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ABSTRACT

The two principal bottom-up drivers of the High Nutrient Low Chlorophyll (HNLC)
characteristics of the Southern Ocean are light and nutrient (mainly dissolved iron) limitation
(Boyd, 2002; Mitchell et al., 1991), which have varying limiting roles over the growing
season (Boyd, 2002; Swart et al., 2014). This research commenced with an investigation of
the meridional characteristics of primary productivity in the Atlantic Southern Ocean during
austral summer 2008. It showed meridionally distinct regions of new and regenerated uptake,
with low f-ratios (f = 0.2) in the Sub-Tropical Zone (STZ) dominated by picophytoplankton
(< 0.2 um). New production which contributed up to 50% of productivity in the Sub-
Antarctic Zone (SAZ) region, were ascribed to increased input of iron associated with an
anticyclonic eddy observed in this region. This highlighted the role of synoptic scale events
in supplying nutrients, particularly iron, to the euphotic zone in the Sub Antarctic Zone

(SAZ), where phytoplankton blooms occur throughout summer (Swart et al., 2014).

The changing balance between mixing and buoyancy forcing expressed in the mixed layer
depth (MLD), which modulates iron supply and light availability were then investigated
through high resolution measurements of net community production (NCP) constrained by
AO»/Ar ratios, and MLD. In this study, a quasi-non-linear relationship between NCP and
MLD were observed, with the highest and most variable NCP observed in shallow MLDs (<
45 m). It was proposed that NCP variability in the SAZ which showed the highest and most
variable NCP rates, may be driven by alternating states of synoptic-scale deepening of the
mixed layer, leading to the entrainment of iron (dFe), followed by restratification, allowing
rapid growth in an iron replete, high light environment. Synoptic iron fluxes into the

euphotic zone based on water column dFe profiles and high resolution glider MLD data,
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reveal a potentially significant contribution of ‘new iron’ which could sustain NCP

throughout summer.

Finally, when comparing chl normalized NCP (NCP*) with the average irradiance in the
mixed layer ([y.p), a positive relationship (#* = 0.3, p<0.001) is observed. It might be
somewhat surprising that /yyp alone can explain so much (30%) of the variability in NCP*
given the attention that is usually placed on Fe-mediated regulation of productivity in the
Southern Ocean (Boyd 2002; Boyd et al., 2007). NCP* lies in the ‘light-dependent’ part of
the NCP*- Iyyp curve, where the slope of the PvsE curve is highly dependent on iron
availability (Hiscock et al. 2008; Maclntyre et al., 2002). Therefore, one might argue that the
role of iron is embedded in the NCP*-Iy; p relationship and the combination of light and iron
limitation synergistically control the variability NCP in this region. This result supports the
understanding of the role of iron in affecting light dependent productivity, in showing that
NCP* responds in a positive way to mean water column irradiance, while variable iron

concentrations explains the variability observed in this relationship.
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Chapter 1

Background and Context

1.1 The Southern Ocean CO; sink

The Southern Ocean is considered one of the most important oceanic sinks of
atmospheric CO; (Roy et al., 2003; Sabine et al., 2004; Takahashi et al., 2002, 2012).
In the industrial period (since ~ 1800), the ocean removed roughly 118 + 19 PgC y'
(1Pg = 1 billion tonnes = 1 x 10" g) from the atmosphere amounting to roughly 50%
of anthropogenic emissions (Sabine et al., 2004). The ocean holds the majority of the
total inventory of carbon (~ 93%) due to the ability of CO, to form carbonic acid in
seawater, along with its dissociation products namely, bicarbonate and carbonate ions
(Feely et al., 2001). The two principal mechanisms responsible for the uptake and
storage of atmospheric CO; are the physical solubility pump and the biological pump.
The solubility pump involves the CO, exchange at the surface ocean and sequestration
of its chemical species in the ocean interior through the ocean thermohaline
circulation. The biological pump, through photosynthesis, converts CO, to organic
carbon thereby reducing the partial pressure of CO; in surface waters which drives the
draw-down of CO; from the atmosphere into the ocean interior. Global (terrestrial and
oceanic) annual total primary production, calculated from chl-a, sea surface
temperature and surface irradiance is estimated at roughly 45 — 50 PgC yr’'

(Behrenfeld and Falkowski, 1997; Field et al., 1998; Carr et al., 2007).

Oceanic CO, uptake amounts to 1.4 - 2.2 PgC y', up to 25% of the estimated

anthropogenic releases of 9 PgC into the atmosphere annually (Gruber et al., 2009).
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The Southern Ocean accounts for nearly 50% (~1 PgC) of the annual oceanic uptake
of anthropogenic CO,, primarily through the biological pump, particularly in the
midlatitudes (30 — 50°S) (Fig.1.1) (Metzl et al., 1999; Takahashi et al., 2002),
accounting for ~ 80% of the Southern Ocean uptake (Moore and Abbott, 2000). The
biological pump is affected by macronutrient and micronutrient (iron) availability,
water column irradiance and stability (mixing) as well as grazing pressures at various
spatial and temporal scales (ie. Thomalla et al., 2011). The complex role of these
multiple driving factors is emphasised by the large-scale spatial variability of chl-a
(Fig. 1.1), which highlight regional differences in phytoplankton biomass attributed to
variability in seasonal physics and biogeochemical dynamics (Arrigo et al., 2008,
Moore and Abbott, 2000). These studies all highlight the importance of drivers of
phytoplankton production variability in the Southern Ocean. In order to better
understand the drivers of productivity, these various controlling factors of
phytoplankton production (biological pump) are investigated in this work. Of
particular interest are the contrasting regions of elevated phytoplankton biomass
whose annual cycles are dominated by seasonal and intra-seasonal scales of mixed
layer variability (Thomalla et al., 2011; Fauchereau et al., 2011). There are important
regional and basin scale differences in the way that ocean productivity responds to the
otherwise regular seasonal forcing (Thomalla et al., 2011). These knowledge gaps in
this globally important region provided the opportunity for research focused on
characterizing and understanding the drivers of variability of the seasonal cycle of
phytoplankton in the Southern Ocean (Monteiro et al., 2011; Thomalla et al., 2011;
Fauchereau et al., 2011; Joubert et al., 2014, Swart et al., 2014, Thomalla et al.,

2014).
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Figure 1.1. MODIS image of summer climatology (Jan — Mar 2008) for Chl-a concentration
(ug 1) for the Southern Ocean. Climatological frontal positions (Sub-Tropical Front in black;
Sub-Antarctic Front in red; Polar Front in green, and Southern Boundary in yellow) from Orsi

et. al., (1996) are shown.

1.2 The Biological Pump

Primary production in the Southern Ocean plays a key role in the distribution of CO,
at the ocean-atmosphere interface. Through the fixation of inorganic carbon to organic
matter (particulate and dissolved) during photosynthesis, the partial pressure of CO; in
the surface ocean is reduced, and equilibrium requirements results in a net uptake flux
of CO; from the atmosphere. Carbon is exported from the surface to the deep ocean
by foodweb transformation processes, physical mixing of dissolved organic carbon,
transport and gravitational sinking of particles. This process is collectively referred to

as the biological pump (Fig. 1.2). The Southern Ocean biological pump plays an
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important role in regulating the supply of nutrients to thermocline waters (Subantarctic
Mode Water and Intermediate Water) of the entire Southern Hemisphere and North
Atlantic (Sarmiento et al., 2004), which in turn drives low latitude productivity
(Sigman and Boyle, 2000, and supply the nutrients to the thermocline waters that
support productivity in low latitude oceans (Sarmiento et al., 2004). Factors that
regulate phytoplankton growth (e.g. light and nutrients), physical sinking and
remineralization (ie. grazing and bacterial activity) play a key role in regulating the

efficiency of the biological pump and the strength of the Southern Ocean CO, sink.

Figure 1.2: Simplified schematic of the components of the biological pump that converts
Dissolved Inorganic Carbon (DIC) into organic biomass and export it as Particulate- or
Dissolved Organic Matter to the deep ocean. Organic matter is remineralised at depth by
bacteria and grazers to replenish dissolved nutrients, which is transported to the surface
through vertical advection and diffusion processes and convective overturning. Figure adapted

from Gruber and Sarmiento, (2006).

Page | 4



1.3 Phytoplankton biomass distribution in the Southern Ocean

Primary production estimates from in situ observations (Banse, 1996; Bathmann et.
al., 1997; Tremblay et. al., 2002; Honjo, 2004), computational modelling (Hense et.
al., 2000; Schlitzer 2002) and remote sensing (Behrenfeld and Falkowski, 1997,
Moore and Abbott 2000; Arrigo et al., 2008) highlight the complex spatial and
temporal variability of phytoplankton biomass in the Southern Ocean (Fig. 1.1).
Satellites are particularly useful because they give high spatial resolution
measurements, however remote sensing can only observe the surface to the first
optical depth of the ocean, approximated by the euphotic depth divide by 4.6 (Kirk,
1994). Mean summertime (Dec — Feb) surface chl-a concentrations are in excess of
0.5 pg L™ in the midlatitude region (30 — 50°S), but < 0.1 pg L™ in the sub-tropics
(equatorward of 40°S). Phytoplankton production is proposed to be highest in a
circum-Antarctic band between 30 - 50°S (Fig. 1.1, eg. Banse, 1996), corresponding to
the Sub-Antarctic Zone (Metzl et al., 1999; Moore and Abbott, 2000). Maximum
phytoplankton biomass (chl-a) is observed during austral summer (Hiscock et al.,
2003; Arrigo et al., 2008; Thomalla et al., 2011) with localised annual blooms over
regions of shallow bathymetry around and downstream of Sub-Antarctic islands (Fiala
et al., 1998; Blain et al., 2001; Pollard et al., 2002; Korb and Whitehouse, 2004;
Pollard et al., 2007), at hydrographic fronts (Laubscher et al., 1993; Hense et al.
2000; Sokolov and Rintoul, 2007) and in the marginal ice zone (Arrigo and van
Dijken, 2004; Arrigo et al., 2008). Seasonal variability in chl-a concentration for the
highly productive regions equatorward of 50°S is typically attributed to control by iron
availability, and light limitation, associated with changes in mixed layer depth and
water column stability (Boyd, 2002; Thomalla et al., 2011). Lowest chl-a

concentrations are associated with open ocean regions north of the sea ice zone, and
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between hydrographic fronts, where phytoplankton biomass remains low (chl-a < 0.3
mg m™) throughout the year (Fig. 1.1), mainly due to a lack of iron and poor light

conditions (Boyd et al., 2001).

1.4 Drivers of phytoplankton productivity in the Southern Ocean

The low mean chl-a concentrations in the Southern Ocean, despite the high inventory
of unused macronutrients, (Chisholm and Morel, 1991; Sarmiento et al., 2004) are
maintained by bottom-up controls (available resources) of phytoplankton production
through light, iron, and silicic acid limitation (Martin et al., 1990; Bathmann et al.,
1997; Boyd et al., 2001, 2002, 2007; Moore and Abbott, 2002; Arrigo et al., 2008) as
well as the top-down controls by grazing (Banse, 1996; Cullen, 1991; Price et al.,
1991; Smetacek et al., 2004; Behrenfeld, 2010). The challenge of how to unravel these
various and inter-related regulating factors in the complex spatial domain of the

Southern Ocean, remains a strong research focus in the Southern Ocean.

Bottom up controls of primary production
1.4.1 Macronutrients

Phytoplankton have certain cellular requirements that have been characterised by
Redfield stoichiometric ratios of C:N:Si:P at 106:16:16:1 (Redfield et al., 1963;
Sarmiento and Gruber, 2004), although some deviations from this are becoming
increasingly apparent (eg. Kortzinger et al., 2001; Deutsch and Weber, 2012). When a
particular nutrient becomes depleted, phytoplankton growth is limited (Liebig’s Law).

Nutrient uptake can be described by Michaelis-Menton kinetics:
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Where p is the growth rate, pmax 1s the maximum specific uptake rate, K; is the half-
saturation constant, and S is the substrate concentration. Kinetic studies in the
Southern Ocean are limited (Collos and Slawyk 1986; Glibert et al., 1982; Mengesha
et al., 1998), and while some results suggest indicate a hyperbolic relationship
between nitrogen concentration and uptake, statistically meaningful kinetic parameters
are not yet available (Cochlan, 2008). Nitrogen in particular plays an important role as
a building block for amino acids in phytoplankton growth. Despite the abundance of
nitrate in the surface Southern Ocean (Fig. 1.3a, ~ 25 umol L), nitrogen uptake rates
are generally low, which in some instances can be linked to silica limitation of diatom
growth (Martin-Jézequel et al., 2000). Silicate (SiO4) derived from silicic acid is
utilised by marine diatoms to form amorphous frustules. These diatom cells are
disproportionately important in the export of organic matter to the deep ocean due to
their size and mineral ballasting which are thought to enhance their sinking rate
(Buesseler, 2001). A distinct latitudinal boundary in Si04 concentration is observed at
the Polar Front (Fig. 1.3, Levitus et al., 1994). Poleward of the Polar Front, surface
Si0, concentrations are not limiting (up to 60 umol L), while equatorward, depleted
SiO, concentrations (< 2 pmol L) limit diatom production, and hence export
production. The preferential removal of SiO4 from the surface ocean due to its more
efficient drawdown of SiOy4 relative to NO; (Pondaven et al., 2000; Brzezinski et al.,
2001), results in high NO;3 concentrations in a band where SiO4 i1s depleted. SiO4
cycling differs from other nutrients in that it is mainly utilised by diatoms, and has
minimal assimilation up the food chain, and is regenerated via dissolution kinetics
rather than metabolic degradation (remineralisation). Under optimal environmental

conditions, diatoms assimilate NO; and SiO4 in a ratio of approximately 1:1

Page | 7



(Brzezinski, 1985). However, when diatoms become stressed for instance under iron
or light limitation, large deviations from this ratio have been observed (Hutchins and
Bruland, 1998; Franck et al., 2000). For example, iron addition to iron limited
phytoplankton, showed a twofold decrease in SiO4:NO;3 (and SiO4:PO,4) consumption

ratios despite the benefit of Fe addition to diatom growth (7akeda, 1998).

Figure 1.3. Annual mean Nitrate (a) and Silicic acid (b) concentrations in the Southern Ocean.
Black lines from north to south indicate the northern Sub-Tropical Front, southern Sub-

Tropical Front and Subantarctic Front. Figure from Sarmiento et.al., (2004).

1.4.2  Iron limitation

The micronutrient iron has long been considered as a bio-limiting factor in the
underutilization of surface macronutrients (Gran, 1931), due to its low solubility in
seawater and low concentrations in the Southern Ocean (De Baar et al., 1995). Iron
addition experiments in the late 1980’s showed that iron supply to iron limited
phytoplankton cause an increase in both carbon fixation and nitrogen utilization rates
(Marin et al., 1990), as well as an increase in phytoplankton biomass (de Baar et al.,
1995; Boyd et al., 2007), photosynthetic efficiency (as shown by elevated F,/F,

values) (Suggett et al., 2009; Hiscock et al., 2008) and primary production

Page | 8



(Timmermans et al., 1998). Convincing evidence for enhanced phytoplankton
biomass upon iron addition has also been shown using in sifu iron enrichment
experiments in the Southern Ocean (ie. SOIREE, EISENEX, EIFEX, SAGE, SOFeX,
Boyd et al., 2007; De Baar et al., 2005). Without exception, these experiments
resulted in increased chl-a biomass. Furthermore, the ‘iron hypothesis’ of John Martin
(Martin, 1990) assign glacial-interglacial cycles of atmospheric CO, from ice core
records (Sigman and Boyle, 2000) to be controlled by changes in iron supply in the

Southern Ocean.

Dissolved iron (dFe) concentrations in the open Southern Ocean surface waters
typically range between < 0.2 — 0.5 nmmol L (Martin et al., 1990; Sedwick and
DiTullio, 1997; Croot et al., 2004; Tagliabue et al., 2012). In the Atlantic Southern
Ocean, dFe concentrations increase with depth up to 1.1 nmol L™ (Chever et al., 2010;
Klunder et al., 2011). The sources of iron in the water column include upwelling (de
Baar et al. 1995), airborne dust deposition (Cassar et al., 2007), shelf sediment
entrainment (Blain et al., 2007; Bowie et al., 2009), hydrothermal activity (Klunder et
al., 2011; Tagliabue et al., 2010), bottom pressure torque (Sokolov and Rintoul, 2007),
vertical diffusive fluxes (Boyd et al., 2005; Frants et al., 2013) with a minor

contribution from ice-berg melting (Smith et al., 2007; Lancelot et al., 2009).

The cycling and distribution of iron is controlled by a variety of physical, chemical
and biological processes. For instance redox chemistry and dissolution are important
drivers of iron speciation between soluble (< 0.02 um), colloidal (0.02 — 0.2 um) and
particulate (> 0.2 um) iron fractions. The majority of iron in the ocean is present in
the particulate fraction (> 0.2 um), which upon acidification allow the study of the
“labile” particulate pool sources and distribution (Chever et al., 2010). Iron binding

ligands, which account for 99% of dFe form iron complexes of soluble and colloidal
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fractions (Boye et al., 2010), which minimise losses due to precipitation and
scavenging. It remains unclear how iron-ligand exchange between dissolved, colloidal
and particulate pools, and photochemical reduction and biological processes facilitate
these interactions in the upper ocean (Boyd and Ellwood, 2010). As a result of these
processes together with the biological uptake of dFe by phytoplankton in surface
waters, the water column profile of dissolved iron resembles that of nutrients (Boyd

and Ellwood, 2010).

Iron is an essential element for phytoplankton growth as it is required for metabolic
processes such as nitrate reduction and carbon fixation, and in the photosynthetic and
respiratory electron transport system and the synthesis of chl-a. Assimilatory enzymes
(such as ferredoxin within the membranes of eukaryotes) have a high demand for iron
(Morel et al., 1991). Cellular metabolic iron demand predicts that phytoplankton
growth utilizing NOs requires 60% more iron than those growing on NHy (Raven,
1990). This is because extracellular iron reduction increase with smaller cell size
(Sunda, 2001) typical of NHy4 based production. This additional iron in NOs based
production is required to reduce NOs to NH4 before being assimilated into amino acids
(Raven et al., 1990). It has also been reported that mixotrophic phytoplankton can
directly assimilate colloidal iron (Nodwell and Price, 2001). Low levels (< 0.1 nmol
L") of iron affect the intracellular iron concentrations and specific growth rates of
various phytoplankton species (Greene et al., 1992; Strzepek et al., 2011; Behrenfeld
and Milligan, 2013). Open ocean diatoms for instance have a low intracellular Fe:C
ratio of 0.67 pmol mol” (Lane et al., 2009), compared to values between 4 — 1770
umol mol™ in coastal diatom species (Sunda and Huntsman, 1995). Photosynthetic
organisms have adapted strategies to cope with low iron concentrations such as

reducing biogeochemical requirements (Strzepek et al, 2002) or increasing

Page | 10



bioavailable iron through the use of iron complexing ligands called siderophores (Boye
et al., 2001; Maldonado et al., 2005). Siderophores (an iron chelating agent) released
by bacteria are used to acquire iron, generally under iron limiting conditions, and can
easily solubilise mineral iron (Sunda, 2001). The strategy of reducing iron
requirements has been shown to manifest through over-expression of pigment-protein
complexes which do not partake in photosynthesis, decreasing the photosynthetic
assimilation efficiency, and concurrently the light-limited rate of photosynthesis
(Behrenfeld et al., 2004; Hiscock et al., 2008). Eukaryotes such as diatoms have been
shown not to produce siderophores per se, and instead use reductase enzymes to
reduce soluble iron at the cell surface from Fe(IIl) to Fe(Il) valence state, before taking

it up (Shaked et al., 2005).

Fluxes of new iron from the subsurface into the euphotic zone range from ~3 pmol Fe
m? y'1 for vertical diffusive supply in HNLC regions (Boyd et al., 2012), to 300 pumol
Fe m™ y'1 from sediment resuspension (Moore et al., 2008). Boyd et al., (2005)
defined the contribution of new iron to total iron supply (fe-ratio = new iron / (new +
regenerated iron) which range from 10% in HNLC regions (Boyd et al., 2005), to 50%
in waters with higher iron concentrations (Sarthou et al., 2008). The fe-ratio was
found to scale positively with increased iron supply (Karl et al., 2003), with low fe-
ratios indicative of high rates of recycling. These high recycling rates have been
proposed to drive the elevated productivity sustained throughout summer in the
Southern Ocean (Tagliabue et al., 2014). The authors argue that deep winter mixing
(or entrainment) and diapycnal diffusion (across density surfaces) are the two main
physical process supplying iron to the surface waters. Diapycnal diffusion depends on
vertical diffusivity (k) and the dFe concentration gradient at the base of the mixed

layer (OFe/0z). Due to deep ferricline depths (ferricline is defined as the depth where
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(0Fe/0z) is maximum) in the Atlantic Sub Antarctic Zone (SAZ), diapycnal diffusion
was shown to be ten times smaller than deep winter mixing. During the spring bloom,
the annual pulse of iron which was replenished from deep winter mixing is depleted,
and then subsequently (during late spring and summer) replenished by iron recycling
(Tagliabue et al. 2014). These authors do not consider the importance of sub-seasonal
vertical fluxes of dissolved iron concentration at shorter spatial scales (meso- and sub-
mesoscales), and its influence on phytoplankton productivity which are considered
here in Chapter 4. Iron limitation, notwithstanding the co-limitation of diatoms by Fe
and light (Boyd et al., 2001; Hiscock et al., 2008), must not be understated,
particularly in the HNLC Southern Ocean, which has the strongest wind stresses (and

mixing energy) of the world ocean (Trenberth et al., 1990).

1.4.3  Light availability

Light utilized by phytoplankton during photosynthesis is separated into two
interrelated processes.  Firstly, during the ‘light reaction’ of photosynthesis,
phytoplankton pigments absorb light energy (photons) and convert it to stored
chemical energy in the form of reduced molecules such as ATP (adenosine
triphosphate) and NADPH (nicotinamide adenine dinucleotide phosphate-oxidase) (eg.
Behrenfeld and Milligan, 2013). Secondly, the ‘dark reaction’, which does not require
light, utilises the reduced molecules to reduce CO; to organic matter (Behrenfeld and
Milligan, 2013). The photosynthetically available radiation (PAR) is affected in the
atmosphere by absorption, scattering and reflection so that perceived light varies with

latitude and season (Fig. 1.4) (Kirk, 1984).
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Figure 1.4. Modis summer climatology (December — February, for years 2002 - 2012) of
surface photosynthetically active radiation (PAR) showing the latitudinal gradient in surface

irradiance for the Southern Ocean.

Furthermore, at the surface ocean, the penetration of light is attenuated through the
water column by selective absorption and scattering, following an approximate
exponential relation with depth (Morel, 1988). Irradiance at a certain depth level

below the surface (/) can be expressed by the following equation:
I, = I,.e k2 (1.2)

Where /) is the irradiance at the surface (in terms of quanta per unit time per unit area),
K is the diffuse attenuation coefficient (in units of m™), and z is the depth in m. An
empirical relationship for K4 is given by K; = 0.121 x [chl-a]***® (Morel, 1988) and
represents most oceanic environments reasonably well (Sarmiento and Gruber, 2006).
The bottom of the euphotic zone is nominally defined as the depth where the light

level is 1% of surface light (Kirk, 1984). Below the euphotic zone it is considered that
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light is insufficient for photosynthesis to continue. As phytoplankton biomass (and
pigments) increases in the euphotic zone, the attenuation of light also increases

resulting in a shoaling of the euphotic depth.

Prior to the evidence for iron limitation described above, the prevailing understanding
for control of primary productivity in the Southern Ocean was that relatively weak
water column stability (turbulent mixing) would mix phytoplankton deeper than the
euphotic zone resulting in sub-optimal time integrated irradiance conditions (Holm-
Hansen et al., 1977). The “Critical Depth Hypothesis” first formulated by Harald
Sverdrup proposed a depth where the light requirements for net growth would exceed
the total community consumption (respiration) in order for a bloom to develop
(Sverdrup, 1953). Assuming constant water column respiration, net water column
production and respiration are in balance at the compensation depth (Fig. 1.5). The
depth of the mixed layer relative to the critical depth predicts whether a bloom will
develop or not (Sverdrup, 1953; Mitchell et al., 1991). The critical depth hypothesis
predicts that if the depth of the well mixed surface layer is greater than the depth of the
euphotic zone, phytoplankton will spend part of their time without sufficient light for
growth to exceed respiration. This means that the phytoplankton community cannot
sustain net positive growth (Sverdrup, 1953; Mitchell et al. 1991). Conversely,
shoaling of the surface mixed layer to above the critical depth (Z) will result in
phytoplankton spending all of their time in an environment with sufficient light for
growth to exceed respiration (Sverdrup, 1953; Holm-Hansen et al., 1977). In such
circumstances, provided nutrients are sufficient, net primary productivity can increase,
allowing phytoplankton blooms to occur. The concept of light limitation within
nutrient replete oceanic mixed layers has been applied to predict the spring

development of phytoplankton blooms due to light supply and depth of the mixed
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layer (Siegel et al., 2002). In the Southern Ocean, where the mixed layer depths are
particularly deep in winter, the shoaling of the mixed layers in spring is thought to be
one of the main drivers for the observed spring blooms (Metzl et al., 1999, 2006,

Nelson and Smith, 1991).

Figure 1.5. Schematic representation of the critical depth hypothesis (Sverdrup, 1953).
Photosynthesis (green line) decrease exponentially following light attenuation with depth,
while respiration is assumed to be constant. The compensation point is the depth where
photosynthesis and respiration rates balance each other. Above the compensation depth net
photosynthesis rates exceed respiration rates. The critical depth indicates the mixed layer

thickness required for depth integrated photosynthesis (area under the photosynthesis curve) to
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exceed depth integrated respiration (area under the respiration curve), hence where light

irradiance is great enough to give net positive growth.

However, application of the Sverdrup hypothesis can be problematic in a highly
dynamic, natural, mixed community (Nelson and Smith, 1991; Smetacek and Passow,
1990), where a mixed phytoplankton assemblage can have varying growth and loss
rates with depth. Loss terms, which are assumed constant with depth in the Sverdrup
Hypothesis, are difficult to measure, and are often dependent on growth rates, species
physiology (community size structure), plankton seeding strategies and grazing
pressure (Smetacek and Passow, 1990; Behrenfeld, 2010). The accurate determination
of the compensation and critical depths is also difficult because of fluctuations in the
underwater light field, resulting from self-shading or a time-dependent light field
(Nelson and Smith, 1991). Finally, the definition of the critical depth means that it is
averaged over 24 hours and is limited to the initiation of the spring bloom. This
means that Sverdrup (1953) should be applied cautiously when describing light

limitation in relation to phytoplankton productivity.

Several other models have been proposed for the onset of the spring bloom. The
dilution-recoupling hypothesis proposed by Behrenfeld (2010) highlights the role of
the balance between phytoplankton growth and losses through grazing. According to
this model, net population growth in the North Atlantic is initiated in winter when
mixed layers are deepest, prior to the onset of spring stratification (Behrenfeld, 2010).
This revised theory focuses on the balance between phytoplankton growth and grazing
and proposes that maximum phytoplankton growth rates are observed during winter,
when mixed layers are deepest and phytoplankton most diluted (Behrenfeld, 2010). It

proposes that positive growth begins during winter when mixed layers are at its
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deepest, decoupling predator-prey interaction (diluting encounter rates), and allowing
phytoplankton growth to exceed losses. This is in direct contrast to Sverdrup’s
hypothesis which assumes losses are constant with time and predicts highest
phytoplankton growth in shallow mixed layers, however it is equally difficult to

asSsess.

Another model to predict the onset of the spring bloom is the shutdown of turbulent
convection (Taylor and Ferrari, 2011). This model showed that phytoplankton
growth increases when the water column mixing rate is slower than the net
phytoplankton growth rate, and hypothesises that the onset of the bloom occurs when
atmospheric cooling decreases, resulting in a surface heat flux increase (Taylor and
Ferrari, 2011). This model still requires a mixed layer shallower than the critical
depth in order for positive productivity (in other words Sverdrup conditions), but
proposes changes in surface heat flux as a better predictor of the annual spring bloom
instead of mixed layer depth (MLD) only. Chiswell (2011) proposes the onset of
stratification model from winter to spring resulting from strong vertical mixing
conditions (increased wind stress, surface cooling and convective overturning) that
deepen the seasonal thermocline in winter. A deepening thermocline (to depths deeper
than the critical depth) implies high rates of vertical mixing, resulting in negative net
production. Subsequently, in spring, wind stress generally decreases, causing a
weakening of convective overturning, resulting in slowing down of mixing processes.
Phytoplankton blooms can then initiate when mixing ceases, even if the thermocline is
deeper than the critical depth (Chiswell, 2011) provided they are no longer mixed out
of the surface euphotic waters. This complex interaction between the mixed layer

depth and water column production remains a topic of debate.
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1.4.3.1 Photosynthesis light response curves

Light-dependent response of photosynthesis can be examined using photosynthesis vs.
irradiance (PvsE) curves (Platt and Jassby, 1976; Platt et al., 1980, Sakshaug et al.,
1991). An idealised PvsE curve is shown in Fig. 1.6. At low irradiance
photosynthesis is proportional to available light, while cell respiration processes
exceed photosynthesis. The irradiance at which photosynthesis balances respiration is
the compensation irradiance (/.), and net photosynthetic production is positive at
irradiances greater than /.. As light increases, photosynthesis increases until
photosynthetic capabilities become saturated and it becomes constant at high
irradiance where maximum photosynthetic production (Pp.) is maintained. When
light intensities increase further, damage to photopigments ensue and photoinihibition
occurs (Alderkamp et al., 2010). The saturation irradiance (/) is estimated by Pp,y/a.
The initial slope (a) of the light-limited portion of the PvsE curve is a measure of the
efficiency with which a plant harvests light (Kirk, 1994) and represents the amount of
photosynthesis per incident photon. Photoinhibition generally occurs at elevated
irradiances, where the PvsE curve tapers off (Sakshuag et al., 1997). Py reflects the
efficiency of photosynthesis and shows significant variation between phytoplankton
species. It is dependent on enzyme-dependent processes like the transfer of reductants

from the light reactions and their use in organic matter synthesis (dark reactions).
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Figure 1.6. Idealised schematic of photosynthesis vs. irradiance (PvsE), where o is the initial
light limited slope, P, is the light saturated rate of photosynthesis, /. is the compensation

irradiance and [, the saturation irradiance.

These processes are temperature sensitive (i.e. Coté and Platt, 1984, Davidson, 1991),
and are related to the availability of nutrients, resulting in acclimation to specific
environments. For instance, diatoms proliferate at light sufficient environments while
flagellates are more adept in the lower light region of the water column (Chan, 1980;
Jones and Gowan, 1990). Diatoms are non-motile, hence favoured by high turbulent
mixing which enhance nutrient flux in the proximity of the cells, while more motile
dinoflagellates can exploit optimum nutrient and light conditions through swimming in
calmer less turbulent conditions (Smayda, 1997; Peters et al., 2006). Iron addition
experiments during SOFeX have shown that increased iron results in doubling light-
limited photosynthetic rates (in other words increased «), but have little impact on

light-saturated photosynthetic rates (Hiscock et al., 2008). In low temperature
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conditions, organisms are adapted to reduce cellular chl-a (Davidson, 1991), which
decrease the light harvesting capacity. The effect is that photosynthetic efficiency (in

terms of Pp,x) can be maintained at reduced temperatures.

1.4.4 Temperature

The near-zero water temperatures of the Southern Ocean have been proposed as a
controlling factor of phytoplankton growth rates (Priddle et al., 1992; Raven and
Geider, 1988; Laws et al., 2000). Early radioactive tracer studies revealed increases in
photosynthetic rates with increasing temperature up to 7°C, followed by rapid
decreases at higher temperatures. This suggested that rates of photosynthesis are
limited by thermodynamic effects on metabolic reactions (Neori and Holm-Hansen,
1982), which relate to enzyme reactivity processes. Laws et al., (2000) showed that
while export production was insensitive to total production rates at elevated
temperatures (> 25°C), maximum export occurred at temperatures between 0 — 10°C.
Geider et al. (1987) observed an empirical relationship between the carbon:chl (C:Chl)
ratio with temperature and light, using laboratory cultures of phytoplankton and
cyanobacteria.  The authors showed that C:Chl ratios increased linearly with
increasing light at constant temperature, and decreased exponentially with increased
temperature at constant light. Low-temperature chlorosis was proposed as an adaptive
response in the allocation of cell resources between temperature-independent
biophysical reactions (i.e. light harvesting), and temperature-dependent biochemical
reactions (nutrient assimilation). Stated more simply, water temperature sets an upper
limit on phytoplankton growth rates that are subsequently modified by other

environmental factors (Smith and Sakshaug, 1990). Therefore, although temperature
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impacts on photosynthesis rates, the patchy nature of phytoplankton blooms and the
high range of production rates across small temperature ranges, suggest that
temperature is not the primary controlling factor of production in the Southern Ocean

(Holm-Hansen et al. 1977).

1.4.5 Top down controls of primary production

Low chl-a concentrations in the Southern Ocean are also proposed to be maintained by
grazing by zooplankton (Banse, 1996; Smetacek et al., 2004). A strong link between
small phytoplankton size classes (pico and nano phytoplankton) and small
microzooplankton grazers (ie protozoans) suggests a close relationship between
phytoplankton growth rates, cell division rates and grazers (Banse, 1996). Small
phytoplankton cells (with high growth rates) cannot evade microzooplankton grazers
with relatively fast growth rates (Banse, 1996). Under these conditions, most organic
matter will be remineralised within the microbial loop, resulting in limited carbon
export from surface waters. An alternate scenario can occur when larger diatom cells
escape grazing pressure from the larger metazoan zooplankton grazers that take a long
time to grow (Banse, 1996). Such conditions favour the occurrence of phytoplankton
blooms, with consequent export of organic matter through sinking of larger cells and

faecal pellets (Falkowski et al., 1998).

1.5  Estimating primary production

Primary production and the downward flux of particulate material from the upper

mixed layer of the ocean have a major effect on biogeochemical processes in the
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oceans and on the earth system as a whole. There are a variety of direct and indirect
methods that exist which enable the estimation of rates of primary production and
carbon export. These include chemical "N tracer studies (i.e. Dugdale and Goering,
1967), seasonal drawdown of nutrient stocks in the euphotic zone (ie. Sweeney et al.,
2000), carbon budgets based on concentration changes in oxygen (Bender et al., 1987)
or total CO, (Bender et al., 2005), continuous measurement of biological oxygen
supersaturation (Hendricks et al., 2005; Reuer et al., 2007; Cassar et al., 2009), export
of sinking particles using sediment traps (Berelson et al., 1997) and ***Th
disequilibrium (Buesseler et al., 1992; Lampitt et al., 2008), as well as production
rates calculated from remotely-sensed properties (e.g. chl-a, temperature and PAR)
(see Behrenfeld and Falkowski, 1997; Arrigo et al., 2008). These methods have
individual strengths and weaknesses depending on the environment conditions, the
logistical constraints inherent in the study and the underlying assumptions associated

with each method.

Before providing estimates of primary productivity, it is necessary to clarify the
various types of ‘productivity’ referred to throughout this study. Definitions described

in Cullen, (1991) include the following:

Gross Primary Production (GPP), is the total rate of CO, fixation during

photosynthesis.
Net Primary Production (NPP), is GPP minus autotrophic respiration.

Net Community Production (NCP) is NPP minus losses due to heterotrophic

respiration by microorganisms and metazooplankton.

A variety of productivity estimates are used in this work, and the following section

describes the uncertainties and assumptions associated with each method.
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1.5.1 New production and the f-ratio

Measurements of phytoplankton production in the euphotic layer using "N stable
isotopes (Dugdale and Goering, 1967) can be used to infer carbon export into the
ocean interior based on the f-ratio (Eppley and Peterson, 1979; Savoye et al., 2004).
The f-ratio represents the fraction of new production fuelled by uptake of nitrogen
which is “new” to the euphotic layer (NOs, N;), introduced primarily by seasonal
overturning or upwelling and from “regenerated” phytoplankton production fuelled by
uptake of other nitrogen compounds (urea, NHy and dissolved organic nitrogen
(DON)) which have been recycled within the euphotic layer (Eppley and Peterson,
1979). As nitrogen flux into surface waters must ultimately be balanced by equivalent
losses, the f-ratio is a measure of that fraction of primary production, which is
potentially available for export to the deep ocean or to higher trophic levels; which is
surplus to phytoplanktonic community maintenance requirements (Goeyens et al.,
1998). NOs; uptake can thus provide an indirect estimate of downward carbon flux
when Redfield ratio stoichiometry is inferred or measured (Eppley and Peterson,
1979). This approach to measuring carbon export relies on a number of underlying
assumptions which include steady state conditions (uptake flux approximately
balanced by particulate nitrogen flux out of the surface), no storage of nitrogen in
surface waters (Eppley and Peterson, 1979), and minimal euphotic layer nitrification
(Bianchi et al., 1996; Yool et al.; 2007). For instance, in order for the uptake of new
nitrogen (NOs3) to balance the upward flux of NOs into the surface there has to be no
storage of nitrogen in the surface waters. This would exclude the release of DON
through heterotrophic activity (Bronk et al., 1994), which if present in surface waters
will result in an underestimation of gross nitrogen uptake rates (Bronk et al., 1994;

Slawyk & Raimbault, 1995).  Nitrification is the major route by which
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heterotrophically regenerated nitrogen is remineralised by bacteria through the
oxidation of ammonium to nitrite and nitrate (Yool et al., 2007). Unlike nitrate that
originates from below the nutricline (the depth in the water column where nutrient
concentrations show the steepest gradient), nitrate derived from nitrification in the
euphotic zone should be considered as regenerated nitrogen. Nitrification can
therefore substantially distort estimates of “new” and export production when based on
bulk nitrate uptake (Yool et al., 2007). Although nitrification in surface waters is
particularly important in oligotrophic ocean regions, this process may not be
significant in nitrate replete environments such as the Southern Ocean (Yool et al.,
2007; Lucas et al., 2007; Clark et al., 2008). Another problem is the use of particular
stoichiometric ratios to convert nitrogen uptake (pN) to carbon equivalents, which may
be compromised by non-Redfield behaviour in the cellular response to available light,
iron and nutrients (Brzezenski et al., 2003; Arrigo, 2005). Despite its limitations, the f-
ratio remains a useful proxy for estimating potentially “exportable production”
(Sambrotto and Mace, 2000) in nutrient rich polar oceans, particularly when used in

conjunction with other export proxies.

1.5.2  Seasonal drawdown of nutrients

Although the seasonal drawdown of nutrients to estimate seasonal productivity is not
used in this work, a brief description is outlined here. Depth-integrated seasonal
decreases in the nitrate reservoir over an annual cycle can be used to estimate new
production rates (eg. Garside and Garside, 1993). In this method, seasonal NCP is
calculated using the depth integrated difference of nitrate between winter and summer

reservoirs and converting this to carbon using a stoichiometric ratio of organic matter.
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The depth integration is usually performed to the nutricline, or a standard depth below
the euphotic zone or MLD. This estimate however, does not account for the amount
of nitrate that has been converted to dissolved organic nitrogen (DON) that
accumulates over the productive season before mineralisation in winter (Williams,
1995). The fraction of accumulated DON converted to NO; prior to winter, would
represent new production which is not exported. Again, nitrate input and removal
through nitrogen fixation, nitrification, atmospheric deposition, sub-mesoscale
diapycnal mixing, and denitrification are similarly not considered and as such this
method tends to overestimate export production. In this method, the choice of the
integration depth representing the winter reservoir is important in order to ensure that
only euphotic zone processes are considered. In addition, this method assumes that
the water column above the integration depth is completely mixed in winter. Finally,
this method is largely dependent on the stoichiometric ratios that are used to convert
nitrogen to carbon equivalents. It also relies heavily on independent estimates of
primary production, over the same time period in order to scale new production
estimates to total production (Sanders et al., 2007). Carbon to Nitrogen (C:N) ratios
can range from 5.3 — 9.1 (e.g. in the Pacific sector between the Antarctic Polar Front
and the ice edge), and are generally related to taxonomic variability (Rubin, 2003).
Such differences in C:N ratios can introduce uncertainty in this production estimate.
This method also estimates production over the entire productive season and
complicates direct comparison of N uptake estimates from daily/hourly incubation

experiments.
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1.5.3 Thorium/Uranium disequilibrium

Carbon export estimates are also possible using ***Th/**U disequilibrium (Coale and
Bruland, 1985, 1987). This technique is based on radioisotope concentration
measurements instead of particle traps (Buesseler, 1992). It is based on the high
particle reactivity of >**Th which is rapidly scavenged onto particles in the water
column. ***Th is produced from the radioactive decay of its soluble, long-resident
parent “**U (Uranium-238). Lower activities of particle-reactive **Th relative to its

238

conservative parent U in surface waters are associated with sinking particles. In

other words, adsorption of **

Th onto particles leads to a deficit of its activity, which
magnitude is proportional to its removal rate on sinking particles. Particulate Organic
Carbon (POC) export is calculated as the product of the ratio of POC/**Th on settling

particles and the ***

Th disequilibrium flux (Coale and Bruland, 1985). Uncertainties
associated with this method relate to varying measurement techniques and choice of
models (steady-state vs non-steady state). In addition, arguably the largest uncertainty
in the application of the thorium approach lies in reliably characterising the ratio of
POC:**Th on settling particles, which varies with time, depth, particle type, size and
sinking velocity (for review see Buesseler et el., 2006). The half-life of 24Th is 24.1
days, resulting in this disequilibrium to reflect the net rate of particle export from the
surface on timecales of days to weeks (Coale and Bruland, 1985, 1987; Buesseler et

al., 1992). A multi-proxy approach of carbon export is most useful and recommended

to compare a variety of export estimates as they access different time and space scales.
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1.5.4 Primary production from satellite observations

Ocean colour remote sensing has significantly increased our observing ability of
spatial and temporal variations in upper ocean productivity on a global scale. Early
empirical relationships related chl-a concentrations, as a proxy for photosynthesis, to
integrated photosynthesis at various irradiance levels in the water column (Ryther and
Yentsh, 1957). A number of models have been proposed to estimate primary
productivity (PP) from the optical properties of water (see review of Behrenfeld and
Falkowski, 1997), the simplest of these estimates depth integrated water column
primary production as a function of surface chl-a (Eppley et al., 1985). More complex
(and complete) models estimate primary productivity as a function of biomass profiles,
surface irradiance, water column quantum yield for photosynthesis (Morel, 1978), and
the spectral attenuation of PAR (400 — 700nm; Morel, 1991, Platt and
Sathyendranath, 1995). Using surface chl-a as the sole factor for the determination of
depth integrated primary productivity is problematic since nutrient limitation, depth
distribution of biomass and temperature also influence productivity rates (Behrenfeld
and Falkowski, 1997). Vertically and spectrally explicit models can incorporate algal
physiological processes related to environmental factors (e.g. in situ light conditions).
The implementation of these models may be hindered by the limited availability of the
photosynthesis-irradiance parameters (ie. initial slope and assimilation number) at
global scale (Carr et al., 2006). However, alternative approaches have been
developed to provide estimates of the photosynthesis-irradiance parameters ar regional
and global scales (e.g. Platt et al., 2008; Huot et al., 2013; Saux Picart et al., 2014).
The model presented in Behrenfeld and Falkowski (1997) calculate PP using chl-a
biomass and the maximum observed photosynthetic rate representing the effective

photo-adaptive yield under certain light conditions. This method is highly dependent
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on incident radiation, and is mathematically described by the PvsE curve, making it
sensitive to knowledge about the physiological state or species composition of the
phytoplankton community (Falkowski and Raven, 1997). A typical depth and time

integrated model described by Behrenfeld and Falkowski, (1997) is as follows:
Y. PP =Chl X Z,, % Pg’pt X DL x f(I™) (1.3)

Where XPP is the daily carbon fixation rate (mg C m?d") integrated from the surface
to the euphotic depth (Z,) in meters (m), Chl is the chl-a concentration in the surface
(mg m™), prtis the maximum chlorophyll specific carbon fixation rate observed
within the water column under variable irradiance (mg C (mg Chl)" h™"), DL is the day
length, (h), and f(I[) is an irradiance function dependent on the light saturation of
photosynthesis and is given by II" = IJ*/ If* , where IJ is the local irradiance at noon
and I is the photoadaptation parameter (Platt and Sathyendranath, 1993). The main
limitation with this method is that PP is heavily dependent on surface chl-a and the
euphotic depth (Behrenfeld and Falkowski, 1997), both of which are difficult to

estimate from satellite.

In the modes described in equation 1.3, the variables are ranked according to their
ecological variability range (Behrehnfeld and Falkowski, 1997). For instance depth
integrated chl-a biomass (Chl-a x Z,) ranges between ~ 2 — 500 mg Chl m™, making
chl-a and Z, the main contributors to variability of PP (~ 38%) (Behrenfeld and
Falkowski, 1997). Pb,, varies by a factor of 40 (~ 0.5 - 20 mg C mg Chl" h™), while
estimates of the dimensionless f(I+™") potentially cause PP to change by a factor of ~ 4.
Day length (DL) has a more limited effect on the PP (Behrenfeld and Falkowski,
1997). It is worthy to note that prtis distinct from P2, described in the PvsE curve,

in that the latter can be measured using 2 hr PvsE experiments in the laboratory, and
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the former is measured in the field, and governed by a balance of light limitation, light
saturation and photoinhibition over a 24 hr period. They are however functionally

similar in that they both describe light-saturated photosynthesis (Hiscock et al., 2008).

According to Arrigo et al., (2008), estimates of total annual production in the Southern
Ocean (> 50°S) from 1997 — 2006 is 1.95 Pg C y', roughly 50% lower than estimates
by Behrenfeld and Falkowski, (1997) and Moore and Abbott, (2000). These
differences were attributed to differences in the algorithms for chl-a between SeaWiFS
(in the former) and Coastal Zone Scatter Colorimeter (CZCS) data in the latter.
Higher and less accurate chl-a concentrations were determined from CZCS resulting
from longer atmospheric optical path length in the Southern Ocean and unique bio-
optical properties for Southern Ocean phytoplankton species (Arrigo et al., 2008). An
increase in abundance of in situ observation of high quality (High Performance Liquid
Chromotography derived) chl-a data has since improved chl-a detection algorithms
from space and hence further improved NPP estimates presented in Arrigo et al.,
(2008). The errors associated with retrieving individual PP parameters from space
(e.g. chl-a, Z,) and their associated influence on the modelled results highlights the

difficulties faced when using satellite derived estimates of primary productivity.

1.5.5 Net community production (NCP)

NCP can be estimated through the simultaneous measurement of dissolved gasses (O
and Ar) in the surface mixed layer (Cassar et al., 2009; Hendricks, 2004; Reuer et al.,
2007) together with a gas exchange parameterization from wind speeds (eg.
Wanninkof, 1992). As O, and Ar have similar solubility properties (Garcia and

Gordon, 1992) the simultaneous measurement of these two gases provides an estimate
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of the biological O, supersaturation. This is because Ar is inert and only affected by
physical saturation processes (ie. temperature, bubble entrainment and atmospheric
pressure), whereas O, is affected by both physical and biological processes. GPP can
be constrained by the isotopic composition (°0, 70, and '*0) of dissolved O, (Luz
and Barkan, 2000), based on the difference between atmospheric and photosynthetic
O, in surface waters. Biological O, supersaturation in the mixed layer gives a measure
of net community O, production (NCP = NPP minus community respiration). NCP (in

units mmol m? d), under steady state conditions, can thus be estimated by
NCP =ky . (AO2/Ar) . [O2]sat - p (1.4)

Where ky, is the weighted gas transfer velocity for O, (m d™), [O2]sx is the saturation
concentration of oxygen in the mixed layer (umol kg') and p is the density of

seawater (kg m™) (Reuer et al., 2007; Cassar et al., 2009).

1.6  Mixed layer processes affecting NCP

The mixed layer is the depth of the surface layer where the density, temperature and
salinity are essentially uniform. The mixed layer depth (MLD) in the ocean is
maintained by a balance between processes that create stratification (ie solar heat flux,
low mixing condition, density gradients) and processes that destroy stratification
(wind, surface cooling, convective instabilities that lead to turbulent mixing). In the
Southern Ocean during summer, the MLD can be less than 20 m, while in winter MLD
can reach more than 500 m in sub-polar latitudes (Monterey and Levitus, 1997;
DeBoyer-Montegut et al., 2004). Soluble gases within the mixed layer are exchanged
at the air-sea interface. Physical transport processes in the mixed layer affect the

availability of nutrients that sustain biological productivity (Lewis et al., 1984;
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Williams and Follows, 2003), and the export of organic material from the euphotic
zone (Ruiz et al., 2001). These include entrainment/detrainment due to shoaling and
deepening of the mixed layer, horizontal advection across a sloping mixed layer,
vertical diffusion at the base of the mixed layer, diapycnal mixing across density
surfaces and mixing due to mesoscale eddies (Fig. 1.6, modified from Levy et al.,

2013).

Figure 1.7. Mixed layer processes affecting the nutrient concentration and primary

productivity (taken from Levy et al. 2013).

All the processes listed above operate at a range of different spatial and temporal
scales. For example, winter convective overturning increases surface nutrient
concentrations in the seasonal thermocline (Williams and Follows, 2003) to sustain
primary productivity over the growing season. At shorter time and spatial scales,
episodic mesoscale eddies (10 — 100 km in size) upwell nutrients into the euphotic
zone that can support phytoplankton blooms in subtropical regions (Levy et al., 2009;

McGillycuddy et al., 2007; Oschlies and Garcon, 1998). Rapid eddy-driven
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stratification (on timescales of weeks) has also been proposed as a driver for the early
initiation of the spring bloom (Mahadevan et al., 2012). The mechanism proposed by
Mahadevan et al., (2012) is that unstable lateral density gradients (‘fronts’) generate
mixed layer eddies which move less dense water over denser water increasing rates of
stratification. However, when wind conditions are along the frontal current, Ekman
transport moves denser water over lighter water, favouring convective mixing. When
re-stratifying mechanisms (mixed layer eddies, solar heating) overcome mixing
(downfront winds, surface cooling), vernal blooms are initiated (Mahadevan et al.,
2012). A slightly different example is given by Taylor and Ferrari (2011) who
proposed that during winter, when deep convection is present, frontal restratification,
caused by frontal instabilities, can stimulate productivity by reducing the rate of

vertical mixing and increasing the re-stratification rate.

Sub-mesoscale processes at horizontal scales of 1 — 10 km, vertical scales of 100 m
and timescales of 1 day are also important in stimulating phytoplankton production
and export (Lévy et al., 2001). Within an oligotrophic production regime, short term
wind-driven sub-mesoscale eddies will increase vertical inputs (advection and
diffusion) of nutrients (Klein and Coste, 1984), which stimulate new production in the
surface (Lévy et al., 2009). An additional mechanism is that stratification at sub-
mesoscale fronts and a reduction of vertical mixing (e.g. Taylor and Ferrari, 2011)
also stimulate primary productivity. Sub-mesoscale frontal dynamics are implicated
in not only changing the primary and export production, but also the structure and
functioning of phytoplankton communities (Lévy et al., 2012). Phytoplankton
response to sub-mesoscale dynamics depend mainly on whether the community is
light limited or nutrient limited. Alleviation of nutrient limitation by increased vertical

inputs stimulates productivity in a nutrient limited regime, while stratification in light
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limited conditions dampen the rate of vertical mixing (through mixed layer shoaling or

reduction in mixing intensity), increasing the light exposure for phytoplankton.

Previous work using satellite chl-a data has proposed that phytoplankton productivity
variability during spring and summer in the Southern Ocean can be influenced by
intra-seasonal adjustments of the mixed layer physics that modulate light and nutrient
limitation (Fauchereau et al., 2011, Thomalla et al., 2011). In the Southern Ocean,
the limiting nutrient dFe can be supplied vertically into the euphotic zone by once off
wintertime convective overturning (entrainment), and year-round diapycnal diffusion,
as well as Ekman upwelling (Boyd and Ellwood, 2012; Tagliabue et al., 2014).
Fauchereau et al. (2011) investigated the response of surface chlorophyll
concentrations to subseasonal variability in MLD. The authors show showed that
transient episodes of increased chlorophyll in summer were related to both a shoaling
of the mixed layer when light conditions were suboptimal and a deepening of the

mixed layer particularly when nutrients (in particular iron) were limited.

1.7 Hypotheses and outline

Hypothesis one

Context: In this work the dynamics of primary productivity in the Southern Ocean are
investigated with a focus on in situ observations of primary productivity in the
Atlantic Sector of the Southern Ocean between Cape Town and Antarctica. The
following section outlines the hypotheses tested in this work. The Southern Ocean is
an HNLC region due to the constraints of light and iron co-limitation as well as

zooplankton grazing (Chisholm and Morel, 1991; Boyd, 2002). Iron affects
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phytoplankton growth rates and is essential for nitrate reduction in phytoplankton cells
(Raven, 1988). In addition, cellular iron demand from nitrate reduction is energy
expensive and requires more iron than regenerated based production for

photosynthetic redox reactions (Maldonado and Price, 1996).

Hypothesis: Regions of elevated summer biomass result from relief of iron and light
limitation that will be evident in high f-ratios while the contrary holds for low

biomass regions.

Hypothesis two

Context: The characteristics of seasonal cycle of primary production have recently
been shown to be sensitive to sub-seasonal modes of variability in upper ocean
dynamics that regulate iron and light availability (Fauchereau et al., 2011; Thomalla

etal.,2011; Swart et al., 2012; 2014).

Hypothesis: Sub-seasonal dynamics in the summer MLD are central to explaining

the observed variability primary productivity during summer.

Finally, primary productivity is driven by co-limitation by light and iron (Boyd et al.,
2001). Under conditions where productivity is influenced by irradiance, iron relief
affects the slope of the productivity response to light conditions (Hiscock et al., 2008).
This idea is further extended to explore relationships between in situ observations of

NCP and mean water column irradiance.
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Outline of the Thesis

In this work, the area of interest spans all the major frontal zones from the subtropics
in the north, across the Antarctic Circumpolar Current, to the Weddell Sea region near
the Antarctic Continent (Fig. 1.1). Chapter 2 introduces the methods. In Chapter 3
estimates of new and regenerated primary productivity using nitrogen tracer
experiments in late summer 2008 are used to investigate the potential carbon export
from the surface to the deep ocean in the Atlantic Southern Ocean. In this research,
spatial and temporal variability in primary productivity estimates are considered in

relation to variability in the physical and biogeochemical environment.

In Chapters 4 and 5, the nature of the interplay between phytoplankton productivity
and iron and light limitation is investigated in the SAZ to gain a better understanding
of their impact on the Southern Ocean's carbon cycle. In this research the role of
meso- and sub-mesoscale variability of the MLD is investigated with respect to its
impact on the availability of light and nutrients to support phytoplankton growth and
biological productivity in Southern Ocean. This was achieved using high resolution in

situ observations of NCP and MLD in summer along the Goodhope transect.

Chapter 6 integrates chapters 3 — 5 and discusses the major gaps in the research of
Southern Ocean productivity with respect to climate change and provides a summary

of the implications of this work in the context of ocean productivity.
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Chapter 2

Methods

This chapter descrtibes the study area for this research with respect to the hydrographic
and biogeochemical settings as well as the methods employed throughout this study to
estimate primary productivity for samples collected in the surface mixed layer of the
Atlantic Southern Ocean during several cruise campaigns in the Atlantic Southern

Ocean, mainly in late summer, between 2008 and 2013.

2.1 Study Area

The uninterrupted nature of the ACC transports water, heat and salt between the three
ocean basins and ensures continuity among a narrow range of environmental
characteristics (Smetacek et al., 2004). This inter-ocean basin exchange links the global
Meridional Overturning Circulation, which regulates the global climate system
(Gordon, 1986; Speich et al., 2007), particularly through Agulhas Rings at the Agulhas
retroflection South of Africa (Lutjeharms, 1996; Speich et. al., 2007). The Weddell Sea
Gyre on the other hand, interacts with the Antarctic Continental shelf, which is
considered to be a deep water formation region (Orsi et. al., 1993; Gordon, 2001). The
biogeochemical zonation of the Southern Ocean (Thomalla et. al., 2011) is mainly
controlled by wind-driven upwelling and transport of the Antarctic Circumpolar Current
(ACC) (Pollard et. al., 2002). Upwelled Circumpolar Deep Water (UCDW) closes the
global ocean nutrient cycle and provides the nutrient supply to support primary

productivity in the sub-Antarctic as well as in the ocean basins to the north (Marinov et
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al., 2006). This is mainly due to the formation of Sub-Antarctic Mode Water (SAMW)
and Antarctic Intermediate Water (AAIW), which originates in the winter water layers
that encircle Antarctica. The formation of SAMW is particularly strong in the
Subantarctic Zone (40 — 45°S) and Polar Front Zone (45 — 55°S) in the western South

Atlantic (Sarmiento et al., 2004).

2.2 Hydrographic and biogeochemical setting

Hydrographic ocean fronts are associated with strong currents and gradients in
temperature and salinity (Swart et. al., 2008), and expose different water masses to the
surface layer and allow surface biogeochemical zonation (Pollard et. al., 2002). 1t is
worth noting that, rather than being a fixed circumpolar continuum, fronts are thought to
be localised jet-like features steered by bathymetry, which carry the majority of the
transport of the ACC (Belkin and Gordon, 1996; Sokolov and Rintoul, 2007). At the
fronts upward sloping isopycnal surfaces (layers of relatively uniform density) outcrop,
resulting in a north-south latitudinal distribution of surface macronutrient concentrations
(Sarmiento et. al., 2004). This stepwise characteristic has been used to demarcate
biogeochemical zones across the ACC (Pollard et al., 2002). The biogeochemical
zones outlined in Pollard et al., (2002) are used throughout the text, based on the
changing balance of temperature and salinity to the stratification confined by physical

frontal positions (Orsi et al., 1995; Swart et al., 2010).

A sharp zonal decrease in temperature and salinity is observed on crossing the across
the STF from the SAZ (Fig. 2.1). Between the STF and the Sub-Antarctic Front (SAF,
~ 44°S) lies the Subantarctic Zone (SAZ). Here, temperature dominates the

stratification north of the SAF (Whitworth and Nowlin, 1987). The SAZ is a highly
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productive zone (Moore and Abbot, 2000; Thomalla et. al., 2011), and its water
characteristics are mostly influenced by surface waters that have been carried
northwards by wind driven Ekman transport from the Polar Front Zone (PFZ) in the
surface layer (Pollard et. al., 2002). The PFZ has the SAF as its northern limit and the
Polar Front (PF, ~ 50°S) at its southern limit. The PF is classically defined by the 2°C
subsurface temperature minimum at a depth of 200 m (Belkin and Gordon, 1996, Orsi
et. al., 1995). The unstable subsurface temperature minimum is compensated for by
fresh surface salinities which dominate stratification southward of the PF (Pollard et.
al., 2002). South of the PF lies the Antarctic Zone (AAZ), confined by the Southern
Boundary of the ACC (SBdy, ~ 56°S). Orsi et. al, (1995) defined the Southern
Boundary (SBdy) as the southern terminus of Upper Circumpolar Deep Water (UCDW)
or the vertical extent of the 1.5°C isotherm. Southward of the SBdy lies the Southern

Antarctic Circumpolar Zone (SACCZ), identified by the absence of UCDW.

2.3 Underway in situ sampling in the Atlantic Southern Ocean.

Seven crossings of a meridional cruise transect in the Atlantic Southern Ocean were
conducted in austral summers of 2008 - 2011, on board the RV Marion Dufresne
(Feb/Mar 2008) and MV S.A. Agulhas (Dec2008 - Mar2009 and Dec2009 - Mar2012).
The first process study cruise the BONUS-GOODHOPE (BGH) cruise

(http://www.univ-brest.fr/TUEM/BONUS-GOODHOPE/start.php) formed part of the

International Polar Year (IPY-GEOTRACES) programme aiming to understand large
scale inter-ocean exchanges, characterising biogeochemical processes in carbon cycling
and trace elements, and assessing the impact of coastal open ocean exchanges on

geochemical properties. The subsequent cruises formed part of SOCCO (the Southern
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Ocean Carbon and Climate Observatory) that ustilises the logistic voyages of the South
African National Antarctic Programme (SANAP) with the aim of continuing long term
time series observations in the Southern Ocean to link surface CO, flux and net primary
production variability to the underlying physical and biogeochemical drivers. The
cruise tracks followed the GOODHOPE-A21 repeated hydrographic section from the
World Ocean Circulation Experiment (WOCE), along the Greenwich meridian between

Cape Town and Antarctica (Fig. 2.1).

Figure 2.1. Bonus Goodhope Cruise repeat transect in the Atlantic Southern Ocean between

2008 and 2010, overlaid on the bathymetry (units in meters).

2.3.1 Hydrographic measurements

High resolution water column temperature and salinity profiles were collected using

conductivity temperature and depth (CTD; only in Feb/Mar2008), Expendable
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Bathythermographs (XBT) and underway Conductivity Temperature and Depth (uCTD)
profilers. XBTs were deployed at ~20 nautical miles intervals. uCTDs were deployed
between XBT stations. CTD (SEABIRD 911plus with auxiliary sensors) mounted on a
SEABIRD rosette was deployed on average every 20 nautical miles on the BGH cruise.
Auxiliary sensors included a SBE43 Dissolved Oxygen sensor, Fluorometer and
Turbidity sensor, Altimeter, and Underwater PAR sensor. Mixed layer depths were
determined using the temperature criteria of De Boyer-Montégut et al., (2004), (AT <
0.2 °C in reference to the temperature at 10 m depth). Climatological MLD data were
also derived using temperature and salinity profiles (from Argo and hydrographic data)

from the Met Office Hadley Centre EN3 v.2a (at www.metoffice.gov.uk/hadobs/en3/).

The EN3 dataset objectively analyses all available in sifu temperature and salinity
profiles into a monthly, one degree resolution global grid (/ngleby and Huddleston,

2007).

2.3.2 Nutrient analyses

Ambient NO; and Si(OH)4 concentrations were analyzed on a Bran and Lubbe AAIII
autoanalyser, as by described in Tréguer and Lecorre (1975). Ambient and
experimental concentrations of NH, and urea were determined manually by the

colorimetric method of Grasshoff et. al., (1983) scaled to Sml samples (Probyn, 1985).

2.3.3 Dissolved Oxygen

Samples for Dissolved oxygen (DO) were collected from CTDs and the uncontaminated
underway seawater intake for all underway legs of the cruises. DO concentrations were

determined using the Winkler iodometric method (Grasshoff et. al., 1999). DO bottles
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were filled from the bottom with a siphon to minimise cavitation. Samples were fixed
immediately after sampling with MnClI, and NaOH/Nal and precipitated as Mn(OH); in
an alkaline medium. Samples were acidified with sulphuric acid (H,SO4) and titrated
using a standardised solution of sodium thiosulphate dispensed by a Dosimat™
autotitrator. Oxygen sensor results from the CTD were compared with those analysed
using the Winkler method for quality assurance and outliers were removed from the

CTD dataset.

2.4.4 Particulate organic carbon and nitrogen

Particulate organic carbon (POC) and —nitrogen (PON) were determined by filtering 1 L
samples collected from surface casts, through pre-ashed 25mm Whatman GF/F filter
papers. Filtered samples were frozen at -20°C until analysis ashore. Samples were
oven-dried at 60°C, acid fumed with sulphuric acid and pelleted into aluminium/tin cups

(8x5 mm) for analysis on a Thermo Finnegan Flash EA1112 elemental analyser.

2.4 Chlorophyll-a (Chl-a)

Chlorophyll-a (Chl-a) samples were determined after filtration of 250 mL seawater
using 25 mm Whatman GF/F filters. Chl-a pigments were extracted from the filter
using 7 mL of a 90% aqueous acetone solution (Strickland and Parsons, 1963) over 24
hours followed by centrifugation. Sample fluorescence was measured using a Turner
designs 10AU fluorometer after calibration using pure chl-a from spinach (Sigma-
Aldrich). Phaeopigments were determined upon acidification with 10% HCI and

reading on the fluorometer.
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2.5 Remote sensing measurments
2.5.1 Photosynthetically Active Radiation

PAR was taken from MODIS climatology for summer months in units of mol photons

m2d?! (http://oceancolor.gsfc.nasa.gov/cgi/13) from 2002 to 2012. Mean water column

irradiance (Imrp) was determined using monthly PAR integrated over the mixed layer
and exponential attenuation of light, and then dividing by the MLD. The diffuse
attenuation coefficient (K,) was calculated using in situ chl-a concentrations (Morel et

al., 1988).

2.5.2 Chlorophyll-a

Chl-a concentrations from MODIS/Aqua, using the Level-3 9 km x 9 km grid. 8-day
satellite composites from 2002 to 2012 were aggregated to a seasonal climatology.
Satellite data, particularly in the Southern Ocean, suffers from a high frequency of days
where clouds, light conditions, sea-ice, or other problems compromise the observations.
The relative frequency of such 15 days for our dataset is between 5 % and 15 % on this

grided data product (Jonsson et al., 2014)

2.5.3 Wind speed data

Wind speed data were obtained using daily averages of NESDIS 0.5° resolution based
on the QuickSCAT satellite (Ebuchi et al., 2002). Gas transfer velocities are typically
determined using a daily 10 m wind speed observations (u;9), weighted to account for
prior wind speed variability. The weighting technique developed by Reuer et al.,
(2007), where the fraction of the mixed layer ventilated on collection day (f;), and the

gas transfer velocity on the collection day (k;) is calculated as f; = k; .1 day/MLD. The
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weight on sample collection day (w;) was assigned a value of ®; = 1. Subsequent days
have a weighting reduced proportional to the fraction ventilated on day 1 according to
oy = oi(1-f}) up 60 days prior to sample collection (Reuer et. al., 2007). As such,
although wind speeds of 60 days prior to the collection date are considered, it is only the

first 10 days that has the strongest influence on the NCP.

2.6 Nitrogen uptake measurements

To determine depth integrated nitrogen uptake, samples were collected at 5 water
column irradiance levels (100%, 50%, 25%, 10% and 1%) within the euphotic layer
using a Seabird 911plus CTD-rosette, equipped with 12 litre Niskin bottles. Light
levels were measured using a hand held Biospherical radiation sensor. Three bulk
samples (2 L each) from each light level were pre-screened through a 200 um plankton
mesh to exclude zooplankton grazers and then transferred into 2 L washed borosilicate
glass bottles. Aliquots of 200ul stock solutions (K'°NOs (1 pmol/100ul), "NH,4CI (0.1
umol/100ul) and CO(**°NH,), (0.1 umol/100pl)) were added separately to three bottles
from each light depth for nitrogen uptake incubations, while 420 pl stock solution
NaH"?COj; (0.5 umol/100ul) was added to the NO; incubation bottle only, for carbon
fixation measurements. Incubation bottles were placed inside a polycarbonate
incubation tubes covered with Panalux™ neutral density filters to simulate appropriate
water column light absorption at different depths. Sea surface temperatures were
maintained by circulating surface water through the incubation tubes. Samples were
incubated for 24 hours and terminated by filtration onto ashed 47 mm GF/F filters,

which were then dried at 50°C before later isotopic analyses.
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2.7 Size fractionated uptake

Size fractionated N uptake and C fixation experiments were conducted using ~ 20 L
bulk surface samples obtained using either a clean plastic bucket or from CTD Niskin
bottles. The bulk sample was pre-screened through a 200 pm plankton mesh screen to
remove zooplankton grazers and then divided into 3 x 6 L sub-samples, contained in
clear polycarbonate incubation cylinders. The sub-samples were spiked with *NO;-N,
NH,-N, and "urea-N salts as described previously to a final spike concentration of
0.25 uM. The 3 x 6 L samples were incubated at 50% ambient light for 24 hours. After
incubation, each 6 L experiment was post-fractionated into 3 equal 2 L fractions. The
first 2 L was passed through a 200 um mesh, a further 2 L through a 20um plankton
mesh screen and finally, 2 L was passed through a 2 pm Nuclepore membrane filter.
The three size fractions (< 2 pm, 2 - 20 um and 20 - 200 pm) were finally filtered onto

ashed 47 mm GF/F filters for later isotopic analyses.

2.8 Isotope analyses

As entire 47mm diameter filters are too large to be pelleted into tin capsules for
analyses, 10 small-diameter discs (~ 2 mm) were punched from the large filters and
placed into 8x5mm tin capsules prior to analysis on a Delta V Plus stable light isotope
mass spectrometer interfaced to a Thermo Finnegan Flash EA1112 Elemental Analyser
for simultaneous POC/N and 15N, BC measurements. Natural abundance for N and C
were 0.3663 atom% N and 1.1056 atom% "“C respectively. Values were scaled
upwards to reflect the proportion of the sub-sampled area relative to the total filtered
area. Sulphanilamide and urea were used as a calibration standard for C and N

determinations. Uptake rates for C and N were calculated as described by Dugdale and
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Wilkerson (1986), without correction for isotopic dilution in the case of NHy4 uptake.

The atom% N excess in the sample was corrected for the natural abundance of °N
(Nhat):

15I\Ixs = 15I\Isample - 15I\Inat (21)

Specific uptake rates (N taken up per unit particulate N) were calculated from the

isotopic ratio upon termination of the incubation:

15
N’CS
Vo :(15N< _15N )xT (2.2)

init nat

Where T is the incubation time of the experiment, lsNinit is the atom% "N in the
initially labelled fraction added to the incubation experiment. lsNinit is dependent on the
nutrient concentration of the sample. The transport rate, py (the N uptake in
concentration units) is calculated from V() and the PON; concentration at the end of the

incubation:
P = Vi X PON (2.3)

Using this method often yields an underestimate of V since it remains constant as PON
increases during the incubation and does not account for the uptake of non-labelled
nutrients during the incubation (Dugdale and Wilkerson, 1986), or the presence of
detrital nitrogen (Dugdale and Goering, 1967). Several other methods/models are
proposed for calculating the uptake rates. For instance taking account of the initial
concentration of PON in the sample, or assuming that the J is constant throughout the
incubation period (Dugdale and Wilkerson, 1986). Note that isotope ratios and PON
were measured on the same sample during mass spectrometry analysis (Dugdale and

Wilkerson, 1986).
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2.9 Underway Oy/Ar measurements and Net Community Production

High resolution measurement of the spatial variability of net community production
using the AO,/Ar ratio was conducted underway on all the abovementioned cruises. A
continuous flow system that draws from the ship’s scientific seawater supply was linked
to a micro capillary equilibrator that separates the gas and water phases (Cassar et al.,
2009). The gas phase was analyzed on board using a Pheiffer quadrupole mass
spectrometer. The system included an Aanderraa oxygen optode and a number of
thermocouples used to continuously monitor the temperature at each stage of the
sampling cycle. The sampling period was < 10 seconds, and data was averaged for 2
minutes. Small differences in the oxygen concentrations were monitored through
periodic simultaneously sampling of both lab supply and surface waters for Winkler

analysis. NCP was calculated as described in the equation 1.4.

The underlying assumptions inherent in this calculation are that NCP is equal to the gas
exchange flux, NCP has been constant over the mixed layer residence time (~10 days),
and finally, that argon saturation concentration is the same in the water and atmosphere.
The latter assumption introduces an error of approximately 1% to the magnitude of NCP
estimates, due to deviation from the saturation concentrations between water and air
(Cassar et al., 2011). NCP approximates carbon export production, due to the
stoichiometric link between oxygen and carbon during photosynthesis. Because of
these assumptions stated above NCP may be significantly different from the actual

carbon export production.

A simple box model calculation for a hypothetical MLD of 40 m, net O, production rate
of 60 mmol O, m™ d”', and dissolved oxygen concentration of 249.5 umol kg™, was

used to test the wind speed weighting technique by randomly varying the wind speed
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between 1 — 20 m s”. This result show that using a 60 day wind speed weighting
technique is more robust for NCP calculation than using 7 day mean wind speed prior to
sampling (Reuer et. al.,, 2007). A complication with this method is that in the absence
of net production, O, would still commonly be supersaturated in seawater because of the
physical processes of temperature or pressure changes and bubble entrainment.
Breaking waves produce bubbles which induce supersaturation by partly dissolving in
seawater, causing AQO,/Ar ratios to increase according to the atmospheric ratio
(Emerson, 1987). Uncertainties associated with this process are small and usually
neglected in calculations (Reuer et al., 2007). Warming of the mixed layer causes
supersaturation by lowering the solubility of oxygen. Uncertainties in the gas exchange
parameterisation will introduce the largest error (~30 — 40 %) in estimates of NCP
(Reuer et al., 2007; Cassar et al., 2009). Entrainment or upwelling of O;-
undersaturated waters causes the O, bioflux to underestimate NCP (Jonsson et al.,
2012). Finally, although diffusive gas exchange is the dominant physical process
affecting dissolved O, concentrations in the mixed layer, diapycnal mixing at the base
of the mixed layer and horizontal advection complicates the O, mass balance of NCP

within the mixed layer.

2.10 Autonomous high resolution hydrographic data (gliders)

High resolution hydrographic measurements were conducted in the SAZ between
September 2012 and February 2013 using autonomous gliders as part of the Southern
Ocean Seasonal Cycle Experiment (SOSCEx, Swart et al., 2012, 2014). Two gliders
were deployed near Gough Island in the South East Atlantic Ocean, at 42.4°S, 9.9°W

and 43.0°S, 11°W respectively, and followed an eastward trajectory for approximately
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5.5 months. Measurements included conductivity, temperature, pressure, dissolved
oxygen, chl-a fluorescence (proxy for phytoplankton biomass), PAR and two
wavelengths of optical backscattering by particles. The upper water column was
sampled continuously to a depth of 1000 m, at a nominal vertical velocity of 10 cm s™,
at an average data measurement rate of 0.2 Hz. Each dive cycle took approximately 5
hours and covered a horizontal distance of approximately 2.8 km. Data was transmitted
using the Iridium Satellite system. All glider sensors were cross-calibrated using ship-
based CTD casts, conducted within 3 km and 4 hours of deployment and retrieval of
each glider. Bottle samples were also collected at these casts for chl-a, salinity and
dissolved oxygen cross-calibration. All sensors were despiked and evaluated for sensor
drift. Biofouling by Goose-neck barnacle occurred on the glider fearing and sensor
platforms of SG574 towards the end of the mission (final 3 weeks). The final 22 days
of temperature and salinity data, affected by the bio-fouling was excluded from the
analysis in this study. Only minor biofouling was observed on temperature and salinity
data of SG573 and no data were discarded from this glider. Only data from SG573
were used to determine MLD variability from daily temperature profiles (see Chapter

4).
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Chapter 3

Nitrogen uptake by phytoplankton in the Atlantic sector of the Southern

Ocean during late austral summer.

The work in this chapter is based on the following peer-reviewed publication:

Joubert, W.R., S.J., Thomalla, H.N.Waldron, M.I.,Lucas, M., Boye, F.A.C., LeMoigne.,
F., Planchon, and S. Speich., 2011, Nitrogen uptake by phytoplankton in the Atlantic
sector of the Southern Ocean during late austral summer, Biogeosciences, 8, 2947—

2959, 2011, doi:10.5194/bg-8-2947-2011.

3.1 Introduction

Primary productivity in the Southern Ocean plays a key role in the biological uptake of
atmospheric CO, (Metzl et al., 1999; Takahashi et al., 2002). Phytoplankton biomass
typically shows low chl-a (<0.5 mg m™) in open ocean waters of the Southern Ocean
(Tréguer and Jacques, 1992; Banse, 1996; Moore and Abbott, 2000), while localised
elevated chl-a (> 1 mg m™; Moore and Abbott, 2000) is often associated with mesoscale
upwelling at hydrographic fronts (Laubscher et al., 1993; Comiso et al., 1993; Moore
and Abbott, 2002; Sokolov and Rintoul, 2007), the marginal ice zone (MIZ) (Smith and
Nelson, 1986; Sedwick and DiTullio, 1997) and regions of shallow bathymetry around
Subantarctic islands (Blain et al., 2001; Pollard et al., 2002; Korb and Whitehouse,
2004; Seeyave et al., 2007; Whitehouse et al., 2008). Under-utilization of available

macronutrients by phytoplankton production results in the prevalent HNLC condition
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(Chisholm and Morel, 1991) of the Southern Ocean. Despite a high inventory of
available macronutrients, low chl-a concentrations are maintained by bottom-up
controls of phytoplankton production through light, iron, and silicate limitation (Martin
et al., 1990; Bathmann et al., 1997; Boyd et al., 2001, 2002, 2007; Moore and Abbott,
2002; Arrigo et al., 2008), as well as by top-down grazing control (Banse, 1996; Cullen,
1991; Price et al., 1994; Smetacek et al., 2004; Behrenfeld, 2010). These factors
regulating primary production all modify carbon export and thus play a key role in

determining the strength of the Southern Ocean biological carbon pump.

Measurements of phytoplankton production throughout the euphotic layer using °N
stable isotopes (Dugdale and Goering, 1967) have often been used to infer carbon
export into the ocean interior based on the f-ratio (Eppley and Peterson, 1979; Savoye et
al., 2004). Carbon export estimates are also possible using ***Th/**U disequilibrium

B4Th relative to its

(e.g. Buesseler, 1992). Lower deficiency of particle-reactive
conservative parent °U in surface waters are associated with sinking particles.
Particulate Organic Carbon (POC) export is calculated as the product of the ratio of

POC/**Th on settling particles and the ***

Th disequilibrium flux (Coale and Bruland,
1985). Uncertainties associated with this method relate to varying measurement
techniques and choice of models (steady-state vs non steady state). In addition,
arguably the largest uncertainty in the application of the thorium approach lies in

reliably characterising the ratio of POC:***

Th on settling particles, which varies with
time, depth, particle type, size and sinking velocity (for review see Buesseler et el.,
2006). Despite all the uncertainties associated with the various proxies of carbon export

(see section 1.5), it is nonetheless useful to compare a variety of export estimates as they

assess different time and space scales.
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This work reports measurements of new and regenerated uptake rates and f-ratios (as a
proxy for export) in surface waters of the Atlantic sector of the Southern Ocean in late
austral summer 2008 as part of the BGH programme. The cruise crossed a number of
mesoscale features and major hydrographic fronts; namely the STF, SAF, PF, the
Southern Antarctic Circumpolar Current Front (SAccF) and Sbdy (Fig. 2.1). Results
from this study characterise pN dynamics and f-ratios across different hydrographic
regions and investigates their relation to MLD, light, macro-nutrient and dissolved
surface iron concentrations. We compare our data with °N estimates of production in
other areas of the Southern Ocean, as well as with **Th based estimates of carbon

export measured during the BGH cruise.

3.2 Sampling and cruise track

The analytical methods utilised in this chapter is described in Chapter 2 above. The
sampling cruise on board the R/V-Marion Dufresne was conducted from Feb 8 - Mar 18,
2008. The cruise transect (Fig. 3.1) started on the shelf outside Cape Town (South
Africa) at the 200 m isobath and followed the GoodHope — A21 transect in a south-
westerly direction towards the 0° meridian, then continued south to 58°S (Fig. 3.1). A
total of 79 sampling stations were completed (Speich et al., 2008), 12 of which were
targeted for pN incubations using "N tracer techniques (Slawyk and Collos, 1977;

Dugdale and Wilkerson, 1986).
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Figure 3.1. Cruise track during the Bonus Goodhope 2008 campaign. Red dots indicate the
sampling positions for "’N uptake experiments. The hydrographic fronts, Subtropical Front
(STF), Sub-Antarctic Front (SAF), Polar Front (PF), South Antarctic Circumpolar Current Front

(SAccF) and Southern Boundary (Sbdy) are indicated by dotted white lines.

3.3  Results
3.3.1 Hydrography

The BGH meridional cruise track crossed all the major hydrographic fronts and open
ocean regions commonly recognised in the Southern Ocean (Orsi et al., 1995) (Fig.
3.1). The frontal positions during the cruise were determined using potential

temperature criteria (Speich et al., 2011). The region north of the STF was defined as
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the STZ where SST exceeded 14°C and salinity exceeded 35 psu (Fig. 3.2). The SAZ
was between the STF (42.2°S) and the SAF (44.2°S), where SST fell in the range 9 -
14°C, and surface salinity between 34 — 35 psu. In this zone, an intense anticyclonic
eddy (“anticyclone M”; Arhan et al., 2011) of Indian Ocean origin was observed (at
42.9°S — 44°S) over the Agulhas Ridge (Fig. 3.2). The PFZ extended from the SAF to
the PF (Pollard et al., 2002) at 50.1°S, where SST decreased from 10 - 5°C and surface
salinity was <34 psu (Fig. 3.2). The AZ was found south of the PF where temp was
<3°C and salinity was ~34 psu. The following results are presented according to the

four zones defined above (STZ, SAZ, PFZ and AZ).

“Anticyclone M”

/

Figure 3.2. Surface temperature (red line) and surface salinity (blue line) with latitude along the
cruise track. It shows the zonal description of the regions during the cruise (STZ, SAZ, PFZ and
AZ. The position of Anticyclone M is indicated by the increase in temperature and salinity in

the SAZ.
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3.3.2 Nutrients

Nutrient concentrations shown in Fig. 3.3(a,b) are from the upper 200 m of the BGH
cruise track (LeMoigne et al., 2011). In the STZ, surface nutrient concentrations (Fig.
3.3 a,b) showed typical oligotrophic conditions, with surface NO3 concentrations < 0.05
umol L™ (Fig. 3.4a), while surface Si(OH)4 concentrations were typically < 2 pmol L™
(Fig. 3.3b). Surface NH} concentrations were depleted (< 0.1 umol L"), while urea
concentrations were variable, ranging from 0.22 — 1.51 umol L (Table 3.1). In the
SAZ, a gradual increase in surface NO3 concentrations was observed ranging from 5 —
15 pmol I'', but reaching 20 pmol I below 100 m depth (Fig. 3.3a, Table 3.1). Si(OH)4
concentrations were depleted (<2 pmol 1) throughout the surface 250 m (Fig. 3.3b).
NH; concentrations were < 0.25 pmol 1", but reached concentrations of up to 0.4 pmol
L between 40 - 70 m depth (Table 3.1), while urea concentrations ranged from 1 — 1.5
umol L (Table 3.1). In the PFZ, surface NO3 concentrations reached > 20 pmol L'
(Fig. 3.3a), while Si(OH), concentrations remained < 2 umol L™ in the upper 100 m of
the water column (Fig. 3b). From north to south, surface NH; concentrations (above
100 m) gradually increased from below 0.25 pmol L™ to greater than 1.0 pmol L™
(Table 3.1). Urea concentrations were higher than in the STZ and ranged from ~ 1
umol L' to a maximum of 3.27 pmol L (at ~ 60 m, station S3). Ubiquitously high
nutrient concentrations were observed in the AZ. NOj3 concentrations exceeded 30
umol L™ in the surface ~ 100 m and continued to increase to a maximum of ~ 40 pmol
L with depth (Fig. 3.3a). Si(OH)4 concentrations showed a steep north-south gradient
from < 2 pmol L™ north of the PF to > 60 umol L™ at the southern margin of the region
(Fig. 3.3b). NH7 and urea concentrations in the AZ reached 0.8 and 2 pmol L™ in the

euphotic layer.
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Figure 3.3 a, b. Profiles of NO; and Si(OH), in the upper 500 m along the Bonus Goodhope Cruise track. It shows increasing surface nutrient concentrations

with increasing latitude. Frontal positions measured during the cruise are indicated by the white vertical dotted lines.
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Figure 3.3 ¢, d (cont.). Profiles of chl-a and phaeopigments in the upper 200 m of the water column along the Bonus-Goodhope cruise track.
Elevated pigment concentrations were observed in equatorward of the Subtropical Front. Frontal positions measured during the cruise are
indicated by the white vertical dotted lines.
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9

10  Figure 3.3 e, f. (cont.) Profiles of Particulate Organic Carbon (POC) and Particulate Organic Nitrogen (PON) in the upper 200 m of the water
11  column along the Bonus Goodhope cruise track. Highest concentrations were observed equatorward of the Sub-Antarctic Front. Frontal
12 positions measured during the cruise are indicated by the white vertical dotted lines.
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13
14
15

Table 3.1: List of data at each sampling station (including latitude positions) during the BGH cruise (MLD; m, sample depth; m, chl-a, pg L™';
POC and PON, umol L™'; nutrients, pmol L'; pN, nmol L™ d™). fratio is dimensionless. The five sample depths at each station represent, with
increasing depth, the 100%, 50%, 25%, 10% and 1% light depths. nd indicates no data.

Station MLD Depth Chl-a POC PON NO; NH, Urea PNO; PoNH, pUrea f
STZ
L1 42 1.0 0.05 5.36 0.94 <0.05 0.06 0.22 14.4 12.7 10.7 0.38
(34.4°S) 5.0 0.05 8.13 0.68 <0.05 0.05 0.33 9.5 26.0 30.5 0.14
9.1 0.06 1.80 0.25 <0.05 0.01 0.11 13.9 29.0 20.0 0.22
35.0 0.11 4.78 0.82 <0.05 0.02 0.33 21.2 34.5 49.8 0.20
80.9 0.47 3.36 0.46 3.24 0.01 0.33 4.9 2.7 61.7 0.07
S1 10 1.0 0.14 4.36 0.59 <0.05 0.02 0.86 5.5 17.4 2451 0.02
(36.5°S) 7.3 0.16 4.50 0.62 <0.05 0.01 0.76 201 18.4 280.2 0.06
14.0 0.17 4.56 0.64 <0.05 0.06 0.32 17.8 20.3 133.5 0.10
40.2 0.20 5.42 0.71 <0.05 0.10 0.86 18.2 16.3 347.5 0.05
53.6 0.37 7.06 0.99 <0.05 0.17 0.76 5.0 4.9 264.7 0.02
L2 17 1.0 0.49 12.26 1.93 2.01 0.08 1.51 14 32.0 330.5 0.00
(41.2°S) 3.3 0.54 12.26 1.93 2.01 0.08 0.65 37.5 37.7 169.0 0.15
7.8 0.55 12.27 1.77 2.50 0.10 1.08 53.2 42.8 294.2 0.14
15.3 0.56 14.12 1.88 3.86 0.03 0.76 56.6 17.6 105.0 0.32
35.4 0.40 6.07 0.90 3.99 0.51 0.65 7.0 59 41.6 0.13
SAZ
S2 75 1.0 0.35 7.70 1.30 11.04 0.09 1.26 41.0 15.9 50.0 0.38
(42.5°S) 5.0 0.35 7.24 1.48 10.80 0.09 2.11 157.2 30.1 197.2 0.41
9.6 0.35 7.68 1.15 10.80 0.09 0.84 96.7 21.8 57.6 0.55
21.9 0.34 7.48 1.30 10.80 0.09 1.37 132.2 25.9 105.1 0.50
50.6 0.38 5.78 0.89 6.03 0.09 1.26 54.7 1.8 46.7 0.53
PFZ
L3 47 1.0 0.25 4.78 0.78 17.79 0.31 0.71 30.7 234 26.4 0.38
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(44.9°S)

L4
(46.0°S)

S3
(47.6°S)

(49.0°S)

L6
(50.4°S)

AZ
S4
(51.8°S)

81

84

97

78

107

10.0
20.2
40.0
60.9

1.0

10.6
18.9
20.3
48.9

1.0
5.0
9.5
19.7
60.1

1.0
3.9
10.1
13.9
60.4

1.0
5.7
9.4
15.2
78.5

1.00
1.90
13.50
23.60
88.30

0.25
0.25
0.26
0.25

0.40

0.40
0.40
0.40
0.40

0.36
0.36
0.36
0.36
0.36

0.26
0.26
0.26
0.28
0.25

0.31
0.31
0.30
0.30
0.30

0.16
0.16
0.17
0.16
0.16

4.57
4.78
4.65
4.57

6.97

6.67
6.51
5.63
6.04

6.04
6.04
5.89
5.58
5.56

5.17
5.17
5.49
5.19
5.16

5.37
5.37
9.04
5.23
3.43

2.67
2.67
2.72
2.98
2.60

0.64
0.68
0.78
0.64

0.78
0.80
0.88
0.75
0.78

0.86
0.86
0.88
0.74
0.80

0.47
0.47
0.53
0.47
0.60

0.54
0.54
0.74
0.47
0.31

0.50
0.50
0.50
0.50
0.40

nd
nd
nd
17.67

18.68

18.68
18.44
18.44
18.92

21.12
21.12
20.88
21.12
20.88

20.93
20.93
20.93
20.93
20.93

22.80
22.80
22.80
22.80
24.51

nd

25.71
25.71
25.71
25.96

nd
0.31
nd
0.31

0.67

0.67
0.68
0.68
0.69

0.60
0.60
0.60
0.60
0.62

0.73
0.73
0.73
0.73
0.73

1.26
1.26
1.25
1.26
1.89

0.80
0.80
0.79
0.80
0.79

1.29
0.82
0.59
nd

1.37

0.91
0.91
1.03
1.94

0.24
0.85
0.85
1.58
3.27

0.39
0.39
2.06
1.42
0.77

nd

1.58
1.33
1.94
1.33

2.00
2.00
2.19
1.62
1.43

nd
nd
nd
56.8

17.6

33.1
53.4
45.6
43.0

124.0
72.0
40.2
28.3
222

371
20.6
21.0
39.1
15.5

14.6
18.1
229
235
13.6

nd

28.8
20.9
19.7
10.8

nd
25.8
nd
5.1

6.3

22.0
294
35.7
26.7

39.6
24.6
21.0
48.1
8.4

8.2
9.3
14.4
18.8
15.3

4.3
6.2
7.4
11.5
5.5

11.0
11.6
8.5
9.2
7.1

50.7
34.0
35.6
nd

36.0

18.2
441
15.3
8.0

13.0
16.9
14.0
106.8
108.5

5.6
3.0
13.2
15.3
10.5

nd

201
28.3
48.4
13.3

247
16.9
12.5
16.8
8.7

nd
nd
nd
0.92

0.29

0.45
0.42
0.47
0.55

0.70
0.63
0.53
0.15
0.16

0.73
0.63
0.43
0.53
0.38

0.77
0.41
0.39
0.28
0.42

nd

0.50
0.50
0.43
0.41
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16

17

18

19

20

21

22

23

24

25

26

L7
(55.6°S)

S5
(57.6°S)

69

90

1.0
5.3
13.5
251
109.9

1.0
3.2
8.5
28.8
90.0

0.25
0.25
0.24
0.27
0.28

0.33
0.33
0.33
0.30
0.21

5.37
9.04
5.23
5.39
2.05

4.48
4.48
4.63
4.06
3.55

0.54
0.74
0.47
0.52
0.19

0.76
0.76
1.03
0.69
0.68

28.08
28.08
28.08
28.08
20.76

27.81
27.81
27.81
28.06
28.06

0.46
0.46
0.43
0.43
0.31

0.61
0.61
0.61
0.63
0.62

0.83
0.41
1.33
1.94
1.33

1.68
1.29
2.06
3.10
1.16

28.0
511
423
53.3
45.4

47.5
41.2
45.2
33.3
36.1

14.4
13.0
15.0
3.7

14.3

20.0
23.8
27.6
19.5
22.8

11.0
8.0

19.4
41.5
18.4

29.3
29.3
43.4
73.0
21.1

0.52
0.71
0.55
0.54
0.58

0.49
0.44
0.39
0.26
0.45

Page | 60



27  Table 3.2: Comparison of depth integrated values of '°N uptake (mmol m™ d™') by phytoplankton in various regions of the Southern Ocean.

Region/Description ) pNO; prH4 prrea ZIpN f-ratio

Atlantic Sector (Summer 2008, BGH) this study

STZ (34 - 41°S) 1.01 (0.3) 0.69 (0.3) 6.47 (6.7) 8.18 (6.8) 0.24 (0.22)

SAZ (42 - 44°S) 5.11 0.92 4.31 10.34 0.49

PFZ (45 - 50°S) 1.97 (0.5) 1.16(0.4) 213 (1.8) 5.26 (2.2) 0.41 (0.11)

AZ (51 - 57°S) 3.39(1.9) 1.27(0.6) 2.86 (1.6) 7.51 (3.5) 0.45 (0.11)

Australian Sector (Spring 2001, CLIVAR-SR3) Savoye et al. (2004)
SAZ/STF (49 - 51.0°S) 4.4 (0.3) 0.53 (0.26)

PFZ (54 - 57°S) 5.6 (0.1) 0.56 (0.02)

AZ (61 - 65°S) 9.6 (2.2) 0.61 (0.08)

Bellinghausen Sea Waldron et al., (1996)
SIZ (56 - 64°S) 1.8 (1.2) 10.9 (3.9) 9.9 (0.4) 18.0 (11.9) 0.1 (0.01)

Indian Sector (CROZEX, Summer 2004) Lucas et al., (2007)
Crozet-M3 bloom 20.3(5.7) 3.6(1.3) 6.1 (2.0) 30.1 (7.5) 0.67 (0.08)

Crozet-South of Plateau (HNLC) 1.8 (0.8) 3.2 (0.5) 1.1(0.2) 6.0 (1.5) 0.28 (0.07)

Indian Sector (Summer 1994, ANTARES3) Mengesha et al., (1998)
Kerguelen Plateau (PFZ, Stn A18; 49°S) 5.7 3.5 2.8 11.9 0.48

Kerguelen Plateau (PFZ, Stn A16; 52°S) 7.7 2 1 10.7 0.72

Indian Sector (late Summer 1999, MIOS-4) Thomalla et al., (2011)
STZ (31 - 40°S) 3.76 (4.2) 19.83(15.0) 22.30(17.8) 46.07(33.5) 0.07 (0.03)

SAZ (41 - 46°S) 0.94(0.2) 5.26 (2.3) 6.48 (5.4) 12.67 (7.9) 0.09 (0.04)

Pacific Sector (Summer 1997, US-JGOFS) Sambrotto and Mace, (2000)
PFZ (57 - 61°S) 2-5(2.3) 0.05-0.48
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3.3.3 Chlorophyll-a
In the STZ, euphotic zone chl-a concentrations were highest, exceeding 0.4 pg L™ with
a sub-surface chl-a maximum (> 0.5 pg L) at 30 — 40 m (Fig. 3.3c See also Beker et
al., 2011). A similar sub-surface maximum was observed for phaeopigments, although
slightly deeper in the water column at 40 — 60 m (Fig. 3.3d). Size-fractionated chl-a
showed that picophytoplankton (< 2 um) contributed 50.4% to total chl-a (Fig. 3.4b,).
In the SAZ, chl-a concentrations in the surface ~ 40 m exceeded 0.4 pg L' (Fig. 3.3¢),
whereas a sub-surface maximum in phacopigments (> 0.3 pg L") was observed at ~ 50
m (Fig. 3.d).  Size-fractionated chl-a indicated that nano- (2-20 pm) and
picophytoplankton contributed 60.2% and 39.8% respectively to total chl-a
concentrations, while no microplankton (20 — 200 um) were measured (Fig. 3.4) in the
SAZ. In the PFZ, chl-a concentrations of ~ 0.3 pug L' were found in the upper 70 m,
(Fig. 3.3c). Phaeopigments typically exceeded 0.1 ug L™ in the upper 50 m of the water
column, and remained <0.1 pg L' below this depth (Fig. 3.3d). Size-fractionated chl-a
in surface samples was dominated by nanophytoplankton (54.3%) throughout this
region (Fig. 3.3), followed by picophytoplankton (30.6%) and microphytoplankton
(15%). Chl-a concentrations in the AZ between the PF and the SAccF, as well as south
of the SBdy, ranged from 0.2 to 0.3 pg L', while a band of low chl-a (< 0.2 ug L") was
evident between the SAccF and the SBdy (Fig. 3.3c). Phaeopigments appeared
completely absent in this region (Fig. 3.3d). In the AZ, nanoplankton comprised 61.9%
of the phytoplankton community, while micro and picoplankton comprised 18.9 and

19.2% respectively (Fig. 3.4).
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Figure 3.4. Size fractionated chl-a of surface samples in each region along the BGH cruise track.
Percentage of the total is presented at the top of each bar. It shows the decreasing contribution

of picophytoplankton from north to south along the cruise track.

3.3.4 Particulate Organic Carbon and Nitrogen
Maximum concentrations of POC (14.1 pmol L") and PON (1.9 pmol L") were found
in the STZ just north of the STF (Fig. 3.3e,f) and confined to the upper 25 m. Average
PON concentrations over the euphotic layer of the STZ were 1.0 + 0.6 pmol L™, with a
mean euphotic zone C:N ratio of 7.16 £ 2.29. In the SAZ, POC and PON
concentrations in the surface 40 m reached a maximum of 7.7 and 1.5 pmol L’
respectively (Fig. 3.3e,f, modified from Beker et al., 2011), with a mean euphotic zone
C:N ratio of 6.0 = 0.7. In the PFZ, POC and PON averaged 5.3 + 0.5 pmol L™ and 0.7 +
0.2 pmol L' respectively in the upper 60 m of the water column (Fig. 3.3e,f), with both
decreasing below this depth. The average C:N ratio in the euphotic zone was 8.2 = 1.7.
In the AZ, POC and PON were typically < 4 pmol L' and < 0.5 pumol I respectively

(Fig. 3.3e,f) in the euphotic zone, with a mean C:N ratio of 7.4 +£2.7.
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3.3.5 Nitrogen uptake
In the STZ (n = 3), purea dominated depth integrated nitrogen uptake (JpN) by ~80%
(Fig. 3.5), reaching a maximum rate of 347 nmoIN L™ d' at 40 m at station S1 (Table
3.1). purea was on average 8 times greater than pNO3 or pNH yielding a mean f-ratio
of 0.24 + 0.22 (Fig. 3.5). Specific uptake of urea (Vye,) Was on average 10 times
greater than that of nitrate (Vno3) or ammonium (Vypa) (Fig. 3.6). In the SAZ (n = 1)
pNO3 and purea reached maximum rates at 5 m of 157.3 and 197.2 nmolN Lt d!
respectively (Table 3.2). These values decreased to 54.7 and 46.4 nmol L' d'
respectively at the 1% euphotic depth. [pN was 10.3 mmoIN m? d™, with the highest
contribution from JpNO3 (49.4%) followed closely by [purea (43%) (Table 3.2). The
depth-integrated f-ratio for this station was 0.47 (Table 3.2). Specific uptake rates of
nitrate (Vnos) and urea (Vyga) over the euphotic zone were 0.12 + 0.05 d'and 0.13 +
0.08 d! (Fig. 3.6), while Vps was lower (0.02 £+ 0.02 d™"). In the PFZ (n=5), euphotic
zone pNO3, purea and pNH; remained below 50 nmol L' d"' (Table 3.2) and were
typically lower than uptake rates in the STZ and SAZ. Station S3 exhibited the highest
pN rates, compared to adjacent stations to the north or south. At station S3, pNO3
decreased from 124.0 nmoIN L™ d' in the surface to 22.2 nmoIN L™ d™' at the base of
the euphotic zone (Table 3.1). Conversely, purea increased from 13.0 nmoIN L™ d” in
the surface to 108.5 nmol L™ d' at depth. Average [pN for the PFZ was 5.26 + 2.2
mmoIN m™ d” (Table 3.2), with the majority being due to [pNO3 (1.97 £ 0.46 mmoIN
m? d') and fpurea (2.13 + 1.78 mmoIN m™ d), while [pNH} averaged 1.16 + 0.41
mmoIN m? d”', resulting in a mean f-ratio of 0.41 + 0.11 (Table 3.2). Average euphotic
zone Vo3, Vnag and Vyrea were 0.07 £ 0.07, 0.03 = 0.1 and 0.04 £ 0.03 d! respectively
(Fig. 3.6). Inthe AZ (n =3), pNO3, pNH; and purea also remained below 50 nmol 1" d

! (Table 1). Mean [pN for the AZ was 6.46 + 4.21 mmoIN m™ d” (Table 3.1), with up
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to 50% being derived from ijog (3.43 + 2.68 mmoIN m™ d) (Table 3.2). Mean f-
ratio in the AZ was 0.45 £ 0.11 (Table 3.2). Specific nitrogen uptake rates in the AZ

were similar to those observed in the PFZ (Fig. 3.6).

Figure 3.5. Depth integrated nitrogen uptake ([pN) in each zonal region. It shows the
contribution [pNO; (black), [pNH, (grey) and [pUrea (white) as % of total uptake.
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Figure 3.6. Specific uptake (V, h'") averaged over the euphotic zone for each region. It shows
the contribution Vyo; (black), Vyus (grey) and Vy., (white) as % of total uptake, and a

decreasing trend Ve, from north to south.

3.4 Discussion
In this section we discuss nitrogen uptake dynamics across four different hydrographic
regions in the Atlantic sector of the Southern Ocean. We highlight regional differences
in uptake rates, f-ratios and community size structure and investigate how these change
in relation to MLD, temperature, nutrients and surface dissolved iron concentrations.
We compare our data with other °N estimates of production in the Southern Ocean, as

234

well as with ~"Th based estimates of carbon export measured during the BGH cruise.
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3.4.1 Regional comparisons of nitrogen uptake
The Subtropical Zone

Relatively high [pN in the STZ (8.18 + 6.8 mmoIN m™ d™") was dominated by Jpurea (~
79%), with Ve, being ten times higher than Vyos or Vnms, (Fig. 3.6), indicating
significant regenerated production, as reflected by low f-ratios (0.24 + 0.22). It is
unlikely that all the urea uptake is through phytoplankton production, as urea is easily
assimilated by heterotrophic bacteria (Kirchman, 2000) which can contribute up to 25%
of nitrogen uptake (Fouilland et al., 2007). Low new production rates in this region are
likely due to limiting surface NOs concentrations (<0.05 pmol L™'). Phytoplankton
community structure was consistent with a typically regenerated-based community
(Tremblay et al., 2000) with picophytoplankton dominating by ~51% (Fig. 3.4). This is
consistent with previous results of low f-ratios in the Indian (f= 0.07 + 0.03) (Thomalla
et al., 2011) and Pacific basins (Sambrotto and Mace, 2000) (Table 3.2). These results
imply that this region of the Southern Ocean is dominated by urea re-cycling within the
microbial loop, with little carbon export, little atmospheric CO, “draw-down”, and

conservation of nitrogen in surface waters (LeFevre et al., 1998; Smetacek et al., 2004).

The Subantarctic Zone

Station S2 in the SAZ exhibited only slightly higher total [pN rates compared to those
observed in the STZ, however this station showed a greater contribution of pNO3
(49.4%), which increased the f-ratio from 0.24 to 0.49 (Table 3.2). Vyos (0.12 d') at
this station was double that found in other regions (Fig. 3.6) along with the highest
concentrations of chl-a (> 0.5 ug I'"), POC (> 7 umol L") and PON (> 1 umol L) (Fig.

3.3c,e,f). Specific uptake rates are known to provide information on the potential for
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macronutrient, light or iron limited growth, with higher values being characteristic of
faster growth rates in nutrient and light replete environments. These high Vyo3 values
thus suggest possible alleviation of iron stress (Lucas et al., 2007), along with sufficient
light availability (MLD =452 + 17.1 m). [pN rates in the SAZ of the Atlantic measured
in this study (10.3 mmoIN m? d') were slightly higher than those measured in the
Australian sector in late spring/early summer (4.4 + 0.3 mmoIN m? d™") (Savoye et al.,
2004) and were comparable to the Indian sector in late summer (12.7 + 7.9 mmol N m™

d!) observations (Thomalla et al., 2011) (Table 3.2).

It has been shown for oligotrophic regions that new production is enhanced within
mesoscale eddy activity through the vertical injection of nutrients into the euphotic layer
(Greenwood, 2007; Strass et al., 2002; Levy et. al., 2009). This station was on the edge
of a mesoscale hydrographic feature, ‘anticyclone M’ (4Arhan et al., 2011), observed just
north of the SAF (Fig. 3.2). The proposed mechanism for the enhanced production and
higher f-ratios at this station is enhanced vertical nutrient injection (including iron) at
the edges of the anticyclone (Levy et al., 2009) along with an improved light
environment associated with persistent shallow and stable mixed layers associated with
the warm core eddy (Llido et al., 2005). Mesoscale eddies such as these provide
important areas for local but significant POC export and biological CO, draw-down in
an overall HNLC Southern Ocean. This mechanism is addressed in Chapter 4 using

high resolution NCP and concomitant MLD measurements along the same cruise track.

The Polar Front Zone

Total JpN rates in the PFZ were the lowest of the four regions (Table 3.2), with low /-

ratios of 0.41 + 0.11. fpurea and V., were substantially lower than in the STZ and
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SAZ to the north (Fig. 3.5; Fig.3.6). High concentrations of ammonium and urea (Table
3.2) were observed in the PFZ indicating very active regeneration processes. Dilution
of the isotopic 15NH;}|r and "’N-urea uptake due to high regenerated nutrients released by
bacteria and zooplankton grazers can potentially lead to an underestimation of the
uptake rates of these substrates and consequently an overestimation of the f-ratio. Early
work in the Scotia Sea showed that ammonium uptake can be underestimated by a
factor of 2 — 3 in summer (Glibert et al., 1982). Although no NH} regeneration
experiments were conducted during the cruise, one can expect that underestimation of
regenerated uptake would further reduce the f-ratio's presented here. Although our
cruise was in late austral summer, deep mixed layers in this region (MLD = 68.7 + 18.9
m) relative to the 1% light depths (61 = 11 m) make light a potentially limiting factor to
primary production and to NO3 uptake in particular considering its high light demand in
comparison to NH} and urea uptake (Lucas et al., 2007, Cochlan, 2008). In addition,
low surface Fe concentrations < 0.2 nmol L (Chever et al., 2010) likely limit new
production (Timmermans et al., 1998) promoting the dominance of small cells as size
confers a competitive advantage for nutrients at low concentrations (Leynart et al.,
2004). Smaller cells are however more susceptible to grazing by microzooplankton
(Raven, 1986), which controls their biomass and at the same time contributes to
potential regenerated production through NHZ excretion (Glibert and Garside., 1992).
Size-fractionated chl-a concentrations showed the PFZ to be dominated by

nanophytoplankton (54%, Fig. 3.3).

Several authors have found an increase in diatom concentration to be associated with the
PF and attribute this to an increase in Si(OH)4 (Laubscher et al., 1993; Bathmann et al.,
1997, Smetacek et al., 1997; Tremblay et al., 2002). Although it is possible for diatoms

to fall within the nanophytoplankton size range, substantial increases in Si(OH)4 were
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only found south of the SACCF (Fig. 3.3b). Thus, although the percentage of
microphytoplankton increased from 0% in the SAZ to 15% in the PFZ, the continued
dominance by nanophytoplankton (54%) was likely due to Si(OH)4 limitation of diatom
growth and low surface Fe concentrations (< 0.2 nmol L, Chever et al. 2010) favouring
smaller cells. Similarly, low Si(OH)4 concentrations have been shown to play an
important role in regulating nitrate uptake (Dugdale and Wilkerson, 1998, Sambrotto
and Mace, 2000) such that the low Si(OH)4 concentrations in this region may have
contributed to the low NO3 uptake rates (1.97 mmolN m? d") and firatios found here.
JpN rates in the Atlantic PFZ from this study (5.26 mmoIN m™ d') were similar to those
in the Australian sector (5.6 mmoIN m™ d™') and the HNLC Crozet sector (6 mmoIN m™
d™"), but lower than the bloom region associated with naturally Fe fertilized Crozet (30.1
mmoIN m™ d"') and Kerguelen (11.9 mmoIN m™ d') Islands (Table 3.2). High
concentrations of regenerated nutrients, low f-ratios and nanophytoplankton dominated
communities at this particular time of year implies an inefficient biological pump for
this region which appears to be controlled by nutrient (Fe and Si(OH),) and light co-

limitation and microzooplankton grazing.

The Antarctic Zone

A slight increase in [pN was observed in the AZ (7.5 mmoIN m™ d') relative to the PFZ
(5.3 mmoIN m? d'). The contribution of [pNO3 to total [pN increased with a
simultaneous increase in f-ratios to 0.45 indicating a slightly higher potential for carbon
export. As with the SAZ, high ambient regenerated nutrient concentrations (Table 3.1)
imply active regeneration processes occurring in the surface, however a decrease
regenerated uptake rates, particularly urea uptake (Fig. 3.5) were observed relative to

regions further north. An underestimation of the regenerated production in this region,
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could thus lead to an overestimate of the f-ratio. Although Si(OH)s concentrations
increase south of the SACCF (Fig. 3.3b), lowest chl-a concentrations are found in the
region between the SACCF and the SBdy and it is only south of the Sbdy that chl-a
concentrations increase (Figure 3.3c). Although the mixed layer tends to deepen (MLD
=93.9 £ 14.7 m) in the AZ, so too does the 0.1% light depth (96 + 12 m), indicating
unlikely control through light limitation in deeper mixed layers. More likely, low
surface iron concentrations (Chever et al., 2010) characteristic of the late summer
season are limiting phytoplankton growth despite sufficient irradiance (see also Boyd et
al., 2001; Lucas et al., 2007). [pN from this study (7.5 mmoIN m? d') was in a similar
range to the JpN (9.6 mmoIN m™ d) of the permanently open AZ in the Australian
sector (Savoye et al., 2004). As expected however, these open ocean JpN rates are up to
60% lower than those observed during bloom conditions in the Seasonal Ice Zone (SI1Z)
of the Bellinghausen Sea (18.0 + 11.9 mmoIN m™ d') (Table 3.2). Lower open ocean
JpN rates compared to the SIZ can be ascribed to the lack of dissolved iron inputs from
melting ice (Sedwick and DiTullio, 1997; Gao et al., 2003; Grotti et al., 2005) and a less
favourable light environment through deep mixed layer depths (93.9 £ 14.7 m) (Smith
and Nelson, 1986). Although there is a slight increase in production and f-ratios in the
AZ, relative to the PFZ, the ice free regions of this sector appear to have a relatively low
potential for carbon export particularly in the late summer season due predominantly to

Fe limitation.

234

3.4.2 Comparison °N estimates and ***Th export flux

Carbon export derived from ***

Th deficits at 100 m revealed a north-south gradient,
with the highest export fluxes (up to 6 mmolC m™ d) found south of the PF (Fig. 3.7,
Planchon et al., 2013). Although the latitudinal trend in f-ratio estimates of carbon

Page | 71



export were not as clear, with high export being associated with the eddy in the SAZ,
there was a similar tendency for carbon export to increase with latitude (Fig. 3.7). New
production estimates of carbon export were however 2 — 20 times greater in magnitude
(Fig. 3.7) than **Th derived estimates. Reasons for this are numerous. Firstly, the two
methods used to estimate carbon export are not intended to measure the same process.
Although the rates are expected to be comparable in a steady state system or when
averaged over large enough time and space scales, there is otherwise no a priori reason
why the rates should be identical, bearing in mind f-ratio estimates of new production is

potentially overestimated as the f-ratio is only estimated from pNO3.

Stable isotope incubations measure NO3 uptake at a discrete site over 12 — 24 hours in
the euphotic layer (typically < 60 m) and may therefore not be representative of

24Th deficit derived estimates of carbon export (at 100 m) on the

mesoscale averages.
other hand encompass large spatial scales of 10s to 100s of kilometres (Buesseler et al.,
1992) and a time period of ~31 days. Hence, in this instance 24Th derived carbon
fluxes more than likely represents a considerable averaging of episodically lower fluxes
when compared to the short-term >N incubations.  Furthermore, **Th carbon flux
estimates are derived by considering the POC/**Th ratio of particles > 50 um and may
well ignore a significant export flux within the < 50 um fraction. During BGH
however, the POC/**Th ratios of particles > 50 pm and < 50 pm were not very
different. New production estimates, on the other hand do not discriminate on a size
basis and represents the potential export of both dissolved and particulate material. This
is consistent with other observations in both the Indian (Mengesha et al., 1998) and

Pacific sector (Savoye et al., 2004) of the Southern Ocean and highlights the important

role of this region of the ocean in the global carbon cycle.
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Figure 3.7. Comparison between **Th export (at 100 m) (grey bars) and ‘new production’
estimates (black triangles) during BGH. New production calculated from [pNO; and the C:N
ratio. It shows the difference in magnitude of these proxies of carbon export. f-ratios are

indicated in brackets above the ***Th export estimates.

3.5 Conclusions
This work presents '*N-labelled nitrogen uptake measurements in the Atlantic Southern
Ocean in late austral summer, 2008. It shows that pN in the oligotrophic STZ was
dominated by purea, resulting in low f-ratios (f = 0.24). Size fractionated chl-a data is
dominated by picophytoplankton (> 50%) and also indicative of a community based on
regenerated phytoplankton production. It is unlikely that the measured NHS and urea
uptake rates reflect only regenerated production in the STZ, given that the uptake
estimates based on "N uptake does not account for heterotrophic bacterial activity.
This probably results in an overestimation of urea uptake and underestimation of the f-
ratio in the STZ. However, given the low concentrations of NO3 in the surface waters

of the STZ (< 0.05 umol L") the dominance of urea recycling within the microbial loop
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(Taylor and Joint, 1990) potentially result in lower carbon export. The greatest [pN was
observed in the SAZ and ascribed to enhanced nutrient supply and favourable light
conditions associated with an anticyclonic eddy. Higher f-ratios were observed in the
SAZ (f = 0.49), Polar Frontal Zone (PFZ, /= 0.41) and Antarctic zone (AZ, f = 0.45)
relative to the STZ (f= 0.24) and indicate a higher contribution of pNO3 relative to total
pN and higher export potential in regions further south. New production estimates of
carbon export (calculated from pNO3 and the C:N ratio) were lowest in the STZ (7.3
0.43 mmol C m™ d™'; n = 3), compared to 30.4 mmolC m™ d” in the SAZ (n=1), 16.3 +
1.03 mmolC m™ d" in the PFZ (n = 5) and 28.2 + 25.8 mmolC m™ d™' in the AZ (n=3).
These carbon export estimates are comparable to observations carried out in the other
sectors of the Southern Ocean (Waldron et al., 1995; Sambrotto and Mace, 2000;
Savoye et al., 2004; Lucas et al., 2007). The Southern Ocean accounts for nearly 50%
(~1 PgC) of the annual oceanic uptake of anthropogenic CO,, primarily through the
biological pump, particularly in the midlatitudes (30 — 50°S) (Fig.1.1) (Metzl et al.,
1999; Takahashi et al., 2002), accounting for ~ 80% of the Southern Ocean uptake
(Moore and Abbott, 2000). Increasing trends in ambient water column nutrient and
surface iron concentrations corresponded with higher [pNO3 rates. Higher f-ratios south
of the SAF reflects this, however, we suspect this to be an overestimation of the f-ratio
given the elevated regenerated nutrient concentrations which indicate active
regeneration processes assuming regeneration of nitrate in the euphotic layer. The
relatively low total pN rates are ascribed to late summer season sampling when nutrients
are depleted prior to the winter re-supply. Comparison of our f-ratio based estimates of

carbon export with those from 234

Th data collected during the cruise revealed a similar
tendency for carbon export to increase with latitude but no clear correlation was

observed. In addition, new production estimates were 2 — 20 times greater in magnitude
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and likely the result of the different integration time scales for the two different

methods.

This work showed relatively high new production estimates in the SAZ in late summer.
The high f-ratios measured in the SAZ were considered to be indicative of a potential
source of an intraseasonal replenishment of iron supporting new production in this
region. Furthermore, it also highlighted the role of mesoscale eddy activity as a
potential supply mechanism of new iron into the euphotic zone. This meridional f-ratio
gradient study highlighted the need to further examine the role of fine space and
temporal scale dynamics in understanding the drivers of primary production in the SAZ.
This could be achieved through high resolution observations of the productivity and its

drivers which is furher investigated in the following chapter.
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Chapter 4

The Sensitivity of Net Community Productivity to Intra-Seasonal Mixed

Layer Variability in the Sub-Antarctic Zone of the Atlantic Ocean.

The work in this chapter is based on the work submitted to Biogeosciences for peer-
reviewed publication:
Joubert, W. R., Swart S., Tagliabue, A.,Thomalla S. J., Monteiro, P.M.S.,2014, The

Sensitivity of Primary Productivity to Intra-Seasonal Mixed Layer Variability in the

Sub-Antarctic Zone of the Atlantic Ocean., Biogeosciences, BG2014-71, under review.

Preface

The previous chapter highlighted the importance of mesoscale eddies in the SAZ,
enhancing the vertical injection of nutrients including iron as a driver of elevated new
production in this region. Recent work has however implicated the additional role of
sub-seasonal modes in modulating the Fe and light supply in summer and thus
contributing to the seasonal characteristics of primary production in the SAZ south of
Africa (Fauchereau et al., 2011; Thomalla et al., 2011; Swart et al., 2012; 2014).
Meso- and submesoscale features give rise to variable rates of biogeochemical
processes, depending on whether production is light or nutrient (iron) limited. When
nutrients are the limiting factor, meso- and submesoscale features can provide a source
of nutrients into the euphotic layer which stimulate productivity. Under light limiting
conditions, meso and submesoscale eddies drive stratification that shoals the mixed

layer thereby decreasing the depth of vertical mixing and increasing the light exposure
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for enhanced phytoplankton growth. This chapter examines the physical control
mechanisms responsible for supplying surface waters with Fe and modulating light that
are ultimately responsible for controlling variability in the NCP in the Atlantic Southern

Ocean.

4.1 Introduction

Two of the principal drivers of the HNLC characteristics (Chisholm and Morel, 1991)
of the Southern Ocean are limitation by light (Mitchell et al., 1991) and iron (Martin et
al., 1991; Boyd et al., 2007). Exceptions occur at frontal regions, near islands and the
marginal ice zone (4rrigo, 2010) where chl-a biomass can be elevated due to enhanced
stratification and increased iron supply. The impact of these limiting factors on primary
production varies over the growing season (Boyd, 2002). For instance during winter,
increased light limitation is observed due to deep mixed layers caused by high rates of
convective overturning (DeBoyer-Montégut, 2004). However, deep winter mixing also
restores the Fe supply to the euphotic zone and relieves iron limitation for the onset of
the spring bloom (Boyd, 2002; Thomalla et al., 2011; Tagliabue et al., 2014).
Throughout spring and summer, the iron supplied to the euphotic zone from the pulse of
winter convective overturning is depleted in the euphotic zone (Boyd, 2002; Tagliabue
et al., 2014). The complex role of these multiple driving factors is emphasised by the
large-scale spatial variability of chl-a, which highlight regional differences in
phytoplankton biomass attributed to variability in seasonal physics and biogeochemical
dynamics (Arrigo et al., 2008, Le Queré et al., 2002; Moore and Abbott, 2000).
Broadly, elevated chl-a concentrations in the open Southern Ocean during the summer
are associated with regions of upwelling and downstream of islands and bathymetric
features (eg. Pollard et al., 2007), with the hydrographic fronts delineating zones with
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similar mean chl-a concentrations (Sokolov and Rintoul, 2007). Previous work using
satellite chl-a data has proposed that phytoplankton productivity variability during
spring and summer in the Southern Ocean can be influenced by intra-seasonal
adjustments of the mixed layer physics that modulate light and nutrient limitation

(Fauchereau et al., 2011, Thomalla et al., 2011).

In the Southern Ocean, the limiting nutrient dFe can be supplied vertically into the
euphotic zone by once off wintertime convective overturning (entrainment), and year-
round diapycnal diffusion, as well as Ekman upwelling (Boyd and Ellwood, 2012;
Tagliabue et al., 2014). Determining vertical supply rates of dFe requires knowledge of
the water column dFe distribution and the depth of the ferricline. Using dFe
measurements, Tagliabue et al. (2014), reported the depth of the ferricline in the SAZ to
be between 200 — 500 m, which results in weak diapycnal diffusive fluxes (up to 15
nmolFe m™ d) in the region (Tagliabue et al., 2014). Based on the dFe gradient with
depth and monthly mixed layer changes, Frants et al. (2013) calculated entrainment due
to mixed layer deepening of 5 — 25 nmolFe m™ d” in the Drake Passage. Lower
diffusive fluxes of 15 nmolFe m™ d' were observed in the SAZ south of Tazmania,
calculated using vertical diffusivity from in situ microturbulence observations (Boyd et
al., 2005). All these estimates largely exclude synoptic or sub seasonal scale processes

in their assessments of iron input.

A number of physical processes, varying at sub-seasonal scales, are known to modulate
MLD variability and primary production (Lévy et al., 2012). For example, mesoscale
(10 — 100 km) and submesoscale dynamics (1 — 10 km), have been shown to stimulate
ocean productivity at similar scales through the vertical transport (advection and
diffusion) of subsurface nutrients in oligotrophic ocean regions (Lathuiliere et al., 2011,

Levy et al., 2009, McGillicuddy et al., 2007, Oschlies and Garcon, 1998). Under low
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light conditions, enhanced rates of re-stratification associated with lateral advection
from sub-mesoscale eddy and frontal instabilities (e.g., Taylor and Ferrari, 2011a;
Mahadevan et al, 2012) reduce the depth of the mixed layer, thereby increasing the
exposure of phytoplankton to light and favouring photosynthesis (Sverdrup, 1953).
These findings indicate strong links between fine temporal (seasonal to sub-seasonal)
and spatial (mesoscale to sub-mesoscale) scales of mixed layer dynamics and their

influence on primary production.

NCP reflects the balance between net primary production and heterotrophic respiration
(Siegel et al., 2002). In a steady state system, NCP is equivalent to new production, and
approximates organic carbon export from the surface ocean (Falkowski et al., 2003). In
order for net autotrophy to occur, in other words a positive NCP, the mixed layer is
required to be shallower than a critical depth where water column integrated growth and
loss rates are equal (Sverdrup, 1953). Furthermore Sverdrup et al., (1953) defined the
compensation depth (/¢) as the depth in the water column at which the light intensity is
such that photosynthetic production balances losses by respiration (see chapter 1 for
review). The /¢ differs from the Z., (euphotic depth defined as the 1% light level, Kirk,
1994) in that it takes into account the physiological processes of photosynthesis as well
as respiration. According to Sverdrup et al., 1953, net growth is expected to occur
when mean water column irradiance exceed /¢ (e.g. Siegel et al., 2002). Variability in
MLD in the context of mean water column irradiance and /- may affect the response of

net community productivity.

Iron addition process studies (e.g., Boyd et al., 2005) have demonstrated that
productivity can be sustained by recycled iron, highlighting the importance of the so-
called ‘ferrous wheel’ (Strzepek et al., 2005). When viewed as ‘fe-ratios’ (uptake of

new iron/ uptake of total iron) new iron has been shown to account as little as 10% or as
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much as 50% (from low to high iron waters) of the overall iron demand (Boyd et al.,
2005; Bowie et al., 2009; Sarthou et al., 2008). Nevertheless, NCP has been shown to
be consistently low when mixed layers are deep, regardless of iron sufficiency (Cassar
etal.,2011). What remains uncertain is the response of NCP to intraseasonal variability

in the MLD, which may influence the inputs of iron into the euphotic zone.

In this study, high resolution NCP estimates based on continuous shipboard
measurements of AO,/Ar ratios (and NCP) (Cassar et al., 2009) collected from several
repeat transects in the Atlantic SAZ during austral summer are presented. The
relationship between NCP and co-located MLD across the STZ, SAZ and the PFZ are
investigated. Finally, the role of intraseasonal mechanisms that drive the variability of
NCP in the context of mixed layer dynamics are highlighted to explore a link between
summer entrainment of dFe and phytoplankton blooms sustained throughout summer

blooms (Swart et al., 2014).

4.2 Sampling and cruise track

Five crossings in the Atlantic sector of the Southern Ocean were conducted between
2008 and 2010 (Fig. 4.1) along the GoodHope monitoring line (Swart et al., 2008;
Arhan et al., 2011). The transects crossed the major hydrographic fronts of the
Southern Ocean, namely the STF (~ 40°S), the SAF (~ 44°S), and the PF (~ 50°S) (Fig.

4.1).
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Figure 4.1. Sampling track of cruises overlaid on the summer climatology of chlorophyll-a
observations from MODIS satellite over the period 2002 — 2012. Also depicted are the STZ,
SAZ and the PFZ. Frontal positions (black dotted lines) are calculated from mean absolute
dynamic topography.

NCP was estimated using continuous measurements of AO,/Ar described in chapter 2.
The underlying assumption inherent in this calculation is that NCP has been constant
over the mixed layer residence time (~ 10 days). Sporadic data gaps in the wind speed
product means that we cannot calculate gas transfer velocities at all locations for which
we have AO,/Ar measurements. Therefore more AO,/Ar data are available. Lastly,
entrainment or upwelling of O,-undersaturated waters causes the biological O, flux to
underestimate mixed layer NCP (Jonsson et al., 2013). This effect is strongest south of
the PF where undersaturated Circumpolar Deep Water upwells and reaches the base of
the mixed layer (Pollard et al., 2002). This study therefore focuses on the area between

the STF and PF where the influence of this process is likely minimal.
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Besides the in situ MLD from CTD, uCTD and XBT profiles described in Chapter 2,
summer MLD fields were also derived using the same temperature criteria from
temperature profiles from the Hadley EN3 v.2a dataset (Ingleby and Huddleston, 2007).
Although MLD from Hadley EN3 is monthly data, it was preferred since it is based on
in situ observations. Monthly mean EN3 MLDs (MLDgy3) are not ideal to assess
shorter timescale variability, but it was preferable to use this data-based product instead
of higher resolution modelled data sets. Accordingly, we only use MLDgy; to represent
the approximate magnitude and range of intraseasonal MLD variability in summer
between 1998 — 2011 (i.e. the period best constrained by observations in the EN3
dataset). PAR was taken from the standard monthly MODIS climatology product for
summer months in units of mol photons m™ d”' (http://oceancolor.gsfc.nasa.gov/cgi/l3)

from 2002 to 2012.

To assess short timescale in situ MLD variability, we used continuous water column
temperature and salinity profiles of an autonomous glider deployed in the SAZ between
September 2012 and February 2013 (described in Swart et al., 2014). Four hourly
profiles were binned into 1 day bins to assess daily shoaling and deepening of the MLD.
Deepening events along with mean iron profiles from the literature (Tagliabue et al.,
2012) were used to calculate synoptic entrainment rates of dissolved iron from below

the mixed layer.

4.3 Results
4.3.1 Meridional gradients and variability in MLD and AOy/Ar ratios

Between 35°S — 50°S, AO,/Ar ratios tend to be low (0 — 2%) when the MLD exceeds 45

m, but are generally elevated and highly variable (0 — 8%) when the MLD is less than
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45 m (Fig. 4.2a). A similar relationship of elevated and variable NCP is observed with
shallow MLD, albeit with a reduced dataset (Figure 4.2¢). These results are consistent
with earlier studies which show elevate primary production and NCP in shallow mixed
layers, (e.g. Sakshaug and Holm-Hansen, (1986) (MLD < 40 m) and Cassar et al.,
(2011) (MLD < 50 m)) and support the canonical control of phytoplankton production
by irradiance (Sverdrup, 1953). Geographically speaking, the high yet variable set of
AQO,/Ar (and NCP) observations at MLDs shallower than 45 m are mainly confined to

the mid-latitudes, between 38 — 46°S that encompass the SAZ (Fig 4.2b.d).

Figure 4.2. a) Relationship of AO,/Ar ratios with MLD shows two modes of variability: deep
mixed layers (> 45m) show diminished biological supersaturation, while shallow mixed layers
(< 45m) show increased biological supersaturation with high variability. Colorbar indicates the
latitude while circles, triangles and squares represent the three summer cruises, namely Bonus-

Good Hope (BGH), SANAE48 (S48) and SANAE49 (S49) respectively. b) Latitudinal AO,/Ar
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ratios (%) show the highest variance (grey lines) in the Sub-Antarctic Zone between 38 — 46°S.
Variance is calculated from AO,/Ar data binned in 0.5 degree latitude bands. The colorbar for
the panels b and d indicates the corresponding MLD. The mean locations of the frontal zones,
as determined using the mean absolute dynamic topography are displayed at the top for all

latitudinal figures. ¢) NCP vs MLD. d) Latitudinal NCP calculated using equation 1.4.

Since mean PAR decreases and mean MLDgy; increases consistently with increasing
latitude from 35°S — 50°S (Fig. 4.3a,b), their latitudinal gradients alone cannot account
for the observed mid-latitude (38 — 46°S) maxima and range in AO,/Ar ratios (Fig.
4.2b,d). In the STZ, MLDgy; are shallow (average ~ 25m) and characterised by low
variability (o + 4.2 m), whereas in the PFZ, MLDgy; are deep and more variable (~ 70
m + 20.4 m). In the SAZ (38 — 46°S), MLDgy; variable around the 45m threshold

where the maximum AQO,/Ar ratios are observed (Fig. 4.3Db).
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Figure 4.3. a) MODIS surface PAR climatology (2002 — 2012) for summer months (Dec to Feb)
in units of mol photons m-2 d-1 along the cruise track. b) MLDEN3 summer climatologicy
(period 2002 — 2012) and associated standard deviation. A steep gradient is observed in the SAZ
separating the shallow, low variability MLD to the north and the deep, highly variable MLD to

the south.

4.3.2 Intra-seasonal Fe supply and demand in the euphotic zone

Supply mechanisms of dFe into the euphotic zone include convective overturning,
diapycnal diffusion (Tagliabue et al., 2014) and lateral advection downstream of
landmass (Blain et al., 2007). Lateral advection of surface water plays an important
role in water column stability as well as iron supply in Southern Ocean regions
downstream of islands and continents. Together with MLD driven light availability
through water column stability, NCP may also be responding to variations in the supply
of iron that is driven by synoptic scale variations in mixing. Regional dFe concentration
data (from the literature and summarised in Tagliabue et al., 2012) are limited to
relatively few profiles (Chever et al., 2010; Klunder et al., 2011). These selected
profiles (from the SAZ) were collected in Feb — Apr 2008 during the Bonus Goodhope
cruise campaign (Chever et al., 2010) and the ANT XXIV/3 expedition (K/under et al.,
2011) along the same transect as this current study. Data from the SAZ shows an
increase from 0.20 nmol L™ at depths shallower than 45 m to 0.26 nmol L™ at depths
deeper than 45 m (Fig. 4.4). Based on the limited in-situ observations a gradient of dFe
was approximated and then used in Equation 4.1 to calculate the potential entrainment

of dFe into the layer 0 — 45 m.
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Figure 4.4. dFe for the upper 500 m of the water column within the SAZ region modified from

data published in (Tagliabue et al., 2012).

To assess the potential entrainment flux of dFe from below the euphotic layer, daily
synoptic mixed layer entrainment rates of dFe (Fpe.s», 1n units of nmolFe m d'l) were
estimated using a range of the number of positive daily MLD change events (i.e.
deepening of MLD to below 45m) taken from daily glider MLD data in the SAZ
between September 2012 and February 2013 (Swart et al., 2014) and the available dFe

profiles along the transect (data from Chever et al. 2010, Klunder et al., 2011).

MLD AMLD
Freegn = N[ ((dFe) i = [AFe] i) *— 5

t

).dz (4.1)

Where [dFe]asmp and [dFe]eupnoic are the dFe concentrations from below the mixed

layer and the 0 — 45 m (‘compensation’) zone respectively, MLD; is the depth of the
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mixed layer after a daily deepening event, AMLDys the difference between the observed
MLD; and a depth of 45 m (the depth identified for elevated NCP and hypothesised to
represent the compensation depth), and N is the number of events of entrainment over
the month, and » the number of days in per month. In equation 4.1 the post entrainment
concentration of dFe is scaled to the deepening of the MLD and the flux is derived by
integration to the depth of the mean summer MLD. This correction for ‘detrainment’ is
important as this part of the entrained dFe is lost and no longer available to primary
production when the MLD shoals following a deepening event. When mixed layers
remained > 45 m for several consecutive days, the average MLD was used to calculate
daily entrainment rates. Equation 4.1 assumes a constant gradient between the dFe < 45
m and dFe in the 0 — 45 m layer, calculated from the data used in Figure 4.4.
Furthermore, the compensation depth is approximated to 45 m, whereby the MLD
fluctuates above and below this light requirement for increased NCP, is assumed to be
constant throughtout the study region. Finally, this model assumes MLD entrainment
events calculated from the number of deepening and shoaling events occurring per
month using glider MLD data from the SAZ over several months (Swart et al., 2014).
To derive a mean daily dFe flux, all synoptic MLD deepening events to below 45m
were summed for each month and divided by the number of days per month. To test the
sensitivy of the model in Equation 4.1 to the iron gradient, dFe concentration in the
euphotic zone was varied between 0 nmol L™, reflecting complete consumption of dFe
in the euphotic zone and 0.15 nmol L, reflecting partial consumption of dFe
concentrations, and a subsurface concentration of 0.25 nmol L™, taken from the profile

data of Chever et al., (2010) and Klunder et al., (2011).

Glider data suggests the number of synoptic events would likely range between 2 and 5

per month and the mixed layer gradient perturbation would be between 1 — 35 m deeper
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than the 45m threshold. Within this range, Fre.gyn is between 10 — 600 nmolFe m™ d”',
depending on the surface and subsurface dFe concentrations, as well as the depth and
frequency of the MLD deepening events (Fig. 4.5). Unsurprisingly, the largest Fre.gyn
rates are found when the depth and frequency of deepening events in the glider data are
the largest. In addition, Fresn 1s enhanced markedly by assuming complete
consumption of the euphotic zone dFe reservoir (compare Fig. 4.5b with 4.5a).
Nevertheless, even the lowest rates of Fre.qyn estimated here (98 nmolFe m d'l) are
similar to or larger in magnitude than those associated with diapycnal diffusion (Boyd et

al., 2005, Frants et al., 2013, Tagliabue et al., 2014).

4.4 Discussion
4.4.1 The role of MLD variability in driving NCP variability in the SAZ

Based on the observations of AO,/Ar ratios, NCP and MLD, we consider a mechanism
where intraseasonal synoptic scale MLD deepening entrains essential nutrients from
below the euphotic zone, followed by rapid buoyancy driven shoaling of the MLD. In
the STZ, nutrient limitation through persistently shallow MLDs is known to limit
primary production (Pollard et al., 2002; Joubert et al., 2011) preventing high values of
NCP. Here buoyancy forced stratification in the summer dominates over wind stress
mixing (Swart et al., 2014). In the PFZ, wind stress mixing dominates over buoyancy
forcing resulting in persistent deep MLDs, low mean PAR and low Fe concentrations
(Chever et al., 2010; Klunder et al., 2011) that constrains NCP to a low range (13.1 +18
mmol m™ d"). The SAZ lies between these two zonal modes and is characterised by a
rapid meridional change in the mean MLD depth as well as MLD excursions above and

below the 45 m light requirement (Fig. 4.3b, and Fig. 4.5) for positive NCP. These sub-
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seasonal MLD excursions around ~ 45 m are linked to a combination of intraseasonal
high-wind-stress events (Swart et al., 2014) and restratification. These are driven by
mesoscale activity associated with fronts, mesoscale instabilities and eddies generated
from interactions of the Antarctic Circumpolar Current (ACC) with topography and

downstream advection (Swart and Speich, 2010).

Figure 4.5. Conceptual model shows MLD variability (black line) in the STZ, SAZ and PFZ, in
relation to a water column irradiance depth threshold (dotted white line). This model proposes
that the SAZ is the only region where the MLD deepening, driven by short term storm events,
followed by shoaling during quiescent periods drives short term variability in phytoplankton

production.

It 1s possible that elevated and highly variable AO,/Ar ratios in the SAZ is due to MLD
variability around a community compensation depth requirement of ~ 45 m at intra-
seasonal timescales. For example, Mahadevan et al. (2012) show that, in the North
Atlantic, eddies increase water column stratification through eddy slumping when
lateral (horizontal) density gradients destabilise the water column by transporting light
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water over dense water over weekly timescales. Such mechanisms rapidly reduce the
depth of mixing, leading to increased light exposure and phytoplankton growth
(Mahadevan et al., 2012). Similarly, Taylor and Ferrari (2011) showed that frontal
instabilities can rapidly re-stratify the upper ocean (suppressing vertical mixing), even
in the presence of strong surface cooling and destabilizing winds enhancing mean light

exposure and stimulating elevated primary production in low light conditions.

It is possible that intraseasonal high-wind-stress events characteristic of the SAZ
(Braun, 2008; Swart et al., 2014) drive MLD deepening and nutrient entrainment, while
increased buoyancy associated with high mesoscale activity that creates density
gradients necessary to drive rapid re-stratification of MLD to a depth > 45 m, favouring
mean light conditions for elevated NCP (Fig. 4.5). Repetition of this pattern on
intraseasonal timescales reconciles both the observed highly variable NCP (up to 80
mmolO, m™ d™) in this study with sustained summer blooms characteristic of the SAZ
(Thomalla et al., 2011; Swart et al., 2014). In this way, biomass can amass through
production cycles driven by intra-seasonal re-supply of Fe (MLD > 45 m) and light
(MLD < 45 m) at appropriate timescales for phytoplankton growth. This hypothesis
rests on the presence of both intraseasonal storm events deepening the mixed layer,
which entrain limiting nutrients (primarily Fe) from below the euphotic zone, and
subsequent stratification at depth shallower than the compensation NCP depth, which
alleviates light limitation and hence stimulates phytoplankton growth (depicted in Fig.

4.5).
4.4.2 Early versus late summer sampling

It can be argued that the AO,/Ar (NCP) variability observed in shallow mixed layers
potentially reflect interannual changes in productivity between 2008 and 2010. It is
unlikely that interannual variability is responsible for the observed AO,/Ar variability in
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shallow mixed layers since all cruises, indicated by different symbols show the non-
linear relationship of AO,/Ar with MLD (Fig. 4.6a,b) regardless of the early (Dec) or

late (Feb) summer sampling.

Figure 4.6. Comparison between early (December) and late summer (February) AO,/Ar ratios

shows robust relationship of elevated and variable productivity in shallow MLDs.

4.4.3 Synoptic input of dissolved iron during summer

The role of synoptic inputs of iron to the euphotic zone in driving the variability of
summer phytoplankton production has received little attention. Tagliabue et al. (2014)
set out a seasonal paradigm of a wintertime dFe pulse from entrainment followed by
little addition dFe supply from diapycnal diffusion that required high rates of dFe
recycling to sustain primary production. In this context, the synoptic Fe fluxes
estimated here can potentially provide a significant additional source of Fe. For
example, the maximum summertime NCP is 80 mmol O, m’ d'l, which, assuming a
photosynthetic quotient of 1.4 (Laws et al., 1991), is ~ 57 mmol C m™ d”'. This equates
to an iron requirement of ~ 50 to 500 nmol Fe m™ d' using Fe:C ratios from typical
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Southern Ocean phytoplankton (0.8 — 8.6 umol Fe/mol C (Strzepek et al., 2011)). The
Fren presented here (10 — 600 nmolFe.m™2.d™") are comparable with the lower end of
diapycnal diffusion estimates (Table 5.1), and exceeds the maximum iron utilization
rates (up to 145 nmolFe.m™.d") estimated in the region (Boyd et al., 2012). The
observational evidence however suggests that much of the phytoplankton iron demand
is met by recycled iron (Bowie et al., 2009; Sarthou et al., 2008; Strzepek et al., 2005).
fe-ratio estimates range from 0.1 to 0.5 for low to high iron waters, which would imply
a ‘new’ iron requirement of ~5 to 250 nmol Fe m? d”. Overall, summertime dFe
supply must therefore provide 5 to 500 nmol Fe m™ d”', assuming a low to high reliance
on ‘new’ Fe input. Diapycnal fluxes from the Atlantic SAZ of 2 — 15 nmol Fe m? d
(Tagliabue et al., 2014) are too low to support all but the lowest of our estimated Fe

demand.

Several studies have indicated rapid recycling of dFe in the surface waters (Boyd et al.,
2005; Sarthou et al., 2008; Strzepek et al., 2005), which potentially contribute to the
subsurface source of dFe presented here. The uptake of ‘new iron’ relative to total iron
(‘new + regenerated iron’) termed the “fe-ratio” are small (0.17) (Boyd et al., 2005) with
regeneration rates of ~17 — 20 pmol Fe L™ d” (Strzepek et al., 2005) highlight the small
contribution of ‘new’ iron into the eupthotic zone. Regeneration rates of 20 pmol Fe L™
d! (Strzepek et al., 2005), integrated through a 45m water column equates to roughly
~900 nmol Fe m™ d’l, which exceeds the maximum of relative entrainment fluxes

calculated here.

Table 4.1: Flux rates of iron entrainment, diapycnal diffusion and Fe utilization from

literature.

Reference Rate Process Area
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nmol Fe m™ d’!

This study 10 - 600 ML entrainment Atlantic SO
Frants et al., 2013 64 diapycnal diffusion Drake Passage
Frants et al., 2013 5-25 ML entrainment Drake Passage
Bowie et al., 2009 15 ML entrainment SAZ Tasmania
Tagliabue et al., 2014 1-15 diapycnal diffusion Southern Ocean
Utilization
Boyd et al., 2012 145%* utilization Atlantic SO
Strzepek et al., 2005 900" remineralization Southern Ocean
Sarthou et al., 2008 63 -162 remineralization Kerguelen

*calculated from annual rates assuming 365 days.

“rates calculated assuming a 45m surface mixed layer.

The relative entrainment flux of dFe presented here are high, and the origin of the
subsurface source of iron are likely rapid regeneration of the dFe pool (Strzepek et al.,
2005; Tagliabue et al., 2014) in line with regeneration of dFe. Lateral advection along
isopycnals is also a potential source, while vertical mixing from below the ferricline is
unlikely due to the deep ferricline in this region (200 — 500m) (7agliabue et al., 2012;
2014). Furthermore, the supply of an iron source below the ferricline would contribute
to the ‘new iron’ pool, reflected in the small ‘fe-ratio’ (Boyd et al., 2005). Iron supply
dynamics remain difficult to assess with the current available data, and this work
highlights the need for a better understanding of how dissolved Fe reservoirs are
coupled to ML dynamics on intra-seasonal scales in the SAZ to better appraise this

mechanism.

In contrast, the synoptic dFe inputs of 10 - 600 nmol Fe m™ d”' more closely match
demand estimates, suggesting that such supply mechanisms may be of importance in
regions that experience strong variability in MLD dynamics over summer. In addition
to the frequency and magnitude of the synoptic events themselves, the highest rates of
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synoptic dFe input require exhaustion of the surface dFe reservoir (Fig. 4.7). The
overall goal was to test the sensitivity of the synoptic dFe entrainment flux to a weak
and strong gradient in dFe, the extent of the MLD deepening and the number of events
per month. Unfortunately, currently available dFe observations in the Southern Ocean

rarely constrain the seasonal minima in dFe (Tagliabue et al., 2012).

Figure 4.7. Sensitivity of synoptic dFe flux rates to number of deepening events and change in
the MLD. The left and right panels represent a surface dFe concentration of 0.15 nM
(conservative estimate) and 0 nM (assuming complete surface consumption of iron)

respectively.

This additional flux of ‘new’ dFe from synoptic events might also account for potential
intraseasonal losses of dFe associated with detrainment from shoaling subsequent
following storm-driven deep mixing of phytoplankton biomass (Behrenfeld et al.,

2013). This detrainment of biomass is exported from the mixed layer and lost from the
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euphotic zone as it is sequestered below the thermocline. Mixed layer deepening events
then entrain new iron from a reservoir below the mixed layer on short timescales as
described above, which replenish the Fe lost due to detrainment. Since this mechanism
of entrainment/detrainment cycles has not been considered before, the implication is
that low fe-ratios potentially underestimate the contribution of new Fe in the iron budget

and new production.

The assumptions that underpin these calculated constraints to short-term event scale
variability of productivity in the euphotic zone require a more vigorous test to assess
synoptic entrainment fluxes. For instance, we find a strong sensitivity of synoptic input
to the assumed surface dFe concentration which needs to be better constrained in the
future (Tagliabue et al., 2012). In addition, our estimates of NCP were collected during
the summer seasons of 2008 - 2010, dFe profiles were collected in summer 2008
(Chever et al., 2010; Klunder et al., 2011), while glider data were collected during
summer 2012/13, and so do not necessarily reflect the conditions during the NCP
observations. However, the iron and glider datasets were used to estimate the potential
role of synoptic iron input rather than a precise value for a given year. Finally, top
down processes (such as grazing) were not considered which may also influence
phytoplankton biomass during deepening and shoaling of the mixed layer (Behrenfeld et
al., 2013). In the future, a comprehensive process study, similar to the FeCycle 111
experiment (Boyd et al., 2012), that accurately constrains Fe demand and its relation to

mixed layer dynamics at the appropriate timescales is required.
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4.5 In Summary

In this study, a quasi non-linear relationship between NCP and MLD is presented,
which is proposed to be modulated by intraseasonal modes of variability in the Atlantic
sector of the Southern Ocean, north of the Polar Front. The highest and most variable
NCP were observed only when the MLD was < below 45 m in the SAZ. The SAZ thus
represents a dynamic transition zone between oligotrophic, shallow (< 45 m) and
buoyancy-dominated stratified mixed layers to the north (STZ), and deep (z > 45 m)
light-limited mixed layers to the south (PFZ) at high higher latitudes. It is proposed that
elevated and highly variable and sustained primary net community production in the
SAZ results from intraseasonal scale storm events, alternating between deepening of the
mixed layer, that entrains Fe, followed by rapid shoaling that favours growth in a
transient iron replete, high light environment. Rates of synoptic dFe entrainment fluxes
were estimated to range between 100 — 600 nmol Fe m™ d™', which are in the same order
of magnitude as the Fe requirements for the observed elevated NCP. This dynamic
helps explain the seasonal persistence of primary production and biomass observed
during summer in the SAZ (Swart et al., 2014). 1If this is correct, it highlights another
potentially important climate sensitivity in respect of mid latitude ecosystems and the
role of the SAZ in the biological carbon pump. A more rigorous test of this hypothesis
is required using NCP, MLD and iron flux data at the same meso- submesoscale

resolution in order to elucidate the impact of MLD variability on primary productivity.

Page | 96



Chapter 5

The sensitivity of Net Community Production to light

availability within the mixed layer

Preface

In the previous chapter, two patterns of NCP variability emerged, namely, elevated and
variable NCP in shallow mixed layers (MLD < 45 m) and a clear latitudinal gradient in
NCP with highest NCP in the SAZ (Fig. 4.2). To consider chl-a and MLD as drivers of
primary productivity, NCP is normalised to chl-a and MLD. The objective here is to
empirically examine the dependence of NCP on chl-a and water column irradiance

using a very simple approach with some process-level information.

5.1 Introduction

Iron and light both have an important influence on primary productivity in the Southern
Ocean (Boyd et al., 2001). The previous chapter highlighted the important role of
intraseasonal dynamics of the surface mixed layer in modulating the light and iron
conditions that influence NCP. Light within the mixed layer is not only important for
providing the energy requirements to drive photosynthesis but is also thought to
modulate the response of phytoplankton to iron supply (Boyd et al., 2001). This is
because iron demand has been shown to increases under low light conditions (Sunda

and Hunstman, 1997), when more iron is required for photon harvesting pigment

Page | 97



synthesis (Van Leeuwe, 1998). In addition to supplying the required energy essential
for photosynthesis and influencing the cellular Fe requirements, light also provides the
heat flux required to stabilise the surface mixed layer. It has long been recognised that
shallow mixed layers are required for elevated productivity, particularly in the
development of seasonal phytoplankton blooms (Sverdrup, 1953). Furthermore, iron
enrichment experiments assert that iron limits primary productivity (e.g. Boyd et al.,
2007) while the interaction between iron and light limitation remains important (Boyd,

2002; Sunda and Huntsman, 1997), but not well understood.

The critical depth hypothesis (Sverdrup, 1953) relates the primary productivity to the
available light in the water column, under nutrient replete conditions. It is defined as
the depth where integrated rates of photosynthesis and respiration are in balance. When
the MLD is deeper than the critical depth (Z,,), light required for net positive production
is insufficient. Shoaling of the mixed layer (shallower than Z.) increases the average
light within the mixed layer, such that production rates can increase above respiration
rates and allow net positive production (Sverdrup, 1953). Light availability within the
mixed layer is a function of PAR at the surface and the diffuse light attenuation
coefficient integrated over the MLD (Morel, 1988). Sverdrup’s model assumes that
phytoplankton are homogenously mixed throughout the upper mixed layer, that specific
losses are constant with depth and that specific growth rates are proportional to the
amount of light in the water column. This means that as light increases with seasonal
increases in PAR, the critical depth may deepen below the MLD favouring positive
NCP. The opposite is true for when losses increase, for example increased grazing
following a bloom will cause the critical depth to shoal. Under low light conditions
(when nutrients are replete) the rate of photosynthesis increases with increasing

irradiance, until photosynthetic capabilities are saturated. At low irradiance,
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photoacclimation has been shown to occur when phytoplankton cells adjust their
photosynthetic pigment concentration (chl-a) in response to variable incident irradiance
(Falkowski and La Roche, 1991; Behrenfeld et al., 2008). At high irradiance,
photosynthesis remains constant even if light increases (see PvsE curve in Fig. 1.5) until
the point where photoinhibition occurs. Since the initial light-dependent slope of the
PvsE curve (o) provides a measure of the quantum efficiency of phytosynthesis, a
decrease in a values may reflect iron limitation. When iron stress is relieved however,
such as in situ iron fertilisation experiments conducted in the Pacific Southern Ocean,
light dependent phytoplankton growth rates, and a have been shown to effectively

double (Hiscock et al., 2008).

Positive NCP can occur in the mixed layer when water column integrated
photosynthetic rates are greater than loss rates from auto- and heterotrophic respiration
and other loss terms (e.g. bacteria, grazing, sinking, viral infection, parasitism, physical
flushing, dilution and mixing) (Behrenfeld, 2010; Siegel et al., 2002; Smetacek and
Passow, 1990; Sverdrup, 1953). NCP has been shown to be consistently low when
mixed layers are deep (in other words under low light conditions) regardless of iron
sufficiency (Cassar et al., 2011), which highlights the importance of irradiance for
phytoplankton growth. The opposite has been shown to be true under Fe limiting
conditions, despite sufficient light photosynthetic rates remain low (Moore et al., 2006).
These findings demonstrate the importance of both irradiance and Fe for net
phytoplankton community growth. In this section, we use high resolution observations
of NCP, chl-a and mixed layer PAR to examine the influence of light availability in the

Atlantic Southern Ocean.
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5.2 Methodological Context

Five crossings of a cruise transect in the Atlantic Southern Ocean were conducted

between 2008 and 2010 as described in the Chapter 2 (Fig 2.1).

NCP (in units of mmol O, m™ d') was calculated from the AO,/Ar ratios, the saturation
concentration of dissolved oxygen and the gas transfer velocity as described previously
(see Chapter 2). In order to investigate the influence of irradiance on production, NCP
was normalized to chl-a concentration and mixed layer depth. The resulting normalized
rate term has units of mmolO, mg chl™! d'l, and we refer to it as “normalized NCP”
(NCP*). This rate was compared with the average irradiance in the mixed layer (/yip),
computed by averaging the light profile within the mixed layer, calculated from sea
surface PAR and the diffuse attenuation coefficient (Kg). Kq4 is assumed to be constant
throughout the mixed layer and is estimated from surface satellite PAR and surface in

situ chl-a using the empirical relationship of Morel, (1988):
K;=0.121 x [chl-a]"**® (5.1)

Mean water column irradiance in the mixed layer (/yp) is calculated as:

& 1 _
IMLD = m fOZIO e Kd'Z.dZ (52)

Where MLD is the in situ mixed layer depth (in meters), /, is the surface irradiance and
z is the depth level in meters. To calculate [y;p, PAR was taken from the standard
monthly MODIS climatology product for summer months (Dec — Feb) in units of mol

hotons m™ d™' (http://oceancolor.gsfc.nasa.gov/cgi/l3), for the years coinciding with
p

each cruise.

Page | 100


http://oceancolor.gsfc.nasa.gov/cgi/l3

5.3 Results

Surface temperatures remain in excess of 16°C in the STZ northwards of the SAF,
decreasing to between 6 — 10°C in the SAZ (Fig 5.1). In surface waters of the PFZ,
temperatures ranged between 2 and 6°C, while remaining below 2°C poleward of the
PF. Shallow mixed layers depths (mean MLD = 26.6 m + 4.4 m) were observed in the
STZ, mainly driven by elevated surface temperatures in this region. Intermediate MLDs
(mean MLD = 44.5 m +16.8 m) were observed in the SAZ, while MLDs were deep
(mean MLD = 69.1 m £ 19.8 m) in the PFZ, and reached values of £100 m south of the
PF. In the seasonal ice zone south of the Sbdy, MLDs were similar to the values

reported in the STZ, a consequence of melting sea-ice.

NCP data were highly variable along the transect without any clear latitudinal pattern
(Fig. 5.1). Positive NCP indicate efflux of O, to the atmosphere. In Feb 2008, a
latitudinal decrease in NCP was observed from ~ 15 mmol O, m? d”! in the STZ to near
zero poleward of 45°S.  This latitudinal pattern was absent in subsequent cruises.
Highest NCP (up to 100 mmol O, m™ d™') were recorded during December 2008 and
December 2009 in all regions, due to higher AO,/Ar ratios in early (December)
compared to late summer (February) highlighting seasonal differences. Lowest NCP
were observed during Februay 2008. NCP reached up to 90 mmol O, m™ d”' in the MIZ
during December 2009 compared to other years. Negative NCP values indicating either
net heterotrophic conditions or upwelling of undersaturated water were observed near
the Sbdy (55 — 60°S) in almost all instances. Some data are missing in the SAZ in Dec
2009, and the STZ in December, Febuary 2009 and 2010, due to instrument malfunction

and sporadic satellite wind speed data.
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Figure 5.1. High resolution NCP (left side panels), temperature (right side panels) and MLD
between 2008 and 2010. Positive NCP indicate efflux of O, to the atmosphere. MLDs (white
line) are superimposed on the temperature profile in the right hand side panels. Vertical grey
lines delineate the frontal positions from north to south indicating the STF, SAF, PF and the
Sbdy of the ACC.

Meridional chl-a biomass distribution from both MODIS and in-sifu observations show
three peaks associated with the frontal regions suggesting a significant spatial separation
between areas of elevated productivity and areas of high biomass (Fig. 4.2c; Fig. 5.2).
Frontal advection of high biomass is widely observed downstream of ACC interactions
with topography where upwelling of nutrients favours productivity (Blain et al., 2007,

Pollard et al., 2002; Tremblay et al., 2002). Similarly, highest chl-a concentrations (up
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to 1.5 mg m™) were observed near the continental and MIZ while lowest values of chl-a

were observed in the oligotrophic STZ (0.1 — 0.2 mg m™).

2.5 T T T T T T T
o Shelf and MIZ 5 ' sAaeccz " PFZ v saz " STZ

chl-a (mg m'3)
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Figure. 5.2. In situ surface chl-a data (dots) from the upper 10 m of the water column overlain
on the mean MODIS weekly chl-a (line and errorbars) for the cruises during 2008 — 2010 along
the cruise track. Errorbars indicate the standard deviation calculated using the weekly MODIS
chl-a product. Weekly MODIS data corresponding to the cruise dates are presented. Frontal

positions and zones are also indicated.

Surface PAR showed a typical decrease with increasing latitude from ~ 58 mol photons
m~ d” in the STZ to ~35 mol photons m™ d' (Fig. 5.3a) poleward of ~ 50°S. Diffuse
attenuation coefficient (Kq) tracked chl-a, which is expected given that chl-a was used to
determine Ky (Fig. 5.3b). Iyzp exceeded 20 mol photons m? d"' north of the STF,
decreasing to between 10 — 20 mol photons m? d” in the SAZ, and values of less than
10 mol photons m™ d” at the PF (thought to be driven primarily by deep MLDs)
followed by a slight increase to between 10 - 15 mol photons m™ d' from the PF to the
Antarctic continent (Fig. 5.3d) resulting from weaker surface PAR further south (Fig.

5.4a).
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In situ chl-a derived Iy;p values compared well with Iy;p derived from satellite chl-a
(Fig. 5.3d) north of the 50°S whereas polewards of the PF in situ estimates tend to be
lower than satellite estimates, particularly in the SACCF and the MIZ where they are
closer to ~ 5 — 10 mol photons m™ d' (compared to ~15 mol photons m™ d”' for satellite
derived). Lower in situ chl-a derived I;p values observed in these regions are likely
due to satellite retrieval of chl-a whose standard algorithms typically underestimate chl-
a in the Southern Ocean by 2 — 3 times compared to in situ measurements (Kahru and
Mitchell, 2010). Underestimation of chl-a concentrations will influence Ky values,
which are used to calculate the light profile and can therefore result in higher Iy;p. In
spite of this possible bias, the Iy;p presented here compares well with data from

Venables and Moore., (2010).
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Figure 5.3. a) MODIS summer (DJF) climatology of surface PAR; (b) diffuse attenuation
coefficient (Ky); ¢) Climatological MLD (EN3 monthly dataset); and d) MODIS climatological

Ly;p (line) and in situ Iy, p (dots) along the Goodhope Transect.
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A significant positive relationship (+* = 0.3, p<0.001) is observed between NCP* and
Lap (Fig. 5.4a) when using an exponential fit and negative NCP* data are removed.
Negative NCP indicate net heterotrophic conditions and were excluded from the
regression analysis but shown in Fig. 5.4b.  Samples with low Iy p (< 10 mol photons
m™ d) are typically associated with latitudes greater than the PF (> 50°S), where low
seasonal PAR drives the lowest NCP* (< 2 mmolO, mg chla™ d"). Similarly regions
associated with Iy p from deep MLDs (> 60 m) at (~ 50 - 55°S) show low NCP*. On
the other hand, regions (latitudes < 50°S) with shallower mixed layers (< 45 m) and
higher o (> 10 mol photons m™ d') were associated with high NCP* (up to 14 mmol

0, mg chla™ d™).
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Figure 5.4. Scatterplot of NCP* vs I, (all data included on the right side panel, while negative
data are excluded on left side panel to determine ). Latitude (°S) is indicated by the colorbar.
It shows a marked increase in NCP* with increased Iy p. In particular, lower latitude regions
typically have higher I, (> 10 mol photons m™ d') and higher NCP* exceeding 2 mmol O,
mg Chl-ad”.
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5.4 Discussion

To investigate the sensitivity of NCP to light availability within the mixed layer, NCP is
normalised to chl and MLD and then plotted against /yip (Fig 5.4). Normalisation
removes the sensitivity of NCP to these parameters such that any relationships between
normalised NCP* and Iy p will be driven by mean light availability in the MLD rather
than chl-a or the MLD per se. This interpretation of the NCP* vs Lyp relationship
however excludes other factors that are known to influence parameters of PvsE curves
such as light history, physiology, species composition, temperature, CO, concentration,
season, region, vertical mixing and ultraviolet radiation (Yoder and Bishop, 1985;

Dower and Lucas, 1993; Macedo et al., 2001; Villafane et al., 2003)

Plotting NCP* versus [y;p provides a similar tool for assessing light dependent
responses of photosynthesis as PvsE curves. Here it reveals a significantly positive
relationship (#* = 0.3; p<0.001; Fig. 5.4a). It might be surprising that Jy;p alone can
explain as much as 30% of the variability in NCP* given the attention that is usually
placed on Fe-mediated regulation of productivity in the Southern Ocean (Aumont and
Bopp, 2006; Boyd, 2002; Boyd et al., 2007). The reason for this is most likely that the
role of iron is implicit in our approach since an increase in iron in the Southern Ocean,
where iron is generally limiting, would be expected to result in higher primary
production. Since NPP can account for nearly 40% of the variance in mixed layer NCP
in the Southern Ocean (Reuer et al., 2007), one would therefore expect that increased

concentrations of Fe would result in both increased NPP and NCP*.

What is also noteworthy is that low NCP* (< 2 mmol O, mg chl”' d) always coincides
with low Zyip (< 10 mol photons m™ d) found in regions of deep MLD’s (> 60 m)
where phytoplankton are mixed in a low light environment as well as at high latitudes
(> 55°S) where low seasonal PAR diminishes /yrp. This emphasises the important role
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of water column irradiance in driving elevated productivity previously discussed
(Chapter 4). In other words, in low light conditions, productivity will be curtailed even
if nutrient replete conditions prevail. When light is sufficient to stimulate productivity

(shallow MLD’s) however, low NCP* indicate potentially Fe limiting conditions.

Since NCP* continues to rise with increasing Iy p in Fig. 5.4 (and never reaches light
saturating conditions) one can infer that NCP* remains in the light dependent portion of
the PvsE curve, where light harvesting capacity is optimised through photosynthetic
efficiency (Falkowski and LaRoche, 1991; Maclntyre et al., 2002 ), described by the
initial slope (o). This inference is supported by Hiscock et al., (2008)’s results during
the SOFeX programme, which report a maximum saturation irradiance () of ~ 8.6 mol
photons m™ d”! in the Pacific Sector of the Southern Ocean. In the present study, along
the entire transect roughly 63% of Iyip observations reported here falls below this
saturated irradiance level of ~ 8.6 mol photons m™ d™' (Fig 5.3.d). Hiscock et al. (2008)
found that the initial slope (o) of the PvsE curve is highly dependent on iron availability
through regulating the light harvesting proteins and reduced electron transport
efficiency which leads to a reduction in chl-a concentration within phytoplankton cells.
Their incubation experiments in the Pacific Southern Ocean showed that Fe addition in
light limiting conditions could effectively double the initial slope of the PvsE curve. It
is proposed here that when light is sufficient to stimulate productivity (high Lvip) low
NCP* indicate potentially Fe limiting conditions. As such, the variability observed in
the positive relationship between NCP* and Iyip (Fig 5.4) particularly at high
irradiances (Jyp > 10 mol photons m™ d™) is thought to be driven by the availability of
iron affecting photosynthetic efficiency of the community under light dependent

conditions.
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High Iyip were confined to regions equatorward of the 50°S where MLD’s are
particularly shallow (< 30m). Although shallow MLD’s promote a high light
environment, the drawback is that shallow MLD’s have a smaller Fe reservoir that can
quickly be utilised by phytoplankton production to become limiting and thus driving
low NCP*. NCP* in this region ranged between 0 — 12 mmol O, mg chla™ d”'. Iron
limitation here is thought to suppresses NCP* to the low end of the range, while higher

NCP#* indicates iron stress relief.

The previous chapter highlighted the role of variable mixed layers in alleviating both
iron and light limitation at the appropriate timescales for stimulating productivity. This
mechanism potentially contributes to the observed scatter in the NCP* vs Lyp
particularly in the mid to low latitudes. Between 45 — 55°S, NCP* had a narrow range
(0 — 3 mmol O, mg chla™ d), with Jy;p ranging from 0 — 20 mol photons m™ d”'. Here
deep mixed layers (up to 100 m at the PF), drive low Iyip and effectively low NCP*,

while iron limitation drive low NCP* when high /yip conditions prevail.

5.5 Summary

Metabolic and biophysical processes that regulate photosynthesis are reflected in PvsE
curve experiments (Platt and Jassby, 1991; Falkowski and Raven, 1997). This chapter
highlights the importance of availability of changing irradiance within the surface
mixed layer in stimulating NCP*. A compact exponential relationship between NCP
and Iyip was observed, with the dependence reflecting basic understanding about
controls on photosynthesis. It showed an increase in NCP* with increasing Iuip
indicating the dependence of NCP on irradiance. However, at higher Iy p both low and

high NCP* were observed reflecting a mechanistic response of NCP* due to potential
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iron limitation. Similarly, NCP* vs Iy p was shown to remain in the light dependent
portion of the PvsE curve, such that the slope was likely being controlled by the
availability of iron, modulating the community carbon uptake efficiency. This
highlights the ecological importance of light depended photosynthesis, which is not
considered in VGPM models (Behrenfeld and Falkowski, 1997) where the latter mainly
utilise light saturated photosynthetic parameters (P2, or Pé’pt) to calculate productivity

in the euphotic zone.
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Chapter 6

Synthesis and Implications

This study has examined three aspects of the scale sensitivity and dynamics of the
Southern Ocean paradox: the High-Nutrient Low-Chlorophyll (HNLC) character of its
primary production (Chisholm and Morel, 1991). 1) New production in relation to
nutrient supply, 2) Variability of NCP in relation to vertical iron supply at intraseasonal

timesales and 3) the influence of light availability on NCP rates in the mixed layer.

The principal drivers of the HNLC characteristics of the Southern Ocean are known to
be light and nutrient limitation (Boyd, 2002; Mitchell et al., 1991), which have varying
bottom-up roles over the growing season (Boyd, 2002; Swart et al., 2014), as well as the
top-down contribution from zooplankton grazing (Behrenfeld, 2010). The mean spatial
distribution of surface chl-a blooms in the Southern Ocean in summer is thought to be
consistent with a Fe limited regime, and this argument has been well documented (De
Baar et al., 1995; Boyd et al., 2000; Blain et al., 2007; Pollard et al., 2009). However,
what is less well understood are the physical control mechanisms responsible for
supplying surface waters with Fe and modulating light that are ultimately responsible
for controlling variability in the phytoplankton seasonal cycle and its spatial
distribution. It has been recently adcanced that the iron stock required to sustain chl-a
biomass during summer, is predominantly resupplied through winter convective mixing
(Tagliabue et al., 2014). However, recent work has implicated an additional role for
sub-seasonal atmospheric forcing modes in modulating the Fe and light supply in

summer and thus contributing to the seasonal characteristics of primary production in
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the SAZ south of Africa (Thomalla et al., 2011; Fauchereau et al., 2011; Swart et al.,
2012; 2014). In this context, a better understanding of the spatial and temporal
characteristics of the surface mixed layer are crucial as they modulate the light and

nutrient conditions that drive productivity.

The research undertaken commenced with an investigation of the meridional
characteristics of primary productivity in the Atlantic Southern Ocean during summer.
A north-south gradient in elevated surface macronutrient concentrations (Fig. 1.3) is
known to exist in the Southern Ocean, which is inconsistent with the observed chl-a
biomass since maximum chl-a concentrations are found at mid-latitudes (Fig. 1.1). The
study set out to initially characterize the variability of nitrogen-based new production
along a meridional transect in the Atlantic Southern Ocean in the context of the drivers
(iron and light limitation) of the HNLC characteristics of the region. Therefore it was
hypothesised that regions of elevated summer biomass would result from relief of iron
and light limitation which would be expected to be linked to elevated f-ratios since these
limiting factors are thought to control primary productivity in the Southern Ocean. To
address this hypothesis, new and export productivity rates were measured using
isotopically labelled nitrogen uptake experiments conducted in late summer 2008. It
showed meridionally distinct regions of new and regenerated uptake, with low f-ratios (f
= 0.2) in the STZ dominated by picophytoplankton (< 0.2 pum). High ambient
regenerated nutrient concentrations (NHy4 and urea) in surface waters were indicative of
active regeneration processes throughout the transect and ascribed to the late summer
season (February/March 2008) sampling. New production rates were shown to be
elevated in the SAZ relative to adjacent regions, where highest f-ratios (f = 0.49)
ascribed to increased input of iron associated with an anticyclonic eddy observed in this

region. It was considered surprising that such high f-ratios (potentially contributing up
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to 50% of productivity) were observed in the SAZ region, particularly in the context of
it being conducted during the in late summer (February - March), when a seasonal
supply of iron was expected to be depleted. High f-ratios measured in the SAZ were
thought to be indicative of a potential source of an intraseasonal replenishment of iron
supporting new production in this region in late summer when seasonal surface iron are
considered to be depleted.  Furthermore, it also highlighted the previously
underestimated role of mesoscale eddy activity as a potential supply mechanism of new
iron into the euphotic zone. This meridional f-ratio gradient study highlighted the gap
in the understanding of the role of fine space and temporal scale dynamics as drivers as
of variability in iron and light availability and responses of primary productivity as well

as its potentially important climate sensitivities in the SAZ.

The important role of sub-seasonal temporal scales, and meso- to submeso- spatial
scales on characterising the seasonal cycle of upper ocean physics and biogeochemistry
was highlighted in a number of recent studies in the Southern Ocean (Thomalla et al.,
2011; Fauchereau et al., 2011; Swart et al., 2014). These scale sensitivities of primary
productivity in the SAZ south of Africa were investigated using high resolution in situ
estimates of NCP and MLD. It set out to test the hypothesis that sub-seasonal dynamics
in the summer MLD are central to explaining the persistence of phytoplankton biomass
throughout the summer. A quasi-non-linear relationship was observed between NCP
and MLD consistent with elevated and more variable NCP when MLD are shallow
(MLD <45 m) and reduced NCP when MLDs are deeper (MLD > 45 m). This elevated
and variable NCP in shallow MLDs (MLD < 45 m) was confined mainly to the SAZ, as
well as the edges of its adjacent regions. The STZ to the north showed lower
productivity relative to the SAZ, associated with shallow and more stable MLD (mean

MLD ~ 25 m £ 4.2 m) which maintained oligotrophic surface conditions. On the other
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hand, the low NCP to the south in the PFZ were considered to be maintained by
unfavourable light conditions through highly variable but deep MLD (~ 70 m £ 20.4 m).
It is proposed that the elevated and highly variable NCP observed during summer in the
SAZ results from intraseasonal scale storm events. These drive an alternating dynamic
between deepening of the mixed layer, that entrains Fe from below the euphotic zone,
followed by rapid shoaling that favours phytoplankton growth as well as detrainment of
phytoplankton biomass and associated Fe. This hypothesis rests on the presence of both
intraseasonal storm events deepening the mixed layer, which entrain dFe from below
the euphotic zone, and subsequent stabilisation shallower than the light depth required
to alleviate light limitation that stimulates phytoplankton growth (depicted in Fig. 4.5).
Rates of synoptic inputs of dissolved iron to the euphotic zone estimated from mixed
layer entrainment events and subsurface dFe concentrations (Fig. 4.4) were comparable
with the iron demand for the NCP observations. This dynamic helps explain the
seasonal persistence primary production and biomass observed during late summer in
the SAZ (Thomalla et al., 2011; Swart et al., 2014), in addition to the larger dFe supply

during winter through convective overturning (7agliabue et. al., 2014).

These results highligth the concurrent influence of iron and light alleviation on
phytoplankton growth parameters previously reported (Behrenfeld et al., 2004; Boyd et
al., 2001; Fauchereau et al., 2011 Sunda and Huntsman, 1997; Van Leeuwe and
Steffels, 1998). Co-limitation is not surprising considering that the influence of iron and
light on phytoplankton photosynthesis is inextricably linked, as growth irradiance also
controls cellular iron demand (Sunda and Huntsman, 1997). The crux of the iron-light
co-limitation discussion is that under light-limiting conditions (irradiances below the
light saturation level), light-dependent modulation of cellular chl-a content optimises

phytoplankton growth under varying light conditions (McIntyre et al., 2002; Behrenfeld
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et al., 2008; Hasley et al., 2010). Iron alleviation has been shown to effectively double
photosynthetic rates under light limiting conditions reflected through an increase in the
initial slope (a) of the PvsE curve (Hiscock et al., 2008). In chapter 5, this idea is
extended and examined through in sifu observations of NCP and mean water column
irradiance. When comparing chl-a normalized NCP (NCP*) with the average irradiance
in the mixed layer ([yzp), a statistically significant positive relationship (r2 = 0.3,
p<0.001) is observed. The slope of the NCP* vs Iy p relationship is analogous to the
initial slope (a) of the photosynthesis-irradiance (PvsE) curve (Platt and Jassby, 1976).
Results from this study show that Iy p alone can explain 30% of the variance in NCP*
which is somewhat unexpected given the attention that is usually placed on Fe-mediated
regulation of productivity in the Southern Ocean (Boyd 2002; Boyd et al., 2007;
Tagliabue et al., 2014). The results presented here show that NCP* lies in the ‘light-
dependent’ part of the NCP*-Iy p curve (i.e. NCP never plateaus to light saturating
conditions). Since this part of the curve which defines the initial slope (a) is highly
dependent on iron availability (Hiscock et al. 2008), one might argue that the role of
iron is embedded in the NCP*-Iy; p relationship. It is then proposed that natural Fe
availability drives the observed scatter about the relationship adjusting the slope of the
NCP*- Iy p curve (Fig. 5.5). This result supports the understanding of the role of iron
in affecting light dependent productivity, in showing that NCP* responds to mean water
column irradiance, while variable iron concentrations explains the variability observed

in this relationship.

The work presented here showed high new production rates in the SAZ in late summer,
thought to be driven by inputs of new iron at short timescales. It highlights the
important role of sub-seasonal modes of ocean dynamics in modulating the seasonal

charactericstics of primary productivity responses particularly in the Atlantic SAZ.
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Ultimately the response of primary productivity to mesoscale dynamics will depend on
the changing characterisics of the drivers, particularly iron and light (or both). The
extent of deep vertical mixing at short timecales is proposed to influence both the
supply of iron into the euphotic zone as well as the light availability through water
column stability. This work also revisits the importance of light dependend
photosynthesis and showed a mechanistic response of chl-specific NCP under variable
light and iron conditions. Physiological drivers such as the slope of the PvsE curve are
not considered as model inputs in ocean productivity models such as those of
Behrenfeld and Falkowski, (1997), which rather utilise light-saturated photosynthesis
rates to calculate primary productivity. These findings highlight the relevance of
including photosynthesis-irradiance parameters when implementing primary production
models (Platt et al.,1995) and advocate for the development of approaches to estimate
these parameters at regional and global scales (Platt et al., 2008; Huot et al., 2013; Saux

Picart et al., 2014).

In the coming decades, the Southern Ocean is considered to be particularly vulnerable to
uncertain changes in mixed layer characteristics due to differential modifications to
warming, freshwater input and eddy activity (Steinacher et al., 2010; Boyd et al., 2008;
Taucher and Oschlies, 2011), alongside potential poleward latitudinal migrations and
intensification of westerly wind stress (Russell et al., 2006; Visbeck and Hall, 2004).
Understanding the role of these modulators of MLD dynamics is key to projecting the
trajectory of Southern Ocean productivity as well as gaining understanding of the
climate sensitivity and future trends in large scale carbon cycling. For instance, models
predict increased stratification due to increased SST, which could cause a decline in
vertical mixing resulting in reduced nutrient (dissolved iron) input required to support

primary production (Bopp et al., 2001; 2013; Boyd et al., 2008). Increased stratification
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would alleviate light limitation, and reduce cellular iron requirement (Sunda and
Huntsman, 1997), however, this may offset by reduced vertical supply of iron (Bowie et
al., 2009), as well as potential photoinhibition in shallower MLD (Alderkamp et al.,
2010). Furthermore, the role of sub-mesoscale ocean dynamics in affecting the spatial
and temporal variability in biogeochemical properties was demonstrated to show a
roughly 10 — 20 % decline in global phytoplankton abundance as the resolution is

refined (Levy et al., 2012).

Going forward, process studies that measure the biogeochemical dynamics (iron supply)
and underlying physics, such as mixed layer variability that drive primary productivity
will further improve how these mechanisms are understood in an integrated way. High
resolution measurements of primary productivity, along with water column optical
properties and biogeochemical parameters such as dissolved iron concentrations all
measured at the same temporal and spatial scales (meso and submesoscales) will greatly
improve our understanding of the link between these important drivers of the ocean
carbon cycle. In particular, the seasonal cycle in physical mechanisms (MLD
variability, nutrient supply) and biogeochemical responses (primary productivity)
provides a great opportunity to further investigate the impact of fine scale variability
(meso and sub-mesoscale) on the seasonal carbon cycle dynamics such as such the

proposed Southen Ocean Seasonal Cycle Experiment III (Swart et al., 2014).
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