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Routine measurements of the phytoplankton community from the first 10 cruises (1995 - 2000) of the
Atlantic Meridional Transect (AMT) programme were examined in the context of spatial and temporal
variations in community composition within the subtropical (10 - 40°N/S) and tropical equatorial (10°N
- 10°8) Atlantic Ocean. Measurements include size-fractionated chlorophyll & concentration, High-
Performance-Liquid-Chromatography (HPLC) determined pigment concentration and large (>5 um)
phytoplankton species abundance and identification. Ancillary measurements (density structure,
nutrient concentrations and light levels) are used to examine spatial and temporal variations in the
hydrographic environment and provide a spatial framework for analysis of variations in the
phytoplankton community composition. Multivariate statistical analysis (Bray-Curtis similarity) of
(HPLC) pigment measurements and large (>5 um) phytoplankton species show both latitudinal and
vertical differences in composition; an upper and deep flora in subtropical and equatorial Atlantic
waters with a reduction in depth differences in upwelling waters off NW Africa. Such spatial
differences are associated with regional changes in the mechanisms important for the formation of
the ubiquitous chlorophyll a maximum. Analysis of the time-series measurements collected in South
Atlantic Subtropical Waters (0 - 30°S) show marked interannual (post-winter) differences in the depth
of the mixed layer. Analysis of the phytoplankton community in South Atlantic Subtropical Waters
indicates interannual variations in the phytoplankton community composition. It is hypothesised that
a decrease in winter mixing associated with climatic variability in the South Atlantic Ocean lead to a
reduction in seasonal new nutrient inputs and favoured oligotrophic components (taxa) of the

phytoplankton community.
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QUOTATIONS

"...the poverty of volume is a noteworthy, newly emerged, certain fact."

Hensen and others (~1890) describing the (then) unexpected results from the
subtropical Great Plankton Expedition (1889), which contradicted the widespread

belief that the tropical seas were the marine equivalent of the tropical rainforest:

verdant and luxuriant.
Quoted and adapted from Mills (1989)

"The fundamental questions asked by physiologically orientated plankton
biologists are: what organisms are present and at what concentrations and
biomass, what are their specific growth rates, what regulates their growth rates
and how do the organisms interact with one another and with the environment

to form the communities or assemblages we encounter in sampling them."

Quoted from Eppley (1981a)
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Chapter 1. General Introduction

CHAPTER 1: GENERAL INTRODUCTION
PREFACE

About 40-50% of annual global photosynthesis occurs in aquatic environments, despite the
disproportionately small amount of plant biomass within aquatic ecosystems compared with
terrestrial ecosystems (Falkowski, 1994; Williams, 1998). In the open ocean primary production is
dominated by prokaryotic and eukaryotic photoautotrophs, termed phytoplankton, which exhibit a
high degree of taxonomic and morphological diversity (e.g. Tett and Barton, 1995). Seventy percent
of the Earth's surface is covered by ocean, and roughly 60 - 70% of the oceans are within the
latitudinal boundaries of the subtropics (10 - 40°N/S) and tropics (10°N - 10°N). Although high-
latitude temperate waters are often characterised by high seasonal rates of primary productivity (e.g.
during the spring bloom), the high surface area of subtropical waters and the often year-round algal
blooms in tropical equatorial waters also represent important sources of global productivity
(Longhurst, 1993; Karl et al., 1995, 2001a). Variations in the productivity of the subtropical gyres,
often termed "biological deserts" (e.g. Ryther, 1969), and tropical waters due to climaticaily driven
fluctuations in the physical forcing of the environment can therefore have important consequences for
the global carbon cycle and oceanic productivity (Kar! et al., 1995, 2001a).

Phytoplankton metabolism is dependent upon the fixation of carbon through photosynthesis;
with both the rate and yield of photosynthesis often limited by the availability of solar irradiance (light)
and inorganic nutrients (e.g. nitrogen and phosphorus). In the open-ocean, light availability is
regulated by the atmosphere (cloud cover) and the optical properties of the upper ocean determined
by the suspended particulate material (i.e. algal cells), by dissolved material and by the water itself.
Absorption and scattering of light cause a decrease in light levels with depth, so that for the clearest
oceanic waters the percentage of surface irradiance falls below 0.1% within a few hundred meters.
Nutrient availability in the open ocean is controlled by the uptake and biologically-mediated
regeneration of nutrients in upper light-rich waters, the sinking of particles to depth and their
biological and/or chemical remineralisation therein. These factors combine to cause an increasing
nutrient gradient with depth; so that upper waters (<100 m) are often nutrient depleted and deep
waters are nutrient enriched. However, phytoplankton are not suspended in a static medium; wind-
induced mixing and the interaction of currents on the upper oceans (<500 m) cause phytoplankton
cells to experience highly variable light and nutrient conditions. Variations in the physical forcing of
the environment cause fluctuation between two types of water-column structure; thermal stratification
of the water-column in waters experiencing high solar radiation and low turbulence, and vigorous
mixing of the water-column in waters experiencing high wind stress and low levels of solar radiation.

The general introduction that follows provides an overview of the major surface currents and
hydrographic conditions, light and nutrient availability and algal physiology, and the distribution of
phytoplankton biomass and productivity in the subtropical (10 - 40°N/S) and tropical (10°N - 10°S)
Atlantic Ocean (section 1.1). This is followed by a brief introduction to the main phytoplankton
groups present in the open ocean and their photophysiology (section 1.2), and a description of

phytoplankton community dynamics in the open ocean and community composition in the different



Chapter 1. General Introduction

regions of the subtropical and tropical Atlantic Ocean (section 1.3). Lastly, a short introduction to the

thesis and the major objectives and research questions are described (section 1.4).

1.1. Regional Hydrography

1.1.1. Surface Currents and Wind Patterns

Surface currents in the subtropical (10 - 40°N/S) and tropical (10°N - 10°S) Atlantic Ocean are driven
by the overlying atmospheric wind patterns (i.e. wind forcing). The Westerly winds dominate high
latitudes (>50°N), whereas the Trade winds influence lower iatitudes (Brown ef al., 1989a).
Seasonality of atmospheric high and low pressure systems causes changes in wind patterns and the
underlying current patterns during the year. Trade winds are strongest in the winter in both
hemispheres; February in the northern hemisphere and August in the southern hemisphere (Brown
et al, 1989a). The equatorial region between the Trade Winds is characterised by an area of
relatively calm winds (Doldrums), high cloud cover and a large amount of rainfall (Tchernia, 1980;
Brown ef al., 1989a); the Inter-Tropical Convergence Zone (ITCZ).

Figure 1.1 shows the surface current systems in the subtropical and tropical Atlantic Ocean
(a), as well as annual mean temperature (b) and salinity {c) at the seasurface. Surface currents in
the subtropical and tropical Atlantic Ocean form three inter-related current systems; the North Atlantic
Subtropical Gyre (NASG), the Equatorial current system and the South Atlantic Subtropical Gyre
(SASG) (Fig 1.1a). Wind and related current flow in the different hemispheres cause the clockwise
circulation of the SASG, which represents roughly half of the South Atlantic, and the anti-clockwise
circulation of the NASG, which represents just over a third of the North Atlantic (Fig. 1.1a;
Boltovskoy, 1999). Surface equatorial currents include four adjacent and counter-flowing currents
(Fig. 1.1a); the westward flowing North Equatorial Current (NEqC), the eastward flowing North
Equatorial Counter Current (NECC), the westward flowing South Equatorial Current (SEqC) and the
eastward flowing South Equatorial Counter Current (SECC). The flow of the NEqC and SEqC build
up water on the western side of the equatorial Atlantic, which is balanced by the flow of the counter
currents and the coastal Guyana and Brazil Currents (Fig. 1.1a; Tchernia, 1980; Tomczak and
Godfrey, 1994).

The two equatorial currents, combined with the effects of the low-latitude Trade winds and
the Earth’s spin (Coriolis Force), cause the offshore movement of water along the eastern boundary
of the Atlantic Ocean. This offshore movement of water is counterbalanced by the upward
movement of deep water into the surface layer along the coast of Africa (coastal upwelling) within the
Canary and Benguela Currents. Along the equator, the divergence of the Trade winds and the
associated high wind stress, cause eddy upwelling and the movement of deep cool water into the
surface layer (Longhurst, 1993). Therefore, there are two principal causes of upwelling in the
subtropical and tropicalf Atlantic Ocean; offshore movement of the boundary currents along the coast
and wind-driven equatorial divergence. The upward movement of cold, dense and relatively old
water into the surface layer has consequences for the nutrient dynamics and phytoplankton

communities in these regions of the Atlantic Ocean.



Chapter 1.

General Introduction

s Sl
h Equatorial h:
Cumrent

€

Benguela
Current

Malvina

Current

6OW aow 200W

(@). Surface Currents

Longitude

Lotitude

(c). Seasurface Salinity

Latitude

Longitude

PRI AR
(o). Seasurface Temperature

Figure 1.1: Regional hydrography of the
subtropical and tropical Atlantic Ocean;
(a) surface currents, (b) annual mean
seasurface temperatures (SST), and (c)
annual mean seasurface salinity's
(SSS). The North Atlantic Subtropical
Gyre (NASG) and South Atlantic
Subtropical Gyre (SASG) are indicated
on (a) by shading. Keys; Temperature -
yellow contours indicate 20 - 24°C,
brown 24 - 25°C and red 25 - >27°C:
Salinity - green contours indicate 35 -
35.8 psu, yellow 35.8 - 36.6 psu, and
red >37 psu. Figure (a) is adapted from
a GMT (http://gmt.soest.hawaii.edu/)
map, while figures (b) and (c) are taken
from the climatology maps of the
National Ocean and Atompshere
Admininstration (U.S. Department of
Commerce) World Ocean Atlas (1998)
produced by the National
Oceanographic Data Centre
(http://www.noaa.gov/).

1.1.2. Temperature, Salinity and Water-column Structure

Temperature in combination with salinity controls the density of seawater, and therefore the physical
structure of the upper water-column. Solar radiation absorbed by the upper ocean and atmosphere
causes heating of the ocean and atmosphere to produce current and climate patterns (Pond and
Pickard, 1983; Brown et al., 1989b; Reddy, 2001). Within the upper ocean, temperature decreases
with depth as waters become increasingly isolated from solar warming. The temperature gradient is
inversely related to the amount of wind and wave-induced turbulence at the seasurface (Reddy,
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2001). The horizon where temperature changes are maximal is termed the thermocline or with
reference to related density changes, the pycnocline. Turbulence at the ocean surface cause a layer
of uniform characteristics (temperature, salinity) within surface waters, that ranges from tens to
hundreds of meters depending upon the magnitude of physical forcing: this homogenous layer is
referred to as the upper mixed layer (Reddy, 2001).

The magnitude of solar radiation varies spatially (latitude) and temporally (seasonally) to
produce variations in the temperature and stratification of the oceans (Brown et al., 1989b; Reddy,
2001). The pattern of latitudinal variation of surface temperature (Fig. 1.1b) in the Atlantic Ocean
follows the pattern of solar heat supply; maximum around the equator and decreasing with increasing
latitude (Brown et al., 1989b; Reddy, 2001). Seasonal variation of seasurface temperatures in the
oceans depends upon the seasonal variations in solar radiation, that are maximum in summer and
minimum in winter (Brown et al., 1989b; Reddy, 2001). However, the magnitude of seasonal
changes in solar radiation, and therefore seasurface temperatures, varies with the regional heat
budget (Brown et al., 1989b; Reddy, 2001); both are relatively large in high-latitude polar and
temperate waters and small in low-latitude tropical and equatorial waters.

The structure of the water-column varies with the amount of solar radiation and turbulence at
the seasurface, and much of the regional variation in water-column structure can be described by the
structures found during seasonal changes in temperate waters. During winter, solar heating is at a
minimum causing low surface temperatures and high turbulence, which together cause well mixed
homogenous conditions throughout the top 200 - 300 m of the water-column (Brown et al., 1989b).

In summer, in response to increased solar heating and reduced wind stress, the mixed layer shallows
and a seasonal thermocline is established, causing isolation of the upper ocean from deeper waters
(Brown et al., 1989b; Barber, 2001). Annually high heat budgets around the equator cause
permanent stratification of low-latitude tropical waters (Brown ef al., 1989b; Reddy, 2001), whereas
at high-latitudes the regional heat budgets are seasonally variable (Longhurst, 1993).

Surface waters of the subtropical and tropical Atiantic Ocean are influenced by large
amounts of solar heating leading to characteristically high seasurface temperatures (SST), which are
maximal around the equator and decrease both to the north and south (Fig. 1.1b). Zonal and
meridional displacement of seasurface isotherms are due to the effects of wind driven surface
currents (Reddy, 2001); the NEqC and SEqC push warm water to the west which is counterbalanced
by the upwelling of relatively cool, dense water in the eastern tropics (Fig. 1.1b). Regional
differences between the rates of evaporation and precipitation are the main factors controlling
seasurface salinity. In areas with high seasurface salinity (e.g. subtropical gyres), evaporation rates
are higher than precipitation rates, whereas the opposite is true in areas with low seasurface salinity
(e.g. equatorial waters; Fig. 1.1c). The equatorial Atlantic Ocean is influenced by both the ITCZ with
high rates of precipitation compared with evaporation rates, and the annual rainfall in this area is ~2
m yr‘1 (Tchernia, 1980), and western inputs of low salinity river water from the Amazon River (which
represents ~20% of the world's river water; DeMaster, 2001), that cause a general lowering of sea

surface salinity (Fig. 1.1c; Muller-Karger, 1988; Brown ef al., 1989a; Signorini et al., 1999).
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1.1.2. Light Availability

The light field in the open ocean varies with depth, time of day and seasonally (Sathyendranath and
Platt, 2001). Temporal variations occur on several scales, ranging from seconds (response to clouds
and vertical mixing) to seasonal differences in irradiance due to the earth's rotation (Sathyendranath
and Platt, 2001). Figure 1.2 shows average downwelling irradiance (a), latitudinal variations in
seasonal irradiance (b) and the percentage of cloud cover (c) over the subtropical and tropical
Atlantic Ocean. Within surface waters of the subtropical (10 - 40°N/S) and tropical (10°N - 10°S)
Atlantic Ocean there is a large amount of incident radiation throughout the year (Fig. 1.2a, b),
although only ~50% of this incident light is in wavelengths suitable for photosynthesis (400 - 700 nm);
termed Photosynthetically Active Radiation (Kirk, 1992; Kirk, 1994). Highest mean downward fluxes
of Photosynthetically Active Radiation (PAR) are observed in the subtropical gyres of the Atlantic
Ocean (>275 W m™), whereas tropical waters experience slightly lower (200 - 250 W m™) irradiances
(Fig. 1.2a; Bishop and Rossow, 1991; Bishop et al., 1997). There are aiso differences between the
mean downwelling irradiance between northern (200 - 250 W m) and southern (>250 W m™®)
subtropical waters (Fig. 1.2a).

These regional differences in solar irradiance are likely to be related to differences in cloud
cover; tropical waters annually experience ~70 - 80% cloud cover (partly due to the ITCZ), while the
northern subtropical gyre experiences ~50 - 60% and the southern subtropical gyre ~40 - 60% (Fig.
1.2b). Due to the short generation times of phytoplankton, compared with terrestrial systems,
temporal variability in the incident light regime is likely to be more influential on oceanic biomass and
production {Bishop and Rossow, 1991). Seasonal changes in the incident light regime are minimal
near the equator and increase with increasing latitude (Kirk, 1994); in tropical equatorial waters
seasonal minima and maxima range from ~32 to 38 MJ m? d”, whereas at the high-latitude
boundaries of the subtropical gyres (30 - 40°N/S) seasonal variations range from ~20 MJ m™ d’in
mid-winter to ~40 MJ m™ d™" during mid-summer (Fig. 1.2¢). Therefore, phytoplankton populations in
tropical waters are not likely to experience large-scale day-to-day or seasonal variations in incidental
light levels and will encounter similar light regimes for extended periods of time (Bishop and Rossow,
1991). Phytoplankton within subtropical waters will experience significant day-to-day and seasonal
variability, with its magnitude increasing with increasing latitude, although not as severe as those
experienced by temperate high-latitude phytoplankton populations (<10 to >40 MJ mZ2d™"; Fig. 1.2¢).

In oceanic waters roughly 66% of the total solar radiation penetrating the ocean surface is
absorbed within the top 10 m, and it is this energy combined with wind-induced turbulence that forms
and maintains the upper mixed layer (Kirk, 1992). Light penetration is governed by absorption and
scattering, which are controlled by the nature of the particulate material present in the water column
and by the optical properties of the water itself (Kirk, 1992). Particulate material in the open ocean is
mainly composed of phytoplankton cells, dissolved organic material (DOM) and non-living yellow-
brown detrital organic material derived from the breakdown of cells through lysis or grazing (Kirk,
1992; Sathyendranath and Platt, 2001). In oceanic waters with few pigmented particles in surface

waters (e.g. subtropical gyres), the light field is mainly derived from the optical properties of water;
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water absorbs very strongly in the red end of the spectrum giving subtropical waters a characteristic
blue colour (Kirk, 1992).
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Absorption and scattering in the water-column cause an exponential decrease of light with
depth, which can be measured as the vertical attenuation coefficient (Ky; Kirk, 1992, 1994) and used
to characterise the underwater light field. The vertical attenuation coefficient (Kj) is calculated as the
negative log (- In) of the difference in irradiance (E) between two depths (e.g. the surface and 10 m)
divided by the depth change (i.e. in this case 10 m); K, = -In (E/Ez) / Az (Kirk, 1994). Using K the
depth distribution of the phytoplankton community can be normalised to irradiance (i.e. 'optical
depths'’) which correspond to percentage PAR depths (Kirk, 1992; Falkowski and Raven, 1997).

With high phytoplankton abundances, high rates of absorption and scattering of the light by
algal cells cause a rapid decrease in light levels with depth and a high Kj (Kirk, 1994, 1994). Primary
production (photosynthesis) in the ocean occurs within upper light-rich waters that is termed the
euphotic zone (Kirk, 1994), and is defined as the portion of the water-column above the depth at
which the ambient light (PAR) levels are reduced to 1% of the surface level (Sathyendranath and
Platt, 2001). However, it should be noted that this is a relative term whereas photosynthesis is a
quantum process and depends on the absolute light availability rather than its relative availability
(Sathyendranath and Platt, 2001). The euphotic zone depth and vertical attenuation of light are
closely related, such that waters with low K have deep euphotic zones (100 - 150 m; e.g. subtropical
gyres) and waters with high Ky have shallow euphotic zones (10 - 50 m; e.g. upwelling and tropical

waters).
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1.1.3. Oceanic Nutrient Cycles and Availability

Oceanic Nutrient Cycles

Within the open ocean, nitrogen (N) and phosphorus (P) are thought to be the main macro-
nutrients limiting photosynthetic organisms (Dugdale, 1967b; Falkowski and Raven, 1997; Tyrrell,
1999), while silica (silicate) limitation is restricted to phytoplankton groups (e.g. diatoms) that require
silicate for structural components (DeMaster, 2001). Trace nutrient elements (e.g. iron, zinc, copper)
are required in relatively small amounts (<0.1 uM) for the production of metabolic intermediates and
are not thought to be limiting to phytoptankton communities in the tropical and subtropical Atlantic
Ocean, although concentrations may become limiting in environments rich in the other nutrients (N,
P, silica). Nutrient-depleted areas of the ocean where inorganic nutrient concentrations are low (<0.5
uM) and limiting to the autotrophic community are termed oligotrophic. A simple schematic of the N
and P cycles in the open ocean is presented in Figure 1.2a, and the main steps are described below;

(1). Nitrogen (N) infroduced into the euphotic zone from outside is commonly termed new'
nutrients (Dugdale and Goering, 1967). inorganic nitrogen (nitrate, NO3’) and inorganic phosphorus
(phosphate, PO43+) enter the euphotic zone from deep aphotic waters (Fig. 1.2a) through the
prevalent nutrient gradients, vertical mixing and turbulence, including upwelling (Venrick, 1990a, b;
Letelier et al., 2000). In oligotrophic waters there is also evidence that vertical migration by large
phytoplankton colonies or mats may import new nutrients into the euphotic zone (Fig. 1.2a) in internal
cellular reserves (Villareal ef al., 1993, 1996, 1999a, b). Physical processes that contribute to new
nutrient fluxes include shear-induced turbulence, internal tides, the breaking of internal waves, wind-
driven Ekman pumping and cyclonic mesoscale eddies (McGowan and Haywood, 1978; Klein and
Coste, 1984; Dandonneau and Lemasson, 1987; McGillicuddy et al., 1997, 1998).

(2). Within the euphotic zone NO3 and PO, are taken up by autotrophic cells (Fig. 1.2a)
and utilised to form organic metabolic intermediates and celiular structures {(e.g. proteins, pigments,
adenosine tri-phosphate). Autotrophs (and heterotrophs) are consumed within the marine food chain
so that organic nutrients are found in various forms; particulate organic forms (Particulate Organic
Nitrogen, PON, and Particulate Organic Phosphorus, POP) in living cells and detrital material formed
from dead cells, and dissolved organic forms (Dissolved Organic Nitrogen, DON, and Dissolved
Organic Phosphorus, DOP) which are released from cells during growth and lysis. DON and DOP in
the euphotic zone are also associated with dissolved organic carbon (DOC), and the three are the
major components of dissolved organic matter (DOM) in the ocean. PON and POP are associated
with particulate organic carbon (POC) in the open-ocean, of which living cells and detrital organic
material are the main components.

DON and DOP may be lost from algal cells through cell ieakage (e.g. Karl et al., 1998) or
during grazing (e.g. Banse, 1992, 1995), or in association with PON and POP during cell break-up
from heterotrophic grazing or viral activity (e.g. Parsons ef al., 1984; Metzler ef al., 1997). Within the
euphotic zone, biologically-produced nutrients are important (NH," and urea) N sources for pelagic
communities, and are mainly released from heterotrophic grazing (‘sloppy feeding') and excretion
(Eppley et al., 1973; Probyn, 1987; Banse, 1992, 1995). Other sources of new nutrients (N and P)
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into the euphotic zone (Fig. 1.2a) are from atmospheric deposition in the form of dust storms (dry
deposition) or rainfall (wet deposition) (Paerl et al., 1990, 1999; Migon and Sandroni, 1999), and
through the activity of N-fixers (Dugdale and Goering, 1967; Capone et al., 1997) which often release
a portion of the N-fixed as DON (Capone et al., 1994). Organic nitrogen produced and recycled
within the euphotic zone is termed ‘regenerated' (Dugdale and Goering, 1967), and in the upper
portion of the euphotic zone are the main nutrient sources for autotrophic (regenerated) production
(Jackson, 1980). Depending upon the level of DOM release from algal cells, regenerated production
in the upper portion of the euphotic zone can be regarded as either controlled mainly by heterotrophs
(assuming DOM leakage of <5 - 10%; Banse, 1992, 1995) or by bacteria-phytoplankton-heterotroph
interactions (assuming DOM leakage of >50%; Karl et al., 1998).

Longitude
o @t e e e
- - son

': Atmospheric Inputs
S - Wet Deposition (Rainfal)
o - Dry Deposition (Dust Storms) 3
§ L] o Y S0
hd [ Sea Surface b = d -
. Biological Inputs
* - Nitrogen Fixation
.

Organic Pool
- DON + DOP
- PON + POP

Inorganic Pool
-NO3 +P0O4

(2). Intemnal Recycling
- Uptake
- Grazing("Sloppy" Feeding)

Euphotic Zone

-
#
§
5
3
La

¢ (1). Eupholic Zone Inputs (3). Euphotic Zone Exports

S - Tubulence - Sinking Particles (PON/POP) »

o -Migration - DON/DOP Advection

8 1 - Migration A

g

< I I 506.
(4). Remineralization 608

. " NO3 + PO4 -

(a)' ------ Oceanic N and P Nutrient Cycles (b)_yw eetlny il
PR R S L P ™

Figure 1.3: Nutrient availability; (a) schematic of nitrogen (N) and phosphorus (P) cycles in the marine environment
(see text for abbreviations), and (b) annual mean 100 m nitrate concentrations (uM). Deep blue nitrate contours
indicate concentrations ~1 - 2 uM, pale blue to green contours indicate concentrations from ~ 4 - 15 uM and pale green
to yellow contours indicate concentrations from ~20 - 30 uM. Plot (a) is adapted from Doney et al., (1996) and plot (b) is
taken from the NOAA World Ocean Atlas (1998) produced by the National Oceanographic Data Centre

(http://www.noaa.gov/).

(3). N and P are exported out of the euphotic zone (Fig. 1.2a) as PON and POP within
migrating or sinking algal cells (e.g. Villarreal et al., 1993, 1996, 1999a, b), vertically migrating
zooplankton which may graze in surface waters and excrete at depth (Longhurst and Harrison,
1989), sinking faecal pellets (Jumars et al., 1989), and from DON and DOP advection due to the
inverse gradient between high concentrations in the upper euphotic zone and relatively low
concentrations in deep aphotic waters (Vidal et al., 1999). However, DON and DOP are rapidly
released from faecal pellets, so that the loss of organic nutrients through the sinking of faecal pellets
out of the euphotic zone is relatively low (Jumars et al., 1989). A proportion of DON and DOP can
also be exported out of the euphotic zone during turbulence and mixing (Keil and Kirchman, 1999),
although the net effect may represent a small loss compared with production of DON and DOP in the

euphotic zone (T. Tyrrell, pers. comm.).
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(4). Within the aphotic zone, N and P are remineralised by bacterial decomposition of
organic material into inorganic forms which can be passed back into the euphotic zone through
upward flux mechanisms (Fig. 1.2a). N is remineralised from PON through ammonification (PON to
NH,") and nitrification (NH," to NO,, and then NO, to NO3") (Karl and Michaels, 2001), while P is

remineralised from the decomposition (respiration) of organic material (Ruttenberg, 2001).

The oceanic silica cycle is mainly in inorganic forms and includes the production of opaline
silica by uptake of dissolved silica and its dissolution following cell death (DeMaster, 2001). The
distribution of silica (silicate) in the open ocean is similar {o that of N and P: depleted in surface
waters due to biological uptake and enriched in deep aphotic waters due to inorganic dissolution and
silicate regeneration (DeMaster, 2001). However, the depth of the silicate maximum is deeper than
the maxima for N and P, as regeneration of organic matter (sources of N and P) occurs at shallower
depths than significant silica dissolution (DeMaster, 2001). It should be noted that due to the under-
saturation of biogenic silica in surface waters, inorganic dissolution of silica also takes place within
the water-column as soon as the cell membrane is removed from the cell by either microbial or
grazing activities (DeMaster, 2001). Thus, the intra-cellular concentration of silica required to form
silicate structural material has a relatively high metabolic cost attributed to it when compared with
other structural material (DeMaster, 2001). Limitation of oceanic diatoms and silica requiring algae is
usually associated with waters that are already rich in other limiting nutrients (N and P), so that silica

limitation is mainly found at high latitudes (>50°N/S) and in upwelling waters (DeMaster, 2001).

Nutrient Availability in Oceanic Waters

In the upper ocean, the distribution of inorganic forms of N, P and silica are similar; all three
nutrients are utilised and depleted in upper waters, lost from the euphotic zone in sinking particles
(living and detrital) and enriched in deep aphotic waters due to remineralisation. In contrast, organic
nutrients show a different depth distribution; highest concentrations are found in upper waters
associated with autotrophic growth and heterotrophic grazing (Karl and Michaels, 2001b). inorganic
nutrient depletion in upper waters (<100 m) and enriched concentrations at depth, lead to a steep
concentration versus depth gradient (Karl and Michaels, 2001b). The depth of significant increase
from low concentrations in surface waters is termed the nutricline, or with reference to specific
nutrients, the nitracline (NO3), phosphocline (PO,) and silicline (silicate). In upper waters (<200 m),
nutricline depths can be used as estimates of the relative availability of nutrients to phytoplankton
communities; a shallow nutricline indicates that a smaller portion of the water-column is nutrient
depleted, whereas a deep nutricline indicates the reverse.

The distribution of nitrate in the Atlantic Ocean (Fig. 1.2b) illustrates the major features of the
distribution of these nutrients in subtropical and tropical waters. Within both subtropical gyres of the
Atlantic Ocean, NO; is depleted (<1 uM) in upper waters (<100 m), while around the equator, in the
eastern boundary currents (e.g. off NW Africa) and around the subtropical convergences (30 -
40°N/8) there are relatively high (>>2 uM) nitrate concentrations at 100 m (Fig. 1.2b). Increased

nutrient concentrations off NW Africa and around the equator are related to the upwelling of deep
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nutrient-rich water into the surface layer, while increased nutrient concentrations in association with
the subtropical convergences and high-latitude waters are associated with seasonal (winter) mixing.
Although the depth of the nitracline is not illustrated in Figure 1.2b, it is clear that the nitrate
concentration at 100 m is proportional to the nitracline depth; where the nitracline is shallow (<100 m)
there are high nitrate concentrations in the upper 100 m (e.g. tropical equatorial waters and off NW
Africa), whereas where the nitracline is deep (>100 m), upper waters are nitrate depleted (e.g.
subtropical gyres). The nitrate gradient in the upper waters of the subtropical and tropical Atlantic
Ocean is strongest near the equator and weakens to the north and south in association with deeper
and temporally variable mixed layers (Planas et al., 1999). Planas et al., (1999) found that in areas
were there was a low nitrate flux (e.g. subtropical gyres), phytoplankton nitrate requirements were
higher than the upward diffusive flux, which indicates important roles for other types of nitrogen input
into the euphotic zone (e.g. nitrogen fixation, atmospheric inputs; Fig. 1.2a)

Recent research (Wu ef al., 2000; Cavender-Bares et al., 2001) has led to the proposal of
fundamental differences in the inorganic nutrient dynamics in the North Pacific Subtropical Gyre
(NPSG) and western portion of the North Atlantic Subtropical Gyre (Sargasso Sea). Following deep
winter mixing in the Sargasso Sea the N:P ratic is much higher than in the NPSG, where the scale of
winter mixing is less, and soluble reactive phosphorus concentrations in upper waters (<100 m) in the
Sargasso Sea are between 1 - 10 nM during summer which are at least an order of magnitude lower
than in the NPSG (Cavender-Bares et al., 2001). Therefore, it has been proposed that phytoplankton
communities in the Sargasso Sea are more severely P limited compared with the NPSG (Wu et al.,
2000). However, a study by Canellas et al., (2000) found that phosphate uptake rates in the Atlantic
Ocean are low, except in surface waters south of 25°S, which suggests that over large areas of the
subtropical Atlantic Ocean inorganic P is not limiting community production (Canellas et al., 2000).
This finding contradicts the conclusions of Wu et al., (2000) and Cavender-Bares et al., (2001). In
view of these apparent inter- and intra-ocean differences in nutrient dynamics, there have been calls
for similar comparative studies of the phytoplankton communities found in these different oceans and
ocean basins to be carried out (Cavender-Bares et al., 2001).

There is also evidence of differences between the organic nutrient cycles in the NPSG and
Sargasso Sea. In the Sargasso Sea, DOC accumulates in the upper water-column during early
spring due to increased primary production and is partially consumed in the summer and autumn
(Carlson et al., 1994a). DOC that escapes remineralisation is exported from the surface ocean
during winter mixing, and this relatively short flux is estimated to be greater than the annual particle
flux (Carlson and Ducklow, 1994; Carison et al., 1994a). For the 1995 spring bloom in the Sargasso
Sea, net DOC production was 59 - 70% of the net community production (Hansen and Carlson,
1998). Net DOC production was maximal during the period of deep convective overturn of the water
column indicating linkage between the processes (Hansen and Carlson, 1998, 2001). However, in
the NPSG there is growing evidence that there has been a change in the dynamics of the DOM pool
between 1993 - 1999, which is though to be associated with a 'Domain-Shift' in phytoplankton
communities (Karl et al., 2001a; Church et al., 2002). Between 1993 - 1999 the composition of DOM
has changed, with a relative enrichment of DON and DOC while DOP has remained at pre-1993

10
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concentrations (Church et al., 2002). Such a net accumulation of a C- and N-enriched DOM pool
implies non-steady state dynamics in primary production and utilisation of organic matter in the
NPSG (Church et al., 2002); increases in the size of the DOM pool may indicate that
bacterioplankton growth is limited by other factors as their high affinity for DOC uptake should result
in a permanently low labile pool of DOC. The utilisation of this N-enriched DOM pool by
phytoplankton within the NPSG is theoretically possible (Karl, 1999), although to date there has been

no reports within the literature.

1.1.4. Distribution of Phytoplankton Biomass (Chlorophvyll a)

Basinscale Patterns of Phytoplankton Biomass and Primary Productivity

Chlorophyll a is the main light-harvesting pigment in all phytoplankton taxa and its
concentration is generally considered to be proportional to the biomass, or standing stock, of the
autotrophic community in the ocean. Recent developments in the methodologies for remotely
sensing chlorophyll @ concentration from high altitude satellites have allowed the basinscale patterns
of phytoplankton biomass to be investigated (e.g. Longhurst ef al., 1995), although there remain
difficuities in data interpretation associated with atmospheric corrections (e.g. aerosols), detection in
waters containing large concentrations of non-living detrital material (e.g. coastal waters), and
extrapolation of surface measurements to depth. Combination of the data on the distribution of
biomass (chlorophyll a) with light (PAR) availability has allowed the development of the first series of
models for estimating global patterns of carbon fixation (i.e. primary productivity; Sathyendranath and
Platt, 2001). Figure 1.4 shows a yearly composite (1998) of the distribution of chlorophyl! a in
surface waters of the global ocean (a) and an estimate of the distribution of primary productivity (b)
based on a model developed by Behrenfeld and Falkowski (1997) and surface chlorophyll
concentrations from 1997 - 1999 (Behrenfeld et al., 2002).

Within the Atlantic Ocean, the central ranges of the subtropical gyres in both hemispheres
are characterised by very low biomass in surface waters, with chlorophyll a concentrations <0.2 mg
m™ in the gyre centres and slightly elevated at the gyre boundaries (~0.3 mg m™), while the
estimated rates of primary production are <200 g C m™2y" (Fig. 1.4). Areas of increased chlorophyll
a concentration are associated with the subtropical convergences at the northern and southern
boundaries of the subtropical gyres (0.5 - 2.0 mg m™), upwelling waters off NW Africa (1.0 - 10.0 mg
m™®) and waters along the equator and associated with the equatorial divergence (0.5 - 2.0 mg m’).
Elevated biomass measurements are accompanied by increases in the estimated rates of carbon
fixation; ~300 g C m?y™ in the subtropical convergences, 400 - >600 g C m™ y™' off NW Africa, and
>200 g C m?y" around the equator (Fig. 1.4). Therefore, upwelling of cool, nutrient-rich water off
NW Africa and along the equator causes enhanced phytoplankton biomass and primary productivity
(e.g. Sathyendranath and Platt, 2001). The annual production in these areas is thought to be higher
than the seasonal production in temperature waters due to the much longer activity time (almost

year-round) of regional upwelling (Longhurst, 1993).

11



Chapter 1. General Introduction

Primary Productivity (10°gC m2y ™)

Figure 1.4. Global distribution of biomass (chlorophyll a) and primary production in surface waters; (a) SeaWiFS composite of
surface chlorophyll a concentration for 1998 (Source: http:/seawifs.gsfc.nasa.gov/), and (b) estimated annual net primary
production for November 1997 to October 1999 calculated using monthly SeaWiFS satellite measurements of near-surface
chlorophyll a and the Vertically Generalised Production model of Behrenfeld and Falkowski (1997) (reproduced from

Behrenfeld et al., 2002).

The contribution of tropical equatorial waters to the total annual carbon fixation of the entire
Atlantic Ocean has been estimated to be ~30% (2.5 Gt yr' of a total of 7.7 Gt yr'"; Longhurst, 1993).
Seasonal variations in biomass and productivity are averaged out of Figure 1.4, although they are
known to occur mainly in temperate high-latitude waters (seasonal variations in heat budget and
climate-induced turbulence), and in tropical and subtropical waters which experience seasonal
upwelling or mixing. In the majority of tropical and subtropical waters seasonal variations are thought
to be minimal and this has led to these areas being termed 'biological deserts' (e.g. Ryther, 1969).
However, the subtropical gyres are important in global productivity due to their relatively high surface
area and variations in their rates of productivity can have profound effects on calculated rates of
global carbon fixation; during a review of estimated annual rates of global carbon fixation, Berger
(1989) found a range of 18.6 Gt yr'' and 26.9 Gt yr’' depending on the rates assumed for the

oligotrophic areas.

12


http://seawifs.gsfc.nasa.gov/

Chapter 1. General Introduction

Vertical Distribution of Phytoplankton Biomass (chlorophyll a)

Although the development of satellite techniques for remotely sensing chlorophyll a has
allowed the basinscale distribution of phytoplankton to be studied, these techniques only detect
chlorophyll a concentrations within near surface waters and cannot describe the vertical chlorophyll a
profile. The depth to which remote-sensing penetrates the water-column in the open-ocean is
dependent upon the vertical attenuation of light; sensed water depths range from ~25 m in clear
oligotrophic waters with chlorophyll a concentrations ~0.1 mg m™, to <5 m in eutrophic oceanic
waters with chlorophyll a concentrations ~10 mg m™ (Longhurst, 1998). However, in situations
where nutrient concentrations are low and limiting in the upper 50 - 100 m of the water-column, there
is an increase in chlorophyll @ concentration to a maximum in association with the deep nutriclines
and lower portion of the euphotic zone. This Chlorophyll a Maximum (CM) is now recognised as a
ubiquitous feature of tropical and subtropical open oceans (Gould, 1987), as well as coastal and shelf
seas (Longhurst and Harrison, 1989).

The depth of the CM varies from 20 - 150 m depending upon the prevalent light and nutrient
conditions (Cullen, 1982); for example, Herbland and Voituriez (1979) found the CM between depths
of 20 - 80 m in the equatorial Atlantic and off NW Africa; during a review of the literature, Cullen
(1982) reported CM depths of 20 m in the Guinea Dome (11°N, 20°W), 150 m in the NPSG, 50 m off
the Oregon coast in the Pacific (44°N, 127°W), 20 m in the western English Channel, and 20 - 30 m
off Southern California (33°N, 147°W); and, McManus and Dawson (1994) found the CM between 75
- 100 m in the Caribbean Sea and western tropical Atlantic Ocean. From their studies in the eastern
Atlantic Ocean, Herbland and Voituriez (1979) described a highly significant inverse relationship
between the surface chlorophyll a concentration and the CM chlorophyll a concentrations, which
implies that surface concentrations can be used to predict the vertical chlorophyll a profile. However,
the mechanisms involved in the formation of the CM are likely to vary regionally (Cullen, 1982), and
the relationship between surface chlorophyli a and the CM need to be tested on a regional basis.
This is especially relevant in tropical and subtropical waters, were the physiology of phytoplankton
cells causes non-linearity of the phytoplankton biomass to chlorophyll a concentration relationship

(Cullen, 1982).

1.2. Phytoplankton Taxonomy and Ecophyslology

1.2.1. Phvtoplankton Taxonomy

Species, Ecological Niches and Diversity

A species is the basic unit of biological classification, although several definitions exist which
are dependent upon the level of classification used {Lincoln et al., 1998); the biological and genetic
concept (based on gene pools and genetic isolation) and the morphological concept (based on
appearance). Most of the current research on naturally occurring phytoplankton species is based on
the process of species identification according to morphological traits and therefore based around the

morphospecies. At present little research has considered the genetics of phytoplankton species (see
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review by Medlin et al., 2000), and it has been speculated that some morphospecies are likely to be
the same genetic species showing adaptations to environmental conditions (i.e. phenotypic
adaptation). Knowledge of such morphological adaptation has considerable ecological value (H.
Kinkel, pers. comm.) so that the morphological species concept remains viable. From the few
genetic studies of phytoplankton species and populations carried out so far, it has been concluded
that considerabie genetic diversity exists on both spatial and temporal scales which may give rise to
ecophysiologically different populations (Medlin ef al., 2000). Further complication of studies based
on morphological distinct species is encountered due to the wide diversity of some taxa during their
life cycles; where separate stages of the life cycles have distinctly different cell forms (e.g. hetero-
and holo-coccolith life-stages within coccolithophores; Cros et al., 2000) .

The ecological niche relates to the physical space an organism occupies and the functional
role of the organism in the community, as well as its position within the gradients of the environment
(Odum, 1971). In simple terms, a niche describes the 'job description' of a species (Odum, 1971;
Falkowski and Raven, 1997) or the 'ecological role of a species in the community' (Lincoln et al.,
1998). Within ecological texts two distinctly different niches are recognised; the fundamental niche
and the realised niche (e.g. Odum, 1971). The fundamental niche describes the multidimensional
space that represents the total range of conditions within which an organism can function and could
exist in the absence of other competing organisms, whereas the realised niche is the reduced part of
the fundamental niche due to competition (Odum, 1971; Lincoln ef al., 1998).

Diversity is the number of species contained within or supported by a given environment,
which is related to the competitive dynamics and structure of a community and is composed of two
components (Magurran, 1988): the measure of the number of species (species richness) and a
measure of the partitioning of the total numbers between individual species (relative abundances).
Within a community, diversity is related to the patterns of resource-partitioning, where the relative
abundance of a species is relative to the portion of the niche-space it occupies {Magurran, 1988); low
diversity indicates that a few species are dominating the resources, whereas high diversity indicates
that the resources are more equally divided. Several trends in diversity relative to the ecosystem and
environment have been identified, and include a stability-diversity trend where there is a tendency for
phytoplankton communities to exhibit increased diversity in highly stable environments due to
diversification of the ecosystem niches and the "accumulation of species due to an evolutionary or
successional past" (Margalef, 1978). Another trend identified is an inverse relationship between
productivity and diversity; highly productive phytoplankton communities have low diversity and are
often dominated by one or a few species, whereas communities with low productivity exhibit high
diversity (Margalef, 1978; Falkowski and Raven, 1997). However, there is also evidence that highly
productive ecosystems may also have high diversity and that the relationship between diversity and

productivity is @ more complex bell-shape than simply linear (e.g. Clarke and Warwick, 1994).

Phytoplankton Groups
Phytoplankton can be classified in terms of size, shape, physiological characteristics, or by

taxonomic affiliation (Karl, 1999). The wide diversity of cell shape and form are thought to be
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interpretable as adaptations to survival and growth in temporally unstable and often turbulent
environments (Margalef, 1978). Sieburth (1979) defined several plankton groups based on cell size;
the picoplankton with cell diameters between 0.2 - 2.0 um, the nanoplankton with cells in the 2.0 -
20.0 um size range, and the microplankton with cells within the 20 - 200 ym size range. Such size
ranges are not exclusive to single phytoplankton taxonomic groups; many different taxa are present
in several size groups.

Phytoplankton taxonomy is an ever-changing field with the reclassification of species into
different taxa, and there is continuing debate about the 'correct’ affiliation of particular genera and
species. All phytoplankton reproduce asexually by binary fission as part of complex life cycles which
include sexual and resting stages. Most planktonic flagellate groups are known currently only as
motile cells, with nonmotile life stages described as other species (Tomas, 1997). Many species are
difficult to identify under the light microscope from preserved material and full identification requires
the establishment of a culture to study the life cycle as well as electron microscope work (Tomas,
1997). As a result the life cycles of many common species remain unknown and two or more names
representing different life stages may be in use for a single species.

Despite these inherent problems, phytoplankton may be separated into 6 major categories or
lineages, with one category from the Eubacteria (prokarytotic 'true' bacteria) and 5 from the
Eukaryotic lineage (Jeffrey and Vesk, 1997; Tomas, 1997; Tree of Life, 2001, http://tolweb.org/); the
Alveolates (dinoflagellates), the Stramenopiles (diatoms, chrysophytes, pyrmnesiophytes,
chloromonads), the Green algae (including chlorophytes and prasinophytes), the Red algae
(including rhodophytes), the Cryptomonads and the prokaryotic Cyanobacteria (including
cyanophytes and prochlorophytes). Apart from cyanobacteria, all the other algal groups are
eukaryotic and therefore contain cellular organelles contained within membranes. Several of the
algal subgroups are restricted to freshwater environments or are represented in the open ocean by
only a few species. Thus, only the ten major phytoplankton groups present in the open ocean will be
discussed; the diatoms, dinoflagellates, chrysophytes, chloromonads, prymnesiophytes,
cryptomonads, chlorophytes, prasinophytes, cyanophytes and prochlorophytes. The common cell
shapes and characteristics of these main groups, apart from the cyanophytes and prochlorophytes,
are present in Figure 1.5.

(1). Diatoms (Bacillariophyta) - Diatom cells are characteristically surrounded by 2 silica
valves (frustules) bounded by an outer organic covering. Diatoms exist as single cells or chains, and
exhibit a high diversity of cell and colony shapes and sizes (generally 5 - 200 pm, with some up to
2000 pm in diameter) with the valve symmetry dividing species into pennate or centric diatoms (Fig.
1.3a, b). Diatoms are a widespread phytoplankton group, and their relatively high growth rates under
nutrient-rich conditions leads to formation of episodic biooms. However, due to the specific
requirement of silica for frustule formation, diatom growth can be limited by silica availability.
Although most species are generally regarded as autotrophic some subtropical and tropical species
are associated with symbiotic cyanobacteria (Jeffrey and Vesk, 1997; Tomas, 1997) and there is
evidence that some small pennate diatoms may act as heterotrophs in benthic enviroments and

during post bloom conditions (D. Harbour pers. comm.).
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(2). Dinoflagellates (Dinophyta) - Dinoflagellates are a diverse group of flagellates of which
around half the known species are autotrophic and the others heterotrophic (Tomas, 1997). Some
autotrophic dinoflagellates are mixotrophic (i.e. faculative heterotrophs) while others are associated
with cyanobacterial symbionts from the genera Synechocystis and Synechococcus (Jeffrey and
Vesk, 1997; Tomas, 1997). Dinoflagellates may be found as single cells or chains with cell sizes
ranging from 5 - 2000 um. Dinoflagellates are characterised by 2 dissimilar flagella: a ribbon-like
transverse flagellum in a girdle groove encircling the cell and dividing it into an upper (epitheca) and
lower (hypotheca) portion, and a smooth longitudinal flagellum within a longitudinal groove (sulcus)
(Fig. 1.3c, d). Dinoflagellates are given their name due to their swimming motion (dinos = whirling)
where the transverse flagellum causes rotational movement of the cell while the longitudinal
flagellum provides the propulsion. Dinoflagellates can be divided into 2 types based on the
composition of the cell wall; one group contains cellulose plates within the cell membrane and are
termed thecate or armoured (Fig. 1.3c), while the other group has a naked or athecate cell surface
(Fig. 1.3d). Many dinoflagellate species are cosmopolitan and probably represent a complex of

ecological strains that are currently identified as different species (Tomas, 1997).

NOT TO SCALE

Figure 1.5: Generalised phytoplankton cell types; (A) pennate diatom, (B) centric diatom, (C) thecate dinoflagellate,
(D) athecate dinoflagellate, (E) chrysophyte, (F) raphidophyte / chloromonad, (G) naked prymnesiophyte, (H)
coccolithophore, (I) cryptophyte, (J) chlorophyte, and (K) prasinophyte. Redrawn and adapted from Tomas (1997).
H indicates the haptonema, shaded blocks indicate chloroplasts and dashed structures represent nuclei.

(3). Chrysophytes (Chrysophyta, Class Chrysophyceae) - The chrysophytes are a group of
pico- and nano-planktonic flagellates which are mostly found in freshwater or inshore waters. The
general cell shape is illustrated in Figure 1.3e, although there is a wide diversity of cell morphologies.

Nutritional modes include autotrophic, mixotrophic and heterotrophic species. There are 3 types of
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marine chrysophyte; the silicoflageliates, picoplanktonic chrysophytes (2 - 3 um) and the
nanoplanktonic chrysophytes (2 - 5 um). The silicoflagellates are associated with a basket-like
siliceous skeleton and cell dimensions are between 20 - 100 um, while the nanoplanktonic
chrysophytes are covered with ornamented siliceous plates and the picoplanktonic chrysophytes
have cell surfaces composed of either silicified, cellulose or chitin plates, or are naked. Based on
ultrastructural and genetic analysis, the picoplanktonic chrysophytes have been renamed and
classified into a separate class, the pelagophytes, which includes the genera Pelagococcus,
Aureococcus and Pelagomonas (Anderson ef al.,, 1993). The pelagophytes are now thought to be
important components of the picoeukaryotic component of the picoplankton in the open ocean
(Anderson et al., 1993, 1996).

(4). Chloromonads (Chrysophyta, Class Raphidophyceae) - The chloromonads are also

mainly found in freshwater environments, although coastal marine chloromonad blooms are common

and the three main marine genera are Chattonella, Fibrocapsa and Heterosigma (Jeffrey and Vesk,
1997; Tomas, 1997). Chloromonad cells range between 30 - 100 um in length, and are naked with 2
smooth flagella (often pointing in different directions) and one hairy flagella (Fig. 1.2f).

(5). Prymnesiophytes (Haptophyta, Class Prymnesiophyceaeg) - The prymnesiophytes are

nanoplanktonic (2 - 50 um) biflagellate celis with a third characteristic appendage, the haptonema,
located between the flagella (Fig. 1.2g, h). In some prymnesiophyte species and life stages the
haptonema is absent and the only evidence of its presence is basal structures within the cell (Tomas,
1997). The prymnesiophytes include species with organic (cellulose and polysaccharides) scales,
naked cells and species with calcareous (CaCQ;) plates (i.e. the coccolithophores). Coccolithophore
species identification is based on the coccolith morphology, and are broadly separated into two
groups based on the form of the calcite crystals; the holococcolithophores with regular packed calcite
crystals and the heterococcolithophores with modifed caicite crystals. However, recent observations
of individual coccolithophore cells with both types of coccoliths has led to the discovery that single
species can exhibit different morphologies during different life stages (Cros et al., 2000). As a result,
some species are known by two different names (Tomas, 1997; Cros et al., 2000). The function of
the coccoliths is not fully understood, although it has been suggested that they may act as ballast,
light scatters, antigrazing and as a biproduct of photosynthesis (see review by Young, 1994). The
prymnesiophytes are a widespread group with several species known to form extensive blooms in
temperate and high-latitude waters (e.g. Phaeocystis pouchetti, Emiliania huxileyi). The
coccolithophores exhibit the highest diversity in tropical and subtropical waters (Winter et al., 1994).
(6). Cryptomonads (Cryptophyta) - The cryptomonads are nanoplanktonic flagellates found in
marine, freshwater and estuarine conditions. Cryptomonad celis are asymmetric ovoid cells (6 - 20
um long) with 2 flagella inserted into an apical or sub-apical furrow (Fig. 1.2i). The cryptomonad cell
covering (pellicle) is unique to the group in that it consists of a ridged cell wall superimposed on an
inner component made of regular sheets. Phototrophic and heterotrophic cryptomonad species are
found, as well as some that are found as endosymbionts in planktonic ciliates (e.g. Myrionecta

rubra).
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(7). Chlorophytes (Chlorophyta, Class Chlorophyceae) - Chlorophytes are small

nanoplanktonic ovoid cells (<20 um) which posses 2 or 4 smooth, equal flagella which are inserted

apically (Fig. 1.2j). The cell wall in chlorophytes may be naked or with a cellulose component and
some species possess an eyespot. Most planktonic species are found in coastal waters and rock

pools, although there are a few open ocean species.
(8). Prasinophytes (Chlorophyta, Class Prasinophyceae) - The prasinophytes are a

heterogeneous collection of primitive green nanoplanktonic flagellates (2 - 30 um long) with a high
diversity of cell shapes. The number of flagella ranges from 1 - 16 with most possessing 4 which are
inserted apically into the cell in association with a slight depression (Fig. 1.2k). In some prasinophyte
species the flagella and cell are covered in organic scales while other species have naked cells.

(9). Cyanophytes (Cyanobacteria) - The cyanophytes are prokaryotic blue-green algae which
may be found as single picoplanktonic (~1 um) cells (e.g. Synechococcus spp.), large (>200 um)
filamentous colonies (e.g. Trichodesmium erythraesum) or as symbiotic associations within other
phytoplankton cells. Cyanophyte cells posses no flagella and their prokaryotic status means that
they have no membrane bound organelles (e.g. chloroplasts, nuclei) and the pigments are
associated with membranes arranged in flattened vesicles (Falkowski and Raven, 1997).
Cyanophytes are important in many marine environments especially in subtropical and tropical
waters, where many species have important roles in nitrogen fixation (e.g. Trichodesmium spp.;
Carpenter, 19832, b).

(10). Prochilorophytes (Cyanobacteria) - The prochlorophytes are small prokaryotic cells and
the group contains the genera Prochloron (found as marine invertebrate symbionts), Prochlorothrix
(freeliving filamentous cells) and Prochlorococcus. Prochlorococcus spp. are found as
picoplanktonic (0.6 - 0.8 um) sheathed single cells and are important in subtropical and tropical
marine environments where they represent the dominant component of the biomass (e.g. Campbell

et al., 1994; Partensky et al., 1996).

1.2.2. Ecophysiology: Photophysiology, Nutrient and Temperature Physiology

Phytoplankton Pigments

The photosynthetic apparatus of phytoplankton cells is composed of 2 physically
independent systems (Photosystem 1 and Photosystem 2). Each photosystem consists of a light-
harvesting complex (LHC) energetically coupled, through the transfer of light energy, to a
photochemical component contained within a reaction centre (RC) (Falkowski and Raven, 1997).
The LHC is composed of an ensemble of pigment-protein complexes (the pigment bed or antenna)
that absorb photons and transfer the associated excitation energy to the reaction centres from higher
to lower excitation states and between pigment-protein complexes (Falkowski and Raven, 1997).
The LHC proportion of the pigment bed contains accessory pigments (carotenoids and several forms
of chlorophyll) that either transfer excitation energy to chlorophyli a (i.e. photosynthetic), or dissipate

excess excitation energy as heat and/or fluorescence (i.e. photoprotectant). Therefore, accessory
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pigments in the pigment bed can be classified according to their role; photosynthetic (PS) or
photoprotectant (PP).

Although PS and PP pigments are closely related in terms of their composition, their
absorption spectra differ from that of chlorophyll a (Falkowski and Raven, 1997), so that different
pigment suites are suited to different light environments (Kirk, 1992). Within the pigment bed in
some phytoplankton taxa (e.g. diatoms), the PP pigments are associated with xanthophyll cycles',
where the PP pigments are cycled from a PS form (e.g. violoxanthin) to a closely related PP form
(e.g. zeaxanthin) through enzyme-catalysed and light-mediated changes in their molecular structure
(Falkowski and Raven, 1997; Porra et al., 1997). However, prochlorophytes and cyanophytes do not

posses xanthophyll cycles (Falkowski and Raven, 1997) and the PP pigments (e.g. zeaxanthin)

remain in their PP role.

Table 1.1: The distribution of chlorophylls, photosynthetic (PS) and photoprotectant (PP) accessory pigments in marine
phytoplankton taxa. Major pigment markers for each phytoplankton group are highlighted in bold. Information has been

compiled from Barlow et al., 1993; Millie et al., 1993; Barlow ef al., 19973, b; Jeffrey and Vesk, 1997; Jeffrey et al., 1997; Gibb

et al., 2000, 2001, with SCOR-UNESCO abbreviations.

Taxa

Chlorophyll (s)

PS Pigments

PP Pigments

Diatoms

Dinoflageliates

Chrysophytes /
Pelagophytes /
Chloromonads

Prymnesiophytes

Cryptomonads

Chlorophytes

Prasinophytes

Cyanophytes

Prochlorophytes

Chlorophyll a (Chl a)
Chlorophyli ¢ (Chl ¢)

Chlorophyll a (Chi a)
Chlorophyll ¢ (Chl ¢)

Chlorophyll a (Chl &)
Chiorophyll ¢ (Chi ¢)

Chlorophyl! a (Chl a)
Chiorophyll ¢ (Chl ¢)

Chlorophyll a (Chl a)
Chlorophyll ¢ (Chi ¢)

Chlorophyll a (Chl a)
Chlorophyil b (Chl b)

Chlorophyli a (Chl a)
Chlorophyll b (Chl b)

Chlorophyli a (Chl a)

Divinyl chlorophyll a
(Dv Chl a)
Divinyl chlorophyll b
(Dv Chl b)

Fucoxanthin (Fuco)

Peridinin (Perid)
Fucoxanthin (Fuco)
19-Butanoyloxyfucoxanthin (But-fuco)

Violaxanthin (Viola)
Fucoxanthin (Fuco)
19-Butanoyloxyfucoxanthin (But-fuco)

19-Hexanoyloxyfucoxanthin (Hex-fuco)
Fucoxanthin (Fuco)
19-Butanoyloxyfucoxanthin (But-fuco)
Phycobiliproteins

Violaxanthin (Viola),
Neoxanthin (Neo)

Violaxanthin (Viola),
Neoxanthin (Neo),
Prasinoxanthin (Pras)

Phycobiliproteins

8 Carotene (8-Car)
Diatoxanthin (Diato)

Diadinoxanthin (Diadino)

B Carotene (B-Car)

Diadinoxanthin (Diadino)

B Carotene (3-Car)

Diadinoxanthin (Diadino)

B Carotene (B-Car)
Diatoxanthin (Diato)

Diadinoxanthin (Diadino)

B Carotene (B-Car)
Alloxanthin (Allo)

 Carotene (3-Car)
Lutein (Lut)
Zeaxanthin (Zea)

B Carotene (B-Car)
Lutein (Lut)
Zeaxanthin (Zea)

B Carotene (3-Car)
Zeaxanthin (Zea)

B Carotene (p-Car)
Zeaxanthin (ZEA)

[1] Contains all chlorophyll ¢ derivatives (¢4, ¢2 and c¢3), [2] contains only ¢, and ¢, [3] contains ¢; and ¢; only, and [4] contains ¢; only.

The pigment composition of the pigment bed differs between phytoplankton taxa and

species, and between cells of the same species in different light environments (Falkowski and

Raven, 1997). Therefore, the analysis of the accessory pigments can provide valuable

chemotaxonomic and physiological information (Jeffrey et al., 1997). However, due to the

complexities of pigment variations with cell status, cross-taxa specific biomarkers and the occurrence

19



Chapter 1. General Introduction

of endosymbionts with their own pigment signatures within other taxa, it has been recommended that
pigment analysis should be accompanied by phytoplankton cell counts and community composition
data (Jeffrey ef al, 1997). Despite these problems various authors have proposed schemes of
pigment biomarkers and chemotaxonomic relationships as the basis for using pigment data to
describe phytoplankton community composition. Table 1.1 shows the distribution of chlorophylis,
photosynthetic and photoprotectant pigments within the different phytoplankton groups described in
the previous section, with the pigments used to distinguish particular phytoplankton groups in bold.
The major differences between phytoplankton groups include the restriction of chlorophyll c to
eukaryotic phytoplankton, the restriction of phycobilins to prokaryotic cyanophytes and
cryptomonads, and the restriction of the divinyl forms of chlorophyll a and b to the prochlorophytes
(Table 1.1). Several phytoplankton groups share characteristic pigments, while other are restricted
to single taxa; e.g. fucoxanthin is found in diatoms, dinoflagellates, chrysophytes (pelagophytes), and
prymnesiophytes, while peridinin is only found in dinoflagellates, and 19'-hexanoyloxyfucoxanthin is

restricted to prymnesiophytes (Table 1.1).

Photophysiology

An understanding of phytoplankton photophysiology is dependent on information about
variations in the size or composition of the pigment bed, the number of RC, and the ratio of RC
waiting for a photon to those already busy absorbing one (termed the functional absorption cross-
section; Falkowski and Raven, 1997). Cellular responses to irradiance conditions are dependent
upon the length of exposure of the algal cell to a particular (mean) light level; photoinhibition is the
short term (seconds - minutes) reduction in the ability of the algal cell to utilise light energy
(photosynthetic efficiency) during periods of exposure to detrimental (high) light levels, whereas
photoacclimation involves the adjustment of the photosynthetic apparatus to prolonged periods
(hours - days) in a particular {mean) light regime whether it be high or low light (Falkowski and
Raven, 1997).

Photosynthetic excitation energy can be dissipated within the photosynthetic apparatus by
either photochemical quenching via the standard photosynthetic route, or by non-photochemical
guenching where the excitation energy bypasses the RC and is passed to a quencher (PP pigments)
in the pigment bed and the energy is lost as fluorescence and/or heat (Falkowski and Raven, 1997).
Both quenching mechanisms reduce the amount of excitation energy delivered to the reaction
centres and serve to prevent photo-induced damage to the photosynthetic apparatus. However, with
prolonged periods of exposure to high irradiance, non-photochemical quenching is unable to prevent
damage to the reaction centre and this leads to a loss in functional reaction centres and a decrease
in photosynthetic efficiency. Repair of the reaction centres takes place during the night and involves
protein synthesis, which means it is a nutrient dependent process. In low nutrient environments,
nutrient availability may be insufficient for repair of photoinduced damage to the photosynthetic
apparatus, and thus limit the efficiency with which phytoplankton in oligotrophic waters (dissolved
inorganic nitrogen concentrations <0.5 uM) convert solar irradiance to stored chemical energy

(Falkowski et al., 1992).
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During long exposure times to high or low irradiance, photoacclimation occurs and involves
either marked (up to 5 - 10 fold) changes in the cellular concentration of pigments through pigment
synthesis in low light and pigment degradation in high light, or changes in the number of reaction
centres relative to the pigment bed size (Falkowski and Raven, 1997). Increases of PS pigments
increase the functional absorption cross-section, while increases of PP pigments effectively reduce
the functional absorption cross-section and increase non-photochemical quenching (Falkowski and
Raven, 1997). Changes in the intra-cellular pigment concentrations are not a linear function of light
level or pigment (Prezelin, 1987; Falkowski and Raven, 1997). Increases in cellular pigmentation
beyond a certain level cause a paradoxical decrease in photosynthetic efficiency, which has been
termed the 'package effect' (Falkowski and Raven, 1997). The 'package effect' is due to selfshading
of the LHC of the photosynthetic apparatus within the algal cells chloroplasts' thykaloid membranes
(Falkowski and Raven, 1997).

The overall effect of photoacclimation is irradiance-determined variations in the cell carbon to
chlorophyll ratios, especially in the high light domains of the tropical and subtropical ocean; surface
populations have high carbon:chlorophyll ratios, whilst deep populations have low carbon:chlorophyll
ratios {Cullen, 1982; Falkowski and Raven, 1997). Therefore, in tropical and subtropical waters
chlorophyll a concentration is a poor indicator of autotrophic biomass and changes in biomass may
occur independently of changes in chiorophyll a concentration (Cullen, 1982; Longhurst and

Harrison, 1989).

Nutrient Physiology
Nutrient uptake by algal cells is dependent upon the movement of nutrient salts through the

cell membrane, which is a function of the ambient nutrient concentrations, cellular nutrient levels and
cell size (Chisholm, 1992; Kizrbe, 1993; Riebesell and Wolf-Gladrow, 2002). The degree of nutrient
limitation is proportional to cell size due to the dependency of diffusion on the cell surface area to cell
volume ratio; small ceils have a greater ratio than large cells and thus a lower diffusive nutrient
uptake threshold (Chisholm, 1992; Kizrbe, 1993; Riebesell and Wolf-Gladrow, 2002). An example
given in Riebesell and Walf-Gladrow (2002) states that an algal cell with a cell radius of ~10 um
growing at a rate of 1 division per day would become diffusion limited at inorganic nutrient
concentrations of <1 uM, however, the inorganic nitrogen concentrations in oligotrophic waters are
<0.1 uM which would support a maximum growth rate of <0.1 division per day. In comparison, a
picoplankton cell with a cell radius of ~1 um would be able to maintain a growth rate of 1 division per
day at inorganic nitrogen concentrations as low as 0.01 uM without suffering diffusion limitation
(Riebesell and Wolf-Gladrow, 2002).

Although these examples assume that the algal celis have highly efficient nutrient uptake
kinetics for inorganic nitrogen, it suggests that large phytoplankton are poorly adapted for low nutrient
environments compared with small picoplanktonic cells (Riebeseil and Wolf-Gladrow, 2002).
However, large phytoplankton cells (>5 um) do occur in oligotrophic waters, and are thought to be
maintained by a variety of strategies. These adaptive strategies include; exotic shapes to increase

the surface area to volume ratio and nutrient flux per unit of cell volume (e.g. Margalef, 1978; Pahlow
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et al., 1997; Riebesell and Wolf-Gladrow, 2002); swimming and sinking to reduce the effect of
diffusion limitation (e.g. Kierbe, 1993; Riebesell and Wolf-Gladrow, 2002) and, in the case of some
large taxa, buoyancy regulation to commute to the deep nutrient rich waters at the bottom of the
euphotic zone and return to the surface layer with increased celfular nutrient pools (e.g. Joseph et al.,
1997, Brokhuizen, 1999; Villareal et al., 1993, 1996, 1999a, b); nitrogen fixing abilities or association
with nitrogen fixing cyanobacteria (e.g. Venrick, 1974; Carpenter, 1983a, b; Longhurst, 1998); use of
large cell vacuoles for inorganic nutrient storage and luxury consumption during periods of increased
nutrient concentration (e.g. Riebesell and Wolf-Gladrow, 2002); rapid, pulsed nutrient uptake by
nutrient-starved algal cells (e.g. McCarthy and Goldman, 1979; Goldman and Glibert, 1983);
utilisation of dissolved organic nutrient pools (e.g. Bonin and Maestrini, 1981; Karl, 1999); and in the
case of some coccoid cyanophytes (Synechococcus spp.), storage of cellular nitrogen reserves as
accessory pigments (phycoerythrin; e.g. Fogg, 1986). However, this latter strategy has been
questioned after detailed culture work on several Synechococcus strains has found that high-light
adapted cells contained <3% of the cellular nitrogen within phycoerythrin, which indicates that such a
reserve would be a relatively ineffective nitrogen reserve, and that there were strain specific
differences in the regulation and breakdown of phycoerythrin in nitrogen-starved conditions (Kana
and Glibert, 1987a). Another advantage of large cell size and low cell abundances in low nutrient
waters dominated by small cells, is a relative refuge from grazing due to the comparatively low

grazing pressure on large cells in the oligotrophic ocean (Riebesell and Wolf-Gladrow, 2002).

Temperature Effects

The physiological responses of phytoplankton to temperature fluctuations are linked to both
the light-dependent (photochemical) and light-independent (carboxylation) photosynthetic reactions,
although on different scales (Kirk, 1994; Falkowski and Raven, 1997). Temperature changes effect
the rates of enzyme-catalysed reactions; increases in temperature cause increases in the rate of
enzyme reactions as a result of increased substrate-enzyme molecular interactions (Falkowski and
Raven, 1997). Cellular photochemistry is not regulated by enzyme activity and is therefore largely
temperature independent, although temperature does affect electron transport through temperature
related changes in membrane fluidity and electron carrier diffusion through intracellular membranes
(Falkowski and Raven, 1997). In contrast, carboxylation (photosynthetic carbon reduction cycle;
Calvin-Benson Cycle) is dependent upon enzyme-mediated reactions and is therefore sensitive to
temperature fluctuations (Kirk, 1994; Falkowski and Raven, 1997). At higher temperatures, enzyme
activity and the Calvin-Benson Cycle requires more substrates from photochemistry to saturate the
cycle. Along with increases in the rate of the Calvin-Benson Cycle are associated increases in
respiration rate and the light intensity required for photosynthesis to equal respiration (light
compensation point; Kirk, 1994).

In nature, water temperature effects on phytoplankton growth are difficult to decouple from
nutrient and light effects; high water temperatures characterise low nutrient and high light
environments where algal populations are nutrient stressed and photoinhibited, whereas low water

temperatures characterise high nutrient and low light environments (Falkowski and Raven, 1997).
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Although laboratory studies have shown that the growth rate of resource-saturated phytoplankton
cells is directly related to temperature (e.g. Eppley, 1972), in the open ocean nutrient and light-

limitation restrict algal responses to temperature fluctuations.

1.3. Phytoplankton Community Structure and Dynamics

1.3.1. The 'Classical-foodchain' and the 'Microbial loop’

The availability of new nutrients and the ambient nutrient concentrations in the euphotic zone of the
ocean have a direct influence on the type of phytoplankton found and the general community and
ecosystem structure (Fig. 1.4). In low new nutrient environments, small phytoplankton cells
(picoplankton) generally dominate as their small cell sizes enables more efficient nutrient uptake at
low ambient concentrations, as well as efficient light harvesting (Chisholm, 1992; Kizrbe, 1993;
Agusti, 1994; Fogg, 1986, 1995; Raven, 1998; Agawin et al., 2000). In contrast, under high new
nutrient conditions, larger phytoplankton cells (nano-and micro-phytoplankton) can efficiently
outcompete small cells due to their higher maximal growth rates (Chisholm, 1992).

When small cells dominate the autotrophic biomass, close coupling between production and
consumption due to similar generation times of the pico- and nano-plankton producers and nano-
and microplankton grazers make organic nutrient cycling between components of the community
important (Azam et al., 1983; Fogg, 1995); so that large numbers of heterotrophic bacteria and smal
autotrophs and heterotrophs are present in the community (i.e. the microbial food chain; Fig. 1.4).
Within the microbial food chain the dominant cells are too small (<2 um) to be efficiently grazed by
large heterotrophs (e.g. mesozooplankion, gelatinous heterotrophs), and grazing due to small
heterotrophic cells (nanoflagellates and microzooplankion) is important (Fig. 1.4). These small
grazers are in turn grazed by larger heterotrophs, and thus there is a link between the picoplankton
and higher trophic levels via the microzooplankton (Calbert and Landry, 1999; Fig. 1.4). When
nutrients are available in higher concentrations, large phytoplankton cells dominate and these in turn
are grazed by large grazers and there is a more direct link to higher trophic levels (i.e. the 'classical’
food chain; Fig. 1.4).

Separation of the microbial and classical food chain may occur spatially and temporally,
although components of both may also coexist (Karl, 1999). An example of the spatial separation of
the food chains would be between upwelling and oligotrophic oceanic conditions, while temporal
separation of the two food chains can best be described in terms of the annual cycle of primary
production in seasonally variable temperate waters; summer conditions are typically nutrient limited
(oligotrophic) and dominated by small cells with low overall productivity and the microbial food web
dominates, whereas during spring, nutrient conditions are suitable for large cells to dominate and for
a brief period of time the classical food chain takes over as the main trophic transfer pathway. Such
seasonal changes in phytoplankton communities can also occur in subtropical waters where there is
significant winter mixing, and the spring bloom is occasionally diatom dominated (e.g. north-western

Sargasso Sea near Bermuda; Durand et al., 2001).
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Figure 1.6: Relationship between nutrient supply and types of oceanic phytoplankton communities.
The microbial loop foodchain dominates in low new nutrient conditions (right), and the classical food
chain dominates in high new nutrient conditions (left). Key: APico indicates autotrophic pico-plankton
(prochlorophytes, Synechococcus and pico-eukaryotes), HB heterotrophic bacteria (bacterioplankton),
ANF autotrophic nanoflagellates, and HNF heterotrophic nano-flagellates.

An important concept for oceanic biogeochemistry and the global carbon cycle is the balance
between production and consumption in oceanic food chains. Relatively constant temporal rates of
primary production will allow close coupling between production and consumption, whereas sudden
bursts of primary production and plant biomass have less probability of being efficiently consumed
(e.g. Boltovskoy, 1999). In situations where production and consumption are balanced the amounts
of organic matter that is unused and able to sink to the sea floor (export production) will be low,
whereas out-of-balance situations will be characterised by higher export of organic matter to the sea
floor (e.g. Boltovskoy, 1999). When small autotrophic cells dominate the productivity and biomass,
small heterotrophs with similar growth rates are the dominant grazers (microbial loop; Fig. 1.4;
Kigrbe, 1993) and export production is minimal with little organic carbon lost from the upper ocean.
In contrast, where large phytoplankton dominate and are not readily consumed by large grazers
(classical food chain; Fig. 1.4; Kigrbe, 1993), export production is likely to be high due to the
ungrazed fraction as well as the characteristically higher sinking rates of larger particles (algal cells,
faecal pellets). Therefore, the size distribution of the phytoplankton community and the trophic
structure of the consumer population largely determine both the composition and magnitude of the
exported particulate material (Michaels and Silver, 1988).

The relative importance of nutrient control (bottom-up) and grazer control (top-down) of the
autotrophic population is another important concept within oceanic phytoplankton communities.
Within oligotrophic waters the situation can be said to be nutrient and therefore bottom-up controlled,
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however the dominance of the microbial community with its actively growing heterotrophic grazer
community complicates the argument; small grazers have generation times of the same order as the
autotrophs so that close coupling of the two populations is likely (Fogg, 1995), and there is a case for
strong top-down control of the picopiankton by nanoheterotrophs (Calbert and Landry, 1999).
Resource control includes the availability of inorganic and organic nutrients whereas predation
includes the activity of phagotrophic protozoans, predatory bacteria, viral infections and possibly

mixotrophic autotrophs (Kari, 1999).

1.3.2. Phytoplankton community structure in subtropical waters

Although there have been several recent studies of the phytoplankton in the subtropical waters of the
northern Atlantic Ocean (e.g. Bermuda Atlantic Timeseries (BATS) programme; Steinberg, 2001), the
subtropical waters of the North Pacific Subtropical Gyre around Hawaii have been intensively studied
for the last four decades (the Hawaiian Oceanographic Timeseries (HOTS) programme; Karl, 1999).
Thus, much of the information on phytoplankton community structure in subtropical waters originates
from the NPSG. The ecosystem of the South Atlantic subtropical waters are largely under-sampled
and poorly known, although it is reasonable to propose that there is a high degree of similarity with
the northern subtropical gyre of the Atlantic and Pacific (Longhurst, 1998).

Until relatively recently (1988), phytoplankton communities in the subtropical gyres were
considered to be dominated by eukaryotic micro-autotrophs (e.g. monads, flagellates and diatoms;
Beers et al., 1982) and mesozooplankton (Karl, 1999). McGowan (1977) hypothesised, after
studying the distribution and biomass of the mesozooplankton community in the NPSG, that low
temporal or spatial heterogeneity of biomass indicated that the NPSG community was a "climax
community" (Venrick, 1982). A climax community is an old ecosystem at the final stage of
succession, where the components of the food web have evolved in unison internally and within the
habitat characteristics and climate, so that species have evolved their physiology, behaviour and
population dynamics to maximise fitness within the physical and biological variations of the
environment, and that such species are unable to survive in a situation where the habitat variables
were different or constantly fluctuating (Odum, 1971; McGowan, 1977; Karl, 1999). In this view of
the NPSG ecosystem, McGowan (1977) also made the point that in such a system in-situ processes
predominate the regulation of the community due to the lack of dynamic physical processes.

With the advent of new flowcytometric and pigment analysis technigues, it has became
apparent that these communities are in fact dominated by much smaller picoplanktonic cells
(Waterbury et al., 1979; Chisholm et al., 1988), although these were noticed previously but poorly
understood (see the “little green cells” described by Beers et al., 1982). Similarly, the physical
environment is now known to vary significantly on seasonal, interannual and decadal scales
(Polovina et al., 1995), which counters previous conclusions about the lack of dynamic physical
processes. In many ways our understanding of the structure of subtropical gyre phytoplankton
communities is still evolving, and the present view is one of a dominant photoautotrophic

picoplankton-supported microbial food web, which is occasionally overshadowed by a larger
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eukaryotic-grazer food chain during episodic new nutrient injections and causes significantly
increased export production (Platt and Harrison, 1985; Karl, 1999). Typically, prochlorophytes
contribute up to 50% of total chlorophyll a (Campbell et al., 1994), while Synechococcus, and a
diverse assemblage of autotrophic pico- and small nano-eukaryotes (<5 um) account for the majority
of the remaining standing stock (Anderson et al., 1998), with smaller contributions from large (>5 um)
phytoplankton cells such as diatoms and dinoflagellates (Goldman, 1993; Karl, 1999). The pico- and
nano-eukaryotic portion of the community often includes poorly-known and studied species, genera,
and even classes (e.g. the pelagophytes; Anderson et al., 1993; 1996), as well as representatives
from most marine phytoplankton classes; dinoflagellates, chrysophytes, and prymnesiophytes
(including coccolithophores) (Venrick, 1982; Bidigare et al., 1990; Letelier ef al., 1993).

Studies of the vertical and horizontal distribution of large (>5m) phytoplankton cells in
subtropical waters has led to the recognition of the presence of highly specialised communities (e.g.
Venrick, 1982). Through the use of multivariate statistics, these phytoplankton communities have
been found to form depth-specific layers, which has led to the proposal of the existence of
taxonomically distinct and physiologically specialised floras within the water-column; a 'sun’ flora
within the upper light-rich, nutrient-poor waters {e.g. Venrick, 1982; Longhurst and Harrison, 1989)
and a 'shade’ flora within the deep light-poor, nutrient-rich waters (e.g. Sournia, 1982; Venrick, 1982).
Members of the proposed 'sun’ flora include the diatom species Haslea wawrikae and Hemiaulus
hauckii (Furuya and Marumo, 1983; Venrick, 1999), the cyanophyte Trichodesmium spp. (Longhurst
and Harrison, 1989), and the coccolithophores Acanthoica quattrospina, Anoplosolenia brasiliensis,
Calcidiscus leptoporus, Discosphaera tubifer, Helicosphaera carteri and H. hyalina, Rhabdosphaera
claviger, Umbellosphaera irregularis and U. tenuis (Winter et al., 1994; Furuya and Marumo, 1983;
Venrick, 1999; Haider and Thierstein, 2001). Due to the low new nutrient concentrations in surface
waters, the sun flora are likely to have developed various strategies to overcome severe nutrient
starvation; for example, two of the species proposed as members of the 'sun' flora are also
associated with nitrogen fixation (Trichodesmium spp. and Hemiaulus hauckii).

Members of the proposed 'shade’ flora include the diatoms Planktoniella sol, Thalassionema
nitzschioides, Gossleriella tropica, Rhizosolenia castracanei and R. temperei (Sournia, 1982; Furuya
and Marumo, 1983; Venrick, 1999), the dinoflagellates Ceratium gravidum, C. incisum, C.
longissimum, C. platycorne, C. ranipes, C. vultur, Heterodinium scrippsii, Pyrocystis pseudonoctiluca,
Triposolenia truncata and Oxytoxum laticeps (Sournia, 1982; Venrick, 1999), the prasinophyte
Halosphaera viridis (Sournia, 1982), and the coccolithophores Florisphaera profunda, Oolithotus
fragilis, Thorosphaera flabellata, Calciosolenia murrayi, Halopappus spp., and Ophiaster hydroideus
(Sournia, 1982; Furuya and Marumo, 1983; Winter et al., 1994; Venrick, 1999; Haider and Thierstein,
2001). Adaptations to survival in the deep nutrient-rich, but light-limited waters of the subtropical
gyres are likely to include the development of suitable pigment suites for maximum light harvesting at
low light levels, and possibly motility or buoyancy reversals to migrate into more optimal light

conditions that are found shallower in the water-column.
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1.3.3. Phytoplankton Community Structure in tropical (Upwelling) waters

Upwelling is a circulation pattern that overrides both the nutrient limitation of permanently stratified
low- and mid-latitude waters and the light limitation of deep nutrient-rich waters (Barber and Smith,
1981; Barber, 2001). Upwelling ecosystems are those that occupy regions of the ocean where there
is temporally persistent upward motion of sea water that transports subsurface water with increased
inorganic nutrients into the sunlit surface layer (Barber and Smith, 1981; Barber, 2001). The
combination of increased nutrient supply and a favourable light regime characterise upwelling
systems as high biomass and productivity ecosystems (see Fig. 1.4) and support highly productive
fisheries (Ryther, 1969; Barber and Smith, 1981; Barber, 2001). Two contrasting views of coastal
upwelling ecosystems exist, one views such ecosystems as analogous to temperate ecosystems
during the spring bloom (e.g. Cushing, 1971) while the other maintains that such ecosystems are
very different (e.g. Ryther, 1969); however, as pointed out by Barber and Smith (1981) few truly
comparative studies exist in view of large-scale interannual and spatial variations in ecosystem
structure and function.

Within the Atlantic Ocean, two spatially separate types of upwelling ecosystem are found;
the coastal upwelling off NW Africa and the mid-ocean upweliing along the eguator (equatorial
divergence). The causes of the upward movement of deep nutrient-rich water in these two types of
upwelling differ; so that in coastal upwelling, the surface layer diverges away from the coastline and
flows offshore as subsurface water flows inshore towards the coast, while oceanic upwelling is
largely due to the divergence of one surface layer away from another under the effects of the wind
patterns (Barber and Smith, 1981; Barber, 2001). The divergence and pelagic upwelling along the
equator in the Atlantic Ocean is due to the interaction of thermocline and nutricline tiling (due to
remote physical forcing), high positive wind stress curf on the upper ocean and the resultant eddy
upwelling as the ocean responds to intensified basin-scale winds during the boreal summer
(Longhurst, 1993).

In coastal and equatorial upwelling ecosystems, optimal nutrient and light conditions (i.e.
nutrient concentrations and light conditions well above those required to saturate cellular
requirements) for high rates of primary production are maintained for several months, or longer, each
year, and in low-latitude Trade wind regions they may persist for the entire year (Barber and Smith,
1981; Longhurst, 1993; Barber, 2001). Thus, the annual production in upwelling regions is much
higher than those in permanently or seasonally nutrient- or light-limited regions (Longhurst, 1993;
Barber, 2001). Although upwelling supplies large amounts of new nutrients, high production fuels a
large and diverse heterotrophic grazing community which, along with heterotrophic bacteria, cause
increased regeneration of organic nutrients which support the microbial portion of the community
(Barber, 2001). The sinking of particulate material from surface high nutrient waters {export
production) and its regeneration at depth causes nutrient 'trapping' in upwelling systems that
maintain elevated nutrient concentrations in bottom waters moving inshore and benthic sediments

(Barber, 2001).
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The phytoplankton community in coastal upwelling waters is often dominated by large-celled,
chain-forming or colonial diatoms with individual cell diameters of >10 - 100 um and cell colony/chain
sizes up to 2000 um (Herbland et al., 1987, Barber, 2001). Such phytoplankton are readily available
to planktivorous fish and other large grazers, which means that in coastal upwelling ecosystem the
food chain is very short and energy transfer within the ecosystem is highly efficient (Barber, 2001).
Large diatoms are well adapted to upwelling conditions due to their high nutrient uptake rates in high
nutrient concentrations, and therefore can outcompete other phytoplankton groups as long as silica
concentrations do not become limiting. Another advantage to large cell size in upwelling waters may
be that the rapid sinking rates associated with large cells allows these cells to sink out of surface
waters being advected offshore and into deep waters that are being advected inshore; thus, large
diatoms may be able to remain in the central nutrient-rich waters of the upwelling system (Barber,
2001). This strategy may also be employed by large motile dinoflagellate cells, and is known to
occur in some upwelling zooplankton species that migrate downwards when they are saturated with
food (Barber, 2001). In contrast, smaller cells will sink slower and are more likely to be advected
offshore into lower nutrient conditions (Barber, 2001).

In coastal upwelling waters with depleted silica concentrations other phytoplankton groups
become dominant (e.g. large dinoflagellates) and with increasing nutrient depletion as the upwelled
water is advected offshore there is a succession of the community towards small cells and the
characteristic picoplankton dominated community of more oligotrophic waters (Barber and Smith,
1981). The picoplankton proportion of the phytoplankton community is also elevated compared with
subtropical waters, although it remains a minor contributor compared to the larger phytoplankton
proportion (Barber, 2001). There is also a shift in the picoplankton from dominance by
prochlorophytes to dominance by Synechococcus spp. and picoeukaryotes (Agawin et al., 2000).
This shift in dominance is thought to be due to the nutrient preferences of these two groups;
Synechococcus prefers nitrate while prochlorophytes prefer ammonia and urea (Rippka et al., 2000;
Karl and Michaels, 2001). In fact, it has been proposed that prochlorophytes are unable to utilise
nitrate and may lack the necessary intra-cellular pathways and enzyme systems to use nitrate for
growth (Karl and Michaels, 2001; Karl et al., 2002b).

In the equatorial Atlantic, upwelling is permanent east of 20 - 30°W, from 6 - 7°N to 7 - 8°8,
although it merges with coastal upwelling off NW Africa seasonally (Vinogradov, 1981; Longhurst,
1993). The narrow bands of upwelling along the equator, alternating with narrow zones of
downweilling, cause a banded pattern to the distribution of plankton communities and biomass
(Vinogradov, 1981). The community structure in the upwelling waters of the Atlantic Ocean appears
to be different to those found in coastal upwelling conditions (Longhurst and Pauly, 1987). Although
there are increases in chlorophyll a the majority of the biomass remains in the pico- and nano-sized
cell ranges; 85 - 95% of the chlorophyll a is contained in particles <10 um and 75 - 90% of the
particulate carbon and nitrogen pass through a 3 um filter, while the >10 um chlorophyll a
concentrations remain less than 15% of the total (Herbland and LeBouteiller, 1981; Herbland et af.,
1985, 1987). This contrasts coastal upwelling waters in the Atlantic Ocean where <60% of the total

chlorophyll a is contained in particles <10 um (Herbland et al., 1985, 1987). Due to the small cell
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sizes characteristic of the equatorial divergence, and therefore dominance of the microbial loop food
chain, there is likely to be a close link between production and consumption, with micro-heterotrophic

grazers regulating the abundance of small autotrophic cells (Longhurst and Pauly, 1987).

1.4. Thesis Introduction and Objectives

1.4.1. Atlantic Meridional Transect Programme

Due to the spatial remoteness of much of the tropical and subtropical oceans, little attention has
been placed on the dynamics of the phytoplankton communities and several recent discoveries have
shown the importance of understanding these large and complex "biological deserts"; (1) time series
measurements in the North Pacific Subtropical Gyre have shown that previous assumptions that the
community was at a 'climax’ stage of biological succession is false, and there is evidence that there
has been a rapid 'domain shift' process occurring over the last 30 years (Karl, 1999; Karl et al.,
2001a); (2) in the subtropical Atlantic Ocean, there is debate as to whether the plankton community
respires more organic carbon than it produces and the subtropical oceans are in fact carbon sources
and not sinks (e.g. Del Giorgio et al., 1997; Duarte et al., 2001), or if respiration is equal to
photosynthesis in the oligotrophic oceans due to external DOC (DOM) sources and/or temporal
balance of the two processes (e.g. Geider, 1997; Williams, 1998); (3) recent research from the
Atlantic Ocean has shown that there are large scale interannual variations in the rates of primary
production in subtropical ocean regions, which do not appear to be linked to changes in
photosynthetic biomass and may be due to physiological and/or community structural changes
(Maranon and Holligan, 1999; Maranon et al., 2000).

This study is concerned with investigating the spatial and temporal variability of
phytoplankton community structure in the Atlantic Ocean between 40°N and 40°S, and linking
hydrographic structure and variability to changes in community composition. From September 1995
to May 2000 the Atlantic Meridional Transect (AMT) programme of cruises has biannually resampled
along a meridional latitudinal line in the subtropical and tropical Atlantic Ocean. The measurement of
phytoplankton community structure derived from pigments and large (>5 um) phytoplankton species
identification from the AMT cruises forms the basis for this study. Therefore, the species analysis
within this study does not include the abundant picoplankton proportion of the phytoplankton

community of the subtropical and tropical waters of the Atlantic Ocean.

1.4.2. Objectives and Qutline of the Thesis

The main objective of the AMT programme is the "improvement of our knowledge of marine
biogeochemical processes, ecosystem dynamics, food webs and fisheries and to characterise
physical and biogeochemical provinces" (Aiken et al., 2000). This study fits within this objective in
terms of improving knowledge of the basinscale changes in phytoplankton community structure and

providing insight into the spatial and temporal changes in dynamics of oceanic ecosystems. Thus,
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the overall aim of this thesis is to "investigate the spatial and temporal variability of phytoplankton

community compasition in the subtropical and tropical Atlantic Ocean" in terms of biomass

measurements (pigments) and species identification (light microscopy for species >5um in diameter).

(1

(2)

@)

4)

©)

(6)

The main research themes of this thesis are to;

Characterise the composition of the phytoplankton communities, and describe its variability on (i)
spatial (latitudinal and vertical) and (ii) temporal (intercruise, interannual) scales.

Determine the components of the phytoplankton community which are responsible for spatial /
temporal variability and gain insight into their respective ecology.

Provide a regional approach to the classification of the hydrographic conditions and
phytoplankton communities present in the tropical and subtropical Atlantic Ocean.

Investigate relationships between hydrographic variability and changes in the structure of the
phytoplankton community.

Gain insight into the ecology of different phytoplankton communities within different environments
of the subtropical and tropical Atlantic Ocean.

Compare the phytoplankton communities of the subtropical Atlantic Ocean with relevent
processes in other subtropical environments (e.g. North Pacific Subtropical Gyre) and put the

AMT project into the context of current understanding of subtropical ecosystems.

Key to the analysis of spatial and temporal variability of the phytoplankton communities in the
subtropical and tropical Atlantic Ocean is an understanding of the variability characteristic of the
hydrographic environment. Several hydrographic parameters sutitable to characterise the
hydrographic environment are introduced in Chapter 3, and are analysed in terms of latitudinal
and vertical (spatial) variability, and intercruise (seasonal / interannual) variability. Basinscale
(40°N to 40°S) changes in the structure of the phytoplankton communities are investigated in
Chapter 4 through the application of multivariate statistics to identify different assemblages and
communities, and investigate the important components (species / taxa) driving such changes.
Temporal (1995 - 2000) changes in the structure of the phytoplankton community within the
subtropical South Atlantic are investigated in Chapter 5 in view of the hydrographic variability
identified in Chapter 3. Multivariate statistics are again used in Chapter 5 to determine
interannual variability in the phytoplankton community composition and identify the important
components causing such variability. The ubiguitous chlorophyll a maximum found throughout
the subtropical and tropical Atlantic Ocean is investigated in Chapter 6 with the aim of examining
regional processes of formation, ecosystem structure and relationships to hydrographic
parameters. Finally, Chapter 7 presents a synthesis of the results of this study in view of other
subtropical and tropical studies and aims to provide a summary of the spatial and temporal

variability observed in terms of succession of phytoplankton community components.
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