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a b s t r a c t

Remote sensing has become an increasingly used technique for the thematic mapping of large marine
areas. In recent years, many researchers have successfully applied these techniques in different places for
benthic mapping in clear waters; however, areas with turbid waters present important limitations that
are gradually being solved by recent technological advances. In this context, the main objective of the
present study is to develop and validate a methodology for mapping intertidal and subtidal kelp forests
in the Galician coast (NW Spain), based on images from SPOT-4 (Satellite Pour l’Observation de la Terre).
Three analysis methods have been applied: visual analysis and interpretation, unsupervised classification
(cluster) and supervised classification (angular classification and maximum likelihood classification).
Classification percentages higher than 70% in all substrates were obtained both using visual analysis and
interpretation and maximum likelihood classification.

Published by Elsevier Ltd.
1. Introduction

Kelp forests play an important ecological role in intertidal and
subtidal coastal ecosystems. These forests are essential for many
organisms as habitats (Schultze et al., 1990; Birkett et al., 1998;
Christie et al., 1998; Pallas et al., 2006), mating and nursery grounds
(Schultze et al., 1990; Sjøtun et al., 1993; Borg et al., 1997 and Shaffer,
2003) and feeding areas (Velando and Freire, 1999; Lorentsen et al.,
2004). Another relevant aspect is their important contribution to
primary production (Mohammed and Fredriksen, 2004), aswell as to
sediment stabilization and coastline protection (Madsen et al., 2001).

Nevertheless, in recent years a decrease in the extension of
these communities has been observed. One of most dramatic cases
is that of the “ghost forests” in South California (Parnell et al., 2004),
where vast extensions ofMacrocystis pyrifera virtually disappeared.
This decrease has been documented around the world by several
authors (Barry et al., 1995; Walther et al., 2002; Hawkins et al.,
2003; Parmesan and Yohe, 2003; Britton-Simmons, 2004).

The causes of this degradation are not known, although many
studies have addressed them. Authors such as Floc’h et al. (1996)
and Viejo (1997) have stated that these populations can be
threatened by spatial competition with foreign kelp species,
introduced for their exploitation and commercialization. Other
Ltd.
authors have demonstrated that these species are vulnerable to
pollution (Chung and Brinkhuis, 1986), as well as to increases in
water turbidity (Edwards, 1980). Another possible reason for kelp
forest decrease is the increase in sea temperature due to climate
change, which may affect the distribution of Laminaria species in
European waters (Hiscock et al., 2004). Moreover, some kelp
communities have been affected by bottom trawling fisheries
(Christie et al., 1998).

In Galicia (NW Spain) several species of the Order Laminariales
can form great extensions or forests: Chorda filum, Laminaria
hyperborea, Laminaria ochroleuca, Laminaria saccharina and Sacco-
rhiza polyschides, according to the information collected by Bárbara
and Cremades (1993) and to distribution studies by Pérez-Ruzafa
et al. (2003), Recreational divers and fishers in this region have
recently warned of the regression and possible disappearance of
these kelp forests, particularly in the Southern coast. Although
there are currently no studies to confirm this decrease or assess its
possible causes, if this fact is confirmed it could constitute a serious
problem, given the essential role these habitats play in the life cycle
of many commercial species and the importance of the fishing
activity in Galicia (Freire and García-Allut, 2000).

Remote sensing has become an increasingly used technique for
mapping large areas, both terrestrial and marine, due to the
important advantages it provides with respect to direct observation
methods: it is less costly both in terms of time and funding, requires
less human effort, provides wide time series datasets and provides
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Fig. 1. Study area: Seno de Corcubión (Galicia-NW Spain). The study area covers the stripe between the coastline and the 10 m isobaths (red line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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information in the non-visible region of the spectrum. In recent
years, many researchers have successfully applied these techniques
in different locations for benthic mapping in clear waters
(Hochberg and Atkinson, 2000, 2003; Karpouzli et al., 2004; Kutser
et al., 2006; Bertels et al., 2008). For turbid waters, although there
are some experiences with positive results such as those obtained
by Simms and Dubois (2001) in the Atlantic coast of Canada, and
Vahtmäe and Kutser (2007) in the Estonian coast, there are
important limitations, derived from the poor wavelength pene-
tration into the water. These limitations are gradually being solved
by recent technological advances in this field.

In this context, the main objective of the present study is to
develop and validate a methodology for mapping intertidal and
subtidal forests of Laminariales in turbid waters, using the Galician
coast as a case study, based on satellite images from SPOT-4
(Satellite Pour l’Observation de la Terre). It is worth noting that this
work constitutes a first methodological assessment for the
prospective and retrospective monitoring of these habitats, which
could be further developed in the future with the use of more
advanced sensors.
2. Materials and methods

2.1. Study area

The study area includes the Seno de Corcubión, located in the
Northwest of the Galician region. Its northern limit is constituted
by Cape Fisterra, while its Southern limit is the Ria de Muros e Noia
(Fig. 1). The study was carried out along 113 km of coastline,
covering a total area of 4089 ha between the coastline and the 10 m
isobath. The establishment of this external limit was based on the
light penetration values in the water column in this area according
to previous work.
1 http://eopi.esa.int/esa/esa?cmd ¼ aodetail&aoname ¼ cat1, accessed by
December 2009.
2.2. SPOT images

Two images from satellite SPOT-4 were used: one from 2006
and one from 2008. Both images correspond to summer months,
when seaweeds of the order Laminariales reach higher growth
rates and sizes. The best timing for image acquisition would be
during low tide, although this aspect is limited by the frequency of
satellite pass over the study zone. In fact the 2006 image was taken
in low tide whereas the 2008 image corresponded to high tide.

The image corresponding to summer 2006 was acquired
through the OASIS (Optimizing Access to SPOT Infrastructure for
Science) program in multispectral mode with a spatial resolution of
20 m. The image from August 2008 was acquired through the “ESA
Category-1 scheme”1 program; this image has a spatial resolution
of 20 m and is divided in two fragments successively taken
(11:39:57, 11:40:03 UTC). Both images were acquired in 1A pre-
processed level (i.e. with radiometric correction), and subsequently
georreferenced. Both have less than 25% cloud cover; however, the
2008 image was taken during unfavourable wind conditions for
bottom visualization.

For this study, XS1 (500e590 nm), XS2 (610e680 nm) and XS3
(780e890 nm) bands of the multispectral image were used, due to
their coincidence with the most representative reflectance peaks of
the spectral signature of Laminariales, according to authors such as
Augenstein et al. (1991), Chauvaud et al. (2001) and Pascualini et al.
(2005).

2.3. Orthophotographs

Given the impossibility of sampling simultaneously to the image
from 2006 since its date was previous to the start of the study, the
establishment of training polygons for each of the studied
substrates was done through the use of orthophotographs from
SIXPAC (Geographical Information System devoted to the moni-
toring of agricultural activity within the Common Agrarian Policy)
corresponding to the study area; these were provided by the Fondo
Galego de Garantía Agraria (FOGGA) dependent of the Consellería de
Medio Rural of Autonomous Galician Government. These ortho-
photographs were restituted photogrammetrically from aerial
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photographs taken in the months of August and September 2002,
June, July, August and September 2003. The flight height and
a scanning resolution of 14 mmallowed obtaining photographs with
a scale of 1:18000. The resulting photographs were orthocorrected
to a 5 m digital land model and showed a resolution of 0.5 m.

2.4. Direct observations

With the aim of validating the results obtained through the
processing of the image from 2008, direct observations were
carried out in May and August 2008. These observations consisted
of 8 diving transects (100 m long each) distributed across the study
area in those zones where kelp beds were expected to occur (Fig. 2).
Substrate type and relative abundance of Laminariales were visu-
ally registered along these transects, codified according to a scale
from 0 to 3 (absent, disperse, medium or abundant).

Due to the impossibility of carrying out observations simulta-
neously to image capture, additional information was collected
from recreational divers and commercial fishermen frequently
visiting the area. The information collected consisted of 10
delimited zones on printed maps where the presence of kelp beds
was identified.

2.5. Data analysis

To assess the performance of different methods for kelp forest
mapping in turbid waters, SPOT images were subject to 2 types of
analysis: unsupervised classification (cluster) and supervised clas-
sification (angular supervised classification and maximum likeli-
hood analysis), using Idrisi Andes 15.0, ArcGis 9.2 and ENVI 4.6.1
Fig. 2. Diving transects (red lines) carried out in summer 2008. Eight transects were covere
2006 showed presence of kelp beds. (For interpretation of the references to colour in this
software. Prior to the realization of the analysis, four substrate
classes were established: seaweed, submerged sand, emerged sand
and emerged rock.

Before analysing the data, and with the aim of eliminating the
spectral variability caused by land and marine areas outside the
study area, a terrestrial and a bathymetric mask were applied to
the images using the Galician coastline (Casal et al., 2010) and the
10 m isobath, respectively. Furthermore, the resulting bands were
subject tohistogramequalization, increasing contrast amongsimilar
values and improving their visualization. Subsequent analyseswere
performed both on the original and equalized bands.

Both images were taken as a stereo pair by the two identical
HRVIR (Visible and Infrared High-Resolution) optical sensors on
board of SPOT-4 having, each of these sensors, different radiometric
calibration. The two images showed significant differences in digital
levels for areas present in both images (Fig. 3) despite having been
taken successively (11:39:57, 11:40:03 UTC) for this reason the
images were analyzed separately. These differences could be
explained by differences in the radiometric calibration of the sensor.

In a first stage of the analysis, emerged sand, submerged sand,
emerged rock and kelp substrates were mapped in the study area
through visual interpretation, using a composition of equalized
bands for each image. The definition of the class “submerged rock
without seaweeds” was not possible using orthophotographs;
furthermore, the absence of this substrate in the observation
transects carried out in 2008 did not allow for the use of this
typology in the analysis for that year. For this reason, and taking
into account the experience of the research group in the study zone
as well as information from recreational divers and fishermen, all
submerged rocky bottoms have been assumed to be covered by
d, each one 100 m long, in areas where the classification performed on the image from
figure legend, the reader is referred to the web version of this article).



Table 1
Number of training polygons defined for each image. Due to the size of fragment 1 of
the image from 2008, it was not possible to define training polygons for the emerged
sand class since it is not represented in the image.

Class Image 2006 Image 1 2008 Image 2 2008

Submerged sand 9 5 5
Emerged sand 10 0 6
Emerged rock 6 1 5
Seaweed 12 4 11
Total 39 13 29
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seaweeds, since maximum coverage of Laminariales occurs during
summer.

Although it was no possible to map submerged rock substrate,
an approximate analytical solution to the radiative transfer equa-
tion (Maritorena et al., 1994) was carried out to retrieve bottom
reflectance (Rb) for water of a given depth (z). In this approxima-
tion two seaweed and bare rock emerged spectra were use in order
to prove their differentiation in the case of coexistence.

Rb¼ RNþ (R � RN)$exp[(2kd)z] Dierssen et al. (2003).

where Rb corresponds with bottom reflectance, RN with
a spectrum measured above the water surface where the bottom
was not visible, R with the algae or bare rock spectra depending on
each case, kd with the vertical attenuation for downwelling irra-
diance coefficient (m�1), and z with the depth (m). In our case we
decided to use 10 m, the maximum depth in the study zone. Data
used in this model were measured in field.

2.5.1. Band ratio
Several band ratios, using all paired combinations of bands (XS1,

XS2 and XS3), were carried out following authors like Gower et al.
(1984), Gower (1994) and Augenstein et al. (1991) employing the
original bands with land and bathymetric mask.

2.5.2. Unsupervised classification/automatic methods
All images were subject to cluster analysis, which allows for the

automatic grouping of pixels in different classes as a function of
their spectral signature. This cluster analysis uses the histogram
peak technique using the algorithm implemented in IDRISI soft-
ware. This is equivalent to looking for the peaks in a one-dimen-
sional histogram, where a peak is defined as a value with a greater
frequency than its neighbours on either side. Once the peaks have
been identified, all possible values are assigned to the nearest peak
and the divisions between classes fall at the midpoints between
peaks (Eastman, 2003). Although the objective of the analysis was
to identify 4 spectrally different classes (seaweed, submerged sand,
emerged sand and emerged rock), the analysis was performed for
30, 20 and 10 classes. In cases where spectral variability within
classes is greater than between classes is recommendable to
perform the clustering algorithm for a greater number of classes.
For example, digital levels for emerged sand present a variance of
1899 (N¼ 48) while the variance of both classes, emerged and
submerged sand analyzed together, decrease to 1197 (N¼ 94).

2.5.3. Supervised classification/semiautomatic methods
Supervised classification methods use training polygons to map

the study area for each of these classes. In this case, the definition of
training polygons, where the presence of each class is known, was
based on orthophotographs for emerged sand, submerged sand and
emerged rock classes. The seaweed class was defined according to
information collected fromdivers andfishermen, for the image from
2006, and according to the results from direct observations for the
image from 2008. Polygon size ranged from 12 to 168 image pixels.
Following these criteria, 30 training polygons were defined for the
image from summer 2006, and 42 polygonswere established for the
image from 2008 (13 and 29 for each fragment) (Table 1).

The three images were subject to angular classification using
ENVI 4.6.1 software and the aforementioned training polygons. This
method is a physically-based spectral classification that uses an n-D
angle to match pixels to reference spectra (Kruse et al., 1993). The
algorithm determines the spectral similarity between two spectra
(or wavebands values whenworking with multispectral images) by
calculating the angle between the spectra and treating them as
vectors in a spacewith dimensionality equal to the numberof bands.
On the other hand, all the images were also subject to
a maximum likelihood classification. As in the previous cases, for
each image this analysis was performed on the original bands as
well as the equalized bands, seeking to maximize the spectral
differences among classes. In order to assess the obtained results,
spectral signatures of each typology were compared. Confusion
matrices were used for each image, comparing the values for each
pixel obtained by classificationwith the previously defined training
polygons and estimating the degree of accuracy of the classification
with respect to the real data.

3. Results

3.1. Visual analysis and interpretation

In the case of the image from summer 2006, histogram equaliza-
tion allowed for an easy visual distinction of emerged rocky, emerged
sandy and submerged sandy areas within the studied depth range
(0e10 m). A fourth type of substratewas observed and interpreted as
kelp beds (Fig. 3), since its location largely matched the information
suppliedbydiversandfishermen, the submergedrockyareasmapped
fromorthophotographs, and thebottommapsmadebyConselleríade
Pesca (Catoira et al., 1993). The areas classified as seaweed were
mapped, obtaining 37 polygons with a total area of 1684 ha.

During the development of this work we have assumed the
hypothesis that the submerged rock substrate would be covered by
algae because the images utilized were taken in the season of
maximum growth rates for the seaweed community. Besides, this
hypothesis was supported by fieldwork, for images from 2008 and by
thepreviousexperienceof theresearchgroup in thestudyzoneaswell
asby information fromrecreationaldivers andfishermen. Inneitherof
thesecaseswasobservedanareaofbare submerged rock that couldbe
mapped by images with a spatial resolution like the ones used in this
study. However, if bare submerged rock class was present in a suffi-
cient extension to be mapped with SPOT images, it appears that this
class should be differentiable, because of its reflectance values, as can
be observed in Fig. 4 where bare submerged rock would present
a higher reflectance value specially in XS1 (green band).

Analyzing band composition visually, XS3 band showed to be an
important waveband for classification of sand substrate
(780e890 nm), XS2 band (610e680 nm) is the best one for iden-
tifying seaweed-covered areas, and XS1 band (500e590 nm) is the
one contributing the least to the classification.

Band equalization in the image from 2008 showed a similar
result to the image from 2006, but the effect of wind waves
hindered structure definition and therefore also mapping of poly-
gons of kelp beds.

3.2. Band ratio

Any ratio showed clear results in order to map kelp with visual
interpretation. A priori the most important bands to map kelp
would be XS1 (500e590 nm) and XS2 (610e680 nm) because of
the infrared absorption of XS3 band (780e890 nm) by the water



Fig. 3. Example of the differences observed between both 2008 images. In this case the differences in the three SPOT bands (XS1, XS2, XS3) for the submerged sand class, common
to both images, are represented. Box represents the digital level distribution and the horizontal line represents the median value. Highest and lowest values are represented by the
whiskers limits and circles correspond to the outliners.
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column, however, neither this band ratio, XS2/XS1, showed
coherence with class substrate distribution (Fig. 5).
3.3. Cluster analysis

Classes obtained by cluster analysis on images from 2006 to
2008 (both for original and equalized bands) were compared with
polygons digitalized by visual interpretation and with the external
sources of information used. None of the three classifications
obtained (10, 20 and 30 classes) showed correlation with seaweed
occurrence.
3.4. Angular classification

Maps of emerged sand and rock resulting from this analysis
match the real distribution of both substrates. However, submerged
Fig. 4. Results of the theoretical simulation for two kelp species and bare emerged rock spect
first band.
substrates, including forests of Laminariales, do not appear as
distinguishable classes.

3.5. Maximum likelihood classification

Results obtained by supervised classification (Maximum Likeli-
hood Analysis), both for original and equalized bands, were
compared with the classification obtained by visual interpretation
and with the external sources of information used, and confusion
matrices were generated for each image. The analysis of the original
bands showed better results than equalized bands, both for images
from 2006 to 2008 (Fig. 6).

The comparison among spectral signatures of each typology,
extracted from training polygons, showed an important digital level
overlapping (understanding digital level like the numeric value
that codes each pixel), for submerged sand and seaweed in all the
images, which anticipates difficulties in classification. On the other
ra at 10 m depth. The differences in reflectance values can be observed especially in the



Fig. 5. A) Composition of the equalized band, showing emerged rock and sand, submerged sand and seaweed-covered substrate, coincident with the distribution of kelp forests. B)
Detail of a zone where the different substrates appears.

Fig. 6. Result of the maximum likelihood classification performed on the image from summer 2006 using non-equalized bands. The image shows the four bottom types mapped in
this study. The mask used to delimit the study area is represented in black.
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Table 3
Confusion matrix for the two fragments of the image from summer 2008. Columns
represent classes obtained from training polygons and rows represent the
percentage of pixels used to assess the classification in the image. N corresponds to
the total number of pixels contrasted for each substrate type. The definition of
training polygons for emerged sand in fragment 1 of the image was not possible due
to its smaller size; therefore the image resulting from supervised classification lacks
this type of substrate.

Fragment Class Seaweed Emerged
sand

Submerged
sand

Emerged
rock

N

1 Seaweed 82.61 0 0 17.39 46
Submerged
sand

4.44 0 75.56 20 45

Emerged rock 44.83 0 0 55.17 29
2 Seaweed 90 0 6.67 3.33 120

Emerged sand 0 62.5 25 12.5 41
Submerged
sand

22.86 0 60 17.14 35

Emerged rock 18.4 10.43 17.79 53.37 163
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hand, emerged sand and rock showed significant differences in the
three bands, which indicates an effective classification.

As shown in confusion matrices generated from equalized band
images (Tables 2 and 3), seaweed polygons were correctly classified
in almost 80% of cases for the image from2006, and in 82.6% and90%
of the cases for the image from 2008. Incorrectly classified polygons
were usually assigned to the submerged sand or emerged rock
classes, the first due to its similar digital level values to seaweed
polygons, and the second due to its high standard deviation values.

As for the remaining classes, both emerged and submerged sand
showed a percentage of accuracy of about 70%, with the lowest
results corresponding to fragment 2 of the image from 2008, the
most affected by wind waves. The greatest differences among
images were found for rock, with over 75% of cases correctly clas-
sified for the image from 2006 and over 50% for the two images
from 2008.

An overestimation of the seaweed class was observed for the
two images from 2008, as shown by the high percentages of sand
and rock bottoms that were classified as seaweed (up to 44%).
4. Discussion

Turbidity in Galician waters was expected to be unfavorable for
remote sensing studies, although recent studies such as those by
Simms and Dubois (2001) and Vahtmäe and Kutser (2007) have
been able to distinguish seaweeds in turbid waters.

These limitations arise from the attenuation of the signal from
the different substrates by the effect of the water column and
suspended matter. In fact, the spectral signatures for the different
substrates obtained from the SPOT images showed a high degree of
overlapping. Automatic analysis methods, as well as angular clas-
sification, have been affected by these conditions, yieldingwrong or
insufficient classifications. In spite of this, positive results have
been obtained with some of the tested methods, which constitutes
an advance regarding the study made by Catoira et al. (1993) where
no correlation was observed between information from Landsat
5TM satellite images and field mapping.

Visual interpretation allowed the correct mapping of sea
bottoms up to 10 m depth, yielding similar results to those obtained
by Simms and Dubois (2001), who were able to detect the presence
of Laminaria longicruris between 0 and 6 m depth through the use
of the SPOT-HRV sensor in the Canadian Atlantic coast and XS2
band (610e680 nm) has been shown to be the most useful for
defining kelp forests. This result agrees with other studies stating
that the predominant reflectance characteristic of the Order Lam-
inariales is the occurrence of two maximums in 600 and 650 nm
(Karpouzli et al., 2004).

In the case of the maximum likelihood classification, the clas-
sification percentages obtained were high (over 70%) for all
substrates. Moreover, direct observations done in 2008 corrobo-
rated the results obtained in the classification done on the image
from 2006, since the presence of kelp beds was observed in all the
areas classified as such.
Table 2
Confusion matrix for the image from summer 2006. Columns represent classes
obtained from training polygons and rows represent the percentage of pixels used to
assess the classification in the image. N corresponds to the total number of pixels
contrasted for each substrate type.

Class Seaweed Emerged
sand

Submerged
sand

Emerged
rock

N

Seaweed 79.59 0 8.84 11.56 147
Emerged sand 0 73.33 11.11 15.56 45
Submerged sand 15.22 0 71.74 13.04 46
Emerged rock 9.78 14.13 1.09 75 7
However, although the substrate distribution obtained by these
classifications agree with the external sources of information used
(orthophotographs and direct observations), no rocky bottoms
without seaweed coverage could be defined, since orthophoto-
graphs do not allow for their differentiation and field observations
have not found this type of substrate, thus making it impossible to
establish training polygons for this class. Nevertheless, the spectral
simulation shows differences between bare submerged rock and
algae until 10 m, the maximumdepth in this study, especially in the
first band of SPOT satellite. For this reason, both classes could be
differentiated making feasible this methodology for places where
both classes coexist.

Another aspect worth noting in the evaluation of our results are
the data obtained by Maritorena et al. (1994) and Andréfouët et al.
(2001) supporting maximum reflectance values of 600 and 650 nm
for brown seaweeds Sargassum and Trubinaria, which would imply
that multispectral images such as those analyzed here could not
allow for the differentiation among species of Laminariales and
areas covered with Sargassum and Cystoseira, both relatively
abundant and covering large areas in the Galician coast (Fernández
et al., 1990; Bárbara and Cremades, 1993; Pérez-Ruzafa et al., 2003).

As noted in the introduction, the present study constitutes an
approach to the mapping of large seaweed forests and other types
of substrates in coastal waters; therefore, these results could be
improved by the use of images with a higher spectral, spatial and
radiometric resolution; performing new field calibrations simul-
taneously to the acquisition of images, which would yield intensive
information of the study area in order to accurately compare
remote sensing with real data; eliminating the effect of the water
column; and establishing a greater number of training polygons,
thus solving the difficulties in differentiating among seaweed
species and in detecting submerged bare rock.
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