)

r—y Pure

Bangor University

DOCTOR OF PHILOSOPHY

The identification of phytoplankton groups using in-water optical techniques

Shon, Dong Hyun

Award date:
2005

Awarding institution:
University of Wales, Bangor

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 14. Jun. 2024


https://research.bangor.ac.uk/portal/en/theses/the-identification-of-phytoplankton-groups-using-inwater-optical-techniques(975cbac6-c512-46b6-8c9a-9c8c89ee92f8).html

The Identification of phytoplankton groups using in-water

optical techniques

by

Dong Hyun Shon, B.Sc., M.Sc.

A thesis partial fulfilment of the requirements of the University of Wales for the degree
of Doctor of Philosophy

May 2005

University of Wales, Bangor
School of Ocean Sciences
Menai Bridge
Anglesey LL59 5SAB
UK




ABSTRACT

The detection of an algal bloom from ocean colour sensors depends on the
concentration of phytoplankton pigments when pigments, such as chlorophylls, produce
a significant change in the optical properties of water. The pigment composition results
in a characteristic colour, which can be measured using absorption spectra and spectral
reflectance signatures. An Individual phytoplankton group contains a number of
accessory pigments and has its own characteristic composition. Several of these
pigments are restricted to 1 or 2 phytoplankton classes. As these marker pigments have
distinctive absorption spectra, which determine a characteristic spectral signature for
phytoplankton, they can be used as indicators of different phytoplankton classes. Using
the High Performance Liquid Chromatography (HPLC) system, major accessory
pigments contained in phytoplankton samples were analysed. /r sifu measurements of
remote sensing reflectance were obtained at wavelengths coincident with the SeaWiFS
visible wavebands using a Profiling Reflectance Radiometer (PRR600, Biospherical
Instruments Inc). Group specific absorption spectra were generated according to the
proportion of one of the marker pigment, fucoxanthin in the sum of pigments measured
by HPLC. Remote sensing reflectance was modelled based on phytoplankton group
specific absorption spectra and compared to the in situ remote sensing reflectance
signatures.
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Chapter 1

1. GENERAL INTRODUCTION

The continuous observation of phytoplankton blooms from space greatly extends the
knowledge of their spatial and seasonal succession trends. Information on the spatial
and temporal distribution of phytoplankton is important for the global marine
environment as they are the predominant primary producers. Such information also aids
our understanding of the role of the ocean in the uptake of carbon dioxide (CO,,.

The abundance and distribution of phytoplankton and other light attenuating
components in the water can be estimated from ocean colour (Gordon and Morel, 1983).
Phytoplankton have biochemical structures, containing pigments that allow them to
absorb light energy and convert it through photosynthesis for growth and reproduction.
Chlorophyll a is the major pigment for all algal groups and is used as a convenient
measure of phytoplankton biomass (Gordon and Morel, 1983).

Remote sensing technology and in-situ optical measurements have improved
the accuracy to which phytoplankton pigment concentration can be derived. Recent
works have tried to distinguish between phytoplankton groups using optical instruments
which measure changes in the optical properties of the in-water light field in natural
assemblages (Cullen et al., 1997). There are three major pigment groups that determine
bio-optical properties; these are the chlorophylls, carotenoids and phycobiliproteins.
Apart from chlorophyll a, the rest of the pigments are called accessory pigments. Each
individual phytoplankton group has its own characteristic accessory pigment
composition. Therefore it should be possible to differentiate a particular group of
phytoplankton using the different composition of accessory pigments which creates

distinct in-water optical properties, such as absorption, a, which influences reflectance,
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R. Those optical parameters are described in the following chapter.

1.1. The principal characteristics of dominant phytoplankton classes in the U K. shelf

s€as

The representative phytoplankton classes in north temperate seas are Bacillariophyceae
(diatoms) and Dinophyceae (dinoflagellates) (Boney, 1989), while microbial blue-green
(Cyanophyceae or Cyanobacteria), green (Chlorophyceae, Prochlorophyceae and
Prasinophyceae), brown (Chrysophyceae and Prymnesiophyceae) coloured unicellular
flagellates and Cryptophyceae are present in small numbers (Bold and Wynne, 1985).
Most phytoplankton cells are covered by a dense wall. The wall is made of cellulose in
some dinoflagellate and chlorophyceae; silica in diatoms and chrysophyceae; calcite or
organic scales or both in Prymnesiophyceae; and protein for Cryptophyceae (Jeffery and
Vesk, 1997). In this section, the characteristics of dominant groups of phytoplankton in
the U.K. Shelf Seas are described. These are Bacillariophyceae, Dinophyceae,

Prymnesiophyceae and Chrysophyceae.

1.1.1 Bacillariophyceae (Diatoms)

Bacillariophyceae, known as diatoms, are unicellular, although chains of cells and
colonial aggregation may occur. Diatoms have a range of cell size from 2 um to over
200 pm, while some tropical species and Antarctic Thalassiothrix have a size of 2 mm
and 4 mm, respectively (Jeffery and Vesk, 1997). Diatoms are found in all aquatic (fresh

and marine) and terrestrial or subaerial habitats, that have at least periodic moisture
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(Bold and Wynne, 1985). All species have an external skeleton, or frustule, made of
silica and fundamentally composed of two valves (Boney, 1989; Lalli and Parsons,
1997). The frustule is usually sculptured into patterns of spines, pores, channels, and
ribs, which are distinctive to individual species. There are two types of diatoms: the
pennate and centric forms. Pennate diatoms have on elongated shape and are mostly
benthic (e.g. Gyrosigma wormleyi, Figure 1.1(a)). Centric diatoms have valves that are
arranged radially or concentrically around a point, and they are much more common
(e.g. Cerataulina pelagica, Figure 1.1 (b)). Centric diatoms do not have any locomotor
structures and are normally incapable of independent movement. As diatoms and other
plankton need to remain on the surface for photosynthesis, a variety of mechanisms and
structures are developed. To retard sinking from the surface, their size and structure
increase the ratio of cell surface area to volume. Colony or chain formation also
increases surface area and slows sinking. The components of the frustule are divided
into a variety of structures which can be visualised with the light microscope (Bold and
Wynne, 1985). An elevation is a raised area of the valve wall which does not project
laterally outside the margin of the valve. If the outgrowth of the valve projects beyond
the valve margin, it is called a seta, and the structure is different from that of the valve.
Setae are significant in increasing the surface area and enhance the ability to float (Bold

and Wynne, 1985).

1.1.2. Dinophyceae (Dinoflagellates)

Dinophyceae comprise the dinoflagellates, a diverse assemblage of unicellular

organisms (Bold and Wynne, 1985). The class is characterised by the presence of
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chlorophyll g, and ¢; B -carotene; and the xanthophylls peridinin, neoperidinin,
dinoxanthin, neodinoxanthin, and diatoxanthin. Dinoflagellate have a range of cell size
from 2 um to over 200 um while, some species are 2 mm in diameter (Jeffery and Vesk,
1997). The cells may be unarmoured (naked) or armoured (thecate). The wall of
armoured dinoflagellates is arranged in thecal plates, thin plates present in some
apparently naked cells. Whether naked or armoured, the cell covering (amphiesma)
consists of several membranes. The important constituent of the armour is a
polysaccharide, apparently cellulose, whereas in the diatoms the wall elements are made
of silica (Hoek er al., 1995). The margins of these plates are slightly beveled and
increase the cell size. The plates of dinophyceae armour resemble the silica elements of
the diatom wall. However one difference is that in the dinophyceae the membrane
outside the armour is intact, while in the diatoms the silica elements are exocytosed to
lie outside the cell. One Dinophycean, Ceratium furca, found in the Menai Strait 1s
presented in Figure 1.2. Species of the genus Ceratium are characterised by the presence
of several horns. The apical half of the cell extends up into a single horn, while the

antapical half bears one to three horns (Bold and Wynne, 1985).

1.1.3 Prymnesiophyceae (Haptophyceae)

The size of most Prymnesiophyceae is between 5 pm and 20 pm (Jeffery and Vesk,
1997). This class comprises organisms that produce motile cells bearing two equal,
subequal, or unequal acronematic flagella, with homodynamic or heterodynamic motion.
The composition of scales is organic and cellulosic. A deposition of calcite (coccoliths)

may be present on the surface of a second type of scale produced in the
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coccolithophores, which constitute a large group within this class. For example, the
cells of Pleurochrysis carterae are covered by several layers of organic scales with an
outer layer of coccoliths (Hoek et al., 1995). Coccolithophore blooms produce a bright
reflectance signature because the calcareous scales (or liths) are highly reflective. As a
result, this bloom can be distinguished from other blooms using ocean colour imagery
in the red region of spectrum. Figure 1.3 (a) shows one of the representative
coccolithophores, Emiliania huxleyi. Scales are produced within Golgi vesicles for all
prymnesiophytes. The form of the Golgi body is very distinctive and regarded as one of
the diagnostic features of the class. The single polarised Golgi body is always located
between the base of the flagella and the nucleus (Bold and Wynne, 1985). Silica is not
produced in Prymnesiophyceae. Almost all members of this class have at least some
type of cell covering. In some of the filamentous or packet-forming genera, such as
Gloeothamnion and Chrysotila, the cell covering changes with the age of the culture.
Phaeocystis pouchetii (Figure 1.3 (b)) have been found in the North Sea (Bold
and Wynne, 1985). There are two phases of life cycle in this species; a unicellular
flagellate phase and a gelatinous colonial phase, the latter being the bloom-forming
stage. Figure 1.3 (b) shows a gelatinous colony which contains a large number of cells.
Both phases, colonies and flagellated cells, can be simultaneously present in the same
culture and can reproduce independently (Bold and Wynne, 1985). In the North Sea, the
Phaeocystis bloom develops in mid-April or in May, after the spring diatom bloom,
which is brought to an end by the depletion of silicate used by the diatoms for the
construction of their frustules. The Phaeocystis bloom in the Menai Strait occurs in June

and July (Newton, 1986).
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1.1.4 Chrysophyceae

The class Chrysophyceae comprises unicellular and colonial organisms, but there are
also some filamentous forms and multicellular types. The size of Chrysophyceae is from
2 um to 100 um (Jeffery and Vesk, 1997). This class has a golden yellow to brown
colour in their chloroplasts. The green colour of the chlorophyll is masked by the
principal accessory pigment fucoxanthin. Other xanthophylls are also present,
including zeaxanthin, antheraxanthin, violaxanthin, diatoxanthin and diadinoxanthin
(Hoek et al., 1995). Many chrysophycean algae have naked protoplasts, while others
have various cell coverings, including scales, loricas, and close-fitting cell walls. One of
the most distinctive features of this class is the internal formation of a characteristic cyst,
or statospore. The statospore (Figure 1.4 (a)) consists of two pieces of different size.

The larger portion is first developed within the cytoplasm, and the cytoplasm external to
this bottle-shaped piece migrates into it. A plug is finally formed at the mouth (Bold and
Wynne, 1985). The wall of the statospore is always siliceous unlike the lorica of
vegetative cells, which are cellulosic in composition, with or without the addition of
calcium carbonate or iron compounds (Bold and Wynne, 1985). A chrysophyceae,

Meringosphaera mediterranea, is shown in Figure 1.4 (b).

1.2 Phytoplankton variability in specific areas of study

In north temperate seas, the phytoplankton succession starts with small celled fast

growing diatoms, such as the members of the genera Thalassiosira, Chaetoceros and

Skeletonema (Boney, 1989). They are capable of high photosynthetic rates and rapid cell
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division, as well as requiring high nutrient levels. Phytoplankton populations at the
early stage are followed by medium sized and slow growing diatoms (e.g. Rhizosolenia
species and Guinardia flaccida) and by dinoflagellates (e.g. species of Ceratium and
Protoperidinium) (Hoek et al., 1995). Other flagellate groups with more complex
nutritional requirements (e.g. green algae, blue-green algae) occur later the year (Bold
and Wynne, 1985; Boney, 1989; Hoek et al., 1995). This section describes the
succession of phytoplankton population in the Menai Strait, the Clyde Sea, the Irish Sea

and the Celtic Sea.

1.2.1 The Menai Strait.

In the Menai Strait there is normally a multi-species bloom in April or May followed by
a secondary bloom later in the year dominated by individual species such as Phaeocystis
pouchetti. This pattern of increasing concentration of phytoplankton is closely related to
the coastal temperature (Jones and Spencer, 1970; Blight, 1996). During the spring, a
bloom of various Rhizosolenia species (diatoms) is observed in May, while Phaeocystis
species, which dominate phytoplankton composition for extended periods in the early
summer, succeeds the spring diatom bloom in June (Jones and Spencer, 1970; Blight,
1996). Lennox (1979) investigated the triggers of the Phaeocystis bloom in relation to
the influence of seasonal micronutrients and physical variables. One of the reasons of
decrease in small sized early diatom population is the depletion of silica, which is one
of the main nutrients for diatoms, while another reason is the increase in grazing rate of
herbivorous zooplankton (Boney, 1989). After a Phaeocystis bloom, the summer decline

in phytoplankton population may be less attributable to zooplankton grazing because the
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larger diatoms, dinoflagellates and flagellates are less subject to predation (Boney,
1989). The Phaeocystis bloom, which normally occurs in May or June, has considerable
impact on the east coast of Anglesey because once Phaeocystis starts to decompose it
forms mats and smothers area of the sea bed (Young 1993). During the autumn, the
population of phytoplankton (predominantly dinoflagellates) is less abundant than in
earlier blooms due to the lower concentration of nutrients and differences in light
exposure (Jones and Spencer, 1970). However, if the autumn growth is measured in
terms of biomass or volume, it may equal that of spring (Boney, 1989).

Four classes of phytoplankton species have been found in the Menai Strait
(Lennox, 1979; Newton, 1986); these are Dinophyceae (dinoflagellates),
Prymnesiophyceae (Haptophyceae), Chrysophyceae and Bacillariophyceae (diatom).
Newton (1986) studied the succession of phytoplankton and made counts of
phytoplankton cell numbers and measured cell volumes, to determine the relative
importance of the various species. Sixty-one species were found in 1983. Three diatoms,
Fragilaria oceanica, Coscinodiscus species, and Rhizosolenia fragilissima were
predominant species for both counts and volume, while the Prymnesiophyceae
(Haptophyceae), Phaeocystis pouchetti has a large number but low volume of cells.
However, the annual highest concentration of chlorophyll @ was found during

Phaeocystis pouchetti bloom (Blight, 1996).

1.2.2 The Irish Sea

Vertically mixed and stratified water zones are present in the Irish Sea, like the rest of

the UK and European shelf seas, during the main spring-summer phytoplankton growth



Chapter 1

season. These boundaries at the sea surface between the mixed and stratified zones are
sharply delineated and are called fronts or frontal zones. The location of fronts is related
to the velocity of the local tidal streams (Simpson, 1971). In the mixed zone
phytoplankton growth is limited by availability of light as the mixing restricts the
residence time of phytoplankton within the well lit surface layers of the sea, while in the
stratified zone phytoplankton growth is restricted by limited nutrient input from the
deep water to the surface layer of the sea through the thermocline. Phytoplankton
increases are closely related to the physical structure of the frontal region, where the
availability of nutrient and light is optimised as a result of accumulations of biological
material due to the physical convergence of waters on either side of the front (Simpson
etal., 1979).

Voltolina (1980) and Spencer (1988) studied phytoplankton species
composition in Liverpool Bay. They found that diatoms, such as Skeletonema costatum,
Thalassiosira decipiens, Asterionella septentrionalis and Navicula pelagica are
dominant species during the spring bloom in the eastern Irish Sea.

Silicate depletion following the early diatom bloom contributes to the dominance of
flagellates and especially Phaeocystis species which may form large blooms in May

(Voltolina, 1980). Phaeocystis is generally common from North Wales to the Solway
Firth and can become a nuisance through foam generation in coastal areas.

Blooms of red-tide organisms, in particular the dinoflagellate, Gyrodinium
aureolum, which are linked to the increase in organic pollution, have been reported in
the inshore water of south-east Liverpool Bay (Helm et al., 1974). Red-tide blooms in
Liverpool Bay occur mostly in the late summer-autumn period. In addition, the

heterotrophic dinoflagellate Noctiluca scintillans has been frequently observed in
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Liverpool Bay (Helm er al., 1974). The presence of Noctiluca scintillans has also been
reported locally in the Irish inshore water (Savidge and Kain, 1990).

In the western Irish Sea, diatoms, Chaetoceros debilus and Chaetoceros
compressus; Thalassiosira decipiens and Thalassiosira rotula; and Skeletonema
costatum are commonly found during the spring bloom (McKinney et al., 1997). During
the summer Leptocylindrus danicus and Rhizosolenia delicatula dominate the diatom
population. In general, dinoflagellates do not appear to dominate the summer
phytoplankton in the western Irish Sea. Noctiluca scintillans and Phaeocystis pouchetti

have been observed in the western Irish Sea. (McKinney, et al., 1997)

1.2.3 The Clyde Sea

Commonly found diatoms in the first stages in the spring outburst in March 1973 were
Skeletonema costatum and Thalassiosira nordenskioldii in the Firth of Clyde (Boney,
1989). In the middle of March 1973, Thalassiosira nordenskioldii was more prominent.
However, within a few days the faster growing Skeletonema costatum overtook
Thalassiosira nordenskioldii, reaching maximum numbers (10.7 x 10° cells I"") on the
23™ of March, thereafter declining rapidly (Boney, 1989). The decline of spring growth
was reflected in the fall in the levels of nutrients, with that of dissolved silica being
especially decreased (Bold and Wynne, 1985). Species of Chaetoceros, Coscinodiscus
and Biddulphia are also prominent in north temperate coastal localities during the spring

(Bold and Wynne, 1985; Hoek er al., 1995).

10
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1.2.4 The Celtic Sea

Martinjezequel and Videau (1992) investigated the phytoplankton population and
productivity over the transient area of the continental-slope of the Celtic Sea in May
1987. They found that chlorophyll biomass and primary productivity increased
proportionally to the stratification in the stratified zone, while the highest biomass of
diatom and dinoflagellates were observed in the transitional water. Diatoms tend to
dominate the population in the mixed water, while flagellates are more abundant in the
surface water on the stratified side (Boney, 1989; Martinjezequel and Videau, 1992)

In the Celtic Sea, the dinoflagellates Gonyaulax verior, Ceratium furca, Ceratium fusus
and Prorocetrum micans, Protoperidinium steinii are dominant in the summer (Johnson
and Costello, 2002). Commonly found diatoms during the spring are Thalassionema
nitzschioides, Cylindrotheca closterium and Rhizosolenia species (Fasham et al., 1983;

Prestidge and Taylor, 1995).

1.3 The aims of the study

The combination of accessory pigments within phytoplankton cells can provide
valuable information for the identification of taxonomic groups. Using the High
Performance Liquid Chromatography (HPLC) system major accessory pigments
contained in phytoplankton samples have been analysed. The pigment composition of
phytoplankton produce a characteristic colour, that can be measured using absorption
spectra and spectral reflectance signatures. Absorption spectra are to be measured and

divided into four groups according to the proportion of a marker pigment for diatom in

11
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the sum of all marker pigments. Then the chlorophyll specific absorption coefficients
are to be used to develop modelled remote sensing reflectance.

The aim of this study is to optically differentiate phytoplankton groups
classified due to the proportion of a marker pigment, fucoxanthin in the sum of all
marker pigments used in the study.

To achieve the aim, specific objectives are as follows. Firstly, different
taxonomic groups of phytoplankton will be identified using visual microscopy and
marker pigments for dominant group of phytoplankton will be determined using HPLC
(High Performance Liquid Chromatography). Secondly, in sifu remote sensing
reflectance signatures will be collected using a profiling radiometer, and absorption
spectra will be measured using a spectrophotometer. Finally, grouped specific

absorption spectra will be used to derive modelled remote sensing reflectance ratio.

12
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Figure 1.1 (a) Examples of Bacillariophyceae found in the Menai Strait
Gyrosigma wormleyi (from Tiffany and Lange, 2000)

Figure 1.1 (b) Examples of Bacillariophyceae found in the Menai Strait
Cerataulina pelagica (from Embleton, 2000)
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Figure 1.2 Ceratium furca (from Embleton, 2000)
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Figure 1.3 (a) Examples of Prymnesiophyceae found in the Menai Strait
Emiliania huxleyi (from Hoek et al., 1995)

Figure 1.3 (b) Examples of Prymnesiophyceae found in the Menai Strait
Phaeocystis pouchetii (from Embleton, 2000)

15



Figure 1.4 (a) Examples of Chrysophycean statospore (from Bold and
Wynne, 1985)

Figure 1.4 (b) Examples of Chrysophyceae, Meringosphaera
mediterranea (from Embleton, 2000)

16



Chapter 2

2. PIGMENT COMPOSITION AND SPECTRAL CHARACTERISATION

2.1 Introduction

This chapter reviews optical properties and parameters of marine environments. The
effects of sea water and its constituents on the absorption spectral signal, with particular
emphasis on the influence of phytoplankton are defined, while algorithms for the
phytoplankton biomass measurement are briefly introduced. In addition, optical
determination of phytoplankton groups using their unique pigment composition is
discussed. The past and current ocean colour sensors are described in the final part of

this chapter.

2.2 The derivation of radiance, irradiance and reflectance

This section defines optical parameters, radiance, irradiance and reflectance. The
definition of zenith angel, &, is the angle between a downward beam light and the
upward vertical, while the azimuth angle, ¢, is defined as the angle between a vertical
plane incorporating the light beam and other reference vertical plane (e.g. the vertical
plane of the Sun) (Jerlov, 1976; Preisendorfer, 1976; Kirk, 1994). The radiant intensity, /,

is described as follow (Kirk, 1994);

= d®/de @2.1)

where d® is the radiant flux and do is a unit solid angle. Radiance L(8,¢), which
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indicates a function of direction (i.e. both zenith and azimuth angle), is defined as the

flux per the projected area of surface, dS cosé, and the unit solid angle do (Kirk, 1994);

L(6,¢) = d*®/ dS cosOdw (2.2)

The irradiance due to radiant flux within do, is defined as, (6,4) cos@ dw, as the area
of the element of surface is dS. The total downwelling irradiance, £, or upwelling
irradiance, £, can be described by integrating with respect to solid angle over the whole

upper or lower hemisphere (Kirk, 1994). They are defined as;

Eq= |5 L(8,4) cosOdo (2.3)

Ey =22 L(6,6) cosfdo (2.4)

For the irradiance, the contribution of the radiation flux at different angles depends on
proportion to the cosine of the zenith angle of incidence of the radiation, while the
scalar irradiance, £, receives the radiant flux from all directions equally. The scalar
irradiance is described as the integral of the radiance distribution at a point over all

directions (Kirk, 1994);

Ep=lix L(6,§) do> 2.5)

The scalar irradiance is divided into down welling and upwelling scalar irradiance. The
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down welling scalar irradiance, £y, is the integral of the radiance distribution over the
upper hemisphere and upwelling scalar irradiance, £y, , is the integral of the radiance

distribution over the lower hemisphere;

Epa=Jox L(0,¢) do> (2.6)

Eou=12: 1(6,6) do 2.7)

The irradiance reflectance, R, which provides information about the angular structure of
the light field, is defined as the ratio between upwelling and down welling irradiance,
while the remote sensing reflectance R, is defined as the ratio between upwelling nadir
radiance, Z,, and down welling irradiance (Kirk, 1994);

R=E,/Eq (2.8)
Ris=L./ Eg (2.9)

2.3 The relationship between reflectance, R and absorption coefficient, a

A photon can be absorbed or scattered underwater. The absorption coefficient, a, and the

scattering coefficient, b, are the inherent optical properties of particular interest in ocean

optics (Kirk, 1994). The absorption coefficient, a, is defined as the proportion of

incident photons absorbed by a thin slab of water divided by the thickness of the slab,

while the scattering coefficient, b, is defined as the proportion of photons scattered by a
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thin slab divided by the thickness of the slab. A third inherent property, the beam
attenuation coefficient, ¢, is equal to the amount of the light lost due to absorption and

scattering, and is expressed as follows.
a=g+b (2.10)

The vertical attenuation coefficient for down welling irradiance, K, can be related to
inherent optical properties using the equation, which links the average cosine of the

light field and the absorption coefficient (Kirk, 1994);

K= a 2.11)

1
Ha
The mean cosine of the angle of photons from the vertical, 4, is defined as the ratio

between the downwelling irradiance, £, and scalar downwelling irradiance, Eyg;

= — 2.12)

The range of the mean cosine is from 0.6 to 1 in the ocean. Therefore without
information about the shape of the light field, and assuming the mean cosine has a value
of 0.8, downwelling attenuation coefficient, K, can be estimated from a with a
maximum error of 25 %. The mean cosine can be determined accurately from the

refracted solar zenith angle near the surface of the ocean. It provides more accurate
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determination of K; from a (Kirk, 1994). A useful result of x4, from computer modeling

can be given as follows (Kirk, 1994);

1
= 2,13
i (1+0.256 bla)"” (213)
From the equation above K, can also be described;
K4 1 b
- = — (1+025%6 — )"~ (2.14)
a Ho a

where 1 is the mean cosine just beneath the surface.
The relationship between near-surface reflectance, R(0), and absorption, a, and
backscattering, by, can be described as follows using a Monte Carlo study (Gordon ez al.,

1975).

R(0)=EJ/Es= C(1) by / a (2.15)

where £, is upwelling irradiance, £, is downwelling irradiance. The constant of
proportionality, C(4), is a function of solar altitude, which can be expressed in terms of
My, the cosine of the zenith angle of the refracted solar beam, below the surface. For the
zenith sun, when g4 is 1 the coefficient C(1.0) is approximately equal to 0.33 (Gordon et
al., 1975).

The ratio between upwelling irradiance, £,, and upwelling radiance, L, is

approximately 5 for intermediate solar altitudes (Kirk, 1994). An equation relating
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remote sensing reflectance, R, (L,/E4) to backscattering coefficient, b5, and absorption
coefficient ¢ may be derived from equation 2.15 by dividing the constant of
proportionality, C, by 5. R, for a solar altitude of 45° gives the relation as follows (Kirk,

1994).
Ris=Ly/ E4~0.083 by/ a (2.16)

From this relationship (equation 2.16), both remotely-sensed and in situ reflectance
measurements can be used to estimate absorption a, and vice versa.

Gordon et al. (1988), and Garver and Siegel (1997) developed a model for waters where
the optical properties are dominated by the presence of phytoplankton to define the

relationship between, R, and @ and by,

2
RrS: Lu/ Ea'E z ll[ bb/ (bb + a)]i (217)
=1

where /; = 0.0945 steradian'l, and 7, = 0.0794 steradian™ (Gordon et al., 1988).
2.4 Absorption spectra of diverse phytoplankton

Higher chlorophyll concentration indicates more phytoplankton presence and greener
water colour appearance from blue as pigments, such as chlorophyll @ and other plant
pigments, absorb the light mainly at the blue and red regions of the spectrum.
Chlorophyll a is taken as an index of phytoplankton concentration. Specific coefficients

of absorption and scattering for phytoplankton are estimated relative to chlorophyll ¢
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concentration.

The bio-optical properties of the water column can be used to estimate
phytoplankton pigment concentration and additional information, such as the
phytoplankton species composition if they are in abundance with characteristic
absorption and scattering properties (Smith, 1999). Individual photosynthetic pigments
have distinctive absorption spectra, which determine a characteristic spectral signature
for every phytoplankton species. An individual phytoplankton species contains a
number of accessory pigments and has its own characteristic composition. Several of
these pigments are restricted to 1 or 2 phytoplankton classes (Sathyendranath ef al.,
1987; Everitt, 1990). Therefore these marker pigments can be used as indicators of
different phytoplankton classes. However, the determination of phytoplankton
composition using optical properties of the water is not yet reliable as the individual
pigment absorption bands can overlap. In addition, the presence of coloured dissolved
organic material (CDOM) and suspended particulate material (SPM) might mask the
signal. Figure 2.1 shows the specific absorption curves of SPM, and CDOM. Both are
closely located with chlorophylls in the blue and green region of spectrum (440-550
nm).

Bricaud ez al. (1983) and Bricaud ef al. (1988) measured absorption spectra of
several phytoplankton species in the laboratory to distinguish different genera from the
variability of their spectra. They found that the variability of absorption spectra for
living cells in suspension is due to variations in the pigment composition of the species,
and to differences in cell size and intracellular chlorophyll a concentration, leading to
the so-called ‘package’ effect. The package effect lessens the effectiveness of specific

absorption as the pigment molecules are contained within discrete packages, such as
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chloroplasts, cells and cell colonies, instead of being uniformly distributed.

The absorption spectrum of a cell or colony suspension is noticeably weaker
than that of dispersed thylakoid fragments (Kirk, 1994). Bricaud ez al. (1988) tried to
eliminate the package effect theoretically by computing the spectral absorption values
of a hypothetical aqueous solution of the absorbing cell material. Figure 2.2 shows
computed absorption spectra of phytoplankton species for a hypothetical aqueous
solution of the cell material compared with absorption spectra of phytoplankton
measured from intact cells (in suspension) and after acetone extraction (Bricaud ef a/.,
1988). The species studied were Bacillariophyceae (diatoms) (Chaetoceros curvisetum,
Chaetoceros lauderi), Prymnesiophyceae (or Haptophyceae) (Paviova pinguis, Pavlova
lutheri, Prymnesium parvum), Chlorophyceae (Dunaliella salina), Rhodophyceae
(Porphyridium cruentum) and Cyanophyceae (cyanobacteria) (Synechococcus sp.,
Synechocystis sp.).

The differences of absorption spectra of five species after acetone extraction are
presented with absorption spectra of chlorophyll a as another example in Figure 2.3
(Sathyendranath, 1981). These were Bacillariophyceae (Chaetoceros didymus,
Chaetoceros curvisetus), Chlorophyceae (Dunaliella marina, Platymonas suecica), and
Prymnesiophyceae (Cricosphaera elongata).

Cullen et al. (1997) and Millie et al. (1997) distinguished phytoplankton
species using optical measurements under certain conditions. Millie ef al. (1997) used in
vivo absorption by accessory chlorophylls and carotenoids to discern spectra of the
fucoxanthin-containing Gymnodinium breve from spectra of peridinin-containing
dinoflagellates, a diatom, a haptophyte, and a prasinophyte.

The specific absorption spectra of phytoplankton blooms are dependent on the
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algal species that make up the phytoplankton population, and on their physiological
state. With changes in the growth environment, such as light, the absorption

characteristics of a phytoplankton culture varies. (Johnsen et al., 1994).

2.4.1 Pigments

There are three main pigment groups which determine the bio-optical properties; these
are chlorophylls, carotenoids, which are both lipid pigments, and phycobiliproteins,
which are water soluble (Everitt et a/., 1990; Paerl and Millie, 1991; Barlow ef al .,
1993; Weaver and Wrigley, 1994)

The chlorophyll group includes chlorophyll a, b, and ¢, c,, c; with
phaeopigments, which are known as chlorophyll degradation products. There are two
major absorption peaks for each of the chlorophyll pigments. The red region of the
spectrum, called the alpha peak, occurs at approximately 670 nm and the blue, called
the Soret band, is at approximately 450 nm (Bidigare ef al., 1990). Figure 2.4 shows the
absorption spectra of chlorophyll @, b, c. The peak in the blue region is always higher
than in the red in all chlorophylls. As absorption in the green region is lower than the
blue and red, the green colour of the chlorophyll pigments are observed for most algal
blooms. The alpha peak of chlorophyll a at 670 nm is prominent for all phytoplankton
species.

The second pigment group, the carotenoids, can be divided into two categories; these
are photosynthetic and the photoprotectant carotenoids (Figure 2.4). Photosynthetic
carotenoids include fucoxanthin, peridinin, prasinoxanthin and 19’-

hexanoyloxyfucoxanthin while photoprotectant carotenoids include diadinoxanthin and
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diatoxanthin (Vernet et al., 1989). As photosynthetic carotenoids emit a fluorescent
signal, they are important in the study of the fluorescent properties of the algae (Johnsen
et al., 1992). Some carotenoids are indicators of a particular phytoplankton group, for
example, the pigment peridinin indicates the presence of dinoflagellates (e.g. those
which are from red tides), while fucoxanthin is associated with the diatoms and
chrysophytes (Jeffrey et al., 1975).

Millie et al. (1997) studied major pigments (marker pigments) from globally
important toxic dinophyceae (dinoflagellates) and prymnesiophyceae; these classes are
also commonly found in the Menai Strait. They found that dinoflagellates, of the
Gymnodinium sp. contain chlorophyll a, ¢,, ¢3, fucoxanthin, 19’-hexanoyloxyfucoxanthin,
19’-butanoyloxyfucoxanthin, diatoxanthin, dinoxanthin, gyroxanthin-diester, and [3-
carotene, while other dinoflagellates, Dinophysis sp., contain chlorophyll a, c,, peridinin,
diatoxanthin, dinoxanthin, [3-carotene. The prymnesiophyceae, Phaeocystis pouchetii
contains chlorophyll a, ¢, ¢;, fucoxanthin, 19°-hexanoyloxyfucoxanthin, 19°-

butanoyloxyfucoxanthin, diatoxanthin, dinoxanthin, and [3-carotene.

The third pigment group, the phycobilins, exist in the cyanobacteria
(cyanophyceae), red algae (thodophyceae) and some flagellates of the class
cryptophyceae (Vernet et al., 1989; Smith, 1999). There are three classes of phycobilins:
phycoerythrins, phycocyanins and allophycocyanins. Phycoerythrins is red in colour
with the main absorption peaks between 510 nm and 590 nm while phycocyanins and
allophycocyanins are blue in colour with the absorption peaks around 600 nm and 640
nm respectively (Figure 2.5) (Kirk, 1994; Lalli and Parsons, 1997). Absorption spectra

of chlorophyll a, one of carotenoids, fucoxanthin and phycobilins; phycocyanin and
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phycoerythrin, are presented in Figure 2.5.

Allophycocyanin and one or other of the phycocyanins occur in all red and
blue-green algae. Phycoerythrin is mostly present in the red algae but is frequently
absent in the blue-green algae. While phycoerythrin constitutes most of the phycobilins
present in the red algae, phycocyanin, or less commonly phycoerythrin, is the major
component. Allophycocyanin is nearly always a minor component in the phycobilins
(Kirk, 1994).

The major pigments present can be identified using different absorption spectra
of individual phytoplankton species as different species of photosynthetic
phytoplankton contain different accessory pigments and produce a characteristic
absorption spectra. Therefore, by using these bio-optical differences between the light
absorption spectra, the major species during the phytoplankton bloom can be anticipated
(Johnsen et al., 1994).

High Performance Liquid Chromatography (HPLC) analysis is commonly
applied to identify minor accessory pigments, which are difficult to identify and
quantify from absorption spectra (Wright et a/., 1991). An array of chlorophylls and
carotenoids which can be used as biological markers for algal groups, can be separated
giving 50 chlorophylls, carotenoids and their derivatives (Wright er al., 1991).
Absorption signatures of the chlorophylls are generally observed in the blue (400-500
nm) and red (580-700 nm) region of the spectrum. The carotenoids absorb mainly
between 450-550 nm (Johnsen ef al., 1992), while the phycobilin pigments absorb in the
green to orange (480-600 nm) (Bidigare ef al., 1987).

Photosynthetic pigments re-emit some portion of absorbed radiation, called

fluorescence. Chlorophyll fluorescence occurs at a longer wavelength in the red region
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of the spectrum between 682 and 688 nm (Boxall ez al., 1993) while the phycobilins
fluoresce in the green between 560 and 570 nm (Wood et al., 1998). Natural chlorophyll
fluorescence measurements are highly correlated with photosynthesis. Although there is
variation between fluorescence and pigment concentration due to the size and species of
the organism, chlorophyll fluorescence provides valuable information, such as the
physiological state of algae (Prezelin and Boczar, 1986). Chlorophyll fluorescence
occurs in the red region at wavelengths where the reflectance due to SPM has decreased,
i.e. the SPM does not interfere with the fluorescence signature for the detection of
photosynthetic phytoplankton. On the contrary, the presence of CDOM can enhance and
exaggerate the chlorophyll-derived fluorescence signatures. As Figure 2.1 shows, the
absorption curve of SPM increases in the region of chlorophyll fluorescence peak at 685
nm. However, the absorption coefficient of CDOM at 685 nm is negligible. Therefore, if
there is a CDOM presence in the water, it will enhance the chlorophyll-derived
fluorescence peak as it might emit strong reflectance signals at the same wavelength as
chlorophyll fluorescence, suggesting a higher than actual level of chlorophyll biomass

(Kirk, 1994).

2.5 Absorption spectra of sea water and other constituents

The light is scattered and absorbed by the sea water and the suspended and dissolved

materials. The contribution of the light absorption by constituents apart from

phytoplankton are described in this section.
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2.5.1 Pure sea water

Pure sea water absorbs light weakly in the blue and green region of the spectrum
(Figure 2.6). The absorption increases greatly after a wavelength at 550 nm in the red
region. At a wavelength 680 nm, 1 m depth of sea water absorbs 35% of incident light
(Kirk, 1994). Morel and Prieur (1977), Smith and Baker (1981) and Pope and Fry
(1997) studied inherent optical properties of pure sea water and measured its absorption

and scattering coefficients.

2.5.2 Suspended particulate matter (SPM)

As the sources of sediment tend to be diverse due to varying colour and size, it is
difficult to produce a characteristic absorption spectra for SPM. Nova et al. (1989)
tested various types of sediment to define the relationship between reflectance and SPM.
They found that a narrow reflectance signature might be detected at the wavelength
corresponding to the colour of sediment. Figure 2.1 shows the specific absorption curve

of SPM.

2.5.3 Coloured dissolved organic matter (CDOM)

CDOM absorbs the light mainly in the blue wavelengths (See Figure 2.1). The

absorption by CDOM is described by an exponential function (Morel and Prieur, 1977,

Bricaud et al., 1981).
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a(?) = Cexp(-0.014.0) (2.18)

where a(4) is the absorption at wavelength, 4, and C is a constant.

As CDOM fluoresces over the entire visible spectrum, fluorescence by CDOM

enhances the red peaks of the phytoplankton fluorescence spectrum.

CDOM is produced more rapidly in coastal waters than in the open sea as the input of
freshwater accelerates phytoplankton decay. CDOM is inversely proportional to the
salinity of the water. In oceanic waters, CDOM is produced by the algal cell degradation,
which is a long-term biological activity. (Blough and Vecchio, 2002; Nelson and Siegel,

2002)

2.6 Algorithms for phytoplankton biomass

As chlorophyll a is the major pigment present in all photosynthetic phytoplankton, it
can be used as a measure of the phytoplankton biomass (Gordon and Morel, 1983).
Chlorophyll @ absorbs light strongly in the red and blue portions of the spectrum. The
absorption spectra of chlorophyllous pigments is shown in Figure 2.1 and chlorophyll @
is in Figure 2.4.

The measurement of chlorophyll a is based on the colour ratio between blue
(443 nm) and green (555 nm). If there is a high concentration of chlorophyll (more than
1.5 mg m’), the blue channel at 443 nm yields very low water-leaving radiance due to
the high absorption. A channel near 500 nm, which is the region of high carotenoid and
low chlorophyll @ absorption, can substitute for the blue channel at 443 nm. A

regression between the log of the chlorophyll concentration, C, and colour ratio is used
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to estimate the phytoplankton biomass (Gordon and Morel, 1983),

C=A(R/R)” (2.19)

where R is the reflectance at waveband X and Y, and 4 and B are constants derived from
sea truth data. Reflectance, R, may be substituted for irradiance, £, or the subsurface
radiance, L, as spectral ratios are used. The algorithms given below are an example for

case 1 waters (Gordon et al., 1983),

C=1.13 (L (443 L (5505 (C<1.5mgm™) (2.20)

C =3.326(Lg(520)/ Ly (550))**°  (C>1.5mgm™) (2.21)

These algorithms are based on in-situ data from the Mid-Atlantic Bight, and have been
used in Coastal Zone Color Scanner (CZCS) data processing for case 1 type waters. It is
possible to retrieve chlorophyll concentrations from optical measurements in case 2
waters. However site and time specific in situ measurement are required to calibrate the
data (Mitchelson ef al., 1986). Water types were classified into two cases by Morel and
Prieur (1977) in which case 1 waters are those where the optical properties are
dominated by biological matter, i.e. by the presence of phytoplankton and its associated
degradation products, and case 2 waters are those where the optical properties are
dominated by the presence of SPM or CDOM. Mueller and Austin (1995) define case 1
waters as those that have high phytoplankton concentrations relative to other particles,

so that phytoplankton pigments are the major constituent in light absorption. In case 2
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waters, inorganic particles are dominant, and pigment absorption is of comparatively
minor importance. For both water types, CDOM is present in variable concentrations
and also contributes to total absorption.

Sathyendranath ef al. (1994) developed multiwavelength algorithms based on
SeaWiFS channels to investigate chlorophyll @ concentration in the New York Bight.
The chlorophyll fluorescence peak at 685 nm has also been used to study surface
chlorophyll distribution. Forrest and Neil (1994) used a narrow bandwidth between 673
nm and 685 nm to detect chlorophyll @ fluorescence in the Tennessee River in the
United States. An algorithm using the chlorophyll ¢ fluorescence obtained using the
Compact Airborne Spectrographic Imager (CASI) in the Barkley Sound on the west
coast of Canada was used by Gower and Borstad (1990). The form of the algorithm is:

(A~ 42
Fluorescence Line Height (FLH) = (Ly-LJ)-(————— )x (Lo — L) (2.22)
(Aa- A0)
where L, is the water-leaving radiance in channel @, b and ¢ and A is the central
wavelength of channel a, b and c¢. The bands a, b, and ¢ are; Band a: 659-673nm, Band
b: 673-687nm, and Band c¢: 713-718nm. Using regression analysis, the chlorophyll a
concentration can be estimated from its fluorescence signals as chlorophyll a
fluorescence signal with in-situ chlorophyll a data is comparable by linear relationship

(Gower, 1979).

2.7 Determination of phytoplankton groups

Pigments are used as diagnostic markers for distinguishing the various classes of
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phytoplankton (Hooks et al., 1988). The presence or absence of the major accessory
pigments in natural waters provides valuable information on the composition of
photosynthetic phytoplankton. The pigment composition results in a characteristic
colour, which can be measured using absorption spectra and spectral reflectance
signatures. Using algal absorption and reflectance spectra, the phytoplankton group
specific optical algorithm might be developed from the various combination of band
ratio. Ocean colour satellites, such as SeaWiFS (Sea-viewing Wide Field-of-view
Sensor), and dedicated in-water instruments have bands, tuned particularly to the
accessory pigment absorption; chlorophylls: 400-500 nm, carotenoids: 450-550 nm, and
phycobilins: 480-600 nm. With suitable band selection for remote sensing sensors, the
major phytoplankton groups in the natural environment may be distinguishable where
there is a large proportion of a particular group in the population (Millie ef al., 1995;
1997), e.g. during bloom conditions.

High Performance Liquid Chromatography (HPLC) analysis has made it
possible to correlate the accessory pigments with the major phytoplankton groups. The
presence of major marker pigments can indicate the algal types. Table 2.1 shows the
major pigments, which distinguish specific algal groups. However, there are a few
exceptions to the general pigment patterns. For example, peridinin, a marker pigment
for dinoflagellates, is not found in all dinoflagellate species (Barlow ef al. 1993). One of
the dinoflagellates, Gyrodinium aureolum, contains 19°-hexanoyloxyfucoxanthin as
main carotenoid (Barlow ef al. 1993). Johnsen et al. (1994) used HPLC analysis to
determine the spectral light absorption characteristics of 31 species of phytoplankton
and identified phytoplankton classes during blooms using in sifu bio-optical

measurements at 3 to 5 appropriately chosen wavelengths.

33



Chapter 2

Table 2.1 Summary of major signature pigments for algal types (after Everitt ez al., 1990; Paerl and Millie,
1991; Barlow et al ., 1993; Weaver and Wrigley, 1994 ).

Pigment Phytoplankton Group
Chlorophylls
Chlorophyll @ Sole chlorophyll in cyanobacteria; can be used in proportion

to chl b and c in other groups

Chlorophyll & Green flagellates (chlorophytes, prochlorophytes,
prasinophytes, and euglenophytes)
Chlorophyll ¢; Chrysophytes and diatoms

Chlorophyll ¢,

Dinoflagellates, cryptophytes and some diatoms

no accessory chlorophyll

Cyanobacteria

Carotenoids
Peridinin Dinoflagellates (most)
Alloxanthin Cryptophytes
Fucoxanthin Diatoms, prymnesiophytes, some dinoflagellates
Prasinoxanthin Prasinophytes
Zeaxanthin Prochlorophytes, cyanobacteria
Lutein Chlorophytes
19’-hexanoyloxyfucoxanthin Prymnesiophytes
19’-butanoylfucoxanthin Chrysophytes

Beta-carotein In all groups, proportions vary

Phycoblins
Allophycocyanin Cyanobacteria
Phycocyanin Cyanobacteria
Phycoerythrin Cyanobacteria

2.8 Ocean colour sensors

The Multispectral Scanner (MSS) on board the Landsat series of satellites and the
Thematic Mapper (TM), which succeeded the MSS, are the earliest instruments to
measure ocean colour from space. Landsat D, launched in 1982, carried an MSS scanner
as well as TM. As they had few broad wavelength bands, they had a limited capability
to measure the radiance of the ocean, being designed to detect radiance changes on the
land.

The Coastal Zone Color Scanner (CZCS) was the first designated instrument to
acquire ocean colour data from space, from 1978 to 1986. The CZCS had four visible

spectral bands specifically formulated for the detection of chlorophyll. The bandset of
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visible radiometry was as follows band 1 (433-553 nm) to observe chlorophyll
absorption, band 2 (510-530 nm) to observe chlorophyll concentration, band 3 (540-560
nm) to observe CDOM, and band 4 (660-680 nm) to observe chlorophyll absorption
(Gordon and Morel, 1983). There was also a near infrared band at 750 nm (band 5) and
an infrared band at 11.5 um (band 6) which were designed to detect the surface
vegetation and temperature respectively. The CZCS clearly demonstrated the feasibility
of determining phytoplankton pigment concentration from remotely-sensed data as the
data has been used for the development of algorithms through the determination of the
relationship between water-leaving radiance and pigment concentration (Gordon et al.,
1983). The sensor had a daily repeat pattern over the same ground point and a spatial
resolution of 825 m.

The Advanced Very High Resolution Radiometer (AVHRR), which is on board
the NOAA (National Oceanic and Atmospheric Administration) polar orbiting satellite,
has five wavebands in the visible and infrared. This has a spatial resolution of 1.1 km
and has provided data on bright phytoplankton blooms. The AVHRR sensors can not
offer spectral information as they have a single broad band for ocean colour at the red
end of the visible spectrum.

The Sea-viewing Wide Field-of-view Sensor (SeaWiFS) was launched in 1997.
SeaWiFS has extra bands which offer great benefit for the development of multiband
algorithms compared with the bandset of CZCS (Hooker e al., 1992). The bandset of

the instrument and major parameters are given in Table 2.2.
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Table 2.2 The bandset of SeaWiFS ocean colour sensor. (from Hooker ef al., 1992)

Band Wavelength Saturation Radiance Scientific Observation
(nm) (mW cm™ pm™ st™h)
1 402-422 13.63 CDOM and turbidity
2 433-453 13.25 Chlorophyll absorption
3 480-500 10.50 Chlorophyll and other pigment concentrations
- 500-520 9.08 Chlorophyll and other pigment concentrations
5 545-565 7.44 Chlorophyll baseline (absorption minimum)
6 660-680 4.20 Chlorophyll absorption
7 745-785 3.00 Oxygen absorption and vegetation
8 845-885 2.13 Aerosols, water vapour and vegetation

The selection of SeaWiFS bands was based on previous sensors, especially the CZCS
and the spectral absorption characteristics of in-water optical constituents. Figure 2.6
shows the bandset of SeaWiFS and absorption spectrum of chlorophytes, diatoms,
gelbstoff (CDOM), and pure sea water, a phycobilin pigment (phycoerythrin). As
absorption curves between chlorophytes and diatoms are different in the SeaWiFS
channels at 3 (490 nm), 4 (510 nm), 5 (555 nm), and 6 (670 nm), the reflectance
signatures between these two groups are also expected to be different at these channels.
Various combination of bands, for example between 443 nm to 510 nm, and 490 nm to
510 nm will derive distinct ratios of reflectance value between chlorophytes and
diatoms due to the difference of their absorption (Hooker et al., 1992). The SeaWiFS
sensor has a nadir resolution of 1.1 km for LAC (Local Area Coverage) and 4.6 km for
GAC (Global Area Coverage; GAC =4 x LAC). The swath width at the equator is 2801
km for LAC and 1502 km for GAC.

The Moderate-resolution Imaging Spectroradiometer (MODIS) on board the
Terra and Aqua satellites and the Medium Resolution Imaging Spectrometer (MERIS),
which was launched on the Envisat platform in 2001, have a number of advantages over
SeaWiFS.

Terra MODIS, launched in December 1999, is viewing the entire Earth's surface
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every 1 to 2 days, acquiring data in 36 spectral bands (Esaias, ef al., 1998). From these
bands, ocean colour, Sea Surface Temperature (SST) and atmospheric parameters can be
observed simultaneously. The full bandset of Terra MODIS is given in Table 2.3 (Esaias,
et al., 1998). Particular interests for the relationship between in-water optical properties
and reflectance signature to build phytoplankton group specific algorithms can be
studied from bands 8 to 16. The MODIS sensor has a nadir resolution of 250 m (bands
1-2), 500 m (bands 3-7), 1000 m (bands 8-36) and a swath width of 2330 km.

The MERIS has high spectral and radiometric resolution and a dual spatial
resolution, 1.2 km globally and 300 m regionally. Thus, MERIS can be useful to acquire
accurate data for small patches of bloom and near-shore environments (Rast, ef a/.,
1999). One of the most outstanding features of MERIS is the programmability of its
spectral bands. There are 15 wavebands that can be programmed in width and location
(Table 2.4). The specific channels can be constructed from the programmable bands to
observe specific phenomena, such as red tides, through their absorption feature near 520

nm.
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Table 2.3 The bandset of Terra MODIS (Bands 1 to 19 are in nm; Bands 20 to 36 are in pm) (from Esaias,

etal., 1998)

Primary Use Band Bandwidth Primary Use Band Bandwidth
Land/Cloud/Aerosols 1 620 - 670 Surface/Cloud 20 3.660 - 3.840
Bonsdacies 2 |841-876 omperate 21 3.929 -3.989
2 3.929-3.989
Land/Cloud/Aerosols R 459 - 479 e
i 23 4. -4
Rt 545 - 565
4
1230 - 1250 Atmospheric 24 4433 -4.498
5
1628 - 1652 Tmpessbus 25 4.482 -4.549
6
2105-2155
"
Cirrus Clouds 26 1.360 - 1.390
Wicses Vapor 27 6.535 - 6.895
Ocean Color/ 405 -420
Phytoplankton/ 3 55 4% 28 7.175 -7475
Biogeochemistry -
O 1483-493
10 . Cloud Properties 29 8.400 - 8.700
526 - 536
546556 Ozone 30 9.580 - 9.880
2 le62-672
13 Surface/Cloud 31 10.780 - 11.280
673 - 683
» RITgRRERS 32 [11770-12270
743 - 753
15 lg60-877 Cloud Top 33 13.185 - 13485
16 altinds 34 13.485 - 13.785
35 13.785 - 14.085
Atmospheric 17 [890-920 36 14.085 - 14.385
el 18 |931-941
19 |915-965

Table 2.4 The bandset of MERIS (from Rast, ez al., 1999)

Band | Band centre Bandwidth | Scientific Observation
(nm) (nm)
1 412.5 10 CDOM, turbidity
2 442.5 10 Chlorophyll absorption maximum
3 490 10 Chlorophyll, other pigments
4 510 10 Turbidity, suspended sediment, red tides
5 560 10 Chlorophyll reference, suspended sediment
6 620 10 Suspended sediment
7 665 10 Chlorophyll absorption
8 681.25 1.5 Chlorophyll fluorescence
9 705 10 Atmospheric correction, red edge
10 753.75 1.5 Oxygen absorption reference
11 760 2.5 Oxygen absorption R-branch
12 775 15 Aerosols, vegetation
13 865 20 Aerosols corrections over ocean
14 890 10 Water vapour absorption reference
15 900 10 Water vapour absorption, vegetation
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SPECIFIC ABSORPTION COEFFICIENT

400 500 500 700
WAVELENGTH (rim)

Figure 2.1 Normalised specific absorption spectra of
chlorophyllous pigments a_*(1) (—-—), non-chlorophyllous
particles (SPM) a,*(4) ( ) and yellow substance
(CDOM) a *(4) ( -—-) (Prieur and Sathyendranath, 1981).
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* Figure 2.2 (a) absorption spectra of 10 phytoplankton species after
acetone extraction (dashed line). Solid and dotted lines are intact
cells and computed spectra, respectively (Bricaud et al., 1988).
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Figure 2.2 (b) absorption spectra of 6 classes for intact cells in
suspension. (Bricaud et al., 1988)
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Figure 2.3 absorption spectra of five species (source Sathyendranath,
1981)

42



400 450 500 550 800 850 700 750
' wavelength {nm)

Figure 2.4 Weight-specific absorption coefficients (a*(1), m? mg”) of
major pigments found in marine phytoplankton - chlorophyll a, b, ¢, and
photosynthetic and photoprotectant carotenoids (Bidigare et al., 1990).
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Figure 2.5 the absorption spectrum of chlorophyll a (a) and the
accessory pigments fucoxanthin (carotenoid), and phycocyanin and
phycoerythrin (phycobilins) (b) (Lalli and Parsons, 1997).
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Figure 2.6 The SeaWiFS bands and spectral absorption characteristics
of some in-water optical constituents (Hooker et al., 1992).

45



Chapter 3

3. METHODOLOGY

3.1 Introduction

This chapter details the methodology and measurement techniques to be used in this
project. /n situ optical data were collected to measure absorption and remote sensing
reflectance of phytoplankton with water samples for taxonomic analysis from the 25" of
May 2001 to the 21* of October 2002 in the Menai Strait and from five cruises around
the UK. Shelf Seas (Table 3.1). The total pigment (chlorophyll ¢ + phacopigments) was
measured fluorometrically while the accessory pigments which represent major group of
phytoplankton, fucoxanthin (diatoms), peridinin (dinoflagellates), 19’
hexanoyloxyfucoxanthin (prymnesiophyceae) and chlorophyll 4 (green flagellates) were
measured using High Performance Liquid Chromatography (HPLC). Table 3.1 shows
the period of each cruise and Menai Strait sampling, and measurements made from

studies. Maps of areas of study and sampling stations are presented in figure 3.1 a-e.

Table 3.1 Sampling details: Number of samples taken from five cruises between 2001 and 2002, and from
Menai Strait. Number of samples processed for chlorophyll a using fluorometer, marker pigments
including chlorophyll ¢ using HPLC and absorption spectra, microscopic taxonomy data for cell
identification, and reflectance radiance signature are on the lists.

fluoro
metric | HPLC
No. of 19’ Cell
Cruises periods samples chla! | peri® fuco® hex * Chib®  chla phaeo a° a*C’ | ID* R’
23/04-
Clyde Sea 27/04/01 52 42 42 42 42 42 42 48 14
06/08-
Irish Sea 1 10/08/01 54 54 54 54 54 54 54 54 16 54 16
26/11-
Irish Sea 2 30/11/01 65 65 60 60 60 60 60 60 19 64 19
02/04-
Irish Sea 3 05/04/02 95 95 95 95 95 95 95 95 28 95 28
13/07-
Celtic Sea 20/0702 148 148 148 148 148 148 148 148 44 148 44
25/05/01-
Menai Strait 21/10/02 27 27 27 27 27 27 27 27 19 27 19

1 chlorophyll a; 2 peridinin; 3 fucoxanthin; 4 19" hexanoyloxyfucoxanthin: 5 chlorophyll b; 6 phaeophytin a; 7 absorption spectra; 8 cell

identification; 9 remote sensing reflectance measurement
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3.2 CTD profiles

During the cruises on R. V. Calanus (the Clyde Sea) and R.V. Prince Madog (the Irish

Sea and the Celtic Sea), water samples were taken at two depths at most stations, with
the sampling depth chosen based upon the CTD (conductivity, temperature and depth)
profile. These depths were chosen where thermal stratification might occur, and under
the thermal stratification. 30 litres of water were taken at each of two depths using the

CTD rosette sampler. The surface water samples were obtained using a bucket.

3.3 Phytoplankton preservation and microscopic analysis

Water samples were taken for taxonomic analysis. 100-125 ml was immediately fixed
with a few drops of 0.5 % Lugol’s iodine solution with acetic acid (Willén, 1976). Then,
the samples were stored in capped glass bottles, in the dark at 4 °C

The inverted light microscope was used for cell counting and identification. The
sample bottles were allowed to equilibrate to room temperature and then shaken gently
for even distribution of particles before pouring into settling chambers. Chamber
volumes of 10 ml sample require a settling time of 8 hours (Edler, 1979; Hoek, ef al.,
1995). The cell numbers of individual species were recorded to estimate each taxon and
total phytoplankton population. Most diatom and dinoflagellate species were identified
at the species level, while the rest of classes were classified as flagellates. Following
references used as guides for the phytoplankton identification; these are Sykes (1981),

Sournia (1986), Ricard (1987) and Chretiennot - Dinet (1990).
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3.4 Spectral radiometer measurement

Spectral radiance reflectance signatures, irradiance reflectance, remote sensing
reflectance, attenuation coefficient of downwelling irradiance, and water-leaving
radiance, can be measured using a PRR-600 profiling radiometer (Biospherical
instruments). The PRR-600 measured vertical profiles of in-water downwelling spectral
irradiance, g4, and upwelling spectral radiance, ,, while upwelling irradiance, £, was
measured by inverting the PRR-600 deployment frame. These profiles were normalised
to the surface incident spectral irradiance, which was measured by the PRR-610. The
PRR-600 and PRR-610 have a spectral response of 10 nm bandwidth = 1nm with centre
wavelengths, which coincide to the SeaWiFS bands (Table 2.2). Table 3.2 shows the

waveband selection for the PRR-600 and 610.

Table 3.2 The bandset of PRR-600 and 610. The PRR-600 and 610 irradiance sensors can measure
irradiance of Photosynthetically Active Radiation (PAR), bandwidth ranging 400-700nm. The natural
fluorescence productivity measurement can also be made on the PRR-600 radiance sensor at 683 nm.

Channel PRR-600/610 Irradiance | PRR-600 Radiance sensor
sensor (nm) (nm)
1 412 412
2 443 443
3 490 490
4 510 510
5 555 555
6 665 665
7 PAR 683

Primary optical parameters measured by the PRR-600, £y, £, and L, derive
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irradiance reflectance, R, and remote sensing reflectance, Ry, from the relation
R=E,/ Eg and Rs= L,/ E; respectively (Gordon e al., 1975; Gordon ef al., 1988).
Table 3.3 shows the parameters measured by the PRR-600 and 610 with irradiance and
remote sensing reflectance derived from these parameters. The units of each parameter

are also listed.

Table 3.3 Optical measurements using PRR-600 and 610 with units.

Parameter Unit

Downwelling spectral irradiance (£) W em™ nm'!
Upwelling spectral irradiance (£,) uW cm? nm™
Upwelling spectral radiance () uW cm™ nm™ steradian™

Irradiance reflectance (R) -

Remote sensing reflectance (R,;) steradian”

3.5 Pigment determination

The total pigment (chlorophyll @ + phacopigments) was measured using a Turner design
bench fluorometer. Chlorophyll « measurements provide a useful estimate of algal
biomass, while phacopigment is used as an index of the amount of dead plant material
present. High Performance Liquid Chromatography (HPLC) analysis allows
measurements of individual phytoplankton pigments and determines the pigment
composition of the phytoplankton population. The accessory pigments which represent
major group of phytoplankton, fucoxanthin (diatoms), peridinin (dinoflagellates), 19

hexanoyloxyfucoxanthin (prymnesiophyceae) and chlorophyll 4 (green flagellates) were

measured using HPLC.
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3.5.1 Fluorometric measurement

The concentration of chlorophyll @ and phacopigments were determined with a
fluorometer using the Joint Global Ocean Flux Studies protocols (JGOFS, 1994). Water
samples were taken from niskin bottles into clean polyethylene bottles. 1 to 4 litres of
sea water were immediately filtered on board through a 47 mm GF/F filter with a
nominal pore size of 0.7 um. Filter samples were stored under —20 °C or using liquid
nitrogen at —196 °C. The pigment extraction of filter samples may last in 90 % acetone
from 18 to 72 hours in darkness at 4 °C for complete extraction (Tett, 1987). However,
in this study, the pigment extraction took 4 hours in 90 % acetone in the dark at —20 °C
(JGOFS, 1994). The extraction volume of 5.8 ml was used. However, additional 5.0 ml
acetone can be used to completely submerge 47 mm GFE/F filter in 15 ml centrifuge
tubes (JGOFS, 1994). Samples were sonicated at 0 °C under subdued light. As sample
extracts were vortexed, filters were pressed down to the bottom of the tube with a
stainless spatula. The sample was centrifuged for 5 minutes to separate the extracted
pigment solution from the filter completely.

A Turner Designs Model 10 fluorometer was calibrated every six months with a
commercially available chlorophyll a standard. The chlorophyll a standard was

dissolved in 90 % acetone and measured spectrophotometrically (JGOFS, 1994);

Chl @ = [(Amax - Arsonm) / (E x )] % [1000 mg / 1 g] (3.1)

where Amax and A7sonm are absorbance maximum at 664 nm (for chlorophyll @) and
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absorbance at 750 nm to correct for light scattering, respectively. E is extinction
coefficient for chlorophyll @ in 90 % acetone at 664 nm (87.67 L g cm™) (Table 3.6)
and / is cuvette path length (cm).

The fluorescence of chlorophyll @ and phacopigments were measured by
acidifying the sample with 2 drops of 1.2 M HCI (100 ml HCI in 900 ml de-ionised
water), which converts all the chlorophyll to phacopigments. 90 % acetone blanks were
measured to zero the instrument to give a correction factor. The concentration of
chlorophyll a and phacopigments in the sample were calculated using the equations as
follows (JGOFS, 1994). For coefficients Fy, and K, a minimum of five dilutions of pure

chlorophyll a standards were prepared,

Chl @ = [( Fa/ (Fm-1)] X (Fo- Fa) x Ky x (Ve / Vy) (3.2)

Phaeo = [( Frn / (Fu~1)] X [ (Fru X Fa)—Fo] x Ki x (Ve / Vy) (3.3)

where Fy, is acidification coefficient, the average ratio between unacidified and acidified
readings of pure chlorophyll @ standards. Fy and F, are fluorometer readings of samples
before and after acidification, respectively. K is linear calibration factor calculated as
the slope of the unacidified fluorometric readings for pure chlorophyll « standards
against the concentrations of chlorophyll a standards measured by spectrophotometer.

V. is the extraction volume and V; is the sample volume filtered.
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3.5.2 High Performance Liquid Chromatography (HPLC) analysis

Pigments contained in phytoplankton, over 50 carotenoids and chlorophylls, can be
separated using the HPLC method (Wright ef /., 1991). Measurement of the light
absorbing pigment composition allows optical determination of phytoplankton species.
The HPLC method can separate important phytoplankton pigments with detection limits
to the order of 1 ng (Bidigare, 1991; JGOFS, 1994). 1 to 6 litres of water sample were
filtered through 47 mm GF/F filters. Filters were folded in half twice and wrapped in
aluminium foil, and stored in liquid nitrogen (—196 °C) to avoid the formation of
degradation products. The storage of filter samples is important as pigments degrade if
they are stored for long periods in the freezer. A mixture of cultured microalgae stored
under — 20 °C recovers 75 % of the original chlorophyll a after four weeks (Mantoura et
al., 1997). The storage of filter samples under liquid nitrogen is highly recommended as
it preserves and recovers 96 % of pigments from filter samples for up to 328 days
(Mantoura et al., 1997). Frozen filters were extracted in 5.8 ml of 90 % acetone.
Additional 5.0 ml acetone can be used to completely submerge 47 mm GF/F filter in 15
ml centrifuge tubes (JGOFS, 1994). Samples were sonicated at 0 °C under subdued light.
The extraction took 4 hours in the dark at —20 °C (JGOFS, 1994). Samples were then
centrifuged for 5 minutes to remove filter debris. 1 ml of the extract was prepared in the
1.5 ml of vial, and 100 ul was injected into the HPLC system.

The HPLC instrument at the University of Wales, Bangor (UWB) is equipped
with a Tsp AS 3000 automated injector, a Tsp P4000 pump, a reverse phase
chromatographic Phenomenex ODS(2) column (250 x 4.6 mm, Sum particle size) and a

Tsp UV 3000Hr UV/visible detector. The HPLC uses the solvent systems as follows:
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Solvent A: 80:20 methanol : 0.5 M ammonium acetate (aq., pH 7.2 v/v)

Solvent B: 90:10 acetonitrile (210 nm UV cut-off grade) : water (v/v)

Solvent C: ethyl acetate (HPLC grade)

Flow rate is 1 ml min". The gradient systems used are shown in Table 3.4.

The individual peaks on the chromatograms can be identified by comparing the

retention times with pure pigment standards, extracts from algal culture and literature

spectra, for example from Wright ef al. (1991).

Table 3.4 HPLC solvent program.

Time (Min.) | Flow Rate Solvent A (%) Solvent B (%) | Solvent C (%) | Conditions
0.0 1.0 100 0 0 Injection
2.0 1.0 0 100 0 Linear gradient
2.6 1.0 0 90 10 Linear gradient
13.6 1.0 0 65 35 Linear gradient
18.0 1.0 0 31 69 Hold
23.0 1.0 0 31 69 Linear gradient
25.0 1.0 0 100 0 Linear gradient
26.0 1.0 100 0 0 Hold
34.0 1.0 100 0 0 Equilibration

Wright er al. (1991) listed the pigments separated in increasing elution order
with retention time (Table 3.5). Using retention time and the sequence from Table 3.5,
most pigments composition on the chromatograms can be identified. Pigments standards
were obtained commercially to calibrate the HPLC system (Chlorophyll @ and b can be
purchased from Sigma Chemical Co., and fucoxanthin, peridinin, 19’
hexanoyloxyfucoxanthin and phaeophytin a from DHI environmental Co.).
Concentration of pigment standards were measured spectrophotometrically before the
HPLC calibration (JGOFS, 1994);

Cs = [(Amax- A7s0nm) / (£ x [)] x [1000 mg /1 g] (3.4)
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Where Cs is pigment concentration. A, and A7sonm are absorbance maximum of
individual standard pigments and absorbance at 750 nm to correct for light scattering,
respectively. £ is extinction coefficient of individual standard pigments and / is cuvette
path length (in cm). Absorbance maximum and extinction coefficient of pigment
standards are listed in Table 3.6

Pigment standards measured spectrophotometrically were injected onto the
HPLC system to derive standard response factor (Rf). Response factor were calculated

using the equation below (JGOFS, 1994);

Rf=W,/ (As + A) (3.5)

where W is the weigh of standard injected (determined spectrophotometrically). A is
the area of the pigment standard from HPLC reading and A, is areas of structurally
related isomer, if present.

The pigment concentrations in the sample were measured using HPLC as

follows (JGOFS, 1994);

Ci=AxREx (1/Vy) x Vex (1/Vy) (3.6)

where Ci is individual pigment concentration. A is the integrated peak area. Rf is the
standard response factor. Vi, V. and V; are the injected sample volume, extraction

volume and the sample volume filtered, respectively.
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Table 3.5 Elution order of pigments from standard cultures and their visible absorption characteristics

(Wright et al, 1991).

peak  Pigment Raten- Acatone Eiuant
Fow tion time
{min) Maxima (nm) % IH: 11 haxima {nm} ®p {1 114
] {Saivent frant} 2.5h
1 Chiveophyllide b 443 453 558 643
i Caratenold P463" ; 4.50 ) 470,
3 Chlerophyllida a 501 430 577 617
i 663
4 Carotenoid P457° 511 ) 438
5 Chiorophyil &3 538 432 584 62%
fa Chiaraphyil ¢; G440 449 581 629 LT 380 626
gy Chiorophyllei+c; .40 See
gc Mgl 4D 5.40 437 515 625
F Chlorophyll oy + cp+ Myg2.4D 6.40 ..
. Peridinin 742 474 472
g Siphonaxanthia B.11 443 442 (AGG)
g 19'-butanoyloxyfucsxarithin B.11 445 470 44 (415} 444 459 42
10 Fucoxanthin ' 8.70 446 418 {4B8)
it A{rass-neoxanthin 8.1t 4i6 441 470 100
12 §°-cls= 19 ~butanovloxy- 912 440 4654 i3
fucoxanthin
143 Neochrame g2t 400 43 450 o0
4 B cis-neaxanthin 931 413 439 467 83 412 436 466 BB
i3 19'-haexanayloxyluroxanthin 9.31 434 479 48 418 443 469 38
16 eis-fucoxanthin G.1i8 444 (64}
17 cis19°-hexanoyiexy- 9,57
Tucoxantin
18 Unknowt siphopaxanthin-dike 10,12 433
& Prasinoxantlin 10.20 431 430 4?0
20 Phaenphorlyide a 10.39 414 S 313
sy filiy
21 Vialananthin 10.59 CREY) 443 $7 6 416 4417 470 101
23 Phacopharbide a-like” 16042 A1 503 535
‘ B ik
23 Dinaxantlun HLTG 418 LT A7t 86 413 440 470 a7
Zd cig=prasinoxanthin (RN E
25 Unknawn siphandxdanthin-tke 1113 456
8 Diadinaxanthin 11.61 ? b4 448 470 &
27 Diadismehirmme 11 ERE AR (X AL 434 430 76
28 Diadinacfivane 1 11.1 40 I8 &30 7
26 Antheraxanthin 123 (1233 £ 476 57
< |3 Alloxanthin 1281 ERt Ak 41 421 34 S84 61
3 Mandshoxanthan 1274 (4211 PET ] 80 4N
‘a2 Dhetissantlin [RE 434 F A 3 (4341 432 482 kN
33 Lntein 13,44 425 d4r 475 68 {422) 44n 474 64
3 Zeaxanthn 13.5% 134 481 a2 {428) 454 478 1
35 Canthaxanthin i 7% 472
35 ransepeapo-8careionanl Ly 434
36 Kiglurhein 1435 4513, 433 X4
. 3 Chlierophyil & 1313 451 44 i3 456 5 145
S38 ElhyE & apocarstenoate 13.4% 444 Ei Bl ] -
:.39 Crcaxanthin 1587 427) 439 a0 58
40 Chlerophyllrallomer 1587 3 G4 i
41 Chlorophyll « 195,53 312 431 Sni 41 (8 G453
(13131 AR
42 Chturaphiyli g apuner 16.53 71 Gif Hih
43 Echinenone 1474 anl qiid
49 Unknown carotonoid 15,09 420 443 471 3%
43 Lyrapens 17.59 448 474 543 77 434 472 §05 B2y
45 Phacophytin b 17.68 )
47 cis-ycopene 17.84 363, 444 470 502
48 Phavopliylin & 18.54 A GHE 515 408 S04 534 DA 666
H0 #i6
4% 1, Mecarotene 1825 44 493 59 438 452 196 LT
50 £, g-carolenc 18,47 ) ) 415 449 471 a4
51 fle-caratene 18954 447 475 55 14231 444 475 59
32 p.prcaratene. 1B.76 4533 qa4 £3 §37 462 SE i
a2 cis-{}.e-cototane 18,83 14149t 442 370 37
¥ cislh fcarotene 1R.0g 14224 446 470

*Sua Ke ot al. [ 1070} ‘
Following the nomenclatare of Johamsen et al, {1974}
€ Probably pyrophacophorbide & junvariieds
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Table 3.6 The absorbance maximums and recommended extinction coefficients for algal pigments.

Chlorophyllous pigments were prepared in 90% acetone and carotenoids were prepared in 100 % ethanol
(from Bidigare, 1991).

Pigment Absorbance maximums | Extinction coefficients (Litres g
(nm) (solvent) cm™)

Chlorophyll a 664 (90% acetone) 87.67

Chlorophyll 4 647 (90% acetone) 51.36

Fucoxanthin, 449 (ethanol) 160.0

19’ hexanoyloxyfucoxanthin | 447 (ethanol) 160.0

Peridinin 472 (ethanol) 132.5

Phaeophytin a 665 (90% acetone) 49.5

3.6 Measurements of spectrophotometric absorption

1-4 litres of sea water containing phytoplankton particles were filtered through a GF/F
filter. The filter was placed on a microscopic slide which was fixed by a magnet over
the exit window of the spectrophotometer. The particle side of the filter faced the light
source. Few drops of filtered sea water held the wet filters to the glass slide. The
spectrum of the particles on the GF/F filter was scanned from 350 to 750 nm. A wet
GF/F filter with filtered sea water was used as a filter blank (or reference) for all scans.
Blank filters were prepared by soaking in filtered sea water for 20 minutes (Smith,
1999). The reference spectrum was measured by placing two wetted reference filter
blanks using the dual beam spectrophotometer. One was then left in the reference beam
during the sample scans. The absorption of light by particles, a,(A), was derived by the

following relation (Kiefer and SooHoo, 1982; Mitchell and Kiefer, 1984),

ap(A) = (2.3 S/ V) x [(Ap(R) = AdR)) = (Ap(750) — AL(750))] (3.7

where the conversion factor 2.3 is for /n from log;o units. A(L) and A«()) are the sample

and reference absorbances measured by spectrophotometer between 400 and 750 nm.
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A(750) and A(750) are the sample and reference absorbances at 750 nm. S is the solid
area of the filter and V is the volume of water filtered. £ is the path length amplification
factor, which can be calculated using equation 3.9. The value of A,(750) is assumed to
represent loss of light by scattering as phytoplankton pigments do not absorb at this
wavelength. Therefore, subtracting A,(750) from all wavelengths is the correction for
scattering, assuming that it is constant across the spectrum (Bowers ef al., 1996). After
the measurement, the filter sample was de-colourised with 100 % methanol for 30 to 60

minutes (Kishino et al., 1985). The absorption spectra of extracted filter samples, aq(A),

was measured in the same manner as ay()

ad(M) = (2.3 8/ V) x [(Aa(R) = A1) - (Ad(750) — A(750))] (3.8)

where Ag(A) and A1) are the sample and reference absorbances measured by
spectrophotometer between 400 and 750 nm. A4(750) and A(750) are the sample and
reference absorbances at 750 nm. Kishino et al., (1985) calculated the path length
amplification factor, /3, as the ratio between absorption of light by particles on the filter,
ap(M), and absorption of suspended particles, as(A). For three different cultures of
phytoplankton and one field sample, /3 for phytoplankton cells ranged between 2.43 and
4.71 (Kishino et al., 1985). The path length amplification factor 3 for phytoplankton
cells was estimated empirically using a polynomial regression (Mitchell, 1990;

Cleveland and Weidemann, 1993; Mueller and Austin, 1995);

J=Ci+ Ca (Ap(A) - AdM) (39
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where C, and C; are coefficients of polynomial regression. These coefficients were
defined by Cleveland and Weidemann (1993) as C; = 0.378 and C,= 0.523. Using these
coefficients, the absorption spectra of light by particles, ay()), and the absorption
spectra of extracted filter samples, ag(L), can be expressed as follow, assuming that the

absorption by the particles at 750 nm, A(750), is zero;

ag(L) = (2.3 S/ V) x [Cy (Ay(R) = AW) + C2(A(A) — A (MY (3.10)

ag(A) = (2.3 S/ V) x [Ci (Ag(A) — AA)) + C2(Ad(D) — AV (3.11)

The difference between the two readings a,(A) and ag(A) was considered to be the light

absorption related to phytoplankton, a,n(2), (Kishino et al., 1985);

asn(X) = ax(L) — ag() (3.12)

The specific absorption coefficient of phytoplankton, a, (), was determined by
P p paytop ph W\ Y

regressing ap,(A) against the concentration of chlorophyll . the relationship can be

described as follow;

am(A) = apn (A) x Chl @ (3.13)

where Chl « is the Chlorophyll ¢ concentration. The specific absorption coefficient of
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phytoplankton, aph*(k) was used for the direct comparison of absorption spectra between

samples.
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Chapter 4

4. PHYTOPLANKTON POPULATION CHANGES AND PIGMENT

DETERMINATION

4.1 Introduction

This chapter describes the result of microscopic taxonomic analysis to identify and
obtain cell counts for the dominant phytoplankton species present, and the
determination of pigment biomass using HPLC and fluorometric techniques. Samples
were taken from the Menai Strait at the Menai Bridge pier between May 2001 and
October 2002. There were five cruises around the U.K. shelf seas: the Clyde Sea in
April 2001; the Irish Sea in August and November 2001, and in April 2002; and the

Celtic Sea in July 2002. The areas of study are shown in Figures 3.1

4.2 Taxonomic analysis of phytoplankton

Phytoplankton species found at each station are presented in Appendix A. The counts
were used to determine the major phytoplankton groups. Phytoplankton groups found
were divided into three categories; diatoms, dinoflagellates, and the other flagellates.
The other flagellates are indicated as ‘flagellates’ in Appendix A. As diatoms and
dinoflagellates were the predominant groups of phytoplankton and individual flagellate
groups rarely represented a significant proportion of the population from the areas of
study, the rest of phytoplankton groups, such as cryptophytes, prymnesiophytes,
chrysophytes, and cyanobacteria, green flagellates were all combined into a single

group (flagellates). Green flagellates were assumed to include chlorophytes,
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prochlorophytes, prasinophytes, and euglenophytes (Barlow ef al., 1993). The cell
densities of phytoplankton counted for diatoms, dinoflagellates and flagellates for the

areas of study are presented in Figures 4.1-6.

4.2.1 The Menai Strait

In the Menai Strait, apart from diatom and dinoflagellate species, a prymnesiophyte,
Phaeocystis pouchetti and a chrysophytes, Distephanus speculum were the only species
found during the study (Appendix A-1).

The sampling for taxonomic analysis initiated on the 25" of May 2001 when
one of the prymnesiophytes, Phaeocystis pouchetti began to flourish. A seasonal pattern
of algal blooms in the Menai Strait seen in the cell counts (Appendix A-1) suggested
that Phaeocystis pouchetti, which succeeded spring diatom blooms, dominated
phytoplankton composition for extended periods in the early summer in the year 2001
and 2002. The population density of Phaeocystis pouchetti reached over 650 x 10° cells
1"" on the 15™ of June 2001. Skeletonema costatum was the dominant diatom species
from late May to mid June 2001 with various Chaetoceros, Lauderia, Nitzschia and
Thalassiosira species.

Phaeocystis pouchetti’s predominance in the phytoplankton population lasted
until the 2™ of July. There were more than 350 x 10° cells 1" of Phaeocystis pouchetti
and around 480 x 10° cells I"' of diatoms on the 2™ of July (Figure 4.1). There was a
decline in the cell density of diatoms in early summer after the 15™ of June. These
diatoms were Chaetoceros, Skeletonema and Thalassionema species. However other

diatoms such as, Nitzschia and Rhizosolenia species increased during the summer
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bloom in 2001. Their cell densities were around 130 x 10° cells 1" and 8 x 10° cells I
respectively, on the 15™ of June, and 170 x 10° cells I and 100 x 10° cells I"!
respectively, on the 2™ of July (Appendix A-1). Dinoflagellates were found from the 2™
of July 2001. Ceratium species, especially Ceratium furca were a commonly found
dinoflagellates through the summer and autumn of 2001. The population density of
Ceratium species reached over 230 x 10° cells 1" on the 12th of September. The cell
density of phytoplankton decreased dramatically to 14 x 10° cells I"' on the 13th of
December 2001 (Figure 4.1). Diatoms, such as Biddulphia regia, Coscinodiscus lineatus,
and Nitzschia species were found on the 13th of December 2001.

Diatoms require silica in soluble form for wall silicification (Boney, 1989). As a
result, at times of maximum diatom growth in spring, there is a decline in dissolved
silica content. The spring diatom bloom is ended after the depletion of silica in north
temperate waters (Lalli and Parsons, 1997). One of the diatoms, Skeletonema costatum
dominated early spring phytoplankton population in the Menai Strait from February to
mid May 2002. As Skeletonema costatum 1is able to grow with very thin siliceous walls,
this organism appears in great numbers at the early stage of spring algal bloom in
temperate seas (e.g. the Clyde Sea and Southampton Water) (Boney, 1989). The
population density of Skeletonema costatum was 16 x 10° cells I'' on the 22" of
February while it reached 65 x 10° cells 1" on the 17" of May 2002. On the 24" of May,
the population density of Skeletonema costatum began to decrease to 61 x 10% cells 17
The other major diatoms which were present during the early spring bloom were
Nitzschia species, Asterionella glacialis, Fragilaria oceanica and Thalassiosira species.
Nitzschia species were found during the spring bloom, however, higher cell density of

Nitzschia species was observed during the Phaeocystis pouchetti bloom in June. The
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cell density of Nitzschia species reached around 200 x 10° cells 1" on the 7™ of June
2002 and it began to decrease afterwards. The population density of Asterionella
glacialis increased sharply from 10 x 10° cells I on the 22" of March 2002 to 45 x 10°
cells "' on the 12™ of April 2002. The highest cell concentration of Asterionella
glacialis was 95 x 10 cells I on the 3™ of May 2002. Fragilaria oceanica was the
dominant diatom on the 15™ of March. The cell density of Fragilaria oceanica was 47 x
10° cells I"". However it decreased to 15 x 10° cells I in late March. The cell density of
Fragilaria oceanica reached 66 x 10° cells I on the 17™ of May 2002 during the period
of the highest diatom outburst. The population density of Thalassiosira species
increased steadily and reached around 25 x 10° cells I on the 22™ of March 2002. It
decreased below 7 x 10° cells I on the 12™ of April and increased again on the 17™ of
May, reaching around 150 x 10° cells I

The presence of Phaeocystis pouchetti was detected on the 24™ of May 2002.
There were more diatoms than Phaeocystis pouchetti on the 24™ and 31% of May. The
population densities of Phaeocystis pouchetti found on the 24" and 31% of May were
147 x 10° cells I"" and 209 x 10° cells 1" respectively. However, the cell density of
Phaeocystis pouchetti increased sharply over 1100 x 10 cells I, while there was around
600 x 10° cells I of diatoms on the 7™ of June 2002. The cell density of Phaeocystis
pouchetti decreased to 654 x 10° cells I"' on the 21% of June and less than 100 x 10° cells
1" on the 3™ of July, respectively.

During the dinoflagellate bloom between August and September 2002,
Ceratium furca and Ceratium fusus were the predominant dinoflagellates, while
Guinardia flaccida was one of the major diatoms. The population density of Ceratium

species increased from 4 x 10° cells "' on the 3™ of July to 268 x 10° cells 1" on the 19®
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of August. The cell density of diatom, Guinardia flaccida, increased from 10 x 10° cells
1" on the 3™ of July to 182 x 10° cells 1" on the19™ of August 2002. Gyrodinium
aureolum was the second largest group of dinoflagellates on the19™ of August and the
number reached around 90 x 10° cells I

A small population of Distephanus speculum, which is one of the
silicoflagellate, was found between late July and early September 2002. While
dinoflagellates dominated the phytoplankton population on the 19" of August, the cell
density of Distephanus speculum reached around 45 x 10 cells 1. The population
density of phytoplankton decreased below 130 x 10° cells 1" on the 21* of October 2002

with diatoms dominating the population.

4.2.2 The Clyde Sea; April 2001

Commonly found diatoms in the first stages in the spring outburst in March 1973 were
Skeletonema costatum and Thalassiosira nordenskioldii in the Firth of Clyde (Boney,
1989). In the middle of March 1973, Thalassiosira nordenskioldii was more prominent.
However, within a few days the faster growing Skeletonema costatum overtook
Thalassiosira nordenskioldii, reaching maximum numbers (10.7 x 10° cells 1) on the
23" of March, thereafter declining rapidly (Boney, 1989). The decline of spring growth
was reflected in the fall in the levels of nutrients, with that of dissolved silica being
especially decreased (Bold and Wynne, 1985). Species of Chaetoceros, Coscinodiscus
and Biddulphia are also prominent in north temperate coastal localities during the spring
(Bold and Wynne, 1985; Hoek et al., 1995).

The diatoms were the predominant phytoplankton group during the Clyde Sea
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cruise from the 23 to 27" of April 2001 (Figure 4.2). Although, the spring outburst of
Skeletonema costatum and Thalassiosira nordenskioldii were observed to end in March

1973 (Boney, 1989), there was a significant presence of both species during the cruise.

4.2.2.123" April

The Clyde Sea cruise started at the stations ULF1, ULF2 and ULF3 on the 23" of April
(Figure 3.1a). The population densities of Thalassiosira nordenskioldii at ULF3 were
381 x 10% cells I, 1010 x 10° cells 1" and 60 x 10° cells 1, at the depth of 0 m, 5 m and
15 m, respectively, while there was less than 260 x 10° cells "' of Skeletonema costatum
at the surface (Appendix A-2).

More Skeletonema costatum were found than Thalassiosira nordenskioldii at
ULF2. There were 506 x 10° cells 1" of Skeletonema costatum, while there were 146 x
10° cells 1! of Thalassiosira nordenskioldii at the surface of ULF2. There were 436 x
10 cells 1" of Thalassiosira nordenskioldii, while the population densities of other
Thalassiosira species, 1. nitzschoides, and T. mendiolana were 18 X 10° cells 1" and 169
x 10 cells I respectively at the surface of ULF1. The cell density of Skeletonema
costatum at the surface of ULF1 were 469 x 10° cells I”'. The population density of
Coscinodiscus lineatus at the surface of ULF3 and ULF2 were 117 x 10” cells "' and 89
x 10 cells I, respectively, while there was no Coscinodiscus lineatus at the surface at
ULF1.

The higher cell concentrations of 7halassiosira nordenskioldii were found at
the depth of 5 m than at the depth of 0 m at stations ULF3, ULF2 and ULF1. The cell

densities of Thalassiosira nordenskioldii at the depth of 5 m at ULF3, ULF2 and ULF1
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were 1010 x 10> cells I, 232 x 10% cells I'and 584 x 10° cells I, respectively.

4.2.2.2 24™ April

Samples were taken at stations LLF1, IW1 and BS1 on the 24" of April (Figure 3.1a).
The population densities of Skeletonema costatum and Thalassiosira nordenskioldii at
the depth of 10 m were 269 x 10° cells 1! and 334 x 10° cells I, respectively, at LLF1,
while the population densities of Skelefonema costatum and Thalassiosira
nordenskioldii at the surface were 232 x 10° cells 1" and 289 x 10’ cells I, respectively
(Appendix A-2). Chaetoceros species, Detonula confervacea, Navicula species and
Rhizosolenia delicatula were also major diatoms at LLF1. Their population densities at
the depth of 10 m were 89 x 10% cells I, 99 x 10° cells I, 110 x 10% cells 1" and 107 x
10° cells 17, respectively.

The cell density of Skeletonema costatum reached 349 x 10° cells 1" at the depth
of 5 m at IW1, while the cell density of Thalassiosira nordenskioldii was below 90 x 10°
cells I'". The cell density of Paralia sulcata at the depth of 5 m were 156 x 10° cells 1 at
IW1, while the cell density of Chaetoceros species at the depth of 40 m reached 117 x
10° cells 1.

There were over 310 x 107 cells "' of Thalassiosira nordenskioldii at the surface
at BS1, while there were 143 x 10° cells I'' of Skeletonema costatum. The population
density of Thalassiosira nordenskioldii were 175 x 10° cells I at the depth of 15 m, and
18 x 10° cells 1" at the depth of 45 m at BS1. The cell density of Navicula species
reached 112 x 10° cells "' at the surface of BS1, while the cell density of Detonula

confervacea was around 60 x 10° cells I at the depth of 15 m. One of the
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dinoflagellates, Ceratium furca was found at the surface of LLF1 and BS1. There were

13 x 10° cells I'! and 8 x 10° cells I, respectively.

4.2.2.3 25" April

Samples were taken at stations CE5, CE4, CE3 and CE2 on the 25" of April (Figure
3.1a). Station CES was sampled twice at 0916 BST and 0955 BST. At CES, there was a
decrease in the cell density of Skeletonema costatum from 563 x 10° cells 1" at 0916
BST to 482 x 10° cells I at 0955 BST at the surface, whereas there was a slight increase
in the cell density of Thalassiosira nordenskioldii from 125 x 10° cells 1" at 0916 BST
to 149 x 107 cells I at 0955 BST at the surface (Appendix A-2). The population density
of phytoplankton decreased from 1610 x 10° cells "' at 0916 BST to 1440 x 10° cells I
at 0955 BST at the surface of CES (Figure 4.2).

The population density of Skeletonema costatum at the surface of CE4, CE3
and CE2 were 386 x 10° cells "', 430 x 10° cells I, and 227 x 10° cells I”! respectively,
while the population density of Thalassiosira nordenskioldii at the surface of CE4, CE3
and CE2 were 289 x 10° cells 1", 141 x 10° cells I, and 329 x 10° cells I}, respectively.
The cell density of Lauderia annulata reached 177 x 10° cells "' at the depth of 12 m at
CEA4, while the cell density of Rhizosolenia delicatula was around 100 x 10° cells I”' at
the surface. The population densities of Bacillaria paxillifera , Coscinodiscus lineatus
and Lauderia annulata at the depth of 5 m were 100 x 10° cells 1, 96 x 10° cells I, and
91 x 10° cells I"', respectively at CE3.

There was an increase in the population density of dinoflagellates at stations

CE4 and CE3. The cell density of Ceratium furca at the depth of 12 m at CE4 and at the

73



Chapter 4

depth of 5 m at CE3 were 86 x 10° cells 1", and 29 x 10° cells I, respectively, while the
cell concentrations of Gyrodinium species at the surface at CE4 and CE3 reached 120 x
10% cells "', and 63 x 10° cells 1, respectively. The population densities of Chaetoceros
species, Detonula confervacea and Melosira moniliformis at the surface of CE2 were 87

x 10% cells "', 50 x 10% cells 1", and 71 x 10° cells I"', respectively.

4.2.2.4 26™ April

Samples were taken at stations LS3, LS2, LS1 and RB1, LR1on the 26" of April (Figure
3.1a). The population densities of Skeletonema costatum at the surface increased
seaward, being 203 x 10” cells I"', 279 x 10 cells 17, 428 x 10” cells "', and 639 x 10
cells 1" at LS3, LS2, LS1 and RB1, respectively (Appendix A-2). The population
densities of Coscinodiscus lineatus, Lauderia annulata and Nitzschia species at the
surface of LS3 were 86 x 10° cells 1™, 83 x 10% cells 1, and 82 x 10° cells 1" respectively,
while the population density of Thalassiosira nordenskioldii reached 117 x 10° cells I

At LS2, the cell densities of Skeletonema costatum and Thalassiosira
nordenskioldii at the depth of 20 m was larger than at the depth of 5 m. Their population
density were 407 x 10° cells "', and 175 x 10° cells I respectively, at 20 m, and, 83 x
10% cells I, and 86 x 10° cells 1! respectively, at 5 m. The cell density of Minidiscus
trioculatus at the depth of 20 m at LS2 was 141 x 10” cells 1", while the cell density of it
at the surface was 29 x 10° cells I\, In addition, there were 83 x 10° cells I"! of
Chaetoceros species and 112 x 10° cells I of Detonula confervacea at the surface at
LS2.

The population density of Skeletonema costatum at 10m at LS1 reached 696 x
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10° cells 1", while the population density of Thalassiosira nordenskioldii was 378 x 10°
cells I'". The population densities of Chaetoceros species, Ditylum brightwellii and
Melosira moniliformis at the depth of 10 m at LS1 were around 60 x 10 cells I
respectively, while the population density of dinoflagellates, Gyrodinium species, was
47 x10% cells 1"

The largest population density of Skeletonema costatum was found at RB1 at
the depth of 7 m, with the cell concentration reaching 814 x 10° cells 1" on the 26™ of
April. The cell densities of Asterionella kariana and Chaetoceros species at the surface
of RB1 reached around 60 x 10° cells I"' respectively, while the cell density of
Minidiscus trioculatus was 83 x 10° cells I'. The cell densities of dinoflagellates at the
depth of 0 m, 7 m and 20 m at RB1 were 65 x 10* cells I, 128 x 10° cells I, and 55 x
10% cells I respectively.

At LR1, there were around 232 x 10 cells 1", and 271 x 10° cells 1" of
Skeletonema costatum at the surface and 10 m, respectively, while there were 279 x 10°
cells 1", and 313 x 10° cells 1" of Thalassiosira nordenskioldii, respectively. The cell
density of Chaetoceros species reached 84 x 10° cells 1" at the surface of LR 1, while the
cell densities of Ditylum brightwellii, Lauderia borealis and Paralia sulcata were

around 55 x 10 cells I respectively at the depth of 10 m.

4.2.2.5 27" April

Samples were taken at stations WK1 and IW2 on the 27™ of April. The cell densities of
Skeletonema costatum and Thalassiosira nordenskioldii at the depth of 15 m at WK1

were 401 x 10° cells I, and 269 x 10 cells 1" respectively, while their cell densities at
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the depth of 10 m at IW2 reached 389 x 10° cells I, and 282 x 10° cells I"' respectively
(Appendix A-2). The population density of Thalassiosira nordenskioldii at the surface
of IW2 was higher than at the surface of WK1. The cell densities of Thalassiosira
nordenskioldii were 386 x 10 cells I"' at the surface of IW2 and 31 x 10 cells I at the
surface of WK1, respectively. However, the cell density of Skeletonema costatum at the
surface of WK1 (316 x 10° cells I'') was larger than at the surface of IW2 (172 x 10
cells 1. The population densities of Chaetoceros species and Fragilaria species at 15
m at WK1 were 112 x 10° cells I, and 60 x 10° cells I"! respectively, while their cell
densities at 10 m at IW2 were 83 x 10 cells I”', and 57 x 10° cells 1" respectively. The
population density of dinoflagellates at 15 m at WK1 was 120 x 10 cells "' (Figure 4.2).
There were 81 x 10° cells I'' of Gyrodinium species and 39 x 10° cells 1" of Ceratium

furca at 15 m at WK1.

4.2.3 The Irish Sea; August 2001

A mixed population of diatoms and dinoflagellates was observed during the Irish Sea
cruise from the 6th to 10th of August 2001 (Figure 4.3). Diatoms, such as Detonula
confervacea and Rhizosolenia species were found from Liverpool Bay to the western
Irish Sea through the cruise, whereas Leprocylindrus danicus was mainly found in the
western Irish Sea. One of dinoflagellates, Gyrodinium aureolum was found in the
eastern Irish Sea, while other dinoflagellates, such as Ceratium species and Noctiluca
scintillans were found at all sampling stations during the cruise.

Previous works showed that Leprocylindrus danicus and Rhizosolenia

delicatula were the dominant diatoms during the summer in the Irish inshore water
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(Hallegraeff, 1993; McKinney ef al., 1997), while a dinoflagellate, Gyrodinium
aureolum was reported in the inshore water of south-east Liverpool Bay (Helm ez al.,

1974).

4.2.3.1 6™ August 2001

The cruise worked a line of stations (1, 2 and 3) on the 6™ of August 2001 from Red
Wharf Bay along the coast of North Wales to Liverpool Bay (Figure 3.1b). Rhizosolenia
shrubsolei was the dominant diatom at station 1, with the population densities of 26 x
10% cells "' at the surface, and 47 x 10° cells 1" at the depth of 10 m, respectively
(Appendix A-3). The population density of Coscinodiscus lineatus at the surface of
station 1 was 23 x 10 cells 1", while that of Detonula confervacea was 16 x 10° cells 1.
The dominant dinoflagellates at station 1 were Ceratium furca and Gyrodinium
aureolum, with a population density of 21 x 10° cells 1", and 18 x 10 cells I at the
surface, respectively.

The population density of Rhizosolenia setigera at the surface of station 2 was
34 x 10° cells I"', while the population density of Rhizosolenia delicatula was 23 x 10°
cells I''. The population densities of Chaetoceros danicum, Coscinodiscus species and
Rhizosolenia shrubsolei at the depth of 7 m at station 2 were 15 x 10° cells 17, 23 x 10°
cells I, and 16 x 10’ cells I"' respectively. Ceratium species were the dominant
dinoflagellates at station 2. There were 31 x 10° cells I of Ceratium furca, 21 x 10
cells I'' of Ceratium fusus, and 13 x 10° cells I of Ceratium lineatum, respectively at 7
m at station 2. The cell densities of other dinoflagellates, Gyrodinium aureolum and

Prorocentrum micans were 10 x 10° cells I and 16 x 10° cells 1! respectively, at the
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surface, and 18 x 10° cells I and 10 x 10° cells I"' respectively, at the depth of 7 m at
station 2.

The diatom of the genus RhAizosolenia were dominant with the population
density of 84 x 10 cells I at the surface and 31 x 10° cells 1" at the depth of 11 m at
station 3. The population density of Chaetoceros danicum at 11 m at station 3 was 23 x
10° cells 1", while the population density of Leptocylindrus danicus was 5 x 10° cells 1.
Dictyocha fibula and Protoperidinium depressum were the dominant dinoflagellates at
station 3. There were 18 x 10° cells I of Dictyocha fibula and 16 x 10° cells "' of
Protoperidinium depressum at the surface. In addition, the population density of
Gyrodinium aureolum at the surface of station 3 was 10 x 10° cells "', while the
population density of Noctiluca scintillans was 8 x 10° cells 1.

The population density of diatoms was higher than that of the dinoflagellates at
station 1 and 3 (Figure 4.3). There were 89 x 10° cells 1" and 96 x 10° cells I of diatoms,
at the surface of station 1 and 3, respectively, while there were 73 x 10° cells I'' and 87 x
10 cells I of dinoflagellates, respectively. However, the population density of
dinoflagellates at station 2 was higher than that of the diatoms. The population density
of dinoflagellates at station 2 was 81 x 10° cells "' at the surface, while that of diatoms
was 73 x 10’ cells I"'. The population densities of individual flagellate groups were 16 x
10% cells 1, 39 x 10% cells I, and 47 x 10% cells I'! at the surface of stations 1,2 and 3,
respectively. Flagellate groups included prymnesiophytes, chrysophytes and

chlorophytes at stations 1, 2, and 3.
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4.2.3.2 7™ August 2001

Samples were taken from Liverpool Bay toward the Isle of Man at the stations 4, 6, 7
and 8, 9 on the 7th of August 2001 (Figure 3.1b). The dominant genus of diatoms were
Rhizosolenia species from station 4 to 9, while the dominant genus of dinoflagellates
were Ceratium and Gyrodinium species (Appendix A-3). The cell densities of
Rhizosolenia species and Ceratium species at the surface of station 4 reached 133 x 10°
cells 1", and 86 x 10 cells 1" respectively, while the cell densities of both genus at
station 6 were 29 x 10° cells I, and 44 x 10° cells 1" respectively. There were 18 x 10°
cells I'' of Gyrodinium aureolum and 8 x 10° cells I of Noctiluca scintillans at the
surface of station 6.

At station 7, Rhizosolenia setigera was the dominant species within the diatom
population with the cell densities reaching 23 x 10° cells I, 29 x 10° cells I, and 37 x
10° cells 1™ at the depths of 0 m, 10 m and 25 m, respectively. The population densities
of Coscinodiscus lineatus and Guinardia flaccida at the surface were 13 x 10 cells 1!
and 10 x 10’ cells 1" respectively, while that of Detonula confervacea at 10 m was 23 x
10 cells I"'. There were 44 x 10° cells I of Ceratium species and 29 x 10° cells I'! of
Gyrodinium aureolum at the surface of station 7.

Rhizosolenia species were the prominent groups of diatoms at stations 8 with
population densities of 95 x 10% cells 1, 125 x 10° cells 1!, and 139 x 10° cells I at the
depths of 0 m, 10 m and 25 m, respectively. However the population density of
Ceratium species decreased to 5 x 10% cells I, 19 x 10% cells I'! and 8 x 10° cells 1! at
the depths of 0 m, 10 m and 25 m, respectively at station 8. The population densities of

Gyrodinium aureolum and Noctiluca scintillans at station 8 were 10 x 10° cells I and 8
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x 10 cells 1" respectively, at the surface, and 21 x 10 cells I and 13 x 10° cells 1!
respectively, at the depth of 10 m.

Rhizosolenia species were the dominant diatoms at station 9. The population
densities of Rhizosolenia delicatula and Rhizosolenia setigera were 55 x 10° cells 1" and
31 x10% cells I respectively at the depth of 10 m, while there were 13 x 10% cells 1" of
Ceratium furca and 15 x 10° cells I"' of Noctiluca scintillans at the surface.

The largest population of phytoplankton during the cruise was recorded at the surface of
station 4 with cell densities of 389 x 10° cells I"' (Figure 4.3). There were 193 x 107 cells
1" of dinoflagellates and 172 x 10° cells I"' of diatoms, with 23 x 10° cells I'' of
flagellates at the surface of station 4. The population density of dinoflagellates was
higher than that of diatoms at the surface and 10 m at station 6, and at all depths of
station 7. There were 86 x 10° cells 1" of dinoflagellates, and 44 x 10° cells 1" of diatoms,
respectively at the surface of station 6, while there were 94 x 10° cells I"! of
dinoflagellates and 55 x 10 cells I of diatoms, respectively at the surface of station 7.
However, diatoms dominated the phytoplankton population at station 8 and 9. The cell
densities of diatoms and dinoflagellates reached 164 x 10’ cells I and 55 x 10° cells I
respectively, at the surface of station 8, and 86 x 10° cells I"" and 50 x 10° cells 1"
respectively, at the surface of station 9. The cell densities of flagellates increased from 8
x 10° cells I at the surface of station 6 to 41 x 10 cells I at the surface of station 8

(Figure 4.3).

4.2.3.3 8™ August 2001

Samples were taken across the western Irish Sea from the Isle of Man to the Irish
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inshore water at stations 11, 12, 13 and 14, 15 on the 8" of August (figure 3.1b).
Rhizosolenia setigera and Detonula confervacea were the dominant diatoms at the
surface of station 11 with population densities of 73 x 10° cells I and 47 x 10° cells I
respectively, while the population densities of Leptocylindrus danicus and Rhizosolenia
styliformis at the depth of 10 m reached around 23 x 10° cells I"' respectively (Appendix
A-3). The major dinoflagellates at station 11 were Ceratium furca, Ceratium lineatum,
Dinophysis acuta and Noctiluca scintillans with population densities of 34 x 10° cells 17,
16 x 10° cells 1", 23 x 10° cells I, and 29 x 10’ cells 1" respectively, at the surface.

The cell densities of Rhizosolenia delicatula, Rhizosolenia setigera and
Rhizosolenia shrubsolei at 15 m at station 12 were 31 x 10’ cells I, 39 x 10° cells I,
and 23 x 107 cells I"' respectively, while those of Detonula confervacea, Leptocylindrus
danicus reached 26 x 10° cells I, 13 x 10° cells I"' respectively. The prominent species
of dinoflagellates at station 12 was Ceratium lineatum with the cell densities reaching
96 x 10° cells 1", 60 x 10° cells 1", and 31 x 10° cells I'' at the depths of 0 m, 15 m and
30m, respectively. The population densities of Ceratium furca and Ceratium fusus were
39 x 10° cells I and 31 x 10° cells "' respectively at the surface, and 23 x 10° cells I
and 8 x 107 cells "' respectively at 15 m, while those of Gonyaulax spinifera,
Gyrodinium spirale, and Pyrodinium bahamense were 23 x 10° cells I'', 15 x 10° cells I,
and 15 x 10 cells 1" respectively at the surface.

Rhizosolenia species, Detonula confervacea and Leptocylindrus danicus were
the dominant diatom groups at station 13, while Ceratium species and Noctiluca
scintillans were the dominant dinoflagellates. There were 55 x 10° cells I of
Rhizosolenia delicatula, 16 x 10° cells I'' of Rhizosolenia setigera, and 15 x 10° cells 1!

of Rhizosolenia shrubsolei respectively, at the depth of 15 m at station 13, while the cell
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densities of Detonula confervacea and Leptocylindrus danicus were 31 x 10 cells 1!
and 23 x 10° cells 1" respectively. The population densities of Ceratium furca and
Ceratium lineatum at station 13 were 39 x 10° cells I and 23 x 10° cells I"' respectively,
at the surface, and 16 x 10° cells I and 63 x 10 cells I"' respectively, at the depth of 15
m. The cell density of Noctiluca scintillans was 5 x 10° cells 1" at the surface of station
13, whereas it reached 23 x 10% cells 1 at 15 m.

Only surface samples were obtained at stations 14 and 15 due to the
malfunction of the CTD. Leptocylindrus danicus with cell densities of 37 x 10° cells 1
was the dominant diatom species, while Ceratium lineatum with cell densities of 31 x
10° cells 1" was the major dinoflagellate at surface of station 14.

The population densities of Detonula confervacea and Leptocylindrus danicus
were 23 x 10° cells I and 26 x 10° cells I respectively at the surface of station 15,
while that of Rhizosolenia species was 46 x 10° cells I"'. The population densities of
Ceratium furca was 39 x 10° cells 1" and Prorocentrum micans was 26 x 10° cells 1!
respectively, at the surface of station 15.

The population density of diatoms was 172 x 10’ cells I"' while that of
dinoflagellates was 128 x 10° cells ™' at the surface of station 11 (Figure 4.3). However,
the population density of dinoflagellates was higher than diatoms at the surface of
station 12. There were 196 x 10” cells I"' of dinoflagellates and 94 x 10° cells 17 of
diatoms, with 16 x 10 cells 1" of flagellates at the surface of station 12. The cell density
of phytoplankton at the surface of station 13 decreased to 211 x 10° cells I'; there were
110 x 10% cells I of diatoms, 86 x 10° cells 1™ of dinoflagellates, and 15 x 10° cells I of
flagellates. The cell densities of diatoms and dinoflagellates at the surface were 86 x 10

cells 1" and 94 x 10° cells I respectively at station 14, and 125 x 10° cells "' and 110 x
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10° cells 1" respectively, at station 15.

4.2.3.4 9" August 2001

Samples were taken along the Irish inshore water at stations 16, 17, 18, 19 and 20, 21 on
the 9™ of August (Figure 3.1b). The dominant diatoms were Rhizosolenia species,
Detonula confervacea and Leptocylindrus danicus in the Irish inshore water, while
Ceratium species and Noctiluca scintillans were commonly found dinoflagellates in all
stations on the 9™ of August (Appendix A-3).

Rhizosolenia species were the major diatoms with population densities of 72 x
10%cells I, 61 x 10° cells I, and 50 x 107 cells 1" respectively at the depths of 0 m, 15
m and 30 m at station 16, whereas Ceratium species were the prominent dinoflagellates
with population densities of 86 x 10° cells "', 109 x 10° cells I, and 117 x 10° cells I
respectively. The population densities of Leptocylindrus danicus at station 16 were 37 x
10%cells 17, 23 x 10° cells 1", and 42 x 10° cells I”' respectively, at the depths of 0 m, 15
m and 30 m, while those of Detonula confervacea were 21 x 10% cells 17, 13 x 10° cells
1", and 18 x 10° cells "' respectively. The cell densities of Noctiluca scintillans at station
16 were 23 x 10° cells 1), 10 x 10% cells I, and 8 x 10° cells 1! respectively, at the
depths of 0 m, 15 m and 30 m, while there were 26 x 10° cells "' of Gymnodinium
Jfuscum at the surface.

The population densities of Leptocylindrus danicus and Detonula confervacea
at the surface of station 17 were 29 x 10° cells I and 16 x 107 cells 1" respectively,
while those of Rhizosolenia setigera and Coscinodiscus lineatus were 10 x 10 cells I

and 16 x 10’ cells 1" respectively. The cell densities of Ceratium furca, Ceratium fusus
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and Ceratium lineatum at the depth of 10 m at station 17 were 16 x 10° cells 17, 8 x 10°
cells I, and 16 x 10° cells 1" respectively, while there were 10 x 10° cells I'! of
Noctiluca scintillans.

Leptocylindrus danicus and Detonula confervacea were the dominant diatoms
at station 18 with Coscinodiscus eccentrica and Nitzschia species. The population
densities of Leptocylindrus danicus and Detonula confervacea reached 29 x 10° cells I'!
and 21 x 10° cells 1" at 15 m, respectively, while there were 18 x 10% cells 1" of
Coscinodiscus eccentrica at 15 m, and 23 x 10° cells "' of Nitzschia species at 30 m,
respectively. The population densities of Rhizosolenia species and Ceratium species at
station 18 were larger at the depth of 30 m than at the surface and 15 m. There were 26
x 10° cells 1", 25 x 10° cells "', and 91 x 10° cells I of Rhizosolenia species at the
depths of 0 m, 15 m and 30 m, respectively, while there were 63 x 10° cells 1, 40 x 10°
cells I, and 91 x 10° cells "' of Ceratium species, respectively. The population densities
of Gymnodinium fuscum at station 18 were 8 x 10°cells 1, 16 x 10° cells 1!, and 23 x
10% cells 1" at the depths of 0 m, 15 m and 30 m, respectively, while those of
Prorocentrum micans were 16 x 10° cells 1" and 23 x 10° cells 1" at the depths of 0 m
and 30 m, respectively. There were over 23 x 10° cells I'' of Pyrodinium bahamense at
15 m at station 18.

The cell densities of Leptocylindrus danicus were 13 x 10° cells 1, 21 x 10
cells I}, and 29 x 10° cells 1" at the depths of 0 m, 15 m, and 25 m at station 19,
respectively, while those of Detonula confervacea were 16 x 10°cells I'', 8 x 10° cells 17,
and 18 x 10 cells 1" respectively. There were 18 x 10° cells 1" of Rhizosolenia
delicatula and 13 x 10° cells I of Coscinodiscus lineatus at 15 m at station 19. The cell

densities of Ceratium species at station 19 were 24 x 10° cells I, 23 x 10° cells 1!, and
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46 x 10° cells I'' respectively, at the depths of 0 m, 15 m, and 25 m.

Leptocylindrus danicus, Detonula confervacea and Rhizosolenia delicatula
were the dominant diatoms at stations 20 and 21. The population densities of
Leptocylindrus danicus at the surface and 10 m were 18 x 10° cells "', and 31 x 10° cells
1" respectively, at station 20, while they were 16 x 10 cells 1™ and 29 x 10° cells 1" at
the surface and 15 m, respectively, at station 21. The population densities of Defonula
confervacea were 23 x 10° cells I at 10 m at station 20, and 21 x 10° cells I at 15 m at
station 21, respectively, while those of Rhizosolenia delicatula were 16 x 10° cells 1" at
the surface of station 20 and 23 x 10° cells 1" at the surface of station 21, respectively.
The cell densities of Ceratium species were 16 x 10° cells I at the surface and 32 x 10°
cells I at 10 m, respectively, at station 20, and 39 x 10° cells "' at the surface and 16 x
10° cells 1" at 15 m, respectively, at station 21, while there were 23 x 10 cells 1! of
Noctiluca scintillans at the surface of station 20 with 8 x 10° cells 1" of Noctiluca
scintillans at the surface of station 21.

The population densities of dinoflagellates were greater than diatoms at the
surface and at the depth of 30 m at station 16 (Figure 4.3). The cell density of
dinoflagellates at the surface of station 16 was 141 x 10° cells "', and that of diatoms
was 133 x 10’ cells I"' respectively, with 8 x 10° cells I”! of flagellates, while there were
125 x 10° cells I"' of dinoflagellates, 141 x 10° cells "' of diatoms, and 23 x 10° cells 1!
of flagellates respectively at 15 m at station 16. There were more diatoms than
dinoflagellates at station 17, The cell densities of diatoms and dinoflagellates at the
surface of station 17 were 86 x 10° cells 1" and 47 x 10° cells 1 respectively, with 23 x
10% cells 1 of flagellates. The cell density of phytoplankton at the depth of 30m at

station 18 reached 352 x 10° cells 1, while it was 211 x 10° cells 1! at the surface. There

85



Chapter 4

were 146 x 10 cells 1" of dinoflagellates, 183 x 10° cells I”! of diatoms, and 23 x 10°
cells I'' of flagellates, respectively, at 30 m at station 18. The population densities of
phytoplankton increased from the surface of station 19 with cell concentrations of 110 x
10° cells 1", to the surface of station 21 with cell concentrations of 164 x 10% cells I™".
The cell densities of flagellates at the surface of station 19, 20 and 21 were 8 x 10° cells

17,31 x 10% cells I, and 23 x 10° cells I respectively.

4.2.3.5 10" August 2001

Samples were taken in Red Wharf Bay along the north coast of Anglesey at station 23,
24 and 25 on the 10™ of August 2001 (Figure 3.1b). The major diatom at stations 23, 24
and 25 was Rhizosolenia setigera, while the prominent dinoflagellate was Ceratium
furca (Appendix A-3). The cell densities of Rhizosolenia setigera at station 23 were 26
x 10%cells I}, 13 x 10 cells I”', and 16 x 10° cells 1™ respectively at the depths of 0 m, 10
m and 25 m, while there were 16 x 10° cells I of Coscinodiscus species at the depth of
10 m. There were 13 x 10° cells I"' of Ceratium furca and 10 x 10° cells 1" of
Gyrodinium aureolum, respectively, at the depth of 10 m at station 23.

The population densities of Rhizosolenia setigera at station 24 at the depths of 0
m, 15m and 25 m were 16 x 10° cells I}, 18 x 10° cells I, and 13 x 10° cells 1!
respectively, while those of Defonula confervacea were 10 x 10%cells 1, 8 x 10° celis I,
and 5 x 107 cells 1" repectively. There were 52 x 10° cells "' of Ceratium species, 18 x
10 cells 1" of Gyrodinium aureolum, and 13 x 10 cells "' of Noctiluca scintillans at the
surface of station 24.

The population densities of Rhizosolenia setigera at the depths of 0 m and 5 m
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at station 25 were 39 x 10° cells I”', and 23 x 10° cells I’ respectively. The dominant
dinoflagellate at the depths of 0 m and 5 m at station 25 was Noctiluca scintillans with
cell concentrations of 34 x 10° cells I, and 29 x 10° cells 1" respectively. The cell
density of Nitzschia species at the surface of station 25 was 23 x 10° cells I'', whereas
that of Ceratium furca at the depth of 5 m was 21 x 10° cells I respectively.

The diatom population was larger than the dinoflagellate population at station
23 and 25 (Figure 4.3). There were 63 x 10° cells I of diatoms and 29 x 10° cells 1" of
dinoflagellates with 3 x 10° cells "' of flagellates at the surface of station 23, while there
were 55 x 10° cells I"' of diatoms and 86 x 10° cells I"' of dinoflagellates, with 8 x 10°
cells "' of flagellates at the surface of station 24. The population density of diatoms was
128 x 10° cells I at the surface of station 25, while that of dinoflagellates was 102 x 10°
cells I respectively. There were 16 x 10° cells I of flagellates at the surface of station

23,

4.2 .4 The Irish Sea; November 2001

Species of Biddulphia and Coscinodiscus were commonly found diatoms together with
a few dinoflagellates during the cruise from the 26™ to 30™ of November in Red Wharf
Bay (Figure 3.1c). Phytoplankton was sparsely populated during this period compared
to spring and summer cruises in other areas. The fall in population after autumn is due
to grazing by zooplankton, greater mixing of water column, reduced light and shorter

days (Boney, 1989).
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4.2.4.1 26" November 2001

The cruise started at stations 1, 2 and 3 in the north coast of Anglesey on the 26™ of
November 2001 (Figure 3.1c¢). Diatoms, especially Biddulphia sinensis and
Coscinodiscus lineatus were the prominent phytoplankton species at stations 1, 2 and 3
(Appendix A-4). The population densities of Biddulphia sinensis at the depths of 0 m,
17 m and 37 m at station 1 were 21 x 10° cells I, 23 x 10’ cells "', and 18 x 10° cells 1"
respectively, while those of Coscinodiscus lineatus were 10 x 10° cells 1", 10 x 10° cells
1", and 5 x 10° cells I"' respectively. There were 8 x 10° cells 1 of Biddulphiopsis titiana
and 10 x 10’ cells 1" of Pleurosigma species, respectively at the depth of 17 m at station
1.

The population densities of Biddulphia sinensis at the depths of 0 m, 12 m and
41 m at station 2 were 16 x 10° cells 1!, 37 x 10% cells I, and 39 x 10° cells I”!
respectively, while there were 18 x 10° cells I, 21 x 10° cells I”', and 23 x 10% cells I of
Coscinodiscus lineatus, respectively. The cell density of Navicula species increased to
21 x 10° cells I'' at the surface of station 2. There were 8 x 10° cells 1" and 3 x 10° cells
1" of Navicula species at the depths of 12 m and 41 m, respectively at station 2.

The population density of Biddulphia sinensis at 46 m at station 3 reached 37 x
10% cells 1", while there were 16 x 10° cells 1! and 18 x 10° cells I of Biddulphia
sinensis at the surface and 12 m, respectively. Coscinodiscus lineatus was the second
largest group of diatoms at station 3 with the population densities reaching 21 x 10° cells
I 5% 10 cells 1, and 13 x 10° cells 1! at the depths of 0 m, 12 m and 46 m,
respectively. There were 16 x 10° cells I of Paralia sulcata and 10 x 10° cells I of

Leptocylindrus danicus at 12 m at station 3.
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Diatoms predominated at stations 1, 2 and 3. The population densities of
phytoplankton at station 1 were 78 x 10 cells I, 73 x 10° cells 1", and 10 x 10° cells 1!
respectively, at the depths of 0 m, 17m and 37 m, while those of phytoplankton at
station 2 were 57 x 10° cells I, 89 x 10° cells I'', and 86 x 10° cells I respectively at the
depths of 0 m, 12 m, 41 m (Figure 4.4). The cell density of phytoplankton at 46 m at
station 3 was 73 x 10’ cells "', while the cell densities of phytoplankton at 0 m and 12 m
at station 3 were 55 x 10° cells 1" respectively. There were 8 x 10° cells I and 5 x 10

cells I"' of dinoflagellates at the surface of station 1 and at 12 m at station 3, respectively.

4.2.4.2 27" November 2001

Samples were taken at stations 4, 5, 6 and 7, 8 on the 27™ of November (Figure 3.1c).
The population densities of Biddulphia sinensis and Thalassiosira mendiolana reached
over 20 x 10° cells 1" at the depth of 31 m at station 4, respectively, while there were 18
x 10° cells 1" of Coscinodiscus lineatus (Appendix A-4). The cell density of
Coscinodiscus lineatus at 8 m at station 5 was around 31 x 10° cells "', whereas they
reached 73 x 10° cells I, and 47 x 10° cells 1! at 10 m at station 6 and at 4 m at station 7,
respectively.

The cell densities of Biddulphia sinensis were lower than those of
Coscinodiscus lineatus at stations 5, 6 and 7. There were 8 x 10° cells 1", 31 x 10° cells I,
and 26 x 10° cells 1! of Biddulphia sinensis at the surface of stations 5, 6, and 7,
respectively. The cell densities of Biddulphia sinensis at Om and 3.5 m at station 8 were
39 x 10° cells 17, and 37 x 10° cells 1! respectively, while those of Coscinodiscus

lineatus were 34 x 10° cells I and 23 x 10° cells 1" respectively.
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Apart from Biddulphia sinensis and Coscinodiscus lineatus, the dominant
diatom at the depth of 8 m at station 5 was Paralia sulcata (31 x 10° cells I') and at the
surface of station 7 was Pleurosigma species (37 x 10° cells I'), while Navicula species
was the major diatom at the surface of station 8 (31 x 10° cells 17).

The population density of phytoplankton increased from 86 x 10 cells I at the
surface of station 4 to 190 x 10° cells 1" at the surface of station 8 (Figure 4.4). The
dinoflagellates, Ceratium species were observed at the surface of station 4 and 8 with
cell densities of 16 x 10° cells 1" and 13 x 10° cells I”' respectively, while there were 5 x
10°cells 1, 10 x 10° cells 1, and 8 x 10° cells I”! of flagellates at the surface of stations

6, 7 and 8, respectively.

4.2.4.3 28" November 2001

Samples were taken from the northern reaches of Beaumaris Bay (stations 9 to 12), and
from Red Wharf Bay (stations 13 and 14) on the 28th of November (Figure 3.1c). The
population densities of Coscinodiscus lineatus at the depths of 0 m, 4 m and 8 m at
station 9 were 55 x 10° cells 1", 50 x 10% cells 1, and 47 x 10% cells 1! respectively,
while those of Biddulphia sinensis were 29 x 10%cells I, 37 x 10° cells I, and 44 x 10°
cells I"! respectively (Appendix A-4). There were 18 x 10% cells 1! of Biddulphiopsis
titiana and 16 x 10° cells I'' of Leptocylindrus danicus, respectively, at the surface of
station 9, while there were 21 x 10° cells 1" of Detonula confervacea, and 13 x 10° cells
1! of Paralia sulcata, respectively at the depth of 4 m.

The cell densities of Coscinodiscus lineatus were higher than Biddulphia

sinensis at all stations on the 28th of November 2001. There were 18 x 10° cells 1'1, 21 x
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10% cells I'', and 13 x 10 cells 17 of Biddulphia sinensis, respectively, at the surface of
station 10, 11 and 12, while there were 23 x 10° cells 1", 29 x 10’ cells I, and 18 x 10’
cells I'! of Coscinodiscus lineatus, respectively.

The population densities of Coscinodiscus lineatus at the depths of 0 m, 11 m
and 32 m at station 13 were 31 x 10% cells 1", 26 x 10% cells "), and 23 x 10% celis 1!
respectively while Biddulphia sinensis was still second largest diatoms after
Coscinodiscus lineatus with cell concentrations of 16 x 10° cells 17, 13 x 10’ cells 1",
and 10 x 10° cells 1" respectively.

Paralia sulcata was the second dominant diatoms after Coscinodiscus lineatus
at station 14. The population densities of Paralia sulcata at 0 m, 12 m and 21 m at
station 14 were 21 x 10 cells I}, 16 x 10° cells '}, and 18 x 10° cells I'! respectively,
while those of Coscinodiscus lineatus were 26 x 10° cells 1), 21 x 10° cells I, and 23 x
10% cells 1™ respectively. There were 8 x 10° cells 1", 3 x 10% cells 17, and 5 x 10° cells 1™
of Biddulphia sinensis at 0 m, 12 m and 21 m, respectively, at station 14.

The small number of dinoflagellates was observed at stations 9, 13 and 14
(Figure 4.4). The population densities of Ceratium species at the depth of 0 m, 4 m and
8 m at station 9 were 13 x 10° cells I, 10 x 10° cells I, and 5 x 10 cells 1" respectively,
while there were 3 x 10° cells I and 5 x 10° cells 1" of flagellates at the surface and 8 m,
respectively. There were 8 x 10° cells "' of Ceratium fusus at the depth of 32 m at
station 13, while the population densities of Ceratium fusus at station 14 were 5 x 10°

cells 1" at the surface, and 10 x 107 cells I"! at the depth of 21 m, respectively.
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4.2.4.4 29" November 2001

Samples were taken at stations 15, 16, 17 and 18, 19 on the 29" of November (Figure
3.1¢). Coscinodiscus lineatus at the surface and at the depth of 21 m at station 15
dominated the phytoplankton population, while the cell density of Biddulphia sinensis
at 5 m was the highest (Appendix A-4). The population densities of Coscinodiscus
lineatus at the depths of 0 m, 5 m, and 21 m at station 15 were 34 x 10° cells 1!, 23 x 10°
cells 1", and 18 x 10 cells 1" respectively, while those of Biddulphia sinensis were 21 x
10%cells ™', 26 x 10° cells 1", and 13 x 10° cells I respectively. There were 16 x 10°
cells I of Navicula species and 10 x 10° cells I"' of Leptocylindrus danicus at 21 m at
station 15.

The cell density of Biddulphiopsis titiana at the depth of 21 m at station 16
reached 26 x 10° cells 1", while there were 8 x 10° cells 17 of Biddulphia sinensis and 21
x 10° cells I of Coscinodiscus lineatus, respectively. There were 18 x 10° cells 1" and
21 x 10° cells I'' of Pleurosigma species at the surface and at the depth of 10 m,
respectively at station 16, while there were 16 x 10° cells 1" and 5 x 10° cells "' of
Detonula confervacea respectively.

The population densities of Coscinodiscus lineatus at the depths of 0 m, 8 m,
and 22 m at station 17 were 26 x 10° cells I, 37 x 10° cells I"', and 18 x 10’ cells I"
respectively, while those of Biddulphia sinensis were 16 x 10° cells I, 26 x 10° cells 17,
and 21 x 107 cells 1" respectively. The cell densities of Biddulphia sinensis were higher
than Coscinodiscus lineatus at station 18. There were 23 x 10° cells I, 44 x 10° cells '},
and 37 x 10° cells 1" of Biddulphia sinensis, respectively and 5 x 10° cells 17, 18 x 10°

cells I'', and 21 x 10° cells 1" of Coscinodiscus lineatus, respectively at the depths of O m,
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8 m and 17 m at station 18.

Coscinodiscus lineatus was the dominant diatom at station 19, with cell
densities of 29 x 10° cells "', 34 x 10° cells I”', and 16 x 10° cells I respectively at the
depths of 0 m, 4.5 m and 23 m, while there were 21 x 10°cells I, 18 x 10° cells I'}, and
10 x 10° cells I of Biddulphia sinensis, respectively. The cell density of Navicula
species was 13 x 10° cells 1" at the depth of 4.5 m at station 19, while there were 10 x
10° cells 1" of Pleurosigma species. There were 13 x 10 cells I, 21 x 10 cells I'', and
16 x 10 cells "' of Paralia sulcata at the surface of stations 17, 18 and 19, respectively.

In addition to diatoms, dinoflagellates were present at stations 15, 17 and 18.
There were 8 x 10° cells 1" of Ceratium species at the depth of 5 m at station 15, while
there were 3 x 10° cells I of Gymnodinium fuscum and 10 x 10% cells "' of Gyrodinium
species at the depth of 21 m, respectively. There were around 10 x 10° cells "' of
Ceratium lineatum at all depths and 5 x 10° cells "' of Gymnodinium fuscum at 8 m at
station 17, while there were 10 x 10° cells I"' of Ceratium fusus and 5 x 10° cells I'' of

Ceratium lineatum at 17 m at station 18.

4.2.4.5 30" November 2001

The phytoplankton population was dominated by diatoms throughout the cruise
(Appendix A-4). However, the presence of dinoflagellates were detected in all samples
on the 30™ of November 2001 at stations 20 to 23 (Figure 4.4). There were 26 x 10°
cells 1, 13 x 10° cells I, 34 x 10° cells I, and 21 x 10° cells I"! of dinoflagellates, and
63 x 10° cells I, 60 x 10° cells 1", 89 x 10° cells I"', and 107 x 10’ cells 1" of diatoms at

the surface of stations 20, 21, 22 and 23 respectively. The dominant phytoplankton at
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stations 20, 21 and 22 were the diatoms, Biddulphia sinensis and Coscinodiscus lineatus.
The population density of Biddulphia sinensis reached 34 x 10° cells 1" at the depth of
10 m and that of Coscinodiscus lineatus was 44 x 10° cells 1" at the depth of 5.5 m at
station 22. However, the dominant phytoplankton at station 23 was Paralia sulcata. The
population density of Paralia sulcata at the depth of 4 m at station 23 was 39 x 10° cells
1"', while that of Coscinodiscus lineatus was 37 x 10° cells 1.

The dominant dinoflagellates at station 20, 21, 22 and 23 were Ceratium
species. There were 34 x 10° cells 1™, 15 x 10° cells I, and 21 x 10° cells "' of Ceratium
species at the depths of 0 m, 5.5 m and 10 m, respectively, at station 22. There were 3 x
10°cells 17, 8 x 10° cells I, and 5 x 10° cells I of flagellates at the surface of station 20,

21 and 22, respectively.

4.2.5 The Irish Sea; April 2002

In total, there were 34 stations during the cruise between the 2™ and 5™ of April 2002 in
the north coast of Anglesey and in the western Irish Sea (Figure 3.1d). 11 stations were
the same station repeated over a tidal cycle. The station used for monitoring over a tidal
cycle (T1) was positioned off the northwest coast of Anglesey. The stations in the
Western Irish Sea (transects ‘A’, B’ and ‘C”) were chosen to provide detailed spatial
coverage on both sides of the region where the Western Irish Sea front is known to form
(Simpson, 1971) in order to determine the differences between stratified and mixed area.
The final four stations (RW1 — RW4) were positioned off the north coast of Anglesey
(Red Wharf Bay).

Diatoms were the dominant group of phytoplankton during the cruise
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(Appendix A-5) (Figure 4.5). Bacillaria paxillifer and Skeletonema costatum were
commonly found diatoms at most stations, while Ceratium species were the commonly
found dinoflagellates at many stations. Bacillaria paxillifer was the major diatom at
station T'1, whereas Chaetoceros debilus was the dominant diatom at the stations in the
Western Irish Sea. Skeletonema costatum and Thalassiosira decipiens were the
predominant phytoplankton species from station RW1 to station RW4. Skeletonema
costatum and Thalassiosira decipiens have previously been observed during the spring
diatom bloom in Liverpool Bay (Voltolina, 1980; Spencer, 1988) and in the Western

Irish Sea (McKinney ef al., 1997).

4.2.5.1 2" April 2002

Samples were taken hourly for 11 times over a tidal cycle at station T1, northwest of
Anglesey on the 2™ of April 2002 (Figure 3.1d). Sampling started from 0800 HRS BST
at low water slack tide to 1800 HRS BST. Diatoms, such as Bacillaria paxillifer and
Skeletonema costatum predominated the phytoplankton population at station T1
(Appendix A-5). The population densities of Bacillaria paxillifer at the depths of 0 m
and 20 m at station T1C1 at 0800 HRS BST reached 39 x 10° cells I" and 11 x 10 cells
1" respectively, whereas the population densities of Skeletonema costatum were 17 x 10°
cells I and 11 x 10° cells 1" respectively. The population densities of Bacillaria
paxillifer and Skeletonema costatum at the surface of station T1C6 at 1300 HRS BST
decreased to 11 x 10% cells I and 8 x 10° cells I respectively, then, they reached 28 x
10% cells 1" and 15 x 10° cells I”! respectively at the surface of station T1C11 at 1800

HRS BST.
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The cell density of phytoplankton decreased from 72 x 107 cells 1" at the
surface of station T1C1 at 0800 HRS BST to 37 x 10° cells I"' at the surface of station
T1CS5 at 1200 HRS BST (Figure 4.5a). The cell density of phytoplankton increased to
78 x 10° cells "' at the surface of station T1C8 at 1500 HRS BST, one hour after high
water, while it decreased again to 62 x 10 cells 1" at the surface of station T1C10 at
1700 HRS BST. The population density of phytoplankton at the surface of TIC11 at

1800 HRS BST reached 69 x 10° cells 1™

4.2.5.2 3" April 2002

All stations on the ‘A’ transect were sampled on the 3" of April 2002, from station A6
(east) to station A1 (west) (Figure 3.1d). Stations B2, B1 and C1 were also sampled, in
that order. Chaetoceros debilus, Bacillaria paxillifer, Paralia sulcata and Skeletonema
costatum, Thalassiosira decipiens were commonly found diatoms in the transect ‘A’
(Appendix A-5). There were 25 x 10° cells I, 11 x 10 cells I, and 10 x 10 cells I of
Chaetoceros debilus, Bacillaria paxillifer and Thalassiosira decipiens, respectively, at
the surface of station A6. The cell density of Chaetoceros debilus reached 36 x 10° cells
1" at the surface of station A3. However, the dominant phytoplankton species at the
surface of station A1 was Melosira nummuloides with cell densities of 30 x 10° cells I},
while there were 18 x 10° cells " and 19 x 10° cells 1" of Chaetoceros debilus and
Ditylum brightwellii, respectively.

Few dinoflagellates and flagellates were found in the transect ‘A’. There were
33 x 10% cells 1" and 8 x 10 cells 1" of Ceratium species and Dictyocha species at the

surface of station A3, while there were 28 x 10° cells I of flagellate groups at the
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surface of station Al. The population densities of phytoplankton at the surface of
stations A3, A2 and A1 were higher than those from deeper water samples and surface
samples at stations A6, AS and A4 as transect ‘A’ passed through a mixed zone (A6) to a
stratified zone (A1) (Figure 4.5b).

The dominant phytoplankton at stations B2, B1 and C1 were Chaetoceros
debilus and Bacillaria paxillifer. The population densities of Chaetoceros debilus and
Bacillaria paxillifer at the surface of station B2 were 30 x 10° cells I and 19 x 10° cells
1" respectively, while there were 43 x 10° cells " and 48 x 10° cells 1" at the surface of
station B1, respectively. The population density of Chaetoceros debilus at the surface at
station C1 reached 58 x 10° cells "', while that of Bacillaria paxillifer were 17 x 10°
cells 1™

There were 25 x 10° cells I, 14 x 10’ cells I"', and 33 x 10’ cells I"' of
dinoflagellates, respectively and there were 94 x 10° cells 17, 149 x 107 cells 1, and 127
x 10° cells I"! of diatoms, respectively at surface of stations B2, B1 and C1, while there

were 19 x 107 cells I"! of flagellates at the surface of station C1 (Figure 4.5b).

Chaetoceros debilus was the predominant phytoplankton with Bacillaria paxillifer,
Skeletonema costatum and Thalassiosira decipiens at all stations sampled on the 4% of
April 2002 (Appendix A-5). The remaining stations in the transect ‘C’ from C2 to C6
and transect ‘B’ from B3 to B7 were sampled (Figure 3.1d). The cell densities of
Chaetoceros debilus reached 56 x 10° cells 1" and 63 x 10° cells "' at the surface of

station C5 and B6, respectively, while those of Bacillaria paxillifer and Skeletonema
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costatum were 32 x 10° cells I and 15 x 10° cells 1" respectively, at the surface of
station C5 and 14 x 10° cells I"" and 39 x 10° cells I"' respectively at the surface of
station B6.

The cell density of phytoplankton decreased from 72 x 10° cells 1" at the
surface of station C2 to 50 x 10° cells I"! at the surface of station C3, then it increased to
162 x 10° cells "' at the surface of station C6 (Figure 4.5b). The population density of
phytoplankton at the surface of station B6 reached 240 x 10° cells I"'. There were 193 x
10% cells I, 28 x 10 cells I, and 19 x 10% cells I of diatoms, dinoflagellates and
flagellates of phytoplankton at the surface of station B6 respectively. The population
density of dinoflagellates at the surface of station B4 was the highest on the 4™ of April
2002. Tt reached 39 x 10° cells I"', while the population density of diatoms at the surface
of station B4 were 91 x 10° cells 1" respectively. There were 34 x 10° cells 1" and 5 x
10% cells I of dinoflagellates, Ceratium species and Gymnodinium fuscum respectively,

at the surface of station B4.

4.2.5.4 5™ April 2002

Samples were taken at stations RW1 through RW4 along the north coast of Anglesey on
the 5™ of April 2002 (Figure 3.1d). Skeletonema costatum and Thalassiosira decipiens
were the predominant phytoplankton species from station RW1 to station RW4
(Appendix A-5). The cell densities of Skeletonema costatum and Thalassiosira
decipiens were 39 x 10° cells 1™ and 11 x 10° cells I"' respectively, at the surface of
station RW1 and, 58 x 10° cells I and 25 x 10° cells 1! respectively, at the surface of

station RW2, while those of Skeletonema costatum and Thalassiosira decipiens
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increased to 143 x 10% cells "' and 112 x 10° cells I"' respectively, at the surface of
station RW3. There were 146 x 10° cells 1" of Skeletonema costatum and 109 x 10° cells
1" of Thalassiosira decipiens at the surface of station RW4. Bacillaria paxillifer was the
third largest in the phytoplankton population from stations RW1 to RW4. There were 11
x 10%cells 11, 19 x 10% cells I, 88 x 10% cells 1, and 114 x 10° cells 1" of Bacillaria
paxillifer at the surface of stations RW1, RW2, RW3 and RW4 respectively.

The population densities of phytoplankton at stations RW1 and RW2 ranged
between 100 x 10° cells I and 150 x 10° cells I (Figure 4.5b). However, those at RW3
and RW4 increased to around 700 x 10° cells " and 800 x 10° cells I at the surface,
respectively. There were 642 x 10° cells "', 32 x 10° cells "', and 18 x 10 cells I of
diatoms, dinoflagellates and flagellates, respectively, at the surface of station RW3,
while there were 785 x 10° cells 1", 34 x 10° cells 1", and 17 x 10° cells 1" of diatoms,

dinoflagellates and flagellates, respectively, at the surface of station RW4.

4.2.6 The Celtic Sea; July 2002

The station used for monitoring over a tidal cycle (T1) during the Irish Sea cruise in
April 2002 was sampled again on the 13™ of July 2002 on the first day of the cruise. It
was positioned off the northwest coast of Anglesey and 12 samples were taken over one
tidal cycle (see Figure. 3.1e and Figure 4.6). The stations in the Celtic Sea (transects

‘A’ ’B’, ‘C’and ‘D’, ‘E’) were chosen to provide detailed spatial coverage on both
sides of the frontal region in which the Celtic Sea front is known to form. The final
three stations were positioned at station T1 off the north coast of Anglesey on the 20" of

2002.
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Diatoms, such as Rhizosolenia shrubsolei, were the dominant phytoplankton at
station T1, while dinoflagellates, Ceratium species dominated samples taken across the
Celtic Sea front (Appendix A-6). Chrysophytes (Dictyocha speculum, Mallomonas
species) and prymnesiophytes (Chrysochromulina species) composed the flagellate
population at most stations, while cyanophyceae, Oscillatoria nigra, was found at

stations T'1.

4.2.6.1 13" July 2002

Sampling initiated at station T1, northwest of Anglesey at 0800 BST when it was low
water slack tide on the 13™ of July 2002 (Figure 3.1€). Samples were taken hourly
afterwards at the same position for 12 times over a tidal cycle until 1900 BST. Diatom:s,
Rhizosolenia shrubsolei, dominated the phytoplankton population at station T1
(Appendix A-6). Other diatoms, such as Lepfocylindrus danicus and Nitzschia seriata
were also present, and some dinoflagellates, Ceratium lineatum and Prorocentrum
micans. The population densities of Rhizosolenia shrubsolei at the depths of 0 m, 25 m
and 50 m at station T1C1 at 0800 BST were 18 x 10° cells ", 23 x 10° cells 1", and 5 x
10° cells 1" respectively, while those of Ceratium lineatum were 10 x 10%cells 1, 8 x
10% cells I, and 5 x 10 cells I”' respectively. The population densities of Rhizosolenia
shrubsolei at the depths of 0 m, 26 m and 47 m at station T1C8 at 1500 BST reached 44
x 10%cells I, 37 x 10° cells I, and 42 x 10° cells 1! respectively, There were 13 x 10°
cells 1" of Leptocylindrus danicus, 8 x 10° cells I'! of Ceratium lineatum, and 13 x 10°
cells I'' of Prorocentrum micans, respectively at the surface of station T1C8. The cell

densities of Rhizosolenia shrubsolei decreased to 21 x 10° cells 1", 23 x 10° cells "', and
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18 x 10° cells I at the depths of 0 m, 26 m and 50 m, respectively at station T1C11 at
1800 BST, then they increased to 34 x 10° cells 1‘1, 42 x 10° cells 1'1, and 39 x 10° cells I'!
at the depths of 0 m, 25 m and 53 m, respectively at station T1C12 at 1900 BST.

The population density of phytoplankton decreased from 117 x 10° cells 1" at
the surface of station T1C4 at 1100 BST to 86 x 10° cells I"' at the surface of station
T1C5 at 1200 BST (Figure 4.6a). Then, it increased to 133 x 10’ cells I"' at the surface
of station T1C8 at 1500 BST, one hour after high water slack tide. The population
density of phytoplankton decreased again to 102 x 10” cells 1™ at the surface of station
T1C11 at 1800 BST, while it reached 123 x 10° cells I"' at the surface of station T1C12

at 1900 BST.

4.2.6.2 14™ July 2002

Samples were taken in the transect ‘B’ from stations B7 to B2 towards northeast into the
Irish Sea on the 14" of July 2002 (Figure 3.1¢). Dinoflagellates, Ceratium lineatum and
Prorocentrum micans, and diatoms, Nitzschia seriata and Rhizosolenia setigera were
the prominent phytoplankton species (Appendix A-6). The cell densities of Ceratium
lineatum decreased from 47 x 10° cells 1™ at the depth of 31 m at station B7 to 10 x 10°
cells I"" at the depth of 43 m at station B2, while there were 29 x 10° cells I of
Prorocentrum micans at the depth of 16 m at station BS. The population density of
Prorocentrum micans was the highest in the phytoplankton population at the surface of
station B2 with cell concentrations of 23 x 10° cells I"', while there were 21 x 10° cells I”
of Ceratium lineatum. The cell density of Rhizosolenia setigera reached 42 x 107 cells 1"

at the depth of 31 m at station B7, while that of Nitzschia seriata were 39 x 10° cells 1!
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at the surface of station BS. The cell densities of Rhizosolenia setigera and Nitzschia
seriata were higher at 31 m at station B7 and at 20 m at station B6 than at the surfaces
of either station (Appendix A-6). However the cell densities of Rhizosolenia setigera
and Nitzschia seriata at station 5 were higher at the surface than at the depth of 16 m.
There were 29 x 10 cells I and 39 x 10’ cells 1" of Rhizosolenia setigera and Nitzschia
seriata respectively, at the surface of station B5, while there were 8 x 10° cells I and 31
x 10° cells I of Rhizosolenia setigera and Nitzschia seriata respectively at the depth of
16 m.

In the Celtic Sea, a thermal front was detected in the CTD temperature data
(Figure 4.15 and 4.16). As transect ‘B’ passed through the frontal region from the
stratified zone in the Celtic Sea side (B7) to the mixed zone in the Irish Sea side (B2),
the cell densities of phytoplankton at the depths of 31 m, 20 m and 16 m at stations B7,
B6 and BS5, respectively were the highest due to the thermal stratification (Figure 4.6b).
The depths of 31 m, 20 m and 16 m at stations B7, B6 and B5, respectively formed the
thermocline, where the growth conditions of phytoplankton were optimised in the
stratified side of the front. The cell densities of phytoplankton at the surface increased
from 164 x 10’ cells I'" at station B7 to 198 x 10° cells 1" at station B5, whereas the cell
densities of phytoplankton decreased from 250 x 10° cells I at 31 m at station B7 to
237 x 10% cells I'" at 16 m at station B5. The population densities of phytoplankton
ranged between 70 x 10° cells I and 110 x 10° cells 1" at all depths from stations B4 to
B2 on the mixed side of the front.

A mixed population of diatoms, dinoflagellates and flagellates was observed at
station B7. Diatoms and dinoflagellates dominated at all stations in the transect ‘B’,

while the flagellate population was more abundant at the surface water in the stratified
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zone (stations B7, B6) as described in Boney (1989). There were 47 x 10° cells I, 39 x
10% cells 1", and 34 x 10° cells I of diatoms, dinoflagellates and flagellates, respectively
at the surface of station B7, while there were 60 x 10° cells 1", 68 x 10° cells 1, and 37
x 10° cells 1" of diatoms, dinoflagellates and flagellates, respectively at the surface of

station B6.

4.2.6.3 15" July 2002

Samples were taken through stations A2 to A7 (transect A’) and station S1, working
southwest into the Celtic Sea on the 15" of July 2002 (Figure 3.1¢). A mixed population
of diatoms and dinoflagellates was observed through the transect ‘A’ (Figure 4.6¢).
Flagellates abundance increased at the depth of 26 m at station A7 with cell densities of
31 x 10° cells I, while there were 133 x 10° cells I of diatoms and 37 x 10° cells I of
dinoflagellates.

Nitzschia seriata and Rhizosolenia setigera were the dominant diatoms
(Appendix A-6). The population densities of Rhizosolenia setigera were higher than the
population densities of Nitzschia seriata at 40 m at station A2 and at O m at station A4,
while those of Nitzschia seriata were the highest in the phytoplankton population at 28
m at station A6 and at 26 m at station A7 with cell concentrations of 29 x 10° cells 1"
and 34 x 10° cells I"' respectively.

Dinoflagellates, Ceratium lineatum and Prorocentrum micans were commonly
found along transect ‘A’. The cell density of Ceratium lineatum at the depth of 40 m at
station A2 reached 34 x 10° cells I"', while Prorocentrum micans had the highest

population density at the depth of 64 m at station A5 with cell concentrations of 31 x
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10° cells 1.

The population densities of phytoplankton at 28 m at station A6 and at 28 m at
station A7 were the highest as the thermocline formed with cell concentrations of 151 x
10° cells 1" and 201 x 10° cells 1" respectively (Figure 4.6¢).
Station S1 was positioned southwards from station A7 in the Celtic Sea (Figure). The
cell density of phytoplankton at 26m at station A7 decreased to 86 x 10° cells I"'. The
cell density of Ceratium lineatum was the highest in the phytoplankton population with
cell concentrations of 18 x 10% cells I"! at 26 m at station A7, while there were 16 x 10

cells 1! of Nitzschia seriata at Om.

4.2.6.4 16™ July 2002

Stations C7 through C2 were sampled on the 16™ of July, working northeast towards the
Irish Sea (Figure 3.1e). Nitzschia seriata, Rhizosolenia setigera and Detonula
confervacea were the commonly found diatoms, while Ceratium lineatum,
Prorocentrum micans and Dinophysis acuta were the major dinoflagellates in the
transect ‘C’ (Appendix A-6). The population density of Nitzschia seriata reached 63 x
10 cells 1" at the depth of 17 m at station C6, while the population density of Ceratium
lineatum reached 50 x 10° cells 1" at the depth of 9 m at station C5. The cell densities of
Nitzschia seriata and Ceratium lineatum decreased to 13 x 10° cells I and 8 x 10° cells
I"" respectively at the surface of station C2.

The thermal stratification was detected in the CTD temperature profile at the
depth of 14 m, 17 m and 9 m at stations C7, C6 and C5, respectively. The population

densities of phytoplankton at the depths of 14 m, 17 m and 9 m at stations C7, C6 and
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C5, respectively were 263 x 10° cells 17, 271 x 10% cells I, and 339 x 10° cells 1!
(Figure 4.6d). The cell densities of phytoplankton increased at the surface from station
C7 (151 x 10° cells 1) to station C5 (232 x 10° cells I'). The cell densities of diatoms
and dinoflagellates increased from 76 x 10% cells 1™ and 47 x 10° cells 1" respectively, at
the surface of station C7 to 149 x 10° cells 1" and 68 x 107 cells 1" respectively, at the
surface of station C5. However, the cell densities of flagellates at the surface decreased
from 29 x 10’ cells "' at station C7 to 16 x 10° cells 1" at station C5. The population
densities of phytoplankton at station C2 decreased to 78 x 10° cells I, 60 x 10° cells I

and 63 x 10° cells 1" at the depths of 0 m, 46 m and 93 m, respectively.

4.2.6.5 17" and 18" July 2002

Station E2 and station E1 were sampled on the 17" of J uly and stations E3 through E6
were sampled on the 18™ of July, working southwest into the Celtic Sea. (Figure 3.1¢).
The dinoflagellate Ceratium lineatum was the dominant phytoplankton species at the
depth of 16m at station E2 (21 x 10’ cells I') and at the depth of 0 m at station E3 (34 x
10% cells 1), while the cell density of Nitzschia seriata at the depth of 24 m at station E5
reached 29 x 10° cells I (Appendix A-6). Rhizosolenia setigera was the major species
at the depth of 41 m at station E6, with cell concentrations of 18 x 10° cells I"', while
there were 10 x 10° cells "' of Nitzschia seriata and 16 x 10° cells 17 of Ceratium
lineatum.

Diatoms and dinoflagellates composed the phytoplankton population in the
transect ‘E’ (Figure 4.6¢). There were 52 x 10° cells 1" and 18 x 107 cells I of diatoms

and dinoflagellates, respectively, at the surface of station E1, while there were 44 x 10°
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cells I and 39 x 10° cells I"' of diatoms and dinoflagellates, respectively, at the surface
of station E2. However, the cell density of dinoflagellates (52 x 10° cells I'') were higher
than that of diatoms (44 x 10° cells 1) at the surface of station E3. The population
densities of phytoplankton at 32 m at station E4, at 24 m at station ES5, and at 41 m at
station E6 were high, with cell concentrations of 83 x 107 cells 17, 143 x 10 cells 1, and
102 x 10° cells I respectively. The cell densities of phytoplankton at the surface of
stations E4, ES and E6 were 16 x 10° cells ", 34 x 10° cells I, and 55 x 10 cells I

respectively.

4.2.6.6 19" July 2002

Samples were taken from stations D7 to Dend on the transect ‘D’ on the 19" of J uly
2002, towards northeast into the Irish Sea (Figure 3.1e). Diatoms and dinoflagellates
dominated the population in the transect ‘D’, while there were a few flagellates at
stations D7, D5, D4 and D1, DO (Figure 4.6f).

The dominant diatoms were Nitzschia seriata, Rhizosolenia setigera and
Detonula confervacea, while Ceratium lineatum and Prorocentrum micans were
commonly found dinoflagellates in the transect ‘D’ (Appendix A-6). The major
phytoplankton species at station D7 were Nitzschia seriata and Prorocentrum micans,
with cell concentrations of 21 x 10° cells I and 18 x 10° cells "' respectively at the
surface, while Leptocylindrus danicus had the highest cell density at the surface of
station D6, with cell concentrations of 18 x 10° cells 1", Prorocentrum micans was the
prominent dinoflagellate species at the surface of station D5, with cell densities of 29 x

10 cells I"". However, the population density of Ceratium lineatum was higher than that
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of Prorocentrum micans at station D4. There were 21 x 10° cells 1" of Ceratium
lineatum and 13 x 10° cells I of Prorocentrum micans, respectively, at the depth of 50
m at station D4. The population density of Nitzschia seriata at the surface of station D3
was 18 x 10° cells I'', while there were 16 x 10° cells I of Detonula confervacea and 10
x 10° cells I of Ceratium lineatum, respectively. The population densities of Nitzschia
seriata increased from station D2 to station D1, while the population densities of
Rhizosolenia setigera decreased. There were 26 x 10 cells I, 39 x 10% cells I, 23 x 10°
cells I, and 21 x 10% cells 1" of Nitzschia seriata, Rhizosolenia setigera, Ceratium
lineatum and Prorocentrum micans, respectively at the depth of 33 m at station D2. The
dominant phytoplankton at station D1 were diatoms, Nitzschia seriata and Rhizosolenia
setigera, with cell densities of 57 x 10° cells " and 37 x 10° cells I at the depth of 29 m,
respectively. The cell density of Rhizosolenia setigera at the surface of station DO was
29 x 10 cells 1", while there was 26 x 10° cells I of Nitzschia seriata at the depth of 51
m at station Dend. The cell density of Prorocentrum micans decreased from 18 x 10°
cells I at 29 m at station DO to 13 x 10 cells I"' at 25 m at station Dend.

The cell densities of phytoplankton at the surface were higher than at the depth
of 41 m at stations D7 and D6 (Figure 4.6f). There were 136 x 10 cells I and 55 x 10
cells 1" of phytoplankton at 0 m and 41 m, respectively, at station D7, and 70 x 10’ cells
1" and 39 x 10° cells I"' of phytoplankton at 0 m and 41 m, respectively, at stations D6.
The population density of phytoplankton reached 287 x 10° cells I"' at the depth of 29 m
at station D1. There were 203 x 10’ cells I}, 76 x 10’ cells I, and 8 x 10° cells I"! of
diatoms, dinoflagellate, and flagellates respectively, at the depth of 29 m at station D1.
The population density of phytoplankton decreased to 65 x 10° cells I"! at the surface of

station Dend.
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4.2.6.7 20™ July 2002

The final three stations were positioned at station T1 off the north coast of Anglesey at
0750 BST (T1A-C1), 0850 BST (T1A-C2) and 0940 BST (T1A-C3) on the 20™ of July
2002 (Figure 3.1¢). The names of casts at T1 on the 20" of J uly had ‘A’ appended to
differentiate from the samples taken on the 13™ of July.

The dominant phytoplankton at station T1 on the 20th of July was still
Rhizosolenia shrubsolei (Appendix A-6). The population densities of Rhizosolenia
shrubsolei increased from 29 x 10° cells 1" at the surface of TIA-C1 to 37 x 10° cells I
at the surface of T1A-C3, while there were 21 x 10% cells 17, 13 x 10% cells 17, and 18 x
10° cells 1! of Ceratium lineatum at the surface of stations T1A-C1, T1A-C2 and T1A-
C3, respectively. The population densities of phytoplankton at the surface of stations
T1A-C1, T1A-C2 and T1A-C3 were 125 x 10° cells 1", 110 x 10’ cells 1", and 128 x 10°
cells 1" respectively (Figure 4.6g). The population density of phytoplankton reached
162 x 10% cells 1" at 20 m at station T1A-C3. There were 117 x 10° cells 1", 42 x 10°
cells I, and 3 x 10’ cells I of diatoms, dinoflagellates and flagellates respectively, at 20

m at station T1A-C3.

4.3 HPLC pigment results

Pigment concentrations were measured using High Performance Liquid
Chromatography (HPLC). Standard pigment markers, which characterise each of the
major phytoplankton groups found during the studies, were used. These were peridinin

(dinoflagellates), fucoxanthin (diatoms), 19” — hexanoyloxyfucoxanthin
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(prymnesiophytes) and chlorophyll b (green flagellates) (Wright and Jeffery, 1987, Paerl
and Millie, 1991; Barlow et al., 1993; Weaver and Wrigley, 1994). Figure 4.7 shows
results from HPLC analysis in the Menai Straits, while Figures 4.8-4.12 show results
from HPLC analysis for each cruise.

The HPLC data from the Menai Strait between May 2001 and October 2002
(Figure 4.7) shows the highest pigment concentrations on the 15™ of June 2001 and the
7™ of June 2002, during the Phaeocystis pouchetti bloom. The marker pigment for
prymnesiophytes, 19° — hexanoyloxyfucoxanthin was prominent, with concentrations of
513 ug 1" on the 15" of June 2001 and 6.54 pg 17 on the 7™ of June 2002. The presence
of prymnesiophytes, Phaeocystis species, contributes fucoxanthin to the diatom group,
as it contains both marker pigments, 19° — hexanoyloxyfucoxanthin and fucoxanthin
(Wright and Jeffrey, 1987). However, there was a significant cell density of Phaeocystis
pouchetti on the 15™ of June 2001 (662 x 10° cells 1) and on the 7™ of June 2002 (1115
x 10% cells 1). As a result, the concentration of 19° — hexanoyloxyfucoxanthin was still
higher than the concentration of fucoxanthin on the 15" of June 2001 and on the 7" of
June 2002. The marker pigment for diatoms, fucoxanthin dominated in spring 2002. The
highest concentration of fucoxanthin was observed on the 24™ of May 2002, with the
concentration of 4.90 pg I"". The marker pigment for dinoflagellates, peridinin was
observed after the Phaeocystis pouchetti bloom. The highest concentration of peridinin
was 2.02 ug 1" on the 19" of August 2002.

Figure 4.8 shows the HPLC data from the Clyde Sea cruise in April 2001.
Diatoms predominated the population during the study, with Skelefonema costatum and
Thalassiosira nordenskioldii most common. A marker pigment, fucoxanthin, which

represents the presence of diatoms reached the highest concentration of 8.33 pg 1™ at the
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depth of 12 m at station CE4. The presence of peridinin, the marker pigment for
dinoflagellates was observed at stations LLF1, IW1, BS1, CE4, CE3 and CE2, LS1,
RB1, WK1. The concentration of peridinin reached 2.08 ng I at 7 m at station RB1 and
at 15 m at station WK1, respectively.

The pigment data from the Irish Sea cruise in August 2001 (Figure 4.9) displays
a mixed population of diatoms and dinoflagellates with few flagellates. The highest
concentration of peridinin was observed at the surface of station 4, with a concentration
of 1.17 pug 1", while the concentration of fucoxanthin reached 0.91 ng 1™ at the depth of
30 m at station 16. The highest concentration of 19 — hexanoyloxyfucoxanthin was
found at the surface of station 8, with a concentration of 0.48 ug 1"'. The marker
pigment, 19° — hexanoyloxyfucoxanthin may have been supplemented by the presence
of the dinoflagellate, Gyrodinium aureolum in Liverpool Bay as it has a higher
concentration of prymnesiophyte marker pigment, 19° — hexanoyloxyfucoxanthin than
dinoflagellate marker pigment, peridinin (Tangen and Bjornland, 1981; Millie et al.,
1997) (see Figure 3.1b and Appendix A-3).

Figure 4.10 shows the Irish Sea cruise data in November 2001. Diatom
dominated the phytoplankton population, with Coscinodiscus lineatus and Biddulphia
sinensis. The concentration of fucoxanthin reached 1.05 pg 1™ at the surface of station 8,
while there was 0.24 ug 1" of peridinin at the surface of station 22. The major
dinoflagellate was Ceratium species.

Figure 4.11 shows the HPLC samples for the Irish Sea Cruise in April 2002.
The dominant group of phytoplankton was diatoms. The highest concentration of
fucoxanthin during the tidal cycle at station T1 on the 2 of April was 0.28 pg 1" at the

surface of station T1C10 (Figure 4.11a). The concentration of fucoxanthin reached 0.78
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ng I'! at the surface of station B6, while the concentration of peridinin reached 0.32 pg!”
at the surface of station C1 (Figure 4.11b). The concentration of pigments in Red Wharf
Bay increased dramatically at stations RW3 and RW4. There were 2.83 pug 1™ of
fucoxanthin, 0.52 pg 1" of peridinin and 0.30 pg "' of 19° — hexanoyloxyfucoxanthin at
the surface of station RW4.

Figure 4.12 shows HPLC data from the Celtic Sea cruise in July 2002. Diatoms
and dinoflagellates dominated the phytoplankton population. The highest concentration
of fucoxanthin at station T1 over a tidal cycle on the13™ of July was 0.42 ug 1" at the
depth of 25 m at station T1C9, while there was 0.24 pg 1" of peridinin at the surface of
station T1C8 (Figure 4.12a). The highest concentration of 19’-hexanoyloxyfucoxanthinin
in the Celtic Sea was found at the depth of 26 m at station A7, with a concentration of
0.19 ug 1" (Figure 4.12¢). The highest concentration of fucoxanthin and peridinin in the
Celtic Sea were observed at the depth of 9 m at station C5, with a concentration of 0.83
pg 1" and 0.58 ug I, respectively (Figure 4.12d). The samples were taken at station T1
one more time on the 20™ of July. There were 0.38 pug 1" of fucoxanthin and 0.19 pug 1"
of peridinin at the surface of station T1A-C1, while there were 0.31 pg 1™ of

fucoxanthin and 0.21 pg I of peridinin at the surface of station T1A-C3 (Figure 4. 12g).

4.4 Fluorometric and HPLC measurement

Chlorophyll @ measurement by fluorometer and HPLC were compared. As chlorophyll
a is contained all phytoplankton taxa as a major pigment, it is used as a universal
indicator of phytoplankton biomass. The regression lines for the comparison of

chlorophyll ¢ measured by fluorometer and HPLC from the Menai Strait and each
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cruise are plotted in Figure 4.13a-¢ and regression coefficients are presented in Table
4.1, showing high R* values (> 0.80).

The all data from the Menai Strait and each cruise are plotted together in Figure
4.14. Tt shows a good correlation with high R? values over the range of chlorophyll a

measurements made (0-12 ug 17).

Table 4.1 regression between Chlorophyll a measurement by fluorometer and HPLC. R?is the coefficient

of determination and n is number of samples. F statistic is given with the probability.

R* n F-statistic Probability
Menai Strait 0.98 25 1298.21 0.00
Irish Sea Aug. 01 0.91 54 530.58 0.00
Irish Sea Nov. 01 0.80 65 257.23 0.00
Irish Sea Apr. 02 0.98 95 5318.10 0.00
Celtic Sea July 02 0.93 146 1815.08 0.00
All data 0.99 385 25927.20 0.00

4.5 Result of taxonomic data

Taxonomic data collected in the Menai Strait over a year between the 25™ of May 2001
and the 21 of October 2002 were showed a seasonal variation of phytoplankton
succession. Small celled and fast growing diatoms (e.g. Thalassiosira, Chaetoceros and
Skeletonema species) dominated the early spring diatom population, while medium
sized and slow growing diatoms (e.g. Rhizosolenia species, Fragilaria oceanica and
Guinardia flaccida) dominated the later diatom population. This pattern of diatom
succession in the Menai Strait was observed in the previous work (Newton, 1986).
However, the large number of Skeletonema costatum was still found until June 2001 and

May 2002. This reflects that phytoplankton cycles observed over several years may not
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typical of more than that period (Bold and Wynne, 1985; Boney, 1989). One of the
prymnesiophyte, Phaeocystis pouchetti, which follows the spring diatom bloom after
depletion of silicate, formed the largest bloom in the early summer in the year 2001 and
2002. The Phaeocystis bloom, which normally occurs in May or June, has considerable
impact on the east coast of Anglesey as it forms mats and smothers area of sea bed
(Young 1993). Dinoflagellates became the dominant group of phytoplankton in
September 2001 and August 2002 in Menai Strait. After autumnal bloom the population
decreased. Diatoms, Coscinodiscus and Biddulphia species were dominant during the
winter. These diatoms are commonly found in the winter in north temperate seas (Boney,
1989).

The phytoplankton population during the Clyde Sea cruise in April 2001 were
predominated by diatoms. Skeletonema costatum and Thalassiosira nordenskioldii were
dominant species at all stations. However, during the Irish Sea cruise in August 2001
Rhizosolenia species were commonly found diatoms. McKinney et al. (1997) identified
Rhizosolenia danicus as a common diatom in the north-west Irish Sea in the summer.
Dinoflagellates, Ceratium species and Noctiluca scintillans were found at all sampling
stations during the cruise and Gyrodinium aureolum was found in the eastern Irish Sea.
The sampling stations for the Irish Sea cruise in November 2001 were located in Red
Wharf Bay. Diatoms, Coscinodiscus and Biddulphia species were the major
phytoplankton species found during the cruise. During the Irish Sea cruise in April 2002,
commonly found phytoplankton at all sampling stations were diatoms (e.g. Bacillaria
paxillifer and Skeletonema costatum). Chaetoceros debilus was one of the major diatom
in the Western Irish Sea, while Thalassiosira decipiens were the predominant

phytoplankton species in Red Wharf Bay. Few dinoflagellates, such as Ceratium species
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were also found. During the Celtic Sea cruise in July 2002, dinoflagellates, Ceratium
species and Prorocentrum micans dominated many sampling station across the Celtic
Sea front, while diatom, Rhizosolenia shrubsolei was commonly found diatom in the
northwest coast of Anglesey. Nitzschia seriata and Rhizosolenia setigera were also
commonly found diatoms in the Celtic Sea. Samples taken over a tidal cycle at station
T1 in the northwest of Anglesey during the Irish Sea cruise in April 2002 and the Celtic
Sea cruise in July 2002 (Figure 3.1d and Figure 3.1e). Sampling began at low water
slack tide for both cruises. The highest cell densities of phytoplankton from both cruises
were found just after the high water slack tide.

Figure 4.15 shows the surface temperature plot measured by the CTD profile
during the Celtic Sea cruise in July 2002. The temperature ranged between 17 °C on the
Celtic Sea side and 13 °C on the Irish Sea side. Figure 4.16 is the plot of the
temperature differences between surface and bottom samples during the Celtic Sea
cruise in July 2002. Bottom temperatures were measured at depths deeper than 50m.
The temperature differences between surface and bottom were over 6 °C on the Celtic
Sea side, while there were less than 1 °C or no differences detected on the Irish Sea side.
In other words, there was a thermal stratification on the Celtic Sea side and mixed area
on the Irish Sea side. The highest population densities of phytoplankton were observed
in the transitional water (Figure 4.6b-f). Diatoms dominated the population at most
sampling stations across the frontal region. As diatoms can grow in the colder condition
of spring, they tend to be abundant in the mixed zone, which is colder than the surface
of stratified zone (Martinjezequel and Videau, 1992). However, this trend could not be
conformed from the data. The larger phytoplankton population were found along the

thermocline and upper layer of the stratified side. The warmer conditions enable
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flagellates to compete more effectively with diatoms and dinoflagellates (Boney, 1989;
Hoek ef al., 1995). As a result, flagellates were more abundant at the surface water of

the stratified side (Boney, 1989; Martinjezequel and Videau, 1992).

4.6 Comparison of taxonomic data and HPLC results

Phytoplankton group division was simplified to diatoms and dinoflagellates with
remaining groups, classed as flagellates. Marker pigments for individual group of
phytoplankton peridinin (dinoflagellates), fucoxanthin (diatoms), 19° —
hexanoyloxyfucoxanthin (prymnesiophytes) and chlorophyll 5 (green flagellates) were
used to determine the presence of dominant group of phytoplankton (Everitt, 1990;
Barlow er al., 1993). Only 19’ — hexanoyloxyfucoxanthin and chlorophyll 5, which
represent prymnesiophytes and green flagellates respectively, were used as marker
pigments for flagellates. Therefore, if flagellates present other than prymnesiophytes
and green flagellates, the estimation of flagellates using HPLC might underestimate
their presence. However, the flagellate population during the study rarely represented a
significant proportion of the phytoplankton population.

The presence of Phaeocystis pouchetti, one of the prymnesiophytes, enhanced
the concentration of fucoxanthin as it contains both marker pigments, fucoxanthin and
19° — hexanoyloxyfucoxanthin, while dinoflagellate, Gyrodinium aureolum contributed
fucoxanthin rather than marker pigment for dinoflagellate, peridinin.

HPLC pigment measurements and taxonomic cell identification data were
normalised and compared in Figure 4.17 and 4.18. The relationship between HPLC data

and cell identification data shows generally a good agreement in the Menai Strait
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(Figure 4.17a), and during all cruises; the Clyde Sea cruise in April 2001 (Figure 4.17b),
the Irish Sea cruise in August 2001 (Figure 4.17c), the Irish Sea cruise in November
2001 (Figure 4.18a) and the Irish Sea cruise in April 2002 (Figure 4.18b), the Celtic Sea
cruise in July 2002 (Figure 4.18c). Although the plot for the Irish Sea cruise in August
2001 (Figure 4.17¢) shows R? value of 0.502, the relationship between HPLC and
taxonomic data was significant (at P < 0.001). Low R? values were also found during
the Irish Sea cruise in April 2002 (Figure 4.18b) and the Celtic Sea cruise in July 2002
(Figure 4.18c), showing 0.753 and 0.833, respectively. These lesser agreements between
cell identification and HPLC data may be explained due to the mixed population of the
phytoplankton population. The mixed population may cause low pigment concentration
and contain a number of different accessory pigments. As marker pigments for
flagellates used in the study were 19’ — hexanoyloxyfucoxanthin and chlorophyll 4 only,
other marker pigments, which may be present, were not included in the sum of pigments
for flagellates, resulting the underestimation of flagellate population.

The samples in the Menai Strait (Figure 4.17a) were taken over a year between
May 2001 and October 2002. As a result, the normalised data for the comparison
between HPLC and taxonomic cell identification for diatoms, dinoflagellates and
flagellates were distributed across the range of zero to one. Flagellates found in the
Menai Strait was predominantly prymnesiophyte, Phaeocystis pouchetti. Diatoms
dominated the phytoplankton population during all cruises. During the Clyde Sea cruise
in April 2001 (Figure 4.17b), the Irish Sea cruise in November 2001 (Figure 4.18a) and
the Irish Sea cruise in April 2002 (Figure 4.18b), diatoms and other phytoplankton
groups were divided at the opposite ends of the scale. During the Irish Sea cruise in

August 2001 (Figure 4.17¢) and the Celtic Sea cruise in July 2002 (Figure 4.18c), there
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was a mixed population of diatoms and dinoflagellates with few flagellates.

The HPLC samples collected during the Celtic Sea cruise in July 2002 were
used for the principle component analysis (PCA) (Figure 4.19) (Schlens, 2004).
Samples from surface, mid-depth (8 - 49 m) and the deepest depth (>50m) are presented
in Figure 4.19. Diatoms tend to be abundant in the mixed zone where the temperature is
colder than stratified zone (Martinjezequel and Videau, 1992), while the warmer
conditions enable flagellates tend to grow more effectively than diatoms (Boney, 1989;
Hoek et al., 1995). Fucoxanthin, which represents diatoms, was enriched in the mixed
zone at all three depths while Peridinin which represents dinoflagellates, was enriched
in the mid-depth at most stations during the cruise (Figure 4.19). As flagellate
populations were more abundant in the surface water on the stratified side (Boney,
1989; Hoek et al., 1995), marker pigments, 19° — hexanoyloxyfucoxanthin and
chlorophyll » were more enriched at stations located on the surface of the stratified side

(stations A7, C7 and E6) (Figure 4.19).
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Menai Strait
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Figure 4.1 Phytoplankton cell counts data from the Menai Strait between 25 May
2001 and 21 October 2002. Phytoplankton were classified into four groups;
Phaeocystis pouchetti (Prymnesiophyceae), dinoflagellates, diatoms and
Chrysophyceae.
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Clyde Sea Apr. 01
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Figure 4.2 Phytoplankton cell counts data during the Clyde Sea cruise (23—-27 April
2001). Phytoplankton were classified into three groups; dinoflagellates, diatoms
and flagellates.
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Irish Sea Aug. 01
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Figure 4.3 Phytoplankton cell counts data during the Irish Sea cruise (6—10 August
2001). Phytoplankton were classified into three groups; dinoflagellates, diatoms

and flagellates.
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Irish Sea Nov. 01
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Figure 4.4 Phytoplankton cell counts data during the Irish Sea cruise (26-30
November 2001). Phytoplankton were classified into three groups;
dinoflagellates, diatoms and flagellates.
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Irish Sea Apr. 02
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Figure 4.5a Phytoplankton cell counts data during the Irish Sea cruise (2 April 2002).
Samples were taken at station T1 over a tidal cycle. Phytoplankton were classified
into three groups; dinoflagellates, diatoms and flagellates.
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Figure 4.5b Phytoplankton cell counts data during the Irish Sea cruise (3—5 April
2002). Phytoplankton were classified into three groups; dinoflagellates, diatoms

and flagellates.
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Celtic Sea 13 Jul. 02
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Figure 4.6a Phytoplankton cell counts data during the Celtic Sea cruise
on 13 July 2002. Samples were taken at station T1 over a tidal cycle.
Phytoplankton were classified into three groups: dinoflagellates, diatoms
and flagellates.
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Figure 4.6b Phytoplankton cell counts data during the Celtic Sea cruise
on 14 July 2002. Phytoplankton were classified into three groups;
dinoflagellates, diatoms and flagellates.
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Figure 4.6¢c Phytoplankton cell counts data during the Celtic Sea cruise
on 15 July 2002. Phytoplankton were classified into three groups:
dinoflagellates, diatoms and flagellates.
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Figure 4.6d Phytoplankton cell counts data during the Celtic Sea
cruise on 16 July 2002. Phytoplankton were classified into three
groups; dinoflagellates, diatoms and flagellates.
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Figure 4.6e Phytoplankton cell counts data during the Celtic Sea
cruise on 17 and 18 July 2002. Phytoplankton were classified into
three groups; dinoflagellates, diatoms and flagellates.
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Celtic Sea 19 Jul. 02
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Figure 4.6f Phytoplankton cell counts data during the Celtic Sea
cruise on 19 July 2002. Phytoplankton were classified into three
groups; dinoflagellates, diatoms and flagellates.
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Figure 4.6g Phytoplankton cell counts data during the Celtic Sea
cruise on 20 July 2002. Phytoplankton were classified into three
groups; dinoflagellates, diatoms and flagellates.
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Figure 4.7 HPLC pigment measurements from the Menai Strait between 25 May
2001 and 21 October 2002. peri (peridinin), fuco (fucoxanthin), 19 hex (19° —
hexanoyloxyfucoxanthin), chl b (chlorophyll b), chl a (chlorophyll @), phaeo
(phaeophytin a).
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Figure 4.8 HPLC pigment measurements from the Clyde Sea cruise (23-27 April
2001). peri (peridinin), fuco (fucoxanthin), 19 hex (19’ — hexanoyloxyfucoxanthin),
chl b (chlorophyll 8), chl a (chlorophyll a), phaeo (phaeophytin a).
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Figure 4.9 HPLC pigment measurements from the Irish Sea cruise (6—10 August
2001). peri (peridinin), fuco (fucoxanthin), 19 hex (19’ — hexanoyloxyfucoxanthin),

chl b (chlorophyll b), chl a (chlorophyll a), phaeo (phaeophytin a).
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Figure 4.10 HPLC pigment measurements from the Irish Sea cruise (26—30
November 2001). peri (peridinin), fuco (fucoxanthin), 19 hex (19° —
hexanoyloxyfucoxanthin), chl b (chlorophyll 6), chl a (chlorophyll &), phaeo
(phaeophytin a). 131




Irish Sea Apr. 02

G _0 [rmm
~ 20 [mm
oy _0 Fem
E 10

30 B
oy _O [
= 10 [rrmm
~ 27
< 0 [
= _8 [mm

20 [
o 0 [ | peri
2 15 [ 0 fuco
~ 30 [T @ 19 hex
S _0 [mm O chib
— 35 [ B chla
'S 0 [ E phaeoa
~ 35 [
S _0 pmm
~ 35 [
=
— 25 [
o 0 [mm
< 10 .
F 35
- O rm=
© 10 [m
= L

35 |

0 5! 10
ug -1

Figure 4.11a HPLC pigment measurements from the Irish Sea cruise on 2 April 2002.
Samples were taken at station T1 over a tidal cycle.

peri (peridinin), fuco (fucoxanthin), 19 hex (19’ — hexanoyloxyfucoxanthin), chl b
(chlorophyll b), chl a (chlorophyll &), phaeo (phaeophytin a).
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Figure 4.11b HPLC pigment measurements from the Irish Sea cruise (3-5 April
2002).

peri (peridinin), fuco (fucoxanthin), 19 hex (19’ — hexanoyloxyfucoxanthin), chl b
(chlorophyll b), chl a (chlorophyll &), phaeo (phaeophytin a).
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Figure 4.12a HPLC pigment measurements from the Celtic Sea cruise on 13 July
2002. Samples were taken at station T1 over a tidal cycle.

peri (peridinin), fuco (fucoxanthin), 19 hex (19’ — hexanoyloxyfucoxanthin), chl b
(chlorophyll b), chl a (chlorophyll @), phaeo (phaeophytin a).
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Figure 4.12b HPLC pigment measurements from the Celtic Sea cruise on 14 July
2002. peri (peridinin), fuco (fucoxanthin), 19 hex (19’ — hexanoyloxyfucoxanthin), chl
b (chlorophyll ), chl a (chlorophyll a), phaeo (phaeophytin a).
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Figure 4.12c HPLC pigment measurements from the Celtic Sea cruise on 15 July
2002. peri (peridinin), fuco (fucoxanthin), 19 hex (19’ — hexanoyloxyfucoxanthin),
chl b (chlorophyll 5), chl a (chlorophyll a), phaeo (phaeophytin a).
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Figure 4.12d HPLC pigment measurements from the Celtic Sea cruise on 16 July
2002. peri (peridinin), fuco (fucoxanthin), 19 hex (19’ — hexanoyloxyfucoxanthin), chl
b (chlorophyll b), chl a (chlorophyll a), phaeo (phaeophytin a).
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Figure 4.12e HPLC pigment measurements from the Celtic Sea cruise on 17 abd
18 July 2002. peri (peridinin), fuco (fucoxanthin), 19 hex (19° —
hexanoyloxyfucoxanthin), chl b (chlorophyll b), chl a (chlorophyll &), phaeo
(phaeophytin a).
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Figure 4.12f HPLC pigment measurements from the Celtic Sea cruise on 19 July
2002. peri (peridinin), fuco (fucoxanthin), 19 hex (19’ — hexanoyloxyfucoxanthin), chl
b (chlorophyll b), chl a (chlorophyll @), phaeo (phaeophytin a).
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Figure 4.12g HPLC pigment measurements from the Celtic Sea cruise on 20 July
2002. peri (peridinin), fuco (fucoxanthin), 19 hex (19’ — hexanoyloxyfucoxanthin),
chl b (chlorophyll b), chl a (chlorophyll a), phaeo (phaeophytin a).
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Figure 4.13 a,b,c Regression of the chlorophyll a concentration measurement by
fluorometer against the chlorophyll a measurement by HPLC in the Menai Strait (a), and
during the Irish Sea cruise in August 2001 (b) and November 2001 (c).
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Figure 4.13 d,e Regression of the chlorophyll a concentration measurement by
fluorometer against the chlorophyll a measurement by HPLC during the Irish Sea cruise in
April 2002 (d) and the Celtic Sea cruise in July 2002 (e).
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Figure 4.14 Regression of the chlorophyll a concentration measurement by
fluorometer against the chlorophyll a measurement by HPLC for all data set
from the Menai Strait and five cruises around the U.K. shelf seas.
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Figure 4.15 Surface water temperature (degrees C) variation in the
Celtic Sea. Result obtained from CTD measurements on R.V Prince
Madog cruise, 13 - 20 July 2002
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Figure 4.16 Surface and bottom temperature differences (degrees C) in
the Celtic Sea, measured during R.V Prince Madog cruise, 13 - 20 July
2002, showing the stratified side in the Celtic Sea (south-east) and the
mixed side in the Irish Sea (north-west).
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Chapter 5

5. OPTICAL DETERMINATION OF PHYTOPLANKTON GROUPS

5.1 Introduction

This chapter presents the colour ratio algorithms, that were developed from the PRR-
600 casts collected in the Menai Strait and on cruises around the U.K. shelf seas
described in chapter 4. Phytoplankton group specific absorption spectra were classified
according to the proportion of a marker pigment for diatom, fucoxantin, in the sum of
all marker pigments used in this study; these were fucoxanthin, peridinin, 19°-
hexanoloxyfucoxanthin and chlorophyll 5. Modelled remote sensing reflectance were
then developed, based on classified phytoplankton group specific absorption spectra,

and were compared to the in situ remote sensing reflectance.

5.2 Colour ratio algorithms

The colour ratio algorithm (Morel, 1980; Gordon and Morel, 1983) to derive
chlorophyll biomass was used in the Menai Strait and five cruises around the U.K. shelf
seas: the Clyde Sea in April 2001; the Irish Sea in August and November 2001, and in

April 2002; and the Celtic Sea in July 2002;

C = a(R(M)/ R(\))’ (5.1)

where C is the chlorophyll biomass in ug I measured by fluorometer and R(A;)/ R(1,)
y

is the irradiance reflectance ratio ((E, (A1) / Eq (A1)) : (Eu (A2) / Eq (A2))) or remote
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sensing reflectance ratio ((Ly (A1) / Ea (A1) : (Lu (A2) / Ea (A2))). A1 =443 or 490 nm and

A2 =555 nm. a and b are the constants. Logarithmic form of equation 5.1 is expressed;

log C = blog, R+ log, a (5.2)

where b is the gradient and log,, a is the intercept of regression between C and R.
Table 5.1 and 5.2 shows chlorophyll algorithm coefficients using remote sensing

reflectance rations of 443 nm : 555 nm and 490 nm : 555 nm respectively.

Table 5.1 Regression coefficients for chlorophyll algorithms from Menai Strait and five cruises with all
data collected between 2001 and 2002. The remote sensing reflectance (R,;) ratio of 443 nm and 555 nm
was used. b and log;, a are the gradient and the intercept from the regression respectively with standard
errors (s.e.) in brackets. The coefficient of determination (R?), probability (p), and number of stations (n)

are also given.

(Rrs 443 nm : Rrs 555 nm)

Cruises Periods | b (s.e.) logp a R? p n
(s.e)
Menai Strait 25/05/01- | -0.898 0.022 0.086 0.253 17
21/10/02 (0.755) (0.306)
Clyde Sea 23/04- -1.610 0.189 0.731 0.000 18
27/04/01 (0.244) (0.107)
Irish Sea 06/08- -0.515 0.081 0.113 0.126 22

10/08/01 (0.323) (0.097)

Irish Sea 26/11- -1.630 -0.479 0.668 0.000 23
30/11/01 (0.250) (0.092)
Irish Sea 02/04- 0.833 -0.018 0.471 0.002 17

05/04/02 (0.228) (0.034)

Celtic Sea 13/07- -1.790 -0.190 0.774 0.000 34
200702 | (0.171) (0.028)

All 25/05/01- | -1.150 -0.041 0.387 0.000 131
20/07/02 (0.126) (0.039)
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Table 5.2 Regression coefficients for chlorophyll algorithms from Menai Strait and five cruises with all
data collected between 2001 and 2002. The remote sensing reflectance (R,) ratio of 490 nm and 555 nm
was used. b and log;o a are the gradient and the intercept from the regression respectively with standard
errors (s.e.) in brackets. The coefficient of determination (R?), probability (p), and number of stations (n)

are also given.

(Rrs 490 nm : Rrs 555 nm)

Cruises Periods | b (s.e.) logyo a R’ p n
(s.e)
Menai Strait 25/05/01- -1.712 0.128 0.131 0.154 17

21/10/02 (1.141) (0.180)

Clyde Sea 23/04- -1.937 0.546 0.666 0.000 18
27/04/01 (0.343) (0.063)

Irish Sea 06/08- -1.051 0.186 0.236 0.022 22
10/08/01 (0.423) (0.037)

Irish Sea 26/11- -2.093 -0.096 0.691 0.000 23
30/11/01 (0.305) (0.034)

Irish Sea 02/04- 2.181 -0.152 0.263 0.035 17

050402 | (0.943) | (0.088)

Celtic Sea 13/07- -2.451 0.089 0.785 0.000 34
20/0702 (0.227) (0.029)

All 250501- | -2.354 0.125 0.568 0.000 131
20/07/02 (0.178) (0.023)

PRR measurements used were taken at 0.5 m below the surface. Remote sensing
reflectance developed in this section are compared with modeled remote sensing
reflectance in section 5.4

Figure 5.1 and 5.2 show the regression line plots between in situ chlorophyll
measurements and remote sensing reflectance ratios between 443 nm : 555 nm and 490
nm : 555 nm for the Menai Strait and five cruises around the U.K. shelf seas.
Regressions of all data are also presented (Figure 5.1g and 5.2g). In all cases the

regressions gave corresponding relationships for both ratios. During the Clyde Sea
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cruise in April 2001, the Irish Sea cruise in November 2001, and the Celtic Sea cruise in
July 2002, R* values were higher than 0.666 for both ratios with significant
relationships (p<0.001). However, the rest of sampling points at the Menai Strait, and
the Irish Sea cruise in August 2001 and in April 2002 showed lower R* values. R? vales
for all sampling stations (n = 131) were 0.387 and 0.568 for both reflectance ratios
respectively. Algorithms using remote sensing reflectance rations of 443 nm : 555 nm

and 490 nm : 555 nm for all dataset were expressed as;

log C =-1.150 log,o((Rys (443) / Ry (555)) — 0.041 (5.3)

log C =-2.354 logys (Rys (490) / Ry (555)) + 0.125 (5.4)

where R, is remote sensing reflectance.

5.3 Phytoplankton group specific absorption spectra

Using HPLC measurements, the particulate absorption spectra of phytoplankton, a, (),
obtained from the Menai Strait and five cruises around the U K. shelf seas were grouped
according to the proportion of a marker pigment for diatom, fucoxanthin in the sum of
all marker pigments, fucoxanthin, peridinin, 19°- hexanoloxyfucoxanthin and
chlorophyll 5. A marker pigment fucoxanthin was used to divide spectra into four
groups, as it was a predominant pigment for many sampling points during studies, while
other pigments dominate no more than 50 % of the concentration of all marker pigments.
In addition, fucoxanthin was the most commonly found marker pigment during studies

as diatom was found all sampling stations. The proportions of fucoxanxanthin in the
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sum of pigments were ranged between 23 % and 39 %; 40 % and 59 %; 60 % and 79 %,
and over 80 %. Absorption spectra used were taken at the surface as the spectral shape
of phytoplankton is usually lost at depth. At depth phytoplankton pigment
concentrations and light levels are reduced, and the optical properties are influenced by
pure water absorption.

Regressing the particulate spectra of phytoplankton, ay (1), against chlorophyli
a concentration, a chlorophyll specific absorption spectra, aph*(k), was derived (Morel
and Bricaud, 1981; Bricaud et al., 1983). The group of chlorophyll specific absorption
spectra, aph*(k), divided into four groups according to the proportion of fucoxanthin in
the sum of all marker pigments, are presented in Figure 5.3a-d. Table 5.3 shows the
classified phytoplankton group specific absorption coefficient, aph*(k_) at 443 nm and

490 nm, and the ratios a, (443) : ay (555) and ay, (490) : a, (555).

Table 5.3 Chlorophyll a specific absorption spectra, aph*(X) with standard errors (s.e.) in brackets. The
ratios of specific absorption spectra aph*(443) i aph*(SSS) and aph*(490) 3 aph*(555) are presented with
number of spectra (n). Groups of specific absorption spectra were classified according to the proportion
of fucoxanthin in the sum of pigments, fucoxanthin, peridinin, 19’- hexanoloxyfucoxanthin and
chlorophyll b, ranged between 23 % and 39 %; 40 % and 59 %; 60 % and 79 %, and over 80 %.

Proportion of | ay, (443) | ay (490) | ag (443) : ag, (555) | ap (490) : ag, (555) | n

fucoxanthin (se) (s.e)

23 -39% 0.047 0.024 9.642 4918 21
(0.004) | (0.007)

40-59% 0.043 0.0253 6.746 4.016 51
(0.007) | (0.014)

60 —79 % 0.036 0.0246 4.138 2.828 32
(0.006) | (0.008)

>80 % 0.030 0.020 3.392 2.255 31
(0.005) | (0.004)
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All specific absorption spectra showed a typical shape, with maxima observed
in the blue (around 440 nm) and red (around 670 nm) regions. The chlorophyll specific
absorption coefficient, aph*(K) at 443 nm, which corresponds to the maximum
chlorophyll @ absorption showed a smaller coefficient as the fucoxanthin concentration
in the sum of all pigments had a bigger proportion (Table 5.3). aph*(k) at 443 nm
decreased from 0.047 m* mg” Chl a to 0.030 m* mg" Chl a, while the proportion of
fucoxanthin in the sum of all pigments increased from 23-39 % to over 80 %. A similar
pattern was found aph*(x) at 490 nm. As a result, the chlorophyll specific absorption
coefficient ratios aph*(443) : aph*(S 55)and aph*(490) : aph*(555) also had the smallest
values (3.392 and 2.255, respectively) while the proportion of fucoxanthin was the
biggest (>80%).

The small proportion of fucoxanthin means that there is a small number of
diatoms in the phytoplankton population (Figure 5.3a). In other words, a number of
flagellate groups including cryptophytes, prymnesiophytes and chlorophytes were
present. There were small peaks around 480 nm and 545 nm in Figure 5.3a. These peaks
might be the evidence of the presence of accessory pigments alloxanthin and
phycoerythrin respectively, as both pigments are commonly found in cryptophytes
(Gieskes and Kraay, 1983; Kirk, 1994)

The chlorophyll specific absorption spectra for the proportion of fucoxanthin
ranged between 40% to 59% (Figure 5.3b), and between 60 % to 79% (Figure 5.4c)
showed a shoulder between 470 nm and 490 nm, which may result from the pigment
peridinin, which represents dinoflagellates. This shoulder is also found in Figure 5.3d.
Figure 5.3d shows the specific absorption spectrum for the proportion of fucoxanthin

over 80 %. The predominant group of phytoplankton in this spectrum was the diatoms.
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As fucoxanthin produces a shoulder in the absorption spectrum at 460 to 470 nm, the

group specific absorption spectra in Figures 5.3c and 5.3d might be enhanced signals in
this area. In Figure 5.3d apart from the maximum absorption peak at 443 nm, there was
a second peak at 410 nm. This peak may be the result of the presence of dinoflagellates
and protozoa, which graze and succeed the diatom bloom. The grazing activity causes a
phaeopigment peak at this wavelength. The grazing and sinking result in the decline of

the spring diatom bloom (Mills ez al., 1994).

5.4 Comparison of modelled and in situ remote sensing reflectance

Using the chlorophyll specific absorption spectra, aph*(l), the remote sensing reflectance,
Rys (A) was modelled. Equations 5.4 to 5.8 define all the parameters required for the
calculation. A model developed by Gordon e al. (1988), and Garver and Siegel (1997)
for the waters where the optical properties are dominated by the presence of
phytoplankton is used to define the relationship between, R, (1), and absorption, a(}.),

and backscattering, by(1);

2

Rs W) =L,0)/ Eq0) =2 L[ by / (b)) + aQ))J (5.3)
=1
where L, (M) and £, (A) are the upwelling radiance and the downwelling irradiance
respectively. /; is 0.0945 steradian™, and /, is 0.0794 steradian™ (Gordon et al., 1988).

Absorption coefficient, a(A) and backscattering coefficient, b5(A) are expressed as

follow;
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a (A) = aw(A) + ap(A) (5.4)

be") = bbw(}‘d) + bbph(?\v) (55)

where a,(A) and a,p()) are the absorption coefficients for pure seawater and
phytoplankton respectively. byw(A) and bypu(A) are the backscattering coefficients for
pure sea water and phytoplankton respectively. The spectral values of absorption and
scattering coefficients of pure sea water, a,(A) and by(A), were measure by Morel
(1974); Morel and Prieur (1977); Smith and Baker (1981), and Pope and Fry (1997).
Absorption coefficients of pure sea water, ay(A), were adopted from Pope and Fry
(1997), while scattering coefficients of pure sea water, by(A) values, were adopted from
Morel and Prieur (1977). The specific absorption coefficient of phytoplankton, aph*(x),
was determined from the following relation;

ag(A) = ag () x Chl @ (5.6)
where Chl a is the Chlorophyll @ concentration.

The backscattering coefficient (1) is defined as follow;

bu(h) = 0.5by(R) + (560 / &Y (bop(A)/beh(A))bpn(R) (5.7)

The phytoplankton backscattering ratio of byyn(1) to bpy(A), determined by Morel and

Bricaud (1981) was 0.005. The scattering coefficient for phytoplankton, bgn(1), is

determined as function of chlorophyll @ concentration and expressed;

bpn (1) = 0.3 Chl a®** (560/1)" (5.8)
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At low chlorophyll a concentration (Chl a <0.1 pg 1™, n is -1. For higher
concentrations, n is zero (Gordon ef al., 1988).

Figure 5.4 shows observed remote sensing reflectance ratio of R, (490) : Ry
(555) from the Menai Strait and all cruises around the U.K. shelf seas. Modelled remote
sensing reflectance ratio of R, (490) : R, (555) are also shown on the plot based on the
group specific absorption coefficients aph*(490) and aph*(55 5). The modelled and
observed remote sensing data were classified according to the proportion of a marker
pigment, fucoxanthin in the all marker pigments measured by HPLC. The proportion of
fucoxanthin ranged between 23 % and 39 %; 40 % and 59 %; 60 % and 79 %, and over
80 % (Table 5.3).

The reflectance ratio, R, (490) : R,s(555), was used instead of R,;(443) : Ry
(555) as the waveband at 490 nm is better to cover absorption peaks of accessory
pigments. In addition, R, (A) model values at low wavelengths including 443 nm can be
altered due to the influence of CDOM in the absorption spectra. The wavelength at 490
nm and longer wavelengths have little or no effect of CDOM. The variability of
chlorophyll specific absorption spectra, aph*(k) divided into four groups due to the
proportion of fucoxanthin should be differentiated on the plot using the ratio, R, (490) :
R,s(555) (Figure 5.4). The classification of the ratio, R, (490) : R,s(555) was expressed
as coloured lines for model and the shape of points for in situ data. The modelled and
observed values showed an agreement where the chlorophyll a concentration value was
over 0.6 in logarithmic scale (~ 4 pg I'"). Observed ratios of R, (490) : R, (555) for the
proportion of fucoxanthin between 60 % and 79 %, and over 80 % lay close to the
modelled lines (green and blue) on this part of plot at high chlorophyll and low

reflectance ratio. These observed data were mostly collected during the Clyde Sea
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cruise in April 2001 when the large population of diatom was found. The rest of
observed R,s () ratios per Chl a were smaller than the modelled R, (A) ratios per Chl a.
This may indicate the influence of SPM and CDOM, masking phytoplankton absorption
signal. The model used in this study adopted absorption coefficient, a (1), which only
included absorption coefficients for pure seawater a.(A) and phytoplankton agn(A)
because of the unavailability of absorption data for SPM and CDOM (Equation 5.4).
The seasonal averages of Mineral Suspended Sediment (MSS) concentration at the
surface of the Irish Sea as a whole over the period 1982 to 1988 were 5.39 mg 1" in the
winter and 2 mg 1”' in the summer (Bowers ef al., 1998). In other words, the absorption
spectra of SPM and CDOM should be included to complete the absorption information,
a () to derive more accurate modelled R, (L) ratios in the Irish Sea. Bowers ef al.,
(1996) modelled the blue-green reflectance ratio to predict chlorophyll concentration
due to the range of MSS from 0 to 10 mg 1", which may cover most sampling points

collected in the Irish Sea.
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Figure 5.1a Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 443 nm and 555 nm in the Menai Strait from 25 May 01
to 21 October 02. Regression coefficient are given in Table 5.1
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Figure 5.1b Regression of in situ chlorophyll measurement against remote sensing
reflectance ratio between 443 nm and 555 nm during the Clyde Sea cruise in April
2001. Regression coefficient are given in Table 5.1
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Figure 5.1c Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 443 nm and 555 nm during the Irish Sea cruise in
August 2001. Regression coefficient are given in Table 5.1
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Figure 5.1d Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 443 nm and 555 nm during the Irish Sea cruise in
November 2001. Regression coefficient are given in Table 5.1
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Figure 5.1e Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 443 nm and 555 nm during the lrish Sea cruise in April
2002. Regression coefficient are given in Table 5.1
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Figure 5.1f Regression of /7 s/itu chlorophyll measurement against remote sensing
reflectance ratio between 443 nm and 555 nm during the Celtic Sea cruise in July
2002. Regression coefficient are given in Table 5.1
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Figure 5.1g Regression of /7 situ chlorophyll measurement against remote sensing
reflectance ratio between 443 nm and 555 nm in the Menai Strait and during five
cruises around the U.K. shelf seas. Regression coefficient are given in Table 5.1
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Figure 5.2a Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 490 nm and 555 nm in the Menai Strait from 25 May 01
to 21 October 02. Regression coefficient are given in Table 5.2
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Figure 5.2b Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 490 nm and 555 nm during the Clyde Sea cruise in April
2001. Regression coefficient are given in Table 5.2
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Figure 5.2c Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 490 nm and 555 nm during the Irish Sea cruise in
August 2001. Regression coefficient are given in Table 5.2
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Figure 5.2d Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 490 nm and 555 nm during the Irish Sea cruise in
November 2001. Regression coefficient are given in Table 5.2
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Figure 5.2e Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 490 nm and 555 nm during the Irish Sea cruise in April
2002. Regression coefficient are given in Table 5.2
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Figure 5.2f Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 490 nm and 555 nm during the Celtic Sea cruise in July
2002. Regression coefficient are given in Table 5.2
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Figure 5.2g Regression of /n situ chlorophyll measurement against remote sensing
reflectance ratio between 490 nm and 555 nm in the Menai Strait and during five
cruises around the U.K. shelf seas. Regression coefficient are given in Table 5.2
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Figure 5.3a group specific absorption spectra of phytoplankton, aph*(k), for the
proportion of fucoxanthin ranged between 23 % and 39 % in the sum of
pigments. The spectra ranged between 400 nm and 750 nm
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Figure 5.3b group specific absorption spectra of phytoplankton, a (1), for the
proportion of fucoxanthin ranged between 40 % and 59 % in the sum of
pigments. The spectra ranged between 400 nm and 750 nm
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Figure 5.3c group specific absorption spectra of phytoplankton, a,,"(1), for the
proportion of fucoxanthin ranged between 60 % and 79 % in the sum of
pigments. The spectra ranged between 400 nm and 750 nm
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Figure 5.3d group specific absorption spectra of phytoplankton, a,, (1), for the
proportion of fucoxanthin over 80 % in the sum of pigments. The spectra
ranged between 400 nm and 750 nm
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Figure 5.4 In situ and modelled remote sensing reflectance ratio of R ((490) :
R, (5655) against chlorophyll a. The modelled and observed remote sensing
data were classified according to the proportion of a marker pigment,
fucoxanthin in the sum of pigments, fucoxanthin, peridinin, 19'-
hexanoloxyfucoxanthin and chlorophyll b. Classification ranges between 23 %
and 39 %, 40 % and 59 %, 60 % and 79 %, and over 80 %
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6. DISCUSSION AND CONCLUSIONS

6.1 Introduction

This chapter presents a general discussion of the comparison between phytoplankton
taxonomic data and HPLC results. The relationship between phytoplankton group
absorption spectra and modelled remote sensing reflectance spectra are reviewed.

Finally, the main conclusions are summarised.

6.2 Phytoplankton taxonomic data and HPLC results

Phytoplankton samples collected in the Menai Strait during the study showed a seasonal
variation. The diatom population was found all through the year 2001 and 2002. The
fast growing small sized diatoms such as 7Thalassiosira species and Skeletonema
costatum, which dominated the early spring bloom were replaced by medium sized and
slow growing diatoms such as Rhizosolenia species and Fragilaria oceanica in the early
summer. One of the prymnesiophytes, Phaeocystis pouchetti, succeeded the spring
diatom bloom after depletion of silicate, and formed the largest bloom in the early
summer in 2001 and 2002. Dinoflagellates became the dominant group of
phytoplankton in September 2001 and August 2002 in Menai Strait. After the autumnal
bloom the population decreased. Diatoms, Coscinodiscus and Biddulphia species, were
dominant during the winter.

Diatoms, Skeletonema costatum and Thalassiosira nordenskioldii, were the

predominant species at all stations during the Clyde Sea cruise in April 2001, while
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Rhizosolenia species were the most commonly found diatoms during the Irish Sea
cruise in August 2001. The phytoplankton population density reached over 1800 x 10°
cells I during the Clyde Sea cruise. Hannah and Boney (1983) observed the seasonal
occurrence of the principal phytoplankton species between 1976 and 1978. They found
that Skeletonema costatum was the most common species through the year and
especially predominating phytoplankton population in late spring. During the August
2001 cruise dinoflagellates, Ceratium species and Noctiluca scintillans, were found at
all sampling stations and Gyrodinium aureolum was found in the eastern Irish Sea.
Raine and McMahon (1998) recorded the distribution of physical, chemical and
biological characteristics for shelf waters off southwestern Ireland between 1992 and
1995. They found that dinoflagellates Dinophysis acuminata (125 x 10° cells ') in July
1992 and Gyrodinium aureolum (up to 4300 x 10° cells ') in August 1994 and 1995
were the most common species in the summer. Gyrodinium aureolum was found in the
eastern Irish Sea during the August 2001 cruise with the cell densities of 20 —30 x 10
cells 1.

Diatoms, Coscinodiscus and Biddulphia species, were the major phytoplankton
species found during the Irish Sea cruise in November 2001 where the sampling stations
were located in Red Wharf Bay. During the Irish Sea cruise in April 2002, the
commonly found phytoplankton at all sampling stations were diatoms, such as
Bacillaria paxillifer and Skeletonema costatum. Chaetoceros debilus was one of the
major diatoms in the Western Irish Sea, while Thalassiosira decipiens was the
predominant phytoplankton species in Red Wharf Bay. Few dinoflagellates, such as
Ceratium species, were also found during the Irish Sea cruise in April 2002. Rees et al.

(1999) found the large numbers of Nitzschia, Thalassionema and Chaetoceros species at
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the shelf edge region of the Celtic Sea in April and May 1994 with cell densities of 357
x 10°cells 1", 182 x 10° cells I and 147 x 10° cells "' respectively.

Diatoms, Nitzschia seriata and Rhizosolenia setigera, dominated many
sampling stations across the Celtic Sea front during the Celtic Sea cruise in July 2002.
Dinoflagellates, Ceratium species and Prorocentrum micans, were also commonly
found in the Celtic Sea during the study. The small number of flagellate cells, such as
Chrysophytes (Dictyocha speculum, Mallomonas species) and prymnesiophytes
(Chrysochromulina species), were found at most stations. Joint ez al. (2001) found that
most phytoplankton biomass was small unidentified flagellates with a diverse
assemblage of dinoflagellates at cell densities of 100-200 cells "' in July 1993 in the
Celtic Sea; the species included Ceratium furca, Ceratium fusus, Ceratium lineatum,
Gonyaulax polygramma, and Prorocentrum dentatum. Joint et al. (2001) pointed out
that diatoms, Nitzschia seriata and Nitzschia delicatissima, were the commonly found
species through the year. The cell densities of these species closely agreed with those
found in this study (around 100 x 10° cells I to 300 x 10” cells I''). Phytoplankton
samples collected by Pemberton et al. (2004) in the Celtic Sea in late May 2000 showed
that diatom Guinardia delicatula and dinoflagellate Gyrodinium spirale were the most
abundant phytoplankton species.

The slope of the regression of chlorophyll a concentration measured by the
fluorometric method against the chlorophyll a concentration measured by HPLC
showed generally good agreement. The chlorophyll @ measurement by fluorometric
method overestimated the values compared to the HPLC during the Irish Sea cruises in
August 2001 and April 2002. The chlorophyll @ samples taken at the Menai Strait were

also overestimated by about 7 % by fluorometer compared to the HPLC. However, the
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fluorometric measurement underestimated the chlorophyll @ concentration during the
Irish Sea cruise in November 2001 and the Celtic Sea cruise in July 2002. The all data
from the Menai Strait and each cruise showed chlorophyll @ measurement by HPLC
averaging about 93 % of fluorometric method.

The conventional methods (fluorometry and spectrophotometry) to measure
chlorophyll @ use the wavelength at 665 nm where other green pigments such as
chlorophyll 4 and ¢, chlorophyllides, allomers, and phacopigments also absorb (Meyns
et al., 1994). As the HPLC separates individual pigments on the chromatography, other
green pigments do not contribute to the chlorophyll @ values. Therefore, the HPLC is
regarded to be more accurate. Lower chlorophyll a measurements by HPLC have been
reported by several authors (Mantoura and Liewellyn, 1983; Webb ez al., 1992; and
Meyns et al., 1994). Redden et al. (1993) found the fluorometric measurements of
chlorophyll « in cultured Thalassiosira weissflogii were higher than HPLC
measurements by an average of 9 % (91 % of fluorometric method). Gowen et al.
(1983) estimated the proportion of chlorophyll @, chlorophyllide a, phaeophorbide a and
phaeophytin a during the spring bloom of 1979 in two fjordic sea-lochs on the west
coast of Scotland. The proportion of chlorophyllide @ and phaeophorbide a were up to
30 % and 15 % of total pigment respectively at the beginning of bloom. They concluded
that standard methods for measurement of ‘chlorophyll” which do not distinguish
between chlorophyll a and chlorophyllide @ might significantly overestimate the
photosynthetic potential of phytoplankton.

Meyns et al. (1994) found that HPLC yielded chlorophyll a values which were
36 to 75 % of the spectrophotometrically determined concentrations in Greifensee, a

small eutrophic lake near Zirich, Switzerland. They pointed out that the large
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discrepancies between spectrophotometer and HPLC results of chlorophyll @ in
Greifensee were due to the presence of allomers, which are believed to be closely
related to the composition and senescence of algae, and the presence of humic
substances, which absorb light at a range of 400 to 700 nm. However, there were no
significant influences between samples with and without addition of humic acids neither
by spectrophotometry nor by HPLC (Meyns ef al., 1994). They recommended that if
exact information on chlorophyll @ amount is required (e.g. for calculation of energy
balances), HPLC is the only available method.

Pinckney et al. (1994) assessed the accuracy of spectrophotometry and
fluorometry over HPLC. The spectrophotometric method overestimated the chlorophyll
a concentration by 16% but the relationship between spectrophotometry and HPLC
values was constant. The fluorometric method underestimated chlorophyll a
concentrations by 3% and the relationship to HPLC determined values was also
constant. The relationship between spectrophotometry and fluorometry was linear
across a wide range of naturally occurring concentrations. They concluded
spectrophotometry and fluorometry are suitable for showing relative differences in
chlorophyll @ concentrations, but should be corrected when absolute concentrations are
important.

The presence of dominant groups of phytoplankton were determined using the
marker pigments; these were peridinin (dinoflagellates), fucoxanthin (diatoms), 19” —
hexanoyloxyfucoxanthin (prymnesiophytes) and chlorophyll 4 (green flagellates).
Phytoplankton group division was simplified to diatoms, dinoflagellates and the rest of
phytoplankton groups, classified as flagellates. The flagellate groups, which include

cryptophytes, prymnesiophytes, green flagellates and so on, rarely represented a
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significant proportion of the phytoplankton population during the study (below 20 % of
the all population in most cases). As marker pigments for flagellates used in the study
were 19 — hexanoyloxyfucoxanthin and chlorophyll 5 only, if there was the presence of
flagellates other than prymnesiophytes and green flagellates, the determination of
flagellate proportion using HPLC might underestimate its presence. As a result, the
comparison between taxonomic cell identification data and HPLC pigment
measurements showed a lesser agreement during the Irish Sea cruise in August 2001,
the Irish Sea cruise in April 2002, and the Celtic Sea cruise in July 2002, when there
was a mixed population of diatoms and dinoflagellates with few flagellates. In the
summer, the mixed population contains a number of different accessory pigments, but
occurs with a lower pigment concentration. During the Clyde Sea cruise in April 2001
and the Irish Sea cruise in November 2001, diatoms predominated the phytoplankton
population, and the relationship between taxonomic data and HPLC measurements
showed a better agreement.

The presence of few species, such as Phaeocystis pouchetti (prymnesiophyte)
and Gyrodinium aureolum (dinoflagellate), may alter the estimation of marker pigment
concentration to determine the phytoplankton population, as these species contain more
than one marker pigment. After the spring diatom bloom, flagellates found in the Menai
Strait were predominantly the prymnesiophyte, Phaeocystis pouchetti. The presence of
this species may cause an over-estimation of the concentration of fucoxanthin as it
contains both marker pigments, fucoxanthin and 19’ — hexanoyloxyfucoxanthin. As a
result, the estimation of diatom population using HPLC during the study was
exaggerated. During the Irish Sea cruise in August 2001 and the Celtic Sea cruise in

July 2002, Gyrodinium aureolum was found at many sampling stations. The
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dinoflagellate, Gyrodinium aureolum contributed fucoxanthin rather than a marker
pigment for dinoflagellate, peridinin. As a result, there were an over-estimation of
diatom and under-estimation of dinoflagellate. However, the relationship between

HPLC data and cell identification data showed generally good agreement.

6.3 Colour ratio algorithm, absorption and modelled remote sensing reflectance

The Gordon-Morel algorithm (Gordon and Morel, 1983) to derive chlorophyll biomass
was used for all the sampling data. The coefficients derived here for this algorithm in
the equation 5.1 were a = 0.91, b = -1.15 if the wavebands used were 443 nm and 555
nm. The coefficients a and b for the waveband ratio between 490 nm and 555 nm were
1.33 and —2.35 respectively. Bowers ef al. (2001) developed the colour ratio algorithm
for the samples collected at three diverse sites; a sea loch, the west Scottish shelf and
the north Atlantic with in situ chlorophyll @ concentration ranging from 0.01 to 50 ug 17
The log-log relation between the ratio of irradiance reflectance at 490 nm and 570 nm
induced the coefficients a = 1.87 and b = -1.81. These coefficients are not greatly
different from the coefficients developed by Gordon and Morel (1983) (¢ =1.71 and b =
-1.82). Many samples taken in this study, especially in the Clyde Sea and the Menai
Strait with many sampling points in the Irish Sea, were regarded to have an influence of
SPM and CDOM (case 2) (Mitchelson et al., 1986), while the coefficients developed by
Bowers et al. (2001) confirmed the effectiveness of estimation for chlorophyll
concentrations in case 1 water with a minimum of calibration information.

The coefficients derived by Darecki ef al. (2003) in case 2 water off the west

coast of Ireland, using the remote sensing reflectance ratio between 490 nm and 550 nm,
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showed no great differences with the coefficients derived in this study. These were a =
1.55 and & =-2.51 while the range of chlorophyll a concentration was from 0.6 to 3.23
ng 171, in April 1998. The coefficients in August 1998 were @ = 1.32 and b = -2.95 while
the concentration of chlorophyll a reached 14 pg 1”'. Mitchelson et al. (1986) collected
samples in the Irish Sea (case 2 waters) and for comparison, in case 1 waters off the
west coast of Scotland, and off the Isle of Ushant, Brittany. They generated the
regression coefficients using the colour ration of upwelling irradiance between 440 nm
and 550 nm for case 1 and case 2 waters. The coefficients a and b for case 1 waters
were 0.78 and —2.254 respectively, and for case 2 waters were 0.45 and —3.921
respectively, which were lower than the coefficients derived in this study. Kratzer
(2000) generated the regression algorithm between the concentration of chlorophyll a
and upwelling irradiance ratio at 490 nm and 570 nm for case 1 waters. The samples
were collected in the south west of Gran Canaria, Loch Striven in west Scottland and
the Menai Strait with the cruises on the Malin Shelf, in the Irish Sea and the North Sea.
The regression coefficients derived by Kratzer (2000) were @ =0.74 and b = -0.51.
Kratzer (2000) and Kratzer et al. (2000) used log-log regression with the upwelling
irradiance ratio between 670 nm and 550 nm to estimate the concentration of total
suspended solids (TSS), mineral suspended solids (MSS), organic suspended solids
(OSS) and Chlorophyll a. The red:green ratio gave good results for TSS and MSS but
poor result for OSS and chlorophyll a.

A marker pigment fucoxanthin was used to divide absorption spectra into four
groups, as it was a predominant pigment found for many sampling points during these
studies. Fucoxanthin was the most commonly found marker pigment during studies as

diatoms were found all sampling stations. The proportions of fucoxanxanthin in the sum
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of all marker pigments, fucoxanthin, peridinin, 19°- hexanoloxyfucoxanthin and
chlorophyll 4 ranged between 23 % and 39 %; 40 % and 59 %; 60 % and 79 %, and
over 80 %.

As the proportion of fucoxanthin in all pigments was bigger, the absorption
coefficients and ratios aph*(443) : aph*(555) and aph*(490) : aph*(SSS) became smaller.
The variability in the shape of absorption spectra was mostly found in the blue-green
region between 440 nm and 550 nm, where accessory pigments have their maximum
absorption. The group specific absorption spectra, which have over 60 % of fucoxanthin
in proportion, were mostly dominated by diatoms and showed a shoulder peak around
460 nm, according to the presence of the diatom marker pigment, fucoxanthin. The
group specific absorption spectra, which have under 60 % of fucoxanthin in proportion,
had mixed phytoplankton population, therefore, containing a number of different
accessory pigments. The presence of many accessory pigments tends to overlap the
absorption spectra. In addition, the mixed phytoplankton population may cause a low
pigment concentration, resulting in the influence of the accessory pigments on the
absorption signal being reduced.

The model developed by Gordon e al. (1988) and Garver and Siegel (1997) for
the waters where the optical properties are dominated by the presence of phytoplankton
was used to define the relationship between remote sensing reflectance, R,(A), and
absorption, a(\), and backscattering, bx(A). The model for case 1 waters assumes b is
less than 1 to 2 % of the scattering coefficient, 5. In other words, the absorption
coefficient, a, is bigger than b, for the moderate pigment concentration. Remote sensing
reflectance, R,s, is mainly influenced by absorption coefficient, ¢, and is supported by

insignificantly low values of algal backscatter, b5, for case 1 waters (Ahn ef al., 1992).
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The magnitude of the backscattering may be influenced by the particulate type and size.
Particles of 1 um diameter and smaller are the major source of backscattering in the
ocean (Garver and Siegel, 1997).

The reflectance ratio, R, (490) : R,s(555), was used instead of R,;(443) : Ry
(555) for the comparison between modelled and in situ remote sensing reflectance as the
remote sensing reflectance at low wavelengths including 443 nm may be enhanced due
to the CDOM. Wavelength at 490 nm and longer have little or no effect of CDOM. In
addition, the 490 nm waveband was chosen as it is positioned in the centre of the
carotenoid absorption band, which includes the diatom and dinoflagellate marker
pigments, fucoxanthin and peridinin. The variability of the reflectance signal dominated
by phytoplankton pigment composition should be sensitive to this wavelength.

The observed and modelled remote sensing reflectance showed a good
agreement when the high concentration of chlorophyll a was observed during the Clyde
Sea cruise in April 2001 and from the Menai Strait in summer 2001 and 2002. During
the Clyde Sea cruise, diatoms predominated the population. As a result, modelled lines
for the proportion of fucoxanthin over 60 % closely fitted the observed sample points
where the concentration of chlorophyll @ were over 4 pg I\, Observed and modelled
remote sensing reflectance ratio of R, (490) : R,s(555) at low chlorophyll
concentration did not agree well as models may have neglected the influence of SPM
and CDOM. Future bio-optical models should include absorption due to CDOM and
SPM.

It would be also possible to take characteristic values of CDOM and SPM for
the area of study from earlier works and test whether including these in the calculations

make any improvements to the modelled reflectance ratios compared to the in situ
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reflectance ratio. The specific absorption coefficient of MSS can be obtained from

measurements by Bowers ez al. (1998) in the Irish Sea, and is of the form;

%, = 0.0205 + 0.038 ¢ %005 (+-440) (6.1)

In the case of CDOM, absorption is represented by measured absorption at 440 nm, gs4o,
multiplied by a shape function, a* (1), to give absorption at other wavelengths. The
specific absorption by CDOM can be calculated from

a*, = 0018 (0 -440)) (62)
using the mean decay constant —0.018 nm ™" in the Clyde Sea (Bowers ef al., 2000). The
specific absorption coefficients, a*,, and a*, from Bowers et al. (1998) and Bowers et al.
(2000) at the wavelengths of 490 nm and 555 nm are as follow; a*;, (490) = 0.049 ng'l
and a*, (555)=0.041 m’g"" in the Irish Sea; and a*; (490) = 0.41 and a*; (555)=0.13
in the Clyde Sea. The specific absorption coefficients a*y, and a*, in the Irish Sea at the
wavelength of 440 nm and 550 can be obtained from Bowers and Mitchelson-Jacob
(1996). These are 0.042 and 0.027 for a*;, at 440 nm and 550 nm respectively; and
0.007 and 0.005 for a*, at 440 nm and 550 nm respectively. The specific absorption
coefficients of CDOM and MSS for the Menai Strait were derived and evaluated by
Kratzer (2000). a*;, at 490 nm and 570 nm were 0.055 and 0.045 respectively, while a*,

at 490 nm and 570 nm were 0.533 and 0.174 respectively. The reflectance ratio model

should improve its performance in case 2 waters including these a*;, and a*; values.
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6.4 Conclusions

The aim of this study was to optically differentiate phytoplankton groups classified due
to the proportion of a marker pigment, fucoxanthin in the sum of all marker pigments
used in the study. Phytoplankton samples were collected in the Menai Strait from 2001
to 2002 and during five cruises in the Irish Sea and Celtic Sea. The major phytoplankton
groups found during the study were organised as diatoms, dinoflagellates and flagellates.
The flagellate groups included the rest of phytoplankton groups, such as cryptophytes,
prymnesiophytes and green flagellates, which rarely represented a significant proportion
of the phytoplankton population as a single class during the study. The phytoplankton
group was identified using the visual microscopy. The HPLC measured the
concentration of accessory pigments, which represent the presence of major
phytoplankton groups as markers. These were peridinin (dinoflagellates), fucoxanthin
(diatoms), 19° — hexanoyloxyfucoxanthin (prymnesiophytes) and chlorophyll 5 (green
flagellates).

Optical data, the absorption spectra and in situ remote sensing reflectance, were
collected. Using HPLC, the particulate absorption spectra were divided into four groups
according to the proportion of a marker pigment for diatom, fucoxanthin in the sum of
all marker pigments, fucoxanthin, peridinin, 19’- hexanoloxyfucoxanthin and
chlorophyll 5. The proportions of fucoxanthin in the sum of all pigments ranged
between 23 % and 39 %; 40 % and 59 %: 60 % and 79 %, and over 80 %. Chlorophyll
specific absorption spectra, which regressed the particulate spectra of phytoplankton
against chlorophyll a concentration were derived. These were used to model the remote

sensing reflectance ratios based on the group chlorophyll specific absorption spectra
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classified due to the proportions of fucoxanthin in the sum of all pigments. The highest
specific absorption spectra ratio, aph*(490) x aph*(555 ) resulted in the lowest modelled
remote sensing reflectance ratio, R,s (490) : R, (555). The remote sensing reflectance
ratio, R, (490) : R,s(555), was chosen over R, (443) : R,s(555) as the waveband at 490
nm is positioned in the centre of the carotenoid absorption band, which includes the
diatom and dinoflagellate marker pigments, fucoxanthin and peridinin. In addition, R,
(M) values at low wavelengths, including 443 nm were found to be altered due to the
influence of CDOM in the absorption spectra. The wavelength at 490 nm and longer
wavelengths show little or no effect from CDOM.

The variability of chlorophyll specific absorption spectra, aph*(k) divided into
four groups due to the proportion of fucoxanthin were differentiated on the plot using
the ratio, R,s(490) : R, (555). The modelled and observed values showed an agreement
at high chlorophyll « concentration (over 4 pug 1) and low reflectance ratio where the
area on the plot (Figure 5.4) reflected the proportion of fucoxanthin in the sum of all
pigments over 60 %. In other words, model and in situ results have a better agreement if
diatoms dominate. However the rest of observed R,s (1) ratios per Chl @ were smaller
than the modelled R, (1) ratios per Chl a. This may indicate the influence of SPM and
CDOM, masking phytoplankton absorption signal. Future bio-optical models should
include absorption due to CDOM and SPM to complete the absorption information, a

(A) to derive more accurate modelled R, (A) ratios.
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Appendix A-1 Menai Strait Taxonomic data (No. of cells I'1)

25/5/01

Diatom

Asterionella bleakeley |
Asterionella_glacialis |
Asterionella kariana_|
Bacillaria_ paradoxa

Biddulphia_aurita
Giddulphia_alternana

Biddulphia /l/ensis
Biddulphia_obtusate
Biddulphia regia
Biddulphia_sinensis

Cerataulina pelagica |
Chaslaceroe oy =]
— Chaeloceros danicus =

Chaetoceros danicus

haetoceros densus
haefoca

oceros gra
haetoceros socialis

Eucampia
Fragilaria_oceanica
[c]

Lauderia borealis
tocylindricus minimus
Liomophora_juergensii
Melosira_moniliformis

wlatus |
Navicula pelagica
Nitzschia closterium
Nitzschia_delicatissima
Nitzschia_longissima
Parallia_sulcata
Phaeodactylum tricornutum
Pleurosigma sp.
Rhizosolenia alata
Rhizosolenia_deljcatula
—___Hnizosolenia fragilissima |
Rhizosolenia hebetata
Rhizosolen/a _setigera
Rhizosolenia _shrubsolei i
Skeletonema costatum
"Zzschioldes

T—het—H

e

Thalassiosira_gravida
Thalassiosira_mendiolana E
Thalassiosira nordenskioeldii |

Ceratium furca

Ceratium_fusus

Ceratium macroceros
Dinophysis norvegica
Dissodinium_pseudolunula
Gonyaulax polygramma
Gymnodinium_simplex

Gyrodinium aureolum

Scrippsiella_trochoidea

(L e s

Phaeocystis pouchetti

Distephanus speculum

Flagellates Dinophyceae

0.E+00

2E+05

4.E+06

1/6/01

Asterionella_bleakeley
Asterionella_glacialis
sterionella japonica
Asterionella kariana |
Bacillaria paradoxa R
Biddulphia_aurita
Biddulphia alternana
Biddulphia_granulata
Biddulphia_Mobiliensis
Biddulphia obtusate
Biddulphia regia
B/’ddu/?h/'a sinensis
erataulina pelagica
Chaetoceros danicum ==
Chaetoceros danicus
Chaetoceros debilis
Chaetoceros decipiens
aetoceros densus
Chaetoceros gracilis
Chaetoceros socialis
Coscinodiscus lineatus
Coscinodiscus radiatus
Defonula_confervacea
Ditylum _brightwellii
Eucampia zoodjacus
Fragilaria_oceanica
Gyrosigma sp.
Guinardia ;73001253
Hyalodiscus sp.
Lauderia_annulata
Lauderia borealls
Leptocylindricus minimus_ i
Licmophora juergensi
Melosira moniliformis
Minidiscus trioculatus
Navicula pelagica |
! L ! b

___Nitzschia closterium B
Nitzschia_delicatissima
Nitzschia longissima

Paralia sulcata |

e

R e e s

e

Diatom

o

Pleurosigma sp.
Rhizosolenia alata
Rhizosolenia_delicatula
Rhizosolenia_fragilissima

__ Rhizosolenia hebetata |
Rhizosolenia setigera
Rhizosolenia shrubsoler
Skeletonema cosraluﬁ—&rzm
Thalassionema nitzschioides

ol (e h -

Thalassiosira gravida
Thalassiosira mendjolana
Thalassiosira nordenskioeldii

Ceratium fusus
Ceratium macroceros
Dinophysis norvegica
Dissodinium _pseudolunula

___Gopvaulax polvaramma |
____ Gymnodinium simplex |
Gyrodinium aureolum
Scrippsiella_trochoidea

Tt

Je g

ellates Dinophyceae

g

b Distephanus speculum

0.E+00

Fi

2.E+05

4.E+05




Appendix A-1 Menai Strait Taxonomic data (No. of cells I!)

15/6/01

2/7/01

Diatom

Asterionella_bleakeley R
Asterionella glacialis |

Aslerionella japonica
Asterionella kariana
Bacillaria paradoxa
Biddulphia_aurita
Biddulphia alternana |
_#%W_ﬂi_,
Biddulphia Mobiliensis |
Biddulphia_obtusate |
Biddulphia regia_ R
Biddulphia_sinensis |

Cerala ué/na pelagica
Chaetoceros danicum 3
Chaetoceros danicus E

Chaetoceros debilis

Chaetoceros decipiens |

Chaetoceros densus B

Defontla_coniervacea
Ditylum_brightwellii
Eucampla_zoodiacus
Fragilaria_oceanica
Gyrosigma sp. |
Guinardia ;73 ec/'éa ]
Hyalodiscus sp.
Lauderia_annulata g
Lauderia borealis _E
Leptocylindricus minimus.
Licmophora juergensii g
Melosira_moniliformis |
Minidiscus trioculatus i
Navicula pelagica

Nitzschia_delicatissima
itzschia_longissima
Nitzschia_seriata
Paralia_sulcata

lum_tricornutum |
Pleurosigma_sp.
FRhizosolenia alata |
Rhizosolenia_delicatula }i
FRhizosolenia_fragilissima__|

fhizosolenia_setigera
Rhizosolenia_shrubsolel
Skeletonema_costatum
Thalassionema nitzschioides
11314 QSira deciplern S—
Thalassiosira gravida
Thalassiosira mendiolana =
Thalassiosira nordenskioeldii i

Ceratium furca
Ceratium fusus
Ceratium macroceros
Dinophysis norvegica
Dissodinium pseudolunula

Gymnodinium_simplex
yrodinium aureolum

Scrippsiefla trochoidea

e

Diatom

Asterionella_bleakeley B
i

Asterionella_japonica
Asterionella kariana
Bacillaria_paradoxa

Blodulphia alternana
Biddulphia granulata
Biddulphia_Mobiliensis

__ Bidduphia obtusate |
Biddulphia regia
Biddulphia_sinensis
Cerataulina %9Iaaica

Chaetoceros danicum
Chaetoceros danicus
Chaetoceros debilis
Chaetoceros decipiens
Chaétoceros densus
Chaetoceros gracilis
Chaetoceros socialis
Coscinodiscus lineatus
oscinodiscus radiatus
Detonula confervacea
Ditylum brightwellii

Fragilaria_oceanica
_Gyrosigma sp.
Guinardia_flaccida

T

Lauderia annulata |
Lauderia borealis ?
Leptocylindricus minimus.
Melosira_moniliformis
Minidiscus trioculatus
Navicula pelagica
Nitzschia_closteriun _frmmmmm
Nitzschia_delicatissima
Nitzschia longissima |
Nitzschia seriata ﬂmfw
Paralia sulcata =
Phaeodactylum tricornutum |3
Pleurosigma sp. |2
FRhizosolenia alata l
izosolenia_delicatula
Fhizosolenia_fragilissima
Rhizosolenia_hebetata

Rhizosolenia_shrubsolel B
Skeletonema costatum
Thalassionema_nitzschioides

Thalassiosira_gravida
Thalassjosira mendiolana
_Thalassiosira_nordenskioeldii

Ceratium furca [

Ceratium fusus 8

Ceratium macroceros |

Dinophysis norvegica B

Dissodinium pseudolunula |

Gonyaulax polygramma

Gymnodinium simplex 3
Gyrodinium_aureolum _p

Scrippsiella trochoidea

14 EQG kﬂ} l&‘ .JZQLKZIELL‘ =
Distephanus speculum

Phaeocystis pouchetti

Distephanus specufum 1

Flagellates Dinophyceae

0.0E+00

Flagellates Dinophyceae

0.E+00

2.E+056

4.E+05




Appendix A-1 Menai Strait Taxonomic data (No. of cells I'!)

12/9/01

Diatom

Asterionella_bleakele;

Asterionella japonica
Asterionella kariana
Bacillaria paradoxa

lulphia_aurita
—Biddulphia alternana_
Bidduiphia granulata E

Biddulphia_Mobilian

T

=y

Biddulphia_sinensis |
Cerataulina pelagica |
Chaetoceros danicum

Chaetoceros danicus

Chaetoceros decipiens
Chaetoceros densus
Chaestoceros socialis

Coscinodjscus lineatus

Coscinodiscus radiatus
efonufa_confervacea
Ditylum brightwellli
Eucampla_zoodjacus

et

Tt

Gyrosigma sp.
Guinardia flaccida
Hyalodiscus sp.
auderia_annulala
Lauderia borealis
Leptocylindricus minimus

e,

Melosira_montiformis
Minidiscus trioculatus
Navicula_pelagica
Nitzschia closterium [
Nitzschia_delicatissima
Nitzschia_longissima

Ty

Paralia_sulcata
Phaeodactylum_tricornutum
Pleurosigma _sp.
Hhizosolehia_alata
Rhizosolenia_delicatula
Pfillzagolsnia fragilissima

izosolenia_setigera
Rhizosolenia_shrubsolel
Skeletonema costatum |
Thalassionema nitzschiolides _p
Thalassiosira_decipiens
Thalasslosira gravida
Thalassiosira_mendiolana
Thalassiosira nordenskioeldi

Ceratium furca
Ceratium_fusus

Ceratium macroceros
Dinophysis norveagica
Dissodinium pseudolunula
Gonyaulax polygramma
Gymrrodinium_simplex
Scrippsiella_trochojdea

T

Flagellates Dinophyceae

Phaeocystis pouchetti

Distephanus specufum

0.E+00

2.E+05

4 E+05

13/12/01

Diatom

Asterjonella bleakeley |

__ Asterionella glacialis |
Asterionella japonica |
Asterionella_kariana

Biddulphia aurita
Biddulphia alternana
Biddulphia granulata

B/Wu]g%/a ﬂolﬁﬂ/ens/s
Biddulphia obtusate
_Biddulphia regia

—_Biddulphia sinensis |
Cerataulina pelagica
Chaetoceros danicum

Chaetoceros debilis
Chaetoceros dscipiens
Chaetoceros densus
aetoceros gracilis
Chaetoceros socialis
Coscinodiscus lineatus
Coscinodiscus radiatus
Detonula confervacea
Ditylum brightwellii

_ Fucampia zoodiacus |
Fragilaria_oceanica |
Gyrosigma sp. |

Hyalodjscus sp.

Lauderia_annulata

Lauderia borealis
—__Ieptocylindricus minimus_|

Licmophora juergensii
Melosira_moniliformis

__ Minidiscus trioculatus |
) Nitzschia closterium

_Nitzschia delicatissima |
Nitzschia Jongissima |
Nitzschia seriata

Paralia sulcata |
~_Ppaeodactylum tricornutum_|
Pleurosigma sp. |
Rhizosolenia_alata
Fhizosolenia_delicatula |
Fhizosolenia fragilissima__|
Rhizosolenia_hebetata

LT 2 B

{2 B I

T

Rhizosolenia shrubsoler
Skeletonema costatum

_Thalassionema nitzschioides |
Thalassiosira deciplens |
Thalassiosira gravida
Thalassiosira mendjolana |
Thalassiosira_nordenskioeldil |

Ceratium furca
_Ceratium fusus
Ceratium macroceros

—_Dinophysis norvegica__|
Gonyaulax polygramma__|
Gymnodinium simplex |

Gyrodinjum aureolum |
crippsielia_trochoidea |

Phaeocystis pouchetti

Distephanus_speculum

Flagellafes Dinophyceae

0.E+00

2.E+05

4.E+05




Appendix A-1 Menai Strait Taxonomic data (No. of cells I'1)

22/2/02

Diatom

Asterionella bleakelzy |
Asterionella_glacialis |
Asterionelja japonica |
Asterionella kariana |
Bacillaria_parado)a
Biddulphia aurita
Hiddulphia_alternaria_|
Biddulphia granulala |
H/‘da’u/gh/a Mobiliensis |
Biddulphia_obtusate |
B/gﬂuigﬁ/e' regia_|
Biddulphia_sinensis
Cerataulina pelagica |
Chaetoceros aenicum
Chaeloceros daniciss |
Chastoceros debilis |
Chaetoceros decipiens
Chaetoceros densis |
Chaetoceros giracilis_|
Chaetoceros socialls
Coscinodiscus lineatus |
Coscinodscys radiatius |
efonula_confeivacea |
Ditylum brightwellii |
Ekucampia zoodjaci:
Fragilaria oceanica _|.
Gyrosigraa _sp.
Guinarclia flaccicla
Hyalodiscus sp.
Lauderia_annulala |
Lauderia_boreals |
Leptocylindricius minimis
Licmophora juergensii |
Melosira_moniliformiss

B

scus trioculati
Navicula pelagica

Nitzschia closterium
Nitzschia_delicatissima

1018510

ia_seria‘a
Paralia_sulcala

Phaeodactylum tricornutum
4 .

Rhizosolenia_alata
Rhizosclenia _delicatula |
Fhizosolenia fragilissima |
_ Rhizosolenia hebetata |
Rhizosolenia shrubsolel |
Skeletonema_costatum

llza.lasszmama_mtzgtﬂMEs_..
Thalassiosira decipiens |
Thalasslosira gravida |
Thalassiosira mendiolana |

Ceratium furca
Ceratjum_fusis

eratium [nacrocere
Dinophysis norvegica
Dissodinium pseudolunula |
Gonyaulax polygramma

dinim_s;
wyrodinium aureolum
Scrippsiella_trochoidea |

Distephanus spaculum

Flagellates Dinophyceae

0.E+00

2.E+05

4.E+05

1/3/02

Diatom

____ Asterionella bleakeley |
Asterionella glacialis
Asterionella japonica

Asterionella kariana
Bacjllaria paradoxa
Biddulphia aurita
Hiddulphia_alternana |
Biddulphia granulata |
Biddulphia Mobiliensis
Biddulphia_obtusate
iddulphia reg.
Biddulphia sinensis |
Cerataulina pelagica
Chaetoceros danicum
Chaetoceros danicus
Chaetoceros debilis
Chaetoceros decipiens
Chaetoceros densus
Chaetoceros gracilis
Chaetoceros socialls
Coscinodiscus lineatus
Coscinodiscus radjatus
Detonula confervacea
Ditylum _brightwellii
Eucampia zoodjacus
Fragilaria oceanica Ji
Gyrosigma sp. |
Guinardia flaccida
Hyalodiscus sp.
Lauderia_annulata
auderia borealis
Leptocylindricus minimus
Licmophora juergensii |
Melosira moniliformis

— Minidiscus trioculatus |
Navicula pelagica |
Nitzschia_closterium
Nitzschia delicatissima |
Nitzschia longissima
Nitzschia seriata |
Paralja sulcata |
Phaeodactylum tricornutum |
Pleurosigma sp.
FRhizosolenia alata
Rhizosolenia delicatula

Ahizosolenia _fragilissima |

Rhizosolenia setigera
Rhizosolenia shrubsole/ |
Skeletonema_costatum

_Thalassionema nitzschioides |
Thalassiosira decipiens |
Thalassiosira gravida
Thalassiosira mendiolana |

=T

T

Tt

T

et

Ceratium furca
_Ceratjum fusus

s |

Dinophysis norvegica
Dissodinium pseudolunula |
Gonyaulax polygramma

dir ex |
wrodinium aureolum
Scrippsiella trochoidea

gellates Dinophyceae

5 Distephanus speculum

Fle

__ Phaeocystis pouchetti |

2.E+05

4.E+05




Appendix A-1 Menai Strait Taxonomic data (No. of cells I'!)

8/3/02

Diatom

Asterionella bleakeley |
Asterjonella_glacialis
Asterionella japonica |
Asterionella_kariana |
Bacillaria paradoxa
Biddulphia_aurita
Biddulphia alternana
Biddulphia granulata |
Biddulphia Mobiliensis |
Biddulphia obtusate |
E/é%wgﬁ/a regia
Biddulphia_sinensis
Cerataulina pelagica
Chaetoceros danicum
Chaetoceros danicus
Chastoceros debilis
Chaetoceros decipiens
Chaetoceros densus
aetoceros gracilis
Chaetoceros socialis
Coscinodiscus lineatus
Coscinodiscus radiatus |
Défonula_confervacea
Ditylum brightwellii
Eucampla_zoodjacus
— Gyrosigma sp. |
Guinardia flaccida
Hyalodiscus sp.
Lauderia_annulata
auderia borealis
Leptocylindricus minimus
Licmophora_ juergensit
Melosira_moniliformis

Navicula pelagica |
Nitzschia closterium B

Nitzschia_delicatissima
itzschia seriata
Paralla sulcata

Phaeodactylum_tricornutum
Pleurosigma sp.
Rhizosolenia_alata
Rhizosolenia_delicatula |
Rhizosolenia fragilissima |
Fhizosolenla setigera |
Rhizosolenia_shrubsolel
Skeletonema_costatum

_Thalassionema nitzschioldes |
Thalassiosira_decipiens
Thalassiosira gravida
Thalassiosira mendfolana
7 155/ . L

) - L)

et

Ceratium furca
_Ceratium fusus

Dinophysis norvegica

Dissodinium pseudolunula |
Gonyaulax polyaramma

3yrodinium_aureolum
Scrippsiella_trochoidea

Distephanus speculum

Flagellates Dinophyceae

0.E+00

2.E+05

4.E+05

15/3/02

Diatom

Asterionella bleakeley |
Asterionella glacialis
Asterionelia japonica
Asterionella kariana
Bacillaria paradoxa
Bidauiphia aurita
Bidduiphia_alternana
Biddulphia granulata
Bidduiphia Mobiliensis
Bidaulphia obtusate
E/ga'zﬂgﬁ/a regia
Bidadulphia_sinensis
Cerataulina pelagica |
Chaetoceros danicum
Chaetoceros danicus
Chaetoceros debilis |
Chaetoceros decipiens
Chaetoceros densus
Chaetoceros gracilis |
Chaetoceros socialis
Coscinodiscus lineatus
Coscinodiscus radiatus
—_Detonula confervacea |
Ditylum_brightwellii
Eucampia zoodjacus
Fragilaria oceanica [=mmmm
Gyrosigma sp.
Guinardia flaccida
Hyalodliscus sp.
Lauderia annulata |
Lauderia borealis =
Leptocylindricus minimus =3

Licmophora juergensii |
Melosira_moniliformis

ik et

(3 - |

|t e i

Navicula pelagica
Nitzschia closterium
Nitzschia_delicatissima

Nitzschia seriata
Paralia sulcata
Phaeodactylum iricornutum

e

Rhizosolenia_alata
Rhizosolenia delicatula |
____fAhizosolenia iragitissima |
—_Rhizosoleniq hebetata |

FRhizosolenia_setigera
Rhizosolenia_shrubsolej
Skeletonema_costatum
Thalassiosira _decipiens

Thalassiosira gravida

Thalassijosira_menaiolana

o

Ceratium furca
_Ceratjum fusus
Dinophysis norvegica

LDissodinium pseudolunula |
Gonyaulax polygramma

D

djnium_s;
wrodinium aureolum
Scrippsiella trochoidea

Phaeocystis JZQUC[IEH[ eds
Distephanus speculum

Fiagellates Dinophyceae

0.E+00

2.E+05

4.E+05




Appendix A-1 Menai Strait Taxonomic data (No. of cells I'!)

22/3/02

Diatom

Asterionella_bleakele,
Asterionella_glacialis
Asterionella_japonica
Asterionella kariana
8409/”?&/5 aradoxa
idalul %/'a aurita
Biddul] IﬂépT/{srnana
Biddulphia granulata
Biddu ghia Mobiljensis
Biddulphia obtusate |
iddulphia_regia
Biddulphia_sinensis
Cerataulina pelagica
Chaetoceros danicum
aeloceros danicus |
Chaetoceros debilis |
Chaetoceros decipiens
Chaetoceros densus
Chaetoceros gracilis
Chaetoceros socialis
Coscinodiscus lineatus
Coscinodiscus radiatus
efonula_confervacea
Ditylum brightwellii
Eucampla_zoodiacus
ragilaria_oceanica
IYIoSIgma_sp.
Guinardia flaccida R
lyalodiscus sp.
Lauderia_annulata
Lauderia_borealis
Leptocylindricus minimus.

Licmophora juergensi’ |
Melosira mani?/jorm/s L
—maw /al I L
Navicula pelagica
Nitzschia closterium
Nitzschia_delicatissima =
Nitzschia seriata
Paralia_sulcata
Phaeodactylum_tricornutum |

Rhizosolenia alata
Rhizosolenia_delicatula @

Rhizosolenia ffag///ssma ]

Fhizosolenia_setigera
FRhizosolenia_shrubsolel

(o o

o

Thalasslosira gravida
Thalassiosira_mendiolana.

es Dinophyceae

Ceratium furca
Ceratium fusus

Dinophysis norvegica
Dissodinium pseudolunula |
Gonyaulax polygramma__ |
rodinium aureolum i
Scrippslella_frochoidea

1.

g

=)

Fl

4 Distephanus speculum

0.E+00

2.E+05

4.E+05

12/4/02

Diatom

Asterionella_bleakele)
Aste//ons//a lacialis

Asrer/ons/ la_kariana
Baciflaria paradoxa
Biddulphia_aurita
Giddulphia_alternana
Biddulphia granulata
Biddulphia Mobiliensis
Biddui h/a obtusare
a

Biddulp /a s/nsnsm
Cerataulina pelagica
Chaetoceros danicum
aetoceros danicus
Chaetoceros debilis
Chaetoceros decipiens
Chaetoceros densus
efoceros gracilis
Chaetoceros _socialis
Coscinodiscus lineatus
Cosr:/nod/scus radiatus

D/Iy/um brightwellil
Eucampia zoodiacus
Fragilaria_oceanica =
Gyrosigma_sp.
Guinardia_flaccida
lvalodjscus sp.

Lauderia_annulata |
uderia borealis _fm

Leptocylindricus minimus
Licmophora_juergensii
Melosira_moniliformis

Navicula

Nitzschia c/os!er/um
Nitzschia delicatissima

Nitzschia seriata
Paralla sulcata
Phaeodactylum tricornutum

Rhizosolenia alata.
Rhizosolenia_delicatula =R
Rhizosolenia_fragilissima

e

Rhizosolenia setigera
Rhizosolenia_shrubsolel
Skeletonema_costatum

Thalassiosira_decipiens
Thalassiosira gravida

Thalassiosira mendiolana

7 125] : .

e

Ceratium_furca
_Ceratium fusus

Tt

Dinophysis norvegica
Dissodinium pseudolunula
Gonyaulax polygramma

gzrod/h/‘um aureolum
Scrippsiella trochoidea

eflafes Dinophyceae

g

3 Distephanus _specufum

Fl

0.E+00

2.E+05

4.E+05




Appendix A-1 Menai Strait Taxonomic data (No. of cells 1)

3/5/02

Diatom

Asterionella bleakeley l
Asterjonella_glacialis

Asterionella japonica
Asterionella kariana

Bacillaria paradoxa
Biddulphia_aurita

Biddulphia granulata
Biddulphia Mobiliensis
Biddulphia_obtusate
_Bjddulphia_regia

Cerataulina pelagica
Chaetoceros danicum
Chaetoceros danicus
Chaetoceros debilis
aefocercs decipiens
Chaetoceros densus
Chaetoceros gracilis
Chaetoceros soclalis

 + Lt

i e

Coscinodiscus radiatus
Detonula confervacea
Ditylum brightwellii
Eucampia_zoodjacus
Fra /fana oceanica
Gyrosigma_sp.
Guinardja flaccida |
Hyalodiscus sp.

Lauderia borealis
Leptocylindricus minimus
Licmophora_juergensii
Melosira_moniliformis

Paralia_stlcata

Phaeodactylum tricornutum
Pleurosigma_sp.
ﬂh/zososmia delcatula_
Rhizosolenia fragllissima
Rhizosolenia hebetata

Rhizosolenia_setigera
izosolenia_shrubsolel
Skeletonema costatum
Thalassionema_nitzschioides

Thalassiosira_decipliens

____Thalassiosira gravida |
Thalassiosira_mendjolana
Thalassiosira nordenskioeldii

L) - Lo e

Ceratium furca
_Ceratium fusus
Ceratium macroceros

Dinophysis norvegica
Dissodinium pseudolunula
Gonyaulax polygramma
Gymnodinium_simplex
Gyrodinium _aureolum
Scrippsiella trochoidea

|- Lo e

—_Phaeocystis pouchetti |
Distephanus_speculum

Flagellates Dinophyceae

0.E+00

2.E+05

4. E+05

17/5/02

Diatom

Asterionella bleakele

£l
Asfer/one//a kar/ana
Bacillaria paradoxa
idaulphia_aurita

Bidquiphia granulata
Biddulphia Mobiliensis
Biddulphia_obtusate
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Appendix A-1 Menai Strait Taxonomic data (No. of cells 1!)
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Appendix A-1 Menai Strait Taxonomic data (No. of cells 1)
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Rhizosolenia setigera
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Appendix A-1 Menai Strait Taxonomic data (No. of cells I'!)
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Appendix A-1 Menai Strait Taxonomic data (No. of cells 1!)
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Appendix A-1 Menai Strait Taxonomic data (No. of cells 1)

2/9/02

Asterionella bleakele
H%@jbﬂé/a lacialis
___ Asteroneila japonica_|

Asterionella kariana |
Bacillaria paradoxa |

Biddulphia aurita |
_—Bldm b
B/ddu; E/‘a ranuisra |

Biddul) %ia K’obmensis
Biddulphia_obtusate [r=mm
_Biddulphia regia
Cerataulina pelagica
Chaetocercs danicum

Chaetoceros danicus |
Chaetoceros debilis

g

Cha
Chaetoceros gracilis =2
Chaeloceros socialis

Coscinodiscus radiatus

Detonula confervacea Ji
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Rhizosolenia_fragilissima
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Biddulphia alternana
Bidadulphia granulata

— Biddulphia Ma
Biddulphia obtusate _E
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Appendix A-1 Menai Strait Taxonomic data (No. of cells I!)
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells I''Y)  23-April-2001
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells I'')  23-April-2001
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells I'")  24-April-2001
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells I'1)  24-April-2001

BS1

Asterionella kariana [
Bacillaria paradoxa
Biddulphia aurita
Biddulphia Mobiliensis
Chaetoceros sp. i,
Coscinodiscus lineatus  fm
Detonula confervacea - fimm
Ditylum brightwellii
Eucampia zoodiacus |
Fragilaria sp.
Lauderia annulata |
Lauderia borealis |
Melosira moniliformis - jmm
Miniciscus trioculatus
Navicula sp. [
Nitzschia sp. i3
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Ceratium furca
Gyrodinium sp.
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells I'')  25-April-2001

CE5 (9:16 BST)

Asterionella kariana =3

Bacillaria paradoxa
Biddulphia aurita
Bidduiphia Mobiliensis
Chastoceros sp. [

Coscinodiscus lineatus
Defonula confervacea
Ditylum brightwellii ™
Eucampia zoodiacus
Fragilaria sp. |
Lauderia annulata =
Lauderia borealis
Melosira moniliformis [
Minidiscus trioculatus
Navicula sp.

Paralia sulcata

Rhizosolenia shrubsolei
Rhizosolenia sp. ==

Thalassionema nitzschioides =3
Thalassiosira mendiolana
Thalassiosira nordenskioeldii

Ceratium furca  §
Gyrodinium sp. i

Nitzschia sp.  fr—

Rhizosolenia delicatula ==

Skeletonema costatur TN
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Bacillaria paradoxa ==
Biddulphia aurita =
Bidaulphia Mobiliensis
Chaetoceros sp. [
Coscinodiscus lineatus
Detonula confervacea
Ditylum brightweflii
Eucampia zoodiacus
Fragilaria sp.
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305

6.E+05

08m

9.E+05




Appendix A-2 Clyde Sea Taxonomic data (No. of cells I'!)  25-April-2001

CE4

Asterionella kariana
Bacillaria paradoxa
Biddulphia aurita
Biddulphia Mobiliensis  fi
Chaefoceros sp.
Coscinodiscus lineatus e
Detonula confervacea [~
Ditylum brightwellii  fi
Eucampia zoodiacus g
Fragilaria sp. [y
Lauderia annulata
Lauderia horealis =
Melosira moniliformis
Minidiscus trioculatus g
Navicula sp. |
Nitzschia sp.  fmmmm
Paralia sulcata §
Rhizosolenia delicatula  fm—
Rhizosolenia shrubsolei =
Rhizosolenia sp. '
Skeletonema costafum  fmm
Thalassionema nitzschioides  fe
Thalassiosira mendiolana
Thalassiosira nordenskioeldii

Ceratium furca
Gyrodinium sp. i

e
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CE3

Asterionefla kariana  fmm_
Bacillaria paradoxa - s
Bicduphia aurita
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Chaetoceros sp. - s
Coscinodiscus lineafus §
Detonula confervacea
Ditylum brightwellif
Eucampia zoodiacus
Fragilaria sp.
Latideria annulata o]
Lauderia borealis [y
Melosira moniliformis |2
Minidiscus trioculatus
Navicula sp. [,
Nitzschia sp.
Paralia sulcata [E—,
Rhizosolenia delicatula
Rhizosolenia shrubsolei
Rhizosolenia sp. |
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Thalassionema nitzschioides [t
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells I'')  25-April-2001

CE2

Asterionella kariana
Bacillaria paradoxa
Biddulphia aurita s
Bidduiphia Mobiliensis |
Chaetoceros sp. ="
Coscinodiscus fineatus [
Detonula confervacea F
Ditylum brightwellii
Eucampia zoodiacus
Fragilaria sp. §

Lauderia annufata |
Lauderia borealis ~ftim
Melosira monififormis
Minidiscus tricculatus
Navicula sp. |
Nitzschiasp. §

Paralia sulcata |
Rhizosolenia delicatula
Rhizosolenia shrubsolei
Rhizosolenia sp.
Skeletonema costatum
Thalassionema nitzschioides
Thalassiosira mendiolana  fpr=—=
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e
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Ceratium furca
Gyrodinium sp.
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells I'')  26-April-2001

LS1

Asterionella kariana £
Bacillaria paradoxa
Biddulphia aurita
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells I'1)  26-April-2001

LSS

Asterionella kariana s
Bacillaria paradoxa
Biddulphia aurita g
Biddulphia Mobiliensis
Chastoceros sp.
Coscinodiscus lineatus [
Defonula confervacea
Ditytum brightwellii
Eucampia zoodiacus
Fragilaria sp. |

Lauderia annulata ===
Lauderia borealis =
Melosira moniliformis |
Minidiscus frioculatus |
Navicula sp. b

Nitzschia sp.

Paralia sulcata [
Rhizosolenia delicatula |
Rhizosolenia shrubsolei |
Rhizosolenia sp. |
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells I'')  26-April-2001

LR1

Biddulphia aurita
Biddulphia Mobiliensis
Chaetoceros sp.

Detonula confervacea

Ditylum brightwellii

Eucampia zoodiacus

Fragilaria sp. P

Lauderia annulata

Lauderia borealis e

Melosira moniliformis f=

Minidiscus trioculatus

Navicula sp. |

Nitzschia sp. f
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Rhizosolenia delicatula 2
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells I'')  27-April-2001

WK1

Asterionella kariana f==
Bacillaria paradoxa §
Biddulphia aurita §
Biddulphia Mobiliensis
Chaetoceros sp. - ummmm
Coscinodiscus lineafus =
Detonula confervacea §
Ditylum brightwellii
Eucampia zoodiacus o
Fragilaria sp. =
Lauderia annulata
Lauderia horealis
Melosira moniliformis
Minidiscus trioculatus 3
Navicula sp.
Nitzschia sp. - et
Paralia sulcata
Rhizosolenia deficatula |
Rhizosolenia shrubsolei
Rhizosolenia sp. &
Skeletonema costatum
Thalassionema nitzschioides
Thalassiosira mendiolana b
Thalassiosira nordenskioeldii 2

Ceratium furca  jm
Gyrodinium sp.
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Asterionella kariana =
Bacillaria paradoxa
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Appendix A-3 Irish Sea Taxonomic data (No. of cells I'')  06-August-2001

25
Station 1 Station 2
Biddulphiopsis titiana Biddulphiopsis titiana
Brockmanniella brockmannil Brockmanniella brockmannil
Chaetoceros danicum  jmmmmm Chaetoceros danicum
Coscinodiscus eccenlrica M Coscinodiscus eccentrica
Coscinodiscus lineatus M — Coscinodiscus lineatus
Coscinodiscus sp. }m Coscinodiscus sp.
Detonula confervacea Detonula confervacea
Guinardia flaccida Guinardia flaccida
Gyrosigma attenuatum Gyrosigma attenuatum
S Leptocylindrus danfeus  [mmmm E Leptocylindrus danicus
g Navicula sp. g Navicula sp.
Nitzschia sp. Mitzschia sp.
Rhizosolenia alata Rhizosolenia alata
Rhizosolenia delicatula Rhizosolenia delicatula
Rhizosolenia setigera Rhizosolenia seligera fmm
Rhizosolenia shrubsole] Y Rhizosolenia shrubsolei
FRhizosolenia stolterfothii Rhizosolenia stolterfothii
Rhizosolenia styliformis Rhizosolenia styliformis
Thalassiosira sp. Thalassiosira sp.
Ceratium furca O Ceratium furca [Hm
Ceratium fusus W Ceralium fusus
Ceratium lineatum == Ceratium lineatum
Ceratium tripos Ceralium tripos
Dinophysis acuta Dinophysis acuta
9 Gonyaulax spinifera ) Gonyaulax spinifera
3 = ) —
3 Gymnodinium fuseum = Gymnodinium fuscum
é? Gyrodinium aureolum T § Gyrodinium aureolum
L Gyrodinium spirate | g Gyrodinium spirate
iy Noctiluca scintilans e o Noctiluca scintillans
Prorocentrum micans Bmm Prorocentrum micans T —
Protoperidinium depressum Protoperidinium depressum
Pyrodinium bahamense Pyrodinium bahamense
Flagellates Flagellates I
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Appendix A-3 Irish Sea Taxonomic data (No. of cells I'!)  06-August-2001

Station 3

Biddulphiopsis titiana
Brockmanniella brockmannil
Chaetoceros danicum
Coscinodiscus eccentrica
Coscinodiscus lineatus
Coscinodiscus sp.
Detonula confervacea
Guinardia flaccida
Gyrosigma attenuatum
Leptocylindrus danicus
Navicula sp.
Nitzschia sp.
Rhizosolenia alata
Rhizosolenia delicatula T
Ahizosolenia seligera ===
Rhizosolenia shrubsolei [
Rhizosolenia stolterfothii
Rhizosolenia styliformis
Thalassiosira sp.

aiatomn

Coralium furca I

Ceralium fusus r’
Ceratium lineatum =
Ceratium tripos
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Gymnodinium fuscum ===
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Appendix A-3 Irish Sea Taxonomic data (No. of cells I'')  07-August-2001 7
Staion 4 Station 6
Biddulphiopsis fitiana F Biddulphiopsis lifiana ==
Brockmanniella brockmannil === Brockmanniella brockmannil
Chaeloceros danicum Chaetoceros danicum
Coscinodiscus eccentrica Coscinodiscus eccentrica
Coscinodiscus lineatus Coscinodiscus lineatus
Coscinodiscus sp. Coscipodiscus sp. Emmm
Detonula confervacea Detonula confervacea -
Guinardia flaccida Guinardia flaccida =
Gyrosigma altenuatum Gyrosigma attenvatum [
g Leplocylinarus danicus g Leptocylindrus danicus
g Navicula sp. _pmmmmmmm g Navicula sp.
Mitzschia sp. [ HNitzschia sp.
Rhizosolenia alata F- Rhizosolenia alata
Rhizosolenia delicatula e Rhizosolenia delicatula
Rhizosolenia setigera I Rhizosolenia setigera
Rhizosolenia shrubsolei MMM Rhizosolenia shrubsolei
FRhizosolenia stolferfothii F-mn Rhizosolenia stolterfothii
Rhizosolenia styliformis FRhizosolenia styliformis
Thalassiosira sp. j Thalassiosira sp.
Ceratium furca TR Ceratium furca ::-
Ceratium fusus m Ceratium fusus fmﬂ
Ceratium lineatum [ Ceratium lineatum
Ceratium tripos P‘“ Ceralium fripos /T
Dinophysis acuta [ Dinophysis acuta
% Gonyaulax spinifera -F“ % Gonyaulax spinifera
5 Gymnodinium fuscum m B Gymnodinium fuscum
g Gyrodinium aureolum TR 3 Gyrodinium aureolym TS
E Gyrodinium spirate [ E! Gyrodinium spirate
3 Noctiluea scintillans 3 Noctiluca scintillans
Prorocentrum micans [T Prorocentrum micans
Protoperidinium depressum Protoperidinium depressum
Pyrodinium bahamense Pyrodinium bahamense =
Flageliates TR Flageliates i
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Appendix A-3 Irish Sea Taxonomic data (No. of cells I'!)  07-August-2001

28
Station 7 Staion 8
Biddulphiopsis lifiana  fmm Biddulphiopsis litiana
Brockmanniella brockmanni == Brockmanniella brockmannil ——
Chaeloceros danicum = Chaeloceros danicum
Coscinodiscus eccentrica Coscinodiscus eccentrica
Coscinodiscus fineatus .
Coscinodiscus sp. Coscinodiscus sp. —m—y
Detonula confervacea b::: Detonula confervacea ——o—mx
Guinardia flaccida Guinardia flaccida
Gyrosigma attenuatum Gyrosigma attenvatum
E Leptocylindrus danicus === g Leptocylindrus danicus
N Navicula sp. N Navicula sp.
Nitzschia sp. Nitzschia sp.
Rhizosolenia alata == Rhizosolenia alata
Rhizosolenia delicatula —= Rhizosolenia delicatula =
Rhizosolenia seligera Rhizosolenia seligera [
FRhizosolenia shrubsolei Rhizosolenia shrubsolel
Rhizosolenia stolterfothii Rhizosolenia stolterfothii =
FRhizosolenia styliformis Rhizosolenia styliformis
Thalassiosira sp. Thalassiosira sp.
Ceratium furca R Ceratium furca Bmy
Ceratium fusus Ceralium fusys [mmm
Ceratium lineatum Ceratium lineatuym
Ceralium fripos | Ceralium lripos =
Dinophysis acula e Dinophysis acuta |
3 Gonyaulax spinifera 3 Gonyaulax spinifera
3 — I ==
3 Gymnodinium fuseum 3 Gymnodinium fuscum
? Gyrodinium aureolum & : ? Gyrodinium aureolum
E Gyrodinium spirate }’m’m E Gyrodinium spirate l
B Noctiluea seintillans 3 Noctiluca scintillans
Prorocentrum micans | Prorocentrum micans
Protoperidinium depressum ——— Protoperidinium depressum =
Pyrodinium bahamense [rmmHmmmIT Pyrodinium bahamense =—
Flagellates = Flagellates
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Appendix A-3 Irish Sea Taxonomic data (No. of cells I'')  07-August-2001

Station 9

aiatorn

Biddulphiopsis lifiana

Brockmanniella brockmannil

Chaetoceros danicum

Coscinodiscus eccentrica

Coscinodiscus fineatus

Coscinodiscus sp.
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Quinardia flaccida

Gyrosigma attenuatum

Leptocylindrus danicus

Navicula sp.

Mitzschia sp.

Rhizosolenia alala

Rhizosolenia delicatula

Rhizosolenia setigera

Rhizosolenia shrubsolei

Rhizosolenia stolterfothii [

Rhizosolenia styliformis

Thalassiosira sp.

ainoflagellate

Ceralium furca

Ceratium fusus
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Ceratium tripos

Dinophysis acuta

Gonyaulax spinifera
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Gyrodinium aureolum
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Appendix A-3 Irish Sea Taxonomic data (No. of cells I'')  08-August-2001

30
Station 11 Station 12
Biddulphiopsis litiana Biddulphiopsis titiana
Brockmanniella brockmannil Brockmannielia brockmannil =
Chaeloceros danicum I Chaetoceros danicum [
Coscinodiscus eccentrica Coscinodiscus eccentrica
Coscinodiscus lineatus Coscinodiscus linealus
Coscinodiscus sp. Coscinodiscus Sp.
Detonula confervacea Detonula confervacea ==
Guinardia flaccida Guinardia flaccida
Gyrosigma attenuatum Gyrosigma attenuatum
E Leptocylindrus danicus = 5 Leptocylinarus danicus
2 Navicula sp. g Navicula sp.
Nitzschia sp. Nitzschia sp.
Rhizosolenia alata Rhizosolenia alata
Rhizosolenia delicatula Rhizosolenia delicatula =
Rhizosolenia setigera /BT Rhizosolenia setigera
Rhizosolenia shrubsole)  /Emmrmmmmmy Rhizosolenia shrubsoles
Rhizosolenia stolterfothii F==mD Rhizosolenia stolterfothii
FRhizosolenia styliformis Rhizosolenia styliformis
Thalassiosira sp. Thalassiosira sp.
Ceratium furca I Ceratium furca
Ceratium fusus Ceralium fusus g
Ceratium lineatum Ceratium lineatum F
Ceratium tripos Ceratium fripos
Dinophysis acuta —m0m— Dinophysis acuta
9 Gonyaulax spinifera o Gonyaulax spinifera [
q = ] =
3 Gymnodinium fuscum 3 Gymnodinium fuscum
§ Gyrodinium aureolum g Gyrodinium aureolum
E Gyrodinium spirate | E Gyrodinium spirate .
s Noctiluea scintillans == 3 Noctiluca scintillans
Prorocentrum micans Prorocentrum micans
Frotoperidinium depressum Protoperidinium depressum
Pyrodinium bahamense Pyrodinium bahamense
Flagellates Flageliates B
0.0E400 6.0E+04 1.2E+05 0.0E+00 6.0E+04 1.2E406
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Appendix A-3 Irish Sea Taxonomic data (No. of cells I'')  08-August-2001

31
Station 13 Station 14
Biddulphiopsis lifiana Biddulphiopsis titiana m
Brockmanniella brockmannil Brockmanniella brockmannil
Chaetoceros danicum Chaetoceros danicum
Cosciriodiscus eccentrica Coscinodiscus escenirica
Coscinodiscus lineatus [~ Coscinodiscus lineatus
Coscinodiscus sp. Coscinociscus sp.
Detonula confervacea [T Detonula confervacea
Guinardia flaccida Guinardia flaccida
Gyrosigma attenuatum Gyrosigma alienuatum
S Leptocylindrus danicus E Leptocylindrus danicus
%’ Navicula sp. 3 Navioula sp.
Nitzschia sp. HNitzschia sp.
Rhizosolénia alata Rhizosolenia alata
Rhizosolenia delicatula Rhizosolenia delicatula
Rhizosolenia seligera M Rhizosolenia seligera =
Rhizosolenia shrubsolel e Rhizosolenia shrubsolei
Rhizosolenia stolterfothii —= Rhizosolenia stolterfothii
FRhizosolenia styliformis == FRhizosoleria styliformis
Thalassiosira sp. Thalassiosira sp.
Ceratium furca Ceratium furca D
Ceratium fusus Ceralium fusus
Ceratium lineatum Ceratium lineatum =
Ceratium tripos Ceraliym tripos
Dinophysis acuta g Dinophysis acula
% Gonyaulax spinifera % Gonyaulax spinifera
3 Gymnodinium fuseum 3 Gymnodinium fuscum =S50
(Eé Gyrodinium aureolum § Gyrodinium aureolum
E Gyrodinium spirate \g Gyrodinium spirate I
iy Noctiluca scintillans S Noctiluga scintillans F=
Prorocéntrum micans Prorocenirum micans
Protoperidinium depressum Protoperidinium depressum
Pyrodinium bahamense ———s Pyrodinium bahamense
Flageliates % Fagellates PEETEER
0.0E+00 6.0E+04 0.0E+00 6.0E404 1.2E405
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Appendix A-3 Irish Sea Taxonomic data (No. of cells I'')  08-August-2001

Stafior 16

Biddulphiopsis titiana
Brockmanniella brockmannil
Chaetoceros danicum
Coscinodiscus eccentrica
Coscinodiscus lineatus
Coscinodiscus sp.
Detonula confervacea E
Guinardia flaccida
Gyrosigma attenuatum
Leptocylindrus danicus
Navicula sp. FEEEE
Mitzschia sp. |
Rhizosolenia a/at;am
Rhizosolenia delicatula m
Rhizosolenia setigera m
Rhizosolenia shrubsolei
Rhizosolenia stolterfothii
Fhizosolenia styliformis
Thalassiosira sp.

aiatorn

Ceratium furca EEETIITT
Ceratium fususm
Ceratium linealum
Ceratium lripos
Dinophysis acuta
Gonyaulax spinifera
Gymnodinium fuscum
Gyrodinium aureolum
Gyrodinium spirate
Noctiluca scintilans =2
Prorocentrum micans F
Protoperidinium depressum
Pyrodinium bahamense

ainoflagellate

Flagellates =23

0.0E+00 1.26406




Appendix A-3 Irish Sea Taxonomic data (No. of cells I'')  09-August-2001
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Station 16 Station 17
Biddulphiopsis tiiana Biddulphiopsis tifiana
Brockmanniella brockmannil Brockmanniella brockmannil
Chaeltoceros danicum Chaeloceros danicum
Coscinodiscus eccentrica Coscinodiscus eccentrica
Cossinadiscus linealus Coscinodiscus lineatus st
Coscinodiscus sp. o Coscinodiscus sp. |
Detonula confervacea Detonula confervacea T —
Guinardia flaccida s Guinardia flaccida F’E
Gyrosigma altenuatum Gyrosigma attenuatum
S Leptocylindrus danicus E Leptocylindrus danicys TR
g Navicula sp. e Navicula sp.
Nitzschia sp.  [Frmmmmmm Mitzschia sp.
Rhizosolenia alala Rhizosolenia alata
Rhizosolenia delicatula == Rhizosolenia delicatula
Rhizosolenia setigera Rhizosolenia seligera [mimmThm
FRhizosolenia shrubsolei Rhizosolenia shrubsolei
Rhizosolenia stolterfothii [~ Rhizosolenia stolterfothii
Rhizosolenia styliformis Rhizosolenia styliformis
Thalassiosira sp. ——= Thalassiosira sp.
Ceratium furca Ceratium furca
Ceratium fusus Ceratium fusus [
Ceratium linealym P Ceratium flineatum
Ceratium tripos E Ceratium fripos
Dinophysis acuta Dinophysis acuta
2 Gonyaulax spinifera 2 Gonyaulay spinifera
] - e I s
§ Gymnodinium fuscum g Gymnodipium fuscum
§ Gyrodinium aureolum = § Gyrodinium aureolum
E Gyrodinium spirate E Gyrodinium spirate mm
3 Noctiluea scintillans S Noctiluca scintillans
Prorocentrum micans Mm Prorocentrum micans
Protoperidinium depressum = Protoperidinium depressum
Pyrodinium bahamense Pyrodinium bahamense
Flageliates = Flageliates TR
0.0E+00 6.0E+04 1.2E+06 0.0E400 6.0E+04 1.2E405

00m @15m 030m

B0n B 10n|




Appendix A-3 Irish Sea Taxonomic data (No. of cells I'')  09-August-2001 34
Station 18 Station 19
Biddulphiopsis fifana [ Biddulphiopsis liizna =
Brockmanniella brockmannil Brockmannielia brockmannil >
Chaeloceros danicum Chaetoceros danicum
Coscinodiscus eccentrica MM Coscinodiscus eccentrica
Coscinodiscus lineatus Coscinodiscus linealus
Coscinodiscus sp. Coscinodiscus sp.Jm
Detonula confervacea Detonula confervacea T
Guinardia flaccida Guinardia flaccida
Gyrosigma attenuatum Gyrosigma attenuatum
S Leptocylindrus danicus S Leplocylinarus danicys FESmmimmmm
L Navicula sp. Pz 2 Navicula sp.
Nitzschia sp. ———— Nitzschia sp.
Rhizosolenia alata Rhizosolenia alala
Rhizosolenia delicatula Rhizosolenia delicatula
Rhizosolenia setigera EEEHmIT- Rhizosolenia seligera
Rhizosolenia shrubsolei Rhizosolenia shrubsolei [
Rhizosolenia stolterfolhii —— Rhizosolenia stolterfothii
Fhizosolenia styliformis ———— Rhizosolenia styliformis
Thalassiosira sp. Thalassiosira sp.
Ceralium furca FEHEIIITT Ceratium furca
Ceratium fusus Ceratium fusus B
Ceratium lineatum Ceratium lineatum
Ceratium tripos =—— Ceralium lripos
Dinophysis acuta Dinophysis acula - FrmmIEITIT
b Gonyaulax spinifera 2 Gonyaulax spinifera
Q — T =
3 Gymnodinium fuscum e P Gymnodipium fuscum ===
E,“ Gyrodinium aureolum B §‘ Gyrodinium aureolum
E) Gyrodinium spirate === § Gyrodinium spirate
B Noctiluca scintilans [ 3 Noctiluca scintillans S
Prorocenltrum micans % Prorocentrum micans
Protoperidinium depressum Protoperidinium depressum ———
Pyrodinium bahamense [ Pyrodinium bahamense ——
Flagellates = Fageliates EER—
0.0E+00 6.0E+04 1.2E405 0.0E+00 6.0E+04 1.2E+05

@0m D 15m O 30m

30m D 15m 0 25m




Appendix A-3 Irish Sea Taxonomic data (No. of cells I'!)  09-August-2001
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Station 20 Station 21
Biddulphiopsis titiana Biddulphiopsis litiana |
Brockmanniela brockmannil Brockmannieila brockmannil
Chaetoceros danicum Chaetoceros danicum
Coscinodiscus eccentrica Coscinodiscus eccentrica
Coscinodiscus lineatus Coscinodiscus lineatus
Coscinodisous sp, === Coscinodiscus sp.
Detonula confervacea Delonula confervacea
Guinardia flaccida W Guinardia flaccida m
Gyrosigma atfenuatum ] Gyrosigma attenuatum ]
S Leptocylindus danious e S Leplooylndus danicys EERER
g Navicula sp. 2 Navicula sp.
Mitzschia sp. Milzschia sp.
Rhizosolenia alata Rhizosolenia alata
Rhizosolenia delicatula A Rhizosolenia delicatula in
FRhizosolenia setigera m Rhizosolenia setigera =
Rhizosolenia shrubsolei Rhizosolenia shrubsolef
Rhizosolenia stolterfothii Rhizosolenia stolterfothii
FRhizosolenia styliformis Rhizosolenia styliformis
Thalassiosira sp. Thalassiosira sp.
Ceratium furca jmmm Ceralium furca
Ceratium fusus Bmmnm Ceralium fusus FE‘EE’
Ceratium lineatum Ceratium lineatum
Ceralium tripos Ceratium tripos |
Dinophysis acuta Dinophysis acu[a—lﬁmmnm
% Gonyaulax spinifera % Gonyaulax spinifera
3 Gymnodinium fuscum % Gymnodinium fuscum
iq? Gyrodinium aureolum :\? Gyrodinium aureolum
E Gyrodinium spirate E Gyrodinium spirate
S Noctiluca scintiflans T 3 Noctiluca scintillans
Prorocentrum micans Prorocentrum micans
Protoperidinium depressum Protoperidinium depressum
Pyrodinium bahamense Pyrodinium bahamense [m
Flagellates Flageliates T
0.0E+00 6.0E+04 1.2E405 0.0E400 6.0E+04 1.2E+05




Appendix A-3 Irish Sea Taxonomic data (No. of cells I'!)

10-August-2001 36
Station 23 Station 24
Biddulphiopsis litiana @ Biddulphiopss litiana
Brockmanniella brockmannil B Brockmanniella brockmannil
Chaetoceros danicum Fm— Chaeloceros danicum ——=
Coscinodiscus eccentrica Coscinodiscus eccentrica mm
Coscinodiscus linealus Coscinodiscus linealus
Coscinodiscus sp. Coscinodiscus sp.
Detonula confervacea Delonula confervacea P
Guinardia flaccida Guinardia flaccida [~
Gyrosigma attenuatum Gyrosigma attenuatum
g Leptocylindrus danicus g Leptocylindrus danicus
g Navicula sp. g Navicula sp.
Mitzschia sp. == Nitzschia sp. =
Rhizosolenia alata Rhizosolenia alata
Rhizosolenia delicatula Rhizosolenia delicalula ==
Rhizosolenia setigera [ Rhizosolenia seligera :
Rhizosolenia shrubsolel ——= Rhizosolenia shrubsolei
Rhizasolenia stolterfothii F—— Rhizosolenia stolterfothii [~
Rhizosolenia styliformis = FRhizosolenia styliformis
Thalassiosira sp. W Thalassiosira sp. M=
Ceratium furca R Ceratium furca FEmmT———
Ceralium fusus —= Ceratium fusus [
Ceratium lineatum Ceratium lineatum  E=
Ceratium tripos Ceralium lripos
Dinophysis acuta Dinophysis acuta Hmm
3 Gonyaulax spinifera 3 Gonyaulax spinifera
] = Q — =
3 Gymnodipium fuscum 3 Gymnodinium fuscum
\% Gyrodinium aureolum m § Gyrodinium aureolum
E Gyrodinium spirate fm‘ Eﬁ Gyrodinium spirate
3 Hoctiluca scintilans B 3 Noctiluca scintillans
Prorocentrum micans Prorocentrum micans F
Protoperidinium depressum Protoperidinium depressum
Pyrodinium bahamense Pyrodinium bahamense =
Flagellates Flageliates &
0.0E+00 6.0E+04 1.2E405 0.0E+00 6.0E+04 1.2E405

80m @ 10m O 2m

__EBOmIlIIHSmD?Sm




Appendix A-3 Irish Sea Taxonomic data (No. of cells I'')  10-August-2001

Station 25

Biddulphiopsis titiana
Brockmanniella brockmannil
Chaetoceros danicum

W

P

B
Coscinodiscus eccentrica }nmmmmmmmm

B

==

Coscinodiscus lineatus
Coscinodiscus sp.
Delonula conlervacea—mmm
Guinardia flaccida T
Gyrosigma attenuatum
Leptocylindrus danicus
Navicula sp. _fmmm
Nitzschia sp. [
Rhizosolenia alata
Rhizosolenia delicatula ]
Rhizosolenia setigera

Rhizosolenia shrubsolei ==
Rhizosolenia stolterfothii Immnmmmmmm

Rhizosolenia styliformis |
Thalassiosira sp.

aiatormn

Ceralium furca [mmmmmY
Ceratium fusus
Ceratium fineatum
Ceratium lripos
Dinophysis acuta
Gonyaulax spinifera
Gymnodinium fuscum
Gyrodinium aureolum
Gyrodinium spirate [
Noctilica scintillans [
Prorocentrum micans [~
Protoperidinium depressum
Pyrodinium bahamense jmmmm

IFVNHHN:H‘IV‘[I.

ainoflagellate

R
)

Flageliates

0.0E400 6.0E+04 1.2E405




Appendix A-4 Irish Sea Taxonomic data (No. of cells 1)

26-November-2001

Station 1

diatom

Biddulphia sinensis |

Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus

Navicula sp. F=—

Paralia sulcata

Pleurosigma sp. mmm

Rhizosolenia shrubsolei [

Rhizosolenia sp.

Rhizosolenia stolterfothii

Skeletonema costatum %

Thalassiosira mendiolana

|csan]

dinoflagellate

Ceratium furca =

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates

0E+0

80mm17m 037m

4.E+04

8.E+04

Station 2

Biddulphia sinensis ;

Biddulphiopsis titiana

Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus ———

Navicula sp.

Paralia sulcata

Pleurosigma sp.

dfatom

Rhizosolenia shrubsolei | ———

Rhizosolenia sp. rmmmnmmmmm

Rhizosolenia stolterfothi Imnmmmmm

Skeletonema costatum

]
Thalassiosira mendjolana e

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnedinium fuscum

dinoflagellate

Gyrodinium sp.

Flagellates

0.E+00 4.E+04

O0m @ 12m O41m

8.E+04

38




Appendix A-4 Irish Sea Taxonomic data (No. of cells I'')  26-November-2001

Station 3

Biddulphia sinensis

Biddulphiopsis titiana

Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus

Navicula sp.

Paralia sulcata

Pleurosigma sp.

diatom

Rhizosolenia shrubsolei [

Ahizosolenia sp. | ——

Rhizosolenia stolterfothii | ————

Skeletonema costatum

Thalassiosira mendiolana

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

dinoflagellate

Gyrodinium sp.

Flagellates

0.E+00 4.E+04 8.E+4

8 0m @ 12m O 46m

39



Appendix A-4 Irish Sea Taxonomic data (No. of cells I'')  27-November-2001

Station 4

diatom

s
(UL

Biddulphia sinensis

Biddulphiopsis titiana

ERERNRS
Coscinodiscus lineatus
Detonula confervacea |-
Leptocylindrus danicus

Navicula sp.

Paralia sulcata

Pleurosigma sp.

Rhizosolenia shrubsolel
FRhizosolenia sp.
Rhizosolenia stolterfothii [

Skeletonema costatum

Thalassiosira mendiolana ————]

dinoflagellate

Ceratium furca

Ceratium fusus
Ceratium lineatum

Gymnodinium fuscum -

Gyrodinium sp.

Flagellates b

0E+00

4E+04

B0mD1{imO31m

8E+04

Station 5

Biddulphia sinensis [T

Biddulphiopsis titiana

Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus

Navicula sp. =

Paralia sulcata [T

Rhizosolenia shrubsolel f——————————y

Rhizosolenia sp. f——————

g
}% Pleurosigma sp.
3
Rhizosolenia stolterfothii %
Skeletonema costatum [— v —
Thalassfosira mendjiolana
Ceratium furca f——m—
Ceratium fusus
% Ceratium lineatum
3
‘@ Gymnodinium fuscum
I
3
"f:, Gyrodinium sp.

Flagellates mem

0E+00

4E+04

B0mD8mO17m

8E+04

40




Appendix A-4 Irish Sea Taxonomic data (No. of cells 1)

27-November-2001

Station 6

diatom

Biddulphia sinensis

Biddulphiopsis titiana

Coscinodiscus lineatys IS

Detonula confervacea

Leptocylindrus danicus

Navicula sp.

Paralia sulcata

Pleurosigma sp.

Rhizosolenia shrubsolel

Rhizosolenia sp.

Rhizosolenia stolterfothii

Skeletonema costatum

Thalassiosira mendjolana

dinoflagellat

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

(A

Flagellates

0.E+00

4.E+04

B8 0m @ 10m 0 25m

8.E+04

Station 7

Biddulphia sinensis

Biddulphiopsis titiana

Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus

Navicula sp. [

& Paralia sulcata  {mr——
S o R e e e e R D o]
5 Plevrosigma sp. [N
B ) ) )
Rhizosolenia shrubsolei
Rhizosolenia sp.  bmmr————
Rhizosolenia stolterfothii
Skeletonema costatum  fmmmmmr——
Thalassiosira mendjolana
Ceratium furca
Ceratium fusus
S
S Ceratium lineatum
T
% Gymnodinium fuscum
=
) o
% Gyrodinium sp.

Flagellates

R QA

0E+0

4.E+04

8.E+04

41




Appendix A-4 Irish Sea Taxonomic data (No. of cells I'') 27-November-2001

Station 8

diatom

Biddulphia sinensis

Biddulphiopsis titiana

Coscinodiscus fineatus

Detonula confervacea

Leptocylindrus danicus W

Navicula sp.

Paralia sulcata

Pleurosigma sp.

Rhizosolenia shrubsole

Rhizosolenia spkjm

Rhizosolenia stolterfothii

Skeletonema costatum

Thalassiosira mendiolana

dinoflagellate

Ceratium furca W

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates W

0.E+0

4E+04

8.E+04

42



Appendix A-4 Irish Sea Taxonomic data (No. of cells I'')  28-November-2001

Station 9

diatom

Biddulphia sinensis A Y

Biddulphiopsis titiana

Coscinodiscus lineatus

f

Detonula confervace. e )

Leptocylindrus danicus

Navicula sp.

Paralia sulcata

Pleurosigma sp.

Rhizosolenia shrubsolei

Rhizosolenia sp.

Rhizosolenia stolterfothii

Skeletonema costatum

Thalassiosira mendiolana

dinoflagellate

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates &,

[T H'”“W1W1}-

0.E+00

4E+04

8.E+04

Station 10

diatom

Biddulphia sinensis

Biddulphiopsis titiana

Coscinodiscus lineatys T

e T
e ]

Detonula confervacea

Leptocylindrus danicus

Navicula sp.

Paralia sulcata

Pleurosigma sp.

Rhizosolenia shrubsolei M

Rhizosolenia sp. =

Rhizosolenia stolterfothii |——

Skeletonema costatum

Thalassiosira mendjolana

dinoflagellate

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates

0E+0

4.E+04

8E+04

43




Appendix A-4 Irish Sea Taxonomic data (No. of cells 1)

28-November-2001

Station 11

diatomn

Biddulphia sinensis

Biddulphiopsis titiana

Coscinodiscus fineatys [

Detonula confervacea

Leptocylindrus danicus

Navicula sp.

Paralia sulcata

Pleurosigma sp.

Rhizosolenia shrubsolei

Rhizosolenia sp.

Rhizosolenia stolterfothii

Skeletonema costatum

——
=

e
=

L

Thalassiosira mendiolana

U

dinoflagellate

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates

0.

E+00

AE+4

B0m @ 12m 0 24m

8.E+04

Station 12

Biddulphia sinensis B

Bidaulphiopsis titiana

Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus

Navicula sp. @
o

Paralia sulcata

diatom

Rhizosolenia sp.

Rhizosolenia stolterfothii

Skeletonema costatum

Thalassiosira mendjolana

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

dinoflagellate

Flagellates

S g s R
N

Fleurosigma sp. f——
Rhizosolenia shrubsoler W

ey
[
—

0.E+0

4E+04

@ 0m @ 12m 020

8.E+04

44




Appendix A-4 Irish Sea Taxonomic data (No. of cells I'') 28-November-2001

Station 13

diatom

————
[
eoma——

Biddulphia sinensis

Biddulphiopsis titiana

Coscinodiscus lineatus

Detonula confervacea |———

Leptocylindrus danicus D
=]

Navicula sp.

Paralia sulcata [T

Pleurosigma sp. |——

Rhizosolenia shrubsolei

Rhizosolenia sp.

Skeletonema costatum

=
Rhizosolenia stolterfothii @
[EaamEs=n

Thalassiosira mendiolana

dinoflagellate

Ceratium furca

Ceratium fusus

H

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates

0.E+00

4E+04

BO0mDm11mO32m

8.E+04

Station 14

Biddulphiopsis titiana

Bidctiphia sinensis [

Coscinodijscus lineatus

Detonula confervacea

Leptocylindrus danicus

Navicula sp.

Paralia sulcata [

Pleurosigma sp.

Rhizosolenia shrubsolei

Rhizosolenia sp. @

diatom

Rhizosolenia stolterfothii ——

Skeletonema costatum

Thalassiosira mendiolana {—

Ceratium furca w
Ceratium fusus m:,"

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

dinoflagellate

Flagellates

0E+0 4.E+04

80m @ 12m 0 2im

8.E+04
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Appendix A-4 Irish Sea Taxonomic data (No. of cells I'')  29-November-2001

Station 15

diatom

Biddulphia sinensis

B

Biddulphiopsis titiana

Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus

Navicula sp.

Pleurosigma sp.

Rhizosolenia shrubsolei

Rhizosolenia sp.

Rhizosolenia stolterfothii

Skeletonema costatum

Thalassiosira mendiolana

dinoflagellate

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates

—— )
BT ST
RN |

e o M
USSR S R

=

==

M:J
Paralia sulcata w

=

"

==

=

o

k=

0E

4E+04

8.E+04

Station 16

Biddulphia sinensis -—
Biddulphiopsis t/t/ana%

Coscinodiscus lineatus

)

Detonula confervacea HIII—

Leptocylindrus danicus

Navicula sp. MWW
Paralia sulcata %

Pleurosigma sp.

diatom

Rhizosolenia shrubsolei m
FRhizosolenia sp. @

Rhizosolenia stolterfothli | ——

Skeletonema costatum

Thalassiosira mendiolana @

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

ainoflagellate

Fiagellates

0.E+00

@0m @ 10m O21m

4.E404

8.E+04
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Appendix A-4 Irish Sea Taxonomic data (No. of cells 1)

29-November-2001

Station 17

diatom

Biddulphia sinensis I

Biddulphiopsis titiana

Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus

Navicula sp.

Paralia sulcata

Pleurosigma sp.

Rhizosolenia shrubsolei

moa

Rhizosolenia sp.

 Ie—

Rhizosolenia stolterfothii

e

Skeletonema costatum

[
s

Thalassiosira mendiolana

dinoflagellate

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates

0.E+00

4E+04

8.E+04

Station 18

Biddulphia sinensis

Biddulphiopsis titiana

Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus

Navicula sp.

Paralia sulcata

difatom

FRhizosolenia shrubsolej f——————

Rhizosolenia sp. W
Rhizosolenia stolterfothii !m:J

Skeletonema costatum

Thalassiosira mendiolana F

Ceratium furca

Ceratium fusus ————

Ceratium lineatum ——

Gymnodinium fuscum

Gyrodinium sp.

dinoflagellate

Flagellates

P/EUIOS/'gma S0, uuﬂ|mm||mm||u|m|nm|||||||1|||||

0.E+00

4E+04

8 0m @ 8m O 17m

8.E+04
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Appendix A-4 Irish Sea Taxonomic data (No. of cells I'') 29-November-2001

Station 19

diatom

Biddulphia sinensis

Biddulphiopsis titiana

. . . PRy
Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus

Navicula sp.

Paralia sulcata

Pleurosigma sp.

Rhizosolenia shrubsolei ?_l:'

Rhizosolenia sp.

s
Rhizosolenia stolterfothii |
=5

Skeletonema costatum

Thalassiosira mendiolana ——

dinoflagellate

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates

0E+0

4.E+04

B0m D 4.5m 023m

8.E+04
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Appendix A-4 Irish Sea Taxonomic data (No. of cells I'!)

30-November-2001

Station 20

diatorn

Biddulphia sinensis

Biddulphiopsis titiana

Coscinodiscus lineatys Em

Detonula confervacea

Leptocylindrus danicus

-

Navicula sp.

T
—————,

Paralia sulcata

Fleurosigma sp.

=

Rhizosolenia shrubsolel

Rhizosolenia sp.

Rhizosolenia stolterfothii

Skeletonema costatum

Thalassiosira mendiolana

dinofiagellate

Ceratium furca

Ceratium fusus

Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates

=

D
FUSRSRY |

y

(T T

0.E+0

4.E+04

@O0 m5mO2im

8.E+4

Station 21

Biddulphia sinensis

(AR

Biddulphiopsis titiana

Coscinodiscus lineatus

Detonula confervacea

Leptocylindrus danicus
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Appendix A-4 Irish Sea Taxonomic data (No. of cells 1)

30-November-2001

Station 22

diatomn
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Ceratium lineatum

Gymnodinium fuscum

Gyrodinium sp.

Flagellates w

0.E+00 4E+04

B 0m m5.5m 0 10m

8.E+04

Station 23

Biddulphia sinensis
Biddulphiopsis t/?/ana‘F
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'')  02-April-2002

T1C1 (0800 BST)
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'')  02-April-2002

T1C3 (1000 BST)
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'')  02-April-2002

T1C5 (1200 BST)
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'')  02-April-2002

T1C7 (1400 BST)
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Bacillaria paxillifer M

Biddulphia sinensis
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Melosira nummuloides

diatom

Navicula cryptocephala

Navicula pelagica

Paralia sulcata

Pleurosigma formosum

pleurosigma sp.
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I''Y)  02-April-2002

T1C9 (1600 BST)
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Bacillaria paxillifer  [mmmm—
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Rhizosolenia shrubsolei

Rhizosolenia sp.

FRhizosolenia stolterfothif
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'!)  02-April-2002

T1C11 (1800 BST)

Asterionella sp. r

Bacillaria pavillfer R
Bidduphia sinen.w
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'')  03-April-2002

A6
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I''Y)  03-April-2002

A4

diatom

Asterionella sp.

e

Bacillaria paxillifer

Blddulphia sinensis

Bidadulphiopsis titiana

Chaetoceros debilus

Coscinodiscus lineatus

Delonula confervacea

Ditylum brightwellii
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Leptocylindrus danicus

Melosira moniliforms
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Navicula cryptocephala

Navicula pelagica
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B
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Rhizosolenia shrubsolei

Rhizosolenia sp.

Rhizosolenia stolterfothii
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'!)  03-April-2002
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diatom

Asterionella sp. |

Bacillaria paxillifer B
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Chaetoceros debilus

Coscinodiscus lineatus
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Ditylum brightwellii
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Rhizosolenia stolterfothii
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'')  03-April-2002

B2
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Ceratium fusus

=
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Ceratium furca Mmmmmn
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'')  03-April-2002
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diatom
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Biddulphia sinensis

Biddulphiopsis titiana

==
Bacilleria paillifer =
E
B

Chaetoceros debilus

Coscinodiscus lineatus
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Rhizosolenia shrubsolei

Rhizosolenia sp.

Rhizosolenia stolterfothii
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'')  04-April-2002
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diatom

Asterionella sp. |

Bacillaria paxillifer

Biddulphia sinensis
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pleurosigma sp.

Rhizosolenia shrubsolel
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Rhizosolenia stolterfothii
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Ceratium furca
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I'')  04-April-2002

c4

diatom

Asterionella sp. l

Bacillaria paxillifer W

Biddulphia sinensis

Biddulphiopsis titiana |

Chaetoceros debilus |

Coscinodiscus lineatus

Detonula confervacea

Ditvlum brightwellii

Leptocylindrus danicus
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Melosira nummuloides

Navicula cryptocephala

Navicula pelagica

Paralia sulcata |8
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Skeletonema costatum W
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T1C1 (0800 BST)
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Chaetoceros densus

Chaetoceros didymus
Coscinodiscus lineatus
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Leptocylindrus danicus EE===—
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T1C3 (1000 BST)
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Rhizosolenia shrubsoler
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Diatom

Ceralanlina pelagica
Chaetoceros densus
Chaetoceros didymus e
Coscinodiscus Jineatus
Detonula confervacea [EEEmm
Gyrosigma scalproides
Gyrosigma attenuatum e
Lauderia annulata |

Leptocylindrus danicus EEEE——

Leptocylindrus minimus

Melosira moniliforms t———m

Melosira nummuloides =
Navicula integra
Navicula cryptocephala
Nitzschia closterium =
Nitzschia delicatissima |
Nitzschia seriata
Nitzschia ventricosa
Pleurosigma angulatum
Pleurosigma formosum
Rhizosolenia alata f.alata
Rhizosolenia hebelata B
Rhizosolenia setigera o=
Rhizosolenia shrubsolei
Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diplonerls crabro

Dinoflagellate

Ceratium furca =
Ceratium fusus

Ceratium lineatum =,

Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuta ===
Gonyaulax spinifera
Gymnodinium fuscum
Gyrodinium dorsum
Prorocentrum micans E
Torodinium sp.
Peridinium conicoides

Flagellates [Eum

0.0E+00

35E+04

@ 0m @ 25m O 50m

70E+04

T1C6 (1300 BST)

Ceratanlina pelagica |

Chaetoceros densus

Chaetoceros didymus

Coscinodjscus lineatus

Detonula confervacea

Gyrosigma scalproides

Gyrosigma attenuatum

Lauderia annulata

Leptocylindrus danicus

Leptocylindrus minimus

Melosira moniliforms

Melosira nummuloides

Navicula integra

Navicula cryptocephala

Nitzschia closterium

Diatom

Nitzschia delicatissima

Nitzschia seriata

Nitzschia ventricosa

Pleurosigma angulatum

Pleurosigma formosum

Rhizosolenia alata f.alata

e

Rhizosolenia hebetata

=

Rhizosolenia setigera

R

Rhizosolenia shrubsolel

Rhizosolenia sp.

Skeletonema costatum

Stephanopyxis turris

Diploneis crabro

Ceratium furca

Ceratium fusus

Ceratium lineatum

Ceratium tripos

Cladopyxis brachiolata

Dinophysis acuta

Gonyaulax spinifera

Gymnodinium fuscum

Gyrodinium dorsum

Prorocentrum micans

Dinoflagellate

Torodinium sp.

Peridinium conicoides

Flagellates

Em

|

00E+00

35E+04

Om @ 27m O 56m

70E+04

]




Appendix A-6 Celtic Sea Taxonomic data (No. of cells 1)

13-July-2002

72

T1C7 (1400 BST)
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T1C9 (1600 BST)
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Nitzschia closterium

Nitzschia delicatissima

Nitzschia seriata

Nitzschia ventricosa
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Pleurosigma formosum

Rhizosolenia alata f.alata =

Rhizosolenia hebetata

Rhizosolenia setigera

Fhizosolenia shrubsole/ =

Rhizosolenia sp.

Skeletonema costatum

Stephanopyxis turris

Diploneis crabro |

Dinoflagellate

Ceratium furca
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Ceratium tripos
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T1C11 (1800 BST) T1C12 (1900 BST)
Ceratanlina pelagica | Ceratanlina pelagica
Chaetoceros densus Chaetoceros densus
Chaetoceros didymus [ Chaetoceros didymus
Coscinodiscus lineatus = Coscinodiscus lineatus
Detonula confervacea Detonula confervacea pmm—
Gyrosigma scalproides Gyrosigma scalproides
Gyrosigma attenuatum Gyrosigma attenuatum
Lauderia annulata | Lauderia annulata |
Leptocylindrus danicus & Leptocylindrus danicus B -
Leptocylindrus minimus === Leplocylindrus minimus E======
Melosira moniliforms Melosira moniliforms [~
Melosira nummuloides Melosira nummuloides
Navicula integra Navicula integra
g Navicula cryptocephala I g Navicula cryptocephala |
K Nitzschia closterium § Nitzschia closterium
Q  Nitzschia delicatissima = Q  Nitzschia delicatissima =
Nitzschia seriata [P Nitzschia seriata B
Nitzschia ventricosa Nitzschia ventricosa =
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Rhizosolenia shrubsoler
Rhizosolenia sp.

Skeletonema costatum f———————

Stephanopyxis turris ===
Diploneis crabro |

Dinoflagellate

Ceratium furca
Ceratium fusus

Ceratium lineatun ===

Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuta
Gonyaulax spinifera
Gymnodinium fuscum
Gyrodinium dorsum

Prorocentrum micans s

Torodinium sp.
Peridinium conicoides

Flagellates ===

00E+00

35E+04

B 0m @52m O103m

70E+04

C2

Diatom

Ceratanlina pelagica |
Chaetoceros densus
Chaetoceros didymus
Coscinodiscus lineatus
Detonula confervacea ==
Gyrosigma scalproides
Gyrosigma attenuatum
Lauderia annulata_ |
Leplocylindrus danicus
Leptocylindrus minimus E=—
Melosira moniliforms  pmmm
Melosira nummuloides
Navicula integra
Navicula cryptocephala
Nitzschia closterium
Nitzschia delicatissima_|
Nitzschia seriata
Nitzschia ventricosa
Pleurosigma angulatum_|
Pleurosigma formosum
Rhizosolenia alata f.alata
Rhizosolenia hebelata |

Rhizosolenia setigera ===

Rhizosolenia shrubsole/ ==
Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diploneis crabro |

Dinoflagellate

Ceratium furca ==
Ceratium fusus
Ceratium lineatum
Ceratium tripos t——
Cladopyxis brachiolata
Dinophysis acuta ===

Gonyaulax spinifera
Gymnodinium fuscum =
Gyrodinium dorsum
Prorocentrum micans [

Torodinium sp. B

Peridinium conicoides

Flagellates

00E+00

35E+04

Om @ 46m O 93m

70E+04




Appendix A-6 Celtic Sea Taxonomic data (No. of cells 1)

17-July-2002

85

E2

Diatom

Ceratanlina pelagica |
Chaetoceros densus
Chaetoceros didymus
Coscinodiscus lineatus
Detonula confervacea
Gyrosigma scalproides
Gyrosigma attenuatum ==
Lauderia annulata
Leptocylindrus danicus
Leptocylindrus minimus =
Melosira moniliforms
Melosira nummuloides
Navicula integra
Navicula cryptocephala
Nitzschia closterium
Nitzschia delicatissima

Nitzschia seriata ==

Nitzschia ventricosa ===
Pleurosigma angulatum |
Pleurosigma formosum =

Rhizosolenia alata f.alata

Rhizosolenia ﬁebeﬁa_
Rhizosolenia setigera

Rhizosolenia shrubsolel
Rhizosolenia sp.

Skeletonema costatum [T

Stephanopyxis turris =
Diploneis crabro

Dinoflagellate

Ceratium furca
Ceratfum fusus

Ceratium lineatun e

Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuta
Gonyaulax spinifera

Gymnodinium fuscum ===

Gyrodinium dorsum
Prorocentrum micans

Torodinium sp. ===

Peridinium conicoides

Flagellates

00E+00

35E+04

B0m@16m O77m

70E+04

E1

Ceratanlina pelagica F==

Chaetoceros densus

Chaetoceros didymus

Coscinodiscus lineatus

Detonula confervacea

|

Gyrosigma scalproides

Gyrosigma attenuatum |

Lauderia annulata
Leptocylindrus danicus

=]

Leptocylindrus minimus

Melosira moniliforms

Melosira nummuloides

]

Navicula integra

Navicula cryptocephala

Nitzschia closterium

| ——

Diatom

Nitzschia delicatissima

Nitzschia seriata
Nitzschia ventricosa

m

[

Pleurosigma angulatum |

Pleurosigma formosum

Rhizosolenia alata f.alata

Rhizosolenia hebetata
Rhizosolenia setigera

Rhizosolenia shrubsolei

FRhizosolenia sp.

Skeletonema costatum

Stephanopyxis turris F=2

Diploneis crabro

Ceratium furca

Ceratium fusus

Ceratium lineatum
Ceratium iripos

Cladopyxis brachiolata

Dinophysis acuta

Gonyaulax spinifera

Gymnodinium fuscum

Gyrodinium dorsum

Dinoflagellate

Torodinium sp.

Prorocentrum micans |

Peridinium conicoides

Flagellates

00E~+00

35E+04

Om @ 32m O 63m

70E+04




Appendix A-6 Celtic Sea Taxonomic data (No. of cells I'!)

18-July-2002

86

E3

Diatormn

Ceratanlina pelagica
Chaetoceros densus
Chaetoceros didymus
Coscinodiscus lineatus
Detonula confervacea
Gyrosigma scalproides
Gyrosigma attenuatum |
Lauderia annulata |
Leptocylindrus danjcus =R
Leptocylindrus minimus
Melosira moniliforms
Melosira nummuloides
Navicula integra
Navicula cryptocephala

Nitzschia closterium FP=======

Nitzschia delicatissima |

Nitzschia seriata EESem

Nitzschia ventricosa
Pleurosigma angulatum
Pleurosigma formosum

Rhizosolenia alata f.alata
Rhizosolenia hebetata |

Rhizosolenia setigera &=

Fhizosolenia shrubsole/
Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diploneis crabro |

Dinoflagellate

Ceratium furca
Ceratium fusus
Ceratium lineatum
Ceratium tripos
Cladopyxis brachiolata

Dinophysis acula pe=====

Gonyaulax spinifera
Gymnodinium fuscum
Gyrodinium dorsum =
Prorocenirum micans
Torodinium sp.
Peridinium conicoides

Flagellates

00E+00

35E+04

B Om @ 39m O 90m

70E+04

Diatomn

Ceratanlina pelagica |
Chaetoceros densus
Chaetoceros didymus
Coscinodiscus lineatus
Detonula confervacea
Gyrosigma scalproides
Gyrosigma attenuatum |
Lauderia annulata
Leptocylindrus danicus
Leptocylindrus minimus
Melosira moniliforms |—s
Melosira nummuloides
Navicula integra
Navicula cryptocephala
Nitzschia closterium
Nitzschia delicatissima
Nitzschia seriata ===
Nitzschia ventricosa

Pleurosigma angulatum |
Pleurosigma formosum

Rhizosolenia alata f.alata EEERmm

Rhizosolenia hebetata =

Rhizosolenia setigera ===

Rhizosolenia shrubsolei
Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diploneis crabro |

Dinoflagellate

Ceratium furca E==—
Ceratium fusus pm
Ceratium lineatum B
Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuta
Gonyaulax spinifera
Gymnodinium fuscum
Gyrodinium dorsum

Prorocentrum micans E====—===

Torodinium sp. =
Peridinium conicoides

Flagellates

0.0E+00

35E+04

Om @ 32m O 98m

70E+04




Appendix A-6 Celtic Sea Taxonomic data (No. of cells 1)

18-July-2002

87

E5

Diatom

Ceratanlina pelagica |
Chaetoceros densus _[rmmm
Chaetoceros didymus
Coscinodiscus lineatus

Detonula confervacea p===—s==========

Gyrosigma scalproides
Gyrosigma attenuatum |
Lauderia annulata ===
Leptocylindrus danicus
Leptocylindrus minimus
Melosira moniliforms
Melosira nummuloides ===
Navicula integra
Navicula cryptocephala
Nitzschia closterium
Nitzschia delicatissima =

Nitzschia seriats e e

Nitzschia ventricosa
Pleurosigma angulatum =
Pleurosigma formosum E=—

Rhizosolenia alata f.alata =
Rhizosolenia hebelata —=

Rhizosolenia seligera  E====pmmmmmm=m

Rhizosolenja shrubsolel ==
Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diploners crabro

Dinoflagellate

Ceratium furca =
Ceratium fusus

Ceratium lineatum E=

Ceratium tripos [
Cladopyxis brachiolaia
Dinophysis acuta ===
Gonyaulax spinifera _mwmm
Gymnodinium fuscum
Gyrodinium dorsum
Prorocenirum micans E
Torodinium sp.
Peridinium conicoides mmm

Flagellates

0.0E~+00

35E+04

Om @ 24m O 98m

70E+04

EG

Diatormn

Ceratanlina pelagica |
Chaetoceros densus
Chaetoceros didymus ==
Coscinodiscus lineatus
Detonula confervacea
Gyrosigma scalproides
Gyrosigma attenuatum |
Lauderia annulata
Leptocylindrus danicus
Leptocylindrus minimus
Melosira moniliforms
Melosira nummuloides
Navicula integra
Navicula cryptocephala ==
Nitzschia closterium
Nitzschia delicatissima f—=

|

Nitzschia seriata ===

Nitzschia ventricosa
Pleurosigma angulatum
Pleurosigma formosum

Rhizosolenia alata f.alata F=Etmn

Rhizosolenja hebetata
Rhizosolenia setigera E=
Rhizosolenia shrubsolel ===

Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diploneis crabro |

Dinoflagellate

Ceratium furca
Ceratium fusus  mmm

Ceratium lineatum B

Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuta ===
Gonyaulax spinifera
Gymnodinium fuscum ==
Gyrodinium dorsum

Prorocentrum micans R

Torodinium sp.
Peridinium conicoides =

Flagellates

00E+00

35E+04

B0m @41m O094m

70E+04




Appendix A-6 Celtic Sea Taxonomic data (No. of cells 1'!)

19-July-2002

88

D7

Diatorn

Ceratanlina pelagica
Chaetoceros densus
Chaetoceros didymus
Coscinodiscus lineatus
Detonula confervacea ===
Gyrosigma scalproides
Gyrosigma attenuatum |
Lauderia annulata
Leptocylindrus danicus
Leptocylindrus minimus =
Melosira moniliforms
Melosira nummuloides
Navicula integra
Navicula cryptocephala
Nitzschia closterium
Nitzschia delicatissima  mmmm

Nitzschia seriata F‘m

Nitzschia ventricosa
Pleurosigma angulatum |
Pleurosigma formosum

Rhizosolenia alata f.alata &= —

FRhizosolenia heb@_;
Rhizosolenia setigera

Rhizosolenia shrubsoles
Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diploneis crabro |

Dinoflagellate

Ceratium furca ™

Ceratium fusus
Ceratium lineatum
Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuta
Gonyaulax spinifera
Gymnodinium fuscum
Gyrodinium dorsum
Prorocentrum micans
Torodinium sp.
Peridinium conicoides

Flagellates B

L

0.0E+00

35E+04

E0m @m41m O 104m

70E+04

D6

Ceratanlina pelagica
Chaetoceros densus
Chaetoceros didymus
Coscinodiscus lineatus
Detonula confervacea ==
Gyrosigma scalproides
Gyrosigma attenuatum |
Lauderia annulata |
Leptocylindrus danicus
Leptocylindrus minimus
Melosira moniliforms
Melosira nummuloides
Navicula integra
Navicula cryptocephala
Nitzschia closterium
Nitzschia delicatissima
Nitzschia seriata ==
Nitzschia ventricosa
Pleurosigma angulatum
Pleurosigma formosum
Rhizosolenia alata f.alata
Rhizosolenia hebetata |
Rhizosolenia setigera
Rhizosolenia shrubsolel
Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diploneis crabro |

Diatom

Ceratium furca =
Ceratium fusus
Ceratium lineatum F===3
Ceratium tripos
Cladopyxis brachiolata =
Dinophysis acuia F
Gonyaulax spinifera
Gymnodinium fuscum
Gyrodinium dorsum
Prorocentrum micans t——=
Torodinium sp.
Peridinium conicoides

Dinoflagellate

Flagellates

00E+00

35E+04

@ 0m @ 41m 0 107m |

70E+04




Appendix A-6 Celtic Sea Taxonomic data (No. of cells 1)

19-July-2002

89

D5

Diatorm

Ceratanlina pelagica E
Chaetoceros densus

Chaeloceros didymus

Coscinodiscus lineatus =

Detonula confervacea ===

Gyrosigma scalproides |
Gyrosigma aitenuatum =
Lauderia annulata |
Leptocylindrus danicus
Leptocylindrus minimus
Melosira moniliforms  pmmm
Melosira nummuloides
Navicula integra
Navicula cryptocephala
Nitzschia closterium
Nitzschia delicatissima e

Nitzschia seriata ===

Nitzschia ventricosa
Pleurosigma angulatum |
Pleurosigma formosum

FRhizosolenia alata f.alata =

Rhizosolenia hebetata S
Rhizosolenia setigera E==a——

Rhizosolenia shrubsolel
Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diploneis crabro

Dinoflagellate

Ceratium furca
Ceratium fusus

Ceratium lineatum ===

Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuta
Gonyaulax spinifera
Gymnodinium fuscum
Gyrodinium dorsum

Prorocentrum micans |

Torodinium sp. [

Peridinium conicoides ==

Flagellates E==F=

00E+00

35E+04

B 0m m@25m 0117m

70E+04

D4

Ceratanlina pelagica
Chaetoceros densus
Chaetoceros didymus
Coscinodiscus lineatus
Detonula confervacea f——=
Gyrosigma scalproides
Gyrosigma attenuatum [
Lauderia annulata |
Leptocylindrus danicus
Leptocylindrus minimus
Melosira moniliforms
Melosira nummuloides FEE=
Navicula integra =
Navicula cryptocephala
Nitzschia closterium
Nitzschia delicatissima
Nitzschia seriata =
Nitzschia ventricosa
Pleurosigma angulatum |
Pleurosigma formosum ===
Fhizosolenia alata f.alata
Rhizosolenia hebetata
Rhizosolenia setigera F===——x,
Rhizosolenia shrubsolei
Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris ===
Diploneis crabro |

Diatom

Ceratium furca
Ceratium fusus =
Ceratium lineatum E===m=
Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuta
Gonyaulax spinifera
Gymnodinium fuscum
Gyrodinium dorsum
Prorocentrum micans
Torodinium sp.
Peridinium conicoldes F==mmm

Dinoflagellate

Flagellates ===

00E+00

35E+04

Om @ 50m O 98m

70E+04




Appendix A-6 Celtic Sea Taxonomic data (No. of cells I'1)

19-July-2002

90

D3

Diatom

Ceratanlina pelagica |
Chaetoceros densus [Fmm

Chaetoceros didymus
Coscinodiscus lineatus
Detonula confervacea
Gyrosigma scalproides ==
Gyrosigma attenuatum |
Lauderia annulata ==
Leptocylindrus danicus e
Leptocylindrus minimus

Melosira moniliforms FPmm———

Melosira nummuloides
Navicula integra
Navicula cryptocephala
Nitzschia closterium ===
Nitzschia delicatissima
Nitzschia seriata
Nitzschia ventricosa
Pleurosigma angulatum |
Pleurosigma formosum
Rhizosolenia alata f.alata  fmmmmm
Rhizosolenia hebetata |

Rhizosolenia setigera Fmmtan

Rhizosolenia shrubsolel [

Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diploneis crabro |

Dinoflagellate

Ceratium furca
Ceratium fusus =

Ceratium lineatum ===

Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuia
Gonyaulax spinifera
Gymnodinjum fuscum
Gyrodinium dorsum
Prorocentrum micans EE=—
Torodinium sp. =
Peridinium conicoides =

Flagellates

00E+00

35E+04

Om @ 39m O 75m

70E+04

D2

Diatom

Ceratanlina pelagica
Chaetoceros densus
Chaetoceros didymus ===
Coscinodiscus lineatus =
Detonula confervacea
Gyrosigma scalproides

Gyrosigma attenuatum ==

Lauderia annulata F==Sm==

Lepiocylindrus danicus
Leplocylindrus minimus
Melosira moniliforms

Melosira nummuloides PR

Navicula integra ==
Navicula cryptocephala

Nitzschia closterium ===
Nitzschia delicatissima =

Nitzschia seriata
Nitzschia ventricosa
Pleurosigma angulatum
Pleurosigma formosum
Rhizosolenia alata I.alata

Rhizosolenia hebetala ===

Rhizosolenia setigera
Rhizosolenia shrubsolel
Rhizosolenia sp.

Skeletonema costatum "

Stephanopyxis turris Fome
Diploneis crabro |

Dinoflagellate

Ceratium furca
Ceratium fusus

Ceratium lineatum FEr=ums:

Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuia
Gonyaulax spinifera
Gymnodinium fuscum

Gyrodinium dorsum

Prorocentrum m/‘c‘Ls'E
Torodinium sp.

Peridinium conicoides

Flagellates

00E+00

35E+04

Om @ 33m O 63m

70E+04




Appendix A-6 Celtic Sea Taxonomic data (No. of cells 1!

19-July-2002

91

D1

Diatorm

Ceratanlina pelagica

Chaetoceros densus P
Chaetoceros didymus ===

Coscinodiscus lineatus ==

Detonula confervacea ==

Gyrosigma scalproides ==

Gyrosigma attenuatum ——=
Lauderia annulata ==

Leptocylindrus danicus

Leptocylindrus minimus =

Melosira moniliforms
Melosira nummuloides
Navicula integra ==
Navicula cryptocephala

Nitzschia closterium pre========

Nitzschia delicatissima s
Nitzschia seriata E
Nitzschia ventricosa

Pleurosigma angulatum =
Pleurosigma formosum ===

FRhizosolenia alata f.alata [

Rhizosolenia hebe@a_ﬁ
Rhizosolenia setigera

Rhizosolenia shrubsole/ =
Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris ==
Diploneis crabro |

Dinoflagellate

Ceratium furca ==
Ceratium fusus  pmmm

Ceratium lineatun EE=—====m

Ceratium Iripos
Cladopyxis brachiolata

Dinophysis aculy [FRe=====

Gonyaulax spinifera |
Gymnodinium fuscum

Gyrodinium dorsum
Prorocentrum micans

Torodinium sp. b=——=
Peridinium conicoides ==

Flagellates

00E+00

35E+04

B 0m @ 29m O 57m

70E+04

Diatom

Dinoflagellate

Ceraianlina pelagica
Chaetoceros densus
Chaetoceros didymus
Coscinodiscus lineatus

Detonula confervacea

Gyrosigma scalproides

Gyrosigma aftenuatum |
Lauderia annulata |

Leptocylindrus danicus  mmmmmsmm

Leptocylindrus minimus
Melosira moniliforms
Melosira nummuloides ===
Navicula integra
Navicula cryptocephala
Nitzschia closterium ===
Nitzschia delicatissima |
Nitzschia seriala E
Nitzschia ventricosa [~
Pleurosigma angulatum
Pleurosigma formosum
Rhizosolenia alata f.alata |
Rhizosolenia hebetata
Rhizosolenia setigera B=
Rhizosolenia shrubsoler
FRhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris
Diploneis crabro [

Ceratium furca
Ceratium fusus =—

Ceratium lineatum ===

Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuta
Gonyaulax spinifera Pe=mmmm
Gymnodinium fuscum
Gyrodinium dorsum

Prorocentrum micans St

Torodinium sp.
Peridinium conicoides =

Flagellates

00E+00

35E+04

Om @ 29m O 56m

70E+04




Appendix A-6 Celtic Sea Taxonomic data (No. of cells 1)

Dend

Diatom

Ceratanlina pelagica =

Chaetoceros densys mmmmmm

Chaetoceros didymus
Coscinodiscus lineatus

Detonula confervacea Pt q

Gyrosigma scalproides
Gyrosigma attenuatum

Lauderia annulata pm——=

Leptocylindrus danicus
Leptocylindrus minimus
Melosira moniliforms
Melosira nummuloides
Navicula integra ===
Navicula cryptocephala
Nitzschia closterium

Nitzschia delicatissima e
Nitzschia seriata Eite——

Nitzschia ventricosa
Pleurosigma angulatum
Pleurosigma formosum

Rhizosolenia alata f.alata (=
Rhizosolenia hebetata ===

Rhizosolenia setigera Fm=—===

Rhizosolenia shrubsolel FR——
Rhizosolenia sp.
Skeletonema costatum

Stephanopyxis turris

Diploneis crabro

Dinoflagellate

Ceratium furca =
Ceratium fusus

Ceratium lineatum ===,

Ceratium tripos
Cladopyxis brachiolata

Dinophysis acuta pe====

Gonyaulax spinifera
Gymnodinium fuscum

Gyrodinium dorsum

Prorocenirum micans

Torodinium sp. e

Peridinium conicoides

Flagellates

0.0E+00

35E+04

B 0m @25m O51m

70E+04

19-July-2002
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Appendix A-6 Celtic Sea Taxonomic data (No. of cells I'')  20-July-2002

93

T1A-C1

Diatom

Ceratanlina pelagica |
Chaetoceros densus
Chaetoceros didymus
Coscinodiscus lineatus =
Detonula confervacea ===
Gyrosigma scalproides
Gyrosigma attenuatum
Lauderia annulata EER_,
Leptocylindrus danicus ===
Leptocylindrus minimus
Melosira moniliforms
Melosira nummuloides
Navicula integra
Navicula cryptocephala |
Nitzschia closterium
Nitzschia delicatissima
Nitzschia seriata E
Nitzschia ventricosa
Pleurosigma angulatum =
Pleurosigma formosum
Rhizosolenia alata f.alata
Rhizosolenia hebetata ===

Rhizosolenia seligera FP——=qy
Rhizosolenia shrubsolei [EEEEr

Rhizosolenia sp.
Skeletonema costatum
Stephanopyxis turris =
Diploneis crabro |

Dinoflagellate

Ceratium furca [
Ceratium fusus =
Ceratium lineatum B
Ceratium tripos ==
Cladopyxis brachiolata

Dinophysis acula _remmmmmm

Gonyaulax spinifera
‘Gymnodinium fuscum
Gyrodinium dorsum
Prorocentrum mjicans [Emm—,
Torodinium sp.
Peridinium conicoides

Flagellates

00E+00

35E+04

BOm @21m O42m

70E+04

T1A-C2

Diatom

Ceratanli) e
Chaetoceros densus

Chaetoceros rj('dvmus

Coscil s line
Detonula confervacea

Gyrosigma scalproides

Gyrosioma attenuatum

Lauderia annulata

Leptocylindrus danicus

Leptocylindrus minimus

Josira moniliforms |

'e/o. /

__Melosira nummuloiges |
Navicula inteara

Navicula cryptocephala

e

Nitzschia closterium

Nitzschia delicatissima |

Nitzschia seriata

Nitzschia ventricosa

Pleurosigma anagulatum

E==m

Pleurosigma formosum |

hizosolenja al I/
Hh/'zoso/en/‘g hebetata

osolenia_setigera
Rhizosolenia shr

ubsole/ ==

Rhizosolenia sp.

Skeletonema costatum

Stephanopyxis turris

Diploneis crabro

Dinoflagellate

Ceratium furca

Ceratium fusus

Ceratium lineatum

Ceratium tripo

Cladopyxis brachiolata

Dinophysis acuta

Gonyaulax spinifera

Gymnodinium fuscum

Torodinium sp.

Peridinium conicoides

Flagellates

R

Py
R

0.0E+00

3.5E+04

7.0E+04




Appendix A-6 Celtic Sea Taxonomic data (No. of cells I'')  20-July-2002

T1A-C3

Diatomn

Ceraianlina pelagica

Chaetoceros densys  fmmmmmmm

Chaetoceros didymus
Coscinodiscus lineatus e
Detonula confervacea =
Gyrosigma scalproides
Gyrosigma attenuatum
Lauderia annulata

Leptocylindrus danicus ==
Leptocylindrus minimus s

Melosira moniliforms
Melosira nummuloides
Navicula integra
Navicula cryptocephala |
Nitzschia closterium
Nitzschia delicatissima ==
Nitzschia seriata
Nitzschia ventricosa
Pleurosigma angulatum
Pleurosigma formosum
Rhizosolenia alata f.alata —s
Rhizosolenia hebetata |
Rhizosolenia setigera ===

Rhizosolenia shrubsolel

Rhizosolenia sp.
Skeletonema costatum |
Stephanopyxis turris

Diploneis crabro |

Dinoflagellate

Ceratium furca =
Ceratium fusus

Ceratium lineatum FEEm———

Ceratium tripos
Cladopyxis brachiolata
Dinophysis acuta =
Gonyaulax spinifera |
Gymnodinium fuscum e
Gyrodinium dorsum ==
Prorocentrum micans
Torodinium sp.
Peridinium conicoides
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