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Abstract

This thesis examines some aspects of i situ phytoplankton physiology and subsequent
production rates within the Atlantic Ocean, as obsetved using a novel instrument, the Fast
Repetition Rate Fluorometer (FRRF). The undetlying theory and use of this instrument is
described in detail. High resolution FRRF data collection was petformed during three
oceanographic cruises: RV Pelagia, March 1998, RRS James Clark Ross, May-June 1998
and RRS Challenger, August 1999. These data observe characteristics of phytoplankton
physiology and, therefore, production, over daily (diel), small (turbulent) and broad
(seasonal) scales. The sampling sites for all cruises were chosen within a variety of

hydrographic regimes to further assess the light-nutrient dependencies of this variability.

Phytoplankton physiology is described by the functional absorption cross section (Cpgy)
and the quantum yield of photochemistry (F,/F.) which relate to the rate at which
photosystem 11 (PSII) saturates with light and the proportion of functional PSII reaction

centres, tespectively. Changes in both G,g; and F /F_ are most evident at the diel scale.

Oy correlates with corresponding changes in PSII pigments indicating non-photochemical
quenching of excess solar energy as part of a diel thythm in cellular constituents. A novel
calculation for the number of i situ PSII reaction centres (npg), based on FRRF
measurements, is desctibed and tested and shows similar diel vatiability. Smaller-scale
variations in Oy, are also observed continually throughout the diel period apparently as an
attempt to balance the distribution of energy between PSII and PSI and, therefore,
maintain high rates of photosynthesis. Such smaller-scale processes are most obvious in
low nutrient (oligotrophic) waters where hydrographic variability and consequently new
nutrient input, remains relatively low. FRRF estimates of production were most related to
nutrient conditions in these oligotrophic waters. Conversely, production correlated with
light in waters where nutrients were in abundance. FRRF production estimates compared
well with cotresponding in situ gross O, measurements but were typically a factor of 3-4
higher than "C production estimates. This difference can be accounted as the stochiometry
between O, evolution and carbon uptake for photosynthesis but may also represent the
limitations associated with the calculation of production from one or both techniques.

These limitations are discussed as a premise for further work.
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1. Introduction

Phytoplankton comes from the Greek phyton (plant) and planktos (that which passively
drifts) and applies to the vagrant communities of aquatic photoautotrophs, ot otganisms
which use light to grow and reproduce, whose dynamics are strongly dependent upon the
physical motions of their environment (sezsy Matgalef 1997). Thousands of [unicellulat]
species, organised into 12 algal divisions, comprise the marine component of
phytoplankton. One of these divisions is composed of the earliest oxygenic
photosynthetic organisms (prokaryotes) whilst the rest are formed from more recently
evolved, eukaryotes. Most marine phytoplankton are microscopic and are described as
micro- (20-200lum), nano- (2-20plm) or pico- (0.2-2um) phytoplankton. Some individual
species achieve large sizes (1-2mm), or form chains and aggregates using mucilaginous
threads or spines, but still remain at the mercy of ocean hydrodynamics for the continual

provision of favourable irradiance and nutrients for production and growth.

The largest and most robust marine phytoplankton are represented by Bacillariophyceae
(diatoms), Dinophyceae (dinoflagellates) and Prymnesiophyceae (coccolithophores)
Jeffrey and Vesk 1997). Diatoms are typically large and opportunistic but are dependent
upon a supply of silicate for the production of a ‘glassy’ exoskeleton, or frustule.
Dinoflagellates have paired whip-like flagella and ate able to maintain themselves in
optimal light-nutrient conditions where physical mixing of the water column may be
relatively weak. Coccolithophores are charactetised by an armour of calcium carbonate
plates and proliferate in warmer waters. The smaller picoplankton are predominantly
composed of prokaryotic Cyanophyceae (cyanobacteria) and Prochlorophyceae
(prochlorophytes), and of some eukaryotic divisions. Ultimately, members of the marine
phytoplankton are adapted to different light, nutrient and temperature conditions and,
therefore, display global patterns of standing crop and production according to the global

circulation of their marine environment, for example, the Atlantic Ocean (fig 1.1.):
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The Atlantic Ocean has a range that spans neatly the entire latitude of the globe. It is
bounded to the north by the Arctic polar basin and to the south by the Southern Ocean.
As a result, the ocean plays host to a range of sub-polar, temperate, sub-tropical and
tropical climates, each of which is governed by characteristic wind regimes. The east and

west Atlantic are bordered by continents where an abundance of nutrients can support

e i
20° 0° 20°
) E

Chlorophyll a (mg/m°)

Figure 1.1.— (left) SeaWiFs image of sea surface chlorophyll a concentration in the Atlantic
Ocean. Chlorophyll a is found in all marine phytoplankton and the concentration [of chl &] is
a useful indicator of the phytoplankton standing crop (or biomass). Image represents a
composite of data observed between September 1997 and August 1998; (right) Surface
currents of the Atlantic Ocean (modified from Tomczak and Godfrey 1994). Abbreviations
are used for: East Iceland (EIC), Irminger (IC), West Greenland (WGC), Loop (LC) and
Antilles (AC) currents and Caribbean counter-current (CCC). Other abbreviations refer to
fronts: Jan Meyen (JMF), Norwegian current (NCF), Iceland-Faroe (IFF), Subarctic (SAF),
Azores (AF), Angola-Benguela (ABF), Brazilian current (BCF), Sub-tropical (STF),
Subantarctic (SAF), Polar (PF), Continental water boundary/ Weddell gyre boundary
(CWB/WGB). Note the projections for the 2 images are different.
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the highest levels of phytoplankton growth, for example, upwelling activity (e.g. Shannon
and Nelson 1996) driven by offshore winds, and shelf seas and shelf margins influenced
by dynamic mixing regimes (e.g. Simpson and Pingree 1978, Holligan 1981, Longhurst et
al. 1995). Such systems are dominated by large opportunistic, fast growing, diatoms and
dinoflagellates that are able to accumulate a large biomass against the pressures of

grazing. This biomass typically accumulates at or near the sea surface where light energy

for growth is highest.

Much of the Atlantic Ocean is represented as vast expanses of waters with lower biomass
and productivity. These waters, known as gyres, are a product of the oceanic circulation
(fig. 1.1.). Two tropical cyclonic gyres, the Angola and Guinea domes, operate towards
the east of the ocean (Tomczak and Godfrey 1994). Cyclonic movements lead to a
divergence of water from the centre of the gyre creating an upwelling of deeper,
(relatively) nutrient-rich water. Conversely, anticyclonic movements drive watet into the
centre of a gyre creating downwelling of surface water. The largest gyres are two

anticyclonic subtropical gyres situated between 10-15° to 50-60° (Finenko 1978); 15° to

45° (Mann and Lazier 1996) north and south. These regions ate chatacterised by lower
nutrient concentrations than inshore waters and described as ‘oligotrophic’. They are
dominated by the pico-phytoplankton which exhibit a subsurface maximum of growth
and biomass accumulation. These organisms represent a low biomass as a product of

their small cell size and the relative rates of productiori and grazing.

A synthesis of such physical features, as governed by the general wind regimes and
associated phytoplankton primary production patterns has established 25 biogeochemical
provinces for the Atlantic (Longhurst et al. 1995, Sathyendranath et al. 1995). These

provinces contribute to a global marine production of carbon (C) that is similar to that of

the terrestrial system (each = 50 x 10" gC yr'). However, the standing crop of terrestrial
plants is 500-600 times more than that of marine plants (IPCC 1995, Falkowski and
Raven 1997). Therefore, our ability to accurately quantify marine primary production is

essential when considering the dynamics of the marine contribution to global processes.

Remote sensing of ocean colour currently provides the most intensive level of temporal
and spatial sampling from which one can derive estimates of marine primary production.

These derivations are driven by established relationships between production rates and
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environmental parameters, such as nutrients and light. Unfortunately, ‘classical’ methods
used to observe phytoplankton production, for example, following "“C-uptake (Steeman
Nielsen 1952) or O, evolution (eg. Bryan ef al. 1976) in incubated water samples, neglect
the actual environment of phytoplankton. Such methods are also costly and time-
consuming thereby leaving gaps in the temporal and spatial tesolution of our
understanding of 72 situ primary production. Improvements and alternatives to these
techniques were, perhaps, only a matter of time. Indeed, a functional method now exists,
the Fast Repetition Rate Fluorometer (developed by Z. Kolber and P. Falkowski), which
is capable of rapidly sampling phytoplankton physiology and production in the context
of the ‘real” environment. Such improvements have important consequences for accurate
estimates of marine primary production and atmospheric carbon assimilation with
regards to global carbon budgets (Longhurst 1991). However, the capabilities of this
instrument are largely undocumented and must be carefully validated before any output

can be considered conclusive.

1.1. Photosynthesis of marine phytoplankton

Photosynthesis describes the process by which solat energy is used to bond molecules
into carbohydrate and is often summarised as the simplistic equation: 6CO, + 12H,0 =
CH,,0, + 60, + 6H,0. However, this process is actﬁally composed of several complex
reactions and interactions which function in response to the environment of the plant. A
brief description of photosynthesis relevant to marine phytoplankton is provided below
and follows the more detailed accounts of Prézelin (1981), Kremer et al. (1981), Wallace
et al. (1991), Geider (1992), Kirk (1994) and Falkowski and Raven (1997):

Two main reactions, termed the light and dark (or light-dependent and light-
independent) reactions (fig 1.2) actually comprise the simplistic model of
photosynthesis. The apparatus and molecules required for these reactions are located
within structures in the cytoplasm. In eukaryotic organisms, organelles known as
chloroplasts (fig 1.3.) contain stacks of membrane-bounded sacks (thylakoids). An
aqueous matrix fills both the intrathylakoid space (the lumen) and the chloroplast (the

stroma surrounds the thylakoids). This arrangement appears markedly different in the
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Light reaction:

tight energy

H.O + NADP %ﬁ"*‘—%» O, + NADPH + H'
ADP + Pj ATP

Dark reaction:

CO, + NADPH + H' —7&"‘? C.H.,0, + H,O + NADP
ATP ADP + Pi

Figure 1.2.— Schematic description of the light and dark reactions of photosynthesis. The
light reaction is dependent upon the capture of photons to convert adenosine diphosphate
(ADP) and inorganic phosphate (Pi) into adenosine triphosphate (ATP) and convert oxidised
nicotine adenine dinucleotide phosphate (NADP") into the reduced form NADPH. The dark

reaction converts fixed carbon dioxide (CO,) into carbohydrate using the energy from the
products derived in the light reaction.

prokaryotic cyanobacteria and anaerobic photosynthetic bacteria (fig 1.3) in which
thylakoid membranes are arranged into sheets and placed free within the cytoplasm
rather than bundled into organelles. Irrespective of the different morphologies, the
apparatus for the light reactions are always housed within the membrane of the
thylakoids whilst the soluble enzymatic components of the dark reactions are contained

in the stroma, fig 1.4.

There are two components to the light reaction, termed photosystems I and II (PSI and
PSII). Each photosystem is composed of an antennae which is energetically coupled to a
reaction centre (RCI and RCII). The antennae contain a combination of distinctive
pigments (chlorophylls, carotenoids and/ot biliproteins) complexed to proteins which
absorb light. Hach taxa of phytoplankton contain a unique combination of pigments to
harness energy from specific wavelengths of the light spectrum. The absorbed light is

subsequently passed to a specialised chlorophyll-protein complex housed within each

reaction centre, P680 (RCII) and P700 (RCI).

When P680 has received sufficient energy, an electron becomes excited and escapes its
orbital. The electron is quickly captured by a closely associated electron transfer system

(ETS) preventing 1t falling to a lower energy level and re-associating with the chlorophyll
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Granum

: Thylakoid
=2, Ny envelope

Stroma

Chioroplast

Figure 1.3.— (upper panel) Cut
away section of a chloroplast
from a eukaryotic cell (taken from
Prézelin 1981). Each thylakoid is
a membrane surrounding an
aqueous lumen. The thylakoids
are stacked into  granum
Surrounding these stacks is the
aqueous matrix of the stroma.
The chloroplasts are found within
the cytoplasm of the cell; (lower

lamellas | .
*gm panel) Cut away section of the
lameltae photosynthetic membrane
structure in a cyanobacterium

(taken from Falkowski and Raven
1997). The thylakoids are
arranged  into  sheets  of
membranes (each representing a
pair of opposing membranes).
The cytoplasm (surrounded by
the cytoplasmic membrane, CM)
houses the thylakoid membrane
(TM). A periplasmic space
separates the cell outer wall from
the plasma membrane. Note:
both diagrams are representative
of eukaryotes and
cyanobacterium but are
phenotypically and genotypically
plastic at finer taxonomic
divisions.

Thylakeid =
membrane (Ip)

complex. The electron is transported following the ‘z-scheme’ (fig. 1.4.) to cytochrome
b-,/f whilst the ‘electron hungry’ P680 pulls an electron from H,O via a water-splitting
manganese-protein complex. An electron is also excited in PSI (P700) and passed by
several electron cartiers to ferrodoxin where an enzyme reduces NADP' to NADPH
(see fig 1.2.). This leaves the ‘electron hungry’ P700 to pull the electron from cytochrome
b-./f. The transport of electrons results in proton-pumping from the stroma into the
lumen, fig. 1.4., and establishes an electrical and chemical (pH) gradient. The proton
gradient is dissipated by the ATP-synthase and leads to the formation of ATP in the
stroma. The linear electron flow of the z-scheme may become disrupted where PSI
cannot obtain an electron from PSII (essentially where plastoquinone is the slowest to
oxidise and cytochrome b-,/f can be oxidised whilst PQ remains reduced) resulting in
electron cycling around PSI. This compensation leads to proton pumping and ATP

formation but not NADP" reduction.
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Figure 1.4.— (upper) Schematic of PSIl, PSI and ATPase (coupling factor [CF]; is a
peripheral protein attached to CF, on the stromal side) within the thylakoid membrane.
Proton pumping between the stroma and lumen is also indicated but is not balanced; (lower)
The Z-scheme depicts the change in free energy from solar excitation of electrons (e’) and
subsequent passage through the PSIl and PSI electron transfer system (ETS). First ETS =
phaeophytin — quinone Qa4 — quinone Qg — plastoquinone (PQ) — cytochrome bg/f (cyt be/f)
— plastocyanin (PC). Phaeophytin is not indicated in the figure since it only represents an
intermediary electron acceptor. Second ETS = chlorophyll monomer A, — phylloguinone (A)
— iron-sulphur cluster Fyx — either of iron containing proteins Fa/Fg — ferrodoxin (Fd). Cyclic
electron transfer around PSI is indicated and results in a loss of free energy to the electron
for each cyclic event.

The products from the light reactions provide the energy and reducing power required
for the incorporation of CO, in the dark reactions (fzg 1.2.). The majority of carbon in
the ocean is in the form of bicarbonate as a result of the slightly alkaline nature of

seawater. However, phytoplankton contain a very catalytically active enzyme, carbonic
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anhydrase, in the plasmalemma which increases the formation of CO, at or near the cell
surface (a more complete review can be found in Falkowski and Raven 1997). The CO,
is integrated into organic matter in the stroma by the addition of protons and the
reducing power of ATP/NADPH. This process occuts via the photosynthetic carbon
reduction cycle (or the Calvin-Benson cycle) where several enzymes sequentially alter the
organic carbon substrate. Reduced carbon products are removed from the Calvin-
Benson cycle, if balanced by carbon fixation, and stored outside the chloroplasts

(cyanobacteria are free to store these products anywhere in the cell) or are available for

biosynthetic reactions.

The combination of light and dark reactions establishes the gross amount of production
by phytoplankton. However, other processes within each organism conspite to alter the
quantity of O, evolved/CO, assimilated and give tise to the net photosynthesis. Dark
respiration occurs when the phytoplankton can no longer draw their energy from light.
This process follows a series of pathways: glycolysis — pentose phosphate pathway —
Krebs cycle — mitochondrial electron transport chain. These treactions involve the
sequential oxidation of carbohydrates and inevitably result in the consumption of O, and
production of CO, with a release of energy for essential life processes. Other pathways
of oxygen consumption can occur whilst photoautotrophs remain exposed to light: the
Mehler Reaction (pseudocyclic electron transport) and photorespiration. The former
process combines the O, generated via PSII with protons and electrons catried by PSI to
form water and generate ATP (thus there is no net O, production since the same O,
molecules ate ‘consumed’). The latter process desctibes the light-dependent reduction of
CO, via the Calvin-Benson cycle for the purpose of energy dissipation. Photorespiration

often appears suppressed in microalgae but can account as much as 15% of gross O,

evolution (Geider 1992).

The response of photosynthesis to environmental variability

Several key environmental factors are responsible for the ability of marine phytoplankton
to photosynthesise, grow and reproduce. Following Falkowski and La Roche (1991),
Falkowski and Raven (1997), each cell is genetically suited to utilise a specific
environmental regime through a selection of phenotypic traits (adaptation); this

environment is not static within the lifetime of phytoplankton and each cell must further
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appropriately respond over a variety of time scales in order to successfully compete
(acclimation). Similar definitions have been recently employed when describing the
response of phytoplankton to light, for example, photoadaptation from genetic
transformations of marine diatoms (Cassoti ef al. 1997), photoacclimation of
Chlorophyceae in response to vertical watet column mixing (Flameling and Kromkamp
1997). This distinction between processes operating within the evolution and within the

lifespan of phytoplankton will be maintained throughout this thesis.
Light

The light environment of the ocean is the product of the solar photon flux density,
atmospheric transmission and light attenuation by water (see Kirk 1992, 1994). Clouds
and atmospheric particles are tesponsible for the quality of light that reaches the surface
of the ocean. Light is reflected by sutface waves and absotbed/scattered by both
biologically active and inactive particles in the water resulting in a change in the quantity
and spectral composition of light throughout the water column. The term ‘euphotic
zone’ 1s used to characterise the upper (lit) region of the water column that can be used
for photosynthesis and is generally shallower than 200m. The amount of this light
available for photosynthesis 1s determined by the suite of pigments in the photosystem
antennae: the Photosynthetically Available Radiation (PAR, 400-700nm). The specific
pigment composition of a phytoplankton community will dictate the actual amount of
PAR that can be absorbed between 400 and 700nm: the Photosynthetically Usable
Radiation (PUR) (Morel 1978). Much of the light absorption by phytoplankton is by
accessoty pigments, such as accessory chlorophylls b, ¢ and d, carotenoids and
biliproteins, which absorb light in the blue and green region (~400-550nm) of the PAR

spectrum. This capitalises on the corresponding weak absorption by water in this region

of the spectrum.

Photoacclimation— Several mechanisms exist by which phytoplankton attempt to
optimise the capture and utilisation of available light. Routine exposure to low light levels
results in increase of photosynthetic light harvesting pigments into the photosystem
antennae. This promotes the overall light harvesting capability by the phytoplankton;
however, an increase in the density of pigments results in self-shading by the overlying

thylakoid membranes and actually produces a decrease in the amount of absorption per
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pigment and is described as the ‘package effect’ (eg. Betner er al. 1989). Increases to the
number of chloroplasts per cell number and in thylakoid stacking also act to boost the
light harvesting potential of a phytoplankton cell under low light (eg. Falkowski and La
Roche 1991). The opposite pattern is evident under high light.

Alterations to the ratios of accessory pigments to chlorophyll 2 are also evident at
different light intensities (eg. Falkowski and La Roche 1991). Some carotenoids, such as
diadinoxanthin, diatoxanthin, zeaxanthin and B-carotene, do not transfer any energy to
chlorophyll @ and have been classed as non-photosynthetic pigments (Bidigare et al.
1990). These latter pigments are found in high light-acclimated phytoplankton and act to
absorb excess light energy that would otherwise damage the reaction centres (Falkowski
and Raven 1997). Transformation of certain xanthophylls can also increase the amount
of energy that is dissipated non-photochemically. This process of xanthophyll cycling
(fig. 1.5.) has been correlated with non-photochemical quenching (Demmig-Adams
1990) via thermal deactivation (eg. Olaizola and Yamamoto 1994) or the aggregation of

light harvesting chlorophyll protein complexes (Horton 1992).

light
A. diadinoxanthin =——— diatoxanthin

dark
_ , light o light ,
B. violaxanthin W"ST” antheraxanthanTT zeaxanthin
ar Al

Figure 1.5.— The xanthophyll cycles. A light driven reaction transforms the epoxy containing
xanthophyll into an epoxy-free pigment. Enzymes catalyse the back reaction under dark
conditions. The 2 cycles are taxa-specific. A. The diadinoxanthin-diatoxanthin (DD-DT) cycle
is characteristic to diatoms, dinoflagellates and prymnesiophytes (Liaaen-Jensen 1978). B.
The viclaxanthin-zeaxanthin (V-Z) cycle is characteristic of chlorophytes [higher plants] and
possibly phaeophytes (Sierfermann-Harms 1985). A xanthophyll cycle has, as yet, not been
identified in cyanobacteria and pro-chiorophytes (Falkowski et al. 1994).

The amount and spectral composition of light distributed between photosystems I and II
can affect the flow of electrons from H,O to NADPH (fig 1.4.) (Falkowski and Raven
1997). Under conditions of high light, the pool of the electron carrier plastoquinone
(PQ) becomes markedly reduced. The altered redox state of the PQ pool encourages
phosphorylation of the light harvesting pigment proteins serving PSII and results in a

migration of some of the pigment protein to PSIL. This acts to address the deficit of PSI
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electron flow and is termed a state-I transition. The opposite occurs under low light
conditions to balance relatively lower electron flow through PSII and is termed a state-II
transition (Falkowski 1981, 1992, Falkowski et @l. 1994). This phosphorylation of the
photosystems appears almost universal amongst phytoplankton but may only produce
relatively small changes to the absorption cross section of PSII (Falkowski et al. 1994).
State transitions can also occur where light at wavelengths greater than 680nm
preferentially excite PSI (and vice versa); however, this explanation does not appeat to

account for the observed variations of PSI and PSII with depth in the oceanic

environment (Falkowski and Raven 1997).

Increases in the number of PSII reaction centres (eg. Berges er al. 1996), the ratio of PSII
to PSI (eg. Barlow and Alberte 1985), and electron cycling around PSI (Falkowski and
Raven 1997) are also observed under low light conditions and may similarly attempt to
maintain a steady flow of electrons between and throughout the two photosystems.
Electron cycling around PSII has also been observed by Falkowski et al. (1986). This
mechanism acts to dissipate some of the excess energy absorbed by PSII and limits the
amount/onset of high light damage to RCIIs (see below). As such, electron cycling
around PSII appears to be a mote indirect method by which the photosystem sustains a

steady flow of electrons and, therefore, maintain a relatively high rate of photosynthesis.

Photoinbibition— Phytoplankton invariably encounter light levels that are beyond the
capabilities of the mechanisms that act to maintain the highest levels of photosynthesis
to which the otganism is photoacclimated. These circumstances result in a reduction in
the number of reaction centres and a subsequent increase in electron turnover time
coupled with a decrease in the maximal rate of photosynthesis (eg. Falkowski et al. 1994).
The exact process by which RCIIs ate lost remains unclear; however, Aro et al. (1993)
suggest that high light levels can create rates of electron turnover from RCII which
exceed the rate of electron ‘donation’ from water. Holes can become established in the
molecules that transfer electrons from water to RCII and lead to the generation of free
radicals which could oxidise or destroy pigments and proteins in the reaction centres.
This retardation of the photosynthetic rate is slowly reversible (eg. Long et al. 1994) and
is dependent upon the length and degree of high light exposure. Recovery from
photoinhibition occurs over a time scale of hours (eg. Vassiliev et al. 1994) once the light

intensity experienced by the phytoplankton has relaxed below super-optimal levels.

11
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Nutrients

Species of nitrogen, phosphorus, silicon, sulphur and of trace metals (eg. iron, zinc,
manganese and copper) are all found in seawater and, in one form or another, are
required by phytoplankton for growth. These elements are, in patt, used to form
proteins/compounds for the photosystems, reactions centtes, transport of electrons and
regeneration of substrates in the Calvin-Benson cycle and, therefore, provide the
nutrition for phytoplankton cells. Nitrogen and phosphorous represent the ‘major
nutrients’ and, in addition to providing the basis of many substrates involved in
photosynthesis, are also incorporated into cellular tissue for phytoplankton growth and
reproduction. Each one of these elements represents a limiting factor where
concentrations fall below a level to which phytoplankton are acclimated (eg. Margalef
1997). The ratio of the major elements in phytoplankton cellular material is remarkably
close to that found in seawater. The ‘Redfield ratio” desctibes this ratio as 106C:16N:1P
by atoms and represents a mean since the proportions may alter according to the

nutritional status and taxanomic composition of the phytoplankton (eg. Falkowski and

Raven 1997).

The distribution of nutrients throughout the water column is the product of import and
export processes (fig. 1.6.). As a result, the lowest concentrations of nutrients are
typically found in surface waters where phytoplankton uptake exceeds replenishment.
The replenishment of nutrients into the marine system can occur via two pathways, new
and regenerated (Eppley and Peterson 1979). New nutrients are supplied to
phytoplankton in the euphotic zone from deep water, as a result of upwelling, deep wind
induced mixing, eddy activity and diffusion, from advection between bodies of water and
from atmospheric supply to the sea surface. The term ‘nutricline’ defines the zone of
sharp change in nutrient concentrations between the surface layer and deeper waters and
reflects the product of nutrient flux between deeper waters and the euphotic zone. The
amount of new nutrient supplied to a system is used to define its trophic status (Dugdale
and Wilkerson 1992). Oligotrophic systems are chatracterised by very little new nutrient
input where phytoplankton must rely on the regeneration of nutrients for photosynthesis
and growth. A so-called ‘microbial loop’ (eg. Azam et al. 1983) recycles the nuttients
required for photosynthesis resulting in relatively little (biological) export of these

clements from the euphotic zone. This provides a tightly coupled system akin to a
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spinning wheel (Goldman 1988), the speed of which turns at a speed controlled by the
maximum growth rate of the organisms involved. Some cyanobacteria contain an
alternative mechanism for obtaining nitrogen whereby they directly fix dissolved

molecular nitrogen and avoid either of these two pathways (eg. Mulholland and Capone

1999).

new nutrients
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Figure 1.6.— Pathways of nutrients supplied into the euphotic zone of the oceanic
ecosystem. New nutrients enter at the air-seas interface, from deep water and advection from
neighbouring waters and is used by marine phytoplankton and the associated trophic web for

‘new production’. Regenerated nutrients are a result of trophic interactions in the euphotic
zone and give ‘regenerated production’.

Phytoplankton associated with the different trophic regimes appear to have alternate
strategies for acquiring nutrients (Eppley et al. 1969). In general, large influxes of new
nutrients stimulate the growth of large diatoms since they show rapid rates of nutrient
uptake. The phytoplankton of the nutrient poor oligotrophic regions are dominated by
small celled cyanobacteria and prochlorophytes (Veldhuis and Kraay 1993, Olson et al.
1990a, b) which display slower nutrient-uptake rates but exhibit a much greater affinity
for low nutrient concentrations. In addition, these picoplankton require less nutrients to
saturate the cell as a result of their smaller cell-size (Agawin et al. 2000). Small variations
to the nutrient status of a water-body may be reflected by changes in the photosynthetic
performance of the dominant species. However, larger variations will eventually favour
species with alternate strategies of nutrient acquisition and result in a shift of the

phytoplankton community composition according to the new trophic regime.
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Other variables

CO, is the primary substrate for photosynthesis. As such, the ability of an organism to
uptake CO, should affect the rate at which photosynthesis can proceed. Whilst this is
true for phytoplankton from some aquatic systems, for example, lakes (Kirtk 1994),
investigations reveal that most matine phytoplankton are not limited by short-term
variations in CO, (Falkowski and Raven 1997). An investigation by Riebesell et a/. (1993)

highlights that marine primary productivity appears to respond to longer-term geological

changes in atmosphetic CO.,,.

Temperature, on the other hand, does appear to affect the rate at which marine
phytoplankton can [optimally] photosynthesise, Popr. All phytoplankton have a Py
determined by a temperature to which they ate genetically adapted (Eppley 1972) ot
subsequently acclimated. Changes in temperature primarily alter the rate of enzyme
activity within the light independent component of photosynthesis (eg. Kirk 1994). This
subsequently determines the maximal rate at which electrons can be transferred through
the E'TS when the photosystem becomes saturated with light. As such, phytoplankton
exposed to low temperatures typically become photoinhibited at lower irradiances
(Falkowski and Raven 1997) and phytoplankton production becomes limited even
though all other resources are replete. A limitation of nutrients will impede the ability of
the photosystem to achieve P, where temperature i3 at, or approaching, the optimal
value (Li 1980). However, these effects of tempetratute upon 7 sit# phytoplankton
production are difficult to assess since this vatiable is closely linked with the distribution

of nutrients in the marine environment. A comprehensive review of this subject is given

by Raven and Geider (1988).

The combined effects of all these environmental parameters give rise to a characteristic
profile of phytoplankton production throughout the water column (fig 1.7.). The actual
shape and magnitude of this profile will be dependent upon the instantaneous quantity of
each parameter and will, therefore, be highly variable in time and space (ie. as a function

of latitude, season and depth). This, in turn, dictates the amount of phytoplankton

biomass available to higher trophic levels.

14



Variability of phytoplankton production rates in the Atlantic Ocean . 1. Introduction
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Figure 1.7— (left) Schematic (typical) vertical profile of net primary production (P),
irradiance (E) and daily integrated photoautotrophic respiration (R) throughout the water
column. When total net P (ZP: area to left of curve) exceeds that of R (£R) there is net growth
of phytoplankton biomass. The light intensity at which ZP=XR corresponds to the critical depth
(Ep) and is a function of the degree of water column mixing and the solar radiance (Sverdrup
1958). If ZP < IR there is no net phytoplankton growth, for example, increased water column
mixing and/or less E and Ep effectively moves closer to the surface. Ec describes the
compensation light intensity and represents the depth at which the rate of production = rate of
respiration (and signifies the depth of the euphotic zone); (right) Schematic Photosynthesis
(P) - Irradiance (E) response curves measured using the "“C-uptake technique. Water
samples taken from high light (Su) and low light (S..) conditions in the water column
described by the left panel are each labelled with the isotope and exposed to a range of
potential irradiances. The amount of 14C-up’ta\ke represents the production (P) at each E.
Several parameters of the P-E curve describe the photosynthetic characteristics of the
phytoplankton population: light limited initial slopes (ct) where the rate of light absorption is <
the maximal rate of electron transport; the maximum rate of light saturated photosynthesis
(Pmax) Where the rate of light absorption is > the maximal rate of electron transport; the degree
of photoinhibition (B); the light intensity at which Pmax 0ccurs (Ex = Pma/0r). The filled circle on
each of the P-E curves signifies the in situ E at which the water samples were taken.
Therefore, the corresponding P represents the true (instantaneous) production for the
respective sample. The FRRF is profiled throughout the water column and provides an
instantaneous production profile akin to that described in the left panel.
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1.2. Estimates of phytoplankton production

The majority of marine ptimary production measurements follow one or more ‘classical’
techniques, for example, *C uptake (Steeman Nielsen 1952), oxygen (light-dark bottle
method) evolution (Bryan et al. 1976, Williams and Jenkinson 1982), and more recently,
O uptake (Grande et al. 1982). The "C technique quantifies the uptake of isotope-
labelled photosynthetic substrates into photoautotrophs whilst the light/dark bottle
technique measures the difference between photosynthetic and respired O, in illuminated
and dark bottles (respectively). Fach method requites discrete samples from the water
column (see fig 1.7.), which are incubated throughout a series of irradiances, in order to
describe the photosynthetic status and capabilities of the associated phytoplankton
populations. These methods have become well established and comparisons between
corresponding estimates of production (eg. Williams et al. 1979, Bender et al. 1987,
Grande et al 1989, Kiddon er al. 1995) appeat to agree well within their respective
limitations. As such, they continue to form the basis of many modern day oceanographic

investigations into primary production (eg. Pomeroy 1997, Marafién and Holligan 1999).

Some of the eatliest estimates of production (following the '*C and light/dark methods)
were synthesised into global [primary] productivity maps (see Berger er al. 1989). The
most accurate (and well known) was the map by Koblentz-Mishke e al. (1970) which
combined over 7000 production estimates taken frorﬁ the global ocean environment
throughout the 1960’s. Estimates of production from the Koblentz-Mishke map have
been summarised for some of the key Atlantic provinces (described by Longhurst et al.
1995) and compared with more modetn estimates (table 1.1.). The pattern of production
in the Atlantic remains throughout 30 years of study whereby values are highest towards
the Buropean north-west continental shelf and lowest in the oceanic gyre regions. The
quantitative descriptions of production appear markedly different and presumably reflect
the variability inherent to the system, however, the evolution of the respective techniques
(eg. accuracy and methodology) throughout time may add confusion to this
interpretation. The most recent study by Marafién and Holligan 1999 (see also Marafion
et al. 2000) further undetlines the inherent temporal and spatial variability of production

that exists within the Atlantic which would be difficult to determine from discrete or

synthesised data sets.
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Table 1.1.— Examples of recent published quantitative estimates of phytoplankton production

(according to Longhurst et al. 1995): NECS (north-eastern
, NAST (northern subtropical gyre), NATR
(tropical gyre), WTRA (western tropical Atlantic), ETRA (eastern tropical Atlantic) and SATL

continental sheif), NADR (north Atlantic drift)

for provinces of the Atlantic Ocean

). Also provided is comparative data from Koblentz-Mishke et

Rates of production are given as a mean or a range for each province except

(south Atlantic subtropical gyre)

al, (1970).

t data for Marafion and Holligan (1999, but also

Marafion pers.comm.) indicate the mean (standard error); * These authors note an error

associated with the lower limits of estimates for NAST, NATR and WTRA

where specific locations are indicated.
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The major draw-backs of these ‘classical’ techniques stem from the need to incubate
water samples for a period of time. So-called ‘bottle effects’ can drastically change the
nature of the light field from that experienced i situ (Grande et al. 1989) and create an
artificial ecosystem where small scale food webs are able to exchange the tracer
molecules between numerous possible pathways (Falkowski and Raven 1997).
Discrepancies between light and dark bottles may also confuse the intetpretation of
photoautotrophic photosynthesis (eg. Banse 1993). Furthermore, considerable time and
effort is required to measure production using these ‘classical’ methods and only provide
limited temporal and spatial resolution for the envitonment under consideration. As a
result, interest is increasing in the use of rapid i situ profiling instruments (such as the
Fast Repetition Rate Fluorometer, Kolber et al. 1998), and of algorithms which can be
applied to remotely sensed data (eg. Longhurst et al. 1995, Behrenfeld and Falkowski

1997a, b), for the analysis of the nature and variability of primary production.

1.3. The Fast Repetition Rate Fluorometer (FRRF) for measuring
in situ primary production

The pigments contained within photosystems I and II (PSI and PSII) serve to deactivate
excitation energy through photochemical and alternative non-photochemical pathways.
One of these latter pathways is the photosynthetic emission of fluorescence (Kraus and
Weis 1991) which, at ambient temperatutes, is emitted predominantly from PSII (Barber
et al. 1989). The measurement of phytoplankton fluorescence emission (yield) was
originally achieved by Lotenzen (1963, 1966) and subsequently provided a rapid assay for
the non-destructive measurement of chlorophyll a. A great deal of effort has since been
invested in understanding the relationship between chlorophyll 2 and fluorescence and

has meant that fluorescence measurements have become routine and fundamental to

oceanographic studies.

Fluorometers are designed to measute the peak emission of chlorophyll @ fluorescence
(approximately 685nm) from phytoplankton cells stimulated with easily absorbed blue
light. The routine use of traditional fluorometers has provided a wealth of information
concerning the total fluorescence yield per unit volume of sample. However, to further

assess the photosynthetic performance of such a sample requires a more detailed
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assessment of the total fluorescence yield. This was initially achieved through the
development of Fluorescence Induction Techniques’ which measute transient
fluorescence yields from rapid exposure to continuous light. The earliest attempts to
assess fluorescence yields from such techniques were complicated by multiple
photochemical turnovers (Kolber 1997) which add confusion to the interpretation of the
kinetics of light harvesting and electron transfer. Under a multiple turnover, some
reaction centres may remain briefly photochemically inactive upon light saturation (see
below) and plastoquinone pool (PQ) reduction is not wholly confined to a single
turnover event. Advancing technology led to the development of Pump and Probe (PP)

and Fast Repetition Rate Fluorometer (FRRF) techniques which can induce only a single

turnover of PSII (Falkowski and Kolber 1995).

The PP technique measures the fluorescence yield (from a probing signal) prior to, and
following, a pump of saturating actinic light. This technique was first applied to the
analysis of variable chlorophyll a@ fluorescence by Mauzerall (1972), but was not
significantly developed until Falkowski et al. (1984) began to implement the PP to
determine quantitatively the absolute rate of photosynthetic electron transport 72 situ.
This use of PP in situ was concentrated throughout the late 1980s and early 1990s, e.g.
Kolber et al. (1990), Falkowski and Kolber (1993), Kolber and Falkowski (1993),
Olaizola et al. (1996). However, this method proved too slow to follow the dynamic
changes in PSII photosynthetic parameters occurring on time scales of less than minutes
(Kolber 1997). A need to make on-deck measurements of dark adapted water samples
and of more detailed physiological patameters, such as the functional absorption cross

section (Kolber and Falkowski 1993, Boyd et al. 1997), further decreased the value of

this instrument.

The FRRF technique is based on the same photosynthesis-fluorescence relationships as
PP (eg. Geider er al. 1993) but was developed to overcome the problems associated with
the PP technique (Kolber 1997) and has, as such, superseded its use. The FRRF provides
a rapid chain of excitation flashlets. The intensity of each flashlet is much less than
saturating, but the time between flashlets is so short that cumulative excitation saturates
PSII (Falkowski and Kolber 1995) over a time scale of microseconds. This represents the

gradual contribution of PSII reaction centres to photochemistry. The V2-time for Q, re-

oxidation takes 160-400 s (Green er al. 1994), therefore, the FRRF is typically
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programmed to saturate PSII over 50-100 s (Green et al. 1994, Kolber 1997) which is
within the time period of a single photochemical turnover. The FRRF also has two data
collection chambers incorporated into the instrument to allow 2 siu simultaneous
measurement of samples under ambient light and dark conditions (Kolber and Falkowski
1992) and is further described in Chapter 2. The FRRF has been designed as a highly
flexible sampling tool; for example, it is a relatively small instrument which can be
operated directly or remotely to collect data over a range of spatial scales. It can also be

packaged with a vatiety of oceanographic instruments to provide detailed physical-

biological accounts of the environment.
The biophysical theory underlying the FRRF technique

The FRR fluorometer has the capability to estimate the absolute rate of in siu
photosynthetic electron transport (Falkowski et al. 1984) and, therefore, the gross
oxygen evolution from the photosystems. The robustness of the biophysical theoty
concerning the measured fluorescence properties of a sample are fundamental towards
the application and use of the instrument, as well as the interpretation of the observed
fluorescence signal. The following provides a brief summary of this theory which is
described in more detail by Falkowski and Kolber (1993), Kolber and Falkowski (1993),
Flameling (1997), Kolber (1997), and Falkowski and Raven (1997):

An electron (¢) is donated from PSII to the first stable acceptor, the quinone Q,, in the
clectron transfer chain (figs 1.4. and 1.8.) once the specialised chlorophyll a-protein
complex of RCII (P680) has received sufficient energy (see pages 6-8). Prior to this, Q, is
oxidised, and the reaction centre is said to be open. When Q, becomes reduced, the
reaction centre is closed. The relationship between the rates of ¢ addition-to and
subsequent e removal-from Q, determines whether photosynthesis is light-limited ot
light-saturated: when the removal rate greatly exceeds the addition rate, Q, is largely
oxidised and the rate limiting step in photosynthesis is light absorption by the antennae.
This is equivalent to the light-dependent section of a photosynthesis-irradiance (P-E)
curve (0) (fig 1.7); when the rate of ¢ addition to Q, greatly exceeds the removal rate,
Q, is largely reduced, and the rate-limiting step in photosynthesis is electron transfer

away from Q, by downstream reactions ie. the light-independent section of a P-E curve.
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Figure 1.8.— (Adapted from Kolber and Falkowski 1993) Schematic representations of the
relationship between reaction centres | and Il with respect to light excitation under ambient
dark and light conditions. Excitation energy from the FRRF (e) or from the sun (E) is absorbed
by pigmented antennae and delivered to the energetically coupled reaction centres. This
energy is subsequently de-excited by one of several pathways: conversion to chemical energy
via photochemical charge separation, re-emission as fluorescence, or non-radiative emission
via thermal deactivation. In the dark, levels of excitation energy are minimal, there is no
photochemical reaction, and the fluorescence yield (F,D) is minimal. As such, the
photosystem remains open, and the components of the electron transport chain remain in an
oxidised state. Once a degree of solar excitation energy is provided, the oxidation of water
and the transfer of electrons from RCII to RCI starts, the RCII closes and the initial electron
acceptor (Qa) becomes reduced The RCII does not re-open until Q4" is re-oxidised, and the
time taken (tp) for Qa re-oxidation represents the rate of electron transfer between RCIl and
RCI. The time constant for the oxidation of Qa by Qg is described by 1q. The change in the
background fluorescence yield (F,) between ambient light and dark conditions indicates the
proportion of RClls employed for photochemistry.

The relative number of RCIIs that are able to donate e's to Q, reflect the proportion of
light energy that is re-emitted as fluorescence. Therefore, yields of fluorescence can

determine at any particular time the relative amount of reduced (or oxidised) Q, and the
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degree to which photosynthesis is light-limited or light-saturated. Furthermore, changes
in fluorescence yields in response to changes in irradiance are indicative of the turnover

time for electron transfer.

Fluorescence Yields (F)— The excitation energy that arrives at a closed RCII is ‘excess’
energy, and can be transferred to another RCII ot returned to the antennae where the
energy will be deactivated as fluorescence or alternate pathways. The fluorescence yield
(F) is a quantitative measute of fluorescence from PSIL It can be described as minimum
yield (F.) under ambient itradiance conditions, or saturated yield (F,) under maximal
light when all RCIIs ate closed. Whilst F, fluotescence is emitted by the chlorophyll a
antennae pathway, that of F,_ is still debated; however, present evidence supportts that F,,
fluorescence follows the same pathway as F, fluotescence (see Kraus and Weis 1991).
The saturating chain of flashes delivered by the FRRF raises the fluorescence yield from
F. to F_. The difference between F, and F, is known as the variable fluorescence yield

(F.). These terms are summarised in f1g. 1.9.

E.; F,.D

k) s -

o / R

= S FL

@ 7

e\

9 el / v Tol

§ // 67 1D

E FoL —

L / - F,D .
Saturation Flash No. Relaxation Flash No.

Figure 1.9.— Schematic representation of the saturation and relaxation of photosystem li
(PSII) in terms of fluorescence vyields (F) detected by the FRRF in response to excitation
flashes. The initial fluorescence yields represent background fluorescence levels (F,) whilst
saturation fluorescence yields (Fy) are induced once all reaction centres (RClls) are closed.
The effective absorption cross section for PSI, opgy;, is given by the rate at which RClls are
closed. The saturation sequence typically consists of 100 flashes whilst the relaxation
sequence is composed of flashes of lower energy. The relaxation fluorescence yield defines
the timescale for electron transfer, 1, that leads to the re-opening of RClls. The saturation and
relaxation sequences are shown for both the dark (D) and light (L) chambers operated under
the same FRRF protocol (flash duration and time between flashes), see Chapter 2.
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Quantum Efficiency of Photochemistry (Fuo/Fn)— A quantum yield is the ratio of energy
received to that which is emitted. Quantum yields for photosynthesis can be determined
in terms of the fluotescence properties of RCIIs that are fully open (probability of
excitation escape is low: F ) and fully closed (excitation energy cannot be directed to
photochemistry: F,). The dimensionless parameter F,/F, (where F, = F_-F) is the
maximum change in the quantum yield of fluorescence [normalised to the F, ] and
reflects the proportion of energy received by RCII to that which is emitted, ie. the
maximum change in the quantum yield of photochemistry or the efficiency of
photochemistry. Based on laboratory studies of phytoplankton cultures, the maximum
value for F_/F, is 0.65, and is <1.0 because of back reactions between donor chlorophyll
molecules and the acceptor molecules (Schatz et al 1988). Deviations in the observed
value of F_/F, from the maximum value of 0.65 ate seen under different environmental
conditions (eg., Falkowski and Kolber 1995) and are considered to be indicative of
variations in the fraction of RCIIs capable of converting absorbed light energy to
photochemical energy (Geider et al. 1993). As such, the proportion of functional PSII

reaction centres, f, is defined as measured F /F, divided by the theoretical I /T,

maximum (0.65).

Quenching (q)— The occurrence of competing pathways for the excitation energy results
in a reduction in the potential energy emitted as the fluorescence yield. Excitation enetgy
that proceeds along photochemical pathways will reduce the fluorescence yield and is
termed photochemical quenching (qP). Additionally, there are non-photochemical
pathways which are competing for the excitation energy, for example, as heat, or as a loss
of excitation energy from teactions within the pigment bed, and are termed non-

photochemical quenching (qN).

The photochemical quenching coefficient, qP, describes the proportion of RCIIs closed
under ambient light, and is calculated from fluorescence yields obtained from the FRRF
light and dark chambers: qP = (F,L - FL)/(F,L - F D). Estimation of the non-
photochemical quenching coefficient, qN, where qN = (F,D” - F, 1)/(F,D” - F,D"),
requires a knowledge of the fluorescence yields of fully relaxed photosystems; D~
indicates a measurement on cells that have been kept in darkness for long enough to
allow complete relaxation of energy dependent quenching (usually >30 minutes). This

parameter can be measured with a bench-top FRRF on discrete samples (eg. Kolber and
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Palkowski 1993). N represents the remainder of fluorescence quenched by sources
other than photochemistry. Instantaneous physiological measurements (i sit#) of the
pigment bed and RCII are believed to quantitatively account for the majority of energy

that is non-photochemically quenched (Kolber and Falkowski 1993).

PSII effective absorption cross-section (Oesu}— The rate at which PSII is saturated from
F, to F, (fig 1.9.) provides an indication of the area available for light interception, ie. the
area of the antennae, relative to the number of reaction centres (Vassiliev et al. 1994,
Falkowski and Kolber 1995). As such, this term is not an actual size measurement but is
a measure of the probability that photon absorption will result in a photochemical event
(Falkowski and Raven 1997), and has units of Angstroms” (A% quanta”. For a given
excitation energy, a high Oy, indicates a high efficiency of light interception, and
therefore a relativeiy fast rate of available RCII closure; a lower Opg; would result in a
longer time for light interception and hence RCII closure saturation. Any changes to

processes within the pigment bed (telative to the number of RCIIs) are likely to be

reflected in these measurements.

Minimum turnover time of electrons (1}— The decay in the yields of variable
fluorescence (fig. 1.9.), F,, in response to a series of relaxation flashlets can be used to
obtain the turnover time for photosynthetic electron transfer. Upon the removal of
saturating light, the fluorescence yield falls at a rate Vcorresponding to that of RCII
opening. This signifies the time taken for electron transfer from PSII to PSI (the
maximum rate of electron turnover, 1/7T), the rate at which electrons {(e) can be pulled
from water to evolve an oxygen molecule and, therefore, the sequestering of a single
photochemical event. The PQ pool can remain highly reduced when the rate of photon
absorption by PSII is greater than the rate of PQ re-oxidation (T,). Subsequently, PQ
becomes highly reduced and PQ re-oxidation is the rate limiting step for re-oxidation of
the intermediate electron acceptors (Q, and Q) and ultimately, of the P680 molecule.

This condition may occur at high irradiances or during a prolonged FRRF saturation

sequence (Kolber and Falkowski 1992).

Several time constants contribute to the turnover of electrons (figures 1.8. and 1.9.), for

example, T,,, describes the time taken for Q," (the ptimary electron acceptor from PSII)
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re-oxidation and T, describes the rate of plastoquinone pool (PQ) re-oxidation (Kolber
and Falkowski 1993). The FRRF can resolve up to 4 components of the kinetics of
electron transport. However, this can only presently be achieved using an extended
protocol which, for i situ observations, would last longer than the flushing time for the
sample chamber (Kolber 1997). Shorter protocols can provide estimates of T, but may
only resolve 1 or 2 components of PQ re-oxidation which is insufficient to fully describe
the actual eclectron transfer process (semsu Kolber 1997). Therefore, accurate
determinations of the i situ turnover time for PSII (t,) can, at present, only be achieved

through indirect methods such as those employed for the Pump and Probe fluorescence

technique (Falkowski and Kolber 1993, Kolber and Falkowski 1993).

Some of the i vivo fluorescence properties of PSII used to estimate rates of

photosynthesis (see equation 1.1.) cannot presently be directly resolved without making

certain assumptions:

Concentration of PSII reaction centres (nesu}— A knowledge of the number of reaction
centres is also required for the calculation of photosynthesis using the FRRF, but is not
easily measured by fluorescence techniques alone (Kolber and Falkowski 1993). A value
of fipg, (mol RCII mol chl a') must be assumed and tepresents the greatest ambiguity in
the use of the FRRF to calculate photosynthesis since this parameter can vary both with
phytoplankton taxonomy and environmental conditions (eg. Dubinsky et al. 1986).
Previously used values of nyg; for the estimation of production using the PP or FRRF
(eg. Kolber and Falkowski 1993, Boyd et al. 1997) come from several laboratory studies:
1/500 (0.002 mol RCII mol chl ") for chlotophytes and diatoms, and 1/300 (0.003 mol
RCII mol chl ') for cyanobacteria (Falkowski and Kolber 1995).

The quantum yield of electron transport (¢¢— The ratio of oxygen evolved per quanta
of energy absorbed sets a limit to the overall quantum yield of photosynthesis. At
maximum efficiency, four electrons are transferred for each molecule of O, evolved,
giving a value for ¢, of 0.25 O, molecules/quanta. However, 0, is not a constant. At high
levels of irradiance, the relationship between irradiance and oxygen yield becomes
uncoupled (Falkowski et al. 1988). This uncoupling has been attributed to cyclic electron

flow around PSII (Falkowski et al. 1988, Prasil et al. 1996), although other processes, for
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example, mitochondrial tespiration, Mehler-peroxidase reactions, photorespiration and
PSII heterogeneity are also likely to be important (Flameling and Kromkamp 1998), see
section 1.1. Irrespective of the causes, energy loss occurs when the rate of primary
photochemistry exceeds the maximal rate of electron transfer, (T,), from PSII to PSI
(Kolber and Falkowski 1993), and ¢, declines. As such, the degree to which the rate of
primary photochemistry exceeds T, at saturating irradiance levels represents a measure of

¢, and relies on the accuracy with which T is estimated.

1.4. Estimates of oxygenic primary production using the FRRF

The kinetics of photosystem closure can be observed by following the responses in
fluorescence or oxygen evolution. Fluorescence yield is defined as the ratio of photons
emitted from PSII to photons absorbed by PSII, whilst oxygen yield is the ratio of O,
evolved to photons absorbed by PSII. However, the action spectra for these 2 factors are
remarkably similar (Neori et al 1988) and suggest that they share a common
photochemical teaction (Falkowski and Raven 1997). Like fluotescence, oxygen
generation essentially stems from treactions that occur within PSIL Therefore, the FRR
fluorometer can provide a convenient assay for estimating photosynthetic oxygen
evolution. The relationship between these two factors can be used to describe an

empirical photosynthetic rate model (Kolber and Falkowski 1993) using the fluorescence

parameters that the FRRE measures:

POZB (E) =E . Opgy - qP (E) . ¢, (B). (f Dpgy) [1.1.]

This equation combines derivations of the concentration of photosystem II reaction
centres (npg), the proporton of these reaction centres that are capable of
photochemistry (f), the rate of photon absorption per reaction centre (Gpgy; - B), and the
quantum efficiency of photosynthetic oxygen evolution (qP.¢, = ¢O,) to calculate gross

photosynthesis in terms of oxygen produced. A quantum yield of photochemistry within

PSII is also considered by Kolber and Falkowski (1993) but is constant and unity and,

therefore, is not necessary in equation 1.1. Modification of equation 1.1., to take account
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of the relationship between oxygen produced and carbon fixed, gives photosynthetic

carbon fixation per unit volume:

P,=E,.Cpy . 00, . (frpg). 1/PQ . 3600 . 10° [1.2.]

Where P, = photosynthetic carbon fixation per unit volume of seawater at depth z (mol
CO, m” h'"); PQ is the photosynthetic quotient (the observed efficiency of O, evolved
per CO, assimilated or mol O, evolved: mol CO, assimilated); and 3600 . 10° is a
numerical factor to account the conversion of seconds to hours and mol photons to
mol photons. All other parameters are defined as equation 1.1. but with reference to

depth z. As for nyg,;, values for PQ must be assumed or estimated by other methods.

Summary of the calculation of photosynthetic rate via the FRRF

The following parameters are provided via the output of the FRRF (see Chapter 2 for

more details) but require further manipulation before application to equation 1.2:

The absorption cross sectional area of the antennae of RCII (oesu}—is measured and
output through the FRRF in units of A® quanta’. This can be converted to more

conventional units to compate and associate with other biophysical parametets:

oesii. A2 1m?  6.0231%3quanta = Opsn . 6.0231% (m?/mol photons)
quanta  1027A2 1 mol photons 1020

The number of functional RCIIs (nrsy)—Is a product of the value of the number of

RCIIs and the F_/F, dark chamber value (dimensionless) relative to the 0.65 maximum:

nestt . (FvD/FuD)/0.65 = n,g; . f (mol RCII mol chl @)

Fluorescence yields—TF,, F, and F_ (F-F,) values from both the light (L) and dark (D)
chambers are output through the FRRF (instrument unitsjand can be used in isolation

and provide the calculations for both photochemical (qP) and non-photochemical (qN)

quenching:
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(Ful-F.L) / (Ful-F.D) = qP (dimensionless number between 0 and 1)
(FuD-Ful) / (FuD-F,D) = gN (dimensionless number between 0 and 1)

Quantum yield of electron transport (¢g)—Is calculated from the rate of light absorption

relative to the turnover time of electrons such that:

E wmol photons 1 mol photons Opsum? qP 1s < 1 0. = 0.25

m? s 10%umol photons mol photons 1004s T, Us

This quantum yield is at its maximal value (0.25 mol O, mol RCIT"). However, where

there is excessive excitation enetgy, the process of electron transport becomes less

efficient and is accounted for:

E pmol photons 1 mol photons opsnm? P 1s = 1 Qe =
m? s 10%umol photons mol photons 10%0s T, Ms

0.25 * m2s 105umol photons  mol photons 1 10%s 1
E umol photons 1 mol photons Cpsim?z P 1s T, Us

Calculation of 7—Can be obtained directly through FRRF relaxation period where one
can be confident that T = T Under these conditions estimates of T, E, and P, can be
derived for each FRRF measurement. Following Kolber and Falkowski (1993) for PP
estimates of production, and Sakshaug et al. (1997), T, is unknown but can be

determined from the product of the turnover time of electrons and the light intensity at

which the rate of photosynthesis changes from light dependant to light independent (E,):

Tp (us) = m? s 10%wmol photons mol photons  105s
Ei umol photons 1 mol photons Opsi m? 1s

An estimate of F, can be obtained by plotting a figure of q, versus E: the sudden decline
at high light intensities corresponds to the E,. This derivation of E, and therefore T,
means that only one estimate can be derived for a series of ¢, versus E data. This single
value represents an integration of otherwise discrete depth signatures for the whole water
column, as would be expected for a mixed population. From the product of one or more

of the above factors, we are now able to calculate:
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The instantaneous rate of photosynthesis (P(E): mol Oz mg chl " h')

Ffopsu mol RCIT opsnm?  0molO; qP Imolchla 1gchla  E pmol photons 3600
mol chla  mol photons mol RCII 892g chle 10°mg chla m?s h

Subsequent modifications to the value derived through this equation, for example, mols
to mg O, or the application of a photosynthetic quotient to obsetve the amount of
carbon uptake can be performed (see equation 1.2.). A summary of the major terms and

symbols used throughout this thesis are given in the following table (table 1.2.).
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Term Definition Units Method Formula (for
obtained derived parameters)
F IFluorescence yield 1.U. M -
Fo Minimum value of I 1.U. M -
Fu Maximum valuc of ¥ L.U. M -
Fy Variable fluorescence Dimensionless M Fn-Fa
Fv/Fu Ratio of variable to maximum Dimensionless M .
fluorescence
qP Cocfficient for photochemical Dimensionless DE (FyL)/ (FaL - FoD)

quenching (quenching of 'mL
attributable to PSIT photochemistry)™
gqN Cocfficient of non-photochemical Dimensionless DE (FmD -Ful)/(FD)
quenching (quenching of Fml that 1
independent of PSI photochemistry)*

oSt Functional cross-section of (A2 quanta’™) M -
photosystem 1 (electrons photon')
f Proportion of photosystem 11 reaction Dimensionless DE (FvD/FmD)/0.65

centers that are capable of charge
separation.

nesi concentration of PSH reaction centres mol RCIT mol chl 21 A -
per chlorophyll @
concentration of PSIT reaction centres mol RCII m? DE mol RCII mol chla! .
per unit volume. [chl 4]
dresit Quantum yicld of photochemistry clectrons photon DE 1 electron photon!
(¢e - qP); (Glon/2%)
e Quantum yicld of electron transport electrons photon DE E . Ovsu . P relative to ¥
dp Quantum yield of photosynthesis clectrons photon? DE Qe . gP
Tp Turnover time of Q4 re-oxidation Us M -
DE Oesi/Ex
E Irradiance mol photons m2 st M
I Light utilisation coefficient mg C mg chl 2™ mol DE P-E curves
photons?! m2 s
™ Light saturated (max) photosynthesis mg C mg chla? hrt DE P-E curves
Ex Light saturation parameter mol photons m?2 g1+ DE Prchl/ ot
PopChl Photosynthetic oxygen cvolution Rate mol Oz mgchla? DE see text
per unit chlorophyll hrt
PO: Photosynthetic oxygen evolution Rate mol Oz my3 g DE see text

PC]' Ullit volume

a* Chlorophyll a-specific light absorption m? mg chl a! M -
cocfficient (his applics to pigments
associated with PSI, PSIT, as well as
noaphotosynthetic pigments)

Table 1.2— (upper section) Definitions of measured and derived fluorescence variables;
(middle section) definitions of variables used in calculating primary productivity using the
FRRF method; (lower section) definitions of variables used in calculating primary productivity
using hybrid Bio-optical/FRRF method. All terms are (M) measured directly through the FRRF
and subsequent processing software, for both the dark (D) and light chambers (L); or (A)
assumed based on estimates used in alternative studies using different approaches; or (DE)
derived using a combination of measured or assumed terms. nb. * gN and gP are normally
applied to interpretation of fluorescence yields measured using pulse amplitude modulated
(PAM) techniques. The fluorescence yields obtained from FRRF and PAM techniques may
vary due to differences in methodology (Kolber et al. 1998). None-the-less, these coefficients
are applied without modification to interpretation of FRRF data; * this relationship (eg. Kolber
and Falkowski 1993) as ¢ = 0.25 if E . Gpsi. P < Tp 0r ¢ = 0.25/(E . opsi . 9P . p) IFE .
opsi- QP > Tp.
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1.5. Objectives

This thesis has the broad objective of ‘identifying the factors responsible for variability of
phytoplankton primary production observed within the Atlantic Ocean’ using data
collected from Fast Repetiion Rate Fluorometets (FRRFs) throughout a series of

cruises. Several specific aims will be sought in order to achieve this goal:

1. To provide a better understanding of the application of the Fast Repetition Rate
Fluorometer (FRRF) to the measurement of phytoplankton production (Chapter 3).
Following the theoretical consideration (sections 1.3. and 1.4.), photosystem II (PSIIL)

activity and subsequent primary production estimates are analysed throughout a diel cycle

at 3 sample sites of differing nutrient status.

2. To evaluate the physiological processes which control the nature and, therefore,
variability of primary production (Chapter 4). High resolution (temporal) data collected
at two stations over 24 hour sampling periods will build on the observations of PSII
activity in relation to environmental variability (Chapter 3). A method for calculating the
number of reaction centres (npg;), based on 7 situ (FRRF) data, is also presented in an

attempt to identify factors responsible for the variability of PSII based production.

3. To describe the factors responsible for phytoplankton production variability across a
range of environmental conditions (Chapter 5). Previous chaptets consider physiological
data from different light-nutrient environments; however, Chapter 5 will analyse FRRF
data in relation to corresponding measurements of light, nutrients and temperature
collected throughout different biogeographic provinces of the Atlantic. Further
treatment of continuous surface (FRRF and hydrographic) data will be used to desctibe

patterns (scales) of biological and physical variability significant to the process of primaty

production.

4. To validate the FRRF as a tool for measuring marine phytoplankton production
(Chapter 6). Corresponding estimates of production from the FRRF and ‘classical’

techniques (eg. "“C-uptake). Data from all previous chapters will be drawn into the

analysis and discussed within their respective limitations.
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2. Common Methodology

A common sampling regime was employed throughout a series of ctuises to collect the
data presented in this thesis. These cruises traversed a range of biogeographical provinces
and hydrographic conditions within the Atlantic Ocean and are desctibed in more detail
in the relevant chapters (see also table 2.1.). The following account describes the routine
procedures employed for in situ data collection using the FRRF. In addition, methods
employed for the colléction and measurement of parameters (hydrographic, nutrient and
optical measurements; estimates of productivity using conventional methods of carbon-
14 ("C)-uptake and oxygen (light/dark) evolution; measurements of chlorophyll a-

specific absorption) which support those determined by the FRRF are also described.

2.1. Routine FRRF data collection

Preparing the FRRF for in situ data collection— The FRRF primarily collects data under
2 alternate modes of operation: automatically (remotely pre-programmed) or discretely
(attached to a p.c.), both of which were employed during each cruise. The automatic
mode was employed when the FRRF was attached to a CTD frame or housed within an
undulator, and requires that the instrument is ‘woken up’ immediately before
deployment. The FRRF can also be sent to sleep and pre-programmed to acquire data at
specific times; however, this option was not required throughout the cruises. The discrete
mode is more directly controllable and allows the user to continually interact with the
data acquisition. This mode was used when sampling the ship’s continuous seawater
supply. Two FRRFs were present on all cruises: One (ser.no. 182010) was reserved for
continuous sampling of the underway non-toxic ship’s seawater supply, whilst the other
(ser.no. 182018) was routinely employed for remote operations. A diagram of an FRRF is

given in fig 2.1.
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Flow-through

Sun-block
L/

chamber

i
: LED emission windows
Fluorescence detection (excitation channel)

windows (emission channel)

Figure 2.1— The Fast Repetition Rate Fluorometer (FRRF). Lower figure shows the full
instrument (cable guard, titanium housing for the electronics and the optical head) but without
the battery pack which is attached to the open end of the cable guard. Upper figure shows a
schematic of the optical head. The 4 cable ports are not shown but consist of PAR, pressure
sensor, communications (to deck cell or CTD) and battery connectors. The light emission
windows (excitation channels) are situated on the base of the optical head and house the
LEDs whilst the fluorescence detection channels (emission channels) are situated on
opposite sides of the vertical centre-block and house the photomuiltiplier tubes (PMTs). The
grooved sun block is placed opposite the emission channel (see text) of the light chamber. A
housing [with specific attachments to allow flow-through or retention of water samples] is
placed over the other set of optical windows to provide the dark chamber. The sun-block and
dark chamber are black but are represented here as transparent for practical purposes.
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Name of Time of  Areasampled Aim of data collection Relevant
cruise; ship  sampling chapters
Metlim 98; RV Match 1998 3 sites along 23°W Characterise general 3,0
Pelagia. meridian: 43, 40 &  responses of PSII over the
37°N diel period at 3 different sites
Atlantic Mid May ~ Cruise track Cape ~ Obsetve spatial variability 56
Meridional Mid June 1998 Town (37°S 18°E)  across different
Transect (AMT) to UK. (50°N hydrographies of the Atlffmtic,
6; RRS James 2°0)). including Aftican upwelling
Clark Ross. systems.
RRS Challenger.  August 1999 2 stations: mixed Observe the response of PSII 4.6
(48°N 04°W), to light over relatively small
stratified (49 °N scales (of variability).
06 °W).

Table 2.1.— Summary of cruises used to collect data for this thesis. This general information
describes the time and location of sampling within the Atlantic Ocean in order to fulfil the aim
of data collection using the FRRF. More details regarding the hydrographic environment of
each cruise are given in the (respective) relevant chapters.

Each FRRF must be (appropriately) programmed before it is used. The settings used for

data collection generally remained the same for the 2 instruments and were employed
under slight modification of the ‘boot protocol’, see table 2.2.. This protocol provides a
flash sequence consisting of 100 saturation (100: 1pUs flashes each separated by 1us
intervals) and 20 relaxation (20: 1pts flashes each separated by 50ls intervals) flashes at a
200kHz repetition rate. Therefore, the saturation and relaxation of PSII occurs over
approximately 200[s and 970Ms, respectively (Kolber 1997). Most of the instrument
settingé are flexible (table 2.2.); however, the boot protocol assesses PSII within a single
turnover of photochemistry whilst providing a steady rate of saturation from which the
functional absorption cross section (Opg,) can be precisely derived. As such, the boot
protocol is a highly suitable mode of operation for observing PSII activity 172 situ. Any
significant modification to these settings should be first scrutinised under a range of

conditions in a controlled (laboratory) environment (see Kolber et al. 1998).

The speed of data acquisition is, to some extent, controlled by the rate at which the array
of light emitting diodes (LEDs) can operate. A bank of LEDs provides the light source
for PSII excitation and is housed under the emission window, fig. 2.1. The fluorescence
response from each saturation and relaxation flashlet were logged to an internal memory

card as 1 acquisition averaged from several flash sequences. This was performed in order
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to increase the signal to noise ratio, in addition to conserving data storage capacity of the
instrument. As such, this internal averaging was set at different rates depending upon the
mode of operation. The discrete mode stored 1 (averaged) acquisition per 16 sequences.
The remote instrument was operated at 1 acquisition pet 3-4 sequences. These modes
resulted in a data collection rate of 1 acquisition recorded per 22 seconds per channel,
and 1 acquisition recorded per 3-5 seconds per channel, respectively. Technological
changes to the FRRF immediately prior to the RRS Challenger cruise, August 1999,
meant that these data collection rates were improved so that both instrument modes

were operated at 1 (averaged) acquisition per 16 sequences providing 1 acquisition/1-

2s/channel.

A photomultiplier tube (PMT) is housed under the detection window and intercepts the
elicited fluorescence signal, fig. 2.1. The gain of the PMT determines the sensitivity of
the instrument to the fluorescence signal. The instrument gain setting was pre-
determined for each cast/underway run using the fluorescence characteristics of previous
acquisitions. This estimation of the gain also required some degtee of leeway to account
for any unexpected variability and subsurface maxima. However, this incorporation of
leeway presented additional restraints when collecting data from more oligotrophic
regions since the fluorescence signals would become noisier. Regular observation of real-
time data supplied from the ship’s underway fluorometer provided some means to avoid
the recurrent use of an insensitive gain. The modifications to the FRRF prior to the RRS
Challenger cruise included an autogaining function. This mechanism changes the gain up
(down) when the running average fluorescence signal, as a % of the running average
maximum, is less than (exceeds) a lower (upper) threshold value, see table 2.2. However,
this modification proved too insensitive for the profiling protocols, resulting in saturated

or noisy fluorescence signals, and was seldom used.

Data were downloaded from the FRRF to a p.c. in binaty format (serial communication
parameters: 9600 N 8 1). Binary format was chosen over ASCII format since the former
comprises smaller file sizes and is faster to download. The changes to the FRRF
hardware prior to RRS Challenger cruise also incotporated a faster rate of download
(57600 N 8 1); however, this feature appeared more stable when data were downloaded
in ASCII format. These data were subsequently analysed by a programme supplied by
7.S. Kolber, to provide values of background (F,), maximum (F,), and variable (F)
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fluorescence yields, photochemical quantum efficiency (F,/F,), functional absorption
cross section of PSII (G,) and minimum turnovet time for electron transport (1), for

both the light and dark chambers. All fluorescence yields are given as instrument units

LU).

Parameter ‘boot” Settings FRRF range
setting  used

1 Number of acquisitions 0 64000 0 - 64000

2 Flash sequences per acquisition 1 16 1-16

3 Saturation flashes per sequence 100 100 1-100

4 Saturation flash duration * 4 4 4-100

5  Saturation inter-flash delay * 0 0 0 - 65535

6  Decay flashes enabled enabled enabled/disabled

7 Decay flashes per seqﬁence 20 20 1-20

8  Decay flash duration ¥ 4 4 4-100

9 Decay inter-flash delay 61 61 0-100

10 Sleeptime between acquisitions 1000 10 - 500 10 - 60000

11 PMT gain [autogain] lower signal limit 3 3 autogain (0-9)

PMT gain [normal mode] 0 x4 - x64 normal (x1 x4 x16

x04 x256)

12 Analogue output disabled disabled enabled/disabled

13 Desktop verbose mode disabled disabled enabled/disabled

14 Light chamber (&\) active active active/inactive

15  Dartk chamber (B) inactive active active/inactive

16 Légging mode to internal flashcard disabled enabled enabled/disabled

17 Uppert limit autoranging threshold value 90 85 55-99

18  Lower limit autoranging threshold value 15 15 5-45

Table 2.2— FRRF settings employed for data collection throughout the 3 cruises: boot
protocol, the typical settings used throughout the cruises and the potential range of settings
(ie. the flexibility of the instrument). All parameter settings are in numbers of flashes/
sequences/acquisitions, except sleeptime between acquisitions (ms), PMT gain (sensitivity to
fluorescence, see also main text, read as increasing/decreasing factors of 4) and the
upper/lower limit for the fluorescence threshold value (see main text). * indicates that numbers
for these parameters are in instrument units: These units correspond to clock cycles in the
field programmable gate array (FGPA which emulates the logic circuitry for generating flash
protocols) whereby (a) saturation: 4 = 1.1us and each additional integer increases the
duration by 60ns ie. 14 = 1.9us (b) relaxation: 0 = 125ns and each additional integer
increases the duration by 700ns ie. 14 =9.2 us
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FRRF data collection—The FRRFs were operated routinely on each cruise. The
instrument, which was attached to the CTD frame or in place of one of the CTD sample
bottles, was configured with a CI (Chelsea Instruments) ‘dark chambert’, designed to
retain phytoplankton in the dark long enough to induce relaxation of F, (Kolber 1997).
Also a CI grooved sunblock, designed to prevent ambient sunlight from degrading the
quality of the fluorescence tesponse of phytoplankton in the light chamber” (Iolber
1997) was mounted facing the emission window of the FRRF light chamber [assigned
channel A], see fig. 2.1. The internal clock of the FRRF was synchronised with that of
the CTD logger prior to each deployment.

The FRRE automatically acquired data during each CTD cast. The CTD was stopped for
3-5 minutes at selected depths during the up-cast. These depths were selected based on
the hydrographic profile observed from the down-cast. The stops allowed for the
collection of water and/or the collection of extended signals for the FRRF. These
extended signals provided larger signal sample sizes (typically 20-30 data acquisitions)
needed to obtain an ‘averaged’ signal. These extended stops also gave the FRRF data a

definite depth-stamp. A pressure sensor was not incorporated into the FRRF until the
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RRS Challenger cruise. The value of the FRRF as a profiling tool was further enhanced
by the faster sampling rate available for the RRS Challenger cruise, which generated data
of greater resolution during ditect profiling. A compatison between data collected from
corresponding depths during the down cast (direct profiling) and the up-cast (extended
signals from CTD stops), f1g 2.2., shows good agreement between both sets of data. A
degree of noise still remains in these data but should be considered as encouraging given

hydrogaphic variability between the up- and down-cast, and also during the extended

data collection period during the up-cast.

The CTD frame was typically fitted with a 25cm path length transmissometer (at 660nmy),
a cosine PAR (400-700 nm) sensor, water samplers (bottles), and a CTD equipped with
pressure, conductivity, and temperature sensogs. The data from these CTD instruments
was sent up the wire and logged to a p.c. The FRRF also had its own separate PAR
sensor attached. As such, the 2 PAR sensors on the CTD were mounted to the CTD
frame at the same height and gave comparable outputs, e.g. RV Pelagia: 1 = 0.985. The
FRRF PAR sensor failed during the AMT 6 cruise and, therefore, all PAR measurements
were obtained directly from the CTD PAR sensot. All FRRF and PAR sensor optical
heads, and the FRRF dark chamber, were cleaned between immersions to prevent
fouling. Water was collected at each appropriate depth to routinely sample for
phytoplankton pigments, nutrients and tates of productivity by the conventional

methods of “C-uptake and oxygen (light/dark) evolution.

Additional remote operations were employed for the FRRF during the AMT6 cruise, in
which the FRRF was housed within an undulating oceanographic recorder (UOR). These
undulators are designed to remotely collect data, free from the constraints imposed from
making casts directly from platforms such as ships (eg. Aiken and Bellan 1990). The
UOR was towed from the ship at approximately 11 knots for periods of 2 to 7 hours.
The aldtude of the UOR is controlled by means of a programmable servo, and undulates
the instrument between 5m and 75m (every 9 minutes) throughout the water column. A
Plymouth Marine Laboratory CTDF (conductivity, temperature, depth, fluorometer), a
downwelling radiance and upwelling irradiance sensor were also housed within the UOR
to provide corresponding hydrographic data. These instruments logged their data to a
PML designs logger (refer to section 2.2.) at a sampling interval of 2.0 seconds. More

comprehensive details of the UOR vehicle are given in Aiken (1985).
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The discrete sampling of the non-toxic seawater supply was also routine. The CI ‘dark
chamber’” was fixed over the optical cells of the FRRF assigned channel B. Blackened
silicon tubing was fitted to connect the opening of the dark chamber to the outlet hose
of the ship’s non-toxic seawater supply. This supply (outlet) flowed through the ship’s
underway instrumentation, for example, fluorometer, temperature and conductivity
sensors, before arrival at the FRRF. This passage typically retained the seawatet supply in
dark conditions for a period of 2-3 minutes following collection. The data from the
ship’s underway instrumentation was automatically logged to a p.c. Additional data, such
as time (G.M.T.), latitude, longitude, wind speed and irradiance was also collected from

the ship’s instrumentation and passed through additional channels and logged to the

same p.C.

Routine hydrographic measurements— The following account (and section 2.2.)
summarises the methods used in the measurement of parameters useful to the
interpretation of FRRF data. Learning to use the FRREF (and interpret the data) was a
time consuming process and meant that I could not be directly involved in a significant
propottion of the accessory data collection (see Appendix 1). Water was collected at
regular intervals from the ship’s non-toxic seawater system to analyse for phytoplankton
pigments and nutrients. The methods for these analyses are the same as those for water
collected from CTD casts. Nitrate was measuted as part of a suite of nutrients (nitrate,
nitrite, phosphorous, silicate). Nuttients were analysed from water samples using a 4
channel Technicon® Autoanalyser, and subsequently determined colorimetrically
following standard methodologies. A mixed nutrient standard was run through the

instrumentation daily to check the petformance of the analysis and validate the

concurrent measurements.

Triplicate volumes of sample water were vacuum filtered through Whatman 25mm
GF/Fs. Two of these filters were subsequently stoted at -80°C to await analysis for
pigments using spectrophotometric (RV Pelagia; RRS Challenger only) and HPLC
techniques. The third filter was placed in 90% acetone solution and stored at -4°C for
extraction of chlorophylls. The extracted solution was analysed for chlorophyll 2 using a
Turner Designs digital Fluorometer according to Welschmeyer (1994). This methodology
uses a combination of optical filters and lamps, and is thought to reduce interference

from chlorophyll b (Mantoura et al. 1997). Chlorophylls and accessory pigments were
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determined at sea using reverse phase High Performance Liquid Chromatography

(HPLC) techniques:

GT/F filters were extracted in 2ml of 90% acetone, containing a known concentration of
an internal standard canthaxanthin. Extraction was petrformed with 20s of ultrasonication
and centrifugation. Pigment extracts were loaded into a thermoseperation autosampler
and mixed with 1mol ammonium acetate (50:50) prior to injection. The pigments were
analysed according to Barlow et al. (1997), and identified by retention times and
absorption spectra using SPECTRA software. The HPLC system was calibrated for each
pigment with authentic standards (chl &, b: sigma; carotenoid, chl ¢: VKI Water Quality
Institute, Denmark; dvchl a: Bidigare, Hawaii). Calculating the relative response factors

of each standard with respect to canthaxanthin provided quantification for each pigment.

2.2. Additional (cruise specific) methodologies

Optical profiling and chlorophyll a-specific light absorption—The optical cross section
of photosystem light harvesting antennae (Gp,) is calculated as the product of light
absorption over a range of wavelengths. The calculation of this cross section, therefore,
requires knowledge of this absorption, in addition to the i situ light intensities for the
range of wavelengths concerned. This parameter is not required when typically using the
FRRF since the functional absorption cross-section of PSII (Gpg) can describe the rate
of light absorption by PSII; however, the light absorption by phytoplankton [pigment]
samples can still provide useful information concerning their photophysiological status
(sce Chapter 4). Optical data was routinely collected during each cruise. Measurements of
light absorption by phytoplankton pigments were only performed for RV Pelagia and
RRS Challenger cruises.

An optical profiling rig, consisting of a CTDF (conductivity, temperature, depth,
fluorometer), transmissometer, and 2 Satlantic light cells, was lowered throughout the
water column to correspond with the CTD profiles. Prior to deployment, the clock of
the logger was set to correspond with that of the ship [and therefore the FRRE] for

subsequent data merging. The 2 light cells measure upwelling radiance (Ed) and
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downwelling irradiance (Lu) light for 7 wavelength bands: 412, 443, 490, 510, 555, 670,
and 685nm and correspond to SeaWiFS satellite bands. Data from all instruments was
logged (per 0.5s) into a PML data logger. This logger consisted of a microcomputer
controlled 16 channel bit oversampled analogue to digital converted with 2MB of solid
state storage. The logged data was downloaded to a p.c. upon retrieval. The data were

converted into a readable tab separated ASCII file using software provided by Gerald
Moore (PML).

Absorption spectra were measured on samples filtered onto Whatman GF/F filters and
stored at -80°C until analysis using a Hitachi U-3000 spectrophotometer fitted with a ¢60
integrating sphere following the protocol of Tassan and Ferrari (1995). Approptiate
corrections were made for multiple scattering within the glass-fibre filter using a
wavelength independent pathlength amplification factor (f-correction, Kirk 1994),
determined from axenic cultures of Synechoccocus (strains WH7803 and WH8103) or of

a mixed eukaryotic assemblage, supplied by Matt Pinkerton, pets.comm.

Phytoplankton productivity—'"*C uptake measurements were made during all cruises on
30 ml samples taken at selected depths from the CTD casts. Photosynthesis-itradiance
(P-E) curves were determined by uptake of “C in a temperatute-controlled
photosynthetron (Lewis & Smith, 1983), essentially as described by Maclntyre et al.
(1996). Hlumination of 10-1700 umol photons m™ 5™ was provided by quartz-halogen
lamps, filtered through a 2.5 cm layer of water. Irradiance in the manifold was measured
with a Biospherical Instruments QSL-101 47 sensor. The cells wete held in darkness for
up to 30 minutes between sampling and incubation. The sample was inoculated with 50
uCi ml' of NaH"CO, (58 Ci mole”', Amersham CFA.3) and incubated. The incubations
were made in the photosynthetron and terminated after 60 min (RV Pelagia ) or 1-2
hours (RRS Challenger) by adding 50 pl of glutaraldehyde to each aliquot. Additional
“C-uptake experiments were performed during AMT6 and RRS Challenger cruises in
which incubations were made on deck undet simulated i situ conditions using neutral
density filters. Each experiment was conducted at 6 light intensities, 0%, 10% 20%, 33%,

60% and 100% of the incident irradiance, and was performed for a period of 5-6 hours

before termination.
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Residual inorganic carbon was driven off by addition of 250 pl of 6 N HCl and shaking
for 60 min, and then the incorporation of “C was determined by liquid scintillation
counting. Total activity of NaH'*CO, was determined on 20 pl aliquots of sample taken
directly into scintillation cocktail with 50 @l ml" b-phenylethylamine. Data wete fit by

least-squares, non-linear regression to the following model (Maclntyre et al. 1996):
P(:hl — (Pl(x;hl (1 _ exp(_a(lhl E/ P‘(];N))(CXP (_B(:hl E/ Pﬁhl))) - P(():hl [2.1.]

where P (g C [g Chl a]' h') is the Chl a-specific photosynthetic rate at irradiance E
(umol photons m™ s7); P, is the light-saturated rate of photosynthesis that would be
observed in the absence of photoinhibition; ™™ (g C [g Chl 4" ") (umol photons m? s
Y is the initial slope of the P-E curve; B (g C [g Chl 4]” h™) (Wmol photons m™ s7)" is
a photoinhibition parameter; and P (g C [g Chl 4]" h') is an intercept parameter

included to improve the distribution of residuals at low irradiances.

Measurements of 7 situ oxygen content for the estimation of primary production using
the light-dark technique were made during the RV Pelagia cruise (sce Appendix I).
Water samples (25dm”) were collected into BOD bottles following each CTD cast.
Dissolved oxygen was determined using the ‘Shibala’ Winkler spectrophotometric
method (Pai er al. 1993). Winkler chemicals (1ml MnCl,. 4 H,O 600 g’ and 1ml NaOH
250g and K1 350gl") were added within minutes after sampling the bottles by means of
dispensers. 0.8 ml 20N H,SO, was then added after which the samples wete shaken and
stored under water for at least one hour. The mixture was stirred with a magnetic stirring
bar until the precipitate had dissolved completely. The brown yellow solution was
siphoned to a Hitachi U1000 spectrophotometer equipped with a 1 cm flow-cell
(aperture 11mm x 4mm). Absorption was measured at 456 nm on the analogue output of
the spectrophotometer connecting a 4 digit voltmeter (Metex M4650). Corrections were
made for the seawater color by subtracting the absorption value for untreated seawatet,

and for the effects of the volume of Winkler reagents on measured oxygen

concentration.
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3. Diel variability of phytoplankton
physiology and production at three
contrasting sites in the North Atlantic

3.1. Introduction

Day-night variability of phytoplankton activity has been well documented in data
obtained from a number of obsetvational approaches, for example, fluorescence yield
(Lorenzen 1963; Prézelin and Ley 1980, Vincent et al. 1984), cellular pigment content
(Owens et al. 1980) and productivity rates (Harding et al. 1982a, b; Neale and Richerson
1987, Prézelin et al. 1987). This variability may be produced through circadian rthythms
(Sournia 1974; Brand 1982) or represent a tightly coupled light-dark effect that is
independent of, but can exhibit a modifying influence, on phased cell division (Owens et
al. 1980). The corresponding regulation of photosynthesis throughout the day, diurnal

variation, occurs through modulation of the photosynthetic light reaction, in particular

within PSII (Prézelin 1992).

Active fluorescence techniques allow the observation of photosystem II (PSII) dynamics,
in addition to providing a rate estimate for photosynthetic productivity. As such, the
FRRF lends itself to the study of processes that occur through the modulation of PSIL
Laboratory investigations have shown that variations in photosynthetic physiological
parameters, as measured using Pulse Amplified Modulation (PAM), are coupled to
simulated light regimes under both nutrient replete (Kroon 1994, Flameling 1998,
Flameling and Kromkamp 1997, 1998) and nutrient deplete (Flameling 1998) conditions.
In situ observations of diel/diurnal variability have been made using both the Pump and
Probe (PP) and FRRF but have focused on the efficiency of PSII (Falkowski and Kolber
1993, Greene et al. 1994), or have been restricted to surface water samples (Vassiliev et
al. 1994, Behrenfeld and Kolber 1999). All these studies reveal a decrease in

photochemical conversion efficiency with an increase in irradiance as a result of
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photoinhibition/quenching processes.

This investigation introduces FRRF [field] measurements and provides an analysis of the
in situ diel variability of the light harvesting capability, photochemical efficiencies and
production by phytoplankton throughout the water column. In addition, the diel
response of these parameters will be compared between three sites of differing nutrient
status in the north-cast Atlantic. A knowledge of diel PSII (and, therefore,
photosynthetic) activity under contrasting growth conditions will provide a context for

subsequent obsetvations of 72 situ phytoplankton physiology that are removed from an

inherent daily irradiance cycle.

General Hydrography

Three sample sites were chosen along the 23°W meridian: 43°N (13-14.3.98), 40°N (16-
17.3.98), 37°N (18-19.3.98), fig. 3.1., and are referred to as sites 1, 2 and 3 (respectively)
for the remainder of this chapter. The sites are situated within the north Atlantic
subtropical gyre close to its boundary with the North Atlantic Drift towards the north
(Sathyendranath et @/ 1995). Both hydrographic regimes lie within the westerly wind
domain where wind mixing plays a ctitical role in determining the pattern of seasonal
water column stratification and the development of the spring phytoplankton bloom
(Longhurst et al 1995). As such, the sites were initially chosen in otder to observe
successive stages of phytoplankton dynamics duting the spring. To date, there appeats
little available published material tegarding phytoplankton within this area, with the
majority of observations coming from large scale programmes, such as, the Joint Global
Ocean Flux Studies and North Atlantic Bloom Experiment (eg. Ducklow and Harris
1993), the CANIGO (Canary Islands Azores Gibralter observations) project (eg.
Fernandez and Pingree 1996) and the Atlantic Meridional Transect (cg. Marafién et 4.

2000, Aiken et al subm.).

At each of the three sites, a seties of CTD casts (a minimum of 7/site) were performed
throughout a 24 hour (08:00-08:00 GMT, 07:00-07:00 local time) period. All times are
given in GMT unless otherwise indicated. The respective protocols, sampling strategy

and the instrumentation employed ate described in Chapter 2. A more detailed
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explanation and derivation of terms used throughout is also given in Section 1.4.

50°
Station 1 (43")
Station 2 (40°) 40°
Station 3 (37°)

30°N

20°

10°

Chlorophyll a (mg/m’)

Figure 3.1.— The approximate positions of the three diel sites along 23°W (see text)
indicated on a composite SeaWiFs image of chlorophyll a distribution in the northern Atlantic
Ocean, March 1998. All sites were dominated by the cyanobacteria, Synechococcus (Marcel
Veldhuis, pers.comm.)

3.2. Specific hydrographic environment and climate at the 3 sites

Values of temperature and salinity measured between 0 and 75 metres appear uniform
over the 24-hour period at sites 2 and 3. These sites display similar values of temperature
and salinity, 15.34-15.66°C /36.022-36.054 and 15.75-36.48 °C/36.050-36.477
respectively (fig. 3.2.). Site 1 shows lower values of temperature and salinity, 13.24-13.67
°C / 35.748-35.811. Values of water density, expressed as Gz, wete derived from tables of

salinity and temperature values at depth. The water masses at sites 2 and 3 have a density
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band signal of 26.7-26.75 and 26.45-26.75 10%kgm™ respectively whilst 07 at site 1 is
relatively higher (27.0-27.1 10°%kgm3). The G, relationship with depth indicates a distinct
jump, most notably at site 3 (also fig. 3.2.), of increased density between 55-60m
corresponding to the thermocline. No significant statistical difference (ANOVA Fq 105 =
2.08, 1.88 and 1.83 for sites 1, 2 and 3, respectively) was found for values of Gr measured

between all casts for each of the three sites, and indicates that Or remained relatively

constant throughout each diel series.
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The profiles of mean nitrate concentration measured throughout the diel period at the
three 3 sites are shown in fg. 3.3. Nitrate concentration [NOj] increases from the surface
to deeper water with the zone of maximum increase (the nutricline, p.12) at 40-50m at
site 1, and 50-60m at sites 2 and 3. [NO3] were highest at site 1 (3-4 mmol m~) and
lowest at sites 2 and 3 (0-0.3 mmol m™ in the surface 50m increasing to 1-3 mmol m3
below 50m). Fig. 3.4. shows the diel variability of water temperature for the three sites. A
permanent thermocline is most evident at site 3, as reflected by the strong density
discontinuity in fig. 3.2., and remains throughout the 24 hour period. A similar feature
appears evident at site 2, however, the temperature difference between 10 and 75 metres
is less (0.6°C) than at site 3 (0.8°C). Conversely, water temperature at site 1 is mote
variable throughout the upper 75 metres but does not correspond with any significant
changes in water mass density over the 24 hour period (see above). The mean of the
surface wind speeds measured throughout the diel cycle increased with decteasing

latitude: 3.55, 5.56, and 5.48 at sites 1, 2 and 3, respectively.
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Figure 3.3.— Depth profiles of mean
nitrate concentration (mmol m's) for
each of the 3 sample sites (sites 1, 2
and 3) along 23 W. The mean NOjg
concentration is taken from all diel
(nutrient) casts performed (site 1,
N=3 2y =6 L8l SN=5) e
corresponding standard error bars
are also given.
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Variations in the strength and stability of the thermocline, which is a function of

temperature and wind regimes (e.g., Herbland and Voiturez 1979; Doney et al. 1995), are

related to the presence of a stable, deeper subsurface chlorophyll maximum at site 3, and

Time {locai)
15:00 23:00

Depth (metres)

station 1 (43N)

station 3 (37N)

47

station 2 (40N)

Figure 3.4— Water temperature
(°C) measured from diel CTD casts
(data points are indicated by filled
circles) at each of the 3 sites. 7
casts were performed over 24
hours (07:00 to 07:00 local time/
08:00 to 08:00 GMT) at all sites.
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of a well mixed upper water column with elevated biomass at sites 1 and 2. The
permanent thermocline at site 3 is evident of consistent wind and temperature
conditions (eg. Pond and Pickard 1983); site 1 is perhaps reflective of temperate seasonal
conditions where, presumably, strong wind mixing and a lack of solar heating have
retarded the formation of strong water column temperature stratification. The nitrate
concentrations are relatively low at sites 2 and 3 indicating that this nutrient source has
become exhausted. Conversely, the generally higher values of nitrate throughout the

water column at site 1 would suggest stronger or more recent mixing (Falkowsk: et al.
1994).

The stability and hydrography at site 1 appears markedly different from sites 2 and 3.
The water is of lower temperature and salinity and hence has higher density.
Furthermore, the temperature profile of the water column appears relatively variable
throughout the diel petiod. The proximity of site 1 to the northern-most section of the
Azores Current (Gould 1985) might suggest that site 1 could be significantly affected by
another water mas