 58(12):2452-2463.
Bal, K. D., E. Struyf, H. Vereecken, P. Viaene, L. De
Doncker, E. de Deckere, F. Mostaert & P. Meire,
2011b. How do macrophyte distribution
patterns affect hydraulic resistances? Ecol Eng
37(3):529-533.
Baptist, M. J., V. Babovic, J. R. Uthurburu, M. Keijzer, R. E.
Uittenbogaard, A. Mynett & A. Verwey, 2007. On
inducing equations for vegetation resistance. J
Hydraul Res 45(4):435-450.

62

Chen, Z. B., C. B. Jiang & H. Nepf, 2013. Flow adjustment at
the leading edge of a submerged aquatic canopy.
Water Resour Res 49(9):5537-5551.
Chow, V. T., 1959. Open-channel hydraulics. McGraw-Hill,
New York, USA.
Ciraolo, G., G. B. Ferreri & G. La Loggia, 2006. Flow
resistance of Posidonia oceanica in shallow
water. J Hydraul Res 44(2):189-202.
Crosato, A. & M. S. Saleh, 2011. Numerical study on the
effects of floodplain vegetation on river
planform style. Earth Surf Proc Land 36(6):711720.
Dawson, F. H., 1978. Aquatic Plant Management in SemiNatural Streams - Role of Marginal Vegetation. J
Environ Manage 6(3):213-221.
De Doncker, L., P. Troch, R. Verhoeven, K. Bal, P. Meire &
J. Quintelier, 2009. Determination of the
Manning roughness coefficient influenced by
vegetation in the river Aa and Biebrza river.
Environ Fluid Mech 9(5):549-567.
de Langre, E., A. Gutierrez & J. Cossé, 2012. On scaling of
drag reduction by reconfiguration in plants.
Comptes Rendus Mechanique 340:35-40.
Dijkstra, J. T., 2009. How to Account for Flexible Aquatic
Vegetation in Large-Scale Morphodynamic
Models. Coastal Engineering 2008, Vols 15:2820-2831.
Dijkstra, J. T. & R. E. Uittenbogaard, 2010. Modeling the
interaction between flow and highly flexible
aquatic vegetation. Water Resour Res 46(12)
W12547.
do Amaral, L. G. H., A. A. Righes, P. D. Souza & R. Dalla
Costa, 2005. Automatic regulator for channel
flow control on flooded rice. Agr Water Manage
75(3):184-193.

Resistance of vegetation

Extence, C. A., D. M. Balbi & R. P. Chadd, 1999. River flow
indexing
using
British
benthic
macroinvertebrates: A framework for setting
hydroecological
objectives.
Regul
River
15(6):543-574.
Folkard, A. M., 2005. Hydrodynamics of model Posidonia
oceanica patches in shallow water. Limnol
Oceanogr 50(5):1592-1600.
Folkard, A. M., 2011a. Flow regimes in gaps within stands
of flexible vegetation: laboratory flume
simulations. Environ Fluid Mech 11(3):289-306.
Folkard, A. M., 2011b. Vegetated flows in their
environmental context: A review. Proceedings
of the ICE - Engineering and Computational
Mechanics 164(1):3-24.
Franklin, P., M. Dunbar & P. Whitehead, 2008. Flow
controls on lowland river macrophytes: A
review. Sci Total Environ 400(1-3):369-378.
Gibbins, C., D. Vericat & R. J. Batalla, 2007. When is
stream invertebrate drift catastrophic? The role
of hydraulics and sediment transport in
initiating drift during flood events. Freshwater
Biol 52(12):2369-2384.
Green, J. C., 2005. Comparison of blockage factors in
modelling the resistance of channels containing
submerged macrophytes. River Res Appl
21(6):671-686.
Gurnell, A. M., 2014. Plants as river system engineers.
Earth Surf Process Landf 39(1):4-25.
Hervouet, J.-M., 2007. Hydrodynamics of Free Surface
Flows: Modelling with the finite element
method. John Wiley & Sons Ltd, West Sussex,
Engeland.
Hoerner, S., 1965. Fluid-Dynamic Drag. Brick Town.
Horppila, J. & L. Nurminen, 2003. Effects of submerged
macrophytes on sediment resuspension and
internal phosphorus loading in Lake Hiidenvesi
(southern Finland). Water Res 37(18):44684474.
Huthoff, F., D. C. M. Augustijn & S. J. M. H. Hulscher, 2007.
Analytical solution of the depth-averaged flow
velocity in case of submerged rigid cylindrical
vegetation. Water Resour Res 43(6) W06413.
Jalonen, J., J. Jarvela & J. Aberle, 2013. Leaf Area Index as
Vegetation Density Measure for Hydraulic
Analyses. J Hydraul Eng-Asce 139(5):461-469.
Jarvela, J., 2002. Flow resistance of flexible and stiff
vegetation: a flume study with natural plants. J
Hydrol 269(1-2):44-54.
Jarvela, J., 2005. Effect of submerged flexible vegetation
on flow structure and resistance. J Hydrol
307(1-4):233-241.
King, A. T., R. O. Tinoco & E. A. Cowen, 2012. A k-epsilon
turbulence model based on the scales of vertical
shear and stem wakes valid for emergent and
submerged vegetated flows. J Fluid Mech 701:139.
Koch, E. W., M. S. Ailstock, D. M. Booth, D. J. Shafer & A. D.
Magoun, 2010. The Role of Currents and Waves
in the Dispersal of Submersed Angiosperm
Seeds and Seedlings. Restor Ecol 18(4):584-595.
Kouwen, N. & R. M. Li, 1980. Biomechanics of Vegetative
Channel Linings. J Hydr Eng Div-Asce
106(6):1085-1106.

Larsen, T., J. O. Frier & K. Vestergaard, 1990. Discharge
Stage Relations in Vegetated Danish Streams.
International Conference on River Flood
Hydraulics:187-195.
Luhar, M. & H. M. Nepf, 2011. Flow-induced
reconfiguration of buoyant and flexible aquatic
vegetation. Limnol Oceanogr 56(6):2003-2017.
Montakhab, A., B. Yusuf, A. H. Ghazali & T. A. Mohamed,
2012. Flow and sediment transport in vegetated
waterways: a review. Reviews in Environmental
Science and Bio-Technology 11(3):275-287.
Nardin, W. & D. A. Edmonds, 2014. Optimum vegetation
height and density for inorganic sedimentation
in deltaic marshes. Nat Geosci 7(10):722-726.
Nepf, H. M., 1999. Drag, turbulence, and diffusion in flow
through emergent vegetation. Water Resour Res
35(2):479-489.
Nepf, H. M., 2012a. Flow and Transport in Regions with
Aquatic Vegetation. Annu Rev Fluid Mech
44:123-142.
Nepf, H. M., 2012b. Hydrodynamics of vegetated
channels. J Hydraul Res 50(3):262-279.
Nepf, H. M. & M. Ghisalberti, 2008. Flow and transport in
channels with submerged vegetation. Acta
Geophys 56(3):753-777.
Nikora, N. & V. Nikora, Flow penetration into the canopy
of submerged vegetation: definitions and
quantitative estimates. In: Dittrich, K., Aberle,
Geisenhainer (ed) River Flow 2010, 2010.
Nikora, V., 2010. Hydrodynamics of Aquatic Ecosystems:
An Interface between Ecology, Biomechanics
and Environmental Fluid Mechanics. River Res
Appl 26(4):367-384.
Ortiz, A. C., A. Ashton & H. Nepf, 2013. Mean and
turbulent velocity fields near rigid and flexible
plants and the implications for deposition. J
Geophys Res-Earth 118(4):2585-2599.
Puijalon, S., G. Bornette & P. Sagnes, 2005. Adaptations to
increasing hydraulic stress: morphology,
hydrodynamics and fitness of two higher
aquatic plant species. J Exp Bot 56(412):777786.
Puijalon, S., T. J. Bouma, C. J. Douady, J. van Groenendael,
N. P. R. Anten, E. Martel & G. Bornette, 2011.
Plant resistance to mechanical stress: evidence
of an avoidance-tolerance trade-off. New Phytol
191(4):1141-1149.
Sand-Jensen, K., 2003. Drag and reconfiguration of
freshwater macrophytes. Freshwater Biol
48(2):271-283.
Sand-Jensen, K. & M. L. Pedersen, 2008. Streamlining of
plant patches in streams. Freshwater Biol
53(4):714-726.
Schoelynck, J., T. De Groote, K. Bal, W. Vandenbruwaene,
P. Meire & S. Temmerman, 2012. Self-organised
patchiness
and
scale-dependent
biogeomorphic feedbacks in aquatic river
vegetation. Ecography 35(8):760-768.
Schoelynck, J., D. Meire, K. Bal, K. Buis, P. Troch, T. Bouma,
P. Meire & S. Temmerman, 2013. Submerged
macrophytes avoiding a negative feedback in
reaction to hydrodynamic stress. Limnologica
43(5):371-380.

63

Chapter 3

Schoneboom, T., J. Aberle & A. Dittrich, 2010. Hydraulic
resistance of vegetated flows: Contribution of
bed shear stress and vegetative drag to total
hydraulic resistance. In Dittrich, A. K., Ka., J.
Aberle & P. Geisenhainer (eds) River Flow 2010.
Federal Waterways Engineering and Research
Insitute, Karlsruhe, 269-276.
Siniscalchi, F. & V. I. Nikora, 2012. Flow-plant
interactions in open-channel flows: A
comparative analysis of five freshwater plant
species. Water Resour Res 48(5) W05503.
Siniscalchi, F., V. I. Nikora & J. Aberle, 2012. Plant patch
hydrodynamics in streams: Mean flow,
turbulence, and drag forces. Water Resour Res
48(1) W01513.
Stephan, U. & D. Gutknecht, 2002. Hydraulic resistance of
submerged flexible vegetation. J Hydrol 269(12):27-43.
Stone, B. M. & H. T. Shen, 2002. Hydraulic resistance of
flow in channels with cylindrical roughness. J
Hydraul Eng-Asce 128(5):500-506.
Sukhodolova, T. A. & A. N. Sukhodolov, 2012. Vegetated
mixing layer around a finite-size patch of
submerged plants: 1. Theory and field
experiments. Water Resour Res 48(10)
W10533.
Tal, M. & C. Paola, 2007. Dynamic single-thread channels
maintained by the interaction of flow and
vegetation. Geology 35(4):347-350.
Temple, D. M., 1986. Velocity Distribution Coefficients for
Grass-Lined Channels. J Hydraul Eng-Asce
112(3):193-205.
Umeda, S., 2011. Scour Regime and Scour Depth around a
Pile in Waves. J Coastal Res:845-849.
Van Ieperen, H. J. & M. S. Herfst, Laboratory experiments
on the flow resistance of aquatic weeds. In: 2nd
International Conference on Hydraulic Design in
Water Resources Engineering: Land Drainage,
1986. p 281–291.

64

Vandenbruwaene, W., S. Temmerman, T. J. Bouma, P. C.
Klaassen, M. B. de Vries, D. P. Callaghan, P. van
Steeg, F. Dekker, L. A. van Duren, E. Martini, T.
Balke, G. Biermans, J. Schoelynck & P. Meire,
2011. Flow interaction with dynamic vegetation
patches: Implications for biogeomorphic
evolution of a tidal landscape. J Geophys ResEarth 116.
Vargas-Luna, A., A. Corsato & W. S. J. Uijttewaal, 2015.
Effects of vegetation on flow and sediment
transport: comparative analyses and validation
of prediction models. Earth Surf Proc Land
40(157-176).
Wilson, C. A. M. E., 2007. Flow resistance models for
flexible submerged vegetation. J Hydrol 342(34):213-222.
Wilson, C. A. M. E., T. Stoesser, P. D. Bates & A. B. Pinzen,
2003. Open channel flow through different
forms of submerged flexible vegetation. J
Hydraul Eng-Asce 129(11):847-853.
Wu, F., 2007. Characteristics of flow resistance in
floodplain
with
non-submerged
rigid
vegetation. Asian and Pacific Coasts 2007:387390.
Wu, F., H. W. Shen & Y. J. Chou, 1999. Variation of
roughness coefficients for unsubmerged and
submerged vegetation. J Hydraul Eng-Asce
125(9):934-942.
Zhang, M. L., C. W. Li & Y. M. Shen, 2013. Depth-averaged
modeling of free surface flows in open channels
with emerged and submerged vegetation. Appl
Math Model 37(1-2):540-553.
Zong, L. J. & H. Nepf, 2010. Flow and deposition in and
around a finite patch of vegetation.
Geomorphology 116(3-4):363-372.

Plant growth model

4
Spatial pattern formation of macrophytes
in lowland rivers is governed by
species-specific plant-flow interactions
and growth strategies
Veerle Verschoren, Christian Schwarz, Jonas Schoelynck, Germain Antoine,
Nicolas Claude, Patrick Meire and Stijn Temmerman

65

Chapter 4

Abstract
The presence of macrophytes in lowland rivers has strong spatial and temporal
variations, and therefore impacts the ecological functioning of these systems. In this
study we investigate the role of species specific growth strategies and plant-flow
interactions on the spatial distribution of vegetation at reach scale. This was done by
monitoring the vegetation patterns in two lowland rivers in Belgium and by the
development of a 2D plant growth model. This model simulates spatial pattern
formation of macrophytes and is coupled with the hydrodynamic model TELEMAC-2D to
account for plant-flow interactions. We focus on three species with distinct properties.
Our results show that Callitriche spp. creates the most heterogeneous vegetation pattern
with clearly delineated patches alternating with bare soil; Potamogeton natans forms the
most continuous vegetation pattern by occupying the complete river bed; and
Sparganium emersum leads to an intermediate vegetation pattern. Comparison with our
coupled plant growth-hydrodynamic model shows that these three different spatial
patterns are caused by species-specific differences in (1) the intensity of plant-flow
interactions and (2) growth strategies. (1) Callitriche has the highest wetted plant
surface area and therefore creates the highest interaction with the water flow with
strong flow acceleration adjacent to the patch. This prevents the species to occupy the
complete river bed. In contrast, P. natans has a low wetted plant surface area and has
limited effect on the flow velocity around vegetation patches. Hence the complete river
bed can be occupied by this species. (2) In addition, the dominant strategy of Callitriche
to occupy bare sediment is via the establishment of plant fragments. The spatial
expansion of vegetated areas is less important. While the opposite strategy is found for
P. natans, with the spatial expansion of vegetated areas dominating over the
establishment of new patches. Since the functioning of vegetated lowland rivers depends
on the spatial distribution of macrophytes, it is necessary to understand the mechanisms
that steer these differences vegetation patterns in lowland rivers.
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4.1 Introduction
The functioning of aquatic ecosystems is to a great extent influenced by the presence of
aquatic vegetation, also called macrophytes (Bornette and Puijalon 2011; O'Hare 2015;
Old et al. 2014). Macrophytes deliver food to higher trophic levels (Gross 2001;
Lauridsen et al. 1993), provide habitats and refuges for invertebrates and vertebrates
(Dvorak and Best 1982; Martin et al. 2005) and strongly influence biochemical cycles in
aquatic ecosystems (Jeppesen et al. 1998; Marion et al. 2008). Through their aboveground structures they are also able to directly influence water flow by modifying the
current velocity (O'Hare 2015), change transport and mixing processes (Sukhodolova et
al. 2006) and promote sediment trapping and associated nutrients (Chambers et al.
1991; Cotton et al. 2006; Madsen et al. 2001; Sand-Jensen 1998).
Submerged macrophytes are typically abundant in lowland streams (e.g. Biggs 1996;
Clarke 2002; Flynn et al. 2002). In temperate mid-latitude climate zones, their presence
is highly variable in both space and time. Clear annual cycles in biomass are observed
with abundant plant growth in spring and summer, reaching peak biomass in at the end
of the summer (Clarke 2002; Nielsen et al. 1985). This is followed by die-off in colder
months where the above-ground biomass nearly completely disappears (Battle and
Mihuc 2000; Menendez et al. 2003). The spatial distribution of macrophytes at peak
biomass ranges from uniform patterns to patchy patterns, dominated by a single species
to multi species assemblages (Wiegleb et al. 2014). It was previously shown that the
functioning of river ecosystems is not influenced by the presence of macrophytes alone,
but also by their spatial distribution (Schoelynck et al. 2012). The hydraulic resistance is
mostly affected by the cross-sections with the highest vegetation cover (Green 2005a).
Increased hydraulic resistance reduces the conveyance capacity of the river and can
increase flooding risks at high discharge (Asaeda et al. 2010; Pitlo and Dawson 1990). In
addition, the spatial flow field shows less variation in a river with a uniform vegetation
pattern compared to a patchy vegetation pattern (Cotton et al. 2006) which affects
morphological processes (Gurnell et al. 2006; Hey 1988; Lichter and Klein 2012),
chemical conversion of nutrients and pollutants (Lightbody and Nepf 2006; Seitzinger et
al. 2006), and habitat availability for invertebrates and vertebrates (Bell et al. 2013;
Tokeshi and Pinder 1985). Therefore it is necessary to understand the mechanisms that
steer the different vegetation patterns in lowland rivers.
Previous literature suggests that macrophyte growth is the net result of growth
processes, regulated by available resources, and die-off processes, controlled by
disturbances (Biggs 1996; Grime 1977). The resources consist of light, nutrients
(carbon, nitrogen, phosphorus), temperature and soil characteristics (Biggs 1996;
Gurnell et al. 2012). The disturbances include physical disturbances such as temporal
variations in hydraulics (sudden changes in flow velocities, turbulence and bed erosion)
and spatial variations in hydraulics (local variation in flow velocities, turbulence and
bed erosion), biotic disturbances such as grazing by invertebrates and vertebrates
(Biggs 1996; Bornette and Puijalon 2011) and plant competition and succession (Grimm
and Fisher 1992), and anthropogenic disturbances such as mowing (Bal and Meire 2009;
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Old et al. 2014). However, much less is known about the processes that contribute to the
spatial pattern formation of macrophytes compared to the temporal growth. Previous
studies suggest that plant-flow interactions are decisive, these are interactions between
aboveground plant structures, such as stems and leaves, and the water flow (Chambers
et al. 1991; Gurnell et al. 2012; Riis and Biggs 2003). Other explanations include distinct
growth strategies of macrophyte species in terms of establishment and expansion mode
(Wiegleb et al. 2014), or dispersal manner (Riis et al. 2001). Whilst others attribute
specific vegetation patterns to the spatial variability of abiotic conditions that determine
growth such as water depth (Bornette and Puijalon 2011; Riis and Biggs 2003) and
sediment stability (Schutten and Davy 2000) or to the occurrence of single disturbance
events (Riis and Biggs 2003) or weather extremes (Bunn and Arthington 2002). The
focus of this paper is specifically studying the role of plant-flow interactions and distinct
growth strategies on spatial pattern formation.
First, plant-flow interactions lead to reduced flow velocity within the vegetation patch
resulting in a locally less stressful environment, which potentially induces a positive
feedback on plant growth locally within vegetation patches (Schoelynck et al. 2013).
However, as vegetation patches obstruct the flow, this also leads to flow deviation and
increased velocity adjacent to vegetation patches (Green 2005b; Sand-Jensen and Mebus
1996), creating a negative feedback inducing increased plant stress, which results in
reduced to zero growth adjacent to vegetation patches (Schoelynck et al. 2013). These
so-called scale dependent feedbacks consist of a short-ranged positive feedback within
the patch, and a long-ranged negative feedback adjacent to the patch (Rietkerk and Van
de Koppel 2008). The patch size and density of the organism must exceed a threshold
value to sufficiently impact the flow velocity and induce these scale dependent
feedbacks (Bouma et al. 2009). In addition, the magnitude of these scale dependent
feedbacks depends on species-specific morphology (Bouma et al. 2013; Chapter 3)). The
plant surface area is a common feature to quantify the density of vegetation in relation
to the reduction of flow velocity (Aberle and Jarvela 2013; Jalonen et al. 2013; Wilson
2007).
The second process of interest is the species-specific growth strategy. Literature
distinguishes between three different growth strategies for macrophytes (Wiegleb et al.
2014): (i) facultative wintergreen growth habit in combination with effective means of
vegetative reproduction, i.e. new biomass is formed during winter, (ii) strong
maintenance traits like rhizomes, (iii) short-life span in combination with seed
production. Many aquatic plants reproduce both vegetative and sexual, which leads to
differences in initial growth performance and response to environmental conditions
(Sand-Jensen et al. 2000). The establishment of new plants can be initiated by
reproduction via seeds, propagules and plant fragments (Barrat-Segretain et al. 1998;
Barrat-Segretain et al. 1999; Henry and Amoros 1996). The spatial expansion of
vegetated areas is related to the formation of rhizomes and tubers (Wiegleb et al. 2014).
The presence of primary colonizers facilitates the rapid establishment of other plants
that can in turn speed up the development of vegetated landforms (Gurnell et al. 2016).
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In order to investigate the importance of the above-described scale-dependent plantflow interactions and growth strategies on spatial pattern formation of macrophytes in
rivers, we developed an idealized model approach that simulates spatial pattern
formation as a result of species-specific plant-flow interactions and growth strategies.
The simulated spatial patterns are compared with field observations. Species-specific
plant-flow interactions are modelled following the approach of (Chapter 3), where the
calibration of the plant-flow interaction is done. Species-specific growth properties are
simulated in our model by including four key processes: (i) establishment of new plants,
(ii) spatial expansion of vegetation patches, (iii) temporal increase in biomass, (iv)
plant-flow interaction, i.e. disturbance due to breakage or uprooting of the canopy and
growth inhibition by hydrodynamic forces (see section material and methods for
details).
We focus on three target species with contrasting magnitude of plant-flow interactions
and distinct growth strategies. We hypothesize that the spatial pattern formation of the
species with the densest canopy, Callitriche spp., is most strongly influenced by plantflow interactions resulting in the highest magnitude of scale-dependent feedbacks
creating the most discontinuous, patchy vegetation pattern. Potamogeton natans (L.) is
the species with the most open canopy, resulting in less pronounced plant-flow
interactions and therefore expected to form a continuous vegetation pattern by
occupying the complete river bed. The intermediate dense species, Sparganium emersum
(Rehmann), is expected to create an intermediate vegetation pattern. Following
research questions are addressed in this paper through the combination of field
measurements and numerical modelling:


Does the spatial distribution of the vegetation at reach scale in the field depends
on the plant characteristics of the dominant species?



What is the relative importance of scale dependent feedbacks, governed by plantflow interactions, and plant growth strategies on the spatial distributions of
vegetation at reach scale?



What is the effect of the complexity of the flow field on the spatial distribution of
vegetation?

4.2 Materials and methods
4.2.1 Species description
The magnitude of the scale dependent feedback as well as growth strategies strongly
differ between individual macrophyte species, therefore we focus in this study on three
species with contrasting properties: Callitriche spp., Sparganium emersum and
Potamogeton natans (Fig. 4.1).
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Callitriche
In this study Callitriche spp. represents three species with a similar growth form:
Callitriche obtusangula (Le Gall), Callitriche platycarpa (Kütz) and Callitriche cophocarpa
(Sendtn.). The main growth properties are summarized in Tab. 4.1. This submerged
macrophyte has multiple apical meristems, which enable the establishment of new
individuals by detached plant parts (Arber 1920; Sculthorpe 1967). Regrowth from
detached plant fragments of C. platycarpa was the most important mechanism to
recolonise bare sediment (BarratSegretain and Amoros 1996). This was also found for C.
cophocarpa, 90 % of the new established plants were derived from shoots whereas the
sprouting of seeds is restricted to 10 % (Sand-Jensen et al. 1999). Seed formation ranged
between less important to important for C. platycarpa and C. obtusangula, respectively
(Wiegleb et al. 2014). The number of seeds per individual is around 200 (Boedeltje et al.
2003). So both sexual and vegetative reproduction are present. This species has a
deciduous strategy by losing its summer branches for hibernation. The plant invests
mainly in aboveground biomass, while only limited energy is used to form hibernation
organs like rhizomes and stolons (Wiegleb et al. 2014). Rhizomes and stolons are plant
parts that are used for energy storage and reproduction respectively under- and
aboveground. The relative growth rate is around 0.065 ± 0.01 g g-1 d-1 (Madsen et al.
2001). The areal expansion of vegetation patches was between 1.00-1.65 cm d-1. The
areal cover over a reach of 200 m reached an upper limit of 70 % under optimal light
and temperature conditions (Sand-Jensen et al. 1999), main limitations for further
expansion were attributed to high flow velocities. C. platycarpa has an avoidance
strategy to cope with high flow velocities by minimizing the drag force exerted on a
single shoot (Puijalon et al. 2011; Schutten and Davy 2000). The plant encountered a
relatively low drag force of 0.06 N at a flow velocity of 0.8 m s-1 and has a relatively low
breaking force of 1.2 N at shoot scale (Puijalon et al. 2011). Although its avoidance
strategy at shoot scale, its impact on the water velocity at patch scale is the largest
compared to the other species of this study. This is due to the high density of the canopy
with a wetted plant surface area of 43.9 m2 m-2 at peak biomass (Chapter 3). This strong
interaction with the water flow was also found by Sand-Jensen and Mebus (1996), dense
stands of C. cophocarpa decreased the stream velocity up to a factor 11 compared to the
incoming velocity. And in a laboratory flume experiment C. platycarpa had the strongest
impact on the flow velocity of five species including P. natans (Bal et al. 2011).
Sparganium emersum
Sparganium emersum is also a submerged macrophyte. However, this species has a high
morphological plasticity, it forms only submerged leaves at locations with high stream
velocity whereas emergent leaves are formed at slow flowing locations (SagovaMareckova et al. 2009). An overview of the main growth properties is given in Tab. 4.1.
The relative importance of sexual and vegetative reproduction is highly variable and
depends on local hydrodynamic conditions, i.e. flowers are only formed on emerged
leaves. On sites with relative high flow velocities (0.26-0.55 m s-1) leaves are prevented
to emerge from the water limiting their capability to form seeds (Pollux et al. 2007)
making vegetative reproduction the most important strategy. As reported in other
70

Plant growth model

studies, however, seed formation was regularly present in lowland rivers with a flow
velocity between 0.2 and 0.6 m s-1 (Wiegleb et al. 2014) making sexual reproduction
more important. Around 3000 seeds are produced per 0.25 m2 of plant (Boedeltje et al.
2003). A transplantation experiment revealed the vegetative regeneration capacity of
five different plant fragments and of the whole plant (Barrat-Segretain et al. 1998). Only
the above-ground plant parts and the whole plant had a survival rate above 60 % after
ten weeks and were able to root in the sediment. None of the fragments developed
propagules. Similarly, Wiegleb et al. (2014) didn’t observe the formation of vegetative
reproduction organs like tubers and plant fragments. Therefore, the main survival
strategy is a combination of spatial expansion of vegetated zones and dispersion by
seeds. This strategy is linked to the relatively deeply anchored rhizome system (6 cm
under the river bed), which prevents the plant from uprooting (Barrat-Segretain et al.
1998) and basal meristem at the same location, which enable the plant to regrow when
its meristem is retained after cutting (Nielsen et al. 1985; Sand-Jensen 1998). Rhizomes,
rhizome fragments and seeds are the most important plant traits for colonization of new
habitats (Barrat-Segretain et al. 1998). The increase of biomass measured by the relative
growth rate ranges from 0.04 to 0.06 g g-1 d-1 (Nielsen et al. 1985). The maximal
vegetation cover was 80 % for a reach dominated by S. emersum (Wiegleb et al. 2014).
This relative high vegetation cover can be due to a relative low interaction with the
water flow, e.g. no significant decrease was found for the stream velocity within S.
emersum patches and the incoming velocity (Sand-Jensen and Mebus 1996) and the
wetted plant surface area of 8.5 m2 m-2 at peak biomass, is 4 times lower than Callitriche
spp. (see material and methods). The drag force exerted on a single shoot at a flow
velocity of 0.8 m s-1 is 0.025 N and the breaking force is 3.88 N (Puijalon et al. 2011)
Potamogeton natans
Potamogeton natans is a heterophyllous species with floating and submerged leaves.
The plant morphology, growth strategy and plant-flow interaction are given in Tab. 4.1.
Multiple apical meristems are situated on the tops of the shoots (Cavalli et al. 2014).
This species has rhizomes with short internodes and horizontal growth of rhizomes
results in spatial expansion and enlargement of the vegetated zones (Wiegleb and Brux
1991; Wiegleb et al. 1991). So increase in vegetation cover is mainly attributed to
clonally connected shoots rather than the establishment of new individuals on bare
sediment (BarratSegretain and Amoros 1996). Rhizomes are formed from basal buds
and were observed on all plants (Wiegleb et al. (2014). The formation of tubers and
plant fragments is often present (Wiegleb et al. 2014). Seed formation was classified as
important for the sexual reproduction (Wiegleb et al. 2014), around 1000 seeds are
produced per 0.25 m2 of plant (Boedeltje et al. 2003). The relative growth rate is 0.04 ±
0.005 g g-1 d-1 (Madsen et al. 2001). The maximal spatial cover at reach scale is 50 %
(Wiegleb et al. 2014). At the patch scale, P. natans had a smaller effect on the incoming
flow velocity compared to C. platycarpa (Bal et al. 2011), due to its low wetted surface
area of 8.5 m2 m-2 at peak biomass (Chapter 3). At the scale of an individual shoot a
relatively high drag force of 0.13 N is exerted at a stream velocity of 0.8 m s -1 and the
species has a rather strong tissue with a breaking force of 8.04 N (Puijalon et al. 2011).
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Table 4.1: Morphology, growth strategy and interaction with the water flow is given for the three target
species

Reference
Establishment of new patches
Vegetative reproduction Wiegleb et al. (2014)
(e.g. tubers, fragments) Pollux et al. (2007)
Sexual reproduction
(seed formation)
Number of seeds
Temporal growth
Location of meristem
Number of meristems
Growth rate (g g-1 d-1)
Spatial expansion
Clonally connected
structures
(e.g. rhizomes and
stolons)
Clonally not connect
structures (e.g. tubers,
fragments)
Plant-flow interaction
Wetted plant
surface area (m2 m-2)
Breaking force (N)

Callitriche spp.

S. emersum

P. natans

sometimes
present

sometimes
present

sometimes to
always present
200
per individual

never to
sometimes
present
always
present
3000
per 0.25 m2

Sculthorpe (1967)
BarratSegretain and
Amoros (1996)
Sculthorpe (1967)
BarratSegretain and
Amoros (1996)
Nielsen et al. (1985)
Madsen et al. (2001)

apical

basal

apical

multiple

single

multiple

0.065 ± 0.01

0.04 - 0.06

0.04 ± 0.005

Wiegleb et al. (2014)

never
present

always
present

always
present

Wiegleb et al. (2014)

sometimes
present

never
present

sometimes
present

Chapter 3

43.9 ± 20.4

8.5 ± 5.2

8.5 ± 3.5

Puijalon et al. (2011)

1.21

3.88

8.04

Wiegleb et al. (2014)
Boedeltje et al. (2003)

always
present
2000
per 0.25 m2

Figure 4.1 : The three target species of this study are shown with decreasing magnitude of plant-flow
interactions (a) Calltriche sp, (b) Sparganium emersum and (c) Potamogeton natans. Photos Jonas
Schoelynck (a and c) and Veerle Verschoren (b).
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4.2.2 Field measurement
Study site
For each species a reach of 100 m is selected in a lowland river where this species is
dominant in August (>50 % of the vegetation cover consists of this species) (Fig. 1.4a).
Callitriche spp. and S. emersum were monitored in the Zwarte Nete in 2012 and 2013,
respectively. The Zwarte Nete has an average width of 4.4 m, a discharge between 0.20
to 0.30 m3 s-1, which corresponds to mean water velocities of 0.10 to 0.20 m s-1 in the
growth season, April to August. A reach in the Desselse Nete is chosen to map the
location of P. natans in 2013. The Desselse Nete is a slightly larger river with an average
width of 5.4 m and mean discharge of 0.30 to 0.40 m3 s-1, which results in mean water
velocities of 0.15 to 0.25 m s-1 in the growth season. Both rivers are classified as lowland
rivers with an average bottom slope of 0.0014 m m-1. The sandy sediment bed has a
median grain size of 167 and 189 µm for Zwarte Nete and Desselse Nete, respectively.
The water quality is good with nutrient concentrations ranging between for 0.08-0.40
NH4+ mg L-1, 0.53-2.00 NO3- mg L-1, 0.01-0.2 PO43- mg L-1, 4.3-10.5 O2 mg L-1 for both
rivers (geoloket.vmm.be, 2013-2016).
Vegetation mapping
The location of the vegetation patches was mapped monthly from April to August in
each reach. We used a digital single-lens-reflex camera (Nikon D300s DLSR) with a wide
angle lens (Tokina AT-X 116 Pro DX, 11-16mm, F2.8) mounted on a handheld telescopic
pole (details are found in Chapter 2). Each image covers an area of 6 by 10 m. Twenty to
thirty low-altitude (5 m) orthogonal aerial images were collected to cover the entire
reach. The images are stitched to obtain one image mosaics per reach and per month by
using the software Autopano Giga (v. 3.0, Kolor, Francin, FR). The image mosaics are
georeferenced, followed by the manual delineation of all vegetation patches using
ArcGIS (v. 10.1, ESRI Inc, Redlands, USA). This results in 5 monthly vegetation maps per
species.
4.2.3 Numerical simulations
The two dimensional depth-averaged hydrodynamic model TELEMAC-2D (Hervouet
2007) is used. The flow field depends on the hydraulic resistance created by the
vegetation Chapter 3. The hydrodynamic model is extended with a two dimensional
plant growth model to simulate the spatio-temporal growth of macrophytes based on
their scale dependent feedbacks.
Hydrodynamic model
The hydrodynamic model TELEMAC-2D (Hervouet 2007) is used to simulate the water
depth and flow velocity in the longitudinal and lateral direction. This model solves the
shallow water equations using a finite element method. A constant viscosity turbulence
model is used with a velocity diffusivity of 0.0001 m2 s-1. The bottom roughness is
represented by a Chézy coefficient. For bare nodes, a Chézy coefficient of 50 is used,
which is common for a sandy river bed. A modified Chézy coeffiicent is calculated by the
model for vegetated nodes to account for the effect of the submerged aquatic vegetation
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on the water flow. The equation for the modified Chézy coefficient is developed in
Chapter 3, as well parameter values for Callitriche spp., P. natans and P. pectinatus are
calibrated and validated in the same study. The representative Chézy coefficient is
described by Eq. 4.1:
(Eq. 4.1)
The first term of Eq. 1 represents the hydraulic resistance of the river bed and the
vegetation canopy. The second term of Eq. 1 characterises the hydraulic resistance of the
vegetation-free zone above the vegetation canopy. The Chézy coefficient for the bed
roughness, Cb, is 50 m1/2 s-1, the gravitational acceleration, g, equals 9.81 m2 s-1 and the
Von Kármán constant, κ, has a value of 0.4. The water depth, h (m), is calculated on
every node. The plant parameters are: the wetted plant surface area, AW (m2 m-2), the
bulk drag coefficient, CD’ (-). The flow velocity on the vegetative gridcell is used instead
of the incoming flow velocity to calculate the deflected vegetation height, ku (m).
Table 4.2: The plant parameters, symbols and units to calculate the representative Chézy coefficient is
given, with B (g m-2) biomass, Bmax (g m-2) maximal biomass, L (m) length of a shoot, L max (m) maximal
length of a shoot, UV (m s-1) velocity, α (°) bending angle. Parameter values are separately given for
Callitriche and P. natans (values from Chapter 3. The parameter values of S. emersum are obtained by:
bending angle (value derived from Puijalon et al., 2011), wetted plant surface area (field measurements
2013), experimental drag coefficient (assumed to be equal to P. pectinatus in Chapter 3).

Species

Vegetation
length

Callitriche spp.

Deflected
vegetation
height
ku (m)
LC*sin (α)

S. emersum
P. natans

L (m)

Bending
Angle
α (°)
5.6*UV-0.53

Wetted
plant
surface area
AW (m2 m-2)
B*0.181

Bulk drag
coefficient
CD` (-)
0.034 ± 0.003

LSe*sin (α)

19.9*UV-0.58

B*0.077

0.054 ± 0.004

LPn*sin (α)

8.7*UV-0.60

B*0.045

0.049 ± 0.004

Plant-growth model
The aim of our model is to investigate the importance of plant-flow interactions and
growth strategies on pattern formation at reach scale in nutrient rich lowland rivers.
Therefore we address four relevant processes; (i) the establishment of new patches, (ii)
the increase of biomass over time, (iii) the spatial expansion and (iv) the interaction
with the water flow by a negative feedback. The latter process accounts for breakage or
uprooting of the canopy or growth inhibition by hydrodynamic forces. A schematic
overview of the link between the four processes is given in Fig. 4.2. The state variable of
the plant growth model is biomass, B (g m-2). Each time step the biomass is converted to
the vegetation length, L, based on the biomass, maximal biomass, Bmax, and maximal
vegetation length, Lmax (Tab. 4.2). The wetted plant surface area, Aw, is calculated by
multiplying the biomass with a species-specific conversion factor (Tab. 4.2). Then, the
representative Chézy coefficient is calculated using Eq. 1. In this way the plant growth
model is coupled every time step with the hydrodynamic model. A fixed time step of 0.2
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s is used for the hydrodynamic and plant growth model. This time step meets the
Courant-Friedrichs-Lewy condition for numerically convergence. We simulate the
growth of vegetation for one growth season, 150 days. The change in state variable of
the plant growth model (B) is much lower than changes in the state variables of the
hydrodynamic model (U, V, h). Therefore a comparable approach as the morphological
factor is applied (Roelvinck 2006; Ranasinghe et al., 2011). A vegetation factor of 100
magnifies the changes in biomass in the plant growth model with a factor 100 each time
step. This reduces the total number of time steps with 100. So the computational cost is
reduced while keeping the accuracy of the model.
The equation, parameters, symbols, units and parameter values for the four processes
are given in Tab. 4.3. The main assumptions and parameter estimation per process are
given below. First, a sensitivity analysis is performed to select the best set of parameter
values per species. This is done in a model domain consisting of a straight channel and
corresponding simple flow field. Second, the selected parameter values are used in more
complex model domains to investigate the effect of geomorphology of the river.

Figure 4.2: The four processes included in the plant growth model are schematically represented, with
the total flow velocity, UV, the critical flow velocity UVcrit, the minimal biomass, Bmin, the initial biomass,
Bini, the establishment chance, Pest, random number between 0 and 1, P. The biomass, B, is updated each
time step at each node and is given in white squares. The biomass at the start of a time step and at the
start of the consecutive time step is given by Bt and Bt+1, respectively. The arrow indicates the relative
difference between Bt+1 and Bt, with an increase and decrease of the biomass indicated with an upward
and downward arrow, respectively. No arrow means that the biomass remains the same. The conditions
are given in grey ovals.

75

Chapter 4
Table 4.3: Overview of the plant growth model with biomass, B, as state variable. The plant growth is simulated including four processes. For each process the
equation, parameters, symbols and units are given. Parameter values are separately given for Callitriche, S. emersum and P. natans. Stream wise velocity, U, crosssectional velocity, V, and water height, h, are calculated in the hydrodynamic model.

Process
Establishment
of new patches

Equation

Spatial
expansion

Unit

Calltriche spp.

S. emersum

P. natans

Establishment chance

Pest

s-1

1.4*10-5

1.4*10-5

1.4*10-5

2.8*10-5

2.8*10-5

2.8*10-5

5.6*10-5

5.6*10-5

5.6*10-5

Initial biomass

Bini

g m-2

10

10

10

Minimal biomass

Bmin

g m-2

10

10

10

Growth rate

r

s-1

15*10-7

15*10-7

15*10-7

Maximal biomass

Bmax

g m-2

240

202

174

K

m2

1*10-9

1*10-9

1*10-9

3*10-9

3*10-9

3*10-9

10*10-9

10*10-9

10*10-9

0.216

0.216

0.216

0.252

0.252

0.252

0.288

0.288

0.288

Diffusion coefficient

Critical velocity

UVcrit

s-1

m s-1

if
State variable

Biomass

B

g m-2

-

-

-

State variable

Water depth

h

m

-

-

-

State variable

Stream wise velocity

U

m s-1

-

-

-

State variable

Cross-sectional velocity

V

m s-1

-

-

-

Total velocity

UV

m s-1

-

-

-

Coordinates of the node

x, y

m

-

-

-

Model parameter
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Symbol

if B < Bmin

Temporal
growth

Plant-flow
interaction

Parameter

Plant growth model

Establishment of new patches
The establishment chance of new patches is assumed to be uniformly randomly
distributed over the model domain. This assumes there is no pre-existing spatial pattern
in resource limitation or stress present at the start (t0). This is in accordance with the
objective of our modelling exercise, to test if we can simulate spatial pattern formation
for the three macrophyte species as a result of plant-flow interactions and growth
strategies. Establishment of new vegetation is only possible at bare nodes where the
biomass is less than the minimal biomass (Bmin) and the water depth higher than 0.02 m.
During the simulation of one growth season the establishment chance is constant but
the number of new established patches decreases since the number of bare nodes
decreases. A range of realistic values for the establishment chance is estimated based on
field measurements. And a sensitivity analysis is done to test its effect on the resulting
spatial vegetation patterns. The vegetation maps based on field observations are used to
count the number of vegetation patches. A patch consists of multiple individual plants
and due to the connection of multiple plants to one patch, the number of patches can
decrease in the field observations. This is mainly observed at the end of the growth
season. Hence, the establishment chance (Pest) is calculated as the number of patches in
July divided by the time since the start of growth season (90 days). This is 2.4*10-5 and
3.0*10-5 s-1 for Callitriche spp. and S. emersum, respectively. For P. natans it is more
difficult to estimate the establishment chance since the whole river is relatively fast
occupied by vegetation (75% cover within one month) and the connection of individual
plants occurs within this time frame. Therefore, the same range of values is used as for
the two other species. So, the establishment chance in the numerical model varies
between 1.4*10-5 and 5.6*10-5 s-1 (Tab. 4.3), this is equivalent to 0.1 to 0.3 new patches
m-2 per month. These values are similar to the number of new patches m-2 of C.
cophocarpa per month; 0.5-1.1 m-2 (Sand-Jensen et al. 1999).
Temporal growth
Once a new patch has established with an initial biomass on a node in the model domain,
the temporal increase in biomass at that node is described by logistic growth up to a
maximal biomass (Tab. 4.2). Previous numerical models implemented the same
equation to simulate the growth of salt marsh vegetation (Temmerman et al. 2007) and
riparian and instream aquatic vegetation (Gurnell et al. 2012). We assume no nutrient,
light or temperature limitation on the growth rate of the plants. In addition, we don’t
include influence of the stream velocity on the growth rate. Field measurements were
performed in the Zwarte Nete and Desselse Nete from April to August 2013 to estimate
the increase of the biomass. Monthly, three replicas per target species were sampled by
manually removing the aboveground vegetation in a quadrant of 0.5 m x 0.5 m that was
placed upon a monospecific vegetation patch. The samples were oven dried (at 70° C for
48 h) and weighed afterwards (dry weight, DW). The maximal biomass, Bmax, is the
biomass measured in August and is determined per species (Tab. 4.2). The relative
growth rate 15*10-7 s-1 for the three target species. This results in a R2 between 0.84 and
0.89, 0.62 and 0.92, 0.50 and 0.64 for Callitriche, S. emersum and P. natans respectively.
The variation for one species depends on the diffusion coefficient.
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Spatial expansion
The spatial expansion of vegetation patches is simulated by spatial spreading of plants
from existing patches. A certain part of the biomass on one node is allocated to the
neighbouring nodes (Fig. 4.2), the amount of allocated biomass is a function of the
biomass differences between the central and neighbouring nodes. It is a large
assumption to represent the real spatial expansion of plants by a diffusion equation, but
this approach was already successfully used by Temmerman et al. (2007) for the spatial
growth of marsh vegetation. Another reason to use the diffusion equation is that it is
already implemented in TELEMAC-2D to represent tracer and suspended sediment
transport. The range of values for the diffusion coefficient is estimated based on field
measurements. A sensitivity analysis is done to its the effect on the resulting spatial
vegetation patterns. We assume that the plant-flow interaction is negligible until June
since the biomass is still relatively low. The vegetation cover based on field observations
in June is 5.0, 14.0 and 79.8 % for Callitriche, S. emersum and P. natans, respectively. The
vegetation cover in June, after 70 days simulation, should comprise the same range of
vegetation covers obtained by the field observations. The values of the diffusion
coefficient in the model are determined in combination with the establishment chance
and without the presence of a negative feedback. A diffusion coefficient of 1*10 -9 m2 s-1
in combination with an establishment chance of 1.4*10-5 s-1, results in the smallest
vegetation cover of 1.6 %. Whereas a diffusion coefficient of 10*10-9 m2 s-1 in
combination with an establishment chance of 5.6*10-5 s-1, gives a vegetation cover of
71.8 %. The range of values of the diffusion coefficient is therefore set between 1*10-9
and 10*10-9 m2 s-1 (Tab. 4.3).
Plant-flow interaction
Once a predefined critical velocity is exceeded vegetation patches can’t expand further
and existing vegetation disappears in the respective nodes. The amount of vegetation
which disappears is set to be proportional to the total amount of biomass on that node.
Similarly, other studies used a threshold elevation (Larsen and Harvey 2011) or
threshold shear stress (Temmerman et al. 2007) to implement the removal of vegetation
due to disturbance in numerical models. The critical velocity (UVcrit) is estimated based
on field measurements and a sensitivity analysis is done to test its effect on the resulting
spatial vegetation patterns. Field measurements were performed in the Zwarte Nete and
Desselse Nete in August 2015 when the vegetation reached its maximal biomass. The
flow velocity and water depth were measured along three cross-sections per target
species (Fig. 4.3 and 4.10). The water depth was measured with an interval of 0.5 m
along the cross-sections and an accuracy of 1 cm. The flow velocity was measured with
an electromagnetic flow meter (Valdeport, Totnes, UK) during 30 s at the same
locations. The depth interval was 10 cm and the flow velocity is averaged over the
vertical to obtain the depth-averaged velocity every 0.5 m. The depth-averaged velocity
was divided by incoming velocity to account for the difference in discharge between
both rivers. Based on these field measurements, the values of the critical velocity in the
numerical model are defined. The UVcrit/UVin ranges between 1.2 and 1.6, therefore the
UVcrit is 0.216, 0.252 and 0.288 m s-1 (Tab. 4.3).
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Figure 4.3: All data are obtained by field measurements, see text for details. The depth-averaged velocity
(U) divided by the incoming velocity (Uin) is plotted along a cross-sectional transect, grey squares with
grey lines. The incoming velocity is 0.12 m s-1 in the transect of Callitriche spp. and S. emersum, and 0.26 m
s-1 for P. natans. The depth of the water column is shown at the same locations, black diamonds with black
lines. The presence of vegetation is added in colour bars: Callitriche spp. (orange), S. emersum (red), P.
natans (green), riparian vegetation (black), other submerged macrophyte species (grey) and bare soil
(white).

Model domain
A straight channel with a simple spatial flow field is used to perform the sensitivity
analysis. The model domain has a width of 4 m and a length of 100 m. Due to the lower
hydraulic resistance of a straight channel compared to a meandering channel, a lower
bottom slope of 0.0008 m m-1 is applied. A reach of 10 m is added upstream and
downstream of the model domain to minimize the boundary effects and no vegetation
growth is simulated in these parts. The internode distance is 0.1 m, which results in
41041 effective nodes and 8200 nodes at the upstream and downstream boundary. The
cross-section has a trapezoidal shape with sloping banks of 45°.We applied an upstream
boundary condition with a constant discharge of 0.25 m3 s-1 and a downstream
boundary condition with a constant water depth of 0.4 m. This corresponds to an
average flow velocity of 0.18 m s-1.
A model domain with the same plan form shape as the field site of S. emersum is used to
study role of plant-flow interactions and growth strategies on spatial pattern formation
of macrophytes. The domain compromises the reach of 100 and extra 20 m upstream
and downstream. It has an internode distance is 0.1 m, in total 62036 nodes. Two shapes
of cross-sections are used: a trapezoidal with sloping banks of 45° and the real
bathymetry of the field site measured in April 2013 in the study site of the Zwarte Nete
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and Desselse Nete (see Chapter 6 for details about the bathymetry measurements).
Similar boundary conditions as for the straight channel are applied; upstream with a
constant discharge of 0.25 m3 s-1, downstream water height of 20.15 m TAW which
equals a water depth of 0.6 m. The average velocity without vegetation is 0.18 m s-1. The
model settings are representative for the conditions in the studied lowland rivers.
4.2.4 Comparison observed and simulated vegetation patterns
The vegetation patterns obtained by field measurements and by numerical modelling
are compared. The effect of scale dependent feedbacks on spatial pattern formation is
primarily acting in the cross-sectional direction. Hence we analyse the observed and
simulated vegetation patterns using cross-sections perpendicular to the centre line of
the river. Cross-sections are drawn every 0.2 m over the entire reach of 100 m, in total
500 cross-sections per pattern. For the field measurements, we assume that the
vegetation pattern at peak biomass is dominated by the target species. Therefore, the
spatial pattern of all vegetation present in the reaches is used. Each cross-section is
divided into segments of 0.2 m, with each segment either vegetated or bare, based on
the vegetation maps. For the patterns obtained by the numerical model, a node is
classified as vegetated when the biomass exceeds the minimal biomass value (Bmin = 10
g m-2) or else as bare. So each cross-section is represented by a sequence of segments
being vegetated or bare. The division in segments along each cross-section is every 0.1
m for the simulated vegetation patterns in the straight channel. All analyses are
performed in ArcGIS (v. 10.1, ESRI Inc, Redlands, USA).
Three parameters are calculated to characterize the vegetation pattern based on the
segments (vegetated or bare) along each cross-section: blockage, relative width of the
widest patch and fractal dimension. First, the cross-sectional blockage measures the
lateral obstruction by the vegetation. The cross-sectional blockage is defined as the ratio
of the width of the vegetated segments to the total width of the cross-section. Second,
the relative width of the widest patch quantifies the spatial distribution of the
vegetation. It is calculated as the ratio of the width of the segments of the widest patch
to the total width of the cross-section. If the relative width of the widest patch equals the
cross-sectional blockage, then the vegetation consists of one continuous patch. Third,
the fractal dimension characterises the degree of patchiness (Li 2000). The fractal
dimension ranges between 1, for a homogeneous cross-section with all segments either
vegetated or bare, and 2, for a heterogeneous cross-section with a constant alteration of
vegetated and bare segments. The fractal dimension is estimated by the box counting
method. The box width, ε, decreases from 16 to 1. Each time the number of cells, N,
required to cover the curve is calculated. The fractal dimension is then the slope of the
plot: log(N) versus log(ε) (Gneiting et al. 2010). The sliding box technique is applied in
which a box of a given size is slid along the cross-section each time estimating the fractal
dimension.
To account for the autocorrelation between consecutive cross-sections, we calculated
the autocorrelation length of the blockage in vegetation pattern of August. The
autocorrelation function (ACF) ranges between 0 and 1, corresponding to no and high
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correlation between two consecutive cross-sections, respectively. The ACF is found to be
below the significance level of 0.1 after 4.8, 4.2 and 3.8 m for Callitriche spp., S. emersum
and P. natans, respectively. Therefore cross-sections are grouped per 5 m to have
spatially uncorrelated data, this results in 25 groups. From these 25 values the mean and
standard deviation is calculated for the blockage, relative width of the widest patch and
fractal dimension. The difference of these three parameters between the observed and
modelled vegetation pattern are tested with a Student’s t-test. All analyses are
performed with the program R (R Core Team 2014) version 3.2.0.

4.3 Results
First, we show the results of the field observations on spatial patterns of the target
species. Second, we investigate with TELEMAC-2D and the plant growth model whether
the differences between the observed patterns are the result of species-specific plantflow interaction and growth strategy.
4.3.1 Field observations
Callitriche spp. forms delineated patches which never occupy the whole cross-section of
the river (Fig. 4.4a). S. emersum forms long patches in the main flow direction (Fig. 4.4b),
due to connection of individuals plants. The position of this species is mostly in the
middle of the river. P. natans occupies the whole river bed (Fig. 4.4c). This happens very
fast due to connection of locations of individual plants and fast lateral expansion.
The average blockage for all cross-sections in August is 60.8 ± 13.2 % for Callitriche,
76.6 ± 10.2 % for S. emersum and 89.6 ± 4.0 % for P. natans (Fig. 4.5a). The lower values
of P. natans in July is due to mowing of the vegetation, indicated with an arrow in Fig.
4.5a-c. The impact of the mowing is limited since the cover reaches again a similarly high
value in August. The difference between the blockage and the maximal patch width
differs less than 5% for P. natans (Fig. 4.5a), which implies that the vegetation along a
cross-section mainly consists of one continuous patch. This is also reflected by values
around 1 for the fractal dimension for P. natans (Fig. 4.5c). Values close to 1 represent a
homogeneous cover, which is completely bare soil in April and nearly completely
vegetated in May, June and August. A more patchy pattern is observed for the reach
dominated by S. emersum. The maximal patch width is 15% and 12 % lower than the
blockage in July and August, respectively (Fig. 4.5b). The fractal dimension reaches a
maximum in July, 1.32, after which vegetated areas start to connect and the vegetation
pattern evolves to a more homogeneous cover with a fractal dimension of 1.19.
Callitriche spp. has the most discontinuous vegetation pattern of the three species
represented by the highest fractal dimension of 1.34 (Fig. 4.5c). The standard deviation
is a proxy for the variation and this is the largest for Calltriche spp. compared to S.
emersum and P. natans for the blockage, relative patch width and fractal dimension at
peak biomass in august. In addition, the biggest difference between the maximal patch
width and the blockage is found for Calltriche spp. (Fig. 4.5a).
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Figure 4.4: Plan view of the dominant species at peak biomass in August in three reaches of 100 m each,
(a) Callitriche spp. (orange), (b) S. emersum (red), (c) P. natans (green). The other species are indicated in
dark grey and the bare soil in light grey. The direction of the water flow is indicated with an arrow.

Figure 4.5: The monthly blockage, maximal patch width and fractal dimension is shown as a function of
time. Day 1 is the first day of the growth season and the peak biomass is reached at day 123. The three
target species are shown: (a) Callitriche spp. (), (b) S. emersum (▲) and (c) P. natans (). The study site
of P. natans was mowed between the June and July measurements, indicated with an arrow.

82

Plant growth model

4.3.2 Numerical simulations
The values for all parameters of the plant growth model are summarized per species in
Tab. 4.3. These values are based on field measurement of the same rivers and literature
(see section material and methods for details). A range of values instead of one value is
defined for three parameters; establishment chance, diffusion coefficient and critical
velocity. The sensitivity of these parameters is tested on the vegetation pattern after a
simulation of 150 days which is equal to the length of one growth season in the field. The
vegetation patterns obtained by the sensitivity analyses have a blockage between 22.3
and 100 %, a relative patch width of 19.4 and 100 %, these ranges coincide with the
variation observed in the field for the three species. The fractal dimension varies
between 1.00 and 1.14 for Callitriche spp. and therefore underestimate the
heterogeneity of the vegetation pattern observed in the field. The fractal dimension S.
emersum and P. natans covers the same range as the field observations (Fig. 4.6).
For each species the best simulation is selected for which the resulting vegetation
pattern in terms of blockage, relative patch width and fractal dimension resembles the
best the observed vegetation pattern (Tab. 4.4). For Callitriche, the simulation with a
high establishment chance, 5.6*10-5 s-1, low diffusion coefficient, 1*10-9 m2 s-1, and low
critical velocity, 0.216 m s-1, corresponds the best to the field observation. The blockage
and relative patch width fall within the range obtained by field observations. Only the
fractal dimension lays outside this range. The vegetation pattern and spatial flow field of
this simulation is shown in Fig. 4.7a. No vegetation is present close to the bank since the
water depth is below 0.02 m. The corresponding spatial flow field shows large variations
ranging between 0.0 and 0.32 m s-1. The growth strategy of S. emersum is modelled with
the same value for the establishment change as Calltriche spp., but a higher diffusion
coefficient, 3*10-9 m2 s-1 and higher critical velocity, 0.252 m s-1 (Tab. 4.4). The blockage,
relative patch width and fractal dimension fall within the variations observed in the
field. The vegetation pattern consists of connected vegetation patches with a velocity
around 0.05-0.15 m s-1 interspersed bare soil with velocities around 0.3-0.4 m s-1 (Fig.
4.7b). The field values of P. natans are characterised of by a relative uniform vegetation
pattern (Fig. 4.4) with a high blockage and low fractal dimension. A simulation with a
medium establishment chance, 2.6*10-5 s-1 in combination with a high diffusion
coefficient, 10*10-9 m2 s-1 and high critical velocity, 0.288 m s-1, results in the most
similar vegetation pattern between the simulation and field observation (Fig. 4.7c). The
vegetation completely occupies the river bed and slightly overestimate the blockage and
relative patch width. The matching spatial flow field has a uniform velocity around 0.18
m s-1, close to the (Fig. 4.7c).
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(a)

(b)

(c)

Figure 4.6: Blockage, patch width/width river, and fractal dimension for the model results after 150 days
in a straight river channel for (a) Callitriche spp., (b) S. emersum and (c) P. natans. The mean (horizontal
black line) and standard deviation (horizontal dashed line) of the field observations at peak biomass are
added for the respective parameter. Each numerical simulation is represented by one symbol in each plot,
in total 27 simulations. The influence of the critical velocity (UVcrit) is given on the x-axis. The value of the
diffusion coefficient (K) is represented by the colour of the symbol: black = 1*10 -9, grey= 3*10-9, white=
10*10-9 m2s-1. The magnitude of the establishment chance (Pest) is given by the shape symbol: circle =
1.4*10-5; triangle = 2.8*10-5; square = 5.6*10-8 s-1.

84

Plant growth model

Figure 4.7: Plan view of the model results for (a) Callitriche spp., (b) S. emersum and (c) P. natans. The
values of the input parameters are shown in Tab.4.4. For each species the biomass (upper panel) and
depth-averaged velocity (lower panel) are . The corresponding values of the colours are shown in the
legend. Note that the water depth is below 0.02 m at a distance of around 0.4 m from the banks and
therefore no vegetation is present in this area. The direction of the water flow is indicated with an arrow.
Table 4.4: For each species the simulation (with strait river channel as shown in Fig. 4.7) that reproduces
the best the vegetation patterns of the field is selected, and according input parameters are shown:
establishment chance (Pest), diffusion coefficient (K), critical velocity (UVcrit). The blockage, ratio of patch
width to river width, and fractal dimension of the field pattern and model output are shown. Significant
differences (p<0.05) are indicated with (*) between the observed and modelled vegetation pattern for the
three parameters.

Input parameters
Species

Source

Results

Pest

K

s-1

m2 s-1

UVcrit
m

s-1

Blockage

Patch width/

(%)

river width
(%)

Fractal
dimension
(-)

Callitriche.

Field

-

-

-

60.8 ± 13.2

36.7 ± 15.7

1.34 ± 0.08

spp

Model

5.6*10-5

1*10-9

0.216

50.2 ± 5.8*

29.6 ± 6.0*

1.11 ± 0.02*

S. emersum

Field

-

-

-

76.6 ± 10.2

64.6 ± 13.8

1.19 ± 0.08

Model

5.6*10-5

3*10-9

0.252

72.1 ± 9.8*

55.3 ± 16.8*

1.12 ± 0.04*

Field

-

-

-

89.6 ± 4.0

89.6 ± 4.0

1.02 ± 0.02

Model

2.8*10-5

10*10-9

0.288

100 ± 0.0*

100.0 ± 0.0*

1.00 ± 0.00*

P. natans
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4.3.3 Model domain
The effect of the spatial flow field is tested on the spatial pattern formation of
macrophytes. Therefore, the model domain has the same plan form shape as the study
site. Once a trapezoidal cross-sectional shape and once the real bathymetry of the river
is used (see 4.2.3 for information on the model domain). The growth model is run with
the parameter values obtained after the sensitivity analysis (Tab. 4.4). The vegetation
pattern and corresponding spatial flow field after 150 days of simulation are shown in
Fig. 4.8.

Figure 4.8: Plan view of the simulated biomass for (a) Callitriche spp., (b) S. emersum and (c) P. natans.
The values of the input parameters are shown in Tab.4. For each species the biomass (left panel) and
depth-averaged velocity (right panel) are presented, once for a model domain with a trapezoidal crosssection (upper panels) and once for the real bathymetry (lower panels). The corresponding values of the
colours are shown in the legend. The direction of the water flow is indicated with an arrow.

The blockage and relative patch width are higher in the simulations with meandering
model domains (Tab. 4.5) compared to the simulations in the straight channel (Tab. 4.4)
for Callitriche spp. and S. emersum. The opposite is found for P. natans. The model
domain with the real bathymetry has a slightly higher blockage and relative patch width
than vegetation patterns of the trapezoidal cross-section for the three species (Tab. 4.5).
The fractal dimensions obtained in the meandering model domains are similar to the
one of the straight channel, but always higher in the trapezoidal cross-section than in
the real bathymetry (Tab. 4.5). The relative patch width is in line with the field
observations while the blockage and fractal dimension are underestimated for
Callitriche spp. The simulations of S. emersum and P. natans represent well the field
observations, the blockage, relative patch width and fractal dimension are within the
range observed in the field.
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Table 4.5: For each species the simulation (for a meandering channel as shown in Fig. 4.8) that
reproduces the best the vegetation patterns in August of the field is selected. The according input
parameters are shown: establishment chance (Pest), diffusion coefficient (K), critical velocity (UVcrit). The
blockage, ratio of patch width to river width, and fractal dimension of the model output are given.
Significant differences (<0.05) are indicated with (*) between the observed and modelled vegetation
pattern for the three parameters.

Species

Shape of the
model domain

Callitriche

Trapezoidal cross-section

spp.
S. emersum
P. natans

(%)
62.5 ±11.1

Patch width/
river width
(%)
39.8 ± 11.2

Fractal
dimension
(-)
1.15 ± 0.03*

Real bathymetry

67.2 ± 10.1*

47.0 ± 11.4*

1.13 ± 0.03*

Trapezoidal cross-section

90.0 ± 10.9*

84.4 ±16.2*

1.10 ± 0.12*

Real bathymetry

91.0 ± 12.9*

80.6 ± 24.4*

1.08 ± 0.12*

90.5 ± 9.2

90.4 ± 9.3

1.04 ± 0.03*

95.7 ± 10.3*

95.6 ± 10.4*

1.01 ± 0.03*

Trapezoidal cross-section
Real bathymetry

Blockage

4.4 Discussion
Macrophytes form distinct spatial patterns in rivers. However, the mechanisms steering
this spatial pattern formation, and the role of species-dependent plant traits, are
relatively poorly studied. We focus in this paper on the role of species-specific intensity
of plant-flow interactions and distinct growth strategies on spatial pattern formation at
river reach scale. The spatial distribution of the vegetation is mapped in three reaches,
each dominated by a different species. First, we found that distinct spatial vegetation
patterns are observed in the field depending on the dominant species. Comparison of the
observed patterns with our model simulations for a straight channel, shows that the
spatial pattern depends on species-specific intensity of the plant-flow interaction and
growth strategy. Second, model simulations for a meandering channel shows that the
complexity of the flow field reduces the blockage and patch width relative to the river
width. In addition, we demonstrated that the numerical model is able to simulate the
spatio-temporal growth of macrophytes in relation to local hydrodynamic conditions.
The strengths and limitations of the current model are discussed.
4.4.1 Role of growth strategies and plant-flow interaction in spatial pattern formation
Wiegleb et al. (2014) distinguish three different growth strategies for macrophytes: (i)
facultative wintergreen growth habit in combination with effective means of vegetative
reproduction, (ii) strong maintenance traits like rhizomes, (iii) short-life span in
combination with large seed production. The three target species of this study follow a
different growth strategy and this is reflected by the parameter values obtained in the
sensitivity analysis with the coupled plant growth-hydrodynamic model. Callitriche spp.
follows the first strategy with vegetative reproduction as the main driver for the
occupancy of bare sediment (Tab. 4.1, BarratSegretain and Amoros (1996)). This species
has multiple apical meristems (Arber 1920; Sculthorpe 1967) and plant fragments are
relatively easily detached. These fragments are able to from a new vegetation patches
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(Fig. 4.9, lower panels). The lateral expansion of vegetated areas is less important (Tab.
4.1, Wiegleb et al. (2014)). Similar findings are obtain by the numerical model. The
parameter settings of the best simulation have a high establishment change and an a low
diffusion coefficient (Tab. 4.4). The growth strategy of P. natans is based on strong
maintenance traits like rhizomes which enables the relative fast lateral expansion of
vegetated areas (Tab. 4.1, Wiegleb et al. (2014)). This is represented in the model
simulations by the high diffusion coefficient (Tab. 4.4). The establishment of new
patches is relatively less important, reflected by an intermediate value for the
establishment change. This is in agreement with the study of BarratSegretain and
Amoros (1996), who found in their experiment that clonally connected shoots are the
main mechanisms to occupy bare sediment. The lateral expansion of vegetated areas is
illustrated in Fig. 4.9c (lower panels). The growth strategy of the third species, S.
emersum is characterized by strong maintenance traits like rhizomes (Tab. 4.1, Wiegleb
et al. (2014)), but it has only a single basal meristem which limits the fast lateral
expansion (Tab. 4.1 Nielsen et al. (1985); Sand-Jensen (1998)). This coincides with the
intermediate diffusion coefficient in the numerical model to represent the growth of this
species. In addition, seeds formation is important (Boedeltje et al. 2003) and is
represented in the model by a high establishment chance (Tab. 4.4). This growth
strategy is schematically shown in Fig. 4.9b (lower panels).
Besides the growth strategy, the spatial distribution of macrophytes at reach scale
depends on the intensity of the plant-flow interaction at patch scale (Fig. 4.4). We found
that the critical velocity is a main driver for the abundance of macrophyte species (Fig.
4.6), i.e. less macrophytes are present due to increased drag forces (Dodds and Biggs
2002; Puijalon et al. 2011; Sand-Jensen and Mebus 1996) or uprooting (Riis and Biggs
2003) at high stream velocities. A linear decrease in macrophyte biomass was observed
when the stream velocity increased from 0.01 to 1 m s-1 (Chambers et al. 1991;
Henriques 1987). Others found a quadratic relationship between macrophyte
abundance and stream velocity, with a peak abundance between 0.3 and 0.4 m s-1
(Nilsson 1987; Riis and Biggs 2003). The intensity of the plant-flow interaction of the
three target species is different and is clearly seen in Fig. 4.3, Fig. 4.6 and Fig. 4.7. The
highest variation in flow velocity is found for Callitriche spp. due to its high wetted plant
surface area (Tab. 4.1). This results has a strong interaction with the flow, characterized
by strong flow acceleration adjacent to the vegetation patch and strong flow
deceleration in the vegetation patch (Chapter 3) . The interaction with the flow velocity
is schematically shown in Fig. 4.9a (upper panel). Additionally, this species has the
lowest breaking force (Tab. 4.1, Puijalon et al. (2011)) and is therefore susceptible to
high flow velocities. This mechanism is reflected in the parameter value obtained with
the sensitivity analysis, i.e. a low value for the critical velocity (Tab 4.4). Opposite, P.
natans. has a low wetted plant surface area (Tab. 4.1), creating a spatial flow field with
the least variation in flow velocity (Fig. 4.9c, upper panel). This is in agreement with our
field observation (Fig. 4.3) and to the observations in the laboratory flume (Bal et al.
2011). The high breaking force enables the plant to withstand high flow velocities (Tab.
4.1, Puijalon et al. (2011)). This is reflected with a high critical flow velocity derived
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from the sensitivity analysis (Tab. 4.4). Finally, the critical flow velocity of the best
model simulation of S. emersum is between the values of the two other species. This is
the results of a low wetted plant surface area (Tab. 4.1) in combination with an
intermediate breaking force (Tab. 4.1, Puijalon et al. (2011)). The intermediate effect on
the flow velocity is shown in Fig. 4.9b (upper panel).

Figure 4.9: Conceptual schema of the influence of plant-flow interaction and growth strategy on the
spatial distribution of (a) Callitriche, (b) S. emersum and (c) P. natans. At reach scale plant-flow
interaction determines the maximal cover of a species due to the interaction with the flow. (a) Callitriche
the lateral expansion is limited by the high flow velocity adjacent to the patch (long arrow). In addition,
the dominant growth strategy is vegetative reproduction. (b) S. emersum has in intermediate impact on
the flow and form long vegetated areas by the lateral expansion of vegetated areas and the establishment
of new patches via seeds (c) P. natans has a small effect on the flow velocity (similar length of the arrows),
which doesn’t limit the spatial expansion. The colonisation of bare sediment is primary based on the
clonal expansion of vegetated areas via rhizomes. Note that the dominant growth strategy is shown for
each species, but other strategies may be present as well.
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4.4.2 Role of complexity of the flow field in spatial pattern formation
The spatial vegetation patterns simulated for model domains with a meandering plan
form shape are also in line with the field observations (Tab. 4.5). The spatial flow field is
more complex in these model domains (Fig. 4.8) with a higher variation in the stream
velocity compared to the straight channel (Fig. 4.7). This results in a higher blockage and
relative patch width compared to the simulations performed in a straight channel (Tab
4.4 and 4.5). This finding is also seen for the simulation with the real bathymetry and is
probably the result of the interaction between the vegetation, water flow and sediment.
The interaction of the velocity on the distribution of the vegetation is clearly seen for
Callitriche spp. and S. emersum. For both species, a vegetation free channel is present
where the velocity is around 0.35 m s-1 (Fig. 4.8). On contrary, the flow field of P. natans
is much less affected by the vegetation. Nearly the whole river bed is occupied by
vegetation, so the bathymetry of the river is steering the stream velocities, with the
highest flow velocities on the deepest locations.
4.4.3 Strengths and limits of the model approach
This coupled plant growth – hydrodynamic model is spatially explicit and is suitable to
investigate spatial processes in contrast to one dimensional numerical models (Best et
al. 2001; Scheffer et al. 1993; Titus and Adams 1979). The unstructured grid allows to
represent in detail a meandering model domain (Hervouet 2007). The mutual feedbacks
between plant growth and water flow are implemented which are necessary to gain
inside in the effect of plant-flow interaction at reach scale. Current spatial vegetation
models don’t account for the effect of vegetation on water flow (Chiarello and
BarratSegretain 1997; Li et al. 2012; Lin et al. 2011) or use a simple manning coefficient
that was varies over time depending on time in the growth season (Morin et al. 2000).
Finally, the target species are described by their traits of growth strategy and plant-flow
interaction. This allows to transfer our findings to other species with a similar growth
strategy and plant-flow interaction (O'Hare 2015).
The main limitations of the current coupled plant-growth hydrodynamic model are the
absence of the interaction with morphodynamics and the competition between species.
It was previously shown that macrophytes have a strong interaction with the
sedimentation and erosion processes in rivers (Cotton et al. 2006; Gurnell 2014;
Schoelynck et al. 2012). The reduced flow velocity within the vegetation increases
sedimentation and prevent erosion (Bouma et al. 2007; Le Bouteiller and Venditti 2014;
Meire et al. 2014), which would further contribute to lower flow velocities and
improved conditions for the plants to grow. It is already shown in other systems that
through the interaction between vegetation, water flow and sediment transport, distinct
vegetation can develop on vegetated floodplains (Larsen and Harvey 2011) and tidal
marshes (D'Alpaos et al. 2007; Kirwan and Murray 2007; Temmerman et al. 2007).
Besides, implementing the co-existence and competition of species can further improve
the plant growth model. Therefore information is needed on the interaction between
multiple species. Two main interaction strategies of vegetation can be distinguished;
cohabitation and competitive exclusion (Cao et al., 2014). In the first strategy, the
90

Plant growth model

vegetation is composed of multiple species which differ in the use of abiotic factors.
These kind of vegetation types are often found in ecosystem with a relative high
pressures. In the second strategy, one species outcompetes the other species. This
situation is typically found in systems with limited pressure (e.g. high nutrient
concentration and low flow velocity) where the interaction between species is the main
limiting factor.

4.5 Conclusion
Two steering mechanisms of spatial pattern formation of macrophytes at reach scale are
investigated. The spatial distribution of the vegetation at reach scale depends on the
growth strategy and intensity of plant-flow interaction of the dominant species. Three
species were monitored during one growth season in lowland rivers in Belgium and a
plant growth model is developed and coupled with an existing hydrodynamic model.
Our field observation and model simulations show that a dense species creates the
highest interaction with the water flow with strong flow acceleration adjacent to patch.
This prevents the species to occupy the complete river bed. In contrast, species with an
open canopy have limited effect on the flow velocity around vegetation patches and can
occupy the complete river bed. In addition, we found that the dominant growth strategy
of the dense species is the establishment of new patches via vegetative reproduction
rather than the lateral expansion of vegetated areas. The opposite strategy is found for
the open species, with the lateral expansion of vegetated areas dominating over the
establishment of new patches. This will improve our knowledge of the complex
interactions present in vegetated lowland rivers.
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4.7 Appendix

Figure 4.10: The depth-averaged velocity (U) divided by the incoming velocity (U in) is plotted along a
transect, grey dots with grey lines. The incoming velocity is 0.12 m s -1 in the transect of C. obtusangula and
S. emersum, and 0.26 m s-1 for P. natans. The depth of the water column is given at the same locations,
black dots with black lines. The presence of vegetation is added in colour bars: C. obtusangula (orange), S.
emersum (red), P. natans (green), riparian vegetation (black), other submerged macrophyte species (grey)
and bare soil (white).
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Abstract
The presence of instream aquatic vegetation (macrophytes) has an impact on the
ecological functioning of rivers through their effects on transport and retention of
dissolved and particulate matter, and also on the hydraulic functioning of rivers by
increasing the hydraulic resistance, which results in higher water levels and may induce
an increased flooding risk. In order to unravel these opposing effects, two field studies
were conducted in 2013 and 2014 in a lowland river reach of 50 m with a high initial
vegetation cover (>76 %). We quantified the effects of three treatments – initial
vegetation, partially mowed and vegetation free – on the hydraulic functioning
(hydraulic resistance) and ecological functioning (transport and retention of dissolved
and particulate tracers). Firstly, the partially vegetated treatment (after partial
vegetation removal) resulted in reduced hydraulic resistance compared to the vegetated
treatment and in enlarged retention of particulate matter compared to the vegetation
free treatments. The longitudinal dispersion and transient storage zones were the
similar to the vegetated treatment. Moreover, the most heterogeneous flow field was
also found in these partially vegetated treatments. Secondly, the vegetation free
treatments (after complete vegetation removal) had the lowest hydraulic resistance, the
highest flow velocity, the highest longitudinal dispersion coefficient, the largest
transient storage zone, and the lowest retention of particulate matter. Thirdly, vegetated
treatments had the highest hydraulic resistance, the lowest flow velocity, the lowest
longitudinal dispersion coefficient, smallest transient storage zone, and the highest
retention for particulate organic matter. We conclude that partial removal of the
vegetation leads to an optimal trade-off between minimizing the flow velocity and
maximizing the retention of organic matter while minimizing the hydraulic resistance
compared to the fully vegetated and vegetation free treatment.
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5.1 Introduction
The hydraulic and ecological functioning of lowland rivers is influenced to a great extent
by instream aquatic vegetation (Newbold et al. 1982; Runkel 2007). The presence of
macrophytes leads to reduced flow conveyance, higher water levels, decreased stream
velocities, and enhanced sediment deposition on the river bed (Old et al. 2014).
Therefore macrophytes are often mechanically removed to increase flow conveyance
and reduce flooding risk (Boerema et al. 2014; Lopez and Garcia 2001). The vegetation
can either be completely removed (Old et al. 2014) or partly (Bal et al. 2011; Vereecken
et al. 2006). Changes to the hydraulics directly affect the ecological functioning of
lowland rivers (Hensley and Cohen 2012) through its effects on the transport and
retention of dissolved (Wilcock et al. 1999) and particulate matter (Horvath 2004;
Warren et al. 2009).
Nutrient cycling of dissolved matter is influenced by both hydraulic transport processes
(advection, dispersion, inflow, transient storage) and non-hydraulic processes (uptake
rates, biomass standing stock, temperature) (Runkel 2007). The hydraulic transport
processes can be separated into three processes: (i) advection, which is the transport by
the bulk motion of the water flow; (ii) dispersion, which is the combination of molecular
or turbulent diffusion and of three dimensional processes, leading to shear flow
separation and enhancing the dispersion (Taylor 1954); and (iii) transient storage,
which is the temporary retention and release of molecules in certain transient storage
zones within the river system (Bencala and Walters 1983; Jackman et al. 1984; Pedersen
1977; Thankston and Schnelle 1970). One or multiple transient storage zones can be
present which can be linked in serial or in parallel to the main channel (Hensley and
Cohen 2012). Transient storage zones are regions with low to zero flow velocity, and the
exchange of dissolved matter with the main flow is driven by the concentration
difference in the main channel and within the transient storage zone (Gonzalez-Pinzon
et al. 2013). In a one dimensional approach, these three processes are cross-sectionally
averaged and can be described by a longitudinal dispersion-advection model with
transient storage (Czernuszenko and Rowinski 1997).
The hydraulic transport processes can be quantified in river reaches through the use of
conservative dissolved tracers. A dissolved conservative tracer is injected upstream of a
river reach and its concentration in function of time is recorded at the downstream end
of this reach to obtain time series (Das et al. 2002; Govindaraju and Das 2002).
Temporal moments of these time series can be used to parametrize the coefficients of
the longitudinal dispersion-advection model with transient storage (Czernuszenko and
Rowinski 1997; Nash 1959). The first, second and third temporal moment can also be
used to investigate the transport and mixing properties in rivers: (i) the first temporal
moment is linked with the mean travel time of the tracer through the reach; (ii) the
second temporal moment is the variance and is associated with the longitudinal
dispersion of the tracer; and (iii) the third temporal moment characterizes the skewness
and is related to the magnitude of the transient storage zone (Lees et al. 2000;
Sukhodolova et al. 2006). Multiple transport and mixing processes are acting
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simultaneously in rivers, so the first three temporal moments are strongly linked with
each other. A constant relationship between the second and third normalized temporal
moment was found in an extensive meta-analysis of 384 tracer experiments conducted
over a large range of discharges (7 orders of magnitude) and river lengths (5 orders of
magnitude) (Gonzalez-Pinzon et al. 2013). However, the effect of instream vegetation
was not considered.
It may be expected that instream vegetation can affect each of the three aforementioned
processes. First, vegetation increases hydraulic resistance, hence reducing flow
velocities and increasing water depth (De Doncker et al. 2009b; Franklin et al. 2008),
which will affect advection of dissolved matter. Second, the influence of vegetation on
longitudinal dispersion is less clear. Macrophytes may enhance turbulence and diminish
the vertical shear stress, resulting in a decreased longitudinal dispersion (Nepf et al.
1997; Wilcock et al. 1999). However, the longitudinal dispersion may also increase by
enhanced mechanical dispersion (Nepf et al. 1997). The latter is a known phenomenon
in porous media in which each particle follows its own route, with a different length,
through a network of pores. Third, transient storage zones can be present as wake zones
behind the vegetation stems (Nepf et al. 1997), within and behind dense vegetation
patches in the main channel (Sukhodolova et al. 2006) or riparian vegetation along the
banks (Wilcock et al. 1999). The net result of macrophytes on the transient storage zone
is therefore difficult to predict.
The potential effects of instream aquatic vegetation on the transport and retention of
organic solid particles is expected to be twofold: (i) by creating a sieve-like structure in
the water column the particles are physically trapped by both leaves and organisms
living on the plants (Cotton et al. 2006; Pluntke and Kozerski 2003), and (ii) by
increasing the hydraulic resistance and reducing the flow velocity the residence time
and settling chance of the particles is increased (Folkard 2011). Cordova et al. (2008)
investigated the transport of coarse particulate organic matter (CPOM) in lowland
rivers. They found that approximately 50-83 % of the particle transport could be
explained by particle settling, while the remaining part could be explained by particle
trapping on the plant surface. Besides discharge (Defina and Peruzzo 2010), particle
trapping depends on vegetation properties: increased submerged vegetation cover
increases the retention of particles (Riis and Sand-Jensen 2006), yet the configuration of
the vegetation does not affect the retention of particles (Defina and Peruzzo 2010). It
also depends on the particle properties: larger particles have a higher chance to be
trapped (Ehrman and Lamberti 1992) and highly buoyant particles have a higher
potential travel distance (Boedeltje et al. 2004; Danvind and Nilsson 1997; Riis and
Sand-Jensen 2006; van den Broek et al. 2005). The second process, particle settling, is
well studied for mineral particles (Church 2006; Wood and Armitage 1997) and is
determined by the settling velocity (Dietrich 1982). This velocity is proportional to the
surface area of the particle, the difference in density between the particle and the water,
and inversely proportional to the dynamic viscosity of the water (Dietrich 1982).
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Previous studies mainly focused on either of these effects of vegetation in natural rivers
or in laboratory experiments: hydraulic functioning (Bal et al. 2011; Green 2005b),
solute transport (Nepf et al. 1997; Sukhodolova et al. 2006), and particle transport
(Defina and Peruzzo 2010; Horvath 2004). The majority of field studies quantifying both
aspects are either executed in different study sites, (e.g. Hensley and Cohen 2012; Riis
and Sand-Jensen 2006; Sand-Jensen et al. 1999; Sand-Jensen and Mebus 1996), or are
executed in one site, but at multiple moments in time with a varying discharge and
stream velocity (e.g. Sukhodolova et al. 2006; Wilcock et al. 1999). Since these season
and site specific characteristics (such as channel dimensions, bed forms, discharge etc.)
also influence the transport processes (Gonzalez-Pinzon et al. 2013), it is important to
perform experiments in the same study reach wherein vegetation cover is
experimentally altered in order to quantify the specific effects of these changes in
vegetation cover.
The aim of this paper is to quantify the opposing effects of instream aquatic vegetation
cover on the drainage and transport capacity of lowland rivers. We address following
research questions and hypotheses:






How do changes in macrophyte cover (through partial and complete
experimental vegetation removal) affect the hydraulic functioning of lowland
rivers, more specifically by affecting the hydraulic roughness, mean flow velocity
and water level? We hypothesize that vegetation cover is positively correlated
with the hydraulic resistance and negatively correlated with mean flow velocity.
How do changes in macrophyte cover affect transport and retention of dissolved
and particulate matter? With decreasing vegetation cover, we hypothesize that
decreased residence times of dissolved organic matter (DOM) and changes in the
magnitude of the dispersion coefficient and transient storage zone. We also
hypothesize that decreasing macrophyte cover increases the mean travel
distance and reduces the retention of coarse particulate organic matter (CPOM).
What is the combined effect of changes in macrophyte cover on both the
hydraulic functioning and organic matter transport? We hypothesize that there
are opposing effects, where macrophytes negatively affect hydraulic functioning
(through increased hydraulic roughness, decreased mean flow velocity, and
hence increasing water levels and flood risks), but positively affect water quality
(through decreased transport and increased retention of dissolved and
particulate matter).
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5.2 Materials and methods
5.2.1 Study site
The Brzozówka river is a lowland river (bottom slope of 0.0005 m m-1) in the North East
of Poland (Fig. 1.4b). A straight reach of 50 m long with a width ranging from 7 m to 10
m is selected to perform the experiments (Fig. 5.1). The initial bathymetry was
measured at 0.5 m intervals along cross-sectional transects which were located every 5
m along the whole study reach. There is no lateral inflow in the study reach. The
sediment on the river bed consists for 97.4 % of sand (diameter > 63 µm) and for 2.6 %
of silt (2-63 µm), and the average organic matter content is 1.6 %. Concentration of the
main solutes in the surface water are: 8.56 mg L-1 Cl, 7.29 mg L-1 Na, 0.034 mg L-1 PO43-P, 0.64 NO3-N mg L-1, 0.09 NH4+-N.
5.2.2 Vegetation mapping
The initial species composition was recorded along cross-sectional transects with a
cross-sectional resolution of 5 cm along each transect, and a longitudinal interval of 1 m
between the transects (Fig. 5.1a and b). Seven submerged macrophyte species were
found in the study reach: Nuphar lutea Sm., Potamogeton crispus L., Potamogeton natans
L., Potamogeton pectinatus L., Potamogeton perfoliatus L., Sparganium emersum
Rehmann, and. Sagittaria sagittifolia L. The emergent riparian vegetation at the river
banks is all classified as riparian vegetation and not further identified.
The effect of vegetation cover on the hydraulic functioning and transport of dissolved
and particular organic matter was experimentally tested for three treatments with
different vegetation covers. The first treatment was with all natural initial vegetation
present, referred to as full vegetation cover. For the second treatment with a partial
vegetation cover, a part of the vegetation was removed to create an instream block
pattern (Fig. 5.1c), referred to as partial vegetation cover. Finally all vegetation was
removed for the third treatment, which is the no vegetation cover. The aboveground
biomass of each of the seven species was determined by sampling quadrants of 0.25 m 2
positioned in monotopic stands of each species respectively, no replicates are taken.
This was done in the study reach, when the pattern for the second treatment was being
cut. The vegetation samples were oven dried at 70°C for 48 h to obtain the dry weight
(DW). All treatments and measurements were done in June 2013 and repeated in June
2014, except the type of CPOM (see explanation below) varied between both years.
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Figure 5.1: (a, b) Maps of the initial vegetation cover in the study area in 2013 and 2014 respectively.
Colors are according to the dominance of the species, with P. perfoliatus being the most dominant species,
followed by P. pectinatus, S. sagittifolia, N. lutea, P. natans, P. crispus, riparian vegetation and S. emersum.
(c) Schematic overview of the location of the CDT divers ( ) and manual sampling points ( ). The
vegetation cover for three treatments is shown: exp. 1: all initial vegetation is present (called full
vegetation cover); exp. 2: the vegetation is partly removed (partial); exp. 3: all vegetation is removed (no).
The direction of the water flow is indicated with an arrow.

5.2.3 Hydraulic measurements
Each treatment started with the measurement of stream velocities with an
electromagnetic flow meter (EMF, Valeport model 801, Totnes, UK) with a depthinterval of 20 cm, every meter along the cross-section at the upstream edge of the study
reach. The velocity-area method was used to calculate the discharge (Bal and Meire
2009). The difference in water level is measured with a laser leveler (Spectra Precision,
Coudere/geoservice, Brugge, BE). The water level slope is the difference of the upstream
and downstream water level divided by the reach length (50 m). The hydraulic
resistance is expressed as a Manning coefficient (Chow, 1959) and calculated as:
(Eq. 5.1)
with n (s m-1/3) the Manning coefficient, A (m2) the cross-sectional area, Q (m3 s-1) the
discharge, R (m) the hydraulic radius which is the cross-sectional area divided by the
wetted perimeter, S (m m-1) the water level slope. After transport was measured with
tracer experiments (see below) for the first treatment with full vegetation cover, part of
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the vegetation was manually removed according to the scheme on Fig. 5.1c to create the
partial vegetation cover of the second treatment. The second treatment started the next
day, after a 20 h acclimatization period to minimize the external effects associated with
the vegetation removal like sediment suspension. This procedure was repeated after
removal of all vegetation, i.e. the case of no vegetation cover. As such, the whole
procedure resulted in three similar sets of measurements for full partial and no
vegetation cover in both June 2013 and June 2014.
5.2.4 Solute transport
Two releases (with a time interval of 2h) of the dissolved tracer were performed, by
adding 12 kg NaCl that was dissolved in 6 buckets of 10 L river water. Only one
releasewas done in 2013 with the partial vegetation cover. Salt was used as a
conservative tracer, so that no uptake or conversion to other molecules is expected
within the timespan of the experiment (i.e. 20 min.). One automated and two manual
sampling points were placed at both the upstream and downstream edge of the study
reach (Fig. 5.1c). The conductivity was measured automatically with a frequency of 1 Hz
(CTD divers, Eijkelkamp, Geisbeek, NL). Additionally manual samples of 40 mL were
taken at the upstream border, every 10 s during the first 2 min after the release, then
every 5 s up to 6 min after the release and every 20 s up to 10 min after the release.
Manual downstream sampling started after 3 min 15 s with an interval of 20 s, up to 15
min 15 s after the release, resulting in a total of 37 samples. Three additional samples
were taken with an interval of 60 s, so the sampling ended after 18 min 15 s. The
conductivity of the manually taken samples was measured with a multimeter (Multil
340/SET, Weilheim, GE). The conductivity is converted to NaCl concentrations with a
linear calibration curve of six NaCl standards in the range of 2.2 to 610 µS cm-1.
Break through curves (BTC), which show the concentration in function of time after the
release, are zeroed to background concentrations of the river water (Gonzalez-Pinzon et
al. 2013). The fractional mass recovery is the mass recovered (the area under the curve
multiplied with the discharge) divided by the initial mass (Gonzalez-Pinzon et al. 2013).
The start time (Tstart) and end time (Tend) are defined as the start and end of the BTC,
respectively. The difference between Tend and Tstart is the duration of the signal. The
median residence time (Tmed) is the time needed for the passage of 50% of the salt
through the study reach. The peak time (Tpeak) is the time of the peak concentration
(Cpeak) at the downstream edge of the study reach. The incoming velocity is used as a
reference velocity (Uref) and is calculated as the discharge divided by the cross-sectional
area. The reference time (Tref) is the average time that the bulk water flow would need
to pass the study reach without external influences and is defined as the reach length
divided by Uref. All times are divided by the reference time (Tref) to correct for small
differences in incoming velocities between the treatments with different vegetation
covers and in 2013 and 2014. The median velocity (Umed) and mean velocity (Umean)
correspond to the reach length divided by Tmed and Tpeak, respectively. Similarly, these
velocities, Umed and Umean, are corrected for differences in incoming velocities by dividing
them by Uref.
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The temporal moments of the time series are calculated to investigate solute transport
(Das et al. 2002; Govindaraju and Das 2002). The nth absolute moment is defined as:
(Eq. 5.2)
The nth normalized absolute moment is given by:
(Eq. 5.3)
The normalized absolute moments are used to calculate the normalized central
moments of order 1 (m1, mean travel time), order 2 (m2, variance on the travel time
which can be due to higher dispersion) and order 3 (m3, skewness on the travel time
which can be due to larger transient storage) (Gonzalez-Pinzon et al. 2013) as:

(Eq. 5.4)

The transient storage model (Gonzalez-Pinzon et al. 2013) is given by:
(Eq. 5.5)

with C (g m-3) the concentration of the solute in the main channel, Cs (g m-3) the
concentration of the solute in the storage zone, U (m s-1) the flow velocity, D (m2 s-1) the
dispersion coefficient, (-) the spatially average transient storage zone volume fraction
= As/A, As (m2) the cross-sectional area of the transient storage zone, A (m2) the crosssectional area of the main channel, (s-1) the mass-exchange rate coefficient between
the main channel and the transient storage zone, t (s) the time, x (m) distance (GonzalezPinzon et al. 2013).
The theoretical moments can be used to calculate the parameters of the transient
storage model and are defined by (Czernuszenko and Rowinski 1997) for a general
boundary condition:

(Eq. 5.6)

with the same variables as explained above and L (m) the reach length, 50 m. We have
three unknown variables: dispersion coefficient (D), mass-exchange rate (α) and
spatially average transient storage zone volume fraction (β), and three equations (Eq. 6).
All BTC of each vegetation cover are used to determine the variables D, α, β. The flow
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velocity (U) is the reach length divided by moment 1 and is averaged for all experiments
per vegetation cover. A pseudo randomized algorithm followed by a LevenbergMarquardt algorithm is used to minimize the cost function (CF).
(Eq. 5.7)
with K the number of BTC per vegetation cover.
R (v. 3.2.0 R Core Team) was used to perform the statistical analyses. A two-way ANOVA
followed by a post-hoc Tukey test were performed to compare the parameters according
to the three vegetation covers.
5.2.5 Particle transport and retention
The transport and retention were investigated with three coarse particulate organic
matter (CPOM) types: oats, wood chips and cornflakes. The tracers were characterized
in the laboratory (Tab. 5.1). Firstly, the surface area of pictures of 70 to 150 particles
was calculated using ArcGIS software (v. 10.1, ESRI Inc, Redlands, USA). Secondly, the
buoyancy in standing and gently stirred water was measured by placing a fixed amount
of each tracer in a circular aquarium (80 g oats, 20 g wood chips and 20 g cornflakes).
The aquarium had a water depth of 0.15 m and three replicate tests per tracer were
carried out under standard laboratorial conditions (20 °C). After 20 minutes all floating
and all sunken particles were collected, dried (72h, 70 °C) and weighted. The buoyancy
is expressed as the ratio of the weight of floating particles to the weight of all particles
(Tab. 5.1). Thirdly, as part of the tracers’ mass can get lost in the river due to small
detaching particle components that could not be recovered, a conversion factor is
calculated by the ratio of the initial DW and final DW after being in the water for 20 min.
The conversion factor is used to convert the final weight of tracers in the field
experiments.
Table 5.1: Characteristics of the three particulate tracers: oats, wood chips and cornflakes, n=3. The mean
and standard deviation of the buoyancy in standing and stirred water is given. The conversion factor
accounts for the dissolving of the tracers.

Oats

Wood chips

Cornflakes

Surface area

mm2 ± sd

19.9 ± 9.5

14.4 ± 9.5

179.7 ± 78.0

Buoyancy standing

% ± sd

0.60 ± 0.2

57.8 ± 1.1

98.4 ± 1.4

Buoyancy stirred

% ± sd

0.62 ± 0.7

34.4 ± 7.3

45.7 ± 1.5

Conversion factor

mean ± sd

1.53 ± 0.07

1.08 ± 0.01

1.33 ± 0.02

The field experiments with oats were conducted in 2013 with a release of 3.00 kg oats at
each vegetation cover. The same protocol was repeated in 2014 with 2.50 kg cornflakes
and 3.00 kg wood chips. The floating part of tracers was captured downstream of the
study reach with small nets in the top 0.15 m of the water column. The collected tracers
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were oven dried (72h, 70 °C), weighted and multiplied with the conversion factor. The
retention is the mass of the tracer that remained in the study reach relative to the initial
mass. The amount of particles in transport along the reach can be approached by an
exponential decrease (Lamberti,1996) and is calculated using the following equation:
(Eq. 5.8)
with Pd (g) the amount of particles in transport downstream of the reach, P 0 (g) the
initial amount of particles, k (m-1) the instantaneous retention rate, d (m) the length of
the study reach. The mean travel distance is the inverse of the mean instantaneous
retention rate. Finally, the depositional velocity is calculated to enable the comparison of
our results to reaches with different velocities and sizes. The depositional velocity
expresses the rate at which tracers leave the water column (Warren et al. 2009):
(Eq. 5.9)
with Vdep (m s-1) the depositional velocity, k (m-1) the instantaneous retention rate, u (m
s-1) the mean velocity and h (m) the water depth.

5.3 Results
5.3.1 Vegetation
The vegetation maps are shown in Fig. 5.1. The species specific vegetation cover and
biomass at the initial situation is given in Tab. 5.2. A higher initial vegetation cover is
present in 2013, 89.6 %, compared to 2014, 76.6 %. The mean dry weight in the whole
reach is 297.9 gDW m-2 in 2013, which is also higher than 232.9 gDW m-2 in 2014 (Tab.
5.2). In the vertical dimension (not shown in Fig. 5.1), the submerged vegetation fills the
whole water column and the majority of the vegetation reaches the water surface.
Table 5.2: Species specific vegetation cover and biomass at the full vegetation cover. Data are collected in
June 2013 and June 2014 over a reach of 50 m.

June 2013

June 2014

Cover

Biomass

Cover

Biomass

(%)

(gDW m-2)

(%)

(gDW m-2)

N. lutea

0.35

174.4

0.30

186.8

P. crispus

0.76

NA

4.81

264.8

P. natans

5.50

298.8

5.41

94.0

P. pectinatus

23.71

224.8

7.74

278.4

P. perfoliatus

36.36

383.2

32.66

455.6

S. emersum

0.52

NA

1.28

126.8

S. sagittifolia

20.81

376.8

15.66

146.4

Riparian vegetation

1.41

NA

8.82

NA

No vegetation

10.40

0

23.32

0

Total

89.6

279.9

76.7

232.9
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5.3.2 Hydraulics
The hydraulic parameters are summarized in Tab. 5.3. The discharge ranges between
0.76 and 1.09 m3 s-1 between the treatments (different days). During the experiment of
one treatment in one year the discharge is assumed to be constant. The magnitude of the
reference velocity (Uref) and reference time (Tref) reflect the differences in the prevailing
discharge between the treatments. In both years a positive relationship is observed
between the Manning coefficient and vegetation cover (Tab. 5.3). The highest Manning
coefficient of 0.30 s m-1/3 coincides with the highest vegetation cover of 89.6 %. The
water level slope has a similar trend with being 5 to 15 times higher in the vegetated
reach compared to the vegetation free reach (Tab. 5.3).
Table 5.3: Hydraulic parameters of the study reach in 2013 and 2014 at three vegetation covers (full,
partial and no vegetation cover).

June 2013
Partial No
56.3
0

Macrophyte
cover

%

Full
89.6

Discharge
upstream

m3 s-1

0.82

0.90

0.78

1.09

0.76

0.82

Cross-sectional
area upstream

m2

7.45

8.33

7.24

9.72

8.23

8.76

Uref
Tref
Hydraulic radius
Water depth
Mean width

m s-1
s
m
m
m
s m-1/3

0.110
454
0.78
0.87
8.1
0.30

0.108
463
0.83
0.90
8.1
0.24

0.108
464
0.76
0.82
8.1
0.08

0.112
446
0.94
0.97
8.9
0.28

0.092
541
0.81
0.86
8.9
0.27

0.093
534
0.86
0.86
8.9
0.14

0.0015

0.0009

0.0001

0.0011

0.0009

0.0002

Manning
coefficient
Water level
slope

m m-1

Full
76.7

June 2014
Partial No
47.9
0

5.3.3 Solute transport
An example of the breakthrough curves (BTC) for the three vegetation covers
treatments is given in Fig. 5.2. The tracer is uniformly injected along the whole upstream
width of the reach, which results in an equal distribution along the transverse direction.
This is confirmed by the three sampling points downstream for the full and no
vegetation cover treatment. For the partial vegetation cover a clear difference is seen
between the three sampling points at the downstream end of the reach.
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Figure 5.2: Breakthrough curves of NaCl concentration at the downstream edge of the reach are shown
for (a) full, (b) partial and (c) no vegetation cover, results of 2014 second release. The concentrations of
the center point are measured with a CTD diver (black line). Samples near the left bank (grey dots) and
right bank (black dots) are taken manually.

The transport parameters of solutes are given in Tab. 5.4. The fractional mass recovery
ranges between 85 and 106 % for all experiments. Expect for the second replica of full
vegetation treatment in 2014, the fractional mass recovery was 127 %. This is probably
due to an overestimation of the discharge. The experiments with a full vegetation cover
have an average recovery of 107.2 %. Significant differences between full and no
vegetation cover are found for the relative start time, the relative time of the peak
concentration, and the relative stream velocity based on the peak concentration. This
implies that vegetation significantly reduces the flow velocity and increases the travel
time, regardless the upstream flow velocity. The differences are tested between the left
and right bank in the partial vegetated reach. A significant higher flow velocity
(Upeak/Uref) 1.55 and 1.25 for the right bank and left bank, respectively (p=0.03). And a
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significant lower time for the peak concentration (Tpeak/Tref) are found for the right
bank, 0.65, compared to the left bank, 0.80 (p=0.04). While the difference for U peak/Uref
and Tpeak/Tref were not significantly different between right bank and left bank for the
full and empty vegetation cover.
Next, the second and third normalized central moments significantly vary between the
full and no vegetation cover (Tab. 5.4). For the same travel time a higher variance
(second moment) and a higher skewness (third moment) is found without vegetation
compared to a full vegetation cover (Fig. 5.3). A higher variance can be due to higher
dispersion and a higher skewness can be related to transient storage. This is confirmed
by the parameters of the transient storage model. The dispersion coefficient (D) and the
spatially average transient storage zone volume fraction (β) increase without vegetation.
The goodness of fit was estimated with the Nash-Sutcliffe model efficiency coefficient
(E) (Nash 1959). This coefficient ranges between 0.71-0.96 for full vegetation cover,
0.51-0.97 for the partial vegetation cover and 0.82-0.97 for the no vegetation cover. A
separate parameter fit was done for the left and right bank of the partial vegetation
cover, due to the significant difference of the peak flow velocity. Similar effects of the
presence of vegetation are found in this scenario. The dispersion coefficient is lower,
0.134 m2 s-1, for the left bank, which is downstream of a vegetated part (Fig. 5.1). While a
value of 0.203 m2 s-1 was found for the right bank downstream of the artificial channel
(Fig. 5.1). The mass exchange rate (α) and the volume of the transient storage zone (β)
are in both cases 10-7 s-1 and 10-7 %, respectively. When parameter settings were applied
separately for both river banks, this improved the model fit between 0.68-0.88 and 0.880.95 for respectively the left and right bank.

Figure 5.3: (a) The variance (second moment) and (b) skewness (third moment) in function of mean
travel time (first moment) for three vegetation covers: full (diamond), partial (square) and no (triangle)
vegetation cover. For the partial vegetation cover different colors are used according to the location of the
sampling point (Fig. 5.1c), because each location has different properties according to the presence of
vegetation see Fig. 5.1c: the sampling point at left bank is behind the vegetation (drak grey, labbeled
‘partial L’), the central sampling point is in the middle of the channel (grey, ‘partial C’), the sampling point
at the right bank is in the open channel (light grey, ‘partial R’).
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Table 5.4: Transport of NaCl as an analogue for the behaviour of solute transport in streams. Full: n=11,
partial: n=9, no: n=12. Letters indicate significant differences (p<0.05) based on a two-way ANOVA
followed by a post-hoc Tukey test.

Vegetation cover
Partial

Full

No

General parameters
Recovery

%

107.2 ± 6.4 a

89.1 ± 3.5 b

89.7 ± 2.5 b

Tstart / Tref

-

0.47 ± 0.02 a

0.41 ± 0.02 b

0.39 ± 0.02 b

Tpeak / Tref

-

0.83 ± 0.03 a

0.76 ± 0.03 ab

0.67 ± 0.03 b

Tmed / Tref

-

0.93 ± 0.03

0.86 ± 0.05

0.82 ± 0.03

Tend / Tref

-

1.83 ± 0.07

1.73 ± 0.11

1.91 ± 0.09

Upeak/Uref

-

1.22 ± 0.05 a

1.33 ± 0.06 ab

1.52 ± 0.07 b

Umed/Uref

-

1.09 ± 0.03

1.18 ± 0.06

1.25 ± 0.05

Duration/Tref

-

1.36 ± 0.07

1.31 ± 0.10

1.52 ± 0.09

49.5 ± 3.2

44.7 ± 1.8

45.0 ± 1.6

Cpeak

gm

-3

Normalized central moments
m1

s
3

445 ± 12

m2 x10

2

s

15.7 ± 1.9

m3 x 105

s3

469 ± 19
a

446 ± 10
ab

26.0 ± 2.8b

13.7 ± 3.3a

17.0 ± 5.4ab

40.0 ± 8.9b

0.113

0.108

0.113

0.187

0.193

0.262

18.5 ± 2.3

Transient storage model
U (input)

m s-1
2 -1

D

m s
-7

α x 10

s

1

1

1

β x 10

-4

%

0.001

0.001

1.67

-

0.71-0.95

0.51-0.97

0.82-0.97

E

5.3.4

-1

Particle transport and retention

The retention percentage and retention rate of the particular tracers is positively
correlated with the vegetation cover for all substances (Fig. 5.4). For oats, all particles
remain trapped in the study reach for the experiments with full and partial vegetation
cover. Therefore it was not possible to calculate the retention rate, mean travel distance
and depositional velocity (Tab. 5.5). The retention percentage of woodchips varied
between 86.01 to 97.17 % depending on the vegetation cover. Cornflakes have the
lowest retention percentage on the reach scale for all vegetation covers. The transport
distance of the tracers is negatively correlated to the vegetation cover: the particles are
further transported when low vegetation covers are present. A negative correlation
between the depositional velocity and vegetation cover is observed for all tracers.
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Figure
5.4:
The
retention
percentage of cornflakes, wood
chips and oats is given for three
vegetation covers: fully vegetated
(black), partially vegetated (grey),
no vegetation (white). The retention
percentage after 20 min. in standing
water under laboratorial conditions
is added (hatched).

Table 5.5: Retention and transport of CPOM types, oats, wood chips and cornflakes.

Vegetation cover
Full

Partial

No

100.0

100.0

99.58

/

/

0.11

/

/

9.1

ms

/

/

0.0127

%

97.17

96.10

86.01

0.071

0.065

0.039

14.0

15.4

25.4

ms

8.62

6.15

0.0037

%

92.24

81.54

55.77

0.051

0.034

0.016

19.6

29.6

61.3

6.18

3.20

0.0016

Oats
Retention percentage

%

Retention rate

m

Mean travel distance

m

Depositional velocity

-1

-1

Wood chips
Retention percentage
Retention rate

m

Mean travel distance

m

Depositional velocity

-1

-1

Cornflakes
Retention percentage
Retention rate

m

Mean travel distance

m

Depositional velocity

-1

-1

ms

5.4 Discussion
Macrophytes are generally known to have multiple effects on the functioning of river
ecosystems (Gurnell 2014; O'Hare 2015). The hydraulic functioning is affected by
reducing the conveyance capacity, while the transport capacity of dissolved and
particulate matter is affected as well. The aim of this study is to investigate these
opposing effects by tracer experiments at three vegetation covers after experimentally
removing the vegetation in the same river reach, on both drainage capacity and
transport capacity of dissolved and particulate matter in lowland rivers. We found that
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(i) partially vegetated reaches had on the one hand reduced hydraulic resistance
compared to the fully vegetated treatment due to flow concentration in to non-vegetated
zones and on the other hand enlarged retention of particulate matter compared to the
vegetation free treatment; (ii) vegetated reaches had the highest hydraulic resistance
and the highest retention percentage for particulate matter; (iii) vegetation free reaches
had the highest flow velocity, the highest longitudinal dispersion coefficient and the
largest transient storage zone.
The highest reduction in hydraulic resistance is observed in partially vegetated reaches
(Tab. 5.3), while still maintaining the transport and retention capacity of the river (Tab.
5.4). The hydraulic resistance of fully vegetated reaches was two to three times higher
than after complete vegetation removal, while the hydraulic resistance of the partially
vegetated treatment ranged between them (Tab. 5.3). Similar results are found by an
extensive study that compared 35 vegetated lowland rivers with different vegetation
covers (Green 2005a). Manning coefficients ranged between 0.12 and 0.39 s m -1/3 for
reaches with vegetation covers of above 60 %, between 0.07 and 0.15 for covers
between 35 and 60 %, whereas these values reduced to 0.09 s m-1/3 for covers below 35
% for the same submerged macrophyte species and similar flow velocities. The
relatively low hydraulic resistance in the partially vegetated treatment is caused by the
presence of preferential flow paths (Bal et al. 2011) through deviation and
concentration of flow to non-vegetated zones. The occurrence of this process in our
study is confirmed by the significant difference of the flow velocity between the right
bank and left bank in the partial vegetation cover. Similar flow deviation and
concentration mechanisms to non-vegetated zones of river reaches with partial patchy
vegetation has been show e.g. by Sand-Jensen and Mebus (1996) and Schoelynck et al.
(2013), Chapter 3.
Increased hydraulic resistance can lead to increased water levels (Madsen et al. 2001).
In our study vegetation cover was experimentally varied over a limited reach of 50 m so
the effects on water level are small, and therefore we consider the water level slope as
the most relevant proxy for the effect of the varying vegetation covers on the drainage
capacity. A five- to fifteen fold reduction in the water level slope was observed after the
removal of all vegetation (Tab. 5.3). Other studies where instream vegetation was
removed over a larger distance (5 km) showed a decrease of the water level between 17
and 28 % (Old et al. 2014) and 25 to 67% (Bal and Meire 2009). Simultaneously, the
Manning coefficient dropped between 43 and 54 % (Old et al. 2014) and 25 to 67 % (Bal
and Meire 2009) in the aforementioned studies and between 50 and 73 in our study.
Along with increased water levels, macrophytes reduce the flow velocity relative to the
incoming flow velocity (Tab. 5.4), this is a well-known phenomenon in vegetated rivers
(De Doncker et al. 2009a; Franklin et al. 2008; Sand-Jensen and Pedersen 2008). Lower
flow velocities reduce the advection of solutes and increase the residence time of solutes
and water. Residence time is one of the major factors controlling the nutrient removal in
rivers (Seitzinger et al. 2006). Consequently, the beneficial effects of solutes for the selfpurification capacity of the river are reduced when macrophytes are removed (Runkel
2007).
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The flow concentration to non-vegetated zones makes preferential flow paths for
particles and can induce erosion of mineral sediment, while flow deceleration within the
vegetated zones can be beneficial for the trapping and deposition of fine material in the
vegetation patches (Madsen et al. 2001; Old et al. 2014). Also the transport of organic
matter is affected by the presence of macrophytes (Warren et al. 2009). Increasing
macrophyte covers enhanced the retention of all three tested particle types (Fig. 5.4 and
Tab. 5.5). The retention rate in vegetated reaches compared to vegetation free reaches
was two- and threefold higher for wood chips and cornflakes, respectively. Similar
observations with particles of other sizes were found for the influence of instream
vegetation cover. The retention rate was for (i) macrophyte stem fragments (15-20 cm)
0.02-0.12 m-1 and 0.0005-0.0135 m-1 (Riis and Sand-Jensen 2006); (ii) circular paper
chips (diameter 6 mm) 0.28-1.2 m-1 and 0.02-0.26 m-1 (Horvath 2004); (iii) corn pollen
(diameter 85-90 µm) 0.017 m-1 and 0.011 m-1 (Warren et al. 2009) in vegetated and
vegetation free streams respectively. In addition the retention rate was inversely related
to the buoyancy of the particles, with the lowest retention rate (Tab. 5.5) for cornflakes
which has the highest buoyancy (Tab. 5.1). Similar effects of buoyancy were observed
with lower retention rates for particles with a higher buoyancy (Defina and Peruzzo
2010) for the same vegetation cover. Oat had the lowest buoyancy (Tab. 5.1) and no
retention rate could be calculated for the fully and partial vegetated treatment because
it cannot be known after which distance all particles were retained (Tab. 5.5). The effect
of vegetation was overruled by the limited buoyancy of this tracer. Beside instream
aquatic vegetation, other roughness structures can have similar effects on particle
trapping, like riparian vegetation (Riis and Sand-Jensen 2006), logs, branches and tree
trunks (Cordova et al. 2008; Schneider and Sharitz 1988) and substrate heterogeneity
(Muotka and Laasonen 2002). This may explain the relative high retention percentage of
wood chips in the vegetation free reach (Tab. 5.5). However, in large rivers the
relationship between the retention percentage of particles and riparian vegetation cover
was negative (Nilsson et al. 1991) or not significant (Andersson et al. 2000). This might
be attributed to the relative smaller impact of riparian vegetation in larger rivers. In
these river, the majority of particles (in these studies seeds) is transported in the main
channel and is not obstructed by bank irregularities or riparian vegetation. Macrophytes
are often mechanically removed to restore the drainage capacity of the river. An
alternative strategy to reduce macrophyte abundance is planting riparian vegetation
which reduces the light availability in the river. But, the effects on nutrient dynamics
should be considered, since the leaves of the threes increase the input of allochtonous
organic matter and the absence of macrophytes reduce the retention capacity of organic
matter.
In addition, complex spatial flow when vegetation is present leads to distinct effects on
transport and mixing processes of solutes. Flow channels between the vegetation lead to
a clear peak in the concentration-time curves. Increased vegetation cover increased the
magnitude of the peak concentration of the dissolved tracer (Tab. 5.4) and reduced the
magnitude of transient storage zones (Tab. 5.4). The lowest dispersion coefficients are
found for vegetated reaches (Tab. 5.4). This can be attributed to the ability of dense,
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uniform vegetation to reduce vertical gradients in the flow velocity (Baptist et al. 2009;
Nepf et al. 1997). However a higher mechanical dispersion is expected due to the dense
network of vegetation. The increase of mechanical dispersion due to the presence of
vegetation can be counteracted by the decrease in stream velocity which lowers the
shear stress separation and total dispersion (Folkard 2011; Lightbody and Nepf 2006).
Similarly, the presence of vegetation mimics resulted in a decreased longitudinal
dispersion coefficient in a flume experiment (Nepf et al. 1997). This was explained by
higher turbulence and diminished vertical shear stress in the presence of vegetation. In
addition, plant morphology itself can also affect the longitudinal dispersion (Lightbody
and Nepf 2006) and sediment retention (Rovira et al. 2016). An equal distribution of
frontal area of the canopy along the vertical results in a fairly constant velocity profile
and generates relatively low vertical shear dispersion. While complex plant
morphologies generate pronounced variation of the vertical velocity resulting in more
shear flow dispersion (Lightbody and Nepf 2006). The vegetation consists in our study
area of multiple species (Fig. 5.1), but we did not distinguish the effect of individual
species on the longitudinal dispersion. From the above argumentation, it is clear that
multiple interactions are present in the natural rivers. This leads to large variability of
the effect of macrophytes on the longitudinal dispersion coefficient as well as the
transient storage zone. A study conducted in vegetated spring-fed karst rivers found
also a lower longitudinal dispersion coefficient but higher transient storage zone at
increased vegetation cover (Hensley and Cohen 2012). This can be explained by the
difference in geomorphology of the river channel dominated by karst. In contrast to our
results, a field study conducted with three different levels of vegetation cover at three
different moments in the year found a positive relationship between biomass and the
longitudinal dispersion coefficient (Sukhodolova et al. 2006) and the magnitude of the
transient storage zone increased with vegetation cover in lowland rivers. However, it
was difficult to isolate effects of macrophytes on the dispersion coefficient and transient
storage zone in this study, since changes in these parameters are mainly attributed to
large variation in discharge between the sampling days and the presence of recirculation
zones resulting from bank irregularities (Sukhodolova et al. 2006).

5.5 Conclusion
Our results show complex interactions between the presence of macrophytes and
spatial flow patterns, and hence distinct effects on transport and mixing processes are
found of dissolved and particulate tracers. After vegetation removal the hydraulic
resistance expressed as a Manning coefficient is two to three times lower and water
level slope drops by two to five times. The flow velocity increases when vegetation is
removed, and the most heterogeneous flow field was found in the partially vegetated
treatments, due flow concentration in non-vegetated zones. The effect of vegetation on
the transport on solutes and particles is twofold, vegetation decreases the longitudinal
dispersion coefficient and decreases transient storage of solutes, while the retention
rate of particulate tracers is two- and threefold higher. Clear differences are found
between the three particulate tracers depending on their buoyancy, with the lowest
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retention rate for cornflakes which has the highest buoyancy. The partially removing of
the vegetation leads to an optimal trade-off between maximizing the residence time and
retention of organic matter while minimizing the hydraulic resistance compared to the
fully vegetated and vegetation free treatment.
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river beds: dependency on macrophyte
species traits and spatial scale
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Abstract
The presence of macrophytes in lowland rivers is characterised by a high spatial and
temporal variation. This variability may induce analogous variations in morphodynamic
changes in these systems. Meanwhile the location of the macrophytes may be influenced
by the bathymetry of the river. A two-scale field survey is performed in two rivers with a
continuous or patchy vegetation cover, respectively. The bathymetry of the river bed
and the location of the macrophytes were measured at the small scale of vegetation
patches (1 by 3 m) at monthly time intervals during one year, and at larger river reach
scale (100 m) biannually during 2 and 3 years, respectively. No clear effect of the water
depth was found on the location of macrophytes species at small and large scale, which
may be due to the low water depth and low suspended matter concentration in summer.
At the small scale the elevation change is mainly determined by the distance from the
banks in the continuous vegetated plot, while our data indicate that the elevation change
in the patchy plot is higher at locations dominated by macrophytes with a higher plant
surface area. At reach scale, the morphological activity tends to be higher during the
summer when macrophytes are abundantly present. In the patchy vegetated reach, the
location of the thalweg at the end of a vegetated period is influenced by biotic factors, i.e.
the presence of macrophytes, while the location of the thalweg is mainly determined by
abiotic conditions after a vegetation free period, i.e. the planform shape of the river. Our
study suggests that in a spatially restricted ecosystem, such as a river channel,
vegetation has no clear effects on spatial redistribution of flow, sedimentation-erosion
and resulting geomorphic patterns, as compared to other ecosystem types that are not
so much restricted in space, such as river floodplains, wide wetlands, and tidal marshes
where it is known that vegetation can induce major effects on geomorphic dynamics.
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6.1 Introduction
Lowland rivers are subjected to abundant growth of instream aquatic vegetation, also
called macrophytes. Their above-ground canopy increases the hydraulic resistance
which directly affects the flow regime (O'Hare 2015) and consequently sediment and
erosion processes (Chambers et al. 1991; Cotton et al. 2006; Madsen et al. 2001; SandJensen 1998). Up to 80% of the sediment transported in lowland rivers can be retained
by macrophytes (Sand-Jensen 1998). Hence, the impact of macrophytes at the scale of
macrophyte patches (few m²) and river reach scale (~100 m) may affect catchment
scale processes (Cotton et al. 2006). Therefore it is essential to understand the
reciprocal interactions between vegetation, water flow and geomorphic dynamics on
river beds.
The presence of macrophytes influences sedimentation and erosion processes (Kleeberg
et al. 2010; Lopez and Garcia 2001; Sand-Jensen 1998). The above-ground canopy traps
sediments via two mechanisms: (i) sediments are physically trapped by the sieve-like
structure of the shoots (Pluntke and Kozerski 2003; Wharton et al. 2006; Wood and
Armitage 1997), and (ii) reduced flow velocities in the canopy lower the hydraulic
boundary shear stress and induce settling of the sediments (Folkard 2011). In addition,
a shear layer is present at the top of the canopy of submerged macrophytes (Nepf et al.
2007), which generates vortices that limit the vertical exchanges of water and sediment.
Furthermore, the presence of vegetation reduces resuspension by stabilising the
sediment bed via the below-ground roots (Clarke 2002; Sand-Jensen 1998).
The presence of macrophytes is highly variable in time and space. Annual cycles are
observed in the growth of macrophytes in temperate climate zones (Clarke 2002).
Vegetation starts growing in April and reaches maximal biomass in August, where after
vegetation completely disappears in the colder winter months. Vegetation cover can
range from a continuous vegetation pattern to a patchy vegetation pattern dominated by
one or multiple species, with each a different plant morphology (Wiegleb et al. 2014).
Consequently, this spatio-temporal variation in macrophyte presence will steer the rate
and location of sedimentation and erosion in rivers.
At patch scale, the effect of vegetation on transport processes and hence on geomorphic
changes on the river bed depends on the morphology of the macrophytes (Jones et al.
2012). Dense vegetation patches strongly decelerate flow velocity within the patches,
causing there reduced sediment resuspension and turbidity. In contrast, sparse
vegetation patches only slightly affect the flow velocity, which results in relatively high
sediment resuspension and high turbidity (Madsen et al. 2001). Also the flexibility of the
vegetation can affect transport processes in rivers (Sand-Jensen 1998). The temporal
bending of the canopy reduces the drag force exerted on plant which results in a dense
network with a high resistance against flow near the river bed (Vogel 1994). This could
lead to more deposition and less erosion in these vegetation patches (Corenblit et al.
2007; Sand-Jensen 1998). Others relate the retention of sediments to the size of the
vegetation patch (Cotton et al. 2006) or to the biomass of the vegetation patch (Horvath
2004). Positive elevation changes on the river bed up to 5 cm were observed in the wake
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zone of a macrophyte patch after 10 days in a field flume (Schoelynck et al. 2013), while
no negative elevation change was observed adjacent to the macrophyte patch.
The above described patch scale processes may affect the transport of sediment and
river morphology at reach scale. Previous studies on the effect of macrophytes on river
morphology at reach scale can be distinguished between study sites in straight or
meandering rivers reaches. The accumulation of sediments was mainly at vegetated
locations and to a lesser extent on bare gravel, with values up to 20 cm measured in
submerged Ranunculus patches (Cotton et al. 2006; Heppell et al. 2009). Both studies
were performed in two straight river reaches in the UK. Sedimentation was mainly at
the vegetated locations in a patchy vegetated reach, while uniform sedimentation over
the entire reach was measured in the reach with a continuous vegetation cover (Cotton
et al. 2006). The additional effect of meandering on the transport of sediment in
vegetated lowland rivers is investigated to a lesser extent (Schnauder and Sukhodolov
2012). The morphology of the meander was found to be mainly determined by the flow
field during the vegetation free period in winter (Schnauder and Sukhodolov 2012).
Only minor changes in the morphology were observed over a 10 month period, with the
accumulation of fine sediment within the macrophyte patches and the recirculation
zones, and erosion at vegetation free locations. In return, the location of the macrophyte
patches was determined by the river morphology, where no vegetation was present in
the deepest pools (> 1.6 m).
At the same time the presence, abundance and composition of macrophytes is
influenced by the river morphology (Riis and Biggs 2003; Riis et al. 2001). It was
demonstrated that macrophytes have hydraulic habitat preferences in terms of stream
velocity, water depth and sediment composition (Bloemendaal 1988; Petts and Amoros
1997). Due to these differences multiple species can co-occur through different habitat
preferences (Riis and Biggs 2003). Stream velocity has a direct impact on the occurrence
on macrophyte since it increases the drag force which can cause breakage of the canopy
(Puijalon et al. 2011) and an indirect effect via the photosynthesis through the
regulation of dissolved nutrients (Franklin et al. 2008). A linear decrease in macrophyte
biomass was observed when the stream velocity increased from 0.01 to 1 m s-1
(Chambers et al. 1991; Henriques 1987). Others found a quadratic relationship between
macrophyte abundance and stream velocity, with a peak abundance between 0.3 and 0.4
m s-1 (Nilsson 1987; Riis and Biggs 2003). In addition, locations in a river with a high
water depth can be unsuitable for macrophyte growth because light availability can be
significantly reduced by high suspended matter concentrations (Parkhill and Gulliver
2002).
It is previously shown that bio-geomorphic interactions play an important role in other
specific ecosystems such as vegetated floodplains (Corenblit et al. 2007; Gurnell et al.
2006), vegetated wetlands (Larsen and Harvey 2010; Larsen and Harvey 2011), and
tidal areas (D'Alpaos et al. 2007; Kirwan and Murray 2007; Temmerman et al. 2007).
The establishment of vegetation patches in these systems can induce the redistribution
of the spatial flow field and can affect sedimentation and erosion processes. As a results,
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the geomorphology of these systems is changed. For example, preferential flow paths
occur between the vegetation patches, and are further eroded to deeper located
channels (Temmerman et al. 2007). It is however not clear to which extent these
processes are present in ecosystem which are strongly spatially restricted, i.e. river
channels with a limited channel width.
Literature suggests that reciprocal interaction between macrophytes and river
morphology might be present in lowland rivers. It is however not clear to which extent
the control of geomorphology on vegetation dominates over the opposite influence of
vegetation on geomorphology and how this balance depends on the spatial scale, i.e. at
the patch scale (~a few m²) versus reach scale (~100 m). Therefore, the aim of this
research is to investigate in which extend macrophytes steer river morphology and vice
versa. Following research questions are addressed:


What is the effect of river morphology on the location of vegetation at patch and
reach scale?
 What is the effect of macrophytes on the geomorphic changes in a river at patch
and reach scale?
 What is the effect of the complexity of vegetation on these geomorphic changes in
terms of:
o the plant morphology at patch scale?
o the vegetation pattern at reach scale (patchy versus continuous)?
These research questions are addressed with a two-scale field study in two lowland
rivers, dominated by either a patchy and continuous vegetation pattern. On the small
patch scale (decimetres to metres), the elevation and vegetation characteristics are
recorded monthly during one year. On the large reach scale (100 m), the monitoring
includes biannual bathymetry measurements, aquatic vegetation maps at peak biomass
and monthly discharge and water depth measurements during 2 and 3 years.

6.2 Materials and methods
6.2.1 Study site
Field measurements are performed in the rivers Zwarte Nete and Desselse Nete. Both
are typical lowland rivers in the North East of Belgium with an average bottom slope of
0.0014 m m-1. The sandy soil has a median grain size of 167 and 189 µm in the Zwarte
Nete and Desselse Nete, respectively. A reach of 100 m is selected in both rivers. The
reaches are situated very close to each other, less than 400 m apart, so both have similar
characteristics in terms of land use, discharge regime and sediment type (see also Fig.
1.4a). Four submerged macrophyte species are present in one or both rivers: Callitriche
obtusangula (Le Gall), Myriophyllum spicatum (L.), Potamogeton pectinatus (L.), and
Sparganium emersum (Rehm.) and one submerged species with floating leaves,
Potamogeton natans (L.). Riparian vegetation is present near the banks (not identified to
species level). The Desselse Nete is mainly dominated by a continuous vegetation cover
of P. natans, whereas the vegetation pattern in the Zwarte Nete is patchy and consists of
multiple species. The discharge was measured upstream of both reaches with a monthly
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interval (Fig. 6.1). The measurements started in April 2012 and April 2013 in the Zwarte
Nete and Desselse Nete, respectively, and lasted until August 2014. The discharge is
calculated based on flow velocity measurements taken every 0.5 m along a transect with
a depth interval of 0.1 m with an electromagnetic flow meter (Valeport model 801,
Totnes, UK). The Desselse Nete has an average width of 5.4 m and mean discharge
ranges between 0.3 (August) and 0.6 m3 s-1 (September), which results in mean water
velocities of 0.15 and 0.35 m s-1 respectively. The Zwarte Nete is a slightly smaller river
with an average width of 4.5 m, a discharge between 0.2 (August) and 0.5 m 3 s-1
(October), corresponding to mean stream velocities of 0.1 and 0.3 m s-1, respectively.
The rivers are fed by rainwater and through seepage, so the discharge is strongly
correlated with the precipitation (Fig. 6.1). Suspended matter concentrations have a
cyclic pattern. Concentrations below 6.6 mg L-1 are measured between April and
September, while the concentrations range between 11 – 33 mg L-1 between October
and March (based on monthly measurements from 12/2014 to 06/2016 in the Zwarte
Nete 500 m upstream of the study area, Vlaamse Milieu Maatschappij, geoloket.vmm.be).
Figure 6.1: Evolution
of
the
discharge
during the sampling
period is shown for
the
Zwarte
Nete
(black diamonds) and
Desselse Nete (grey
squares).
Monthly
precipitation (dashed
line) is measured in a
weather station 22
km from the study
area.

6.2.2 Small spatial scale and high temporal resolution
River morphology
During one year, monthly bed elevation was measured form May 2013 until April 2014
in one plot in both rivers with a measuring grid. We used a rectangular grid of 0.88 m
(stream wise direction) by 2.88 m (cross-sectional direction) with a cell size of 0.08 m
by 0.08 m (Fig. 6.2). The grid is placed on four fixed poles that remain in the field. The
grid itself is removed and replaced for every monthly measuring campaign. The plots
occupy around 2/3 of the river width in both rivers. At each point the elevation was
measured with an accuracy of 0.5 cm and the species name was noted in case vegetation
was present. The measuring grid bends in the middle, all measurements are corrected
for this. Each month the water depth is calculated as the difference between a fixed
reference water level and the bed elevation of that month. The water level at the start of
the measurement, May 2013, is used as the reference water level. The elevation change
is calculated as the difference in absolute elevation between two consecutive
measurements divided by the time difference (Nolte et al. 2013).
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Figure 6.2: (a) The measuring grid for small-scale sedimentation-erosion measurements installed in the
Desselse Nete in May 2013. The grid is 2.88 m long and 0.88 m wide and has a mesh size of 0.08 m. The
grid is placed on four fixed poles that remain in the field, and the grid is removed and replaced for every
monthly measuring campaign. The direction of the water flow is indicated with an arrow. (b) Detailed
view of the grid. The bed elevation is measured relative to the grid in each cell.

Vegetation
The plant morphology is quantified by the biomass and wetted plant surface area of the
above-ground canopy. Samples were taken downstream of the study site to not affect
the natural evolution of the vegetation pattern at reach scale. The three most dominant
species were monthly sampled in a 0.5 by 0.5 m plot: Callitriche obtusangula (Le Gall),
Sparganium emersum (L.) in the Zwarte Nete and Potamogeton natans (L.) in the
Desselse Nete. The leaves and stems of a subsample were placed on a white background
and photographed. The plant surface area was calculated using a supervised
classification (ArcGIS v. 10.1, ESRI Inc, Redlands, USA). The samples were oven dried (at
70° C for 48 h) and weighed afterwards (dry weight, DW) to obtain the dry weight. No
sample could be taken for C. obtusangula in May 2013, and for this case the average was
taken of values of April and June to estimate the wetted plant surface area and dry
weight. P. natans was not yet present in April, so no sample was taken.
6.2.3 Large spatial scale and low temporal resolution
River morphology
At reach scale Digital Elevation Models (DEM) (Eekhout et al. 2014) are frequently used
to map the river bathymetry. The relative differences between consecutive DEMs can be
calculated to quantify reach-scale morphological changes (Eekhout et al. 2014) with a
frequency ranging between one year up to two months (Eekhout et al. 2014; Lane et al.
2010; Wheaton et al. 2010). A DEM was constructed for a reach of 100 m in the Zwarte
Nete and 100 m in the Desselse Nete in April and September in 2012, 2013 and 2014.
Points were measured approximately every 0.3 m along cross-sections perpendicular to
the river axis, and the along-channel distance between the cross-sectional transects was
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around 3 m. The (x, y, z) coordinates were recorded using a Total Station (Sokkia set
510k, Capelle a/d Ijssel, NL) with an accuracy of 0.2 cm. The method developed by
Eekhout et al. (2014) was used to interpolate the data which accounts for the anisotropy
of the data. The anisotropy is due to the resolution difference of the (x,y) coordinates in
the along-channel and cross-sectional direction. The anisotropy factor is calculated as
the average distance between transects divided by the average distance between points
along the transects. First, the (x, y) coordinates are transformed to a curvilinear grid
with (s,n) coordinates (Legleiter and Kyriakidis 2006). A triangular irregular network
(TIN) is constructed based on the centre line and banks of the river (Delaunay
triangulation in Matlab). The data of the TIN were interpolated with the nearest
neighbour interpolation method with a point distance of 0.25 m. Afterwards the (s,n)
coordinates are reconverted to the original (x,y) coordinate system. The total number of
points, the point density and anisotropy factor is given in Tab. 6.1. Morphological
changes are quantified by subtracting the DEMs of two consecutive sampling times. In
this way a DEM of difference (DoD) is constructed (Eekhout et al. 2014; Lane et al.
2010). To eliminate the effect of the surface water slope, the bed elevation is converted
to the water depth. The biannual water depth is calculated in each grid cell. It is the
difference between the water level of April 2013 and the biannual bed elevation. April
2013 is chosen as reference since the small scale measurements started then.
Table 6.1: Overview of the reach-scale sampling with the river, date, number of points, point density and
anisotropy factor. The latter quantifies the resolution difference of the (x,y) coordinates in the alongchannel and cross-sectional direction.

Number

River

Date

1

Zwarte Nete

(day)
18/04/2012

2

Zwarte Nete

3

No. data
points
(points)

Point density

Anisotropy
factor
(-)

527

(points m-2)
1.22

07/09/2012

409

0.94

18.56

Zwarte Nete

16/04/2013

511

1.18

11.58

4

Zwarte Nete

26/09/2013

401

0.93

13.23

5

Zwarte Nete

15/04/2014

467

1.08

6.89

6

Zwarte Nete

25/09/2014

397

0.92

6.89

7

Desselse Nete

17/04/2013

526

1.09

8.84

8

Desselse Nete

30/09/2013

401

0.83

9.00

9

Desselse Nete

15/04/2014

359

0.74

7.34

10

Desselse Nete

23/09/2014

426

0.88

7.31

7.71

In order to quantify and compare the magnitude of the geomorphic changes between the
studied river reaches and over time, we use three methods. First, the elevation change
(m month-1), is the elevation change of each cell of the DEM, divided by the time
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between two consecutive measurements. Second, the morphological activity represents
the total elevation differences in a reach. It is quantified with the root-mean-square
elevation difference, RMSD (cm), and is computed as follows (Eekhout et al., 2014):
(Eq. 6.1)
with zi,j (cm) the elevation of the grid cell with coordinates x and y, n (-) the number of
grid cells of the DEM. The RMSD is expressed as a rate per month (cm month-1) by
dividing it by the time between two consecutive measurements. Third, the change in
position of the thalweg between consecutive sampling times is calculated to evaluate the
effect of vegetation on the position of the thalweg. The thalweg is the line connecting the
deepest points of consecutive cross-sections along a river (Crosato 2014). A map of
shortest Eucledian distance to the thalweg is constructed with a spatial resolution of
0.01 m to calculate the distance between two thalwegs. This is done with the software
ArcGIS (v. 10.1, ESRI Inc, Redlands, USA). The Eucledian distance is calculated per river
between all consecutive measurements, between the April measurements of consecutive
years and between the September measurements of consecutive years.
Vegetation
The location of the macrophytes was mapped using low altitude digital images. Images
were taken when vegetation was at peak biomass, in August 2012, August 2013 and
August 2014 in the Zwarte Nete and August 2013 in the Desselse Nete. The images were
taken with a Nikon D300s DLSR camera with a crop sensor (NikonCorporation, 2009) on
a height of approximately 5 m above the water surface. Each image covers an area of 6.5
m by 10 m. These pictures are stitched with the software Autopano Giga (v. 3.0, Kolor,
Francin, FR). The stitched pictures are georeferenced and the macrophyte patches are
delineated manually using the software ArcGIS (v. 10.1, ESRI Inc, Redlands, USA). See
chapter 2 for details about mapping the aquatic vegetation.
6.2.4 Statistics
The difference of the water depth between site and between the species at small and
large scale was tested by following tests. Data were tested for normality with a ShapiroWilk normality test. All data were not normally distributed data and had unequal
variance. So, significant differences were tested with a Kruskal-Wallis test followed posthoc Dunn test. The same procedure was used to test significant difference between the
elevation change at reach scale and the position of the thalweg.
Linear models were used to test the difference in elevation change between site and
between species at small scale. Elevation change was entered as the dependent variable.
The date of the measurements was used as a random intercept to exclude the temporal
correlation between consecutive measurements. The site or species was entered as fixed
effect. The linear models were fitted with the lme function of the nlme-package in R. All
statistical analyses were performed in R (R Core Team 2014) version 3.2.0.
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6.3 Results
6.3.1 Small scale measurements
Effect of river morphology on vegetation
The initial water depth ranges between 0.42 and 0.66 m in the plot with continuous
vegetation at the start of the measurement in May 2013 (Fig. 6.3a). This is significantly
different from the initial water depth in the plot with patchy vegetation which ranges
between 0.32 and 0.43 m (Fig. 6.3a). Also, the water depth differs significantly between
the start and growth season date for both plots. Due to sedimentation, the average water
depth decreases from 0.51 to 0.47 in the plot with continuous vegetation and the range
remains similar. In contrast in the patchy vegetation plot, the average water depth
remains similar, 0.37 and 0.38 m, while the range increases. The initial water depth of
the location where vegetation is present in August is shown in Fig. 6.3b. Within P. natans
the larger water depth and the largest variation in water depths are observed, this
species grows in the plot with continuous vegetation. Macrophytes growing in the
patchy vegetated plot occupy lower water depths: C. obtusangula and M.spicatum. P.
pectinatus and S. emersum occupy the lowest water depths.

Figure 6.3: Boxplots of the water depth are shown for the small scale measurements. The boxes show the
interquartile range of the data, the whiskers mark 1.5 times the interquartile range and the dots represent
the outliers. The number of cells per vegetation cover or species is shown at the bottom of the plot
between brackets. Different letters indicate significant difference between vegetation cover or species at p
< 0.05. Significant differences were tested with a Kruskal-Wallis test followed by a post-hoc Dunn test.
Data are given separately (a) per vegetation cover: continuous in the Desselse Nete (light grey) and
patchy vegetation cover in the Zwarte Nete (dark grey) at the start of the growth season (May 2013) and
at the end (September 2013); (b) per species: C. obtusangula (Co), M. spicatum (Ms), P. pectinatus (Pp),
S.emersum (Se) and P. natans (Pn) at the start of the growth season (May 2013). The species names are
highlighted in dark grey of macrophytes growing in the patchy plot (Zwarte Nete) and in light grey for
species growing in the continuous vegetated plot (Desselse Nete).
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Effect of vegetation on river morphology
The mean elevation change in the river with a continuous vegetation cover was 1.40 and
0.82 cm month-1 in the summer and winter respectively (Fig. 6.4a). The elevation change
was significantly lower in the river with discontinuous vegetation cover with mean
values of -0.19 and -0.03 cm month-1 in the summer and winter respectively. A further
distinction of the elevation change revealed clear variation among species (Fig. 6.4b).
Elevation change is the highest for P. natans, which grows in the river with a continuous
vegetation cover. In the patchy plot, the highest elevation changes are found for C.
obtusangula and bare soil. Lower elevation changes around 0.08 cm month-1 are found
for P. pectinatus, and negative elevation changes for M. spicatum and S. emersum.

Figure 6.4: Mean monthly elevation changes (cm month-1 ± SE) is shown for the small scale
measurements. The significance of the site effect was calculated using a linear mixed model with date as
random intercept. The number of cells per vegetation cover or species is shown at the bottom of the plot
between brackets. Different letters indicate significant difference between vegetation cover or species at p
< 0.05. Data are given separately (a) per vegetation cover: continuous in the Desselse Nete (light grey) and
patchy in the Zwarte Nete (dark grey) during the summer (May-September) and winter (October-April);
(b) per species: C. obtusangula (Co), M. spicatum (Ms), P. pectinatus (Pp), S.emersum (Se) and P. natans (Pn)
during the summer (May-September). The species names are highlighted in dark grey of macrophytes
growing in the patchy plot in the Zwarte Nete and in light grey for species growing in the continuous
vegetated plot in the Desselse Nete.

Fig. 6.5 shows the elevation change, spatially averaged along the cross-sectional
direction of the Zwarte Nete and Desselse Nete in summer (Fig. 6.5a) and winter (Fig.
6.5b). Highest elevation changes are found near the left bank of the river (right side in
Fig. 6.5a) for the continuous vegetation cover. These locations have the lowest water
depth which are expected to have the lowest flow velocity and hence the highest
sedimentation rate. The elevation changes in the patchy plot are more variable and are
not related to the water depth. Locations with positive elevation changes coincide with
the location of C. obtusangula and M. spicatum, while the locations with negative
elevation changes are occupied by S. emersum and P. pectinatus. The elevation changes
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in winter are slightly lower than in summer in the continuous vegetation plot. Positive
elevation changes are mainly situated in the centre of the river. In the patchy plot,
distinct areas of sedimentation and erosion are found along the cross-sectional direction
of the river. The location of the riparian vegetation near the right bank and the M.
spicatum patch near the left bank coincides with positive elevation changes in the
winter.

Figure 6.5: Mean elevation change (mean ± SE) is spatially averaged along the cross-section of the river
per vegetation cover: continuous in the Desselse Nete (light grey) and patchy in the Zwarte Nete (dark
grey). Note that the measurements cover the central 2.88 m of the river. The elevation change is not
recorded next to the river banks. Data are given per river for the (a) summer (May-September); and (b)
winter (October-April). The location of the vegetation of the patchy vegetation is shown in the bar under
need the plot: bare (white), S. emersum (light green), P. pectinatus (intermediate green), C. obtusangula
(dark green) M. spicatum (blue), and riparian vegetation (black). The continuous plot is covered
everywhere by P. natans.

The morphology of the three most abundant species is quantified by its plant surface
area and biomass (Fig. 6.6). Large differences between the species are found for the
plant surface area (Fig. 6.6a). S. emersum and P. natans have similar plant surface areas
during the growth season. The plant surface area of C. obtusangula is remarkably higher
in July and August with values up to 4 times the ones of the two other species. On the
contrary, biomass shows much less variation between the species. It is increasing during
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the growth season, with the maximal biomass found for C. obtusangula, followed by S.
emersum, and P. natans has the lowest value (Fig. 6.6b).

Figure 6.6: (a) The plant surface area (mean ± SE, note the small error bars) and (b) biomass (mean ± SE)
is given in function of time for the three most dominant species; C. obtusangula (dotted line), S. emersum
(dashed line), P. natans (solid line).

6.3.2 Large scale measurements
Effect of river morphology on vegetation
The water depth is shown for every sampling campaign in the river with continuous
(Desselse Nete) and patchy vegetation (Zwarte Nete) cover (Fig. 6.7a). The water depth
is each sampling period significantly higher in the reach with continuous vegetation
compared to the water depth of the patchy vegetated reach. A further distinction of the
distribution of the water depth per species at the start of the growth season is shown
(Fig. 6.7b). The riparian vegetation has the lowest water depth, which is expected since
it occurs near the river banks. A clear trend between the different species could not be
distinguished from our results. The bare soil in the continuous vegetated plot in 2013 is
located close the river banks. This explains the relatively low water depth of the bare
soil in this plot. The water depth and the location of the thalweg of the river with a
patchy (Zwarte Nete) and continuous vegetation (Desselse Nete) cover are shown in Fig.
6.11.
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Figure 6.7: Boxplots of the water depth are shown for the reach scale measurements. The boxes show the
interquartile range of the data, the whiskers mark 1.5 times the interquartile range and the dots represent
the outliers. The surface area per vegetation cover or species is shown at the bottom of the plot between
brackets (in m²). Different letters indicate significant difference between vegetation cover or species at p <
0.05. Significant differences were tested with a Kruskal-Wallis test followed by a post-hoc Dunn test. Data
are given separately (a) per vegetation cover: continuous in the Desselse Nete (light grey) and patchy in
the Zwarte Nete (dark grey) at the start of the growth season (April 2012, 2013, 2014) and at the end
(September 2012, 2013, 2014); (b) per species and per river: C. obtusangula (Co), M. spicatum (Ms),
riparian vegetation (Rip), P. pectinatus (Pp), S.emersum (Se) and P. natans (Pn) at the start of the growth
season (April 2012, 2013, 2014) in the reach with patchy vegetation in the Zwarte Nete (pat.) and in April
2013 in the reach with continuous vegetation in the Desselse Nete (cont.).
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Effect of vegetation on river morphology
The elevation change strongly varies between the different seasons and between the
two reaches (Fig. 6.8a). Also no clear seasonal pattern is observed in the elevation
change data. More detailed differences in elevation change in function of the species is
shown in Fig. 6.8b. The mean elevation change is positive for all species in the patchy
vegetated reach in 2012 and 2014, except for M. spicatum in 2012. Similarly, positive
elevation changes are found in the continuous vegetated reach in 2013. On the contrary,
negative elevation changes are observed in 2013 in the patchy vegetated reach.

Figure 6.8: Mean monthly elevation changes (cm month-1 ± SE) are shown for the large scale
measurements. The significance of the site effect was calculated using a linear mixed model with date as
random intercept. The surface area per vegetation cover or species is shown at the bottom of the plot
between brackets (m2). Different letters indicate significant difference between vegetation cover or
species at p < 0.05. Data are given separately (a) per vegetation cover: continuous in the Desselse Nete
(light grey) and patchy in the Zwarte Nete (dark grey) during the summer (May-September) and winter
(October-April); (b) per species: C. obtusangula (Co), M. spicatum (Ms), riparian vegetation (Rip), P.
pectinatus (Pp), S.emersum (Se) and P. natans (Pn) during the summer (May-September) 2012, 2013 and
2014 in the reach with patchy vegetation cover in the Zwarte Nete (pat.) and in summer 2013 in the reach
with continuous vegetation cover in the Desselse Nete (cont.).
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The root mean squared elevation difference is a proxy to quantify the morphological
activity (Eekhout et al. 2014). The RMSD is higher in summer than in winter for both
reaches (Fig. 6.9). This implies a higher morphological activity when vegetation is
present. The morphological activity is also higher in the continuous vegetated reach
compared to the patchy vegetated reach.
Figure 6.9: Root mean squared
elevation difference for each season
is shown, separately for the
continuous vegetated reach (grey
squares) and patchy vegetated reach
(black diamonds).

Figure 6.10: Boxplots of the Eucledian distance (m) between two surveys are shown for the reach scale
measurements. The boxes show the interquartile range of the data, the whiskers mark 1.5 times the
interquartile range and the dots represent the outliers. The average distance is shown at the bottom of the
plot between brackets (in m). Different letters indicate significant difference between vegetation cover or
species at p < 0.05. Significant differences were tested with a Kruskal-Wallis test followed by a post-hoc
Dunn test. The colours indicate the period for which the Euclidian distance is calculated: between April
and April of the next year (white), the summer season between April and September (light grey), the
winter season between September and April (intermediate grey), between September and September of
the next year (dark grey). The vegetation cover is given on the x-axis for measurements in the reach with
patchy vegetation cover (p) and in the reach with continuous vegetation cover (c).
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The distance between the thalwegs of the surveys is calculated for the river with a
patchy and continuous vegetation cover (Fig. 6.10). The position shift during the
summer season when vegetation is present and during winter when no vegetation is
present is given in light grey and dark grey, respectively. No clear differences are found
between these measurements. However, lower values are found when the location of the
thalweg of the April measurement is compared in the patchy vegetated reach (white in
Fig. 6.10). The April measurements represent the bathymetry after a vegetation free
period. This indicates that after a vegetation free period the location of the thalweg is
similar over multiple years in the patchy vegetated reach. In contrast, the distance
between the thalwegs of the September measurements is higher (dark grey in Fig. 6.10).
This suggests that the thalweg is shifted during vegetated periods, but no clear trend
over multiple years is found.

6.4 Discussion
Bio-geomorphic interactions between macrophytes and river morphology are present in
vegetated lowland rivers (Petts and Amoros 1997). Local water depth may determine
the location of macrophytes (Franklin et al. 2008; Riis and Biggs 2003), while the other
way around the bed elevation can be modified through the accumulation of sediment by
macrophytes (Chambers et al. 1991; Madsen et al. 2001). It is however not clear to
which extent the control of geomorphology on vegetation dominates over the opposite
influence of vegetation on geomorphology and how this balance depends on the spatial
scale, i.e. at the patch scale (~ a few m²) versus reach scale (~100 m). Furthermore, we
investigated the effect of macrophyte complexity in terms of species morphology (at
patch scale) and vegetation pattern (at reach scale) on the bio-geomorphic interactions
in two lowland rivers.
Our results suggest that the effect of macrophytes on geomorphic processes can act at
both small patch scale and large reach scale. At small scale, the elevation change in the
patchy plot seems to be determined by the morphology of the vegetation (Fig. 6.4b).
Within one plot with four different species, higher elevation changes are measured at
locations dominated by macrophytes with a higher plant surface area (Fig. 6.5and Fig.
6.6), while in the continuous vegetated plot the elevation change appears to be
determined by the distance from the banks (Fig. 6.5). At large scale, the morphological
activity is higher during the summer when macrophytes are abundantly present
compared to the winter, when no macrophytes are present (Fig. 6.9). However, no clear
trend in the average elevation change was found between seasons, sites or species (Fig.
6.8). We found indications that macrophytes can shift the location of the thalweg during
a vegetated period in the patchy vegetated reach and that the thalweg is repositioned
after a vegetation free period (Fig. 6.10). Although the water depth is significantly higher
in the study site with continuous vegetation, our results show limited influence of the
initial water depth on the location of specific macrophyte species, both at small and
large scale (Fig. 6.3 and Fig. 6.7).
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The elevation change is the highest in the small scale plot with continuous vegetation
and ranged between 0.82 and 1.40 cm month-1. The elevation change is lower in the
patchy vegetated plot, ranging between -1.4 to 0.5 cm month-1, and seems to depend on
the plant surface area of the macrophytes. These values are in line with the elevation
change in Ranunculus penicillatus subsp. pseudofluitands patches, i.e. between 0.06 and
0.73 cm month-1 (Wharton et al. 2006). Vermaat et al. (2000) also found higher elevation
changes in the dense Alisma gramineum compared to the sparse Chara aspera, 0.16 and
0.46 cm month-1, respectively in Lake Veluwe, the Netherlands. Similarly, higher
elevation changes were observed in patches of emerged macrophytes like e.g.
Sparganium erectum, than in patches of submerged marcrophytes like Ranunculus
penicillatus subsp. Pseudoflutans in the river Frome, U.K (Gurnell et al. 2006). A flume
experiment revealed that the morphological changes on vegetated river beds are equal
for a certain density of plants and nearly vary with stream velocity (Le Bouteiller and
Venditti 2014). So our data confirm the hypothesis that the accumulation of fine
sediment depends on the density of the macrophytes (Cotton et al. 2006; Madsen et al.
2001).
Higher morphological activity is found in the reach with a continuous vegetation cover
compared to the reach with a patchy vegetation cover (Fig. 6.9) in both seasons. This
may be due the spatial arrangement of the plants relative to each other (Green 2005). A
staggered pattern of vegetation creates a higher hydraulic resistance compared to a
pattern where vegetation stands are aligned. The presence of vegetation free channels in
the latter pattern are responsible for the lower hydraulic resistance and hence lower
morphological activity (Green 2005).
Although the concentration of suspended matter and the water discharge in our study
area are higher in winter compared to the summer, more elevation changes occurred on
vegetated river beds in the summer time compared to bare river beds in winter (Fig.
6.9). In other words, the presence of macrophytes increases the morphological activity.
It should be noted that this does not result in a clear trend in the average elevation
change during the winter and summer. Indeed, large difference between seasons and
site were found in the average elevation change (Fig. 6.8). This is in line with the study
in two reaches in the UK where the accumulation of sediments was mainly at vegetated
locations and to a lesser extent on bare gravels (Heppell et al. 2009). The total amount of
sediment stored was 65 and 23 kg m-2 of river bed in the reach dominated by the dense
Rorippa nasturtium aquaticcum and the more sparse Ranunculus penicillatus subsp.
Pseudofluitans, respectively (Heppell et al. 2009). In contrast, Schnauder and
Sukhodolov (2012) attributed the elevation changes in a meandering river to the spatial
flow pattern associated with the shape of the river rather than to the presence of
macrophytes.
Our results suggests that the location of the thalweg is shifted after vegetated periods,
and is repositioned during vegetation free periods (Fig. 6.8). And as discussed above,
higher morphological activity was found in vegetated periods. These seasonal biogeomorphic changes can be explained by the conceptual model proposed by Wolfert et
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al. (2003). Distinct mechanisms take place on the platforms, which are the straight parts
in the river, and in the river bends. During summer, small discharge in combination with
large macrophyte abundance promote sediment deposition on the vegetated parts of the
platforms and scour on the vegetation free parts of the platforms. The formation of point
bars and infilling of pools are induced in the river bends during these vegetated summer
conditions. These mechanisms are able to shift the location of the thalweg. Since
macrophytes can occupy different locations each year, the location of the thalweg at the
end of summer can be different when comparing multiple years. The winter period is
characterised by large discharge events and a low abundance of macrophytes. This
induces the levelling of the river bed on the river platforms. In the river bends, the
erosion of the point bar deposits and scour of the pools takes place. So, the location of
the thalweg in winter is mainly determined by the planform shape of the river. It is
therefore expected that the thalweg is repositioned on similar locations at the end of the
winter, even over multiple years because the planform shape of the river is constant.
Our study didn’t reveal a clear preference of the different macrophyte species for
specific water depths. This is probably due to the low water depth in combination with
low suspended matter concentration in summer. In theory suspended matter can reduce
the light availability and hence lower the photosynthesis of the macrophytes (Parkhill
and Gulliver 2002), and this can be more pronounced at locations with a higher water
depth. Hence the low water depth (< 1.3 m) and low suspended sediment concentration
in summer (< 6.6 mg L-1) in our study sites, may explain why we didn’t find significantly
different ranges of water depths for the different macrophyte species. In other studies, it
was found that no macrophytes grew on locations deeper than 1.6 m in the river bends
(Schnauder and Sukhodolov 2012). In a study in a Danish lowland stream, the average
water depth of S. emersum and P. natans dominated communities was 0.57 and 0.59 m,
respectively, while callitriche dominated communities had an average water depth of
0.32 m (Riis et al. 2000).
Summarizing, only limited effects were observed of macrophytes on the geomorphology
of the rivers at reach scale. Flow velocity is typically reduced within vegetation patches
and increased adjacent to the vegetation patches (Sand-Jensen and Pedersen 1999;
Schoelynck et al. 2012). However, a river channel is strongly restricted in space by its
relative small river width. This diminishes the ability of the vegetation to redistribute
the water flow, and hence modify the geomorphology of the system. This is in contrast to
other ecosystems where it was shown that bio-morphological interactions are able to
modify the geomorphology (e.g. vegetated floodplains (Corenblit et al. 2007; Gurnell et
al. 2006), vegetated wetlands (Larsen and Harvey 2010; Larsen and Harvey 2011), and
tidal areas (D'Alpaos et al. 2007; Kirwan and Murray 2007; Temmerman et al. 2007).
These systems have a large spatial extend. The vegetation patches can redistribute the
water flow over larger areas and therefore induce geomorphological changes.
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6.5 Conclusion
A two scale field study was performed to investigate bio-geomorphic interactions in two
vegetated lowland rivers. On one hand, the presence of macrophytes tends to increase
the morphological activity at large scale. The macrophytes seems to be able to shift the
location of the thalweg in the reach with a patchy cover during summer. Our data
suggests that the elevation change in the patchy plot is higher at locations dominated by
macrophytes with a higher plant surface area. While the elevation change is mainly
determined by the distance from the banks in the continuous vegetated plot. On the
other hand, no clear effect of the water depth was found on the location of macrophytes
species, which may be due to the low water depth and low suspended matter
concentration in summer.
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6.7 Appendix

Figure 6.11: Water depth (m) of the river with a (a) patchy and (b) continuous vegetation cover is
shown. The direction of the water flow is indicated with an arrow. The position of the thalweg is marked
with a black line.
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7.1 Spatial vegetation patterns in lowland rivers
The functioning of aquatic ecosystems is to a great extent influenced by the presence of
macrophytes (Bornette and Puijalon 2011; O'Hare 2015; Old et al. 2014). Submerged
macrophytes are typically abundant in lowland streams. In temperate mid-latitude
climate zones, their presence is highly variable in both space and time. Through their
above-ground structures they are able to directly influence the water flow by modifying
the current velocity (Old et al. 2014), change the hydraulic resistance (De Doncker et al.
2011) and promote sedimentation (Chambers et al. 1991; Cotton et al. 2006; Madsen et
al. 2001; Sand-Jensen 1998) and organic matter deposition (Horvath 2004; Warren et al.
2009; Wilcock et al. 1999) (Fig. 1.3). These aspects are well studied along rivers.
However, much less is known about the spatial variation of these processes within
rivers. The aims of this thesis were (i) determine the key factors steering the spatial
distribution of macrophytes at reach scale, and (ii) gain more insight in the effect of
distinct spatial vegetation patterns on transport processes. We discuss the spatial
concepts found in this thesis and relate this information to the development of a
numerical model that simulates the spatio-temporal growth of macrophytes.

7.2 Formation of spatial vegetation patterns
Spatial concepts
In this study, the reciprocal interactions between water flow and macrophytes are
investigated at patch (Chapter 3) and reach scale (Chapter 4). We found that the spatial
distribution of macrophytes at reach scale is the result of (i) plant-flow interactions,
which depend on the species morphology (i.e. the flexibility and reconfiguration of the
canopy, and the density of the canopy), and (ii) species-specific growth strategy to
occupy bare sediment. Spatial vegetation patterns at reach scale range between
continuous vegetation patterns over nearly the complete width of the river to patchy
vegetation patterns interspersed with bare sediment. We discuss the possible
mechanisms that could lead to these distinct vegetation patterns.
Open species, e.g. Potamogeton natans (L.), with strong formation of rhizomes may be
able to occupy the complete width of the river at reach scale (Fig. 7.1a). This is due to
the low plant surface area of the plant which has a limited influence on the flow velocity
and creates a low hydrodynamic stress on the plants (Chapter 3). The growth strategy
of this species is based on strong maintenance traits like rhizomes (Wiegleb et al. 2014).
This species has rhizomes with short internodes and horizontal growth of rhizomes
results in the spatial expansion and enlargement of the vegetated zones (Wiegleb and
Brux 1991; Wiegleb et al. 1991). Multiple apical meristems are situated on the tops of
the shoots (Cavalli et al. 2014). This finding is also found with the sensitivity analysis of
Chapter 4. We suggest that the growth strategy is based on the clonal expansion of
vegetated areas rather than the establishment of new vegetation patches.
In contrast, vegetation patterns characterized by distinct vegetation patches
interspersed with bare sediment may be dominated by species with a high plant surface
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area and strong vegetative reproduction capacity such as Callitriche obtusangula (Le
Gall), Callitriche platycarpa (Kütz) and Callitriche cophocarpa (Sendtn.) (Fig. 7.1b). The
canopy is more dense and the plant-flow interactions at patch scale are more
pronounced. This results in a strong deceleration within the patch and a strong
acceleration of the water flow adjacent to the patch (Chapter 3). The growth strategy is
characterized by facultative wintergreen growth habit in combination with effective
means of vegetative reproduction (Wiegleb et al. 2014). This species has multiple apical
meristems (Arber 1920; Sculthorpe 1967) and plant fragments are relatively easily
detached. These fragments are able to form new vegetation patches. The model
sensitivity analyses of Chapter 4 confirmed that the occupation of bare sediment is
mainly based on a high rate of establishment of new vegetation patches. The spatial
expansion of vegetated areas is rather limited.

Figure 7.1: Conceptual model of the evolution of the spatial pattern of macrophytes during one growth
season at reach scale. A zoom is given of the plant-flow interaction at patch scale at the end of the growth
season. The flow velocity is shown with a blue arrow with the length proportional to the magnitude of the
velocity. The density of the vegetation patch is represented by the colour: open (light green) and dense
(dark green). (a) The open species has a high spatial expansion rate of vegetated areas and a rather low
establishment chance of new vegetation patches. The interaction with the flow velocity is small due to the
low plant surface area. (b) The dense species has a high establishment chance of new patches and a rather
small spatial expansion rate of vegetated areas. Due to its dense canopy the flow velocity is strongly
decelerated within the vegetation patch and strongly accelerated adjacent to the vegetation patch.
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Numerical model
The reciprocal interaction between aquatic vegetation and water flow was investigated
with a numerical model. A plant growth model was developed to simulate the spatiotemporal growth of macrophytes based on the species specific growth strategy
(Chapter 4). The model included three processes: the establishment of new plants, the
temporal increase in biomass and the spatial expansion (Fig. 7.2). This plant growth
model was implemented in an existing hydrodynamic model to account for the
reciprocal interactions between vegetation and water flow. The effect of macrophyte
patches on water flow was represented by a hydraulic resistance (Chapter 3). The
formulation accounted for the flexible behaviour of plants as well as for the plant
morphology of the specific species. The feedback of the hydrodynamic model to the
vegetation growth model was implemented with a threshold velocity above which
existing biomass breaks off or new plants are prevented to establish (Chapter 4). We
focussed on three species with a different interaction with the water flow and a different
growth strategy. The target species were represented based on their species-specific
plant-flow interaction and growth strategy.

Figure 7.2: Schematic view of the coupled plant-growth hydrodynamic model. In each grid cell (i) the
plant-growth model simulates the change in biomass as a result of the establishment of new patches,
temporal increases in biomass and the spatial expansion of vegetated areas, and (ii) the hydrodynamic
model simulates the depth-averaged velocity in the stream wise and cross-sectional direction and the
water depth. The biomass increases the hydraulic resistance which influences the depth-averaged velocity
and water depth. The depth-averaged velocity can cause breakage of existing biomass and can prevent the
establishment of new patches.

The coupled plant growth – hydrodynamic model can be used in several scientific or
management related questions. It can be used to investigate the effect of a change in
vegetation cover on the hydrodynamics. This is illustrated with an example.
Macrophytes are often mechanically removed to ensure adequate drainage and reduce
flooding risks (Bal and Meire 2009; Old et al. 2014). This is often based on limited
scientific knowledge of the local aquatic ecosystem making this economically and
ecologically not optimal (Boerema et al. 2014). For example, the mowing cost is 3.5
million euro annually for a length of around 1250 km rivers in the catchment of the
study sites (Provant 2010).
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We use the same model setting and parameter values obtained by a sensitivity analysis
performed in Chapter 4. The simulation of Sparganium emersum in the model grid with
the real bathymetry is selected. The upstream water level is given in function of the time
in the growth season (Fig. 7.3). In the first scenario, the vegetation growth is
undisturbed and the upstream water level is 20.27 m TAW at the end of the growth
season. In the second scenario, the growth of the same species is simulated. Once the
upstream water exceeds a certain threshold, the vegetation is removed. The vegetation
starts to regrowth but the effect on the water level remains limited. The water level at
the end of the growth season is 20.16 m TAW.
This scenario analysis illustrates the application potential of the coupled plant-growth
model to allow better prediction of water levels, which is beneficial for the management
of vegetated lowland rivers.
Figure 7.3: Upstream water
level (m TAW) in function of
the time since the start of
the growth season is shown:
once for a scenario with
natural vegetation growth
(black line), once for a
scenario
where
the
vegetation is mowed when
the water level exceeds a
threshold water level (grey
dashed line). The threshold
water level is indicated with
a red line.

7.3 Transport processes in spatial vegetation patterns
Spatial concepts
The effect of continuous and patchy vegetation patterns on the transport capacity is
investigated at patch scale (Chapter 6) and reach scale (Chapter 5 and 6). In reaches
with a continuous vegetation cover, the flow velocity is reduced and the residence time
of solutes is increased compared to rivers without vegetation (Chapter 5). This was
tested in the same reach of 50 m with once the natural vegetation cover (>76%), and
once without vegetation. Increased residence time is beneficial for the water quality
since chemical conversion of nutrients (Seitzinger et al. 2006) and the removal of
pollutants increase as the residence times increase (Kroger et al. 2009; Lienard et al.
1993). Extra measurements are performed in the same reach of 50 m where the
vegetation is partially removed to create vegetation free channels. Similar processes are
found in these partially vegetated reaches; the residence time is higher within the
vegetated zones. However, the residence time is drastically reduced in vegetation free
channels of the reach (Chapter 5). This allows the fast transport of pollutants through
the river system and might be harmful for the aquatic ecosystem (Lightbody and Nepf
2006).
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Macrophytes reduce the flow velocity and hence the bottom shear stress (Chapter 3). At
patch scale, the elevation change of the river was recorded with a high resolution
measurement grid (0.08 m) (Chapter 6). It was found that the elevation change is more
homogenous in a plot completely occupied by one macrophyte species (Fig. 7.4a). In
contrast, sediment deposition is more heterogeneous in a plot with multiple macrophyte
species. Our results suggests that the elevation change of the river bed is higher when
the density of the vegetation increases (Fig. 7.4b). So vegetation is in control of local
geomorphic changes in a multi species plot, but not in a single species plot.
At reach scale, we observed the accumulation of organic matter in macrophyte patches
with tracer experiments (Chapter 5). Three types of particulate tracers were released in
the same reach of 50 m with once the natural vegetation cover (>76%), and once
without vegetation. Depending on the buoyancy of the particles up to 36.5 % of the
particles are retained in the vegetated reach compared to the vegetation free reach. The
accumulation of organic matter in vegetation patches can be beneficial for the water
quality, since the vegetation patches act as biochemical hotspots. Fast conversion of
organic matter takes place and results in lower nutrient concentration in the river
(Schoelynck et al., 2012). In addition, the effect of macrophytes on river morphology was
observed at reach scale based on biannual bathymetry measurements (Chapter 6). For
example, the morphological activity was higher during vegetated seasons compared to
seasons without vegetation. In the patchy vegetated reach, the location of the thalweg is
shifted during summer when vegetation is present, but is repositioned during winter,
when no vegetation is present (Fig. 7.4).
Figure 7.4: Conceptual model of the
interaction between the vegetationwater flow and transport of
particulate matter in rivers at patch
scale and reach scale for: (a) open
species, and (b) dense species. At
patch scale, the sedimentation is
marked with a red plus and erosion
is marked with a red min. The size of
the symbols is proportional to the
magnitude of the elevation change.
At reach scale, the thalweg – line
connecting the deepest point of
consecutive cross-sections along a
river – is shown with a red line. The
full line represent the thalweg at the
end
of
the
growth
season
(September), the dashed line
represent the thalweg at the end of
the vegetation-free season (April).
The density of the vegetation patch is
represented by the colour; open
(light green) and dense (dark green).
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Numerical model
The information gained by the field experiments and field monitoring can be used to
further extend the numerical model developed in Chapter 3 and 4. As shown in Chapter
5 and 6, vegetation patches can capture particulate matter depending on the canopy
density. The accumulation of mineral sediment within vegetation patches may increase
the local elevation and the accumulation of organic matter may improve the local
growth conditions (Schoelynck et al. 2012). At the same time, increased flow velocity
adjacent to vegetation patches increases the bottom shear stress and may induce
erosion of sediment or uprooting of vegetation patches (Gurnell 2014; Riis and Biggs
2003). It is recommended to measure elevation changes and trapping of organic matter
in relation to macrophyte properties such as wetted plant surface area and vegetation
height. Patch scale interactions can be investigated in flume experiments (e.g. Meire et
al. 2014). The information can be used to calibrate numerical models (e.g. Le Bouteiller
and Venditti 2014). Reach scale interaction should be monitored by extensive field
campaigns at sites with patchy and continuous vegetation pattern (Gurnell et al. 2006;
Heppell et al. 2009). The elevation change of the bed can be related to both macrophytes
properties and vegetation patterns. A similar model approach can be followed of
existing coupled vegetation-morphodynamic models of other ecosystems. Vegetation
patterns have been simulated on vegetated floodplains (Corenblit et al. 2014; van
Oorschot et al. 2016), vegetated wetlands (Larsen and Harvey 2011) and tidal marches
(D'Alpaos et al. 2007; Kirwan and Murray 2007; Temmerman et al. 2007). The actual
bed shear stress is calculated on each node in these numerical models. Local
sedimentation or erosion depends on the relationship between the actual and critical
bed shear stress for erosion and sedimentation. The net result on the local bed elevation
can be calculated with the Exner equation (Paola and Voller 2005). In this equation, the
bed elevation increases proportional to the amount of sedimentation and decreases
proportional to the amount of erosion.

7.4 Recommendations for future research
The current version of the coupled plant-growth hydrodynamic model contains a limited
amount of processes and can be further extended. The modularity of the model enables
this relatively easily. Other modules can be coupled depending on the specific research
questions. These modules can already exist (e.g. sediment transport or water quality) or
can be developed by the user. The model can be optimized by fine tuning parameter
values or by adding extra processes. Further improvements may include: (i) the
specification of the temporal growth as function of abiotic factors, (ii) the co-occurrence
of multiple species. We discuss for each process the way knowledge can be acquired via
specific methods, measurements or experiments and the way this can be implemented
in the coupled plant-growth hydrodynamic model.
First, in the present model approach, temporal increase in biomass is described by a
logistic growth curve. Therefore the current model isn’t able to simulate possible effects
of changes in abiotic factors such as light, nutrients and temperature, on growth. Light is
the main driver for photosynthesis of plants (Barendregt and Bio 2003; Carr et al. 1997).
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Nutrients such as nitrogen, phosphorous and different sources of carbon (DOC, CO2,
HCO3-) are crucial for the growth as well (Asaeda et al. 2000; Carr et al. 1997; van Nes et
al. 2003). Temperature is determining for the rate at which chemical reactions take
place (Best et al. 2001; Best and Visser 1987). The growth response of the macrophyte
should be monitored in function of these abiotic factors by performing specific
laboratory experiments. It is useful to study the combined effect of aforementioned
processes to understand the net effect on the growth rate of macrophytes. For example,
it was demonstrated that higher levels of CO2 in the water increase the photosynthesis
rate and increase the uptake of nitrogen and phosphorous (Cao and Ruan 2015). In
contrast, increased amounts of DOC reduce the light availability and hence reduce the
photosynthesis rate (Schindler et al. 1996). The current logistic function to describe the
temporal increase in biomass can be replaced by a set of more detailed equations. The
effect of light availability and nutrient concentration can be described by a MichaelisMenten equation (Jorgensen et al. 1981). This equation describes the increase in
biomass as function of the amount of resources (i.e. light, nitrogen, phosphorous) and a
saturation coefficient. The growth rate in function of temperature can be described by
an optimal temperature above and below which the growth rate reduces (Carr et al.
1997; Herb and Stefan 2003). The coupled plant-growth hydrodynamic model should be
coupled with a water quality model to simulate the magnitude and changes of these
abiotic factors.
Second, the current plant-growth model simulates the occurrence of one species during
one simulation. In other words, it is currently not possible to simulate the co-occurrence
of several species within one simulation. The growth of individual species should be
implemented as well as the competition rules for the interaction between species. This
requires detailed information on the interaction between the species of interest. Two
main interaction strategies between vegetation species can be distinguished;
cohabitation and competitive exclusion (Cao et al. 2014). In the first strategy, the
vegetation is composed of multiple species which differ in the use of resources. These
kind of vegetation types are often found in ecosystems with relatively high abiotic
pressures. Habitat heterogeneity and niche separation, i.e. preference differences for
stream velocity, water depth and particle size, may explain the co-occurrence of multiple
species (Clarke 2002; Riis and Biggs 2003; Wiegleb et al. 2014). In the second strategy,
one species outcompetes the other species. This situation is typically found in systems
with limited pressures (e.g. high nutrient concentration and low flow velocity) where
the interaction between species is the main limiting factor. The model approach of van
Nes et al. (2003) can be followed to implement competition between two species. They
developed a spatial model for the competition of two species (Potamogeton pectinatus
and Chara aspera) in standing water. The model accounts for competition for light and
nutrients, but does not account for the interaction with water flow.
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Possible research questions that can be addressed with an extended version of the
current coupled plant-growth hydrodynamic model include:
-

What is the effect of increased temperature and CO2 levels as a consequence of
climate change on macrophyte growth?
What is the effect of macrophytes on the retention and transport of nutrients and
carbon in a river system?
What is the relative influence of mineral sediment transport and geomorphic
dynamics on the spatial vegetation patterns at reach scale?
How does multiple macrophyte species interact with each other?
Which species will become dominant under changes in abiotic factors?
How can the management of vegetated lowland rivers be optimised to improve
water quantity and quality in times of climate change in lowland rivers? E.g.
When is the optimal mowing time? What is the minimum water level that is
necessary in dry periods?

A final remark on possible research recommendations is the scale of the model. It can be
useful to upscale the spatial extent of the research to investigate the role of macrophytes
at catchment scale. With some improvements, the digital photo technique developed in
Chapter 2 is suitable to map relatively rapidly the spatial distribution of macrophytes at
catchment scale (Chapter 2). This includes the attachment of the camera to a drone and
an automatic method to delineate and classify vegetation patches. At catchment scale
the number of processes that affect the plant-flow interaction increases which increases
the complexity. Increased urbanisation may increase the runoff and amplify the
discharge in the rivers during high rainfall events (Beighley and Moglen 2002; Niehoff et
al. 2002). Additionally in highly urbanised areas, intercatchment water transfers are
present whereby the drainage area of a river does not coincide anymore with the
natural catchment boundaries. For example, the drainage area of rivers in the Nete
catchment changed -16 to +3 % and -99 to +64 % due to the presence of sewer
infrastructures and upstream impervious areas, respectively (Vrebos et al. 2014). This
artificial pressure significantly affects seasonal runoff volumes during both low and
peak river flows. A correct representation of water transfers by sewer infrastructures is
essential to investigate the water quality at catchment scale (Vrebos et al. 2015). These
changes in water discharge can cause shifts in the species composition of the
macrophytes in the rivers.
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