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1. Introduction

European conservation agencies are charged with implementing the EU Habitats

Directive, part of which involves the identification of a number of marine sites to be

designated as Special Areas of Conservation (SAC). Once designated, sites are required

to be monitored for change on a six-yearly basis. In Scotland, a range of methods are

being utilised to both designate and monitor sites, including direct dive survey and

videographic techniques. While such techniques are usually satisfactory for small areas

they are expensive in terms of time and cost for areas of over many square kilometres.

Such techniques also tend to be irregular in space and time. Acoustic methods,

including side-scan sonar, have the ability to cover areas ofwide swath but are generally

restricted to zones greater than approximately 5m in depth and their extrapolation to

larger areas can give rise to significant errors in the estimation of the habitat types, area

and quantity.

Given the extensive nature of Europe’s marine environment, techniques are

required which facilitate the broad-scale mapping of seabed habitat and meet the

requirements for monitoring on a routine basis. Remote sensing from satellites or

aircraft offers a non-invasive technique with which to rapidly monitor changes in the

cover and health of submerged habitats and which might be of significant

complementary benefit as a tool for monitoring shallow water environments that

might bemore difficult to survey by other techniques.Optical systemsmay prove highly

cost-effective for mapping shallow habitats up to 30m depth in clear tropical waters

over large areas (Mumby et al. 1998). However, the full potential of remote sensing is

still to be exploited, particularly in temperate, sublittoral environments where, under

certain situations, the strong attenuating influence of the water column has been a

limiting factor.
In order to accurately map marine sublittoral zones data are required from remote

sensors which offer the following key characteristics: high spatial resolution, to match

the scale of the variations in sub-surface habitat types; high radiometric resolution, to
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offer greater ability for discriminating habitat types in deeper areas; high spectral

resolution, particularly with respect to bands in the blue-green region of the visible

spectrum which penetrate furthest through the water column. ‘Conventional’ space-

borne optical sensors (e.g. Landsat Thematic Mapper (TM) 7, SPOT) offer coarse

spatial resolution (20–30m), poor radiometric resolution (256 measured radiance

levels) and limited spectral resolution, thus limiting their use for mapping and

monitoring coastal habitats with any reliability. High spatial resolution satellites, such

as IKONOS and QuickBird, offer data at high spatial and radiometric resolution and

offer considerable promise for monitoring spatial changes in marine habitats at scales

acceptable to conservation agencies. However, they may still be restricted because of

limited spectral resolution (e.g. Mumby and Edwards 2002).
The objective of this research was to investigate high spatial resolution multi-

spectral satellite data to evaluate its suitability for discriminating typical shallow water

habitat types in northern European coastal waters. The research was undertaken as

part of a wider marine mapping project carried out in selected Scottish marine areas

during 2001 for Scottish Natural Heritage, the Government’s conservation agency for

Scotland. This phase of the project evaluated IKONOS sensor- and ground-based

optical data from the Sound of Eriskay (56‡ 55’ to 57‡ 07’N to 007‡ 12’ to 007‡ 29’W) in

theOuterHebrides to develop techniques leading to the operational application of such

data.

The Sound of Eriskay is situated between the islands of South Uist and Eriskay in

the Outer Hebrides. The area is generally shallow (to 10m), with clear waters and a

rocky coastline interspersed with small inlets and sandy bays. The Sound is of current

ecological interest due to impacts of a new causeway constructed in 2000–2001 from

South Uist to the Isle of Eriskay as a transport link. The area is notable for a wide

variety of shallow sandbank habitats, including gravelly and clean sands,muddy sands,

extensive beds of the eelgrass Zostera marina and tide-swept maerl beds composed of

the coralline red alga Phymatolithon calcareum; the latter two ecosystems are

characterised by high diversity. A comprehensive multifaceted survey of the region was

recently completed by Bates et al. (2002).

2. Methods

A cloud-free IKONOS multi-spectral (4m resolution) image over the Eriskay

region was acquired on 27 September 2001 at 11:32 GMT (see the cover of this issue,

# Space Imaging 2000 and the University of Edinburgh. All rights reserved.). It was

geocorrected using 22 prominent ground control points (GCPs) on the imagery, the

positions of which were determined to approximately ¡2m in the field using a 12-

channel global positioning satellite (GPS) unit. The data were corrected to ground-

based reflectance using the empirical line method which has been shown to be an

accurate method for atmospherically correcting high spatial resolution satellite imagery

(Karpouzli and Malthus, in press). Linear regression relationships were developed

between the calculated ground-based reflectance values and measured IKONOS

radiance of five land targets of varying brightness, the reflectances of which were

measuredon thegroundusingaGER15002 spectroradiometer.Thecorrected IKONOS

image shown on the cover was subsequently masked to eliminate land areas (figure 1).

Bierwirth et al.’s (1993) model was applied to calculate bottom reflectance (RBi):

RBi~
Ri{RW

i 1{e{2kiZ
� �

e{2kiZ
ð1Þ
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where Ri is surface reflectance, ki is attenuation coefficient in band i, Z is depth,

and RW
i is a deep water reflectance measurement in band i. Water depth was

independently estimated by digitising the hydrographic map (Hydrographic Office

1978) for the area and interpolating the values using the radial basis function to

produce a bathymetric model. The values of ki for each IKONOS waveband were

derived from measurements of spectral downwelling irradiance using the spectro-

radiometer fitted with a fibre optic, and integrated for the spectral sensitivities of

the three IKONOS visible wavebands.

3. Results

Measurements of gross spatial variations in downwelling photosynthetically active

radiation (PAR) and broad blue band attenuation, made at a number of sites, revealed

relatively similar levels of attenuation across the imaged region (table 1). Furthermore,

measurements of downwelling spectral attenuation indicated little absorption due to

pigments in phytoplankton with the shape of attenuation largely dictated by absorp-

tion caused by water itself (figure 2). Higher attenuation of blue light, compared to

Figure 1. Geocorrected and masked and atmospherically corrected multi-spectral IKONOS
image of the Sound of Eriskay region.

Table 1. Calculated broad-band blue and PAR attenuation coefficients distributed across
the Sound of Eriskay region.

Station
Approx. depth Kd;PAR Kd;Blue

(m) (m{1) (m{1)

1 6 0.262 0.193
2 9.5 0.236 0.185
3 5 0.254 0.183
4 4 0.298 0.244
5 6.5 0.260 0.200
6 6 0.270 0.220
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other visible light wavelengths, could be the result of increased scattering and possible

absorption by dissolved aquatic humus, the latter potentially arising from runoff from

land. Overall, attenuation of light in the Sound of Eriskay is low, in comparison to

other sites around the world so close to land (e.g. Kirk 1994: 138). The measurements

indicate optically clear waters of relatively high quality with little in the way of aquatic

colour and phytoplankton evident. Furthermore, these results suggest that averaged

spectral band attenuation values could reasonably be assumed for depth correction of

the remotely sensed data.

The water column correction was successful for most of the area of interest with

only the deeper waters to the east and a few deeper portions of the channel either side of

the causeway showing signs of noise as a result of themodel working against the limit of

light penetration (figure 3). This suggests that in this region themodel works to a useful

depth of light penetration of about 8.5–9.0m. The corrected image highlights darker

substrate through the region of the channel. Although these are generally deeper waters

here where the technique may be approaching its limits of detection, the extent of the

dark band would suggest that the bottom is influenced by darker organic or inorganic

bottom surface features through this zone. It is known that maerl occurs through this

region (Bates et al. 2002).

3.1. Bottom classification using supervised classification

A preliminary supervised maximum likelihood classification was performed on the

depth-corrected image using training areas of known surface types defined from

biological surveys conducted in the field. For a number of surfaces (e.g. seagrass and

intertidal areas) several training zones were required. Three sand types were

Figure 2. Calculated spectral attenuation coefficients at two stations in the Sound of
Eriskay.
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differentiated: exposed beach sand, submersed medium–coarse sand and submersed

fine–medium-grained sand. Rock surfaces were differentiated as exposed algal-covered

and bedrock surfaces, submersed bedrock and rock ridges. Submersed plant coverages

were separated into algal and seagrass types.

On the basis of the three visible bands available in the IKONOS dataset, exposed

surfaces (beaches, rock and algal-covered surfaces) were well delineated. Submersed

bedrock and rock ridges in the western portion of the image were also well defined, but
there was confusion in deeper portions of the channel where the depth correction did

not perform well. Areas of seagrass and submersed algae showed some confusion as a

result of having similar spectral reflectance properties. Areas of fine and medium–

coarse sand are probably well delineated, but overclassified in regions of patchy

seagrass distribution.

3.2. Bottom classification incorporating wider knowledge

As a result of the confusion evident in the classification based solely on the limited

multi-spectral information contained in the IKONOS image a revised classificationwas

undertaken using a combination of the multi-spectral image data and ancillary non-

spectral data sources. Other sources of data included information on substrate type,
water depth and a preliminary classification of biotopes based on expert knowledge of

the region. This is a sensible approach as water depth and substrate type are key

parameters influencing habitat distribution andwhich form the key basis ofUKmarine

habitat biotoping (Connor et al. 1997). The revised classification was undertaken using

the Knowledge Engineer expert system within the Erdas Imagine2 image processing

package. This component allows for the development of a rule-based approach to

image classification. A hierarchy of rules was developed which allowed for the

boundaries of the manual interpretation to guide the spectral discrimination of bright

and dark targets within them.

The classification allowed for the addition of greater detail in many of the

Figure 3. Image of bottom reflectance after water column correction was applied.
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demarcated biotopes (figure 4). For example, in the bedrock and rock ridge categories,

discrimination between the hard surfaces themselves and the coarse sand patches

within them was achieved. Similarly, in the intertidal region, darker hard rock surfaces

were discriminated from brighter sand surfaces. Dense patches of seagrass were

delineated which shows the patchy nature of their distribution in much greater detail.

3.3. Accuracy assessment of classification

For the accuracy assessment of the classification 58 independent ground-truthed

stations were used which were not included in the training of the supervised classi-

fication. A confusion matrix is given in table 2. Sand categories dominated the ground-

truthed dataset as the survey was essentially a random one and sand is the dominating

substrate in the area. Overall classification accuracy was 60.3%. Amalgamating sand

categories increased overall classification accuracy to 81.0%. Some patches of seagrass

were confused with fine sand, probably because the patches of seagrass were both

sparse and smaller than the image pixel resolution of 4m. Many other habitats were

also confused with sand categories although this may also be due to imprecision in

positioning of the actual ground-truthed stations and the patchy nature of the habitats

in the region. Mumby and Edwards (2002) reported user accuracies of mapping

seagrass, sand andmacroalgae habitats using IKONOS imagery of 89%, 72%, and 60%

respectively using spectral and textural information to aid classification and our results

compare favourably with theirs.

The Kappa coefficient is suggested as a measure to summarise confusion matrix

statistics. A value of Kappa of 0.75 or greater shows a very good to excellent

classifier performance, while a value of less than 0.4 is poor (Mather 1999). In our

study the Kappa value was low (0.36) due to a limited number of gound-truthing

Figure 4. Spectrally based classification of bottom habitat types performed on the bottom
reflectance, of the water column-corrected image.
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Table 2. Confusion matrix from accuracy assessment of classification of the IKONOS image for subtidal and intertidal habitats.

Actual Class

Seagrass Intertidal rock
Mixed

sediment/kelp
Bedrock and
boulders

Rock
ridges

Medium–
coarse sand

Fine
sand

Intertidal
sand

User’s
Accuracy

Image Class Seagrass 4 100
Intertidal rock – –

Mixed sediment/kelp 1 100
Bedrock and boulders 1 100

Rock ridges 1 100
Medium–coarse sand 1 1 3 2 1 37.5

Fine sand 5 1 1 2 5 24 4 57.1
Intertidal sand 1 100

Producer’s accuracy 44.4 100 50.0 50.0 25.0 37.5 92.3 16.67

C
o
ver
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stations in some of the classes. However, in the case of seagrass and other targets

we get excellent performance in terms of user’s accuracies.

4. Conclusions

The IKONOS satellite imagery was found to be of high quality and shows great

potential for routine monitoring of habitats and change over targeted shallow water

coastal areas around Europe. The empirical line method employed to atmospheri-

cally correct the imagery, gave acceptable results for correcting such narrowly

focused and localised datasets.

However, the utility of the imagery for classification of bottom habitat on the basis

of spectral differences alone, was less evident. This highlights the limitation of three

visible and fairly broad bands alone to classify targets such as seagrass and algal species

which typically were shown to be relatively dark and with only subtle spectral

differences. Further differentiation on the basis of spectral differences alone highlights

the need for higher spectral resolution data as a number of studies have shown (e.g.

Mumby et al. 1998, Dekker et al. 2001). The utility of hyperspectral data for classifying

typical UK habitats warrants further detailed investigation. The increased accuracies

shown using the incorporation of ancillary non-spectral datasets in rule-based

classification approaches highlights the potential benefits of this approach and is a

sensible one, when it is known that there are clear physical factors which affect habitat

distribution in the regions such as the one under study. The results from this study

suggest that, although spectrally limited, high spatial resolution satellite data such as

those offered by the IKONOS and QuickBird sensors, offer the ability to improve

classification accuracies on the basis of their improved spatial resolving power and

textural properties as opposed to their spectral capabilities. Inclusion of textural

information has been reported to significantly improve IKONOS thematic map

accuracy at both medium and fine level of habitat discrimination (Mumby and

Edwards, in press). Greater research is required into alternative approaches to

classification which take advantage of these and other ancillary datasets. The results

from this study are a first step in this direction.
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