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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. In situ measurements of 
remote sensing reflectance were obtained at wavelengths coincident with the Sea WiFS 
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 I 

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 (CO2). 

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 UK. shelf 

seas 

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 UK. 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 µm to over 

200 µm, while some tropical species and Antarctic Thalassiothrix have a size of2 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 

2 
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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 l. l(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 

3 
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chlorophyll a, and c; 13 -carotene; and the xanthophylls peridinin, neoperidinin, 

dinoxanthin, neodinoxanthin, and diatoxanthin. Dinoflagellate have a range of cell size 

from 2 µm to over 200 µm 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 et 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 is 

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 Pryrnnesiophyceae (Haptophyceae) 

The size of most Prymnesiophyceae is between 5 µm and 20 µm (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 

4 
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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 oflife 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). 

5 
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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 µm to 100 µm (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 fonned 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 

6 
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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 Guinardiaflaccida) 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 a 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 
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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 

et al., 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 et 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 106 cells r1
) on the 

23rd 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). 
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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, Ceratiumfurca, Ceratiumfusus 

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 infonnation 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 
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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 situ 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. 
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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) 
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Figure 1.3 (b) Examples of Prymnesiophyceae found in the Menai Strait 

Phaeocystis pouchetii (from Embleton, 2000) 
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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) 
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2. PIGMENT CO:tv1POSITION 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, 0, 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; Preisendorf er, 1976; Kirk, 1994). The radiant intensity, I, 

is described as follow (Kirk, 1994); 

I= d<l>/dffi (2.1) 

where d<l> is the radiant flux and dffi is a unit solid angle. Radiance L( 0,f), 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 cos 0, and the unit solid angle dffi (Kirk, 1994); 

L( 0,¢) = d2<D/ dS cos0 dffi (2.2) 

The irradiance due to radiant flux within dffi, is defined as, L(0,<f) cos0dffi, as the area 

of the element of surface is dS. The total downwelling irradiance, Ed, or upwelling 

irradiance, E 11 , can be described by integrating with respect to solid angle over the whole 

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

(2.3) 

(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, E0, 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 ); 

(2.5) 

The scalar irradiance is divided into down welling and upwelling scalar irradiance. The 
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down welling scalar irradiance, Ead, is the integral of the radiance distribution over the 

upper hemisphere and upwelling scalar irradiance, Eau , is the integral of the radiance 

distribution over the lower hemisphere; 

(2.6) 

Eau= Ln L( 0,¢) dro (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 Rrs, is defined as the ratio between upwelling nadir 

radiance, Lu, and down welling irradiance (Kirk, 1994 ); 

(2.8) 

(2.9) 

2.3 The relationship between reflectance, Rand 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, c, is equal to the amount of the light lost due to absorption and 

scattering, and is expressed as follows. 

c=a+b (2.10) 

The vertical attenuation coefficient for down welling irradiance, Ka 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); 

(2.11) 

The mean cosine of the angle of photons from the vertical, Ji-d, is defined as the ratio 

between the downwelling irradiance, Ec1, and scalar downwelling irradiance, Eoc1; 

(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, Ka, 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 Kd from a (Kirk, 1994). A useful result of µd from computer modeling 

can be given as follows (Kirk, 1994); 

1 

(1 + 0.256 b/a)112 

From the equation above Kd can also be described; 

Kd 

a 

1 

J1o 
(1+0.256 

where J1o is the mean cosine just beneath the surface. 

(2.13) 

b 
)112 (2.14) 

a 

The relationship between near-surface reflectance, R(0), and absorption, a, and 

backscattering, bb, can be described as follows using a Monte Carlo study (Gordon et al., 

1975). 

R(0) =Eu!Ed = C(Jlo) bb I a (2.15) 

where Eu is upwelling irradiance, Ed is downwelling irradiance. The constant of 

proportionality, C(J1o), is a function of solar altitude, which can be expressed in terms of 

µ 0, the cosine of the zenith angle of the refracted solar beam, below the surface. For the 

zenith sun, when µ 0 is 1 the coefficient C(l.0) is approximately equal to 0.33 (Gordon et 

al., 1975). 

The ratio between upwelling irradiance, Eu, and upwelling radiance, Lu, is 

approximately 5 for intermediate solar altitudes (Kirk, 1994 ). An equation relating 
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remote sensing reflectance, Rrs (Lui Ed) to backscattering coefficient, bb, and absorption 

coefficient a may be derived from equation 2.15 by dividing the constant of 

proportionality, C, by 5. R,.5 for a solar altitude of 45° gives the relation as follows (Kirk, 

1994). 

(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,.5 , and a and bb; 

2 

Rrs= L,) Ed-;;;;_ L l;[ bb l (bb + a)i (2.17) 
i=l 

where l1 = 0.0945 steradian-1
, and l2 = 0.0794 steradian-1 (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 a 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 a 
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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 et 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 et al. (1983) and Bricaud et 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 et 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 et al., 

1988). The species studied were Bacillariophyceae (diatoms) (Chaetoceros curviseturn, 

Chaetoceros lauderi), Prymnesiophyceae (or Haptophyceae) (Pavlova pinguis, Pavlova 

lutheri, Prymnesium parvum), Chlorophyceae (Dunaliella salina), Rhodophyceae 

(Porphyridiurn 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 didyrnus, 

Chaetoceros curvisetus), Chlorophyceae (Dunaliella marina, Platyrnonas suecica), and 

Prymnesiophyceae ( Cricosphaera elongata ). 

Cullen et al. (1997) and Millie et al. (1997) distinguished phytoplankton 

species using optical measurements under certain conditions. Millie et al. (1997) used in 

vivo absorption by accessory chlorophylls and carotenoids to discern spectra of the 

fucoxanthin-containing Gyrnnodiniurn 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 al., 1990; Paerl and Millie, 1991; Barlow et al., 

1993; Weaver and Wrigley, 1994) 

The chlorophyll group includes chlorophyll a, b, and c1, c2, c3 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 et al., 1990). Figure 2.4 shows the 

absorption spectra of chlorophyll a, 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, c2, c3, fucoxanthin, 19' -hexanoyloxyfucoxanthin, 

19'-butanoyloxyfucoxanthin, diatoxanthin, dinoxanthin, gyroxanthin-diester, and 13-

carotene, while other dinoflagellates, Dinophysis sp., contain chlorophyll a, c2, peridinin, 

diatoxanthin, dinoxanthin, 13-carotene. The prymnesiophyceae, Phaeocystis pouchetii 

contains chlorophy 11 a, c2, c3, fucoxanthin, 19' -hexanoy loxyfucoxanthin, 19' -

butanoyloxyfucoxanthin, diatoxanthin, dinoxanthin, and 13-carotene. 

The third pigment group, the phycobilins, exist in the cyanobacteria 

(cyanophyceae), red algae (rhodophyceae) 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 al., 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 et 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 et al., 1992), while the phycobilin pigments absorb in the 

green to orange (480-600 nm) (Bidigare et 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 run (Boxall et al., 1993) while the phycobilins 

fluoresce in the green between 560 and 570 run (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 run in the red 

region. At a wavelength 680 nm, 1 m depth of sea water absorbs 3 5% 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 

ofSPM. 

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(A) = Cexp(-0.014.tl) 

where a()J is the absorption at wavelength, .tl, 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. 

(2.18) 

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 a 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 a 

is in Figure 2.4. 

The measurement of chlorophyll a is based on the colour ratio between blue 

( 443 run) and green (555 nm). If there is a high concentration of chlorophyll (more than 

1.5 mg m-3), 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 a 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), 

(2 .19) 

where R is the reflectance at waveband X and Y, and A and B are constants derived from 

sea truth data. Reflectance, R, may be substituted for irradiance, E, or the subsurface 

radiance, Lss, as spectral ratios are used. The algorithms given below are an example for 

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

C= 1.13 (Lss(443)/ Lss (550)YL7l (2.20) 

C = 3.326(Lss(520)/ Lss (550)Y2439 (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 et a/.., 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 ofSPM 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 et al. ( 1994) developed multi wavelength algorithms based on 

SeaWiFS channels to investigate chlorophyll a 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 a fluorescence in the Tennessee River in the 

United States. An algorithm using the chlorophyll a 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: 

Fluorescence Line Height (FLH) 
(Ab- Ac) 

(Lb - Le) - ( -----) X (La - Le) 

(Aa - Ac) 

(2.22) 

where LA is the water-leaving radiance in channel a, band c and ,1, is the central 

wavelength of channel a, band c. The bands a, b, and care; 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 Sea WiFS (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 run, and 

phycobilins: 480-600 run. With suitable band selection for remote sensing sensors, the 

major phytoplankton groups in the natural enviromnent may be distinguishable where 

there is a large proportion of a particular group in the population (Millie et 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 et al. 1993). One of 

the dinoflagellates, Gyrodinium aureolum, contains 19' -hexanoyloxyfucoxanthin as 

main carotenoid (Barlow et 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 situ bio-optical 

measurements at 3 to 5 appropriately chosen wavelengths. 
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Table 2.1 Summary of major signature pigments for algal types (after Everitt et al. , 1990; Paerl and Millie, 
1991; Barlow et al. , 1993; Weaver and Wri le , 1994 ). 

Chlorophyll a 

Chlorophyll b 

Carotenoids 
Peridinin 
Alloxanthin 
Fucoxanthin 
Prasinoxanthin 
Zeaxanthin 
Lutein 
19'-hexano lo coxanthin 
19' -butano lfucoxanthin 
Beta-carotein 

Ph coblins 

2.8 Ocean colour sensors 

Sole chlorophyll in cyanobacteria; can be used in proportion 
to chl b and c in other ou s 
Green flagellates ( chlorophytes, prochlorophytes, 

· es) 

C anobacteria 

es, some dinofla ellates 

Cyanobacteria 

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 µm (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. 

Sea WiFS has extra bands which offer great benefit for the development of multiband 

algorithms compared with the bandset of CZCS (Hooker et 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 et al., 1992) 

Band Wavelength Saturation Radiance Scientific Observation 
(nm) (mW cm-2 µm- 1 s(1) 

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 
4 500-520 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 Sea WiFS 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 Sea WiFS 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 Sea WiFS 

channels at 3 (490 nm), 4 (510 run), 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, et 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 of250 m (bands 

1-2), 500 m (bands 3-7), 1000 m (bands 8-36) and a swath width of2330 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, et al., 

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 µm) (from Esaias, 
et al., 1998) 

Primary Use Band Bandwidth Primary Use Band Bandwidth 

Land/Cloud/Aerosols I 620 - 670 Surface/Cloud 20 3.660 - 3.840 
Boundaries 

2 841 - 876 
Temperature 

21 3.929 - 3.989 

22 3.929 - 3.989 
Land/Cloud/ Aerosols 459 -479 
Properties 3 23 4.020 - 4.080 

545 - 565 
4 

1230 - 1250 Atmospheric 24 4.433 - 4.498 
5 Temperature 

1628 - 1652 25 4.482 - 4.549 
6 

2105 -2155 
7 

Cirrus Clouds 26 1.360 - 1.390 
Water Vapor 

27 6.535 - 6.895 
Ocean Color/ 405 -420 
Phytoplankton/ 8 28 7.175 -7.475 

Biogeochernistry 438 -448 
9 483 -493 
10 Cloud Properties 29 8.400 - 8. 700 

526 - 536 
11 546 - 556 Ozone 30 9.580 - 9.880 
12 662 -672 
13 Surface/Cloud 31 10.780 - 11.280 

673 -683 Temperature 
14 32 11.770 - 12.270 

743 - 753 
15 862 - 877 Cloud Top 33 13.185 - 13.485 

16 Allilude 
34 13.485 - 13.785 

35 13.785 - 14.085 

Atmospheric 17 890-920 36 14.085 - 14.385 
Water Vapor 

18 931 - 941 

19 915-965 

, ., Table 2 4 The bandset of MERIS (from Rast et 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 7.5 Chlorophyll :fluorescence 
9 705 10 Atmospheric correction, red edge 
10 753.75 7.5 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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Figure 2.1 Normalised specific absorption spectra of 
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cells and computed spectra, respectively (Bricaud et al., 1988). 
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Figure 2.4 Weight-specific absorption coefficients (a;*(;L), m2 mg-1) of 
major pigments found in marine phytoplankton - chlorophyll a, b, c, and 
photosynthetic and photoprotectant carotenoids (Bidigare et al., 1990). 
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phycoerythrin (phycobilins) (b) (Lalli and Parsons, 1997). 
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3. METHODOLOGY 

3 .1 Introduction 

This chapter details the methodology and measurement techniques to be used in this 

project. In situ optical data were collected to measure absorption and remote sensing 

reflectance of phytoplankton with water samples for taxonomic analysis from the 25th of 

May 2001 to the 21 st of October 2002 in the Menai Strait and from five cruises around 

the UK. Shelf Seas (Table 3.1). The total pigment (chlorophyll a+ phaeopigments) was 

measured fluorometrically while the accessory pigments which represent major group of 

phytoplankton, fucoxanthin (diatoms), peridinin ( dinoflagellates ), 19' 

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

measured using High Perfonnance 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 a 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' 
Cruises periods samples cbla1 peri2 fuco3 hex 4 Chlb5 chla pbaeo a6 a*C7 

23/04-
Clyde Sea 27/04/01 52 42 42 42 42 42 42 

06/08-
Irish Sea l 10/08/0J 54 54 54 54 54 54 54 54 

26/11-
Irish Sea 2 30/11/01 65 65 60 60 60 60 60 60 

02/04-
Irish Sea 3 05/04/02 95 95 95 95 95 95 95 95 

13/07-
Celtic Sea 20/0702 148 148 148 148 148 148 148 148 

25/05/01-
Menai Strait 21 /10/02 27 27 27 27 27 27 27 27 

l chlorophyll a; 2 peridinin; 3 fucoxantbin; 4 19' hexanoylm,yfucoxanthin; 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 % Lugo l's iodine solution with acetic acid (Willen, 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, et 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, Ed, and upwelling spectral radiance, Lu, while upwelling irradiance, Eu, 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 run 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 handset 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, Ed, Eu and Lu derive 
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irradiance reflectance, R, and remote sensing reflectance, R,.s, from the relation 

R = Eu ! Ed, and Rrs= Lu i Ed respectively (Gordon et al., 1975; Gordon et 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 (Ed) µW cm-2 nm-1 

Upwelling spectral irradiance (E11) µWcm·2 nm·1 

Upwelling spectral radiance (L,i) µW cm·2 nm·1 steradian·1 

Irradiance reflectance (R) -

Remote sensing reflectance (R,s) steradian·1 

3.5 Pigment determination 

The total pigment ( chlorophyll a + phaeopigrnents) was measured using a Turner design 

bench fluorometer. Chlorophyll a measurements provide a useful estimate of algal 

biomass, while phaeopigment 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 b (green flagellates) were 

measured using HPLC. 
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3.5.1 Fluorometric measurement 

The concentration of chlorophyll a and phaeopigments 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 i1mnediately filtered on board through a 47 mm GF/F filter with a 

nominal pore size of 0.7 µm. 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 GF/F filter in 15 ml centrifuge 

tubes (JGOFS, 1994). Samples were sonicated at O °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 a= [(Amax -A1somn) I (E x l)] x [1000 mg I l g] (3 .1) 

where Amax andA7somn are absorbance maximum at 664 nm (for chlorophyll a) and 
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absorbance at 750 run to correct for light scattering, respectively.Eis extinction 

coefficient for chlorophyll a in 90 % acetone at 664 nm (87.67 L i 1 cm-1
) (Table 3.6) 

and l is cuvette path length (cm). 

The fluorescence of chlorophyll a and phaeopigments were measured by 

acidifying the sample with 2 drops of 1.2 M HCl (100 ml HCl in 900 ml de-ionised 

water), which converts all the chlorophyll to phaeopigments. 90 % acetone blanks were 

measured to zero the instrument to give a correction factor. The concentration of 

chlorophyll a and phaeopigments in the sample were calculated using the equations as 

follows (JGOFS, 1994). For coefficients Fm and Kx, a minimum of five dilutions of pure 

chlorophyll a standards were prepared; 

(3.2) 

(3 .3) 

where Fm is acidification coefficient, the average ratio between unacidified and acidified 

readings of pure chlorophyll a standards. F O and Fa are fluorometer readings of samples 

before and after acidification, respectively. Kx is linear calibration factor calculated as 

the slope of the unacidified fluorometric readings for pure chlorophyll a standards 

against the concentrations of chlorophyll a standards measured by spectrophotometer. 

Ve is the extraction volume and Vs is the sample volume filtered. 
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3.5.2 High Perfonnance Liquid Chromatography (HPLC) analysis 

Pigments contained in phytoplankton, over 50 carotenoids and chlorophylls, can be 

separated using the HPLC method (Wright et al., 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 of90 % 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 O °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 µl 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, 5µm 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 run UV cut-off grade): water (v/v) 

Solvent C: ethyl acetate (HPLC grade) 

Flow rate is 1 ml min-1
. 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 et al. (1991). 

a e so vent program. T bl 3 4 HPLC 1 
Time (Min.) Flow Rate Solvent A(%) Solvent B (%) Solvent C (%) Conditions 

0.0 1.0 100 0 0 Iniection 
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 et 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 a and b can be 

purchased from Sigma Chemical Co., and fucoxanthin, peridinin, 19' 

hexanoyloxyfucoxanthin and phaeophytin a from DHI enviromnental Co.). 

Concentration of pigment standards were measured spectrophotometrically before the 

HPLC calibration (JGOFS, 1994); 

Cs= [(Amax -A1sonm) I (Ex l)] x [1000 mg I 1 g] (3.4) 
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Where Cs is pigment concentration. A max and A1sonm are absorbance maximum of 

individual standard pigments and absorbance at 750 nm to correct for light scattering, 

respectively. E is extinction coefficient of individual standard pigments and l 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); 

(3.5) 

where W s is the weigh of standard injected ( determined spectrophotometrically ). As is 

the area of the pigment standard from HPLC reading and Ai is areas of structurally 

related isomer, if present. 

The pigment concentrations in the sample were measured using HPLC as 

follows (JGOFS, 1994); 

Ci= A X Rf X (1 / Vi) X Ve X (1 / Vs) (3.6) 

where Ci is individual pigment concentration. A is the integrated peak area. Rf is the 

standard response factor. Vi, Ve and Vs 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 
~Wri~ht et al., 1991). 
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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- 1 

(nm) (solvent) cm-1) 

Chlorophyll a 664 (90% acetone) 87.67 
Chlorophyll b 64 7 (90% acetone) 51.36 
Fucoxanthin, 449 ( ethanol) 160.0 
19' hexanoyloxvfucoxanthin 44 7 ( 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, ap(A ), was derived by the 

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

(3.7) 

where the conversion factor 2.3 is for ln from log10 units. Ap(A) and Ar(A) are the sample 

and reference absorbances measured by spectrophotometer between 400 and 750 nm. 
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Ap(750) and Ar(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. JJ is the path length amplification 

factor, which can be calculated using equation 3.9. The value of Ap(750) is assumed to 

represent loss of light by scattering as phytoplankton pigments do not absorb at this 

wavelength. Therefore, subtracting Ap(750) from all wavelengths is the correction for 

scattering, assuming that it is constant across the spectrum (Bowers et 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, 8ci(A), 

was measured in the same manner as ap(A) 

tl<l(A) = (2.3 S / JJV) x [(~(A) -Ar(A))- (~(750) - Ar(750))] (3.8) 

where Ad(A) and A(A) are the sample and reference absorbances measured by 

spectrophotometer between 400 and 750 nm. Ad(750) and Ar(750) are the sample and 

reference absorbances at 750 nm. Kishino et al. , (1985) calculated the path length 

amplification factor,JJ, as the ratio between absorption oflight by particles on the filter, 

ap(A), and absorption of suspended particles, as(A) . For three different cultures of 

phytoplankton and one field sample,JJ for phytoplankton cells ranged between 2.43 and 

4.71 (Kishino et al. , 1985). The path length amplification factorJJ for phytoplankton 

cells was estimated empirically using a polynomial regression (Mitchell, 1990; 

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

(3 .9) 
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where C 1 and C2 are coefficients of polynomial regression. These coefficients were 

defined by Cleveland and Weidemann (1993) as C1 = 0.378 and C2 = 0.523. Using these 

coefficients, the absorption spectra of light by particles, ap(A ), and the absorption 

spectra of extracted fi)ter samples, .ao(I\-),, can be expressed as follow, assuming that the 

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

(3 .10) 

{3.11) 

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

absorption related to phytoplankton, aph(A), (Kishino et al. , 1985); 

(3.12) 

The -specific absorpti-0n coefficient of phytoplankton, aph *{A), was determined by 

regressing aph(A) against the concentration of chlorophyll a. the relationship can be 

described as follow~ 

(3 .13) 

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

samples. 

59 



60 

7' 

57° 57° 

Scotland 

56° 

550 55° 

{b) 

[) . 
540 54° 

(c) 

Irish Sea 

530 Ireland 53° 

Celtic Sea 

s1· 51° 

r 
Figure 3. fMap of sampling sites: (a) Ciyde _Sea cruise ln April 2001, (b) Irish Seapuise in August 
2001; (c)lrish_Sea·cruise inNovetnber2001 ;(d) Irish .Se-a cruise in April2002; (e) CeltiCS'ea 
cruisEi in-July 2002.TheMenai,Strait where'the Menai BridgePiE!r is' located is also ·on the map 



_5° 40' 

56~40' 

56" .20' 

56" 00' 

55° 40' 

6° 00' 

,5°20 1 5~ 00' 

ti.F1 

S,cotland 

t'Rr 

, v. 
... . .. . ,_ . : ~-

·-. . . ·= . 
. . ,;.,1 . ~-· .. 

5° 20' 

)(] 

Firth-of 
~;f.yde 

61 

56° 40' 

56° 20' 

56° 00' 

55° 40' 

4° 40' 

Figure 3.1 a Map of sampling stations during the Clyde Sea cruise in April 2001 



62 

6° QQ' 5° 15' 4° 301 3" 45' 3~ 00' 

Isle of Mari ;S 

V 
54° 00' S9 .. "- 54Q 00' 

·• 5 13 . 

S23 524 
•'-

53° 15' 53° 15' 
'lri.sh Sea 

' . 
, ' S2t .. •·. Wales-

S20 

. •·'s'fs 
· \rnr · 

52° 30' 52° 301 

6° 00' 5° 15' 4° 30' 3" 45' 3" 00' 

Figure 3 .1 b Map of sampling stations during the Irish Sea cruise in August 2001 



63 

4~ ,3,0• 
. •: . ·. ' 

,:. Iii' .-· I 

4. 20: · 
·.: ' · . . ,. · . . ~· ' 

.4°··-1 d·· 
·,. -

4~ ~)0,' --~~ so_· 
saE ,:la· ~-·- : - = ·'-· s3° .3·0:•· 

538 .20·· 

1 • 

• ?, 

. ~ . "' 

.An9,_~s-e)1: 

4° 301 

_., p~d Wha1f -~qy 
ti • 1:Z 

·-:~ --~ ·:- . 

,4'l :·20· 

• .<. •A( • • " '.' ·,_., •·. •, I _ . f ,. • : , :-: 

,,4J ,~ 

• 1':ei •~-~ 
-(5 ., 

.~"~ 

~jJ! 

• ~'~El 

,, J~ .:;( 

:}J>i4 ' 

,i,J~ ;' /'-i1f' .. ,,! 

)~l;, .. 
~], . -~~i/}~B ¾ts~ 
;r;.F -.:;ri·. ;, ''<• 'IJ 

·,7 

.-4° ·1 O' 4° 00.' 

.53° ,201 

3D so·· 

Figure.· 3::;,fc .Map of $at11pling stations during the I ris.h, S·e·a. cruis_e _in Noven1be~ .2001. 



64 

6° 30i 66 oo•' .5° -301 5° oo--- 4 a 301 4.0 00 1 

54~od·fj '"' 7~-·• At ., ' •,·• 11 -54°0'0' 
"\ 81) '+ . : . 

05 ,• . -!~::: . ' 
03 · 

-~ 

53e'J01 RW1· · -• 

rt~~~4 
.,- . . 

s;r 30_' 

531] 00' ~ f L ~ 5.3° oo·• 
er 30• s0 oo· s0 3·0· s? oo· 4(l 30• 4° oai · .. ··· 

Figure 3: 1 d Map of sampling stations ·during the Irish Sea cruise in April 2002 



--7"30' 

s2s1 3d' 

51 °·401 

Ireland 

S1i 
• 

Celtic -Sea 

• 

-6° 40' 

E5 
• 

65 

-5" 50' -5° 00' 

T1 . 
• 

53° 20' 

Irish Sea . . 

52" 30' 
DO 

51° 40' 

so· so· 

-4° 1 O' 

Figure 3.1 e Map of sampling stations during the Celtic Sea cruise in July 2002 



4. PHYTOPLANKTON POPULATION CHANGES AND PIGMENT 

DETERMINATION 

4. 1 Introduction 

Chapter 4 

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 et 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 25th 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 103 cells 

r1 on the 15 th 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 2nd of July. There were more than 350 x 103 cells r1 of Phaeocystis pouchetti 

and around 480 x 103 cells r1 of diatoms on the 2nd of July (Figure 4.1). There was a 

decline in the cell density of diatoms in early summer after the 15th 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 103 cells r 1 and 8 x 103 cells r1 

respectively, on the 15th of June, and 170 x 103 cells r1 and 100 x 103 cells r 1 

respectively, on the 2nd of July (Appendix A-1). Dinoflagellates were found from the 2nd 

of July 2001. Ceratium species, especially Ceratiumfurca were a commonly found 

dinoflagellates through the summer and autumn of 2001 . The population density of 

Ceratium species reached over 230 x 103 cells r1 on the 12th of September. The cell 

density of phytoplankton decreased dramatically to 14 x 103 cells r1 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 is 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 103 cells r1 on the 22nd of 

February while it reached 65 x 103 cells r1 on the 1 i 11 of May 2002. On the 24th of May, 

the population density of Skeletonema costatum began to decrease to 61 x 103 cells 1-1
. 

The other major diatoms which were present during the early spring bloom were 

N itzschia 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 103 cells r1 on the i 11 of June 

2002 and it began to decrease afterwards. The population density of Asterionella 

glacialis increased sharply from 10 x 103 cells r1 on the 22nd of March 2002 to 45 x 103 

cells r1 on the 12th of April 2002 . The highest cell concentration of Asterionella 

glacialis was 95 x 103 cells r1 on the 3rd of May 2002. Fragilaria oceanica was the 

dominant diatom on the 15th of March. The cell density of Fragilaria oceanica was 47 x 

103 cells r 1
. However it decreased to 15 x 103 cells r 1 in late March. The cell density of 

Fragilaria oceanica reached 66 x 103 cells 1"1 on the 17th of May 2002 during the period 

of the highest diatom outburst. The population density of Thalassiosira species 

increased steadily and reached around 25 x 103 cells 1"1 on the 22nd of March 2002. It 

decreased below 7 x 103 cells r1 on the 12th of April and increased again on the 1 ih of 

May, reaching around 150 x 103 cells r1
. 

The presence of Phaeocystis pouchetti was detected on the 24th of May 2002. 

There were more diatoms than Phaeocystis pouchetti on the 24th and 31st of May. The 

population densities of Phaeocystis pouchetti found on the 24th and 31st of May were 

147 x 103 cells r1 and 209 x 103 cells r1 respectively. However, the cell density of 

Phaeocystis pouchetti increased sharply over 1100 x 103 cells r1, while there was around 

600 x 103 cells r1 of diatoms on the 7th of June 2002. The cell density of Phaeocystis 

pouchetti decreased to 654 x 103 cells 1"1 on the 21 st of June and less than 100 x 103 cells 

r1 on the 3rd of July, respectively. 

During the dinoflagellate bloom between August and September 2002, 

Ceratium /urea 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 103 cells 1"1 on the 3rd of July to 268 x 103 cells 1"1 on the 19th 
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of August. The cell density of diatom, Guinardia jlaccida, increased from 10 x 103 cells 

r1 on the 3rd of July to 182 x 103 cells r1 on the 19th of August 2002. Gyrodinium 

aureolum was the second largest group of dinoflagellates on the 19th of August and the 

number reached around 90 x 103 cells r 1 

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 19th of August, the cell 

density of Distephanus speculum reached around 45 x 103 cells r1
. The population 

density of phytoplankton decreased below 130 x 103 cells r1 on the 21 st 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 106 cells r1
) on the 

23rd 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 23rd to 27th 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. 

4.2.2.1 23rd April 

The Clyde Sea cruise started at the stations ULFl, ULF2 and ULF3 on the 23rd of April 

(Figure 3. la). The population densities of Thalassiosira nordenskioldii at ULF3 were 

3 81 x 103 cells r 1, 1010 x 103 cells r 1 and 60 x 103 cells r 1, at the depth of 0 m, 5 m and 

15 m, respectively, while there was less than 260 x 103 cells r1 of Skeletonema costatum 

at the surface (Appendix A-2). 

More Skeletonema costatum were found than Thalassiosira nordenskioldii at 

ULF2. There were 506 x 103 cells r1 of Skeletonema costatum, while there were 146 x 

103 cells r1 of Thalassiosira nordenskioldii at the surface of ULF2. There were 436 x 

103 cells r1 of Thalassiosira nordenskioldii, while the population densities of other 

Thalassiosira species, T nitzschoides, and T mendiolana were 18 x 103 cells r1 and 169 

x 103 cells r1 respectively at the surface ofULFl. The cell density of Skeletonema 

costatum at the surface of ULFl were 469 x 103 cells r1
. The population density of 

Coscinodiscus lineatus at the surface of ULF3 and ULF2 were 117 x 103 cells r 1 and 89 

x 103 cells r1, respectively, while there was no Coscinodiscus lineatus at the surface at 

ULFl. 

The higher cell concentrations of Thalassiosira nordenskioldii were found at 

the depth of 5 m than at the depth of 0 m at stations ULF3, ULF2 and ULF 1. The cell 

densities of Thalassiosira nordenskioldii at the depth of 5 mat ULF3, ULF2 and ULFl 
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were 1010 x 103 cells r1, 232 x 103 cells r1and 584 x 103 cells r1, respectively. 

4.2.2.2 24th April 

Samples were taken at stations LLFl, IWl and BSl on the 24th of April (Figure 3. la). 

The population densities of Skeletonema costatum and Thalassiosira nordenskioldii at 

the depth of 10 m were 269 x 103 cells r1 and 334 x 103 cells r1
, respectively, at LLFl, 

while the population densities of Skeletonema costatum and Thalassiosira 

nordenskioldii at the surface were 232 x 103 cells r 1 and 289 x 103 cells r1, respectively 

(Appendix A-2). Chaetoceros species, Detonula confervacea, Navicula species and 

Rhizosolenia delicatula were also major diatoms at LLFl. Their population densities at 

the depth of 10 m were 89 x 103 cells r1, 99 x 103 cells r1, 110 x 103 cells r1 and 107 x 

103 cells r1, respectively. 

The cell density of Skeletonema costatum reached 349 x 103 cells r1 at the depth 

of 5 mat IWl, while the cell density of Thalassiosira nordenskioldii was below 90 x 103 

cells r1
. The cell density of Paralia sulcata at the depth of 5 m were 156 x 103 cells r 1 at 

IWl, while the cell density of Chaetoceros species at the depth of 40 m reached 117 x 

103 cells r1
. 

There were over 310 x 103 cells r1 of Thalassiosira nordenskioldii at the surface 

at BSl, while there were 143 x 103 cells r1 of Skeletonema costatum. The population 

density of Thalassiosira nordenskioldii were 175 x 103 cells r1 at the depth of 15 m, and 

18 x 103 cells r1 at the depth of 45 mat BSl. The cell density ofNavicula species 

reached 112 x 103 cells r 1 at the surface of BS 1, while the cell density of Detonula 

confervacea was around 60 x 103 cells r 1 at the depth of 15 m. One of the 
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dinoflagellates, Ceratiumfurca was found at the surface ofLLFl and BSl. There were 

13 x 103 cells r1 and 8 x 103 cells r1, respectively. 

4.2.2.3 25th April 

Samples were taken at stations CE5, CE4, CE3 and CE2 on the 25th of April (Figure 

3. la). Station CE5 was sampled twice at 0916 BST and 0955 BST. At CE5, there was a 

decrease in the cell density of Skeletonema costatum from 563 x 103 cells r1 at 0916 

BST to 482 x 103 cells r1 at 0955 BST at the surface, whereas there was a slight increase 

in the cell density of Thalassiosira nordenskioldii from 125 x 103 cells r1 at 0916 BST 

to 149 x 103 cells r1 at 0955 BST at the surface (Appendix A-2). The population density 

of phytoplankton decreased from 1610 x 103 cells r1 at 0916 BST to 1440 x 103 cells r1 

at 0955 BST at the surface of CE5 (Figure 4.2). 

The population density of Skeletonema costatum at the surface of CE4, CE3 

and CE2 were 386 x 103 cells r1, 430 x 103 cells r1, and 227 x 103 cells r1 respectively, 

while the population density of Thalassiosira nordenskioldii at the surface of CE4, CE3 

and CE2 were 289 x 103 cells r1, 141 x 103 cells r1, and 329 x 103 cells r1
, respectively. 

The cell density of Lauderia annulata reached 177 x 103 cells r1 at the depth of 12 mat 

CE4, while the cell density of Rhizosolenia delicatula was around 100 x 103 cells r1 at 

the surface. The population densities of Bacillaria paxillifera , Coscinodiscus lineatus 

andLauderia annulata at the depth of 5 m were 100 x 103 cells r1
, 96 x 103 cells r1, and 

91 x 103 cells r1, respectively at CE3. 

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

CE4 and CE3. The cell density of Ceratiumfurca at the depth of 12 mat CE4 and at the 

73 



Chapter 4 

depth of 5 m at CE3 were 86 x 103 cells r 1, and 29 x 103 cells r 1, respectively, while the 

cell concentrations of Gyrodinium species at the surface at CE4 and CE3 reached 120 x 

103 cells r 1
, and 63 x 103 cells r1, respectively. The population densities of Chaetoceros 

species, Detonula confervacea and Melosira moniliformis at the surface of CE2 were 87 

x 103 cells r1, 50 x 103 cells r1, and 71 x 103 cells r 1
, respectively. 

4.2.2.4 26th April 

Samples were taken at stations LS3, LS2, LS 1 and RB 1, LR 1 on the 26th of April (Figure 

3. la). The population densities of Skeletonema costatum at the surface increased 

seaward, being 203 x 103 cells r1, 279 x 103 cells r1, 428 x 103 cells r1, and 639 x 103 

cells r1 at LS3, LS2, LSl and RBl, respectively (Appendix A-2). The population 

densities of Coscinodiscus lineatus, Lauderia annulata and Nitzschia species at the 

surface of LS3 were 86 x 103 cells r1
, 83 x 103 cells r1

, and 82 x 103 cells r1 respectively, 

while the population density of Thalassiosira nordenskioldii reached 117 x 103 cells r1
. 

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 103 cells r1, and 175 x 103 cells r1 respectively, at 20 m, and, 83 x 

103 cells r1, and 86 x 103 cells r1 respectively, at 5 m. The cell density of Minidiscus 

trioculatus at the depth of 20 m at LS2 was 141 x 103 cells r 1, while the cell density of it 

at the surface was 29 x 103 cells r1
. In addition, there were 83 x 103 cells r1 of 

Chaetoceros species and 112 x 103 cells r1 of Detonula confervacea at the surface at 

LS2. 

The population density of Skeletonema costatum at 1 Om at LS 1 reached 696 x 
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103 cells r1
, while the population density of Thalassiosira nordenskioldii was 378 x 103 

cells r1
. The population densities of Chaetoceros species, Ditylum brightwellii and 

Melosira moniliformis at the depth of 10 mat LSl were around 60 x 103 cells r1 

respectively, while the population density of dinoflagellates, Gyrodinium species, was 

47 X 103 cells r1
. 

The largest population density of Skeletonema costatum was found at RB 1 at 

the depth of 7 m, with the cell concentration reaching 814 x 103 cells r1 on the 26th of 

April. The cell densities of Asterionella kariana and Chaetoceros species at the surface 

ofRBl reached around 60 x 103 cells r1 respectively, while the cell density of 

Minidiscus trioculatus was 83 x 103 cells r1
. The cell densities of dinoflagellates at the 

depth of Om, 7 m and 20 mat RBl were 65 x 103 cells r1, 128 x 103 cells r1, and 55 x 

103 cells 1-1 respectively. 

At LRl, there were around 232 x 103 cells r1, and 271 x 103 cells r 1 of 

Skeletonema costatum at the surface and 10 m, respectively, while there were 279 x 103 

cells r 1
, and 313 x 103 cells r 1 of Thalassiosira nordenskioldii, respectively. The cell 

density of Chaetoceros species reached 84 x 103 cells r1 at the surface of LR 1, while the 

cell densities of Ditylum brightwellii, Lauderia borealis and Paralia sulcata were 

around 55 x 103 cells r1 respectively at the depth of 10 m. 

4.2.2.5 27th April 

Samples were taken at stations WK.1 and IW2 on the 27th of April. The cell densities of 

Skeletonema costatum and Thalassiosira nordenskioldii at the depth of 15 mat WK.1 

were 401 x 103 cells r 1, and 269 x 103 cells r 1 respectively, while their cell densities at 
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the depth of 10 mat IW2 reached 389 x 103 cells r1, and 282 x 103 cells r1 respectively 

(Appendix A-2). The population density of Thalassiosira nordenskioldii at the surface 

ofIW2 was higher than at the surface ofWK.1. The cell densities of Thalassiosira 

nordenskioldii were 386 x 103 cells r 1 at the surface of IW2 and 31 x 103 cells r 1 at the 

surface ofWK.1, respectively. However, the cell density of Skeletonema costatum at the 

surface ofWK.1 (316 x 103 cells r1
) was larger than at the surface ofIW2 (172 x 103 

cells r1
). The population densities of Chaetoceros species and Fragilaria species at 15 

mat WK.1 were 112 x 103 cells r 1
, and 60 x 103 cells r 1 respectively, while their cell 

densities at 10 m atIW2 were 83 X 103 cells r1, and 57 X 103 cells r1 respectively. The 

population density of dinoflagellates at 15 mat WK.I was 120 x 103 cells r1 (Figure 4.2). 

There were 81 x 103 cells r 1 of Gyrodinium species and 39 x 103 cells r 1 of Ceratium 

furca at 15 mat WK.I. 

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 Leptocylindrus 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 Leptocylindrus danicus and Rhizosolenia 

delicatula were the dominant diatoms during the summer in the Irish inshore water 
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(Hallegraeff, 1993; McKinney et al., 1997), while a dinoflagellate, Gyrodinium 

aureolum was reported in the inshore water of south-east Liverpool Bay (Helm et al., 

1974). 

4.2.3.1 6th August 2001 

The cruise worked a line of stations (1, 2 and 3) on the 6th of August 2001 from Red 

Wharf Bay along the coast of North Wales to Liverpool Bay (Figure 3.1 b ). Rhizosolenia 

shrubsolei was the dominant diatom at station 1, with the population densities of 26 x 

103 cells r 1 at the surface, and 47 x 103 cells r 1 at the depth of 10 m, respectively 

(AppendixA-3). The population density of Coscinodiscus lineatus at the surface of 

station 1 was 23 x 103 cells r1, while that of Detonula confervacea was 16 x 103 cells r1
. 

The dominant dinoflagellates at station 1 were Ceratium /urea and Gyrodinium 

aureolum, with a population density of 21 x 103 cells r1, and 18 x 103 cells r1 at the 

surface, respectively. 

The population density of Rhizosolenia setigera at the surface of station 2 was 

34 x 103 cells r1, while the population density of Rhizosolenia delicatula was 23 x 103 

cells r1
. The population densities of Chaetoceros danicum, Coscinodiscus species and 

Rhizosolenia shrubsolei at the depth of7 mat station 2 were 15 x 103 cells r1, 23 x 103 

cells r 1, and 16 x 103 cells r 1 respectively. Ceratium species were the dominant 

dinoflagellates at station 2. There were 31 x 103 cells r1 of Ceratium furca, 21 x 103 

cells r 1 of Ceratiumfusus, and 13 x 103 cells r 1 of Ceratium lineatum, respectively at 7 

m at station 2. The cell densities of other dinoflagellates, Gyrodinium aureolum and 

Prorocentrum micans were 10 x 103 cells r 1 and 16 x 103 cells r 1 respectively, at the 

77 



Chapter 4 

surface, and 18 x 103 cells r 1 and 10 x 103 cells r 1 respectively, at the depth of 7 m at 

station 2. 

The diatom of the genus Rhizosolenia were dominant with the population 

density of 84 x 103 cells r 1 at the surface and 31 x 103 cells r 1 at the depth of 11 mat 

station 3. The population density of Chaetoceros danicum at 11 m at station 3 was 23 x 

103 cells r 1
, while the population density of Leptocylindrus danicus was 5 x 103 cells r 1

. 

Dictyocha fibula and Protoperidinium depressum were the dominant dinoflagellates at 

station 3. There were 18 x 103 cells r 1 of Dictyochafibula and 16 x 103 cells r 1 of 

Protoperidinium depressum at the surface. In addition, the population density of 

Gyrodinium aureolum at the surface of station 3 was 10 x 103 cells r 1, while the 

population density of Noctiluca scintillans was 8 x 103 cells r1
. 

The population density of diatoms was higher than that of the dinoflagellates at 

station 1 and 3 (Figure 4.3). There were 89 x 103 cells r 1 and 96 x 103 cells r 1 of diatoms, 

at the surface of station 1 and 3, respectively, while there were 73 x 103 cells r1 and 87 x 

103 cells r1 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 103 cells r1 at the surface, while that of diatoms 

was 73 x 103 cells r1
. The population densities of individual flagellate groups were 16 x 

103 cells r1, 39 x 103 cells r1, and 47 x 103 cells r1 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 in 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 .1 b ). 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 103 

cells r1, and 86 x 103 cells r1 respectively, while the cell densities of both genus at 

station 6 were 29 x 103 cells r1
, and 44 x 103 cells r1 respectively. There were 18 x 103 

cells r1 of Gyrodinium aureolum and 8 x 103 cells r1 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 103 cells r 1
, 29 x 103 cells r 1

, and 37 x 

103 cells r 1 at the depths of Om, 10 m and 25 m, respectively. The population densities 

of Coscinodiscus lineatus and Guinardia flaccida at the surface were 13 x 103 cells r 1 

and 10 x 103 cells r1 respectively, while that of Detonula confervacea at 10 m was 23 x 

103 cells r 1
. There were 44 x 103 cells r1 of Ceratium species and 29 x 103 cells r1 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 103 cells r1, 125 x 103 cells r1, and 139 x 103 cells r1 at the 

depths of O m, 10 m and 25 m, respectively. However the population density of 

Ceratium species decreased to 5 x 103 cells r1, 19 x 103 cells r1 and 8 x 103 cells r1 at 

the depths of O 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 103 cells r1 and 8 
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x 103 cells r 1 respectively, at the surface, and 21 x 103 cells r 1 and 13 x 103 cells r 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 103 cells r1 and 

31 x 103 cells r 1 respectively at the depth of 10 m, while there were 13 x 103 cells r 1 of 

Ceratiumfurca and 15 x 103 cells r1 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 103 cells r1 (Figure 4.3). There were 193 x 103 cells 

r1 of dinoflagellates and 172 x 103 cells r1 of diatoms, with 23 x 103 cells r1 of 

flagellates at the surface of station 4. The population density of dinoflagellates was 

higher than that of diatoms at the surface and 10 mat station 6, and at all depths of 

station 7. There were 86 x 103 cells r 1 of dinoflagellates, and 44 x 103 cells r 1 of diatoms, 

respectively at the surface of station 6, while there were 94 x 103 cells r1 of 

dinoflagellates and 55 x 103 cells r1 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 103 cells r 1 and 55 x 103 cells r 1 

respectively, at the surface of station 8, and 86 x 103 cells r1 and 50 x 103 cells r1 

respectively, at the surface of station 9. The cell densities of flagellates increased from 8 

x 103 cells r1 at the surface of station 6 to 41 x 103 cells r1 at the surface of station 8 

(Figure 4.3). 

4.2.3.3 8th 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 8th of August (figure 3. lb). 

Rhizosolenia setigera and Detonula confervacea were the dominant diatoms at the 

surface of station 11 with population densities of 73 x 103 cells r 1 and 47 x 103 cells r 1 

respectively, while the population densities of Leptocylindrus danicus and Rhizosolenia 

styliformis at the depth of 10 m reached around 23 x 103 cells r1 respectively (Appendix 

A-3). The major dinoflagellates at station 11 were Ceratiumfurca, Ceratium lineatum, 

Dinophysis acuta and Noctiluca scintillans with population densities of 34 x 103 cells r1, 

16 x 103 cells r1, 23 x 103 cells r1, and 29 x 103 cells r1 respectively, at the surface. 

The cell densities of Rhizosolenia delicatula, Rhizosolenia setigera and 

Rhizosolenia shrubsolei at 15 mat station 12 were 31 x 103 cells r1, 39 x 103 cells r1, 

and 23 x 103 cells r1 respectively, while those of Detonula confervacea, Leptocylindrus 

danicus reached 26 x 103 cells r1, 13 x 103 cells r1 respectively. The prominent species 

of dinoflagellates at station 12 was Ceratium lineatum with the cell densities reaching 

96 x 103 cells r 1, 60 x 103 cells r 1, and 31 x 103 cells r 1 at the depths of 0 m, 15 m and 

30m, respectively. The population densities of Ceratium /urea and Ceratium fusus were 

39 x 103 cells r1 and 31 x 103 cells r' respectively at the surface, and 23 x 103 cells r1 

and 8 x 103 cells r1 respectively at 15 m, while those of Gonyaulax spinifera, 

Gyrodinium spirale, and Pyrodinium bahamense were 23 x 103 cells r1, 15 x 103 cells r1, 

and 15 x 103 cells r' 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 103 cells r1 of 

Rhizosolenia delicatula, 16 x 103 cells r 1 of Rhizosolenia setigera, and 15 x 103 cells r 1 

of Rhizosolenia shrubsolei respectively, at the depth of 15 mat station 13, while the cell 
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densities of Detonula confervacea and Leptocylindrus danicus were 31 x 103 cells r1 

and 23 x 103 cells r1 respectively. The population densities of Ceratium /urea and 

Ceratium lineatum at station 13 were 39 x 103 cells r 1 and 23 x 103 cells r 1 respectively, 

at the surface, and 16 x 103 cells r 1 and 63 x 103 cells r1 respectively, at the depth of 15 

m. The cell density of Noctiluca scintillans was 5 x 103 cells r1 at the surface of station 

13, whereas it reached 23 x 103 cells r1 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 103 cells r1 

was the dominant diatom species, while Ceratium I ineatum with cell densities of 31 x 

103 cells r1 was the major dinoflagellate at surface of station 14. 

The population densities of Detonula confervacea and Leptocylindrus danicus 

were 23 x 103 cells r1 and 26 x 103 cells r 1 respectively at the surface of station 15, 

while that of Rhizosolenia species was 46 x 103 cells r1
. The population densities of 

Ceratiumfurca was 39 x 103 cells r 1 andProrocentrum micans was 26 x 103 cells r 1 

respectively, at the surface of station 15. 

The population density of diatoms was 172 x 103 cells r1 while that of 

dinoflagellates was 128 x 103 cells r1 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 103 cells r 1 of dinoflagellates and 94 x 103 cells r 1 of 

diatoms, with 16 x 103 cells r1 of flagellates at the surface of station 12. The cell density 

of phytoplankton at the surface of station 13 decreased to 211 x 103 cells r 1; there were 

110 x 103 cells 1-1 of diatoms, 86 x 103 cells 1-1 of dinoflagellates, and 15 x 103 cells 1-1 of 

flagellates. The cell densities of diatoms and dinoflagellates at the surface were 86 x 103 

cells r 1 and 94 x 103 cells r 1 respectively at station 14, and 125 x 103 cells r 1 and 110 x 
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103 cells r1 respectively, at station 15. 

4.2.3.4 9th August 2001 

Samples were taken along the Irish inshore water at stations 16, 17, 18, 19 and 20, 21 on 

the 9th of August (Figure 3 .1 b ). 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 9th of August (Appendix A-3). 

Rhizosolenia species were the major diatoms with population densities of 72 x 

103 cells r1, 61 x 103 cells r1
, and 50 x 103 cells r1 respectively at the depths of0 m, 15 

m and 30 mat station 16, whereas Ceratium species were the prominent dinoflagellates 

with population densities of 86 x 103 cells 1-1
, 109 x 103 cells 1-1

, and 117 x 103 cells 1-1 

respectively. The population densities of Leptocyl indrus danicus at station 16 were 3 7 x 

103 cells r 1
, 23 x 103 cells r 1

, and 42 x 103 cells r 1 respectively, at the depths of0 m, 15 

m and 30 m, while those of Detonula confervacea were 21 x 103 cells r1, 13 x 103 cells 

r1, and 18 x 103 cells r1 respectively. The cell densities of Noctiluca scintillans at station 

16 were 23 x 103 cells r1, 10 x 103 cells r1, and 8 x 103 cells r1 respectively, at the 

depths of 0 m, 15 m and 30 m, while there were 26 x 103 cells r1 of Gymnodinium 

fuscum at the surface. 

The population densities of Leptocylindrus danicus and Detonula confervacea 

at the surface of station 17 were 29 x 103 cells r 1 and 16 x 103 cells r 1 respectively, 

while those of Rhizosolenia setigera and Coscinodiscus lineatus were 10 x 103 cells r1 

and 16 x 103 cells r1 respectively. The cell densities of Ceratiumfurca, Ceratiumfusus 
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and Ceratium lineatum at the depth of 10 mat station 17 were 16 x 103 cells r1, 8 x 103 

cells r1, and 16 x 103 cells r1 respectively, while there were 10 x 103 cells r1 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 103 cells r' 

and 21 x 103 cells r 1 at 15 m, respectively, while there were 18 x 103 cells r 1 of 

Coscinodiscus eccentrica at 15 m, and 23 x 103 cells r1 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 103 cells r1, 25 x 103 cells r1, and 91 x 103 cells r 1 of Rhizosolenia species at the 

depths of Om, 15 m and 30 m, respectively, while there were 63 x 103 cells r1, 40 x 103 

cells r 1
, and 91 x 103 cells r1 of Ceratium species, respectively. The population densities 

of Gymnodinium fuscum at station 18 were 8 x 103 cells 1-1
, 16 x 103 cells 1-1

, and 23 x 

103 cells r1 at the depths of Om, 15 m and 30 m, respectively, while those of 

Prorocentrum micans were 16 x 103 cells r 1 and 23 x 103 cells r 1 at the depths of Om 

and 30 m, respectively. There were over 23 x 103 cells r1 of Pyrodinium bahamense at 

15 mat station 18. 

The cell densities of Leptocylindrus danicus were 13 x 103 cells r1
, 21 x 103 

cells r 1, and 29 x 103 cells r 1 at the depths of O m, 15 m, and 25 m at station 19, 

respectively, while those of Detonula confervacea were 16 x 103 cells r1, 8 x 103 cells r', 

and 18 x 103 cells r1 respectively. There were 18 x 103 cells r1 of Rhizosolenia 

delicatula and 13 x 103 cells r1 of Coscinodiscus lineatus at 15 mat station 19. The cell 

densities of Ceratium species at station 19 were 24 x 103 cells r1, 23 x 103 cells r1, and 

84 



Chapter 4 

46 x 103 cells r1 respectively, at the depths of Om, 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 103 cells r1, and 31 x 103 cells 

r1 respectively, at station 20, while they were 16 x 103 cells r1 and 29 x 103 cells r1 at 

the surface and 15 m, respectively, at station 21. The population densities of Detonula 

confervacea were 23 x 103 cells r 1 at 10 mat station 20, and 21 x 103 cells r 1 at 15 mat 

station 21, respectively, while those of Rhizosolenia delicatula were 16 x 103 cells r1 at 

the surface of station 20 and 23 x 103 cells r1 at the surface of station 21, respectively. 

The cell densities of Ceratium species were 16 x 103 cells r1 at the surface and 32 x 103 

cells r 1 at 10 m, respectively, at station 20, and 39 x 103 cells r 1 at the surface and 16 x 

103 cells r 1 at 15 m, respectively, at station 21, while there were 23 x 103 cells r 1 of 

Noctiluca scintillans at the surface of station 20 with 8 x 103 cells r1 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 mat station 16 (Figure 4.3). The cell density of 

dinoflagellates at the surface of station 16 was 141 x 103 cells 1-1
, and that of diatoms 

was 133 x 103 cells r1 respectively, with 8 x 103 cells r1 of flagellates, while there were 

125 x 103 cells r 1 of dinoflagellates, 141 x 103 cells r 1 of diatoms, and 23 x 103 cells r 1 

of flagellates respectively at 15 mat 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 103 cells r 1 and 47 x 103 cells r 1 respectively, with 23 x 

103 cells 1-1 of flagellates. The cell density of phytoplankton at the depth of 30m at 

station 18 reached 352 x 103 cells r1, while it was 211 x 103 cells r1 at the surface. There 
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were 146 x 103 cells r 1 of dinoflagellates, 183 x 103 cells r 1 of diatoms, and 23 x 103 

cells r 1 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 

103 cells 1-1
, to the surface of station 21 with cell concentrations of 164 x 103 cells 1-1

. 

The cell densities of flagellates at the surface of station 19, 20 and 21 were 8 x 103 cells 

r1, 31 x 103 cells r1, and 23 x 103 cells r1 respectively. 

4.2.3.5 10th August 2001 

Samples were taken in Red Wharf Bay along the north coast of Anglesey at station 23, 

24 and 25 on the 10th of August 2001 (Figure 3. lb). 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 103 cells r1, 13 x 103 cells r1
, and 16 x 103 cells r1 respectively at the depths of Om, 10 

m and 25 m, while there were 16 x 103 cells 1-1 of Coscinodiscus species at the depth of 

10 m. There were 13 x 103 cells r I of Ceratium furca and 10 x 103 cells r I of 

Gyrodinium aureolum, respectively, at the depth of 10 mat station 23. 

The population densities of Rhizosolenia setigera at station 24 at the depths of 0 

m, 15m and 25 m were 16 x 103 cells r1, 18 x 103 cells r1, and 13 x 103 cells r 1 

respectively, while those of Detonula confervacea were 10 x 103 cells r 1, 8 x 103 cells r 1, 

and 5 x 103 cells r 1 repectively. There were 52 x 103 cells r 1 of Ceratium species, 18 x 

103 cells r1 of Gyrodinium aureolum, and 13 x 103 cells r1 of Noctiluca scintillans at the 

surface of station 24. 

The population densities of Rhizosolenia setigera at the depths of O m and 5 m 
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at station 25 were 39 x 103 cells r1, and 23 x 103 cells r1 respectively. The dominant 

dinoflagellate at the depths of O m and 5 m at station 25 was Noctiluca scintillans with 

cell concentrations of 34 x 103 cells r1, and 29 x 103 cells r1 respectively. The cell 

density of Nitzschia species at the surface of station 25 was 23 x 103 cells r 1, whereas 

that of Ceratium furca at the depth of 5 m was 21 x 103 cells r 1 respectively. 

The diatom population was larger than the dinoflagellate population at station 

23 and 25 (Figure 4.3). There were 63 x 103 cells r1 of diatoms and 29 x 103 cells r1 of 

dinoflagellates with 3 x 103 cells r 1 of flagellates at the surface of station 23, while there 

were 55 x 103 cells r 1 of diatoms and 86 x 103 cells r 1 of dinoflagellates, with 8 x 103 

cells r1 of flagellates at the surface of station 24. The population density of diatoms was 

128 x 103 cells r1 at the surface of station 25, while that of dinoflagellates was 102 x 103 

cells r 1 respectively. There were 16 x 103 cells r 1 of flagellates at the surface of station 

25. 

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 26th to 30th of November in Red Wharf 

Bay (Figure 3 .1 c ). 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 26th November 2001 

The cruise started at stations 1, 2 and 3 in the north coast of Anglesey on the 26th of 

November 2001 (Figure 3.lc). 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 O m, 

17 m and 37 mat station 1 were 21 x 103 cells r1, 23 x 103 cells r1, and 18 x 103 cells r 1 

respectively, while those of Coscinodiscus lineatus were 10 x 103 cells r1, 10 x 103 cells 

r1, and 5 x 103 cells r1 respectively. There were 8 x 103 cells r1 of Biddulphiopsis titiana 

and 10 x 103 cells r1 of Pleurosigma species, respectively at the depth of 17 mat station 

1. 

The population densities of Biddulphia sinensis at the depths of Om, 12 m and 

41 mat station 2 were 16 x 103 cells r1, 37 x 103 cells r1
, and 39 x 103 cells r1 

respectively, while there were 18 x 103 cells r1
, 21 x 103 cells r1

, and 23 x 103 cells rt of 

Coscinodiscus lineatus, respectively. The cell density of Navicula species increased to 

21 x 103 cells r1 at the surface of station 2. There were 8 x 103 cells rt and 3 x 103 cells 

r1 of Navicula species at the depths of 12 m and 41 m, respectively at station 2. 

The population density of Biddulphia sinensis at 46 mat station 3 reached 37 x 

103 cells r1, while there were 16 x 103 cells r1 and 18 x 103 cells r1 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 103 cells 

r1, 5 x 103 cells r1, and 13 x 103 cells r 1 at the depths of Om, 12 m and 46 m, 

respectively. There were 16 x 103 cells r 1 of Paralia sulcata and 10 x 103 cells r1 of 

Leptocylindrus danicus at 12 mat 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 103 cells r1, 73 x 103 cells r1, and 10 x 103 cells r 1 

respectively, at the depths of O m, 17m and 3 7 m, while those of phytoplankton at 

station 2 were 57 x 103 cells r1, 89 x 103 cells r1, and 86 x 103 cells r 1 respectively at the 

depths of Om, 12 m, 41 m (Figure 4.4). The cell density of phytoplankton at 46 mat 

station 3 was 73 x 103 cells r1, while the cell densities of phytoplankton at Om and 12 m 

at station 3 were 55 x 103 cells r 1 respectively. There were 8 x 103 cells r 1 and 5 x 103 

cells r1 of dinoflagellates at the surface of station 1 and at 12 mat station 3, respectively. 

4.2.4.2 2ihNovember 2001 

Samples were taken at stations 4, 5, 6 and 7, 8 on the 27th of November (Figure 3. lc). 

The population densities of Biddulphia sinensis and Thalassiosira mendiolana reached 

over 20 x 103 cells r1 at the depth of 31 mat station 4, respectively, while there were 18 

x 103 cells r1 of Coscinodiscus lineatus (Appendix A-4). The cell density of 

Coscinodiscus lineatus at 8 mat station 5 was around 31 x 103 cells r1, whereas they 

reached 73 x 103 cells r1, and 47 x 103 cells r1 at 10 mat station 6 and at 4 mat 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 103 cells r1
, 31 x 103 cells r1, 

and 26 x 103 cells r1 of Biddulphia sinensis at the surface of stations 5, 6, and 7, 

respectively. The cell densities of Biddulphia sinensis at Om and 3.5 mat station 8 were 

39 x 103 cells r1, and 37 x 103 cells r1 respectively, while those of Coscinodiscus 

lineatus were 34 x 103 cells r 1 and 23 x 103 cells r 1 respectively. 

89 



Chapter 4 

Apart from Biddulphia sinensis and Coscinodiscus lineatus, the dominant 

diatom at the depth of 8 mat station 5 was Paralia sulcata (31 x 103 cells r1
) and at the 

surface of station 7 was Pleurosigma species (37 x 103 cells r1), while Navicula species 

was the major diatom at the surface of station 8 (31 x 103 cells r1
). 

The population density of phytoplankton increased from 86 x 103 cells 1-1 at the 

surface of station 4 to 190 x 103 cells r1 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 103 cells r 1 and 13 x 103 cells r 1 respectively, while there were 5 x 

103 cells r1, 10 x 103 cells r1, and 8 x 103 cells r1 of flagellates at the surface of stations 

6, 7 and 8, respectively. 

4.2.4.3 28th November 2001 

Samples were taken from the northern reaches ofBeaumaris Bay (stations 9 to 12), and 

from Red Wharf Bay (stations 13 and 14) on the 28th ofNovember (Figure 3.lc). The 

population densities of Coscinodiscus lineatus at the depths of 0 m, 4 m and 8 m at 

station 9 were 55 x 103 cells r1, 50 x 103 cells r1, and 47 x 103 cells r1 respectively, 

while those of Biddulphia sinensis were 29 x 103 cells r1, 37 x 103 cells r1, and 44 x 103 

cells r 1 respectively (Appendix A-4). There were 18 x 103 cells r 1 of Biddulphiopsis 

titiana and 16 x 103 cells r1 of Leptocylindrus danicus, respectively, at the surface of 

station 9, while there were 21 x 103 cells r1 of Detonula confervacea, and 13 x 103 cells 

r1 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 103 cells r1, 21 x 
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103 cells r1, and 13 x 103 cells r1 of Biddulphia sinensis, respectively, at the surface of 

station 10, 11 and 12, while there were 23 x 103 cells r1, 29 x 103 cells r1, and 18 x 103 

cells r1 of Coscinodiscus lineatus, respectively. 

The population densities of Coscinodiscus l ineatus at the depths of O m, 11 m 

and 32 mat station 13 were 31 x 103 cells r1, 26 x 103 cells r1, and 23 x 103 cells r 1 

respectively while Biddulphia sinensis was still second largest diatoms after 

Coscinodiscus lineatus with cell concentrations of 16 x 103 cells r1, 13 x 103 cells r1, 

and 10 x 103 cells r1 respectively. 

Paralia sulcata was the second dominant diatoms after Coscinodiscus lineatus 

at station 14. The population densities of Paralia sulcata at Om, 12 m and 21 mat 

station 14 were 21 x 103 cells r1, 16 x 103 cells r1, and 18 x 103 cells r1 respectively, 

while those of Coscinodiscus lineatus were 26 x 103 cells r 1, 21 x 103 cells r 1, and 23 x 

103 cells r 1 respectively. There were 8 x 103 cells r1, 3 x 103 cells r 1
, and 5 x 103 cells r 1 

of Biddulphia sinensis at Om, 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 Om, 4 m and 

8 mat station 9 were 13 x 103 cells r1, 10 x 103 cells r1, and 5 x 103 cells r 1 respectively, 

while there were 3 x 103 cells r 1 and 5 x 103 cells r 1 of flagellates at the surface and 8 m, 

respectively. There were 8 x 103 cells r1 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 103 

cells r 1 at the surface, and 10 x 103 cells r 1 at the depth of 21 m, respectively. 
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4.2.4.4 29th November 2001 

Samples were taken at stations 15, 16, 17 and 18, 19 on the 29th of November (Figure 

3 .1 c ). 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 Om, 5 m, and 21 mat station 15 were 34 x 103 cells r1, 23 x 103 

cells r 1
, and 18 x 103 cells r1 respectively, while those of Biddulphia sinensis were 21 x 

103 cells r1, 26 x 103 cells r1, and 13 x 103 cells r 1 respectively. There were 16 x 103 

cells r 1 of Navicula species and 10 x 103 cells r 1 of Leptocylindrus danicus at 21 mat 

station 15. 

The cell density of Biddulphiopsis titiana at the depth of 21 mat station 16 

reached 26 x 103 cells r1, while there were 8 x 103 cells r1 of Biddulphia sinensis and 21 

x 103 cells rt of Coscinodiscus lineatus, respectively. There were 18 x 103 cells r1 and 

21 x 103 cells r1 of Pleurosigma species at the surface and at the depth of 10 m, 

respectively at station 16, while there were 16 x 103 cells rt and 5 x 103 cells r1 of 

Detonula confervacea respectively. 

The population densities of Coscinodiscus lineatus at the depths of O m, 8 m, 

and 22 m at station 17 were 26 x 103 cells r 1, 3 7 x 103 cells r 1, and 18 x 103 cells r 1 

respectively, while those of Biddulphia sinensis were 16 x 103 cells r1, 26 x 103 cells r1, 

and 21 x 103 cells r1 respectively. The cell densities of Biddulphia sinensis were higher 

than Coscinodiscus lineatus at station 18. There were 23 x 103 cells r1, 44 x 103 cells r1, 

and 37 x 103 cells r1 of Biddulphia sinensis, respectively and 5 x 103 cells r1, 18 x 103 

cells r1, and 21 x 103 cells r 1 of Coscinodiscus lineatus, respectively at the depths of Om, 
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8 m and 17 mat station 18. 

Coscinodiscus lineatus was the dominant diatom at station 19, with cell 

densities of29 x 103 cells r1, 34 x 103 cells r1, and 16 x 103 cells r 1 respectively at the 

depths of Om, 4.5 m and 23 m, while there were 21 x 103 cells 1-1, 18 x 103 cells 1-1
, and 

10 x 103 cells r1 of Biddulphia sinensis, respectively. The cell density of Navicula 

species was 13 x 103 cells r 1 at the depth of 4. 5 m at station 19, while there were 10 x 

103 cells r 1 of Pleurosigma species. There were 13 x 103 cells r1, 21 x 103 cells r1, and 

16 x 103 cells r1 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 103 cells 1-1 of Ceratium species at the depth of 5 mat station 15, while 

there were 3 x 103 cells r 1 of Gymnodinium fuscum and 10 x 103 cells r 1 of Gyrodinium 

species at the depth of21 m, respectively. There were around 10 x 103 cells r1 of 

Ceratium lineatum at all depths and 5 x 103 cells r1 of Gymnodinium fuscum at 8 m at 

station 17, while there were 10 x 103 cells r 1 of Ceratium fusus and 5 x 103 cells r 1 of 

Ceratium lineatum at 17 m at station 18. 

4.2.4.5 30th 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 30th of November 2001 at stations 20 to 23 (Figure 4.4). There were 26 x 103 

cells r1, 13 x 103 cells r1, 34 x 103 cells r1, and 21 x 103 cells r 1 of dinoflagellates, and 

63 x 103 cells r1, 60 x 103 cells r1, 89 x 103 cells r1, and 107 x 103 cells r 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 103 cells r1 at the depth of 

10 m and that of Coscinodiscus lineatus was 44 x 103 cells r1 at the depth of 5.5 mat 

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 103 cells 

r1, while that of Coscinodiscus lineatus was 37 x 103 cells r1
. 

The dominant dinoflagellates at station 20, 21, 22 and 23 were Ceratium 

species. There were 34 x 103 cells r1, 15 x 103 cells r1, and 21 x 103 cells r1 of Ceratium 

species at the depths of Om, 5.5 m and 10 m, respectively, at station 22. There were 3 x 

103 cells r1
, 8 x 103 cells r1, and 5 x 103 cells r1 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 2nd and 5th of April 2002 in 

the north coast of Anglesey and in the western Irish Sea (Figure 3 .1 d). 11 stations were 

the same station repeated over a tidal cycle. The station used for monitoring over a tidal 

cycle (Tl) was positioned off the northwest coast of Anglesey. The stations in the 

Western Irish Sea (transects 'N, '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 (RWl -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 Tl, 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 RWl 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 et al., 1997). 

4.2.5.1 2nd April 2002 

Samples were taken hourly for 11 times over a tidal cycle at station Tl, northwest of 

Anglesey on the 2nd of April 2002 (Figure 3 .1 d). 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 Tl 

(Appendix A-5). The population densities of Bacillaria paxillifer at the depths of 0 m 

and 20 mat station Tl Cl at 0800 HRS BST reached 39 x 103 cells r1 and 11 x 103 cells 

r1 respectively, whereas the population densities of Skeletonema costatum were 17 x 103 

cells r1 and 11 x 103 cells r1 respectively. The population densities of Bacillaria 

paxillifer and Skeletonema costatum at the surface of station T1C6 at 1300 HRS BST 

decreased to 11 x 103 cells 1-1 and 8 x 103 cells 1-1 respectively, then, they reached 2 8 x 

103 cells r 1 and 15 x 103 cells r 1 respectively at the surface of station TlCll at 1800 

HRSBST. 
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The cell density of phytoplankton decreased from 72 x 103 cells r1 at the 

surface of station Tl Cl at 0800 HRS BST to 37 x 103 cells r1 at the surface of station 

T1C5 at 1200 HRS BST (Figure 4.5a). The cell density of phytoplankton increased to 

78 x 103 cells r1 at the surface of station TlC8 at 1500 HRS BST, one hour after high 

water, while it decreased again to 62 x 103 cells r 1 at the surface of station T 1C10 at 

1700 HRS BST. The population density of phytoplankton at the surface ofTlCl 1 at 

1800 HRS BST reached 69 x 103 cells r1
. 

4.2.5.2 3rd April 2002 

All stations on the 'fl: transect were sampled on the 3rd of April 2002, from station A6 

( east) to station Al (west) (Figure 3. ld). Stations B2, B 1 and Cl 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 103 cells r1, 11 x 103 cells r1, and 10 x 103 cells r 1 of 

Chaetoceros debilus, Bacillaria paxillifer and Thalassiosira decipiens, respectively, at 

the surface of station A6. The cell density of Chaetoceros debilus reached 36 x 103 cells 

r1 at the surface of stationA3. However, the dominant phytoplankton species at the 

surface of station Al was Melosira nummuloides with cell densities of 30 x 103 cells r1
, 

while there were 18 x 103 cells r 1 and 19 x 103 cells r 1 of Chaetoceros debilus and 

Ditylum brightwellii, respectively. 

Few dinoflagellates and flagellates were found in the transect 'A'. There were 

33 x 103 cells r 1 and 8 x 103 cells r 1 of Ceratium species and Dictyocha species at the 

surface of station A3, while there were 28 x 103 cells r 1 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 A 1 were higher than those from deeper water samples and surface 

samples at stations A6, AS and A4 as transect'/:\ passed through a mixed zone (A6) to a 

stratified zone (Al) (Figure 4.5b). 

The dominant phytoplankton at stations B2, B 1 and C 1 were Chaetoceros 

debilus and Bacillaria paxillifer. The population densities of Chaetoceros debilus and 

Bacillaria paxillifer at the surface of station B2 were 30 x 103 cells r1 and 19 x 103 cells 

r1 respectively, while there were 43 x 103 cells r1 and 48 x 103 cells r1 at the surface of 

station B 1, respectively. The population density of Chaetoceros debilus at the surface at 

station Cl reached 58 x 103 cells r1, while that of Bacillaria pa.xillifer were 17 x 103 

cells r1
. 

There were 25 x 103 cells r1, 14 x 103 cells r1, and 33 x 103 cells r1 of 

dinoflagellates, respectively and there were 94 x 103 cells r1, 149 x 103 cells r1, and 127 

x 103 cells r1 of diatoms, respectively at surface of stations B2, B 1 and C 1, while there 

were J 9 x 103 cells r1 of .flage11ates at the surface of sta.tjon Cl (Figure 4.5b). 

4.2.5.3 4th April 2002 

Chaetoceros debilus was the predominant phytoplankton with Bacillaria paxill[fer, 

Sk.eleton.ema costatum and Thalassiosira decipiens at all stations sampled on the 4th 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. ld). The cell densities of 

ChaP.toceros dP-hilus re.ached 56 x 103 cells r 1 and 63 x 103 cells r 1 at t.he surface of 

station C5 and B6, respectively, while those of Bacillaria paxillifer and Skeletonema 
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costatum were 32 x 103 cells r1 and 15 x 103 cells r1 respectively, at the surface of 

station C5 and 14 x 103 cells r1 and 39 x 103 cells r1 respectively at the surface of 

station B6. 

The cell density of phytoplankton decreased from 72 x 103 cells r1 at the 

surface of station C2 to 50 x 103 cells r1 at the surface of station C3, then it increased to 

162 x 103 cells r 1 at the surface of station C6 (Figure 4. 5b ). The population density of 

phytoplankton at the surface of station B6 reached 240 x 103 cells r 1. There were 193 x 

103 cells r1, 28 x 103 cells r1, and 19 x 103 cells r1 of diatoms, dinoflagellates and 

flagellates of phytoplankton at the surface of station B6 respectively. The population 

density of <lino flagellates at the surface of station B4 was the highest on the 4th of April 

2002. It reached 39 x 103 cells r', while the population density of diatoms at the surface 

of station B4 were 91 x 103 cells r 1 respectively. There were 34 x 103 cells r 1 and 5 x 

103 cells 1-1 of dinoflagellates, Ceratium species and Gymnodiniumfuscum respectively, 

at the surface of station B4. 

4.2.5.4 5th April 2002 

Samples were taken at stations RWl through RW4 along the north coast of Anglesey on 

the 5th of April 2002 (Figure 3. ld). Skeletonema costatum and Thalassiosira decipiens 

were the predominant phytoplankton species from station RWl to station RW4 

(Appendix A-5). The cell densities of Skeletonema costatum and Thalassiosira 

decipiens were 39 x 103 cells r 1 and 11 x 103 cells r 1 respectively, at the surface of 

station RWl and, 58 x 103 cells r 1 and 25 x 103 cells r 1 respectively, at the surface of 

station RW2, while those of Skeletonema costatum and Thalassiosira decipiens 
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increased to 143 x 103 cells r1 and 112 x 103 cells r1 respectively, at the surface of 

station RW3. There were 146 x 103 cells r1 of Skeletonema costatum and 109 x 103 cells 

r1 of Thalassiosira decipiens at the surface of station RW4. Bacillaria paxillifer was the 

third largest in the phytoplankton population from stations RWl to RW4. There were 11 

X 103 cells r1, 19 X 103 cells r1, 88 X 103 cells r1, and 114 X 103 cells r1 of Bacillaria 

paxillifer at the surface of stations RWl , RW2, RW3 and RW4 respectively. 

The population densities of phytoplankton at stations RWl and RW2 ranged 

between 100 x 103 cells r1 and 150 x 103 cells r 1 (Figure 4.5b). However, those at RW3 

and RW4 increased to around 700 x 103 cells r 1 and 800 x 103 cells r 1 at the surface, 

respectively. There were 642 x 103 cells r1, 32 x 103 cells r1, and 18 x 103 cells r1 of 

diatoms, dinoflagellates and flagellates, respectively, at the surface of station RW3, 

while there were 785 x 103 cells r1, 34 x 103 cells r1, and 17 x 103 cells r 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 (Tl) during the Irish Sea cruise in 

April 2002 was sampled again on the 13th 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. le 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 Tl off the north coast of Anglesey on the 20th of 

2002. 
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Diatoms, such as Rhizosolenia shrubsolei, were the dominant phytoplankton at 

station T 1, 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 th July 2002 

Sampling initiated at station Tl, northwest of Anglesey at 0800 BST when it was low 

water slack tide on the 13th of July 2002 (Figure 3. le). Samples were taken hourly 

afterwards at the same position for 12 times over a tidal cycle until 1900 BST. Diatoms, 

Rhizosolenia shrubsolei, dominated the phytoplankton population at station Tl 

(Appendix A-6). Other diatoms, such as Leptocylindrus 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 O m, 25 m 

and 50 mat station Tl Cl at 0800 BST were 18 x 103 cells r1, 23 x 103 cells r1, and 5 x 

103 cells r 1 respectively, while those of Ceratium lineatum were 10 x 103 cells r 1, 8 x 

103 cells r1, and 5 x 103 cells r1 respectively. The population densities of Rhizosolenia 

shrubsolei at the depths of O m, 26 m and 4 7 m at station Tl C8 at 1500 BST reached 44 

x 103 cells r1, 37 x 103 cells r1, and 42 x 103 cells r 1 respectively, There were 13 x 103 

cells r 1 of Leptocylindrus danicus, 8 x 103 cells r 1 of Ceratium lineatum, and 13 x 103 

cells r1 of Prorocentrum micans, respectively at the surface of station T1C8. The cell 

densities of Rhizosolenia shrubsolei decreased to 21 x 103 cells r 1
, 23 x 103 cells r 1

, and 
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18 x 103 cells r1 at the depths ofO m, 26 m and 50 m, respectively at station TlCll at 

1800 BST, then they increased to 34 x 103 cells r1
, 42 x 103 cells r1, and 39 x 103 cells r1 

at the depths of Om, 25 m and 53 m, respectively at station T1C12 at 1900 BST. 

The population density of phytoplankton decreased from 117 x 103 cells 1-1 at 

the surface of station Tl C4 at 1100 BST to 86 x 103 cells r1 at the surface of station 

T1C5 at 1200 BST (Figure 4.6a). Then, it increased to 133 x 103 cells r1 at the surface 

of station T 1 C8 at 1500 BST, one hour after high water slack tide. The population 

density of phytoplankton decreased again to 102 x 103 cells r1 at the surface of station 

TlCll at 1800 BST, while it reached 123 x 103 cells r1 at the surface of station TlC12 

at 1900 BST. 

4.2.6.2 14th July 2002 

Samples were taken in the transect 'B' from stations B7 to B2 towards northeast into the 

Irish Sea on the 14th of July 2002 (Figure 3. le). 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 

l ineatum decreased from 4 7 x 103 cells r 1 at the depth of 31 m at station B7 to 10 x 103 

cells r1 at the depth of 43 mat station B2, while there were 29 x 103 cells r1 of 

Prorocentrum micans at the depth of 16 mat 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 103 cells r 1, while there were 21 x 103 cells r 1 

of Ceratium lineatum. The cell density of Rhizosolenia setigera reached 42 x 103 cells r1 

at the depth of 31 m at station B7, while that of Nitzschia seriata were 39 x 103 cells r1 
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at the surface of station B5. 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 103 cells r1 and 39 x 103 cells r1 of Rhizosolenia setigera and Nitzschia 

seriata respectively, at the surface of station B5, while there were 8 x 103 cells 1-1 and 31 

x 103 cells r1 of Rhizosolenia setigera and Nitzschia seriata respectively at the depth of 

16m. 

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 B5, 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 103 cells r 1 at station B7 to 198 x 103 cells r 1 at station B5, whereas the cell 

densities of phytoplankton decreased from 250 x 103 cells r 1 at 31 m at station B7 to 

23 7 x 103 cells r 1 at 16 m at station B5. The population densities of phytoplankton 

ranged between 70 x 103 cells r 1 and 110 x 103 cells r 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 103 cells r1
, 39 x 

103 cells r1, and 34 x 103 cells r1 of diatoms, dinoflagellates and flagellates, respectively 

at the surface of station B7, while there were 60 x 103 cells r1, 68 x 103 cells r1, and 37 

x 103 cells r1 of diatoms, dinoflagellates and flagellates, respectively at the surface of 

station B6. 

4.2.6.3 15th July 2002 

Samples were taken through stations A2 to A7 (transect ' P.:) and station Sl, working 

southwest into the Celtic Sea on the 15th of July 2002 (Figure 3. le). A mixed population 

of diatoms and dinoflagellates was observed through the transect 'P.: (Figure 4.6c). 

Flagellates abundance increased at the depth of 26 m at station A 7 with cell densities of 

31 x 103 cells r 1, while there were 13 3 x 103 cells r 1 of diatoms and 3 7 x 103 cells r 1 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 mat station A2 and at Om at station A4, 

while those of Nitzschia seriata were the highest in the phytoplankton population at 28 

mat stationA6 and at 26 mat stationA7 with cell concentrations of29 x 103 cells r1 

and 34 x 103 cells r1 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 103 cells r1
, while Prorocentrum micans had the highest 

population density at the depth of 64 m at station A5 with cell concentrations of 31 x 

103 



Chapter 4 

103 cells r1
• 

The population densities of phytoplankton at 28 m at station A6 and at 28 m at 

station A 7 were the highest as the thermocline formed with cell concentrations of 151 x 

103 cells r 1 and 201 x 103 cells r 1 respectively (Figure 4.6c). 

Station S 1 was positioned southwards from station A 7 in the Celtic Sea (Figure). The 

cell density of phytoplankton at 26m at stationA7 decreased to 86 x 103 cells r1
. The 

cell density of Ceratium lineatum was the highest in the phytoplankton population with 

cell concentrations of 18 x 103 cells r1 at 26 m at station A 7, while there were 16 x 103 

cells r1 of Nitzschia seriata at Orn. 

4.2.6.4 16th July 2002 

Stations C7 through C2 were sampled on the 16th of July, working northeast towards the 

Irish Sea (Figure 3.le). Nitzschia seriata, Rhizosolenia setigera andDetonula 

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 

103 cells r1 at the depth of 17 rn at station C6, while the population density of Ceratium 

lineatum reached 50 x 103 cells r 1 at the depth of 9 m at station CS. The cell densities of 

Nitzschia seriata and Ceratium lineatum decreased to 13 x 103 cells r1 and 8 x 103 cells 

r1 respectively at the surface of station C2. 

The thermal stratification was detected in the CTD temperature profile at the 

depth of 14 rn, 17 rn and 9 mat stations C7, C6 and CS, respectively. The population 

densities of phytoplankton at the depths of 14 rn, 1 7 rn and 9 rn at stations C7, C6 and 
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C5, respectively were 263 x 103 cells r1, 271 x 103 cells r1, and 339 x 103 cells r1 

(Figure 4.6d). The cell densities of phytoplankton increased at the surface from station 

C7 (151 x 103 cells r1
) to station C5 (232 x 103 cells r1). The cell densities of diatoms 

and dinoflagellates increased from 76 x 103 cells r1 and 47 x 103 cells r1 respectively, at 

the surface of station C7 to 149 x 103 cells r1 and 68 x 103 cells r1 respectively, at the 

surface of station C5. However, the cell densities of flagellates at the surface decreased 

from 29 x 103 cells r 1 at station C7 to 16 x 103 cells r 1 at station C5. The population 

densities of phytoplankton at station C2 decreased to 78 x 103 cells r1, 60 x 103 cells r1, 

and 63 x 103 cells r' at the depths of O m, 46 m and 93 m, respectively. 

4.2.6.5 17th and 18th July 2002 

Station E2 and station El were sampled on the 17th of July and stations E3 through E6 

were sampled on the 18th of July, working southwest into the Celtic Sea. (Figure 3 .1 e ). 

The dinoflagellate Ceratium lineatum was the dominant phytoplankton species at the 

depth of 16m at station E2 (21 x 103 cells r1
) and at the depth of Om at station E3 (34 x 

103 cells r'), while the cell density of Nitzschia seriata at the depth of 24 mat station E5 

reached 29 x 103 cells r' (Appendix A-6). Rhizosolenia setigera was the major species 

at the depth of 41 mat station E6, with cell concentrations of 18 x 103 cells r', while 

there were 10 x 103 cells r 1 of Nitzschia seriata and 16 x 103 cells r 1 of Ceratium 

lineatum. 

Diatoms and dinoflagellates composed the phytoplankton population in the 

transect 'E ' (Figure 4.6e). There were 52 x 103 cells r 1 and 18 x 103 cells r 1 of diatoms 

and dinoflagellates, respectively, at the surface of station E 1, while there were 44 x 103 
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cells r 1 and 39 x 103 cells r 1 of diatoms and dinoflagellates, respectively, at the surface 

of station E2. However, the cell density of dinoflagellates (52 x 103 cells r1
) were higher 

than that of diatoms ( 44 x 103 cells r1
) at the surface of station E3. The population 

densities of phytoplankton at 32 mat station E4, at 24 mat station E5, and at 41 mat 

station E6 were high, with cell concentrations of 83 x 103 cells r 1
, 143 x 103 cells r1

, and 

102 x 103 cells r1 respectively. The cell densities of phytoplankton at the surface of 

stations E4, E5 and E6 were 16 x 103 cells r1, 34 x 103 cells r1, and 55 x 103 cells r 1 

respectively. 

4.2.6.6 19th July 2002 

Samples were taken from stations D7 to Dend on the transect 'D' on the 19th of July 

2002, towards northeast into the Irish Sea (Figure 3 .1 e ). Diatoms and dinoflagellates 

dominated the population in the transect 'D', while there were a few flagellates at 

stations D7, D5, D4 and Dl, 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 of21 x 103 cells r 1 and 18 x 103 cells r 1 respectively at the 

surface, while Leptocylindrus danicus had the highest cell density at the surface of 

station D6, with cell concentrations of 18 x 103 cells r1
. Prorocentrum micans was the 

prominent dinoflagellate species at the surface of station D5, with cell densities of 29 x 

103 cells r 1. 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 103 cells r1 of Ceratium 

lineatum and 13 x 103 cells r1 of Prorocentrum micans, respectively, at the depth of 50 

mat station D4. The population density of Nitzschia seriata at the surface of station D3 

was 18 X 103 cells r1, while there were 16 X 103 cells r1 or Detonula confervacea and 10 

x 103 cells r1 of Ceratium lineatum, respectively. The population densities of Nitzschia 

seriata increased from station D2 to station Dl, while the population densities of 

Rhizosolenia setigera decreased. There were 26 x 103 cells r1, 39 x 103 cells r1, 23 x 103 

cells r1, and 21 x 103 cells r1 of Nitzschia seriata, Rhizosolenia setigera, Ceratium 

lineatum and Prorocentrum micans, respectively at the depth of 33 mat station D2. The 

dominant phytoplankton at station D 1 were diatoms, Nitzschia seriata and Rhizosolenia 

setigera, with cell densities of 57 x 103 cells r 1 and 37 x 103 cells r 1 at the depth of 29 m, 

respectively. The cell density of Rhizosolenia setigera at the surface of station DO was 

29 x 103 cells r1, while there was 26 x 103 cells r1 of Nitzschia seriata at the depth of 51 

m at station Dend. The cell density of Prorocentrum mi cans decreased from 18 x 103 

cells r 1 at 29 mat station DO to 13 x 103 cells r 1 at 25 mat station Dend. 

The cell densities of phytoplankton at the surface were higher than at the depth 

of 41 mat stations D7 and D6 (Figure 4.6f). There were 136 x 103 cells r1 and 55 x 103 

cells r1 of phytoplankton at O m and 41 m, respectively, at station D7, and 70 x 103 cells 

r 1 and 39 x 103 cells r 1 of phytoplankton at Om and 41 m, respectively, at stations D6. 

The population density of phytoplankton reached 287 x 103 cells r1 at the depth of 29 m 

at station Dl. There were 203 x 103 cells r1, 76 x 103 cells r1, and 8 x 103 cells r1 of 

diatoms, dinoflagellate, and flagellates respectively, at the depth of 29 m at station D 1. 

The population density of phytoplankton decreased to 65 x 103 cells r1 at the surface of 

station Dend. 
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4.2.6.7 20th July 2002 

The final three stations were positioned at station Tl off the north coast of Anglesey at 

0750 BST (TlA-Cl), 0850 BST (TlA-C2) and 0940 BST (TlA-C3) on the 20th of July 

2002 (Figure 3.le). The names of casts at Tl on the 20th of July had '/l: appended to 

differentiate from the samples taken on the 13th of July. 

The dominant phytoplankton at station Tl on the 20th of July was still 

Rhizosolenia shrubsolei (Appendix A-6). The population densities of Rhizosolenia 

shrubsolei increased from 29 x 103 cells r 1 at the surface of Tl A-Cl to 37 x 103 cells r 1 

at the surface ofT1A-C3, while there were 21 x 103 cells r1, 13 x 103 cells r 1
, and 18 x 

103 cells r1 of Ceratiurn lineaturn at the surface of stations TIA-Cl, TlA-C2 and TlA

C3, respectively. The population densities of phytoplankton at the surface of stations 

TlA-Cl, TlA-C2 and TlA-C3 were 125 x 103 cells r1, llO x 103 cells r1, and 128 x 103 

cells r1 respectively (Figure 4.6g). The population density of phytoplankton reached 

162 x 103 cells r1 at 20 mat station TlA-C3. There were ll 7 x 103 cells r1, 42 x 103 

cells r 1, and 3 x 103 cells r 1 of diatoms, dinoflagellates and flagellates respectively, at 20 

mat station TlA-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 15th of June 2001 and the 

7th of June 2002, during the Phaeocystis pouchetti bloom. The marker pigment for 

prymnesiophytes, 19' - hexanoyloxyfucoxanthin was prominent, with concentrations of 

5.13 µg r 1 on the 15th of June 2001 and 6.54 µg r 1 on the ih 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 15th of June 2001 (662 x 103 cells r1
) and on the 7th of June 2002 (1115 

x 103 cells r1). As a result, the concentration of 19' - hexanoyloxyfucoxanthin was still 

higher than the concentration of fucoxanthin on the 15th of June 2001 and on the 7th of 

June 2002. The marker pigment for diatoms, fucoxanthin dominated in spring 2002. The 

highest concentration of fucoxanthin was observed on the 24th of May 2002, with the 

concentration of 4.90 µg r1
. The marker pigment for dinoflagellates, peridinin was 

observed after the Phaeocystis pouchetti bloom. The highest concentration of peridinin 

was 2.02 µg r1 on the 19th 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 Skeletonema costatum and 

Thalassiosira nordenskioldii most common. A marker pigment, fucoxanthin, which 

represents the presence of diatoms reached the highest concentration of 8.33 µg r1 at the 
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depth of 12 mat station CE4. The presence of peridinin, the marker pigment for 

dinoflagellates was observed at stations LLFl, IWl, BSl, CE4, CE3 and CE2, LSl , 

RBl, WKl. The concentration of peridinin reached 2.08 µg r1 at 7 mat station RBl and 

at 15 mat station WKl, 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 µg 1-1
, while the concentration of fucoxanthin reached 0.91 µg 1-1 at the depth of 

30 mat station 16. The highest concentration of 19' - hexanoyloxyfucoxanthin was 

found at the surface of station 8, with a concentration of 0 .48 µg r 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 Bjomland, 1981 ; Millie et al., 

1997) (see Figure 3. lb 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 µg r1 at the surface of station 8, 

while there was 0.24 µg r1 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 Tl on the 2nd of April was 0.28 µg r1 at the 

surface of station TlCl0 (Figure 4.1 la). The concentration of fucoxanthin reached 0.78 
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µg r1 at the surface of station B6, while the concentration of peridinin reached 0.32 µg r1 

at the surface of station C 1 (Figure 4 .11 b ). The concentration of pigments in Red Wharf 

Bay increased dramatically at stations RW3 and RW4. There were 2.83 µg r1 of 

fucoxanthin, 0.52 µg r1 of peridinin and 0.30 µg r1 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 dino:flagellates dominated the phytoplankton population. The highest concentration 

of fucoxanthin at station Tl over a tidal cycle on the 13th of July was 0.42 µg r1 at the 

depth of 25 mat station T1C9, while there was 0.24 µg r1 ofperidinin 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 A 7, with a concentration of 

0 .19 µg r 1 (Figure 4 .12c ). The highest concentration of fucoxanthin and peridinin in the 

Celtic Sea were observed at the depth of 9 mat station CS , with a concentration of 0.83 

µg r 1 and 0.58 µg r1
, respectively (Figure 4.12d). The samples were taken at station Tl 

one more time on the 20th of July. There were 0.38 µg r 1 of fucoxanthin and 0.19 µg r 1 

of peridinin at the surface of station T 1 A-C 1, while there were O. 31 µg 1-1 of 

fucoxanthin and 0.21 µg r1 of peridinin at the surface of station TlA-C3 (Figure 4.12g). 

4.4 Fluorometric and HPLC measurement 

Chlorophyll a 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 a measured by fluorometer and HPLC from the Menai Strait and each 
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cruise are plotted in Figure 4.13a-e and regression coefficients are presented in Table 

4.1, showing high R2 values(> 0.80). 

The all data from the Menai Strait and each cruise are plotted together in Figure 

4.14. It shows a good correlation with high R2 values over the range of chlorophyll a 

measurements made (0-12 µg r1). 

Table 4.1 regression between Chlorophyll a measurement by fluorometer and HPLC. R2 is the coefficient 

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

R2 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 25th of May 2001 

and the 21 st 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 

Guinardiaflaccida) 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 

Tl in the northwest of Anglesey during the Irish Sea cruise in April 2002 and the Celtic 

Sea cruise in July 2002 (Figure 3. ld and Figure 3. le). 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 °Con 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 et 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 b (green flagellates) were 

used to determine the presence of dominant group of phytoplankton (Everitt, 1990; 

Barlow et al., 1993). Only 19' - hexanoyloxyfucoxanthin and chlorophyll b, 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. 17 c ), 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 4.17c) shows R2 value of 0.502, the relationship between HPLC and 

taxonomic data was significant ( at P < 0.001 ). Low R 2 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 b 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 4.17c) 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 b 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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Figure 4.11 b HPLC pigment measurements from the Irish Sea cruise (3-5 April 
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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), chi b 
(chlorophyll b), chi a (chlorophyll a), 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), chi 
b (chlorophyll b), chi 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), 
chi b (chlorophyll b), chi 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), chi 
b (chlorophyll b), chi 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), chi b (chlorophyll b), chi a (chlorophyll a), 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), 
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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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Chapter 5 

5. OPTICAL DETERMJNATION 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 b. 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; 

(5.1) 

where C is the chlorophyll biomass in µg r1 measured by fluorometer and R(A1) / R(A2) 

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

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

log C = b log10 R + log10 a 

where b is the gradient and log10 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. 

(5.2) 

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,s) ratio of 443 nm and 555 nm 

was used. b and log10 a are the gradient and the intercept from the regression respectively with standard 

errors (s.e.) in brackets. The coefficient of determination (R2
), probability (p), and number of stations (n) 

are also given. 

(Rrs 443 nm : Rrs 555 nm) 

Cruises Periods b (s.e.) log10a R2 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 

27/04/0l (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 

20/0702 (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,s) ratio of 490 nm and 555 nm 

was used. b and log10 a are the gradient and the intercept from the regression respectively with standard 

errors (s.e.) in brackets. The coefficient of determination (R2
), probability (p), and number of stations (n) 

are also given. 

(Rrs 490 nm : Rrs 555 nm) 

Cruises Periods b (s.e.) log1o a R2 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 

05/04/02 (0.943) (0.088) 

Celtic Sea 13/07- -2.45 l 0.089 0.785 0.000 34 

20/0702 (0.227) (0.029) 

All 25/05/01 - -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 UK. shelf seas. 

Regressions of all data are also presented (Figure 5. lg and 5.2g). In all cases the 

regressions gave corresponding relationships for both ratios. During the Clyde Sea 

148 



Chapter 5 

cruise in April 2001, the Irish Sea cruise in November 2001, and the Celtic Sea cruise in 

July 2002, R2 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 R2 values. R2 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 log10 ((Rrs (443) / Rrs (555))-0.041 

log C = -2.354 log10 ((Rrs ( 490) / Rrs (555)) + 0.125 

where Rrs is remote sensing reflectance. 

5.3 Phytoplankton group specific absorption spectra 

(5.3) 

(5.4) 

Using HPLC measurements, the particulate absorption spectra of phytoplankton, aph (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 b. 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, aph (A), against chlorophyll 

a concentration, a chlorophyll specific absorption spectra, aph*(A), was derived (Morel 

and Bricaud, 1981; Bricaud et al., 1983). The group of chlorophyll specific absorption 

spectra, aph*(A), 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 * (A) at 443 nm and 

490 nm, and the ratios aph.(443): aph\555) and aph.(490) : aph.(555). 

Table 5.3 Chlorophyll a specific absorption spectra, ¾h*(A) with standard errors (s.e.) in brackets. The 

ratios of specific absorption spectra ¾h.(443): ¾h.(555) and ¾h' (490): ¾h.(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 apb*(443) ¾h\490) apb.(443): apb*(555) aph*(490}: apb*(555) n 

fucoxanthin (s.e.) (s.e.) 

23-39 % 0.047 0.024 9.642 4.918 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.(A) at 443 nm, which corresponds to the maximum 

chlorophyll a absorption showed a smaller coefficient as the fucoxanthin concentration 

in the sum of all pigments had a bigger proportion (Table 5.3). aph.(A) at 443 nm 

decreased from 0.047 m2 mi1 Chl a to 0.030 m2 mi1 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.(A) at 490 nm. As a result, the chlorophyll specific absorption 

coefficient ratios aph.(443) : aph.(555) 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 4 70 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 4 70 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 et al., 1994). 

5.4 Comparison of modelled and in situ remote sensing reflectance 

Using the chlorophyll specific absorption spectra, aph*('A,), the remote sensing reflectance, 

Rrs ('A,) was modelled. Equations 5.4 to 5.8 define all the parameters required for the 

calculation. A model developed by Gordon et 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,-s('A,), and absorption, a('A,), 

and backscattering, bb('A,); 

2 

(5.3) 
i=l 

where Lu ('A,) and Ed ('A,) are the upwelling radiance and the downwelling irradiance 

respectively. 11 is 0.0945 steradian-1
, and 12 is 0.0794 steradian-1 (Gordon et al., 1988). 

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

follow; 
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(5.4) 

(5 .5) 

where aw("-) and aph("-) are the absorption coefficients for pure seawater and 

phytoplankton respectively. bbw(A) and bbph("-) are the backscattering coefficients for 

pure sea water and phytoplankton respectively. The spectral values of absorption and 

scattering coefficients of pure sea water, aw(A) and bw(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, aw("-), were adopted from Pope and Fry 

( 1997), while scattering coefficients of pure sea water, bw(A) values, were adopted from 

Morel and Prieur ( 1977). The specific absorption coefficient of phytoplankton, aph *(A), 

was determined from the following relation; 

aph("-) = aph*(A) x Chl a (5.6) 

where Chl a is the Chlorophyll a concentration. 

The backscattering coefficient bb("-) is defined as follow; 

(5 .7) 

The phytoplankton backscattering ratio ofbbph(A) to bph(A), determined by Morel and 

Bricaud (1981) was 0.005 . The scattering coefficient for phytoplankton, bph("-), is 

determined as function of chlorophyll a concentration and expressed; 

bph (A)= 0.3 Chl a062 (560/A)° (5 .8) 
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At low chlorophyll a concentration (Chl a< 0.1 µg r1), n is -1. For higher 

concentrations, n is zero (Gordon et al., 1988). 
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Figure 5 .4 shows observed remote sensing reflectance ratio of Rrs ( 490) : Rrs 

(555) from the Menai Strait and all cruises around the U.K. shelf seas. Modelled remote 

sensing reflectance ratio of R,.5 ( 490) : R,.5 (555) are also shown on the plot based on the 

group specific absorption coefficients aph*(490) and aph\555). 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, Rrs (490): Rrs (555), was used instead of Rrs ( 443): Rrs 

(555) as the waveband at 490 nm is better to cover absorption peaks of accessory 

pigments. In addition, Rrs (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*(A) divided into four groups due to the 

proportion of fucoxanthin should be differentiated on the plot using the ratio, Rrs ( 490) : 

Rrs (555) (Figure 5.4). The classification of the ratio, R,.s ( 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 µg 1-1
). Observed ratios of R,.5 (490) : Rrs (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 Rrs (A) ratios per Chl a were smaller than the modelled Rrs (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 (A), which only 

included absorption coefficients for pure seawater aw(A) and phytoplankton aph(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 r1 in the 

winter and 2 mg r1 in the summer (Bowers et al., 1998). In other words, the absorption 

spectra of SPM and CDOM should be included to complete the absorption information, 

a (A) to derive more accurate modelled Rrs (A) ratios in the Irish Sea. Bowers et al., 

(1996) modelled the blue-green reflectance ratio to predict chlorophyll concentration 

due to the range ofMSS from Oto 10 mg r1
, which may cover most sampling points 

collected in the Irish Sea. 
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Figure 5.1 a Regression of in 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 5.1 b Regression of in situ chlorophyll measurement against remote sensing 
re flectance 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 5.1 c Regression of in 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 

Irish Sea Nov . 01 

0.8 
E 
C 
lD 
lD 0.4 lD 

---E 
C 

C') 
so-
so-
<f) -1 1 er 
0) 

2 

log chlorophyll (ug 1-1
) 

Figure 5 .1 d Regression of in 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 5.1 e Regression of in situ chlorophyll measurement against remote sensing 
reflectance ratio between 443 nm and 555 nm during the Irish Sea cruise in April 
2002 . Regression coefficient are given in Table 5.1 
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Figure 5.1 f Regression of in situ 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 1able 5.1 
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Figure 5.1 g Regression of in 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 in 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 in 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 in 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 in situ chlorophyll measurement against remote sensing 
reflectance ratio between 490 nm and 555 nm during the Irish Sea cru ise in 
November 2001 . Regression coefficient are given in Table 5.2 
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Figure 5.2e Regression of in 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 in situ chlorophyl l 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 in 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*(A), for the 
proportion of fucoxanthin ranged between 23 °/o and 39 % in the sum of 
pigments. The spectra ranged between 400 nm and 750 nm 

<o 0.04 
.c 
u 

1 0.03 
0 
E i 0.02 

1 0.01 

0 l__-----'----'------L...----L......---'----~=,.__J 

400 450 500 550 600 650 700 750 
wavelength (nm) 

Figure 5.3b group specific absorption spectra of phytoplankton, aph*(A), 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, aph*(A) , 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, aph*(A), 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 Rrs (490) : 
Rrs (555) 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 °/o 
and 39 %, 40 % and 59 %, 60 % and 79 %, and over 80 % 
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Chapter 6 

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 Thalassiosira 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 103 

cells r1 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 103 cells r1
) in July 

1992 and Gyrodinium aureolum (up to 4300 x 103 cells r1
) 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 103 

cells r1
. 

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 3 57 

x 103 cells r1, 182 x 103 cells r1 and 147 x 103 cells r1 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 et al. (2001) found that 

most phytoplankton biomass was small unidentified flagellates with a diverse 

assemblage of dinoflagellates at cell densities of 100-200 cells r1 in July 1993 in the 

Celtic Sea; the species included Ceratiumfurca, Ceratiumfusus, 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 103 cells r1 to 300 x 103 cells r1). 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 a measurement by fluorometric 

method overestimated the values compared to the HPLC during the Irish Sea cruises in 

August 2001 and April 2002. The chlorophyll a 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 a 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 a measurement by HPLC 

averaging about 93 % of fluorometric method. 

The conventional methods (fluorometry and spectrophotometry) to measure 

chlorophyll a use the wavelength at 665 nm where other green pigments such as 

chlorophyll band c, chlorophyllides, allomers, and phaeopigments also absorb (Meyns 

et al., 1994). As the HPLC separates individual pigments on the chromatography, other 

green pigments do not contribute to the chlorophyll a values. Therefore, the HPLC is 

regarded to be more accurate. Lower chlorophyll a measurements by HPLC have been 

reported by several authors (Mantoura and Llewellyn, 1983; Webb et al., 1992; and 

Meyns et al., 1994). Redden et al. (1993) found the fluorometric measurements of 

chlorophyll a in cultured Thalassiosira weissjlogii were higher than HPLC 

measurements by an average of 9 % (91 % of fluorometric method). Gowen et al. 

(1983) estimated the proportion of chlorophyll a, 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 a 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 a 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 Zurich, Switzerland. They pointed out that the large 
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discrepancies between spectrophotometer and HPLC results of chlorophyll a 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 et al., 1994). They recommended that if 

exact information on chlorophyll a 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 detennined 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 a 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 b (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 b 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 off ew species, such as P haeocystis 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 44 3 nm and 5 5 5 

nm. The coefficients a and b for the waveband ratio between 490 nm and 555 nm were 

1.33 and-2.35 respectively. Bowers et 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 a concentration ranging from 0.01 to 50 µg r1
. 

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) ( a = 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 et 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 b = -2.51 while the range of chlorophyll a concentration was from 0.6 to 3.23 

µg r 1
. in April 1998. The coefficients in August 1998 were a= 1.32 and b = -2.95 while 

the concentration of chlorophyll a reached 14 µg r 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 ofUshant, 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 a= 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 b 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\555) became smaller. 

The variability in the shape of absorption spectra was mostly found in the blue-green 

region between 440 run 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 run, 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 et 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, RrsCA ), and 

absorption, a(A), and backscattering, bb(A). The model for case 1 waters assumes bb is 

less than 1 to 2 % of the scattering coefficient, b. In other words, the absorption 

coefficient, a, is bigger than bb for the moderate pigment concentration. Remote sensing 

reflectance, Rrs, is mainly influenced by absorption coefficient, a, and is supported by 

insignificantly low values of algal backscatter, bb, for case 1 waters (Ahn et al. , 1992). 
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The magnitude of the backscattering may be influenced by the particulate type and size. 

Particles of 1 µm diameter and smaller are the major source of backscattering in the 

ocean (Garver and Siegel, 1997). 

The reflectance ratio, Rrs ( 490) : Rrs (555), was used instead of Rrs (443) : Rrs 

(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 a were over 4 µg r1
. Observed and modelled 

remote sensing reflectance ratio of Rrs ( 490): Rrs (555) at low chlorophyll a 

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 ofMSS can be obtained from 

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

a*m = 0.0205 + 0.038 e-ooosso.- 440) (6.1) 

In the case of CDOM, absorption is represented by measured absorption at 440 nm, &i4o, 

multiplied by a shape function, a*y (A), to give absorption at other wavelengths. The 

specific absorption by CDOM can be calculated from 

a* = e c-0018 (), -440 ) 
y (6.2) 

using the mean decay constant-0.018 nm-1 in the Clyde Sea (Bowers et al., 2000). The 

specific absorption coefficients, a* m and a* y from Bowers et al. (1998) and Bowers et al. 

(2000) at the wavelengths of 490 nm and 555 nm are as follow; a*m (490) = 0.049 m2i 1 

and a*m (555) = 0.041 m2i 1 in the Irish Sea; and a*y (490) = 0.41 and a*y (555) = 0.13 

in the Clyde Sea. The specific absorption coefficients a* m and a* yin 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*m at 440 nm and 550 nm respectively; and 

0.007 and 0.005 for a*y 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* mat 490 nm and 570 nm were 0.055 and 0.045 respectively, while a* y 

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* m and a* y 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 b (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 b. 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*c 490): aph°(555) resulted in the lowest modelled 

remote sensing reflectance ratio, Rrs (490): Rrs (555). The remote sensing reflectance 

ratio, Rrs ( 490) : Rrs (555), was chosen over Rrs ( 443) : Rrs (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, Rrs 

(A) 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 *(A) divided into 

four groups due to the proportion of fucoxanthin were differentiated on the plot using 

the ratio, Rrs(490): Rrs (555). The modelled and observed values showed an agreement 

at high chlorophyll a concentration ( over 4 µg r 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 Rrs (A) ratios per Chl a were smaller 

than the modelled R,.s (A) 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 Rrs (A) ratios. 
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells 1- 1) 23-April-2001 
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells 1-1) 25-April-2001 
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Nitzschia sp. 

Para/ia su/cata 
Rhizosolenia delicatu/a '\;t;:==:::::i 

Rhizosolenia shrubso/ei 

Rhizosolenia sp. 

Skeletonema cos/alum F- I 
Tha/assionema nitzschioides 

Thalassiosira mendiolana 

Thalassiosira nordenskioe/dii 

Ceratium furca 

Gyrodinium sp. 
,L-____ _... _____ ~----~ 

0.800 3.805 6.805 9.805 

□ Om 1ii18m 
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Asterione/la kariana 

Bacil/aria parf.Kioxa 

Biddulphia aurita 

Biddulphia Mobi/iensis 

Chaetoceros sp. 

Coscinodiscus lineatus 

Detonu/a coofervacea 

City/um brightw,1/ii 

Eucampia zoodiacus 

Fragilaria sp. 

Lauderia annu/ata 

Lauderia borea/is 

Melosira monilifcxmis 

Minidiscus trioculatus p 
Navicu/a sp. 

Nitzschia sp. 

Paralia su/ca/a 

Rhizoso/enia de/icatu/a 

Rhizosolenia shrubsolei 

Rhizoso/enia sp. 

CE5 (9:55 BST) 

Skeletonema costall.\'Tl :b-:z-
1 

Thalassionema nitz schioides 

Tha/assiosira mendiolana 

Tl'e/assiosira nordenskioeldii 

Ceratium furca 

Gyrodinium sp. ~----~-----~----~ 
0.800 3.805 6.805 9.805 

□ om l!l8m 



Appendix A-2 Clyde Sea Taxonomic data (No. of cells 1- 1) 25-April-2001 

CE4 I CE3 

Asterione/la kariana Asterione/la kariana 
Baci/laria paradoxa Bacillaria paradoxa 

Biddu/phia aurita Bick:lu/phia aurita 
Biddulphia Mobiliensis Biddu/phia Mobiliensis 

Chaetoceros sp. Chletoceros sp. 
Coscincdiscus lineatus Coscinodiscus lineatus 

Detonula confervacea Detonula coofervacea 
Dity/um brigh/W:llii Oily/um brightW:llii 

Eucampia zoodiacus Eucampia zoodiacus 
Fragilaria sp. Fragilaria sp. 

Lauderia annulata Lauderia annulata 
Lauderia borealis Lauderia boreali s 

Melosira moniliformis Me/osira moniliformis 

Minidiscus triocu/atus Minidiscus trioculatus 
Navicu/a sp. Navicu/asp. 

Nitzscl'ia sp. Nitzschia sp. 

Paralia sulcata Paralia su/cata 
Rhizoso/enia delicatula Rhizosolenia de/icatu/a 

Rhizosolenia shrubsolei Rhizosolenia shrubsolei 

Rhizosolenia sp. Rhizosolenia sp. 
Skeletooema costatum Ske/etonema costatum 

Tha/assiooema nitzschioides Thalassionema nitzschioides 

Thalassiosira mendio/ana Thalassiosira mendiolana 

Tha/assiosira nordenskioeldii Tf-8/assiosira nord&Jskioeldii 

Ceratium /urea Ceratium /urea 

Gyrodinium sp. Gyrodinium sp. 

O.EtOO 3.Et05 6.Et05 9.Et05 O.EtOO 3.EtOS 6.EtOS 9.Et-05 

□ Om 111112m o30m I I 

I 
~ Om l!IISm o30m 
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells 1- 1) 25-April-2001 

Asteriooel/a kariana 

Baci/laria paradoxa 
Biddulphia aurita 

Biddulphia Mobili€11sis 

Chae/oceros sp. 

Coscinodiscus lineatus 

Detonu/a confervacea 

Ditylum brightw,1/ii 

Eucampia zoodiacus 

Fragilaria sp. 

Lauderia annulata 

Lauderia borealis 

Me/osira moniliformis 

Minidiscus trioculatus 
Navicu/a sp. 

Nitzscl'la sp. 

Para/ia sulcata 

Rhizosol€11ia de/icatu/a 

Rl'lzosolenia shrubsdei 

Rhizosolenia sp. 
Skeletonema costatum pG ,. , 11 • , ., ,, .. , 1 

Tha/assiooema nitzschicides 

Tha/assiosira mendiolana 

Thalassiosira ncxdenskioeldii 

Cera ti um /urea 

Gyrcxiinium sp, 

CE2 

+------+------------! 
OEtOO 3.Et05 6.Et05 9.Et05 

oOm msm o20m 

20 



Appendix A-2 Clyde Sea Taxonomic data (No. of cells I-1) 26-April-2001 

Asterionella kariana 

Bacil/aria paradoxa 

Biddulphia aurila 

Biddulpna Mobiliensis 

Chaetoceros sp. 

Coscinodiscus /ineatus 

Detonu/a confervacea 

Oily/um bright\\ellii 

Eucampia zoodiacus 

Fragilaria sp. 

LalXieria annulata 

Lauderia borea/is 

Melosira moniliformis 

Minidiscus triocu/atus 

Navicula sp. 
Nilzschia sp. 

Paralia sulcata 

Rhizooolenia de/icatula 

Rhizoso/enia shrubso/ei 

Rhizoso/enia sp. 

Skeletonema costatum 

Thalassionema nitzschioides 

Thalassiosira mendiolana 

LS1 

Thalassiosira nordenskioeldii ) ,, , ,.,, ,,1,11, ,• ,1 m ,, ,,, . 1 ,I · 11, 11 

Cera ti um furca 

Gyrcdinium sp. -F--------+-----------
O.E+OO 3.E+C6 6.E+OS 9.E+OS 

□ om D1Cin oSOm 

21 

Asterionel/a katiana 

Bacillaria paradoxa 

Biddulphia aurita 

Biddu/phia Mobiliensis 

Chaetocero,, sp. 

Coscincdiscus lineatus 

Delonu/a confeMcea 

Oily/um brightv.ellii 

Eucampia zoodiacus 

Fragi/aria sp. 

Lauderia annulata 

Lauder/a borea/is 

Melosira moniliformis 

Minidisws triocu/atus 

Navicula sp. 

Nitzschia sp. 

Riralia su/cata 

Rhizosolenia delicatu/a 

Rhizosolenia shrubsolei 

Rhizosdenia sp. 

Ske/etonema costatum 

Thalassionema nitzschioides 

Thalassiosira meridiolana 

Tha/assiosira nordenskioeldii E§ · I 

Ceratium furca 

Gyrcdioium sp. 

RB1 

+------+-----~e-------; 

O.E+OO 3.E+OS 6.E+OS 9 E+OS 

□ om 1:!17m 0 20m 



Appendix A-2 Clyde Sea Taxonomic data (No. of cells I-1) 

Asterionel/a kariana 

Bacilfaria paradoxa 

Biddulphia aurita 

Biddulphia Mobiliensis 

Chaetoceros sp. 

Coscinodiscus lineatus 

Oetoou/a confe,vacea 

Ditylum brighfllellii 

Eucampia zaodiacus 

Fragilaria sp. 

Lauderia annulata 

Lauderia borealis 

Me/osira moniliformis 

Minidiscus triocu/atus 

Navicula sp. 

Nitzschia sp. 

Paralia su/cata 

Rhizosolenia delicatu/a 

Rhzosolenia shrubsolei 

Rhizosolenia sp. 

Ske/etonema costatum 

Thalassionema nitzschioides 

Thalassiosira merdio/ana 

Tha/assiosira nordenskiceldii 

LS3 

Ceratium /urea 

Gyrodinium sp. 
-f------r-----------!----------i 

0.800 3.805 6.805 9.805 

oom 1iD5m o15m 
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26-April-2001 

Asterioniila kariana 

Bacil/aria paradoxa 

Biddulphia aurita 

Biddu/phia Mobiliensis 

Chaetoceros sp. 

Coscinodiscus /ineatus 

Detonula confervacea 

Dityium briglioollii 

Eucampia zaodiacus 

Fragilaria sp. 

Lauderia annu/ata 

Lauderia borealis 

Melosira moniliformis 

Minidiscus triocu/atus 

N~viculasp. 
Nitzsclia sp. 

Paralia su/cata 

Rhizosclenia delicatu/a 

Rhizosolenia shrubsolei 

Rhizasolenia sp. 

Ske/etmema costatum 

Thalassiooema nifzschioides 

Tha/assiosira mendiolana 

Thalassiosira nordenskioeldii j'??= 

Ceratium /urea 

Gyrodinium sp. 

LS2 

+-------+-------------< 
0.800 3.805 6.805 9.805 

□ om m5m o20m 



Appendix A-2 Clyde Sea Taxonomic data (No. of cells I-1) 26-April-2001 

Asterionella kariana 

Bacillaria paradoxa 
Biddulphia aurila 

Biddu/phia Mobiliensis 

Chaetoceros sp. 

Coscioodiscus lineatus 

Detonula confervacea 

Ditylum brightv.ellii 

Eucampia zoodiacus 

Fragi/aria sp. 

Lauderia annulata 

Lauderia borea/is 

Melosira moniliformis 
Minidiscus trioculatus 

Navicu/asp. 

Nitzsc/ia sp. 

Paralia su/cata 

Rhizosolenia delicatula 

Rhizosolenia shrubsolei 

Rhizoso/enia sp. 

Skelelonema costatum 

Thalassionema nilzschioides 

Tha/assiosira mendio/ana 
Thalassiosira nordenskioeldii 

Ceratium /urea 

Gyrodinium sp. 

LR1 

+--------+-------;-------1 

0.8-00 3.8-05 6.8-05 9.8-05 

aOm llil 10m o 18m 
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Appendix A-2 Clyde Sea Taxonomic data (No. of cells 1-1) 27-April-2001 

WK1 IW2 

Asterione/la kariana Asterimella kariana 

88cillaria paradox a 88cil/aria paradoxa 

Biddulphia aurita Biddu/phia aurita 

Biddulphia Mobiliensis Biddulphia Mobiliensis 

C/aetoceros sp. Chaetoceros sp. 

Coscinodiscus lineatus Coscinodiscus /inootus 

Detonula con/ervacea Detonula confervacea 

Cltyf um brightv.e/lii Oily/um brigh~'l;l/ii 

Eucampia zoodiacus Eucampia zoodiacus 

Fragilaria sp. Fragilaria sp. 

Lauderia annulata Lauderia annulata 

Lauderia borea/is Lauderia borealis 

Melosira moniliformis Me/osira moniliformis 

Minidiscus trioculatus Minidiscus trioculatus 

Navicu/asp. Navicu/a sp. 

Nitzschia sp. Nitzschia sp. 

Para/ia su/cata Paralia su/cata 

Rtizosolenia de/icatu/a Rhizosc/enia de/icatula 

Rhizosolenia shrubsolei Rhizoso/enia shrubsc/ei 

Rhizosolenia sp. Rhizoso/enia sp. 

Ske/etonema cos/alum Skeletmema costatum 

Thalassionema nitzsctioides Tha/assionema nitzschioides 

T/a/assiosira mendiolana Tha/assiosira merdic/ana 

Thalassiosira nordenskioe/dii Thalassiosira fl(Xdenskioeldii 

Ceratium /urea Ceratium /urea 

Gyrodinium sp. Gyrodinium sp. 

0.800 3.805 6.805 9.805 0.800 3.Et05 6.805 9.Et05 

□ om m15m □ 30m □ om li!l 10m o40m 
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Appendix A-3 Irish Sea Taxonomic data (No. of cells 1-1) 

Station 1 

Biddu/phiopsis li/iana 
Brockmanniella brockmannil 

Chaetoceros danicum mll!lmmil!I 

Coscinodiscus eccentrica 
Coscinadiscus lineatus 

Coscinodiscus sp. ~ 

Detonula confeNacea 
Guinardia flaccida 

Gyrosigma attenuatum 
~ Leptocy/indrus danicus -2 
~ Navicula sp. 

Nitzschia sp. 
Rhizoso/enia ala/a 

Rhizosolenia delicatula 

Rhizosolenia setioera = 
Rhizoso/enia shrubsa/ei ',. O." II 

Rhizosolenia stolterfothii 

Rhizosolenia styliformis 
Thalassiosira sp. 

Ceratium turca 
Ceratium tusus = 

Ceratium lineatum '-'---' 

Ceratium tripos 

Dinophysis acuta 
,!: Gonyau/ax spinifera -~ Gymnodinium tuscum 
~ Gyrodinium aureolum '' '' ~ 
() Gyrodinium spirate 
~ Noc/i/uca scintillans 

Prorocentrum micans am 
Pro/operidinium depressum 

Pyrodinium bahamense 

Flagellates I I •I ll.II II 11, I 

0,(£-1{)0 60E-+-04 13:-1{)5 

l □ (rnlill1(rn l 

06-August-200 I 

Biddu/phiopsis litiana 
Brockmanniella brockmannil 

Chae /aceros danicum "''' 

Coscinodiscus eccentric a 
Coscinodiscus lineatus 

Coscinodiscus sp. "''"' 

Delonula confeNacea 
Guinardia flaccida 

i 
Gyrosigma allenuatum 
L eptocy/indrus danicus 

~ Navicu/a sp. 
Nitzschia sp. 

Rhizosolenia a/ala 
Rhizoso/enia delica/ula 

Rhizoso/enia setigera 
Rhizoso/enia shrubso/ei I , UI FU 1tn•11 

Rhizoso/enia stol/erfolhii 
Rhizosotenia s/yliformis 

Thalassiosira sp. 

Ceratium furca , I ll' l llll, 

Ceratium tusus "' 

Ceralium Jineatum ~ 
Ceratium tripos ~ 

Dinophysis acuta 
,!: Gonyaulax spinifera 
~ Gymnodinium fuscum 
~ Gyrodinium aureolum 1·1 11111·'111, 

~ 
() Gyrodinium spirate 
~ Nocti/uca scintillans ~ 

Prorocentrum micans ~ 
Protoperidinium depressum 

Pyrodinium bahamense 

Flagellates 1·111 1·1 

0 0EtOO 

Station 2 

6.0E-+-04 

I □ (rn ED 7m I 

25 
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Appendix A-3 Irish Sea Taxonomic data (No. of cells I-1) 

[: 
2 
~ 

~ 
~ 
~ 
~ 
() 

B 

Biddul{i1iopsis liliana 
Brockmanniel/a brockmannil 

Chae/oceros danicum '' ' '" 

Coscinodiscus eccentric a 
Coscinodiscus lineatus 

Coscinodfscus sp. 

Detonula contervacea 
Guinardia f/accida 

Gyrosigma attenuatum 
Lep/ocy/indrus danicus = 

Navicu/a sp. 
Nitzschia sp. 

Rhizosolenia alata = 
Rhizosolenia delicatu/a " 

Rhizoso/enia setigera 
Rhizoso/enia shrubso/ei 

Rhizosolenia stolterfothii 
Rhizosolenia s/y/iformis 

Thalassiosira sp. 

Ceralium /urea ~ 

Ceratium fusus :::i 

Ceratium lineatum = 
Ceralium tripos 

Dino{iiysis acuta 
Gonyau/ax spinifera 

Gym nodinium fuscum = 
Gyrodinium aureolum ~ 

Gyrodinium spirate --' 

Noctiluca scintillans ___. 
Prorocentrurn micans iiiiiiiimiil 

Protoperidinium depressum 
Pvrodinium bahamense 

Aaoellales '. 

O.OE-tOO 

Station 3 

6(£-t-04 

l □ Q-nrn11m l 

1.2E+05 

06-August-2001 26 



Appendix A-3 Irish Sea Taxonomic data (No. of cells 1-1) 07-August-2001 27 

Station 4 Station 6 

Biddu/phiopsis titiana = Biddu/phiopsis litiana i,,,,,,:, 

Brockmanniel/a brockmannil 
__, 

Brockmanniella brockmannil 
Chaetoceros danicum Chaetoceros danicum 

Coscinodiscus eccentrica - Coscinodiscus eccentrica 
Coscinodiscus lineatus Coscinodiscus lineatus 

Coscinodiscus sp. Coscinodiscus sp. ~ 

Detonula confervacea Detonula confervacea 
Guinardia flaccida Guinardia naccida "" 

Gyrosigma a/lenuatum 

t Lep/ocvlindrus danicus 
Gyrosigma af/enuatum 

t Leptocy/indrus danicus 

i Navicula sp. '' i Navicu/a sp. 
Nitzschia sp. Nitzschia sp. 

Rhizoso/enia a/ala Rhizoso/enia ala/a 
Rhizosolenia delicatuta - Rhizoso/enia delicatu/a ~ 

Rhizosolenia setigera Rh1zoso/enia setigera " 

Rhizosolenia shrubsolei Rhizoso/enia shrubso/ei 
Rhizosolenia stolterfothii Rhizoso/enia stolterfothii 

Rhizosolenia styliformis Rhizosolenia sty/iformis -Tha/assiosira sp. e== Thalassiosira sp. 

Ceratium /urea Ceratium {urea '" 

Ceratium fusus Ceratium fusus ~ 

Ceratium lineatum l"lll' Ceratium lineatum 
Ceratium tripos ~ Ceratium tripos 

Dinophysis acuta ' ' , , Dinophysis acuta 

~ Gonyaulax spinifera ~ 

!1 Gymnodinium fuscum mmim 
~ Gyrodinium aureo/um 
~ 
(l Go;rodinium spirate 
~ Noctiluca scintillans ~ 

~ Gonyau/ax spinifera 
!1 Gymnodinium fuscum 
~ Gyrodinium aureolum ,-'---,-!1 
(l Gyrodinium spirate ~ 

~ Noctiluca scintillans 

Prorocentrum micans , ·" Prorocentrum micans >--' 

Pro/operidinium depressum ~ Protoperidinium depressum 

Pyrodinium bahamense Pyrodinium bahamense 
..._. 

Flagellates " Flagellates 

O.OE-+00 6.0E-t04 1.2E~ 0 (f-t(XJ 6.0E-t04 1.2E~ 

1 □ 011 IIll11m l ID 011 Ill 10m D :'511 I 



Appendix A-3 Irish Sea Taxonomic data (No. of cells 1-1) 07-August-2001 28 

Station 7 Slation 8 

Biddu/phiopsis litiana = Biddulphiopsis titiana 

Brockmanniel/a brockmannil "" Brockmanniella brockmannil c--, 

Chaetoceros danicum :::i Chaetoceros danicum 

Coscinodiscus eccentrica Coscinodiscus eccentric a 

Coscinodiscus /ineatus ~ Coscinodiscus lineatus 
_____, 

Coscinodiscus sp. = Coscinodiscus sp. >---' 

Detonu/a confervacea "" Detonula confervacea 

Guinardia naccida m,mm:-' Guinardia flaccida 

Gvrosioma attenuatum 

~ Leptocy/indrus danicus -
~ Navicu/a sp. -

Gyrosigma attenuatum 1--'------'-'= 

~ Leptocy/indrus danicus 

~ Navicula sp. -
Nitzschia sp. Nitzschia sp. 

Rhizosolenia a/ala - Rhizosolenia ala/a ~ 

Rhizosolenia delicatula ---, Rhizosolenia delicatula 

Rhizosolenia se/igera Rhizosolenia seligera 

Rhizoso/enia shrubso/ei Rhizosolenia shrubsolei "' · '"·' '"' ' 

Rhizosolenia stolterfothii Rhizosolenia stolterfothii 

Rhizosolenia stylitormis - Rhizoso/enia styliformis 

Tha/assiosira sp. Tha/assioska sp. f----' 

Ceratium /urea " "' Ceratium /urea ~ 

Ceratium fusus Ceralium fusus pmmm 

Ceratium lineatum 
b Ceratium /ineatum ~ 

Ceratium tripos - Ceralium tripos ~ 

Dinophysis acuta ~ Dinophysis acuta P 

~ Gonyaulax spinitera 
~ Gvmnodinium tuscum 
~ '" ",, 

~ Gyrodinium aureolum 
C) GyrodimiJm spirate lllDllll!OII 

~ Noctiluca scintillans ~ 

~ Gonyau/ax spinifera 
~ Gymnodinium fuscum Q) 

Cl Gyrodinium aureolum , ... ,' 

~ 
C) Gyrodinium spirate 
~ Nocti/uca scintillans 

Prorocentrum micans 
_____, 

Prorocentrum micans ~ 

Pro/operidinium depressum r-----, Protoperidinium depressum P 

Pyrodinium bahamense Pyrodinium bahamense t-:::, 

Flagellates Flagellates 

O.OE-IOO 6.0E-t-04 12Et05 O.OE-IOO 6.0E-t-04 1.2Et05 

l □ Onlll10m □ 25'n l l □ 0nDil1 0n □ 25'nl 



Appendix A-3 Irish Sea Taxonomic data (No. of cells 1-1) 07-August-2001 29 

S!atioo 9 

Biddu/phiopsis titiana = 
Brockmannie//a brockmannil = 

Chae/oceros danicum 
Coscinodiscus eccentrica 

Coscinodiscus lineatus 
Coscinodiscus sp. ~ 

Detonula confervacea 
Guinardia f/accida 

Gyrosioma attenuatum 
~ Leptocy/indrus danicus ~ 

~ Navicula sp. 
Nitzschia sp. 

Rhizoso/enia ala/a 
Rhizosolenia delicatula 

Rhizosolenia setioera 
Rhizosolenia shrubsolei 

Rhizosolenia stollerfothii 
Rhizoso/enia styliformis 

Tha/assiosira sp. I====: 

Ceratium turca ,. '''"' 

Ceratium fusus = 
Ceratium lineatum ~ 

Ceralium tripos 
.__., 

Dinophysis acuta 

.'!! Gonyau/ax spinitera 
~ Gymnodinium fuscum 
~ Gyrodinium aureolum ~ ~ 
() Gyrodinium spirate 
~ Nocti/uca scinlillans P 

Prorocentrum micans ~ 
P10/operidinium depressum 

Prrodinium bah am ense = 

Ftauellates = 
O.OE-+00 60E-t-04 1.2E~ 

I D Cm l!!l 1Crn D 2frn I 



Appendix A-3 Irish Sea Taxonomic data (No. of cells I-1) 08-August-2001 30 

Station 11 Station 12 

Biddulphiopsis titiana Biddutphiopsis titiana 
Brockmanniel/a brockmannil Brockmannie//a brockmannil to 

Chaetoceros danicum Chae/oceros danicum 
Coscinodiscus eccentrica Coscinodiscus eccen/rica 

Coscinodiscus lineatus Coscinodiscus lineatus ~ 

Coscinodiscus sp. Coscinodiscus sp. 
Detonula confervacea Detonu/a confervacea "'"'' 

Guinardia naccida Guinardia naccida 
Gyrosigm a attenuatum Gyrosigma attenua/um 

~ Lep/ocy/indrus danicus f Lep/ocylindrus danieus 2 
~ Navicula sp. -- ~ Navicula sp. 

Nitzschiasp. Nilzschia sp. 
Rhizosolenia ala/a Rhizoso/enia a/ala =,:::m 

Rhizosolenia delicalula Rhizosolenia delieatula "'" 

Rhizosolenia se/(qera Rhizosolenia se/igera ". '"' 

Rhizosolenia shrubsolei Rhizoso/enia shrubsolei ' ', .. '' 

Rhizosolenia stolterfothii ~ Rhizosolenia stollerfolhii 
Rhizosolenia s/yliformis "''' " Rhizosolenia styliformis 

Thalassiosira sp. Thalassiosira sp. ~ 

Ceratium turea Ceratium turea '" 

Ceralium tusus Ceratium tusus .,., 
''" 

Cerafium linealum Ceratium lineatum 
Ceralium tripos ~ Ceralium tripos · " ... 

Dinophysis acu/a Dinophysis acuta · · "··· 

ll:! Gonyau/ax spinifera <ll Gonyau/ax spinifera 
~ Gymnodinium fuscum ~ Gymnodinium fuscum 
~ Gyrodinium aureolum 

__. ~ Gyrodinium aureolum 
~ ~ 
~ Gyrodinium spirate () Gyrodinium spirate 
~ NocU/uea scinfil/ans - ~ Noefiluca scinfillans 

,___. 

Proroeenfrum micans " Proroeentrum mieans ~ 
Pro/operidinium depressum 

~ Pro/operidinium depressum 
Pyrodinium bahamense Pyrodinium bahamense 

Flagella/es Flagella/es ~ 

0 OE-+00 6.0E-+-04 1.2E+05 O.OE-+00 60E-t-04 1.2E+05 

i □ Qnm1om □ 40m l i □ Qn fill 15'n □ Tu l 



Appendix A-3 Irish Sea Taxonomic data (No. of cells 1-1) 

8/ddu!phiopsis titiana 

Bro1:kmannielfa brockmannil 
Chaetoceros danicum 

Coscinodiscus eecentrica 
Coscinodiscus lineatus f--"-' 

Coseinodiseus sp. 

Detonula eonfervacea '' 

Guinardia flaccida 

~ 
Gyrosigma attenuatum 
Lep/ocylindrus danicus 

~ Navicula sp. 
~ 

Nitzschia sp. 

Rhizosolenia ala/a = 
Rhizosolenia delicatula ~ 

Rhizosolenia setigera 
Rhizosolenia shrubso!ei 

Rhizosolenia stolterfolhii = 
Rhizosolenia stylitormis 

~ 

Thalassiosira sp. 

Ceratlum /urea '' '"' 

Ceratium fusus 
Ceratium /ineatum 

Ceratium tripos 

Dinophysis acuta 

.'!: Gonyaulax spinlfera 
~ Gymnodinium tuscum 
~ Gyrodinium aureolum ~ 
() Gyrodinium sp/rate 
~ Noetiluea Sein/ii/ans ~ 

Proroeentrum mioans 
Protoperidinium deoressum 

:::, 

Pvrodinium bahamense ----, 

Flagellates 

O.OE+OO 

Station 13 

I 

60Et04 

! □ (xnl!l1fm □ 26m l 

12Effii 

08-August-200 l 31 

Station 14 

Biddulphiopsis titiana c::w 
Broekmannie!la brockmannil c=J 

Chaetoceros danicum 

Coseinodiseus ecaentriea 
Cosclnodiscus /inealus 

Coscinodlscus sp. 
Detonula confervar:ea c===i 

Guinardia Oaecida 
Gyrosigma attenuatum 

§ Leptocytindrus danicvs 

~ Navioula sp. 
Nitzsohia sp. 

Rhizosolenia ala/a 
Rhizosolenia delicalt1la 

Rhizosolema setiaera ' 
Rhizosolenia shrubso/ei 

Rhizoso/enia stolterfolhii 
Rhizosolenia sty/iformis 

Thalassiosira sp. 

Ceralium /urea i:==:::::i 
Ceratium fusus p 

Cefi!lium lineatum 
Ceratium tripos 

Dinophysis acuta 

.'!: Gonyaulax spinifera 
~ Gymnodinium fuscum □ 
~ Gyrodinium at1reolum b 
"' ;;:: 
() Gyrodinium spirate 
~ Noctiluva sc/ntil/ans ;::::::~ 

Prorocentrum micans 
Protoperidinium depressum 

PyrodJnium bahamense 

Ragel/ales ~ 

O.OEtOO 6.0E+o4 1.2E-+05 

1° txn I 
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Statim 15 

Biddu/phiopsis tiliana 

Brockmanniella brockmannil 
Chaetoceros danicum :::=::J 

Coscinodiscus eccentric a 
Coscinodiscus lineatus 

Coscinodiscus sp. 

Detonula confervacea 
Guinardia Uaccida 

Gyrosioma attenuatum 
E: Leptocylindrus danicus ~ 

~ Navicula sp. 

Nitzschia sp. 
Rhizosolenia ala/a c::::J 

Rhizosolenia delicatula ===i 

Rhizosolenia setigera c::::::::J 

Rhizoso/enia shrubso/ei 
Rhizoso/enia stolterfothii 
Rhizoso/enia styliformis 

Tha/assiosira sp. 

Ceratium furca 
Ceratium fusus 

Ceratium /ineatum 
Ceratium tripos 

Dinophysis acuta 

~ Gonyaulax spinifera 
~ Gymnodinium fuscum 
~ Gyrodinium aureolum 
~ 

Gyrodinium spirate 0 

~ Noctiluca scintillans D 

Prorocentrum micans 
Protoperidinium deoressum 

Pyrodinium bahamense 

Flagellates c::::J 

O.OE-+00 6.0E+o4 1.2E+ai 

1° ()n I 
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Station 16 Station 17 

Biddu/phiopsis liliana Biddu/phiopsis litiana 
Brockmanniel/a brockmannil Brockmanniel/a brockmannil 

Chae/oceros danicum Chae/oceros danicum 
Coscinodiscus eccentric a Coscinodiscus eccentric a 

Coscinodiscus linealus Coscinodiscus /ineatus 
Coscinodiscus sp. Coscinodiscus sp. 

Delonu/a confervacea ,. Detonula confervacea ~ 
Guinardia naccida Guinardia ffaccida = 

~ 
Gyrosiama altenua/um 
Lep/ocy/indrus danicus 

~ Navicula sp. ~ 

Gyrosiama attenuatum mnm 

~ Leptocy/indrus danicus II '! I '' '' 

~ Navicula sp. 
Nilzschia sp. ~ NHzschia sp. 

Rhizoso/enia ala/a Rhizosolenia ala/a 
Rhizoso/enia delicatula Rhizosolenia delicatula 

Rhizosolenia setiuera Rh1zosolenia setiaera ll!IIIllllm&ili 
Rhizosolenia shrubso/ei Rhizoso/enia shrubso/ei " 

Rhizoso/enia stollerfolhii Rhizoso/enia s/ollerfolhii 
Rhizosolenia styliformis Rhizosolenia sty/iformis 

Tha/assiosira sp. f------1 Tha/assiosira sp. 

Ceratium /urea Ceratium /urea 

Ceratium fusus ., , ' ' ' Ceratium fusus ~ 
Ceratium linealum Ceratium /inea/um r ,., , 11u.,1 

Ceralium tripos ,, Ceratium tripos 

Dinophysis acula Dinophysis acu/a 

.!: Gonyau/ax spinifera 
~ Gymnod1nium fuscum 
~ Gyrodinium aureolum :::, 
~ 
() Gyrodinium spirate 
~ Nocti/uca scinlillans 

Q) Gonyaulax spinifera 
~ Gymnodinium tuscum 
~ Gyrodinium aureo/um 
~ 
() Gyrodinium spira/e !ml 

~ Nocli/uca scinlil/ans ~ 
Prorocentrum micans ~ Prorocenlrum micans □ 

Protoperidinium depressum 
__, 

Pro/operidir11um depressum 

Pyrodinium bahamense Pyrodinium bahamense 

Flaaellates Ftaaellates I I, . . , 11·111 '''",.,,,I 

OOE-t{X) 6 OEt-04 1.2E-t05 OOE-t{X) 6.0Et-04 12E·l{)5 

! □ tmm15m □ 30m l ! □ tm 110m l 
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Station 18 Station 19 

Biddulphiopsis titiana Biddu/phiopsis titiana =i 

Brockmanniel/a brockmannil Brockmanniella brockmannH □ 

Chae /oceros danicum Chaetoceros danicum 

Coscinodiscus eccentrica '' Coscinodiscus eccentrica "" 

Coscinodiscus lineatus Coscinodiscus lineatus -.-..::-

Coscinodiscus sp. = Coscinodiscus sp. = 
Detonula confervacea " " Detonula confervacea 

Guinardia flace1da Guinardia flaeeida 

Gvrosioma attenuatum Gyrosigma attenuatum 

~ Lep/ocylindrus danicus g Leptocylindrus danicus 

~ Navicula sp. l Navicula sp. 

Nitzschia sp. Nitzschia sp. 

Rhizosolenia ala/a Rhizosotenia ala/a 

Rhizosolenia delicatula ~ Rhizosolenia delicatula 

Rhizosolenia setigera Rhizoso/enia setigera imir"" 

Rhizosolenia shrubsolei Rhizoso/enia shrubsolei P 

Rhizosolenia stolterfolhii I---, Rhizosolenia stolterfothii 

Rhizosolenia stvlitormis Rhizoso/enia s/y/iformis ~ 

Thalassiosira sp. Thalassiosira sp. 

Ceratium furea " ' Ceratium /urea 

Ceratium fusus Ceratium fusus 

Ceratium lineatum Ceratium lineatum 

Ceratium tripos I---, Ceratium tripos 

Dinophysis acuta Dinophysis acuta "'' 

~ Gonyaulax spinifera Ill Gonyaulax spinifera 
~ Gymnodinium fuscum ~ Gvmnodinium fuscum -~ Gyrodinium aureolum 

:;::, ~ Gyrodinium aureolum 
~ ~ 
() Gyrodinium spirate - () Gyrodinium spirate 

~ Nocti/uca scintillans = ~ Noetiluca scinlillans ;-----
Prorocentrum micans Proroeentrum mieans 

Protoperidinium depressum = Protoperidinium depressum = 
Pyrodinium bahamense "'' '' Pyrodlnium bahamense = 

Ftaoellates Flagellates " 

O.OE-+00 60E-t-04 1.2Et{X5 O.OE-+00 6.CE-t-04 12Et{X5 

l □ (l'nllil1ooi □ 30rn l l □ (l'n liD 1001 □ 2ooi l 
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Station al Station 21 

Biddu/phiopsis Ii/Jana Biddulphiopsis litiana 
Broekmannie//a broekmannil Broekmanniella broekmannil 

Chae/oeeros danieum Chaetoeeros danieum 
Coseinodiseus eeeentriea Coseinodiseus eeeentriea 

Coseinodiseus lineatus Coseinodiseus lineatus 
Coseinodiseus sp. Coseinodiseus sp. 

Detonula eonfervaeea "'' Detonula eonfervaeea I I ll U111 

Guinardia Uaeeida c..;.._J Guinardia Daeeida 11,1 

! 
Gyrosioma attenuatum 
Lep/oey/indrus danieus '' ' " 

Gyrosigma attenuatum 
E: Lep/oeylindrus danieus ' ' 

, ,,. It 

2 
~ Navieu/a sp. ~ Navicula sp. 

Nitzsehia sp. Nitzsehia sp 
Rhizosolenia a/ala Rhizosolenia ala/a 

Rhizosolenia delieatula ' " Rhizosolenia delieatula " ' 

Rhizosolenia se/igera iiiiiimiil Rhizoso/enia setigera liiiiiiim? 
Rhizoso/enia shrubsolei '----' Rhizosolenia shrubsolei 

Rhizoso/enia stol/erfolhii Rhizosolenia stolterfothii 

Rhizoso/enia styliformis Rhizosolenia styliformis 
Tha/assiosira sp. Thalassiosira sp. 

Ceratium /urea l!mmDmm Ceratium /urea 

Ceralium tusus - Ceratium tusus '--' 

Ceratium lineatum " Ceratium lineatum II I I 

Ceratium tripos Ceralium tripos 

Dinophysis aeuta Dinophysis aeuta -~ Gonyau/ax spinifera 
~ Gymnodinium fuseum 
~ Gyrodinium aureolum ~ 
Cl Gyrodinium spirate 
~ Noetiluea seintil/ans 

Ql Gonyaulax spinifera 
~ GYmnodinium fuseum 
~ Gyrodinium aureolum 
~ 
Cl Gyrodinium spirate 
~ Noetiluea seintillans mm? 

Proroeentrum mieans Prorocentrum mieans 

Pro/operidinium depressum Protoperidinium depressum 

Pyrodinium bahamense Pyrodinium bahamense mm 

Flagella/es Flagellates 

O.OE-tOO 6 OE+04 1.2Et05 O.OE-tOO 60E+04 1.2Et05 

[ □ (l'n li!l10m [ [ □ Onl!ll15'n [ 
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Biddu!phiopsis titiana ~ 
Brockmanniel/a brockmannil iii? 

Chaetoceros danicum ~ 
Coscinodiscus eccentrica m 

Coscinodiscus lineatus 
____, 

Coscinodiscus sp. 

Detonu/a confervacea ~ 
Guinardia naccida ......... 

Gyrosiama attenuatum 

~ Leptocy/Jndrus danicus i;;;i 

~ Navicula sp. 

Nitzschia sp. = 
Rhizosolenia a/ala 

Rhizosolenia delica/ula ~ 
Rhizoso/enia seliaera 

Rhizosolenia shrubsolei = 
Rhizosolenia stollerfothii = 
Rhizosolenia styliformis :::i 

Thalassiosira sp. l!l!ir' 

Ceratium /urea ~ 

Ceratium fusus = 
Ceratium lineatum ......... 

Ceratium tripos 
Dinophysis acuta = 

.!:! Gonyaulax spinifera :::i 

~ Gymnodinium fuscum 
~ Gyrodinium aureolum ~ 
~ 
() Gyrodinium spirate """' § Noctiluca sc1ntillans ~ 

Prorocentrum micans 
Protoperidinium deoressum 

Pyrodinium bahamense 

Flagellates '--' 

O.OE-tOO 

Station 23 

6 OE+o4 

l □ ()n m 1 0rn □ 25m l 

12E-t-05 
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Station 24 

Biddu/phiopsis titiana 

Brockmanniel/a brockmannil 
Chaetoceros danicum re=:, 

Coscinodiscus eccentrica ~ 
Coscinodiscus lineatus 

Coscinodiscus sp. 

Delonula contervacea ~ 
Guinardia naccida '--"' 

Gyrosigma altenuatum 
E: Leptocy/indrus danicus () 

~ Navicula sp. ......... 

Nilzschia sp. :::, 
Rhizosolenia ala/a 

Rhizosolenia de/icatu/a er' 
Rhizosolenia seligera '"'" 

Rhizosolenia shrubso/ei 
Rhizoso/enia slolterfolhii 
Rhizoso/enia s/y/iformis 

Tha/assiosira sp. ~ 

Ceratium /urea " · "·" " "' 

Ceratium fusus 
Cera/ium lineatum ~ 

Ceratium tripos 
Dinophysis acu/a ~ 

~ Gonyau/ax spini /era 
~ Gymnod1nium fuscum "" 
~ Gyrodinium aureolum p "" 
~ 
() Gyrodinium spirate 
§ NocU/uca scintil/ans ~ 

Prorocenlrum micans ' ' "' 

Pro/operidinium depressum 
Pyrodinium bahamense b 

Flagellates 

O.OE-tOO 60Et04 1.2E-t-05 

l □ ()nm1!Jn □ 25m l 
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Biddulphiopsis li/iana "" 

Brockmanniella brockmannil = 
Chaetoceros danicum !mlmm 

Coscinodiscus eccentric a 
Coscinodiscus lineatus iilimmmmm 

Coscinodiscus sp. -Detonula confervacea -Guinardia naccida amil 
Gyrosiuma attenuatum boll 

E= Leptocylindrus danicus ~ 

~ Navicula sp -Nitzschia sp. 
Rhizoso/enia a/ala "'" II 

Rhizosolenia delicatula 

Rhizosolenia setiuera 
Rhizoso/enia shrubso/ei .-.. 

Rhizosolenia stolterfothH , 
Rhizoso/enia styliformis 

Tha/assiosira sp. m!JllllilijD 
~ 

Ceratium furca ,., ' 

Ceratium fusus ~ 
Ceratium lineatum 

Ceratium tripos 
Dinophysis acuta 

~ Gonyau/ax spinitera 
~ Gymnodinium fuscum 
~ Gyrodinium aureo/um ~ ~ 
(l Gyrodinium spirate 
i Noctiluca scintillans 

Prorocentrum micans 
Protoperidinium depressum 

Pyrodinium bahamense ~ 

Flauellates 

O.OE-tm 

Station 25 

60E-t-04 

l □ ()nfillfm l 

1.2Et{l5 

10-August-2001 37 
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E: 
-8 
~ 

.l!! 
,!)! 
Ql 
tll 

,!)! 
"-' 
Cl 

i 

Biddulph/a sinensis 

Biddulphiopsis /itiana 

Coscinodiscus lineatus 

Detonu/a confervacea 

Lep/ocy/indrus danicus 

Navicu/a sp. 

Para/la su/cata 

Pleurosigma sp. 

Rhizosolema shrubso/ei 

Rhizosolenia sp. 

Rhizosolenia stolterfothii 

Skeletonema cos/alum 

Tha/assiosira mendio/ana 

Ceratium /urea 

Ceratium fusus 

Ceratium lineatum 

Gymnodinium fuscum 

Gyrodinium sp. 

Flagellates 

O.EtOJ 

Station 1 

4.E-+D4 8.E-+D4 

j □ Cm Im 17m □ 37m j 

38 

26-November-2001 

Station 2 

Biddu/phia sinensis '' 

Biddu/phiopsis titiana 

Coscinodiscus lineatus " 

Detonula contervacea 

Leptocylindrus danicus = 
Navicula so. ~ 

Para/la su/cata 

~ Pleurosigma sp. 
~ 

Rhizosolenia shrubsolei = 
Rhizosolenia sp. -

Rhizosolenia stoltertothii -
Skeletonema cos/alum ~ 

Thalassiosira mendiolana -
Ceratium /urea 

Ceratium tusus 

~ Ceratium lineatum §! 
~ Gymnodinium tuscum ;)g 
Cl 

~ Gyrodinium sp. 

Flagellates 

O.E-+00 4.E-I04 8.E-I04 

[ □ 0m111112m □ 41m [ 
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Station 3 

Biddulph/a sinensis 

Biddulphiopsis titiana 

Coscinodiscus lineatus 

Detonu/a confervacea 

Leptocylindrus danicus Piilil!KIIElill 

Navicula sp. 

Para/la su/cata ,,.,,, 

Ee 
Q P/eurosi{Jma sp. 
~ 

Rhizoso/enia shrubso/ei i:::== 

Rhizosolenia sp. t:=J 

Rhizoso!enia stolterfothii 

Ske!etonema cos/alum t:=J 

Tha!assiosira mendiolana 

Ceratium furca l!!!ll!ll 

Ceratium fusus 
~ 

Cera tium linea tum ,!11 
Qj 
ci, Gymnodinium fuscum ,!11 .._ 
C) 

Gyrodinium sp. ~ 

Flagellates 

O.E-+ffi 4.E-+04 8.E-+04 

I DO'n 6il 12m D 4frn I 

39 
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Station 4 

Biddulphia sinensis ~ 

Biddulphiopsis litiana 

Coscinodiscus lineatus 

Detonula confervacea 

Leptocylindrus danicus 

Navicula sp. -
~ 

Para/is sulcata 
E: 
Q Pleurosigma sp. !l1 
'ti 

Rhizoso/enia shrubso/ei = 
Rhizosolenia sp. --~ Rhizosolenia stolterfothii 

Skeletonema cos/alum 

Thalassiosira mendiolana 

Cera#um furca 

Ceratium fusus -.'l! Cera#um lines/um -!!> 

" c,, 
Gymnodinium fuscum -!!> 

" () 

~ Gyrodinium sp. 

Flagellates t::::J 

O.E+OO 4.E+04 8E+o4 

l □ omlil11m □ 31m I 

40 

27-November-2001 

E: 
Q 

~ 

.'l! 
-!!> 

" ~ 
"" () 

.~ 
'ti 

Biddulph/a sinensis 

Biddu/phiopsis #tiana 

Coscinodiscus lines/us 

Detonula confervacea 

Leptocylindrus danicus 

Navicula sp. 

Para/is sulcata 

Pleurosioma sp. 

Rhizosolenia shrubso/ei 

Rhizosolenia sp. 

Rhizosolenia stolterfotf11i 

Skeletonema cos/alum 

Tha/assiosira mendiolana 

Cera#um furca 

Cera#um fusus 

Cera#um lines/um 

Gymnodinium fuscum 

Gyrodinium sp. 

Flagellates 

O.E+OO 

Station 5 

4.E+04 8.E+04 

l □ 0mll!l8m □ 11m l 
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E: 
-8 
~ 

.'!l 
,'11 
'ijj 
Cl) 

,S! 
"' () 

:@ 

Btddulphia sinensis 

Biddulphiopsis ttliana 

Coscinodiscus linea /us 

Detonula confervacea 

Leptocylindrus danicus 

Navicula sp. 

Paralia sulcata 

Pleurosigma sp. 

Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenia stolterfothti' 

Skeletonema cos/alum 

Thalassiosira mendiolana 

Cera tium !urea 

Ceratium fusus 

Ceratium lineatum 

Gymnodinium fuscum 

Gyrodinium sp. 

Flagellates 

O.E+al 

Station 6 

□ 

4.E-+01 8.E-+01 

I □ 011 liil 1011 o 25-n I 

41 

27-November-2001 

Biddulph/a s1nensis 111 1 ' 
Biddulphiopsis titiana -Coscinodiscus lineatus ll il 

Detonula confervacea ~ 
Leptocylindrus danicus 

Navicula sp. Imm 

Pa 1alia sulca ta .=:i E: 
-8 P/eurosigma sp. 
.l\J -Q 

Rhizosolenia shrubsolei " 
Rhizosolenia sp. i!lWlillwlll 

Rhizosolenia sto/terfolh1i 

Skeletonema cos/alum LIUll!l!Wlw.w!w 

Thalassiosira mendiolana 

Ceratium /urea 

Ce,atium fusus 
.'!! 
,!'l Ceratium lineatum 
'ijj 
Cl) 

Gymnodinium fuscum -!!! 
' () 

Gyrodinium sp. t 

Flagella /es ~ 
O.E+al 

Station 7 

' 1111 

' ' ' ., ' 

' " 

' 

.. 

4.E-+01 

l □ o-nl!04m l 

8.E-+01 



Appendix A-4 Irish Sea Taxonomic data (No. of cells I- 1) 27-November-2001 

Station 8 

81ddulphia sinensis '·" 
' ' 

,,, 

Biddulphiopsis titiana 

Coscinodiscus lineatus ' " ' 
Detonula confervacea 

Leptocylindrus danicus ~ 
Navicula sp. -

Paralia sulcata 
t 
~ Pleurosigma sp. " ''"""""' I 

~ 
~ Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenia stolterfothii ' 

Skeletonema cos/alum 

Thalassiosira mendiolana 

Ceratium !urea bmnil 
Ceratium fusus 

r---, 

~ 
Ceratium lineatum ,'.11 

Q] 
0, Gymnodinium fuscum ,'.11 -.:: 
Cl 

Gyrodinium sp . .c: 
'ci 

Flagella /es p 
O.E+CO 4.E-t04 8.E-t04 

I □ On llll 3.frn I 

42 
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E: 
Q 

~ 

~ 
~ 
Qi c:,, 
~ 
'-
Cl 

~ 

Station 9 

Biddulph/a sinensis 11111 """''' I Ill! 11• '"" 

81ddulphiopsis titiana 

Coscinodiscus linea /us '' '' 

Detonula confeNacea 

Leptocylindrus danicus 

Navicula sp. i=::::i 
t:= 

Paralia sulcata "'' '"" 
~ 

Pleurosigma sp. = i:=::::::i 

Rhizosolenia shrubsolei = b 

Rhizosolenia sp. ~ 

Rhizosolenia stolterfothii -
Skeletonema cos/alum = 

Tha/assiosira mendiolana 

Ceratium /urea ~ 
Ceratium fusus 

Cera tium linea tum = 
Gymnodinium fuscum 

Gyrodinium sp. 

Flagellates ~ 
O.E-+{X) 4.E-+04 

l □ o-n □ 4m □ sm l 

8.E-+04 

43 

28-November-2001 

Biddulph/a sinensis 

81ddulphiopsis titiana ~ 

Coscinodiscus lineatus 

Detonula confeNacea ~ 

Leptocy!indrus danicus = 
Navicula sp. = 
~ 

Para/fa sulcata ,.,,,., '''' 

E: -
Q Pleurosigma sp. 
~ 

Rhizoso!enia shrubso!ei ~ 
Rhizosolenia sp. = 

Rhizosolenia sto!terfothii = 
Ske/etonema cos/alum = 

Thalassiosira mendiolana 

Cera tium /urea 

Ceratium fusus 
~ 
~ Ceratium lineatum 
Qi c:,, 

Gymnodinium fuscum ~ 
"-' 
Cl 

Gyrodinium sp. ~ 

Flagella /es 

O.E-+{X) 

""" 

Station 10 

" "'" 

4.E-+04 

l □ o-nl!iil~ □ 20TI I 

8.E-+04 
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Biddu/phia sinensis 

81ddu/phiopsis /Iliana ::J 

Coscinodiscus linea /us 

Detonu/a confervacea 

Leptocy!indrus danicus ""' 
Navicu/a sp. ~ 

Para/la su!cata 
E: 
Q P!eurosigma sp. 
i 

Rhizoso!enia shrubso/ei -Rhizoso!enia sp. ~ 
Rhizoso!enia sto!terfothii ~ 
Skeletonema cos/alum ~ 

Thalassiosira mendiolana 

Ceratium /urea 

Ceratium fusus 
.!!l 
cm 
Q) 

Cera tium linea tum 
C)) 

Gymnodinium fuscum cm 
"' () 
. C:: 
'() 

Gyrodinium sp. 

Flagellates 

O.E-+{X) 

"' 

Station 11 

' ' 

4.E-+04 

l □ Ch10ll13-TID24m l 

8.E-+04 

44 

28-November-2001 

Station 12 

81ddu/phia sinensis ' ' 

Biddu/phiopsis /Iliana ~ 
Coscinodiscus linea /us 

Detonu/a confervacea ,,,, 

Leptocy!indrus danicus 

Navicu/a sp. .:::::i 

Para/la su/cata -E: 
Q P/eurosigma sp. t:::::::= i 

Rhizosolenia shrubso/ei ~ 
Rhizoso!enia sp. 

Rhizoso!enia slo!terfothli 

Ske/etonema cos/alum ~ 
Thalassiosira mendiolana 

::J 

Ceralium /urea 

Ceratium fusus 
.!!l 
cm Ceratium lineatum 
Q) 
C)) 

Gymnodimi1m fuscum cm -...: 
() 

Gyrodinium sp . .C:: 
'\3 

F/age/lates 

O.E-+{X) 4.E-+04 8.E-+04 

1 □ Chium12m □ 29-n l 
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Biddu/phia sinensis 

Biddu/phiopsis titiana 

Coscinodiscus linea /us 

Detonula confeNacea 

Leptocylindrus danicus 

Navicula sp. 

Paralia sulcata l Pleurosigma sp. ~ 
Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenia stolterfoth,i 

Skeletonema cos /alum 

Thalassiosira mendiolana 

Ceratium /urea 

Ceratium fusus 
q, 

;;;J Cera tium linea tum 
(i; 

~b Gymnodinium fuscum 
-:· 
-~ Gyrodinium sp. 
"o 

Flagellates 

O.E-+m 

Station 13 

4.E-+04 8.E-+04 

i □ 0nli!l11m □ :ian l 

45 

28-November-2001 

Station 14 

Biddu/phia sinensis ~ 
Biddulphiopsis titiana ~ 

Coscinodiscus Jinea /us ., 

Detonula confeNacea ~ 

Leptocylindrus danicus 

Navicula sp. 

Paralia sulcata 11,11.11!1,11 1,111111 I 

E: 
~ Pleurosigma sp. 111 I•" 1·1·•• 111'1' 

i 
Rhizosolenia shrubsolei 

Rhizosolenia sp. ~ 
Rhizosolenia stolterfothii t== 

Skeletonema cos/alum l=l 
t:::::J 

Thala ssiosira mendiolana :::i 

Ceratium /urea ~ 

Ceratium fusus = 
~ 
-!!! Ceratium lineatum 

i Gymnodinium fuscum -!!! 
"-' 
() 

{j Gyrodinium sp. 

Flagellates 

O.E-+m 4.E-+04 8.E-+04 

I □ On Ill 12m □ 21m I 



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

~ 
Q 

~ 

-l!l 
~ 
Q] 

81ddu/phia sinensis 

Biddu!phiopsis titiana 

Coscinodiscus lineatus 

Detonula confervacea 

Leplocy!indrus danicus 

Navicu/a sp. 

Paralia sulcata 

Pleurosigma sp. 

Rhizoso!enia shrubso!ei 

Rhizosolenia sp. 

Rhizosolenia sto!terfoth!i 

Skeletonema cos/alum 

Thalassiosira mendiolana 

Ceratium /urea 

Ceratium fusus 

Ceratium lineatum 

~ Gymnodinium fuscum 
;;::: 
() 

~ Gyrodinium sp. 

Flagel/ales 

O.E+CXJ 

Station 15 

4.E-f04 

l □ o-n rn :m □ 21m l 

8.E-f04 
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29-November-2001 

~ 

Biddulphia sinensis -------' 

Biddu/phiopsis titiana i;;;;i.,., 

Coscinodiscus lineatus " " 

Detonula confervacea ~ 

Leptocy/indrus danicus m!J!I 

Navicula sp. ~ 

Paralia sulcata 
i::::::::J 

~ Pleurosigma sp. 
i 

Rhizoso/enia shrubsolei §l 
Rhizosolenia sp. ~ 

Rhizosolenia stoltertothii = 
Skeletonema costatum ~ 

Thalassiosira mendiolana ~ 

Cera tium lure a 

Ceratium tusus 

~ Ceratium lineatum ~ 
11. Gymnodinium tuscum 
~ 
<l 

~ Gyrodinium sp. 

Flagellates 

O. E+OO 

Station 16 

4.E-+04 

l □ om1El10m □ 21m l 

8.E-+04 



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

Station 17 

Biddulph/a sinensis 

81ddulphiopsis litiana 

Coscinodiscus linea /us 

Detonula confervacea 

Leptocylindrus danicus 

Navicula sp. 

Para/fa su/cata 
f.:: 
~ Pleurosioma sp. 
'ti 

Rhizosolenia shrubso/ei 

Rhizosolenia sp. 

Rhizosolenia stolterfothii 

Skeletonema cos/alum 

Thalassiosira mendio!ana 

Ceratium /urea 

Ceratium fusus 
.ll, 
~ Ceratium lineatum 
Q) 

~ Gymnodinium fuscum 

1 
~ Gyrodinium sp. 

Flagella /es 

O.E@ 4.E-tO\ 8.E-tO\ 

i □ Cxnlllilsm □ Z2rn l 
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29-November-2001 

Biddulphia sinensis 

Biddulphiopsis titiana 

Coscinodiscus lineatus 

Detonula confervacea 

Leptocylindrus danicus 

Navicu/a sp. 

Para/ia su!cala 
I:: 
~ Pleurosioma sp. 
'is 

~ 
!l! 

" 

Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenia stolterfothii 

Skeletonema cos/alum 

Thalassiosira mendiolana 

Ceratium turca 

Ceratium fusus 

Ceratium lineatum 

~ Gymnodinium fuscum 
"' C) 

~ Gyrodinium sp. 

Flagellates 

O.E@ 

Station 18 

4.E-tO\ 8.E-tO\ 

l □ i)nl!ll8rn □ 17m l 



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

E: 

81ddu/phia sinensis 

81ddu/phiopsis /Iliana 

Coscinodiscus lineatus 

Detonu/a confervacea 

Lep/ocylindrus danicus 

Navicula sp. 

Para/la su/ca/a 

~ Pleurosigma sp. 
'ti 

~ 
,!l! 
Q5 

Rhizoso/enia shrubso/ei 

Rhizosolenia sp. 

Rhizosolenia s/olterfolh!i 

Ske/e/onema cos/alum 

Thalassiosira mendio/ana 

Ceratium /urea 

Cera I/um fusus 

Ceratium linealum 

g> Gymnodinium fuscum 
;:;, 

-~ Gyrodinium sp. 
'(j 

Flagellates 

OE-+{X) 

Station 19 

4E-t04 8.E-+04 

I □ em 11D 4.!:m □ 23m I 
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Appendix A-4 Irish Sea Taxonomic data (No. of cells 1· 1) 

Biddulphia sinensis 

81ddulphiopsis titiana 

Coscinodiscus linea /us 

Detonula confervacea 

Leptocylindrus danicus 

Navicula sp. 

Paralia sulcata I Pleurosigma sp. ~ 
Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenia stolterfoth1i 

Skeletonema cos/alum 

Thalassiosira mendiolana 

Ceratium !urea 

Ceratium fusus 

Station 20 

~ Ceratium lineatum ~ ,,,,,,, 11111 1@ 

ti, 
,\l! 
0 

Gymnodinium fuscum 

~ Gyrodinium sp. 

Flagella /es 

O.E+ro 4.E-+04 

l □ O-nll!l:m □ 21m l 

8.E-+04 
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30-November-2001 

E: 
.9 
~ 

~ 
,\l! 
Qj 
ti, 
,\l! .._ 
() 

t 

Biddulphia sinensis 

Biddulphiopsis titiana 

Coscinodiscus linea /us 

Detonula confervacea 

Lep/ocylindrus danicus 

Navicula sp. 

Paralia sulcata 

Pleurosigma sp. 

Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenia stolterfothii 

Skeletonema cos/alum 

Thalassiosira mendiolana 

Ceratium !urea 

Ceratium fusus 

Ceratium lineatum 

Gymnodinium fuscum 

Gyrodinium sp. 

Flagellates 

O.E+ro 

Station 21 

4.E-+04 

l □ o-nlill&n l 

8.E-+04 



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

I:: 

Biddulphia sinensis 

Biddulphiopsis titiana 

Coscinodiscus linea tus 

Detonula confervacea 

Leptocylindrus danicus 

Navicula sp. 

Paralia sulcata 

~ Pleurosigma sp. 
'o 

Rhi.wsolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenia stolterfothii 

Skeletonema cos/alum 

Thalassiosira mendiolana 

Cera tium /urea 

Ceratium fusus 

~ Ceratium lineatum ~ 
~ Gymnodinium fuscum 

"' -~ Gyrodinium sp. 
"tj 

Flagellates 

O.E-!{O 

Station 22 

4.E-+04 8.E-+04 

I □ em mn 5.Em □ 1em I 
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30-November-2001 

I:: 
Q 

i 

Biddulphia sinensis 

81ddulphiopsis titiana 

Coscinodiscus linea /us 

Detonula confervacea 

Lep/ocylindrus danicus 

Navicula sp. 

Pa ralia sulca ta 

Pleurosigma sp. 

Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenia stolterfoth1i' 

Skeletonema cos/alum m 

Thalassiosira mendiolana 

Cera tium /urea 

Ceratium fusus 

I C ' /' I i ~ era /Jum mea tum 1rn111u 111i11,u11i111111m1 
qi 

~ Gymnodinium fuscum 

"' -~ Gyrodinium sp. 
"tj 

Flagella /es 

OE-!{() 

Station 23 

4.E-+04 

l □ emmn4m l 

8.E-+04 



Appendix A-5 Irish Sea Taxonomic data (No. of cells 1-1) 02-April-2002 

T1C1 (0800 BS T) T1 C2 (0900 BST) 

Asterionella sp. Asterionel/a sp. 

Bacillaria paxillifer .ll!w.!:w!J Bacillaria paxilli fer ~ 

Biddulphia sinensis :mmrn Biddu/phia sinensis :, 

Biddu!phiopsis titiana Biddu/phiopsis titiana = 
Chaetoceros debilus □ Chaetoceros debi/us 

Coscinodiscus lineatus Coscinodiscus lineatus 

Detonula confervacea Detonula confervacea :::, 
Oily/um brightwellii Oily/um briohtwe/lii 

Leptocy/indrus danicus Leptocy/indrus danicus 

Melosira moniliforms Me/osira momliforms 

t: Melosira nummuloides 
Q 

~ Navicula cryp/ocephala ~ 

t: Melosira nummu/oides 
Q 

·"' Navicula cryptocephala "ti 
Navicu/a pe/agica Navicu/a pe/agica ~ 

Para/ia su/cata ~ Paralia sulcata 5 
Pleurosigma formosum Pleurosioma formosum 

p/eurosigma sp. p/eurosioma sp. 

Rhizosolenia shrubsolei ~ Rhizosolenia shrubso/ei 

Rhizoso/enia sp. Rhizosolenia sp. 

Rhizosolenia stolterfolhli Rhizosolenia sto/terfothii 

Skeletonema cos/alum .=i Skeletonema cos/alum ~ 
Tha/assiosira decipiens P Thalassiosira decipiens □ 

Ceratium /urea Ceratium /urea 

Ceratium tusus Ceratium fusus 

-~ 
Ceratium lineatum 

~ Diclyocha sp. 
" ~ Gymnodinium fuscum 

•;:;: 

~ Gyrodinium sp 
'i§ 

.'!! 
Ceratium lineatum = 

:i'! Diclyocha sp. 
"' ~ Gymnodinium fuscum 

.;::; 
a Gyrodinium sp 
~ 

Flagellate Flaoellate -
O.OE+OO 7 5E+04 15E+05 ODE+OO 7 5E+04 15E+05 

l □ •Jm lil20m I I □ Om lliil 10m □ 30m I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I-1) 02-April-2002 

T1C3 (1000 SST) T1C4 (1100 SST) 

--
Asterionella sp. Asterionella sp . !Illl 

Baci/laria paxilliter Bacillaria paxi//iter ~ 
Biddu/phia sinensis Biddu/phia sinensis ;" 

-
Biddu/phiopsis titiana mi Biddu/phiopsis titiana 

Chaetoceros debilus bmm Chaetoceros debi/us J 

Coscinodiscus lineatus Coscinodiscus lineatus 

Detonula contervacea D Detonu/a contervacea ~ 
~ 

Dity/um bn(lhtwe//ii Ditylum briohtwellii 

Leptocy/indrus danicus Leptocy/indrus danicus 

Melosira monilitorms Melosira moniliforms ll 

I:: Me/osira nummuloides 
Q 

~ Navicu/a cryptocepha/a 

I:: Me/osira nummuloides 
Q 

~ Nav/cula cryptocepha/a 

Navicula pelaoica Navicula pe/aoica 

Paralia sulcata ~ Paralia su/cata ::::i 

Pleurosioma tormosum h Pleurosi(lma tormosum "' 

p/eurosi(lma sp. p/eurosi(lma sp. 

Rhizosolenia shrubsolei Rhizosolenia shrubsolei 

Rhizoso/enia sp . b Rhizosolenia sp. 

"'lhizosolenia stoltertothii Rhizosolenia stoltertothii 
-

Skeletonema costatum ~ Ske/etonema costatum ~ 

Thalassiosira decipiens Thalassiosira decipiens 
-

Ceratium turca Ceratium turca 

Ceratium tusus Ceratium tusus 

~ -
Ceratium lineatum 

~ Dictyocha sp. 
Q) -

~ Gymnodinium tuscum 
"' -g Gyrodinium sp 
~ 

~ 
Ceratium /ineatum 

~ Dictyocha sp. jJ 

~ Gymnodinium tuscum 

"" C, Gyrodinium sp 
~ 

-

Flaoellate iii' Flaoellate 

O.OE+OO 751:+04 1.5E+05 O.OE-t{)O 7.5E+04 1.5E+05 

I □ Om li!l 10m □ 27m I I □ Om Ill 8m □ 20m I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells 1-1) 

T1C5 (1200 BST) 

Asterionel/a sp. 

Bacillaria paxil!ifer ~ 
Biddu/phia sinensis 

::, 

Biddu!phiopsis titiana 

Chaetoceros debilus 

Coscinodlscus lineatus 

Detonula confervacea ll!ill 

Ditylum bri(lhtwel!ii 

Leptocy/indrus danicus 

Melosira mon/liforms ' 

f:: Melosira nummuloides 
-Se 

i Navicu/a cryptocephala 

Navicula pela(lica PD 

Paralia sulcata IJ 

Pleurosi(lma formosum 

p/eurosi(lma sp. 

Rhizoso/enla shrubso/el 

Rhizosolenla sp. IJ 
Rhizosolenia stolterfothll 

Skeletonema cos/alum i!imqJ 

Thalasslosira decipiens 

Ceratium furca iiil 
Ceratium fusus 

~ 
Ceratlum lineatum ~ 

C\J Dictyocha sp. ~ 
::::: 
QJ 

1G' 
"" 

Gymnodinium fuscum 
0 

~ 
Gyrodlnium sp 

Fla(lellate ,-.., 

0DE+00 75E+04 15E+05 

em15m □ 3om \ 
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~ 
Q 

~ 

~ 
~ 

i 
~ 
"' C 
-~ 
"ii 

02-April-2002 

Aslerione/la sp. 

Bacillaria paxillifer mt 
Biddulph/a sinensis b 

Biddu/phiopsis Mana 

Chae/oceros debilus t 
Coscinodiscus lineatus 

Detonula confervacea lt!ll 

Oily/um brighlwellii 

Lep/ocytindrus danicus 

Melosira moniliforms 

Me/osira nummuloides t 
Navicu/a cryp/ocepha/a 

Navicula pe/agica P 
Paralia sulcata ir 

Pleurosigma formosum 

p/eurosigma sp. 

Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenie slolterfolhii 

Skele/onema cos/alum mil 
Thalassiosira decipiens 

CeraUum furca 

CeraUum fusus 

Ceratium lineatum 

Oictyocha sp. 

Gymnodinium tuscum 

Gyrodinium sp 

Flagellate r 
O.OE+OO 

T1C6 (1300 BST) 

7.5E+04 

\ □ oml!D35m \ 

1.5E+05 



Appendix A-5 Irish Sea Taxonomic data (No. of cells I-1) 02-April-2002 

T1C7 (1400 BST) T1C8 (1500 BST) 

Asterionella sp. Asterionella sp. ~ 
Bac1flaria paxilliter mmm=:i Bacillaria paxilliter ~ 

Biddulphia sinensis Im Biddulphia sinensis !ijJ 
Biddulphiopsis titiana Biddulphiopsis titiana 

-
Chaetoceros debilus i? Chaetoceros debilus Iii' 

Coscinodiscus lineatus Cosclnodiscus lineatus i 

Detonula contervacea till Detonula contervacea 

Ditylum bri(Jhfwellii n? Ditylum brightwellii 5r 
Leptocylindrus danicus Leptocylindrus danicus 

Melosira moniliforms Melosira moniliforms i 
E: Melosira nummuloides P 
Q 

"' Navicula cryptocephala "i3 

E: Melosira nummuloides 
Q 

~ Navicula cryptocephala 

Navicula pela(Jica Navicula pelaglca Ii? 
Paralia sulcata Paralia sulcata 

Pleurosi(Jma tormosum Pleurosigma tormosum 
-

pleurosigma sp. p/eurosigma sp. 

Rhizosolenia shrubsolei Rhlzosolenia shrubsolei b 
Rhizosolenia sp. Rhizosolenia sp. 

_qhizosolenia stoltertothii Rhizosolenia stolterfothii 
-

Skeletonema cos /alum - Skeletonema cos/alum l.im:l 
-

Thalassiosira decipiens • Thalassiosira decipiens 
-

Ceratium !urea Ceratium /urea 

Ceratium tusus Ceratium fusus 
-

~ 
Ceratium lineatum 

:::: Dictyocha sp. 
Q) -

~ Gymnodinium tuscum 
:::: -g Gyrodinium so 
"i3 -

.<!J 
Ceratium lineatum 

~ Dictyocha sp. 
Q) 

~ Gymoodinium fuscum 

"' 0 Gyrodinium sp 
~ 

-
Flagellate Flagellate 

0.OE+OO 75E+04 15E+05 0.OE+o0 75E+04 15E+05 

I □ Om !!!I 35m I ! □ om 11:11 35m I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I-1) 02-April-2002 

T1C9 (1600 BST) T1C10 (1700 BST) 

Asterionella sp. ~ As/erionella sp. mi 

Bacillaria paxillifer - Bacillaria paxillifer -
Biddulphia sinensis tiik Biddu/phia sinensis 

Biddu/phiopsis titiana 81ddu/phiopsis titiana 

Chaetoceros debilus nlm Chaetoceros debilus 

Coscinodiscus lineatus P Coscinodiscus linea/us 

Detonula confervacea Detonula confervacea ~ 

Ditylum bri{Jhfwellii • Ditylum bri{Jhtwellii 9 
Leptocy/indrus danicus Leptocylindrus danicus 

Melosira moniliforms P Me/osira moniliforms ::::, 

t: Melosira nummuloides liiJ 
-s! 
'~ Navicula cryptocephala 

I:: Melosira nummu/01des s' Q 

i Navicula cryp/ocephala 

Navicula pela{lica • Navicula pe/agica " 

Paralia sulcata Im Paralia sulcata ~ 

Pleurosi{Jma formosum Pleurosigma formosum 

p/eurosi{lma sp. p/eurosigma sp. 

Rhizosolenia shrubso/ei Rhizosolenia shrubsolei 

Rhizoso/enia sp. Rhizosolenia sp. 

Rhizosolenia stolterfothii Rhizosolenia s/ol/erfolhii 

Ske/etonema costatum ~ Skele/onema costalum ~ 
Thalassiosira decipiens Thalassiosira dec/piens 

Ceratium /urea Ceratium /urea 

Ceratlum tusus Ceratium fusus 

.;I! 
Ceratium lineatum 

'% Dictyocha sp. 

-~ Gymnodinium fuscum 

s! Gyrodinium sp 's 

~ 
Ceratium /inealum 

-!!! Dictyocha sp. m 
Q) 

1b' Gymnodinium fuscum 
,::: 
0 Gyrodinium sp 
~ 

Fla{lellate Flagellate 

O.OE+OO 75E+04 1.5E+05 O.OE+OO 7.5E+04 1.51:+05 

I □ Om [EJ 25m I 55 1 ,0mmrnm □ 35m l 



Appendix A-5 Irish Sea Taxonomic data (No. of cells I- 1) 02-April-2002 
~ 

T1C11 (1800 BST) 

Asterionella sp. 

Bacil/aria paxilllfer 

Biddu/phia sinensis ,r' 
8/ddu/phiopsis Utiana ~ 

Chaetoceros debilus :l 

,'Joscinodiscus 1/neatus 

Detonu/a confervacea !;ii 
Di/ylum briohtwe/lii 

.iep/ocyfindrus danicus 

Melosira moniliforms 
I: Melosira nummuloides = 
J~ 
1~ 'lavicula cryptocepha/a 

Navicu/a pe/aoica 
C 

Paralia sulcata ~ 

f'leurosioma tormosum 

p!eurosioma sp. 

flhizosolenia shrubso/ei 

Rhizosolenia sp. 

Roizosolenia stolterfolhii 

Skeletonema cos/alum ~ 
ina/assiosira decipiens 

Ceratium furca 

Ceratium tusus 

() 
Ceratium 1/neatum 

(j 
Dictyocha sp. ::::~ 

() 
!) Gymnodinium tuscum () 
;.:: 
() 
(• 

15 
Gyrodinium sp 

Fla(Jella/e = 
O.OE+oO 7 .SE+04 1.SE +05 

l □ om lil 10m □ 35m I 
-· 
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AJppendix A-5 Irish Sea Taxonomic data (No. of cells I-1) 03-April-2002 
~--------------------------------------

A6 A5 

Ast,1rione/la sp. Asterionella sp. 

&xii/aria paxillifer Imm=-, Baci/laria paxi//ifer ~ 
Biddulphia sinensis Biddu/phia sinensis 

:::, 

B;ddl'/ph/ops.'s titiana Im Biddu/phiopsis titiana 

Chai,toceros debilus Chaetoceros debilus ~ 
Coscinodit·cus lineatus Coscinodiscus lineatus 

l'etonula contervacea Detonula contervacea 

Di!V/um br/qhtwellii Ditylum brightwellii --, 

Leptocy/inclrus danicus Leptocy/indrus danicus 

Me/o,;ira mofli/iforms Me/osira monilitorms 
~ 

I:: Melosira n'lmmu/o/des Im 
£l ·~ Navicu.'a c1yptccephala 

I:: Melosira nummuloides 
.£l 
i Navicu/a cryptocephala 

Navicula pe/agica Navicula pe/agica 

PMaliB sulcata 3"' Paralia sulcata ::J 

P/e11roslgm.2 to:mosum Pleurosigma tormosum 

p/eu.-osi17ma sp. p/eurosigma sp. 

Rhizosc/enla shrubsolei Rhizosolenia shrubso/ei 

,'lhizosolenia sp. Rhizosolenia sp. 

Flhiz,Jso,enia stolterto thii Rhizosolenia stolterfothii 

Skeletone,~a cost<1tum jib Skeletonema cos/alum ii' 
Thalassiosi:a d,cipiens ~ Tha/assiosira decipiens a 

----------·-
Cuatium f'lrca Ceratium /urea 

Ce.'aflum tusus Ceratium tusus 

l!l 
Caraftum .'inecitum 

--
F .~ Dictyocha sp. 

<l) -

-~ G.vmnodiflium tus.wm . .._ -------·---, 
g Gyrodmium sp 
i3 --------

~ 
Ceratium lineatum 

..g: Dictyocha sp. 
<l) 

~ Gymnodinium tuscum 
a::: 
0 Gyrodinium sp 
~ 

---------
--------

F.'agellate Flagellate = -------------
O.OE-tOO 75E+04 15E +o5 O.OE+OO 75E+O4 15E+O5 

I □ Om l!iD 1 Om D 45m I I □ Om l!iD 2Om D 4Om I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells 1-1) 03-April-2002 

A4 K3 

Asterionella sp. --, Asterione!/a sp. F== 

Bacillaria paxilliter !II Baci!laria paxi//1/er ~ 
Blddulphia sinensis ::, Biddu/phia sinensis =1 

Biddulphiopsis titiana Biddu/phiopsis titiana 
Chaetoceros debilus !,--' Chaetoceros debi/us 

Coscinodiscus lineatus Coscinodiscus lineatus 
Detonula contervacea Detonula confervacea 

Ditylum brightwe//ii L-...J Dtty!um brightwel!ii 
Leptocylindrus danicus ~ Leptocy!indrus danicus 

Melosira monilitorms 

E: Melosira nummuloides om 
.\l 

~ Navicula cryptocephala 

Navicula pelagica 

~ 
Me!osira moniliforms 

~ Me!osira nummuloides 
-~ Navicula cryptocephala 
"ti 

Navicu/a pe!agica 

Paralia sulcata ~ Paralia su/cata ;' 

Pleuroslgma tormosum Pleuros1gma formosum 

pleurosigma sp. p/eurosigma sp. 

Rhizosolenia shrubsolei Rhizosolenia shrubso/ei 

Rhizosolenia sp. Rhizosolenia sp. 

Rhizosolenia stoltertothii Rhizoso!enia stolterfothii 

Skeletonema costatum jln 
Thalasslosira decipiens 

Skeletonema cos/alum ~ 
Tha/assiosira decipiens ii' 

Ceratium /urea 

Ceratium tusus J 

-:!! 
Ceratium lineatum 

~ Dictyocha sp. Qi 

~ Gymnodinium tuscum 
C) Gyrodinium sp 
:~ 

Ceratium furca ~ 

Ceratium fusus ~ 
Q) 

Ceratium /ineatum f'= .._, 
,IJ! 

Dictyocha sp. F= Qj 
\:ii Gymnodinium fuscum ~ "'= Gyrodinium sp C) 

-t 
"ti 

Flaoe!late 
Flagellate 

OOE+oO 75E+04 15E+o5 O.OE+OO 7.5E+04 1.51:+0E, 

Io Om ll!l 1 5m o 40m I 58 l □ om 020m □ 50m I 



Appendix A-5 Irish Sea Taxonomic data (No. of cells 1-1) 03-April-2002 

A2 A1 

Asterionella sp. Asterionella sp. 

Bacillaria paxil/ifer ~ Bacil/aria paxillifer ~ 
Biddulphia sinensis ~ Biddu/phia sinensis ~ 

Biddu/phiopsis titiana Biddu/phiopsis titiana F-'-' 

Chaetoceros debilus 
_. 

Chaetoceros debilus = 
Coscinodiscus lineatus Coscinodiscus /ineatus 

Detonu/a confervacea Detonu/a confervacea 

Ditylum brir;htwellii Ditylum brightwellii ~ 

Leptocylindrus danicus Leptocylindrus danicus = 
Melosira moni/iforms ~ Me/osira moniliforms 

t: Melosira nummuloides 
Q 

~ Navicula cryptocephala 

t: Me/0s1ra nummuloides -Q 

~ Navicula cryptocephala 

Navicula pe/agica Navicula pe/agica :::, 

Para/ia sulcata 5 Paralia sulcata = 
Pleurosir;ma formosum Pleurosigma formosum 

p/eurosigma sp. p/eurosigma sp. 

Rhizosolenia shrubsolei Rhizoso/enia shrubsolei 

Rhizoso/enia sp. Rhizosolenia sp. 

Rhizosolenia stolterfothii Rhizoso/enia stolterfo/hii 

Skeletonema cos/alum liil Skeletonema costatum i? 
Thalassiosira dec/piens ~ Thalassiosira decipiens ;;;;::::::i 

Ceratium /urea Ceratium /urea -
Ceratium fusus mliII Ceratium tusus 

l!l 
Ceratium lineatum 

~ Dictyocha sp. Qi 

~ Gymnodinium fuscum 
;;:: 
Cl Gyrodinium sp { 

l!l 
Ceratium lineatum m 

~ Dictyocha sp. Illllll 

"' ~ Gymnodinium fuscum ~ 

"':: 
Cl Gyrodinium sp { 

Flagellate a......, FIB{lellate 

ODE-1{)0 75E+04 15E+05 O.OE+OO 75E+04 15E+05 

I □ Om ll!I 25m □ 50m I I □ Om l!!!I 20m □ 50m I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells 1-1) 03-April-2002 

B2 B1 

. 4sterionella sp. Asterionella sp . 

Bacillaria paxilliter ~ Baell/aria paxillifer r-
Biddu/phia sinensis = Biddu/phia sinensis 

____, 

Bidduiphiopsis titiana 
r:::, Biddu/phiopsis titiana ~ 

Chaetoceros debilus Chaetoceros debilus 

CoBcinodis.~us lineatus Coscinodiscus lineatus 1::1 

O.,tonu/a contervacea Detonula confervacea 

Dity/um brir;htwellii i-----, Ditylum bri(lhfwellii 

Leptocy/indrus danicus Leptocy/indrus danicus 

Melosira monilitorms Melosira monilitorms b 

!:: Meiosira nummuloides lmr' 
() 
(t] 

Navicu!.i cr}lpfocephala 15 

I:: Melosira nummuloides IJ 
.£1 
~ Navicu/a cryptocephala 

Navicu/a pe/ar;ica ~ Navicu/a pelar;ica Im 

Pa,-alia su/cata ll Paralia sulcata ~ 
P/eurosiqma tormosum P/eurosi(lma formosum 

p/eurosioma sp. p/eurosi(lma sp. 

Rhizosoienia shrubso/ei Rhizosolenia shrubso/ei 

Rhizosolenia sp. Rhizoso/enia sp. 

Rhizoso/enia stolterfothii Rhizosolenia stolterfothii 

Ske/etcnema costatum ~ Skeletonema costatum m---' 

Thaiassiosira decipiens i,,,,:,, Thalassiosira decipiens ~ 

ce,-atium turca ~ Ceratium turca limm:D 
------· 

Ceratium tusus Ceratium fusus 

Ceratium fineatum = <b = <c D1ctyocha sp. i::J 
~G 0 
<:,, Gymnodinium tuscum <u 

..:::: 

-~ 
Gyrodinium sp 

1) 

~ 
Ceratium lineatum ~ 

~ Dictyocha sp. ~ 
<l) 

16' Gymnodinium tuscum 
:.:::: 
C) Gyrodinium sp i 

F!.2r;ellate Flagellate 

O.OE+OO 75E+04 15E+05 O.OE+OO 75E+04 15E+05 

I □ Om 11!1 Sm D 4Om I I □ Om l!!l 1 Om D 3Om I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells 1-1) 03-April-2002 

C1 

Asterionella sp. F='= 

Baci/laria paxilliter ~ 
Biddu/phia sinensis ., 

Biddu/phiopsis titlana g,, 
Chaetoceros debilus 

Coscinodiscus lineatus 

Detonula confervacea 

Ditylum br!Qhtwellii """ Leptocylindrus danicus 

Melosira moniliforms 

f: Melosira nummu/oides -.i;i 

~ Navicu/a cryptocephala 

Nav/cula pelaoica Imm 

Paralia su/cata [? 
P/eurosiQma tormosum 

p/eurosiQma sp. 

Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizoso/enia s tolterfothii 

Skeletonema costatum ~ 
Thalassiosira decip/ens i:m,,,i, 

Ceratium /urea iF 
Ceratium tusus t:J 

Ceratium lineatum = .1)2 
~ Dlctyocha sp. Qi 

i Gymnodinium tuscum i? 
0 Gyrodinium sp 
~ 

Flaoellate = 
ODE-+0O 7 5E-+04 15E+O5 

ID Om tml 1 Om o 25m I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells 1-1) 04-April-2002 

C2 C3 

Asterionella sp. Asterione/la sp. 

Baci//aria paxi/lifer F Bacil/aria paxi/llfer ~ 
Biddulphia sinensis llr' Biddu/phia sinensis 

, 
Biddulph/apsis titiana 3 Biddu/phiopsis fitiana 

Chaetoceros debilus :::r Chaetoceros debi/us ,--, 
Coscinodiscus lineatus 111 Coscinodiscus 1/neatus 

Detonula confervacea Detonu/a confervacea 

Dity!um brighlwe/lii Ditylum brightwellii 

Leptocy/indrus danicus Lepfocylindrus danicus 

Melosira monilitorms ' Me/osira momliforms 

I:: Melosira nummuloides """' ..Q 

~ Navicula cryptocephala 

I:: Melosira nummuloides bll 
Q 
.'1l Navicu/a cryptocephala i3 

Navicula pelagica Navicula pela{lica 

Paralia sulcata Paralia sulcata 

Pleurosigma tormosum Pleurosigma tormosum 

p/eurosigma sp. p/eurosigma sp. 

Rhizosolenia shrubsolei Rhizoso/enia shrubso/el 

Rhizosolenia sp. Rhizosolenia sp. 

Rhizosolenia stolterfothii Rhizosolenia stolterfofhii 

Skeletonema cos tatum ~ Ske/etonema costatum ~ 
Thalassiosira decipiens 

_,, 
Thalassiosira decipiens ob 

Ceratium /urea Ceratium /urea 

Ceratium tusus ~ Ceratium tusus 

-El 
Ceratium lineatum 

"' Dictyocha sp. '% 
~ Gymnodinium tuscum 

a:: 

~ 
Ceratium lineatum 

~ Dictyocha sp. ~ Qi 

~ Gymnodinium tuscum 
"" 0 Gyrodinium sp 

% 
0 Gyrodinium sp % 

Flagellate Flagellate 

O.OE-+{)0 7.5E+04 15E-+{)5 O.OE+OO 75E+04 1.5E+05 

I a Om El 1 Om □ 30m \ I □ Om !iii 1 Om □ 50m \ 

62 



Appendix A-5 Irish Sea Taxonomic data (No. of cells I-1) 

C4 

Asterionella sp. 

Bacil!aria paxillifer ~ 
Biddulph/a sinensis ~ 

Biddu/ph/opsis titiana 

Chaetoceros debilus 

Coscinodiscus lineatus II 

Detonula confervacea 

Ditylum bri{Jhlwellii 

Leptocy/indrus danicus 

Melosira moniliforms 

E: Melosira nummuloides 0 
Q 
-~ 
"' 

Navicu/a cryptocephala 

Navicu/a pela{Jica 

Para/la sulcata a 

P/eurosi{Jma formosum 

p/eurosi{lma sp. 

Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenia stolterfothii 

Ske/etonema cos/alum ~ 
Thalassiosira decipiens §I 

Ceratium furca ~ 
Ceratium fusus ~ 

-!'l 
Ceratium lineatum f' 

'1l Dictyocha sp. "' "' ~ ~ Gymnodinium fuscum 
() Gyrodinium sp 
~ 

Fla{lellate 

0.OE+OO 75E+04 15E+05 

l □ om Dil 25m □ 60m I 
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E: 
Q 

~ 

-!'l 
~ 
"' ! 
() 

~ 

04-April-2002 

Aster/one/la sp. 

Bae/Ilaria paxillifer r--. 

Biddulph/a sinensis ~ 
8/ddulphiops/s titiana ;" 

Chaetoceros debi/us 

Coscinodiscus /ineatus 

Detonula confervacea 

Dity/um brightwel/ii = 
Leptocylindrus danicus 

Melosira moniliforms 

Melosira nummuloides Pl 

Navicula cryptocepha/a 

Navicu/a pe/agica ~ 
Paralia su/cata l:!J 

P/eurosigma formosum 

p/eurosi{lma sp. 

Rhizosolenia shrubsolei 

Rhizosolenia sp. 

Rhizosolenia stolterfothii 

Skeletonema cos/alum ~ 
Thalassiosira decipiens ~ 

Ceratium furca ir 
Ceratium fusus 

Ceratium lineatum Ii? 
Dictyocha sp. IE 

Gymnodinium fuscum 

Gyrodinium sp 

Fla{Jel/ate ~ 

0.OE+00 

C5 

75E+04 

l □ om l!Ill1 5m □ 5om l 

15E+05 



Appendix A-5 Irish Sea Taxonomic data (No. of cells I-1) 04-April-2002 

C6 83 

Asterionella sp. Asterione//a sp. lCIII 

Bae/Ilaria paxillifer ~ Baci/!aria paxil!ifer :I"' 

Biddulph/a sinensis Biddulph/a sinensis ~ 
Biddulph/apsis litiana ;::, Biddu/phiopsis titiana 

Chaetoceros debilus = Chaetoeeros debi/us = 
Coscinodiscus lineatus Coscinodiseus lineatus 

Detonula eontervaeea Detonula eonfervacea 

Ditylum briQhtwellii Ditylum briohtwellii = 
Lep/oey!indrus danieus Leptoeylindrus danicus 

Me/osira moni!iforms Me!osira moniliforms 

l:: Me/osira nummu/oides :,--' 
Q 

~ Navicula eryptocephala 

l:: Melosira nummu/oides ii!:im 
Q 

~ Navieu/a eryptoeepha/a 

NaVieu/a pefaoiea :::, Navieu/a pe/aoiea ii' 

Para/la suleata Paralia sulcata 'F" 
P/eurosi(lma formosum Pleurosioma formosum ~ 

p/eurosl(lma sp. p/eurosioma sp. 
:::, 

Rhizosolenia shrubso/ei Rhizosolenia shrubsolei 

Rhizosolenia sp. Rhizosolenia sp. 

Rhizoso/enia stolterfothii Rhizosolenia stolterfothii 

Skeletonema costatum ~ Skeletonema costatum ~ 
Thalassiosira deeipiens ii-' Thalassios ira decipiens rii:irJ 

Ceratium !urea ¥ Ceratium /urea ~ 
Ceratium tusus Ceratium tusus iii? 

l!l 
Ceratium lineatum ~ 

'1J Dietyoeha sp. = '%; 
~ Gymnodinium tuscum 

"' ~ Gyrodinium sp 
% 

l!l 
Ceratium /ineatum ~ 

~ Dietyoeha sp. i:, 

Q) 

~ Gymnodinium tuseum iiiiii? 
"' C) Gyrodinium sp % 

Fla(lellate im:Eir Flaoellate I--=, 

ODE-1{)O 75E+O4 15E+O5 ODE+OO 7 5E+O4 15E-t{J5 

I □ Om Gill 1 511 □ 4Om I I □ Om lilil 3Om □ 6Om I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I-1) 04-April-2002 

84 85 

Asterionella sp. Asterionella sp. 

Bacillaria paxillifer r=i Bacillaria paxillifer ~ 
Biddulphia sinensis ;" Biddulph/a sinensis ~ 

Biddulphiopsis titiana Biddu/phiopsis titiana 

Chaetoceros debi/us ~ Chaetoceros debilus =-
Coscinodiscus /ineatus Coscinodiscus lineatus 

Detonula confervacea Detonula confervacea 

Ditylum brightwellii - Ditylum brightwellii = 
Leptocylindrus danicus Leptocylindrus danicus 

Melosira moniliforms ::, Me/osira moniliforms 

E: Melosira nummuloides -.Q 

~ Navicula cryptocephala 

E: Melosira nummu/oides 5iiil, 
.Q 

~ Navicula cryptocephala 

Navicu/a pelagica ~ Navicula pe/agica 0 

Paralia su/cata r Paralia sulcata §? 
Pleurosigma formosum Pleurosigma formosum 

pleurosigma sp. pleurosigma sp. 

Rhizosolenia shrubsolei Rhizosolenia shrubsolei 

Rhizoso/enia sp. Rhizosolenia sp. 

Rhizosolenia stolterfothii Rhizosolenia stolterfothii 

Skeletonema costatum F Skeletonema costatum ;r-' 

Thalassiosira decipiens --, Thalassiosira decipiens ::'J 

Ceratium furca a==' Ceratium !urea ~ 
Ceratium fusus □ Ceratium fusus "" 

~ 
Ceratium lineatum liiu 

<a Dictyocha sp. "" "' Gymnodinium fuscum c::i ~ 
"" () Gyrodinium sp 
~ 

Ceratium lineatum 
c:::, 

-El 
~ Dictyocha sp. 
"' fit Gymnodinium fuscum mm 

"" a Gyrodinlum sp {j 

Flagellate Flagellate 

O.OE+oO 7.5E+O4 15E+o5 O.OE+OO 7.5E+04 15E+O5 

I □ Om l!ll 25rn □ 5Orn I I □ Om li!II 2Om □ 45m I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I-1) 04-April-2002 

B6 B7 

Asterione/la sp. ~ Asterionella sp. F= 

Baci/laria paxillifer ~ Bae/Ilaria paxillifer ~ 
Biddulphia sinensis r Biddulphia sinensis ~ 

Biddulphiopsis titiana Biddulph/apsis titiana 0 

Chaetoceros debilus =- Chaetoceros debt/us ~ 
Coscinodiscus lineatus Coscinodiscus lineatus ~ 

Detonula confervacea ' Detonula contervacea 

Ditylum bri9htwel/ii = Ditylum bri9htwellii b-' 

Leptocylindrus danicus Leptocylindrus danicus i:, 

Melosira momliforms = p Melosira momliforms 

<: Melosira nummuloides = Q 

'i3 Navicu/a cryptocephala 

<: Melosira nummuloides F= 
Q 
.C\J Navicula cryptocephala i3 

Navicula pe/a9ica = Navicula pe/aaica 

Paralia sulcata P Paralia sulcata = 
P/eurosi9ma tormosum 

:::, Pleurosiama formosum 

pleurosi9ma sp. p/euros1r;ma sp. 

Rhizoso/enia shrubsolei Rhizoso/enia shrubsolei 

Rhizosolenia sp. Rhizosolenia sp. 

Rhizosolenia stolterfothii Rhizosolenia stolterfothii 

Skeletonema cos/alum O" Ske/etonema cos/alum ~ 
Thalassiosira decipiens ~ Thalassiosira decipiens F 

Ceratium turca ~ Cera/ium turca ~ 
Ceratium tusus = Ceratium tusus t::l 

1~ 
Ceratium /ineatum am 

::::: Dlctyocha sp. 
<U 

Gymnodinium tuscum t::l ~ -:: 
c:, Gyrodinium sp <:: 
i3 

El 
Ceratium lineatum ~ 

~ Dictyocha sp. ~ 
Q) 

Gymnodinium tuscum ~ ~ 
c:, Gyrodinium sp ~ 1 '§ 

Fla9el/ate = Flaaellate 

ODE+oO 7 5E+O4 15E+o5 ODE+OO 7 5E+O4 15E+O5 

I □ Om 1111 2Om D 85m I Io Om IIIll 25m o 85m I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I-1) 05-April-2002 

RW1 RW2 

Asterionella sp. ~ Asterionella sp. ~ 
Baci!laria paxi/lifer ~ Baeillaria paxi/lifer ~ 

Biddu/phia sinensis ' Biddulph/a sinensis ::, 

Biddulph/apsis tiliana , Biddu/ph/opsis titiana 

Chaetoeeros debilus 5 Chaetoeeros debi/us §ii 
Coseinodiseus !ineatus Coseinodiseus /ineatus 

Detonula eonfervaeea P Detonula eonfervaeea '--' = 
Dity!um brightwellii Dity!um brightwel/ii m!!I 

Leptoey/indrus danieus = Leptoey/indrus danieus 

Melosira moniliforms ljilJ Me/osira moniliforms !L., 

t: Melosira nummu/oides CJ 
Q 

~ Navieula eryptoeephala 

E: Me/osira nummu/oides ~ 
Q 

~ Navieula eryptoeephala 

Navieula pe/agiea Navieula pe/agiea !!!i!mil 

Paralia su/eata ~ Para/la su/eata = 
P/eurosigma formosum i§jl Pleurosigma formosum ~ 

p!eurosigma sp. pleurosigma sp. 

Rhizoso/enia shrubsolei ~ Rhizoso/enia shrubso/ei ~ 
Rhizosolenia sp. b,___, Rhizoso/enia sp. 

Rhizoso/enia sto/terfothii ' Rhizosolenia stolterfothii 

Skeletonema eostatum ,, Skeletonema eostatum 

Thalassiosira deeipiens ~ Tha/assiosira deeipiens --ii-' 

Ceratium /urea i Ceratium /urea 9 
Ceratium fusus Ceratium fusus 

!!! 
Ceratium lineatum ~ 

'll Dietyoeha sp. t , 
1G' Gymnodinium tuseum ii? 
"' () Gyrodinium sp ::, 
~ 

!!! 
Ceratium lineatum 

~ Dietyoeha sp. 
0 

C1l 

~ Gymnodinium fuseum 

"' () Gyrodinium sp S 
~ 

Flagellate □ Flagellate ::::i 

O.OE+OO 7.5E+04 1.5E+05 O.OE+OO 7.5E+04 15E+05 

I □ Om l!IB 1 Orn □ 25m I I □ Om llill 1 Om □ 25m I 
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Appendix A-5 Irish Sea Taxonomic data (No. of cells I-1) 05-April-2002 

RW3 RW4 

Asterionel/a sp. '' '"' Asterionella sp. ;;;;;;:;:::i 

Bacillaria paxillifer I I iil1U 11, I 11111111 Bacillaria paxillifer I I' I 1<11 I Ill ·1 I ' 
Biddulph/a sinensis - Biddulphia sinensis 

Blddu/phiopsis titiana CJ Biddulphiopsis /ifiana ~ 

Chaetoceros debilus m? Chaetoceros debilus :::::::i 

Coscinodiscus lineatus Im Coscinodiscus lineatus □ 

Detonula confervacea f;j::i Detonula confervacea ~ 

Ditylum bri(lhfwellii Ditylum brightwellii ,, 

Leptocylindrus danicus Lep/ocylindrus danicus !i:iin= 
Me!osira moniliforms 9m Me!osira moniliforms li6 

E: Me!osira nummuloides ~ Q 

~ Navicula cryptocephala 

E: Melosira nummuloides 
Q 

~ Navicula cryptocephala 

Navicula pelagica , , Navicula pe/agica " ' ' 

Paralia sulcata 1:::1 Paralia sulcata = 
Pleurosi(lma formosum tm;;:i Pleurosigma formosum iiimJ 

p/eurosi(lma sp. c::=::=J pleurosigma sp. 
'--

Rhizosolenia shrubsolei - Rhizosolenia shrubsolei 

Rhizosolenia sp. ~ Rhizosolenia sp. -Rhizosolenia stolterfothii ;.=::i Rhizosolenia stolterfothii -
Skeletonema cos/alum ., . 

'' Skele:onema cos/alum ""'' ',, ,, ' II u, ,.,, 

Thalassiosira deciplens II II I Iii li1d1 I IHI 1111 Thalassiosira decipiens II,,. 11,111 I II ·I ,1111 

Ceratium /urea t;;;;:;i Ceratium /urea ~ 
Cera/ium fusus Ceratium tusus b 

~ 
Ceratium lineatum tii!. 

<o Dictyocha sp. :::: 
Q) 

Gymnodinium fuscum P la' :::: 
Cl Gyrodinium sp ~ :@ 

~ 
Ceratium lineatum tm!i 

-!!> Dictyocha sp. mi qi 

la' Gymnodinium tuscum t::::::J 
:::: 
Cl Gyrodinium sp ~ 

:@ 

Fla(lellate ~ Flagellate t;;;;;;:J 

ODE+OO 7 5E+04 15E+05 ODE+OO 75E+04 15E+05 

I □ Orn li1115rn I I □ Orn lei 15m I 
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Appendix A-6 Celtic Sea Taxonomic data (No. of cells 1-1) 13-July-2002 69 

T1C1 (0800 BST) T1C2 (0900 BST) 

Ceralanlina ne/anica Ceratanlina pelagica 

Chaeloceros densus Chaeloceros densus 
Chaeloceros didvmus Chaeloceros didymus 

Coscinodiscus lineatus Coscinodiscus /ineatus ~ 

Detonula confervacea ~ Detonula confervacea ~ 
Gvrosiama scalaroides Gvrosiama sca/oroides 
Gvrosiama attenuatum Gyrosigma attenualum 

Lauderia annu/ata Lauderia annulata F= 

Leotocvlindrus danicus Leptocy/indrus danicus i,mmmm 

Leotocvlindrus minimus -== Leotocvlindrus minimus i====, 

Melosira moniliforms Me/osira moniliforms F' 

Melosira nummuloides Me/osira nummuloides 
Navicula inleora 

f:: Navicula cryplocephala 
~ Nitzschia c!oslerium 
~ Nitzschia de/icalissima im:i:mm,, 

Navicula inlegra 
f:: Navicula crvotoceohala F-=-= 

~ Nitzschia c/osterium i,,,;,, .<IJ 
cS Nitzschia de/icatissima I==' 

Nitzschia seriala === Ni tzschia seriata 
Nilzschia venlricosa Nitzschia ventricosa 

Pleurosiama anaulalum P/eurosigma angulatum 
P/eurosigma formosum 

Rhizosolenia a!ata I. a/ala 
P/eurosiama formosum 

Rhizoso!enia a/ala f.a/ata 
Rhizoso/enia hebe/ala ==- Rhizoso/enia hebetata -. 
Rhizosolenia setiaera ~ Rhizosolenia setigera =-

Rhizoso!enia shrubsolei Rhizoso/enia shrubsolei 
Rhizosolenia sn. Rhizosolenia sp. 

Ske!etonema coslalum Ske!etonema costatum 
Sleohanoovxis lurris Stephanopyxis turris -

Dio/oneis crabro Dioloneis crabro 

Ceralium furca = Ceratium /urea = 
Ceralium fusus Ceratium fusus = 

Ceralium linealum Ceratium !ineatum 
Ceralium If/DOS Ceratium tripos -,<I] Cladonvxis brachiolata 

~ Dinophysis acuta 
Qi Gonvaulax soinifera 
~ Gymnodinium fuscum 
.;:: 

Gvrodinium dorsum a 
.c:: Prorocenlrum micans cS 

Torodinium sn. = 

,<I] C/adoovxis brachiolata 
~ Dinophysis acuta 
Qi Gonvau!ax soinifera 
()) 

Gymnodinium fuscum ~ 
"' Gvrodinium dorsum a 
.c:: Prorocentrum micans cS 

Torodinium so. c:;:;:-
Peridinium conicoides Peridinium conicoides 

Flanellates ~ Flaael/ates ~ 

0.0E+OO 35E+04 7.0E+04 O.OE+OO 35E+04 7.0E+04 

I □ On llll 25m □ 48m I I □ Om 11111 25m D 50m I 



Appendix A-6 Celtic Sea Taxonomic data (No. of cells I-1) 13-July-2002 70 

T1C3 (1000 BST) T1C4 (1100 BST) 

Cera/an/Ina pe/agica Cera/an/Ina pelagica 
Chaetoceros densus I::::,-' Chaetoceros densus 

Chaetoceros didymus Chaetoceros didymus 
Coscinodiscus lineatus Coscinodiscus lineatus = 

Detonula confervacea ~ Detonu/a confervacea m:::::::::: 
Gvrosiama sca/oroides ~ Gvrosiama sca!Droides 
Gyrosigma attenuatum Gyrosigma attenuatum 

Lauderia annu/ata Lauderia annulata 5i3 

Leptocylindrus danicus == Leptocy/indrus danicus ~ 
Leotocv/indrus minimus - Lep/ocvlindrus minimus e====i 

Melosira momliforms Me/osira moniliforms 
Me/osira nummuloides Me/osira nummuloides 

Navicu/a inteara - Navicu/a inteara 
E: Navicu/a crvntoceoha/a 
Q Nitzschia clasterium .'II 
cS Nitzschia de/icatissima = 

E: Navicu/a crvptocephala = Q Nitzschia closterium ~ 
~ Nitzschia de/icatissima ~ 

Nitzschia seriata iiii:iiiii Ni tzschia seriata ~ 

Nitzschia ventricosa Nitzschia ventricosa 

P/eurosiama annu/atum P/eurosiama anaulatum 
P/eurosiama formosum Pleurosiama formosum 

Rhizosolenia ala/a I.ala/a Rhizosolenia ala/a I.ala/a ___, 

Rhizosolenia hebe/ala i:::, Rhizosolenia hebe/a/a 
Rhizoso/enia setiaera __. Rhizosolenia setiaera 

Rhizosolenia shrubsolei Rhizosolenia shrubsolei 

Rhizosolenia sn. = Rhizoso/enia SD. 
Ske/etonema cos/alum Skeletonema cos/alum 

SteDhanonwis turris SteDhanoDvxis turris ...,__. 

Dip/oneis crabro Dip/oneis crabro 

Ceratium /urea Ceratium !urea ~ 
Ceratium fusus Ceratium fusus p 

Ceratium lineatum Ceratium lineatum ~ 

Ceratium lriDos Ceratium triDos 

~ 
C/adoDvxis brachia/ala 

-!!! DinoDhvsis acuta 
Qi Gonvau/ax sninifera 
~ Gvmnodinium fuscum -::: 

Gvrodinium dorsum () 

-~ Prorocentrum micans ~ cS 
Torodinium so. = 

~ 
C/adoDvxis brachiolata 

-'!I DinoDhvsis acuta 
Qi Gonvau/ax sDint'fera 
~ Gvmnodinium fuscum -::: 

Gvrodinium dorsum () 

s Prorocentrum micans Cl 
Torodinium SD. = 

Peridinium conicoides Peridinium conicoides 

F/aae/lates Flaa el/ates 5 

O.OE+OO 3.5E+04 7.0E+04 O.OE+OO 3.5E+04 7.0E+04 

I □ Om [I 25m D 50m I I □ Om 1!111 29m □ 56m I 
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T1C5 (1200 BST) T1C6 (1300 BST) 

Ceratan!ina pe/agica Ceratanlina pe/agica 
Chaetoceros densus Chaetoceros densus 

Chaetoceros didymus Chaetoceros didymus ___. 
Coscinodiscus lineatus Coscinodiscus lineatus = 

Detonu!a confervacea ~ Detonula confervacea 
Gvrosi.ama scalnroides Gvrosi.ama scaloroides 
Gyrosigma attenuatum e.._ Gyrosigma attenuatum c,;:,,c 

Lauderia annu!ata Lauderia annulata 
Leptocy!indrus danicus - Leptocy!indrus danicus 

Leotocvlindrus minimus Leotocvlindrus minimus 
Me!osira moniliforms Me!osira moniliforms = 

Me/osira nummuloides ... Me!osira nummuloides ~ 
Navicu/a intenra = Navicu/a inteara 

E:: Navicula crvotoceohala 
Q Nitzschia c/osterium = 
-~ Nitzschia de!icatissima c:i 

E:: Navicu/a crvotoceoha/a 
Q Nitzschia c!osterium 
~ Nitzschia de!icatissima 

Nitzschia seriata Nitzschia seriata ~ 

Nitzschia ventricosa Nitzschia ventricasa 
Pleurosiama anau!atum P!eurosigma anau!atum 
P/eurosi.ama formosum Pleurosiama formosum 

Rhizosolenia alata f.a!ata ,c= Rhizoso/enia a/ata f.alata 
Rhizoso!enia hebetata 11:i::r' Rhizoso!enia hebetata = 
Rhizoso/enia setiaera J=!=o Rhizoso/enia setiaera 

Rhizoso/enia shrubso/ei Rhizosolenia shrubso!ei 

Rhizosolenia so. Rhizosolenia so. 
Ske!etonema costatum Skeletonema costatum 

Steohanoavxis turris StephanonVYiS turris 
Dip/oneis crabro Dip/oneis crabro 

Ceratium /urea IC!II Ceratium /urea 

Ceratium fusus Ceratium fusus 
Ceratium lineatum Ceratium lineatum 

Ceratium /f!oos Ceratium trioos 

-E!l 
Cladoovxis brachiolata 

~ Dinoohvsis acuta ;;;;;;;;;;;;;=, 

Qi Gonvaulax sninifera 
~ Gvmnodinium fuscum 

;;::: 
Gvrodinium dorsum () 

.C: Prorocentrum micans cS 
Torodinium so. 

-E!l 
Cladoovxis brachiolata 

~ Dinaphvsis acuta 
Qi Gonvau/ax soimfera 
~ Gvmnodinium fuscum ;;::: 

Gvrodinium dorsum = () 

~ Prorocentrum micans 
Torodinium so. 

Pef!dinium conicoides Peridinium conicoides 

F!aoellates -- Fla.ae!lates = 
0.0E+OO 35E+04 7.0E+04 O.OE+OO 35E+04 7.0E+04 

I □ Om lil!I 25m D 50m I I □ Om Iii! 27m □ 56m I 
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T1C7 (1400 BST) 

Ceratanlina pe/agica 
Chaetoceros densus ,-..=., 

Chaetoceros didymus 
Coscinodiscus lineatus 

Detonula confervacea f----, 

Gvrosiama scalnroides 
Gyrosigma attenuatum = 

Lauder/a annulata 
Leptocy/indrus danicus liiiiiiiiilmm 

Leotocvlindrus minimus I== 

Melos,ra moniliforms --Melos,ra nummuloides 
Navicu/a inteara 

f:: Navicu/a crvn/ocenha/a 
Q Nitzschia closterium .Ill 
cS Nitzschia delicatissima I=== 

Nitzschia seriata 
Nitzschia ventricosa 

Pleurosiama anaulatum 
Pleurosiama formosum 

Rhizosolenia a/ala f. ala/a 
Rhizosolenia hebe/ala ~ 
Rhizosolenia setiaera ~ 

Rhizosolenia shrubso/ei 
Rhizosolenia so. 

Ske/etonema cos/alum 
Steohanonwfs turris 

Dfp/oneis crabro 

Ceratium /urea 
Ceratium fusus 

Ceratium lineatum =~ 

Ceratium trioos 

,l!l Cladoovxis brachiolata 
~ Dinoohvsis acuta 
Q) Gonvau/ax sninifera 
~ Gvmnodinium fuscum ;;::: 

Gvrodinium dorsum C) 

.C:: Prorocentrum micans cS 
Torodinium sn. -Peridinium conicoides 

F/aae/lates 

O.OE+OO 35E+04 7.0E+04 

I □ Om 1ml 25m D 50m I 

13-July-2002 

Ceratanlina pelagica 
Chaetoceros densus 

Chaetoceros didymus 
Coscinodiscus lineatus § 

Detonula confervacea ~ 
Gvrosiama scaloroides 
Gvrosiama attenuatum 

Lauder/a annulata 
Leotocvlindrus danicus 

Leptocy/indrus minimus -Melos,ra moniliforms ~ 

Melosira nummuloides 
Navicula ,nteara 

f:: Navicu/a cryptocepha/a = 
Q Nitzschia closterium == Ill 
cS Nitzschia delicatissima ~ 

Nitzschia seriata l=;=iil 

Nitzschia ventricosa 
Pleurosiama anoulatum 
P/eurosiama formosum 

Rhizoso/enia a/ala I.ala/a ====, 

Rhizosolenia hebetata 
Rhizoso/enia setigera 

Rhizoso/enia shrubso/ei 
Rhizosolenia sp. 

Skeletonema costatum 
Stephanopyxis turris = 

Dioloneis crabro 

Ceratium /urea = 
Ceratium fusus ,::::, 

Ceratium lineatum 
Cerah·um trioos 

,l!l C/adopyxis brachiolata 

~ Dinoohvsis acuta 
Q) Gonyaulax spinifera 
~ Gvmnodinium fuscum a;:: 

Gyrod,nium dorsum C) 

~ Prorocentrum micans 
Torodinium so. ........... 

Peridinium conicoides 

Flaaellates ~ 

O.OE+OO 

T1C8 (1500 BST) 

35E+04 

l □ Om llll26m □ 47m l 
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T1C9 (1600 BST) T1C10 (1700 BST) 

Ceratanlina pe/agica Ceratanlina pe!agica 
Chaetoceros densus Chaetoceros densus 

Chaetoceros didymus I=---, Chaetoceros didymus ,.... 
Coscinodiscus !ineatus Coscinodiscus lineatus F= 

Detonu!a confervacea ~ Detonula confervacea 
Gvrosinma scalnroides Gvrosinma sca/oroides 
Gvrosiama attenuatum ,___...., Gyrosigma attenuatum 

Lauderia annu!ata Lauderia annulata 
Leotocv!indrus danicus iiiiiiiiF Leptocy!indrus danicus 

Leotocvlindrus minimus Lentocv/indrus minimus 
Me!osira moniliforms I::::! Me!osira moniliforms = 

Me/osira nummuloides - Me!osira nummu!oides E:I 
Navicu/a intenra = Navicu/a inteara 

t Navicu/a cryptocepha/a 
Q Nitzschia c!osterium -~ 
Cl Nitzschia de!icatissima = 

t Navicu/a crvntoceohala 
Q Nitzschia c!osterium 
~ Nitzschia de!icatissima 

Nitzschia seriata Nitzschia seriata ~ 

Nitzschia ventricosa Nitzschia ventricosa 
Pleurosioma anou!atum Pleurosinma annu/atum 
Pleurosinma formosum Pleurosiama formosum 

Rhizosolenia alata f.a!ata Rhizoso!enia a!ata f.alata 
Rhizoso!enia hebetata iiiliir'"" 

Rhizoso!enia setigera es:= 
Rhizosolenia hebetata 
Rhizosolenia setioera 

~ 

Rhizoso!enia shrubso!ei Rhizoso!enia shrubso!ei 
Rhizosolenia sp. Rhizoso!enia so. 

Ske!etonema cos/alum Skeletonema costatum 
S/ephanopyxis turris Steohanonwis turris 

Dioloneis crabro Dip/oneis crabro 

Ceratium /urea - Ceratium /urea 
Ceratium fusus Ceratium fusus 

Ceratium lineatum Ceratium lineatum -Ceratium trioos Ceratium trioos 

~ 
Cladopyxis brachia/ala 

~ Dinonhvsis acuta ~ 
Qi Gonyaulax spinifera 
~ Gvmnodinium fuscum 

'i::: Gyrodinium dorsum C) 

s Prorocentrum micans = 
Cl 

Torodinium sn. 

~ 
C!adonwis brachio!ata 

i Dinoohvsis acuta 
Gonvaulax sninifera 

~ Gvmnodinium fuscum 
'i::: Gvrodinium dorsum -C) 

~ Prorocentrum micans 
Torodinium so. 

Peridinium conicoides Peridinium conicoides 

F!aael!ates m=== F/ane/!ates = 
0.OE+O0 35E+04 7DE+04 0.OE+00 35E+04 7DE+04 

I □ Om liEl 25m D 50m I I □ Om Elli 25m □ 50m I 
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T1C 11 (1800 BST) T1C12 (1900 BST) 

Ceratanlina pelagica Ceratanlina pe!agica 
Chaetoceros densus ~ Chaetoceros densus 

Chaetoceros didymus - Chaetoceros didymus 
Coscinodiscus /ineatus ~ Coscinodiscus lineatus "-5 

Detonula confervacea Detonula confervacea i,,,,:,,..,..., 

Gvrosioma sca/orotdes Gvrosiama sca/oroides 
Gyrosigma attenuatum Gyrosigma attenuatum 

Lauder/a annulata Lauder/a annulata 
Leptocy!indrus danicus Leptocylindrus danicus 

Le1Jtocv/indrus min/mus 
Me/osira mom'/iforms 

Leotocvlindrus min/mus 
~ Me/osira moniliforms 

Melosira nummuloides =' Melosira nummuloides 
Navicu/a inteora Navicu/a inteara 

E: Navicu/a crvotoceoha/a E: Navicu/a crvotoceoha/a 
~ Nitzschia closterium .<1J 

cS Nitzschia de/icatissima t:::, 

~ Nitzschia c/osterium !CD 

~ Nitzschia de/icatissima F='== 

Nitzschia seriata Nitzschia seriata ~ 
Nitzschia ventricosa Nitzschia ventricosa = 

Pleurosiama anaulatum P/euros/gma an.oulatum 
P/eurosiama formosum P/eurosioma formosum 

Rhizosolenia alata f.alata ::!'I""" Rhizoso!enia a/ata f.alata ~ 
Rhizoso/enia hebetata = Rhizoso/enia hebetata 
Rhizosolenia setiaera = Rhizoso/enia setioera 

Rhizoso/enia shrubso/ei Rhizosolenia shrubso/ei 
Rhizosolenia s/J. Rhizosolenia so. 

Ske/etonema costatum i:::, Skeletonema costatum 
Stephanopyx/s turris ~ Steohanoo vxis turris = 

Diploneis crabro Diploneis crabro 

Ceratium /urea Ceratium /urea ~ 
Ceratium fusus ~ Ceratium fusus == 

Ceratium lineatum Ceratium lineatum -
Ceratium triaas t:::J Ceratium tri1Jos 

~ 
Cladopvxis brachiolata 

.I)) Dinoohvsis acuta 
Q3 Gonvau/ax soinifera 
~ Gvmnodinium fuscum -;;:: 

Gvrodinium dorsum () 
.C: Prorocentrum micans cS 

Torodinium S/J. -
~ C/adoovxis brachio/ata 
<1J Dinophvsis acuta 1-, 

~ Gonvaulax sp/nifera 
~ Gvmnodinium fuscum ;;:: 

Gvrodinium dorsum () = 
~ Prorocentrum micans 

Torodinium SP. = Peridinium con/ca/des Per/din/um conicoides 

Flaael/ates = Flaaellates ~ 

O.OE+OO 3.5E+04 7.0E+04 O.OE+OO 3.5E+04 7.0E+04 

j □ Om li!l 26m □ 50m I I □ Om 111D 25m □ 53m I 



Appendix A-6 Celtic Sea Taxonomic data (No. of cells I-1) l 4-July-2002 75 

B7 B6 

Ceratan!ina oelaaiea Cera/an/Ina oe!aoiea 
Chaetoeeros densus Chaetoeeros densus 

Chaetoeeros didvmus === Chaetoeeros didvmus 
Coscinodiseus /ineatus Coscinodiscus lineatus 

Detonula eonfervaeea ,______. Detonula confervaeea F=== 

Gyrosioma sea/oroides Gyrosigma sea/proides -Gvrosiama attenuatum - Gyrosioma attenuatum -Lauderia annu!ata ~ Lauder/a annulata 
Leptoey!indrus danieus Leptoeylindrus danicus 

Leotoev!indrus minimus Leotoev/indrus minimus i=-= 

Me/osira moniliforms Me/osira moniliforms 
Me!osira nummuloides I===== Me!osira nummu!oides 

Navieula inteara Navicu/a inteora 
t: Navieu!a ervotoeeohala 
~ Nitzsehia c/osterium -.<ll 
ts Nitzsehia delieatissima 

E: Navieu/a eryotoeeohala 
~ Nitzschia c!osterium ---~ Nitzschia de/ieatissima 

Nitzsehia seriata Nitzsehia seriata 
Nitzsehia ventricosa Nitzsehia ventricosa 

P!eurosiama anaulatum P!eurosiama anaulatum 
Pleurosiama formosum P!eurosiama formosum --. 

Rhizoso!enia a/ala f.a!ata Rhizoso!enia a/ala I.ala/a 
Rhizoso!enia hebetata Rhizoso!enia hebe/a/a =====-
Rhizoso!enia setiaera - Rhizosolenia setioera 

Rhizoso!enia shrubsolei Rhizoso!enia shrubso/ei ~ 
Rhizosolenia so. Rhizoso!enia so. 

Ske!etonema costatum Skeletonema eostatum 
Steohanonvxis turris Steohanonvxfs turris 

Dio!oneis crabro Dioloneis erabro 

Ceratium /urea Ceratium /urea 
Ceratium fusus ..... Ceratium fusus 

Ceratium lineatum Ceratium lineatum 
Ceratium tripos Ceratium tripos 

.'!] Cladoovxis brachio!ata 
<ll Dinoohvsis aeuta 
'ijj Gonvau!ax soinifera 
i\l' Gvmnodinium fuseum -===--

.;::: 
Gyrodinium dorsum a 

.C: Proroeentrum mieans ts Torodinium so. 

.'!] C!adopvxis brachio!ata 

~ 
Dinoohvsis aeuta 

Gonvau/ax soinifera 
i\l' Gvmnodinium fuseum 

',::: 
Gyrodinium dorsum a 

~ Proroeentrum mieans 
Torodinium so. 

Peridinium eonieoides - Peridinium eonieoides -= 

Flaoel!ates F!aoe!!ates 

O.OE+OO 3.5E+04 7.0E+04 O.OE+OO 3.5E+04 7.0E+04 

j □ Omllill31m □ 75m j ID Om llill 20m D 66m I 
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B5 B4 

C,,ratanlina Delaaica ~ Cera/an/Ina 12.elag_ica -
Chaetoceros densus = Chaetoceros densus 

_, 

Chaetoceros dtdvmus Chaetoceros didvmus .--. 
Coscinodiscus lineatus ,m Coscinodiscus lineatus 

Detonula confervacea Detonula confervacea 
Gyro,,iama sca!Dro,des Gvrosiama scaloroides 
Gvrosiama attenuatum Gvrosiama attenuatum .--. 

Lauder/a annu!ata - Lauder/a annu!ata 
Leptocy!indws danicus Leptocylindrus danicus ...... 

Leotccvlindrus minimus Leotocvlindrus minimus 
Melosira monilifarms Me!osira mom!iforms 

Me!osira nummuloides Me!ostra nummuloides 
Navicula integ_ra ==== 

~ Navicula crYDloceoha/a 
~ Nitzschia closterium _(IJ 

c'S Nitwchia de/icatissima ~ 

Navicu!a 111/eg_ra 
~ Navicu/a crvotoceohala 
~ Nitzschia closterium 
~ Nitzschia de!icatissima I-== 

Ni tzschia seriata Nitzschia seriata 
Nitzschia ventricosa - Nitzschia ventricosa 

FYeurQ§jgma anau/atum P!eurosig_ma ang_u/atum 
P/eurosiama formosum = Pleurosioma formosum ~ 

Rhizosolenia a/ala I.ala/a - Rhizoso!enia a/ala I.a/a/a 
Rhi.wsolenia hebe/ala Rhizosolenia hebe/ala 
Rhizosolenia setinera I Rhizosolenia setiaera 

Rhizoso/enia shrubsolei Rhizosolenia shrubso/ei I=--, 

Rhizoso/enia SD. == Rhizosolenia so. 
Skeietonema cos/alum - Ske!etonema cos/alum 

Ste12.hanopvxis turris 
Dioloneis crabro 

Steohanoovxis turris ,=, 

Dioloneis crabro ,-..., 

Ceratium /urea Ceratium /urea 
Ceratium fusus mm Ceratfum fusus 

Ceratium lineatum Ceratium lineatum 
Ceratium tripos Ceratium tripos 

-l!l C/adopvxis brachio!ata 

~ Dino12.hvsis acuta 
Q) Gonvau/ax soinifera 
\)) 

Gvmnodinium fuscum ~ 
'<.;: G'yrodinium dorsum """""" C) 
.c: Prorocentrum micans c'S /orodinium SD. = 

-l!l - Cladoovxis brachio!ata 

~ Dinoohvsis acuta ==--, 
Q) Gonvau/ax sDinifera 
~ Gvmnodlnium fuscum ;::: 

Gyrodinium dorsum C) 

~ Prorocentrum micans 
Torodlnium so. 

Peridinium confcoides = Pend/mum conicoides ,= 

Flaa el/ates F!aoellates ==a 

O.0E+OO 3.5E+O4 7.0E+O4 O.OE+OO 35E+O4 7.0E+04 

I EJ Om 1111 16m □ 83m I I □ Om Ill 43m □ 85m I 
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B3 B2 

Ceratanlina ae/aaica Ceratanlina ae!aaica 
Chaetoceros densus Chaetoceros densus = 

Chaetoceros didvmus Chaetoceros didvmus 
Coscinodiscus lineatus ~ Coscinodiscus lineatus 

Detonula confervacea i:iiiii:iiil"' Detonu!a confervacea ===;-' 

Gvrosiama scalnroides .. Gvrosiama sea/pro/des 
Gvrosinma attenuatum Gvrosioma attenuatum 

Lauder/a annulata Lauderia annulata 
Leptocylindrus danicus Leptocy/indrus danicus 

Leatocvlindrus minimus :::::::=:=:::: Leatocvlindrus min/mus 
Melosira mom!iforms Melosira moniliforms 

Melosira nummuloides Melosira nummu!oides 
Navicula inteara Navicula inteara 

E: Navicula crvatoceDhala ---= 
~ Nitzschia closterium -6 Nitzschia delicatissima ~ 

E: Navicu/a crvatocephala 
~ Nitzschia c!osterium -~ 
c:i Nitzschia de!icatissima 

Nitzschia seriata Nitzschia seriata ~ 

Nitzschia ventricosa = Nitzschia ventricosa 
Pleurosiama annulatum I= Pleurosiama anau!atum 
Pleurosiama formosum P/eurosiama formosum 

Rhizosolenia ala/a I.ala/a ~ Rhizosolenia a/ala I.ala/a 
Rhizosolenia hebetata == Rhizosolenia hebe/ala =-
Rhizosolenia setinera Rhizosolenia setiaera 

Rhizosolenia shrubsolei Rhizosolenia shrubso!ei ~ 
Rhizosolenia SD. Rhizoso!enia sp. 

Skeletonema cos/alum Skeletonema cos/alum 
SteDhanonvxis turris Steahanoavxis turris 

Dialoneis crabro Dia!oneis crabro 

Ceratium /urea Ceratium /urea = 
Ceratium fusus - Ceratium fusus 

Ceratium lineatum Ceratium lineatum 
Ceratium tripos Ceratium tripos 

l!l Cladonwis brachiolata 
~ Dinoahvsis acuta ~ 
Qi Gonvaulax sninifera 
~ Gvmnodinium fuscum 

.;::: Gyrodinium dorsum () 

~ Prorocentrum micans 
Torodinium sn. 

l!l Cladoavxis brachiolata 
(IJ Dinophysis acuta ~ 
i Gonvau/ax soinifera 
~ Gvmnodinium fuscum ____, 

.;::: 
Gyrodinium dorsum () = 

~ Prorocentrum micans 
Torodinium SD. __. 

Peridinium conicoides Peridinium conicoides 

Flane!lates Flaae!lates 

O.OE+OO 35E+O4 7.0E+O4 O.OE+OO 35E+O4 7.0E+O4 

I □ Om l!!I 45m D 89m I I □ Om lill 43m □ 86m I 
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A2 A3 

Ceratanlina oelaaica Ceratan!ina oelaaica =====! 

Chaetoceros densus ~ Chaetoceros densus 
Chaetoceros didvmus Chaetoceros didvmus 

Coscinodiscus lineatus = Coscinodiscus lineatus 
Detonula confervacea Detonu!a confervacea 

Gvrosiama sca!Droides ""' Gvrosioma sca/proides = 
Gyrosiama attenuatum Gvrosiama attenuatum 

Lauderia annulata Lauderia annu!ata -LeDtocvlindrus danicus LeD/ocvlindrus danicus 
Leotocy!indrus minimus Leotocylindrus minimus 

Me/osira momliforms """"""'= Me/osira momliforms 
Me!osira nummuloides Me!osira nummuloides ~ 

Navicula inteara Navicu!a inteara 
E: Navicu/a crvDloceohala = 
~ Nitzschia closterium ~ .<1J 

Ci Nitzschia delicatissima 

E: Navicu/a crvotoceoha/a 
~ Nitzschia closterium ---, 

~ Nitzschia de!icatissima 
Nitzschia seriata Nitzschia seriata 

Nitzschia ventricosa Nitzschia ventricosa 
P!eurosigma angu/atum Pleurosigma angu/atum ---, 

P/eurosiama formosum = Pleurosiama formosum 
Rhizoso!enia a/ala f.a!ata Rhizoso/enia a/ala I.ala/a 

Rhizoso/enia hebe/ala Rhizoso/enia hebetata 
Rhizosolenia setiaera Rhizoso/enia setioera 

Rhizoso/enia shrubso/ei Rhizoso/enia shrubso!ei --Rhizosolenia so. Rhizoso!enia so. 
Ske/etonema cos/alum Skeletonema costatum 

Steohanonwis turris SteDhanoDvxis turris 
Dioloneis crabro DiD!oneis crabro 

Ceratium /urea Ceratium /urea -Ceratium fusus - Ceratium fusus 
Ceratium lineatum Ceratium lineatum 

Ceratium lrtoos Ceratium tripos 

,(!! 
C/adoovxis brachio!ata 

<1J Dinoohvsis acuta 
___. 

i Gonvau/ax sDinifera 
~ Gvmnodinium fuscum 

;;:: 
Gvrodinium dorsum = C) 

.C:: Prorocentrum micans Ci Torodinium SD. 

,(!! C/adonwis brachiolata 

~ DinoDhvsis acuta == 
(I) Gonvaulax sDinifera 
~ Gvmnodinium fuscum ;;:: 

Gvrodinium dorsum C) 

@ Prorocentrum micans 
Torodinium SD. 

Peridinium conicoides Pertdinium conicoides 

F/aae/lates =====;---' Flaael!ates 

O.OE+OO 35E+O4 7.0E+O4 O.OE+OO 3.5E+O4 7.0E+O4 

J □ Om t:lll 4Om D 8Om I J □ Om liDl 33m □ 67m I 
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A4 A5 

Ceratanlina ne/aniea Ceratanlina oelaoiea F' 

Chaetoeeros densus I-----, Chaetoeeros densus ~ 
Chaetoeeros didvmus Chaetoeeros didvmus -==-

Coscinodiseus lineatus Coscinodiscus lineatus 
Detonula eonfervaeea Detonu/a eonfervaeea 

Gvrosiama sea/oroides Gyrosigma sea/proides = 
Gwosioma attenuatum = Gvrosioma attenuatum 

Lauderia annulata = Lauderia annulata ____. 

Leatoevlindrus danieus Leotoevlindrus danieus 
Leptoeylindrus minimus Leptoeylindrus minimus 

Me/osira moni/iforms Me/osira momliforms -
Me/osira nummuloides Me/osira nummuloides 

Navieu/a inteora -!:: Navieula ervotoeeoha/a 
~ Nitzsehia elosterium ---, 
-~ Nitzsehia de/ieatissima c:i 

Navieu/a inteora ,im;:m 

!:: Navieula ervotoeeoha/a = 
~ Nitzsehia closterium 
~ Nitzsehia de/ieatissima 

Nitzsehia seriata Nitzsehia seriata 
Nitzsehia ventrieosa Nitzsehia ventrieosa 

Pleurosigma angu/atum P/eurosigma angulatum 
Pleurosiama formosum Pleurosiama formosum = 

Rhizoso/enia alata f.a/ata Rhizosolenia a/ata f.alata 
Rhizosolenia hebetata = Rhizoso/enia hebetata 
Rhizosolenia setiaera Rhizoso/enia setioera 

Rhizoso/enia shrubsolei = Rhizosolenia shrubso/ei 
Rhizosolenia so. Rhizosolenia sp. 

Skeletonema eostatum Ske/etonema eostatum -Steohanonwis turris Steohanoovxis turris 
Din/oneis crabro Dio/oneis erabro 

Ceratium /urea liiii:cm!,m Ceratium /urea 
Ceratium fusus = Ceratium fusus 

Ceratium lineatum Ceratium lineatum 
Ceratium trioos Ceratium tripos 

Jll 
Cladoovxis braehiolata 

~ Dinoohvsis aeuta 
Qj Gonvau/ax soinifera 
16' Gvmnodinium fuseum ~ .;::: Gvrodinium dorsum C) 

~ Proroeentrum mieans -
Torodinium so. 

Jll 
C/adoovxis braehio/ata 

~ Dinoohvsis aeuta =-. 
Q) Gonvau/ax soinifera 
i::,, Gvmnodinium fuseum ~ 
"' Gvrodinium dorsum ~ C) 

s Proroeentrum mieans c:i Torodinium so. 
Peridinium eonieoides Peridinium eonieoides 

F/anellates F laaellates == 
O.OE+OO 35E+04 7DE+04 ODE+OO 3.5E+04 7.0E+04 

ID Om 11m 35m D 67m I I □ Om 111D 33m D 64m I 
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Appendix A-6 Celtic Sea Taxonomic data (No. of cells 1-1) 

Ceratanlina ne/anica 
Chaetoceros densus ~ 

Chaetoceros didvmus 
Coscinodiscus lineatus 

Detonula confervacea 
Gvroslama sca/oroides 
Gvrosiama attenuatum 

Lauder/a annu!ata 
Leotocvlindrus danicus 

Leptocy!indrus minimus """""""' Me/osira montliforms 
Me/osira nummuloides 

Navicu/a inteora 
Navicula crvnlocenha/a = 

Nitzschia closterium 
Nitzschla delicatissima -Nltzschia seriata 

Nitzschia ventricosa 
P!eurosigma angu!atum -Pleurosiama formosum 

Rhizoso/enia ala/a f. a/ala 
Rhizosolenia hebela/a --, 

Rhizosolenia seliaera 
Rhizoso!enia shrubsolei 

Rhizosolenia SP. 
Ske/e/onema cos/alum 

S/eohanonwfs turris 
Din/oneis crabro 

Ceratium /urea 
Ceralium fusus 

Ceratium lineatum 
Ceratium triPos ......... 

Cladonwis brachiolata 
Dinonhvsis acuta 

Gonvaulax sPinifera 
Gvmnodinium fuscum 

Gvrodinium dorsum 
Prorocentrum micans 

Torodinium SP. 
Peridinium conicoides 

Flanellates 

O.OE+OO 

A6 

35E+04 

j □ Om1El28m □ 63m l 

7DE+04 
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A? 

Cera/an/Ina Pelaaica 
Chaeloceros densus 

Chaetoceros didvmus 
Coscinodiscus lineatus ~ 

Delonula confervacea 
Gyrosiama sca/proides 
Gvrosiama attenuatum 

Lauder/a annulata ~ 

Leotocvlindrus danicus ~ 
Leplocy!indrus minimus 

Me/osira moniliforms 
Melosira nummuloldes 

Navicu/a inteara 
E: Navicula crvPlocepha!a 
-8 Nitzschia closterium i,:,:,am,, 

~ Nitzschia de!icalissima 
Nitzschia seriala 

Nitzschia venlricosa I==-
Pleurosigma angulatum 
P/eurosioma formosum 

Rhlzosolenia a/ala f.alala ,___ 

Rhizoso/enla hebelala I== 
Rhizoso/enia selioera 

Rhizoso/enia shrubso/ei 
Rhlzosolenia sp. 

Skelelonema coslalum 
Slephanoovxis turris -Dip/oneis crabro 

Ceratium (urea 
Ceralium fusus 

Ceralium lineatum ~ 

Ceralium lriPos 

jJJ C!adopyxis brachiolala 
'll Dinophvsis acula = i Gonvau/ax sp/nffera 
~ Gvmnodlnium fuscum l==:=m 

"' Gvrodinium dorsum () 

~ Prorocenlrum micans 
Torodinium SP. I== 

Peridinium conicoides 

Flaae!lales 

ODE+OO 3.5E+04 7.0E+04 

I □ Om lil!l 26m D 67m I 



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

Chaetoceros dens 
Chaetoceros didym 

Coscinodiscus lineal, 
tonu/a contervac 
s,oma scaloroid, 
osl{lma attenuatu, 

'fia annula 
Leptocy/indrus danicus 

Leptoqlindrus minimus 
Melosira moniliforms 

Melosira nummulo,des 
Navicula inteora 

t: Navicula cryotocephala 
~ Nitzschia closterium 

1 Ci Nitzschia delicatissima 
Nitzschia seriata 

Nitzschia ventricosa 
Pleurosigma angulatum 
Pleurosioma formosum 

Rhizosolenia alata f.alata 
Rhizosolenia hebetata 
Rhizosolenia setioera 

Rhizosolenia shrubsolei 
Rhizosolenia sp. 

Skeletonema cos/alum 
Stephanoorxis turris 

Dioloneis crabro 

Ceratium /urea 
Ceratium fusus 

Ceratium lineatum 
Ceratium tripos 

l!l -!!! a acuta 
Q°, Gon inifera 
~ Gymnodinium fuscu, 
0 Gyrodinium dorsu,. L 
~ Prorocentrum micans -~• 

Torodinium so. 
Peridinium conicoides 

Flaoellates 

0.0E+OO 

S1 

35E+04 7DE+04 

J □ Om !Iii 26m □ 83m J 

15-July-2002 81 



Appendix A-6 Celtic Sea Taxonomic data (No. of cells I- 1) 16-July-2002 82 

Cl C6 

Ceratanlina oelaaica Ceratanlina oelaaica = 
Chaetoceros densus Chaetoceros densus 

Chaetoceros didvmus Chaetoceros didvmus 
Coscinodiscus lineatus Coscinodiscus lineatus -Detonula confervacea Detonula confervacea 
Gvrosiama scaloroides Gvrosiama scalproides 
Gvrosiama attenuatum Gvrosiama attenuatum 

Lauderia annulata ~ Lauderia annulata 
Leptocylindrus danicus Leptocylindrus danicus =,,, 

Leotocvlindrus minimus Leotocvlindrus minimus 
Melosira moniliforms Melosira moniliforms 

Melosira nummuloides Melosira nummuloides = Navicula inteara ......_. Navicula inteara 
E:: Navicula crvotoceohala 
~ Nitzschia c/osterium .Ill 
Cj Nitzschia delicatissima 

E:: Navicula crvptoceohala 
~ Nitzschia c/osterium .!!J 
Cl Nitzschia delicatissima 

Nitzschia seriata Nitzschia seriata 
Nitzschia ventricosa Nitzschia ventricosa 

Pleurosiama anaulatum Pleurosiama anaulatum i,,,::,,,,:,,, 

Pleurosiama formosum I=== Pleurosiama formosum 
Rhizosolenia ala/a I.ala/a Rhizosolenia ala/a I.ala/a 

Rhizosolenia hebe/ala Rhizosolenia hebe/ala -Rhizosolenia setiaera 
!::i Rhizosolenia shrubsolei 

Rhizosolenia setiaera F=='= 

Rhizosolenia shrubsolei == 
Rhizosolenia so. Rhizosolenia sp. 

Skeletonema costatum Skeletonema cos/alum 
Steohanonwis turris Steohanoovxis turris = 

Dioloneis crabro Dioloneis crabro 

Ceratium !urea ==== Ceratium /urea = 
Ceratium fusus Ceratium fusus 

Ceratium lineatum Ceratium lineatum 
Ceratium tripos Ceratium tripos 

-Bl Cladoovxis brachiolata 
-'!1 Dinoohvsis acuta 
Qj Gonvaulax soinifera 
~ Gvmnodinium fuscum 
"' Gyrodinium dorsum -0 
.C: Prorocentrum micans Cj 

Torodinium so. -

-Bl Cladoovxis brachiolata 
Ill Dinoohvsis acuta ::::, 

Gonvaulax soinifera (I) 

~ Gvmnodinium fuscum s::: Gyrodinium dorsum 0 

~ Prorocentrum micans 
Torodinium so. = 

Peridinium conicoides Peridinium conicoides 

F/aoellates Flaaellates = 
O.OE+OO 35E+04 7.GE+04 O.OE+OO 3.5E+04 7.0E+04 

I D Om llill 14m D 96m j J □ om Dill 17m □ 101m 1 
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C5 C4 

Ceratanlina ne/aaica Ceratanlina pe/aoica 
Chaetoceros densus .---, Chaetoceros densus -"-= 

Chaetoceros didvmus I===== Chaetoceros didvmus ===-, 

Coscinodiscus lineatus Coscinodiscus lineatus 
Detonula confervacea - Detonu/a confervacea 

Gvrosiama scaloroides Gwosioma sca/proides 
Gvrosiama attenuatum Gvrosioma attenuatum :::::::::::;-' 

Lauderia annulata Lauderia annulata -
Leptocy!indrus danicus Leptocylindrus danicus 

Leotocvlindrus minimus I====== Leptocvlindrus minirnus = 
Melosira moniliforms Me!osira moniliforms ~ 

Me/osira nummuloides Me/osira nummuloides 
Navicu/a inteora Navicu/a inteora 

~ Navicula crvntoceoha/a 
-l2 Nitzschia closterium 
~ Nitzschia delicatissima ~ 

~ Navicu/a cryptocepha/a 
-l2 Nitzschia closterium -
~ Nitzschia de/icatissima 

Nitzschia seriata Nitzschia seriata 
Nitzschia ventricosa Nitzschia ventricosa 

Pleurosiama anou!atum """""" Pleurosiama anau/atum = 
P/eurosioma formosum Pleurosioma formosum 

Rhizoso/enia alata f.alata - Rhizoso/enia alata f.alata -
Rhizosolenia hebetata Rhizoso/enia hebetata 
Rhizoso/enia setioera Rhizosolenia setiaera ~ 

Rhizosolenia shrubso/ei Rhizoso/enia shrubso/ei 
Rhizosolenia so. Rhizosolenia sp. 

Ske/etonema costatum Skeletonema costatum 
Steohanoovxis turris Steohanoovxis turris 

Dioloneis crabro Dioloneis crabro 

Ceratium furca ~ Ceratium /urea 
Ceratium fusus Ceratium fusus -

Ceratium lineatum Ceratium lineatum 
Ceratium tripos o:c Ceratium tripos 

.(!J C/adoovxis brachiolata 
((l Dinoohvsis acuta 
i Gonvaulax soinifera 
()) Gvmnodinium fuscum ,'ll 

s.;: Gyrodinium dorsum () 
.C:: Prorocentrum micans cs Torodinium so. ~ 

.(!J C/adoovxis brachiolata 
((l Dinophvsis acuta -::::: 
(I) Gonvaulax soinifera 
f? Gvmnodinium fuscum ;;::: 

Gyrodinium dorsum () 

.s Prorocentrum micans Cl Torodinium so. = 
Peridinium conicoides Peridinium conicoides 

Flaae/lates Flaael/ates 

O.OE+OO 35E+04 7.0E+04 ODE+OO 3.5E+04 7.0E+04 

I □ Om li!I 9m D 112m I I □ Om 1ml 8m D 104m I 
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C3 C2 

Ceratanlina oelaaiea = Ceratanlina oelaaica 
Chaetoeeros densus - Chaetoeeros densus 

Chaetoeeros didvmus - Chaetoeeros didvmus 
Coscinodiseus lineatus Coscinodiscus lineatus 

Detonula eonfervaeea Detonula confervacea ~ 
Gvrosiama sca/oroides ===- Gvrosiama sea/pro/des 
Gvrosiama attenuatum Gvrosioma attenuatum 

Lauderia annulata ~ Lauderia annulata 
Leptoeylindrus danieus Leotocylindrus danieus 

LeDtoevlindrus minimus LeDtocv/indrus minimus --. 
Me/osira moni/iforms Me/osira moniliforms --Melosira nummuloides = Melosira nummuloides 

Navieu/a inteara Navicu/a inteara 
t: Navicula ervDtoceDha/a 
-8 Nitzsehia closterium 
~ Nitzschia de/ieatissima -

t: Navieula ervDtocepha/a F= 

-8 Nitzschia closterium !=='-, 

J Nitzschia de/icatissima 
Nitzsehia seriata Nitzschia seriata 

Nitzsehia ventrieosa Nitzsehia ventricosa 
P/eurosiama anaulatum P/eurosiama anaulatum 
Pleurosiama formosum Pleurosiama formosum 

Rhizosolenia a/ala f.alata i.tim,_, Rhizoso/enia a/ata f.alata i-== 

Rhizoso/enia hebetata Rhizosolenia hebetata 
Rhizosolenia setiaera ====;=I Rhizosolenia setiaera 

Rhizoso/enia shrubso/ei = Rhizosolenia shrubso/ei """""" Rhizosolenia so. Rhizoso/enia SD. 
Skeletonema costatum Skeletonema eostatum 

SteDhanonwfs turris ,___..., Steohanonwis turris 
DiDloneis erabro DiD!oneis crabro 

Ceratium /urea Ceratium /urea F= 

Ceratium fusus Ceratium fusus 
Ceratium lineatum Ceratium lineatum 

Ceratium tripos Ceratium tripos c---:-, 

~ 
CladoDvxis brachiolata 

-!!J Dinoohvsis aeuta 
Qi Gonvaulax sDinifera 
~ Gvmnodinium fuseum 

s:::: Gyrodinium dorsum Cl 
,C: Prorocentrum micans cS Torodinium SD. 

~ 
C/adopvxis brachio/ata 

(ll Dinophysis aeuta ~ :::: 
Gonvau/ax soinifera (I) 

~ Gvmnodinium fuscum = s:::: Gyrodinium dorsum Cl 

~ Prorocentrum micans 
Torodinium SD. =: 

Peridinium eonicoides Peridinium conicoides 

Flaaellates Flaaellates 

O.OE+OO 35E+04 7.0E+04 O.OE+OO 3.5E+04 7.0E+04 

I □ Om Iii 52m D 103m I I □ Om lill 46m □ 93m I 
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E2 E1 

Cera/an/Ina oelaaica Ceratanlina oelaaica I== 

Chaetoceros densus Chaetoceros densus 
Chaetoceros dfdymus Chaetoceros didvmus 

Coscinodiscus lineatus Coscinodiscus lineatus 
Detonu/a confervacea ==l Detonu/a confervacea B= 

Gwosiama scaloroides Gyrosiama scaloroides -Gyrosiama attenuatum - Gvrosiama attenuatum 
Lauder/a annulata - Lauder/a annulata ~ 

Leptocy!indrus danicus Leptocy!indrus danicus 
Leotocvlindrus minimus I= Leotocvlindrus minimus 

Me!osira moniliforms Melosira moniliforms 
Me!osira nummuloides I-='-' Me!osira nummuloides J=:r=-' 

Navicu/a inteara Navicu!a inteara 
~ Navicula crvotoceoha/a 
-8 Nitzschia c!osterium 
~ Nitzschia delicatissima 

~ Navicu/a crvotoceohala -=--8 Nitzschia c!osterium 
~ Nitzschia delicatissima 

Nitzschia seriata Nitzschia seriata 
Nitzschia ventricosa -==- Nitzschia ventricosa 

Pleurosioma anaulatum Pleurosiama anau/atum 
P/eurosiama formosum I= Pleurosiama formosum = 

Rhizosolenia alata f.alata Rhizaso!enia a/ata f.alata 1-=c= 

Rhizosolenia hebetata ~ Rhizoso!enia hebe/a/a 
Rhizosolenia setiaera Rhizoso/enia setiaera ~ 

Rhizoso/enia shrubsolei Rhizosolenia shrubso!ei -=-
Rhizaso/enia so. Rhizoso/enia so. 

Skeletonema castatum ---- Skeletanema costatum 
Steohananvxis turris i;;., Steohanoovxis turris 

Dio!oneis crabro Dio!oneis crabra 

Ceratium !urea Ceratium /urea 
Ceratium fusus Ceratium fusus -

Ceratium lineatum Ceratium lineatum 
Ceratium tripos Ceratium tripos ,__.., 

~ 
Cladoovxis brachio/ata 

'll Dinoohvsis acuta ~ 
'a\ Gonvau/ax soinifera 
ti) 

Gvmnodinium fuscum --= ~ 
"" Gyrodinium dorsum C) 

.C: Prarocentrum micans Cl Torodinium so. 

~ 
C!adopyxis brachia/a/a 

'll Dinoohvsis acuta 
"" Gonvaulax soinifera Q) 

~ Gvmnodinium fuscum ;;::: 
Gyrodinium dorsum C) 

@ Prorocentrum micans ,---

Torodinium so. 
Peridinium conicaides Peridinium conicoides 

F/aae//ates F!aael!ates 

O.OE+OO 3.5E+O4 7.0E+O4 O.OE+OO 3.5E+O4 7.OE+O4 

I □ Om ll!l 16m □ 77m I I □ Om lllil 32m □ 63m I 
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E3 

Ceratanlina oelaaiea 
Chaetoeeros densus 

Chaetoeeros didvmus -Coseinodiseus /ineatus 
Detonula eonfervaeea 

Gvrosiama sealoroides 
Gvrosiama attenuatum 

Lauder/a annulata 
Leptoey/indrus danicus -Leotoevlindrus minimus 

Me/osira momliforms 
Me/osira nummuloides 

Navieula inteara 
Ee Navieula ervotoeeoha/a 
-8 Nitzsehia c/osterium 
~ Nitzschia de/icatissima 

Nitzsehia seriata 
Nitzsehia ventrieosa 

Pleurosiama anaulatum 
P/eurosiama formosum ====-

Rhizosolenia a/ala I.ala/a 
Rhizosolenia hebetata 
Rhizoso/enia setiaera :::;----

Rhizosolenia shrubsolei 
Rhizosolenia so. 

Ske/etonema eostatum 
Steohanoovxis turris 

Dio/oneis crabro 

Ceratium /urea 
Ceratium fusus 

Ceratium /ineatum 
Ceratium tripos 

.\!} C/adoovxis braehiolata 
(IJ Dinoohvsis acuta :::: 

Gonvau/ax soinifera Q) 
()) 

Gvmnodinium fuseum d!! 
C) Gyrodinium dorsum ~ 
.C:: Prorocentrum micans = cs Torodinium so. 

Peridinium eonicoides 

F/aoellates 

O.OE+OO 35E+04 7.0E+04 

J □ Om 11111 39m D 90m I 

l 8-July-2002 

Ceratan!ina oelaaica 
Chaetoceros densus 

Chaetoeeros didvmus 
Coscinodiseus !ineatus -Detonula eonfervaeea 
Gvrosiama sealoroides 
Gvrosioma attenuatum 

Lauder/a annulata 
Leptoeylindrus danieus 

Leotoevlindrus minimus 
Me/osira moniliforms ~ 

Melosira nummuloides 
Navieu/a inteara 

Ee Navieu!a crvotoeeoha/a 
-8 Nitzsehia closterium 
~ Nitzsehia de/icatissima 

Nitzsehia seriata == 
Nitzsehia ventrieosa 

P/eurosiama anaulatum 
Pleurosiama formosum 

Rhizoso/enia a/ala I.ala/a 
Rhizoso/enia hebetata = 
Rhizoso/enia setiaera 

Rhizoso/enia shrubso/ei 
Rhizoso!enia so. 

Skeletonema eostatum 
Steohanonvxis turris 

Dio/oneis erabro 

Ceratium /urea F"'=-= 
Ceratium fusus ~ 

Ceratium lineatum 
Ceratium tripos 

.\!} C/adoovxis braehiolata 
(IJ Dinophvsis aeuta :::: Gonvaulax soinifera Q) 

~ Gvmnodinium fuseum 
;;:::: Gyrodinium dorsum C) 

~ Proroeentrum mieans 
Torodinium so. c::::, 

Peridinium eonieoides 

F!aoe/lates 

O.OE+OO 

E4 

35E+04 

J □ Oml!!l32m □ 98m J 
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Appendix A-6 Celtic Sea Taxonomic data (No. of cells 1-1) 18-July-2002 87 

E5 E6 

Ceratanlina Delaaica Ceratan!ina De!aoica 
Chaetoceros densus Jm- Chaetoceros densus 

Chaetoceros didvmus Chaetoceros didvmus ~ 
Coscinodiscus lineatus Coscinodiscus lineatus 

Detonula confervacea Detonula confervacea 
Gvrosiama scalnroides Gvrosiama scaloroides 
Gvrosiama attenuatum Gvrosioma attenuatum 

Lauderia annulata ---=-=- Lauderia annulata 
Leptocylindrus danicus Leptocylindrus danicus -Lentocvlindrus minimus LeDlocv!indrus minimus 

Melosira moniliforms Me!osira momliforms 
Me!osira nummu!oides I== Me/osira nummuloides 

Navicula inteara Navicu!a inteara ~ 

~ Navicu!a crvDloceDhala 
-2 Nitzschia closterium = .~ 

Nitzschia de!icatissima 1::::1 
Cl 

~ Navicu/a crvptoceoha!a """""" -2 Nitzschia closterium 
~ Nitzschia de!icatissima = 

Nitzschia seriata Nitzschia seriata 
Nitzschia ventricosa Nitzschia ventricosa 

Pleurosiama anau!atum - P!eurosiama anaulatum = 
P/eurosiama formosum ...,__ P/eurosiama formosum 

Rhizosolenia a/ala I.ala/a m=!!COI Rhizoso!enia a/ala f.alata 

Rhizosolenia hebe/ala ...___, Rhizoso!enia hebetata 
Rhizosolenia setinera Rhizosolenia setiaera 

Rhizoso!enia shrubsolei i----, Rhizosolenia shrubso/ei == 
Rhizoso!enia SD. Rhizosolenia sp. 

Ske!etonema costatum Ske!etonema cos/alum 
SleDhanoDvxis turris SteDhanoDvxis turns 

DiD!oneis crabro DiD!oneis crabro 

Ceratium furca = Ceratium furca 
Ceratium fusus Ceratium fusus -Ceratium lineatum Ceratium lineatum 
Ceratium tripos :::, Ceratium tripos 

l!l C/adonvxis brachio!ata 
~ Dinoohvsis acuta --===-
Qi Gonvau!ax sninifera -~ Gvmnodinium fuscum 
"' Gyrodinium dorsum Cl s Prorocentrum micans 
Cl Torodinium SD. 

l!l C/adonvxis brachia/ala 

~ 
Dinophvs,s acuta = 

Gonvaulax sDinifera 
~ Gvmnodinium fuscum = 
"' Gyrodinium dorsum Cl .c: Prorocentrum micans Ci 

Torodinium so. 
Peridinium conicoides - Peridinium conicoides -

F/ane//ates F!aae!!ates = 
O.0E+OO 35E+O4 70E+O4 OOE+OO 3.5E+O4 7.0E+O4 

I □ Om l!l!I 24m □ 98m I I □ Om liiD 41 m D 94m I 
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D7 D6 

Ceratanlina oelaaica 
,______. Ceratanlina oe/aaica 

Chaetoceros densus miriii!Jlm Chaetoceros densus = 
Chaetoceros didvmus Chaetoceros didvmus 

Coscinodiscus lineatus Coscinodiscus lineatus 
Detonu/a confervacea ===;--' Detonu/a confervacea = 

Gvrosiama scalmoides Gvrasiama sca!moides 
Gvrosiama attenuatum Gvrosiama attenuatum 

Lauder/a annulata Lauder/a annulata 
Leotocy!indrus danicus ::::, Leotacy/indrus danicus 

Leotocvlindrus minimus = Leotocvlindrus mimmus 
Me/osira moniliforms Melosira moniliforms 

Me/osira nummuloides == Me!osira nummuloides 
Navicu/a inteara Navicu/a inteara 

I:: Navicula crvotoceoha/a 
~ Nitzschia closterium 
~ Nitzschia de/icatissima -

I:: Navicu/a crvotoceohala 
~ Nitzschia closterium 
~ Nitzschia de/icatissima 

Nitzschia seriata Nitzschia seriata 
Nitzschia ventricosa Nitzschia ventricosa 

P/eurosiama anaulatum Pleurosiama anaulatum 
P/eurosiama formosum Pleurosiama farmosum 

Rhizosolenia a/ata I. ala ta ~ Rhizoso/enia a/ata f.alata 
Rhizosolenia hebetata Rhizasolenia hebetata 
Rhizoso/enia setiaera ==:c:::,.__, Rhizosa/enia setiaera 

Rhizoso!enia shrubso/ei Rhizoso!enia shrubso!ei 
Rhizoso/enia so. Rhizosolenia so. 

Ske!etonema costatum Skeletonema costatum 
Steohanonvxfs turris - Steohanonwis turris 

Dioloneis crabro Dioloneis crabro 

Ceratium /urea = Ceratium /urea ~ 

Ceratium fusus Ceratium fusus 
Ceratium lineatum Ceratium lineatum ~ 

Ceratium tnpos = Ceratium tripos 

,'ll C/adonwis brachiolata 
~ Dinoahysis acuta = 
Qi Gonvau/ax soinifera -
~ Gvmnodinium fuscum .;:: 

Gyrodinium dorsum ,==..--a 
() 

@ Prorocentrum micans 
Torodinium so. 

,'ll C/adonvxis brachio!ata ,-, 

~ Dinoohvsis acuta = 
Q) Gonvaulax sainifera 
~ Gvmnodinium fuscum .;:: 

Gyrodinium dorsum () 

@ Prorocentrum micans _____, 

Torodinium so. 
Peridinium conicoides Peridinium conicoides 

Flaaellates = Flaaellates 

O.OE+OO 35E+04 7DE+04 ODE+OO 3.5E+04 7.0E+04 
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05 D4 

Ceratanlina De!aaiea =---' Ceratanlina oelaaiea 
Chaetoeeros densus - Chaetoeeros densus 

Chaetoeeros didvmus Chaetoeeros didvmus 
Coscinodiseus lineatus = Coscinodiscus lineatus = 

Detonu/a eonfervaeea Detonu/a eonfervaeea ~ 
Gvrosiama sea!Droides Gvrosiama sea/proides 
Gvrosiama attenuatum El Gvrosiama attenuatum 

Lauder/a annulata Lauder/a annulata 
Leptoey/indrus danieus Leptoey/indrus danieus 

LeDtoevlindrus min/mus Leotoevlindrus minimus 
Me/osira moni/iforms - Melosira moniliforms 

Me/osira nummuloides Melosira nummu/oides == 
Navieu/a inteora Navicu/a inteara = 

E: Navieula ervntoeeDha/a 
~ Nitzschia closterium ..a..,. 
.<\J 
Cl Nitzsehia de/ieatissima ----, 

E: Navieula ervotocepha/a 
~ Nitzschia closterium -~ 

Nitzschia de/icatissima Cl 
Nitzsehia seriata Nitzschia seriata ~ 

Nitzschia ventricosa Nitzschia ventricosa 
Pleurosioma anou/atum Pleurosiama anou/atum 
P/eurosiama formosum P/eurosiama formosum 

Rhizoso/enia alata I.ala/a Imm Rhizoso/enia a/ala f.a/ata 
Rhizosolenia hebetata Rhizosolenia hebetata ~ 

Rhizosolenia setiaera Rhizosolenia setiaera 
Rhizoso/enia shrubsolei Rhizosolenia shrubso/ei 

Rhizosolenia SD. Rhizosolenia so. 
Ske/etonema costatum Skeletonema costatum 

SteDhanonwfs turris Steohanonvxis tums = 
Din/oneis crabro DiDloneis crabro 

Ceratium /urea Ceratium /urea 
Ceratium fusus = Ceratium fusus -Ceratium lineatum Ceratium lineatum 
Ceratium tripos Ceratium tripos 

l!l C/adoDvxis brachiolata 
~ Dinoohvsis acuta 
~ Gonvau/ax soinifera 
~ Gvmnodinium fuseum 

s::: Gyrodinium dorsum () 

@ Proroeentrum mieans 
Torodinium SD. = 

l!l CladopYXis brachiolata 
<\J Dinophvs1s acuta 

:::::: 
Gonvaulax soinifera -(I) 

~ Gvmnodinium fuscum ;;::: 
Gyrodinium dorsum () 

s Proroeentrum micans 
Cl Torodinium so. 

Peridinium eonicoides - Peridinium eonicoides = 

F/ane/lates Flaae/lates 

O.OE+OO 35E+04 7DE+04 O.OE+OO 3.5E+04 7.0E+04 
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D3 D2 

Ceratanlina ela lea Ceratanlina pelaoiea --, 

Chaetoeeros densus Chaetoeeros densus -
Chaetoeeros did mus Chaetoeeros didvmus --, 

Coscinodiseus lineatus Coscinodiseus lineatus ~ 
Detonula eonfervaeea Detonula eonfervaeea 

G rosi ma seal roides Gvrosioma sealproides 
G rosi ma attenuatu Gvrosioma attenuatum --, 

Lauderia annula Lauderia annulata 
Leptoey!indrus danic Leptoeylindrus danieus 

Le toe lindrus minim Leotoevlindrus minimus 
Melosira moniliform Melosira momliforms 

Melosira numm Melosira nummuloides 
Na Navieula inteara = 

~ Navieula er 
-2 Nitzsehia closteriu 
~ Nitzsehia delieatissim 

~ Navieula eryptoeephala -
-2 Nitzsehia closterium 
~ Nitzsehia delieatissima 

Nitzsehia ser · Nitzsehia seriata 
Nitz Nitzsehia ventrieosa 

Pleuros Pleurosiama anoulatum 
Pleuros1 Pleurasiama formasum == 

Rhizosol Rhizosolenia alata f,alata -
Rhizosolenia Rhizosolenia hebetata 
Rhizosolenia s Rhizosolenia setiaera 

Rhizosolenia shr Rhizosolenia shrubsolei -
Rhizosolen Rhizosalenia so. 

Skeletonema eostatum Skeletonema eostatum 
Ste hano is turris Steohanonwis turris ====---. 

Di loneis erabro Dioloneis erabro 

Ceratium lure Ceratium /urea ~ 
Ceratium /usu Ceratium fusus -

Ceratium lineal Ceratium lineatum 
Ceratium tripos 

l!l Clado 
~ 
Qi G 
~ Gm ;;::: Gyrodinium cf, Cl 

@ Proroeentrum mi 
Torodinium 

l!l Cladaovxis braehiolata 

~ Dinophysis aeuta 
Q) Gonvaulax soinifera -=-, 

~ Gvmnodinium fuseum ===--, 
;;::: 

Gyrodinium dorsum Cl 

@ Proroeentrum mieans 
Torodinium so. 

Peridinium eonieo Peridinium eonieoides 

Fla el/ates Flaae/lates 

O.0E+OO 35E+O4 7.DE+O4 ODE+OO 3.5E+04 7DE+O4 
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D1 DO 

Ceratanlina Delaaica ~ Ceratanlina Delaaica """'= 
Chaetoceros densus Chaetoceros densus 

Chaetoceros didvmus - Chaetoceros didvmus ----, 

Coscinodiscus lineatus == Coscinodiscus lineatus ::,q:m 

Detonula confervacea Detonula confervacea 
Gvrosiama scaloraides - Gvrosiama sca/proides 
Gvrosioma attenuatum - Gvrosiama attenuatum 

Lauder/a annulata - Lauder/a annulata 
Lep/ocy/indrus danicus Leptocylindrus danicus -

Leotocvlindrus minimus Leatocvlindrus minimus -
Melosira moniliforms Melosira moniliforms 

Melosira nummuloides Melos,ra nummuloides ====-
Navicula inteora ~ 

t Navicula crvntoceahala 
~ Nitzschia closterium .<ll 
ts Nitzschia delicatissima -

Navicula inteara 
t Navicula crvatocephala 
~ Nitzschia closterium ====i 

~ Nitzschia delicatissima 
Nitzschia seriata Nitzschia seriata 

Nitzschia ventricosa Nitzschia ventricosa -
Pleurosiama anaulatum >-, Pleurosioma anaulatum 
Pleurosioma formosum - Pleurosiama formosum 

Rhizosolenia ala/a I.ala/a Rhizosolenia ala/a f. ala/a ~ 

Rhizosolenia hebe/ala Rhizosolenia hebe/a/a ~ 

Rhizosolenia setiaera Rhizosolenia setiaera 
Rhizosolenia shrubsolei ii,c Rhizosolenia shrubsolei 

Rhizosolenia SD. Rhizosolenia so. 
Skeletonema cos/alum Skeletonema cos/alum 

Steohanonwfs turris .....,,,. 
Dialoneis crabro 

Steahanoovxis turris 
Dialoneis crabro i::::, 

Ceratium /urea -== Ceratium /urea 
Ceratium fusus la= Ceratium fusus ~ 

Ceratium lineatum Ceratium lineatum 
Ceratium tripos Ceratium tripos 

.l!l Cladoavxis brachiolata 
<ll DinoDhvsis acuta 
i Gonvaulax SDinifera 
~ Gvmnodinium fuscum ;;::: 

Gyrodinium dorsum Cl 

~ Prorocentrum micans 
Torodinium SD. -

.l!l Cladoovxis brachiolata 
<ll Dinoahvsis acuta ~ 

i Gonvaulax SDinifera -CJ, 
Gvmnodinium fuscum ==a 

~ 
SC Gyrodinium dorsum ~ Cl 

~ Prorocentrum micans 
Torodinium SD. 

Peridinium conicoides ""I'=" Peridinium conicoides ;;-

Flaaellates Flaaellates ...... 

O.OE+OO 35E+O4 7.0E+O4 O.OE+OO 3.5E+O4 7.0E+04 
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Dend 

Ceratan!ina oe!aaica = 
Chaetoceros densus a,i,,mmim 

Chaetoceros didvmus 
Coscinodiscus lineatus 

Detonula confervacea 
Gyrosiama sca!oroides 
Gvrosiama attenuatum 

Lauder/a annulata 
Leotocy!indrus danicus 

Leotocv!indrus min/mus 
Me/osira mom!iforms 

Me!osira nummuloides 
Navicula inteara === 

E:: Navicula crvotoceohala __. 
$! Nitzschia closterium .'II 
c:i Nitzschia de/icatissima 

Nitzschia seriata 
Nitzschia ventricosa 

Pleurosiama anau!atum 
P!eurosiama formosum 

Rhizoso!enia alata f.a!ata b 

Rhizoso!enia hebetata i=" 
Rhizosolenia setiaera 

Rhizoso!enia shrubsolei ""'"== 
Rhizosolenia so. 

Ske!etonema costatum 
Steohanoovxis turris 

Dio!oneis crabro 

Ceratium /urea I::::, 

Ceratium fusus 
Ceratium lineatum 

Ceratium trioos 

-l!l C/adoovxis brachiolata 
,!!I Dinoohvsis acuta 
Qi Gonvaulax soinifera 
~ Gvmnodinium fuscum ;;:: Gyrodinium dorsum C) 

~ Prorocentrum micans 
Torodinium so. 

Peridinium conicoides 

Flaaellates 

O.OE+OO 3.5E+04 7.0E+04 
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T1A-C1 

Ceratanlina ne/aoica 
Chaetoceros densus = 

Chaetoceros didvmus 
Coscinodiscus lineatus e..... 

Detonu/a confervacea === 
Gvrosiama sca!oroides 
Gyrosiama attenuatum 

Lauderia annulata i!c:ii!:!-

Leotocvlindrus danicus ,===;om 

Leptocy!indrus minimus 
Me!osira moniliforms 

Me/osira nummuloides 
Navicu/a inteara 

E: Navicu/a cr11n/ocenhala 
-2 Nitzschia closterium ,<\1 

cs Nitzschia delicatissima 
Nitzschia seriata 

Nitzschia ventricosa 
Pleurosigma angulatum -Pleurosiama formosum 

Rhizosolenia a/ala I.ala/a 
Rhizoso/enia hebe/ala == 
Rhizosolenia setiaera 

Rhizoso/enia shrubsolei 
Rhizosolenia sn. 

Ske!etonema cos/alum = 
Steohanoovxis turris .... 

Dio/oneis crabro 

Ceratium /urea -= 
Ceratium fusus = 

Ceratium lineatum 
Ceratium trioos = 

J1l 
Cladoovxis brachio!ata 

~ Dinonh11sis acuta 
(l) Gonvau/ax soinifera 
~ Gvmnodinium fuscum = 

;;::: 
Gvrodinium dorsum C) 

,C: Prorocentrum micans --cs Torodinium sn. 
Peridinium conicoides 

F/ane!lates =s 
O.OE+OO 35E+04 7.0E+04 
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Ceratanlina oe/aaica 
Chaetaceros densus 

Chaetoceros didvmus 
Coscinodiscus lineatus 

Detonu/a confervacea I=> 

Gvrosiama scaloroides 
Gvrosiama attenuatum .::, 

Lauderia annulata 
Leotocvlindrus danicus 

Leotocylindrus minimus 
Melosira moniliforms 

Me/osira nummuloides 
Navicu/a inteara 

Navicula crvotoceohala 
Nitzschia c/osterium 

Nitzschia delicatissima ~ 
Nitzschia seriata 

Nitzschia ventricosa 
Pleurosigma angulatum 
P/eurosiama formosum 

Rhizoso/enia a/ala f.a!ata ~ 
Rhizosolenia hebetata 
Rhizosolenia setiaera 

Rhizosolenia shrubsolei 
Rhizosolenia so. 

Skeletonema costatum 
Steohanonvxis turris 

Dioloneis crabro 

Ceratium /urea e= 
Ceratium fusus 

Ceratium lineatum 
Ceratium trioos 

C/adoovxis brachiolata 
Dinoohvsis acuta pm 

Gonvau/ax soinifera 
Gvmnodinium fuscum ...,,, 

Gvrodinium dorsum ~ 
Prorocentrum micans 

Torodinium so. 
Peridinium conicoides 

F/aaellates ;;;i 

0.OE+00 

T1A-C3 

35E+04 

j □ 0mlilll20m □ 40m l 

7.0E+04 
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