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Résumé

Les zones riveraines sont des milieux exceptionnellement riches en biodiversité mais font
également partie des écosystémes les plus menacés. Avec l'augmentation de la pression
démographique, 'Homme exerce a I’heure actuelle des perturbations majeures sur ces milieux,
qui s’amplifieront davantage avec les changements climatiques. Dés lors, les outils basés sur
I'imagerie sont devenus indispensables pour caractériser ces zones sensibles a de larges échelles,
dans le but de favoriser des politiques de conservation de la biodiversité. Les données Copernicus,
disponibles a 1’échelle européenne, ont pour objectif de répondre a ces enjeux. Dans cette étude,
le potentiel des données Copernicus a été comparé avec deux autres jeux de données a tres haute
résolution afin de déterminer si elles permettent d’évaluer l'intégrité écologique des zones
riveraines, par une approche basée sur les métriques paysageres. Les résultats ont montré que les
données Copernicus réagissent positivement a linfluence d’un gradient de perturbation
anthropique. Cependant, les données Copernicus ne sont pas montrées aussi précises que les jeux
de données a tres haute résolution, ce qui peut avoir des conséquences sur la gestion de ces
milieux. L’influence de I’échelle spatiale sur la structure de la végétation riveraine a été étudiée
et a montré que la végétation située a proximité du cours d’eau est la plus impactée. Le présent
travail a également montré la pertinence de l'utilisation de I'approche paysagere mais a pointé
une limite dans le sens ou cette approche n’a pas pris en compte les variables tri-dimensionnelles,

pourtant indispensables pour caractériser les zones riverains.

Mots clés : Zone riveraine, intégrité écologique, Métriques paysageres, Occupation du sol,

Perturbation anthropique

Abstract

Riparian zones are environments exceptionally rich in biodiversity but are also among the most
threatened ecosystems. With the increase in population pressure, humans are currently causing
major disruptions to these environments, which will increase further with climate change. As a
result, image-based tools have become essential to characterize these sensitive areas on a large
scale, with the aim of promoting biodiversity conservation policies. Copernicus data, available at
European level, aim to meet these challenges. In this study, the potential of the Copernicus data
was compared with two other very high resolution data sets to determine whether they can assess
the ecological integrity of riparian zones using a landscape metric approach. The results showed
that the Copernicus data react positively to the influence of an anthropogenic disturbance
gradient. However, Copernicus data are not shown as accurate as very high resolution datasets,
which can have consequences on the management of these environments. The influence of spatial
scale on the structure of riparian vegetation was studied and showed that vegetation near the
watercourse is the most affected. This work has also shown the relevance of using the landscape
approach but has pointed out a limitation in that this approach has not taken into account the

three-dimensional variables, which are essential to characterize riparian environments.

Keywords : Riparian zone, Ecological integrity, landscape metrics, Land use, Human

disturbance
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1. Introduction

1.1 Context

With the increase in population pressure, urbanization and industrialization, the impact of Man
on ecosystems and climate has increased from the middle of the 20th century to a point where
in many parts of the world, ecosystems are more driven by anthropogenic pressures than by
natural processes (Meybeck, 2003) (Stella et Bendix, 2019), leading scientists to call this period
Anthropocene (Meybeck, 2003 ; Downs et Piégay, 2019).

Riparian areas are no exception to this rule. Currently, on the Old Continent, the percentage of
riparian areas in good condition is low, ranging from 20 to 30%, but varying between regions
(Stella and Bendix, 2019). In Europe, the number of inhabitants living in urban areas is close to
75%. This trend will be marked in the future by an increase in habitat fragmentation, the
proliferation of invasive species, pollutant emissions and physical alterations, and will be
particularly pronounced in southern and eastern European countries (Tockner et Stanford, 2002;
Stella et Bendix, 2019).

In addition, climate change will alter hydrological cycles and temperature in some regions
(Fernandes et al., 2016), leading to an increase in the demand for drinking water when the
distribution of these resources is already under threat (Meybeck, 2003). It was only after the
Dublin Water Conference in 1992 that water issues started to occupy an important place in the
international programmes for sustainable development and in scientific programmes (Meybeck,
2003).

Thus, at the European level, the Water Framework Directive (2000/60/EC) was implemented in
2000 with the objective of ensuring sustainable water management and is based on a river basin
approach across political boundaries (Schmutz, 2018). The objective of this directive is to improve
water quality, which is assessed on the basis of biological, chemical and hydromorphological
parameters. The assessment of the ecological status of European rivers is alarming because only
38% of them have a good ecological status (Stella et Bendix., 2019) It is therefore necessary to
rehabilitate the riparian areas that are the most affected aquatic environments (Stella and

Bendix, 2019) and to understand their functioning.
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1.1.1 Riparian zone, an ecosystem to be conserved

The term “Riparian zone” is a complex subject of study in terms of definition and delineation.
Over the past several decades, many definitions of riparian zones have been developed. Most
definitions use a functional approach by highlighting the mutual influences between terrestrial
and aquatic systems in terms of biological, chemical, hydrological and morphological processes.
(Dufour et al., 2018). In a sense, these areas can be defined as « transitional areas between
terrestrial and aquatic ecosystems and distinguished by gradients in biophysical conditions,

ecological processess, and biota » (Dufour et al., 2018).

Riparian vegetation forms the terrestrial compartment of the hydrosystem (Piegay & al., 2003).
Today, despite the increase in the number of studies on riparian vegetation, the
definition/terminology of riparian vegetation is still a matter of debate. In addition to being
numerous, the terms differ according to the languages used (Dufour et al., 2018). In English,
more than 30 different terms exist to characterize vegetation adjacent to aquatic systems (Fischer
et al., 2001). This diversity of terms used is linked to the different background of the actors who
study riparian zone (Pautou & al., 2003 ; Dufour et al., 2018). Also, the different geographical
context can finally lead to a misunderstanding between actors (Dufour et al., 2018). For example,
a riparian forest may be a “narrow strip of trees” in a grassland or a large “floodplain forest”.
They can also have a variety of floristic compositions, depending on the stage of plant succession
in which they are located (Piégay & al., 2003). First, species with an r-strategy will colonize the
sediments deposited by the floods. These are species such as willows (Salix spp.), birches (Betula
spp.), poplars (Populus spp.). After successional phases that can last for centuries, species with
a k-strategy dominate the riparian forest (Piégay & al., 2003). These species, which are part of
the final stage of plant succession, are part of the genera Quercus, Fraxinus, Ulmus. Communities
differ according to bioclimatic regions, from white alder for the northernmost region (the least

productive) to white poplar for the southernmost regions (the most productive).

Rich in biodiversity, natural riparian zones are considered among the most diverse and complex
habitats on earth and provide many ecosystem services (Naiman et Décamps, 1997 ; Nilsson et
Svedmark, 2002). Riparian vegetation, with their elongated conformation are likely to support a
large diversity of bird populations that vary with the stage of plant succession and provide
important insect food resources (Frochot & al., 2003 ; Mayer et al., 2007). Riparian vegetation
serves as a filter for pollutants, such as nitrogen and phosphorus, that come from agricultural
activities. The nitrate filtration can range from 5 to 30% per metre of width (Sabater et al., 2003)
and riparian forests have a greater purifying potential than grasslands (Piegay et al., 2003 ;
Mayer et al., 2007 ; Corenblit et al., 2018). These pollutants can severely affect water quality
and can lead to eutrophication of rivers (Mayer et al., 2007 ; Brogna et al., 2017). Through their
canopy, riparian vegetation regulates incident light flow by providing shade and limits the
increase in water temperature essential for fish survival (Piegay et al., 2003). Riparian areas are
sources of deadwood production that modify channel flow rates and thus control bed geometry

and grain size (Hawes, n.d.). By accumulating other woody debris, they provide habitat for
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salmonids and macroinvertebrates (Naiman and et Décamps, 1997). They help stabilize the banks
by anchoring their roots (Piegay & al., 2003) and finally have an important social role as they

are the location of sports and recreational activities (Le Lay, 2007)

However, the sustainability of these services is disrupted by anthropogenic pressures that have
an unprecedented impact on these environments. Man has always exerted stressors on these
ecosystems, hindering the development of native species by reducing the availability of light,
water, nutrients and space and hampering the dispersion, germination and establishment of
vegetation (Stella and Bendix, 2019). Worldwide, 95% of riparian areas have already been
exploited by agriculture or logging (Tockner et Stanford, 2002 ; Stella et Bendix, 2019).
Deforestation of riparian areas began during the Neolithic period, when sedentary populations
settled there (Piégeay et al., 2003) This anthropogenic pressure, some of which dates back to the
Neolithic period (Dufour and Piégay, 2006), was especially marked in the 19th and 20th centuries
by the exploitation of sub-footland coppice, with short rotation, as well as by the expansion of
grazing areas, thus forming open landscapes (Piégay, 1997), increasing habitat fragmentation and
modifying structural and plant characteristics. In the 20th century, following the economic
situation, the rural exodus caused people to migrate to the cities (Flamant, 2010). Technological
developments in agriculture have concentrated populations near the most fertile areas, leaving
livestock to riparian areas. This rural exodus was the origin of a spontaneous reforestation of

riparian forests during the 20th century.

Man also affects the contribution of water flows and sediments through the creation of dams.
These reduce the magnitude and frequency of floods, which hinders the supply of nutrients, which
are essential for the formation of floodplains. Dams also limit the supply of groundwater needed
for plant growth (Nilsson et Berggren, 2000) and block the plant dispersion, leading to a
modification of the plant compositions of the minor and major beds, by favouring the
establishment of xeric species (Piegay et al., 2003 ; Stella and Bendix, 2019). In Europe, more
than 7000 dams (> lha) were built between 1950 and 2010 (Ferreira et al., 2019). Also, the
chennalization of watercourses has made it possible to promote soil drainage, but as a result,

modifies plant communities (Pedersen, 2009).

Natural disturbances such as floods are the phenomena that most controls the formation of
riparian plant communities (Bendix et Hupp, 2000). Vegetation can be destroyed by the force of
the water, which will cause severe erosion and destroy the substrate on which it is rooted. Long-
term saturation of the substrate in which the roots are found can lead to their death and promote
the dynamics of dead wood in the watercourse (Bendix et Hupp, 2000). Floods play a major role
in the dispersion of diasporas to new settlement sites, through hydrochory and have a role in
seedling recruitment of pioneer species and the establishment of adult communities (Corenblit et
al., 2007). On the other hand, vegetation, through its roughness and structure, also conditions
sediment transport and controls erosion processes (Stallins, 2006). Thanks to its roots, vegetation
promotes bank stabilization, by modifying substrate cohesion (Corenblit et al., 2007) and can
decrease the speed of the watercourse (Gazelle & al., 2003 ; Stallins, 2006). The mutual
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interaction between hydrogeomorphic processes, plant communities and alluvial plains can be
called biomorphology (Stallins, 2006 ; Corenblit et al., 2007).

Changes in water flows and land use changes are also favourable conditions for the development
of invasive species (Richardson et al., 2012). These species have a high rate of fecundity, a high
dispersal capacity (Perry et al., 2015) and a phenotypic plasticity allowing them to adapt to their
environment. Indeed, (Saccone et al., 2010) have shown that Acer negundo has a high survival
rate in shade and strong growth in bright light. With climate change, flood intensity and
distribution are likely to change (Fernandes et al., 2016), causing droughts and promoting the

development of xeric species in warmer latitudes (Stella et Bendix, 2019).

All these pressures must be taken into account in order to manage these environments
sustainably. In view of global changes, it is necessary to use new management tools, capable of

providing information and anticipating large-scale changes.

1.1.2 Remote sensing, a tool for the management of natural environments.

Initially, remotes sensing’s techniques applied to riparian zones were based on aerial images. The
mapping of riparian zones rapidly shows his limits to characterize these zones at large scale

because of the time it takes to carry out the photointerpretation (Goetz, 2006).

Subsequently, automatic methods based on satellite imagery with moderate spatial resolution (5-
30 m) began to develop. Landsat and Ikonos satellites provided land use maps within the riparian
buffers (Goetz, 2006). They have also been used to characterize the structural aspect, such as
the foliar percentage of the canopy, as well as to map the species composition of the riparian
zone (Johansen and Phinn, 2006). Nevertheless, the use of satellites has always been
unsatisfactory in terms of vegetation classification: Compared to the photo-interpretation of
aerial images, (Congalton et al., 2002) have shown that satellite data classifications correspond
between 25-30% with those of photo-interpretation based on the aerial image. However, satellite
data have the advantage of being able to be used at larger scales, while classifications based on
photo-interpretation of aerial images are much more expensive if they have to be used over larger
areas (Congalton et al., 2002).

Since 2010, new technologies such as LIDAR (Light Detection and Ranging) data, UAV images
and multispectral satellite images have been developed and used to characterize riparian
environments (Dufour et al., 2013 ; Dufour et al., 2018). Lidar data, as Light Detection and
Ranging, are obtained from the pulse of a light beam from a laser. This will be reflected by an
obstacle and finally sent back to the sensor. Knowing the speed of the light beam and the time
between the pulse and the return of light to the sensor, the distance can thus be determined
(Goetz, 2006).
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These data make it possible to characterize riparian areas with high accuracy (0.5-1m spatial
resolution). They provide a three-dimensional characterization of vegetation structure by
determining parameters such as tree height, vegetation density, crown diameter with high
accuracy and thus reduce the time to acquire data over large areas compared to field surveys
(Akay et al., 2012 ; Hutton and Brazier, 2012). They can thus be used to analyze the successional
stages of riparian vegetation (Lallias-Tacon et al., 2017) and have also been used at regional
scales to determine the volume of wood available (Huylenbroeck, 2017). At this scale, these very
high resolution data can also provide numerical terrain models (Hutton et Brazier, 2012 ; Dufour
et al., 2013). The development of these new technologies also makes it possible to accurately
assess the composition of riparian vegetation (Michez et al., 2016 ; Richter et al., 2016) and to
estimate their integrity by detecting invasive species. Thus, Michez et al., (2016) have developed
a method to map invasive species by UAV with an accuracy of up to 97% for H. mantegazzianum.
However, LiDAR data have several disadvantages. These have a high acquisition cost and are
more complicated to process. In addition, LiDAR has difficulty penetrating dense vegetation
(Dufour et al., 2013). These limitations mean that these data are not available everywhere, which

does not currently allow for a very high resolution European-wide assessment of riparian areas.

Knowledge of the species composition of riparian areas is of major interest for their conservation.
Data acquisition at large scales and temporal resolutions allows diachronic analyses to be
established that can be used in a context of restoration (Bauer et al., 2018) and anthropogenic
disturbance analysis (Richter et al., 2016).

The major contribution of satellite imagery to riparian environments has been the
characterization of the riparian buffer by using several datasets. The delineation of riparian zone
is important for understanding and protecting the ecosystem services they provide (de Sosa et
al., 2018). However, due to the transitional nature of riparian areas, there is no single method
for delimiting them. The first models, the simplest ones, require a fixed buffer width on either
side of the channel (Hawes et Smith 2005). This method has the advantages of being widely
applied and used in several guidelines for many countries (USA, Brasil, Slovenia) (Richardson et
al., 2012). However, there are insufficient to prevent stream alterations, riparian functions and
river organism’s conservation (Richardson et al., 2012). An other drawback of this method is
that it doesn’t take into account specific site characteristics such as fluvial landform configuration
or processes which are crucial for understanding riparian functioning and thus for adequately

managing them

Alternatively, other more complex methods, based on land cover, soil properties, topographic
position (Verry et al., 2004) vegetation types(de Sosa et al., 2018) exist and can provide
variable delineation of riparian zones (de Sosa et al., 2018). The accuracy in riparian
delineation has also improved over the last decade with the use of Geographic Information
System (GIS) and the availability of high-resolution data and imagery (de Sosa et al., 2018). It
is therefore possible to implement more variables in the models, making them more complex

but flexible over time (Weissteiner et al., 2016).
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With the development of GIS tools and the contribution of satellite imagery, new approaches

based on landscape analysis have been developed in response to the decline in biodiversity.

1.1.3 The landscape approach, a solution for assessing ecological integrity 7

Landscape ecology is the study of the interaction of spatial patterns and ecological processes
(Wiens, 2002). Introduced in Central and Eastern Europe in 1939 (Turner & Gardner, 2015) and
developed as a result of the potential provided by aerial image, landscape ecology is an
interdisciplinary science that is based on the spatial approach of geography and the functional

ecology (Turner and Gardner, 2015).

Landscape structure is a combination of the landscape composition and landscape configuration.
Composition refers to the presence and proportion of certain types of land cover. Configuration
refers to the shape and the size of the patches forming the landscape and the spatial arrangement
between them (Turner and Gardner, 2015). Generally, to represent the landscape pattern, the
two-dimensional Patch Model Matrix (PMM) is used (Lausch et al., 2015). Patches are the basic
units that make up the landscape, characterized by their size and shape as homogenous area.
The matrix refers to the dominant land use in the landscape and patches can be bounded across

the matrix by corridors.

Landscape ecology provides information on the assessment of ecological processes, such as flows
of energy and nutrients, biomass biological diversity, from the spatial structure of the landscape.
This approach has already shown that it can characterize the ecological integrity of riparian areas
(Aguiar and Ferreira, 2005a) Fernandes et al., 2011). Ecological integrity can be defined « as the
capacity to support and maintain a balanced, integrated and adaptive biological system having
the full range of elements and processes expected in a region’s natural habitat » (Michez et al.,
2013). In riparian zones, the width, longitudinal continuity and floristic composition of riparian

vegetation are often used to assess ecological integrity (Apan & Ferreira., 2005).

In order to understand the link between the landscape pattern and ecological processes and
consequently, to assess ecological integrity, landscape metrics are numeric descriptors that
quantify patch configuration and the spatial relationships among patches (Turner and Gardner,
2015). Thus, a wide variety of composition and configuration metrics have been developed
(Uuemaa et al., 2009). In addition to these landscape metrics, several indices assessing landscape
connectivity have been created (Pascual-Hortal et Saura, 2007). Landscape connectivity refers to
"the degree to which the landscape facilitates or impedes movement among resource patches"
(Pascual-Hortal et Saura, 2007) and its assessment is of crucial importance for safeguarding and
maintaining ecosystem integrity (Collinge, 1996; Saura & al., 2007) to the extent that it should

be taken into account in decision-making and management plans.
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However, the landscape metrics landscape approach has some limitations. First, many landscape
metrics are sensitive to grain size and extent (Wu, 2004 ; Uuemaa et al., 2009). This modifies
the assessment of the landscape pattern and, consequently, the assessment of ecological processes

and ecological integrity (Arponen et al., 2012; Turner and Gardner, 2015).

In addition, the Patch Matrix Model, the most commonly used, is criticized for not taking into
account the three-dimensional aspect of the landscape, which is a major component in
understanding ecosystem dynamics (Hoechstetter et al., 2006). With 2D landscape metrics,
parameters such as slope and height are not taken into account, which constitutes a loss of
information (Blaschke & al., 1995; Hoechstetter et al., 2006). Indeed, height provides an
interesting added value because a forest with several strata is composed of several niches
constituting different habitats (Freeman et al., 2003).

This approach also has several advantages. This allows the evolution of landscape structure to
be studied through diachronic analyses (Freeman et al., 2003). Also, landscape metrics relating
to the shape of the patches may have been linked to the diversity of the floristic composition as
well as the presence of invasive species (Fernandes et al., 2011). Landscape analysis also makes
it possible to determine if the catchment or segment scale that has the greatest influence on the
riparian structure (Aguiar et Ferreira, 2005 ; Fernandes et al., 2011 ; Dufour et al., 2015). Finally,
landscape metrics can be used in management planning (Botequilha Leitdo et Ahern, 2002; La
Rosa et al., 2013).

The need to better understand the implications of environmental change on riparian zones has
led to the requirement to develop large-scale datasets and tools capable of assessing their

ecological status and providing better analysis and understanding of long-term changes.

1.1.4 Copernicus data, a major challenge

A first European-scale mapping of riparian areas has already been established and used to assess
the retention of pollutants by riparian vegetation (Clerici et al., 2013 ; Weissteiner et al., 2014)
However, with technological development and the need for more accurate information for policy
purposes, such as assessing land use change, ecosystem status and habitat monitoring, more and
more detailed data are needed (Weissteiner et al., 2016). As such, the Copernicus programme
(formerly "Global Monitoring for Environment and Security'), at the request of the European
Environment Agency (EEA), was launched during the period 2011-2013 and made it possible to
obtain local components for riparian zones, providing precise information on these sensitive areas.
The mapping of riparian areas using Copernicus data differs from the previous mapping, in
particular by covering riparian areas in 39 countries with a minimum mapping unit of 0.5 ha.

They have made it possible to delimit between 55,000 and 69,000 km? of existing riparian zones
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(Weissteiner et al., 2016). These data provide information on the spatial extent of the riparian

zone, and on the land cover land use at the local component.

As such, the expectation of these data is high and their potential usefulness is considerable.
Riparian zones currently play a prominent role as components of the European Green
Infrastructure which is a part of the Commission’s Biodiversity Strategy 2020, whose objective
is to restore these environments so that they can provide their ecosystem services. The Copernicus
Riparian Layers should support MAES (Mapping and Assessment of Ecosystems and their
Services) in order to assess ecosystem services at the European level. They can also be linked to
the Water Framework Directive which has to promote sustainable water resources management
through a catchment approach, by improving the ecological status of waters, by limiting pollution
in groundwater and water surfaces. As riparian areas are the refuge of many bird populations,
they can be linked to the Habitats and Birds Directive in the Natura 2000 network. (Weissteiner
et al., 2016)

Following all the issues to which riparian zones are linked, it is important to evaluate the
quality of these data in order to promote decision-making at the European level with a view to

sustainable management of these environments.
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1.1.5 Objectives

The main objective of this work is to (i) assess the potential of Copernicus data to characterize
the ecological integrity of riparian areas, using a landscape approach. Second (ii), to assess the
influence of spatial scale on the ecological integrity of riparian areas and finally (iii), to analyze

the sensitivity of landscape metrics to three-dimensional variables.

This study is being conducted in parallel in Wallonia and Portugal. The aim will be to compare

the results obtained for the potential of the Copernicus data for these two areas.
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2. Material and methods

2.1 Study area

2.1.1 Description

Europe is a continent characterized by a wide variety of bioclimatic regions (Olson et al., 2001 ;
Weissteiner et al., 2016). These are characterized by different climatic, geomorphological,
geological, soil, and vegetation conditions (Metzger et al., 2005), ranging from the Arctic region

to the Mediterranean region.

The study area is part of the central Baltic hydroregion, which, along with the Mediterranean
hydroregion, is the most populated (Ferreira et al., 2019). The concept of hydroregion refers to
a spatial entity formed by the aggregation of watersheds and decomposed on the continent
according to bioclimatic conditions (Meybeck et al., 2013). This hydroregion covers an area of
more than 2 450 000 km? and is highly disturbed, with by mining activities and urbanization
(Ferreira et al., 2019).

Within the Baltic Central Hydroregion, the study will focus on Wallonia (Figure 1), which is the

part located in the south of Belgium and covers an area of 16,903km? (Portail Wallonie, 2019).

This region is composed of 5 natural regions with different climatic and soil conditions (Claessens
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