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1. Introduction

ABSTRACT

This study focuses on the comparison of oceanic and coastal cold-core eddies with inner-shelf and East
Australian Current (EAC) waters at the time of the spring bloom (October 2008). The surface water was
biologically characterised by the phytoplankton biomass, composition, photo-physiology, carbon
fixation and by nutrient-enrichment experiments. Marked differences in phytoplankton biomass and
composition were observed. Contrasted biomarker composition suggests that biomarkers could be used
to track water masses in this area. Divinyl chlorophyll a, a biomarker for tropical Prochlorophytes, was
found only in the EAC. Zeaxanthin a biomarker for Cyanophytes, was found only within the oceanic
eddy and in the EAC, whereas chlorophyll b (Chlorophytes) was only present in the coastal eddy and at
the front between the inner-shelf and EAC waters.

This study showed that cold-core eddies can affect phytoplankton, biomass, biodiversity and
productivity. Inside the oceanic eddy, greater phytoplankton biomass and a more complex
phytoplankton community were observed relative to adjacent water masses (including the EAC).
In fact, phytoplankton communities inside the oceanic eddy more closely resembled the community
observed in the inner-shelf waters. At a light level close to half-saturation, phytoplankton carbon
fixation (gC d~1) in the oceanic eddy was 13-times greater than at the frontal zone between the eddy
and the EAC and 3-times greater than in the inner-shelf water. Nutrient-enrichment experiments
demonstrated that nitrogen was the major macronutrient limiting phytoplankton growth in water
masses associated with the oceanic eddy. Although the effective quantum yield values demonstrate
healthy phytoplankton communities, the phytoplankton community bloomed and shifted in response
to nitrogen enrichments inside the oceanic eddy and in the frontal zone between this eddy and the EAC.
An effect of Si enrichment was only observed at the frontal zone between the eddy and the EAC. No
response to nutrient enrichment was observed in the inner-shelf water where ambient NO,, Si and PO,
concentrations were up to 14, 4 and 3-times greater than in the EAC and oceanic eddy. Although results
from the nutrient-enrichment experiments suggest that nutrients can affect biomass and the
composition of the phytoplankton community, the comparison of all sites sampled showed no direct
relationship between phytoplankton biomass, nutrients and the depth of the mixed layer. This is
probably due to the different timeframe between the rapidly changing physical and chemical
oceanography in the separation zone of the EAC.

© 2010 Elsevier Ltd. All rights reserved.

a complex and highly variable western boundary current, with a
summer flow (16 Sv) twice as strong as in winter (7 Sv; Godfrey

Biogeochemical properties of water masses along the coast of
south east Australia are dominated by the presence of the East
Australian Current (EAC, Nilsson and Cresswell, 1981). The EAC is
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et al., 1980b, Ridgway and Godfrey, 1997). Extending from the
Coral Sea to the Tasman Sea, the EAC advects warm oligotrophic
Coral seawater and its resident organisms southwards along the
offshore edge of the continental shelf (Booth et al., 2007; Baird
et al., 2008; Thompson et al., 2009).

The EAC tends to separate from the coast between 30 and 34°S
(Godfrey et al., 1980b), with up to one-third of the EAC continuing
southwards into the Tasman Sea (Tilburg et al., 2001). In this
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region, the continental shelf narrows, forcing the EAC to
accelerate and turn away from the coast (Oke and Middleton,
2000). This acceleration and separation result in uplift of nutrient-
rich slope water onto the continental shelf (Tranter et al., 1986;
McLean-Padman and Padman, 1991; Roughan and Middleton,
2002, 2004), generating marked upwelling signatures in sea-
surface temperature (SST), nutrients and chlorophyll a (Oke and
Middleton, 2001). This coastal region is known as “the separation
zone”, from where the EAC meanders eastward across the Tasman
Sea, leaving behind a dynamic southward moving eddy field
(Godfrey et al., 1980b; Ridgway and Godfrey, 1997).

The water mass properties in this separation zone are thus
highly variable, resulting from the EAC intrusion onto the
continental shelf, the entrainment of upwelled and inner-shelf
waters (Tranter et al., 1986; Cresswell, 1994) and the formation of
mesoscale eddies (Godfrey et al., 1980b; Ridgway and Godfrey,
1997). The EAC separation zone therefore represents a conver-
gence of numerous water masses, each of which has different
characteristics of salinity, temperature, dissolved nutrients and
mixed-layer depth; factors that influence biological properties
such as the distribution and ecology of phytoplankton as well as
primary productivity (e.g., Bakun, 2006; Baird et al., 2008 for the
Tasman frontal zone resulting from the EAC separation zone).

Although regional circulation models (Baird et al., 2006) and
recently applied underwater autonomous vehicles have helped
resolve the complexity of chemical and physical oceanography
in this region (Baird et al., 2011), there has been no analysis of
phytoplankton biodiversity and productivity in the EAC separa-
tion zone since the 1990s (e.g., Jeffrey and Hallegraeff, 1980).
Phytoplankton in the region are dominated by nanoflagellates
(cells <15 pum in diameter) including prymnesiophytes, prasino-
phytes and dinoflagellates, with episodic, short-lived blooms of
chain-forming diatoms > 15 pm (Hallegraeff, 1981). There is no
clear seasonal variation in species composition, but blooms occur
in spring and autumn (September-October and February-March,
respectively) as well as summer, and involve a sequence from
small chain-forming species to large centric species and even-
tually to large dinoflagellates (Newell, 1996; Hallegraeff and Reid,
1996). Such blooms are widespread along the NSW coastline and
are the result of nutrient-rich continental slope water intruding
onto the shelf due to the EAC and its associated eddies (Tranter
et al., 1986; Hallegraeff and Jeffrey, 1993). Warm-core eddies that
pinch off from the meandering EAC show a more diverse
community at their edge and slight elevation of phytoplankton
biomass in their centre (Jeffrey and Hallegraeff, 1980) and can
result in a mixture of temperate and tropical species in NSW shelf
waters (Hallegraeff and Reid, 1986).

Although the mechanisms for nutrient enrichment of surface
waters are well understood (Oke and Middleton, 2000, 2001;
Roughan and Middleton, 2002), little is known about nutrient
limitation of phytoplankton growth and its effect on productivity
in the NSW region. In view of the long-term decline in silicate
concentrations at Port Hacking (Thompson et al., 2009), and the
observed intensification of EAC flow and its greater southwards
intrusion (Ridgway and Hill, 2009), investigating the links
between physical oceanography, nutrients and phytoplankton
abundance, biodiversity and productivity in this area is urgently
required.

This study tests the hypothesis that variable water masses in
the EAC separation zone result in characteristic and demonstrably
unique phytoplankton communities and productivity. This work
compares oceanic and coastal cold-core eddies with inner-shelf
and EAC waters in the late stage of the spring bloom (October
2008). The water masses were biologically characterised by
determining phytoplankton biomass, composition, photo-physiol-
ogy and carbon fixation. Nutrient-enrichment experiments were

used to determine which nutrient (nitrate, phosphate or silicate),
limited the biomass, productivity and biodiversity of natural
phytoplankton communities present in the area.

2. Methods
2.1. Study region

The cruise aboard the R.V. Southern Surveyor took place during
the Austral spring, from 10 to 20 October 2008. Prior to the cruise,
in mid-September 2008, the EAC had relatively weak flow, with
an average temperature range between 20 and 22°C and a
significant retroflection around 35°S (as determined by satellite
imagery, Legacy Bureau of Meterology SST, not shown in Fig. 1 A).
By the commencement of sampling in October, 2008, the EAC core
had warmed to 23 °C (Fig. 1A). There was a~6 °C temperature
difference across the interface of Coral Sea and Tasman Sea
waters, indicating a strong Tasman Front (Baird et al., 2008). The
EAC temperature during this time was approximately 1-2 °C
warmer than the average October SST over the previous 50 years
(from CSIRO Atlas of Regional Seas (CARS), version 2006a).

The surveyed area extended from Diamond Head (31°44'S) in
the north to Sydney (34°S) in the south. Eight stations represent-
ing contrasting water masses were sampled along four different
transects running parallel or perpendicular to the coast (Fig. 1).
Water masses were identified using satellite data from the
Moderate Resolution Imaging Spectroradiometer (MODIS) and
Advanced Very High Resolution Radiometer (AVHRR), and were
confirmed in situ using the CSIRO undulating towed device called
the Bunyip (a highly modified SeaSoar) and the onboard Acoustic
Doppler Current Profiler (data not presented here). A large
120-km diameter oceanic cyclonic (cold-core) eddy was sampled
on 11 and 12 October 2008 (Stations 1 and 2). Satellite imagery
(LBoMSST) indicated this eddy formed approximately two months
prior to sampling and was made up of Tasman seawater that had
been 'spun-up” by the adjacent EAC. Station 3 was located in the
frontal zone between the EAC and the oceanic eddy and station 4
in the EAC. A small 40-km-diameter cyclonic eddy was also
sampled on the 15 October 2008 (Station 5). This eddy formed on
the inner-shelf at 33°S 152.5°E between 10 and 12 October 2008
(Table 1) and was created from an upwelled filament of cold
water off Seal Rocks and by 15 October had been advected south
by the adjacent EAC to 34°S 152°E, where the Sydney transect
(Stations 4-6) bisected it (Fig. 1). Another transect (Stations 7-8)
of inner-shelf water was sampled off Broken Bay on 17 October.

2.2. CTD transects and water sampling

Transects provided a quasi-synoptic view of the meso-scale
physical and biological structure of the study region. Conductiv-
ity, temperature, depth, salinity and fluorescence profiles (0-
300 m) were recorded electronically (Seabird SBE 911) at intervals
of 1 m depth at each site. CTD casts within a transect were spaced
approximately 4-6 nautical miles apart. Water samples were
collected using 10-L Niskin bottles on the CTD rosette at eight
nominal depths ranging from 0 to 300 m (5, 25, 50, 75, 100, 150,
200 and 300 m). Depths were adjusted to capture the fluorescence
maximum as indicated on the downcast profile. The water
collected was used for measurements of macronutrients (NO,,
Si, PO4), dissolved oxygen and salinity. Profiles of down-welling
irradiance (PAR) were made with a Biospherical Instruments QCP-
2300 Log Quantum Cosine Irradiance Sensor. Hydrochemical
analyses were carried out on board by CSIRO Marine and
Atmospheric Research (CMAR) according to Cowley et al. (1999).
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Fig. 1. Map of study area and sea-surface temperature (SST; A). Dashed lines bound the SST conditions for each day of sampling, as indicated by the date. Stations are
shown as black circles. The entire CTD transects are shown as black lines. SST is derived from archived Legacy Bureau of Meteorology SST (LBoMSST), 0.01° x 0.01° gridded
composite product from 1.1 km High Resolution Picture Transmission (HRPT). LBoMSST stores the most recent high-quality data from a 14 day window; however for this
study we have restricted the data to within 5 days. Due to the compilation of multiple satellite sources in the LBoMSST product and limited satellite passes, the
oceanographic features are not always displayed exactly at the location of sampling within this image. Depth-integrated major marker pigments for each station (B)
expressed in pg/L~'. Biomarkers are Chl b, Divinyl Chl a (DV Chl a), Zeaxanthin (Zea), Hex-fucoxanthin (19hex), Prasinoxanthin (Prasino), Fucoxanthin (Fuco),
But-fucoxanthin (19but), Peridinin. Error bar represent half-interval (n=2).

Table 1

Sampling date, location and water mass definition of all stations. Oceanographic features were identified using MODIS and AVHRR satellite data, and confirmed in situ using
the Bunyip (a highly modified SeaSoar) and the onboard Acoustic Doppler Current Profiler.

Date Station Latitude Longitude Water mass

11th October 2008 1 —32°17.99 155° 21.20 Oceanic eddy centre

12th October 2008 2 —32°19.97 155° 29.02' Oceanic eddy centre

14th October 2008 3 —32°30.27 153° 59.92/ Frontal zone (oceanic eddy-EAC)

15th October 2008 4 —33° 5847 152° 24.65' EAC

15th October 2008 5 —33°58.15 151° 60.00 Coastal eddy centre

15th October 2008 6 —33°58.14 151° 40.39 Inner-shelf

17th October 2008 7 —33°29.95 151° 39.84' Inner-shelf

17th October 2008 8 —33°30.42 152°19.77 Frontal zone (inner-shelf-EAC)
Nutrient measurements had a standard error <0.7% and a To investigate the phytoplankton in different water masses,

detection limit of 0.035 pmol L~ for NO,, 0.012 umol L~! for Si water was collected at 25, 50, 75m and the depth of the
and 0.009 pmol L_; for POg. chlorophyll a maximum (Chlmax), as determined by the real-time



Table 2

Dissolved silicate, nitrate and phosphate (M), total Chl a (ug/L~"), maximum quantum yield (Fv/Fm), % of photosynthetic (PSC) and photo-protective (PPC) pigments at the surface (25-30 m), at the depth of the Chl a maximum
(Chlmax) and depth integrated concentrations (surface to 75 m) at each station. PSC and PPC are given in % of total Chl a. Values are given with their standard deviation (n=3 for Fv/Fm) and 50% confidence limit (n=2) for Chl a,
PSC and PPC. Nutrient concentration below the analytical detection limit (0.035 pmol L~! for NO,, and 0.009 pmol L~ for PO,4) is shown as < DL.

Location Oceanic eddy Oceanic eddy Frontal zone (oceanic EAC (4) Coastal eddy (5) Inner-shelf (6) Inner-Shelf (7) Frontal zone (inner-
centre (1) centre (2) eddy-EAC) (3) shelf-EAC) (8)

Surface temperature 19.89 18.92 22.36 22.35 19.51 19.63 19.41 20.82

¢o
Surface Si (uUM) 03 0.1 0.1 0.4 0.6 0.4 0.2 0.2
Surface NO (LM) 0.1 <DL <DL 0.3 0.3 1.6 0.3 0.2
Surface PO4 (UM) 0.1 <DL <DL <DL 0.1 0.1 0.1 <DL
Surface Chla (pug/L~')  0.80 +0.03 0.23+0.01 0.12 +0.00 0.23 +0.00 0.44 +0.01 0.51 +0.01 0.79 +0.03 0.92+0.10
Surface Fv/Fm 0.63 +0.02 0.43 +0.00 0.62 +0.03 0.68 + 0.00 0.67 +0.02 0.65 + 0.02 0.67 +0.02 0.50 + 0.06
Surface PSC (%) 32+1.5 43+0.2 58 +6.4 60+ 0.2 31+23 48 +1.3 43+0.9 51+14
Surface PPC (%) 19+ 0.6 34+34 33+49 46+ 1.1 10+0.3 12+03 10+ 0.6 12+0.1
Chlmax
Depth (m) 35 60 70 50 5 50 25 50
Chl a (pg/L) 0.61+0.06 0.43+0.01 0.19 +0.07 0.48 +0.07 0.52 + 0.02 0.30+0.03 0.90+0.16 1.40 + 0.08
Chlmax Fv/Fm 0.57 +0.00 0.62 + 0.02 0.63 +0.02 0.68+0.2 0.63+0.0 0.67 +0.0 0.68 +0.0 0.63+0.0
Chlmax PSC (%) 34+0.5 66 + 0.4 59+24 57 +2.6 34+04 50+2.3 58 +0.7 33+1.0
Chlmax PPC (%) 14+0.1 58+0.2 17405 17+19 12+03 6+23 6+ 0.0 9405
Water column integrated
Chl a (mg/m?) 374 24.5 154 21.2 25.2 17.9 67.7 80.1
Si (mmol m~2) 50.0 27.0 2.5 45.0 108.8 76.9 123.8 52.5
NO3 (mmol m~2) 122.5 57.0 <DL 110.6 281.3 283.1 449.1 140.6
PO4 (mmol m~2) 10.0 4.5 <DL 7.5 20.6 18.8 29.1 9.4
Si:N:P 1:2.5:0.2 1:2.1:0.2 1:DL:DL 1:2.5:0.2 1:2.6:0.2 1:3.7:0.2 1:3.6:0.2 1:2.7:0.2

229-%99 (110Z) 8S 11 Yopasay pas-daa / Ib 12 43]SSDH 'SD

L99
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fluorescence profile (Table 2). In addition, water was sampled at
stations 1, 3 and 6 to do carbon uptake and nutrient-enrichment
experiments (see below). In this case, the water was transferred
into 20-30-L LDPE carboys, homogenised and filtered through a
210-pm mesh to remove mesozooplankton grazers. Water was
then either sampled for initial parameters (i.e. dissolved nutrients,
phytoplankton pigments, photo-physiology) or used in nutrient-
enrichment and carbon-uptake experiments.

2.3. Chlorophyll a and accessory pigments

For chlorophyll a (Chl a) and pigment analyses, 1 L of seawater
was gently filtered (max. 5 mm Hg, venturi pump) on a 25-mm
GF/F filter (Whatman, glass fibre, 0.7 um nominal pore size) in
duplicate. Each filter was placed in a cryovial and stored in liquid
nitrogen (—196 °C) until further analysis. In the laboratory,
pigments were extracted at 4 °C in the dark over 15-18 h in
3 mL acetone (100%, diluted to 90% for analysis, Mallinkrodt, HPLC
grade) then sonicated on ice for 15 minutes. Samples were
recovered using filtration (0.45 pm, Whatman) and centrifugation
(2500 rpm, 5 min at 4 °C). The samples were analysed by High
Performance Liquid Chromatography (HPLC, Waters—Alliance
comprising a 2695XE separations module with column heater
and refrigerated autosampler) using a Cg column (Zorbax Eclipse
XDB-C8, Agilent Technologies) and binary gradient system with
an elevated column temperature (55 °C) following a modified
version of the van Heukelem and Thomas (2001) method.
Pigments were identified by their retention time and absorption
spectrum from a photo-diode array detector (Waters- Alliance
2996 PDA). Concentrations of pigments were determined from
commercial and international standards (Sigma; DHI, Denmark).
The HPLC system was also calibrated using phytoplankton
reference cultures (Australian National Algae Culture Collection)
whose pigment composition has been documented in the
literature (Mantoura and Llewellyn, 1983; Barlow et al.,, 1993;
Jeffrey et al., 1997).

Biomarker pigments were used to infer the distribution of
dominant algal classes and functional groups. Each biomarker
pigment was normalised against total Chl a to account for spatial
variation of the total algal biomass. In this work, total Chl a is
abbreviated as Chl a and equals the sum of monovinyl (MV) and
divinyl (DV) Chl a. Briefly, biomarkers represent the following
phytoplankton classes: Chlorophytes (Chlorophyll b, [Chl b] and
Lutein, [Lut]), Cyanobacteria (Zeaxanthin, [Zea]), Cryptophytes
(Alloxanthin, [Allo]), Prymnesiophytes (19’Hexanoyloxyfucox-
anthin, [19 Hex]), Pelagophytes (19’Butanoloxylfucoxanthin,
[19But]), Prasinophytes (Prasinoxanthin, [Prasino]), Diatoms,
Prymnesiophytes, Chrysophytes Pelagophytes and Raphidophytes
(Fucoxanthin, [Fuco]), and autotrophic dinoflagellates (Peridinin,
[Per]). More details can be found in Jeffrey et al. (1997). The
photosynthetic (PSC) and photo-protective (PPC) pigment con-
tributions were calculated as per Barlow et al. (2007). Briefly, PSC
is the sum of Per, 19Hex, 19But and Fuco and PPC is the sum of
diadinoxanthin (Diadino), Allo, diatoxanthin (Diato), Zea, Violax-
anthin (Viola) and carotenes. Here, PSC and PPC are expressed in
percentage, relative to total Chl a.

2.4. Photo-physiological parameters

The activity of photosystem II (PSII) in phytoplankton was
studied using a WaterPAM (Heinz Walz GmBH, Effeltrich,
Germany) and WinControl software (version 4.06). The level of
fluorescence emitted by the sample (3 mL in a quartz cuvette) was
measured under a weak measuring light (0.15 pmol photon m—2
s~ 1) that induced fluorescence emission (F' or Fo depending on

dark adaptation) without causing any electron transport. The
maximum level of fluorescence (Fm) was then recorded during a
short (0.6 s) saturating light pulse (10,000 pmol photon m~2 s~ 1).
Effective quantum yield (@) was measured shortly after sample
collection whereas the maximum quantum yield (Fv/Fm) was
measured following a 5 min dark adaptation period to ensure that
no electrons remained in the electron transport chain and Chl a
was unexcited. During the saturating light pulse, all reaction
centres capture electrons and remain closed until transfer along
the electron transport chain. The maximum quantum yield,
related to the number of reaction centres participating in the
light capture, is given by:

Fv/Fm:(Fm—FO)/Fm (1)

2.5. Nutrient-enrichment experiments

The phytoplankton response to nutrient enrichment was
investigated at Stations 1, 3 and 6, representing the centre of
the oceanic eddy, the frontal zone between the eddy and EAC, and
inner-shelf water, respectively. A constant depth (25 m), rather
than the depth of Chlmax, was chosen to avoid phytoplankton
variability due to differences in light acclimation. The following
nutrient enrichments were added to duplicate 2 L polycarbonate
bottles at t=0 and every subsequent 24 h:

. No addition (Control, C)

+ NO3 (10 uM)

+ NHy4 (10 uM)

+ NO3(10 pM)+Si(10 tM)+P04(0.6 tM)=Mix
+ Si (10 uM)

kW=

The level of nutrient enrichment was chosen by considering
nutrient concentrations in NSW coastal waters and the biological
requirement of key phytoplankton functional groups (e.g.,
diatoms, cyanophytes, prochlorophytes and prymnesiophytes,
Sarthou et al.,, 2005; Schoemann et al., 2005; Veldhuis et al.,
2005). The Mix enrichment was conducted in Redfield (1958)
proportions. Incubation water was sub-sampled at 0, 24 and 48 h
for effective quantum yield. Bottles were incubated at ambient
sea-surface temperature in an on-deck incubator covered with
blue-mesh screening to reduce incident light by 75%. Light
intensity and temperature were recorded in situ in real-time
using data loggers (HOBO Pendant, Onset, USA) during the three
experiments. The average light level in the incubators across all
three experiments was~70 umol photon m~2s~! and tempera-
ture was 21 °C. After 65-68 h, sub-samples were collected for
estimates of carbon uptake (detailed below). Nutrients were
measured following the first nutrient enrichment (t=initial) and
at the end of the incubation. Initial and final concentrations of
total Chl a were used to calculate a daily growth rate in each
experimental treatment as:

InChlagna —In Chlajyigial
Adays

pday )= @

2.6. Carbon-uptake experiments

In conjunction with nutrient-enrichment experiments, carbon
uptake of phytoplankton was investigated. Water (25 m depth)
from Stn 1, 3 and 6 was dispensed into nine 200-mL poly-
carbonate bottles, stored for one hour in the dark then spiked
with NaH'#CO; (Perkin Elmer, at specific activity of 0.25 pCi/mL).
Each bottle was sampled for initial '#C analysis (0.5 mL) prior to
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Fig. 2. Temperature-Salinity profiles of the mixed layer at different stations (A). The depth of the mixed layer was calculated considering a maximal difference of 0.4 °C
with surface water. Depth of the mixed layer was much shallower for stations 1 and 3 (8 and 14 m, respectively) than the other stations (30-38 m for Stns. 4-7; 22 m for
Stn 8). Representation of dissolved NOs, Si and PO, concentrations for all stations 1 to 8 (B). The ratio NO3:PO4 (dual colour circles) is shown with the Redfield ratio (16:1,
thick grey lines). NOs to Si ratio within the mixed layer at all stations is shown as in panel A. The consumption of NO3 and Si was fitted using an exponential growth model
(Stirling Model, curved line) y=yo+a*(exp(b*x)—1)/b where x=[NOs] and y=[PO4], yo=0.13, a=0.23 b=0.052.

being incubated for 2-3 h at ambient sea-surface temperature in
an incubator under various light levels (Dark (double wrapped
with aluminium foil), 50, 95, 165, 235, 300, 365, 450, and
570 pmol photon m~2 s~ ). In addition to incubation at different
light levels, carbon uptake was also measured at an intermediate
light level (235 pumol photonm~2s~!, close to half-saturating
level) following incubation (65-68 h) for all nutrient enrichments.
Following incubation, bottles were stored in the dark (to stop '“C
fixation) until contents was filtered on GF/F filters (0.7 pm pore
size, 13 mm, Whatman) under low vacuum ( <5 mm Hg). Filters
were rinsed using filtered seawater to remove any '“C not
associated with the biota and then placed on absorbent paper in
a dessicator with NaOH pellets in a fume hood. To induce the
degassing of non-fixed “C (e.g. adsorbed on the outside of the
biota), 30 pL of HCl 0.1 M was dispensed on each filter and left to
react for at least 1 h. The filters were then placed into scintillation
vials and 100-200 pL NaOH 0.1 M plus 10 mL of scintillation
cocktail (Ultima Gold, Perkin Elmer) were added. Under these
conditions, the pH was > 9 which prevented further loss of '“C.

Back in the laboratory, scintillation vials were vortexed and the
amount of '*C was measured (counts per minute, CPM) using a
liquid scintillation B-counter (Wallac 1409). CPM were converted
into disintegrations per minute (DPM) using a built-in quench
curve for “C. DPM were transformed into a value representing the
concentration of fixed carbon (umol L~ or pg L~!) considering a
dissolved inorganic carbon concentration of 2050 pmol L™, the
specific activity of the source used, duration and volume of
incubation as per Hassler and Schoemann (2009).

Non-linear curve fitting of the carbon fixed at different light
levels was used to estimate the saturating light level and the
maximum carbon uptake of the phytoplankton community. Due to
a minimal '“C uptake in the dark, our analysis was limited to a
simple non-linear curve fitting (4 parameters logistic curves, Sigma
Plot, ver. 10) rather than using the hyperbolic curve fit as per Jassby
and Platt (1976). Non-linear fittings of the data were satisfactory
with 2 > 0.94 (18 points), with 95% confidence intervals for half-
saturation light representing 4 to 13% of its value.

2.7. General precautions and statistical tests

As a general precaution to avoid nutrient as well as biological
cross-contamination, all containers were rinsed three times with

MilliQ ultrapure water prior to being used. In addition, for on-
deck incubations, the same bottles were reused for identical
experimental treatments.

Analysis of HPLC pigment data was performed using Primer
(ver. 6.1). Data from each station was transformed with a 4th root
transformation and a matrix of similarity (resemblance) gener-
ated. Multi-dimensional scaling (MDS) was then applied to
determine similarities between water masses. An analysis of
similarities (ANOSIM) was then used to determine which
pigments had the greatest contribution to distinguishing the
different water masses. Differences in phytoplankton biomass in
nutrient-enrichment treatments were assessed using a Student
t-test at a 95% confidence level.

3. Results
3.1. Physical characterisation of water masses

Sea-surface temperatures in the study region were dynamic, as
shown by the composite plot in Fig. 1(A), where water masses
were moving too quickly for a single satellite image to accurately
reflect conditions on different sampling dates. Vertical tempera-
ture-salinity profiles however, clearly distinguished different
water masses (Fig. 2 A). Water in the surface mixed layer was
relatively warm in the EAC (Stn 4, 22.4°C) and at the offshore
frontal zone where the EAC and oceanic cold-core eddy converged
(Stn 3, > 22 °C, Fig. 2 A). Water at the centre of the oceanic eddy
(Stn 1) and on the inner-shelf (Stns 5, 6 and 7) was colder
(< 19.5 °C). Interestingly, water in the frontal zone between the
EAC and inner-shelf water (Stn 8) had intermediate salinity and
temperature as compared to the other stations. The contour plots
representing the transects show that both the offshore oceanic
eddy and the inner-shelf eddy had decreased temperature at the
centre and doming of the isotherms (Figs. 3A and 4A), typical of
cold-core eddies (Mann and Lazier, 2006). The dooming of the
isotherms is more apparent in the coastal eddy (Fig. 4A) than in
the oceanic eddy (Fig. 3A).

3.2. Water masses and nutrient distributions

There were strong horizontal and vertical gradients in
dissolved nutrients across the study region. As expected, nutrient
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Fig. 3. CTD transect from the edge of the offshore eddy (EAC) to the centre. Panels show (A) Temperature/Salinity, (B) Fluorescence, (C) Nitrate, (D) Silicate and
(E) Phosphate. The thin white lines indicate the electronic CTD casts with measurements taken each metre. The nitrate, phosphate and silicate concentrations are obtained
from bottle samples from the location indicated by a white dot. The transect was undertaken in a southward direction from 02:15 to 14:10 on 12 October 2008 (Australian

Eastern Daylight-Saving Time).

concentrations were higher on the inner-shelf compared to the
EAC (Stn 4; Figs. 3 and 4 panels C, D and E). Furthermore, nitrate,
silicate and phosphate distributions showed relatively consistent
depletion across the oceanic cold-core eddy down to at least 50 m
(Fig. 3C, D, E). Subsurface nutrient concentrations were elevated
near the centre of both eddies (Stns 2 and 5), however nutrient
concentrations were significantly higher in the coastal eddy
(Figs. 2 and 3, Table 2). Dissolved nutrient concentrations were
also depleted in the surface (down to approximately 30 m) of the
coastal eddy but tended to decrease across the shelf with
increasing distance from the coast (Fig. 4 C, D, E). The onshore
side of the coastal eddy (Stn 6) showed nutrient enrichment
relative to the EAC edge (i.e. offshore) of the eddy (Stn 4).
Interestingly, the coastal transect spanning stations 7 and 8 had
higher dissolved nutrients than the more southerly transect
across the coastal eddy, with silicate being relatively more
depleted than nitrate (Fig. 5 C and D).

3.3. Chl a fluorescence and phytoplankton biomass

Chl a fluorescence varied between water masses, being
greatest in the coastal eddy (Stn 5) and inner-shelf-EAC frontal
zone (Stn 8) compared to the EAC (Stn 4) and oceanic eddy (Stn 2;
Figs. 3-5 panel B). Vertical profiles showed sub-surface Chl a
fluorescence maxima between 5 and 100 m, confirmed by
pigment extraction and subsequent HPLC analyses. The depth of
the maximal Chl a (Chlmax) at the centre of the oceanic and
coastal eddies was at 35 and 5 m, respectively, as compared with
60-70 m at the frontal zone between the oceanic eddy and the
EAC and 50 m in inner-shelf waters (Table 2). As expected from
the MODIS satellite images, phytoplankton biomass at a depth of
25 m was highest in inner-shelf waters and in the frontal zone
between the inner-shelf and the EAC, but was also relatively high
in the centre of the oceanic eddy when it was first sampled (Stn 1;

Table 2). Water-column-integrated Chl a was 3-4 times greater in
the inner-shelf-EAC frontal zone and adjacent inner-shelf waters
(Stns 8 and 7, respectively) compared to the EAC and frontal zone
between the EAC and oceanic eddy (Stns 4 and 3, respectively;
Table 2), with intermediate values in the centre of the oceanic and
coastal eddies (Stns 1, 2, 5; Table 2).

3.4. HPLC biomarker pigments

There was little change in the proportion of photosynthetic
pigments (PSC) with depth, except at the frontal zone of the
oceanic eddy (Stn 3), where they increased 26% between 25 and
60 m (data not shown). Lowest proportions of PSC (31-32%) at a
depth of 25 m were observed in the centre of the eddies (Stns 1
and 5) whereas greater PSC was observed in the EAC (Stn 4) and
the frontal zone where the EAC converged with the oceanic eddy
(Stn 3; Table 2). In contrast, the proportion of photo-protective
pigments (PPC) was consistently greater at the surface compared
to deeper stations across all water masses (data not shown). At
25 m depth, there was a 2-4-times greater PPC percentage in the
EAC (Stn 4) and at oceanic eddy stations (Stns 2 and 3) as
compared to the other stations (Table 2).

Biomarker pigments demonstrated contrasting phytoplankton
communities in the different water masses (Fig. 1B, 6). DV Chl a
and DV Chl b, biomarkers for prochlorophytes, typical of tropical
phytoplankton communities (Goericke and Repeta, 1992) were
only detected in the EAC (Stn 4). Chlorophytes (Chl b and
zeaxanthin) and cyanophytes (zeaxanthin alone) were only found
within the oceanic eddy (Stns 1-3) and the EAC (Stn 4).
Chlorophytes (Chl b in absence of zeaxanthin) were found in all
inner-shelf surface waters (25 m), including the coastal eddy
(Stns 5-8; Fig. 1 B, 6). The greatest concentration of peridinin
(a biomarker for dinoflagellates) was detected in the inner-shelf-
EAC frontal zone and in the coastal eddy (Stns 5 and 8; Fig. 1 B, 6).
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Fig. 4. CTD transect from the coastal waters off Sydney, through a coastal cold-core eddy to the East Australian Current. Panels show (A) Temperature/Salinity,
(B) Fluorescence, (C) Nitrate, (D) Silicate and (E) Phosphate. The thin white lines indicate the electronic CTD casts with measurements taken each metre. The nitrate,
phosphate and silicate concentrations are obtained from bottle samples from the location indicated by a white dot. The transect was undertaken in an easterly direction
from 10:00 to 23:50 on the 15th October 2008 (Australian Eastern Daylight-Saving Time).
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Fig. 5. CTD transect of the coastal waters off Broken Bay. Panels show (A) Temperature/Salinity, (B) Fluorescence, (C) Nitrate, (D) Silicate and (E) Phosphate. The thin white
lines indicate the electronic CTD casts with measurements taken each metre. The nitrate, phosphate and silicate concentrations are obtained from bottle samples from the
location indicated by a white dot. The transect was undertaken in an easterly direction from 04:30 to 13:45 on the 17th October 2008 (Australian Eastern Daylight-Saving
Time).

This biomarker was also present in surface waters (25 m) of inner- Stns 5-8), phytoplankton communities were similar, dominated
shelf waters (Stns 6 and 7) and inside the oceanic eddy (Stn 1). In by chlorophytes (Chl b) and diatoms (Stns 6-8) with minor
fact, in inner-shelf waters and in the coastal eddy (25 m depth, presence of prasinophytes and dinoflagellates. It is only in the
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Fig. 6. Biomarker pigments of dominant algal classes normalised by total Chl a
(average value, n=2) are given at depth of 25 m, Chlmax (depth indicated on the
top of each vertical bar) and 75 m for all Stns. Stns are presented according to
water mass: (A) inside the oceanic cold-core eddy, (B) frontal zone oceanic eddy
and East Australian Current (EAC), (C) East Australian Current, (D) inner-shelf
water, and (E) coastal eddy and frontal zone between inner-shelf and the EAC.
Oceanographic features were identified using MODIS image and BlueLink output.
Biomarkers are Divinyl Chl a (DV Chl a), Chl b, Divinyl Chl b (DV Chl b), Zeaxanthin
(Zea), Alloxanthin (Allo), Hex-fucoxanthin (Hex-fuco), Prasinoxanthin (Pras),
Fucoxanthin (Fuco), But-fucoxanthin (But-fuco), Peridinin (Perid).

frontal zone between inner-shelf waters and the EAC (Stn 8), that
biomarkers for chlorophytes and dinoflagellates were detected
below a depth of 25 m. At all other inner-shelf stations (Stns 5, 6
and 7), the phytoplankton community was dominated by diatoms
and pelagophytes at depth (Fig. 6). Fucoxanthin concentrations
were greatest in the inner-shelf waters, being an order of
magnitude greater in the frontal zone with the EAC (25 m) and
at the Chlmax at Stn 7 than for other inner-shelf waters (Fig. 6).
Similarly, diadinoxanthin was significantly greater in the centre of
the coastal eddy and inner-shelf waters compared to other water
masses (data not shown), indicating a greater abundance of
diatoms, chrysophytes and prymnesiophytes (Kruskal-Wallis,
Chi-square=12.6, df=5, p=0.03). Although biomarkers (Fig. 6)
indicate that diatoms were present at some stations in inner-shelf
waters, diatoms only dominated the phytoplankton community
at station 7 and possibly station 8 (25 m only). Other major

groups of phytoplankton were chlorophytes, prymnesiophytes,
pelagophytes, cyanophytes and prochlorophytes (Fig. 6).

At depths of 25 m and Chlmax, the phytoplankton community
in the EAC (Stn 4) was similar to the community observed at the
frontal zone of the oceanic eddy and the EAC (Stn 3; Fig. 6). The
phytoplankton community at the centre of the oceanic eddy (Stn
1) more resembled the phytoplankton community in inner-shelf
waters, especially the community found in the coastal eddy (Stn 5,
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Fig. 7. Total Chl a (A), maximum quantum yield (Fv/Fm; B) and carbon fixation (C)
of phytoplankton before (Ini) and after nutrient enrichment. Samples were
collected at 25 m in different water masses in the separation zone of the East
Australian Current: in the centre and at the frontal zone between an oceanic cold-
core eddy and the EAC, and in inner-shelf water near Sydney. Duplicate samples
were incubated at sea-surface temperature with a daily average light intensity of
70 umol photonm~2s~! with daily addition of nutrients as follows: none
(control, C), NO3 (10 pM), NH4 (10 pM), Mix (NO3:PO4:Si, 10:0.6:10 uM), and Si
(10 uM). Error bars represent the half interval (n=2, total Chl a and carbon
fixation) and the standard deviation (n=4-6, Fv/Fm) associated with the average
values. Statistical differences (t-test at level 0.05) between the control and any
nutrient enrichment are indicated by an asterisk.
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Fig. 6). Although both stations 1 and 2 were in the oceanic eddy,
the biomarker pigments showed significant differences (Fig. 6).

Using pigments normalised to Chl a biomass, the multivariate
analysis revealed large differences in phytoplankton communities
across some water masses (46-90% similarity between surface
communities; 52-92% similarity at the Chl-a maximum; and 67-
86% similarity across the upper 95 m). Phytoplankton communities
in the frontal zones either side of the EAC were the most different
(i.e. only 50-67% similarity, Stns 3 and 8) from other water masses.
This outcome was consistent across surface, Chlmax or data from
all depths. The EAC community was distinct from the inner-shelf-
EAC frontal zone and inner-shelf communities (64-75% similarity).
The phytoplankton community in the centre of the coastal eddy
also showed relatively large differences with adjacent water
masses, particularly at the surface (only 66-75% similarity between
the eddy centre and the EAC and EAC frontal zone), but was similar
to the pigment composition at the centre of the oceanic cold-core
eddy (85% similar). Interestingly, the surface phytoplankton
communities generally contrasted more strongly than those at
the Chlmax or across all depths in the upper 95 m.

3.5. Photo-physiology and carbon uptake

High maximum quantum yields (Fv/Fm, > 0.6; Table 2) were
measured at most stations. A Fv/Fm lower than 0.50, often
associated with stressed phytoplankton communities, was only
measured in surface water (25 m) at station 2 in the oceanic eddy
(Fv/Fm=0.43, Table 2).

With respect to carbon uptake, phytoplankton communities in
the centre of the oceanic eddy (Stn 1) and the frontal zone
between the oceanic eddy and the EAC (Stn 3) had similar
saturating and half-saturating light levels of 494+ 74 and
248 + 16 pmol photon m~2s~! inside the eddy; 504+ 71 and
297 + 16 pmol photon m~2s~! in the frontal zone. Phytoplank-
ton at station 6 (inner-shelf) had a slightly lower saturating light
level (415 + 19 pmol photon m~2 s~ 1), but similar half-saturating
light level (272 + 5 pmol photonm~2s~!). Maximum carbon
fixation rates in the oceanic eddy (5.9 + 0.8 gCgChla~'L=1h~1)
and at the frontal zone between the oceanic eddy and EAC
(6.0+0.5gCgChla—'L~"h~') were higher than in inner-shelf
water (4.8 +0.2gCgChla-'L~1h~ ).

The carbon fixed by the phytoplankton community present
inside the oceanic eddy (Stn 1; 49.7 +3.2 ugCd~"') was 13 and 3
times higher than the phytoplankton community at the frontal zone
of the oceanic eddy and the EAC (Stn 3; 3.7+ 1.2 ugCd~!) and in
inner-shelf water (Stn 6; 14.5+ 5.3 pgCd~"), respectively. Inter-
estingly, the rate of carbon fixation per unit of biomass measured at
235 pumol photon m~2s~! was 2 times greater inside the oceanic
eddy (Stn 1) as compared to the frontal zone of the oceanic eddy and
the EAC (Stn 3) and inner-shelf water (Stn 6; Fig. 7 C, initials).

3.6. Nutrient limitation of phytoplankton growth

Dissolved nutrient concentrations and phytoplankton biomass
(total Chl a) were appreciably different for the three stations
where nutrient-enrichment assays were performed. The initial
nutrient concentrations were greatest in inner-shelf water (Stn 6)
and lowest at the oceanic eddy-EAC frontal zone (Stn 3), with
intermediate concentrations in the centre of the oceanic eddy (Stn
1; Table 2). The total Chl a concentration in surface water was 7
fold greater inside the oceanic cold-core eddy compared to the
frontal zone (Table 2, Fig. 7A initials). The phytoplankton
communities at stations 1, 3 and 6 were also very different
(Fig. 6). Briefly, inside the oceanic eddy, the dominant pigments
were MV Chl b, hex-fucoxanthin, and prasinoxanthin, suggesting a

community of prochlorophytes, prymnesiophytes and prasino-
phytes. At the eddy-EAC frontal zone, the dominant pigments
were hex-fucoxanthin, fucoxanthin, and but-fucoxanthin, sug-
gesting a community dominated by prymnesiophytes, pelago-
phytes and possibly diatoms. At the inner-shelf station, the
dominance of but-fucoxanthin and diadinoxanthin suggested the
presence of diatoms and pelagophytes.

Following nitrogen enrichment of oceanic eddy water (i.e.,
NOs, NH4 and NOs3:PO4:Si (Mix) addition), there was a significant
increase (6-7-fold) in total Chl a (Student t-test, p <0.05)
compared to the control (Fig. 7A). This suggests that the
phytoplankton community in the centre of the oceanic eddy
was nitrogen limited. Total Chl a decreased in both control and Si
treatments, suggesting exhaustion of the limiting nutrient during
incubation. During the incubation, the concentration of dissolved
NO, decreased from 0.12 uM to below detection in both the
control and Si treatment. Phytoplankton only showed a positive
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Fig. 8. Mean major biomarker pigments ~3 days after nutrient enrichment
normalised to the control treatment (no added nutrients). Samples were collected
at the depth of 25 m in contrasting regions in the separation zone of the East
Australian Current: inside an oceanic eddy (A), at the frontal zone between the
oceanic eddy and the EAC (B) and in inner-shelf water off Sydney (C). Duplicate
samples incubated at sea-surface temperature with a daily average light intensity
of 70 umol photonm~2s~! and a daily addition of nutrients as follows: none
(control, C), NO3 (10 uM), NH4 (10 pM), Mix (NO3:PO4:Si, 10:0.6:10 uM), and Si
(10 uM). Biomarker pigments divinyl Chl a (DV Chl a), monovinyl Chl b (MV Chl b),
zeaxanthin (Zea), 19’-hexanoyloxyfucoxanthin (19hex), prasinoxanthin (Pras),
fucoxanthin (Fuco), 19’butanoyloxyfucoxanthin (19but), peridinin (Perid) are
shown. Error bars represent half interval (n=2). The dotted line is the average
increase in MV Chl a in the three treatments with added nitrogen (NO3, NH4, Mix)
relative to control. Marker pigments above the dotted line increased faster than
the overall community (MV Chl a) while those below increased more slowly.
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growth rate in NO5 (0.40 + 0.02d~ 1), NH,4 (0.43 +£0.02d~ ') and
Mix (0.45 +0.03 d~ ') enrichments with the average MV Chl a
concentration increasing ~580% relative to the control.

At the frontal zone between the oceanic eddy and EAC (Stn 3),
all nitrogen enrichments (i.e. NOs, NH; and Mix treatments)
induced an average MV Chl a increase of ~300%, somewhat less
than Stn 1 (Fig. 7A). At Stn 3, dissolved NO, concentrations were
below the detection limit. Following incubation, there was a 4-fold
decrease in dissolved Si and 2-fold decrease in dissolved POg4
concentrations in the control with growth occurring in all
treatments. Growth rates were greater than at Stn 1 in the NO;
(0.69 +0.08 d— '), NH4(0.59 + 0.01 d~') and Mix (0.67 +0.03d~ ')
treatments. A high growth rate was also measured for the Si
enrichment (0.41 +0.06 d~!) as compared to the control treat-
ment (0.20+0.11d~ ).

In contrast to Stns 1 and 3, there was a very limited response to
any nutrient enrichment in the inner-shelf water (Stn 6, Fig. 7).
A positive growth rate ranging from 0.13 to 0.29 d~! was found in
all treatments with the highest growth rate in the control.
Nutrient consumption was detected in the control treatment
(1.4-3.0-times decrease) but considerable concentrations were
still available in the control bottles at the end of the experiment;
Si, PO4 and NOy in the control bottles were 0.29, 0.05 and 0.56 pM,
respectively. These concentrations were greater than those
initially measured at Stns 1 and 3 (Table 2).

There was a decrease in Fv/Fm in control bottles (control) in the
centre of the oceanic eddy and at the frontal zone (Fig. 7 B),
suggesting that the health of the community was decreased,
probably resulting from nutrient depletion. Inside the oceanic
eddy, similar to observations of total Chl a (Fig. 7A), a significant
increase in Fv/Fm was measured under all nitrogen enrichments
(Fig. 7B). At the frontal zone between the oceanic eddy and the
EAC (Stn 3), a significant increase of Fv/Fm was measured for
all nutrient enrichments except NOs. No significant changes in
Fv/Fm were observed in coastal waters. For treatments that were
statistically higher than the control, an increase in effective
quantum yield well as an increased in the level of total
fluorescence was recorded after 24 h incubation (data not shown).

Nutrient enrichment caused a 7 and 4-fold increase in the total
carbon fixed inside the oceanic eddy and at the oceanic eddy-EAC
frontal zone, respectively (data not shown). Given that nutrient
enrichments induced a community shift in the dominant group of
phytoplankton (see below, Fig. 8), the capacity to fix carbon was
normalised per unit of biomass (i.e. total Chl a, Fig. 7C) for
comparison. In the absence of nutrient enrichment (control), the
rate of carbon fixation per unit of biomass decreased for the three
stations, with the greatest decrease inside the oceanic eddy. In
most cases, there was no difference in carbon fixed per unit of
biomass in nutrient enriched treatments compared to the control
(Fig. 7C). A marked increase in carbon fixation per unit of biomass
was only observed for the Mix treatment at Stn 1. A significant
decrease in carbon fixation per unit of biomass was observed
for the Si treatment at Stns 1 and 3 and for the Mix treatment
at Stn 3.

Based on biomarkers (Fig. 8A), a shift in the phytoplankton
community followed all nitrogen treatments inside the oceanic
eddy (Stn 1), resulting in a relative decrease in all marker
pigments except fucoxanthin. The increase of fucoxanthin relative
to MV Chl a indicated that only diatoms were able to exploit
the added nitrogen. Compared with the control treatment, all
nitrogen enrichments showed a decrease in the relative impor-
tance of chorophytes (Chl b and zeaxanthin), prymnesiophytes,
prasinophytes, protochlorophytes and cyanophytes. At this sta-
tion NO3, NH4 and Mix treatments showed low pigment dissim-
ilarity (4-6%), and highest percentage of dissimilarity between
control and NH, (27%). The community selected following all

nitrogen enrichment had very low dissimilarities with inner-shelf
waters from station 7.

A shift in the phytoplankton community in response to
nutrients (N and Si) was also observed at the frontal zone oceanic
eddy-EAC (Stn 3; Fig. 8B). Following any enrichment, the
abundance of zeaxanthin was decreased whereas Chl b remained
constant. This suggests a decrease in cyanophytes or prochlor-
ophytes whereas prymnesiophytes (hex-fucoxanthin), pelago-
phytes (but-fucoxanthin) or diatoms (fucoxanthin) increased in
response to nutrient enrichment. For water collected at Stn 3, the
greatest similarity was observed between NH, and Mix treat-
ments (4.5% dissimilarity) followed by NH,4 and Si vs. NO3 (9%).
The greatest dissimilarity was observed between NH; and Mix
treatments vs. initial (34%).

Despite nutrient enrichment of inner-shelf water (Stn 6), there
were no significant differences in total Chl a, and Fv/Fm (Fig. 7),
biomarker pigments at the end of incubations (Fig. 8C) show small
differences between treatments, suggesting that the composition
of the phytoplankton community was affected (Fig. 8C). It is to be
noted that the magnitude of change in biomarker pigments is
much smaller than for Stns 1 and 3 (see scale of y-axis in Fig. 8).
Dinoflagellates and cyanophytes slightly increased while prasi-
nophytes and chlorophytes decreased. In this case, the composi-
tion of the phytoplankton community was not strongly affected
by any of the experimental treatments and had lowest dissim-
ilarity between treatments (5-11%).

4. Discussion
4.1. Spatial and temporal variability

This study highlights the physical, chemical and biological
heterogeneity of the separation zone of the EAC resulting in
complex biological gradients along both the north-south and
east-west axes with eddies adding another level of complexity.
Previous studies have demonstrated heterogeneous water masses
in this area (e.g., Tranter et al., 1986; Cresswell, 1994; Oke and
Middleton, 2001; references therein). In this region, both spatial
and temporal variability can be high and water mixing, source and
time since upwelling, nutrient supply rate and rate of biological
consumption will all be important in defining the phytoplankton
community present. For example, during October 2008 the
northeast sector of this study region was nutrient deplete with
a relatively mature phytoplankton community while the south-
west was still nutrient replete. The oceanic eddy sampled in the
northeast sector was approximately 2 months old with depleted
surface nutrients as a result of biological activity, while the
coastal eddy was formed only days prior to sampling. In the
oceanic eddy, based on fluorescence profiles, algal biomass was
greater than in surrounding waters, as opposed to what is
observed in the coastal eddy. In the coastal eddy a mismatch
between the physical and the biological centre was observed. The
centre of the eddy defined by physical parameters (Stn 5) was a
few kilometres east of the peak in phytoplankton. At this
biological centre of the coastal eddy, depletion of nutrients had
already occurred as a result of biological consumption. This
illustrates the importance of relatively small-scale spatial varia-
bility in this area. In addition phytoplankton biomass and
biodiversity of the oceanic eddy sampled at 24 h apart (i.e. Stns 1
and 2) were significantly different, suggesting a high temporal
variability, even in a well-established water mass. Given such
conditions, any single sample event represents a snapshot of the
heterogeneity of the spring bloom in the separation zone of the
EAC and more studies are required to fully reveal the spatial and
temporal complexity of this area.
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This study, however, brings several interesting findings and
supports previous observations that eddies significantly affect
phytoplankton biomass, biodiversity and productivity (Thompson
et al,, 2007). In this study, greater biomass was observed in both
the oceanic and coastal eddy as compared with adjacent water
masses (Stns 3, 4 and 6).. The primary productivity normalised per
Chl a concentration was higher in the oceanic eddy than in the
frontal zone of this eddy with the EAC, and in inner-shelf water.

4.2. Significance of eddies

Phytoplankton communities in mesoscale eddies can be quite
distinct from both the inner-shelf communities where the eddy
is formed and the background community in which the eddy
systems are embedded (e.g., Ortner et al., 1979). For example,
Jeffrey and Hallegraeff (1980) recorded greater species diversity
with greater contribution of smaller cells ( < 15 pm) at the edge of
a warm-core eddy, and higher biomass due to elevated diatom
concentrations in its centre. Due to similarities of the phyto-
plankton communities (inferred using biomarker pigments) in
coastal water and in the cold-core eddies (this study; Moore et al.,
2007 for Western Australia), a coastal origin of the phytoplankton
present inside the cold-core eddy is suggested. Our results
support the hypothesis (Moore et al., 2007) that cold-core eddies
represent an important mechanism to disperse phytoplankton
offshore. This study showed a vertical nutrient supply in both
eddies sampled, which could result in the greater biomass and
different phytoplankton communities observed.

4.3. Significance of nutrients

Given that phytoplankton taxa have different nutrient require-
ments for growth (e.g., Sarthou et al.,, 2005; Schoemann et al.,
2005; Veldhuis et al, 2005), then nutrients can affect the
composition of the phytoplankton community (i.e. their biodiver-
sity). Dissolved nutrient ratios in the various water masses studied
were remarkably consistent, showing similar NO5:Si and NO3:PO4
(Fig. 2 B). The ratio between NO53:PO4 equalled the Redfield ratio
(16:1, slope 0.061, r*=0.98, Redfield, 1958). The intercept was
0.02 uM POy, suggesting that NO; would be exhausted first if
nutrients are consumed by phytoplankton according to the Red-
field ratio. The NO, and Si concentrations at ~200 m peaked at
18.3 and 7.0 uM, respectively. If consumed at 1:1 ratio, then silicate
should run out first, leaving~11 pM nitrate. Yet the nutrient
consumption resulted in a non-zero (p=0.005) intercept of just
0.13 pM Si (Fig. 2B). Thus the realised consumption of NO, and Si
were significantly non-linear suggesting that diatoms must
become a smaller proportion of the total community as nutrients
are consumed and converted into phytoplankton biomass. This
shift from diatoms to a more diverse phytoplankton community
must occur during the spring nutrient drawdown.

Although total Chl a showed a clear spatial pattern, there was
no direct relationship between dissolved nutrient concentrations
and total Chl a. For example, the highest concentration of Chl a
was observed in inner-shelf water but nutrients were lower than
for other stations, presumably due to the different rates of
nutrient supply and consumption, as opposed to total nutrient
pools. In addition to nutrients, light is also essential for
phytoplankton growth and may affect their vertical distribution
and expression of specific pigments (e.g., Barlow et al., 2007).

The high Fv/Fm values observed suggested well-adapted, non
(nutrient or light) limited phytoplankton communities. However,
nutrient-enrichment experiments clearly demonstrated that
nutrients have the ability to control phytoplankton abundance,
biodiversity and total productivity in the separation zone of the

EAC. Interestingly, nitrogen was the most limiting nutrient in
water masses associated with the oceanic cold-core eddy. This is
not surprising given that diatoms were not prevalent in this area.
The nitrogen limitation of the phytoplankton community is
known to have significant effect on phytoplankton composition.
For example it could favour atmospheric nitrogen-fixing species
(LaRoche and Breitbarth, 2005) already present in the Tasman Sea
and the Coral Sea (e.g., Law et al., in review). In addition, the
increasing temperature reported and predicted for the Tasman
Sea (Ridgway, 2007; Hill et al., 2007; Hobday et al., 2006), will
extend the area where temperature is above the threshold for
Trichodesmium growth (18 °C)—a major nitrogen-fixing taxon
(LaRoche and Breitbarth, 2005). Nitrate limitation can also affect
the calcification of Emiliania huxleyi (Eek et al, 1999)—an
important prymnesiophyte for carbon oceanic cycling that is
present in the Tasman Sea. Finally, biological nitrogen limitation
is intimately coupled with biological iron limitation. Both NO3
reduction and atmospheric nitrogen fixation require iron (Sarthou
et al., 2005; La Roche and Breitbarth, 2005; Law et al., in review).
In fact, atmospheric nitrogen fixation by phytoplankton was
found to be limited by iron in the Eastern Tasman Sea (Law et al.,
in review).

Previous research has suggested the potential for Si limitation
in this region (Grant, 1971) but during the spring of 2008 nitrogen
was far more limiting. It is possible that the importance of
diatoms, previously reported in this area (Hallegraeff and Reid,
1986; Hallegraeff and Jeffrey, 1993), has declined as a result of
prolonged decrease in Si concentrations below a threshold level,
limiting for the growth of diatoms (Si<0.6 uM in 2006,
Thompson et al., 2009). In fact, here no response of Si enrichment
could be observed in coastal waters where concentrations of
dissolved Si were above this threshold (1.6 uM Si).

Again this result may reflect the limited temporal sampling
during a 2-week voyage and are likely not suitable for predicting
long-term changes in nutrient or phytoplankton dynamics. As such,
the results obtained here are associated with the understanding of
seasonal nutrient limitation over a range of water masses that were
all predominantly nitrogen limited. This study does not provide
insights into long-term trends in diatom abundance in the
separation zone of the EAC, and cannot determine whether the
relatively few diatoms observed were the result of Si drawdown by
diatoms at the earlier stage of the spring bloom.

4.4. Significance of biomarker pigments

To date, few studies of biomarker pigments have been made
in this area. A larger scale review can be found in Thompson
et al. (2011) showing consistent results for SE Australia. Barlow
et al. (2007) also used biomarkers to differentiate between
three groups of phytoplankton: diatoms, small flagellates and
prokaryotes. Along a 30°S transect off east Australia they observed
a greater abundance of flagellates. Prokaryotes were increasing
eastwards of Australia, with greater abundances relative to
diatoms east of ~155°E. Here HPLC biomarkers showed contrast-
ing phytoplankton populations in different water masses, sug-
gesting they could be used to assess the biological signature of
water masses in the separation zone of the EAC. Marked
differences were also observed vertically with significant con-
trasts between the surface water and the Chlmax. The EAC water
was characterised by relatively low Chl a phytoplankton biomass
and unique presence of prochlorophytes (DV Chl a and b).
Cyanophytes were only found in the oceanic eddy and the EAC.
Chlorophytes were important only in inner-shelf waters including
the coastal eddy and diatoms dominated closer inshore at
~33.5°S. Further south where the spring bloom had barely
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commenced, phytoplankton biomass was generally low and high
surface nutrients were still present. Prymnesiophytes (19hex),
probably coccolithophorids, were ubiquitous in the region as were
pelagophytes (19but). Both these picoeukaryotes are found
widespread throughout the tropical Pacific (Andersen, 1985;
Landry et al. 1996). As observed in the separation zone of the
EAC during spring 2008, they are often found near the bottom of
the euphotic zone. Pelagophytes in particular are regularly
identified via pigments (Suzuki et al. 1997; DiTullio et al. 2003;
Marty et al., 2008) and can represent 40% of the picoeukaryotes at
the Chlmax (Not et al., 2008).

To refine our understanding on the dynamic and the parameters
that control phytoplankton community in this area, both inter-
connection of biogeochemical cycles (nitrogen and iron) and
variable biological requirement need to be considered. Long-term
trends in the strength of the South Pacific gyre will influence the
flow of the EAC through this region (Hill et al. 2007) impacting on
biogeochemical cycling (Thompson et al., 2009). Seasonal factors
such as development of a relatively deep mixed layer in winter
(Condie and Dunn, 2006) annually resupplying the euphotic zone
with dissolved inorganic nutrients are influencing the phytoplank-
ton ecology of the region. Processes such as increased insolation
and declining wind stress that cause shallowing of the mixed-layer
depth in spring must be important in the timing and magnitude of
the resulting spring bloom (Baird et al., 2006). The development of
frontal zones, upwellings and eddies create mesoscale and sub-
mesoscale variation that remains poorly understood. In addition,
temperature and especially grazing can effectively control the
phytoplankton community. Finally, because of the difference in the
timescale of the change in physical oceanography and the initiation
of an associated biological response, studies following temporal
variability as biological responses develop, and other Lagrangian-
type investigations are required.
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