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ABSTRACT

Riparian vegetation actively interacts with fluvial systems affecting river hydrodynamics, morphodynamics and groundwater. These interac-
tions can be coupled because both vegetation and hydromorphology (i.e. the combined scientific study of hydrology and fluvial geomorphol-
ogy) involve dynamic processes with similar temporal and spatial scales. To predict and assess the consequences of restoration measures,
maintenance operations or human pressures in rivers, managers and planners may wish to model these interactions considering the different
and interdisciplinary implications in the fields of ecology, geomorphology and hydrology. In this paper, we review models that are currently
available and that incorporate the processes that relate riparian vegetation to hydromorphology. The models that are considered include those
emphasizing hydraulic-geomorphological processes (such as flow resistance, sediment transport and bank dynamics) as well as those empha-
sizing ecological processes (seed dispersal, plant survival, growth, succession and mortality). Models interpreting the coupled evolution
between riparian vegetation and river morphology and groundwater are also presented. The aim is to provide an overview of current
modelling capabilities and limitations and to identify future modelling challenges. Copyright © 2015 John Wiley & Sons, Ltd.
key words: riparian vegetation; hydromorphology; modelling; REFORM project

Received 23 December 2014; Revised 7 April 2015; Accepted 17 April 2015
INTRODUCTION

Vegetation is a key element in fluvial systems, controlling
river corridor form and dynamics (Figure 1). Plants actively
interact with fluvial processes; their aboveground biomass
can affect the flow field and sediment transport and therefore
river morphological evolution, whereas their belowground
biomass modifies the hydraulic and mechanical properties
of the substrate and consequently the moisture regime and
erodibility of the soil (Gurnell, 2014).
The interactions between vegetation and hydromorphological

processes are many and complex spanning a large range of spa-
tial and temporal scales (Camporeale et al., 2013). During
floods, individual plants or plant patches can trap and stabilize
sediments and plant propagules, thereby promoting colonization
of other plant species by building pioneer landforms. At larger
scales, riparian vegetation dynamics are crucial for river plan-
form evolution (Gurnell et al., 2012). Additionally, the pro-
cesses occurring at smaller scales, such as the dynamics of
single patches, are probably crucial for larger scale
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geomorphological phenomena (Gurnell, 2014). Importantly,
vegetation and hydromorphological processes display compara-
ble temporal dynamics; for instance fluvial erosion–
sedimentation and the establishment of complete vegetation
cover have similar time scales and evolution rates; therefore,
they cannot be modelled separately (Camporeale et al., 2013).
Riparian vegetation colonization and development is

widely dominated by disturbance conditions generated by
flow and flood regimes and related morphological processes
(Bornette et al., 2008). Within the channel, vegetation dis-
turbance reaches a maximum, whereas this reduces on river
margins where competition with other species becomes
more important (Corenblit et al., 2007).
Current models have been formulated either considering

one-way interactions (i.e. the effects of vegetation on
hydromorphological processes, or vice versa) or two-way
coupled interactions. Accordingly, we distinguish the fol-
lowing four categories (Figure 2, 1–4):

(1) Effects of vegetation on hydromorphodynamics;

Models in this category, typically developed within the
fields of geomorphology and engineering, include how veg-
etation affects flow resistance, sediment transport and bank



Figure 1. Examples of riparian vegetation in the Cecina River (Tuscany, Italy). This figure is available in colour online at wileyonlinelibrary.
com/journal/rra
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dynamics (both accretion and erosion). Here, vegetation is
modelled as an abiotic element, and the relevant properties
are associated to the biomechanical (such as elasticity and
tensile strength) and morphological plant features.

(2) Effects of hydromorphodynamics on riparian vegetation;

These effects consider ecological models aimed at evaluat-
ing the influence of hydromorphological variables on the
different life stages of vegetation. Vegetation is therefore
modelled as a biotic element. Processes modelled include
the following: propagule dispersal, vegetation recruitment,
growth, succession and mortality. Models related to large
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wood (recruitment, entrainment, transport and deposition)
are also considered in this category.

(3) Interactions between vegetation and hydromorphodynamics;

Models here consider the coupled evolution of vegetation
pattern and river altimetric and planimetric morphology.
For instance, growth of vegetation can favour bank stability
thus reducing lateral flow erosion and thereby affecting
channel pattern and river morphology (Tal and Paola,
2010).

(4) Interactions between vegetation and groundwater.
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Models of this type may emphasize groundwater-river con-
nectivity and vegetation growth; models for flow of ground-
water, vegetation growth and biogeochemical processes.
The aforementioned four groups of model types are

complemented by a fifth group concerned with vegetation
dynamics (Figure 2, topic 5). This includes models that
simulate interactions between plants and predict vegeta-
tion patterns in less disturbed environments (e.g. at
higher altitudes on the floodplain) as a result of competi-
tion and facilitation processes and considering invasive
species.
There have been a number of recent reviews of the ef-

fects of vegetation on various properties of fluvial
systems, including considerations of hydrodynamics (Nepf,
2012), flow resistance (Aberle and Järvelä, 2013), sediment
transport (Vargas-Luna et al., 2015), bank stability (Pollen-
Bankhead and Simon, 2010) and interactions between
riparian vegetation and river hydromorphodynamics
(e.g., Gurnell et al., 2012; Tal and Paola, 2010; Camporeale
et al., 2013). Nevertheless, there is still a need to transfer
this knowledge into practice by making models more avail-
able for applications in river management and restoration.
Many existing models are applied to quantify a single pro-
cess, but links between different components of vegetation
hydromorphology interactions are still not fully acknowl-
edged. Restoration and river-management practice needs
to assess and model these interactions in order to consider
their different, often interdisciplinary, implications for river
ecology, geomorphology and hydrology. Accounting for
these interactions is a key issue for managers because they
provide insights into both the beneficial and detrimental ef-
fects of vegetation in the context of river management and
restoration.
In response to this need, an extensive review of existing

models relating to interactions between vegetation and flu-
vial processes has been conducted (Gurnell et al., 2014)
within the REFORM project (REstoring rivers FOR effec-
tive catchment Management; http://www.reformrivers.eu/),
a collaborative EU project targeted to develop guidance
and tools to make river restoration and mitigation measures
more cost-effective.
This paper summarizes the main outcomes of the earlier,

extensive review (Gurnell et al.,2014) by addressing
two key questions: (i) what are the currently available
models that water managers can consult, when they are
developing river basin management plans, to interpret and
predict the interactions between riparian vegetation and
hydromorphology?; (ii) what are future research and model-
ling challenges?
Note that, because of space limitations, we mostly focus

on modelling advances relating to riparian vegetation.
Copyright © 2015 John Wiley & Sons, Ltd.
EFFECTS OF VEGETATION ON
HYDROMORPHODYNAMICS

Vegetation can influence river hydrodynamics by changing
the turbulent flow field and the averaged velocity profiles
in comparison with those that can be commonly found in
non-vegetated flows. In this way, vegetation potentially
has a relevant effect on flow resistance, sediment transport
and bank dynamics (Table I).

Flow resistance

Evaluation of flow resistance is typically associated to the inte-
grated effect of hydrodynamic forces on the plants evaluated
through a drag coefficient that is difficult to estimate (Aberle
and Järvelä, 2013). Current models are formulated for aquatic
and riparian vegetation (see review byVargas-Luna et al., 2015)
With regard to aquatic vegetation, stem bending and can-

opy configuration under hydrodynamic forcing is of primary
importance (Nepf, 2012). Dijkstra and Uittenbogaard (2010)
developed a fully mechanistic model for predicting flow ve-
locity and plant bending of flexible aquatic vegetation.
Luhar and Nepf (2013) provided a mechanistic interpreta-
tion of well-known retardance curves (USDA, 1947) by
showing that the flow resistance decreases with the submer-
gence ratio (height of deflected vegetation/flow depth).
Regarding riparian vegetation, models consider both rigid

and flexible vegetation. In the rigid case, such as mature
trees, vegetation elements are schematized as rigid cylin-
ders. Current models (such as Baptist et al., 2007) allow
one to evaluate flow resistance both in submerged and emer-
gent conditions as a function of density, diameter and height
of the vegetation. In the case of flexible leafy bushes and
softwood trees, the contribution of leaves to drag production
cannot be neglected. The models by Järvelä (2004) explic-
itly take the effect of the foliage into account through the
leaf area index. Input parameter values in Järvelä’s model
for different deciduous and coniferous species can be found
in Aberle and Järvelä (2013).

Sediment transport

No general sediment transport models incorporating the ef-
fect of vegetation are currently available (Nepf, 2012). Var-
ious studies, typically based on laboratory observations with
artificial vegetation, have explored the effect of vegetation
on (i) bed load and (ii) suspended load.
Regarding bed load, various authors (e.g. Kothyari et al.,

2009) have found that in vegetated areas, bed, load transport
rates are significantly smaller than in areas without vegeta-
tion. Bed load can be expressed using a classical power
function of the excess bed shear stress (calculated taking
into account the total stem drag). However, Yager and
Schmeeckle (2013) found out that commonly used bed
River Res. Applic. 32: 164–178 (2016)
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Table I. Models for the effects of vegetation on hydromorphodynamics

Effects Models Key references

Flow resistance – roughness due to aquatic vegetation Dijkstra and Uittenbogaard (2010);
Luhar and Nepf (2013)

– roughness increase due to flexible
riparian vegetation

Järvelä (2004);
Aberle and Järvelä (2013)

– roughness increase due to rigid
riparian vegetation

Baptist et al. (2007)

Sediment transport – reduction of bed load Kothyari et al. (2009);
Yager and Schmeeckle (2013)

– turbulent flow field and suspended load López and García (1998)
– fine sediment trapping Zong and Nepf (2011)

Bank dynamics
(hydrological effects)

– canopy interception Greenway (1987); Thorne (1990);
Simon and Collison (2002)– evapotranspiration

– infiltration induced by root pathways
Bank dynamics
(fluvial effects)

– reduction of shear stress by increase
in roughness

Thorne (1990)

– localized erosion related to isolated trees
– flow deflection
– vegetation growth on bars Bertoldi et al. (2014)
– fine sediment trapping in vegetation patches Zong and Nepf (2011)

Bank dynamics
(mechanical effects)

– surcharge Wu et al. (1979); Greenway (1987);
Simon and Collison (2002); Pollen and Simon (2005);
Pollen-Bankhead and Simon (2010)

– soil reinforcement by roots
– anchoring, buttressing and soil arching,
wind action
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load-transport equations were not able to capture the ob-
served average-sediment fluxes unless the spatial variability
in the near-bed Reynolds stress is taken into account.
Regarding suspended load, according to Nepf (2012), in

vegetated regions, the turbulence level is set by the vegetation
drag and has little or no link to the bed stress. Because trans-
port of sediment, especially suspended load, is directly linked
to turbulence, the approaches and relationships developed for
open-channel flows cannot be simply extended in regions with
vegetation. Numerical simulations of turbulent flow fields
(such as López and García, 1998) show that the decrease of
suspended sediment transport capacity is due to a reduction
in the ability of vegetated flow (i.e. reduction of bed shear
stress) to entrain sediment into suspension from the channel
bottom. However, note that this is not generally true, as in real
rivers flow into a vegetated area may carry sediments in sus-
pension from upstream. Recent studies (e.g. Zong and Nepf,
2011; Ortiz et al., 2013) have emphasized the effect of the
complex flow field associated with finite vegetation patches
and the implications for sediment deposition, showing that
vegetation may even have a destabilizing effect on the sedi-
ments (i.e. removal of fine sediments) because of high local-
turbulence intensities and vertical velocity components.
Bank dynamics

River-width is a dynamic property that depends on the joint
action between erosion and accretion processes occurring at
Copyright © 2015 John Wiley & Sons, Ltd.
opposite river banks. These adjustments are influenced by a
wide range of conditions (ASCE Task Committee, 1998).
Vegetation plays a key role in bank dynamics, affecting both
processes of bank retreat and bank advance. Vegetation can
significantly influence bank dynamics by modifying fluvial
processes and affecting the mechanical and hydrological
configuration of banks in various ways. In terms of fluvial
processes, the main effect of reducing near-bank shear
stresses can be modelled in terms of flow resistance,
whereas other specific effects such as localized erosion or
deposition are more difficult to account for. A change in sta-
bility due to vegetation (by means of mechanical and hydro-
logical effects) is highly dependent on site-specific factors.
The net effect of vegetative surcharge, that is, the additional
weight of vegetation on the bank surface, on bank stability
can be either beneficial or detrimental, depending on such
factors as the position of the tree on the bank, the slope of
the shear surface and the friction angle of the soil
(Greenway, 1987; Thorne, 1990; Simon and Collison,
2002). The most important mechanical effect for both bank
erosion and bank accretion is the soil strength induced by
the presence of a vegetation root system. Most recent re-
search (Pollen and Simon, 2005; Pollen-Bankhead and
Simon, 2010) has shown that the previously developed
model of Wu et al. (1979) tends to overestimate the addi-
tional shear strength of the roots because of the assumption
that the full tensile strength of each root is mobilized during
soil shearing, and that all the roots break simultaneously.
River Res. Applic. 32: 164–178 (2016)
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Therefore, a new root reinforcement model (RipRoot) was
developed based on fibre bundle theory to account for
progressive root breaking during shearing (Pollen and
Simon, 2005; Pollen-Bankhead and Simon, 2010).
In terms of the influence of riparian vegetation on local-

scale river bank hydrology, three main effects can be dis-
tinguished; that is, canopy interception, evapotranspiration
and infiltration induced by root pathways. Although
these effects are well understood at a conceptual level
(e.g. Greenway, 1987; Thorne, 1990), they are in practice
extremely difficult to quantify and include in existing
models.
In contrast to the advances in bank erosion modelling,

bank accretion modelling is still in its infancy. Some of
the processes influencing bank accretion have been in-
cluded in models, but there is no general physics-based
model that describes this phenomenon. Most recent mor-
phological models that consider bank accretion include
vegetation effects by considering static plant properties
(Nicholas, 2013; Asahi et al., 2013; Eke et al., 2014) or
by assuming vegetation development to be described in a
simplified way (Bertoldi et al., 2014). In fact, it is this sim-
plified description of the vegetation dynamics that limits
the upscaling process from numerical modelling exercises
to real-river applications. The sedimentation induced by
vegetation has been observed in laboratory experiments
(e.g. Zong and Nepf, 2011), but models estimating the ef-
fects of the fine sediment trapped in vegetation patches
are still lacking.
Figure 3. Effects of hydromorphological processes on riparian vegetation

Copyright © 2015 John Wiley & Sons, Ltd.
EFFECTS OF HYDROMORPHODYNAMICS ON
RIPARIAN VEGETATION

Among the several abiotic (e.g. water chemistry, light and
wind) and biotic (e.g. competition, invasive species; see in
the succeeding paragraphs) factors that influence riparian
vegetation processes, fluvial hydrodynamics (i.e. flow and
flood regime, and related processes) plays a significant role
in all plant life stages, that is, dispersal, colonization, recruit-
ment, growth, succession and mortality (Figure 3). Success-
ful riparian plants often adopt a combination of adaptive
strategies during different life stages in order to ensure their
survival (e.g. high dispersal rates; adaptations to resist stress;
and vegetative reproduction; Camporeale et al., 2013).
Recently, several models have been developed to investi-

gate vegetation processes in riparian systems influenced by
hydromorphological processes (Table II). However, proba-
bly because of the complexity of such processes, conceptual
models are still widely employed.

Vegetation dispersal

One of the main processes of vegetation dispersal within
river corridors is hydrochory (dispersal by water transport).
In general, such models predict the spatial pattern of seed

dispersal and deposition in terms of seed density at a given
distance along the river from the input point (e.g. Groves
et al., 2009); concentration variability of seed deposition
along river margins (e.g. Merritt and Wohl, 2002); a
probability distribution related to a generic longitudinal dis-
persion coefficient (e.g. Tealdi et al., 2010) or relative seed
River Res. Applic. 32: 164–178 (2016)
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Table II. Models for the effects of hydromorphodynamics on vegetation

Effects Models Key references

Dispersal – spatial patterns of seeds and
propagules dispersal

Merritt and Wohl (2002); Groves et al. (2009);
Steiger and Gurnell (2003); Tealdi et al. (2010)

– seed density
– dispersion coefficient

Recruitment (survival and
early development)

– seedling survival and growth Mahoney and Rood (1998)
– riparian vegetation composition
– riparian vegetation dynamics

Plant growth – plant growth rate Perucca et al. (2007)
– vegetation biomass density

Succession – occurrence of specific ecological groups Aggenbach and Pelsma, (2005); Camporeale
and Ridolfi (2006); García-Arias et al. (2013)
Lenders et al. (2001); Lytle and Merritt (2004);
Harper et al. (2011)

– vegetation types in time
– vegetation width variations
– spatial distribution of floodplain vegetation

Mortality—large wood – recruitment Haga et al. (2002); Braudrick and Grant (2000);
Gregory et al. (2003); Hassan et al. (2005);
Villanueva et al. (2014)

– entrainment and transport
– deposition
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retention on different riparian landforms (e.g. Steiger and
Gurnell, 2003).
Dispersion modelling has the potential to improve man-

agement and restoration efforts in riparian zones. For exam-
ple, the flume experiment of Merritt and Wohl (2002)
combines flow regime, channel morphology, timing of seed
release and species environmental preferences, allowing the
management of flow releases below dams in order to favour
or inhibit species through hydrochory.

Vegetation recruitment, early survival and development

In general, these models predict the pattern of seedling sur-
vival and early growth after germination in response to
hydromorphological conditions, supporting the manage-
ment of riparian vegetation (e.g. encouraging/discouraging
colonization and growth). One of the best known model is
the recruitment box by Mahoney and Rood (1998) that de-
termines the stream stage patterns that ‘enable successful es-
tablishment of riparian cottonwood seedlings’. It can be
applied to predict the effects of alternative restoration strat-
egies (e.g. ecological and economic benefits) or to plan the
management of hydrological altered river basins.

Plant growth

Few models address the issue of plant growth related to
physical disturbances in river systems and even less address
individual plant growth. In general, these models may
support the understanding of the interaction between
plant growth (i.e. mainly biomass) under specific
hydromorphological conditions and river-channel pattern
variability in space and time. For example, Perucca et al.
(2007) combine a numerical fluid dynamic model of mean-
der dynamics with a process-based model of riparian
Copyright © 2015 John Wiley & Sons, Ltd.
vegetation dynamics (i.e. biomass density) based on the ef-
fect of water table oscillations, flooding and sedimentation.

Succession and vegetation distribution

Models of vegetation succession (i.e. the changes in species
composition and other plant community characteristics such
as productivity, biomass and diversity) influenced by
hydromorphodynamics can apply to local (i.e. site, reach
and cross section) or larger (e.g. river segment and basin)
scales. At the local scale, models predict the vegetation type,
in relation to flow and flood regime but also channel geom-
etry, soil parameters, and climate and management types, in
terms of the following:

(i) vegetation composition, that is, species, phytosociologi-
cal units (e.g. Aggenbach and Pelsma, 2005); and

(ii) riparian ecosystems, that is spatial distribution and ex-
tent of vegetation (e.g. Camporeale and Ridolfi, 2006;
García-Arias et al., 2013).

The majority of these models can be applied to assess the
impact of vegetation management, to describe natural
vegetation development and to plan vegetation management
(e.g. under regulated flow regimes) and restoration mea-
sures. At a larger spatial scale, models mainly concern the
succession of ecotypes and related parameters (e.g. Lenders
et al., 2001). These models may support large scale manage-
ment (e.g. reservoirs and flood prevention) in terms of flood-
plain vegetation evolution also including land use. Finally,
several models account for all the stages of vegetation
development in rivers, allowing for different scenarios of
vegetation development to be investigated as well as long-
term restoration or river management (e.g. Lytle and Merritt,
2004; Harper et al., 2011).
River Res. Applic. 32: 164–178 (2016)

DOI: 10.1002/rra



L. SOLARI ET AL.170
Mortality—large wood

The role of wood in river ecosystems has become an in-
creasingly important focus. Analogies between wood and
sediment transfer provide a framework for synthesizing cur-
rent knowledge on large wood in rivers (Gurnell et al.,
2002) and for conceptualizing wood processes in the follow-
ing categories: (1) recruitment; (2) entrainment and trans-
port; and (3) deposition. Although these processes are
conceptually well understood, most of them are difficult to
quantify and include in numerical models. Furthermore,
similarly to living vegetation, dead wood has a series of
other effects on flow hydraulics and morphodynamic pro-
cesses that need to be modelled.
Mechanisms of wood recruitment mainly include the fol-

lowing: (a) chronic mortality; (b) wildfires; (c) erosion of
river banks or other instream vegetated surfaces (bars or
islands) and floodplain forests; and (d) landslides on
hillslopes connected to the stream.
Entrainment of wood is a difficult issue theoretically,

given the complexity of interactions between wood and
other elements in the channel. Haga et al. (2002) developed
a simplified analysis for a cylindrical wood element with a
size smaller than the channel width, allowing definition of
conditions for resting, rolling or sliding, and floating, as a
function of the non-dimensional ratio between hydrody-
namic and resisting forces, and the ratio between flow depth
and the diameter of a wood element. Braudrick and Grant
(2000) developed an analytical model that predicts the flow
conditions needed to entrain individual wood pieces and de-
scribed three distinct transport regimes (uncongested,
congested and semi-congested) based on the channel area
occupied by wood elements.
Various types of simulation models with different ap-

proaches have been developed in recent years to explore
long-term or large-scale implications of wood dynamics.
Gregory et al. (2003) and Hassan et al. (2005) provide com-
prehensive reviews in which they compare and discuss the
characteristics of several models. The earliest wood models
were mostly designed to simulate the delivery of wood to
streams from adjacent riparian forests, while more recent
Table III. Models for the interactions between vegetation and hydromor

Effects Models

Bed dynamics – plant biomass dynamics and bar
Planform dynamics – bank stability, vegetation coloni

vegetation removal
Meander migration – bank erosion and plant biomass
Channel pattern migration – bank stability, vegetation coloni

growth and mortality

Copyright © 2015 John Wiley & Sons, Ltd.
models have attempted to describe dynamics of wood by in-
tegrating input processes, retention, decomposition and re-
distribution over either long time periods and/or large
portions of river networks. The most advanced model of
wood dynamics is a two-dimensional numerical model re-
cently developed by Villanueva et al. (2014) to simulate
the transport of large wood material, its effect on hydrody-
namics, bridge clogging processes and wood deposition pat-
terns, modelling the movement of individual pieces of wood
with the water flow and interactions among wood pieces and
with the bridge.
INTERACTION BETWEEN VEGETATION AND
HYDROMORPHODYNAMICS

Models that include the two-way interaction between vege-
tation and morphodynamics in an integrated, dynamic man-
ner are scarce. Recently, there have been several studies that
model the physics-based interaction between vegetation and
morphodynamics (Table III). These studies can be divided
into rule-based cellular automata and, more advanced,
physics-based numerical models.
Cellular automata

There is a range of cellular automata that investigate the im-
pact of vegetation on morphodynamics (e.g. review in
Camporeale et al., 2013). However, few studies have inte-
grated the on-line feedback between vegetation and
morphodynamics. One of the first integrated models was
constructed by Murray and Paola (2003). They investigated
the effect of sediment stabilization by vegetation roots on
channel pattern. The model results support the hypothesis
that bank-stability is the main cause of single-channel devel-
opment and that vegetation development can be sufficient to
induce this response. The lack of meandering behaviour in
this model due to the inclusion of only local processes was
overcome by Coulthard and Van de Wiel (2006) and
Coulthard et al. (2007) in their Cellular Automaton Evolu-
tionary Slope And River (CEASAR) model by including
curvature and longer length scales. This model was applied
phodynamics

Key references

dynamics Bertoldi et al. (2014)
zation and Crosato and Saleh (2011); Nicholas (2013)

Perucca et al. (2007)
zation, Murray and Paola (2003);

Coulthard et al. (2007); Hooke et al. (2005)

River Res. Applic. 32: 164–178 (2016)

DOI: 10.1002/rra



MODELLING VEGETATION—HYDROMORPHOLOGY 171
to investigate morphological development because of re-
duced sediment load resulting from dam construction
(Coulthard et al., 2007). Different vegetation growth-rate
scenarios were tested affecting the rate of lateral erosion
by strengthening the river banks and riverbed. High
vegetation-growth rates forced the flow into a single channel
and caused channel incision by increasing the sediment
load, while in scenarios with low vegetation-growth rates,
multiple channels could persist; decreasing the sediment
load. Probably the most extensive cellular automate was
constructed byHooke et al. (2005). In this model, morphology,
hydrology, different vegetation types and groundwater were
integrated. The model was designed to simulate channel
changes in ephemeral river channels and for testing the
effects of changing hydrological regime and land use.
Cellular models are often relatively easy to set up, do not

require large quantities of input data and can perform fast
calculations. However, these models have simplified phys-
ics and cannot cope with highly heterogeneous systems
(Coulthard et al., 2007). This means that processes on lon-
ger length scales, like backwater effects influencing sedi-
mentation and erosion processes or more detailed
transverse slope effects, playing an important role in bank
formation (Schuurman et al., 2013), are neglected. Never-
theless, cellular automates can be useful tools in making a
general exploration of river morphology evolution and, for
instance, to pinpoint areas where more advanced numerical
models should be employed.
Physics-based numerical models

Crosato and Saleh (2011) were one of the first to test the ef-
fect of vegetation on river planform with an advanced
physics-based numerical model. In each year, vegetation
colonized dry cells and increased the roughness value. Nich-
olas (2013) created a model that was able to produce a range
of river planforms. Vegetation was included in the same
manner as in Crosato and Saleh (2011), but here, it could
also be removed by vertical erosion. Both studies described
earlier show that dense or fast vegetation development can
create a single-thread channel as opposed to a multi-thread
or braided river. The model constructed by Perucca et al.,
(2007) contains different vegetation biomass-density func-
tions representing different climatic zones. The maximum
biomass of the vegetation depends on the distance from
the channel and affects bank erosion rates. Results show
how different vegetation density functions generate different
meander bend skewness and migration. However, contrary
to the models of Crosato and Saleh (2011) and Nicholas
(2013), this model does not incorporate sediment transport.
Therefore, morphological development was not tested. A
recently developed model-coupling vegetation biomass
dynamics with advanced morphodynamics was created by
Copyright © 2015 John Wiley & Sons, Ltd.
Bertoldi et al., 2014. Here, aboveground and belowground
vegetation properties actively influence morphodynamics.
Vegetation biomass can increase over time, and vegetation
can die through uprooting.
While cellular automata generally contain dynamic vegeta-

tion processes like vegetation growth rates and mortality, these
processes are surprisingly neglected in most advanced numer-
ical models. However, numerical models contain more sophis-
ticated physics-based calculations than cellular automata.
All of the models discussed earlier contain elements that

could contribute to an advanced, fully coupled ecohydro-
morphodynamic model with correct morphological and veg-
etation length and timescales, including the following: (i)
advanced morphodynamics as presented in Crosato and
Saleh (2011) and Nicholas (2013), (ii) ecological processes
as described in the cellular automates and (iii) appropriate
vegetation timescales as included by Bertoldi et al. (2014).
However, several building blocks are still missing.
VEGETATION DYNAMICS

Riparian vegetation shows a gradient of interaction with
morphodynamics, with the highest degree of interaction
close to the channel. At higher altitudes, where there is less
morphodynamic disturbance, vegetation succession occurs,
and the vegetation pattern evolves from a patchy pioneer
state to a more homogenous mature state (Tabacchi et al.,
1998). Here, internal plant processes, as opposed to
morphodynamic processes, begin to play a more dominant
role (White, 1979). The main processes that drive vegetation
succession are competition and facilitation. Competition is
the process of species competing for resources such as nutri-
ents, water and light. Facilitation is the process of species
supporting one another. This can be either beneficial for
both parties, also called mutualism, or one species creates
favourable conditions for another species indirectly. An ex-
ample of the latter is an ecosystem engineer that actively
changes its environment by trapping sediment, elevating
the soil and creating less frequently flooded sites, or that
adds nitrogen to the soil, benefitting surrounding plants
(Tabacchi et al., 1998; Brooker et al., 2007). Each species
has a set of functional traits that contribute to key events
in its life cycle, thereby shaping its response to disturbances
and determining its competitive and/or facilitative abilities
(Adler et al., 2014). The interplay between competition
and facilitation can create spectacular regular vegetation pat-
terns in a range of ecosystems including wetlands and tidal
areas. One of the explanations for regular vegetation pat-
terns is spatial self-organization by short-range facilitation
and long-range competition (Rietkerk and van de Koppel,
2008). Research has also shown that facilitation is relatively
more important in highly disturbed areas, whereas
River Res. Applic. 32: 164–178 (2016)
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competition becomes more dominant in less disturbed areas
(Brooker and Callaghan, 1998; Bertness and Callaway,
1994; Grime, 2002).
Alien-plant species can invade and restructure plant com-

munities by changing the balance between competition and
facilitation processes (Santoro et al., 2012). Invasive species
can change the dominant morphology of the plant commu-
nity and eventually alter channel morphology by increasing
hydraulic roughness and trapping sediment (Tickner et al.,
2001; Hoffman et al., 2008). Riparian zones are especially
susceptible to invasions because invasive plant propagules
are easily dispersed through waterways (Grime, 2002).
There are many deterministic and stochastic eco-

hydrological models available that predict regular vegeta-
tion pattern formation (review in Borgogno et al., 2009;
Table IV). However, most of these models are applied in
arid or semi-arid regions. One example of a model applied
in a wetland is used to explain the regular vegetation pattern
of Carex stricta (Van de Koppel and Crain, 2006). The
study shows that short-range facilitation and intermediate-
range competition is the responsible mechanism for creating
these regular patterns: on the one hand, by elevation of plant
patches through extensive root growth, providing protection
against herbivores and, on the other hand, through shading
of these roots, limiting plant growth. A model showing that
the relative importance of facilitation increases when distur-
bance or stress increases was developed by Droz and
Pękalski (2013). In the model, plants clustered in harsh con-
ditions, while under favourable conditions, plants showed
an increased competition for resources. Other models have
illustrated that facilitation can even extend the natural range
of species beyond their current niche (Travis et al., 2005; Le
Bagousse-Pinguet et al., 2014).
Only a few models that include both competition and fa-

cilitation have been applied in riparian zones. One model
showing the importance of facilitation is that of Tealdi
et al. (2013). The results show that slow-growing species
are better able to survive hydrologic stress when facilitation
Table IV. Models for vegetation dynamics

Effects Models

Regular vegetation pattern
formation

– short-range facilitation, – lo
(or intermediate)- range com

Plant clustering or increased
competition

– facilitation and competition
disturbance gradient

Niche extension, survival – facilitation

Vegetation cover, promoted
invasiveness

– competition

Clustering, competitive advantage,
invasion success

– interference mechanism– re
trade-off

Copyright © 2015 John Wiley & Sons, Ltd.
increases. These results indicate that facilitation in riparian
communities is an important process influencing vegetation
distribution along riparian transects. Another model was
constructed to predict which hydrological parameter was
the main regulating process determining vegetation cover
in the riparian zone (Ye et al., 2013). Competition was in-
cluded in the model as a competitive index varying between
species, according to their morphology and growth. The
feedback from plants to hydrodynamics was expressed as
higher roughness values. It was found that floods were the
main regulator of vegetation cover.
Several models include invasive species and their influ-

ence on the local species community (vegetation patterns)
by changing the balance between competition and facilita-
tion processes. The theory that the invasiveness of a plant
can be promoted in its new environment by interacting with
a mutualist (i.e. an interaction that is beneficial for both spe-
cies) was confirmed by the model of Xiao et al. (2012). The
authors found that the effects of competitive intensity at a
small spatial scale can potentially play an important role in
large-scale outcomes of invasions. Modelling has also dem-
onstrated that shifts in resources can change the balance
within a community and promote invasiveness of a species
(Eppinga et al., 2011). This model combines a resource
competition model for nutrients and light with litter dynam-
ics. Results show that the invasive effect can be increased by
a combination of plant-litter feedbacks and evolutionary
change that together amplify invasiveness. Interference
mechanisms of plants, such as excretion of biochemical
compounds to gain competitive advantage (i.e. allelopathy),
can affect interactions between invasive species and native
species. In the model of Allstadt et al. (2012), interference
mechanisms were modelled as a trade-off with reproduction
ability. Modelling results indicate that individual alien spe-
cies do not gain advantage through interference because
their rate of reproduction is too low for them to spread rap-
idly, but where they occur in clustered plant patches, there
are enough propagules to compete with native species for
Key references
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open sites. The model of Goslee et al. (2001) also takes al-
lelopathy into account. The importance of allelopathy and
soil texture on growth, recruitment and invasion success of
a non-native forb was modelled in semiarid grasslands.
They found that at moderate levels of allelopathy, the simu-
lated results match the observed community composition,
indicating that allelopathic interactions contribute to inva-
sion success and influence the vegetation pattern.
Although vegetation dynamics begin to play a more prom-

inent role in less disturbed areas of the floodplain, they have a
strong effect on the development of vegetation patterns. Inter-
action between plants can for instance change the dominance
of specific species by resource competition, create regular
vegetation patterns by interplay between facilitation and com-
petition, and can create settlement conditions for other species
by facilitation. Therefore, implementing vegetation dynamics
in morphodynamic models could be a valuable addition in
predicting how vegetation patterns will evolve in times of
fewer disturbances andwhich plant morphologies will prevail.
INTERACTION BETWEEN VEGETATION AND
GROUNDWATER

Plant physiology is directly linked to the availability, the
chemical composition and the temperature of soil moisture
in the unsaturated zone. Vegetation functions best under
plant-specific ideal soil-moisture conditions. Plants under
water stress or oxygen stress decrease both their transpira-
tion and photosynthesis through a number of responses,
including closing their stomata (e.g. Feddes et al., 1978;
Homaee et al., 2002; Bartholomeus et al., 2008). Each plant
species also functions best under plant-specific optimum soil
water quality (most importantly, salinity, nutrient availabil-
ity and acidity) and temperature conditions (Klijn, 1989;
Van Wirdum, 1980; Witte et al., 2008).
Ecosystems that require access to groundwater on a per-

manent or intermittent basis to meet all or some of their wa-
ter requirements to maintain their ecosystems, such as
Table V. Models for the interactions between vegetation and groundwat

Effects Models

Flow of groundwater – MODFLOW: groundwater leve
Vegetation growth – DEMNAT—Dutch national ec

prediction
– ecohydrological hillslope mode
– NUCOM
– PROBE
– RIP-ET module for riparian zo
– SWIM
– VSD+�SUMO�NTM

Biogeochemical processes – MT3D

Copyright © 2015 John Wiley & Sons, Ltd.
wetlands, lakes, rivers, riparian zones, springs, lakes, caves
and aquifers, are called groundwater-dependent ecosystems
(Richardson et al., 2011). In such ecosystems, groundwater
is an important source of soil moisture available for plants.
In general, vegetation extracts water from the upper aquifer,
the phreatic aquifer, of which the unsaturated zone forms the
top layer. The availability and chemical composition of this
groundwater depends on the climate (precipitation and evap-
oration), the (regional) groundwater flow, and the chemical
composition of the rocks and sediments in the subsurface.
The local groundwater level and composition is also af-
fected by the plant transpiration. Hence, besides (variations
in) groundwater characteristics, it is important to take into
account the feedback mechanisms between groundwater
and vegetation by integrating groundwater dynamics (quan-
tity and quality) in an eco-hydrological model.
When coupling vegetation models to groundwater dy-

namics (Table V), it is preferred to use non-stationary,
spatially distributed groundwater models that combine
information on groundwater depths, soil and subsurface
properties, and meteorological information to simulate ground-
water levels and groundwater flow (e.g. Modular Three-
Dimensional Finite-Difference Groundwater Flow Model
(MODFLOW); McDonald and Harbaugh, 2003). Ideally, a
groundwater model is used that includes groundwater quality
and the chemical processes in the groundwater (e.g. MT3D;
Zheng, 1990). However, if spatially distributed groundwater
models are not available, it is also possible to take groundwater
into account in a more simplified way by using one-
dimensional water balancemodels, databases with spatially dis-
tributed information on soil types and classes of groundwater
levels, or local groundwater measurements.
Various vegetation models that have a coupled ground-

water module exist. Some of these coupled eco-hydrological
models are mechanistic models, which simulate processes
based on causal relationships (Witte et al., 2008).
Mechanistic eco-hydrological models for groundwater de-
pendent ecosystems often include the Soil–Water–Atmo-
er

Key references

ls and flow McDonald and Harbaugh (2003)
o-hydrological Witte (1998); Van Ek et al. (2000)
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sphere–Plant (SWAP) model (e.g. Van Dam et al., 1997;
Van Dam and Feddes, 2000). SWAP describes the transport
of soil water as dependent upon climate, vegetation charac-
teristics, soil characteristics and groundwater regime and
contains feedback mechanisms between vegetation and soil
(moisture). The lower boundary describes the interaction
with regional groundwater (Kroes et al., 2008).
Groundwater-vegetation models that include a SWAP mod-
ule are the Probability Based Ecological target (PROBE)
model (Witte et al., 2007), Nutrient cycling and competition
(NUCOM) model (Van Oene and Berendse, 2001), and the
ecohydrological hillslope model (Brolsma and Bierkens,
2007). The RIParian EvapoTranspiration package (RIP-
ET) module, for riparian zones and wetlands, offers another
integrated groundwater-vegetation modelling approach
(Baird et al., 2005): evapotranspiration is modelled by using
detailed information on groundwater level and topography
and by replacing the evapotranspiration flux curve often in-
corporated in groundwater models with a set of eco-
physiologically based curves for plant functional groups.
Other eco-hydrological models with coupled groundwater-

vegetation modules adopt a semi-mechanistic approach,
whereby groundwater and soil moisture availability are often
linked to vegetation and plant functioning by indicator values.
How environmental changes influence site factors such as
moisture regime and nutrient availability is—as far as possible
—modelled in amechanistic way. The relationship between site
factors and species composition, however, is determined in a
correlative way (Witte et al., 2008). An example is the Dutch
national eco-hydrological prediction model Dose-Effect model
for terrestrial NATure (DEMNAT) that is based on geographi-
cal schematization of ecosystems, dose-effect functions and a
conservation valuation module (e.g. Witte et al., 1992; Van
Ek et al., 2000). Another example is the SWIM model
(Krysanova et al., 1989) that integrates hydrological processes,
vegetation, nutrients (nitrogen and phosphorus) and sediment
transport at the river-basin scale. Various other semi-
mechanistic models are (partly) based on the Ellenberg indica-
tor values: INFORM (Hens et al., 2011) and VSD
+�SUMO�NTM (e.g. Berendse, 1994; Wamelink, 2007;
Bonten et al., 2010). The Ellenberg indicator values system
(Ellenberg et al., 1991) is based on information of the
groundwater-related parameters moisture availability and nitro-
gen, salinity and alkalinity of soil moisture of site types in cen-
tral Europe, acquired during numerous field studies of plants
and ecosystems.
FUTURE RESEARCH AND MODELLING
CHALLENGES

In general, more efforts are required to fully integrate
models for vegetation dynamics in hydromorphological
Copyright © 2015 John Wiley & Sons, Ltd.
models considering the two-way coupled interactions at var-
ious flow conditions and at various spatial scales (from a
geomorphic unit, e.g. a bar, to an entire river and even an en-
tire catchment). These models should not only take into ac-
count seasonal variations and geographical considerations,
such as climate and geology, but also take into account the
effects of soil properties and of groundwater distribution.
More specifically, the following topics need to be further ex-
plored for modelling purposes.
The hydraulics of vegetated flow does not fully consider

the impact of different vegetation properties (flexibility,
density, foliage, spatial distribution) on turbulent flow struc-
tures and secondary currents. This has relevant implications
in the evaluation of flow resistance and sediment transport
which are now estimated using average flow quantities
through empirical parameters that are difficult to quantify
(such as the drag coefficient). Moreover, uprooting and the
breakage of plants during high flow conditions may give rise
to significant changes in the flow field and sediment trans-
port between the rising and falling limbs of the hydrograph.
More research is needed to understand the impact of sto-

chastic variability of river discharge and of groundwater
flow (spatial-temporal dynamics of soil moisture and of
water table) on vegetation processes and pattern evolution.
Additional research on oxygen stress resulting from wet
conditions is required (Bartholomeus et al., 2008) to
improve groundwater-vegetation modelling.
There is also a requirement for the development of quan-

titative ecological models for the following: (i) hydrochory,
to obtain a more accurate pattern of vegetation dispersal; (ii)
early colonization of vegetation, by relating it to the type of
substrate, competition, herbivory and groundwater level;
(iii) plant growth rates at the scale of individuals; (iv) vege-
tation succession; and (v) mortality of vegetation by includ-
ing other causes of mortality like flooding, desiccation,
burial and scour.
Additionally, there is a need to understand response of

vegetation traits to physical disturbances. For instance, it
would be of interest to compare the seedling survival and
plant growth rate of different species of propagules follow-
ing a disturbance. Indeed, riparian vegetation models often
apply specifically to the Salicaceae (i.e. Populus spp., Salix
spp.), living in the temperate zone of the northern hemi-
sphere, where most models have been developed. Field re-
search and model development needs to be extended to
other regions and climatic contexts (Gurnell, 2014).
With regard to riparian pattern dynamics, until now, com-

petition and facilitation processes are generally not included
in advanced physics-based models. Therefore, the main chal-
lenge is to integrate the existing knowledge on competition
and facilitation, including the effect of invasive species, from
previous modelling advances and conceptual models at differ-
ent spatial and temporal scales into future numerical models.
River Res. Applic. 32: 164–178 (2016)
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Concerning dead vegetation and large wood, numerical
models of wood dynamics are at an initial stage (e.g. Villanueva
et al., 2014), and much remains to be carried out to fully inte-
grate processes of wood delivery, transport and deposition with
other hydrodynamic and morphodynamic processes.
Additional research is required on how the dynamic

interaction between vegetation and morphodynamics
influences vegetation patterns and river planform at the
reach scale. Of particular relevance is the process of bank
dynamics (accretion and erosion). More work is needed
to better understand the hydrological effects of riparian
vegetation and to incorporate them into models of bank
erosion and bank accretion. Also, modelling interactions
among the various processes of erosion and mass fail-
ures, and the relative role of vegetation on near-bank
hydrodynamic flow conditions, erodibility parameters
and shear strength is another area where knowledge is
limited. Existing models of bank stability and vegetation
are two-dimensional, and it is difficult to extend results
from a bank profile to a reach and account for variability
of hydrodynamic, geotechnical and vegetation conditions.
This should be achieved by including vegetation and
bank erosion processes into 3D morphodynamic models.
The formulation of a physics-based model for quantify-
ing bank accretion is also required, by including the
effects of vegetation, discharge variability and fine sedi-
ment processes.
CONCLUSIONS

Modelling the interactions between vegetation and
hydromorphology requires interdisciplinary research incor-
porating the fields of plant ecology, geomorphology and
hydrology.
Many models have been already formulated to provide an

interpretation of the interactions between vegetation and
hydrodynamics, morphodynamics and groundwater. Recent
models describing the coupled evolution between vegetation
dynamics and river altimetric and planimetric evolution
(e.g. Bertoldi et al., 2014; Crosato and Saleh, 2011) can
predict the response of a river to human pressures such as
the implementation of restoration measures and maintenance
operations, in an extremely schematic but quantitative way.
However, despite the enormous advances of the last decade,
the complexity of the involved processes mean that current
modelling capabilities are very uneven. For example, quan-
titative, advanced mathematical models have been formu-
lated in vegetation hydrodynamics (Nepf, 2012); while
conceptual models are still employed for evaluating the in-
teractions between hydromorphodynamic variables and plant
life development. In addition to this, modelling of other pro-
cesses, such as sediment transport in vegetated areas or bank
Copyright © 2015 John Wiley & Sons, Ltd.
accretion, are still in their infancy as they are not yet
completely understood.
Actually, there is still much to be learnt about the interac-

tions between plants and hydromorphology (Gurnell, 2014),
and we suggest that, in particular, more research is needed to
improve the current modelling capabilities on the following
topics:

- interaction between vegetation and flow turbulent struc-
tures and implications in sediment transport;

- interaction between river bank accretion and vegetation
dynamics, discharge variability and fine sediment processes;

- coupling between processes of wood delivery, transport,
deposition and river morphodynamic evolution;

- inclusion of vegetation evolution in relation to its direct in-
teraction with morphodynamic processes;

- inclusion of the effects of hydromorphology on riparian
communities;

- coupling of competition and facilitation processes in inte-
grated reach scale hydromorphodynamic models; and

- coupling of groundwater dynamics with eco-hydrological
models.
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