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ABSTRACT
The biogeochemistry of nitrogen in the Atlantic Ocean

Sarah Reynolds

Nitrogen plays a fundamental role in limiting the primary productivity of the 
world’s oceans. The Atlantic Ocean is characterised by N-starved oligotrophic gyres 
to the north and south of the equator, which arise from wind induced Ekman flux of 
surface waters over the subtropics, subsequent downwelling and the production of a 
depressed, thicker thermocline. Discrepancies exist between the traditional supplies 
of N to and the export production from the surface waters of the oligotrophic gyres.

This thesis focuses on the importance of N2 fixation and the potential role that 
organic nitrogen has on fuelling export production in the Atlantic Ocean by 
examining the biogeochemistry of organic nitrogen. The study formed part of the 
Atlantic Meridional Transect (AMT) programme and involved three northbound 
cruises between the Falkland Islands or Cape Town and the U.K., where organic 
nitrogen was sampled from the euphotic zone of the various biogeochemical regimes 
of the Atlantic.

The spatial extent of N2 fixation was assessed through the use of stable 
nitrogen isotope analysis of suspended particulate organic nitrogen (PONsusp). 
Consistently depleted signals (with respect to 15N) extend over the centre of the 
northern subtropical gyre; this partly coincides with a region where the tracer N* 
increases westward following the gyre circulation. The non-conservative behaviour 
of N* implies that N2 fixation is responsible for the depleted ôl5N PONsusp. A mixing 
model suggests that N2 fixation over parts of the northern gyre provides up to 74% of 
the N utilised by phytoplankton. However, since the PONsusp represents only a small 
fraction of total N, N2 fixation probably plays a minor role in supplying new N to the 
photic zone of the northern subtropical gyre.

The dynamics of organic nitrogen were investigated through the identification 
and quantification of dissolved free and hydrolysable, and particulate amino acids. 
Concentrations along AMT varied with biogeochemical regime; amino acids were 
depleted in the centres of both the northern and southern oligotrophic gyres and 
elevated in the higher productivity regions around the equator and temperate zones. 
The application of the Dauwe and Middleburg [1998] degradation index 
demonstrated that the ‘age’ of organic matter also varied, in that more degraded 
material was found in the gyres compared with the equator and temperate regions. 
These findings suggest that organic nitrogen can provide a source of N to primary 
producers.

Examination of the enantiomeric ratios of chiral amino acids revealed that 
bacteria make a minor contribution to dissolved organic nitrogen in the open ocean, 
contradicting previous claims of bacterial contributions of 45-80%. Bacteria make a 
more substantial contribution of the particulate organic nitrogen. Surprisingly, 
archaea dominated the particulate pool, which is consistent studies revealing they are 
the dominant prokaryote in the world’s oceans.
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CHAPTER 1

The marine nitrogen cycle and its 
present understanding in the 
biogeochemical dynamics of the 
Atlantic Ocean

1.1 Introduction

Nitrogen is a key element in the structures of nucleic and amino acids, 

porphyrins, and amino sugars [Brandes, et a l, 2007] and commonly limits primary 

production in the marine environment [Dugdale and Goering, 1967], In turn this can 

control the short-term sequestration of atmospheric carbon dioxide into marine 

phytoplankton [Falkowski, 1997]. Nitrogen, in both inorganic and organic forms, is 

introduced into the marine environment via rivers, wet and dry atmospheric 

deposition, and biological molecular dinitrogen (N2) fixation. The chemistry and 

biochemistry of nitrogen in the world’s oceans are complex; in recent years, 

substantial discoveries have changed our perspectives of our simplified conventional
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view. These new insights into the marine nitrogen cycle will be the focus of this 

chapter, as will the implications for the biogeochemistry of the Atlantic Ocean.

1.2 Marine nitrogen chemistry

The marine chemistry of nitrogen is largely controlled by redox reactions 

[Libes, 1992] where multiple transformations of nitrogenous compounds are 

catalysed primarily by microbes [Zehr and Ward, 2002]. This ability of marine 

organisms to transform the redox state of N leads to the direct removal or addition of 

N to the oceanic pool [Hulth, et al., 2005], Nitrogen is present in the marine 

environment in many oxidation states (Table 1.01) with N2 being the most abundant. 

The inorganic species, nitrate (NO3'), nitrite (NCV) and ammonium (NH4+), are 

referred to as dissolved inorganic nitrogen (DEN) [Libes, 1992], whilst the organic N 

is a far more complex mixture of compounds existing in both particulate and 

dissolved forms.
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Species Molecular
Formula

Oxidation 
state of N

Size of reservoir 
(10,s g N) % of total pool

Nitrate ion N O f + V 570 2.5

Nitrite ion n o 2 -t- III 0.5 0.002

Nitric oxide NO + 11 - -

Nitrous oxide N20 + 1 0.2 0.0009

Dinitrogen n 2 0 22 000 95.2

Ammonia n h 3 -III - -

Ammonium n h 4+ -III 7 0.03

Organic N 
Plant biomass r -n h 2 -III 0.30 0.001
Animal biomass r -n h 2 -III 0.17 0.0007
Microbial biomass r -n h 2 -III 0.02 0.00006
Dissolved organic matter r -n h 2 -III 530 2.3
Particulate organic matter r -n h 2 -III 3-240 0 .01-0.1

Table 1.01 Oxidation states of the species of N found in the marine environment 
with corresponding size of reservoir where known (adapted and modified from Libes 
[1992]).

1.2.1 Assimilation of nitrogen

Marine microorganisms absorb DIN species through their cell membrane 

where NO3" is subsequently assimilated after reduction to NO2" (assimilatory nitrate 

reductase) and then to NH4+ (assimilatory nitrite reductase) (Fig 1.01; pathway 1) 

[Zehr and Ward, 2002], These anabolic reactions provide the necessary N required 

for the formation of metabolites such as proteins [Libes, 1992], The majority of 

primary producers preferentially take up NH4+ over N 03', since less energy is 

expended during the assimilation of ammonium. However, the utilisation of N 03 

rather than NH4+ has little effect on the organism’s growth rate [Thompson, et al., 

1989]. Until recently, it was assumed that all primary producers could grow on 

nitrate or ammonium. However, the unicellular cyanobacteria Prochlorococcus spp., 

major primary producers of the surface ocean, do not have the ability to grow on 

nitrate alone and thus require NH4+ or urea as a source of nutrient [Moore, et al.,
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2002]. The discovery of the ability of bacteria to utilise DIN species [Kirchman, 

1994] as well as the established role they take in the recycling of organic matter (see 

section 1.2.2 for further details) [Azam, et al., 1983] further highlights the complexity 

of the marine N cycle.

1.2.2 Remineralisation and ammonification

The term remineralisation strictly refers to the decomposition of particulate 

organic nitrogen (PON) and dissolved organic nitrogen (DON) to DIN (Fig 1.01; 

pathway 2) [Libes, 1992]. PON is mainly living or dead phytoplankton biomass, 

detritus and faecal pellets, where as DON is released either through cell lysis, or 

heterotrophic consumption of PON with exudation of DON. Sloppy feeding can also 

result in the release of DON from PON [Fuhrman, 1987a]. Through the process of 

ammonification the N is released from the DON by bacteria, where the carbon- 

nitrogen bonds are broken releasing ammonia (NH3) which subsequently reacts with 

hydrogen ions (H+) or water (H2O) to form NH4+ (Fig 1.01; pathway 3) [Libes, 

1992], This form of N is termed ‘regenerated N’ [Dugdale and Goering, 1967].

Whilst the role of bacteria in the breakdown of organic N is important in 

providing biologically available N to primary producers, it has been revealed that a 

number of phytoplankton have the ability to utilise the labile DON (i.e. that which 

readily undergoes change or breakdown) as a N source without bacterial mediation 

[Bronk, 2002; Flynn and Butler, 1986; Palenik and Morel, 1990a]. These 

phytoplankton possess cell surface oxidases that can oxidise amino acids and primary 

amines, releasing extracellular NH4+ which is subsequently taken up for growth 

[Palenik and Morel, 1990b].
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1.2.3. N2 fixation

N2 is the most abundant form of N in the world’s oceans but due to the 

strength of the triple bond (945 kJ mol'1) between the N atoms, this pool is 

biologically unavailable to the majority of primary producers. However, a diverse set 

of organisms known as diazotrophs are capable of reducing No to NH3 (Fig 1.01; 

pathway 4). Once thought of as rare organisms in the marine environment, No 

fixation was deemed insignificant in the oceans [Capone and Carpenter, 1982; 

Lipschultz and Owens, 1996a]. However, over the past twenty years there has been 

increasing recognition that N2 fixation is more important that previously thought. For 

example, the extensive occurrence of Trichodesmium spp., non-heterocystous 

colonial N2 fixing cyanobacteria in oligotrophic subtropical waters [e.g. Capone, et 

al., 2005], and the identification of a major role for unicellular diazotrophs [Zehr, et 

al., 1998; Zehr, et al., 2001] and heterocyst-forming cyanobacterial symbionts 

[Villareal and Carpenter, 1989] has led to estimates of global oceanic N2 fixation 

increasing by an order of magnitude (-100 Tg N yr' 1 [Capone, et al., 1997; Gruber 

and Sarmiento, 1997; Mahaffey, et al., 2005]; cf. [Capone and Carpenter, 1982; 

Carpenter and Romans, 1991]. For further discussion of N2 fixation see Chapter 3.

1.2.4. Nitrification, denitrification and anammox

Nitrification is the biological oxidation of NHU* to N 02" and then 

subsequently to N 03" by the marine bacteria Nitrosomonas spp. and Nitrobacter spp., 

respectively (Fig 1.01; pathway 5) [Libes, 1992]. Nitrification was once thought to 

only occur in the deep ocean where N 03‘ concentrations are high, but recent 

developments have revealed that the majority of water column nitrification occurs in
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the lower regions of the euphotic zone [Zehr and Ward, 2002], Since NO3' is 

depleted in the surface ocean, it was assumed that nitrification rates here were 

negligible however, direct 15N rate measurements have shown that this is not the case 

[Dore and Karl, 1996; Ward, et al., 1989] and that it can sustain 15 -  50% of 

primary production [Wankel, etal., 2007; Yool, etal., 2007].

Denitrification is a simple anaerobic heterotrophic process whereby NO3' is 

used as a terminal electron acceptor in the oxidation of organic matter after dissolved 

oxygen is exhausted (Fig 1.01; pathway 6) [Brandes, et al., 2007], It is often coupled 

with nitrification across oxic/anoxic interfaces in both sediments and suboxic waters 

[.Nielsen and Glud, 1996], leading to the loss of fixed N via mineralisation, oxidation 

and denitrification to N2O and N2 [Zehr and Ward, 2002]. During denitrification the 

enzymes responsible for the reduction of more oxidised forms of N to N2 are 

inhibited by the presence of oxygen [Codispoti, et al., 2001]. Thus, denitrification is 

confined to anoxic/suboxic sediments and waters, such as those found in the Black 

Sea, Cariaco Basin and the oxygen minimum zones of the Eastern tropical Pacific 

and Arabian Sea [Hulth, et al., 2005]. This process accounts for a global loss of 175 

-  450 Tg fixed N yr 1 [Codispoti, et al., 2001; Gruber and Sarmiento, 1997] in 

oxygen depleted regions in the marine environment.

As it is a heterotrophic process, denitrification should be accompanied by the 

liberation of NH4+ [Brandes, et al., 2007], however Richards [1965] noticed that 

NH4+ does not accumulate in suboxic waters. It was not until the mid 1990’s that an 

explanation was offered, following the discovery of a new pathway, anaerobic 

ammonium oxidation, termed ‘anammox’ which was first detected in a fluidised bed 

reactor used in waster water treatment [Mulder, et al., 1995], NH4+ is oxidised to N2, 

using NO2’ as the oxidant [Vandegraaf, et al., 1995], where N2 is formed through the
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pairing of one N atom from both NO2" and NH4+ (Fig 1.01; pathway 7) [Thamdrup 

and Dalsgaard, 2002] by specialised bacteria that appear to belong to 

Planctomycetales spp. [Dalsgaard, et al., 2005], This process clearly differs from 

denitrification which combines N from two NO3" molecules to form N2 [Arrigo, 

2005], Anammox has been detected in anoxic continental shelf sediments where it 

accounted for 24-67% of the total N2 production [Thamdrup and Dalsgaard, 2002], 

Anammox also occurs in other environments, such as the anoxic waters of the Black 

Sea [Kuypers, et al., 2003], the oxygen minimum zone of the Benguala upwelling 

[Kuypers, et al., 2005] and in polar sea ice [Rysgaard and Glud, 2004], Anammox 

explains not only the NH4+ deficiencies observed in anoxic waters and sediments 

[Thamdrup and Dalsgaard, 2002] but may also be responsible for up to 50% of the 

global removal of fixed N in oceanic waters [Dalsgaard, et al., 2005].

Figure 1.01 Marine nitrogen cycle involving redox reactions mediated by marine 
microorganisms. Oxidation states of the various N species shown on the left hand 
side. ‘X’ and ‘Y’ are intra-cellular intermediates that do not accumulate in water 
column, "fr Catabolism includes remineralisation, whereby particulate N is reduced 
to DON and subsequently reduced to NH3 through the process of ammonification. 
Figure from [Codispoti, et al., 2001] adapted by [Naqvi, 2006]
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1.3. Maintenance of primary production in the Atlantic Ocean

Primary production is a biological process whereby organic compounds are 

produced from carbon dioxide, water and nutrients (macro i.e. nitrogen and 

phosphorus; micro i.e. iron) through the process of photosynthesis. Photoautotrophic 

primary production in the open ocean is fuelled by two sources of N supply: (i) 

‘regenerated production’, namely primary production maintained from recycled N

i.e. NH3, urea and DON derived from the excretory activities of animals and the 

metabolism of heterotrophic microorganisms; (ii) ‘new production’ which is 

supported by allochonthous N inputs i.e. the physical injection of NO3' from deep 

waters into the euphotic zone, the introduction of N through N2 fixation, terrestrial 

run-off or the atmospheric deposition of N species [Dugdale and Goering, 1967; 

Eppley and Peterson, 1979]. If the oceans were an ideal closed system, primary 

production could be consistently maintained through the recycling of N through an 

enclosed food web, however, losses of PON from the euphotic zone to deeper waters 

preclude this. Losses of N from the surface ocean are replenished by allochthonous N 

fuelling export production, while recycled N is thought to sustain primary production 

[Eppley and Peterson, 1979].

Nitrogen in the deep ocean exists in a consistent stoichiometric ratio with 

phosphorus (P). This ratio of N to P lies at 16:1 and is termed the Redfield ratio 

[Redifeld, 1934] after Alfred C. Redfield. Redfield recognised that this stoichiometric 

relationship is similar to that of plankton and when this organic matter is 

remineralised N and P are released at equal rates to establish an analogous ratio in 

the deep ocean [Arrigo, 2005; Tyrrell, 1999]. This ratio between N and P can deviate 

from the Redfield stoichiometry from either exogenous nutrient delivery or by

I
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microbial metabolism, which can include N2 fixation, denitrification and anammox

[Arrigo, 2005] (Fig 1.02).

^ 2  Low primary High primary
y  production production

N2 fixa tio n*-------------------  N:P < 16 ------------------- ► N :P<16

Figure 1.02 The global ocean balance between N2 fixation and the loss of fixed N 
through anammox and denitrification. Perturbations in Redfield stoichiometry 
indicated [Arrigo, 2005].

In the surface Atlantic Ocean, rates of primary production are high around the 

equator and in the northern and southern temperate regions [Poulton, et al., 2006a]. 

At the equator, NO3" is supplied to the euphotic zone through Ekman induced 

upwelling, whilst in the northern and southern temperate regions, convection is 

primarily responsible for the supply of new N to surface waters (Fig 1.03) [Williams 

and Follows, 2003], To the north and south of the equator, large regions of the 

surface Atlantic Ocean are characterised by N deficient waters, where the winds 

induce downwelling over subtropical gyres. The restricted availability of N in these 

oligotrophic gyres limits phytoplankton production throughout most of the year with 

the exception of the late wintertime, when wind and convectively driven mixing 

introduces NO3" from below the thermocline to the euphotic zone [McGillicuddy and 

Robinson, 1997]. Nevertheless, due to extensive area of these gyres, they are
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responsible for up to 2.0 mol C m"“yr‘ of organic carbon export flux, which could 

account for almost 50% of the global biological organic carbon pump [Emerson, et 

al., 1997]. This drawdown of carbon to the deep ocean reduces the partial pressure of 

carbon dioxide in surface waters.

<- t r o p i c s s u b t r o p i c a l  subpolar ->■gyre gyre

Figure 1.03 Ekman volume fluxes along a vertical meridional section [Williams and 
Follows, 2003]

Independent geochemical estimates of carbon export in the oligotrophic 

Sargasso Sea are between 0.42 and 0.56 mol N rrf2 yr' 1 [Jenkins, 1988; Jenkins and 

Goldman, 1985]. Traditional views of new N supply to the surface ocean include 

diffusion of NO3' from deep waters and atmospheric deposition. The diffusive flux of 

NO3' from the upper thermocline into the euphotic zone is an order of magnitude too 

small (0.01 mol N m'2 yr' 1 [Ledwell, et al., 1993]; 0.05 mol N m'2 yr' 1 [Lewis, et al., 

1986]) to explain the estimated export production. Atmospheric inputs of N (0.005 -  

0.03 mol N m'2 yr' 1 [Knap, et al., 1986]; 0.0014 -  0.05 mol N m'2 yr"1 [Spokes, et al., 

2000]) are also deemed to have a minor role in driving export production. Over the 

past decade extensive research has been conducted to try and account for the 

discrepancies that exist in the maintenance of export production over the north 

Atlantic subtropical gyre. These processes will now be briefly discussed.
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1.3.1 Potential supplies of N  to the surface Atlantic Ocean

Evidence suggests that physical processes such as lateral advection [Williams 

and Follows, 1998] and mesoscale eddies [McGillicuddy, et al., 1998] could play an 

important role in sustaining export production over the north Atlantic subtropical 

gyre. Through Ekman upwelling, NO3' is supplied to the euphotic zone in the 

subpolar gyre, off the eastern boundary and over parts of the tropics. This NO3' can 

then be subsequently advected horizontally to the northern flanks of the subtropical 

gyre where climatological estimates suggest 0.06 to 0.12 mol N m‘2 y r 1 is supplied 

[Williams and Follows, 1998]. Whilst this mechanism of NO3' transport is important 

across intergyre boundaries (supporting 0.4 to 0.8 mol C m'2 yr'1), in the subtropical 

gyre interior the supply is insignificant [Williams and Follows, 1998].

Mesoscale ocean eddies are formed predominantly through baroclinic 

instability of boundary currents and density fronts [Williams and Follows, 2003] 

while a mesoscale front is characterised by contrasting dynamically active scalars 

(density or potential vorticity) associated with a jet [Szra.v.v, 1992], Upwelling due to 

the formation of cyclonic eddies and their intensification caused by interaction with 

surrounding mesoscale features causes spatially and temporally intermittent fluxes of 

NO3 into the euphotic zone (Fig 1.04) [McGillicuddy and Robinson, 1997]. An 

unstable front can develop a geostrophic circulation that may upwell ribbons of high 

NO3' water along a front, subduct chlorophyll-rich features or spin-off NCV rich 

eddies [Garcon, et al., 2001]. In the summer of 1995 at the BATS site in the 

oligotrophic Sargasso Sea, an eddy event was observed, where cooling persisted for 

thirty days and NCV concentrations increased from undetectable to 1.4 mmol m'3 

Phytoplankton biomass and particulate material also increased during this period 

[McGillicuddy, et al., 1998]. Model estimates of eddy induced NO3' flux to the
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euphotic zone suggest that 0.19 to 0.35 mol N m'2 yr 1 is supplied to the euphotic 

zone at BATS, which is sufficient in closing the N budget for the Sargasso Sea 

[McGillicuddy and Robinson, 1997; McGillicuddy, etal., 1998].

Deepening isopycnals:
no ecosystem response

Figure 1.04 Fluctuations in the nutricline caused by eddy rectification and the 
observed biological response. The solid line depicts the vertical deflection of an 
individual isopycnal caused by the presence of two adjacent eddies of opposite sign. 
The dashed line indicates how the isopycnal might be subsequently perturbed by 
interaction of the two eddies. [McGillicuddy and Robinson, 1997]

However, model estimates of the central region of the subtropical gyre suggest that 

eddy upwelling events are insufficient (0.05 mol N m'2 y"1) to maintain the export 

production and therefore alternative supplies of N are required [Oschilles and 

Garcon, 1998; Oschlies, 2002],

These alternative supplies include N2 fixation [Gruber and Sarmiento, 1997] and the 

lateral advection of DON from neighbouring upwelling regions in the tropics and 

subpolar gyres [Abell, et al., 2000; Roussenov, et al., 2006; Williams and Follows, 

1998], DON is a heterogeneous mixture of compounds composed of biologically 

labile moieties, which turn over from days to hours, and refractory components,
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which persist for months to hundreds of years [Bronk, 2002], Examples of identified 

organic nitrogen compounds include urea, amino acids, proteins and nucleic acids 

[Berman and Bronk, 2003], Whilst the refractory forms dominate the DON pool, it is 

the smaller labile and semi-labile pools which are more important due to their 

potential as N sources to primary producers [Bronk, 2002; Flynn and Butler, 1986; 

Palenik and Henson, 1997; Palenik and Morel, 1990a; b]. In the Atlantic Ocean 

DON dominates the total dissolved nitrogen pool (>60%) in near surface waters. At 

the flanks of the northern and southern subtropical gyre concentrations of DON are 

found to be ~5 pM whilst in the centre of the gyres concentrations were lower at ~4 

|lM [Mahaffey, et al., 2004], Model studies [Roussenov, et al., 2006] show that semi- 

labile DON produced over the upwelling zones in the tropics, subpolar gyre and 

along the eastern boundary current of the subtropical gyre is transported into the 

subtropical gyre interior through wind-driven Ekman circulation and overturning 

circulation. This DON transport has been estimated to provide 0.05 mol N m'2 yr' 1 to 

the export production in this oligotrophic region which is comparable with estimates 

of NO3" supply through diapycnic diffusion and atmospheric deposition [Roussenov, 

et al., 2006]. However, while important, this supply is still insufficient to account for 

the export production observed over the subtropical gyre of the north Atlantic.

Estimates of N2 fixation for the north Atlantic subtropical gyre vary greatly 

from 0.02 mol N m'2 yr"1 [Hansell, et al., 2004] to 0.31 mol N m'2 yr' 1 [Capone, et 

al., 2005], implying either that N2 fixation is insignificant as a source of N in fuelling 

export production or that is substantial enough to close the N budget of the north 

Atlantic subtropical gyre.
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1.4 Summary

The marine N cycle is complex, involving an array of regulatory mechanisms, 

some of which are mediated by a metabolically diverse range of microorganisms 

[Hulth, et a l, 2005]. The recent discoveries of processes such as anammox have 

enabled us to account for inputs and losses of N to and from the system that were 

previously unexplained.

Nitrogen plays a fundamental role in the biogeochemical dynamics of the 

Atlantic Ocean, where in the northern and southern oligotrophic gyres, primary 

production is limited by the availability of N. Traditional views of N supply to the 

euphotic zone fail to account for the observed export production. The realisation of 

the potential role that DON could play in accounting for this discrepancy requires 

further investigation of the chemistry and reactivity of this source of N.

Whilst N2 fixation has long been understood as a process which introduces 

new N to the euphotic zone, it is not until the last decade that this mechanism has 

been recognised as a potentially crucial N contributor. Uncertainties still exist in the 

estimates of this input and the impact N2 fixation has on the surrounding planktonic 

community.

Our knowledge of the marine N cycle is constantly increasing through the 

application of new biological and chemical techniques employed in the field and in 

laboratory based experiments. However, despite extensive research including model 

studies, aspects of the marine N cycle remain unresolved due to the complexity of the 

processes involved.

In order to address the uncertainties that exist in our knowledge of the 

biogeochemical nitrogen dynamics of the Atlantic Ocean, the following questions are 

addressed in this thesis:
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(i) What is the spatial extent of N2 fixation in the Atlantic Ocean?

(ii) How important in N2 fixation in closing the N budget?

(iii) What is the reactivity and composition of the labile and semi-labile 

compounds of organic N?

The following chapter discusses these goals in greater detail and also provides 

context of various other biogeochemical processes occurring in the Atlantic Ocean.

I
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CHAPTER 2

Project overview: Atlantic Meridional 
Transect Programme

2.1 Introduction

The Atlantic Meridional Transect (AMT -  www.amt-uk.org) programme is 

funded by the UK National Environmental Research Council (NERC). A time-series 

of oceanographic observations at stations along north-south transects through the 

various biogeochemical regimes of the Atlantic Ocean underpins the programme 

[Robinson, et al., 2006]. To date, 17 cruises have taken place between autumn 1995 

and autumn 2005. A series of 12 bi-annual transect cruises were conducted between 

1995 and 2000 (see [Aiken, et al., 2000b] for review), making measurements of 

hydrographical and bio-optical properties, plankton community structure and primary 

production [Holligan, et al., 2004], The present study formed part of the second 

phase of the AMT programme which involved six cruises between 2003 and 2005;
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this thesis presents results from three of these, namely AMT-12, AMT-14 and AMT- 

16.

2.2 Objectives

2.2.1 AMT

The aims of the AMT programme are to quantify the nature and causes of 

ecological and biogeochemical variability in the planktonic ecosystems of the 

tropical and temperate Atlantic Ocean, and the effect of this variability on the 

biological C pump and on air-sea exchange of radiatively active gases and aerosols 

[Jickells, et a i, 2003a], The collected data has been or will be used in the 

development of models to describe the interactions between the global climate 

system, plankton functional biodiversity and ocean/atmosphere biogeochemistry 

[Robinson, et al., 2006], The investigation has three major objectives incorporating 

nine inter-linked hypothesis (Fig 2.01), these are:

(1) How the structure, functional properties and trophic status of the major 

planktonic ecosystems vary in space and time (hypotheses 1 - 4 )

(2) How physical processes control the rates of nutrient supply, including 

dissolved organic matter, to the planktonic ecosystem (hypotheses 5 & 6)

(3) How atmosphere- ocean exchange and photo-degradation influence the 

formation and fate of organic matter (hypotheses 7 - 9 )  [Robinson, et al, 

2006],

For full details of objectives and hypotheses of the AMT programme see appendix A.
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Figure 2.01 Schematic illustrating the nine inter-linked hypotheses of the second 
phase of the AMT programme (2002 -  2006) 
(http://web.pml.ac.uk/amt/research/amt research.html)

2.2.2 Objectives of this study

The primary concern of this thesis was to determine the nature and source of 

the sustainable supply of N and P that drives export production over the oligotrophic 

regions. In order to address this problem, a series of questions were posed:

(i) What is the primary source of N to the surface Atlantic phytoplankton? Is there 

interannual variability? If so, what influences this?

■ Achieved through the use of stable N isotopes in suspended PON

(ii) What are distributions of the labile and semi-labile components of DON? Do 

variations along the transect reveal the role that DON plays in the maintenance 

of primary production in the surface Atlantic Ocean.

■ Achieved through the determination of free and hydrolysable dissolved 

amino acids.
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(iii) What is the lability and nature of organic nitrogen along the AMT transect? 

What differences exist between the biogeochemical provinces and what does 

this suggest with regards to the biogeochemical cycling of the organic matter?

■ Achieved by examination of the distributions of individual amino acids, 

with the use of the Dauwe degradation index to determine the ‘age’ of the 

organic matter.

(iv) What is the microbial role in the production and cycling of the DON and PON 

pools in the surface waters of the Atlantic Ocean?

■ Achieved by examination of the D-amino acids and quantification of the 

microbial contribution to the relative pools.

The present study is included under objective two (section 2.2.1), hypothesis 5 of the 

AMT programme. Hypothesis 5 states: ‘Net heterotrophy and export production in 

the subtropical gyre are partly sustained by lateral inputs of dissolved organic 

nutrients from neighbouring upwelling regions.’

2.3 Cruise Review

2.3.1 Protocol: transects, sampling & measurements

AMT 12, 14 and 16 were northbound gyre cruises which involved passage as 

far westwards into the northern gyre as possible, given the time constraints (Fig. 

2.02). Full details of these cruises can be found in the appropriate cruise reports 

[Bale, et al., 2005; Holligan, et al., 2004; Jickells, et al., 2003a]. During the cruises a 

wide range of measurements and samples were taken including carbon fixation rates 

[Poulton, et al., 2006a], stocks of nano- and picoeukaryotic phytoplankton [Tarran,
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et al., 2006], nutrients in the marine aerosol [Baker, et al., 2006] and DMS 

production [Bell, et al., 2006]. The sampling took place throughout the day with an 

average station time of ~4 hours involving deployments of a rosette sampler with an 

attached SeaBird 9/11 CTD and a Chealsea MKII Aquatracker fluorometer, stand 

alone pumps (SAPs) and bio-optic sensors (Table 2.1) [Robinson, et al., 2006].

Time Operation Research area
Pre-dawn Bongo nets (200 pm, 50 pm: 200-0 

m, 50-0m)
Mesozooplankton abundance, diversity and size 
distribution

-03:00 GMT CTD(s) (0-300 m) + fluorescence, 
oxygen, transmission, ADCP, FRFF

Plankton community structure, primary 
production and respiration, calcification, N2 
fixation, new and regenerated production, 
nutrients, CDOM, DOC/N, POC/N, PIC, BSi, 
climate reactive gases (DMS, N20, CH4), carbon 
species, oxygen

05:00 GMT SAPs (-every 3rd day) Export production, isotopic composition of 
particulate organic carbon

11:00 GMT

CTD (0-1000m) + fluorescence, 
oxygen, transmission, ADCP 
Optics rig + FRFF 
Single net (200 pm; 100-0 m)

Iron spéciation, nutrients community structure, 
CDOM
Optical properties, satellite algorithm 
development
Mesozooplankton diversity and activity

Continuous Thermosalinograph, fluorescence, 
pC02

Province determination, source and sink regions 
of C 0 2

Continual Water sampling from the non-toxic 
supply

Alkalinity, TC 02, ammonia, DMS, CDOM, 
calibration samples for salinity, HPLC pigments, 
POC/N, PIC, BS

Continual
Atmospheric sampling when wind 
conditions permit and rainfall when 
possible

Air-sea exchange

Table 2.01 Typical daily sampling schedule on AMT cruises [Robinson, et al.,

2006],
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Figure 2.02 Northbound cruise tracks of AMT 12, 14 and 16, points showing stations. Shading denotes bathymetry of ocean floor.
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To answer the questions posed at the outset of this study, a number of 

particulate organic matter samples were taken along the transects using CTDs and 

SAPs. Dissolved organic matter was also sampled from the CTDs, and on AMT-16 

enzyme activity incubations were conducted on-board (Table 2.2). Full details of 

why and how these samples were taken will be given in later chapters.

2.3.2 Hydrographical and biological features of the Atlantic Ocean

2.3.2.1 Physical properties

Examination of the latitudinal sections (0-300 m) of density, salinity and 

temperature data (Fig. 2.03) collected from CTD casts over three years (AMT-12, 14 

and 16) reveals the general physical structure of the surface Atlantic Ocean. Surface 

temperature is directly controlled by radiative heating, as well as by the exchange of 

sensible and latent heat with the atmosphere. The highest temperatures are observed 

in the upper 50 m of the water column at the equator. There is a pattern of decreasing 

temperature with increasing latitude due to a higher degree of insolation at the 

equator.

The highest salinities are found in the subtropical gyres of the Atlantic Ocean, 

where a deep halocline is observed mirroring that of the deep thermocline. At the 

equator, where much fresher waters are observed at the surface and where 

temperatures are at their highest, the relationship between salinity and temperature 

breaks down due higher rates of precipitation [Aiken, et al., 2000a], and through the 

influence of the Amazon outflow [Robinson, et a l, 2006].
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Cruise Dates Ship From To Samples / Measurements taken

AMT12 12.05.03 -  14.06.03 RRS JCR* Port Stanley, 
Falklands Grimsby, UK

Stable N isotopes of PONsusp (SAPs) 
DON and DOP (CTD)
POC and PON (SAPs & underway)

AMT14 26.04.04 -  02.06.04 RRS JCR* Port Stanley, 
Falklands Grimsby, UK

Stable N isotopes of PONsusp (SAPs) 
DON and DOP (CTD)
POC and PON (SAPs & underway) 
Dissolved free amino acids (CTD)

AMT16 19.05.05-29.06.05 RRS
Discovery

Cape Town, South 
Africa Falmouth, UK

Stable N isotopes of PONsusp (SAPs)
DON and DOP (CTD)
POC and PON (SAPs)
Dissolved free amino acids (CTD)
Particulate phospholipids (SAPs)
Amino peptidase and phosphatise activities (CTD)

Table 2.02 Details of cruises this Ph.D was involved with, plus samples and measurements made on board 
t RRS James Clark Ross



AMT12 {May 2003) Salinity {PSU) AMT14 {May 2004) Salinity {PSU)
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Figure 2.03 Density (km/m3), salinity (PSU) and temperature (°) latitudinal sections of the Atlantic Ocean from the respective 
cruises. Data collected from each CTD (equipped with a Seabird 9/11 CTD and a Chealsea MKII Aquatracker Fluorometer) cast 
along the cruise transect
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Density reflects the combined effects of temperature and salinity, where temperature 

is the dominant parameter, giving rise to the lowest densities at the equator.

The Atlantic Ocean is characterised by an undulating thermocline which is 

much thicker in the both the northern and southern subtropics than at the equator (Fig 

2.03). Wind induced Ekman flux is responsible for this structure, since over the 

tropics westerly trade winds drive polewards Ekman transport on either side of the 

equator which drives a band of equatorial upwelling. Over the sub-tropics, 

anticyclonic gyres exist due to a convergence in Ekman flux of surface waters 

resulting in downwelling and a depressed, thicker thermocline [Williams and 

Follows, 2003].

2.3.2.2 Chlorophyll a

Chlorophyll a, the photosynthetic pigment of most phytoplankton, can be 

used as a proxy for phytoplankton biomass (e.g. [Platt and Sathyendranath, 1988]). 

SeaWifs composite images (Fig. 2.04 a-c) of the Atlantic Ocean for the periods of 

the AMT-12, 14, and 16 cruises demonstrate the surface patterns of chlorophyll a. 

High concentrations are observed at high latitudes of both the northern and southern 

hemisphere and at the upwelling zones of the equator and Mauritania. The images 

compiled for AMT14 and 16 clearly illustrate the highly productive Benguala current 

off the eastern coast of South Africa.

The latitudinal sections of chlorophyll a for AMT-12, 14 and 16 constructed 

from data collected from the Aquatracker Fluorometer attached to the CTD 

(corrected with shipboard measurements) (Fig. 2.04 d-f), reveal the undulating gyre 

structures to the north and south of the upwelling waters at the equator. The highest
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(a) AMT12 {May 2003)

(b) AMT14 {May 2004)

(c) AMT16 {June 2005)

I

(e) AMT14

(f) AMT16

20°N 40°N20 S

(d) AMT12

Figure 2.04 Composite chlorophyll a images (SeaWifs) of the Atlantic Ocean (a-c) 
with corresponding chlorophyll a (mg m"3) latitudinal sections (d-f).
(a) taken from AMT12 cruise report [Jickells, et a i, 2003a], (b) and (c) [Robinson, et al., 2006].
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levels of chlorophyll a are observed in the temperate waters at high latitudes in the 

southern and northern points of the transect and at the equator. The surface waters 

(<50 m) of both subtropical gyres are characterised by chlorophyll a concentrations 

>0.1 mg m'3. A deep chlorophyll maximum (DCM) exists along the entire AMT 

transect, where chlorophyll a concentrations lie between 0.2 -  0.3 mg m‘3 in the 

gyres whilst at the equator they are often above 0.4 mg m'3. The depth of this DCM 

changed with latitude according to variations in the structure of the water column 

[Maranon, et ai, 2001] and is closely related to the depth of the nitricline [Poulton, 

et al., 2006a] (see section 3.4.1 for further description of the nitricline). Maranon et 

al. [2000] found that the DCM makes a relatively minor contribution to the total 

integrated biomass and productivity of the euphotic zone, being formed through 

mechanisms including the accumulation of cells from overlying waters, differential 

sinking rates, and physiological photoacclimation.

2.3.2.3 Primary productivity

Photoautotrophic primary production is the synthesis of organic compounds 

from inorganic compounds through the process of photosynthesis. Rates of primary 

production measured through the incorporation of inorganic 14C (in the form of 

sodium bicarbonate) into organic matter [Nielsen, 1951] along the AMT transect 

reveal variations relating to depth and biogeochemical regime. Daily rates of C 

fixation are highest in surface waters and decrease with depth as irradiance decreases 

[Poulton, et al, 2006a] and the DCM does indeed make a minor contribution to 

water column C fixation [Maranon, et a l, 2000]. Along the AMT transect the 

highest rates of C fixation were observed in the equatorial and northern and southern 

temperate regions (>0.3 -  0.5 mmol C m'3 d'1), whilst the lowest rates were found in
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the northern and southern oligotrophic subtropical gyres (<0.2 mmol C m'3 d'1) 

[Poulton, et ai, 2006a], The varying rates of primary production in the Atlantic 

Ocean are related to the undulating nitricline structure (see section 3.4.1 for further 

description of the nitricline) the supply of NO3’ to the surface waters is greater in the 

equatorial region than in the oligotrophic gyres. However, Poulton et al [2006] found 

that NO3' concentrations at the DCM are significantly higher than those estimated to 

be required to support the rates of C fixation observed and have attributed this to 

light limitation of primary production at the DCM.

2.33.4 Metabolic balance

The metabolic balance of the worlds oceans i.e. the balance between plankton 

autotrophic and heterotrophic processes, is termed net community respiration 

[Robinson and Williams, 1999]. This measurement determines the amount of 

biologically fixed C available for export to the deep ocean, or for return to the 

atmosphere [Gist, et al., 2007], Since oceans are open systems, a degree of 

imbalance between biological production and consumption can, in principle, be 

sustained by the import or export of organic matter [Williams, 1998]. In situations 

where an accumulation of DOC develops in surface waters, and net consumption 

occurs concurrently with low primary production, a net heterotrophic metabolism can 

develop [Serret, et al., 2001].

Rates of productivity and respiration are determined from on-deck 

incubations, where changes in dissolved oxygen concentrations over 24 hours are 

measured using Winkler titrations. Incubations conducted in the dark are a 

measurement of respiration as no photosynthesis occurs, while incubations carried 

out in the light are representative of net production. To determine gross production,
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the rates from the dark incubations are subtracted from those obtained in the light 

incubations.

Measurements of production and respiration made on recent AMT cruises 

(AMT12 -  17) revealed that overall, the northern oligotrophic gyre was net 

heterotrophic while the southern gyres is more balanced [Gist, et al., 2007]. 

However, Gist et al [2007] report that the metabolic balance of the oligotrophic gyre 

changed with season, where both gyres were net heterotrophic in the autumn and 

more balanced in the spring. They also reported an apparent decrease in respiration 

from the eastern edge of the northern gyre towards its centre, which could possibly 

be indicative of an allochthonous organic carbon source to the east of the gyre.

23.3.5 Community structure

Understanding the community structure in the Atlantic Ocean is of 

fundamental importance because of the role that the biota play in the dynamics of the 

various biogeochemical cycles and ultimately in the drawdown of carbon. Along the 

AMT transect, size fractionated Chi a measurements and flow cytometry analysis has 

revealed that prokaryotic picophytoplankton (<2 |im) make up 50-80% of the 

autotrophic biomass, with the exception of highly productive waters, where larger 

eukaryotes such as diatoms and dinoflagellates dominate [Robinson, et al., 2006], 

Prochlorococcus sp., unicellular cyanobacteria, dominate the picophytoplankton 

community in the northern and southern oligotrophic gyres, the biomass integrated 

above the nitricline (± standard error) being 173 (±21) mg C m'2 in the northern 

gyre, 190 (±14) mg C m'2 in the southern gyre and 141 (±15) mg C m'2 in the 

equatorial region [Heywood, et al., 2006].
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In the temperate and upwelling regions of the Atlantic Ocean eukaryotic 

plankton abundances were greater than in the oligotrophic gyres, with integrated 

carbon biomass values ranging between 160 to 320 mg C m'2. Of this, picoeukaryote 

phytoplankton dominated contributing 25-60% of the total [Tarran, et al., 2006].

Through the use of phytoplankton diagnostic pigments further information on 

the phytoplankton community structure can be revealed [Poulton, et al., 2006a]. 

Alloxanthin, 19’-hexanoyloxyfucoxanthin and 19’-butanoyloxyfucoxanthin, which 

are the primary pigments found in nanoplankton, made up <50% of the total 

diagnostic pigments in the surface waters of the tropics and subtropics. 

Microphytoplankton, markers for which include fucoxanthin and peridinin, made up 

a much smaller fraction of less than 10% in the same waters. In the northern regions 

of the north Atlantic subtropical gyre, diagnostic pigments for nanoflagellates 

(peridinin) dominated the surface waters whist in the deeper waters in the DCM of 

the tropics and subtropics, pigments were evenly distributed revealing cyanophytes 

(zeaxanthin) and nanoflagellates [Poulton, et al., 2006a],

Measurements of other prokaryotic phytoplankton, i.e. heterotrophic bacteria, 

along the AMT transect show that abundances were greatest in the surface waters 

around the equator and at the high latitudes of the northern and southern points of the 

transect [Heywood, et al., 2006]. Integrated carbon biomass values above the 

nitricline were greatest in the northern oligotrophic gyre (-750 mg C m'2; average of 

values for AMT 12 and AMT 14), values being slightly lower in the southern gyre 

(-625 mg C m'2; average of values for AMT12 and AMT14) and lower again at the 

equator (-500 mg C m'2; average of values for AMT 12 and AMT 14) [Heywood, et 

al., 2006],
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2.4 Summary

The biogeochemical regimes of the Atlantic Ocean are clearly observed from 

hydrographical features such as salinity and temperature. The bi-annual transect 

obtained through the AMT programme, where the different provinces are extensively 

sampled, provide an ideal platform from which to determine the major sources of N 

to the surface phytoplankton of the oligotrophic regions and to examine the dynamics 

of organic nitrogen.
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CHAPTER 3

Assessing the role and importance of 
nitrogen fixation within the Atlantic 
Ocean

3.1 Introduction

The supplies of nitrogen to primary producers in the surface waters of the 

world’s oceans and its subsequent reworking are complex (Fig 3.01) In recent years 

the process of N2 fixation which involves the conversion of N2 to biologically 

available ammonium [Lipschultz and Owens, 1996b], has been recognised as 

globally significant in providing a source of ‘new’ N [Dugdale and Goering, 1967] 

to primary producers of surface waters and drawing down organic N and C from the 

euphotic zone to the deep ocean interior [Capone, et al., 1997; Karl, et al., 1997], 

However, the extent and importance of N2 fixation remain a matter of debate due to
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difficulties in the measurement of in  s i tu  rates of N2 fixation and differences in the

methods used.

Figure 3.01 Pathways of N through the oligotrophic ocean. Proposed mechanisms 
fuelling primary production include upwelling of deep NO3", advection of DON and 
N2 fixation. Subsequent re-workings of this sequestered N are shown. Concentrations 
and size of pools given where known. x [Torres 2006, pers comm], 2[Mahaffey, et al, 
2004],

This Chapter focuses on N2 fixation in the Atlantic Ocean utilising the stable 

N isotopic signature of particulate organic nitrogen (PON) collected during three 

cruises over a three year period. The importance and distribution of these signals in 

providing a new source of N to the euphotic waters of the oligotrophic regions of the 

Atlantic Ocean will be discussed.
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3.1.1 Marine nitrogen fixation

The biological fixation of inert atmospheric N2 into ammonium is governed 

by the nitrogenase enzyme (3.1).

N2 + 8H+ + 8e + 16MgATP -» 2NH3 + H2 + 16MgADP + 16P (3.1)

The microorganisms that are responsible for N2 fixation in the oceans are 

prokaryotic and include both bacteria and archaea [Karl, et al., 2002], the most 

studied of these being the filamentous cyanobacteria Trichodesmium sp. [Capone, et 

al., 1997; Orcutt, et al., 2001; Tyrrell, et al., 2003]. Trichodesmium sp. are non- 

heterocystous colonial cyanobacteria [Capone, et al., 1997] which, due to their 

positive buoyancy, high light-adapted photosynthetic apparatus and ability to grow in 

waters with unusually high N:P and C:P ratios, plus their high capacity for N2 

fixation, make them remarkably adaptive for survival within oligotrophic waters 

[Karl, et al., 2002], The most common species in the north Atlantic is T. thiebautii 

(Fig 3.02a) which occurs as macroscopic aggregates containing from 100 to over 200 

trichomes (filaments) [Capone, et al., 2005]. Concentrations of filaments within the 

upper mixed layer of the Atlantic Ocean have been conservatively estimated at ~8.5 

x 106 filaments m'2 [Tyrrell, et al., 2003].
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Figure 3.02 (a) T. thiebautii, the most abundant species of Trichodesmium sp. in the 
north Atlantic (www.whoi.edu/science/B/people/ewebb/Tricho.html') (b) Bloom of 
Trichodesmium sp. in surface waters as seen from space 
(www.aims.gov.au/pages/research/trichodesmium/tricho-01.htmr)

When Trichodesmium sp. is in such high numbers in surface waters, extensive 

blooms can be observed from space (Fig 3.02 b). Various estimates have been made 

of the contribution of new N that Trichodesmium sp. can supply to primary producers 

in oligotrophic waters (Table 3.1), which range from 4 -  267% of N export.

However, despite the importance of Trichodesmium sp. it has become 

apparent in recent years that much smaller diazotrophs may also play a role in 

contributing new N to the euphotic zone of the subtropical oceans. For example N2 

fixing unicellular cyanobacteria (3 -  10 p,m in diameter) may be widely distributed in 

marine environments [Zehr, et a l, 2001], which even at low densities over the open 

ocean could contribute significant quantities of new N (Table 3.1) [Zehr, et al, 

1998], that might equal or exceed the contribution made by Trichodesmium sp .[Zehr, 

et a l, 2001].
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3.1.2 What regulates N2 fixation ?

N2 fixation is dependent on the expression of the enzyme system nitrogenase, 

which is a complex of highly conserved proteins [Karl, et al., 2002], Two major 

factors influence nitrogenase synthesis; the availability of fixed N and the presence 

of O2. Since the presence of fixed N averts the need of N2 fixation [Paerl and Zehr, 

2000], the diazotrophs do not suffer N limitation. However, nitrogenase is extremely 

sensitive to O2 in that it is rapidly and permanently inactivated by exposure to O2 

[Gallon, 1992], which considering that the world’s oceans are either in equilibrium, 

or hold higher concentrations of O2 than found in the atmosphere [Karl, et al., 2002] 

is surprising. Nonetheless diazotrophs have evolved a variety of strategies to 

maintain active nitrogenase in the presence of ambient O2 and that generated through 

photosynthesis [Gallon, 1992], Such mechanisms include temporally separating 

photosynthetic activity (daylight) from the process of N2 fixation (night-time) 

[Gallon, 1992] and in the case of Trichodesmium sp. confinement of nitrogenase to 

certain trichomes [Bergman and Carpenter, 1991], which may contain one or more 

consecutively arranged cells containing nitrogenase in differentiated cells [Janson, et 

al., 1994], This compartmentalisation of nitrogenase effectively separates the 

activities of photosynthesis and N2 fixation.

The availability of non-nitrogenous nutrients (P and Fe), temperature and the 

quality and quantity of light can all affect Trichodesmium sp. growth rates and N2 

fixation [Mulholland and Bernhardt, 2005]. With regards to light limitation, 

photosynthesis supplies the energy and C skeletons for N uptake and assimilation, 

thus the availability of light and low photosynthetic rates can constrain N2 fixation at 

depth [Mulholland and Bernhardt, 2005],
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Fe plays an important role in the electron transfer reactions of the enzyme 

nitrogenase [Howard and Rees, 1996]. Sanudo-Wilhelmy et al [2001] revealed that 

N2 fixing bacteria may have iron requirements 2.5 -  5.2 times greater than NH4+ 

assimilating phytoplankton. Since iron limitation controls the rates of phytoplankton 

productivity and biomass in the ocean [Martin and Fitzwater, 1988], the higher 

demand for Fe by diazotrophs suggests that they too are limited by Fe. Laboratory 

cultures of Trichodesmium sp. grown under Fe limiting conditions revealed that no 

only did rates of N2 fixation decline but also the photochemical quantum yields and 

the relative abundance of photosystem I to photosystem II reaction centres [Berman- 

Frank, et al., 2001]. Seasonal maps of aeolian Fe fluxes and model derived maps of 

surface water total dissolved Fe demonstrate that large areas of the sub tropical 

Atlantic and Indian Oceans are more favourable for N2 fixation by Trichodesmium 

sp. while Fe appears to be limiting to diazotrophs in the eastern Pacific [Berman- 

Frank, et al., 2001], The limitation in the eastern Pacific could be attributed to the 

degree in difference of aeolian dust inputs to the surface waters between the northern 

sub tropics of the Atlantic (202 Mt yr'1) and Pacific (72 Mt yr ’) [Duce and Tindale, 

1991; Jickells, et al., 2005] which introduces Fe to the water. However, even with 

high inputs of Fe from dust deposition, N2 fixation can still be limited by Fe, as not 

all Fe is bioavailable [Mahowald, et al., 2005], In a study by [Achilles, et al., 2003] 

the bioavailability of Fe to Trichodesmium sp. colonies was altered by its 

complexation with various organic ligands. The most bioavailable forms were found 

to be inorganic Fe and Fe bound to the dihydroxamate siderophore.

Studies have revealed that N2 fixation is also controlled by the availability of 

P [Mills, et al., 2004; Mulholland and Bernhardt, 2005; Wu, et al., 2000]. In the 

central Atlantic Ocean, N2 fixation rates were found to have a strong positive
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correlation with P concentrations [Sanudo-Wilhelmy, et al., 2001]. Furthermore 

culture experiments with residual P concentrations resulted in higher N2 fixation 

rates than those with depleted P levels [Mulholland and Bernhardt, 2005]. Mills et 

al., [2004] proposed that due to the high deposition of dust to the surface waters of 

the North Atlantic Ocean that it was P and not Fe that limited N2 fixation here. 

However, they went on to show through bio-assay addition experiments, that 

combined additions of P and Fe enhanced N2 fixation, whereas individual additions 

of P or Fe alone, did not stimulate N2 fixation. Thus, in the North Atlantic, Fe and P 

apparently co-limit the N2 fixation capabilities of marine diazotrophs. It has also 

been suggested that N2 fixation in the North Atlantic appears to be P-limited rather 

than Fe-limited, while the North Pacific, which holds higher levels of P, is Fe-limited 

due to lower dust inputs [Wu, et al., 2000].

3.1.3 Rates of N2 fixation

N2 fixation can be measured indirectly, by assessing the activity of the 

nitrogenase enzyme complex using acetylene reduction assay, or directly by 15N2 

assimilation or the accumulation of fixed N into microbial biomass [Paerl and Zehr, 

2000]. Estimated rates derived from different methods show a wide range of values 

(Table 3.1). There are many problems with the areal estimates because in the case of 

N2 fixation, neither spatial nor temporal uniformity can be assumed as much of the 

total N2 fixation in the sea occurs during stochastic, heterogeneous blooms that are 

not easily predicted or resolved by marine expeditionary field work [Karl, et al., 

2002]. Furthermore the rates are reported for the amount of N fixed over a period of 

a year, when at BATS it is known that N2 fixation occurs only during the 

spring/summer months [Orcutt, et al., 2001]. It is not clear whether this is the case
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for the entire Atlantic Ocean. Therefore the values quoted in Table 3.1 could be an 

underestimate or an overestimate. In an attempt to resolve the mismatch between the 

known supplies of N to the surface Atlantic and the observed N export, the 

percentage of N export that could be supported by N2 fixation has been calculated 

(Table 3.1). The values vary greatly (4% to 267%), but this is a crude estimate as it 

has been assumed that all the N introduced to the surface waters via N2 fixation is 

exported to deeper waters, when actually a large proportion of the new N will remain 

in the euphotic zone and be remineralised. However, despite the assumptions made 

in table 3.1, the range of estimates highlights the on going debate regarding the 

importance of N2 fixation in the Atlantic Ocean and demonstrates the need for further 

work in understanding its role in the N budget.
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Location Comment Average areal Estimates 
mol N m'2 y'1

N2 fixation supporting 
percentage of N export® Reference

Sargasso Sea, N. Atlantic Trichodesmium
extrapolation 0.26-1.31 53 -  267% [Carpenter and Romans, 1991]

N. Atlantic Trichodesmium
extrapolation 0.06-0.16 12 -  37% [Lipschultz and Owens, 1996a]

Sargasso Sea, N. Atlantic N*, residence time 0.18-0.91 37 -  186% [Michaels, et a i, 1996]

N. Atlantic
(10°-50°N, 25°-90°W) Integrated N*, N:P 0.07 (0.1 l)f 14% (22%)f [Gruber and Sarmiento, 1997]

BATS C| inventory 0.38 75% [Gruber, et al., 1998]

Atlantic 
(40°N - 40°S) Ci inventory 0.04 10% [Lee, et al., 2002]

BATS Ci inventory 0.18 36% [Anderson and Pondaven, 2003]

N. Atlantic
(15°-22°N, 25°-75°W) Excess nitrate 0.02-0.08 (0.04 -  0.11)+ 5 -  15% (8 -  23%)f [Hansell, et al., 2004]

N. Atlantic (10°-40°N, 
35°-75°W) Excess nitrate 0.02 -  0.09 4 -  19% [Bates and Hansell, 2004]

N. Atlantic 15N isotope mass 
balance 0.31 63% [Capone, etal., 2005]

All N. Atlantic Trichodesmium
extrapolation 0.07 15% [Capone, etal., 2005]

Unicellular
N. Atlantic bacterioplankton 0.02 4% [Falcon, et al,, 2004]

extrapolation
Table 3.01 Average areal estimates of the amount of N that N2 fixation introduces to the Atlantic Ocean based on various geochemical 
and direct approaches (Adapted from Capone, et al, 2005 and Mahajfey, et al., 2005) § Average N export of 0.49 mol N m'2 y 1 [Jenkins 
and Goldman, 1985; McGillicuddy, et al., 1998] Assuming an N:P ratio of 45 for diazotrophs rather then 125 as originally computed by 
Gruber and Sarmiento [1997] (N:P ratio of 125 based on observations by Karl et al. [1992]. N:P ratio of 45 of the prominent N2 fixer, 
Trishodesmium sp. [Mahajfey et al., 2005 and references therein]).



3.2 Approach

3.2.1 Stable nitrogen isotopes as a tool in identifying N pathways

The study of 815N in water has revealed how the phototrophic assimilation of 

nitrogen operates and its dynamics in aquatic ecosystems [Fogel and Cifuentes, 1993], 

While the two stable isotopes, 14N and 15N (99.634% and 0.366% by atoms respectively) 

behave chemically in a similar way to one another [Owens, 1987] , during uptake of 

inorganic N by marine microorganisms, 14N is preferentially consumed relative to the 

heavier 15N isotope leading to biological fractionation in favour of the lighter isotope in 

the organisms cell [Montoya and McCarthy, 1995]. However, in environments such as 

the oligotrophic regions of the Atlantic Ocean where nitrogen is limiting, nitrogen is 

completely sequestered by the autotroph, there is no fractionation and the isotopic 

composition of the source-N is reflected within the organism [Altabet and McCarthy, 

1985] (Fig 3.03).
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N2 fixation 
-2 to 0%c

Figure 3.03 Pathways of N with corresponding 815N values of the N pools in the 
oligotrophic Atlantic Ocean. 8l5PONsmk taken from sediment trap at 100m depth 
'[Knapp, et al., 2005], 2[Knapp, et al., 2005; Liu and Kaplan, 1989] ?[Altabet, 1988].

The key sources of N are now briefly discussed in terms of their isotopic signal. 

The sources of N that can lead to a depleted signal in the 8I5N PONsusp include 

atmospheric N2 (0%o) [Minagawa and Wada, 1986], the wet deposition of NO3" (-2.1%e 

to -5.9%c) [Hastings, et al., 2003], marine derived atmospheric NH4+ (-5%c to - 8%o) 

[Jickells, et al., 2003b] and remineralised N (primarily NH4+; -2%o) [Checkley and 

Miller, 1989].

In contrast, deep nitrate is isotopically enriched with values in the Atlantic 

Ocean ranging between 4.5%c and 6%c [Knapp, et al., 2005; Liu and Kaplan, 1989; 

Sigman, et al., 1997]. The enriched signal of nitrate reflects the remineralisation of PON, 

principally from the PONsusp rather than the sinking pool (PONsink). The more abundant 

PONsusp pool becomes isotopically enriched with depth through progressive 

decomposition and removal of dissolved N species depleted in l5N [Altabet, 1988]. The
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815N PONsink is also initially enriched with depth [Altabet, 1996], although 815N PONSink 

then becomes isotopically depleted deeper in the ocean interior, either due to a loss of an 

enriched N fraction or by sorption of 14N rich compounds [Altabet, et al., 1991; 

Nakatsuka, et al., 1997; Voss, et al., 1996]. The isotopic signature of dissolved organic 

nitrogen (DON) is also important, since aside from molecular N2, it is the largest 

available nitrogen pool in the surface waters of the oligotrophic gyres (Fig. 2 a) [Berman 

and Bronk, 2003; Jackson and Williams, 1985; Roussenov, et al., 2006]. At BATS, S15N 

values for DON were consistently found to be in the range of 3.5%c to 4.5%o in the upper 

100 m over 12 months. However, the stability in both concentrations and the N isotopic 

composition of DON suggests that this DON pool is mainly recalcitrant and not 

assimilated by phytoplankton [Knapp, et al., 2005],

3.2.2 Stable isotopes -  Theory

Natural variations in stable isotopic ratios occur when the specific reaction rates 

vary for chemical species containing different isotopes of an element [Altabet, 1996]. 

This chemical fractionation occurs because a chemical bond, which involves a heavier 

isotope, has a lower vibrational frequency and is thereby stronger than the equivalent 

bond involving a lighter isotope. Thus, the probability of a 14N-X bond breaking is 

greater than for compounds containing ,5N-X [Owens, 1987],

In the reporting of the isotopic composition of biological materials the 8 (%o) 

notation is used since natural variability is small (3.2),
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R - R^sample ” ^standard (3.2)8 =
Rstandard

-1 x 1000

where R is the ratio of the light isotope to the heavier isotope of the sample or the 

standard. This isotopic ratio or fractionation (3.3) is defined as

x,p / xKs (3.3)

where Xh is the heavy isotope, Xi is the light isotope, .v is the substrate and p is the 

product [Fogul and Cifuentes, 1993]. Fractionation factors (e) are often transformed to 

the same units as ‘8’ notation (3.4) [Altabet, 1996]

e = (a -  1) x 1000 (3.4)

Mass balance dictates that the isotopic ratio of the substrate increases as a function of 

depletion of the heavy isotope (3.5) as governed by Rayleigh fractionation

Ssubstrate (f) — 5 substrate (f= l) ■ £ X In (f) (3.5)

where f is the fraction of unutilised substrate (Fig 3.04) [Altabet, 1996]. If the product is 

in a closed system, its observed 5 as it accumulates is given by the integral of the 

combination of equations 3.3 and 3.4 with respect to f (3.6)

^product (f) — 8 substrate(f=l) + f / (1 f) • £ . In (f) (3.6)
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Here mass balance requires that the 8 of the substrate at f = 1 equals the 8 of the product 

at f = 0 (Fig 3.4) [Altabet, 1996].

Figure 3.04 Diagram illustrating the changes in 8 of a substrate, instantaneous product 
and accumulated product during a simple one step substrate to product reaction. Adapted 
from Owens [1987] and Altabet [1996].

3.3 Methods

3.3.1 Sampling protocol

Suspended particulate organic nitrogen samples on AMT 12, 14 and 16 were 

collected using Stand Alone Pumps (SAPs; Challenger Oceanic; see Chapter 2 for cruise 

details and Fig. 2.02 for cruise tracks; see Appendix B for list of stations). Two GF/F 

filters (293 mm diameter; Whatman; pre-combusted at 400°C, >4 hours) were placed on 

the filter bed with the top filter being used for the analysis. The SAPs were deployed to
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depths of 50, 100 and 150 m and pumped -1000 L seawater in 90 minutes. The filters 

were removed and wrapped in pre-combusted (400°C >4 hours) aluminium foil and 

frozen (-20°C) until further analysis in the laboratory. Prior to analysis, filters were 

lypholised (-60°C; 10'2 Torr, 24 h).

3.3.2 Determination of PON, POC and chlorophyll a

Concentrations of particulate organic carbon (POC) and particulate nitrogen (PN) 

were determined as described by Kiriakoulakis et al [2004], Briefly, analyses of freeze- 

dried SAPS filters were carried out in duplicate (analytical error < 10 %; CE Instruments 

NC 2500 CHN analyser), on aliquots of known area (-130 mm ), using the HC1 vapour 

method of Yamamuro and Keyanne [1995]. Chlorophyll a concentrations were 

determined from Niskin water bottle samples and the underway non-toxic water supply 

by Dr. Alex Poulton (National Oceanography Centre, UK) using a fluorometric assay of 

the acetone extract of particulate material collected on a GF/F filter [Welschmeyer, 

1994], Chlorophyll a concentrations were also obtained from an in situ fluorometer 

fitted on the CTD rosette sampler frame, data being calibrated against the field samples.

3.3.3 Determination of $ 5N PONsusp

Isotopic analyses of PONsusp were conducted at the Marine Science Institute 

Analytical Lab, University of California by Robert Petty. Analyses were carried out 

directly on filter aliquots (314 mm ) without decarbonation. The samples were analysed 

using a Thermo Finnigan Delta-Plus Advantage isotope ratio mass spectrometer (IRMS),
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coupled to a Costech Instruments ECS 4010 elemental combustion system ("EA") via a 

Thermo Finnigan Conflo III open-split interface. The EA was equipped with a Costech 

Zero Blank autosampler, utilizing a 32-position, large-capacity sample wheel. Sample 

815N ratios were measured relative to atmospheric nitrogen, where

¿15N ( l4 N / l5 N ) sample i 
(l4N/l5N)standard

xl00% (3.7)

with the samples calibrated against a variety of primary standards, and normalized for 

weight-to-8 bias and calibration offset using a secondary isotope ratio standard 

(acetanilide).The samples were analysed in duplicate (i.e. two separate aliquots of the 

filter were analysed) and the precision can be obtained by taking the variation of the 

mean of the two measurements made. The average of this mean was found to be ±0.95 

%o. The accuracy of the analysis was determined by combining errors associated with 

measuring both the primary standards and the acetanilide standard, which gave the 

accuracy to be ± 0.4%o.

3.3.4 Determination of Inorganic Nitrate and Phosphate

Inorganic nitrate and phosphate concentrations in seawater samples collected on 

all cruises and were analysed on board by Malcolm Woodward and Katie Chamberlain 

(Plymouth Marine Laboratory, UK) using a Technicon segmented flow colorimetric 

autoanalyser [Woodward and Rees, 2001]. Analytical precision was ± 2 - 4% with 

reproducibility errors in the same range.

47



3.3.5 Validity of data - trophic tests

PONsusp is derived from phytoplankton, but may also be modified by organisms 

from higher trophic levels by grazing and the microbial loop. When N is assimilated by 

zooplankton, there is an enrichment of ~ 3%o [Minagawa and Wada, 1986], which is 

significant when using isotopic data to infer N sources to the phytoplankton. In order to 

determine if higher trophic particulate material has affected the measured 815N in the 

present study, the relationships between POC and PON:815N PONSUSp with chlorophyll a 

were examined. Organisms of higher trophic levels feeding on suspended particles 

significantly alter both POC and PONsusp, leading to enhanced values of 

POC/Chlorophyll a and PON/Chlorophyll a [Waser, et al., 2000]. If the PONsusp 

material measured is principally derived from heterotrophs rather than autotrophs, a 

positive relationship would be expected between these ratios and 815N PONsusp. At a 

confidence level of 95% (P< 0.05; T-test), no statistically-significant positive or negative 

relationship was found in the individual or collective cruise data sets, which implies that 

the measured 815N PONsusp is representative of autotrophic PON (Fig 3.05).
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Figure 3.05 Trophic tests to determine if 815Nmeasured in the PONsusp represents 
principally autotrophic derived material as opposed to a major heterotrophic influence. 
The lack of any significant positive relationship demonstrates that the PONsusp 
predominantly comprises of lower trophic level particulate material

3.4 Nitrate and Isotopic N Distributions

3.4.1 Nitricline structure of the Atlantic Ocean

The AMT cruise transects pass through distinct biogeochemical regimes of the 

Atlantic Ocean as revealed by the nitrate concentrations of the upper 300 m of the water 

column (Fig 3.06). The nitricline varies meridonally, reflecting the background gyre 

structure and pattern of convection. The nitricline is deepest at 30°N and 25°S over the 

central parts of the subtropical gyres where there is downwelling and subduction, and is 

shallowest from 10°S to 15°N in the tropics where upwelling occurs. The nitricline also 

shallows polewards from the subtropical gyres, typically outcropping at 40°S in the 

south Atlantic and north of 45°N in the northern subpolar gyre.
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(a) AMT12

0
(b) AMT14

Figure 3.06 Meridonal nitrate (pM) sections, with the nitricline defined at 1 pM. The 
nitricline varies in a consistent manner annually. Strong upwelling is observed at the 
equator while there is a characteristic deep nitricline witnessed to the north and south of 
the equator, which characterises the oligotrophic gyres.
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3 .4 .2  S p a t ia l  v a r i a b i l i t y  o f  th e  $ 5N  P O N susp in  th e  A t la n t ic

The 815N PONSUSp has been measured in the Atlantic Ocean between 45°S and 

50°N (AMT12, 14 & 16). In order to consider the general variations in the 815N PONsusp, 

the data have been averaged separately above and below the nitricline (previously 

defined at 1 pM).

3.4.2.1 Spatial variability above the nitricline

For all three transects a consistently depleted signal (-1 to 0%o) is observed in the 

northern basin between 7°N and 31°N, compared with an enriched signal of 4 - 7%o at 

the equator and further north at 40°N (Fig 3.07 a). With regards to the AMT12 and 14 

transects, enriched values of 5%o are found at 40°S which become depleted (0%c) at 33°S 

and then subsequently enriched towards the equator. Signals along the AMT16 transect 

show a different pattern in the South Atlantic in that between 27°S and 12°S the 815N 

PONSUSp gradually depletes from 3.2%e to 1.6%c.

3.4.2.2 Spatial variability below the nitricline

Meridonal sections of the 815N PONSUSp reveal a more enriched signal, as 

expected, below the nitricline (Fig. 3.07 b) compared with above the nitricline. The 

southern gyre (3.7 -  5.5%o) is slightly more enriched than the northern gyre (3 -  4%0), 

with even greater enrichment (6 -  8%o) being observed at the equator, at the southern 

flanks of the southern gyre and at the northern flanks of the northern gyre.
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Figure 3.07 Meridonal variations in 815N PONsusp for data averaged (a) above the 
nitricline and (b) below the nitricline.
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3.5 How are the 81SN PONsusp signals controlled?

3.5.1 Enriched signals

At the equator, the enriched 815N PONsusp signal coincides with the nitricline 

(>l|iM) shoaling to depths as shallow as 40m and is attributed to the wind-induced 

upwelling of nitrate rich waters. Deep Atlantic nitrate has a 815N range of 4.5%o to 6%c 

[.Knapp, et al., 2005; Liu and Kaplan, 1989]. On the northern flank of the northern gyre, 

isotopic enrichment might result from deep NO3" supplied by convection at the end of 

the winter. On the southern flank of the southern gyre the enriched 815N PONSUSp implies 

a source of deep NO3'; this NO3' is probably supplied as part of the northern transport of 

intermediate waters from the Southern Ocean.

The enrichment in isotopic values with depth in the oligotrophic gyres shows a 

strong relationship with the nitricline. Phytoplankton lying at or below the nitricline 

utilise the deep nitrate providing enriched isotopic N and leading to enrichment of 

PONSUsp. The dominant phytoplankton at the base of the euphoric zone, are thought to be 

primarily responsible for particulate export in the oligotrophic gyres, while smaller 

lower protists dominate surface waters where they are involved in an efficient microbial 

loop [Azam, et al., 1983; Poulton, et al., 2006a]; This may explain the isotopic gradient 

in the photic zone. If the deeper-dwelling phytoplankton are indeed enriched in 815N as 

suggested by the present data set, and if they are the main contributors to export 

production, then this could explain the enriched values of PONSi„k at the base of the 

euphoric zone [Altabet, 1996], which subsequently deplete isotopically with depth 

[.Altabet, et al., 1991; Nakatsuka, et al., 1997; Voss, et al., 1996]. Alternatively, the
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enrichment of 815N PONsusp with depth may simply reflect its greater degree of 

degradation [Altabet, 1988].

3.5.2 Depleted signals

The low values of 815N PONsusp within the northern and southern oligotrophic 

gyres of the Atlantic Ocean might reflect three distinct N sources:

(i) The uptake of remineralised compounds excreted by zooplankton, principally NH4+ 

[Biggs, 1977; Comer and Davies, 1971], which are depleted in 15N. In oligotrophic 

regions, where phytoplankton take up and assimilate all nitrogen excreted by 

zooplankton, there is little or no overall isotopic fractionation [Checkley and Miller, 

1989] and thus, 815N PONsusp is depleted.

(ii) Direct fixation of dissolved N2 by marine diazotrophs gives rise to depleted 815N of 

PON [Carpenter, et al., 1997; Mahaffey, et al., 2003; Minagawa and Wada, 1986],

(iii) Uptake of isotopically light N supplied to the surface ocean by atmospheric 

deposition could give rise to depleted 815N PONsusp [Hastings, et al., 2003].

Modelled atmospheric fluxes of N to the surface North Atlantic Ocean are only 

in the range of 0.003 -  0.007 mol N m'2 yr' 1 [Dentener, et al., 2006; Galloway, et al., 

2004; Prospero, et al., 1996], In situ aerosol measurements along the AMT transect 

showed a dry N deposition flux of -0.01 mol N m'2 yr' 1 [Baker, et al., 2003] in the same 

region where there is the depleted signal of 815N PONsusp in the northern subtropical 

gyre. These estimates of atmospheric deposition appear to be relatively unimportant in 

sustaining export production, since they are much smaller than the export flux of 0.42
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2 1and 0.56 mol N m' yr' determined for the western subtropical North Atlantic [Jenkins 

and Goldman, 1985].

Hence, N2 fixation or the uptake of regenerated N are the most likely processes 

responsible for the depleted 815N PONsusp. To distinguish between the two processes, the 

relative size of the N03~ and P043' pools can be considered. Redfield stoichiometry 

[Redfield, 1958] is perturbed by N2 fixation in favour of NO3' relative to P043. A quasi- 

conservative tracer, N*, which utilises a linear combination of NO3' and P04 ‘ (3.8) has 

been used to define the distribution of N2 fixation and denitrification at the basin scale 

[Gruber and Sarmiento, 1997],

N* = (N - 16P + 2.90 nmol kg') 0.87 . (3.8)

Gruber and Sarmiento [1997] suggest that high values of N* are due to the 

remineralisation of N-rich organic matter from diazotrophic organisms (see Section 4.32 

for further analysis). Meridional sections of the upper 300m of the Atlantic over 3 years 

reveal that high N* values consistently lie below the photic zone in the northern gyre 

(Fig. 3.08). These signals are in accord with the climatological analysis of Gruber and 

Sarmiento [1997].

The localised region of depleted 815N PONsusp at 32°S found in the austral 

autumn might be due to a localised patch of N2 fixation or through uptake of 

remineralised N, since N* values lie between 1 and -1 over the entire southern basin 

(Fig. 3.08). However, the data set for the South Atlantic is rather limited and it is 

difficult to provide a reliable explanation for the depleted 8I5N PONsusp signal there.
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(b) AMT 14

20°N

Figure 3.08 Plotted latitudinal sections of N* in the upper 300m of the Atlantic Ocean 
(a) AMT12, (b) 14, (c) 16. The difference in N* between the northern and southern gyre 
is noticeable and the elevated N* in the northern gyre is a consistent feature.
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3.6 Synthesis of the Atlantic Ocean

3.6.1 Spatial extent of the depleted isotopic N signal

A synthesis of 815N PONsusp data for samples collected above the nitricline has 

been made by collating data from the present study and from AMT 10 surveyed 

[Mahaffey, et al., 2004; Mahaffey, et al., 2003] (Fig. 3.09 a). In the northern gyre 

between 25°W and 55°W, there is an extensive region of depleted 815N PONsusp, while 

elevated values occur in the more temperate waters of the Northeast Atlantic and off the 

west coast of Africa. In the South Atlantic, there are low values of 815N PONSUSp in the 

centre of the subtropical gyre, with more enriched values off the east coast of South 

America and at the equator.

The robustness of these signals is assessed by calculating the standard deviation 

(a) and the standard error (a / Vn) based upon the number of independent data points (n) 

(Fig. 3.09 c, d). Within the northern gyre, the zone of depleted 815N reveals little 

variability and low standard errors are implied from the independent data points. Thus, 

the extensive region of depleted S15N PONsusp appears to be a robust signal. However, on 

the eastern side of the north Atlantic basin, there is a large standard deviation and 

standard error, reflecting how conditions are more variable there with upwelling off the 

west coast of Africa and convection in the north east Atlantic. The variability of the 

signals in the South Atlantic is small where there is data, but the data coverage is too 

limited to infer any robust signals.
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Figure 3.09 Horizontal structure of (a) 515N PONsusp above the nitricline demonstrating 
local patches of inferred N2 fixation, (b) Widespread elevated N* values over entire 
northern basin, values averaged from below the nitricline to 300m. (c) Standard 
deviation of 815N PONsusp (black) along with the number of data points (red.), (d) 
Standard error of 8l5PONsusp.
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3 .6 .2  S p a t ia l  e x te n t  o f  e l e v a t e d  N *

The depleted 815N PONsusp signal in the northern subtropical gyre coincides with 

N* having a local maximum between 10°N and 30°N in the centre of the gyre (Fig.

3.09 a & 3.10 a, b). N2 fixation is only reliably implied from N* when this tracer 

increases following the flow [Deutsch, et al, 2001], i.e. N2 fixation leads to enhanced 

N:P ratios in the underlying thermocline following a moving water mass. Thus, elevated 

N* over the North Atlantic only provides a crude bulk measure of N2 fixation occurring 

in the basin, instead, it is the gradient in N* created by horizontal transport which is a 

more accurate indicator of the source region. Comparing our N* signals (Fig. 3.10 b) 

and the latest drifter data (Fig. 3.10 c) [Lumpkin and Pazos, 2006] suggests that the local 

maximum in N* occurs where there is westward flow on the southern flank of the 

subtropical gyre. Thus, in our view, the most likely region of N2 fixation in the North 

Atlantic is between 35°W -  50°W and 15°N -  30°N, where there is both depleted 815N 

PONSUSp and a westward increase in N* following the gyre circulation.

This region of potential N2 fixation is subject to enhanced dust inputs from the 

Saharan Desert, which provide the limiting nutrients (P and Fe) for marine diazotrophs 

[Mills, et al., 2004] and creates an ideal niche for N2 fixation to occur. In support of this 

view, Mahajfey, et al [2003] reported a natural fertilisation event in the North Eastern 

Atlantic with coincident signals of depleted 815N PONsusp, phytopigments indicative of 

cyanobacteria and prochlorophytes, and elevated N:P ratios in the thermocline.
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(b) N*

(c) Time-mean velocity of surface drifters 
50 N_ v J

40°N|

30°N|

25 cm/scm/s

Figure 3.10 (a) 815N PONsusp above the nitricline for the North Atlantic, depleted signal 
seen over much of the central subtropical gyre; (b) N* (values averaged below the 
nitricline down to 300 m) for the North Atlantic; (c) Time-mean velocity of surface 
drifters [Lumpkin and Pazos, 2006], westward flow of 5 cm s' 1 at 20°N coincides with 
elevated N*, revealing the non-conservative behaviour of N*, thus the most likely region 
of N2 fixation in the North Atlantic is between 30°W -  50°W and 15°N -  30°N.
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The region of depleted 815N PONSUSp appears to be more confined than the N* 

signal, which extends over much of the North Atlantic. This mismatch poses the 

question of whether these signals reflect local or far field control? It has been previously 

suggested that the N* signal could be advected around the northern basin with the gyre 

circulation [Hansell, et al., 2004], Whilst at the surface, NO3' and PC>43‘ have very short 

residence times due to their rapid uptake by photoautotrophs, below the euphotic zone 

these nutrients are not utilised rapidly. Therefore, the NO3 and PO43' can be advected 

within the thermocline without much modification and, thus, distribute the N* signal 

around the northern gyre. In turn, the isotopic signal might partially reflect the effect of 

advection. However, the lifetime of PONsusp is only 30 to 60 days in the euphotic zone 

[Charette, et al., 1999] suggesting that PONsusp might be advected 150 to 300km, 

assuming a typical surface velocity of 5cm s'1 in the gyre interior. Therefore, the 

different extent of the N* and depleted N isotopic signals reflects their different 

lifetimes.

3 .6 .3  A2 f i x a t io n  -  l o c a l  o r f a r - f i e l d  s ig n a tu r e s ?

3.7 Significance of N2 fixation within the North Atlantic.

3.7.1 Role of N2 fixation in providing new N to PONsusp

There has been some controversy surrounding the importance of N2 fixation as a 

source of new N to the oligotrophic regions of the North Atlantic. At BATS in the 

Sargasso Sea, the percentage contribution of new N from N2 fixation [Knapp, et al., 

2005] determined both from direct in situ rate measurements and geochemical estimates
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varies from 2% [Orcutt, et al., 2001] to 8% [Gruber and Sarmiento, 1997]. A simple 2- 

end member mixing model (3.9) is applied to the present North Atlantic data set in order 

to estimate the percentage contribution of new N supplied via N2 fixation through the 

PONsusp pool (Table 3.2).

The domain is separated into a region on the western side of the north Atlantic 

subtropical gyre (65°W - 80°W, 20°N - 40°N), the centre of the oligotrophic gyre (30°W 

- 65°W, 7°N - 32°N) and also the eastern side of the gyre (5°W - 32°W, 7°N - 40°N). 

Within these regions, the average 815N PONsusp was identified, and the percentage 

contribution of new N that N2 fixation contributes to the PONsusp pool was then 

estimated using three boundary 815N values for deep nitrate (4%o, 4.5%o and 5%o) and a 

value of -l%o for N2 fixation:

^ 15N PON,usp -  £15N N2  ̂
^ N N O . - ^ N N ,

\ J L J

x l 0 0 % (3.9)

Given the three choices for the boundary values of deep NO3 , the percentage 

contribution of N from N2 fixation to the PONsusp pool within the central part of the 

subtropical gyre is estimated to range between 72% (±4%) and 77% (±3%) (Table 3.2), 

with the errors representing the standard error of the 815PONsusp signals. On the western 

side of the gyre, the contribution of N2 fixation was found to be lower in the range of 

48% (±25%) to 57% (±21%) and lower again on the eastern side of the basin from 25% 

(±8%) to 37% (±7%). Hence, N2 fixation is clearly important over the central part of the 

northern subtropical gyre in providing new N to the PONsusp pool, but less important on
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the western and eastern sides of the subtropical gyre. This difference suggests that other 

processes become important on the western and eastern sides of the gyre: on the western 

side, eddy transfer of nitrate close to the western boundary current is likely to be 

important [Williams and Follows, 2003] and, on the eastern side, the lateral transfer of 

nitrate and DON from coastal upwelling [Roussenov et al., 2006].

63



Northern subtropical gyre
Western side
(65 °W  - 80°W , 
20°N - 40°N)

Centre
(30°W  - 65°W , 

7°N - 32°N)

Eastern side
(5°W  -  30°W , 
7°N - 40°N)

Average 5t5PONsusp 1.6%o 0.4%e 2.8%c

n 8 21 28

Standard deviation 3.5 1.1 2

Standard error 1.3 0.2 0.4

% contribution of N from N2 fixation to PONsusp ± 
Standard Error4

4%o' for deep N 03‘ 48% ±25% 72% ±5 % 25% ±8%

4.5%o' for deep N 03‘ 53% ±23% 75% ±4% 31% ±7%

5%o' for deep N 03‘ 57% ± 2 1 % 77% ±4 % 37% ±6%

Nutrient concentrations and % of total N

[PONjusp]3
% to total N pool

0.1 pM 
1.9%

0.3pM
6.8%

0.2pM
4.7%

[NO3 ] 2

% to total N pool
0.1 pM 
1.9%

0.02p.M
0.4%

0.08|±M
1.9%

[DO N]2
% to total N  pool

5.1|lM
96.2%

4.1pM
92.8%

4.0pM
93.4%

4%o' for deep N 03'

% contribution of N from N2 fixation through PONsusp 
to total N pool ± Standard error4 

0.9% ±0.5% 4.8% ±0.3% 1.2% ±0.4%

4.5%o‘ for deep N 03' 1.0% ± 0 .4 % 5.1% ±0.3% 1.5% ±0.3%

5%c' for deep N 03' 1.1% ± 0 .4 % 5.2% ±0.2% 1.7% ±0.3%

Table 3.02 Estimates of the percentage contribution of new N that N2 fixation provides 
to the PONsusp pool and subsequently to the total N pool over separate regions of the 
northern subtropical gyre. x[Knapp, et al., 2005; Liu and Kaplan, 1989; Sigman, et al., 
1997], 2Mean concentration (averaged above 1 p.M nitricline) over region. 3Typical
concentrations (averaged above 1 (iM nitricline) for each region. 4Standard error 
associated with the §15N PONsusp based upon (a / Vn) where a  is the standard deviation 
and n is the number of independent data points.
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3.7.2 R o le  o f  IV2 f i x a t i o n  in  p r o v i d i n g  n e w  N  to  th e  t o ta l  N p o o l .

The isotopic calculation is now extended to estimate the percentage contribution 

of new N that N2 fixation introduces via PONsuspto the total N pool. The total N pool is 

defined here by DON, NO3' and PONSUSp; while PONsink is important in the export of N 

out of the euphoric zone, PONSmk makes only a minor contribution to the total N pool 

[Wakeham and Lee, 1989]. Within the centre of the northern gyre, the PONSUSp pool 

represents only - 6.8% of the total N (Fig 3.01, Table 3.2). Thus, the average 

contribution of new N supplied from N2 fixation via PONsusp to the total N pool is 5.0% 

(±0.3%) again with the errors representing the standard error of the 815PONsusp signals 

for the region (Table 3.2) At the western and eastern sides of the gyre the contribution of 

new N supplied from N2 fixation via the PONsusp are even smaller and only typically 

reach 1.0% (±0.4%) and 1.5% (±0.3), respectively.

The contributions of NO3" and DON now need to be considered in the total N 

pool. DON dominates the total N pool in surface waters accounting for 93 -  96% across 

the northern basin, while surface NO3' represents only 0.4 -  1.9% of the total N pool. 

While no measurements of 815N NO3' or 815N DON were made in the present study, data 

are available from BATS with typical values of 3.5%o for surface NO3' and 4%o for DON 

(Table 3) [Knapp, et al., 2005]. Using these data, applying the 2-end member mixing 

model (3) to the western side of the northern subtropical gyre suggests that the new N 

supplied to the total N pool from N2 fixation via DON is 8.2% (±8%) and via NO3' is 

0.3% (±0.1%) with the error range now representing the standard deviation of the 

estimates obtained from the choice of three boundary 815N values for deep NO3'. Thus, 

our estimate of the total supply of new N from N2 fixation reaches 9.2% (±4.5%) over
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the western side of the northern subtropical gyre. If the same calculations were applied 

to the central and eastern regions of the North Atlantic including the DON and NO3 

pools there (Table 3.3), the total supply of new N from N2 fixation would be 13.7% and 

9.2% respectively. However, since it is unlikely that 515N DON or 515N NO3' are the 

same across the entire northern basin, these estimates are speculative. Further work is 

necessary to determine the stable N isotopic composition of components of the N pool in 

order to understand the different sources of N utilised by phytoplankton.

Western side
Northern subtropical gyre (65 °W - 80°W, 20°N - 40°N)

4 %o for deep 
NO.,'

4.5%o for deep 
NO-f

5%o for deep 
NO,'

Mean ± Standard 
Deviation2.

[PONsusp]+ and % to total N pool O.lpM
1.9%

O.lpM
1.9%

O.lpM
1.9%

% contribution of N from N2 
fixation through PONsusp to 

total N pool
0.9% 1.0% 1.1% 1 .0% ±0.1

[NO3T  and % to total N pool
O.lpM
1.9%

O.lpM
1.9%

O.lpM
1.9%

% contribution from N2 
fixation through surface 

NOf to total N pool
0.2% 0.3% 0.5% 0.3%  ±0.1

[DON ] 1 and %  to total N pool 5.1pM
96.2%

5.1pM
96.2%

5.1pM
96.2%

% contribution from N2 
fixation through DON to 

total N pool
0% 8.7% 16.1% 8.2% ±8.0

Total % contribution from N 
total N pool

2 fixation to 9.2%  ±4.5

Table 3.3 2 end-member mixing model (4) applied to surface NO3' and DON to gain an 
estimate for the percentage contribution of new N that N2 fixation makes via surface 
PONsusp, NO3' and DON over the western side of the northern subtropical gyre. + See 
table 3.2 for details ’Typical concentrations (averaged above 1 pM nitricline) for region. 
Range of boundary values used for deep NO3' whilst 515DON is 4%o and 815N surface 
NO3' is 3.5%o (average at 100m at BATS) [Knapp, et al., 2005]. 2Standard deviation of 
the estimates obtained from the three boundary values chosen for deep N03~
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3.8 Wider context

The isotopic mass balance method employed in this study reveals that nitrogen 

fixation varies over the northern subtropical gyre, accounting for 72% to 76% of the 

PONsusp in the central region (30°W - 65°W, 7°N - 32°N) and 27% to 40% in the 

western region of the gyre (65°W - 80°W, 20°N - 40°N). In comparison, using the same 

method, Montoya, et al. [2002] estimates the contribution of nitrogen fixation to PONsusp 

of 30 -  40% over the tropics (25°W - 60°W, 0° - 15°N) and the western side of the 

gyre (42°W - 80°W, 7°N - 28°N); likewise, Capone, et al. [2005] estimates a similar 

contribution of 36% over the western side of the gyre (42°W - 80°W, 7°N - 28°N). 

These estimates of Montoya et al [2002] and Capone et al [2005] are consistent with our 

estimates over our western region, but are lower than our estimates over the central 

region of the subtropical gyre. Montoya et al [2002] and Capone et al [2005] used the 

same 2-end member mixing model (3), but with a more depleted 8,3N value for N2 

fixation of -2%o, rather than our boundary value of -l%o. Our estimates for nitrogen 

fixation for the central region only decrease to 60 -  65% when this lower boundary 

value of -2%o is instead used. Thus, the contrasting estimates of nitrogen fixation over 

the central part of the subtropical gyre could reflect differences in the precise location 

and timing of each survey.

On previous AMT cruises (1 -  8), the nitrogen fixing cyanobacteria 

Trichodesmium spp. was found to be most abundant to the north of the equator (0 -  

15°N). Tyrrell et al. [2003] estimated that nitrogen fixation provided >20% of total new 

N input in these tropical waters. This estimate is greater than this studies estimates of 

nitrogen fixation providing ~9% of the total N pool in the western North Atlantic and the
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speculative 14% in the central part of the subtropical gyre, but these differences might 

easily be accounted for by the different regions, timing and uncertainties in the studies.

In our view, N2 fixation leads to the extensive depleted 8I5N PONsusp over the 

North Atlantic subtropical gyre, as well as the westwards increase in N* following the 

gyre circulation along 20°N. This view is in accord with independent studies suggesting 

that N2 fixation occurs in the Atlantic Ocean and provides a significant source of N 

phytoplankton to the subtropical Northern gyre [Capone, et al., 2005; Gruber and 

Sarmiento, 1997; Michaels, et al., 1996]. However, the importance of N2 fixation in 

providing an area-integrated flux is uncertain, since estimates range from 0.03 -  0.3 

mol N m"2 y' 1 (see Capone, et al., 2005 for full details). This uncertainty reflects the 

difficulty of providing area-averaged estimates for a process associated with blooms, 

which are spatially heterogeneous and often short lived.

3.9 Conclusions

A unique data set of stable isotopic data for 815N PONsusp is presented for the 

Atlantic Ocean. Over the central part of the subtropical northern gyre, there was an 

extensive signal of depleted 815N PONsusp. This signal was persistent and robust, being 

observed over 3 years. The PONsusp signal was primarily autotrophic rather than 

heterotrophic, based upon interpretation of the isotopic signals, particulate organic 

carbon, nitrogen and chlorophyll a levels.

The extensive depleted isotopic signal might be formed either by N2 fixation or 

recycling. N2 fixation appears to be the more plausible explanation, since the depleted
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signals occur in a region where there is a westwards increase in the quasi-conservative 

tracer N* following the gyre circulation along 20°N.

Estimates of the percentage contribution of new N that N2 fixation introduces via 

the PONSUSp pool to the total N pool have been calculated using a two-end member 

mixing model. This estimate typically reaches ~ 74% in the centre of the oligotrophic 

gyre. Since the phytoplankton are included in the PONsusp pool, this underlines the 

importance of N2 fixation as a source of new N to the primary producers. However, 

PONSUSp accounts for only ~ 6.8% of total N in the centre of the gyre, so the contribution 

to the total N pool of new N from N2 fixation is only 5%. If this estimate is repeated at 

the western side of the gyre including isotopic values for NO3' and DON [Knapp et ai, 

2005], then ~9% of new N can be accounted for by N2 fixation. This estimate is likely to 

be only slightly higher over the central part of the subtropical gyre, but further isotopic 

values are needed for DON and surface NO3' to provide a reliable estimate. It seems, 

therefore, that N2 fixation can be an important source of N to the phytoplankton, but is 

unlikely to account for the mismatch in the supply of N and the observed export 

production for the subtropical gyre.

There is clearly a need for further work in obtaining measurements of 815N NO3" 

and DON in the North Atlantic in order to identify the relative importance of the 

different pathways of N through the marine system.
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CHAPTER 4

The distributions and processes affecting 
amino acids in the Atlantic Ocean

4.1 Introduction

Amino acids are the building blocks of proteins; peptide chains of amino acids 

are formed through bonding between the amino and carboxylic acid functional groups. 

(Fig. 4.01). There are twenty protein amino acids, with glycine being the simplest.

In the marine environment, amino acids are the most abundant forms of N in 

phytoplankton [Nguyen and Harvey, 1997] and occur in particulate (e.g. [Lee and 

Cronin, 1984]) and dissolved (e.g. [Hubberten, et al., 1994]) material. The dissolved 

amino acids are operationally separated into fractions, namely dissolved free amino
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H H O

H= N—C -C —OH

Side Chain

Carboxylic Acid 
Group

\
a  - carbon

Figure 4.01 General structure of an amino acid, with the amine, carboxylic acid group 
and R group labelled. For each of the 20 amino acids the R side chain is different.

acids (DFAA) which are considered labile [Fuhrman and Ferguson, 1986] and the total 

hydrolysable amino acids (TFIAA) which are semi-labile [Keil and Kirchman, 1993], 

Whilst dissolved amino acids are primarily products of protein hydrolysis by bacterial 

proteases [Flynn and Butler, 1986], they can also be released by phytoplankton 

[Andersson, et al., 1985; Hammer and Brockmann, 1983; Hellebust, 1965; Nagata and 

Kirchman, 1991], representing 9 -  45% of total phytoplankton exudate [Carlucci, et al., 

1984]. Zooplankton also excrete dissolved amino acids [Carlson, 2002] as do bacteria 

[Ogawa, et al., 2001]. Other sources of dissolved amino acids arise through sloppy 

feeding of microplankton by zooplankton [Fuhrman, 1987a] and the viral lysis of 

bacteria [Middelboe and Jorgensen, 2006].

Particulate amino acids (PAA) can make upto 25-50% of particulate organic 

carbon in surface waters [Lee and Cronin, 1984] and 50% of particulate organic nitrogen 

[Lee, 1988]. The major source of particulate amino compounds in the marine 

environment is by photosynthetic production of phytoplankton [Lee, 1988].

With the exception of glycine, amino acids exist in two enantiomeric forms, 

where the molecules are exact mirror images of one another i.e. they are non- 

superimposable. The enantiomers rotate the plane of polarised light in opposite
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directions in equal amounts and are assigned to either the D- or L- form. This 

designation was once related to the Latin levorotatory (/), rotating the plane of polarised 

light to the left and dextrorotatory (d), rotating the plane of polarised light to the right. 

However, some molecules have been found not to correctly rotate the plane of polarised 

and the Fischer convention of labelling molecules is now more commonly used. Using 

the Fischer convention, molecules are named by the spatial configuration of its atoms. 

With regards to amino acids, if the R-side chain is placed below the a  or chiral carbon, 

the amine acid group is to the left for L-amino acids and to the right for D-amino acids 

(Fig 4.02). Like most organisms, marine phytoplankton almost exclusively produce L- 

amino acids [Jorgensen, et al, 1999]

h3n -

L-Alanine

COO
I- c — H

CH0

D-Alanine

COO

H NH,

CH,

Figure 4.02 Structures of L-alanine and D-alanine drawn using the Fischer convention 
where the amine group (in blue) for L-alanine is to the left of the chiral carbon and for 
D-alanine is to the right of the chiral carbon.

D-amino acids in marine samples are thought to be primarily derived from bacterial cell 

walls e.g. [Dittmar, et al., 2001; Jorgensen, et al., 1999; Lee and Bada, 1977; McCarthy, 

et al., 1998], where peptidoglycan is a major source of D-alanine, D-aspartic acid and D- 

glutamic acid [Schleife.Kh and Kandler, 1972] (Fig, 4.03).
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Figure 4.03 Structure of peptidoglycan, a component of bacteria cell walls. The D- 
amino acids occur in the peptide chains through bonding with N-Acetyl muramic acid.

Examination of the D/L ratios of dissolved organic nitrogen (DON) has revealed that 

bacteria are a significant source of N to the dissolved pool in many marine environments 

[Dittmar, et al., 2001; Grutters, et al., 2002; Jones, et al., 2005; Jorgensen and 

Middelboe, 2006; Jorgensen, et al., 1999; McCarthy, et al., 1998],

4.1.1 Objectives of this study

Identifying and quantifying dissolved and particulate amino acids in the marine 

environment can be a valuable tool in gaining further understanding of the marine N 

cycle.

The major objectives of this study were:

(i) To determine the DFAA, THAA and PAA concentrations along the AMT transect;

(ii) To determine the relative ‘age’ of the organic N along the AMT transect;
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(iii) To assess the role of bacteria and archaea in the production and recycling of DON 

and PON.

If amino acids are utilised by autotrophs/heterotrophs as a source of N in the 

Atlantic Ocean, then amino acid concentrations would be expected to decrease towards 

the centres of the oligotrophic gyres away from neighbouring upwelling regions. 

Furthermore the relative ‘age’ of the organic N might be expected to be greater in the 

oligotrophic gyres with respect to the highly productive upwelling zones since the 

organic N would be scavenged by primary producers and thus subjected to a higher 

degree of degradation.

4.2 Methodology

4.2.1 Sampling regime

On AMT14 (28th April 2004 -  1st June 2004) seawater samples for analyses of 

DFAA and THAA were collected daily (11:00, local time) from the chlorophyll 

maximum using a Sea-Bird CTD Rosette sampler fitted with Go-Flo bottles. Depths of 

the chlorophyll maximum ranged from ~50 m near the equator to -150 m in the centre 

of the northern sub-tropical gyre. On AMT16 seawater was collected in the same way 

(0300, local time; see Appendix C for station positions and depths). A Pyrex bottle (1L; 

rinsed with Milli-Q 18.2 Mfi water) was used to recover the seawater from the GoFlo 

bottle. The samples were then filtered through a GF/F filter (25 mm diameter; Whatman; 

pre-combusted at 400°C, >4 hours) using a glass syringe (100 ml; acid rinsed, 10% HC1 

and rinsed with Milli-Q water) and stainless steel filter holder into glass vials (2x7  ml;
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pre-combusted at 400°C, > 4 hours). The samples were then stored (-20°C) until analysis 

in the laboratory.

Samples for the determination of particulate amino acids were collected on 

AMT16 using large volume Stand Alone Pumps (SAPs; Challenger Oceanic). Two GF/F 

filters (293 mm diameter; Whatman; pre-combusted at 400°C; >4 hours) were placed on 

the filter bed with the top filter being used for the analysis. The SAPs were deployed to 

depths of 50, 100 and 150m and pumped -1000 L seawater in 90 minutes. The filters 

were wrapped in pre-combusted (400°C; >4 hours) aluminium foil and frozen (-20°C) 

until further analysis in the laboratory. Prior to analysis, filters were lypholised (-60°C; 

10'2 Torr; 24 h).

4.2.2 Sample Preparation

4.2.2.1 Dissolved free amino acids (DFAA)

For the analysis of DFAA no further preparation was required apart from the 

addition of an internal standard. In this instance, of L-homoarginine (150pL of 100 pM) 

was added to the sample (850 pL), which resulted in a final internal standard 

concentration of 15 nM.

4.2.2.2 Hydrolysis of dissolved fraction

In order to measure THAA, water samples were hydrolysed under acidic 

conditions following a method modified from Jones [2003]. The sample was defrosted 

and an aliquot (850pL) was taken and placed in a glass culture tube. To this L-
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homoarginine (internal standard; 150(J.L of 100 |_lM) was added to give a final internal 

standard concentration of 15 nM. Oxygen-free nitrogen gas was bubbled through the 

sample (1 minute) before and after the addition of hydrochloric acid (1ml; 6 M). The 

tubes were sealed with Teflon lined lids and placed in an oven (6 hours; 110°C). Once 

cooled, the samples were freeze dried (-60°C; 10~2 Torr) overnight to remove the acid 

and then resuspended into 1ml HPLC grade water and frozen until analysis.

4.2.23 Particulate amino acids

Preparation of particulate amino acid samples also involved acid hydrolysis. Four 

filter aliquots of known diameter and area (20mm diameter, 314 mm2) were removed 

with a punch from the GF/F SAP filters and subsequently cut into smaller pieces and 

placed into a glass culture tube for extraction. L-homoarginine (0.1 - 0.4 mL; 89.79 

JJ.M) was added to the tube. Oxygen-free nitrogen was bubbled through the solution (1 

minute) prior to and after the addition of hydrochloric acid (1 ml; 6 M). The tube was 

subsequently sealed with a Teflon lined screw top and placed in an oven (110°C; 6 

hours). Once cooled, the sample extract was filtered through extracted glass wool. The 

extract was freeze-dried (-60°C; 10'2 Torr; 12 h) and then re-suspended in HPLC grade 

water ( 1 - 2  mL) and centrifuged. The supernatant was removed and filtered through a 

cellulose nitrate filter (0.45 (im) using a glass syringe prior to HPLC analysis.
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4 .2 .3  H P L C  a n a ly s i s

4.2.3.1 HPLC equipment

An Agilent 1100 Series high performance liquid chromatography system was 

employed for the analysis of amino acids. The system comprises of a quaternary pump 

with solvent cabinet, vacuum degasser and a four channel gradient pump; an automated 

sampler and injector; a thermostated column compartment set at 25°C fitted with a 

Thermo Electron Corporation BDS Hypersil C l8 column; a fluorescence detector set 

with an excitation wavelength of 330 nm and an emission wavelength of 445 nm and the 

photomultiplier tube (PMT) gain was at position 12. Agilent Chem Station software was 

utilised for instrument control, data acquisition and data evaluation.

4.2.3.2 Solvent and Reagent Preparation

All solvents used: water, methanol and acetonitrile were of HPLC (HiPerSolv) 

grade. However to reduce the contamination of the HPLC system, methanol was 

redistilled prior to use.

4.2.3.2.1 Sodium acetate buffer

A solution of buffer (23 mM) was prepared by dissolving 3.13 g of sodium 

acetate-3-hydrate (AnalaR) in of HPLC grade water (1 L). The pH was adjusted to 6.00 

± 0.01 with 10% glacial acetic acid. This solution was then filtered through a cellulose 

nitrate membrane filter (47 mm diameter; Whatman) and collected into a clean glass
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flask. The sodium acetate buffer was made fresh at the beginning of every sequence set 

up.

4.23.2.2 Borate Buffer

Borate solution (1 M) was made by dissolving 6.183 g of boric acid in HPLC 

grade water (70 mL). The pH was adjusted using a solution of potassium hydroxide (10 

M) solution prepared by dissolving 14.028 g of potassium hydroxide pellets in HPLC 

grade water (25 mL). 8.9 mL of this solution was required to adjust the pH to 10.5. This 

solution was then finally made up to 100 mL with HPLC grade water. The buffer was 

stable for two to three months (4°C; dark).

4.23.2.3 Derivatising Reagent

/V-Iso-L-butyryl-L-cysteine (IBLC; 6.21 mg) and o-phthaldialdehyde (OPA; 2.85 

mg) were weighed out and dissolved in HPLC grade water (375 pL) and 1.0 M borate 

buffer (125 pL). This resulted in a derivatising solution of the IBLC (260 mM) and OPA 

(170 mM) which remained stable for two days (4°C; dark)

4.2.33 Sample run

Amino acids were analysed for D- and L- amino acids following a method 

developed by Kaufman and Manley [1998]. A programmed injector performed pre

column derivatisation (Fig. 4.04) of the sample before introduction onto the column.
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2 |iL derivatising 
reagent (OPA170 

mM / IBLC 260 mM)
1 |xL Sample

-------------------------\
2 pL potassium 

borate buffer (1 M 
pH 10.4)

v________________

Inject onto 
column

chiral amino acid + OPA +  IBLC -------► OPA-IBLC derivatised amino acid

Figure 4.04 Reaction between a chiral amino acid and derivatising reagents o- 
phthaldialdehyde (OPA) and A-Iso-L-butyryl-L-cysteine (IBLC)

The sample was subjected to a stepped linear solvent gradient programme where water 

(A), methanol (B), acetonitrile (C) and 23 mM sodium acetate buffer (D) are the mobile 

phases (see Table 4.01). The flow was constant and ran at 0.5 mL/min with a total 

sample run lasting 120 minutes.
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Solvent B Solvent C Solvent D
Time (mins) % Methanol % Acetonitrile % Sodium 

acetate buffer
0 5.0 0.0 95.0

2 5.0 0.0 95.0
31 23.0 0.4 76.6
75 50.0 2.0 48.0
85 95.0 5.0 0.0
95 95.0 5.0 0.0
105 5.0 0.0 95.0
120 5.0 0.0 95.0

Table 4.01 Solvent gradient programme for analysis of dissolved free and total 
hydrolysable D- and L- amino acids in seawater samples

The reproducibility of samples as a percentage of standard error was 29.6% (±5.8%) 

where blanks were typically 22.9% (± 5.2; standard error) of the sample concentration.

4.2.3.4 Quantification

4.2.3.4.1 Amino acid standards -  preparation

In order to quantify amino acids, a suite of D- and L- amino acids of known 

concentration were analysed at the beginning of each sequence run (Fig. 4.04). Stock 

solutions of 10 mM (stored at -20°C) were made by dissolving % mg (see table 4.02) of 

the required amino acid in HPLC grade water (1 mL). From the stock solutions, an 

amino acid standard working solution (50 |±M) was made, by diluting stock solution (50 

(0.L) of each amino acid (with the exception of L-homoarginine) with HPLC grade water 

in a volumetric flask (10 mL; pre-cleaned in a 10% nitric acid and thoroughly rinsed
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with Milli-Q water; 18.2 MQcm"1 resistivity). This was subsequently separated into two 

equal aliquots, one being frozen (-20°C), while the other that was used daily was stored 

in a fridge (4°C), where it was stable for at least one month.

Amino acid Molecular Weight weight required

L-Alanine 89.09 0.8909 mg
D-Alanine 89.09 0.8909 mg
L-Arginine 210.67 2.1067 mg
D-Arginine 210.67 2.1067 mg

L-Aspartic Acid 133.10 1.331 mg
D-Aspartic Acid 133.10 1.331 mg
L-Glutamic Acid 147.13 1.4713 mg
D-Glutamic Acid 147.13 1.4713 mg

Glycine 75.06 0.7506 mg
L-Isoleucine 131.17 1.3117 mg
D-Isoleucine 131.17 1.3117 mg
L-Leucine 131.17 1.3117 mg
D-Leucine 131.17 1.3117 mg

L-Methionine 149.20 1.4920 mg
D-Methionine 149.20 1.4920 mg

L-Phenylalanine 165.19 1.6519 mg
D-Phenylalanine 165.19 1.6519 mg

L-Serine 105.09 1.0509 mg
D-Serine 105.09 1.0509 mg

L-Threonine 119.12 1.1912 mg

L-Valine 117.15 1.1715 mg

D-Valine 117.15 1.1715 mg

L-Homoarginine (IS) 224.69 2.2469 mg

Table 4.02 Amino acids with their corresponding molecular weights and the weight 
required to make a 10 pM/ml standard stock solution.

81



An amino acid standard of 2 nM concentration with an internal standard concentration of

10 nM was adequate for quantifying open ocean seawater samples (Fig. 4.05).

Figure 4.05 HPLC chromatogram of a 2 nM amino acid standard with 10 nM of internal 
standard (L-homoarginine) used to quantify open ocean samples.

4.23.4.2 Calculations

D- and L- amino acids concentration were calculated using response factors (see 

Appendix E for typical values) calculated from the amino acid standard (see equation 

4.01).

R f = V A , s
[A]/[IS] (4.01)

Where:
Rf = response factor 

Aa = peak area of individual amino acid 

Ais = peak of internal standard 

[A] = amino acid concentration (nM)

[IS] = internal standard concentration (nM)
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The amino acid concentration in the seawater samples is then calculated using equation 

4.02.

[A] =
f r  ^As Cis x 1

L A.s J Rf (4.02)

Where:

[A] = amino acid concentration in the sample (nM)

As = peak area of the amino acid within sample

Ais = peak area of the internal standard added to sample

Cis = concentration of internal standard added to sample (nM)

Rf = response factor

4.2.4 Total organic nitrogen

Total organic nitrogen was measured on samples from AMT14 and 16, however 

different methods were employed for the two cruises. AMT14 samples were taken from 

CTD casts and were subsequently analysed using the UV digestion technique following 

the method described by Sanders and Jickells [2000] by Dr. Sinhue Torres (National 

Oceanography Centre, Southampton).

Samples collected for TON analysis during AMT16 were analysed by high 

temperature catalytic oxidation following the method described by Pan et al [2005] by 

Mr. Xi Pan (National Oceanography Centre, Southampton).
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4 .2 .5  P a r t i c u la t e  o r g a n ic  n i t r o g e n

Concentrations of particulate nitrogen (PN) were determined as described by 

[Kiriakoulakis, et al., 2004]. See Chapter 3, section 3.3.2 for full details.

4.3 Results

4.3.1 Dissolved amino acids

4.3.1.1 Total Dissolved Amino Acids

Meridonal sections of total dissolved amino acids (DFAA + THAA) at the 

chlorophyll maximum along the Atlantic basin show variability along the transect and 

between the two cruises; AMT14 and AMT16. Concentrations of total dissolved amino 

acids (TDAA) differ mostly along the AMT14 (Fig 4.06 a) transect with greatest 

variability being found in the southern gyre (30°S - 10°S), where levels are in the range 

of 1 -  24 nM. At the equator concentrations of ~18 nM subsequently decrease towards 

the northern gyre (15°N - 43°N) where levels are less variable than in the southern gyre, 

ranging between 1 - 7  nM increasing to 9 nM at the northern flanks. Concentrations of 

TDAA along the AMT16 (Fig 4.06 b) transect are generally lower than for AMT14, 

nevertheless the general trends are similar. The greatest variability was once again in the 

southern gyre with values between 0.5 -  12 nM, whilst the northern gyre appears less 

variable with concentrations between 0.5 -  6.5 nM. In the equatorial region (10°S - 

15°N) TDAA concentrations were between 2 -4  nM.
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Figure 4.06 Total dissolved amino acids (a) AMT14 (b) AMT16; total dissolved free 
amino acids (c) AMT14 (d) AMT16; total hydrolysable amino acids (e) AMT14 (f) 
AMT16 at the chlorophyll maximum. Error bars represent the range of values (n=2). 
Biogeochemical regimes labelled.
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4 .3 .1 .2  D i s s o l v e d  f r e e  a m in o  a c id s

Concentrations of DFAA at the chlorophyll maximum along the AMT14 (Fig

4.06 c) transect ranged between 0.1-12 nM but were much lower, 0.2 -  4 nM along the 

AMT16 (Fig 4.06 d) transect. There was variability in the DFAA concentrations in the 

southern gyre (0.1-10 nM) during AMT14, which initially decreased towards the 

northern flanks of the southern gyre, and then increased to the greatest values found 

along the transect at the equator (12 nM). At the southern flanks of the northern gyre, 

levels of DFAA decrease dramatically to 0.4 nM, rise to 3 nM at 12°N, then remaining 

fairly stable in the northern gyre (1 - 3  nM). A similar pattern was observed for AMT16 

despite concentrations being lower, with values ranging between 0.5 to 4 nM in the 

southern gyre, decreasing steadily at the southern flanks of the northern gyre to 0.2 nM. 

In the northern gyre DFAA showed little variation with concentrations ranging 0.2 -  2.5 

nM.

4.3.13 Total hydrolysable amino acids

Total hydrolysable amino acids along the AMT14 (Fig. 4.06 e) transect at the 

chlorophyll maximum range between 0.2 and 23 nM with the highest concentrations 

being in the southern gyre. At the equator, levels are ~7 nM, decreasing in the northern 

gyre, where they range between 0.7 -  4 nM, then increasing slightly at the northern 

flanks of the northern gyre. Concentrations along the AMT16 (Fig. 4.06 f) transect again 

are lower than those found for AMT14. On the southern flanks of the southern gyre 

concentrations are at 10 nM which decrease to 0.6 nM in the gyre interior. Low levels
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(0.8 -  2.5 nM) are observed at the equator, whilst in the northern gyre concentrations 

vary between 0.6 to 5 nM.

4.3.1.4 Contribution of Amino acids to TON

The molar percentage contribution of TDAA to total organic nitrogen (TDAA-N) 

is small (Fig. 4.07 a & b), with values ranging between 0.001 -  0.07%. AMT14 had 

higher TDAA-N than AMT16 with the highest percentage contribution at the equator 

(0.07%). In the southern gyre, values were variable with no apparent trend. To the north 

of the equator values initially decrease to 0.02% (6°N) and then subsequently increase to 

0.05% at the southern flanks of the northern gyre. TDAA-N in the northern gyre are 

lower than the southern gyre ranging between 0.006 -  0.02%, however there is an 

increase in the contribution of TDAA to total organic nitrogen at the northern flanks of 

the northern gyre. Whilst the percentage contributions of TDAA-N to the TON are lower 

along the entire AMT16 transect when compared with AMT14, a similar pattern is 

observed, in particular to the north of the equator and the northern gyre. Values increase 

at the southern flanks of the northern gyre and subsequently decrease in the northern 

gyre interior where values are analogous with AMT14. Variability is observed in the 

southern gyre; however the highest molar percentage is at the southern flanks of the 

southern gyre and not at the equator.
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Figure 4.07 Molar percentage contribution of TDAA-N to the TON pool (a) AMT 14 (b) 
AMT16. Biogeochemical provinces labelled.

4.3.1.5 Individual dissolved amino acids

The distributions of the individual protein amino acids along the AMT 14 and 16 

transects are similar. Serine is the dominant amino acid (33±1.4%) along the AMT14 

transect with glycine (18±0.6%) and glutamic acid (17±0.8%) also being major 

compounds (Fig. 4.07). Glycine (18±0.9%) is the most abundant amino acid of the 

TDAA along the AMT16 transect followed by serine (16±0.4%) and alanine (16±0.5%) 

(Fig. 4.08).
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Amino acid
Figure 4.08 Percentage of individual amino acids to the TDAA for the entire data sets 
for AMT14 (dark gray bars) and AMT16 (light gray bars). Bars represent the mean 
values, samples run in duplicate. Error bars represent the standard deviation, AMT14 n= 
22; AMT 16 n= 25.

4.3.1.6 D:L Ratios of DFAA

Very few D-amino acids were detected in samples collected during AMT14; no 

D:L ratios could be calculated. However, D-Alanine was present at a number of stations 

in both the DFAA and the THAA collected during AMT16 (Fig. 4.09) and variation in 

the D:L ratios is apparent, both along the transect and between the two fractions. Higher 

D:L ratios were observed in the DFAA alanine in the southern and northern gyres. 

However, at the equator and at the southern flanks of the northern gyre the THAA 

alanine has greater D:L ratios. In the southern gyre, at the equator and in the northern
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gyre, D:L ratios of DFAA alanine remain fairly constant (0.2) but increase dramatically 

to 1.1 at 29°N and vary between 0.4 -  0.8 elsewhere in the northern gyre. D:L ratios of 

the THAA alanine exhibit a similar pattern to DFAA, however at the southern flanks of 

the southern gyre there is a considerable decrease across the flanks (D:L-Ala 1.02) and 

into the gyre interior (D:L-Ala 0.08). Ratios remain fairly constant across the equatorial 

region and at the southern flanks of the northern gyre and then subsequently increase in 

the centre of the northern gyre.
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Figure 4.09 D:L ratios for DFAA (black circles) and THAA (gray circles) alanine along 
the AMT16 transect at the chlorophyll maximum. Biogeochemical regimes labelled.

4.3.2 Particulate Amino Acids

4.3.2.1 Total particulate amino acids

Variations in the concentrations of particulate amino acids (PAA) are apparent 

along the AMT 16 transect and with depth, with concentrations ranging between 9 and 

190 nM (Fig. 4.10 a), although no significant trend is apparent between PAA
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concentration and depth. At two locations in the southern gyre, PAA concentrations 

decrease with depth, however this is not the case at the equator and in the northern gyre 

where concentrations are generally greatest at 100 m. The PAA are lower in the southern 

gyre (28 -  70 nM) compared with the northern gyre (33 -  190 nM) with a maximum 

concentration of 190 nM at 30°N (50m).

The molar percentage contribution of PAA to PON also shows variation both 

along the AMT16 transect and though the water column (Fig. 4.10 b), with values 

ranging between 0.7 and 9.5%. Whilst there is no particular trend of the molar 

percentage contribution of PAA to PON in the southern gyre, at the equator and in the 

deeper northern gyre samples the PAA generally contribute more to the PON compared 

with the shallower samples. Percentage contributions are lower in the southern gyre (0.6 

-  4.7%) than in the northern gyre (3.3 -  9.5%).
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Figure 4,10 (a) Concentrations of total particulate amino acids along the AMT 16 
transect at 50m (white circles), 100m (gray circles) and 150m (black circles). Bars 
represent the range of values obtained where the analysis was conducted in duplicate.
(b) Molar contribution of TPAA-N to the PON pool along the AMT16 transect at 50m 
(white circles), 100m (gray circles) and 150m (black circles). Biogeochemical regimes 
labelled.
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43.2.2 Individual particulate amino acids

Distributions of individual particulate amino acids along the AMT16 transect 

(Fig. 4.11) show very little variation with depth, with glutamic acid (18 -22% ±0.9 -  

2.5%) being the most abundant component in the total particulate amino acid pool. Other 

major contributors include alanine, aspartic acid, glycine and serine, each contributing 8

-13%  ±0.5-1.3.

Amino acid

Figure 4.11 Percentage of individual amino acids to the PAA along the AMT16 transect 
for the data set at 50m (black bars), 100m (light gray bars) and 150m (dark gray bars). 
Bars represent the mean values, samples run in duplicate. Error bars represent the 
standard deviation of the mean, 50 m n= 9, 100 m n= 5, 150 m n=7)
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4.3.2.3 D:L Ratios of PAA

D-Aapartic acid, D-glutamic acid, D-serine and D-alanine were present in PAA 

samples along the AMT16 transect at 50m, 100m and 150m. Variations in the ratios are 

apparent between the individual amino acids, along the transect and with depth. Alanine 

and glutamic acid have the lowest D:L ratios while aspartic acid exhibits the highest 

values.

D:L ratios for aspartic acid (Fig.4.12 a) vary between 0.2 and 0.17 with the 

highest value being found in the 150m sample at the equator. The greatest variation 

with depth is observed at the equator where the shallowest sample at 50m has a D:L 

ratio of 0.03 increasing to 0.17 at 150m. In the northern gyre, the difference in D:L 

ratios between the depths is less than at the equator, however the deeper samples still 

tend to show highest values. Along the transect, values are fairly constant to the south of 

the equator whilst to the north they are higher but then subsequently decrease towards 

the centre of the northern gyre where the lowest ratio (0.02) is observed at 29°N in the 

50m sample.

D:L ratios for glutamic acid (Fig.4.12 b) are fairly consistent varying between 

0.02 and 0.06. In most cases the deeper samples at 150m have greater D:L ratios, with 

the exception being at 27°S and just to the north of the equator, where the opposite is 

observed. Samples in the northern gyre exhibit slightly higher D:L ratios than those 

observed in the southern gyre.
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D:L ratios of serine (Fig. 4.12 c), varied between 0.005 -  0.1 with the greatest 

value at 100m at the equator. Whilst differences were apparent with depth no particular 

trends are discernable. To the south of the equator, D:L ratios are generally lower than 

those observed to the north of the equator, however values do decrease in the centre of 

the northern gyre where there is very little variation with depth.
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D:L ratios for alanine (Fig. 4.12 d) are low, varying between 0.004 -  0.05 along 

the AMT16 transect with the highest value observed just north of the equator (7°N) 

where the values decrease with depth. To the south of the equator and at the equator the 

deeper samples have the greatest D:L ratios. Values decrease towards the centre of the 

northern gyre where variation with depth is minimal, however the ratios are still higher 

than those observed to the south of the equator.
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4.4 Discussion

4.4.1 Amino acid distributions

4.4.1.1 Dissolved amino acids

The concentrations of DFAA and THAA at the chlorophyll maximum are low 

across the biogeochemical regimes of the AMT in the Atlantic Ocean, where neither 

fraction dominates the TDAA pool. The low levels of DFAA are not surprising since 

DFAA’s are labile moieties with turnover times of less than ~ 0.5 hours implying a close 

coupling between their release and uptake [Fuhrman, 1987b]. Total DFAA 

concentrations in the oligotrophic Northern Sargasso Sea were <10 nM in the euphotic 

zone [Keil and Kirchman, 1999], in the same range as the concentrations along the AMT 

transect. However, the low levels of THAA observed in the present study are unexpected 

since it has been reported that THAA (or dissolved combined amino acids) are the major 

contributor to the DON pool with concentrations ranging between 0.15 and 4.20 pM in 

natural waters (including open ocean, estuaries and streams) [Bronk, 2002]. In the 

Northern Sargasso Sea, THAA concentrations were between 167 and 810 nM in surface 

waters [Keil and Kirchman, 1999] which when compared to 0.2 -  23 nM observed along 

the AMT transect, suggests that either concentrations of THAA are remarkably low at 

the chlorophyll maximum or that the method of analysis in the present study leads to 

lower values being observed. The method employed in this study relies on a hydrolysis 

time of 6 hours, which according to Kaufman and Manley [1998] is sufficient, since 

amino acid concentrations (with the exception of valine and isoleucine) reach a plateau 

after 6 to 8 hours of heating (110°C). However, it has also been shown that the acid
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hydrolysis method does suffer some restrictions and much longer times >24 hours may 

be required to enhance the yield of amino acids from hydrophobic peptides \Tsugita, et 

ai, 1987]. Peptide bonds can be cleaved more effectively by the action of 

HCl/trifluoroacetic acid (TFA) vapour, reducing required reaction times to 22 - 45 

minutes at 158°C with a higher recovery of the hydrophobic amino acids [Tsugita, et al., 

1987]. Studies conducted on seawater samples also demonstrated that the vapour-phase 

hydrolysis method significantly increased the THAA concentrations by 1.5 ±0.4 times 

when compared to the traditional hydrolysis method, suggesting that THAA 

concentrations in seawater may have been underestimated by as much as 300% [Keil 

and Kirchman, 1991]. In hindsight, experiments into the recovery of the amino acids 

gained from the hydrolysis method utilised in this study should have been conducted, 

but since this was not possible we can only presume that the low THAA concentrations 

observed along the AMT transect are a result of incomplete hydrolysis. Nonetheless 

since relative trends of THAA exist along the AMT transect remarks can be made on the 

TDAA pool as a whole.

Concentrations of TDAA are lower for AMT16 than for AMT14, but the general 

pattern along the AMT transect is similar for the two years. Higher concentrations and 

variability was observed in the southern gyre and a decreasing trend from the north of 

the equator followed by a subsequent rise in levels at 20°N. The variability in the 

southern gyre and the reasonably stable concentrations in the northern gyre could reflect 

seasonality. The southern gyre was sampled during the autumn following the 

productivity maximum of the summer months. Therefore, the higher varying levels of 

TDAA could reflect the decoupling of production and consumption, whereby organic
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matter built up over the summer in the euphotic zone decomposes, releasing semi-labile 

and labile DON which are not rapidly utilised. Since the northern gyre was sampled 

during the spring, the lower and more stable concentrations observed here could 

represent a closely coupled system. Production and respiration rates measured along the 

AMT transect support this hypothesis. During autumn, both the northern and southern 

gyres are out of metabolic balance in that they appear to show net heterotrophy whilst 

during the spring, autotrophy and heterotrophy in the gyres are more balanced [Gist, et 

al., 2007], The production of DON would also be expected to increase with enhanced 

productivity; labile moieties such as TDAA could also be utilised as a source of nutrient 

[Flynn and Butler, 1986; Middelboe, et al., 1995; Palenik and Morel, 1990a], 

particularly in the northern oligotrophic gyre where NO3' is exhausted.

The decreasing trend in TDAA concentrations to the north of the equator could 

be result from the lateral advection of equatorial waters rich in DON to the southern 

flanks of northern gyre [Williams and Follows, 2003], As this water is transported 

northwards into more nutrient depleted conditions, DON might provide a valuable 

source of N to the biota. Since the amino acids represent the labile and semi-labile 

fractions of DON, the turnover times of which are hours to days and weeks to months, 

respectively [Fuhrman and Ferguson, 1986; Keil and Kirchman, 1993] they would be 

utilised quickly and therefore levels would decrease relatively as the water moved away 

from the source.

The slight increase in TDAA concentrations at 20°N coincides with a region of 

N2 fixation (see Chapter 3). Diazotrophs such as Trichodesmium spp. have been reported 

to exude DON rich in dissolved amino acids [Capone, et al., 1994; Glibert and Bronk,
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1994] and thus could account for the enhanced TDAA concentrations observed in this

region of the northern gyre.

4.4.1.2 Particulate amino acids

The PAA exhibited concentrations of 28 to 190 nM along the AMT transect, 

which is in the same range as measured in the Pacific Ocean (8 -  340 nM) [Lee and 

Cronin, 1984], Higher concentrations were observed in the northern gyre when 

compared with to southern gyre. This could be attributed to the process of N2 fixation 

between 7°N and 32°N (Chapter 3). N2 fixation perturbs the N:P stoichiometry in both 

particulate and dissolved nitrogen pools in that N becomes enriched [Karl, et al., 1997], 

A significant relationship (p>0.05; product moment correlation. R = -0.565) exists 

between the depleted 815N PONsusp and the elevated PAA concentrations (Fig. 13) 

implying N2 fixation is responsible for the amino acid accumulation in the northern gyre.

Figure 4.13 Significant relationship (p>0.05; product moment correlation. R = -0.565) 
between 815N PONSUsP and the PAA. Depleted isotopic signal implies N2 fixation (see 
Chapter 3) which is coincident with elevated PAA concentrations.
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4 .4 .2  D e g r a d a t io n  o f  d i s s o l v e d  a n d  p a r t i c u l a t e  o r g a n ic  m a t t e r

Whilst the distributions of amino acids can hint at processes involving organic 

matter cycling in the Atlantic Ocean, they provide little insight in to the quality of the 

organic matter. The ‘age’ of organic matter can be assessed by diagnosing positive 

relationships between the dissolved and particulate amino acids with levels of 

chlorophyll a. Since chlorophyll a is a good indicator of phytoplankton biomass [Platt 

and Sathyendranath, 1988], and therefore the primary food source in the marine food 

web, a dependence of amino acid concentration with chlorophyll a might be assumed. 

However, if the organic matter is degraded or ‘older’ a significant positive relationship 

would not be expected between the amino acids and chlorophyll a concentrations 

[Hubberten, et a!., 1994], No significant positive relationship (p>0.05; product moment 

correlation. AMT14: R = 0.31, AMT16: R = -0.38) between the TDAA and the 

chlorophyll a was apparent for AMT14 and 16 suggesting that the TDAA represent a 

degraded fraction of TON. The PAA on the other hand did reveal a significant positive 

relationship with chlorophyll a (p>0.05; product moment correlation. R = 0.63) therefore 

suggesting that the particulate amino acids are representative of freshly derived organic 

matter or of the phytoplankton biomass itself.

To further investigate the ‘age’ of organic matter, principal component analysis 

was employed. When dealing with large data sets, principal component analysis reduces 

the complexity of the data by identifying which combinations of variables explain the 

largest amount of variation. New variables or principle components are created from the 

linear combinations of the original variables with the first principal component showing 

the combination of variables which explain the greatest variability, and so on. Using the
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mole percent contribution of amino acids, Dauwe and Middleburg [1998] used this 

variance-orientated method to demonstrate that there were systematic variations in 

amino acid distributions as a consequence of the degradation of organic matter.

In the present study, the Dauwe and Middleburg [1998] method (4.03) was 

applied to the entire AMT data set using the software package XLSTAT.

Degradation Index (DI) = E;
var,- - AVG var/ 

STD var,- x fac. coef,- (4.03)

where var,- is the original (nonstandardised) mole percentage of amino acid z, AVG var,- 

and STD var,- are its mean and standard deviation in the entire set and fac. coef/ is the 

factor coefficient for amino acid i (Table 4.03).

The first component of this multivariate analysis explains 34.1% of the variance 

whilst the second component accounts for 17% of the variance (Table 4.03 and Fig. 

4.14). The cross plot of the first and second principal component scores for all the data 

(Fig. 4.14) demonstrates that the dissolved amino acids behave in a similar way, whilst 

the particulate fractions cluster separately. AMT14 and AMT16 dissolved amino acids 

both display analogous first principal component scores between 0.5 and -3.6. However, 

differences arise between the two years as AMT16 dissolved amino acids exhibit 

slightly higher second principal component scores (-0.7 to 7) to those obtained for 

AMT14 (-1.9 to 1). The first principal component scores calculated for the particulate 

amino acids are much higher (2 to 4) than those gained for the dissolved fractions, whilst 

very little variation exists in the second principal component score. This difference 

between the two fractions demonstrates that processes (such as production and

101



recycling) shaping the properties of the dissolved and particulate organic matter are 

quite different.

F ac to r coefficient Average Std. deviation
Alanine -0.247 1 2 . 2 0 5.90
Arginine 0.935 1.98 2.72

Aspartic Acid 0.741 7.36 4.80
Glutamic Acid 0.478 14.18 8.62

Glycine -0.681 19.21 9.16
Leucine -0.036 7.34 9.25

Methionine 0.097 3.36 7.11
Phenylalanine 0.043 4.05 5.21

Serine -0.662 20.34 11.55
Threonine 0.725 4.61 3.06

Valine 0.325 4.28 2.32
Isoleucine 0.913 1.09 1.72

Table 4.03 Factor scores of the individual amino acids obtained from principal 
component analyses of the individual amino acid mole percent abundances. 
Corresponding averages and standard deviations also given.

First principal component score

Figure 4.14 Cross plot of the first and second principal component scores obtained 
using the mole percentage abundances of amino acids.
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Dauwe & Middleburg [1998; 1999] derived a quantitative degradation index (DI) 

where the multivariant analysis was performed on a wide range of organic matter, from 

source materials such as fresh plankton to much older and more degraded sedimentary 

materials. In sandy sediments, fresh organic matter and thus labile material the DI score 

(first principle component score) was high, whilst refractory organic matter present in 

oxidised deep-sea turbidites had the lowest DI score.

Trends across the various biogeochemical regimes of the Atlantic Ocean (Fig. 

4.15) are apparent with dissolved fractions having lower DI values than the particulate 

matter, confirming the dissolved organic matter has been subjected to a higher degree of 

degradation than particulate matter. This contrast is not unexpected, since the particulate 

organic nitrogen sampled and subsequently analysed for amino acids is representative of 

organic matter primarily derived from autotrophic organisms i.e. phytoplankton (see 

section 3.3.5). Little variation appears to exist in the particulate DI score from different 

depths, although slightly fresher PON is observed in the equatorial region, which may 

reflect the enhanced productivity there.
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The low degradation score for the dissolved organic nitrogen is not surprising, as 

it has long been understood that both dissolved and hydrolysable amino acids can be an 

important source of nutrient N to phytoplankton and bacteria [Flynn and Butler, 1986; 

Middelboe, et al., 1995; Palenik and Morel, 1990a] and will therefore be subjected to a 

high degree of degradation particularly in regions where N is limiting. Further evidence 

of amino acids being utilised as a nutrient source can be observed in differences of the 

DI as a function of latitude (Fig. 4.15 a & b). A striking difference is observed in the 

southern gyre particularly for AMT14, where the DI decreases dramatically from the 

southern flanks towards the centre of the oligotrophic gyre and then subsequently 

increases in the equatorial region. This implies that at the flanks and in the equatorial 

region where NO3' concentrations are not limiting (i.e. >1 pM), amino acids are not an 

important source of N to the primary producers. Higher rates of production [Maranon, et 

al., 2000] and a reduced demand for amino acid-N results in less degraded organic 

matter. Meanwhile in the centre of the oligotrophic gyres where microorganisms are N- 

starved, the amino acids represent an available source of nutrient N, and therefore the 

organic matter appears more degraded since it is under constant microbial [Fuhrman, 

1987a] and enzymatic [Palenik and Henson, 1997; Palenik and Morel, 1990a] attack.

Whilst the same trend is apparent in the N-limited waters of the north Atlantic 

subtropical gyre for AMT16, other processes seem to alter TDAA on AMT14. Just north 

of the equator (12°N) the DI decreases (-2.2) and then increases (-1.0) to the centre of 

the oligotrophic gyre. The very low value to the north of the equator could reflect an 

upwelling signal corresponding to the intertropical convergence zone which is found to 

the north of the equator at ~10°N (see Chapter 2, Fig. 2.03). The upwelling of deep
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water to the surface could introduce old, degraded dissolved organic matter into the 

euphotic zone and might be responsible for the low DI values found at 12°N. The 

presence of less degraded dissolved organic matter in the northern gyre during AMT14 

suggests that amino acids are not such an important source of nutrient here as compared 

with the southern gyre. This could well be the case, since other biogeochemical signals 

suggest that N2 fixation is occurring in the northern oligotrophic gyre (see Chapter 3) 

and thus introducing a source of new N into the system.

The occurrence of fresher organic material in the northern gyre could be 

accounted for by the release of DON by N2 fixers such as Trichodesmium spp [Karl, et 

al., 1997; Lenes, et al, 2001] whereby the released DON is predominantly rich in 

dissolved free amino acids [Capone, et al., 1994; Gilbert and Bronk, 1994], Examination 

of the concentrations of TDAA in the northern gyre (Fig. 4.06 a & b) reveals an 

elevation in levels in the same region where the fresher organic matter is observed, 

particularly during AMT14. This could be a consequence of net accumulation of DON 

arising from N2 fixation. The presence of older or more degraded material in the 

northern gyre during AMT16 cannot be readily explained since net accumulation of 

DON occurs during both years. However, it has been reported that whilst N2 fixers 

exude DON they are also capable of using this DON as an N source [Capone, et al., 

1994], Therefore the more degraded material found during AMT16 in the northern gyre 

could arise from a closely coupled system whereby N2 fixers meet the N cell demand 

exclusively through the process of N2 fixation [Mulholland and Capone, 1999]. 

However, the differences between AMT14 and 16 maybe simply explained by the
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disparity in the cruise tracks, as AMT16 went further into the northern oligotrophic gyre 

than did AMT 14 (Fig 2.02).

4.4.3 Individual amino acids as degradation indicators

Examination of the mole percent abundances of the individual amino acids as a 

function of the DI reveals aspects that are characteristic of labile or refractory organic 

material. Figure 4.16 (a -  i) shows cross plots of the mole percent of the individual 

amino acids against the DI; the respective significant correlation coefficients are given 

in Table 4.04. The mole percent abundances of glutamic acid, methionine, arginine, 

threonine, aspartic acid and valine all significantly decrease as the organic matter 

becomes more degraded, i.e. these amino acids are preferentially removed from the 

organic material with time. On the other hand serine, glycine and alanine appear to 

significantly increase as the organic matter becomes more degraded, i.e. these amino 

acids preferentially accumulate in the organic material with time.

It had been previously reported that levels of glutamic acid are often low relative 

to source materials [Cowie and Hedges, 1992; Dauwe and Middelburg, 1998], Glutamic 

acid, along with methionine and phenylalanine, found to be concentrated in cell plasma 

of diatoms, while serine and glycine are dominate in the diatom cell walls [Hecky, et al, 

1973]. Diatoms are found along the AMT transect and account for upto 8% of the total 

primary production in the upper euphotic zone [Poulton, et al, 2006b]. Furthermore 

diatoms have been reported to account for 15 -  48% of new production at the 

oligotrophic BATS site in the north Atlantic
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Figure 4.16 Cross plots of degradation index and the mole % abundance of the 
individual amino acids; AMT14 total dissolved amino acids (gray circle), AMT16 total 
dissolved amino acids (white circle) and AMT16 total particulate amino acids (black 
circle). See table 4.04 for further details.
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Figure 4.16 continued Cross plots of 
degradation index and the mole % 
abundance of the individual amino acids; 
AMT14 total dissolved amino acids (gray 
circle), AMT16 total dissolved amino 
acids (white circle) and AMT16 total 
particulate amino acids (black circle). See 
table 4.04 for further details.

Amino acid n R value
glutamic acid 68 0.48
methionine* 20 0.52

arginine* 20 0.63
threonine 68 0.73

aspartic acid 68 0.73
valine 68 0.32
serine 68 -0.66

glycine 68 -0.68
alanine 68 -0.25

Table 4.04 Significant correlation coefficients (R values) at a confidence level of 95% 
(p>0.05; product moment correlation) for the individual amino acids (mole percent 
abundances) vs. the degradation index. *Only for particulate amino acids, as inadequate 
dissolved amino acid data to test significance.
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[Brzezinski and Nelson, 1995; Nelson and Brzezinski, 1997] and up to 25% of new 

production at the oligotrophic HOTS site in the North Pacific [Brzezinski, et al., 1998], 

Cowie & Hedges [1992] suggest that diatoms may undergo selective loss of intracellular 

amino acids while cell wall components are preserved. This simultaneous loss of 

glutamic acid and methionine with a preservation of serine and glycine would explain 

the relationships shown in figure 4.16. Cowie & Hedges [1992] go further, by suggesting 

that protection by the silicious test may result in the cell wall protein being less easily 

degraded by bacteria and furthermore that the cell protein is less soluble than proteins in 

the cell plasma. Glycine also has a minor food value to marine organisms; its short chain 

length allows its synthesis from many other amino acids in heterotrophic metabolism 

[Dauwe and Middelburg, 1998].

Whilst the depletion of methionine with increasing degradation has already been 

accounted for, it is still to be ascertained why measurable levels of methionine were 

found only in the particulate phase and not in the dissolved fraction of organic nitrogen. 

Methionine along with arginine, which was also only found in the particulate fraction, 

are essential amino acids i.e. they cannot be synthesised by many marine organisms and 

an external source is required. Thus, the lack of any quantifiable methionine and 

arginine TDAA in the Atlantic samples must reflect their rapid uptake by marine 

organisms [Phillips, 1984], Furthermore, it has been reported that in open ocean 

environments when nutrients are at nanomolar levels, some marine bacteria demonstrate 

a high affinity for uptake of arginine [Geesey and Morita, 1979]. Arginine can also be a 

N source for diatoms where it can supply upto 30% of the cells requirement of N [Flynn 

and Wright, 1986].
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The mole percent abundances of threonine, aspartic acid and valine were also 

found to decrease with increased degradation. The relationship observed with threonine 

is somewhat surprising since it has been previously reported to accumulate in the same 

way as serine and glycine [Cowie and Hedges, 1992; Dauwe and Middelburg, 1998]. A 

similar trend was observed in the north western Pacific [Yamashita and Tanoue, 2003] 

for valine which was abundant in relatively bioavailable THAA.

The accumulation of alanine in degraded organic matter has been previously 

reported in the Artie Ocean [Dittmar, et al., 2001] and in the north western Pacific 

[Yamashita and Tanoue, 2003], Taken together with the present study, it seems that 

alanine is somehow protected from remineralisation and high levels of alanine are 

characteristic of degraded DON.

4.4.4 Microbial inputs to organic matter in the Atlantic Ocean

Along the AMT14 transect very few quantifiable measurements of dissolved D- 

amino acids were made. However along the AMT16 transect at the chlorophyll 

maximum, D-alanine, a component of peptidoglycan found in bacteria cell walls 

[Schleife.Kh and Handler, 1972], was present in both the DFAA and THAA fractions at 

some of the stations. It was surprising to find very few D-amino acids since it has been 

reported that peptidoglycan is a major contributor to the DOM pool [Dittmar, et al., 

2001; Jones, et al., 2005; Jorgensen, et al., 1999; McCarthy, et al., 1998; Perez, et al.,

2003], However, in those studies samples were of either ultrafiltered DOM (UDOM), 

concentrating the high molecular weight species present in DOM [Jones, et al., 2005; 

McCarthy, et al., 1998], or samples were taken from highly productive waters [Dittmar,
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et al., 2001; Jorgensen, et al., 1999; Perez, et ai, 2003], In both cases the DON 

concentrations and thus the amino acid levels are much higher than those measured 

along the AMT transect, which could therefore help explain the presence of very low 

amounts of D-amino acids. In hindsight, a preconcentration step could have been 

introduced prior to the analysis of both the DFAA and THAA fractions by HPLC.

Despite the low D-alanine concentrations, the D/L ratios have been calculated 

along AMT-16 (Fig 4.17 b) and these are similar to previously reported values (Table 

4.05) in the oligotrophic regions of the Pacific Ocean and the Gulf of Mexico 

[McCarthy, et al., 1998]. This is despite methodological differences in the methodology 

i.e. DOM vs. UDOM [This study, [McCarthy, et al., 1998], D/L-alanine ratios in the 

AMT samples are similar to pure peptidoglycan [Amon, et al., 2001; McCarthy, et al., 

1998] this suggests that the D-alanine found in the dissolved fractions along the AMT 

transect may derive from bacteria.
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Location Environment Fraction D/L-alanine Reference

Atlantic Ocean Oligotrophic DON-DFAA 0.53 This study
DON-THAA 0.37 This study

Equatorial DON-DFAA 0.21 This study
DON-THAA 0.32 This study

Temperate DON-DFAA 0.66 This study

Pacific Oligotrophic UDOM-THAA 0.54 [McCarthy, etal., 1998]
Gulf of Mexico Oligotrophic UDOM-THAA 0.47 [McCarthy, et al., 1998]

North Sea Coastal UDOM-THAA 0.37 [McCarthy, et al., 1998]

Atlantic Temperate DON-THAA 0.49 [Perez, et al., 2003]

Florida Everglades Freshwater canal UDOM-THAA 0.11 [Jones, etal., 2005]
Marsh UDOM-THAA 0.10 [Jones, et al., 2005]
Coastal UDOM-THAA 0.20 [Jones, et al., 2005]

Roskilde Fjord Estuarine DON-DFAA 0.08 [Jorgensen and 
Middelboe, 2006]

DON-THAA 0.14 [Jorgensen and 
Middelboe, 2006]

Peptidoglycan Synechoccus bacillaris 0.38 [McCarthy, et al., 1998]
Peptidoglycan Staphyloccus aureus 0.44 [Amon, et al., 2001]

Table 4.05 D/L-alanine ratios from studies in various aquatic environments and from 
pure peptidoglycan.

In this study the D/L-alanine ratio for DFAA is higher than that for THAA, 

which, as explained in section 4.4.1.1, could be due to the incomplete hydrolysis of the 

THAA, which in turn would result in the underestimation of the bacterial contribution to 

the THAA pool. It has also been suggested that conventional hydrolytic techniques 

might be substantially less efficient for peptidoglycan residues in an environmental 

matrix [McCarthy, etal., 1998].

The variations in the D/L-alanine ratios that occur along the AMT transect (Fig. 

4.17 b) can be explained by the distribution of bacteria (Fig 4.17 a).
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Figure 4.17 (a) Total bacteria numbers (xlO6) for the Atlantic Ocean analysed using 
flow cytometry. Numbers include both autotrophic and heterotrophic bacteria. Higher 
abundances exist in the surface waters of the equatorial region and in the more temperate 
regions at the flanks of the northern gyre. Data kindly supplied by Glen Tarren, 
Plymouth Marine Laboratory, UK (b) D/L-alanine for DFAA (black circles) and THAA 
(gray circles) alanine along the AMT16 transect at the chlorophyll maximum, with 
elevated D/L ratios coincided with the higher bacterial numbers in the temperate regions 
of the north and south Atlantic.

The high D/L-alanine ratios found on the flanks of both the southern and northern gyre 

correspond well with the higher abundances of bacteria thus demonstrating that in these 

regions, the bacterial input to DON is greater than in the oligotrophic Atlantic. However, 

the low D/L-alanine ratios in the equatorial region, where increased abundances of 

bacteria are observed, is surprising. Bacterioplankton, can in the absence of other 

utilizable carbon, utilise D-amino acids as a source of nutrient [Perez, et ai, 2003], but 

since this region is a area where primary production is not nutrient limited, it cannot be 

assumed that D-alanine is being utilised. Until further investigation into the dynamics of 

DON in the equatorial region of the Atlantic Ocean is conducted, and improvements 

made in the recovery of amino acids from DON in the open ocean, little more can be 

concluded.
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The presence of D-amino acids in the particulate fraction is perhaps surprising 

since one would expect bacteria to pass through a GF/F filter. However, bacteria can be 

associated with plankton cells and detritus. Studies involving the detection of particulate 

muramic acid, an amino sugar found in peptidoglycan, reveal that bacterial detritus is an 

important component of POM [Benner and Kaiser, 2003; Shibata, et al., 2006]. Yields 

of muramic acid were far higher than could be accounted for by bacteria cell abundance, 

suggesting that a substantial reservoir of particulate bacterial detritus exists throughout 

the water column [Benner and Kaiser, 2003].

The D/L ratios from the PAA along the AMT transect show some variation with 

latitude (Fig 4.12) in that D/L ratios are slightly higher in the northern gyre than in the 

southern gyre. This could correspond to higher abundances of bacteria in the northern 

gyre than the southern gyre (Fig 4.17 a). However, further examination of the actual 

values acquired from the particulate fractions reveal that the D/L ratios are much lower 

than those observed for the dissolved fractions. Since D-alanine was the only 

quantifiable D-amino acid measured in the dissolved fractions in the present study, 

values from Perez et al [2003] are used for comparison as their measurements made 

were for DON-THAA in the Atlantic Ocean and their values of D/L-alanine were similar 

to those along the AMT transect. D/L ratios in the PAA along the AMT transect for 

alanine was 0.02 ±0.01 (mean ± SD; n = 20), for aspartic acid 0.06 ±0.03, for glutamic 

acid 0.04 ±0.01 and for serine 0.02 ±0.01. The dissolved fractions from Perez et al 

[2003] exhibited much higher D/L ratios, for alanine 0.49 ±0.11 (mean ± SD; n = 54), 

for aspartic acid 0.42 ±0.2, for glutamic acid 0.15 ±0.11 and for serine 0.09 ±0.04. The 

low D/L ratios in the PON suggest that bacteria are minor contributors to the PON.
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D-amino adds are also present in archaea [Matsumoto, et al., 1999; Nagata, et 

al., 1998; Nagata, et al., 1999], prokaryotes dassified in a separate kingdom to bacteria 

due to differences between the genetics and physiology of the two groups [Woese, et al., 

1990]. Once thought to inhabit extreme environments only, in recent years planktonic 

archaea have been discovered throughout the worlds oceans [Delong, 1992; Delong, et 

al., 1994; Fuhrman, et al., 1992; Herndl, et al., 2005; Karner, et al., 2001; Kirchman, et 

al., 2007; Teira, et al., 2006a] and could account for up to one third of all prokaryotic 

cells in the global ocean [Karner, et al., 2001]. A key difference between bacteria and 

archaea is that the cell walls of the latter do not contain peptidoglycan [Kandler and 

Konig, 1998], Instead D-serine, D-alanine, D-proline, D-glutamic acid and D-aspartic 

acid are found in the archaeal membrane proteins, the soluble proteins and in the free 

amino acids [Nagata, et al., 1999]. The D/L ratios of these archaeal amino acids are 

much lower than those reported in DON. D-aspartic acid is dominant in the membrane 

and soluble proteins, rather than D-alanine as is the case with peptidoglycan [Schleife.Kh 

and Kandler, 1972], while D-serine is most abundant in the free amino acids. Generally 

in all three fractions and in the three species of archaea analysed to date, D-alanine is the 

least abundant D-amino acid [Nagata, et al., 1999]. In the present study D-aspartic acid 

was the predominant D-amino acid followed by D-glutamic acid, whilst D-serine and D- 

alanine both contributed the least. This suggests that archaeal membrane and soluble 

proteins may account for the low D/L ratios observed in the PON along the AMT 

transect.

To investigate this further, [Jones, et al., 2005] derived a peptidoglycan / archaea 

index (4.04) which could be used as a source indicator for bacterial or archaeal derived 

organic matter. Since D-alanine is the dominant D-amino acid in peptidoglycan
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[Schleife.Kh and Kandler, 1972], while D-aspartic acid is dominant in archaeal 

membranes and soluble proteins [Nagata, et al., 1999], these two D-amino acids are 

used in the index as follows:

Peptidoglycan/archaea index = (D/L Ala + 0.1) / (D/L Asp +0.1) (4.04)

(0.1 is added to both D/L ratios to avoid zero values when either ratio equals one)
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Figure 4.18 Peptidoglycan / archaea index.[Jones, et al., 2005] Values for archaea (dark 
red squares) represent the D/L ratios of alanine and aspartic acids from the membrane, 
soluble protein and free amino acids of three archaeal species: Pyrobalaculum 
islanicum, Methanosarcina bakeri and Halobacterium salinarium [Nagata, et al., 
1999]. Purified peptidoglycan (green circles) from (1) Synechoccus bacillaris 
[McCarthy, et al., 1998] and (2) Staphylococcus aureus [Amon, et al., 2001], DON- 
THAA (red star) from the North Atlantic (mean, n=54) [Perez, et al., 2003], PON (light 
pink triangles) from the AMT16 transect at 50m, 100m and 150m.

Figure 4.18 clearly demonstrates that archaeal cells are responsible for the observed D/L 

ratios found in the PON along the AMT transect.

117



Previous reports have shown that peptidoglycan can account for 45 to 80% of N 

found in UDOM which is a similar proportion derived from hydrolysable protein 

[McCarthy, et al., 1998]. This finding suggested that bacteria are a crucial contributor to 

the high molecular weight UDOM.

Since very few D-amino acids were quantified in the dissolved amino acids in 

this study, this calculation cannot be used to provide a peptidoglycan contribution to the 

dissolved pool. However, since substantial levels of D-amino acids were observed in the 

PAA, this calculation can be applied to this data set (4.05).

Peptidoglycan N = 5.1 x [D-Alanine N] (4.05)

where 5.7 is the amount of N assuming a common peptidoglycan structure which 

includes both the amino acid backbone and peptide interbridges [Rogers, 1983]. Using 

the amino acid N calculated from the PON samples the percentage contribution of 

peptidoglycan N to the amino acid N can be calculated (4.06):

Percentage peptidoglycan N to amino acid N  = peptidoglycan N / amino acid N x 100

(4.06) [McCarthy, et al., 1998]

The amount of N derived from peptidoglycan in the particulate samples ranges from 

0.02 -  0.4 nM which results in the percentage contribution of peptidoglycan N to amino 

acid N ranging from 0.37 to 3.6% (Table 4.06 & Fig 4.19). To further assess this source 

of N to the N pool of the Atlantic Ocean, the percentage contribution of peptidoglycan to 

the PON has also been calculated (4.07):
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Percentage peptidoglycan N  to PO N  = peptidoglycan N / PON x 100 (4.07)

Values ranged from 0.006 to 0.19%, demonstrating the minor supply of bacterial N to 

the PON pool.

However, since the D/L ratios obtained in the PON samples collected along the 

AMT transect suggest that archaea are a more significant contributor to the PON than 

bacteria, it would be useful to attempt to quantify this supply. Using a similar approach 

to that of McCarthy et al [1998], the archaeal N (4.08) and the percentage contribution 

to amino acid N (4.09) and subsequently the PON (4.10) has been calculated.

Archaeal N  = [D-Aspartic N] x 100 / 3.88 (4.08)

D-Aspartic acid N is used in the calculation since it is the most common D-amino acid 

found in the archaeal membranes and soluble proteins [Nagata, et al., 1999]. The value 

3.88 is the average ratio in molar concentration of D-aspartic acid to the total of the D- 

amino acid and the corresponding L-amino amino from the membrane and soluble 

proteins from three species of archaea (Pyrobalaculum islanicum, Methanosarcina 

bakeri and Halobacterium salinarium [Nagata, et al., 1999]). Values of archaeal 

derived N obtained from this calculation range between 0.39 -  5.00 nM (Table 4.06), 

greater than the peptidoglycan N.

The percentage contribution of archaeal N to amino acid N was calculated as 

follows (4.09):
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Percentage archaeal N  to  am ino acid  N  =  archaeal N  /  am ino acid N  x 100 (4 .0 9 )

and gave values between 7.07 to 31.89% (Table 4.06 & Fig. 4.19), which is considerably 

higher than the peptidoglycan contribution to amino acid N. Furthermore the percentage 

contribution of archaeal N to the PON pool was calculated as follows (4.10):

Percentage archaeal N to PON -  archaeal N / PON x 100 (4.10)

and gave values of 0.7 to 1.76% (Table 4.06).

Since a complete data set of PAA does not exist across the entire AMT transect 

and also with depth it is difficult to comment on any apparent trends. However, it 

appears that the archaeal contribution to amino acid N is greatest at the equator for 

samples from 50 and 100 m (Fig 4.19). No distinct trend with depth is apparent, as was 

found with the actual PAA concentrations (Fig 4.09 a).

Archaea are usually detected in marine waters either through rRNA (e.g. 

{Delong, 1992; Fuhrman, et al., 1992; 1993] or by various forms of fluorescence in-situ 

hybridisation techniques [Teira, et ah, 2004; Teira, et ai, 2006b; Wells, et al, 2006]. In 

POM of oxic and anoxic marine waters, archaea have also been detected by lipid 

analysis, where C40 ether bound lipids which are specific to archaea were found in 

surface water [Hoefs, et al, 1991]. However, the D/L ratios reported in this study for 

PONsusp, appear to be the first measurements that have revealed the presence of archaea 

cells in marine waters through the use of enantiomeric amino acids. While no other data 

exist along the AMT transect to corroborate this conclusion, marine oligotrophic 

plankton prokaryotic assemblages are known to contain both bacteria and archaea
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[Fuhrman, et al., 1993]. The increasing realisation that archaea are extremely abundant 

in the world’s ocean is expanding our knowledge of the role that microbes take in the 

production of and subsequent recycling of organic N.

121



L atitude (°) D epth
(m) PON (nM) Amino acid 

N (nM)
D-Alanine N 

(nM)
D-Aspartic 

N (nM )
Peptidoglycan

N

%  contribution of 
peptidoglycan N to 

am ino acid N

% contribution of 
peptidoglycan N 

to PON

A rchaeal
N

% contribution 
o f archaeal N to 

am ino acid N

% contribution 
of a rch aea lN  to 

PON

27.3180°S 50 353.48 5.60 0.004 0.032 0.02 0.368 0.006 0.820 14.64 0.23

150 109.75 5.12 0.006 0.034 0.04 0.702 0.033 0.880 17.19 0.80

12.2479°S 50 184.18 8.02 0.008 0.040 0.04 0.558 0.024 1.030 12.84 0.56

150 143.23 3.49 0.006 0.016 0.04 1.033 0.025 0.404 11.56 0.28

1.3762°S 50 766.14 14.67 0.036 0.050 0.21 1.404 0.027 1.301 8.87 0.17

150 101.92 4.01 0.020 0.018 0.11 2.848 0.112 0.452 11.29 0.44

7.14894°N 50 360.32 15.70 0.048 0.194 0.27 1.740 0.076 5.007 31.89 1.39

15.477S°N 50 252.37 8.74 0.025 0.093 0.14 1.611 0.056 2.389 27.35 0.95

100 180.24 9.56 0.008 0.123 0.05 0.498 0.026 3.173 33.21 1.76

22.4833°N 100 232.15 11.82 0.023 0.122 0.13 1.098 0.056 3.140 26.56 1.35

29.0948°N 50 185.07 8.81 0.034 0.024 0.19 2.182 0.104 0.623 7.07 0.34

150 146.05 6.95 0.019 0.058 0.11 1.572 0.075 1.507 21.67 1.03

31.2299°N 50 216.31 10.32 0.027 0.054 0.15 1.490 0.071 1.393 13.50 0.64

100 213.19 13.33 0.030 0.077 0.17 1.276 0.080 1.986 14.90 0.93

150 113.06 10.88 0.027 0.061 0.16 1.433 0.138 1.565 14.38 1.38

33.3468°N 50 334.44 23.00 0.070 0.124 0.40 1.729 0.119 3.194 13.89 0.96

150 80.83 4.23 0.027 0.015 0.15 3.584 0.187 0.386 9.14 0.48

34.5717°N 150 110.90 4.55 0.017 0.027 0.10 2.092 0.086 0.693 15.25 0.63

37.2092°N 100 204.34 10.38 0.046 0.050 0.26 2.523 0.128 1.276 12.29 0.62

44.4411°N 50 396.65 15.85 0.011 0.092 0.06 0.395 0.016 2.359 14.88 0.59

Table 4.06 Station positions with depths and corresponding peptidoglycan N and archaeal N and their contributions to the 
total amino acid N and the PON. See text for information regarding calculations.
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Figure 4.19 Percentage contribution from peptidoglycan (gray bars) and archaea (black 
bars) to the amino acid N at (a) 50m, (b) 100m and (c) 150m along the AMT 16 transect.
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4.5 Conclusions

Particulate and dissolved amino acids have been determined along the AMT 

transect at the chlorophyll maximum. The relative concentrations of TDAA along the 

transect reveal a depletion towards the centre of the oligotrophic gyres with elevated 

concentrations in the neighbouring upwelling regions. This could reflect a decrease in 

the production of amino acids in the low productivity regions of the oligotrophic gyres 

or could be signify the utilisation of amino acids as source of N by 

autotrophs/heterotroph s.

To assess the relative ‘age’ of the organic nitrogen in the surface waters of the 

Atlantic Ocean, the Dauwe and Middelburg [1998] degradation index was applied to the 

entire data set. Trends observed in the dissolved amino acids along the AMT transect 

demonstrated that organic matter in the centre of the oligotrophic gyres is older/more 

degraded than in the more productive waters of the temperate and equatorial regions. 

This evidence further corroborates that amino acids are a valuable source of N to the 

biota in the oligotrophic regions of the Atlantic Ocean.

The microbial role in the production and recycling of organic N has been 

assessed though examination of the D/L amino acids ratios of the samples. The bacterial 

contribution to the DON pool could not be quantified due to the virtual absence of D- 

amino acids, which was surprising since previous studies have indicated that bacteria are 

a major contributor to UDOM [McCarthy, et al., 1998]. This finding suggests that 

bacteria appear to exude primarily high molecular weight organic N. The few quantified 

D/L ratios of alanine correspond well with those measured previously in open ocean 

samples and in pure peptidoglycan. This suggests that D-alanine in the dissolved
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fractions of the Atlantic surface values can be attributed to bacteria. Elevated bacterial

numbers in the temperate regions of the AMT transect coincide with highest D/L-alanine 

values.

The D/L ratios of the PAA samples are consistent with a very important 

contribution of archaea to PON when compared with bacteria. However, the contribution 

of archaeal N to the total PON is small which raises the question ‘where does the 

remaining amino acid N derive from?’ At present it can be assumed that the 

phytoplankton is the primary contributor since the PONsusp is thought to mainly originate 

from autotrophic phytoplankton (see section 3.3.5). The enantiomeric evidence of 

archaea in marine PON appears to be the first of its kind, but is consistent with other 

independent observations.

This study has demonstrated through the evaluation of the distributions of 

dissolved and particulate amino acids and the employment of a degradation index that 

amino acids are indeed an important source of labile N in the oligotrophic gyres of the 

Atlantic Ocean. The bacterial role in the production and recycling of organic N is of 

little significance when compared with other literature highlighting, the need for further 

work in this area.
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CHAPTER 5

Conclusions, implications and future 
work

5.1 Overview

Our understanding of the marine chemistry of nitrogen is fundamentally 

important since nitrogen plays a crucial role in the primary production of the world’s 

oceans and thus controls the drawdown of carbon from the atmosphere to the deep ocean 

[Falkowski, 1997], Our view of the marine N cycle has changed considerably over the 

past twenty years due to discoveries which have identified new processes and pathways 

by which N enters, leaves and is transported through the marine system.
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One major problem that still remains unresolved is the mismatch that exists 

between the observed export production and known inputs of N in the vast oligotrophic 

gyres of the Atlantic Ocean. In the first chapter of this thesis, various means by which N 

can be supplied to the euphotic zone are reviewed. McGillicuddy et al [1998] claim that 

this imbalance can be answered by deep ocean NO3' injections from eddies. However, 

whilst this may certainly be the case at the western flanks of the north Atlantic 

subtropical gyre, model estimates suggest that this supply of N is of less significance 

towards the central oligotrophic gyre [Oschlies, 2002; Oschlies and Garcon, 1998]. 

Therefore, further consideration into the potential role that N2 fixation and DON as 

sources of N to the primary producers is required. Numerous direct and indirect studies 

have demonstrated that N2 fixation is taking place in the oligotrophic regions of the 

North Atlantic [Capone, et al., 2005; Gruber and Sarmiento, 1997; Hansell, et al., 2004; 

Hood, et al., 2001; Lipschultz and Owens, 1996a; Montoya, et al., 2002], However, large 

discrepancies exist between estimates of new N that is supplied to the Atlantic euphotic 

zone via this process [Capone, et al., 2005; Mahaffey, et al., 2005], since areal estimates 

made assume temporal and spatial uniformity when N2 fixation occurs during stochastic, 

heterogeneous blooms that are not easily predicted or resolved by marine expeditionary 

field work [Karl, et al., 2002].

One of two major objectives of this study was to assess the spatial extent of N2 

fixation in the Atlantic Ocean and attempt to quantify this input of new N to the euphotic 

zone. This issue was addressed in Chapter Three, where direct evidence was provided 

demonstrating that N2 fixation occurs consistently over the subtropical northern gyre. 

Stable N isotopic analysis of PONsusp samples collected along the AMT transect over 

three years showed a consistently depleted signal in the northern oligotrophic gyre. This
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region overlaps with a region where the tracer N* increases westward following the gyre 

circulation. This non-conservative behaviour of N* implies that N2 fixation is 

responsible for the depleted 515N PONsusp. A mixing model suggests that N2 fixation 

over parts of the northern gyre provides a significant amount of new N (up to 74%) to 

the euphotic zone that is utilised by the phytoplankton. However, the PONsusp represents 

only a small fraction of the total N pool and therefore N2 fixation appears to play a 

minor role in fuelling export production from the euphotic zone to deeper waters over 

the northern subtropical gyre. It therefore remains to be ascertained what happens to this 

new N supplied through N2 fixation? Stable N isotopic data from sediment traps below 

the euphotic zone in regions of N2 fixation reveal that PONsink has a fairly enriched 

signal (3.7%o) [Altabet, 1988], suggesting that the isotopically depleted PON does not 

leave the euphotic zone. It could then be assumed that the depleted N could be exuded 

from the phytoplankton through DON and NO3'. However, isotopic studies at BATS 

have demonstrated that this is not the case [Knapp, et al., 2005]. Whether the DON 

measured in that study was refractory, and irrelevant is an open question. If so, then the 

process of N2 fixation must be a closely coupled system whereby the diazotrophs 

provide regenerated and isotopically depleted N to the phytoplankton community. This 

would imply that N2 fixation is crucial in supplying N to the northern oligotrophic gyre 

of the Atlantic not only as introducing a new source of N to the euphotic zone but also 

providing an invaluable regenerated source of N to other phytoplankton.

The second major objective of this thesis was to gain further understanding into 

the composition, production and subsequent recycling of organic nitrogen along the 

AMT transect. This objective was broad and has been met through a variety of means.

128



Primarily DFAA, THAA and PAA concentrations were determined from surface waters 

of the Atlantic Ocean. The distributions alone proved a powerful tool in identifying 

regions of organic N production and consumption. Higher concentrations were found not 

only in the more productive waters of the equator and temperate regions but also in the 

region of the North Atlantic subtropical gyre where N2 fixation was occurring. The 

employment of a degradation index [Dauwe and Middelburg, 1998] demonstrates that 

fresher organic matter is present at the equator and temperate regions along the AMT 

transect, while more degraded material is observed towards the centre of the oligotrophic 

gyres, indicating that DON is utilised as a source of nutrient. Furthermore in the region 

of N2 fixation in the northern gyre, slightly fresher organic matter was present, 

consistent with the release of DON by N2 fixers such as Trichodesmium spp [Karl, et al, 

1997; Lenes, et al., 2001], the released DON being enriched in dissolved free amino 

acids [Capone, et al, 1994; Gilbert and Bronk, 1994], Whilst this study suggests that 

DON provides a source of N to the phytoplankton and previous studies have 

demonstrated that both phytoplankton and bacteria possess the ability to utilise this 

source [Flynn and Butler, 1986; Middelboe, et al, 1995; Palenik and Morel, 1990a], the 

measure of primary production and ultimately export production fuelled through this 

means is still unclear. Model studies have demonstrated that horizontal advection of 

semi-labile DON to the north Atlantic oligotrophic gyre from neighbouring upwelling 

regions fuels 0.05 mol N m"2 y'1 of export production [Roussenov, et al, 2006]. This 

contribution is still not large enough to account for the discrepancies that exist between 

the N supply and observed export production in the North Atlantic.

As described in Chapter One of this thesis, DON is a complex mixture of labile, 

semi-labile and refractory moieties with the refractory molecules being dominant. Many
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labile and semi-labile N compounds have been identified and quantified in the marine 

environment whilst the large remainder of the bulk DON pool remains unknown (see 

review by Bronk, 2002). Amino acid analyses along the AMT transect have revealed that 

the labile and semi-labile components of the DON pool are very small (0.001 -  0.07%). 

Other N-compounds have also been identified in the DON pool such as purines, 

pyrimidines and nucleic acids and have also been proven to be utilised as an N source by 

primary producers (see review by Bronk, 2002). One could argue that greater insight is 

required into the composition of the DON pool, in particular the refractory molecules, to 

enable better justification in DON being used as a nutrient source. However, since the 

refractory N molecules dominate the bulk DON pool, is there really any need 

researching this component of the DON pool when turnover rates are of the order of 

hundreds of years and therefore irrelevant in fuelling export production? One major step 

that has advanced our understanding of the DON pool is the realisation that microbial 

organisms are not only responsible for the remineralisation of organic N but also 

produce and utilise DON as a nutrient source. Examination of the enantiomeric ratios of 

TDAA along the AMT transect revealed that the bacterial inputs to the DON pool are 

much lower (cannot be quantified) than observed in the UDOM, conflicting with 

previous statements that bacteria can produce 45 to 80% of the total DON pool 

[McCarthy, et al., 1998]. Whilst this conflict could arise through methodological 

differences, it does highlight the requirement for a closer examination of the production 

of DON. Another major discovery in the microbial world has been the growing 

acknowledgement that archaea could account for up to one third of all prokaryotic cells 

in the global ocean [Karner, et al., 2001]. This is consistent with the present study of the 

AMT where archaea were found to contribute ~7 to 32% to the total particulate amino
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acid N suggesting that archaea are fundamentally important in the production and 

recycling of organic N in the worlds oceans.

Whilst DON is an important source of N to primary producers, dissolved organic 

phosphorus (DOP) could play a more vital role in sustaining particle export. Latitudinal 

DOP concentrations vary far more than DON concentrations along the AMT transect 

[Mahaffey, et al., 2004], suggesting that DOP is being depleted in the centre of the 

oligotrophic gyres. Since DOP is more reactive than DON, with turnover times between 

60-300 days [Bjorkman, et al., 2000], it can be an extremely valuable source of P to 

primary producers, particularly in the oligotrophic gyres of the Atlantic Ocean. Model 

studies suggest assuming that 95% of DOP is semi-labile then the transport of DOP from 

neighbouring upwelling regions of the north Atlantic subtropical gyre could supply 12 

mmol P m'2 y r1 which is equal to half of the P requirements for particle export 

[Roussenov, et al., 2006],

It is apparent that the northern and southern oligotrophic gyres of the Atlantic 

Ocean behave differently. Both stable N isotopes and dissolved amino acids demonstrate 

that while N2 fixation is a consistent feature of the North Atlantic it is absent from the 

southern gyre. This could be a seasonal feature since both AMT 14 and AMT 16 sailed 

during the northern hemisphere spring. However, during the previous phase of AMT 

(AMT 1 -8), Trichodesmium sp. filaments were counted along the transect during both 

seasons and colonies were consistently most abundant to the north of the equator 

[Tyrrell, et al., 2003]. The question than arises regarding the influencing factors in play 

affecting the North Atlantic that are minimal or even absent from the South Atlantic? In 

Chapter Three of this thesis, aeolian inputs of dust to the north Atlantic were mentioned. 

The Saharan Desert in North Africa represents one of the world’s largest sources of dust
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that can be transported across the North Atlantic basin [Prospero, et al., 1996].This dust 

is a significant source of soluble aerosol iron (Fe), silica (Si) and phosphorus (P) to the 

surface waters of the North Atlantic [Baker, et al., 2006]. As described in Chapter Three, 

the process of N2 fixation is limited by both Fe and P [Mills, et al., 2004; Mulholland 

and Bernhardt, 2005; Sanudo-Wilhelmy, et al., 2001; Wu, et al., 2000]. Therefore, N2 

fixation is stimulated in the northern gyre but presumably limited by Fe and P in the 

southern gyre. However, P concentrations (see Appendix F) along the AMT transect 

reveal higher concentrations in the southern gyre when compared with the northern gyre. 

This distribution not only demonstrates the depletion of P by N2 fixation in the northern 

gyre but also suggests that in the southern gyre N2 fixation is limited by Fe. Therefore 

one of the major governing factors controlling the differences in the productivity 

dynamics between the northern and southern gyres of the Atlantic Ocean is the 

magnitude of atmospheric inputs to the surface euphotic zones.

5.2 Future work

This thesis throughout, has highlighted areas in the biogeochemical dynamics of the 

Atlantic Ocean that have yet to be resolved and thus requires further research. These 

include:

1. Determining the 815N of PONsusp, PONSink, DON and NO3' at one site/station at 

one particular time. At present, the N isotopic data that exist for the various 

components of the total N pool are from different sites/stations, seasons and 

years. Therefore in attempting to close the N isotopic budget for the North
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Atlantic too many assumptions are being made and the estimates of the sources 

and sinks of N made cannot be seen as wholly reliable.

2. To assess the turnover rates of labile DON and DOP in surface waters, 

fluorogenic substrates can be utilised to determine the amino peptidase and 

phosphatase enzyme activities respectively (see Appendix F).

3. Through the use of radiolabelled N and P compounds in culture incubations, the 

rates of uptake and subsequent production of organic compounds could be 

assessed.

4. To examine further the amino acid dynamics, culture experiments could be 

conducted whereby amino acid concentrations are monitored throughout the 

growth and stationary phase of phytoplankton. To the data collected, the Dauwe 

degradation index could be applied to gain understanding of the production and 

consumption of amino acids.

5. Identification of C40 ether bound lipids in PONsusp from the surface waters could 

help quantify the archaeal contribution to the biomass of the Atlantic Ocean.

5.3 Broader implications

This present study has formed part of the AMT programme which began in 1995 

involving bi-annual latitudinal transects of the Atlantic Ocean. The most recent phase 

(2003-2005) involved measurements of ecosystem structure and elemental cycling, 

contributing to a decadal data set. This has enabled validation of current models and 

provided further data for future biogeochemical models [Robinson, et al., 2006]. The 

AMT programme has advantages compared to other time series such as the Bermuda
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Atlantic Time Series (BATS) since the bi-annual transects provide excellent spatial

coverage of the various biogeochemical regimes of the Atlantic Ocean for two seasons 

(spring and autumn). This provides a strong data set that enables the collection of 

accurate parameters that can be utilised in model studies. However, a drawback of this 

type of time series is that the biannual sampling along the transect only provides a 

‘snapshot’ of the biogeochemical dynamics. The BATS programme 

(www.bbsr.edu/cintoo/bats/bats.html) on the other hand samples hydrographic, 

biological and chemical parameters throughout the water column at a few sites in the 

Sargasso Sea on a monthly basis. BATS began in 1988, where this rigorous sampling 

enabled major discoveries to be made regarding the importance of biological diversity in 

understanding biological and chemical cycles and also quantifying carbon removal 

pathways in this region. Whilst this style of time-series is beneficial in providing a high 

resolution data set, it is for only a small region of the western Atlantic Ocean. Several 

publications using the data collected from the BATS site have involved extrapolating 

these data to provide estimates for the entire northern Atlantic Ocean (e.g. [Bates and 

Hansell, 2004; Gruber, et al., 2002]. Despite the fact that these estimates provide insight 

to the dynamics of processes occurring in the Atlantic, the conclusions drawn from these 

estimates cannot be seen as robust. Therefore future oceanographic research involving 

time-series should attempt to involve both types of sampling of the two styles of time- 

series.

The next AMT phase (funded through Oceans 2025; National Environmental 

Research Council) aims to maintain the programme as a long-term multidisciplinary 

open-ocean observation system as well as improving the physical measurements and 

deploying sediment traps in the centre of the oligotrophic gyres [Robinson, et al., 2006],
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However, it still lacks the higher time resolution monitoring. The use of novel 

approaches such as the proposed Esonet (www.oceanlab.addn.ac.uk) observatory 

network, where single site observatories will be stationed in various oceanic locations 

around Europe and data is sent back to land via fibre optic sub-sea cables, would 

compliment the AMT programme, enabling further validation of processes occurring in 

the open ocean.
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APPENDIX A

The three scientific objectives of the 
AMT programme with the corresponding 
hypotheses



Objective One

To determine how the structure, functional properties and trophic status of the major 

planktonic ecosystems vary in space and time.

Hypothesis 1: The s ize  sp ec tra , a n d  m in era lisa tio n  c a p a c ity  o f  p la n k to n ic  o rg a n ism s  

a re  m a jo r  determ in an ts o f  C 0 2  a n d  o rg a n ic  m a tte r  ex p o rt to  the a tm o sp h ere  a n d  d ee p  

w a ter .

Hypothesis 2: G row th  ra te s  o f  p h y to p la n k to n  in tro p ica l a n d  su b tro p ica l w a te rs  a re  

c o rre la te d  w ith  the f ra tio  and, f o r  the su rface  layer, w ith  the re la tive  co n trib u tio n  o f  

n anophytoplankton .

Hypothesis 3: The b io d iv e rs ity  o f  the m icro b ia l p la n k to n ic  com m u n ity  s ig n ifica n tly  

in fluences C, N  an d  P  recyc lin g  a n d  ec o sys tem  tro p h ic  sta te.

Hypothesis 4: B asin  sc a le  v a r ia b ility  in p h o to syn th e tic  g ro w th  ra tes  a n d  p C O z f lu x  can  

b e  d e r iv e d  fro m  rem o te ly  sen sed  data .

Objective Two

To determine the role of physical processes in controlling the rates of nutrient supply, 

including DOM, to the planktonic ecosystem.

Hypothesis 5: N et h e tero tro p h y  a n d  ex p o r t p ro d u c tio n  in the su b tro p ica l g y re  a re  p a r tly  

su sta in ed  b y  la te ra l inputs o f  d is so lv e d  o rg a n ic  n u trien ts fr o m  n eigh bou rin g  u p w ellin g  

reg ion s.
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Hypothesis 6 : In teran n u al va r ia tio n s  in th e n u trien t su p p ly  to  th e  eu p h o tic  zo n e  o f  th e N  

a n d  S  A tla n tic  su b -tro p ic a l g y re s  a re  re la te d  to  a tm o sp h e ric -in d u ce d  ch a n g es in 

co n ve c tio n  a n d  g yre -sca le  c ircu la tion .

Objective 3

To determine the role of atmosphere-ocean exchange and photo-degradation in the 

formation and fate of organic matter.

Hypothesis 7: S p a tia l v a r ia b ility  in a tm o sp h eric  d ep o sitio n  o v e r  the N  a n d  S A tla n tic  

su b -tro p ic a l g y re s  lea d s  to  s ig n ifica n t va r ia tio n s  in the re la tive  im p o rta n ce  o f N  a n d  P  

a s  lim itin g  n u trien ts a n d  le a d s  to  sh o rt term  im b a la n ces in th e a ss im ila tio n  o f  C  a n d  N  

b y  ph ytop lan k ton .

Hypothesis 8 : p C O j a n d  tra ce  g a s  exch an ge a re  a  fu n c tio n  o f  p h y to p la n k to n  com m u n ity  

s tru c tu re  a n d  b io m a ss  a n d  s ig n ifica n tly  influence a e ro so l fo rm a tio n  o v e r  the rem ote  

ocean s.

Hypothesis 9: A b so rb a n c e  b lea ch in g  is  the m a jo r  co n tro l o f  D O M  d e g ra d a tio n  a n d  

p h o to re a c tiv ity , a n d  s ig n ifica n tly  in fluences p la n k to n  com m u n ity  stru ctu re, the recyc lin g  

a n d  ex p o r t o f  o rg a n ic  m a tte r  a n d  p h o to ch em ica l tra ce  g a s  p ro d u c tio n  a n d  rem ova l.
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APPENDIX B

SAP stations for AMT12,14 & 16



Latitude Longitude Depth (m) 81SN PONsusd
43.1249°S 45.1925°W 50 5.61

150 7.51
31.4711°S 29.4256°W 50 0.16

100 -0.14
150 4.64

13.5557°S 24.5985°W 50 2.90
100 2.82
150 5.13

2.1416°S 24.5994°W 50 4.55
100 4.50

12.1406°N 32.17J7°W 50 0.08
100 3.81

24.1972°N 32.3442°W 50 -1.38
150 1.01

36.4415°N 20.4884°W 50 2.48
100 0.91
150 3.65

Table B1 SAP stations and corresponding 8I5N PONsusp for AMT12

Latitude Longitude Depth (m) 81SN PONsusd
41.2000°S 41.3300°W 50 5.10
32.5900°S 31.1000° W 50 -1.25

100 1.27
150 2.49

12.1655°S 24.5966°W 50 2.68
150 3.88

0.0560°S 24.5987°W 50 2.62
150 4.82

11.2403°N 29.2207°W 50 1.30
150 5.02

22.1991°N 33.4410°W 50 -1.04
100 -1.69
150 0.27

29.1827°N 36.4184°W 50 0.28
100 0.35

38.3998°N 19.5763°W 50 6.07
48.5999°N 16.2368°W 50 -0.83

100 0.25

Table B2 SAP stations and corresponding 815N PONsusp for AMT14



Latitude Longitude Depth (m) 8 15N PONsusn
-27.3180°S 13.2657°W 50 3.69

100 2.70
150 4.00

-22.5281°S 25.0003°W 50 1.30
150 2.84

-12.2479°S 24.5979°W 50 1.61
150 5.09

-1.3762°S 24.5966°W 50 3.81
150 5.10

7.1494°N 28.2726°W 50 -0.21
100 3.13

15.4775°N 32.3610°W 50 -0.41
100 -0.40
150 2.92

22.4833°N 36.0985°W 50 -0.62
100 1.01
150 3.31

29.0948°N 39.3253°W 50 -0.50
100 -0.72
150 0.54

31.2299°N 42.0865°W 50 -0.84
100 -0.09
150 0.97

33.3468°N 45.3240°W 50 0.81
100 1.74
150 4.71

34.5717°N 42.3357°W 50 1.10
100 2.22
150 4.06

37.2092°N 33.3963°W 50 2.99
100 3.31
150 5.32

44.4411°N 22.5240°W 50 4.37
100 4.86
150 4.28

Table B3 SAP stations and corresponding 815N PONsusp for AMT16



APPENDIX C

Structures of amino acids analysed in this 
study
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ALANINE
O

Formula: C3H7NO2 

Molecular weight: 89.1

ASPARGININE

Formula: C6H14N4O2 

Molecular weight: 174.2

ASPARTIC ACID

Formula: C4H7NO0 

Molecular weight: 133.10

GLUTAMIC ACID

Formula: C5H9NO4 

Molecular weight: 147.13

GLYCINE

Formula: C2H5NO2 

Molecular weight: 75.07

O

H2N
OH
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ISOLEUCINE
O

Formula: C6H13NO2 

Molecular weight: 131.18

LEUCINE

Formula: C6H13NO2 

Molecular weight: 131.18

METHIONINE

Formula: C5H11NO2S 

Molecular weight: 149.21

PHENYLALANINE

Formula: C9H11NO2 

Molecular weight: 165.19

SERINE

Formula: C3H7NO3 

Molecular weight: 105.09
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Formula: C4H9NO3 

Molecular weight: 119.12

THREONINE
OH O

VALINE

Formula: C5H11NO2 

Molecular weight: 117.15

L-HOMOARGININE (non-protein; internal standard)

Formula: C7H16N4O2 

Molecular weight: 188.23
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APPENDIX D

Response factors for amino acids



Amino acid Response Factor
L-Asparctic Acid 1.13596
D-Asparctic Acid 1.18417
L-Glutamic Acid 1.13752
D-Glutamic Aci d 1.12158
L-Serine 1.24810
D-Serine 1.39356
L-Threonine 1.19010
Glycine 1.60418
L-Argi nine 1.36417
D-Arginine 1.20010
L-Alanine 1.41778
D-Alanine 1.58993
L-Valine 1.32355
L-Methionine 1.15487
D-Methionine 1.30142
D-Valine 1.48670
L-Phenylalanine 1.00690
D-Phenylalanine 1.28832
L-Isoleucine 1.39386
L-Leucine 1.03303
D-Isoleucine 1.28456
D-Leucine 1.13118

Table D1 Typical response factors for amino acids.



APPENDIX E

Latitudinal sections of phosphate 
concentrations for AMT12,14 & 16



Figure E l Phosphate concentrations (pM) for (a) AMT 12, (b) AMT 14 and (c) AMT 16. 
Sections show lower concentrations in the northern gyre compared with the southern 
gyre, probably due to N2 fixation driving down levels in the northern gyre.
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APPENDIX F

Enzyme activities in surface waters along 
the AMT16 transect
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Determining ecto-enzyme activities in an attempt to obtain an estimate 
in the turnover rate of labile organic nitrogen and phosphorus

compounds

FI Introduction

Dissolved organic species make up a large proportion of the marine nitrogen and 

phosphorus pools; they are heterogeneous mixtures of compounds including biologically 

labile moieties, which likely turn over from days to hours and refractory components, 

which persist for months to thousands of years [Bronk, 2002]. Examples of identified 

organic nitrogen compounds include urea, amino acids, proteins and nucleic acids 

[B erm an  a n d  Bronk, 2003]. Organic P fractions include primarily monomeric and 

polymeric phosphate esters (C-O-P bonded compounds), phosphonates (C-P 

compounds) and organic condensed phosphates [K a r l a n d  B jorkm an , 2002], There is 

evidence that when inorganic nutrients are limiting the system dissolved organic 

nitrogen and phosphorus compounds can be a direct or indirect sources of nutrient to 

marine microorganisms [B erm an  a n d  C h ava , 1999; B jorkm an  a n d  K a r l, 2003; Jackson  

a n d  W illiam s, 1985].

The mechanisms responsible for the release of nitrogen and phosphorus from 

organic matter for use by phytoplankton are poorly understood [P a n o sso  a n d  G ran eli, 

2000], however the importance of cell-surface enzymes or cell-surface catalysed 

mechanisms are now being recognised [P a len ik  a n d  M o re l, 1990b] . Extracellular 

enzymes hydrolyse peptide or ester bonds within the organic matter to release the 

organically bound nitrogen or phosphate (respectively), providing essential nutrients 

required for growth.
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Following methods described by Hoppe (1993), overall extracellular enzyme 

activities can be determined by utilising fluorogenic model substrates. These model 

substrates (i) contain an artificial fluorescent molecule and one or more natural 

molecules (e.g. amino acids), linked by a specific binding site (e.g. peptide bond); (ii) 

fluorescence is observed after enzymatic splitting of the complex molecule (Fig Gl); 

(iii) hydrolysis of model substrates follows first order enzyme kinetics; and (iv) 

application of those model substrates allows enzyme activity measurements under 

natural (in situ) conditions within short incubation periods [Hoppe, 1993]. Rate kinetics 

can be applied the data obtained from incubation experiments to determine the rate of 

catalysis of the fluorogenic compounds. Michaelis-Menten kinetics demonstrates that 

the rate of catalysis is directly proportional to substrate concentration [Stryer, 1995]. 

The Michaelis-Menten constant (KM) can be utilized to provide an estimate of the 

turnover rate of the labile component of dissolved organic nitrogen and phosphorus.

169



(a)
.0^/0

P03- +  2H+

CH3

4-methylumbelliferyl phosphate
non-fluorescent

methylumbelliferone
fluorescent

L-leucine 7-amido-4-methylcoumarin
non-fluorescent

7-amino-4-methylcoumarin
fluorescent

Figure G1 Structures and reactions of (a) 4-methylumbellifery] phosphate which 
fluoresces once undergone hydrolysis by the enzyme phosphatase; (b) L-leucine 7 
amido-4-methylcoumarine which fluoresces once undergone hydrolysis by the enzyme 
amino peptidase.

F 2 Methodology

To determine the leucine aminopeptidase and alkaline phosphatase activities in 

seawater the fluorogenic substrates L-leucine-7-amido-methylcoumarin hydrochloride 

(Leu-AMC) and 4-methylumbelliferyl phosphate (4-MUP) were employed respectively 

following a method described by [Hoppe, 1993]. Seawater was sampled from surface 

waters off the pre-dawn casts on AMT16 into a 1 L Pyrex bottle (pre cleaned in a 10% 

HC1 acid bath and rinsed three times in milli-q water). Briefly seawater was inoculated 

with the respective fluorogenic substrates to give resultant concentrations of 100, 200, 

400, 500 and 750 pM in 10 mL. The initial fluorescence was measured (To) using a

170



Turner Designs TD-700 Laboratory Fluorometer and then incubated at 16°C for 48 

hours in the dark, after which the fluorescence was re-measured (Ti).

To convert the observed change in fluorescence into a rate of hydrolyses a 

calibration was conducted using the flourophores of the fluorogenic substrates. For Leu- 

AMC, 7-amino-4-methylcoumarin (AMC) was used and 4-methylumbelliferone (MUF) 

was used for 4-MUP using a range of concentrations between 0.5 and 300 pM.

Michaelis-Menten kinetics were applied to the data to gain the Vmax which 

corresponds to the maximum turnover i.e. when the catalytic sites on the enzyme are 

saturated with substrate.
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F 3 Results

Figure Fl Alkaline phosphatase activités in surface waters along the AMT16 transect.

Figure F2 Leucine amino peptidase activities in surface waters along the AMT16 
transect.

Higher phosphatase activities are observed in the northern gyre which coincide with the 

region of N2 fixation as inferred from stable N isotopes (see Chapter 3). Much lower 

turnover rates are observed for the labile DON compared with the labile DOP.
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APPENDIX G

Lipid Analysis of suspended particulate 
organic matter along the AMT 16 transect
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G 1 Phospholipid methodology

G 1.1 Sampling protocol

Suspended particulate organic matter samples for phospholipid analysis were 

collected using Stand Alone Pumps (SAPs; Challenger Oceanic) on AMT16 (see 

Chapter 2 for cruise details and Fig. 2.02 for cruise track).Two GF/F filters (293 mm 

diameter; Whatman; pre-combusted at 400°C, >4 hours) were placed on the filter bed 

with the top filter being used for the analysis. The SAPs were deployed to depths of 50, 

100 and 150 m and pumped -1000 L seawater in 90 minutes. The filters were removed 

and wrapped in pre-combusted (400°C >4 hours) aluminium foil and frozen (-20°C) 

until further analysis in the laboratory. Prior to analysis, filters were lypholised (-60°C; 

10‘2 Torr, 24 h).

G 1.2 Determination ofPOC

Concentrations of particulate organic carbon (POC) collected on the GF/F filters 

were determined as described by Kiriakoulakis et al [2004], This was to ensure a 

sufficient quantity of filter was extracted and enable accurate quantification. Briefly, 

analyses of freeze-dried SAPS filters were carried out in duplicate (analytical error <10 

%; CEInstruments NC 2500 CHN analyser), on aliquots of known area (-130 mm2), 

using the HC1 vapour method of Yamamuro and Keyanne [1995].
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G 1.3 Procedure for lipid analysis 

G 1.3. ¡Preparation of glassware

Unless otherwise stated all glassware used for the lipid analysis was prepared by 

soaking in 10% Decon 90 overnight, rinsed thoroughly with tap water followed by 

rinsing with copious amounts of fresh milli-q water. The glassware was then wrapped in 

aluminium foil and placed into a drying oven (~100°C) overnight and then pre

combusted at 400°C for no less than four hours.

G 1.3.2Extraction

From each filter, four aliquots (314 mm2) were cut using an aluminium puncher 

(rinsed with DCM). Using clean scissors (rinsed with DCM) the aliquots of filter were 

cut into smaller pieces and placed into a glass centrifuge tube. 25 pL additions of 

internal standards cholestane (100 ng/g) and cholanic acid (100 ng/g) were made (final 

mass of 2500 ng). 4 ml of methanol (MeOH; HiPerSolv; redistilled), 2 ml 

dichloromethane (DCM; HiPerSolv; redistilled) and 1.6 ml phosphate buffer (AnalaR; 

pH adjusted to 7.4 with 1 M HC1) were added to the centrifuge tube. This gave a final 

ratio of MeOH:DCM:phosphate buffer of 2:1:0.8). The centrifuge tube containing the 

POM sample and solvent mixture was sonicated for 30 minutes. A further 2 ml of DCM 

and 2 ml phosphate buffer was added to the centrifuge tube to give a final ratio of 

MeOH:DCM:phosphate buffer of 1:1:09). This mixture was centrifuged for 5 minutes 

(2500 rpm; 15°C) and the upper aqueous fraction was removed using a glass Pasteur 

pipette (pre-combusted; 400°C > 4 hours) and discarded. The lower organic fraction was
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transferred to a 25 ml round bottom flask and the solvent was removed under vacuum

(35°C). The sample was re-dissolved in a small amount of DCM and transferred to a 7 

ml glass vial (pre-combusted; 400°C >4 hours). The DCM was removed under a stream 

of N2 gas and a further 1 ml of DCM was added and subsequently removed under N2 

gas. This was repeated once more.

A 230mm Pasteur pipette was plugged with cotton wool (24 hour Soxhlet 

extracted, DCM:MeOH 9:1) and filled with sodium sulphate (24 hour Soxhlet extracted, 

DCM:MeOH 9:1) which was rinsed through with a few ml of DCM. The extract was re

dissolved in ~0.5 ml of DCM and transferred to the prepared pipette, followed by a 1 ml 

addition of DCM. The extract and DCM was collected into a 2ml glass vial (pre

combusted; 400°C >4 hours) whereby the DCM was subsequently removed under a 

stream of N2 gas.

G 1.3.3 Fractionation

Fractionation of the extracted samples was carried out on Varian bonded phase 

aminopropyl SPE cartridges (500 mg; 6 ml). Cartridges were placed into a CEREX 

Varian SPE processor and washed with 4 ml hexane, where the vacuum was 

immediately released once the hexane had passed through to ensure that the cartridges 

did not dry out. The extracted sample was re-dissolved in 200 |0.L of DCM and 

transferred to the cartridge whereby sufficient pressure was applied to pull the sample 

through. Glass collection tubes were placed into the processor underneath the cartridges 

which were firstly eluted under pressure with 4 ml of a 2:1 DCM to isopropanol (IPA) 

mixture. This first elution is the neutral lipid fraction. The second elution which

176



involved an addition of 4 ml of diethyl ether with 2% acetic acid to the cartridges is the 

fatty acid fraction which was collected separately into new collection tubes. The third 

and final fraction, phospholipids, is eluted with 100% MeOH and was also collected in 

new collection tubes. The solvent was removed from all fractions under a stream of N2 

gas. All fractions were then dissolved in a small amount of DCM. The neutral lipid 

fraction (fraction 1) was transferred to a 2 ml glass vial; the DCM was removed under 

N2 gas and was stored at -20°C until further analysis. The fatty acid (fraction 2) and the 

phospholipid fraction (fraction 3) were transferred to 5 ml reaction vials and the DCM 

was removed under a stream of N2 gas.

G 1.3 ATrans-methylation

Trans-methylation was only applied to the fatty acid and the phospholipid 

fraction. 10 ml of MeOH was cooled in an ice bath for 20 minutes. Once cooled, 300 pL 

of acetyl chloride was added to the MeOH drop wise. ~1 ml of this solution was then 

added to the fatty acid and phospholipid fraction in the reaction vials. The vial were 

sealed with Teflon seal and cap and placed on a heating block at 40°C overnight.

All solvent was removed from the sample fractions under N2 gas and were 

subsequently rinsed with DCM by making ~1 ml additions of DCM which was then 

dried under N2 gas. This was repeated at least four times to ensure all methananolic 

acetyl chloride was removed.

In order to clean up any contaminants that may be present in the acetyl chloride 

the now trans-methylated fractions, Pasteur pipettes were prepared with a plug of cotton 

wool, filled with potassium carbonate and rinsed with a few ml of DCM. The fractions

177



of sample were transferred to the prepared pipettes in a small amount of DCM by which 

a further 1 ml of DCM was added to the pipette. The sample and DCM were collected in 

a 2 ml glass vial; the solvent was removed under N2 gas and stored at -20°C until further 

analysis.

G l.3.5Derivatisation

Prior to analysis of all the fractions using gas chromatography -  mass 

spectrometry (GCMS), 50 |iL of ¿»«-trimethylsilyltrifluoroacetamide (BSTFA) was 

added to the fractions and heated at 40°C for 45 minutes. The BSTFA was removed 

under N2 gas.

G 1.3.6Analysis of lipid by Gas Chromatography-mass spectrometry (GCMS)

The derivatised samples were analysed using a Trace 2000 series gas 

chromatograph equipped with an on-column injector and a fused high temperature silica 

column (60m x 0.25mm i.d.; 5% phenyl/95% methyl polysiloxane equivalent phase, 0.1 

pm film thickness, DB5-HT, J & W; carrier gas helium at 1.6 mL min'1). The column 

was fed directly into the El source of a Thermoquest Finnigan TSQ700 MS and data was 

process using the software Xcaliber. Please see [Kiriakoulakis, et al., 2004] for further 

details.
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Figure G1 Latitudinal section of total sterols (ug/g organic carbon) along the AMT16 
transect at depths of 50m, 100m and 150m.

Figure G2 Latitudinal section of total sterols (ng/L) along the AMT16 transect at depths 
of 50m, 100m and 150m.



APPENDIX H

Total organic phosphate concentrations 
for AMT16
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Figure HI Total Organic Phosphate (TOP) concentrations along the AMT16 
transect. For details of analysis see [S a n d e rs  a n d  J ic k e lls , 2000].
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