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ABSTRACT

Seawaters assob with the Subtropical Frontal Zone located off the eastern coast of New Zealand
are of particular interest for studies of the global marine carbon. dyweSouthland Front represents

the neaicoastal portion of the Subtropical Frontal Zpwhich is amajor circumpolar oceanic system

that marks the boundary between Subtropical and/éarctic water masse$he Southland Frorig

subject to unique interactions between the oceanic water massesoastal processes and is
characterised byigh seasonaind spatial variabilitiesn surface partial pressure of ¢@CO,).

These features and the proximity of the frontal zone to land provide an ideal natural laboratory for the
marine carbonate systerthe Munida Time Serie$ransect has collected high fremcy marine
carbonate datacross the Southland Frosince 1998 Historic data indicates considerable spatial,
seasonal and interannual variability pCO,, which is attributed to strong seasonal biological

drawdown, thermodynamic mixing and wind events.

Chlorophylta (chl-a), net primary production (NPP) ratesacronutrient, and hydrographic data were
sampled on a knonthly basis along the 65 kivlunida Time Series Transe@®eak NPP rates were
observed in the neahore neritic water and modifieibtrgoical waters (STW) during thaustral
summer season of 2009/2010, with column integrated rates afd5g C nfd* and 1.6+ 0.1 g C

m? d* measured in December 2009 and January 2010, respectRiigoplankton primary
production was also amplifig®.90+ 0.08 g C rifd*) during the December 2009 sampling period in
the iron limited High Nutrient, Low Chlorophyll (HNLC) waters of the Shtarctic (SASW)
portion of the Southland Fromtleasurements of relative depletions of macronutrient concemtsati
across the frontal system indicate that primary production is nitrogen limited in the neritic and STW
waters, withprimary production in the SASWo-limited by silicate and trace metal concentrations.
Peak production rates measured in the Spring antvign 2010 period for both the STW and SASW
portions of the Southland Front were significantly less than the previous year, with integrated values
of 0.7+ 0.1 g C nfd' and0.2 + 0.2 g C nif d*, respectivelyThis variation in primary prodtion

was likely caused by interannual differences thre physical structure of the Southland Front
including the front location, gradient strengihiherent optical propertiegnd subsequertansport

and availability of growth limiting nutrients.

Coincident satellle derived chia observationsvere obtained for dates relating to sampling cruises
along the Munida Time Series Transect in order to evaluate timagioral matching pairsetween
remotely sensed anith situ chl-a concentrationsAlthough the retrieval red validation of global
standard chh products from the ocean colour MOD&BdMERIS sensors were limited due to cloud

cover during the course of the study period, the performances of the empirical MODIS OC3M and



MERIS Algal 1 global standard chl algorithms were relatively consistent with other New Zealand
specific studiesThese satellite estimates wevéhin theinternational remote sensimgtection goal

of 35% of in situ chl-a concentrations The semianalytical MERIS Algal 2 systematically
overestinated chia relative toin situ measurements by 500800% This overestimation walikely
due to alack of appropriatén situ matchingdatawithin the conditions optimised by the algorithm.
This combined shipboard and remote sensing analysis produgg r@$olution temporal and spatial
biological profile of the frontal system.

The comparison of this biological profite concurrenpCO, data provided insight into the dynamic
processes dictating asea CQexchange in the Southland FroAthumerical nodel was devela to
isolate and compare the physicleemical and biologicglrocesseslictatingpCGO, variations over the

18 month sampling periodiological processes (including organic production, degradation, and
calcification processegnd thermodyamic processes weidentified asthe dominanfprocesses in
controlling seasongdCO,”" trends Other processes assesbgdhenumerical modelling includkair-

sea gas exchange and vertical entrainniguating the period from July 2009 to December 2010, a
water masses in tifeouthland Fronsystem were undersaturated in respect to atmospb@@e and
represented a net sink in atmospheric,Cihe undersaturation of these waters was observed by the
dramatic minimum in measurepdCO, (approximatelyig6 0 75 atm) around late spring to
summer These minima coincided with peak biological activity as indicated by extreme deficits in
macronutrient concentration&stimates of net community production (NCP) were derived from
nutrient mas$alances between phgisate and carbon using several published nutrient rafioes.
NCP results indicated that the Southland Front was generally autotrophic (NCP > 1) during the study
period, with annual biological drawdown of carbon and nutrients dominating heterotrophiatiespi

processes.

This study providethe firstinter-annual investigation of seasonal trends of phytoplankton abundance,
distribution, and productiofor the Subtropical Frontalvatersoff the coast of Otago asampled by

the Munida Time Series Transethe characterisation and quantification of the biological uptake of
carbon dioxide relative to other processes within the marine carbonate system is required to resolve
complex interactions between physical and biogeochemical processes within the dyoatmiang

Front. The incorporation of this data from the Munida Time Series, along with other ocean time series
observations, is essential for resolving complex interactions and processes throughout the global
oceans and for detecting and predicting chamngesed by anthropogenic climate change and ocean

acidification.
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CHAPTER 1: INTRODUCTION

1.1 Overview

The coupling between primary production by marine autotrophs in surface wadettseaexport of
organic carbon to depth is crucial to the biogeochemical cycling of carbon within both the global
oceanic and terrestrial biospher@fe fixation of inorganic carbon by photosynthesis serves as the
entryway of carbon into the marine biologl pump.This process also helps dictate the strength and
efficiency of the biological pump in sequestering carbon dioxide from the phms As
atmospheric C@ continues to increasdue to risingemissions from human activitythere is
considerable aucern within the global marine saige communityabouteffects due to climate change

as wellasfrom ocean acidificationThere isalsothe question as to how the efficiency of the marine
carbon sink will be affected due to changes in the chemical congosit the surface ocean and
shifts in the transport and sequestration of carbon in the deep ocean.

To address these questions, scientists from around the world have worked to quantify and characterise
the processes dictating @iea CQexchange and theydamics of both the marine carbonate system
and the biological pump within specific regions and basins of the global odden8/unidapCoO,

Time Series Transed$ one such study that has amassed hydrographic, nutrient, carbonate system
parameters, andratea CQ exchange data in the waters off the South Island of New Zealand since
1998(Currie and Hunter, 199€urrie et al, 2011a. This longterm study is not only significant due

to the high frequency and resolution of the sampling but also because of the unique marine
environment that it monitor3.he SouthlandFront off the coast of Otago is the local manifestation of

the Subtropical Convergence, a major oceanic frontal sysparatingSubtropical and Sub
Antarctic basinwaters that circumnavigates the globe between th8 460°S parallelsThis system
effectively serves as the boundary edge for the Southern Ocean, one of the mostanmgled yet

highly significant carbon sequestration regions on Earth.

The aim of this study is to examine the seasonal and spatial variations in phytoplankton abundance
and pimary production across the Southland Front and to characterise the relative importance of
biological drawdown of atmospheric G@ this areaThis study incorporates conventional shipboard
sampling regimes with new advancements in satellite remotengeotithe surface ocean and the
inclusion of numerical modelling schemes to quantify the physical and biogeochemical processes

affecting airsea gas exchange within the highly dynamic system of the Southland Front.
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1.2 Atmospheric Carbon Dioxide and the Glolal Ocean Carbon Cycle

Since the Industrial Revolution, atmospheric concentrations of carbon dioxidg (@@ risen
steadily from 280 ppm at the middle of the™l@entury (Canadellet al, 20073 to current
concentrations ofver 390 ppn{Tans and Keeling, 20)1This increase is in stark contrast to historic
data analysedfrom polar ice cores that indicate a regular oscillation of atmosphericlev@s
between 200 and 280 ppm over the past 400,000 yBahinget al, 2004). Intensified burning of
fossil fuels and changes in land use stemmimgmfrthe expansion of industrialisation and
globalisation over the past two centuries hdeen identified as the nimacauses for this departure
from natural variationsPredictions based on current emission trends warn of possible atmospheric
CO; levelsreaching up to 800 ppm liie end of the centuryhis rapid accumulation is a significant
environmental concern because of lioadscaleeffects on the global climate atogeochemical
cycles(Keelinget al, 1996 Doreet al, 2003 Caldeira and Wickett, 200®rr et al, 2005 Mikaloff
Fletcheret al, 2007 Heimann ad Reichstein, 2008 e Quéréet al, 2009 Boyd, 201).

Only haf of the excess emittddom anthropogenic activitidsas remained in the atmosphere; the
remainingCQO; has beembsorbedy naturalcarbon sinks including the terrestriabsphere and the
ocean Figure 1.1). Research conducted by the Joint Global Ocean Flux Study (JGOFS)}estima
that the total oceanic uptake of anthropogenig ff@n 1800 to 1994 amounts to approximately 118
+ 19 Pg (Petagram = 18 g), which accounts for an approximately 230% of the net
anthropogenically emitted G@ver the last 200 yearSgbineet al, 2004). Recent assessment and
compilation of multiple international measurement programmes gfcG@entrations in the surface
ocean and lower atmosphereimsttes the net annual drawdown of 4 the global ocean to b#.6

+ 0.9 Pg C ¥ with the direction of flux from the atosphere to the surface océ@akahashet al,
2009. This flux of CO,includes thenatural exchange of carbasrosshe airsea interface as well as
the transport and sequestration of carimbom the deep ocean reservdihus, thesenulti-nationalflux
studies not only reaffirm the impance of the oceanic reservoir within the global carbon cycle, but
theyalso indicate that the global oceansaret carbon sink for excess anthropogeaibon dioxide

emissions.



Fossil fuels
(3700 - 244)

o | Vegetation & Soils
(2300 + 101 - 140)

B
Surface Ocean
(900 + 18)

: Marine Biota

3)

Intermediate & Deep Ocean
(38100 + 100)

Storage in GtC

Fluxes in GtC/yr
>

Figure 1.1 Schematic ofhe global carbonycle. Carbon reservoirs and their natural historic magnitudes (GtC) are indicated
in the yellow boxes and carbon fluxes (GtC)yare indicated by the black arrows. The amount of carbon introduced and
transferred via anthropogenic activity is indicatedeid font and arrows. Carbon released from anthropogenic activities into
the atmosphere includes burning of fossil fuels (6.4 Gi{J, yoil degradation and agricultural modification (1.6 Gt&)yr

and general land use change (elgss of 140 GtC fromegetation, soil, and detritus reservoi§onsequently, a net

terrestrial sink of anthropogenic carbon (101 GYyras been estimated in order to account for the uptake of excess carbon
from biogeochemical processes in the biosphsabifie, 200d). Since the Industrial Revolution, a significant portion of
anthropogenic carbon has been absorbed by the ocean carbon reservoir where it is cycled through the inorganic and organic
marine carbon systems and ultimately ssgered in the deep ocean carbon reservoir. Figure modified from IPCC 4th
Assessment Report 2007 and NASA Earth Observatory Z4id.obtained from IPCC 4th Assessment Report 2002C,

2007

Sediments (150) |-




However, it is important to note that the net global carbon flux estimate for the oceanic sink is the
product of modelling and interpolation from millions of indidual measurements from locadis
regions of t hBakakashietlad 809. Ascthee comositibn of the ocean is highly
variable these individualocean measurementsonitorthe very specific processes controlling the air
sea gas exchangearbon sequestrati, and drawdown of CQwithin a localised aredrhe direction

of CO,flux between the surface ocean anddtraosphere iparty driven by the differencan air-sea
concentrations o€0,, usually expressed as a partial pres¢p@0,). The partial presse of a gas in

a mixtureis proportional to its mole fractiom; (i.e.T number of moles of specific gas divided by total
number of moles in mixtureh thegas phase in relation to the total presspi&quation 1).

no0 wd6 0N (1)

In accordance with the laws of entroplye rate ofgastransfer ispartly dependent on the gradient of

gas concentration between media, wigtflux beingfrom a region of high concentiian to aregion

of low concentrationT he rate of transfer is al gaeexehédnfjeect e d
which depends othe state of the sea surfa@nd is influenced by factors suak the presence or
absence of breaking surface waws bubble formation and injectiofZzeebe and Wolladrow,

2001).

Air-sea CQ flux (Fco,) can be determined from the difference in the partial pressure between the
atmosphere and sea surfap€Q,*"™- pCO,*") multiplied by the solubility of C@in seawaterd) and
the gas transfer velocitik)((Liss and Merlivat, 1986

"0 O Yno o 2

The gas transfer velocitk)( coefficient isalso known as the piston velocity andcantrolled by the
level of turbulence athe airsea interfaceThe transfer velocityis curently parameterised as a
function ofsurface windspeedcausing sheer stress on the boundary suftase and Merlivat, 1986
Wanrinkhof, 1992 Nightingale et al, 2000 Ho et al, 2006. The difference between the partial
pressure oftte atmosphere and the sea surfageCQ,) determines the direction of the ¢@ir-sea
gas exchange while the magnitude of dip€0, gradient combined with the value lofietermines the

rate of CQ transfer.



1.3 The Solubility and Biological Pumps

The concentration of COn seawater is diated by theair-sea flux and thehysico-chemical and
biological processes thatfluencethe global ocean carbon cydleigures 1.2a & 1.D). The air-sea
interface portion of theolubility pump is the physical transfer of €@as between the atmosphere
and surface oceamand is dependent not only othe directional gradient opCO, but on the
temperature and electrolyte concentration of the underlying water Masgé¢et al, 199). Thus

cold temperature and lower salinityaters have a higher affinity for ttesorptionof CO, from the
atmospher¢hanwarm saline watersThis physical transfeof carbon into the ocean by the solubility
pumpis enhanced by circulation and mixinthe ocan 6 s t her mohal i ne circul at
by thecooling and sinking of surface waters at high latitude. The result is the formation of dense
deep waters that flow throughout the main global ocean b&iimse these coldurfacewaters also

have hidp solubility for CQ gas, they transport the sequestered carbon from the high latitudes
throughout the deep ocean during circulat{@moecker, 1991 In contrast, waters with warmer
temperatures and higher salinities have reduced solubility of @&3. Additionally, areas
experiencing physical upwisg of carbon and nutrient laden water from the deep ocean have higher
concentrations of dissolved carbon in surface levels as well as lower pH andp@@h&rbecause of
biological remineralisation (se®ection 1.3.1)3 Due to these characteristieguatorial and tropical
basin waters tend to be areas of outgassing ¢b@ck into the atmosphere resulting in a net positive

flux value from the sea surface to atmosphEigure 1.2 3.

The biological pump is based dwo separate processes conductgdntarine phototrophsin the
surface oceanThe first processis the fixation of inorganic carboto particulateorganic carbon
(POC) by these organisms via reactions involved wghotosynthesisThe second process is
formation of calcium carbonate (Cag)@keletal structures via calcificatioBoth of these processes
arelinked to theabundancandgrowth of microscopic planktonic algae which constitute not only the
vast majority of primary productivity in the global oceans, but also the foundation wiattiee food
web (Chisholm, 2000
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1.3.1 Phytoplankton and the Biological Pump

1.3.1.1 Phytoplankton photosynthesis

The term Aphyt opl an kptamktonicaquatict oegansmsahatl déeienost, if moe | vy t o
all, their energy from light andCO, through oxygenic photosynthesis.This group includes
microscopic algae such as dinophytes (dinoflagellates) and chromophytes (brown algae and diatoms)

as well as photosynthetic prokaryotes such as cyamefia All eukaryotic phytoplankton and some
prokaryotes (including cyanobacteria) containghetosynhetic pigmenthlorophylla (chl-a) which

is essential for the absorption of light energy for the conversibrchemical energy during
photosynthesig¢Blankenship, 2008 Because of the ubiquity of chl within global phytoplankton

species, the analytical measurement of this pigment in natural systems is a basic prdvey for t

estimation of phytoplankton biomass and abundg@diea and Grob, 2010

In eukaryotic algae and higher plants,-atdnd other photosynétic pigments are contained withan

system ofthylakoid membranesn organellesof the cell known as chloroplastPhotosynthetic

reactions occur within the chloroplast arah be divided intono pathwayswhich are summarised in

Figure 1.3 The firstpahwayis the conversion of light energy mmthe compounds ATP and NADPH

These reactions ar e rasethefirsrseginvolves tle absdrdtion gftplhotonse a ¢ t |
and the subsequent excitation of electrons within chlorophyll molecu@dorophyll and other

pigments (including chlorophyHa, chib, and carotenoids) are organised imfosters of a few

hundred pigment molecules callptiotosystemsvhich act as lightharvesting antenna complexes in

the thylakoid membran&he absorption of djht energy causes the excitation of electrextsacted

from waterwhich leads to charge separation in the reaction centre of the antenna cdngbéexilar
oxygengas(O,) is a product of the retion of the photochemical oxidation of wat€hrough thedss

and transfer of excited electrons along an el ect
chlorophyll molecule is subsequently oxidised and holds a positive chargeeries of rapid

secondary reactions ensure that the excited elecaomanot recombined back to their original
molecules, resulting in a waste of cellular energxcited electrons from the photosystems are used

in further reduction reactions for the creation of the compounds ATP and NADPH, which are used in

the second phtvay of photosynthesi$alkowski and Raven, 1997

The second primary pathway of photosynthesis uses energy in theofo&MP and NADPH to
reduce carbon dioxide wugarsin a process called carbon fixatiofhe primary metabolic pathway
for the reduction of carbon to carbohydrates is known as the c@BdvisonBasshanctycle. Within
these series of reactions, carbon diexbecomes incorporated into a fis@bon compound knowas
ribulose biphosphate (RuBP). Catalysed by the enzyme ribulose bifgtesgarboxylase/oxygenase
(Rubis@), the RuBRandincorporated C@is then converted into two moleculestbé carbohydrate

3-phosphoglycerateWilson and Calvin, 1955 However, because of the low concentrations of
7



dissolved CQ,q in seawater relative to other carbon species $sstion 1.4 and the poor substrate
affinity of RubisCo for CQ@ (Badger and Price, 1994many phytoplankton have developed LCO
concentrating mechanisms to enhance the active uptake of other forms ofimoeghon, including
the more abundant HC®, through the use of conversion enzymes like carbonic anhydRaseet
al., 2003.

Light Thylakoid
(photon) \
U Chlorophyll =~
(@]
=
o
>3
o
4
-

Figure 1.3. Schematiof the pathways of photosynthesis within a chloroplast of a plantldght absorbed by chlorophyll
and other pigments within the thylakoid membrane drives a transfer of electrons and hydrogen extracted fréhewater.
transport and excitation of eleotrs across Photosystem Il to Photosystenusésito reduce NADPto NADPH. The light
reactions also generate ATP by powering photophosphorylation of ADRIolecular oxygen is a product of the oxidation
of water during photosynthesialthough not exgtitly depicted, these photosynthetic electron transport and oxidation
reduction reactions occur exclusively within thglakoid membrane structur@hefixation of carbon dioxide to
carbohydrates and the utilisation of ATP and NADPH as part of the GBénsonBasshantycle occurwithin an aqueous
phase of the chloroplast, the strorffedaptedfrom Blankenship, 2008andCampbell, 1995



1.3.1.2 Limiting factors for phytoplankton primary productivity

As light and CQ are two essential ingredients for photafyesis, phytoplankto growth can be
limited by the availability of light and inorganic carbon in the water colurhe. abundance of other
macro and micronutrients has profound effects onggighkton growth and productioWithin the
cell, elements such as nitrogen and phosps are necessary for the production of the nucleus and
ribosomes as well as the structure of the wall (C-N) and membranes (E). Sili cifying organisns
like diatoms use reactive silicate form their outer skeletal structu(elawke, 1989 Trace metals
such as irorand coppearct as electron carriers for photosynth¢Bisyd, 2010, while others such as
zinc and cadmium are ub@s the active sites within carbonic anhydraéerél et al, 1994 Price and
Morel, 199Q. Thus, he specificabundance and intdgy of these controlling factors dictate and limit
the phytoplanktorgrowth and primary productivity within a given area of the surface ocean.

In natural systemsight intensitythrough the watecolumnis related to a variety dactors, including
seasonal fluetations in surface irradiance, mixiyer depth and turbidityDjehl et al, 2003. Light
penetration or irradiance is attenuated at depth and follows an exponential decay furetion.
euphdic zone is the portionf the water column equal to tlepthwith greate than 1% of surface
irradiance.Thus, the irradiance at the lower boundary of the euphotic zone is the minimum amount of
light that is capable of supporting net primary productibiorgl, 1988. Phytoplankton are often
transported within and out of the euphotic zone through vertical mixing within the surface ocean
water column.This vertical movement through physical forcings such as turbulent mixing and
internal waves result® fluctuaions of the light intensity experienced by phytoplankton within the
water column Penman and Gargett, 1983 he vertical mixing may also result in thexposure to
higher subsurface nutrient concentrations coupled witthanges inirradiance. In a stable water
column with a weldefined mixed layer, phyttgnkton can be retained in the near surface where
consistent light irradiance is conducive for growtiowever the availability ofnutrients may then
become a limiting growth factor within the vertically constricted mixed layaus, the physical
proceses of vertical mixing, mixedayer depth, and water column stability can have significant

impacts on both the availability of light and nutrients to phytoplankton within the water column.

Nutrients are supplied, transported, utilised, and converted tloattite surface and deep oceans by
processes akin to the global cycling of carbbime mean molecular composition of some species of
phytoplankton is very similar to the elemental ratio of marine organic particles at a ratio of 106 C: 16
N: 1 P.Phytoplankon use these nutrients (in the form of C@itrate + nitrite and ammonium, and
phosphate respectively) within this stoichiometric ratio known as the Redfield Ratio in areas of non
nutrient limitation Redfield, 1958 As inorganic carbon concentrations are abundant in the surface
ocean through the absorption and disgon of atmospheric C{and the vertical transport from the

deep ocean carbon reservoir (see followBegtion 1.2.1)3 carbon is very rarely a limiting nutrient
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for phytoplankton growthThe relative concentrations of the macronutrients (e.gutrients of
micromolar concentration or greater) of nitrate and phosphate are often the limiting Redfield factors
for phytoplankton primary productivityAs many species of phytoplankton have adapted or are
constrained to limited concentrations of these nuisied:N:P ratios in localised natural systems often
deviate from the ideal Redfield Ratio which is more representative of global phytoplankton

assemblages.

Macronutrients like nitrate, phosphate, and silicate are supplied to the surface ocean through vario
sources including vertical upwelling from deep ocean reservaimspspheric deposition, riverine
runoff (including silicate supply from terrestrial weathering), and anthropogenic input and fertilisation
through agricultural and industrial runoff andastal intrusionVertical upwelling is the primary
source of macronutrients in many surface pelagic environments throughout the global ocean
(Sarmientoet al, 2004. Regenerated nutrients are also produced from and recycled by bacteria and
grazers within the water colum@onversely, manydissolvedmicronutrients (e.gi nutrients in
abundance of picomolar concentrations or Issgh as iron, zinc, cadmium, andpperare mainly
terrestrial inorigin andaresuppliedto the global oceans througkmospheric transpoor alluvial and

coastal runoff althoughheterotrophianicrobial regeneration and cycling of various iron species is a
crucial source of recycled inowithin themarineecosystemtrzepelet al, 2005 Boyd and Ellwood,

2010. Areas of the ocean far removed from terrestrial influences have been found to beldeplete
trace metals which severely limit phytoplankton growth despite sufficient light and ma@otut
levels. Thus, remote regions like the Southern Ocean have continually high concentrations of
macronutrients (nitrate, phosphate) but low biological activity (&.gchlorophylta pigment
concentrations, growth rates, and biomass abundance) and tpridgluéreas that have high
concentrations of macronutrients such as nitrate and phosphate but low biomass and productivity are
known as High Nutrient Low Chlorophyll (HNLC) regions of the ocean (Martin & Fitzwater 1988
Martin and Fitzwater, 1998

1.3.1.3 Biological Cycling of Inorganic and Organic Carbon

Phytoplankton are the magroup ofphototrophicorganisms that form the foundation of the marine
ecosystem and provide organic carbon amggen to higher trophic levels through primary
productivity. Heterotrophs includingrotozoa,zooplankton, fish, and higr predators use thisitial
photosynthetially derived organic matter as a source of energy as organisms are consumed within the
marine food webA large fraction of the photosyntheticalfierived organic carbgrin the form of

dissolved organic carbon (DOdy made availde to the marine ecosystem by processes such as
phytoplankton excr et i on andbarter@lllysisAkampl®9DOE@ ssy gr a

cycled through themarine food web through the initial consumption byerstophic bacteriaand
10



later through grazing by protozoantike flagellates and ciliatesThis initial phase of the marine
ecosystem is known as the microbial loop and is essential for the channelling of carbon derived from
primary productionThe DOCis eventuallyconverted back tdissolved inorganic carbdiIC) via
respiration within themicrobial loop.Respiration is the inverse process of primarrgductivity and

can also be described as thmount ofphotosynthetiglerived carbonutilised to sustain necessary

cellular ife functions within all organisms in the ecosystemmmunity Ulloa and Grob, 2010

Net primary productivity (NPP) is the difference between the total amount of carbon fixed via
oxygenic photosynthesis and the amount resbior utilised by phytoplankton for essential Hife
support processebleasurements and models of global oceanic NPP estimate an annual drawdown of
357 70 Pg C yeat driven by a cumulative phytoplankton biomass of ~1 PgC@rr(et al, 200.

This amount of marinbased biomass equates to less than 0.2% of theptodtdsynthetic biomass

on Earth Falkowskiet al, 199§. In comparison, the annual biological terrestrial drawdown of
atmospheric CQis approimately 60 Pg C yeat from an approximateghotosynthetic biomass
range between 466654 Pg Q(IPCC 2007.

Although the majority of DOC is respired back to carbon dioxide, somtbeobrganic carboris
transported to the deep ocean via sinking of sgttiarticulate organic carbon (POGUt of the
surface layer.This flux of POC through the water column, known as export production, is
approximated to be 11 PgC yéaat a depth of 100 mSghlitzer, 2002p While a portionof these
particles sink out of the water colunand accumulate on thenderlying seafloor sedimenthe
remainder of th particle flux is reassimilatedwithin the water column anbacterial uptake of DOC
in the deep ocean remineralises the organic carboncateteto inorganic fornfLutz et al, 2007.
Some DOC is also transported to the deep ocean by the physical process of downkigllire (
1.2b). The cycle of transport forinorganic carbon from the atmosphere to the deep oceaunlation
via the globalthermohalineconveyorsystemandpassag®ack to thesurface oceathrough upweling
of deep watersquates to a totakquestration period of 500L000 years

An additionalbiological process that dictates the cycling andgpart of inorganic carbon from the
surface to deep oceans is the formation of calcium carbonate ¢Csl@1 material via calcification.
Calcifying organisms including phytoplankton (eig.coccolithophores) and zooplankton (eig.
protozoa,foraminiferaand pteropods) utilise the inorganic carbon form of carbonate to form their
external skeletal structurddpon deatha portion of biologically synthesised carbonate sinks through
the water column as suspended particulates and eventually setttbe safloor as benthic snow.
Another proportion of thdiogeniccarbonate becomes dissolved in the water column or within the
seafloor sediment3.he sinking flux of calcium carbonate is estimated to be 0.6 PgC yéthin the
water column at 100 mMilliman, 1993. This calcification process alswesults ina shift in the

seawaternorganic carborequilibrium through the uptake of carbonate and subsequent generation of
11



dissolved CQ (see Equation 6Section 1.4 As calcification isthe oppoie process otarbonate
solid dissolution, thibiogenicreactionresults in the addition of carbon dioxide to the surface ocean
(Gattuscet al, 1995.

1.3.1.4 Phytoplankton and Ocean Colour Remote Sensing

As discussed in a previous section, the abundance, distribution, and productivity of phytoplankton in
the global oceans are controlled by specific physical and biogeochemicatgesThese processes

vary considerably according to location, time of year, and global climate fluctuations such as the El
Nifio SoutherrOscillation (ENSO) Although phytoplankton growth and productivityeasurements

are crucial to the knowledge of thmarine carbonate system, the sHwdd nature of the
phytoplankton blooms and the expanse of the global oceans are significant hurdlesntaithe
measurement and monitoring of these systefe current knowledge of seasonal cycling and
distributions of phytoplankton on the global scale has come primarily fr@mote satellite

observation®f ocean colou(Behrenfeldet al, 2006 McClain, 2009.

The presence of phytoplankton in surface waters can be detected by the contenpightra
chlorophylta relative to thebsorptionspectral signal of water. Water appears transparent within the
blue and green visible wavelengths, whereas chlorbphlyas a primary absorption peak netd Am
(McClain, 2009. In areas where the only navater coloured constituent present is the chloropdyll
pigment (e.g.the open ocean), the ratio of the btoegreen light leaving irradianogith an applied
atmospheric correctioprovides an estimate of tlowncentration of ckh (Gordon and Wang, 1994
However, in otheenvironmentsuch as coastal and shallow oceans and estuandes;,constituents

are presenin the sea surfacenatalter the colour, absorption, and backscattering properties of water
(known as inharnt optical properties, IOPsJhese constituents hadistinctive spectl absorbances
and include suspended sedimemtsilt, and chromophorigcoloured) dissolved organic matter
(CDOM).

In recent years, improvements in {@ptical empirical algorithmsral semianalytical models have
allowed for the accurate detection and differentiation ofacftDOM (Siegelet al, 2009, calcite

(from calcite liths produced by calcareous plankt@ggprdonet al, 2009, and particulate organic

carbon Gtramskiet al, 200) in marine environments with varying optical complexithie remote
estimation of IOPs such as total and constituent specific backscattering and absorption have also been
derived through the relationship between reflectance aratent optical properties and the inversion

of satellite leaving reflectanc&l@ritorenaet al, 2002.

Ocean colour sensors including the Coastal Zone Color Scanner (CZCS), Ocean Colour and

Temperature Sensor (OCTSypeaviewing Wide Fieldof-View (SeaWiFS), Moderate Resolution
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Imaging Spectroradiometer (MODIS), and Medium Resolution Imaging Spectroradiometer (MERIS),
have provided researchers withutine global ocean spatial and temporal cogeraVith thein situ
verification of satellitederived parameters and extensive data availability, satellite remote sensing
products have been used to monitor the biological effecm large scale physical processes and
dynamics including mesoscale eddpwelling, and ENSO eventMEGillicuddy et al, 2007, Wilson

and Adamec, 20Q0Siegelet al, 201]). Satellite ocean colour data have also been crucial in the
derivation of global net pmary productivity modelsBehrenfeld and Falkowski, 199Behrenfeldet

al., 2009. A comparison of 24 of these satelHitased productivity algotims has estimated the
average global production by marine autotrofthbe approximately 51 to 52 Ryyr* (Carret al,

2006 Westberryet al, 200§.

1.4 Marine Carbonate System

The marine carbonate system allows the ocearabsorbCO, from the atmosphere beyond the
potential uptake capacity based on séubility of CO, gas inthe underlyingseawaterGaseous C9
(COx(g) and aqueous GACOxaqg)are relatecdo y He n r pf@as sdubilityin thermodynamic

equilibrium:
o]V} £ 00 3)
o — 4

where K, is the solubility coefficiat of CG, in seawaterfCO; is the fugacity of CQg)andQ;oz is the
activity of CQ, The fugacity of CQ (fCO,) and pCO, are often used analogously describe the
equilibrium of COygas)to a solution containing dissolved €8peciesFugacityslightly differs as it is

a parameterisation of theendency for a component in solution to escape or to change phases, and
becomes equal to partial pressure only when the vapour behaves as an iddalogas1972. The

activity, U of a species is a unitless parameter related to its apparent concentration in a solution.

Aqueous CQis a weak acidhatreacts with water to forrthe divalentcarbonic acid (KCOs), which

generally immediatelydissociatesto form a bicarbonate ionHCO;) and carbonate ion (GO.

Because the concentration ofG0sis only 0.1% of the concentration of @&3)at equilibria and both

species are uncharged, the total concentration of the unionised species is often depicted as the
hypothetical species((fz (Butler, 1998 Dickson, 201D.

60° 00 ‘000 (5)
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Thedissociation of aqueous carbon dioxidegkted by the followingquilibria reactions

60" 0Lt 'O O 0 (6)

08 t 00 O 0 (7)

The equilibriumconstants of carbonic acid® a n d,, akedfunctions of temperature, pressure, and
salinity of seawater and have been parameterised and refit to specific pH scatea witimber of
studies Hansson1973 Mehrbachet al, 1973 Dickson and Millero, 198Goyet and Poisson, 1989
Royet al, 1993. At thecurrentaverage pH of the surface ocean of 8.1 to&proximately 90% of
thedissolved inorganic carbon in the oceans ihéform of the bicarbonate iohhe concentrations
of carbonateand aqueous carbon dioxide are far less mgarison and make up approximatkdgs
than 10% and % of the remaining portiomespectively Doneyet al, 2009 (SeeFigure 1.4). The
equilibriabetween these species in seawater regulates the pH of the system and subsequently acts as a
buffering system to the addition of hydrogen ifmaen the dissolution of CQaq). There is also a
small component to the buffering from borate ions, which willliseussed in further detail with the
definition of total alkalinity Section 1.4.1 The primarycarbonate systefwuffering process may be

summarised ifequation8 with thecombinationof Equations 6 and:7

o0° 60 00t (O (8)

The effects of anthropogenidCGO, on the marinecarbonate system, includirte acidification of
surface waterand decrease in carbonate concentratiofisbe discussed ifiurtherdetail in Section
1.4.2. of this chapter.

1.4.1 Analytical Parameters of the Marine Inorganic Carbon System

Thespatial and temporaiariations in CQ uptake bythe ocean and subsequent impact on availability
and transport of dissolved inorganic carlman be measured through the faoalyticalparameters of
the marine carbonate system: p&€0O,, total dissolved inorganic carb@d®IC) and total alkalinity
(A1) (Dicksonet al, 2007. If two of these parameters are known, then the other two ptemay
be calculated using primarily thegjuilbrium (or dissociation)constants R and K, of carbonic acid

for a given temperature, salinity, and press@ther data is also necessary to compute these
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parameters, including the dissociation constarfitboric acid and the dissociation of water,JK
(Millero et al, 2006 Dicksonet al, 2007.

The partial pressa of CQ (pCO,) (defined in Equation 1) of a seawater sample is the partial
pressure ofC0, in the gas phase that is in equilibrium with the seawp@@,(sw) (Zeebe and Wolf
Gladrow, 2001 This parameter an be measurelly equilibrating seawater with air at a known
temperature in an equilibrium chamb@he mole fraction ofCOyg) in air is then measured using
infrared analysis tdeterminghein situfCO, (Dicksonet al, 2007Currieet al, 20113.

Seawater pH can be measured usspgctrophotometric analysif a seawater sample after the
addition of an indicator dye such awmetacresol purple Qlayton and Byrne, 1993 The
spectrophotometric method relies on the measuremeatisoirbanceat two different wavelagths in

a seawater solution with a small addition of indicator @eawatepH is then determinedsing the
relationship of thalissociation constant of the indtoa to theextinction coefficients of the relative
indicator acidbase species at the two wedengths and the absorbance rdtdayton andByrne,
1993)

As seawater also contains multiple constituents with various-di&$dciating constants, it is
necessary to represent seawater pH on an appropriate scale that factors in these concurrent
dissociating effectsThe recommended scale fetotal hydrogen concentration scélgicksonet al,

2007, whichrecognises the influence of tf@rmation of the hydrogen sulphate ion (H$Oon the

free (i.e.i hydrated) formof the hydrogen iofH") concentration

Seawater pH may be calculated using Equations 9 and 10 under the total hydrogen concentration scale
(Dicksonet al., 2007%.

no a&@ 9)

0O O oy (20)

Total dissoled inaganic carbon(DIC or ), is defined as the sum tiie total carbonate species
(Equationll). DIC can bedeterminedusing thecoulometric measurement CO,(g) evolved from an
acidified sampleThe parameter is independent of temperature and pressure séawater sample

and isusuallyexpressed in units of moles per kilogram of solutiditksonet al, 2007.

006 60° ‘0d 00 (11
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Total alkalinity (A1) may be defined as the deficiency of bf excess of base relative to thero
reference point condition.€¢.- when no base has been added) at the €&Qivalene point Dickson,

1981). Alkalinity is mathenatically defined in Equation 12

o) o) c 60 0 "0 (o) 600 ¢ 00 (12)

‘oW 000 "Y'Q0O 'O GQEOEETI 0QOOQEOI

Alkalinity can be determined through the potentiometric titratioseawater with acidndexamining
the speciation ofhe seawater system in regards to the fastl second dissociation constants of
carbonic acid (R and K5) following the first equivalence poinbickson, 198)

As both DIC and A are conservative properties, they are uséfuthe tracing of water mass

characteristics and mixingp{cksonet al.2007).

1.4.2 Effect from anthropogenic CQ

Ocean acidification is the increase of production and subsequent decrease in seawater pH as a
result of increased absorption of atmosph@@@ from anthropogenic emissionds demonstrated in
Equations 6 and,the reaction between G@) and seawateforms carbonic acid (KHCOs), which
immediately dissociates to form bicarbonate (H¥@nd carbonate species (&) respectivelyin

addition to protons (hydrogen ionkl*(aq). The concentratiamof COxaq) and subsequently kq) are
regulated by the equilibria between the dissociation of carbonic acid reactions (Equations 6 and 7),
which buffers the potential decrease of pH from incregsetbn productionThis buffering ability is
regulatedby the relative abundance of the dissolved carbon species in seadgatkamonstrated in
Equation 8 the ability of the carbonate system to buffer changes in pH is therefore limited by the

supply of he carbonate species, which is consumete reactior{seeFigure 1.4).
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Figure 1.4. Species concentratigyiot of dissolved carbon species vs. gtan average seawater pH of 8.8.2, the
bicarbonate spedds favoured with the highest concentration followed by a decline of carbonate and ince@gg;jas
pH decreasesigure adapted frorRavenet al, 2005.

Compared to the primdustrial sea surface pH of approximately 8.3, current measurements of
averaged surface seawater pH have decreased by 0.050d Qnits Feelyet al, 2009. Predictions

for atmospheéc CO,1 evel s at the end 2100 assuming a fAbusi
atmospheric C@concentrations exceeding 800 ppm with a subsequetit.4.8H unit reduction in

global surface ocean$his decrease in pH is equivalent to a 150% ineréadH’] and 507 60%

decrease in [C@] (Orr et al, 2005.

The abilty of the carbonate system to buffer the effects of increased atmospherica@e
described quantitatively by a parameter known as the Revelle Fabtsrparameter describes the
buffering capacity of seawater as the relationship between the rethiwges in partial pressure of

CO,in seawater for a given changeliC (Revelle and Suess, 1957

Y 190 X O0OBn6 6 FO'0OO (13)

The efficiency of the carbonate buffering system is inversely proportional to the Revetle Fraitte
present day global oceans, the average Revelle Factor is approximately 10, with higher and lower

values found in warm equatorial waters and high latitude cold waters, respecdivey.a Revelle
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Factor of 10, a 1% increase in surfga@0,,) would result in a 0.1% increase in surface DIC

concentrationgBopp and Le Quéré, 2010

One of the major impacts of ocean acidifioaton marine life is the reduced availability of carbonate
ions for the formation of biogenic calcium carbonate structures by organisms such as plankton, coral,
and coralline algaeThese organisms use two mineral forms of calcium carbonate, aragonite and
calcite. The saturation state of these minerats denoted by the symbq|, is related to the
thermodynamic potential for the mineral to dissolve in seawqter {) or be available for biogenic

and physical formationgy(> 1). Both aragonite and calcitare currently oversaturatedy(> 1) in

global surface waters and become increasingly undersaturgted ¥) at depth.Biogenic shell
formation generally occurs wherg > 1, and dissolution occurs & < 1. However, model
calculations based on future atmbseric CQ levels predict aragonite (the more soluble carbonate
polymorph) to become undersaturated at surface levels, particularly in high latitude oceans including
the Southern Oced@rr et al, 2005.

The study of ocean acidification and the identification of potential impacts to the marine carbonate
system and marine ecadgms have become significant topics of research in the globghe
sciencecommunity (se@oneyet al, 2009for review ofthefield and summargf researcHindings).

There are two essential concerns with regards to the marine carbonate system and biological uptake of
CO.. The first is the future ability of the marine carbonate system to buffer increasing concentrations
of atmospheric Cedue to tianges in dissolved carbon species equiliiiiee second is the reduction

of calcification by calcarags organism. This reduction impacts both the efficiency of the biological
drawdown of CQvia photosynthesis and the contribution of biogenic carbohetenarine carbonate

system While this thesis is not directly focused on thmpactsof ocean acidificationthese concerns

are central whermonsidering system scale dynamics and potential effectisetonarine carbonate

system and the biological pump

1.5 The Southern Ocean and the Subtropical Frontal Zone

The Southern Ocean is crucial to the understanding of the global carbon cycle in regards to past,
present, and future changes in climate eodcentrations oatmospheric C® The Southern Ocean,
makingup 17 % of t h ehasieen idehiifisd a® acareem set sink for atmospheric CO
(Takahashiet al, 2002 Sabineet al, 2004 Le Quéréet al, 2009 and the largest contributaf
anthropogenic C®sequestration of all the major ocean regiavgéloff Fletcheret al, 2007. A

large proportion of thecarbon uptakds regulated by the solubility pump and the formation of

intermediate and deep waters which sequester and transport carbon to all major ocean basins via the
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global thermohaline conveyor belfRahmstorfet al, 2005. High seasonal rates of primary
productivity account for a significant but potentially variable proportion of @@wdown in the
Southern Ocean as regulated by the biological pump because of the underutilization of abundant
nutrients such as pBphate, itrate, and silicate Takahashiet al, 2003. The Southern Ocean is
characterized as an HNLC region due to extremely low Fe concentrations, with measurements in the
open Polar Frontalegion ranging from 0.05 0.4 riM (de Jonget al, 199§. Previous shifts in the
degree to which Southern Ocean phytoplankton growth was limited by micronutrients such as iron has
been used to explain glaciakerglacialatmospheric C@concentrationswWatsonet al,, 2000.

Increasing emissions of anthropogenic ,Girectly threatensthe Southern Ocean through the
warming of surface sea and land temperatures due to climate changfeeaaiterationof global

cycling of carbon within the ekp oceanSince these effects have significant implications to both
marine and terrestrial global biogeochemical cycles, the Southern Ocean is afdggininterst in

the scientific communityA study of overlying atmospheric G@ the Southern Oceaconducted by

Le Quere in 2004Le Quéréet al, 2007 found that althoughhe levelof atmospheric C©has
increased ovethe past 20 years, the subsequent net sink gffa® remained unchanged, indicating

a reduction in the efficiency of the Southern Ocean as a carbonXsiekpotential causelentified
wasthe intensification of polar wind#\s both sea surface and comtimial temperatures increase due

to largescale warming from climate change, atmospheric temperatures have simultaneously
decreased due to the relatively thin ozone layer over the AntarcticTposeincreased temperature
gradient between the surface oétharth and the lower atmosphere produces intensified polar winds,
which can causécreased upwelling and outgassing of deep ocean carbon back to the atmosphere
Though studies likeee Quéréet al. (2007) indicate the potential effects of a changing ctienand
anthropogenic emissions of @Gn the major ocean carbon sinkse study(which lacks sufficientn

situ pCO, datg also highlights thaleficiencyof high resolution temporal and spatial monitoring and

long-term studies in the Southern Ocean.

1.5.1 The Subtropical Frontal Zone

The Subtropical Frontal Zone (STFZ) is one of the major oceanic fronts of the Southerna®dean
separates SuBntarctic waters in the South from Subtropical Waters in the North latitude of
approximately40 - 50°S Heath, 1981 This front represents @ansitional zonebetween the two
water masses as well assite of complex temporal and spatial interactions and mixing processes
(BradfordGrieve et al, 1997. Subtropical waters (STWare derived fronthe warm, high salinity

waters of the subtropical gyres and tend to be depleted in nutrients due to high seasonal instances of
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biological activity (992Butler et al,, 1992. SubAntarctic Surface Waters (SASW) are characterized
by cooler, fresher waters from south of 40°S and have high concentrations of nitrate and phosphate

but are severely limited in ircend are designatess HNLC waterg¢Boyd, 2@2).

Biological productivity studiesrom open ocean subtropical regions &\tFZ regionshavefound
increased levels of biomass and primary production in subtropical waters and at the frontal zone with
a marked decrease of biological activity movintpithe SASW l(aubscheeet al, 1993 Clementson

et al, 1998 Fronemaret al, 1999. The studies also found that the enrichment ofSf&Z and the
subtropical waterf their respective limiting nutrients was facilitated by the formation and shedding
of large warracore eddies that transported nutrients as well as heat and salinity iatfjabent water
mass.These mixing processes also resulted in the localized stabilization of the water column at eddy

edges which further propagated seasonal primary productivityp&cheet al, 1993.

1.5.2 New Zealand and the Subtropical Frontal Zone

The Eastern New Zealand region of the Subtropical Frontal Zone is umughat the island nation
breaks up the almost continuouscaimpolar hydrographic boundaffhe frontal systenn the form
of the Tasman Currelig deflected along the shdifeak of the southwest tip of the South Island and
thenfollows the shelf bathyntey north along the Eastern coast and into the open Pacific Ocean at
the Chatham Ris€Hopkins et al, 2010, as depicted inFigure 1.5 This induced northward
geostrophic flow ofthe modified Subtropical Convergensgstemforms the Southland Current,
which is characterized by traditional features of syfittal frontal waters including warmer
temperatures, higher salinity, and depletion in mawerients(Heath, 1981 The frontal zongalong
with the interaction between the Southlabdrrent and SASW, is prone to higbasonal variability
stemming from the interference of fresher neritic water,irflpahe Clutha River located 10Km
south of the Otago Peninsula) coastal mixing processesinéindnces from regional and global
climate events such athe El Nifio Southern Oscillation (ENSO)Chiswell, 1996 Sutton, 2003
Hopkinset al, 2010.

Significant nutrient gradients are present acrossfrib@, with nitrate and phosphate exhibiting a
positive gradient moving offshore and into the SASVénversely, silicate concentrat® exhibit a
negative gradient across the frontal zone, indicating that subtropical shelf watersilatasource

to the SubAntarctic via riverine inputflawke, 1983 Studies utilizing chlorophida as a proxy for
biological activity Currieet al, 2009 Pfannkuche, 200Hamidian, 2009Adu pers. comm).showed

a negative grdient across the frontal system from the coast with seasonal variability associated with

light availability and mixed layer depth.
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Primary productivity and phytoplankton biomass studies from the oceanic incidence of the STFZ
along the Chatham Rise indiedt consistently higher rates of NPP and nutrient utilisaiion
Subtropical Waters and the Subtropical Convergence Waters (Frontal Zone) as opposed to Sub
Antarctic WatersBradfordGrieveet al, 1997. Both primary productivity and bmass were highest

for all water masses in the Austral spring and autumn seasons and lowest in winter, with the increase
in NPP and chlorophyia two orders of magnitude between the maximum and minimum periods for

all water masse<all et al, 1999. Remotely sensed satelliterived observations of phytoplankton
distributions around New Zealand confirmed that SASW had low seasonal abisufesictace chi

a relative tootherwaters,with highest chia incidenceobserved along the STFZ at the sitdrohtal
convergence and mixture of watekdufphy et al, 2007).
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Figure 1.5. Currents and ocean fronts around New Zealledv Zealand is situated amidst the Sevthstern Pacit

portion of theSubtropical Frontal Zone which serves as the boundary for the Southern Ocean and waters of Antarctic origin.
The Southland Current off the east coast of the South Island is the localstaitfeof of modified waters from subtropical
origin, moving northalong the coastline and extending out on the Chatham Rise off the Banks PeRigsuéamodified

from Heath, 198}
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1.5.3 The Munida Time Series

The Munida Time Series is a coastally orientgi€d, time series that has collected reegements

over the Eastern New Zealand region of the STFZ onradoithly basis since 1998 (Currig al.

2009).The 65 km transect rurigom the coast at the tip of the Otago Peninsula at Taiaroa Head (Ref.
-45A46.20006 N, 171A4&steflydddectiBn)todiSPA50n 0&6HDt Ns dwtlA3 2.
samples across the major water masses present in the SoRizthuous measurements of g€ O,,

temperature and salinity are collected from surface waters, with discrete measurements taken at
surface and tadepth for alkalinity, DIC, nutrient, and chlorophsglparametersThe Munida Time

Series is one of the few coastally focup&, time series as well as one of the op§O, time series

to frequently sample the Southern Ocean during the extreme waathexea conditions commonly

found in the winter seasofqrrieet al, 20113.

Results fom the Munida Time Series shawgeneral slight positive gradient in surface wate®,
going offshore asthe transect crossed neritic, Southland Current, andAStdrctic waters,
respectively(Currie and Hunter, 199%€Currie et al, 20113. Seasonal changes in neritic, Southland
Current, and SASWvaters show a minimumpCGO, in the australemmer and maximumCQO; in the
autumn(Currie et al, 20113. Flux calculations derived fromhipboard measurements and overlying
atmospheripCQO, dataindicate that the SuBntarctic waters are an exall sink for atmospheric GO
However,in 1998 and 1999hese watersvere small sources of GQvith a positive flux due to
outgassingThese calculations also show that the average annual fluxes for thengubtic water
masses are significantly ledsan the fluxes derived frorhe Takahashiet al, 2009 climatology
studies(Currieet al, 20113

During this on-going study, seasonal and interannual variabilities of the physiochemical processes
controlling the surface seawaf@O, and the subsequent atmospheric flux have been assessed using
thorough hydrological measurements coupled with precise measured values of the four carbonate
system parameter€(rrie and Hunter, 199@urrie et al, 2011%). Nutrient andchlorophylla proxy
measurements along with research conducted in ¢kanic portion of the STFZHawke, 1995
Currie and Hunter, 199%fannkuche, 20Q2Hamidian, 2009allude to significant drawdown of GO

by biological processeshowever the complexity of the coastal system and the sharp transition
gradients between water masses along the cqastidn of the STFZ prevent accurate estimation of
primary productivity from satellite derived models or comparison to other oceanic siliolies.in

order to uderstand the seasonal and iaterual variability ofpCO, and predict future responses from
increasing atmospheric G@oncentrations, it is crucial to quantify and evaluate all the processes that

dictate airsea gas C@n this dynamic region of the Southern Ocean
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1.6 Thesis objectives andutline

The purpose of this thesis is to investigate tHecefof the biological fixation of inorganic carbon
within the totalpCOy(sw) signature and its contribution to @ea CQ exchange along the Munida
Time Series TransedPrevious studies and models from the Munida Time Series indicated a missing
residualsink for CQ that could ot be accountedbr by airsea gas exchange, thermodyig or
vertical mixing proces¢Currie and Hunter, 199%Currie et al, 20113. Surface chlorophyla and
nutrient data from the timeeries suggest that biological drawdown is the most likely prdoess
account for this flux discrepancparticularly within the Austral Spring and Summer seasdhs.
coastallyoriented regiorof the STFZ off the coast of the Otago Peninsula is oneeoimibist highly
variable and complex areas thfe convergence system; therefore it likely that biological primary
productivity and distributiorof phytoplanktonis dictated by multiple physical and biogeochemical
forcings across a range of spatial and temlpsecales Thus, it is hypothesised that the biological
drawdown of CQis the most significant process dictatip§Oxsw) minima observed in the spring

and summer seasons, which coincide with peak periods of biological activity as evidenced by historic

chlorophylka measurements

Other studies, including research conducted across the ChathaniHBadh, (198 1BradfordGrieve

et al, 1997 Gall et al, 1999 Hannonet al, 20031 Nodderet al, 2005 Currieet al, 20111, and the
localised studies along the Munida Time Seridgdeft, 1969 Hawke 1989, Pfannkuche 2001,
Hamidian 2008, Velasquezet al, 201)), indicate that physical and biogeochemical processes and
characteristics are highly constrained within individual water masses of the Ho#&ver,mixing

and transport process were found at the boundary eflgeater masses andithin the primary
Frontal Zonebetween the Southland Current and -Buitarctic Surface Water which facilitated the
exchange and reaction of physical and biogeochemical propdrtiesefore, is it hypothesized that

the sink flux assoctad with biological drawdown of CQs dictated by the physical and geochemical
properties of the individual water masses and is enhanced by the transport and mixing of nutrient

laden SubAntarctic Waters at the frontal interface.

The Munida Time Series uniqgue amongst glob@CO, measurement time series in the fact that it

has frequent measurements within an area consideredabotastaregion and the SuBntarctic

edge of the Southern Ocearherefore, it is crucial that all major processes affgctire CQ flux

between the atmosphere and sea surface are quantified and assessed in relation to temporal and spatial
variabilities across the transedtis study provides the first lostgrm direct analysis of biological

primary productrity for this time series, which is essentradt onlyto the investigations of C{and

the marine carbonate systebut also contributes to the knowledge of maand micre nutrient

24



cycling andregenerated productiommarine ecosystem structures, and the organic andjanic

pathways of the biological pump for this unique marine environment.

Chapter 2 describes the study area associated with the Munida Time Series and the sampling and
analytical techniques used for the measurement of hydrographic properties, rmegTEU
chlorophylta, net primary productivity, and light attenuation and availability through the water
column. This section also introduces the satellite and space born remote sensors and associated
algorithms used to monitor regional and seasonaé swalcesses within the study area and to validate

in situwith remotely sensed ocean colour data.

Chapter 3 summarises the spatial and temporal variations observed in physical and chemical
characteristics across the STFZ and their subsequent effect cabuheance, distribution, and
primary productivity of phytoplankton with the study period. The annual drawdown budget for net
primary productivity within different water masses of the STFZ is discussed in relation to seasonal
trends and inteannual effectsuch as the ENSO.

Chapter 4 presents the validation of the remotely sensed ocean colour observations sitititdata
acquired during the studyModelled values of net primary productivity were also derived from
published verticallygeneralised producity models and the satellite imager8ehrenfeld and
Falkowski, 1997 and compared to shipboard NPP measurements.

Chapter 5 determines the relative importance of biological fixation of inorganic carbon on the marine
carbonate system and -gila CQ fluxes compared with other physical and geochemical processes.
The impact of major processes including-sga gas exchange, thermodynamic exchange, vertical
entrainment and biological uptake are determined using numerical models and the calcafation

theoretical levels gbCO, for each process using alkalinity and DIC measurements and values.

Chapter 6 presents the overall conclusions and discussion associated with this studganchends

future work associated with this research.
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CHAPTER 2: SAMPLING AND ANALYTICAL METHODS

2.1. Study Area

The Munida Time Series Transect is a 65 km long transect that extends across the Southland Front in
the waters off the coast of the South Island of New ZealBinel.time series originated in 1998 and
wasnaned after the original Uni v e Munida whichovas u€ed a g 0 6 s
to study the waters off the coast of the Otago Peninstiti® Southland Front is the local
manifestation of the coastaltyriented Subtropical Front Zone (STFZ), eve modified subtropical

waters in the form of the Southland Current converge with waters originating from thengubtic
(Butleret al, 192). The proximity to land and the contraction of the frontal system along the coast of
the Otago Peninsula are factors conducive to the acquisition of frequent and comprehensive
measurements not usually feasible for a major oceanographic felaiguee(2.1). Because of this
proximity to the coast, studies involving the Munida Time Series Transect have accumulated an
extensive seasonal record of primarily surface measurements,qfa@@l pressurepCO,), pH, total
alkalinity (TA), dissolved inorganicarbon (DIC), nutrient, chlorophyll and hydrographic data since
1998 Currie and Hunter, 199€urrieet al, 20113.

During the period of November 2008 to November 2010, an expanded suite of biological and
hydrogrghic measurements were collected at surface and at depth from 8 discrete sampling locations
on a bimonthly basis. These stations were selected to coincide with previous resaarahet al,

20113 Hamidian,2009) and are approximately equidistantly spaced to best survey the major local
oceanographic features across the frontsiesy Figure 2.2. A summary of the station locations and

characteristics is presentedTiable 2.1
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Figure 2.1. The Subtropical Front (STF) situated to the east of the South Island of New Zealand. The STF represents the
convergence of Subtropical Véas (STW) and SulAntarctic Waters (SAW) and is manifested locally as the Southland
Current.
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2.2. Ship-board collection

Samples and measurements were collected duringpdgycruises on board the current University of

Ot agobs r e s e olagshll. Betevees HdvembeR 22008 and November 2010, a total of
1,631 discrete samples were collected on eleven cruises spaced approximately every two months.
Continuous salinity and temperature data were measured with a calibrated Sea Bird SBE21
thermosalinogaph with water pumped from the ship board surface scientific seawater supply.
Discrete surface water samples were also obtained from the surface supply system with an intake at
approximately 2 m below the sea surface.

A calibratedSBE 19lusV2 SEACAT Rofiler was used to measuo®nductivity, temperature, and
depth (CTD) profiles at depth casts at the discrete sampling stations. Salinity (Practical Salinity Scale,
PSU) and temperature (°C) measurements were processed and analysed using SeaBir@¢<Electroni
processing software. A series of five 12 L Niskin bottles configured on the CTD rosette were
deployed to collect water samples within and below the euphotic zone, with the deepest collection
point ranging 70 120 m in depthCTD casts were taken at éaof the 8 stations and specific
parameters were targeted for specific depths and discrete measurekietitcrete measurement
bottles were rinsed at least three times with collection water before taking the required sample.
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Figure 22. Location mapfor study of the Subtropical Frontal zone along the Munida Time Series Transect off Taiaroa
Head, Otago New ZealanDiscrete sampling stations are described in detail in Table 2.1.
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Table 21. Summary of discrete sampling station locations in relation to referbeginning point of Munida Transect at Taiaroa Hedf 46.200' N, 17043.200' E).The water mass
identification category indicates approximate incidence of water mass type at each discrete samplingristaspatial and temporal variability of tliental zone and water mass
identification, frequency, and mixing are discusse8eation 3.4.Df Chapter 3.

Distance from Taiaroa

Station ID Latitude Longitude Head (km) Water mass

Taiaroa Head -45(46.200' N 17043.200' E 0 Neritic

Station 1 (ST1) -45(46.999' N 17054.766' E 15.83 Southland Current/Neritic
Station 2 (ST2) -45(47.368 N 170159.503' E 21.65 Southland Current/Neritic
Station 3 (ST3) -45147.785' N 171i04.315' E 27.82 Southland Current
Station 4 (ST4) -45148.221' N 171109.429' E 34.48 Southland Current/Frontal Zone
Station 5 (ST5) -45148.671' N 171114.702' E 41.66 Southland Current/Frontal Zone
Station 6 (ST6) -45(49.087' N 171120.791'E 49.55 SubAntarctic Water/Fratal Zone
Station 7 (ST7) -45149.563' N 171i26.556' E 56.90 Sub-Antarctic Water
Station 8 (ST8) -45/50.059' N 171132.429'E 64.36 Sub-Antarctic Water
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2.2.1 Chlorophyll-a

The vertical distribution of chlorophyd pigments as a proxy for phytoplankton biomass was
measured at each of the 8 statigigsin vitro fluorescence of discrete water samples as weii agu
fluorescence with a WETStar fluorometer mounted to the CTD. Timeséu profiles were later
analysed using SeaBird Electronics processing software and used to confixistbrceof the deep

chlorophyll maximum at depth.

At Stations 12, 46, and 8, samples fam vitro fluorescence of chlorophydl were collected in either

500 ml or 1000 ml HDPE bottles, with three replicate samples per depth. Bottles were rinsed several
times withcollection water before taking a sample, and samples were then filtered immediately on
board using Whatman GF/F filters at a low vacuum (eg < 200 mm Hg) to prevent breaking of algal
cells. Following filtration, these filters were folded and placed intslaiseled 15 ml polypropylene
centrifuge tubes and were frozen in preparation for laboratory extraction and fluorescence

measurement.

At Stations 3 and 7, additional chlorophydl samples were collected at each depth for size
fractionation filtration to beconducted in the laboratory immediately upon return from the cruise.
Water for the size fractionation measurements were collected in opaque 1000 ml HDPE bottles which
were then stored in ice packed insulated containers until return to the laboratooxitaptely 6i 8

hours following collection)Upon return, these samples were filtered using 0.2, 2, 5, and 20 um pore
sized polycarbonate membrane filters (GE Osmonics) stacked in succession under a low vacuum of
approximately 200 mm Hg. Mesh spacers wglaced between the polycarbonate filters to ensure
separation and consistent vacuum for all size fractionatidhs. filters were then inserted into

polypropylene centrifuge tubes and kept frozen until further analysis.

Within 2-4 weeks after collectionhé samples are analysed for chlorophydl pigments using
fluorometric methods as outlined Rarsonst al, 1984. The instrument used during the course of

the study was a ¥BU Turner FluorometerA calibration curve for the fluoroater was prepared

using a spinach chlorophyll standard (Fluka No. 1086B%.instrument blank was measured using a
solution of 90% v/v AR grade acetone before each use. To extract the pigments from the filter, a 10
ml aliquot of 90% acetone was dispeng®d the centrifuge tubes containing the frozen filt&tsese

tubes were then vortexed and refrigerated in the dark f@42@burs to maximise pigment extraction.

After the extraction period, a portion of the supernatant solution was pipetted intona dlass
cuvette for fluorescence measurement in the fluorometer. The fluorescence of the sample was

measured before and after the addition-8f@&ops of 10% v/v HCI. The acidification of each sample
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and its subsequent fluorescence allowed for deterroimatif phaeepigments relative to the

concentration of chlorophyh.

The concentrations of chlorophdl(ug Chla L™ or mg Chla m®) were calculated from the two

readings using the following equati¢®trickland and Parsons, 1972

&ue cBipyuvwo o U o (14)

where

Fo= Fluorescence reading before acidification
F.= Fluorescence reading after acidification
v = Volume of acetone extract (10 ml)

V = Volume of sample filtered (ml)

2.0185= acid ratio correction factor

X = calibraton factor

2.2.2 Macronutrients

Macronutrient concentrations were measured both at the surface and in depth profiles during the 2010
sampling cruises-or depth profiles at Stations 1, 3, and 7, nutrients were collected in acid washed
250 ml HDPE bottles (10%/v AR grade 4N HCI, rinsed trice with MilliQ water) using Nisken
bottles deployed by the CTD rosette. During the July, September, and November 2010 sampling
cruises, high resolution {dm) surface nutrient concentrations were measured over the entige cou

of the 65 km transect. Water was <collected i
surface scientific seawater supply at a frequency -6f Minutes, depending upon the steaming
velocity of the vessellhe exact locations of the high resatutisampling were recorded by a Garmin
GPS76 and the position data were appended to the SBE21 thermosalinograph data. All bottles for

nutrient sampling were rinsed at least three times with collection water before acquiring a sample.

Due to time and equipent limitations related to cruise length and research vessel capacity, all
nutrient bottles were stored in ice packed insulated containers until return to the laboratory
(approximately 6 hours after collection). Upon return to the laboratory, nutriampes were
filtered using Whatman GF/F filters to minimise the effect of biological processes on the nutrient
concentrations. The subsequent filtrate was decanted into acid washed polycarborategseo

(AA) tubes and frozen until further analysis.
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Concentrations of nitrate, phosphate, ailttate were determined usingolourimetrywith a flow-
injection analysis Lachat Awanalyser in the Department of Botany at the University of Otago.
Following calibration sequences using stock standards, AA td@sining defrosted samples were
randomly analysed with measurement of {radge standards throughout the run for quality

verification.

2.2.2.1 Nitrate

NitrogenNitrate (N'NOs, pg/L) concentrations were measured through the reduction of nitrate to
nitrite (NO,) by passing the water sample through a copperised cadmium cakingnthe United
States Environmental Protection Agency (USEPA) Approved Method 388r8e was determined

by diazotization with sulphanilamide and coupled wittflNaphthyl}ethylenediamine to produce a
coloured azo dyelhe absorbance of the dye product measured at 540 nm was linearly proportional to
the concentration of nitrataitrite in the sample. Nitrate concentrations were then determined by
subtracting the nitrite concentratimom the initial nitratenitrite concentration.

Nitrate standards were prepared from a primary stock of concentration 25rgpdred from the
dissolution of 0.1804 + 0.0002 g of AR grade potassium nitrate @<MCL.000 L of MilliQ water. A
secondary wding stock was created from the dilution of 10 ml of primary stock in 100 ml MilliQ
water to yield a concentration of 2.5 ug mlFrom a series of specific dilutions of this secondary
stock, a series of 11 N(NPDstandards ranging from 0 to 800 pg Were prepared for calibration in
the Auto Analyser.

2.2.2.2 Phosphate

Phosphorouphosphate (fPQ,*), or Dissolved Reactive Phosphate (DRP) concentrations were
determined through the reaction of the sample with a composite reagent containing molybdic acid and
trivalent antimony to form an éimony-phosphomolybdate complex (USEPA Method 365T%)is

product was then reduced using absorbic acid to form acoloered complexThe absorbance of

this complex measured at a wavelength of 885 nm was proportional to tentration of phosphate

in solution.

Phosphate standards were prepared in a similar manner to nitrate standards, with the creation of
primary and working stock standards through the preparation of 0.1096 = 0.0002 g of AR grade
potassium dihydrogen orthopsphate (KHPQ,) in 1.000 L of MilliQ and subsequent dilution to 2.5

ug mL™. A series of 11 calibration standards were prepared from this secondary working stock.

2.2.2.3 Slicic acid, SiOy
Biologically available solublesilicate in the form of silicic acid (SiO,) concentrations were
determined through the reaction of the sample with molybdate resulting in the formation of

silicomolybdate, phosphomolybdate and arsenomolybdate as outliriatsonset al, (1984. The
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products were then raded using metol and oxalic acid to decompose any phosphomolybdate or
arsenomolybdate remaining in solutidie concentration of the resulting product, molybdenum blue,
and the subsequent proportional concentratiosilichte were determined by the measment of the

absorbance at 660 nm.

Standards were prepared from a primary Stock Standard (BDH cat. No. 14258) containif@0

mg L* Si which equals 2139 + 11 mg'LSiO,, for a total concentration of 35.65 mM. An
intermediate standard of 3.565 mias created by diluting 1 ml of theimary standard in 100 ml.

Nine standards were prepared from this working solution, ranging from 0 uM to 71.4 uM
concentration. All standards were prepared in PMP plastic volumetric flasks and solutions were

containedn PC bottles.

2.2.3 Phytoplankton Primary Production Determined B§C Incorporation

Primary productivity rates were estimated for one Subtropical and ondr8alzctic station per
cruise using the radioactive inorganic carbon uptake technique first inttby&teemansNielsen,
1951). The method used during the course of the study was adaptagfocedures outlined by the
Joint Global Ocean Flux Study (JGOFS) ProtocdGQFS, 1996 The addition of a knen
concentration of radioacvcarborl4 (C) to water samples was used to measure the proportionate
amount of photosynthetic inorganic carbtfixation by the endemic phytoplankton population over

a specific time period.

%C secondary working stocks were prepared from the diluifoh mCi mI* NaH"“CO; (aqueous,

Perkin Elmer) with a sodium bicarbonate solution to yield a concentration of 32 [ICi Tile

sodium bicarbonate solution was prepared by dissolving precisely 0.300 g of AR sodium bicarbonate
into 30.25 ml of Mill-Q in a60 ml acid washed (10% v/v 0.5 N HCI) polycarbonate bortte 1 ml

aliquot of Na-*“CO, was transferred via pipette from its original ampoule to the polycarbonate bottle
for a resulting volume of 31.25 ml of secondary working stdokorder to ensureaaccurate
concentration of radioactivity, the ampoule was rinsed at least three times with the resulting sodium
carbonate solutionThe working stock was double bagged and stored under refrigeration (5 °C) until

use.

The working stock concentration of &i ml™ (or 32 mCi L) was chosen in order to supply a 20
uCi L™ concentration of**CO, upon addition of 200 pL of secondary stock within a 320 ml

polycarbonate bottlePrior to the sampling cruises, these polycarbonate bottles were rinsed with 10%

vivHCI and washed using CitranoxE |liquid deterge:
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previous incubationsThe bottles were then submerged in 10% v/v 0.5 N HCI acid baths for at least
48 hours and then rinsed several times with NQIIiA total of 48 bottles were cleaned and prepared
prior to each sampling cruise, which equated to 4 bottles (3 light, 1 dark) per depth with a target of 6
depths per statioBoth clear and opaque bottles were required, the latter constructed by masking the

bottle andid with multiple layers of black electric tape.

Because of the short duration (e-gunder 24 hours) of the sampling cruises and the necessity to
steam continuously whilst returning from the final station of the transect, it was not possible to deploy
an in situ incubation systemTherefore, a series of 6 debkard incubators were constructed from
opaque sealed boxes with clear polystyrene lids containing layers of neutral density mesh screening.
Using a han¢held Licor (model) light sensor, the screareye fitted to simulate light settings of 75%,

50%, 25%, 10%, 2.5%, and 1% of surface seawater depth light levels.

On board, the incubators were positioned in the aft of the ship and secured to the rails to minimise
movement during rough sea conditionghilst steaming the incubators were monitored for light
allowance and repositioned as necessary to avoid shadeeries of individual fittings and hosing

connected the incubators to a manifold leading to a header Tapk1.3 m high tank was filled

perodi cally with surface water from the shipds pu
flow through system designed to maintain the incubator temperatures as close as possible to the in situ

water temperature.

Samples for incubation were colledtat the Station 3 and 7 along the transBete to time and
resource constraints, it was not possible to conduct-bleakd productivity experiments for each of

the 8 discrete sampling statioffius, the choice of these particular stations for primaogypetivity
analysis related to the general position of the Southland Current (modified Subtropical waters) and
SubAntarctic Surface Waters, respectivet. these sampling stations, water from 6-gegermined

depths from within the euphotic zomes collected by Niskin bottles attached to the CTD rosette.
Ideally, these depths were determined usingirthgitu PAR depth profiles and subsequent vertical
light attenuation coefficienty. However, as discussed Bection 2.2.4of this chapter, it was not
possible to obtainn situ profiles for some cruises; therefore modelled depth profiles relating to each

of the water masses were used to determine the necessary sampling depths.

Another significant deviation from the official method protocol occurred iamdgto the time of day

in which the samples were collectddis advisable to collect samples for primary productivity-pre
dawn in order to minimise negative physiological effects from light shock in the endemic
phytoplankton JGOFS, 1996 However, due to the short time period of the cruise and logistical
considerations, it was not possible to sample at the recommendedsémeling for the Sition 3

generally occurred in the early daylight hours (between 7:30 and 9:00 am) and in the late morning for
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the Station 7 (10:30 11:30 am).Although sampling was conducted in less than ideal light
conditions, care was taken to minimize prolonged lgjfack by ensuring quick collection of water

from the Niskin bottles and immediate storage in chilled dark bins.

Following collection, the three light bottles and single dark bottle pertaining to each sampling depth
were inoculated with 200 pl dfC secondry stock using an Eppendorf pipette, sealed with parafilm,
and shaken to ensure mixing before being immediately placed in their respective incliSéxqus.
aliquots were obtained from one depth set of spiked samples and pipetted into a glass aeinidllati
containing 200 ul of ethanolamine and 5 ml of scintillation cocktail fluid for the determination of

background radioactivity.

The spiked samples were allowed to incubatdaard the deck of the ship for the duration of the
sampling cruise Upon rdurning to port in the evening (approx. 19:0021:00), the incubators
containing the sampling bottles were left on the deck of the ship overnight for recovery the following
day to ensure a complete 24 hour incubation peiSainples were transferred imnegely to an

insulated container to minimise light shock and transferred to the laboratory for filtration.

Filtration was conducted using low vacuum levels (50 mm Hg) and in low light condifiaasof

the three light bottles for each depth were filteteugh a stacked array of 20, 5, 2, 0.2 um of
polycarbonate membrane filters (GE Osmonics) to determine size fractionated productivity rates.
Both the remaining light bottle and the dark bottle were filtered through a 0.2 um polycarbonate
membrane filterto determine total light production and heterotrophic inorganic carbon fixation,
respectively. Upon completion, each individual filter was placed into a 10 ml labelled glass
scintillation vial, transported to a fume hood and covered with 200 pl of 0.5INTHE lids from the

vials were removed and the dified filters allowed tosent under the fume hood for 1 hour to remove
any unincorporated radioactively labelled inorganic carbon remaining in the s&imaldy, 5 ml of
Optiphase HiSafe Il scintillaton cocktail was added and the vials were tightly sealed, vortexed to

ensure complete mixing, and stored in the dark prior to analysis.

The radioactivity of the samples was determined using a Beckman LS 6500 scintillation counter.
Standardised quench cortien curves specific to thé'C radioisotope were pieaded into the
scintillation counter software to provide counts in the form of disintegrations per minute (DF&/).
radioactivity of each sample was counted twice over a period of 3 minutes intdPviatsry

productivity rates were calculated ugitihe following equation:
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where

SDPM = Sample activityDPM

Vsample= VOlume of sample, L

C = Concentration of total inorganic carbon (DIC) present in samples, mg C m
TDPM = Total *C activity, DPM

Vspie= Volume™C spike, L

1.05 = Correction factor for the lower uptake“ compared t8°C

t = Time, days

The values of the three light treatments (including the summation of the twivasiienated depths)

were averaged to determine total primary productivity rates at each depth. Values for the dark bottles
were used as indicators of nphotosyntheticarbon fixation or absorption and were subtracted from

the corresponding light bottle uptakes at depth. Individual productivity rate measurements at depth

were used to calculate water column production in g“@ising trapezoidal integration.

2.2.4 Photosyntletically Active Radiation (PAR)

Photosynthetically Active Radiation (PAR) is the range of wavelengths betweéninm used

by autotrophs for photosynthesiBhis parameter was used to determine the availability of light and

its attenuation through ¢hwater column with respect to depth and water mass optical characteristics.
A LiCor LI-193SA underwater spherical quantum PAR senss attached to the CTD in the rosette
configuration and the unit was deployed slowly (approximately 1 m per secondju@ @onsistent
measurement throughout the water coluffine data from the sensor was analysed using SeaBird
Electronics Software (version) and the subsequent light attenuation profiles were used to determine
the necessary sampling depths for primary pcaditly analysis.Instantaneous PAR at the surface

was measured using a hameld Biospherical Instrument8AR Scalar Irradiance sensor (model QSL
2101) with readings taken at the emaf the transect line (approximately 12:00 14:00).
Supplementary lightlimate data for the cruise dates was atgdifrom high resolutiorfige minute
averaged) measurements provided by the Dunedin campus weather station managed by the Energy

Studies Programme within the Physics Department at thaversity of Otag (Department of
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Physics, 201). This data was used as an additional source of information to confirm daily levels of

cloudiness and daily averaged PAR.

The measurement @f situlight attenuation using th€TD integratedPAR sensor was only possible

on two of the eleven uaises. On three cruises, moderdteintense sea conditions prevented
deployment of the fragile prob@n another six cruises, the sensors were unavailable for use due to
calibration or repair at the manufacturdvieasurement of light attenuation and ogtiproperties was

also attempted using two sets of spectroradiomedtisever, sea conditions and calibration issues
prevented the collection of meaningful da@n one occasion (July 142010), discrete surface
samples were collected from the neritiqQugland Current, and Swuntarctic water masses for

optical property analysis at the NIWA laboratory in Christchurch Aggeendix 111 ).

In order to compensate for the lackifitulight attenuation and PAR depth profiles, modelled depth
profiles wereproduced using seasonal optical property and light attenuation data collected along the
Otago Shelf during the research conducted for a masters dissertation by Jens Pfannkuche in 1998
(Pfannkuche, 1998 Using seasonal literature light extinction coefficieKg)(values Pfannkuche,

1998 Pfannkuche, 2002 a series of simulatiewater profiles were produced for each water mass

prior to a sampling cruise, such that:

O 07Q (26)
where

E, = Irradiance at depthr(oles photonsn? s™)

E, = Incident irradiance at the surface (z = 0)

K= Light attenuation coefficient (M)

z=depth, m

In the event that the CTD integrated PAR semsald not be deployed or was not available for use,
these profiles served as the basis for predicting thé &tthnuation as a function depth for the
primary production sampling station§he implications of using these modelled light attenuation
values and the comparisons betwa@esitu and modelled profiles are discussedCimapter 4 of this
thesis.The simulated light attenuation program and modelled and literature values are included in

Appendix II .

During successful deployments and measuremesitg) the PAR sensor, the situ light attenuation
profiles were compared to simulated profiles to ensure model valid&dhitional validation of

modelled profiles was achied with the comparison afemotely sensed observations d#ily-
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averagedliffusion attenuation coefficients at 490 nifas() as well as daihaveragedPAR data from

the MODISAqua and MERIS satellite sensors, respectively.

2.3 Satellite Remote Sensing

Data acquired from satellite and spdene remote sensors were incorporated wship-board
measurements to monitor and evaluate biological and physical oceanic processes in the dynamic
STFZ coastal region over a range of time and spatial s&sdethe sample collection schedule was
constrained to singlday cruises on a fhonthly frequency and was often disrupted by poor sea and
weather conditions, the remotely sensed observations were effective in supplementing data between
sampling time gaps and assessing progression of frontal dynamics in relation to the discrete data

collection.

The coastallyoriented STFZ located off the coast of the Otago Peninsula is an area of particular
complexity in regards to remote sensing due to the mixing of waters with distinctive optical
characteristics, in particular the influence of neritic watemnming from the freshwater runoff of the
Taieri and Clutha RiversThese optical characteristics and the subsequent analytical approach in
regards to remote sensing are discussed in degithapter 4 of this thesisAs recent developments

in sensing insuments have provided new algorithms and technology for resolving processes in the
optically complex coastal ocean, this study incorporated traditional ocean colour sensors (e.g.
SeaWiFS, MODIsAqua) as well as recent algal detection algorithms fromMERIS satellite

platform.

2.3.1 SeaWiFS and MODISAqua

The Sea Wide Fieldf-View Sensor (SeaWiFS), operated by the US National Aeronautics and Space
Agency (NASA) and GeoEye, was the principal satetliéeived sensor used to monitor ocean colour
from its deloyment in September 1997 to its mission end in December B&I®porating 8 spectral
bands within the visible and near infrared, SeaWiFS observations were widely implemented in global
phytoplankton studiesCarr et al, 2006 Behrenfeldet al, 200§ and verified in open ocean
environmentdncluding waters within the New Zealand Economic Exclusion Zdherghy et al,

2001, Richardsoret al, 2004 Pinkertonet al, 2005. Launched in 2002, the Moderate Resolution

Imaging Spectroradiometer (MODIS) instrument aboard the Aqua Satellite Spacecraft is currently the
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defactocontinuation of the SeaWiFS ocean colour monitoring progamme operated by NASA.
MODIS sensorincorporates 36 spectral bands measuring within visible, infrared, and microwave

wavelengths.

Level 2 remotely sensed observations from within the study area were obtained from the Ocean Color
Website (http://oceancolor.gsfc.nasa.gov/) administered by ANA&d the Goddard Space Flight
Center (GSFC).The correction for top of atmospheric scattering aborption effects and
geolocation standards yields Level 2 spectral dapdeget al, 200). Level 2 data also incorporates

the end products of derived marine parameters with respect to their geolocation.

Observations used for direct comparison to $ftuprd data were selected for within several days of
the sampling date and were preferentially nominated for study area inclusion andrelumhagery.

Other daily cloudree Level 2 scenes of the study area were chosen to provide high resolution
temporal and spatial coverage between sample crufdsough SeaWiFS data was not used in this
study, the software developed to analyse and process SeaWiFS data (SeaWiFS Data Analysis System
(SeaDAS) software version 6.Eetal., 1998 was used to analyse and derive Level 2 and Level 3
(gridded mapping and geolocation of processed sensor data pixels) plots of MODIS data. Empirical
values of chlorophydh were calculated using the OC3M algoritibtafk et al, 1997 O'Reilly et al,

1998. Values of the diffuse attenuation coefficient at wavelength 490HKyg) (were also derived

from the Level 2 scened(eller, 2000 for comparison tin situand seasonal literature valuesiod

diffuse coefficient of PARKpar (Pfannkuche, 1998across the water masses of the Sapgital

Frontal Zone.

Ocean colour derived estimates of net primary production (NPP) calculated from the Vertically
Generalized Production Model (VGPMBd&hrenfeld and Falkowski, 19PWere obtained from the
Ocean Productivity website (httputhw.science.oregonstate.edu/ocean.productivity/index.php). The

products of these models are presented and discusSbeajer 4.

2.3.2 MERIS

The Medium Resolution Imaging Spectrometer (MERIS) sensor is one of the primary ocean colour
sensing instruments dyard the EnviSat satellite operated by the European Space Agency (ESA).
Similar to the SeaWiFS sensor, MERIS employs fifteen spectral bands in the visible and near infrared
at 300 m ground resolutiobinlike its counterparts, ten of these bands are blig&d within the 400

750 nm wavelengths which correspond to specific phytoplankton and coastal ocean optical properties,

including chlorophyll pigment absorption and fluorescence peaks and suspended sediment detection.
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Level 1 and Level 2 MERIS productgere obtained via the Oregon State University (OSU) College

of Oceanic and Atmospheric Studies (COAS) Remote Sensing Group (Tufiéaisocomm MERIS

data for the study area was ordered from the ESA Earth Observation website
(http://earth.esa.int/dgteoducts/) and obtained via file transfer protocol (FTH)e data were then
processed using theABIC ERS & Envisat (A)ATSR and MERIS Toolbox (BEAM) software
provided by ESA, which included VISAT 4.9 and ENVI 4.7 softwateke MODIS and SeaWiFS
products Level 1 data included images calibrated to match top of atmosphere corrections-and sea
surface radiancd.evel 2 images included derived Level 1 products with pixel values processed for
geophysical measurements.

Level 3 standard mapped products were tanted for the sampling area for parameters including
instantaneous PAR, chlorophyl and total suspended solidEmpirical and semanalytical
chlorophylla pigment concentrations were derived using the MERIS Algal 1 and Algal 2 algorithms,
respectively The Algal 1 algorithm was derived by the direct relationship between the ratio of the
blue and green spectral signal radiated from the water surface and the concentration of algal pigments
(Antoine and Morel, 1999 This algorithm was developed ideally for the monitoring of chlorophyll
pigments in the optically discernible open oceans and has been validatéyl flachlew Zealand
waters byPinkertonet al, 2005. The second MERIS algorithm (Algal 2) also implemented the
relationship between algal concentration ahgeigreen spectral data whilst considering the optical
interference from chromophoric (coloured) dissolved organic matter (CDOM) using data derived from
the total suspended solids detection moBelefffer and Schiller, 20Q7This chlorophyHa detection
algorithm was developed to resolve optically complex waters with high incidence of CDOM and
turbidity.
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CHAPTER 3: SPATIAL AND TEMPO RAL VARIATIONS IN PH YTOPLANKTON
CHLOROPHYLL -A AND PRIMARY PRODUCTION A CROSS THE SOUTHLAND FRONT

3.1. Abstract

Phytoplankton distribution, abundance, and production were evaluated in relation to physicochemical
properties of individual water asses found within the Southland Front (SF) off the coast of the Otago
Peninsula, South Island, New ZealaBthgle day bi-monthly cruises along the Munida Time Series
Transect were used to collect measurements of hydrographic data, inorganic dissddieed nu
concentrations, total and size fractionated chloropdythl-a), and net primary production from July
2009 to November 201®eak primary productivity rates were observed in the combined neritic water
and modifiedsubtropical waters (STW) duringustral summer 2009/2010, wittolumn integrated

rates of 1.5 0.2g C m?’d* and 1.6+ 0.1g C m*d™ measured in December 2009 and January 2010,
respectively (with 95% confidence intervals). Phytoplankton primargymtion was also amplified
(0.9 0.1 g C ni*d?) during the December 2009 sampling period in the normally iron limited HNLC
waters of the Suldntarctic Surface Water (SASW) portion of the $fowever, production in the
SASW diminished draatically in January 2010 to 0.4 0.1 g C ni® d* despite sufficient
concentrations of nitrate amtissolved reactive phosphorol$e near depletion of dissolved reactive
silicate in the SASW as well as decreased concentrations of dissolved iron, zinc, and cadmium
measured concurrently with this studyitates that primary production in the SASW islicoited by
silicateand trace metal concentratiof®ak production rates measured in the Spring/Summer 2010
period for both the STW and SASW portions of the SF were significantly less than the previpus year
with integrated values of 0#0.1g C m?d* and 0.2+ 0.2g C m?d™, respectivelyThis interannual
variation in primary production was likely caused by shifts in the physical structure of the SF due to
the El Nfioi Southern Oscillation (ENSOAnnud carbon drawdown budgets of 24®0g C m?yr’

1 and 100+ 10 m? yr* were calculated for the STW and SASW water masses, respeciivedy.
sixteeamonth profile of the spatial and temporal variations in the biological fixation of inorganic
carbon povides the first interannual measurements of the seasonal cycling and variability of
phytoplankton abundance and primary production across the dynamic Southland keoddta and
interpretations presented in this chapter are used in subsequent chagtetber investigate the
effects of biological uptake of GQelative to other processes of the marine carbon system and

characterising the pathways for organic carbon export in the Otago shelf.
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3.2. Introduction

The biological fixation of inorganic carbdny phytoplankton is crucial to various biogeochemical
processes within the global oceaiibe conversion of carbon to its organic form by phytoplankton
photosynthesis is the primary entry point for organic carbon to the surface ocean and later the deep
ocean through particle sinking and vertical mixig phototrophigorimary producers, phytoplankton

also serve as the foundation of the marine food web and the source of organic matter for higher
trophic consumptionThe drawdown of inorganic carbon duringgbosynthesis from the surface
dissolved inorganic carbon (DIC) pool in the surface ocean also impacts the marine carbonate system
and the relative difference in concentration between air and sea cG@entrations.This
concentration difference subsequgmtetermines whether a particular water mass is a sink or source
for atmospheric C® Therefore, in order to gain a full understanding of the processes dictating
inorganic and organic carbon cycling andsea CQexchange, it is necessary to quantifg gpatial

and temporal variability of phytoplankton inorganic carbon fixation, otherwise known as primary

production.

At the Subtropical Convergence (STC) off the eastern coast of New Zealand, the convergence of
waters from sultropic and sukAntarctic orbin results in a dynamic marine environment with
physically and chemically distinctive water masses separated by a zone of active physical mixing and
turbulent processedn other frontal systems of the global oceans, high rates of seasonal primary
productvity have been observed at frontal boundaries due to the lateral mixing between water masses
and upwelling of limiting nutrientsHranks, 1992BradfordGrieve et al, 1997 Clementsoret al,

1998 Sabine and Key, 1998ronemaret al, 1999.

Studies in the open ocean region of New Zeal an
Chatham Rise, a shallogg 300 m) submarine ridge that serves as the topographic boundary for the
frontal zone separating Subtropical Waters (STW) to the north fromAStasctic Waters (SAW) to

the South Klodderet al, 2005. Studies fronthese water masses and the region of convergence have
found maximum primary production and &hlconcentrations in the austral spring and summer
seasons for all water mass typBsadfordGrieveet al, (1997 reported both productioand chia
measurements were perennially higher in the subtropical water mass and in the frontal zone than in
SAW, with spring column integrated production in subtropical and frontal waters in the ranges 625
1317 mg C i d* and 9777 995 mg C rif d*, respectively.However, production in SAW was

limited to 230i 271 mg C rif d™* during the same period similar study Gall et al, 1999 reported
corresponding values of production and seasonality according to water mass type across the STC,
with an observation of primary production in the STW of 2368 mgdimduring the peak bloom

period in spring 1997.
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Multiple studies in the STW described iyal chi-a concentrations betweeri 13 mg m® in the spring

with diatoms (> 2Qum) dominating the majority by size fractionatiddrddfordGrieveet al, 1997

Chang and Gall, 1998odder and Gall, 1998zall et al, 1999. Seasonal fluctuations in nutrient
concentrations of nitrate, phosphate, ailitatein the STW north of the Chatham Rise were also
observed, with nutrient depletion events coupled with measurements of high primary production and

chl-a concentrationsNodderet al, 2009.

Seasonal observatisrirom the cooler, low salinity SAW south of the Chatham Rise reported that in
addition to perennial low production and -eéhtoncentrationsBradfordGrieveet al, 1997 Gall et

al., 199, Murphy et al, 200J), low concentrations of dissolved iroBdyd et al, 1999 Hutchinset

al., 200) and high seasonal levels of nitrate and phospliéatf, 1985 were characteristic of this
water mass throughout the yeas such, the SAW has been designated an HNLC region because of
the coupling of high macronutrient concentrations and low phytoplankton pigmenbésgesdue to

iron limitation Boyd et al, 1999 Stromet al, 200Q. Size fractionation assays of phytoplankton
production and ckh concentration were also typically domied by picophytoplankton (< @m) in

the SAW BradfordGrieveet al, 1997 BradfordGrieveet al, 1999 Boyd et al, 1999 Hutchinset

al., 200).

In the southeast region of the South Island of New Zealand, the STC is generally constrained by the
(200m) isobath and is driven northward along tbetinental shelfThis coastal expression of the
global STC is known locally as the Southland Frétedth, 1972Hopkinset al, 201Q Van Hale and

Frew, 2010. Warm, higher salinity modified subtropical waters (STW) advected from the south at
Stewart Island converge with cold, fresher and macronutrient lade#\r8alxrtic Surface Waters
(SASW) from the easiThe frontal system is further affected by coastal processes including dilution
from near shore neritic waters (Jillet969, Heath, 197Zuton, 2003).

Studies from this unique coastal manifestation of the global Subtropicakf@@mece have indicated

high spatial and temporal variability of physical and biogeochemical procéssegative gradient of

chl-a across the frontal system from the coast was reported in multiple stGdiese(and Hunter,

1999 Currie et al, 2011a Pfannkuche, 20QZ2Hamidian 2008,Adu, 2013. Water clarity was found

to increase with distance from the shore, with less backscattering from sedgeamticles occurring

in winter than spring season due to lower influxes of inorganic suspended sediments and minimal
backscattering by phytoplankton cellBfgnnkuche, 2002 The transport ofilicate offshore was
reported to be largely driven by the lateral flux of nuiritaden coastal (neritic) waters along the
Otago shelf and was significantly influenced by the outflow of the Clutha RikawKe, 1995
Transport of other macronutrients into the frontal system @oabktal waters was regulated by
horizontal advection from the relatively high nitrate and phosphate pool of the SASW and through

upwelling processes along the continental sh&ih(Hale and Frew, 20)0
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As the Southland Front is a local modification of a major oceanographic system constrained to within
tens ofkilometres off the coast of Otago, this system is significantly impacted by interactions between
terrestrial run off, major ocean water masses, and bathymetry of thelshgtibal studies, coastal
oceans contribute relatively high rates of primary potidn per unit areaBehrenfeld and Falkowski,

1997 and export productionf organic carboroff the continental margito the deep oceaiMuller-

Karger et al, 2005. Therefore,the characterisation of the seasonal and temporal variations in
phytoplankton primary production is a critical first step in understanding organic carbon export and
the relative contribution of drawdown of atmospheric,@0e to biological processes inghinique
coastal manifestation of the BZ.

The purpose of this chapter is to describe the quantification and characterisation of seasonal and
spatial variations in size fractionated -ehéind primary production relative to shifts in the phgsi
chemical structure of the Southland Frontimiting factors to phytoplankton growth are also
discussed in relation to the individual water mass characteristics, as well as the specific controls to the
initiation and decline of the annual spring bloom evéhe identification of interannual variations in
physical, chemical, and biological processgmssibly due to climatic shifts resulting froBNSO

cycling during the study periodare compared to previous studies in New Zealand wdterally,

the implicationsof the seasonal variation of phytoplankton primary production on the drawdown of
atmospheric C@and the export of biogenic organic carbon are considered for the Otago shelf region
of the STC.

3.3. Methods

Comprehensive sampling of seawater physical, biokdgand chemical properties along the Munida
Time Series Transect was conducted approximately every 2 months from July 2009 to November
2010.0n these singlday cruises aboard the RV Polaris Il, eight discrete stationsTédae 2.1,
Chapter 2) were samled using &BE 1$lusV2 SEACAT ProfilerCTD with a rosette configuration

of four to six 12L Niskin BottlesSurface temperature and salinity data was measured continuously
using aSea Bird SBE2thermosalinograph with an accompanying Garmin GPS76 twdqiosition
information. From July 2010 to November 2010, additional surface bottle samples were collected

approximately every 1 km to provide higbsolution observations along the entire 65 km transect.

At each station, water column temperature, sglinind depth were measured using the CTD
interfaced with a Wetstar fluorometer for the measuremer gftu fluorescenceThe maximum
depths of the CTD casts were between 70 to 120 m and were dependéet bathymetry of the

station. The edge of the xaid layer was defined as threshold values of temperajuife (> 0. 2 AC)
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dens i &>y0.03 ki) from a neassurface reference depth of 10 de(Boyer Montéguét al,
2009). In many cases, the edge of the mixed layer simultaneousigided with both temperature

and density thresholds.

Discrete water samples were collected at set depths for the analysis of the concentrations of inorganic
nutrients (nitrate, dissolved reactive phosphate, and silicate) aral ©m occasion, these plhs

were altered to suit the bathymetry of the station or the incidence of a deep chlorophyll max (DCM).
At the de facto modified Subtropical and Suhbntarctic stations of Station 3 and Station 7
respectively, additional samples were collected for deekd simulatedn situ **C incubations and
sizefractionated chi. Sampling depths for these stations were determined by the light attenuation in
the water column as measured by an integrated PAR (photosynthetically active radiatiéQ 400

nm) sensorl{iCor LI-193SA underwater spherical quantum PAR séndarinstances wera situ

PAR profiles were unavailable, the depth of the euphotic zone was estimated by the fluorescence
depth profile Additional information regarding inherent optical propertieghtliattenuation, and
subsequent euphotic zone depth were derived from Level 2 daily scenes (resolution 1 km) of the study
area obtained from the MODIS satellite and downloaded from the Ocean Color website
(http://oceancolor.gsfc.nasa.gpv/

Samplesofthe ur f ace waters were obtained from the shi
approximately 2 m below the surfac&urface samples were collected at each of the eight discrete
sampling stations as well as during higisolution collectionsSurfacesamples were used for the

analysis of total and size fractionated-ahhutrient concentrationsiC incubations at Station 3 and

Station 7, and on one instance (July 14, 2010) inherent optical water prop&ppendix I11). The
high-resolution collectins from July to November 2010 were sampled for nutrient ard ahdlysis.

Details of individual parameter sampling methods, handling, and analysis are det&ileapter 2,

Section 2.2.

3.4. Results

A total of eight single day cruises from July 2009 tovBimber 2010 generated measurements of
physical, chemical, and biological processes at surface and at depth within the Southland Front off the
coast of Otago in New Zealand. As the local sector of the global STC is affected by both coastal and
frontal sysem dynamics within a relatively constricted spatial area, it is crucial to identify and
characterise the spatial and temporal variations in the physical structure of th8yroetognising

the physical processes and interplay between water massebgethizal and subsequent biological
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processes may be better understood and addressed within the context of their own seasonal and

interannual variations.

A summary of the surface data across the transect is presemtigaiies 3ah, with an overview of
the cruise dates, notations, and seasonal information outlinetlalile 3.1 The contour plots,
developed using Ocean Data Vie@chlitzer,2002h represent discrete surface measurements with

interpolations between both distances along transect and time between sampling cruises.

46



45.7°—":%7 WA
- Taiaroa
Head

-45.8°

Latitude
A
o
O
°

1000 m

-46.0°-
I N
-46.1° ?L‘_?L“’“ l
170.5° 171.0° 171.6°
Longitude
C.
Dec 2010
eole 00 see oo cole
Jun 2010
Jan 2010 L. ..
Jun 2009 10 20 30 40 . =

Distance offshore (km)

Figures3.1 (ai d). Summary of surface parameters measured along the Munida Time Series Transect fro@8JdyN2¥ember 201@.) Map of transect with locations of discrete sampling

Ocean Data View

35

34.5

33.5

33

(nsd) Anuies

stationsbh.) Sea surface temperature (SST, ¢.) Salinity, PSUd.) in situ Density §), kg/nt.

47

b.

Dec 2010

Jun 2010 |

Jan 2010

Jun 2009

d.

Dec 2010

Jun 2010

Jan 2010

Jun 2009

Distance offshore (km)

26.5

25.5

(2.) 1SS

(cswy/by) Aysusp nyis u|



Dec 2010

Jun 2010

Jan 2010 |

Jun 2009

Jan 2010 |

Jun 2009

Distance offshore (km)

(wri) “on

(wn) 1s¥a

1.2
1

0.8 %
0.6 E
0.4

0.2

Jun 2010 -

(c-w/Bw) e-1yo

Jan 2010-

Jun 2009 -

10 20 30 40 50 60
Distance offshore (km)

Figures 3.1 (& h). Summary of surface parameters measured along the Munida Time Series Transect from July 2009 to November 2010 é&pNiinogel). Nitrate + Nitrite (hereafter
referred to as nitrate or NQ), uM/L. f.) Dissolved reactive phosphorous (DREM/L. g.) Dissolved reactivsilicate(DRSi), uM/L. h.) Chlorophylta (chl-a), mg/n? or ug/L.

48



Table 3.1 Summary of cruise dates, notation and sea&pproximate phytoplankton bloom initiation periods, peak
periods, and decline or secondary bloom periods are also outlined.

Cruise Date Cruise Name Season(austral) Notes

July 14 2009 P090714 Winter

Sept 29 2009 P090929 Early spring Pre:phytoplankton bloom perioc
Dec 8 2009 P091208 Early summer Bloom period
Jan 15 2010 P100115 Summer Peak bloom /bloom decline peric

Only hydrographical data availabl
Mar 5 2010 P100305 Early autumn included to provide additional physic:

structure datawting Autumn seasot

Completed one depth cast in neri
May 5 2010 P100505 Late autumn water, remaining data along transe

pertains to surface values on

July 14 2010 P100714 Winter
Nov 19 2010 P101119 Late spring Bloom period

3.4.1 Physical structure and sesonal variability

During the 1.5 years of sampling, the hydrography of the waters comprising the Southland Front
varied seasonally and spatially with regards to water mass characteristics, front location, and influence
from neritic and coastal water dynas. The incidence of the distinct water masses along the transect
were identified by continuous temperature and salinity measurements using the thermosalinograph
data plotted in relation to location from a reference starting point at dakead(-4546.200' N,
170:43.200' E) As previously described in studies of the frontal zone near Odatgdt( 1969 Heath,

1985, Hawke 1989, Butler et al, 1992 Currie and Hunter, 199%haw and Vennell, 200Button

2003, andHopkins et al, 2010, the three main water masses encountered across the system were
neritic water, modified subtropical water (STW), and Buitarctic Surface watefSASW) (Figure

3.2). A summary of water mass identification characteristicsogyred fromlillett, 1969 Currie and

Hunter, 1999is presentedn Table 3.2
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Figure 3.2. Example of the incidence of water masses across the Munida Time Series Transect (May 5ttin 20i$0).
instance, the neritic wat mass is the combination of coastal waters and the freshwater plume from the Cluth@Hriver.
Clutha River is a major source of freshwater discharge that was observed along the transect via the northward advection of
long-shore currentsThe neritic wagr mass is identified by low salinity and variable seasonal temperahMogsfied
subtropical waters are identified with higher salinity values and temperatures in betweehaneacoastal and Sub
Antarctic Surface Water§ub-Antarctic Surface Waterge characterised by lower salinity and temperature values relative

to inshore and continental shelf waters. The frontal zone is the boundary between the warm, haline modified Subtropical
Waters and the cool, lower salinity waters of Suttarctic Surface \dters.The front is distinguished by a sharp negative
gradient in surface sea water temperature (SST) that closely tracgstao?00 m isobattB(tleret al, 1992. A summary

of water mass identification parameters reproduced from Jill@&9 and Currie and HuntgfL999 is found inTable 3.2.

Table 32. General surface temperature and salinity characteristics for identificationtef masses in the coastally
oriented Southland Front off the coast of Taiaroa Head (reproduced from Jillett 1969 and Currie &1998%r

Water Mass SST (C) Salinity (PSU)
Winter Summer Winter Summer
Neritic <10.0 >12.0 <34.5 < 34.6
Modified Subtropical Water >95 >12.0 >34.5 >34.6
Sub-Antarctic Surface Water <95 <12.0 <345 <345
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3.4.2 Water mass identification and location

Neritic water (NW) was distinguished by generally warmer temperatures and lower salinities than
offshore watemassesAlthough neritic waters were mainly observed close to shorei(éegs than

10-15 km from Taiaroa Head) for the majority of the year, the presence of neritic water was
detectable up to 20 to 30 km offshdadlowing flood events oduring periodsof sustained surface
warming events most frequently observed in the summer moi&bka surface temperatur87)
measurements of neahore neritic water were highly variable throughout the year due to diurnal
warming of the shallow water column and tidaluences. Shorterm temperature fluctuatiorgse.

daily changesyecreased offshore with depth as effects from diurnal and shallow water warming
dissipated. Long term variations (i.e. seasonaf) temperaturewere minimised with increasing
distance fshore, as temperature within tleeper regions of the continental she#re controlled
mainly by seasonal and longerm climatic cyclesSalinities within NW and inner shelf waters were
significantly influenced by the discharge of the Clutha Rivermajor river system located
approximately 100 km south of Taiaroa Head with average annual outflows of 538 (Murray,

1975 Hawke,1995).During a major regional flooding event in early May 2010, the dilution from the
Clutha River plume reduced the NW saiist observed off the coast of Otago from 33.8 to 32.4 PSU
at a distance of 1020 km from shore (sdeigure 3.2).

Modified subtropical waters (STW) were identified as having characteristically moderate
temperatures and higher salinity throughout the yekative to inshore waterand waters of Sub
Antarctic. Waters designated as STWave locally been associated with the northward flowing
Southland CurrentPrevious studies of the Southland Current (Jjllé®69, Heath 1975 and
1981Chiswell, 1996 have indicated that ¢hcurrent is composed mainyf STW with some
Australasian SuAntarctic Water. However, recent mesoseastudies of the current system (Sutton
2003 and references thereimve found that the current advects mainly (up to 90%)}/Suérctic

Water with ony a small fraction associated with STWhis discrepancy with earlier studies is due to

the fact thathe core of the current systdmas further offshore than the Southland Front (Sytton
2003).Thus, in order to avoid confusion with previous work in ti@gion and within the Munida

Time Series, the higher salinity and warmer water features of the Southland Current will be referred to
as modified subtropical water or STW with the knowledge that these waters are part of a larger
current system that includehe Southland Front (SF9easonal fluctuations of SST from this water
mass ranged from 126 in the summer to 9°€ in the winter.Salinity measurements ranged from
34.6 PSU in the winter to 34.8 PSU in the sum(iiable 3.3.

In the austrasummer peod at the end of 2009 and beginning of 2010 (relating to cruises off'the 9

December 2009 and %®f January 2010), the STW water mass was not distinguishable by surface
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measurements of temperature and salirditgtead, this water mass was observed asbsurface

feature detected by interpolation between CTD casts. The disappearance of the STW from surface
detection has been attributed to the intense warming and dilution of inshore Waierkower
densities of the neritic water allow the buoyant wébespread ovethetop of the densr STW water

mass and extend out towards tipen oceanThe presence of the surface neritic water offshore thus
masks the identifying characteristics associated with STW and results in a gradual decline in surface
tempeature and salinity offshore towards to Frontal Zoflgis phenomenon was also observed and
described in studies by Jilleft969, Currie and Hunter(1999, and Hopkinset al, (2010 and is
considered anomalous in regards to annual fluctuatioims subsurface manifestation of the STW
results in additional zones of vertical and horizontal mixing and intensified stratification through the

water column.

SubAntarctic Surface Waters (SASW) were generally encountered 40 to 50 km offshore and were
characterised by both lower SST and salinity measurements than the adjacentS&isdnal
variations in SST ranged from 11°8 in the summer to 9°C in the winter.Salinity observations

were fairly consistent throughout the year and ranged from 34.4 PSU in the summer to 34.2 PSU in
the winter(Table 3.3.

The frontal zone was identified by calculating the gradients in SST and density at therpafitila

STW and SASWTypically, the front coincides with an isohaline of approximately 34.34.8 PSU

year round and with an isotherm of approximatel§CLD the winter and € in the summer (Heath,
1972). The location of the frontal zone relative shore shifted seasonally according to the
distribution of surfae water masses, as reported previo@slgath 1972, Jilletf 1969, Shaw and
Vennell, 2001, Hopkinset al, 2010Q. As also reported in the aforementioned studies, this study found
that the locatio of the front oscillated seasonally relative to land, with the front furthest inshore in the
summer and farthest offshore in the winfEne width and strength of the front, as described by the
magnitude of the temperature gradient across the fronta) zaried seasonally and intannually. In

2009, the front was strongest (iiegreatesthermal gradientin the summer and winter seasolns.
contrast, the front was weakand subsequently spread ovewader spatial scalen the early spring
seasonThe frontal gradients in 2010 were overall much stronger and narrower in spatial coverage
than the previous year, with the strongest manifestation of the front occurring in spring and late

autumn and the weakest occurring in the early autumn winter.

The slifts in the frontal strength as well as the manifestation of asatlace STW water mass in
Summer 2009/2010 are most likely due to a coupled occurrence ofiklaNd La Niia events from
late 2009 to August 2010 and from September to December 201 GtresiggNIWA, 2010, NIWA,

2017). The implications of the ENSO events on the physical structure of the SF, as well as the
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subsequent effects on the physiochemical and biological memewill be discussedterin this
chapter $ection 3.5.2
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Table 33. Summary of watermass properties anddance along the Munida Time Series Transect (July 2008vember 2010)NW = Neritic Water, ST = modified Subtropical water, SA = Sutiarctic Surface
Water, FZ = Frontal Zond.ocation of water masses described as distance (km) from reference stamingf transect at Taiaroa He@d5i46.200' N, 17043.200' E) Values are given as averages within the water
mass location criteria specific to the cruise, with error given at the 95% confidence interval relative to the stantard devia

Neritic Water Modified Subtropical Water Sub-Antarctic Surface Water Frontal Zone

Location (km)  SST{C) Salinity (PSU)  -ocaton SST{C)  Salinity (PSU) Location (km)  SST{C)  Salinity (PSu)  -ocation  Gradient

(km) (km) (°C k)

July 14 2009 NW<10  877+004  3387+004  23<ST<35  069+002  34.56+0.01 SA>50 837+002 3431001 35<FZ<50 -0.108
Sept292009  NW<10 1083003  34.60+003  15<ST<28 10.55¢010  34.73+0.01 SA>55 8.39+003 3434003 28<FZ<55 -0.073
Dec 8 2009 NW/ST<30 12.09+0.13  34.68+0.02 SA > 40 9.95:004  3436:003 30<FZ<40 -0.120
Jan152010  NW/ST<28 13.94:0.06  34.06+0.03 SA> 36 11.25¢003 34224001 28<FZ<36 -02B
Mar 5 201G NW<11  1501+008  3457+002 11<ST<19 13.84+029  34.73+0.03 SA> 37 1225002 34274000 19<FZ<37  -0.060
May 5 2010 NW<21  11.994009  34.07+014  21<ST<43 11.73:004  34.65+0.02 SA> 46 9.72+001  3426:000 43<FZ<46 -0.485

‘ 36 < SA <46,
July 14 2018, NW<14  945:000  3412+014  17<ST<33  959+000  34.56+0.00 - 708000 3420000 33<FZ<36 -0.338
>

Sept282010  NW<15 1007005  33.89:0.07 18<ST<35  0.68+020  3470+0.04 SA> 37 778003  34.28:001 35<FZ<37  -0.500
Nov 19 2010 NW<24  1348+006  34.38+002 25<ST<36 12.42¢011  34.80+0.01 SA > 39 1087005 34.30+001 36<FZ<39  -0.456

*Modified ST water mass was observed as a subsurface feature underlying neritic and frontal systefheatarface hydrographic observations are therefore a combination of neritic and ST waters and represent
an additional lateral mixing zone in addition to the nfaiontal Zone.

$0Only surface hydrographic and nutrient data from this cruise is available.

Aln this specific incidence, a thumb of incongruous water mass disrupted the continudrg&@uatic Surface Water between 46 and 56 km offsHbre.observationi this area (37 45 km) were not considered in
calculating average hydrographic propertiesafioy of the main water masses.
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3.4.3 Mixed layer depths

The thermocline and pycnocline depths across the transect varied according to water mass incidence
and inteaction as well as climate and seasonal temperature fordihgsdefinition for the deptbf

the mixed layewas chosen to include both the effects of the thermocline and pycnocline at each of

the discrete sampling statiorde(Boyer Montéguét al, 2004. The mixed layer depth (MLD) was

identified from a threshold gradient tamperaturegpT > 0. 2 AC) (»0.03 Hge)sti t vy ( ol
depth from a neasurface reference of 10 rAs cast depths reached only a maximum of 120 meters

in neritic and STW waters and a deep cast at the end of the line (500 m) in the SASW, the following

MLD values represent seasonal mixed layers rather than the boundary between surface and deep
water masseée.g. > 500 m)A summary of the averages of MLD observed at stations within each

water mass is outlined ifable 3.4

The MLDs of neritic water were relativelyonsistentand shallow (16 m in summer, 2135 m in

winter) throughout the year. These tHiLDs can be attributed to the effect of shallow water
warming along the shelf and consistently lower densities at the surface from dilution due to coastal
and riverine dischargdn both winter 2009 and 2010, temperature values at depth were marginally
wamer (0.20.4°C) than surface value3his remnant of heat transported within the neritic water
column from earlier warmer seasons underlying a layer of colder and less saline waters results in a
positive temperature gradient at the Mledge.In May 2010, leavy influx of fresh water from the
Clutha River plume and regional flooding in the week preceding the cruise resulted in a very shallow
MLD of 7 m. The underlying water column was wetlixed mixed down to the shelf floor at a depth

of approximately 80 m.

The MLDs of the modified Subtropical and Séhtarctic water masses were influenced by seasonal
fluctuations in temperature, prevailing wind strength and direction, and interaction and mixing
between water massds. winter 2009, stations within the STWid SASW exhibited weltlefined
thermoclines at depths of around 130 m and 156 m, respectinaing the early spring sampling

cruise (Sept 2009), the mixed layers of both water masses shoaled significantly as a result of seasonal
warming.However, desp& warmer surface temperatures, the averaged MLD of the STW stations was
significantly deeper than the averaged MLD of the SASW stationsTgdae 3.4) This effect may

have been the result of greater water column stability in SASW caused by enhanaedrsixifag.

In summer 2009/2010, the STW water mass was present assarfade featureds the neritic water
mass was extended offshore due to westerly prevailing winds and intense heating of inshore surface
waters, the boundary between the overlying ticerivater and the underlying STW effectively

represented the edge of the MAs the criterion for the identification of the STW using surface
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measurements was masked by the presence of the extended neritic water mass, the STW sampling
stations and their spective MLDs were combined with the neritic stations for the December 2009
and January 2010 sampling cruidést both of these sampling periods, a shallow ML of ca. 16 m was

detected at the combined NW/STW sampling station.

In December 2009, CTD castoim the SASW stations indicated that the water column was well
stratified, with an average mixed layer depth of 18 £ 5 m and a decline in temperature of 1.5 °C from
surface to subsurface levels (50 Fjom December 2009 to January 2010, the MLD in thestof

the SASW deepened from 18 m to 38 m despite an increase in SST of approximately 1.5° C. The
deepening of the mixed layer may have been caused by high surface winds, recorded at speeds of 8.5
T 9.6 m/s at Taiaroa Head, in the week preceding theplgagncruise Sutherland, 2011 The

presence of a relatively shallow spring and summer mixed layer in SASW has also been observed in
the region south of the Chatham RiBeadfordGrieveet al, 1997 Boyd et al, 1999 Hutchinset al,

2001).

In winter 2010, casts at both the STW and SASW stations indithte the MLD had deepened to

mean depths of 84 + 28 m and 200 + 5 m, respectiddtiyough there was a lack of sampling cruises

and measurements at depth in autumn 2010 due to poor weather and sea conditions, it is assumed that
these same weather conglits facilitated the deepening of the mixed layers for both water masses due

to high surface winds from storm events and cooler surface atmospheric tempelratBeggember

2010 and November 2010, the MLD of both the STW and SASW shoaled as per thatiabser

from the previous yeaHowever, the MLD for the SAW in spring 2010 (40 + 15 m) was much deeper
than the corresponding MLD for the previous year (18 + 5), despite the SST from 2009 being cooler
by almost a degree than in 2095 + 0.04C in 2009to 10.87 + 0.0%C in 2010).This significant
difference in MLD may be the result of an increased shoaling effect in 2009 due to the presence of a
subsurface STW water mass across the transect, resulting in the fresher more buoyant SASW to be
spread overtie denser STW found at depifhe result of this shallower mixed layer and the potential

for horizontal mixing with the combined NW/STW mass will be discusseditatbis chapter.

3.4.4 Light climate

The coupling of the depth of the mixed layer and ttenaation of photosynthetically active radiation

(PAR, light at wavelength 46000 nm) are important controls for phytoplankton primary production.
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The penetration of light at depth is determined by the vertical diffuse attenuation coeffiGient,
which quantifies the exponential decay of light attenuation by vertical depth within the water column.
The limit of the euphotic zone in a water column is defined as the depth where irradiance equals 1%
of the surface light availabilityThe attenuation coeffient and subsequent depth of the euphotic zone
are dependent upon the absorption of light from components including the water itself, dissolved
organic material, and suspended particles including phytoplankton cells and tiRfaomkuche,

2002.

Because direct calculatiasf in situ Ky values was not possible for many of the sampling cruises due
to issues with availability and functioning of multiple PAR sensors and spectroradiometers, published
seasonal values &f; for each water mass and remotely sensed diffuse attemuaiefficients at 490

nm (K490 Were used for the evaluation of the light climate throughout the shaiyall, the euphotic

zone depths derived from literature seasonal valud&; @brrespond well to euphotic zone depths
calculated from remotely sertbandin situ observations (se€hapter 4 Section 4.4.JandAppendix

).

A summary of the euphotic zone deptls) @nd mixed layer depths (MLD) for each of the water
masses across the SF is presentddhbie 3.4 Further information on the derivatiof @uphotic zone
depths from literature and remotely sensed diffuse attenuation coefficients at 4R dms detailed

in Chapter 4 Section 4.4..landTable 4.1
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Table 34. Summary of mixed layer depths (MLD) and euphotic zone degthsThe MLD value are presented as averaged valus3 between stations of the same water mass within each
cruise. Standard errors rather than confidence intervals are presented due to the limited number of stations withinreash. Wéte euphotic zone depths are defined as the depth where the
irradiane@ at depth gis 1% of surface irradiance

Neritic Water Modified Subtropical Water Sub-Antarctic Surface Water

Cruise #

MLD (m) Ze(m) MLD (m) Ze(m) MLD (m) Ze (m)
July 14 2009 21+3 46 130 £ 25 92 156 £ 6 92
Sept 29 2009 n/a 22 771 92 55+7 77
Dec 8 2009 16+2 42 18+5 66
Jan 15 2010 165 31 384 42
May 5 2016 7 33 n.d. n.d. n.d. n.d.
July 14 2010 35 67 84 + 28 92 200+5 92
Sept 28 2010 23 31 64 + 28 66 55 + 24 57
Nov 192010 16+£2 33 19+5 57 40+ 15 66

n.d.7 not determed

* For this cruise, only a single depth cast was recorded (neritic station).
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Although Z, calculations derived frontiterature values oKy obtained from the study of inherent
optical properties along the Otago Shelf (Pfannkudi®98 2002 corresponadg fairly well to Z,
derived from daily observations and eiglaty composites of remotely sensed values of diffuse
attenuation coefficients at 490 nm, it is possible that phytoplankton samples were occasionally
incubated at light intensities greater tharsitu conditions due to discrepancies between estimated
values and actual conditions on the day of sampliihgs difference was judged not to have greatly
impacted the overall column integrated net primary production values due to acclimation of
phytoplarkton to varying light intensities due to vertical oscillation within the mixed lageninan

and Gargett, 198BradfordGrieveet al, 1997.

A possible significant error occurred during the December 2009 and January 2010 sampling cruises,
when the complex physical structure of the tBtaind Front and the combination of the NW and STW
resulted in a slight overestimation of the euphotic zone defththe depth of the euphotic zone is
importantto the determination of depths for the collection of samples for simutat@tl incubation

and the MLDs were very shallow during these sampling cruises, it is possible that the individual rates
of primary production may be overestimations of actual conditidosiever, during these sampling
periods the interface between the subsurface STW tandbuoyed surface neritic water essentially
served as the boundary for the edge of the mixed Ilayesrefore, it is also possible that light
attenuation was not constant through the water column as the boundary layer facilitated the
conservation of optidgroperties intrinsic to each water maS@ce only surface values of remotely
sensedliffuse attenuation coefficients are available for these cruises, it is not possible to determine
whether light attenuation was constant through the water collmspte this potential error in
euphotic zone depth determination, is it likely that only a minimal (e.g. less than significant)
overestimation in column integrated primary production occurred. This theory is supported by
accompanying evidence of macronutriand trace metal depletion as well as frontal zone structure

and mixing dynamics.

3.4.5 Macronutrient concentrations

Within all water masses observed across the transect, nitrate and DRP concentrations were highest in
the winter and lowest in the late sgyiand summerHigure 3.1 e and J. Concentrations of DRSi

(Figure 3.19 also displayed seasalrcycling within all the water masses with significant reductions

in early summer and increased levels during the middle of the Vbarsignificant depletionai

nutrient concentrations across all water masses in the transect coincide with maxima in phytoplankton

primary production and cfd concentrations, which will be discussed in detaiBection 3.4.6 As
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observed in previous studies, there was a positiadignt of nitrate {an Hale and Frew, 20)1@&nd
DRP (Hawke 1989, Currie et al, 20113 and a negative gradient of DRSh Spring and Sumer
season@iawke 1995) observed as distance from shore increased. The averaged nutrient
concentrations by water mass (with 95% confidence intervals) for the dumatithe sampling

timeline aredepicted inFigures 3.3to 3.5and summarised ihable 3.5.

Both neritic water and STW displayed similar nitrate and DRP seasondliityimum surface
concentrations of nitrate were observed in the winter seasons for both NW and STW, ranging on
average from 7.2 7.5 and 9.5 11.4umol L™, respectively(Figure 3.3). Significant depletions in
surface nitrate were observed for both these water masses in the period between the September 29
2009 and January 13010 sampling cruises, and again in the Septemb2@ag8 November 19

2010 periodThe minimum averageitratevalue observed was recorded in the combined NW/STW in
January 2010, with a concentration of @&40.2 pmol L™ (Figure 3.3). Concentrations in DRP
revealed a similar seasonal cycle, with highest valuest(0.3pmol L™ for NW , 0.8+ 0.2pumol L™

for STW) measured in winter and lowest (G:10.0 umol L™) in January 201@Figure 3.4). The
minimum values of both surface DRP and nitrate for the NW and STW waters coincide directly with
high primary production events in those water massesS@eten 3.4.6).

Throughout 2009 and 2010, surface and vertical profiles of nitrate and DRP concentrations were
significantly higher and showed less seasonal variability in the SASW compared to STW and NW.
Averaged winter values (with 95% confidence intervédl)sorface nitrate within the water mass
ranged from 12.& 2.3 pmol L™ in 2009 to 15.5 0.0 umol L™ in 2010 (Figure 3.3). Averaged
surface DRP measurements for SASW in winter 2009 and 2010 wexr@@@mol L' and 0.9+ 0.0

umol L™, respectively(Figure 3.4. In December 2009, vertical and surface concentrations of DRP
and nitrate declined but did not reach the extremely depleted levels (egr zero) observed in the

NW and STW water massds. the January 2010 sampling period, DRP levels didsigstificantly
change from December (0£0.1 pumol L™ for both sampling periods), and nitrate only decreased
slightly from 11.0+ 0.8t0 9.9 + 0.4pmol L. These measurements of surface nutrients reflect the
pattern of fluctuation in the primary prodigmt measurements from December 2009 to January 2010
in the SASW, where high rates of primary production anehahére observed in December followed

by a sharp decline in both parameters in January.

The vertical distribution of DRP and nitrate generadiflects the physical (e.@. mixed layer depth)

and biological vertical structures for each of the water masses throughout th®gpletion of
nutrients in the upper surface levels of the water column coincided with higher concentrations of
chlorophyll and rates of primary productiomNutrient concentrations increased with depth,
particularly below the mixed layer in the spring and summer sampling seasens. surface

observations of nutrients, nitrate and DRP were in greatest supply within the ieupbio¢
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throughout the year in SASW, with highest concentrations found in winter 2009 andA2@dl0.
presentation of vertical nutrient profiles of nitrate, DRP, and DRSi are depicted with vertical profiles

of chlorophyll and primaryproduction inFigures 3.87 3.21

Concentration®f dissolvedreactivesilicate displayed a slightly different seasonality within each of

the water masses relative to nitrate and DIRheritic waters, DRSi concentrations were highest in
May 2010 and July 2010 which cesponded to a period of above average winter rainfall and
flooding along the southastern coast of the South IslabhlWA, 2011). In May 2010, a large range

of DRSi was measured within neritic waters, with a mean concentration and 95% confidence interval
of 3.9+ 3.9 umol L™ (Figure 3.5). The large error associated with this water mass averaged value is
due to the observation of extremely high (> grBol L") DRSi values in the near shelf regiof the

Otago Peninsula (20 km).Concentrations decreaserapproximately 3.0 4.5 pmol L* further off

the shelf within the neritic water mass. This event of high DRSi measurements and variability
observed directly off the coast of the Otago Peninsula was attributed to extreme flooding from the
Clutha River inthe days preceding the sampling cruiSéudies includingMartin and Maybeck,

(1979 and Hawke (1995) confirm the importanteof the Clutha River for the influx and transport

of DRSi to shelf waters and the wat@fsthe Southland Front in the region off the coast of Otago,
particularly during flood events.

In winter 2009 and 2010, the STW and SASW exhibited lower surface DRSi concentrations than the
nearshore NW, with the lowest concentrations found in SAGWjure 3.5. In September 2009,

DRSi concentrations for the STW and SASW slightly increased from winter levels while
concentrations in NW dropped significantly. This slight increasslitatein the outer waters of the

SF may be the result of lateral trandpoir DRSi from near shore waters, facilitated by imeater

mass mixing processes caused by a relatively weak frontal strengt®7@C/km). The effect of

frontal strength on water mass mixing and horizontal transport will be discussed in furthendetail

Section3.5.1.0f this chapter.

In December 2009, all water masses indicated intense depletion of surface concentrations of DRSI,
with a concentration of 04 0.2 umol L*in both the mixed NW/STW and SASW water mas3és
drawdown of DRSi in neriti water in spring and later in all water masses in early summer is
consistent with the observation of the onset of the spring phytoplankton bloom and dominance of
diatoms observed in theize communitystructure of both chlorophyll and primary production
measurements (sekection 3.4.4. Vertical profiles of DRSi in the STW and SASW water masses in
December 2009 also show depletiongilfcate in the upper water column, indicating uptake by

diatoms in the shoaled mixed layseeFigure 3.12andFigure 3.13).
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In January 2010, the combined NW/STW water mass exhibited a slight but significant increase in
surface DRSi while concentrations in the SASW remained deflEigdre 3.95. Profiles of total and

size fractionated chlorophyll and primary productionttie NW/STW indicate a continuation of
bloom conditions and dominance by diato@snilar profiles within the SASW, however, indicate a
sharp drop off in both chlorophyll and primary production, with dominance of size classification

shifted from digoms topicophytoplankton (< 2im size classification) (segection 3.4.9.

Following the decline of the summer 2009/2010 bloom, DRSi concentrations within all water masses
observed across the SF were replenished by the time of the May 2010 and July 2010 sanig#isg
presumably by traport from neaishore waters, vertical upwelling, aimdensified rainfall and flood
conditions mentioned previously the early and late spring sampling cruises of September 2010 and
November 2010, DRSi in all water masseslided in response to the onset of the seasonal
phytoplankton bloom and the increase in diatom dominance e& eslsemblages and primary
production.
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water massError bars represent 95% confidence intervale extremely large error bar for the neritic water mass in May
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cruise (as detted by surface temperature and salinity dakigare 3.1).
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Table 3.5.Summary of surface nutrients averaged by water mass during the sampling timé\erniets are inumol L* and include 95% confidence intervals.

Cruise # Neritic Water Modified Subtropical Water Sub-Antarctic Surface Water
NO; DRP DRSi NO; DRP DRSi NO; DRP DRSi

July 14 2009 7.5+2.6 0.5+0.3 34+14 114+11 0.8+0.2 1.9+0.2 12.6+2.3 0.9+0.2 25+0.3
Sept 29 2009 3.1 0.4 2.0 10.3+ 0.3 0.6+ 0.0 29+0.1 13.9+1.3 0.9+0.2 2.6+0.3
Dec 8 2009 0.9+0.6 0.2+0.1 0.4+0.2 11.0+£0.8 0.7+0.1 0.4+0.2
Jan 15 2010 0.2+0.1 0.1+0.0 1.3+0.3 9.9+04 0.7+0.1 0.5+0.1
May 5 2010 6.3+1.7 0.3+0.1 3.9+ 3.9 8.2+1.2 0.5+0.1 2.0+£0.2 13.2+1.1 0.7+0.1 1.1+0.3
July 14 2010 7.2+0.0 0.3+ 0.0 4.3+0.0 9.5+ 0.0 0.5+ 0.0 3.3+ 0.0 155+0.0 0.9+ 0.0 2.8+0.0
Sept 28 2010 3.7+05 0.4+0.1 24+04 75+15 0.6+0.1 2.0+£0.3 10.8+1.1 0.7+0.1 23+0.1
Nov 192010 0.7+0.1 0.3+0.0 1.0+0.1 3.7+1.9 0.5+0.1 0.9+0.2 11.0+ 0.6 0.8+0.0 0.6 £0.1

*For this cruise, only single measurements of nutrients were available within neritic water mass, and only two repléecatesiaerwithin the modified subtropical water maBsr the STW
averaged values, a single standard deviation from the mean is presented in lieu of a confidence interval.
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The averaged molar ratios of the surfatacrautrient concentrations during the entitady period

were compared in order to identify the primary limiting nutrient for each water mabf(3.6. In

the SASW, ratios of N:P were relatively consistently throughout the study period, ranging from a
minimum in November 2010 of ca. 13.5 to a nmaxim of 17.2 in July 201(However, variations in

N:Si ratios were much more pronounced with mininmatios of ca. 5.3 in September 2009 and 5.9 in
July 2010 and a maximum molar ratio ca. 38 in December 2009. The increases in the molar ratio of
N:Si are anigous to depletions in DRSi and instances of increased phytoplankton chlorophyll
assemblages and primary producti®he molar ratios of N:P and N:Si throughout the study period
confirm that nitrate and DRP are in excess in the SASW and DRSi is the tmaijting
macronutrient, which along with trace metals (including iron, zinc, and cadmium) and light, are
fundamental cdimiting factors for phytoplankton growth in the SAS{Nutchinset al, 2001 Boyd,

2002 Boydet al, 2004.

In the NW, STW, and NW/STW combined water mass, reductions in molar ratios of both N:P and
N:Si were observed relative to periods of high biological activiitye period of highest biological
production in the NW/STW (January 2010) was accompanidtidogmallest ratios in both N: P and
N:Si. The seasonality of these ratios signify that phytoplankton in the NW and STW are most likely
limited primarily by nitrate, although silicic acid availability is most likely a significant nutrient for
the sustenamcof diatom growth further in the outer shelf waters of the STW. This limitation is in
agreement with other studies of the NW and STW along the Southland Front, including Hawke (1995)
and Van Hale and Frew (2010).

Table 3.6.Summary of surface nutriemolar ratios averaged by water mas.units are in mol:mol ratioand include
95% confidence intervalsvalues for the STW during December 2009 and January 2010 cruises are presented in the NW
column as the combined NW/STW water mass describ8edtion 3.4.2

Neritic Water Modified Subtropical Water Sub-Antarctic Surface Water

Cruise #
N:P N:Si N:P N:Si N:P N:Si

July 14 2009 15.7+15 27+04 149+ 0.9 4.6+0.2 145+0.9 6.8+0.2
Sept 29 2009 8.9 1.5 16.1+ 0.7 3.5+0.1 15.1+ 1.0 53+0.2
Dec 8 2009 5.3+ 0.5 3.3+0.8 16.4+0.9 38.8+7.6
Jan 15 2010 1.8+ 0.6 0.2+0.0 15.2+0.6 21.2+1.6
May 5 2010 14.8+0.7 2.6+0.6 14.8+0.8 4.0+0.7 16.2+0.7 13.2+1.3
July 14 2010 17.2+0.3 1.6+0.1 16.9+0.1 3.3+0.9 172+ 0.4 5.9+0.2
Sept 28 2010 10.3+ 0.4 1.6+0.1 13.0+1.2 35+0.6 15.1+0.2 6.2+0.3
Nov 192010 25+0.2 0.7£0.1 8.0+1.6 42+0.7 13.5+0.2 15.2+ 1.3
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3.4.6 Chlorophyll-a concentrations and net primary production

The measurement of the pigmeht-a was used as a proxy for phytoplankton biomass abundance and
distribution along the transect and for the determination of phytoplankton size classification.
Throughout the study, individual measurements of totabhadncentrations at surface anddafpth

were less than 4.05 mg$and rarely exceeded 1 mg°nexcept in peak bloom periods (eig.
December 2009/January 2010 and November 200Yse observations are considerably less than
those reported from other nesttore coastal systems with highrerine nutrient input such as the
Oregon/Washington coast which exhibits peak near surfaeeadticentrations exceeding 20 mg' m
(Evanset al 2011). However, these ck observations are consistent with other studies from the
Southland FrontRfannkuche, 20QZurrie and Hunter, 199@€urrieet al, 2011a Adu pers. comn).

and the STC along the Chatham RiBeafifordGrieveet al, 1997 Chang and Gall, 199&all etal.,

1999 Currieet al, 20118).

The highest levels of near surface and depth integrated (to 100-enfchtentrations were observed

in the combined NW/STW water mass in December 2808ure 3.6). Throughout the year, neritic
water exhibited higher neaurface (< 10 m) ckh concentrations than the STW and SASW water
masses, with the exception of the November 2010 where the STW staéidrthe highest near
surface and depth integrated-ehtoncentrationsColumn integrated ckd concentrations in the STW

were also comparable to integrated NW concentrations from May 2010 to November 2010, affirming
the presence of a significant deepachphyll maximum (DCM) which was observed in the vertical
depth prailes of these sampling periodSigure 3.6 and vertical profilesFigures 3.123.23. In the

STW, higher chi concentrations at both surface and depth were observed in spring and summer

seasons than in autumn and winter.

Near surface and depth integrated-aldoncentrations were consistently lower in the SASW water
mass, with column integrated measurements under 30 mgdarrmuch of the yearA significant
increase in cha at both sirface and depth was observed in the riqueriods of December 2009 (49

+ 11 mg chl M%) and November 2010 (485 mg chl m), with a significant decline relative to the
NW/STW levels in January 2010 (1®3 mg chl m?) (Figure 3.7). These fluctuations ichl-a are
consistent with observations in nutrient availability and depletion for the SASW water mass in the
spring and summer sampling periodiie exception to this pattern was observed in September 2009,
where both the ckd and primary production meaements in the SASW exceeded the measurements
in the adjacent STW.

The spatial and temporal distribution of column integrated net primary production (G €“m

depicted a similar pattern to that of -ehtoncentratior(Figure 3.7). The highest primarproduction

67



rates were observed in the NW/STW water mass in summer 2009/2616 .1 g C m?d” in
December 2009 ani5+ 0.2g C m?d™* in January 2010)A relatively high rate of column inteated
primary production of 0.2 0.1g C m?d” was al® observed in the SASW water mass in December
2009, which was followed by a dipadecline in January 2010 (04 0.1 g C m? d%). A less
pronounced increase in primary production than the previous summer was obseNanmber
2010 for the STW (0.% 0.1 g C m® d"), but measurements of rates of productio the SASW
remained low (0.2 0.2g C ni*d™) and were only slightly higher than SASW production rates from
the winter and early spring 2010 seasons.

Measurements of size fractionated-aldnd pimary production indicated that the contritmurtifrom
picophytoplankton (< 2im) was dominant for the STW and SASW in the late autumn to early spring
austral seasons (May to Septemif&égbles 3.7and3.8

The transition from dominance by picophytoplanktondominance by diatoms (> 20 um) from
September 2009 to December 2010 was observed in both the combined NW/STW and SASW water
masses, with diam production accounting for % and 38% of total NPP, respectiveljhis
transition in phytoplankton size ckasvas accompanied by intense depletionsilmfateat the surface

and through the vertical water column preffFigures 3.12i 3.15.

In January 2010, the decline of the SASW bloom was observed as the production rates decreased
dramatically relative tahe December 2009 observatigffsgure 3.7 and Figure 3.9). As described

by other studies, includingoint and Pomroy, 1998nd Pommieret al, 2009 the deterioration of a
phytoplankton bloom may be classified by the point where the abundance and production of the
previous dominant large phytoplankton species classes significantly decline to levels akin to smaller
(e.g.< 20 um) size classek the SASW during the January 2010 sampling period, the > 20 um size
classification contributed to 1% of depth integrated NPP, while the 5 pm, 2 uym, and < 0.2 um
contributed 23%, 30%, and %4, respectively(Figure 3.9 and Table 3.8). This transition of size
classification detected in January 2010 as well as the extreme depletiboadéand dissolved trace

metal concentrations (Adpers. comm) observed during December 2009 indicate that the bloom
conditions in the SASW (chasterised by high ckh and NPP) likely peaked around the period of the
December 2009 sampling and that the measurements observed in January 2010 were signs of bloom

decline and cessation in the SASW.
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In the combined NW/STW water mass, consistently highacahd NPP were observed in the
December 2009 and January 2010 sampling cruisesHgeees 3.6and 3.7), with considerable
dominance of diatom@ both parameters during the Summer 2009/2@1though silicate levels

were well depleted in DecembgFigure 3.5, a small but significant increase in DRSi measurements
(likely from the transport ofilicate rich neritic waters offshore) coupled witlufficient levels of
nitrate and DRP facilitated the continuation of NW/STW bloom conditions from December 2009 to
January 2010However, a considerable incongruity between integrated anld primary production

(with a slight decline in column NPP frobrecember to January of ca. 1.6 to §.& mi*d*, and with

a substantial drop in columintegrated chh from ca. 103 in December to ca. B% chl n in
January) coupled with near depleted levels of nitrate Sgare 3.3 allow speculation that
conditiors were unfavourable for sustained high producti©Other controlling factors of bloom
initiation and decline (apart from macro and micronutrient depletion) include stress from zooplankton
grazing, the decoupling of predafmey dynamics in the winter aniibht penetration at depth
(Behrenfeld, 2010

In the spring and summer bloom period of 2010, integrated net primary production rates in the STW
and SASW were considerably sethan in the prewus year, with NPP rates of &t70.1g C m® o

'and 0.2+ 0.0g C m?d™*in November 2010, respectivelithin the STW station, concentrations of

chl-a and production were dominated by diatoms with relativetrdautions of 58% and 8%,
respectively.Although the production rate for the STW was significantly lower than in 2009, the
availability of nutrients above depletion levels imply that the bloom period for the STW had not yet
reached peak potential for the summer 2010/2010 seakomever, the lack of the neritic water
intrusion to the outer shelf, as observed in summer 2009/2010, also suggests that the nutrient
concentrations observed in November were not replenished by neritic water transport and therefore

decreased until blooatepletion conditions were met.

In the SASW water mass, column integrated NBBervations in November 2010 were onlyglsiiy
dominated by diatoms (8b), relative to other size classddowever, the total integrated eal
concentrabn was relatively imranse (48 7 mg chl n¥’) compared to the NPP rate and wighty
dominated by diatoms (6&). This incongruity between NPP and @hmeasurements was likely
caused by substantial grazing by zooplankton prior to the sampling period or the sinking of larger
algal cells to the edge of the MLDhis dramatic difference between magnitude and size structure of
vertical NPP and clkd observations, coupled with the near depleterels of the limiting DRSi (&

+ 0.1 mmol L"), may signify the neadeterioratio bloom conditions in the SASW.

Vertical profiles of nutrients, net primary production, -ehland per cent contribution by size
classification are presented for the STW and SASW sampling stations from July 2009 to November

2010 inFigures 3.8i 3.21(except br May 2010, where only surface measurements were recorded).
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Figures 3.10. (aid). Vertical profiles for Station 3, P090714.) Total net primary production, with 95% confidence
intervals.b.) Size fractionated net primary production, depietedelative per cent of total for each size clags.
Chlorophylta, with 95% confidence intervald.) Size fractionated chlorophydl depicted as relative per cent of total for
each size class for surface depth oNytrient profiles at depth not aleble for this stationMLD is 130 m (not shown), Z
is 92 m (orange dashed line).
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Figure 3.11(a-f). Vertical profiles for Station 7, P090714.) Total net primary production, with 95% confidence intervals.
b.) Size fractionated net prary production, depicted as relative per cent of total for each sizeclaNitrate depth profile.
d.) Chlorophylta, with 95% confidence intervals.) Size fractionated chlorophdl depicted as relative per cent of total for
each size class for gace depth onlyt.) DRP and DRSi depth profiles. MLD is 130 m (not shown)is®2 m (orange
dashed line).
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Figure 3.12(a-d). Vertical profiles for Station 3, P090928.) Total net primary production, with 95% confidence intervals.
b.) Size factionated net primary production, depicted as relative per cent of total for each size)dGsi®rophylta, with
95% confidence intervalgl.) Size fractionated chlorophyd, depicted as relative per cent of total for each size class for

surface dpth only.Nutrient profiles at depth not available for this station. MLD is 77 m (blue dashed lgigeQZm
(orange dashed line).
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Figure 3.13(a-f). Vertical profiles for Station 7, P0909248.) Total net primary production, with 95%rdmence intervals.
b.) Size fractionated net primary production, depicted as relative per cent of total for each size désste depth profile.
d.) Chlorophylta, with 95% confidence intervals.) Size fractionated chlorophdl depicted as refize per cent of total for

each size class for surface depth oh)yDRP and DRSi depth profiles. MLD is 55 m (blue dashed lingls Z7 m (orange
dashed line).
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Figure 3.14(a-d). Vertical profiles for Station 3, P091208.) Total net primgy production, with 95% confidence intervals.
b.) Size fractionated net primary production, depicted as relative per cent of total for each size) €ddsrophylta, with
95% confidence intervalsl.) Size fractionated chlorophyd, depicted as relaie per cent of total for each size class for

surface depth onlyNutrient profiles at depth not available for this station. MLD is 16 m (blue dashed lini),42 m
(orange dashed line).
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Figure 3.15(a-f). Vertical profiles for Station ,7/P091208a.) Total net primary production, with 95% confidence intervals.
b.) Size fractionated net primary production, depicted as relative per cent of total for each size Nasate depth profile.
d.) Chlorophyla, with 95% confidence intervale.) Size fractionated chlorophdl depicted as relative per cent of total for

each size class for surface depth oh)yDRP and DRSi depth profiles. MLD is 18 m (blue dashed lingjs B6 m (orange
dashed line).
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Figure 3.16(a-d). Vertical profiles for Station 3, P10011&.) Total net primary production, with 95% confidence intervals.
b.) Size fractionated net primary production, depicted as relative per cent of total for each size) €idsrophylta, with

95% confidence intervalgl.) Size fractionated chlorophydl depicted as relative per cent of total for each size class.
Nutrient profiles at depth not available for this station. MLD is 16 m (blue dashed lgpieR¥m (orange dashed line).
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Figure 3.17(a-f). Vertical profiles for Station 7, P10011&.) Total net primary production, with 95% confidence intervals.
b.) Size fractionated net primary production, depicted as relative per cent of total for each size Nasate depth profile.
d.) Chlorophyl-a, with 95% confidence intervals.) Size fractionated chlorophdl depicted as relative per cent of total for
each size class for surface depth oh)yDRP and DRSi depth profiles. MLD is 38 m (blue dashed lingis 22 m (orange
dashed line).
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Figure 3.18(a-f). Vertical profiles for Station 3, P100714.) Total net primary production, with 95% confidence intervals.
b.) Size fractionated net primary production, depicted as relative per cent of total for each size disate apth profile.
d.) Chlorophylta, with 95% confidence intervals.) Size fractionated chlorophdl depicted as relative per cent of total for

each size class for surface depth oh)yDRP and DRSi depth profiles. MLD is 84 m (blue dashed lingls 2 m (orange
dashed line).
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Figure 3.19(a-f). Vertical profiles for Station 7, P100714.) Total net primary production, with 95% confidence intervals.
b.) Size fractionated net primary production, depicted as relative per cent of t@atkosize class.) Nitrate depth profile.
d.) Chlorophylha, with 95% confidence intervals.) Size fractionated chlorophdl depicted as relative per cent of total for

each size class for surface depth ofilyDRP and DRSi depth profiles. MLD is @dn (not shown), Zis 92 m (orange
dashed line).
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Figure 3.20(a-f). Vertical profiles for Station 3, P100928.) Total net primary production, with 95% confidence intervals.
b.) Size fractionated net primary production, depicted as relativegmt of total for each size clasg. Nitrate depth profile.
d.) Chlorophyla, with 95% confidence intervals.) Size fractionated chlorophdl depicted as relative per cent of total for
each size class for surface depth ohlyDRP and DFSi deph profiles. MLD is 64 m (blue dashed lin&. is 66 m (orange
dashed line).
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Figure 3.21(a-f). Vertical profiles for Station 7, P100928) Total net primary production, with 95% confidence intervals.
b.) Size fractionated net primary prarlion, depicted as relative per cent of total for each size cladsitrate depth profile.
d.) Chlorophylta, with 95% confidence intervals.) Size fractionated chlorophdl depicted as relative per cent of total for
each size class for surface ttepnly.f.) DRP and DRSi depth profiles. MLD is 55 m (blue dashed ling)s B7 m (orange
dashed line).
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Figure 3.22(a-f). Vertical profiles for Station 3, P101118.) Total net primary production, with 95% confidence intervals.
b.) Size factionated net primary production, depicted as relative per cent of total for each size)dNigste depth profile.
d.) Chlorophylta, with 95% confidence intervals.) Size fractionated chlorophdl depicted as relative per cent of total for
eachsize class for surface depth orfly.DRP and DRSi depth profiles. MLD is 19 m (blue dashed lingls 27 m (orange
dashed line).
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Figure 3.23(a-f). Vertical profiles for Station 7, P1011H9) Total net primary production, with 95% diglence intervals.
b.) Size fractionated net primary production, depicted as relative per cent of total for each size dlisate depth profile.
d.) Chlorophylta, with 95% confidence intervals.) Size fractionated chlorophdl depicted as reliae per cent of total for
each size class for surface depth oh)yDRP and DRSi depth profiles. MLD is 40 m (blue dashed lingls 86 m (orange
dashed line).
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Table 3.7.Column integrated net primary production rates and chlorojhgtincentratin at modified Subtropical Water discrete station (Statiom@&pl values for each of the parameters
displayed with 95 confidence intervaler cent contributions from size fractionation classes are calculated from column integrated size fractieaatienmnts (not displayed) relative to
total column integrated value for each parame@emulative per cent values may not equal precisely 100% due to losses between fractionation layers.

*Only surface measurements of size fractionateeachlailable fo these cruisesSurface values are integrated to 100 m to provide relative size class fractions in the water column.

Modified Subtropical Water Modified Subtropical Water
Integrated net primary production Integrated chlorophyll-a
(g C m?d?) (mg chlam?)

Cruise Total <0.2um 2um 5um >20um Total <0.2um 2um 5um >20um
July 14 2009% 0.3+0.1 35% 31% 19% 15% 14+ 3 31% 37% 18% 13%
Sept 29 2009 0.3+0.1 46 % 21% 18% 14% 13+7 40% 34% 19% 7%
Dec 8 2009 1.6+0.1 8% 8% 8% 75% 102+ 25 8% 4% 32% 56 %
Jan 15 2010 1.5+0.3 11% 17% 17% 56 % 55+ 19 12% 15% 16% 58 %
May 5 201G\ 0.3+0.1 34% 31% 20% 15% 16+ 7 34% 30% 28% 9%
July 14 2010 0.3+0.1 36 % 15% 15% 34% 190+ 7 30% 25% 22% 24%
Sept 28 2010 0.2+ 01 38% 14% 16 % 32% 21+ 6 24% 25% 20% 30%
Nov 192010 0.7+ 0.1 13% 7.6 % 12% 69 % 64+ 16 5% 19% 18% 58 %

A Only sur f asofall parmmeters availabien
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Table 3.8.Column integrated net primary production rates and chlorojtoghcentration at SuBntarctic Surface Water discrete station (StatiornTé}al values for each of the parameters
displayed with 95 confidence intervaler cent contributions from size fractionation classes are calculated from column integratedtgiraticn measurements (not displayed) relative to
total column integrated value for each parame@emulative per cent values may not equal precisely 100% due to losses between fractionation layers.

*Only surface measurements of size fractionateeachlailable for these cruiseSurface values are integrated to 100 m to provide relative size class fractions in the water column.

Sub-Antarctic Surface Water Sub-Antarctic Surface Water
Integrated net primary production Integrated chlorophyll-a
(g C m*d? (mg chka m?)

Cruise Total <0.2um 2um 5um >20um Total <0.2um 2um 5um >20um
July 14 2009% 0.3+0.2 35% 22% 33% 10% 15+ 3 51% 28% 15% 6%
Sept 29 2009 0.6+0.2 40% 28% 20% 12% 24+5 43% 29% 24% 4%
Dec 8 2009 0.9+0.1 20% 15% 14% 51% 48+ 15 6 % 23% 33% 38%
Jan 15 2010 0.4+0.2 32% 29% 23% 16% 19+ 4 34% 18% 20% 28%
May 5 201G\ 0.2+0.1 36% 37% 17% 9% 13+3 17% 22% 32% 29%
July 14 2010 0.2+0.0 52% 20% 17% 10% 15+4 40% 32% 19% 10%
Sept 28 2010 0.1+0.0 51% 20% 15% 14% 12+ 6 51% 24% 16 % 8%
Nov 192010 0.2+ 0.0 26% 22% 17% 35% 48+ 7 10% 14% 15% 62%
A Only surface measurements of alll parameters availabl e.

80



3.5 Discussion

3.5.1 Interannual dynamics along the Southland Front

The spatial and temporal variations in physical structure and nutrient concentrations presented in this
study are similar to other studies of the Southland Fibiet( 1969, Hawke, 1989 arkb95, Currie

and Hunter1999,Van Hale and Frew, 201Currieet al, 20113, with the main characteristics of the

STW and the SASW water masses analogous to studies from the STC at the Chath@ted®lise

1981, BradfordGrieve et al, 1997 Chang and Gall, 199&all et al, 1999 Hutchinset al, 2001

Boyd et al, 2004 Nodderet al, 2005 Currie et al, 2011F. Phytoplankton chh concentrations and
primary production rates for tHf&TW and SASW from July 2009 to September 2009 and July 2010 to
November 2010 were similar to levels reported for the $A@vever, mean ckh concentrations and
production rates in the combined NW/STW water mass in December 2009 and January 2010 were
slightly larger than reported values within the oceanic STC and STW, whikeadricentrations and
production rates in the SASW for that period were significantly higher than measurements obtained
for SubAntarctic waters south of the Chatham Rise.

The chanmg physical structure of the waters of the Southland Front and the resulting nutrient
concentrations and light climate were critical in controlling seasonal phytoplankton dynamics as well
as the onset and decline of bloom events within individual wateses#@oth the spring to summer
bloom periods in 2009 and 2010 were characterised by the shoaling of mixed layers, depletion of
limiting macronutrients, decreased euphotic zone depths with increasing values of attenuation
coefficients, and transition of gtoplankton size structures from picophytoplankton dominatirigeo
prevalence of diatom#\ significant factor dictating the interplay between these processes and the
resulting size, drawdown, and longevity of the spring bloom was the strength ofrited fmne and

the subsequent degree of lateral mixing across water masses of the Southland Front.

A distinctive difference between the 2009 and 2010 sampling years was the strength of the Southland
Front temperature gradient and the interaction betweethtbe primary water mass systerfsom

July 2009 to January 2010, the strength of the front (as indicated by the temperature gradient between
the discrete STW and SASW boundary edges) fluctuated bet@@&51¥ C/km in September 2009 to

of -0.293°C/km in January 2010Table 3.3. However, from May 2010 to November 2010, these
gradients strengthened with a maximum in September 20AD5§0°C/km to a minimum 0f0.338

°C/km in July 2010The strength of the frontal gradient is significant in determiniegdegree of

mixing in the water masses comprising the Southland Front. A lower frontal strength indicates smaller

temperature differences between water masses and a less defined boundary edge, which promotes
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horizontal transport and mixindn contrast, astrong front is representative of large temperature
gradients between discrete water masses which essentially create a barrier to large scale lateral
transport outside of diffusion processes and small eddy formation along the shear zone of the
boundary iterface.The seasonality in frontal strengths and the effect on water mass mixing was
reported by physical oceanographic studies of the Southland Front incletdang and Vennell,

(2001 and Hopkinset al, (2010. Although the frontal strengths in this study d&igher for both

years than the ENSO normalised values reportaddpkinset al, (2010, this discrepancy may stem

from the fact that high resolution (< 0.5 km) thermosalinograph data were used for the calculation of
frontal gradients in this study as oppdsto the 1i 4 km resolution remotely sensed temperature
observations used biyopkinset al, 2010Q. In addition, frontal gradients calculated for December
2009 and January 2010 may overestimate frontal strength as the boundary of the discrete STW water
masswas largely masked by the surface intrusion of neritic water offshore.

One of the consequences of varying frontal strength between 2009 and 2010 was the transport of
nutrients between water masses of the Southland Ano8eptember 2009, a weak fronsgistem (-
0.073C/km) promoted horizontal transport sificatefrom coastal waters to offshor€his event was
identified by the observation of a significant increase in the surface DRSi signatures of the STW
(from ca. 1.9 to ca. 28mol L") and a slighbut not significant increase in SASW (from ca. 2.5 to ca.

2.6 umol L™) relative to July 2009 observations despite increased phytoplanktarcohtentrations

and primary production in both water masses.

Also during the September 2009 cruise, a sligbtease in nitrate was observed in the SASW relative

to July 2009 observation3his increase in nitrate in the SASW from July 2009 observations was
distinctive because of the absence of a coupled increase in DRP in the same water mass and that a
similar trend was not observed in the STW and NW water magg¢ak published by Hawke (1995)

and Van Hale and Frew (2010) identify the SASW as the major source of both nitrate and DRP to the
SF system, with a gradient of nutrient flux increasing towards shimeever, it is likely that an

influx of nitrate and DRP was not observed in the near shore water masses (as observed by increases
in nutrient concentration from the July 2009 measurements) as they are limiting nutrients to
phytoplankton growth in the STW ardW (seeTable 3.9. Therefore, increased phytoplankton
production as observed in September 2009 most likely depleted any detectable influx of nitrate or

DRP into the near shore water masses prior to the sampling cruise.

The hypothesis that this signifidaincrease in nitrate was the product of a substantial transport event
that helped fuel phytoplankton spring production is supported by concurrent measurements of
dissolved trace metal species by Toyin Adu on the July 2009 to January 2010 éwisesllected
surface measurements of dissolved iron (DFe), dissolved zinc (DZn), and dissolved cadmium (DCd)

concentrations at discrete sampling stations across the transect. A maximum in all dissolved trace
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metal species was observed in SASW during the Septe2b8rcruise, with concentrations of DFe,
Dzn, and DCd of 0.20, 0.11, and 0.14 nmol*kgespectively (Adupers. comn). A concurrent
maximum in DRSi of 2.5umol L™ was also observed by Adpdrs. comn).during the September
2009 cruiselncreased levslof DFe and DZn were also observed in September relative to July 2009
in the STW, with an increase of 0.81 to 1.06 nmot ky DFe and 0.10 to 0.11 nmol kgn DZn

(Adu, pers. comn). These observations of increased dissolved trace metals for botA3w &nd

STW during the early spring (when the onset of the observed phytoplankton bloom is likely to
promote depletion effects in both limiting macro and micronutrients) supports the incidence of
significant transport of limiting nutrients into the frontalstem between the end of winter and the
initiation of the spring bloorperiod in 2009.

Although there was an evident increase in both macro and micronutrient concentrations detected at
the onset of the spring bloom period, it is not clear what transparhanism controlled the influx of
limiting nutrients into this systenThe weak gradient of the frontal zone was conducive to the surface
lateral advection of nutrients across the discrete water madeagver, the incidence of south
westerly prevailingvinds during the period between the July and September 2009 cruises were likely
to promote downwelling conditions offshore, which limited the vertical transport of nutrient laden
deep water for autotrophic consumption at the surf@bésgvell and Schiel, 2001At the same time,

these same persistent wind conditions have been found to accelerate the flow rate of the coastally
constrained Southland Current along the New Zwhizontinental shelfA study fromChiswell and

Schiel, (200)) reported that strong souttesterly winds moving in the same direction as the
northward flowing Southland Crent advanced the velocity of the current and enhashkedr stress

and seafloor turbulent mixing as the current moved along the shelf sygtemesult of this benthic
turbulent mixing is resuspension of sediments and particulates to the water colutinding
dissolved inorganic nutrients and trace mefdisen the weather conditions, the frontal structure, and

the time of year, this scenario is likely the dominant transport mechanism for the slight nutrient
increase between July and September 2008 thay have amplified biological production,
particularly in the SASW, throughout the rest of the seastmwever, without vertical isotopic
nutrient profiles and deep hydrographic observations, this scenario cannot be con@med.

potential transponnechanisms include aerosol deposition wewknerated production

The effect of the influx of ctimiting trace metalssilicate and nitrate into the waters of the SF
during the initiation of the spring bloom period was particularly apparent in thatetecolumn
integrated chi and NP observations in the SASW (245 mg chl m? and 0.6+ 0.2g C m? d?)
relative to the STW (13 7 mg chl n¥ and 0.3 + 0.1g C mi* d*) (Figures 3.6 and Figure 3.7).
Increased production and ehl(with dominance by miophytoplankton< 2 um in both parameters)

relative to July 2009 measurements indicated the onset of the spring bloom in théd8Wever,
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biological response to the nutrient fertilisation event was more profound in the SASW because of
perennial low tracenetal andsilicate concentrations relative to inshore waters, as characteristic of
HNLC regions.

This potential fertilisation event in September 2009, coupled with the intrusion of the neritic water
offshore in December 2009 and January 2010, was impdrtggromoting the high phytoplankton

chl-a concentrations and primary production rates observed in the combined NW/STW in December
2009 and January 2010, and in the SASW in December J0@9presence of a sidurface STW

water mass, seasonal warming offace waters, and large vertical density gradients produced well
stratified waters across the transect and induced the shoaling of very shallow (< 20 m) mixed layers in
the NW/STW combined water mass and in the SAB®Ming these conditions, both the NWAY

and the SASW experienced high-ehand primary production dominated by diatom (>120) size
phytoplankton structure (séggure 3.8 andFigure 3.9 and intense depletion of DRP and nitrate in

the NW/STW and DRSi in all water masses. Trace metal ohiseng of DFe, DZn, and DCd in the
SASW also indicated intense uptake with significant depletion of levels from September 2009 and
measurements of 0.17, 0.08, and 0.05 nmd| kespectively (Adupers. comm.

In January 2010, the stdurface expressioof the STW continued in the near shore and outer shelf
waters resulting in sustained shallow MLDs (< 20 m), intense vertical stratification and a combined
NW/STW water mass in the discrete measurement statiineng wind eventsNIWA, 2010,
Sutherlandpers. comn).in the week preceding the sampling cruises promoted the deepening of the
MLD to ca. 40 m in the SASW. Despite the constant shallow ML in the NW/STW and the potential
entrainment of subsurface natnis through the deepening of the ML in the SASW, phytoplankton
bloom activity in the form of high ckd concentrations and primary production dominated by large
cells was sustained in the NW/STW while the SASW exhibited signs of bloom termination
(diminished chia and primary production, depleted nutrients, and transition to smaller phytoplankton

size structurewith cessation of dominance by diatgms

The difference in bloom longevity between the NW/STW and the SASW was caused by the
availability and trasport of their respective limiting nutrienta.the NW/STW, the continued surface
intrusion of the nutrient laden neritic water mass provided a horizontally advected supply (potentially
originating from resuspension due to benthic turbulent mixing) ohiting nitrate and DRP
concentrations to a stable water column with a shallow mixed layer that would have otherwise
depleted its nutrient resources without subsurface entrainment or upwelling protéssssonger
frontal gradient+{0.293°C/km) observedn January 2010 also meant that this nutrient laden intrusion
of neritic water was constrained within the outer shelf and did not transport limiting nutrients to the
SASW.
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Although the deepening of the MLD in the SASW would result in the entrainmentbstidace
nutrient concentrations, there was not a significant biological response due to limiting concentrations
of dissolved trace metalsleasurements of surface DZn and DCd in the SASW were 0.03 nmol and
0.01 nmol kg, respectively (Adupers. comm Although a higher concentration of DFe relative to

the other trace metal species (0.15 nmot)kavas observed, the extremely low zinc and cadmium
values were indicative of severe trace metal limitation for physiological functionality in the SASW
from De@mber 2009 to January 2010. Dissolved zinc is used within the enzyme carbonic anhydrase,
but can be replaced by cadmium in the event of zinc limitation (Roat, 2003), therefore the
dissolved trace metal depletions from December to January coupledheitrashing of the SASW
bloom prior to the January 2010 sampling cruise are consistent with trends in phytoplankton trace
metal limitation stress observed in other studies includimghinset al, (2001), Boydet al, ( 2004,
andGaultRingold,(2011).

A gap in sampling from January 2010 to May 2010 meant that the parameters controlling the decline
of the NWSTW bloom were not directly observed or characterised. However, it is likely that nitrate
and light limitation combined with grazing stress were factors in the deterioration of peak bloom
conditions for this water mas$his suggestionis similar to findirgs from other studies including
BradfordGrieve et al, 1997, Gall et al(1999, Pfannkuche, 2002 Van Hale and Frew, 20)0A

surface sampling cruise along the Munida Time Series transect in March 2010 reported a collection of
relatively high chia (0,747 1.39mg m°) assemblages in the NW and STW water masses with low
but replenished concentrations of nitrate (050 umol L™), DRP (0.23 0.65umol L"), and DRSi

(0.571 2.30 umol L) relative to January 2010 concentrations (Currie and Adu, comn). This

data suggests that the formation of autumn phytoplankton blooms irshmrar waters may be
initiated through resupply of nutrients from coastal waters or regeneration and recycling of nutrients
entrained from the spring bloom and may contribute aifsignt drawdown period of nutrients and

inorganic carbon within the seasonal cycle of the Southland Front.

From January to May 2010, changes in sea surface and atmospheric temperatures relating to a positive
Southern Oscillation Index resulted in higlseasonal average sea surface temperatures in all water
masses across the Southland Frétfdpkinset al, 201Q Griffiths, 2017). The warmer sea surface
temperatures in winter produced higher temperature gradients between water masses which yielded a
stronge frontal system from July 2010 to November 20IBese intense temperature gradients at the
boundary edges of the discrete water masses prevented the onset of horizontal mixing processes
observed from winter to spring 2009 and led to spatially constrgumdical, chemical, and

biological processes within each respective water mass.

This lack of horizontal mixing and transport is apparent in the comparison of STW and SASW surface

nutrient and column integrated eblconcentrations and primary productiatas between the spring
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and summer seasons 2009 and 2@&b3h the STW and SASW water masses exhaviier chl-a and

primary production rates in September 2010 than in 2009, and nutrient concentrations are further
depleted in September 2010 relative to phevious winter maxima values for both yedbsring the
November 2010 cruise, the STW was observed as a discrete water mass system with a distinct
boundary edge to the inshore neritic waters and the frontal zone further offdigitevalues of
surface ad column integrated cla concentrations and primary production rates (with diatoms as the
dominant size classification) were observed in the STW region but were significantly lower than
levels reported in the late spring of the previous y&lhough tre differences in time of sampling
(November 18 to December  may have led to an earlier observation of the spring bloom event
than in 2009, the strong frontal gradierD.456 °C/km) indicated that the horizontal supply of
limiting nutrients to the SW from inshore was unlikely compared to the previous year.

Observations from the SASW region indicated that despite a significant depletion of DRSi from
September 2010 to November 2010 and a corresponding dominant contribution frmmsdia chl
concentations (58%) and production rates 68 column intgrated measurements of €h(68 + 16

mg chl n¥) and production rates (070.1g C m? d*) were significantly lower than in the previous
year.Although dissolved trace metal measurements were ndabieafor the May 2010 November
2010 sampling period, the strong frontal gradient and lack ofwdaézrmass mixing in 2010 indicate

a reductionof influx of limiting trace metals across the frontal akin to observations in 2009 with
accompanying highhd-a and production rates in both the STW and SASMie considerable
discrepancy between magnitude and size structure of the NPP aadl$ervations and the near
depletion of DRSi (ca. 0.fimol L) were signs that the peak phytoplankton bloom periothén
SASW may have occurred earlier than the sampling date of Novenib2010.

Annual carbon drawdown budgets for the STW and SASW water mass systems were estimated by
interpolating between the vertically integrated column NPP measurements ovaaranfidl cycleln

order to incorporate the highest number of observations as well as the spring peak bloom seasons for
2009 and 2010, the'bf December 2009 was chosen as the beginning of the annualTdyelannual

carbon drawdown bueds for the STW athSASW are 24@ 30g C m’ year'fand 100+ 10g C

m? yeaf', respectively (with 95% confidence intervaldjhe difference in the annual carbon
drawdown budgets between the two water mass systems reflect the physiochemical factors limiting
phytophankton abundance and production relative to the distinct water ma$se=e annual NPP
drawdown budgets for the STW and the SASW are in agreement with estimates derived from
remotely sensed satellite data and productivity models for subtropical watleesRacific Southwest

and HNLC waters of the Pacific and Southern Ocean, respectvatyqt al, 2009.
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3.5.2 El Nifio Southern Oscillation (ENSO)

This study of tle seasonal and spatial variations in phytoplankton primary production across the
Southland Front is unigue because of the high frequency and high spatial resolution of sample
collection across the dynamic frontal systéuring the sampling period of JuB0O09 to November

2010, a shift in climate from a moderate ERBlito moderatéo-strong La Niia occurred. This study
therefore serves as a detailed report of the climatic forcings and shifts which occurred during the
20092010 ENSO cycling and the subsequéeedback of physical and biogeochemical processes
along the Southland Front.

Positive correlations between the cycling of ENSO events and temperature anomalies in the waters off
the coast of New Zealand have been observed in previous stGdietof, 1986Greig et al, 1988

Mullan, 1998 Kidstonet al, 2009. A decrease in the Southern Oscillation Index (SOI) in the spring

of 2009 ushered in an El i period, characterised by-geasonably cold surface air and sea surface
temperatures, stron@.g. multiple records of gusts exceeding 100 km/hr) saetsterly prevailing

winds and prevalent dry climate conditions for much of October to December 2009 (NIWA 2010 &
2011) (seeFigure 3.249. During this same period, lower mean SST were measured vater

masses across the Southland Front relative to the same period in 2010 and the STW was observed as a
subsurface feature across the frontal zords manifestation of a stdurface STW, also reported by

Jillett (1969), Currie and Hunter (1998hdHopkins et al, 201Q is not a regular seasonal trend but
rather is observed in spring and summer seasons with corresponding decreases imelaiiBio

El Nifio events(Hopkinset al, 2010. Shaw and Vennell (2001) reported a decrease in mean SSTs
and frantal gradient strength between April 1989 and March 1992 also coinciding with negative
indices in SOI.

Although not isolated to El Ko conditions,Chiswell and Schiel(2001) reported that prevailing
southwesterly winds promoted downwelling conditions offshore and full vertical enhancement of the
northward flow of the Southland Current along the shitie resuspension of dissolved inorganic
nutrients and trace metals fnothe sediment of the shelf system due to turbulent shear stress is
therefore one potential consequence of a moderate to strongicceMint that may be a significant

transport mechanism of limiting nutrients to the SF off the coast of Otago.

In the mddle of 2010, the largscale climate setting for New Zealand shifted to a Lid@aNilimate
pattern (e.gi positive SOI) which intensified in September and prevailed through the rest of the year.
The indces for the Southern Annular MedSAM) were alsodrgely positive for the year, indicating

a decline in westerly wind strength and prevailing anticyclonic conditions over the southern part of

the South Island (Griffithgpers. comm The main effect of a positive SOI index in the waters off the

87



coast of ew Zealand (as reported during Lafllievents) is the prevalence of neethsterly winds

and the subsequent transport of warmer surface waters and surface air temperatures from the tropics
and subtropics southwardee Figure 3.24 Both Shaw and Vennel2001) and Hopkingt al

(2010) reported intensified frontal strengths due to warmer sea surface anomalies and increased
temperature gradients during periods relating to positive trends in th€Bi®lvell and Schiel, 2001

reported that prevailing northerly winds, characteristic of LBaNilimate patterns, could limit the

effects of downwelling offshore or even promote upwelling evedtavever, as outlined in the
aforenmentioned ENSO studies, Chiswell and Schiel (2001) also noted that any vertical transport of
nutrients through upwelling would be highly constrained within the discrete water masses due to high
temperature gradients creating a barrier to lateral adveatiiossathe SF system.

The physical structure of the Southland Front and the observed physical, chemical, and biological
processes in this study correspotwdthe reported anomalies experienced in the marine environments
and general climate during ENS®cles.The seasonal variations in frontal strength and impact on
horizontal water mass mixing match reported variations in sea surface temperature and temperature
gradients across the Southland Front (Chiswell@etdel 2001, Shaw and Vennell 200Mppkinset

al., 2010. The subsurface STW feature and the propulsion of surface neritic water beyond the outer
shelf corresponds to the prevalence of strong and sustaineewszsitrly wind events from October

2009 to early January 2010 (NIWA010 and 2011 Suherland pers. comn). Although the
subduction of the STW during the spring and summer seasons may not be limited fio EVéits,
reports of similar phenomena (@i, 1969, Currie and Hunter, 1998ccurred during periods of
strongly negative SOI indés Hopkinset al, 2010.

Although these results may indicate potential interannual variability along the Subtropical Frontal
Zone caused by ENSO for the 2009 to 2010 calendar years, it is noted that this study is limited by its
spatial range and tempogriods of observation. In order to determine the full impact of interannual
variabilities caused by global climate events such as ENSO and other long term patterns including the
Pacific Decadal Oscillation, it is necessary to evaluate the full Munida Tenies database as well
mesoscale satellite data from the study arkwever, this study does suggest the importance of
interannual fluctuations in the structure and strength of the frontal zone, and the subsequent impact on
the parameters dictating yibplankton production rates, assemblages, and biomass distrib@iens.

going research, including the variability of the seasonal frontal gradient, impacts on vertical and
horizontal transport processes, and implications on primary productivity, hassbbeanmtted for

fundingconsideratiorio the New Zealand Ministry of Science and Innovation as of April 2012.
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3.6 Conclusions

This study depicts the first interannual essment of phytoplankton production and biomass across
the dynamic Southland Front system off the coast of Otidgar shore waters, including coastally
derived neritic waters and modified Subtropical Waters, exhibited highest seasonal concentrations of
chl-a and net primary production (as measured within the STW and the combined NW/BITW).
agreement with previous studies Bas Hawke (1995) and Van Hale dfrew (2010), phytoplankton
production in these waters proved to be nitrogen limieudither offstore, phytoplankton production

and biomass in the StAntarctic Surface Waters were perennially lower than near shore waters and
were colimited by the abundance ddilicate and dissolved trace metals, which are features
characteristic of a HNLC regiofThe size structure analysis for both hland NPP revealed that
smaller phytoplankton classes (including picophytoplankton aadophytoplankton were the
dominant size class for most of the yeBwring the initiation of the spring bloom, size class
structues for both the STW and the SASW shifted to dominance of larger algal cells including
diatoms.The shifts and seasonal variations in size structure ed elnid NPP not only signify the

onset and decline of bloom formation in the STW and SASW, but arémafortant in determining

effects of zooplankton grazing and subsequent local ecosystem structure and efficiency. The coupling
of inorganic carbon fixation and organic carbon export processes will be discussed in further detail in
Chapter 6.

The resultof this study show that that varying rates of primary production between water mass type
and interannual fluctuations are dependent upon physical structure of the frontal zone andmdacro
micronutrient influx.These physiochemical characteristics agmificantly impacted by seasored
interannualclimatic condiions that drive upwelling and dowrwelling conditions, lateral surface
advection, and resuspension of benthic particulates along the continental shelf via acceleration of the
Southland Curnet. The complex and dynamic nature of the Southland Front (on both spatial and
temporal scales) and the short lifespan of the peak blooming periods demonstrate the importance of
combining ship surveys and mesoscale observations from remote sensing toebgthate
phytoplankton distribution and production relative to the physiochemical forcings of the frontal
system.This topic of verifying and combining data acquired from satellite remote sensing with

shipboard data itheprimary focus ofChapter 4.
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CHAPTER 4: A NSEA-TO-SKYO INVESTIGATION OF PHY TOPLANKTON
CHLOROPHYLL -A AND NET PRIMARY PR ODUCTION TRENDS ACROSS THE

SUBTROPICAL FRONTAL ZONE

4.1 Abstract

The comparison of coincident satellite aimdsitu observations provides a specialised means of
assedng the accuracy of satellite algorithms and data products for a given region of the ocean.
Remotely sensed observations of the diffuse attenuation coefficient at 49Qgnfrém the MODIS
sensor provided estimates of euphotic zone degtith was compd toin situ measured and
seasonal literature values of photosynthetically active radiation (PAR, 400 to 700 nm). Satellite
derived chlorophyta (chl-a) products were processed for waters comprising the Subtropical Frontal
Zone (STFZ) off the coast oft@go from standard global algorithms from both the MOBtfua
(OC3M) and MERIS (Algal 1 and Algal 2) sensor platforms. Coincident satellite deriveal chl
observationswere obtained for dates relating to sampling cruises along the Munida Time Series
Transetin order to evaluate diremporal matching paifsetween remotely sensed dndgsituchl-a
concentrationsThe performance and the accuracy of these algorithms were assessed using the ratio of
remotely sensed tim situvalues and linear regressionasyses for neashore (neritic and modified
Subtropical waters) and Suntarctic Surface Water mass@$ie empirical algorithms, including the
MODIS OC3M and the MERIS Algal 1, were within the 35% detection goal for satdiieed
estimations ofin situ chl-a concentrations defined ylooker and McClain(2000. However, the
MODIS-derived estimates were inconsistent and had large associated uncertainties, with estimates 70
+ 60% (95% confidence interval) of thie situ chl-a measurements’he MERIS Algal 1 algorithm
performed the most accurately and precisely, with estimates of sadellited chla 80+ 20% of the

in situvalues despite a limited number of matching date pairs (n = 2@ améllrange of chia used

in the validation (<0.5 mg nt). The performance of the MODIS OC3M algorithm was erratic due to
highly variable satellite derived chlrelative toin situ values at the higher end of ehnldetection

(>1.5 mg n?), conditions most commonly found during phytoplankton bloom evéite semi
analytical MERIS Algal 2 systematically overestimatedah¢lative toin situ measurements by 500

T 800% because of the lack of appropriatesitu matching data within the conditions optimised by

the algorithm Although cloud cover greatheduced the number of mataps and the availability of
remotely sensed clal for validation, this preliminary assessment of standard globed aldorithms

provides a standard of comparison for more specialised algorithm application and allows for the
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relative temporal and spatial assessment of biological seasonal and interannual trends within the study
area. Applications of these remotely sensed products include an integrated remotely sensed and
shipboard surface clal time series and the assimilationreimotely sensed bioptical products into

net primary production (NPP) models.

4.2 Introduction

Data acquired from satellfgased remote sensing instruments have allowed scientists to monitor and
evaluate oceanic processes and dynamics encompasgidg wariety of spatial and temporal scales.
Ocean colour plots are remotely sensed products derived from the relative concentration of absorbed
and scattered photons from within the visible range of the electromagnetic spédtGiaif, 2009.

Ocean colar data areommonly used to estimate concentratiohsnarinephytoplanktonusing the
ubiquitousphotosynthetipigment chlorophyta (chl-a) as an index for biomas§he global coverage

and wide range of temporal and spatial resolutions of remote sefaiiligates the study of
phytoplankton dynamics that may not be achievable through shipboard sampling Higme.
resolutionchl-a measurements averaged over daily cycles can reveal the initiation and expansion of a
regional scale algdiloom, while globfly accumulatedbservations over several yetodecadesan

provideinsight to interannual trendsfluenced by climate variabilitBehrenfeldet al, 2006.

However, ocean colour is not solely a function of the relative concentration of chlorogbieyll;
detection spectra for chromophoric (coloured) dissolved organic m@@OM) and detrital or
suspended particles also lie within the visible range with an absorbance maximum at approximately
412 nm (McClain 2009, Tufillaro, 201]). The presence of these constituents in seawater can result in
overestimations oftthl-a (Siegel et al, 2005, which has an absorption maximum at 440 nm, a
minimum at 660 nm, and a fluorescence peak at 680Tuifill&aro, 2017). Other factors can result in

the misinterpretation of ocean colour spectra in regardblta detection including refraction of the

sedloor in shallow watersr the presence of shallow water seagrass or kelp.

Waters where spectral data covamymarily with the chlorophyla pigment are known traditionally

as Case lwaters.These waters are usually deep and free from terrestrial isBgesuch as open

ocean basindn contrast, Case 2 waters are identified as areas containing a significant presence of
other optically detectable constituents (besides phytoplankton pigments) in seawater including
CDOM, suspended particles, or microbulsbl€ase 2vaters pose a major issue in the application of
remotely sensed data because of the interference and misinterpretation of marine optical properties

due tothe presence of these optically complex constituents, which do not covary with phytaplankto
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pigment concentrationdOCCG, 2000. Major examples of Case ®aters include co&as systems

and riverine plumes.

Remotely sensedocean data are also used to calculate estimated values ghdbal scale
biogeochemical processes thaduld be logistically impossible using traditiorsddip-board sampling
methods. An example of this type of application is the estimatiometf primary production (NPP)
from marine autotrophsModels and algorithms thagstimateprimary productivity using remotely
sensed data, as described in published works incligknigenfeld and Falkowski, (199 Berhenfeld
et al(2009, Carret al. (2006, and Westberrgt al. (2008, have been vital in deterning the relative

influence of linlogical processes on carbon fluxesvietn the atmosphere and the glaidars.

The validation of remotely sensed observations within a particular marine environment by
determining the accurg®f the remotely sensed product relative taritsitu measured counterpart is

crucial to the implementation and incorporation of remotely sensed data in reS&diddtion with
seabased measurements is also important to the continued improvemenmtodé iIsensing algorithms

which may be used to derive large scale spatial and temporal data sets for use in climate change and
ocean dynamics modeling (McClaiB009). There is also evidence that universal applications of
empirical radiance and chl concettration ratios may not be appropriate for all areas of the ocean
(particularly in HNLC waters and the Southern Ocean) due to seasonal variations in phytoplankton
physiology and environmental conditioridi{chell et al, 1991 Arrigo et al, 1998 Pinkertonet al,

2005).

In the wates off the eastern coast of New Zealand, remotely sensed ptdducts (OC4v4
algorithm) from the SeaWiFS platform were verified for Case 1 (i.e. open ocean) waters within the
Subtropical (STW), Subtropical Front, and SAtarctic (SASW) water masses (kfphy et al, 2001,
Richardsonet al, 2004), with an average underestimationirofsitu chl-a by approximately 20%
(Richardson eet al, 2004). Comparison of the global standard MODISG3M algorithmClark et

al.,, 1999 and MERIS (Algal 1Antoine and Morel, 1999chl-a products in New Zealand waters
indicated that both algorithms showed no definitive statistical bias with respeat &itu
measurements in offshore water; however, the study did find that the MERIS and MOE4S chl
products yielded an approximately 20% positive bias in waters near the continental shelf (Petkerton
al., 2005).

In the Subtropical Frontal Zone (STFZ) off the sbaf Otago, the marine environment is influenced

by frontal processes and major water mass interactions along witltosestal processes including
riverine outflow and longhore current systemghis location presents a unique challenge in relation

to satellite remote sensing because of the intermittent effect of optically complex neritic waters within

the frontal systeniThe purpose of this chapter is to compare shipboard measurements obtained from
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the Munida Time Sergewith time andlocationmatchedstandard remotely sensed products from the
MODIS and MERIS satellite platform$rom this preliminary validation, an extended biological
timeline for chta and NPP parameters along the Munida Time Series transect was developed using
daily and eightday conposite remotely sensed observations incorporated with the shipboard data
from July 2009 to December 20IThis timeline aided in the assessment of seasonal biological trends
outside the scope of the-tmionthly sampling cruises, including the initiation @edmination of the
primary spring phytoplankton bloom within each of the water masses and the incidence of secondary
bloom events outside of the peak spring and summer months.

4.3 Methods and analysis

4.3.1 Shipboard measurements

Shipboard measurements were eciéd along the 65 km Munida Time Series Transect across the
Southland Front along the coast of Otago near Dunedin, New Zed&endeen July 2009 and
November 2010, nine singllay sample cruises at a frequency of approximately once every 2 months
were ued to collect waters at the surface and through the upper water column (< 120 m) (see

Chapter 2 for further description of methodology).

At each of the eight conductivitemperaturalepth (CTD) stations, hydrocasts in the upper 100 m of
the water colummising aSBE 19lusV2 SEACAT ProfilerCTD with a rosette configuration of four

to six 12L Niskin Bottles provided physical data {i#emperature and salinity) and samples for the
analysis of total and size fractionated chlorophyéind 24 hour simulated situ **C incubations for

the determination of NPP (sdéghapter 2, Section 2.2.1and Section 2.2.3for detail regarding
sampling method, handling, and analysis procedures fea ahl NPP, respectivelyjttenuation of

light through the water column wameasured by an integrated PAR (photosynthetically active
radiation, 406700 nm) sensorL{Cor LI-193SA underwater spherical quantum PAR seén$uater
sampl es for t he anal ysi s of i nher ent optical
backscatteng, and suspended particulate matter) were collected from each water mass during the
July 2010 cruiseAppendix V).
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4.3.2 Remote sensing data acquisition and analysis

The Moderate Resolution Imaging Spectroradiometer (MODMMSrument aboard the Aqua Blite
Spacecraft incorporates 36 spectral bands measuring visible, infrared, and microwave wavelengths.
Level 2 remotely sensed observations from within the study area were obtained from the Ocean Color
Website (http://oceancolor.gsfc.nasa.gov/) admirgsktcby NASA and the Goddard Space Flight
Center (GSFC)Observations used for direct comparison to $fuprd data were selected for within
several days of the sampling date and were preferentially nominated for study area inclusion and
cloudfree imageryOther daily cloudfree Level 2 scenes of the study area were chosen to provide
high resolution temporal and spatial coverage between sample crumses. 2 chia products were
derived from the global chlor_MODIS empirical algorithm or OC3Mafk et al, 1997, O6REi I |y
al., 1998). Spatially gridded Level 3 cHd products were derived from binned Level 2 observations
using SeaWiF®ata Anaysis System (SeaDASoftware yersion 6.3 SeaDAS, Fu et al. 1998

Figure 4.1depicts an example of a Level 3 derived MODIS scene for the STFZ region off the coast
of Otago.Although data from the SeaWiFS platform has been assessed previously for NewdZeal
waters (Murphyet al, 2001, Richardsoet al, 2004, Pinkertoret al, 2005), data from this sensor

was not incorporated in this study because of the cessation of the SeaWiFS mission in 2010.

10,00

Figure 4.1. Exampleof a Level 3 MODIS scene (2 km reatibn) depicting remotely sensetilorophylla concentrations

derived from the global standard OC3M algorithm for waters off the eastern coast of the South Island on January 26, 2010.
The location®f thediscrete sampling stations of the Munida Time SeTiensect (brown crosses) are super imposed on the
image to identify the corresponding pixel locations alnka producttemporal time matches
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The vertically diffuse attenuation parametig)(was used to estimate euphotic zone depth and is
directly related to the presence of scattering particles in the water column and the clarity of the
ambient seawater system which determineattenuation of light at depthiLée et al, 2005. K is
experimentally determined by the exponential decay at depth of the ambient downwelling irradiance
(Ey, at depthz and wavéength 8, which is defined as the irradiance of photons heading in all
downwards directionky at wavelength 490 nm is useful in estimating euphotic zone depthere

the irradianceE at depthz is 1% of surface irradiancé&,) as well ascharacterisingerrigeneous
influence on seawater optical properties and defining a coastal as opposed to open ocean environment
(i.e. Case 2 vs. Case 1 scenariGjbbs et al, 2009. Values of the vertical diffusattenuation
coefficient at wavelength 490 nniKf4q were also extracted from the Level 2 MODIS at 2 km
resolution observations (Muell200Q and references therein) for comparisointgitu and seasonal
literature values oKpar (Pfannkuchel998)acrcss the water masses of the Subtropical Frontal Zone.
Eightday composite®f Level 3 scenes at Bm resolution were used for comparisdnai direct
matchup (i.e. time matclup of three days or less in relation to target dets unavailable due to

cloudiness or processing control flags.

Ocean colour derived estimates of net primary production (NPP) calculated from the Vertically
Generalized Production Model (VGPNBehrenfeld and Falkoski, 1997) were obtained fnm the
Ocean Productivity websit@{oductivity, 201). The VGPM is a commonly used chlorophglbased
algorithm that uses MODIS derived values of-ahkea surface temperature (SST), cloadected
incident daily photosynthetically active diation (PAR), and chkh derived euphotic zone depth
(Morel and Berthon, 198%s inputsEight day composites across the 2009 and 2010 anmoel ti
spans were analyséa SeaDASfor comparison tan situ column integrated NPP values measured at
the Subtropical (Station 3) and SAbhtarctic (Station 7) sites along the Munida Time Series Transect
(seeChapter 3).

The Medium Resolution Imaging Spectrometer (MERIS) seissone of the primary ocean colour
sensing instruments dward the EnviSat satellite operated by the European Space Agency (ESA).
The MERIS instrument has fifteen spectral bands in the visible and near infrared spectra, with ten of
these bands in the 40B0 nm rangelLevel 1 and Level 2 MERIS products at 300 m resolution were
obtained via the Oregon State University (OSU) College of Oceanic and Atmosflvazices
(COAS) Remote Sensing Group (Tufillapers. comm). MERIS data for the study area wasaibed

from the ESA Earth Observation websiteu(opean Spacégency, 201) The data were then
processed using theABIC ERS & Envisat (A)ATSR and MERIS Toolbox (BEAM) toolbox software
provided by ESA, which included VISAT 4.9 and ENVI 4.7 softwatesvel 3 standard mapped
products were constructed for the sampling area for parameters including instantaneous AR, chl

andtotal suspended solidan example of MERIS derived observations, including the real image scan
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and Level 3 products of Algal 1, Algal 2, and total suspended solid products, is presdfitpden
4.2.

Figure 4.2. Exampleof MERIS platform observatiorfer waters off the eastern coast of the South Island on November 22,
2009.a.) RGB (real colour) image with superimposed discrete sampling statiol iMERIS Algal 1 empirical Case 1
water chia product, derived from 681 nm band. c.) Total suspendkdssproduct derived from 620 nm bartd) MERIS

Algal 2 semianalytical Case 2 cd product, derived from 708 nm band.

Chl-a productswere derived using both MERIS Algal 1 and Algal 2 detection algoritfins Algal 1
empirical algorithm is based onetlstatistical regression between-ahdnd radiance ratios and is
primarily used within Case 1 waterArtoine and Morel 2000).The Algal 2 algorithm is a semi
analytical algorithm that is used primarily in optically complex or coastal waters (Casén2por
light and high nutrient environments found in the high latitude HNLC regibaosrffer and Schiller,
2007).
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4.3.3 Comparison and verification analyses

The performance of ckd products from MODISAqua and MERIS platforms for the STFZ off the
coast ofOtago was evaluated usimg situ surface chla measurements collected from the Munida
Time Series transect from July 2009 to November 20E¥el2 satellite observations for both
sensors were chosen for reduced cloudiness around study area and teopcickree within three
days of the cruise datélthough temporal matches should ideally be within 24 hours ofrttsitu
measurement, lack of direitt situ matches necessitated the decision to apply this less conservative
time criterion.Standard prodtt masks and flags, including cloud, land mass, coastahtamuspheric

masks were applied to all Level 2 and Level 3 observations for analyses.

A linear regression analysis was used to determine statistical performance of the satellite algorithm
relativeto thein situ measurement, with the slope of the line and associated 95% confidence intervals
determining the precision of the predicted-atproducts derived from satellite algorithni=or the
chlorophylta assessment, Neritic Water (NW) and modifiedbt®pical Water (STW) were
designated as fAnear s hor eMntarotic SuifaBe Watert wag desigaated e s |,
as an offshore water mass (retaining the acronym designation of SA®MEr mass identification
procedures using surface sea temapure and salinity parameters are detaile@hapter 3, Section

3.2.4

4.4 Results

4.4.1 Euphotic zone depth

In situ euphotic zone depth was calculated using the general relationship of the attenuation of

irradiance E, with depthz, such that:

0 00 (18)

where g is the irradiance at the surface aBdis the irradiance at deptk, The euphotic zone is
defined as the deptlz] where the ratio oE,/E, is 0.01.K; is the diffuse attenuation coefficient and is
generally reported as the diffuse attenuation of scalar PAR at wavelength®@Qtm, orKpar.
During the cruise dates where the CTD integrated PAR sensor was available and futGiignehs

calculated using the vertical profile measuremeBfsdt dephs z.
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However, in cases wheie situ PAR vertical profiles were not available, a combination of literature
and remotely sensed valueskaffor each of the water masses was used in order to calculate euphotic
zone depth and light attenuation values Far dleck boardimulatedin situincubations (se€hapter

3). Literature values of seasort&lsr for each water mass were obtained framstudy of the inherent
optical properties in the Southland Front off the coast of Otago by Jens Pfannkuche from autumn
1997 to summer 1998 (PfannkuchkE998 and 2002 Prior to each sampling trip, these literature
values were compared to remotely sensggdto produce an estimate of water clarity for each of the
water massesA comparison of then sity, literature, and maotely sensed values &f at PAR and

490 nm wavelengths and calculated euphotic zone depths for the modified Subtropical and Sub
Antarctic water masses is depictedrigures 4.3and4.4,and summarized ifiable 4.1.

Although the remotely sensd€lq, paraneter has been successfully used to estimate euphotic zone
depth in bieoptical marine studiesMueller and Lange, 198®arnardet al, 1999 Behrenfeldet al,

2005, Fearnset al, 2007 Jonsson, 20)1 it is important to note thaK,s and Kpar are not
interchangeable parameters and may vary considerably in optically complex waters and in shallow
waters Barnardet al, 1999. The absorption minima for pure water ranggesween approximately
between 400 and 450 nRdpe and Fry, 1997 while the phyoplankton absorption minimum occurs

at 440 nm but ranges from 550 nm up to 650 nm (Tufillaro, 20tljs, wavelengths in the middle of

the absorption spectra are able to penetrate further through the vertical water column depending on the
relative incidece of particle backscattering and othbromophoricconstituents in seawater (Morel,
1988). Euphotic zone depthzf) from remotely sensed daily or eigiidy composite observations of

the study site was calculated using the stanid®IS K, product (Mweller, 2000), where:

G 1 s pao (16)
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Table 4.1.Summary of in situ, literature, and remotely sensed diffuse attenuation coefficients and derived euphotic zone
depths (brackets) for the modified Subtropical and-Suotarctic water masse#n situ Koar and z values were derived from
vertical measurements of PAR taken through the water column at the Station 3 and Sfatimebation sites (see

Chapter 3). Seasonal literaturegsg values were described for each of theter masses off the coast@fago by

Pfannkuche (1998, 20D2Some of the literature values were interpolated between reported sampling to provide adequate
seasonal coverage. Remotely sensgg toducts from the MODIS platform were derived from daihd eightday

composite L2 observations at 2 km resolutiiffuse attenuation coefficients, shown in bold, have units fand derived
Z.values, in brackets, have units of m.

Modified Subtropical Water Sub-Antarctic Surface Water
Cruise date In Sitt (Ken) Literature MODIS In Situ (Ko Literature MODIS
(Kpar) (Kago) (Kpar) (Kago)

July 14 2009 n.d. 0.05(92) 0.05(92) n.d. 0.03(153) 0.05(92)
Sept 29 2009 n.d. 0.08(58) 0.05(92) n.d. 0.07(66) 0.06(77)
Dec 8 2009 n.d. 0.14(42) 0.11(42) n.d 0.11(42) 0.07(66)
Jan 15 2010 n.d. 0.14(42) 0.15(29) n.d. 0.11(42) 0.11(42)
May 5 2010 n.d. 0.07(66) 0.05(92) n.d. 0.06(77) 0.06(77)
July 14 2010  0.05(92) 0.05(92) 0.06(77) 0.05(92) 0.03(153) 0.05(92)
Sept 28 2010  0.07(66) 0.08(58) 0.07(66) 0.08(58) 0.07(66) 0.06(77)
Nov 19 2010  0.08(58) 0.14(42) 0.07(66) 0.07(66) 0.11(42) 0.07(66)

n.d.7 not determined

Results from the Pfaknche seasonal study (1998, 2Pp@itlicated a twdold temporal variation in

Kpar from winter tospring on the outer shelf waters, with clearest waters found in the winter for both
STW and SASW (0.05 thand 0.03 i, respectively)The highesKpag values (correspondinig less
attenuation at depth and shallow&) were found in near shore néaritvaters (ranging from 0.15 to

0.20 ni, not depicted iTable 4.1 and in the late spring and summer for STW and SASW (0.14 and
0.11 m', respectively) (Pfannkuche, 19989)he higherKpar values in the near shore waters were
associated with the influx ahorganic particles from riverine outflow, with higher seasonal values in

the spring and summer for all water masses associated with an increase in backscattering due to

increased phytoplankton cells and inorganic particlesarstinface water (Pfannkuel2003.
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Figure 4.3 Comparison of diffuse attenuation coefficienkg)( derived from measured, literature, and remeselysed
methods within the Modified Subtropical and Sibtarctic Water masses.

Figure 4.4Comparison otuphotic zone depthZ.) derived from measured, literature, and remesagsed methods within
the Modified Subtropical and StAntarctic Water masses
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