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Preface

This research was conducted during my internship at Alterra, Wageningen UR.
During the internship I developed a rule-based multi-scale object-based classification
method primarily for the dynamic Natura 2000 habitats of the coastal zone in the
Netherlands. Development of this rule-based method can be seen as a first step
towards more frequent classification of the dynamic coastal Natura 2000 areas.
Several sources provided data for this research. I thank Albert Prakken (Ministry of
Transport, Public Works and Water Management) for providing the LIDAR data of
the Data Informatie Dienst, George Wintermans (Nederlandse Aardolie Maatschappij BV) for providing the false color images of Ameland, and Theo van der
Heijden (Alterra, Wageningen UR) for providing the topographic map and the true
color images. I also thank Johan Krol (NatuurCentrum Ameland), Richard Kiewiet
(It Fryske Gea) and Jeffrey Huizenga (Staatsbosbeheer) for their input as guides and
for their logistical assistance during the field visit.
I have enormously enjoyed working on this subject. Therefore, in addition I thank
Alterra and especially Pieter Slim and Anne Schmidt (my supervisors) and Maurice
Paulissen and Rutger Engelbertink (also of Alterra) for their helpful comments and
ideas.
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Abstract

In the framework of the EU Habitats Directive (HD) and the Trilateral Monitoring
and Assessment Program of the Wadden Sea, habitat maps have been created for the
coastal zone. However, within these mapping exercises some habitats were
overlooked or left out. The current study was conducted to develop a method for a
remote sensing-based inventory of the coastal HD Natura 2000 habitats. This was
done using a multilevel object-based approach employing rule-based operators.
The model was tested in the dynamic coastal zone of the island of Ameland
(Netherlands). Here, habitat types were classified according to a hierarchical rulebased key derived from the EUNIS (European Nature Information System) habitat
classification system. Data for this classification were high-resolution true color
images, high-resolution false color images, and vegetation heights derived from a
DTM (digital terrain model) and LIDAR (light detection and ranging) technology.
The habitat maps thus obtained were validated at 409 randomly sampled points. At
the highest level of detail (level 3), in which all of the habitats are included, overall
accuracies of 49% were obtained. However, by sacrificing some detail (level 2.5)
accuracies of 65% were obtained. Classification at EUNIS level 2 was conducted at
an accuracy of 77% and at level 1 at 95% accuracy.
Three main sources of error were identified. First, habitats were confused with one
another because they could not be separated correctly by the operator used. These
operators were mainly shape-related. Second, habitats were mistaken due to the poor
quality of the LIDAR-derived vegetation height. Finally, most of the error was
caused by the time difference in acquisition of the various data sources.
Overall this study can be seen as a first attempt to provide a method for the
classification of dynamic coastal habitats. Refinement is still needed in the
classification scheme and in data quality to construct a more reliable habitat map.
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Acronyms

AHN
AHS
DEM
DGPS
DTM
EU
EUNIS
FNEA
FOV
GPS
HD
IFOV
JARKUS
KHAT
LAI
LIDAR
LNV
MAHT
MALT
MASL
MAUP
ML
MSHT
MSLT
NAM
NAP
NDVI
NN
NIR
OBIA
RD
SAM
SAVI
TC
UTM
VNIR
WGS84
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Actueel Hoogtebestand Nederland (‘Actual height
database’)
Airborne Hyperspectral System
Digital Elevation Model
Differential Global Positioning System
Digital Terrain Model
European Union
European Nature Information System
Fractal Net Evolution Approach
Field of View
Global Positioning System
Habitats Directive (EU Directive 92/43/EEC)
Instantaneous Field of View
Jaarlijkse kustmetingen (‘Annual coastal monitoring survey’)
Kappa Coefficient of Agreement
Leaf Area Index
Light Detection and Ranging
Ministerie van Landbouw, Natuurbeheer en Voedselkwaliteit
(Ministry of Agriculture, Nature and Food Quality),
Netherlands
Mean Average High Tide
Mean Average Low Tide
Mean Average Sea Level
Modifiable Areal Unit Problem
Maximum Likelihood
Mean Spring High Tide
Mean Spring Low Tide
Nederlandse Aardolie Maatschapij BV (‘Dutch Petroleum
Company’)
Normaal Amsterdams Peil (Amsterdam Zero)
Normalized Difference Vegetation Index
Nearest Neighbor
Near-Infrared
Object-Based Image Analyses
Rijksdriehoekstelsel (Dutch national grid)
Spectral Angle Mapped
Soil Adjusted Vegetation Index
True Color
Universal Transverse Mercator
Visible / Near Infrared
World Geodetic System 1984
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1

Introduction

1.1
1.1.1

About the current research and the state of the art
Expected impacts of current Dutch sea defense practices on
biodiversity along the terrestrial coast

Coasts are among the most threatened natural areas in the world (Janssen 2001).
Prolonged acidification and eutrophication, sea level rise and demographic pressure
have lead to continual coastal degradation (De Lange et al. 2004, Chust et al. 2008).
Many of the habitats within the coastal zone of the Netherlands are listed in Annex I
of the EU Habitats Directive (HD) as Natura 2000 habitat types. The aim of the HD
is to preserve and protect the listed habitats (Habitats Directive 1992). In the past the
primary function of the Dutch coastal zone, besides for example recreation and
drinking water supply, was to protect the hinterland from the sea. In this framework,
the main dunes were fixed to prevent sand loss and the associated regression of the
coast. These measures reduced the dynamism of the coastal zone, which had a
negative impact on biodiversity and the natural environment. In 1990, due to the
continuing regression of the coastline, the Dutch government decided to take a
different approach. This new tactic aimed at maintaining the current coastline (in
Dutch, the basiskustlijn) and preventing further net loss of land. This was to be
accomplished through sand suppletion on beaches and foreshores (beach
nourishment) and with a more dynamic system of shifting dunes that would enable
the supplied sand to eventually be transported along and into the dunes.
At present, there are strong indications that these measures have indeed halted
regression of the coastline and addressed the problem of the rising sea level (Arens &
Mulder 2008, Slim & Löffler 2007). Moreover, the system of shifting dunes has had a
positive effect on the diversity within the coastal zone because of the occurrence of
more natural disturbances and therefore more rejuvenation (Slim & Löffler 2007).
This trend is expected to continue. The dynamic habitats that were suppressed by
past management should become more abundant in the coastal zone, and transitions
between habitats are expected to become more gradual in the near future.

1.1.2

Knowledge gaps related to large-scale monitoring

To learn more about the status quo of coastal systems and their dynamics, first of all
initial information is needed, such as the distribution (geographic location) and the
area (size) of the habitats in the coastal zone. In the framework of the EU Habitats
Directive and the Trilateral Monitoring and Assessment Program of the Wadden Sea
habitat maps have been created for the coastal zone. However, these mapping
exercises have overlooked or left out some habitats, for reasons such as low
biodiversity values, mapping difficulties, ownership rules (e.g. an area might be
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mapped only up to the fence of a property) and the very dynamic nature of the
habitat (HARBASINS 2006).
The previously overlooked or insufficiently mapped habitats are sand banks which
are always slightly covered by sea water (habitat type 1110), mudflats and sandflats
not covered by sea water at low tide (1140), annual vegetation of drift lines (1210),
Salicornia spp. and other annuals colonizing the mud and sand (1310), Spartina swards
(Spartinion maritimae, 1320), Atlantic salt meadows (Glauco-Puccinellietalia
maritimae, 1330), embryonic shifting dunes (2110), and shifting dunes along the
shoreline with Ammophila arenaria (‘white dunes’, 2120). Within the framework of
more dynamic coastal zone management these overlooked or left out habitats are key
factors in primary dune development. Therefore, to gain a complete picture of the
coast and a better understanding of the dynamics and biodiversity value along the
coast these habitats have to be mapped frequently and incorporated within the maps
already available.

1.1.3

State of the art in remote sensing of coastal habitats

Remote sensing offers a relatively cheap survey method that can provide a
comprehensive overview of the distribution of habitats along the coast. Currently,
monitoring of vegetation development in the Netherlands is based on sequential
manual mapping of vegetation structures as seen from false color aerial photographs
and fieldwork (Droessen 1999, De Lange et al. 2004). Nevertheless, semi-automatic
habitat classification in the coastal region by airborne imagery has already been
applied several times (Droessen 1999, Thomson et al. 2003, Brown 2004, Deronde et
al. 2008, De Lange et al. 2004, Thackrah et al. 2004). However, these applications
have mainly focused on the stabilized dunes and salt marsh habitats. The habitats
mentioned above tend to be overlooked or omitted from such research and mapping
campaigns. Ekebom & Erkkilä (2003) did perform a manual classification of these
habitats using airborne panchromatic photographs (scale 1:60,000) from which it
became apparent that the abovementioned habitat types are difficult to classify
correctly. Several authors have shown that a multi-scale object-based approach can
substantially improve classification (Bock et al. 2005, Li et al. 2007). Even greater
accuracy can be obtained using ancillary data within this object-based approach
(Förster & Kleinschmit 2006, Yu et al. 2006). However, none of the studies found in
the literature had been performed in the coastal zone. The multi-scale object-based
approach, moreover, offers the opportunity to employ a rule-based classifier. This
classifier simply uses one rule found in a number of iterations or from knowledge
gained beforehand to correctly classify two categories. Rule-based classification has
been applied successfully in several studies (Sader et al. 1994, Lucas et al. 2007).
Accurate height information is key when mapping habitats in the coastal zone. The
addition of data and intensity values derived from LIDAR (light detection and
ranging) and a DTM (digital terrain model) can substantially improve the
classification results in the coastal zone (Lee & Shan 2003, Rosso et al. 2003,
Thackrah et al. 2004, Chust et al. 2008). Another feature that can be derived from
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LIDAR data is vegetation height. LIDAR-derived data thus provide an important
tool for coastal habitats management (Provoost et al. 2005, Nayeghandi & Brock
2009). In addition, the combination of imagery and vegetation height has led to
improvements in classification for habitats within floodplains (Geerling et al. 2007).
However, no examples were found in the literature of vegetation height combined
with imagery for habitat classification in the coastal zone.

1.1.4

Aim and research questions

Considering the state of the art of remote sensing in the coastal zone and the as yet
insufficient mapping of the habitat types in the coastal zone of the Netherlands, the
aim of this research is to provide a method for multi-scale object-based image
analyses along the Dutch coast and to review the results obtained. To accomplish
this, two research questions were formulated:
1. Is a rule-based multi-scale object-oriented hierarchical image analysis of
airborne remote sensing imagery and ancillary data suitable for detecting and
mapping coastal and marine Natura 2000 habitat types?
2. Are the results obtained more accurate than results of other similar research
in the coastal zone?

1.2

Bookmarker

To address these research questions, we performed a rule-based multi-scale objectbased classification of Natura 2000 habitats in Ameland, one of the West Frisian
Islands of the Netherlands. This publication reports on that effort. Chapter 2
presents background information on the classification, describing the HD and the
coastal Natura 2000 habitats together with present day remote sensing techniques.
Chapter 3 outlines the methodological framework in terms of both the materials and
the methods used. Chapter 4 presents the results. It first describes the hierarchical
rule-based operators derived, then presents the maps obtained, after which the
validation is presented. In the discussion (Chapter 5) the usability of the maps is
discussed, after which the usability of the hierarchical rule classification scheme is
examined. Then recommendations are made for future research. Finally, Chapter 6
presents the conclusions.
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2

Theoretical framework

This chapter first takes a brief look at coastal morphology (dynamics) and the
position of the Natura 2000 habitats in the coastal realm. It then overviews the EU
Habitats Directive, which is a legal instrument for the protection and conservation of
habitat types. The EUNIS habitat classification system is examined, it being the
backbone of the habitat types listed in Annex 1 of the HD. The coastal and shallow
marine habitat types of the HD are then presented. Finally, the available active and
passive remote sensing techniques are described, as are methods for mapping and
monitoring these coastal habitat types.

2.1

Coastal morphology

The coast can be subdivided into a number of zones (Figure 1), which are interlinked
by the various processes that act upon them. There are also inputs of energy (e.g.
wind, tides, living organisms) and materials (e.g. water and sediment) (Bird 2008).
The zones can be distinguished directly, by the degree to which they are influenced
by sea water, and indirectly, by their height above mean average sea level (MASL).
The offshore zone is always under water. The littoral zone is under water all of the
time but is influenced by waves and still receives sunlight. The foreshore is under
water twice a day. The backshore is under water during storm events. The dunes are
seldom or never flooded.

Figure 1. Coastal zonation (Coastal Wiki 2009).

From a geological perspective, coastlines have changed little over the past 6000 years
(Bird 2008). However, most have advanced or retreated and some have shown
alternations of advance and retreat on a smaller time scale. In general a coastline can
be said to advance where the deposition of sediment exceeds the rate of erosion or
where terrain is emerging due to an uplifting of the land or a drop in sea level. A
coastline retreats where the result of erosion exceeds deposition or where
submergence occurs due to land subsidence or a rise in sea level (Bird 2008). In case
of a sandy coast, one generally speaks of progradation if the coast is advancing and
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retrogradation if the coast is retreating. Prograding coasts show a different evolution
in the different zones than retrograding zones. Retrograding coasts typically show an
inclined or concave slope backed by a cliff cut into the beach sediments or the
backshore dunes. Prograding coasts are typically convex, often with berms or beach
terraces built seaward and incipient dunes developing above high-tide level. Because
of the distinctive morphology and marine influences on the coast of Ameland
(Appendix 2), the Annex I Natura 2000 habitats that exist there (Appendix 1) can be
easily distinguished as to the type of coastal morphology. Taking into account the
natural succession and occurrence of the Natura 2000 habitat types, this results in
two scenarios.
The scenario of retrogradation theoretically results in a coastline where dune-building
and related features such as embryonic dunes, wet dune valleys, and salt marshes are
absent and the coast consists only of a subtidal zone, an intertidal zone, and a beach
flanked by shifting dunes and fixed dunes (Figure 2a).
In the scenario of a prograding coast, dune-building features are in evidence. The
coast consists of a subtidal zone and an intertidal zone, flanked by a beach with bare
dunes and embryonic dunes. Where there is an open connection with the sea, a
mudflat with glasswort vegetation (Salicornia spp.) might be found and possibly
higher up, the Atlantic salt marshes. These are flanked by primary dunes and behind
them secondary dunes or wet dune valleys. Figure 2b shows a prograding coast
where the salt marshes are absent.

Figure 2. Left (a) a picture of a retrograding coast at the West Frisian Island of Ameland (Kooioerd Dunes).
Right (b) a picture of a prograding coast at Ameland (Hollummer Dunes).

2.2

The Habitats Directive

The Habitats Directive is an EU Community legislative instrument in the field of
nature conservation that establishes a common framework for the conservation of
wild animals, plant species and natural habitats of Community importance (Habitats
Committee 2007). Annex I of the HD is based on the hierarchical classification
system of the CORINE biotopes project. The CORINE habitat classification system
is a bottom-up one (Moss et al. 1991), which at the time was the only available option
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for a Europe-wide mapping of the Natura 2000 habitats. Discussions involving
national experts between 1989 and 1991 led to adoption of the Habitats Directive in
1991. Together with the Birds Directive and under the umbrella of Natura 2000 this
legal instrument ensures the protection of certain natural habitats as well as plant and
animal species. Moreover, it creates a European network of protected areas: the socalled ‘Natura 2000 network’. The main objective of the Natura 2000 network is to
ensure the survival of species and habitats that are threatened or rare throughout
Europe (Habitats Committee 2007). Figure 3 presents the Natura 2000 habitats of
Ameland. Observe that the dynamic coast areas are neglected.

Figure 3. Natura 2000 area ‘Ameland Dunes’ (in green) and in brown nature reserves (Ministry of Agriculture,
Nature and Food Quality 2009b).

2.3

The EUNIS habitat classification system

The CORINE habitat classification system which is used for the classification of the
Natura 2000 habitats is, because of its bottom-up approach, an ideal method for
classification in the field. However, it is not as useful from a remote sensing
perspective. For remote sensing, because of the bird’s eye perspective, a top-down
key would be more appropriate. The European Nature Information System (EUNIS)
is such a top-down system. EUNIS is the product of an effort by the European
Environment Agency to develop a comprehensive framework for the classification
of European habitats (using more than 30 classification systems and more than 1,400
references). It provides descriptions of the different habitat types within a newly
developed framework (Davies et al. 2004). This framework includes information on
species, habitat types and sites, including parameters such as geomorphology, salinity
and human impacts. The EUNIS classification system defines a habitat as ‘a place
where plants or animals normally live, characterized primarily by its physical features
(topography, plant or animal physiognomy, soil characteristics, climate, water quality
etc.) and secondarily by the species of plants and animals that live there’ (Davies et al.
2004). The EUNIS habitat types are arranged in a hierarchy of four levels, with level
1 being the highest level. There are 10 (11) level 1 habitats (Table 1). The habitats are
distinguished from one another using a criteria-based key.
The units found by the EUNIS habitat classification system can be cross-matched
with the Natura 2000 habitat types (EUNIS level 3) and the CORINE Land Cover
classification (Kehl 2007) (EUNIS level 1).
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Table 1. EUNIS level 1 habitat types.
A
Marine habitats
B
Coastal habitats
C
Inland surface water habitats
D
Mire, bog and fen habitats
E
Grassland and tall forb habitats
F
Heathland, scrub and tundra habitats
G
Woodland and forest habitats and other wooded land
H
Inland unvegetated or sparsely vegetated habitats
I
Regularly or recently cultivated agricultural, horticultural and domestic habitats
J
Constructed, industrial and other artificial habitats
X
Habitat complexes

2.4

Remote sensing techniques and image classification methods

In general, remote sensing is based on the detection of electromagnetic radiation by
sensors mounted on airplanes or satellites (Provoost et al. 2005). Active techniques
capture return signals from artificial illumination sources. LIDAR is an example of an
active remote sensing system. LIDAR is frequently used to acquire detailed terrain
information. However, most remote sensing applications can be considered passive
systems. They detect radiation transmitted or reflected from the earth’s surface or
atmosphere that was not produced by remote sensing devices. First we briefly
explain the sources (active and passive) used for the classification of the Natura 2000
habitat types. Then, we look at the object-oriented classification method applied in
this study.

2.4.1

LIDAR (active systems) and their relationship with habitat
characteristics

LIDAR is an active remote sensing technique. It is an emerging tool for the remote
sensing of coastal habitats because of the distinctive morphology of the various
coastal zones (Nayegandhi & Brock 2009). LIDAR directs laser pulses towards the
ground and measures the time it takes for the laser to return. The return time for
each pulse is processed to calculate the variable distances between the sensor and the
surfaces present on (or above) the ground (Lillesand & Keifer 2004).
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Figure 4. Components of an airborne scanning LIDAR system (Andersen et al. 2006).

 To gain a larger field of view the laser pulses are sent to a rotating mirror
before they leave the sensor. This rotation causes a zigzag underneath the
aircraft (Figure 4). Usually the sensor is mounted on an airplane or a
helicopter. To have a reference with the ground the airplane is equipped with
an Airborne DGPS (differential global positioning system) which captures
the yaw, the pitch and the roll (Figure 4) of the aircraft to correct the
obtained laser reflections later on. The overall characteristics of the generated
pulses for traditional systems are as follows: frequency of 10 ns;
 wavelength of the outgoing laser pulse in the near infrared band for terrain
mapping (because of the overall high reflectance);
 wavelength of the outgoing laser pulse in the green band for mapping
submerged areas (because of the water penetration capability);
 footprint (spatial size of the pulse) between 0.1 and 0.9 m.
The way in which a pulse is received differs between sensor types. Roughly, two
types of sensors can be distinguished. The first is the discrete-return small footprint
systems which are available in the commercial industry. They typically record one
(e.g. first or last), two (e.g. first and last) or several (i.e. up to five) returns for each
laser pulse (Nayegandhi & Brock 2009) (Figure 5). Some discrete sensors also capture
the strength (intensity) of the reflectance. The other type is a wave-resolving large
footprint system. With these systems the size of the footprint is usually larger than 10
m, to capture the canopy of a single tree. This system captures the return of a single
pulse in the form of a wave (Figure 5). With these data it is easier to describe
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vegetation characteristics such as canopy height, LAI (Leaf Area Index), density,
structure and above-ground biomass (Nayegandhi & Brock 2009). However, this
system is not currently in use by commercial companies and is still employed only for
research purposes.

Figure 5. Schematic showing the difference between discrete (D1, D2 and D3) and continuous waveform
(Nayegandhi & Brock 2009).

Currently, applications of LIDAR remote sensing in ecology fall into three general
categories: remote sensing of ground topography, measurement of the threedimensional structure and function of vegetation canopies, and prediction of forest
stand structure attributes (such as canopy height) (Lefsky et al. 2002). Detection of
the topography in vegetated areas is influenced by the ability of the sensor to discern
the ground. Some common metrics for the abovementioned applications are
described below.

Ground topography

LIDAR remote sensing is most widely used for ground topography. On bare surfaces
the topography (ground) is easily recognized by the laser pulses. However, detecting
topography in vegetated areas depends on the ability of the sensor to discern the
ground. The laser pulses not intercepted by vegetation are backscattered by the
ground. Those pulses will be the ones traveling the largest distance and are therefore
the last returning pulses. However, in many situations all of the laser pulses are
intercepted by vegetation. For such cases various methods have been developed to
derive the ground surface from a last return point cloud. Most of these methods use
spatial filtering techniques that calculate a measure of discontinuity based on the local
neighborhood. Bare earth models perform better in sparsely vegetated flat areas. The
models may also have difficulties distinguishing the ground topography under low
vegetation (Nayegandhi & Brock 2009).
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Canopy height

The canopy height of the vegetation is derived by calculating the distance between
the first return and the ground. The ground is usually described by the derived bare
earth model or a digital terrain model (DTM). Several studies have shown the canopy
height predictions by LIDAR to be better than conventional methods, such as the
manual interpretation of stereo imagery (Næsset 2002, Popescu et al. 2003). However,
estimations of short vegetation have been investigated in only a few studies
(Nayegandhi & Brock 2009).

Stand structure

Canopy structure is a detailed representation of the horizontal and vertical structure
of plant communities (Smith & Smith 2001). An accurate and detailed measure of
canopy structure can provide a useful tool for mapping a variety of coastal processes
(Nayeganhi & Brock 2009). Forestry applications have found foliage height profile,
canopy profile area and canopy reflectance ratio to be useful for estimating biomass,
basal area, timber volume, and canopy cover (Lefsky et al. 2002). Yet few studies have
been done on short vegetation, and no studies exist in coastal zones. Straatsma and
Middelkoop (2006) performed a vegetation height-based classification of a
floodplain, reporting a very poor relationship between the distribution of short
vegetation on the floodplain and the height distributions of the LIDAR data.

2.4.2 Passive systems and their relationship with habitat characteristics
Passive remote sensing techniques measure the reflectance from vegetation. The
reflectance captured in the image can then be correlated to the vegetation on the
surface, which represents a vegetation community. The leaves of the vegetation are
the part responsible for the reflectance. This spectral behavior of the vegetation
occurs mainly due to absorption. Within a leaf the chlorophyll absorbs mainly the
visible wavelength blue (420 and 490 nm) and red (660 nm) to photosynthesize and
scatters back the near infrared to prevent overheating and excess evaporation (Jensen
2000). Also, other wavelengths are absorbed within a plant; 1563 nm due to lignin,
2343 nm due to cellulose and 1400-1850 nm and 2100-2300 nm due to the water in
the leaves (Jensen 2000, De Jong et al. 2003, Provoost et al. 2005).
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Figure 6: Reflectance of some characteristic coastal habitat elements (Provoost et al. 2005).

These phenomena can be observed in the scrub reflectance curve (Figure 6). In
contrast, the reflectance of dry sand is high in all of the visible wavelengths and is
therefore easy to discriminate. The red peak in the mud reflection curve is caused by
algae present in the mud. Mossy dune vegetation is different from the scrub because
it is dried out (Provoost et al. 2005).
The examples show that the differences in reflectance make it possible to distinguish
the different communities. To render this variation in a single parameter, the
literature offers several vegetation indices. Examples are the Normalized Difference
Vegetation Index (NDVI), tasseled cap greenness and the Red Edge Position and
Soil Adjusted Vegetation Index (SAVI) (De Jong et al. 2003).

2.5

Methods for remote sensing of coastal habitats

Remote sensing is a promising method of large-scale assessment to map coastal
habitats, because of the relative ease of repetitive data collection, the synoptic view
and the digital format which is easy to process (Thackrah et al. 2004). However
mapping coastal vegetation using automated image processing has not yet reached a
fully operational stage in conservation practice (Provoost et al. 2005). Currently, the
monitoring of vegetation development in the Netherlands is still based on sequential
manual mapping of vegetation structures seen from false color aerial photographs
and fieldwork (De Lange et al. 2004, Droesen 1999). Nevertheless, present expertise
and knowledge show certain automated techniques to be well suited for the purpose
(Provoost et al. 2005). There is a strong relationship between coastal habitats,
reflectance values and the morphology of the coast. This is the basic precondition for
automated mapping of habitats using remote sensing imagery.
Remote sensing of coastal habitat has undergone many changes in the past decades.
Technical advances in hardware and software have increased the amount of
information that can be obtained from the images. While the spatial resolution of an
image and the number of wavelength bands have increased, the bandwidth has
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decreased. Also, additional information associated with an image is available
nowadays. LIDAR can, for instance, provide information on the surface (bare earth
with for instance buldings and trees), the terrain (bare earth) and vegetation height.
However, with new developments new problems have arisen. The increase in spatial
resolution results in a more detailed view. But at what scale should one analyze an
image to extract the desired information? How can these additional data be
incorporated and used in the automated image classification?

2.5.1

Images and their optimal scale

In an image every object is represented by one or more pixels. If the spatial
resolution is low or the object of interest is small, one pixel can include several
objects. Strahler et al. (1986) calls this an ‘L-resolution model’. The L-resolution
scenario results in a pixel reflection value containing an average of the reflectance
values of all the different objects that pixel covers (Fisher 1997). Thus, aggregation
occurs. Because of the aggregation these pixels are difficult to classify correctly and
no contextual information can be extracted. If the spatial resolution is high or the
object of interest is large, the object of interest is represented by more than one pixel.
This is called a ‘H-resolution model’ (Strahler et al. 1986). This H-resolution image
has to be analyzed on the appropriate scale. If the object of interest is analyzed at a
too small scale, which will happen with the traditional pixel-based models, the object
will be rendered as several sub-objects in the image and ‘zonation’ will occur. This
causes contextual information to be lost or incorrect. This scale problem is described
by Marceau and Hay (1999) and is related to the modifiable areal unit problem
(MAUP).

2.5.2 Object-based image analysis (OBIA)
Information is extracted from remote sensing images by human interpreters or by
automatic interpretation/analysis using computer software. Automatic methods can
produce the desired data rapidly and in a standardized way, but the conventional
computer-based methods fall short of the natural learning and cognitive ability of the
human mind (Definiens 2009). Human interpreters classify an image based on their
perception. The human mind is unique in its ability to recognize and make sense of
objects, patterns and context, and to extract intelligence from this data (Definiens
2009, Marceau 1999, Jensen 2000). Traditional automated classification techniques
make use of only the spectral information captured in a single pixel.
Over time, several methods have been developed to recognize the objects and
patterns in multiple pixels (Haralick et al. 1973, Hay et al. 2005). The main means of
creating meaningful objects within a H-resolution remote sensing image is to cluster
pixels together. Within a H-resolution image it is very likely that (in these study
habitats) a neighboring pixel belongs to the same object as the pixel under
consideration (Blaschke et al. 2000). These pixels can be clustered together such that
they form an object. This clustering of neighboring pixels is continued until a certain
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threshold (most likely defined by heterogeneity) is exceeded. The more pixels are
clustered together, the larger the object and the scale become. Several studies have
shown this segmentation method to yield superior results, especially in highresolution imagery, compared to per-pixels methods (Blaschke et al. 2000, Hay et al.
2005, Navulur 2006 Li et al. 2007, Yu et al. 2006, Bock et al. 2005). It especially
diminishes the ‘salt and pepper effect’ which is characteristic of per-pixel
classification. Lang and Blaschke (2006) even suggest that OBIA (object-based image
analysis) is an emerging paradigm in image analysis, due to the advent of highresolution images and commercial OBIA software packages.
At present, a single plant or shrub is often too small for object recognition.
Therefore, vegetation communities or habitats are designated as one object. The size
of the vegetation patches (objects) needs to coincide with the natural scales of the
ecological processes and physical characteristics that occur within the landscape
(Dark & Bram 2007). Every object (here the Natura 2000 habitats) has its own ideal
scale (Marceau & Hay 1999) to obtain optimal estimation results. There are several
segmentation software programs that can identify meaningful vegetation patches.
Non-commercial programs, such as Multi-scale Object-Specific Segmentation
(MOSS), have been developed by universities and companies and are difficult to
obtain (Hay et al. 2005). However, commercial software, such as Definiens
Developer 7 (Definiens 2009), can be acquired more easily.

2.5.3 Multi-scale rule-based classification
When looking from a balloon at high altitude, one’s impression of a landscape is
dominated by the land use pattern, perhaps containing fields, roads, ponds and built
areas. Closer to the ground, one starts to recognize smaller patterns, such as single
plants, while simultaneously the larger scale pattern loses importance. The ability to
detect an object is thus related to the scale at which it is viewed. Nonetheless, objects
at the different scales are interrelated. The single plants still grow in the field
observed at the larger scale, though they may not be distinguishable as individuals.
In the beginning of the second millennium, Baatz and Schäpe (2000) introduced
multi-scale segmentation (MSS). This technique offers the ability to extract from
images objects at different resolutions and to construct a hierarchical network in
which each object contains information about its own context, its neighborhood, and
its sub- and super-objects (Bock et al. 2005) (Figure 7). Next to traditional
unsupervised and supervised classifiers (nearest neighbor, maximum likelihood) in
which mostly spectral information is used to separate an image into desirable classes,
the multi-scale approach offers the opportunity for employing rule-based classifiers.
These classifiers simply use a rule found by a number of iterations or by advance
knowledge to correctly categorize a class. Several studies have successfully applied
rule-based classification (Sader et al. 1995, Lucas et al. 2007). The advantage of the
technique is that it enables habitat characteristics to be directly linked with the
information content of earth observation data.
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Figure 7. Example of multi-scale image analyses (Burnet & Blaschke 2003).
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3

Methodological framework

This chapter reviews the materials used and the methods applied in this study. First,
the research area is described. This is followed by a presentation of the available
materials and how the data were prepared. Then a modified version of the EUNIS
key is presented and the classification performed using multi-scale segmentation.
Finally, the procedure for validating the findings is described.

3.1

Study area: The Wadden Island of Ameland

The research area is situated along the North Sea shore of Ameland (Figure 8) and is
defined by the overlap of the available data and the ‘natural occurrence’ of the
habitats of interest. Ameland is one of the West Frisian Islands of the Netherlands.
The island is 25 km long and covers a total area of 60 km2. It consists mainly of
dunes and associated coastal features. The highest point on the island is
Oerderblinkert Dune, which is 24 m above MASL. The tidal range on Ameland’s
North Sea shore fluctuates from 2.32 m at spring tide to 1.67 m at neap tide (Table
2). Ameland is at 53.4469830 E, 5.7578410 N.

Figure 8. Ameland and the assigned research area, indicated by the shaded area.
Table 2. Tidal fluctuation at Wierrumergronden situated northeast of Ameland (Ministry of Agriculture, Nature
and Food Quality 2009a). Abbreviation: NAP = Normaal Amsterdams Peil.
Low water
(cm)
Tide difference
High water (cm)
+NAP
Tide
(cm)
+NAP
Mean tide
90
-115
205
Spring tide
104
-128
232
Neap tide
73
-94
167

3.2

Materials

This research classifies the coastal habitats by their morphology and spectral
reflectance. Needed for such a classification are at least a digital elevation model
(DEM) and an image with a sufficient spectral and spatial resolution. In addition, to
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provide a repeatable method for annual coastal habitat mapping the data must be
commercially available and frequently renewed. These were the criteria for selecting
the materials used in this research (Table 3). Note that the quality, coverage and
acquisition date of the data differ substantially. The selection was made taking these
differences in consideration.

3.2.1

Imagery

Alterra imagery is relatively recent, has a high resolution and covers the entire island
of Ameland. However, at the time of this study only true color images were available.
The false color images, which are a key source in remotely sensed vegetation studies,
still had to be processed. Therefore, additional images had to be selected. The 2008
images of the NAM (Nederlandse Aardolie Maatschapij) were taken in false color
and have sufficient resolution. However, the middle part of Ameland is missing in
these images. The only good quality data available for the whole island of Ameland in
false color are those of the Airborne Hyperspectral System (AHS). These images are
relatively old (2006), have a large pixel size and are rarely flown. Nevertheless,
because of absence of an better alternative, the AHS images were used for the middle
part of Ameland. The Alterra 2006 imagery and the 2007 NAM imagery were
discarded because more recent materials were available that had the same or even
better quality.

3.2.2 Topography and height
For this research two LIDAR-derived DEMs were available: one flown in 2000 at a
resolution of 5 m AHN (‘actual height database’ from the Dutch Actueel Hoogtebestand
Nederland) (AHN 2009) and one flown in 2008 at a resolution of 1 m (Ministry of
Transport, Public Works and Water Management 2009). Based on the acquisition
date and resolution the latter was selected. Due to the limitations of near-infrared
LIDAR sensors only the non-flooded parts of the coast were measured. Therefore,
to gain a height estimation of the permanently flooded areas, we used the annual
costal monitoring measurements (‘JARKUS measurements’) conducted by the
Ministry of Transport, Public Works and Water Management (2009). JARKUS
measures the height of the coast in lines perpendicular to the waterline. The lengths
of these lines from the beach posts (in Dutch, rijkstrandpalen) to the sea vary from 1
km to several kilometers. The lines are 200 m apart and were afterwards extrapolated
to a 20 x 20 m grid.
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Alterra

NAM

Source

discarded
5

good

Fielddata

Points

20

Alterra

1

DEM 2008 Rijkswaterstaat Raster
good
RAW lidar
2008
Rijkswaterstaat Points
good
Extrapolated
JARKUS
Rijkswaterstaat lines (raster) good

0.5

0.25

5

0.5

0.5

5

Alterra

AHS

good

good

average

bad

very good

Quality

good

Raster

NAM
Raster

Raster

Alterra

Raster

Raster

Raster

Type

Imagery
2008
Imagery
2008

DEM 2000 AHN

Imagery
2007
Imagery
2006

Materials

RD

RD

RD

0.18
0.1

RD

RD
UTM /
WGS84

RD

RD

RD

RD

Coordinate
system /
Projection

0.16

126 bands

False color

0.15
True color
(NIR arrives
in August)

VNIR

VNIR

Bands /
Horizontal Vertical
resolution resolution
(m)
(m)
Time Tide

1/1/2006
autumn/
winter
autumn/
winter
19862006
april and
July
2009

all the island (April)/
Netherlands (Augustus)

Netherlands

Netherlands

Area
Ameland (-middle part) /
Schiermonnikoog (-middle
part)

not relative

not relative

low tide

low tide

low tide

coastal zone of Ameland

North Sea shore of all islands
Entire north Sea shore (also
offshore)

North Sea shore of all islands

Ameland

almost low tide Ameland (-middle part)

low tide

7/3/2006 13:22 high tide
autumn/
winter
high tide

4/1/2007 14:50 low tide

Date

Table 3. Data relevant to and available for this research. Abbreviations: RD = Dutch national grid, UTM =
universal transverse mercator, VNIR = visual near infrared, JARKUS = annual coastal monitoring
measurements. Rijkswaterstaat = ‘Directorate-General of Public Works’.

selected

31

3.2.3 Field measurements
To validate the found classification, point information was collected in the field.
Within remote sensing two sampling methods are generally accepted for the
acquisition of point information. These are random sampling and stratified random
sampling (Lillisand & Keifer 2004). A stratified random sampling scheme led in this
study to a distribution with conglomerates of high-density sample points and areas
with no sample points at all. Therefore, a random sampling scheme was chosen.
However, to prevent small classes from not being sampled at all, an area of interest
was created which was smaller than the research area and which covered only the
classes most of interest (Natura 2000 habitat types 1140, 1210, 1310, 1330, 2110,
2120, 2130, 2160 and 2170). The sub-tidal sandflats (1110) were left out of this
selection because they are relative easy to map, but hard to reach. The area of interest
was defined based on imagery and a topographic map (Figure 9). Within this area 450
random sample points were generated (50 for each class). To locate the generated
points in the field a handheld GPS (Garmin eTrex Legend) was used. This method
enabled the points to be located with a precision of 5 m. Once arrived at the point of
interest, the habitat type, coordinates, accuracy, time and if necessary other details
were recorded. In total 409 plots were visited in 6 days (21–22 April and 1–5 July
2009).

Figure 9. Area of interest for field measurements.

3.3
3.3.1

Methods
Preparation

Before the classification could be applied to the remote-sensing data of Ameland
some of the data had to be prepared. This section describes the operations
performed before classification of the research area.
All of the data except for the AHS image were delivered with the Dutch National
Grid and RD projection (Rijksdriehoekstelsel). The AHS hyperspectral images were
available in WGS84 with a UTM projection. Because reprojection from RD
(Schreiber double stereographic projection) to WGS84 (UTM projection) is
problematic, the AHN image was auto-stitched using ERDAS Imagine (ERDAS
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2009) on the 2008 Alterra imagery. Furthermore, all of the other layers were checked
visually to ascertain whether they fitted on each other correctly.
As mentioned earlier, the 2008 LIDAR had no height information for submerged
areas. To rectify this gap two approaches were used. First, for areas covered by
JARKUS, the pixels with a ‘no data’ value in the LIDAR 2008 data were filled in with
height data provided by JARKUS. Second, for areas not covered by the JARKUS
data and where the LIDAR 2008 data had ‘no data’, the gaps were filled in by taking
the mean of the nearest 5 pixels.
Because anthropogenically modified areas, such as built areas, agricultural areas and
roads, are not used in this research a mask was created from the topographic map.
The map was then reclassified with 0 and 1 values. All non-natural areas were given
the value 0 whereas the natural areas were given the value 1. In addition to the 2008
DEM, the raw LIDAR data was provided by the Dutch Directorate-General of
Public Works (Rijkswaterstaat). With this data a bare earth model and a vegetation
canopy model were created using Fusion, a LIDAR viewing and analysis software
suite (US Forestry Service and Remote Sensing Applications Center 2004). To obtain
the vegetation height, the bare earth model was subtracted from the canopy model.
The results of this operation were exported to a vegetation height map with a 1x1 m
grid. The quality of the map was somewhat poor due to data deficiencies (one
reception (first pulse), no intensity readings and a small offset between flight lines)
and the difficulty of the terrain (low shrubs, large height differences). Nevertheless,
the map still contained usable information.
Furthermore, hardware limitations prevented us from classifying the entire research
area simultaneously. To overcome this problem, subsets were made, the size of
which was chosen to be as large as possible in view of the limitations. This resulted
in nine tiles with a size of 3.5 km by 4 km. As mentioned earlier, the middle part of
Ameland is not covered in the 2008 NAM false color images. The three tiles in the
middle are therefore composed differently from the other tiles. Except for these
three, the tiles are made up of the 2008 DEM data supplemented by JARKUS
readings, the 2008 Alterra true color images, the 2008 NAM false color images and
the created vegetation height map. The three middle tiles are similar, except the 2008
NAM images are replaced by the AHS image.

3.3.2 Classification of habitat types
The goal of this study is to provide a rule-based method for habitat classification in
the coastal zone. Presently, EUNIS is the only classification system that provides a
way to classify European habitats using a top-down approach that can be cross
linked with the Natura 2000 habitats. The EUNIS classification uses a key (Davies et
al. 2004) by which decisions are made to subdivide the landscape into 10 level-1
habitats. Within these, the marine habitats are subdivided according to their zonation
into level 2 (smaller scale) habitats, and terrestrial habitats are further categorized at
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level 2 according to their substrate. The classification system consists of four levels.
Because the EUNIS classification is designed for all of the habitats present in Europe
many decisions in the key are not pertinent to this specific research area. At the same
time, some of the details needed for a Natura 2000 classification of coastal habitats
are omitted. This study therefore slightly modified the EUNIS habitat classification
to make it more applicable to the Dutch coast. The rules that were not applicable for
coastal research in the Netherlands, such as coastal features on hard substrate and
gravel, were omitted. Also, the EUNIS habitats that did not precisely represent the
Natura 2000 habitats, according to the EUNIS cross-link table (EUNIS 2009), were
subdivided to render them consistent with the Natura 2000 habitats. Further, two
links were added, from the coastal realm to habitat 1210 ‘annual vegetation of drift
lines’ and to habitat 1330 ‘Atlantic salt meadows’. The classification of the habitats
was performed using the modified EUNIS key (Figure 10).
Start here
A
Marine habitats

Permanently
covered?

Marine?

Yes

Yes

A5
Sublitorral sediment

B1
Coastal habitats
on sandy shores

No

Sand flats

Dominant terrestrial
No angiosperm species?

Backshore

More or
Yes less level ?

Yes

No
Dunes

No

Offshore

No

Euphotic ?
No

Drift line?
Yes

Yes

Dry?
No

A2
Littoral sediment

Yes

1110
Nearshore

Shifting
Coastal dunes

Mobile?
Yes
No

Dominant terrestrial
angiosperm species?

No
Bare
Coastal dunes

1140
Foreshore

No

Yes

Yes
Frequently No
submerged?

Topography
No
Drift line ?

1330
Atlantic salt meadows

Small scale
2110
Embryonic dunes

Yes
Yes

1310
Glasswort s

Vegetated?

Willow?
1210
Annual vegetation of drift lines Yes
No

2170
Creeping willow

Large scale
2120
White dunes

Vegetation
Coastal dune
shrubs
shrubs stratum

2160
Buckthorn

herbs

2130
Grey dunes

2190
Humid dune slacks

Figure 10. Modified EUNIS habitat classification key. Habitats are shown in white, operators are in grey.
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3.3.3 Definiens Developer
To apply the rule-based multi-resolution object-based classification to the coastal
habitats the Definiens Developer 7 software suit was used (Definiens 2009). Meinel
and Neubert (2004) and Gao et al. (2006) found Definiens Developer 7 to provide
better classification results than other object-based software. In addition, the
Definiens Developer suite offers a means to create a rule-based hierarchical
classification tree, and its interface allows large amounts of data to be easily managed.
The software provides several methods of segmenting the image. The method
primarily used in this research is called multi-resolution segmentation, which is based
on the fractal net evolution approach (FNEA) (Gorte 1998). FNEA is a region-based
segmentation technique in which segment size is limited by a heterogeneity
threshold. The threshold can be modified by the so-called ‘scale parameter’.
The nine tiles were imported into Definiens as different projects. Each project (tile)
contained four image layers: the Alterra true color image, the NAM false color image
or the false color band selection of the AHS, the DEM from the Directorate-General
of Public Works, and the obtained vegetation height map. The topographic map with
the masked features was added as a thematic layer. This served to classify these
features as of no interest (i.e. forest, roads, houses and agricultural fields) and add
them to the ‘no data’ class. Also, for some part of the tiles the extent of the imagery
was larger than the height information available. These areas too were classified in
the ‘no data’ class. For classification of the habitats, three multi-resolution
segmentations were performed representing the three levels of EUNIS. The level 1
segmentation is based only on the DEM. This is because the terrestrial realm and the
marine realm are best explained by the DEM. The level 2 and level 3 habitats are
better explained by spectral information. Therefore, the level 2 and level 3
segmentations were performed based on the Alterra true color images, which had the
highest resolution (Table 3, section 3.2.2). Because level 2 habitats occur in level 1
habitats and level 3 habitats occur in level 2 habitats, each segmentation is created
within the previous segmentation. Classification was done using the rule-based
classification key (Figure 10). The decisions incorporated in the key were translated
into thresholds derived from the imported data layers. These thresholds were found
by either using already present values or by performing a number of iterations (trial
and error). The correctness of the boundaries found was determined by expert
knowledge based on field observations and the Alterra true color image. In addition,
to make the classification better transferable to other data sources the thresholds
were described as a position in a data distribution (i.e. mean, median and quantiles).

3.3.4 Validation
The accuracy of the performed classification is expressed by means of an error
matrix. This is a common means of expressing classification accuracy within remote
sensing (Lillesand & Keifer 2004). To create the error matrix, the obtained field
samples were spatially joined to the derived habitat map. Then the spatially joined
data were converted to the error matrix. In total, four error matrices were
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constructed: one for each level and one representing an optimal precision-accuracy
tradeoff. This approach merges the habitats that exhibited a large amount of
confusion to obtain the best result without sacrificing too much detail. From these
matrices the user’s accuracy, producer’s accuracy and overall accuracy were
calculated.
The user’s accuracy is described as follows:
If I select any dune pixel on the classification map, what is the probability that I will be
standing in a dune habitat when I visit that pixel location in the field?
User's accuracy (dunes) =
(number of pixels correctly classified as dunes)/(total number of pixels
classified as dunes)
(1)
The producer’s accuracy is described similarly:
If I know that a particular area is dune habitat what is the probability that the
digital map will correctly identify that pixel as a dune?
Producer’s accuracy (dunes) =
(number of pixels correctly classified as dunes)/(number ground reference
pixels in dunes)
(2)
The overall accuracy is described as follows:
What percentage of sample points is classified as the correct class in the image?
Overall accuracy =
(number of pixels correctly classified)/(total number of pixels)

(3)

Theoretically a completely random assignment of classes will produce some
percentage of correct values in an error matrix (Lillesand & Keifer 2004). In order to
learn whether the improvement is statistically relevant, the KHAT statistic (k) is
calculated. The KHAT is a measure of the difference between actual agreement
between reference data and an automated classifier and the chance agreement
between the reference data and a random classifier. The KHAT ranges between 0
and 1. A value of 1 means that the performed classification is 100% better than a
random classification, whereas a value of zero means that there is no difference
between the two. The KHAT (Lillesand & Keifer 2004) is computed as follows:
r

kˆ 

r

N  xii   ( xi   x i )
i 1

i 1

r

N   ( xi   x i )

(4)

2

i 1

where
r = the number of rows in the error matrix;
xii= the number of observations in row i and column i (on the major diagonal);
xi+= the total number of observations in column i (shown as marginal total at the
right of the matrix);
x+i= the total number of observations in row i (shown as marginal total at the
bottom of the matrix);
N= the total number of observations.
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4

Results

This chapter presents the results. First, the operators are explained. The results of the
field check are then presented, after which the maps created using these operators
are shown. The accuracy of the maps is then examined.

4.1

Translation of EUNIS variables into remote-sensing variables

The decisions made with the EUNIS key are well-applicable in the field. However,
from a remote sensing perspective these decisions are not always useful. Parameters
such as mobility, individual species and light conditions cannot be applied in remote
sensing because of their temporal nature or because they simply cannot be sensed.
The sections below describe this study’s translation of the EUNIS key into remotesensing variables. Table 4 presents the thresholds found.

4.1.1

Level 1

The coast is highly influenced by the sea. In general, it can be assumed that in the
coastal zone the sea is the main determinant of whether a habitat can occur at a
particular place. Therefore the occurrence of habitats is highly correlated with their
position above or below MASL. The initial separation of the landscape into a
terrestrial realm and a marine realm is thus a logical one. An area considerably
influenced by the sea is considered part of the marine realm whereas the opposite
holds for the terrestrial realm. EUNIS sets the boundary between the two realms as
the mean spring high tide (MSHT). The MSHT boundary can be directly derived
from the DEM.

4.1.2

Marine level 2

Coastal zonation separates the marine realm into the intertidal zone (foreshore), the
subtidal zone (backshore) and the offshore zone. These zones can be distinguished
from one another by their height above or below sea level. According to Natura 2000
and EUNIS, the intertidal zone is situated between the MSHT and the mean spring
low tide (MSLT). The subtidal zone is situated between the MSLT and the end of the
euphotic zone. The euphotic zone is a maximum of 20 m below sea level in the
North Sea (Aarup 2002). At these depths in the North Sea, there is not enough light
available for sessile organisms dependent on photosynthesis. Water deeper than 20 m
is therefore species-poor and classified by Natura 2000 and EUNIS as offshore.
MSHT, MSLT and the euphotic zone boundaries are derived from the DEM.
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4.1.3

Marine level 3

At the foreshore, several Natura 2000 habitats exist that host terrestrial angiosperm
plant species. Because of their high reflection of near infrared and their high
absorption of red these plants are easily distinguished from bare ground by their
spectral signature. The signature can be captured in a single parameter, the NDVI
(Normalized Difference Vegetation Index). This vegetation produces a positive
NDVI value in contrast to patches where no plants occur (bare soil). The NDVI can
thus be used to distinguish bare areas from vegetated areas in the intertidal zone. The
threshold found to separate vegetated from non-vegetated areas is the median of the
NDVI. The frequency with which the vegetated parts are inundated is used to
distinguish the vegetated parts from one another. Glasswort vegetation (habitat type
1310) is considered to exist in intertidal zones, which are frequently inundated, below
MAHT and above MSLT. Atlantic salt meadows (1330) are assumed to exist between
MAHT and MSHT, which is inundated only twice a month. However, in the zone
between MAHT and MSHT drift lines (1210) can also occur. Because these habitats
are dependent on high tide they are linear features parallel to the shoreline. Long
shapes have a higher length-to-width ratio than other shapes. This feature is used to
distinguish the two habitats from each other. According to EUNIS the Atlantic salt
meadows and annual vegetation of drift lines do not occur higher than MSHT.
However exploratory fieldwork has found these habitats to occur in Ameland higher
than MSHT, probably due to storm tides. The upper range in which these habitats
occur is therefore set at 255 cm above NAP at a storm tide frequency of twice a year
(Ministry of Agriculture, Nature and Food Quality 2009a). These habitats are also
found in Ameland in the backshore zone.

4.1.4

Coastal level 2

In the coastal realm the sea is less important, though it does provide material inputs
(sand, organic matter) and induce disturbances (storm events). The more dominant
processes in the coastal realm are the wind and the potential for vegetation to grow.
These determine small-scale morphology and species composition. Coastal habitats
are therefore in the first place not distinguished from one another by their position in
relation to water tables but by their morphology. For level 2, the sandflats are
distinguished from dunes by their slope. Dunes exhibit many different slopes
whereas flat areas have a smooth gradient. The standard deviation of the slope is thus
greater for a dune area than for a sandflat area (backshore).

4.1.5

Coastal dunes level 3

In EUNIS, the dunes are first categorized according to their moisture content.
However, the wetness of dunes cannot be directly measured with the available
remote sensing data. Nevertheless, most wet dunes are found below MSLT and are
known to host reed (Phragmites australis). The properties used to distinguish the humid
dune slacks (2190) are, therefore, position below MLST and a vegetation height
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greater than 0.5 m in the vicinity of dunes. Also, the occurrence of water in the
vicinity of dunes indicates the presence of humid dune slacks. Water has a high
reflection of green and high absorption of near infrared. A ratio of near infrared to
green was thus used for the remote sensing of water. Areas with a high ratio of near
infrared to green are classified as humid dune slacks. The other dunes are categorized
as mobile and nonmobile dunes. Mobility itself is not directly sensible. Nevertheless,
the mobile dunes have noncontinuous vegetation cover (i.e. marram Ammophila
arenaria), because of the mobile sand scattered amongst the vegetation. Nonmobile
dunes have a comparatively closed vegetation cover (herbaceous vegetation, mosses
and lichens). The reflection of red is higher on sand than on vegetation (see Figure 6
section 2.4.2). For a given area in a mobile dune system the standard deviation will
thus be higher than for a nonmobile dune system. In addition, because vegetative
coverage is denser on the nonmobile dunes, the average NDVI there will be higher
than for mobile dunes. In the mobile dunes community, three habitats are
distinguishable. Non-vegetated dunes, embryonic dunes (2110) and ‘white dunes’
(2120). The non-vegetated dunes have a low NDVI and an even lower standard
deviation of the reflectance value in the red wavelength compared with the other
two habitat types. The ‘white dunes’ habitat has a distinctive topology. White dunes
are relatively high, have steep slopes and always occur adjacent to the beach. The
standard deviation of slope can therefore be used to identify this habitat. However,
because of the sometimes sparse vegetation of the embryonic dunes and their
resemblance to low white dunes, embryonic dunes are often difficult to distinguish.
They generally occur on the beach or along the foot of the white dunes. They should
have a somewhat lower standard deviation of the slope than the white dunes and a
higher standard deviation of the reflectance value in red than non-vegetated dunes.
The EUNIS key distinguishes the nonmobile dune community primarily by growth
form. Using the vegetation height, shrubs (creeping willow Salix repens and buckthorn
Hippophae rhamnoides) can be discriminated from herbs (‘grey dunes’) or trees if they
occur. The next step, separation of the creeping willow (2170) and buckthorn (2160)
habitats, is more problematic. These habitats have more or less the same height and
spectral signal. A solution is found in the growth form. Due to the dominant asexual
reproduction and clonal growth, the creeping willow community has a round shape.
This feature is used to distinguish the two habitats from each other. The shape of the
creeping willow habitat is rounder than the buckthorn habitat.

4.1.6

Sandflats level 3

Similar to the area between MAHT and MSHT, sandflats consist of non-vegetated
parts (sandflats), annual vegetation of drift lines (1210) and Atlantic salt marshes
(1330). In general the vegetated areas have a high NDVI, whereas the non-vegetated
areas have a low NDVI. The drift lines are sparsely vegetated, so they have a low
NDVI. Thus, the same principle is applied here as for the embryonic dunes: the
standard deviation of the reflectance in the red wave length is assumed to be higher
for the drift lines than for the non-vegetated areas. Furthermore, considering their
high length-width ratio, sandflats are classified as drift lines if they have a relatively
high standard deviation of reflectance in the red wave length and a high length-width
ratio. Atlantic salt marshes have greater vegetation coverage, and if a sandflat area
has a high NDVI it is classified as such.
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Table 4. Operators for rule-based classification of the coastal Natura 2000 habitat types.
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4.2

Field data

In total 413 sample points were visited during the field campaign. Figure 11 shows
the frequency of sample points per habitat type. The figure shows that the ‘white
dunes’ were visited most (82 times) and the humid dune slacks the least (7 times).
Glasswort vegetation, drift lines, creeping willow and Atlantic salt meadows were
visited relatively infrequently, respectively, 12, 14, 17 and 18 times. Also frequently
visited were buckthorn (30 times), embryonic dunes (38 times), the foreshore (42
times), bare coastal dunes (43 times), sandflats (47 times) and grey dunes (50 times).
Because of the random sampling scheme the frequency of the habitat types
presumably represents the abundance of the habitats in the field. In this light, the
acquired field data does seem to realistically represent habitat distribution in the
coastal zone of Ameland (excluding the nearshore and offshore).
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Figure 11. The frequency of acquired field sample points per habitat.

4.3

Map of Ameland

Figure 12 displays the habitat classification of the coastal zone of Ameland at level 3.
The figure shows eight of the nine classified tiles. The tile in the southwest corner
(bottom left) of Ameland is omitted for presentation purposes. The habitat
classification shows a more or less realistic distribution of the habitat types, with one
exception. At the borders of the tiles the polygons of the different classes do not
always match. Furthermore, the border between the foreshore and the backshore is
pixelized. Here the resolution of the JARKUS data used for the submerged areas is
insufficient for analyses at this scale. The ‘no data’ values represent masked areas and
areas where one of the data sources was missing. Table 5 correlates the classes used
with the Natura 2000 habitats.
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Figure 12. Level 3 habitat map of Ameland. Data provided by the Ministry of Transport, Public Works and
Water Management, Data Informatie Dienst, Nederlandse Aardolie Maatschappij and Alterra.
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Figure 12. Continued.
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Figure 13. Level 2.5 habitat map of Ameland. Data provided by the Ministry of Transport, Public Works and
Water Management, Data Informatie Dienst, Nederlandse Aardolie Maatschappij and Alterra.
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Figure 13. Continued.
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Table 5. Classes used and their correlation with the Natura 2000 habitats.
Level 1
Marine

Level 3
offshore
nearshore
foreshore
glasswort vegetation
Atlantic salt meadows
Terrestrial backshore backshore
drift lines
bare dunes
sandflats
dunes
embryonic dunes embryonic dunes
white dunes
white dunes
grey dunes
grey dunes
shrubs
buckthorn
creeping willow
trees
sand blowout
sand blowout
humid duneslacks humid dune slacks

4.4

Level 2
offshore
nearshore
foreshore

Level 2.5
offshore
nearshore
foreshore
salt marsh

Natura 2000 code
1110
1140
1310
1330
1210

2110
2120
2130
2160
2170

2190

Map accuracy

The classification maps for the three levels were validated using error matrices. Table
6 presents the derived overall accuracy and KHAT. As the level of detail increases
the accuracy and reliability (KHAT) decrease. Level 1 and 2 have an acceptable error,
but level 3 has a accuracy of less than 50%. Therefore an additional map at level 2.5
have been created (figure 13). From the confusion matrix of the level 3 classification
(Table 7), we observe that this low level of accuracy is mainly caused by confusion:
between sandflats, bare dunes and drift lines; between the creeping willow,
buckthorn and shrubs; and between glasswort vegetation and Atlantic salt meadows.
With this in mind, the 2.5 level map was created (at approximately level 2.5, Figure
13). To obtain greater accuracy without losing too much detail, in this map only the
classes, mentioned above, with a great deal of confusion, are scaled up, whereas the
classes that were classified more or less correctly are kept at their highest detail level
(Table 8). This upscaling produced a 15% improvement in overall accuracy and a
minimal loss of detail. Humid dune slacks and Atlantic salt meadows also show a lot
of confusion. In theory, scaling up the humid dune slacks and Atlantic salt meadows
would lead to even greater improvement. However, by upscaling these two habitats
much detail would be lost because they exist in different (level 1) realms (marine and
terrestrial). Therefore these habitats are kept at their highest scale.
Table 6. Overall accuracy for each produced level.
Overall accuracy
KHAT
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Level 1
95.6
0.94

Level 2
76.5
0.53

Level 3
48.7
0.41

Level 2.5
64
0.68
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Figure 12 and 13 show the user’s and producer’s accuracy for the level 3 and level 2.5
habitats. As mentioned, the Atlantic salt meadows, drift lines and humid dune slacks
show a user’s and producer’s accuracy of 0 because of confusion with other classes.
The shrub class and the dunes class also show a user’s and producer’s accuracy of 0.
This is because they are higher level classes which could not be further specified
during the classification exercise. However, in the field all of these classes were
classified to their end level (level 3). Therefore, in the level 3 classification they are
assigned as misclassified and have a producer’s and user’s accuracy of 0. The large
difference in user’s and producer’s accuracy for buckthorn at level 3 is explained by
large patches of buckthorn being overlooked. Where buckthorn is classified, the
classification is correct. However, large patches buckthorns were missed and are still
classified as shrub (level 2.5).
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Figure 14. User’s and producer’s accuracy of the mapped
habitats at level 3.
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Figure 15. User’s and producer’s accuracy of the mapped
habitats at level 2.5.
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5

Discussion

This chapter discusses the results and makes recommendations for future research.
The first section examines the accuracy and usability of the maps. The second
section discusses the usability of the classification scheme and the operators
employed. The third section analyzes the possible errors, after which the final section
provides recommendations for future research.

5.1

Usability of the map

We saw from Table 6 that in the maps at level 1, level 2 and level 2.5 more than 50%
of the sample points were classified correctly. However, the level 3 map, which
contains the desired level of detail, is less accurate. The habitats ‘annual vegetation of
drift lines’, ‘humid dune slacks’ and ‘Atlantic salt meadows’ are not recognized at all.
Furthermore, the two shrub communities buckthorn and creeping willow are
confused with each other. As a result, only the user’s accuracy of the buckthorn is
sufficient. Also, the non-Natura 2000 habitats ‘bare dunes’ and ‘sandflats’ are often
confused, which reduces the user’s and producer’s accuracies. The habitats ‘white
dunes’, ‘grey dunes’, ‘intertidal’, and ‘glasswort vegetation’ were mapped reasonably
well. In addition, because of its simple nature and straightforward description, the
non-validated subtidal area can be considered as correctly mapped. The partly
upscaled map (level 2.5) (Figure 15, Table 8) resolves most of the confusion,
rendering this map more usable. However, the confusion between humid dune slacks
and the salt marshes remains. Besides, the shrubs are mainly confused with the ‘grey
dunes’, the ‘white dunes’ with the ‘grey dunes’, and the embryonic dunes with the
bare dunes.
Closely examining these habitats two things are noticeable. First off, all of the
confused habitats are located adjacent to one another spatially; and secondly they
tend to be each other’s successors. Figure 16 illustrates this phenomenon. Observe in
this figure that most of the confusion within the classification is with the habitat next
in the succession. Two exceptions are observed: the salt marsh habitats are mainly
confused with the humid dune slacks and the shrubs have no successor in this
classification.
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Figure 16. User’s accuracy of the level 2.5 habitats (purple) and the percentage of user’s accuracy explained by
their successors (red), together with remaining error (beige).

Taking into account the dynamic nature of coastal areas and the time lag between the
date of the images and the acquisition of the field data (more than a year) it is highly
likely that some of habitats found in the field had evolved to the habitat next in
succession. The same argument can be made at level 3 for the confusion between the
bare dunes, drift lines and sandflats. These are very dynamic habitats which can
appear and disappear at one place within a week. It is therefore likely that part of the
confusion amongst the three habitats is caused by the time lag. With this in mind, it
can be concluded that only the shrubs (buckthorn and creeping willow), and the
Atlantic salt meadows and wet dune valleys are significantly confused with one
another. Also note that in real life, the classes that were mapped have so-called ‘soft’
gradients in which one habitat transitions gradually into another. However, our
mapping method uses so-called ‘hard’ classifiers in which an area is classified only as
one single class. Some of the errors could be caused by a transition zone having to be
categorized as a single ‘hard’ habitat class.

5.2

Usability of the rule-based classification scheme

Table 6 showed that the model performs well for level 1 and 2 (more than 50% is
classified correctly). The decisions made for level 1 are based solely on the different
positions in the tidal regime. The level 2 marine realm is also classified by position in
the tidal regime. For the terrestrial realm, however, morphological and spectral
information is used as well to separate the different classes. Similar to level 1, the
positions used in the level 2 classification of the marine realm deliver good results.
However, in the terrestrial realm confusion occurs. A piece of humid dune slack is
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misclassified as Atlantic salt meadows. In the EUNIS classification scheme humid
dune slacks exist only in the dune realm. However, in Ameland due to fresh water
seepage this habitat type also occurs on the backshore, which is why it was mistaken
for Atlantic salt meadows. Nevertheless, the operator’s brightness and the standard
deviation of the slope correctly distinguish the dunes and backshore from each other.
For level 3, spectral information becomes more important. The standard deviation of
reflectance in the red wave length and the NDVI were used to separate the vegetated
areas from the non-vegetated areas. The NDVI was also used to distinguish the
densely vegetated areas from the non-vegetated and sparsely vegetated areas, and the
standard deviation of the reflectance in the red wave length was used to distinguish
sparsely vegetated areas from non-vegetated areas. This delivered acceptable results.
Nonetheless, areas with very little vegetation (glasswort vegetation) were sometimes
missed. The near infrared-to-green ratio successfully sensed the wet parts. However,
due to their position outside of the sampled area no accuracy level can be given. At
level 3 the standard deviation of the slope was useful and effective for separating the
dune classes. With this parameter the ‘white dunes’ could be more or less correctly
distinguished from the embryonic dunes and the ‘grey dunes’.
The shape-related operators did not perform well. In the case of both the drift lines
and distinguishing creeping willow from buckthorn, the shape-related parameters
provided unsatisfactory results. Perhaps they were poorly chosen and other operators
must be found to classify these habitats correctly. Unlike the shape parameters, the
relational parameters did help to separate the classes. For instance, restricting the
white dunes to being no farther than 100 m from the backshore prevented ‘grey
dunes’ areas with a high topography from being classified as ‘white dunes’. However,
because the image was cut into tiles the calculation of distance was erroneous,
therefore edge effects occurred. As a result, the positions of certain classes are
different along the edges of the tiles, causing errors. The ‘enclosed by’ parameter
helped us to reclassify small miscategorized areas that do not naturally occur within a
larger class. For instance, areas of backshore occurring in the fixed dune area could
be reclassified as sand blowouts.
Vegetation height was useful for distinguishing shrubs and trees from herbaceous
vegetation. However, its potential is greater when used at a higher resolution. For
instance, the confusion between the humid dune slacks and the Atlantic salt
meadows would not have occurred if the reed had been correctly sensed by the
LIDAR. However, due to missing intensity measurements and only one reception
these densely vegetated areas are shown as an elevated plateau in the DTM. Because
the DTM is higher than the real bare ground the vegetation height is estimated as less
than it actually is in the field and the reed, which is normally higher than the
surroundings, is not sensed.
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5.3

Influence of data quality

This study uses several data sources, but the quality the data differed substantially.
Overall, the imagery was of good quality. Nevertheless, meta-information related to
the images was not always available. We know that the AHS images are spectrally
corrected. However, for the NAM and Alterra images this is unknown. The NDVI
values derived from the two data sources, the AHS and NAM imagery, have the
same thresholds in the research area. However, other derived thresholds could be
situated somewhere else if other imagery is used.
The data derived from height information sources does not suffer this problem.
Height maps contain comparable information, and if they are in different units they
are easily converted. The quality of the height information (JARKUS and LIDAR)
did differ. The JARKUS data had a very coarse spatial resolution, but was more or
less vertically correct. This coarse resolution caused pixelized edges between the
foreshore and the nearshore. The LIDAR-derived DEM data had a relatively fine
spatial resolution, but sometimes failed to map the surface correctly. This failure
mainly occurred in dense vegetation or rough terrain. For the DEM-derived
parameters this influence of approximately 50 cm had no significant influence.
However, the derived vegetation map did show significant error. Most of the error in
the classification map was caused by the time differences among the data sources
used. The Ameland coastline is very dynamic. Yet the oldest image is from 2006,
most of the images are from 2008, and the fieldwork was performed in 2009. During
this period a lot of change occurred in the habitat structure of the research area. For
example, Figure 17 shows the embryonic dunes as observed at the eastern end of De
Hon in the 2008 image (red). The sample points taken in 2009, shown as labeled
points, indicate a much larger area (blue). In one year’s time the embryonic dune
community had grown substantially. Though the image correctly reflects the 2008
situation, because the field check was performed in 2009 these sample points are
misclassified.
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Figure 17 Year 2008 Alterra image and the 2009 field data in which the embryonic dune community of 2008 is
shown in red and the 2009 community in blue.

5.4

Outlook on future research and improvements

Considering the dynamic nature of coastlines, this research represents a first step in
the multi-scale rule-based classification of coastal habitats. The procedure employed
could provide a repeatable classification method for coastal habitats in the
Netherlands. The rule-based classification system is so built that the classification
might theoretically be done using other data sources, making the method
transferable. To enhance the repeatability of our classification, selection criteria for
the data were quality and frequency with which they are flown.
Compared with other studies, the classification results of this study were intermediate
to good. Table 9 lists the overall accuracy of several studies found in literature.
Though most of these produced classifications with a higher accuracy, the majority
of these studies were performed in the fixed dune area or on coastal shores with a
hard substrate. Only Ekeboom and Erkkilä (2003) performed a classification in the
more mobile dune areas. Their results are similar to those of this study. Comparing
the results per habitat class (Figure 18), it can even be concluded that the mobile
dune areas are better classified in this study. The present study and Ekeboom and
Erkkilä (2003) have one more thing in common. Both were performed without
training sets. Ekeboom and Erkkilä (2003) used manual classification of the coastal
habitats whereas this study used human perception and habitat characteristic rules.
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Table 9. Overall classification accuracies found by other coastal studies with different data methods and details.
Abbreviations: Maximum likelihood (ML), nearest neighbor (NN) and spectral angle mapped (SAM).
Research
Lee & Shan 2003
Bock et al. 2005
Brown 2004
De Lange et al . 2004
Chust et al. 2007
Ekeboom & Erkkillä 2002
This research

Area
Sandy shore
Forests, Coastal areas
Sandy shore, Salt marsh
Sandy shore (stable dunes)
Shore with hard substrate
Sandy shore (mobile)
Sandy shore (mobile)

Data source
LIDAR, Satellite
Satellite, Airborne, DEM, Thematic
DTM, Slope, Airborne
Hyperspectral
LIDAR (high res, intensity), Airborne
Panchromatic images
DTM, Vegh, Airborne

Method
Supervsied (ML)
Rulebased and NN
Supervised (ML, NN)
Supervised (SAM)
Supervised (ML)
Manual
Rule-based

Overall
Detail accuracy
level 2
94%
level 2
86%
level 2.5
80-90%
level 3
60-70%
level 3
93%
level 3
39-47%
level 3
49%

Figure 18. Percentage correct of habitats sorted by type: hatched bars = aquatic habitats, vertical lined bars =
aquatic and terrestrial habitats, black bars = terrestrial habitats, empty bars = empty cells (Ekeboom &
Erkkilä 2003).

As mentioned, accurate height information is a key factor for the classification of
coastal habitats. Chust et al. (2008) supports this conclusion. That study performed
classifications without height information. Accuracy obtained from the classification
of Chust et al. (2008) ranged between 55% and 75%. Compared to results with highresolution LIDAR-derived heights (Table 9) this underlines how important accurate
height information is for the classification of coastal habitats. In our study the
LIDAR information did not contain multiple receptions and intensity data. Taking
into account the results of Chust et al. (2008), improved LIDAR data could
significantly raise classification accuracy. Changes in the classification scheme could
also lead to further improvements. The confusion between humid dune slacks and
Atlantic salt meadows is partly caused by a missing link between the backshore and
the dunes. Nevertheless, because of the dynamic nature of the habitat, future study in
such coastal zones would be most improved by the use of recent data acquired at the
same time and date.
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Conclusion

Coastal areas are amongst the world’s most threatened natural areas. This is mainly
due to prolonged acidification and eutrophication, sea level rise and demographic
pressure. Many of habitats within the coastal zone of the Netherlands are listed in
Annex I of the EU Habitats Directive. In the framework of the HD and the
Trilateral Monitoring and Assessment Program of the Wadden Sea, habitat maps
have been created for the coastal zone. However, these mapping exercises have
overlooked or left out some habitats. This study was conducted to remedy that gap.
It aimed to provide a method to conduct a remote sensing-based inventory of the
coastal Natura 2000 habitats using a multilevel object-based approach. This approach
employed rule-based operators to answer two research questions:


Is a rule-based multi-scale object-oriented hierarchical image analysis of
airborne remote sensing imagery and ancillary data from different sources
suitable for detecting and mapping coastal and marine Natura 2000 habitat
types?



Are the results obtained significantly more accurate than the results of other
similar studies in the coastal zone?

The coastal zone of Ameland (Netherlands) was classified with a hierarchical rulebased key derived from the EUNIS habitat classification system. Data were provided
by high-resolution true color images, high-resolution false color images, and
vegetation heights derived from a DTM and LIDAR (light detection and ranging).
The obtained habitat maps were validated at 409 randomly sampled points. At the
highest level of detail (level 3) in which all the habitats are included, an overall
accuracy of 49% was obtained. By sacrificing some detail (level 2.5), an accuracy level
of 65% was obtained. Classification at EUNIS level 2 showed an accuracy of 77%
and an accuracy of 95% at level 1. Three main sources of error were identified.
Habitats were mistaken for each other because they could not be correctly
distinguished with the operator employed. These operators were mainly shape
related. Habitats were also mistaken because of the poor quality of the LIDARderived vegetation height. However, most of the error was caused by the relatively
large difference in acquisition dates of the data used.
Compared with other studies, the results of this study can be said to be intermediate.
Similar research conducted in the more or less fixed dune communities had
significantly better accuracy. It is difficult to make comparisons with studies
undertaken in the dynamic part of the coastal zone, because they are rare in the
literature. The one such study found was a manual classification of panchromatic
images. That study’s results were comparable to those of this study. Nevertheless, the
current study should be viewed as a first attempt to provide a method for
classification of dynamic coastal habitats. More improvement is needed in the
classification scheme and in data quality before a reliable habitat map can be
constructed.
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Appendix 1 Coastal Natura 2000 habitat types of interest
This appendix lists the Natura 2000 of interest in this study. Most of the descriptions
are derived from Janssen and Schaminée (2003). For habitats not described in this
Dutch reference, the international description (Habitats Committee 2007) and UK
description were used (McLeod et al. 2005).
Sand banks which are slightly covered by seawater all the time (habitat type
1110)
Sand banks are elevated, elongated, rounded or irregular topographic features and
consist of mainly sandy sediments. This habitat is defined by sand banks which are
slightly covered by seawater all the time. This means that the habitat only exists
between MLST and roughly 20 m below chart datum (Habitats Committee 2007).
The permanently flooded sandbanks in the Netherlands are mostly non-vegetated
but sometimes do contain algae communities or communities of Zostera marina. This
habitat type is important for invertebrates, such as bivalves, echinoderms, polychaete
worms, crustaceans and anthozoans. These invertebrates are a key food source for
fish, birds and mammals (Janssen & Schaminée 2003, Habitats Committee 2007).
Mudflats and sandflats not covered by seawater at low tide (1140)
This habitat type concerns sandflats and mudflats near the coast. The habitats are
situated in the intertidal regime between MSLT and MSHT. The habitat can consist
of two different types of substrates. Near the West Frisian Islands the name of the
habitat is linked to the nature of the substrate: mudflats consist of mud and sandflats
consist of sand. However, elsewhere in the Netherlands they are referred to as
‘slikken’ (connected to land) and ‘platen’ (surrounded by water). Most of the intertidal
mudflats and sandflats are not vegetated. However some are vegetated by Zostera
marina and Z. noltii. Algal mats and diatom coatings are more likely to occur on the
tidal flats. This depends on the type of substrate, the micro relief and the light
interception of other plants above the ground. Also multi-cellular (red and green)
algae do occur in the habitat. Common genera are Vaucheria, Enteromorpha, Spirogyra,
Rizoclonium, Ulva and Chaetomorpha. The habitat shelters a high amount of
invertebrates and is therefore a crucial feeding ground for shorebirds (Janssen &
Schaminée 2003, Habitats Committee 2007).
Annual vegetation of drift lines (1210)
This habitat occurs on deposits of organic (and nowadays also inorganic) material
lying at or above mean high water spring tides. The deposition of organic material
occurs mainly at fringing beaches that are subject to periodic displacement or
overtopping by high tides and storms. The vegetation, which may form only sparse
cover, is therefore ephemeral and composed of annual or short-lived perennial
species. In the Netherlands vegetation of this habitat type consists of e.g. Cakile
maritima and Honkenya peploides. These species are able to tolerate periodic
disturbance, which may involve total removal of the surface and subsequent
recolonization with vegetation. This habitat type occurs mostly on level or gentlysloping, mobile beaches, with limited human disturbance. According to Natura 2000,
the sites proposed for this habitat may include Cakiletea marimae developed on
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gravel or mixed gravel and sandy substrates (these mixtures are often very dynamic
and variable) but such vegetation on purely sandy beaches should be regarded as
habitat type 2110 ‘embryonic shifting dunes’ if appropriate. Despite the sandy nature
of the Dutch beaches this habitat type is included in this research because it is found
in the Netherlands and is distinguished from embryonic dunes and other habitats in
the field (Habitats Committee 2007, McLeod et al. 2005).

Salicornia and other annuals colonizing mud and sand (1310)

This habitat type consists of formations composed predominantly of annuals, in
particular, Chenopodiaceae, of the genus Salicornia or grasses. These colonize
periodically inundated muds and sands of marine or interior salt marshes.
This habitat occurs on the relatively low tidal creeks and high mudflats. But also in
the transition zone between dunes and the higher salt marshes that are still frequently
inundated by high tides. Specific vegetation growing in this habitat are TheroSalicornietea, Frankenietea pulverulentae, and Saginetea maritimae. The habitat type
exists in the Netherlands on the lee side of the North Sea barrier islands1 and the
southwestern estuaries. The habitat type can also be found on sand banks not
covered with seawater at low tide (Janssen & Schaminée 2003, Habitats Committee
2007).
Atlantic salt meadows (Glauco-Puccinellietalia maritimae, 1330)
This habitat type develops when halophytic vegetation colonizes soft intertidal
sediments in areas that are protected from strong wave action. The vegetation covers
the upper and middle reaches of salt marshes. Here the tidal influence decreases in
frequency and duration from the lower towards the upper reaches. Therefore a wide
range of vegetation types are represented in the habitat. The order of GlaucoPuccinellietalia maritimae can be subdivided according to this zoning. The alliance of
Puccinellion maritimae that occurs in the lower zone, the Amerion maritimae that
occurs on the higher part of the salt marshes and the Puccinellio-Spergularion
salinae, which occurs on the beach flats and on parts of the salt meadows that have
high salt concentrations. The Puccinellio-Spergularion salinae community can occur
alongside the other two communities. Typical species found in this habitat type are
Limonium vulgare, Puccinellia maritima, Aster tripolium, Atriplex portulacoides, Seriphidium
maritimum (syn. Artemisia maritima), Festuca rubra, Agrostis stolonifera and Elytrigia atherica.
In general the Atlantic salt meadows habitat is located in coastal areas outside the
main embankment. However, this habitat type can also occur within the
embankment if it is still or has been influenced by brackish or salt water (Habitats
Committee 2007, McLeod et al. 2005, Janssen & Schaminée 2003).
Embryonic shifting dunes (2110)
Embryonic shifting dune vegetation exists in a very dynamic state and is dependent
on an ongoing battle of physical processes at the dune-beach interface. It can be the
first type of vegetation that colonizes the non-vegetated dunes and beaches. Or, as in
this research, the successor of the habitat type ‘Annual vegetation of drift lines’
(1210). On a prograding dune system this vegetation can be the precursor to the
1

Also called the West Frisian Islands.
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main dune-building vegetation dominated by Ammophila arenaria. The embryonic
dunes exist on the higher part of the beach, typically at the feet of the habitat
‘shifting dunes along the shoreline with Ammophila arenaria’ (2120). Embryonic
shifting dues are transient and either displaced by habitat type 2120 or washed away
by storms. The continued supply of sand from the beach to the dunes is therefore
important for the existence of this habitat type. The presence of embryonic shifting
dunes is a good indicator of the general structure and long-term survival of the dune
system, because the existence of this habitat type indicates creation of new dunes.
Due to the high dynamics of this habitat type, few species are able to survive here.
The habitat type is therefore generally poor in species. The predominate species is
Elytrigia juncea subsp. boreoatlantica. Other species that are able to survive in this highly
dynamic environment are e.g. Honckenya peploides, Sonchus arvensis var. maritimus and
Leymus arenarius (Habitats Committee 2007, McLeod et al. 2005, Janssen & Schaminée
2003).
Shifting dunes along the shoreline with Ammophila arenaria (‘white dunes’)
(2120)
This habitat can be described as mobile dunes forming the seaward cordon or dune
systems of cordons of the coasts. The sand-binding species marram (Ammophila
arenaria) is always a dominant feature here, due to its resistance to burial and quick
growth capacity. The shifting dunes habitat is maintained by change and therefore
exists only on aggregating or eroding coasts. The habitat disappears when stability is
introduced. Natural occurrence of this habitat in the Netherlands is relatively low,
because for coastal defense large areas of the Dutch shoreline have been artificially
fixed with planted osier screens, Ammophila arenaria and Calammophila x baltica. The
species composition of the shifting dunes is constrained by its harsh environment.
However, the vegetative composition is not uniform. Where the sand influx is
highest the vegetation consists almost only of marram. Nevertheless, where the sand
deposition rate is lower, other species do occur, such as Leymus arenarius, Sonchus
arvensis var. maritimus, Eryngium maritimum, Calystegia soldanella and Euphorbia paralias.
Where conditions are suitable, common mushrooms can also occur within this
habitat. Examples are Agaricus devonienis, Peziza ammophila and Phallus hadriani
(Habitats Committee 2007, McLeod et al. 2005, Janssen & Schaminée 2003).
Fixed coastal dunes with herbaceous vegetation (‘grey dunes’) (2130)
Fixed dune vegetation mainly occurs on the largest dune systems. These have
sufficient width to offer opportunities for this habitat type to develop. This habitat
type typically occurs in the inland zone of the Ammophila arenaria-dominated ‘shifting
dunes’ habitat type. The grey dunes replace the ‘shifting dunes’ with more organic
material and a more or less closed vegetation cover of closed perennial grasses with
abundant carpets of lichens and mosses. The habitat type consists of various dune
grass alliances: Polygalo-Koelerion, Tortulo-Koelerion, Plantagini-Festucion,
Cornephorion canescentis and Nardo-Galion saxatilis. Of these alliances, several
communities are important in the Netherlands because of they contain Red List
species. Also of special importance are the Dutch ‘seaside village landscapes’ (in
Dutch, the zeedorpenlandschap), which had minor human disturbances. Common
species here are Silene conica, S. nutans, S. otites, Artemisia campestris, Milium vernale,
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Anacamptis pyramidalis and Orobanche purpurea. Of further importance are the ‘dune
dandelion grasslands’ (Taraxaco-Galietum veri), which are created by sand blowouts
induced by rabbits. Next to these rare dandelion communities, common species are
Viola rupestris and Gentiana cruciata (Habitats Committee 2007, McLeod et al. 2005,
Janssen & Schaminée 2003).
Dunes with Hippophae rhamnoides (2160)
The habitat type concerns scrub vegetation dominated by sea-buckthorn (Hippophae
rhamnoides) on more or less stable dunes. The sea-buckthorn either forms close dense
thickets, or occurs more as scattered bushes. In a well-developed state, several other
species may occur in the habitat type such as Urtica dioca, Crateagus monogyna, Sambucus
nigra, Berberis vulgaris, Euonymus europaeus, Rhamnus catharticus and Rosa canina. In its
most optimal form it can host rare roses such as Rosa sherardii and R. elliptica. The
habitat type exists through the whole dune district and occurs in wet dune and in dry
dunes (Habitats Committee 2007, McLeod et al. 2005, Janssen & Schaminée 2003).
Dunes with Salix repens spp. argentea (Salicion arenariae) (2170)
This habitat type concerns dunes or parts of dunes where creeping willow (Salix
repens) is dominant. Creeping willow has a low scrubby growth form and is found
predominantly around dune slacks, though some may spread into the drier edges.
Creeping willow occurs in two different alliances Empetrion nigri and Salicion
cinerea. In the valley with some sand movement one can find the alliance of
Empetrion nigri where Salix repens grows together with Pyrola rotundifolia, Pyrola minor
and the rare Monotropa hypopitys. This vegetation alliance grows frequently in a mosaic
with the ‘humid dune slack’ habitat type (2190). The second vegetation alliance in
which Salix repens occurs (Salicion cinerea) can be found in wet dune slacks with taller
vegetation such as Salix cinerea. Also in the dryer parts of the dunes this habitat type
can become dominant. These communities are not incorporated in this habitat
(Habitats Committee 2005, Janssen & Schaminée 2003).
Humid dune slacks (2190)
This habitat is located within the dune systems in low lying areas that are seasonally
flooded and where nutrient levels are low. It generally occurs within larger dune
systems where young dune ridges separate the sand flats from tidal influence or
where sand movement of older dune formations continues to the groundwater table.
The range of plant communities within this habitat type is considerable in the
Netherlands. The type of ‘humid dune slack’ depends, for example, on the structure
of the dune system, the succession, the hydrology, calcium carbonate richness and
management of the hydrological environment. In pools one can find the vegetation
alliance of Charion fragilis, whereas the plant communities Hydrocotylo-Baldellion
and Potamion graminei occupy the calcareous dune slacks with their varying
groundwater levels. In the younger dune slacks, comparable vegetation can be found
of the community Caricion davallianae (Habitats Committee 2007, McLeod et al.
2005, Janssen & Schaminée 2003).
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Appendix 2 History of Ameland
Ameland came into existence during the Holocene by predominantly aeolian and
marine processes. The original island consisted of three large dune arches. In the
west lie the dune arch with the villages of Hollum and Ballum, in the middle the dune
arch with the villages Nes and Buren, and 2 km eastwards lie the dune arch Het
Oerd. These arches were separated by shallow sandflats, which flooded during storm
tides. From 1568 until 1800 much land was eroded from the shallow part between
the arches of Ballum and Nes, and the island started to break apart. Therefore in
1808, to prevent further erosion, a sand dike (in Dutch, the stuifdijk) was built
between Ballum and Nes. However, this dike was not sufficiently strong and burst
from time to time. The first permanent sand dike to prevent all flooding by the
North Sea was the Môchdijk, built in 1858. This also formed the first permanent
connection between the dune arches of Ballum and Nes. Though the third arch, Het
Oerd, had in the past also been inhabited, after 1558 these villages are no longer
mentioned in the literature.
After 1850 a new dune complex formed on the northern side of Het Oerd. The
sandflats between Het Oerd and Nes (Nieuwlandsrijd) were colonized by Salicornia
spp. and afterwards by low dune complexes divided by small inlets. This area would
have developed into a dune area. However, the process was brought to halt by the
building of the Kooioerdstuifdijk (1883-1892) between the Het Oerd dune complex
and the dunes of Nes. This dike cut off the sand supply from the North Sea causing
Nieuwlandsrijd to develop into a salt marsh.
Due to intensive grazing of sheep and to rabbit hunting in the 18th and 19th century,
shifting sands came to dominate the dunes. This caused fields to become covered
with sand. In 1884, to overcome this problem the Dutch forestry service began
planting marram and pines (Pinus sylvestris). This management caused the dunes to
develop into large closed dune ridges with low dynamics.
In 1990 this policy changed. Central government decided that the coast should be
kept at the position it had between 1980 and 1989 (the basiskustlijn). To accomplish
this, large quantities of sand had to be deposited on the beach and alongside the
coast. The idea was that this sand would be transported by natural processes (mainly
wind) into the dunes. Researchers pointed out that this transportation would be
faster if the dunes were more dynamic (Arens & Mulder 2008). Dynamic dune
management would also create more attractive dunes with greater nature value. The
deposition of sand near the coast and on the beach started in 1990 by beach
nourishment and is still ongoing. Every year, 12 million m3 of sand is deposited
alongside and on the Dutch coast.
On Ameland the first experiment with dynamic dune management started in 1990 in
the west at the Long Dunes (in Dutch, the ‘Lange Duinen’). At this site the
management was stopped and an entrance was made for the sea to come into the
dunes. At present the only management done in the dunes is in the middle of the
island where erosion is still taking place. On the westernmost side of the island (the
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Green Beach or, in Dutch, groene strand) and the easternmost side (De Hon) new
dunes have started to develop. Evolution from drift lines to embryonic dunes into
primary dunes on the beach can be seen here. However, the dune evolution in a
retrogradational or progradational direction on the beach on the rest of the island is
hindered by beach cleaning and car driving, beach nourishment and the planting of
osiers and marram.

Figure 19. The island of Ameland with Het Oerd (1), the sand dike between Ballum and Nes (2),
Nieuwlandsrijd (3), the Long Dunes (4), the Green Beach (5) and De Hon (6) (Kustgids 2009).
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