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The Phase 1 Survey is the most comprehensive and widely used national level map of semi-natural
habitats in Wales. However, the survey was based largely on field survey and was conducted over several
decades, before being completed in 1997. Given that resources for a repeat survey were limited, this study
has used an object-orientated rule-based classification implemented within eCognition of multi-temporal
satellite sensor data acquired between 2003 and 2006 to map semi-natural habitats and agricultural
land across Wales, thereby allowing a progressive update of the Phase 1 Survey. The classification of
objects to Phase 1 habitat classes was undertaken in two steps; firstly the landscape of Wales was divided
into objects using orthorectified SPOT-5 High Resolution Geometric (HRG) reflectance data (10 m spatial
resolution) and Land Parcel Information System (LPIS) boundaries. A rule-base was then developed to
progressively discriminate and map the distribution of 105 sub-habitats across Wales based on time-
series of SPOT HRG, Terra-1 Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
and Indian Remote Sensing Satellite (IRS) LISS-3 data, derived datasets (e.g., vegetation indices, fractional
images) and ancillary information (e.g., topography). The rules coupled knowledge of ecology and the
information content of these remote sensing data using a combination of thresholds, Boolean operations
and fuzzy membership functions. A second rule-base was then developed to translate the more detailed
sub-habitat classification to Phase 1 habitat classes. Indicative accuracies of the revised Phase 1 mapping,
based on comparisons with the later Phase 2 survey (for selected habitats), were >80% overall and
typically between 70% and 90% for many classes. Through this exercise, Wales has become the first
country in Europe to produce a national map of habitats (as opposed to land cover) through object-
orientated classification of satellite sensor data. Furthermore, the approach can be adapted to allow

continual monitoring of the extent and condition of habitats and agricultural land.
© 2010 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by
Elsevier B.V. All rights reserved.

1. Introduction

pre-defined land use and land cover classes. Mapping was largely
from vantage points although unregistered aerial photographs

The Phase 1 Habitat Survey (Jones et al., 2003; INCC, 2007) is the viewed in stereo were used to support the ground survey,

primary spatial dataset showing the distribution of semi-natural
habitats across Wales. This was initiated in 1979 as the Upland
Survey (Howe et al., 2005, completed in 1989) and followed by a
lowland Phase 1 survey (completed in 1997). The two surveys were
subsequently combined and reworked to provide a seamless Phase
1 dataset for the entire country.

The maps were drawn county-by-county by trained field
officers who interpreted ground-observed habitats onto 1:10 000
Ordnance Survey base maps (Blackstock et al., 2007) using a mix of

Corresponding author. Tel.: +44 1970 622612; fax: +44 1970 622659.
E-mail address: rml@aber.ac.uk (R. Lucas).

particularly in the uplands (JNCC, 2007). The level of detail was also
variable between counties with, for example, hedgerows mapped
in Powys but not in other counties. The Phase 1 Survey mapped
103 distinct habitats (Table A.1) and was first released as a series
of paper maps, then as a scanned raster layer, and finally as a digital
layer in the early 2000s. Today, the original Phase 1 Survey is still
being used as the primary habitat map for Wales as it has proven
difficult and expensive to update. However, updates are needed as
significant changes in semi-natural vegetation have subsequently
occurred across the Welsh landscape, largely because of changes in
agriculture and forestry activities, practices and policies. Further
changes are anticipated as a consequence of climate change and
associated mitigation strategies (Berry et al., 2008).
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The primary purpose of the original Phase 1 Survey was to
identify candidate sites in Wales worth designating as Sites of
Special Scientific Interest (SSSI; Spash and Simpson, 1994), and
effort therefore focused on semi-natural habitats although all land
was mapped. Where the Phase 1 showed a lowland area to be of
high habitat quality, a Phase 2 Survey was conducted subsequently
but used detailed quadrat (1 X 1 m) survey methods (Rodwell,
2006) to delineate and classify stands of vegetation according
to species assemblages. For description, the National Vegetation
Classification (NVC) categories were used (Rodwell, 2006). The
surveys recorded many species that were infrequent or small in
size (JNCC, 2007) and hence some classes of habitats distinguished
on Phase 2 maps did not correspond with the distribution of
land cover observed in aerial photographs. The Phase 2 Survey,
which is still ongoing, covers 1079 grassland sites, heathlands and
lowland peatlands at many locations spatially dispersed across
Wales. Unlike the Phase 1 Survey, wall-to-wall coverage across
Wales will not be provided.

Neither the Phase 1 or Phase 2 Surveys utilised satellite sensor
data. However, these data have been used for more timely mapping
of land cover and largely for reporting at the national (UK) and
European level. Using 30 m spatial resolution Landsat Thematic
Mapper (TM) data for the period 19881 1989, the first satellite-
derived map of land cover of Wales was created as part of the
United Kingdom (UK) Land Cover Map (Fuller et al, 1994). A
maximum likelihood classification of 25 classes representing broad
and nationally consistent vegetation categories was applied at
a pixel-level, with mapping undertaken in conjunction with a
sample-based countryside survey (CS1990). A follow-up map for
2000 (LCM2000) again used Landsat-sensor data acquired during
the winter and summer months but these were segmented to
better identify relatively homogeneous areas (e.g., fields, water
bodies; Fuller et al., 2002, 2005). Knowledge-based algorithms that
integrated ancillary data, such as soils and elevation, were also
applied. The mapping identified 72 classes across the UK, which
were subsequently grouped into 25 thematic subclasses. A further
update is expected using a generalisation of the UK Ordnance
Survey 6 ma s t e GIBalebts (Smith and Wyatt, 2007). Fuller
et al. (2005) noted several limitations to the land cover maps.
Many of the broad vegetation classes selected were not ideal
for detection using remote sensing data as these had often been
defined by combinations of plant species, by the substratum or by
elements of land use not discernible in images. Some vegetation
categories typically occurred in stands that were rare, localised or
smaller in area than the spatial resolution of the imagery. While
limitations on the separability of classes in the imagery could
be partially solved by only mapping broad habitats, many users
required more detailed information on classes beyond these.

An alternative satellite-based approach to discriminate and
map broad habitats defined through the Biodiversity Action Plan
(BAP; Jackson, 2000; JNCC, 2007) was suggested by Lucas et al.
(2007) as part of a pilot study commissioned by the Countryside
Council for Wales (CCW) and the British National Space Centre
(BNSC). In this study, which focused on the Berwyn Mountains
in mid north Wales, a time-series of Landsat TM/Enhanced TM
data from July 2001 and March, April and September 2002 was
used as input to a rule-based segmentation and classification
procedure developed within eCognition (Definiens, 2008). The
approach differed from more traditional methods of classification
in that the landscape was first segmented into objects of sizes
that varied from individual pixels to entire fields (as defined using
Land Parcel Information System (LPIS) boundaries). Numerical
rules, designed to capture known correspondences between the
distribution of habitats in the landscape and their manifestation
within remote sensing data, were then applied. The sequential
application of these rules allowed semi-natural habitats and

agricultural land cover classes to be discriminated, in some cases,
to a level comparable to or better than those mapped previously
using Phase 1 Survey field methods.

This paper describes the extension of this approach to all
coastal, lowland and upland habitats across Wales based on
data acquired by several optical satellite sensors between 2003
and 2006, for purposes of updating the Phase 1 Survey. Whilst
some Phase 1 habitats (e.g., Al.2.2 coniferous plantations and
C1. Bracken; Appendix) were mapped directly, the majority were
translated from a more detailed classification of sub-habitats
undertaken within eCognition (although generally with less
detailed classes compared to the NVC used in Phase 2). The paper
describes the approach to discriminating and mapping these sub-
habitats using satellite sensor, presents the sub-habitat map for
Wales, and demonstrates a method for translating the sub-habitat
classes to Phase 1 habitat classes, using southeast Wales as an
example. The revised Phase 1 map for Wales will be presented
in a subsequent paper. The method of assessing the classification
accuracy of the derived Phase 1 maps is described and indicative
accuracies are provided.

The paper is structured as follows. Section 2 provides an
overview of the distribution and variabilty of semi-natural
habitats in Wales and considers the factors complicating but also
favouring the use of remote sensing data for habitat classification.
Section 3 provides a detailed overview of the methods used
to discriminate and map vegetation communities (sub-habitats)
across Wales and the approach used to subsequently translate
the classification to Phase 1 habitat classes. The detailed map
of sub-habitats across Wales is presented in Section 4, together
with the derived Phase 1 habitat map for Southeast Wales. The
approach to accuracy assessment is described and indicative
accuracies provided. The rule-based approach to classification and
adaptability of the mapping is discussed in Section 5 and the study
is concluded in Section 6.

2. Study area and approaches to mapping

2.1. Physical environment and vegetation

Wales occupies an area of approximately 20 000 km? and is
primarily a mountainous country (Fig. 1). At 1085 m, the highest
mountain is Snowdon but over 20 distinct mountainous areas (e.g.,
the Berwyn Mountains, Cambrian Mountains, Brecon Beacons,
Black Mountains) have summits with elevations over 600 m.
Lowlands are found east of the mountains, towards the coast and
in broad valleys penetrating the uplands.

The climate of Wales is largely maritime. Weather is often
cloudy, wet, windy and mild but varies with altitude and distance
from the sea. Average temperatures range from 6.5 °C in January
to 19.1 °C in July. Average rainfall increases from 6007 1100 mm
on the coastal margins and the southern and eastern lowlands to
>3000 mm in the mountains of the northwest (Meteorological
Office, 2009).

Wales is renowned for its high diversity of landscapes (Black-
stock et al., 2007). On the coastal margins, a range of grasslands
and heaths, sand dune complexes and estuarine habitats (including
salt marshes) occur. The lowland area (<D 300 m) is used primarily
for agriculture (sheep and cattle grazing but also arable crops) and
many of the extensive grasslands have been improved through re-
seeding, liming and fertilisation. Semi-natural habitats (e.g., mires,
marshy grasslands) still remain in the lowlands, although they are
scattered and fragmented. Wales also has many forests; largely
coniferous plantations dominated by sitka spruce (Picea sitchensis)
and European larch (Larix decidua) in the uplands and broadleaved
and mixed forests in the lowlands. The unforested uplands sup-
port low intensity agriculture (primarily for sheep production) on
semi-natural heaths, moors, bogs and open grasslands, with the
latter typically dominated by Molinia caerulea (purple moor grass),
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Fig. 1. The location of Wales within the UK, showing major towns and cities and mountain ranges.

Nardus stricta (Mat grass), Agrostis (Bent) and Festuca species
( S h e degods.

2.2. Mapping of Phase 1 habitats: challenges for remote sensing

The Phase 1 Habitat Survey divides habitats in Wales into 10
broad types (lettered AiJ; Table 1), within which 103 specific
types are recognized (Appendix 1; JNCC, 2007). While these
can be readily differentiated and described in the field, their
appearance in remote sensing (spectral) data varies as a function
of regional climate, seasons, soils and topography along with more
local effects relating to land use and management. In particular,
variations in regional and local climate across Wales influence
the phenology of vegetation (i.e., the timing of leafing, flowering
and senescence). For example, in the spring, fronds of bracken
(Pteridium aquilinum) appear earlier in the warmer south than in
the north and on sunny south-facing slopes before shaded north-
facing slopes. The overall structure and species composition of
some habitats (e.g., scrub and broadleaved woodlands) also varies
with elevation, geology, soils and maritime influences (Grime
et al., 1988; Yeo and Blackstock, 2002; Rodwell, 2006). Whilst
variability in the seasonal and geographical response of vegetation
communities associated with these habitats can complicate the

interpretation of remote sensing data, differences in reflectance
and derived data (e.g., vegetation indices) as well as management
practices (e.g., ploughing, grazing) and the physical environment
(e.g., topography) can conversely be exploited to facilitate their
discrimination within a rule-based classification.

Reflecting on LCM2000, Fuller et al. (2005) considered that
the definitions of habitats can be too broad or variable to be
extracted from remote sensing (namely Landsat sensor) data as
a single class. In this context, some Phase 1 habitats (e.g., C1.1
bracken) are well suited for classification as they are extensive
and dominated by a single species. However, a greater number are
comprised either of a variable mix of species sharing dominance
(or with sub-dominance), or have alternative dominants giving
them the appearance of discrete and separate plant communities.
As examples, Vaccinium myrtillus (bilberry) and Calluna vulgaris
(heather) species occur together in upland mosaics where either
one can be locally dominant, but nevertheless are constituents of
the same Phase 1 class (Dry Dwarf Shrub Heath; D1.1). L. decidua
and Scots Pine (Pinus silvestris) are found separately (and often
in discrete homogeneous stands) but are referred to jointly as
coniferous woodland (Al1.2.2). Any attempt at mapping Phase 1
classes from remote sensing data must therefore either combine
maps of these different species/communities based on relative
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Table 1
Phase 1 habitats and their distribution across Wales. See Table A.1 for class names.
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Woodlands Grasslands Tall herb & Heathland Mires Swamp, Open water  Coastland Rock Miscellaneous
fen marginal & exposure
inundated and waste
A (14.2%)" B (62.2%) C (3.2%) D (5.2%) E (3.0%) F (0.1%) G (0.8%) H (2.8%) 1(0.7%) J (7.9%)
Class (%) Class (%) Class (%) Class (%) Class (%) Class (%) Class (%) Class (%) Class (%) Class (%)
Al22 578 B4 788 Cl.1 98.3 D11 61.3 E16.1 331 F1 90.1 G1 56.4 H1.1 58.7 12.2 30.8 J3.6 47.7
Al11 299 Bl1 105 C3.1 16 D5 247 E17 24.8 F22 99 G2 43.6 H2.6 106 12.1 26.4 J11 40.0
A2.1 5.1 B5 3.5 Other® 0.1 D2 9.5 E21 235 H1.2 6.0 123 19.5 J1.2 6.5
Al.3.2 3.6 B22 2.9 D6 41 EL8 10.0 H6.8 51 1121 6.9 J37 1.6
Al1.2 19 B5.2 2.2 Other® 04 E3.1 2.2 H6.5 45 124 4.7 J15 1.4
A4.2 16 Bl.2 2.0 E3 1.7 H1.3 34 114 3.9 J34 1.3
Other?® 0.1 Other” 0.2 E1.6.2 1.6 H8.4 29 11.2 3.7 Other 15
E3.1.1 1.4 H3.1 1.8 11.4.1 1.7
Other® 1.6 H8.5 1.6 Other' 2.4
H8.1 1.5
H6.4 1.2
H3.2 1.1
Other 15

Percentage area of Phase 1 habitat category.
A4.1,A1.3.1,A4.3,A1.2.1.

B3.1,B3.2,B5.2, B1, B2.1.

C,C3.2.

D3, D7, D1.2.

E3.2,D4,E2.2, E2, E3.2.1, E3.3, E2.3, E3.3.

H4, H8.6, H8.2, H6.6.

11.1.1,11.1.11.1, 11.4.2,11.2.2, 11.3,11.1.2, 11.5.
J4,J1.3,31.4,335.

- - T e 2 0o T » N P

proportions (e.g., Vaccinium, Calluna) or classify these separately
(e.g., Pinus, Larix) and then merge to a Phase 1 class in a subsequent
step. For these reasons, a more detailed classification of sub-
habitats is first needed which can then be translated to Phase 1
habitat classes.

3. Methods

The following sections provide an overview of the available
remote sensing and ancillary data and pre-processing performed,
the division of Wales based on biogeographical regions and image
footprints, and subsequent segmentation of the landscape. The
approach to generating a detailed classification of sub-habitats
using decision rules implemented within eCognition and the
subsequent translation of these classes to Phase 1 habitat classes
are also described. The sequence of processing, segmentation and
classification is indicated in Fig. 2.

3.1. Remote sensing and ancillary data

Previous mapping of Wales has relied primarily on the use of
Landsat sensor data but this imagery is limited by the relatively
coarse (D 30 m) spatial resolution and low frequency of cloud-free
observations, particularly during the spring and summer periods
(Lucas et al., 2007). The difficulty in acquiring sufficient Landsat
scenes during these periods reduced the capacity to classify
habitats as the seasonal variability in the spectral response of
vegetation could not be adequately captured. To overcome this,
data acquired by other optical sensors of finer (D 10i 25 m) spatial
resolution & but operating in similar wavelength regions 8 were
exploited.

For most of Wales, SPOT-5 High Resolution Geometric (HRG)
visible (4007 700 nm) to shortwave infrared (SWIR; 14001 2500 nm)
data (14 scenes with several on the same date) were acquired for
the period 2003i 2006, with the majority being relatively free of
cloud. Most data were acquired in March, although, for several ar-
eas, images were only available for July and/or September. Two
SPOT HRG scenes acquired on the same date over Pembrokeshire in

Area of each Phase 1 habitat category (Ai J) as a percentage of the total habitat in Wales.

southwest Wales were combined as a mosaic. The 10 m resolution
visible and near infrared (NIR; 7007 1400 nm) data provided the
basis for subsequent segmentation of the imagery, allowing more
detailed features in the landscape (e.g., hedgerows, buildings) to be
resolved.

To capture the seasonal variation in the reflectance of vegeta-
tion, additional data acquired by the Terra-1 Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER; 15i 30 m)
and Indian Remote Sensing Satellite (IRS) LISS-3 (24 m) were used.
Four IRS scenes acquired in July 2006 provided near complete cov-
erage of Wales, although some sections were partially cloud cov-
ered. Several ASTER scenes extending from Swansea Bay in the
south to the Berwyn Mountains in the north were acquired in
March 2003 and were combined into a single strip mosaic. ASTER
data were also available during the spring and summer for much
of Wales. While some Landsat scenes were available, these were
compromised by cloud cover and were considered to be of a spa-
tial resolution insufficient for detailed habitat mapping, especially
within lowland areas.

Digital aerial photography and thematic data were provided by
the Welsh Assembly Government (WAG) and CCW to inform the
classification of the remote sensing data. For Wales, a complete
set of true colour and NIR digital (Vexcel ultracam D) aerial
photographs at 0.4 m spatial resolution had been acquired largely
within the summer of 2006. Full aerial photographic coverage
for Wales was also available for 2001. Field ecologists, already
experienced in mapping Phase 1 habitats using aerial photographs,
contributed to the interpretation of this imagery.

To support the classification of habitats, ancillary datasets
including a 5 m spatial resolution NextMap Intermap Digital
Terrain Model (DEM), Land Parcel Information Service (LPIS) vector
data, OS Mastermap urban and water body data, and a coastal mask
(generated from the previous Phase 1 mapping) were used. The
LPIS data contained the field boundaries of all land parcels where
farms were claiming subsidy payments. Phase 2 (JNCC, 2007) maps
for lowland grasslands and upland sites were used for subsequent
assessment of classification accuracy.
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Fig. 2. Flow chart showing the sequence of procedures used in the preparation of data and the subsequent segmentation and classification of sub-habitats and Phase 1

habitats.
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areas.
3.2. Use of biogeographical regions

As the biogeographical and seasonal variability could not be
accommodated easily into only one realisation of a biophysically
derived rule-base, Wales was divided into 15 biogeographic
regions through reference to bioclimatic maps (Bendelow and
Hartnup, 1980; White and Perry, 1989). These reflected a range
of environmental influences, topographic characteristics and the
distribution of habitats, as determined from the original Phase 1
Survey (Fig. 3(a)). Several regions (A, D, F, |, K and O) encompassed
the coastal area, with habitats ranging from mudflats and hard

cliffs to coastal grasslands and heaths. Lowlands were observed
in all regions, although were confined largely to A, D, F, H, I, J,
K, N and O. Uplands mainly occurred in regions B, C, E, G, J, L
and M. These 15 biogeographic regions were subdivided based
primarily on the footprints of the available SPOT-5 HRG and IRS
data, with consideration given to the degree of overlap with the
footprints of ASTER scenes. Further subdivision took place during
the early stages of analysis, both to reduce the variability along
steep climatic gradients (e.g., in the high mountains of Snowdonia)
or for logistical reasons where sub-regions were too large for
computer processing. This resulted in 16 project areas collectively
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Table 2
Image acquisition periods by sensor for biogeographical regions 1i 16.
Sensor Year Month Bioregion
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
2003 Feb A A A A
2003 Mar A A Y A
2003 Apr A
SPOT HRG 2003 Sep A A A A
2004 Apr A
2005 Jul A A A i
2005 Sep A y: A
2006 Nov A
2003 Apr y: A A A A A A A A
2003 Jul Y3 A A A
Terra-1 ASTER 2004 Apr A
2004 May /
2005 Jun A
2005 Sep A
2005 May A
IRS LISS 3 2006 Jul A 7 A A A A A A A A A A A A A A

Denotes spring imagery

Fig. 4. SPOT-5 HRG image (NIR, SWIR and visible red in RGB) (a) before and (b) after topographic correction using ATCOR 3. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

containing 42 individual project sub-areas (numbered 1.1 through
to 16.1; Fig. 3(b)). The image dates associated with each of the
project areas (i.e., 11 16) are given in Table 2. SPOT HRG data were
available for all project areas except 9. Spring and summer images
(all sensors) were available for all project areas with the exception
of 5 (2 dates in July) and 11 (July and September).

3.3. Pre-processing of satellite data

Prior to mapping, pre-processing was necessary to allow in-
tegration of the available satellite sensor data. Separate proce-
dures were implemented for the SPOT HRG, IRS LISS-3 and ASTER
data and focused primarily on orthorectification, radiance calibra-
tion and atmospheric correction, and the correction of topographic
shadowing. All imagery were orthorectified (within IDL ENVI or
Erdas Imagine) using the 5 m spatial resolution NextMap Britain
Digital Elevation Model (DEM) as a topographic reference. Depend-
ing upon the orthorectification procedure, between 1 (for ASTER)
and 20 (SPOT, IRS) ground control points were used, with these ex-
tracted from the true colour aerial photograph mosaic of Wales.
All satellite sensor data, regardless of their original spatial res-
olution, were resampled to 5 m resolution. Initially, resampling
to the finest spatial resolution available (i.e., the 10 m SPOT HRG
data) was evaluated but many linear features (e.g., hedgerows) or
boundaries between discrete vegetation communities (e.g., forests

and grasslands) became less distinct. However, by resampling to
5 m, such features were better represented in the resulting seg-
mentations. A nearest neighbour resampling algorithm was used
as the data values of the original image are retained (Richards and
Jia, 2006). The imagery were atmospherically corrected to units
of surface reflectance (%) using the ENVI Fast Line-of-sight Atmo-
spheric Analysis of Spectral Hypercubes (FLAASH) extension and
topographically corrected using ATCOR 3 (Richter and Schlapfer,
2002; Richter, 2009). Topographic shadowing in the mountainous
areas reduced surface reflectance, particularly on steep slopes with
a northerly aspect and where solar elevations (from horizontal)
were <D 40° (between early November and late February). Spec-
tral separation between vegetation with typically low reflectance
(e.g., coniferous forests, Calluna-dominated heaths) was also re-
duced on northerly facing slopes, and only a few vegetation types
(e.g., improved grasslands) could be discriminated. For this reason,
only imagery acquired outside of this period were used and, for
these, topographic correction was applied using ATCOR 3 to min-
imize differences in reflectance as a function of slope, aspect and
solar angle (Fig. 4). Both atmospheric and topographic correction
allowed comparison of images acquired on different dates, from
different sensors and also over different regions.

Following atmospheric and topographic correction, a number
of 6 s t a nichage pradlucts were derived including estimates of
the relative amount (fractions) of shade/moisture, photosynthetic
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Super Level

Level 1

Sub Level
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Fig.5. Hierarchical segmentation of the super-level (top), level 1 (centre) and sub-
level (bottom).

(green) vegetation (PV) and non-photosynthetic (dead/senescent;
NPV) vegetation (Adams et al., 1995) and vegetation indices (e.g.,
the Normalised Difference Vegetation Index (NDVI); Tucker, 1979).
Cloud and cloud shadow screening was undertaken using a semi-
automated procedure developed by Definiens AG. The resulting
cloud masks allowed cloud-free sections of the imagery to be used
even though other parts of the image were cloud covered.

3.4. Segmentation and initial classification

3.4.1. Integrating existing data layers.

For each of the 42 projects, segmentation and classification was
performed first on spatial subsets (e.g., 300 X 300 pixels), then re-
evaluated on other subsets prior to application across the whole
project area. Segmentation was undertaken in several stages. First,
objects representing urban areas and water bodies were generated
from the OS Mastermap thematic layers and classified accordingly.
All remaining unclassified areas were then segmented to objects
17 2 pixels in area using a multi-resolution segmentation of the
SPOT-5 HRG data (Benz et al., 2003). Objects outside of the LPIS
boundaries were then classified as either uplands or lowlands, with
the distinction based upon an elevation threshold approximating
the upper boundaries of the enclosed fields. Within the lowlands,
the coastal zone was defined by the inland limits of coastal classes
identified in the Phase 1 on the assumption that, collectively, these
had not changed in their distribution since the original mapping.

3.4.2. Generating hierarchical layers

Following segmentation and initial classification (i.e., into
urban, water, lowland, upland and coastal), the objects were
duplicated to form an identical layer above (referred to as the
super-level) and below (sub-level) the original (referred to as
level 1; Fig. 5). At the super-level and within the LPIS, the image
was resegmented using the LPIS data to give one object per
LPIS unit (typically a field). For areas outside of the LPIS, larger
segments (that approximated the size of fields) were generated
from the spectral data (Lucas et al., 2007). At the sub-level,
and for objects outside of the LPIS, the image was resegmented
using a chessboard segmentation (one 5 m pixel per object). A
resegmentation (through merging) of objects in level 1 was also
undertaken to account for spectral variability within, for example,
the larger LPIS units generated in the super-level (e.g., associated
with invasive scrub or marshy grassland). The sub-level retained
the original object sizes (typically 1i 2 pixels in area) and ultimately
contained the sub-habitat classification (see later sections).

The use of multi-level hierarchical layers is a feature of eCog-
nition (Definiens, 2008) and permits variable segmentation of the
landscape depending on the dimensions, shape and homogeneity
of landscape units. Larger objects were created at the super-level

Table 3
Primary habitats classified within different hierarchical levels.

Hierarchical Zone Example habitats
level
Super-level Primarily Arable
lowland Improved grasslands
Level 1 Upland/lowland Woodlands (including felled) and scrub

Hedgerows

Urban and water

Bare ground and rock
Mudflats, sand, saltmarsh
Heaths, mires, bogs
Bracken

Improved grassland
Unimproved grasslands
Semi-improved grasslands
Flushes and fens
Grasslands

Heaths

Dunes

Coastal

Sub-level Upland/lowland

Coastal

to best capture homogeneous objects of relatively large area (e.qg.,
arable and improved fields) whilst the size of objects was progres-
sively decreased at level 1 and in the sub-level (typically to 1i 2
pixels) to allow, for example, better description of complex up-
land and lowland (including coastal) mosaic habitats (e.g., by using
fuzzy membership functions for vegetation communities compris-
ing the mosaic). Woodlands (including felled), scrub, urban, water
and bare ground/rock) were assigned as discrete classes to objects
at level 1, with these typically being of smaller and larger size than
those at the super-level and sub-level respectively. By using these
hierarchical layers, the landscape could be classified with consid-
eration given to the size and complexity of habitats. Table 3 gives
an overview of the levels within which classification of the main
habitats occurred.

3.5. Classification of objects and tiling

Following initial segmentation, analytical rules were progres-
sively developed by comparing existing ecological knowledge of
vegetation distributions within the landscape with the information
content of the remote sensing data. A combination of single thresh-
olds, Boolean (logical) operations and fuzzy rules were used, with
these developed within the eCognition GUI environment. Values
for rules were determined from the e ¢ o | o gwn dotakkaowl-
edge of the site preferences and characteristics of plant species
and vegetation communities and with reference to field observa-
tions conducted during the course of the study. Rules were devel-
oped and tested on subsets of the imagery, and the distribution
of mapped classes was compared with those observed within the
2006 aerial photography. All rules and data used also gave consid-
eration to ecological or biophysical characteristics (e.g., reflectance
of different species and growth stages, photosynthetic activity,
proportion of dead material, moisture content, roughness, slope).
Over 200 rules were developed in a logical sequence to map habi-
tats across Wales, with these based on reflectance data, band ratios
and differences, derived indices (e.g., NDVI, endmember fractions),
relative difference to neighbours and seasonal differences in these
values (Tables 4 and 5). Several indices developed were also found
useful for discriminating specific habitats (e.g., broadleaved wood-
lands, heaths). Whilst the data used within the rules remained
similar, the values generally varied depending upon the imagery
used (i.e., ASTER, SPOT HRG or IRS LISS-3) and the dates of acquisi-
tion. Up to three rules were also used for classification of the sub-
habitats, with these adjusted for use in region-growing or fuzzy
classification procedures and implemented within and between
the different hierarchical layers. Because of the complexity of the
rule-base,actual values and individual rules are not presented but
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Table 4
Satellite single channel data used within the rule-base for classifying sub-habitats.

Channel Key habitats

1. Green (summer)
2. Red (summer)

Broadleaved woodland, lowland wet heath, uplands bogs and dry heath (Calluna-dominated), sand
Non-vegetation, ploughed fields, felled coniferous forest, marshy grasslands (Molinia-dominated) in lowlands and

uplands, gorse (coastal), dune slacks

w

NIR (summer)
SWIR (summer)

»

(Festuca-dominated)

ol

. Green (spring)
saltmarsh

o

Red (spring)

~

NIR (spring)
(coastal)

©

SWIR (spring)

Water, bracken, hedgerows, improved grassland, gorse (coastal)
Bracken, coniferous forest, improved grasslands, lowland mires and fens, upland unimproved grasslands

Broadleaved woodland, hedgerows, lowland marshy grasslands (Juncus-dominated), rock, gorse (coastal),
Water, lowland mires and fens, lowland scrub, upland marshy grasslands (Juncus-dominated), upland heaths
(Calluna-dominated), grey dunes

Water, improved grasslands, upland unimproved grasslands (Festuca-dominated), coastal grasslands, rock, gorse

Water, coniferous forests, lowland/upland marshy grasslands (Molinia-dominated), lowland unimproved

grasslands. Upland unimproved grasslands (Nardus/Festuca-dominated), coastal scrub

©

. Vegetation clusters

10. Shade fraction (spring)
11. PV fraction (spring)

12. NPV fraction (spring)

13. Shade fraction (summer)
14. PV fraction (summer)
15. NPV fraction (summer)
16. Elevation

17. Slope

Open water, gorse
Gorse and other scrub

&

Bare ground

Bare ground, lowland/upland semi-improved grasslands, grey dunes, yellow dunes

Lowland wet heath, upland bogs and dry heaths (Calluna-dominated), coastal scrub, dune slacks
Rock features, coniferous forest

Bracken, lowland/upland semi-improved grasslands

Bracken, coniferous forest, coastal habitats
Bracken, coniferous forest, lowland/upland Molinia-dominated marshy grasslands, lowland mires and fens and wet

heath, bog (Eriophorum-dominated and unmodified), cliffs

rather the sequence of rules (as they are implemented) and the
data and indices used for the classification of sub-habitats are de-
scribed.

3.5.1. Thresholds and Boolean operations

Initially, rules were developed to classify habitats that were
spectrally distinct, largely contiguous and relatively homogeneous.
These included non-vegetated areas, coastal marginal habitats
(e.g., mudflats), agricultural fields, bracken, woodlands and dense
scrub. Typically, rules classified the core area using either non-
fuzzy thresholds or combinations of thresholds (using and/or
Boolean operations). Region-growing procedures were then used
to extend the area initially classified to the edges of the habitat.
The rules were applied sequentially and, once assigned to a sub-
habitat class, objects were then not available for subsequent
reclassification to another sub-habitat class. In the following
description, the numbers given in parentheses refer to the channels
and indices used (Tables 4 and 5).

Non-vegetated areas: Non-vegetated areas included the pre-
defined classes of water and urban. Remaining water bodies were
identified as they exhibited low NIR and SWIR reflectance (7, 8)
whilst other non-vegetated surfaces were associated with a low
NDVI. Large rock and spoil features were distinguished by their
high green reflectance (5) and low NDVI (20) and by using channel
ratios (23, 24).

Coastal marginal habitats: As a starting point, areas of open water
(marine or estuarine) were classified and then intertidal objects
located at the edge of water were associated with, for example,
mudflats, sand beaches or rock based on spectral thresholds
(e.g., 1, 23). Bordering objects were then assigned to these same
classes using iterative region-growing techniques (Baatz and
Schépe, 2000). Other coastal classes were then assigned based on
their adjacency to these mapped classes and similarly expanded
through region growing. For example, objects were identified
as lower salt marsh only if they were adjacent to mudflats or
open water (depending upon the tidal state). Objects adjacent
to lower salt marsh were then iteratively classified as such if
they met specified criteria. Where these criteria were not met,
objects were assigned instead to mid salt marsh (where present)
and iteratively expanded. Upper salt marsh classes were similarly
classified. Through this approach, the zonation patterns typically

associated with many coastal marginal habitats were captured.
The extent of many habitats occurring on the coastal margins was
limited by elevation.

Agricultural fields (including improved grasslands): At the super-
level, and within the lowlands, the larger objects were identified
as ploughed, harvested, mown or grazed fields (i.e., croplands or
pasture) where they exhibited the reflectance characteristics of
growing vegetation in one observation period (season) but non- or
sparse/short vegetation (including stubble) in another (Lucas et al.,
2007). As the timing of the agricultural cycle varies though the year,
additional imagery or agricultural surveys (already obtained as
part of the LPIS) would facilitate better classification of such areas.
Fields under improved grasslands but with less change over the
year (e.g., because of no ploughing), exhibited a consistently high
(relative to less improved fields) NIR reflectance, photosynthetic
fraction and/or NDVI during the growing season. Smaller objects
in level 1 and the sub-level that were spatially nested within the
larger objects of the super-level were then assigned according to
their allocation in the super-level.

Bracken: Bracken was discriminated from a combination of spring
and summer imagery, using rules that utilised region-growing pro-
cedures and exploited the large difference in the photosynthetic
fraction and NIR reflectance between dates (e.g., 38, 41). Separate
modified rules were also developed to account for differences in
the timing and appearance of bracken growing on north and steep
facing slopes. All bracken rules were applied to unclassified objects
in the lowlands and uplands.

Woodlands and dense scrub: Coniferous forests (plantations) were
largely confined to areas outside of the LPIS and exhibited a low
SWIR reflectance in the spring and summer months. Separate rules
were developed for L. decidua (European Larch) because of the
deciduous nature of this tree species, with these exploiting the
large differences in the NPV fraction (42) between the spring and
summer imagery. Felled woodlands exhibited large differences
in the red and SWIR bands (37, 39) and NDVI (40) between
dates of satellite data acquisition. Where woodlands had been
felled previous to data acquisitions, these exhibited low summer
NDVI (20) and high red reflectance (2) values and were often
in proximity to existing woodlands. Broad-leaved woodlands
typically exhibited a low green reflectance (1, 5) in both spring and
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Table 5

Indices used for classifying sub-habitats within the rule-based classification and based on reflectance (} ) in the green (g), red (r), NIR (n) or SWIR (s) wavelength regions.

Index Formula Key habitats

Standard indices

18. NDVI (spring) i*:ii‘: Lowland scrub, upland marshy grasslands (Juncus-dominated), improved
grasslands (uplands)

19. NDVI (summer)* ;::r;: Lowland flushes and marshy grasslands, gorse and unimproved/improved
grasslands. Broad-leaved woodland and larch plantations. Acid flushes,
non-vegetation, unmodified bogs (Eriophorum-dominated), dry heath
(Calluna-dominated)

20. NDVI (summer)? i*:ii‘: Lowland mires and improved grassland, broadleaved woodland, felled coniferous
forest, lowland mires and fens, saltmarsh

Band ratios

21. Green:SWIR (summer) bol 4 Broadleaved woodland, rock, yellow dunes

22.NIR:Red (summer) $ol v Upland Juncus and Nardus-dominated grasslands

23.NIR:Green (summer) ynly g Rock features

24. Red:SWIR (summer) bl 4 Rock features

Band differences and products

25. NIR-SWIR (spring) In—4s Lowland unimproved grasslands

26. NIR-SWIR (summer) Jn—1Js Upland unimproved grasslands (Nardus and Festuca-dominated)

27. SWIR-NIR (summer) Js = 4n Wet bog with Eriophorum spp

28. SWIR-NIR (spring)® Js = 4n Sphagnum bog, coniferous forest

29. SWIR-Green (spring)® }s =g Coniferous forest

30. NIR x Green Inlg Gorse and other isolated or contrasting patches of vegetation, hedgerows

31. NPV-PV fraction (spring) NPVspring = PVspring Hedgerows

. . L sorina=) r summer .
32. Normalised seasonal red difference 1+ amring+} r summer Lowland/upland marshy grasslands (Juncus-dominated), dry heath
: ' (Vaccinium-dominated), unmodified bogs (Eriophorum vaginatum-dominated)

Relative difference to neighbours

33. NIR reflectance (summer)*® J "= In, Gorse and other isolated contrasting patches of vegetation, hedgerows

34. Green reflectance (summer)*® J,gNL }o, Hedgerows

35. SWIR (spring)® - Juncus-dominated upland marshy grasslands

Seasonal difference images

36. Green difference
37. Red difference
38. NIR difference
39. SWIR difference
40. NDVI difference

J»g,spring - J»g,summer
rspring = v summer
4 n,summer = } n,spring
} s,summer = } s,spring
NDVisummer = NDVlspring

41. PV fraction difference

42. NPV fraction difference

43. Green difference: SWIR difference
44, NIR (spring) & green (summer)
45. NIR (spring) & SWIR (summer)

PVsummer = PVapring

NPVsummer = NPVspring
Lo.sping =} g.summer

4 s,summer =} s,spring
$ n,summer + } g,summer

J n,spring = § s,summer

Flushes (Juncus-dominated)

Upland unimproved grasslands (Festuca-dominated), gorse scrub, felled woodland
Grasslands (Festuca-dominated) with bracken, hedgerows

Lowland mires and fens, felled woodlands

Grasslands (Nardus and Festuca-dominated), unimproved grasslands, felled
woodland

Lowland/upland grasslands (Molinea-dominated), bracken, mature Calluna

Larch plantations

Hedgerows Grasslands (Juncus or Nardus-dominated), gorse

Upland improved grasslands
Upland unimproved grasslands (Nardus-dominated)

Other indices

46. Based on spring imagery deohy

47. Based on summer imagery J’;_;*;

48. Based on spring imagery j"f:i

49. Based on summer imagery :*'f:i

50. Based on summer imagery ;flJifg
51. Based on spring imagery Inlg

52. Heath detection Js = drdn

La.spring—1 g.summer

} s.summer =} s.spring

53. Gorse detection

Hedgerows, Larch plantations, broadleaved woodlands and dense scrub
Lowland mires and fens and Festuca ovina grasslands (steep slopes, lowlands and
uplands). Unmodified bogs (Eriophorum-dominated), dense scrub and
broadleaved woodland. Dry heath (Vaccinium-dominated)

Lowland semi-improved grasslands

Lowland semi-improved grasslands

Vaccinium-dominated dry heath

Hedgerows, broadleaved woodland, gorse. Lowland/upland marshy grasslands
(Juncus-dominated), upland dry heath (Calluna-dominated), upland unimproved
grasslands (Festuca-dominated)

Lowland heath and scrub

Gorse

! Indices based primarily on SPOT-5 HRG summer (March) imagery.
2 IRS or SPOT summer (July) imagery.

3 ASTER data only.

4 SPOT High Resolution Geometric (HRG).

5 presents reflectance of the neighbouring object.

summer and occurred primarily outside of the LPIS. Index 46 was
particularly useful for allowing consistent mapping of broadleaved
woodlands within and between projects, even within shadowed
areas associated with steeply sloping terrain. Similar rules, but
with lower thresholds of Index 46, were applied to map dense
scrub.

Scattered scrub and hedgerows: Areas of scattered scrub (e.g.,
primarily dominated by gorse and/or blackthorn) were associated
with isolated objects (e.g., within fields)and were identified using
rules similar to those applied to woodlands. Objects associated
with hedges were identified initially by exploiting the relative
contrast in visible green (in spring; 5) or NIR (in summer; 3)
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reflectance with surrounding open fields. Subsequent rules, based

were also associated with a relatively high spring NIR reflectance

largely on adjacency, then allowed these objects to be 6 g r o wn(® and NDVI (18). Unimproved grasslands dominated by Nardus

along the field boundaries such that the hedgerow was mapped
in its entirety. The mapping benefitted from the resampling of the
SPOT HRG and all other imagery to 5 m spatial resolution.

3.5.2. Classification of objects (fuzzy)

For complex mosaic habitats, a series of rules were applied
with these based on user-defined fuzzy membership functions
developed within eCognition (Benz et al., 2003). For each class
of sub-habitat (e.g., Calluna-dominated heath), up to three
functions were defined, with these using reflectance data and/or
derived products and, in some cases, topographic information
(e.g., slope, aspect). Within eCognition, the functions were
applied together and for all occurring classes (e.g., Calluna-
dominated heath, Vaccinium-dominated heath, Molinia-dominated
grasslands) rather than hierarchically, giving each object a fuzzy
membership value for each class. The rules were applied separately
for habitats occurring in both the lowlands and uplands (e.g.,
heaths) and on the coast (e.g., sand dune complexes, coastal
heaths).

Lowland habitats: All objects in the lowlands which had not yet
been allocated to a class were collectively assignedtoa 6 | o w
h a b i tlass, within which wet grasslands (Juncus and Molinia-
dominated), semi-improved and unimproved grasslands, gorse,
scrub, wet heath and both mires and fens were classified. Wet
grasslands dominated by Juncus species were identified primarily
because of their low visible green (5) and red (6) reflectance, which
contrasted with many surrounding habitats. These grasslands also
exhibited lower NIR (7) reflectance and NDVI (18) in the spring
months compared to those that were more productive. Large
differences in the photosynthetic fraction between the spring and
the summer months (41) as well as a high red (summer; 2) and
low SWIR (spring; 8) reflectance (associated with a combination of
high non-photosynthetic cover and moisture content respectively)
were used primarily to distinguish Molinia-dominated grasslands
from adjoining habitats (e.g., bracken). These grasslands were
also associated with areas of relatively level or gently sloping
terrain (17). The drier unimproved grasslands were generally less
productive, giving a lower SWIR reflectance (particularly in the
spring; 8) and NDVI compared to other grassland types (excluding
marshy grasslands; 19). Semi-improved grasslands were generally
more productive, as indicated by a greater photosynthetic fraction
in the spring and summer (11, 14), but less so than improved
grasslands. Vegetation indices (e.g., 48, 49) incorporating the SWIR
and red reflectance in the spring and summer were also used to
discriminate semi-improved grasslands. Lowland scrub associated
with gorse (Ulex europaeus), hawthorn (Crataegus monogyna) and
blackthorn (Prunus spinosa) supported a low NDVI (18) but high
shade fraction in the spring (10) and also low and small seasonal
differences in red reflectance (37). Indices 47 and 52 were also used
to assist discrimination. Whilst lowland wet heath was relatively
uncommon, this sub-habitat was discriminated by the relatively
low green reflectance (summer; 1) and high NPV fraction (spring;
12). Wet heath was also assumed not to occur on slopes too
steep for water to accumulate (17). Fens and mires were similarly
associated with relatively level terrain and the classification used
indicators of wet areas, including low SWIR reflectance (summer;
4). All lowland habitat not assigned to a class was reassigned to
lowland improved grassland.

Upland habitats: The uplands were classified into wet (marshy),
unimproved and semi-improved grasslands using modifications
of the membership functions applied to the lowlands. For
discriminating Juncus-dominated grasslands and flushes, a number
of additional indices were used including 51. Improved grasslands

species exhibited low differences in the NDVI between the spring
and summer (40) and within-scene differences in the NIR (7)
and SWIR (8) reflectance relative to adjoining upland habitats,
particularly in the spring. Festuca-dominated grasslands (with
short turf) typically exhibited a high spring SWIR and NIR
reflectance (7, 8), with additional indices (e.g., 26, 51) providing
further discrimination. Ulex (gorse)-dominated scrub was mapped
using rules developed for lowland habitats. All bog habitats were
associated with shallow slopes (17). Calluna-dominated bogs,
which are typically modified by drainage and are an ecotone into
wet heath, exhibited a high NPV fraction (spring; 12) and also
low green reflectance compared to adjoining habitats (summer; 1).
Bogs dominated by cotton grass (Eriophorum vaginatum) exhibited
a relatively low NDVI (19) and several indices (27, 32 and 47)
provided additional discrimination.

Coastal habitats: Remaining coastal habitats were classified into
grasslands, heathlands (with bracken, scrub and heath vegeta-
tion) and dunes (open, grey and yellow). Coastal grasslands typ-
ically exhibited a higher NIR reflectance in the spring (7), which
distinguished them from most other communities. Scrub commu-

| aMhitigs were associated with a high NPV (spring; 12) and low red re-

flectance (summer; 2) compared to adjoining coastal habitats. The
classification of dunes (e.g., grey, yellow) and dune slacks utilised
the red reflectance (spring and summer; 2), the photosynthetic and
non-photosynthetic fractions (spring, 11, 12) and the ratio of green
to SWIR reflectance (summer; 21). Bracken and heathland (typ-
ically Calluna/Erica-dominated) was classified using similar rules
applied in the lowlands and uplands.

3.6. Translation to Phase 1 classes

3.6.1. Transfer of classes to the sub-level

For each project, the classification of habitats was maintained
in three layers (i.e., the super-level, level 1 and sub-level), with ob-
jects progressively decreasing in size from the super-level to the
sub-level. To emulate the spatial scale of habitats mapped within
the original Phase 1, larger objects were needed and generated as
follows. In the super-level, large objects already existed and in-
cluded fields with arable crops and uniform improved grasslands.
In the level below (i.e., level 1), objects associated with broadleaved
woodlands, coniferous woodlands, dense scrub, bracken and acid
flushes were simply merged separately into large, continuous poly-
gons. All class assignments in the super-level and level 1 were then
transferred to objects in the sub-level. In this sub-level, all remain-
ing objects were generally smaller (17 2 pixels) and associated with
complex habitats on the coast and in the uplands and lowlands,
with each containing fuzzy membership values. The combined area
associated with these objects was therefore resegmented using
SPOT spectral data (particularly the NIR and SWIR bands) and a
coarse scale factor to create larger objects representing broad pat-
terns of habitats across the landscape. All three sets of these larger
objects were then combined in a new separate level, with this
termed the 6 P h ald e= v Ehis evel was separate from, but spa-
tially linked to, the original sub-habitat classification maintained
in the sub-level.

3.6.2. Object assignment to Phase 1 classes

To assign objects associated with sub-habitats to a Phase 1 class,
two methods were employed. Where a one-to-one correspondence
between the sub-habitat class and a Phase 1 class occurred, these
objects were simply reassigned (e.g., the class open water was
assigned to the Phase 1 class Open Water; G1). Other examples
of directly corresponding classes included broadleaved woodlands
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Fig. 6. Map of 105 sub-habitat classes, Wales (see text for description of colours).

(A1.1), bracken (C1.1), dense scrub (A2.1) and urban (J3.4). In
some cases, several classes were combined (e.g., Larch and other
coniferous plantations were assigned to coniferous plantations;
A1.1.1). However, where complex mosaics occurred, with these
represented by the remaining large unclassified objects in the
Phase 1 level, the fuzzy membership values of the nested smaller
sub-level objects were used to assign a Phase 1 habitat class.
From these values, a multi-layered grid (with cells at 5 m spatial
resolution) was generated for each project in turn, with each
layer representing the fuzzy membership value (0i 1) of the sub-
habitat classes. The number of grid cells within each Phase 1 object
exceeding a fuzzy membership threshold of 0.2 (referred to as an
alpha cut; Nguyen and Walker (2006) was counted for the cells
belonging to each Phase 1 object, allowing the sub-classes to be
ranked by number. The number of counts per class as a percentage
of the top three classes in each Phase 1 object was then calculated
and passed on to a second rule base.

The second rule base, running in a C++ program (Bunting and
Clewley, 2010), translatedt h e s e
Phase 1 habitats based on expert knowledge. The rules were run se-
quentially, allowing objects assigned an initial Phase 1 class to be
reassigned to another Phase 1 class by a later rule. As an example,

&tbo p etricreent ag e

the percentage count for an object in the Phase 1 layer might have
been greatest for the sub-habitat class 6 6 | o wnli a revifh &hjs
dominated by Juncus species. As such, the object was initially clas-
sified as the Phase 1 class Mire (E2). However, if lowland grasslands
were also included with Juncus-dominated lowland mire in the
top three, then the object was reassigned subsequently to Marshy
Grassland (B5). In this case, the encoded expert knowledge sug-
gested that the marshy grassland might be developing into a mire
(through invasion) or degrading from a mire (through drainage or
grazing) into a comparatively drier marshy grassland. The rule-
base also considered other information including elevation, slope,
convexity of slope and distance to water to assist in the translation
of sub-level habitats to Phase 1 classes. In this second rule set, every
combination of sub-level classes could be associated with a Phase 1
class. A number of Phase 1 classes had no distinct sub-habitat class,
either because they were types of land use within the same land
cqyer ?Ial?se(es.g., ian}]ert‘nit% grasslands which are identical to agricul-
tural improved grasslands), were temporary (ephemeral wetlands)
or were too similar to other classes (e.g., broadleaved plantations
as opposed to woodlands).
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Fig. 7. (a) Sub-habitat classification and (b) Vexcel aerial photography of the Cambrian Mountains. An enlarged part of the classification is provided in (c).

4. Results and accuracy assessment

4.1. Sub-habitat map for Wales

The map of sub-habitats across Wales is given in Fig. 6 where
105 sub-habitat classes were mapped across the coastal areas,

lowlands and uplands. At a broad scale, noticeable features in
the classification are the extensive areas of improved grasslands
(pale green) throughout the lowlands and lower slopes of the
upland regions. Coniferous forests (dark green) are distributed
mainly along the spine of mountains extending from Snowdonia
in the north to the Welsh Valleys in the south, whilst areas of
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broadleaved woodlands (mid green) occupy many of the steeper
slopes in the numerous valleys distributed throughout Wales.
Coastal saltmarshes (pink) and beaches (yellow) are particularly
prominent around the Gower North Peninsula and in the estuaries
of the west coast (including the Dyfi and Mawddach Estuaries and
the Menai Straits, Anglesey). Bracken (orange) is most extensive
towards the east and south of the Cambrian Mountains whilst the
upper slopes and tops of this range are dominated by unimproved
(pale yellow) and marshy grasslands (blue/green). In much of
Snowdonia and the Berywn Mountains, bog and mosaics are more
commonplace.

An enlarged part of the mapping is provided in Fig. 7 for the
Cambrian (west of a northi south line between Mynydd Bach and
Nant-y-Arian) and exemplifies the level of detail achieved. Here,
extensive areas of marshy grassland dominated by M. caerulea
occur in the higher altitude areas with these interspersed with
dry and wet heath, occasional bogs and unimproved acid grass-
lands. On the lower slopes and particularly on the eastern flanks,
bracken (P. aquilinum) and flushes (Juncus-dominated) exist along
with grasslands at various stages of improvement. Coniferous plan-
tations (including felled areas) are also widespread. Broadleaved
woodlands and scrub are scattered in fragments throughout the
area. A more detailed view of the sub-habitat mapping is provided
in Fig. 7(c).

As an example of the mapping of coniferous forests, broad-
leaved woodlands and hedgerows (including clusters of trees),
these classes are overlain onto a 2006 aerial photograph mosaic
of Monmouthshire in southeast Wales. The majority of hedgerows
are mapped, with only those that are limited in width/height or
with gaps omitted. The mapping also includes isolated patches
of trees or scrub (Fig. 8). Similar detail in the mapping has
been achieved for much of Wales, although the delineation of
hedgerows was compromised when SPOT-HRG data were not
available for segmentation (e.g., Project 9).

Compared to the original Phase 1 Survey, the sub-habitat clas-
sification provides a more detailed breakdown of the communities
occurring. For mosaic communities on the coast and within both
lowlands and uplands, the fuzzy membership values provide an ap-
proximate relative measure of the proportions of dominant species
or genera associated with each object; hence even greater detail in
the classification is provided. As an example, Fig. 9 illustrates fuzzy
membership images for Calluna- and Vaccinium-dominated heaths,
combinations of which were used to define the extent of Dry Heath
(D1.2).

4.2. Revised Phase 1 maps

The generation of the revised Phase 1 map for Wales is ongoing
and will be the subject of a forthcoming paper. However, an
example of the maps generated from the sub-habitat classification
is given for southeast Wales (Fig. 10 with key in Fig. 10b; Projects
15.1, 15.2 (west) and 15.3). The revised Phase 1 classification is less
detailed than the sub-habitat classification but for this wider area,
shows the dominance of dry heaths (D1.1), bracken (C1.1), marshy
grassland (B5) and unimproved acid grassland (B1.1) in the upland
regions of the Black Mountains and eastern edge of the Brecon
Beacons. Broadleaved woodlands (Al1.1.1) are most prevalent in
the Wye Valley whilst coniferous plantations (Al1.2.2) are more
widespread across the region. Much of the eastern area is occupied
by improved grasslands.

A more detailed example of the revised Phase 1 mapping, that
includes the Blaenavon Industrial World Heritage site (focused
on Torfaen), is given in Fig. 10b. Here, the distribution of urban
areas is influenced by the former coal mining industries and
settlements follow the valley running north to south. The lowland
areas towards the south are dominated by improved agriculture,

Fig. 8. Sub-level classification of agricultural land west of the Wye Valley in
Monmouthshire showing coniferous plantations (dark green; A1.2.2), semi-natural
broadleaved woodlands (mid green; Al.l) and intact hedgerows (pale green;
J2.1) which are directly translated into Phase 1 classes. Non-vegetated surfaces
(primarily buildings and infrastructure) are shown in black. Isolated clusters of trees
are also mapped. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

although a range of grassland types (unimproved to improved)
occur. The steep valley sides support coniferous plantations,
broadleaved woodlands and dense/scattered scrub. The valleys in
this region are separated by upland areas dominated by dry heath
and unimproved acid grasslands. Hedgerows were not mapped in
the original Phase 1 Survey (with the exception of Powys) but are
included in the revision.

The translation of sub-level habitats to Phase 1 habitats
involved some loss of spatial and thematic detail. Nevertheless, the
resulting maps conveyed the general layout of the landscape and
a high level of detail for each of the habitats. A particular benefit
of the classification was that many features (e.g., hedgerows,
water bodies) were easily recognisable, which better placed the
classification into the context of the landscape.

4.3. Accuracy assessment of individual projects

Within each project, three levels of information were provided;
the sub-habitat classification of objects, the fuzzy membership
values associated with each object (in areas with complex
mosaics), and the Phase 1 habitat classification (derived from
the sub-habitat object classes or fuzzy membership values). At
each stage, errors in the classification could be contributed by
a number of factors, including the input data used, the rules
themselves, and the methods for translating the fuzzy membership
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Fig. 9. (a) Vexcel aerial photograph of semi-natural habitats near Blaenavon and fuzzy membership values mapped for (b) Calluna and (c) Vaccinium spp. with the same
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Fig.10a. Revised Phase 1 classification of semi- natural habitats, southeast Wales. The red box indicates the area illustrated in Fig. 10b (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

values into the Phase 1 classes. Assessing classification accuracy and an underlying assumption that variability in data values can
at these different levels was therefore complex, particularly given be modeled using probability. However, fuzzy membership (or
the range of habitats considered. The nature of fuzzy membership possibility measures, Dubois et al., 1993) models expert opinion
functions also meant that they could not be assessed for accuracy on the interpretation of data values, which cannot be observed
using a traditional error model. Such models require crisp classes directly in the field. On this basis, the accuracy was collapsed



