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Abstract

The Leeuwin Current (LC) is an unusual poleward-flowing eastern boundary current that carries warm, low-salinity
water southward along the coast of Western Australia. LC dynamics include the formation of a dynamic mesoscale eddy
field whose biological dynamics have not been studied. Satellite altimetry indicates that the eddies studied in the 2003 field
programme were dynamically typical of LC eddies, but the warm-core (WC) eddy was relatively large and long-lived. The
WC eddy contained relatively elevated chlorophyll a concentrations thought to originate, at least in part, from the
continental shelf/shelf break region and to have been incorporated during eddy formation. Primary production per unit
volume in the WC eddy was ~2 x higher than in the cold-core (CC) eddy due to an historical accumulation of chlorophyll
a over the period since eddy formation (5-6 months), though chlorophyll a-specific daily production was volumetrically
~50% greater in the CC eddy. In the WC eddy, nitrate uptake rates were 4 x greater than in the CC eddy, despite the fact
that vertical diffusive fluxes of nitrate into the WC eddy were probably only 50% of those in the CC eddy. We therefore
hypothesize that other nitrate sources were important, possibly including isopycnal mixing and/or lateral transport into the
eddy from surrounding waters. In addition, a deep mixed layer favoured a large (> 5 um) diatom population within the
centre of the WC eddy while the CC eddy was persistently stratified, with a shallower mean mixed-layer depth (~100m vs.
~200m for the WC eddy) and a well developed deep chlorophyll ¢ maximum at ~100m composed of 30%
prochlorophytes (not capable of taking up nitrate). Both factors probably contributed to higher f-ratios in the WC and in
the >5pum phytoplankton relative to total phytoplankton.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The presence of mesoscale (50-200 km diameter)

cyclonic eddies can have a significant impact on

*Corresponding author. Tel.: +61863082: reglonal nutrleqt dynaml'cs., strongly 1mpfc1ct1ng
fax: +61893801015. primary production (McGillicuddy and Robinson,
E-mail address: Anya.Waite@uwa.edu.au (A.M. Waite). 1997; Letelier et al., 2000; Garcon et al., 2001).
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Globally, mesoscale eddies have been seen to
generate large productivity pulses in many nutri-
ent-poor regions of the world’s oceans (Letelier
et al., 2000; Garcon et al., 2001) by two primary
mechanisms: “eddy pumping” of nutrients upwards
from deep to shallow waters by cyclonic eddies
(Brzezinski et al., 1998; Siegel et al., 1999), and
transport of nutrients and productivity offshore
from coastal, frontal or upwelling areas by either
cyclonic or anticyclonic eddies (Garcia-Gorriz and
Carr, 2001; Lima et al., 2002; Whitney and Robert,
2002). Productivity enhancement due to eddy
pumping is generally seen in the centre of upwelling
cyclonic eddies and at the periphery of convergent
anticyclonic eddies (Mordasova et al., 2002). How-
ever, once formed, mesoscale eddies can go through
decay phases where the initial upwelling or down-
welling is arrested, moderated and/or reversed
(Bakun, 2006). The circulation can therefore change
dramatically depending on the age and history of
the eddy.

Because the nutricline may be depressed by 100 m
or more in the centre of an anticyclonic or warm-
core (WC) eddy, such eddies have the capacity to
reduce primary production. In the long term, with
both light (Shiomoto et al., 1998) and water-column
stability (Froneman et al., 1999) important controls
on production, WC eddies can develop ecosystems
with low biomass and a community composed of
small cells able to effectively compete for recycled
nutrients (Li and Dickie, 1985; Landry et al., 1998;
Burkill et al., 1993).

The Haida WC eddies in the NE Pacific actually
enhance local primary production rates both by
transporting nutrient-rich water offshore, and by
enhancing production rates in central eddy water
(Crawford et al., 2005). Investigators noted that the
deep centre of a WC eddy can be an important
reservoir of both micro- and macro-nutrients for
phytoplankton growth. This means that in anti-
cyclonic features, production of phytoplankton
such as diatoms can be enhanced, at least in the
short term, by nutrient enrichment including im-
portant inputs of iron from coastal waters (Peterson
et al.,, 2005). WC eddies interacting with the
continental shelf also have been seen to generate
what Cresswell (1994) calls “‘slope intrusions” of
nutrient-rich water on to the continental shelf in the
East Australian Current; such mechanisms have
highlighted the importance of WC eddies for
fisheries such as the gemfish off eastern Australia
(Prince and Griffin, 2001).

Cold-core (CC) eddies, on the other hand, usually
increase nutrient supply to the euphotic zone
because the nutricline is raised. These nutrient
increases are sometimes limited to depths immedi-
ately below the mixed layer in Gulf Stream rings
(Vaillancourt et al., 2003). In subtropical areas and
mid-latitude Atlantic waters, CC eddies can be
responsible for ~30% of the total nitrate flux into
the euphotic zone (Oschlies and Garcon, 1998). The
introduction of new nutrients would be expected a
priori to support populations of large phytoplank-
ton cells including diatoms (McGillicuddy and
Robinson, 1997). This in turn would be fuel for
higher trophic levels, since large fractions of
primary production in these systems can be grazed
(Froneman and Perissinotto, 1996).

Mesoscale eddies may play an important role in
nutrient transport and productivity enhancement
off the coast of Western Australia (WA) (Feng
et al., 2007). Sources of surface nutrient supply
driving marine productivity off WA are of special
regional interest, since the coast supports the
Western Rock Lobster fishery, whose larvae spend
9-11 months in the open ocean off the continental
shelf before they settle closer to shore (Caputi et al.,
2003). Because the Leeuwin Current (LC) trans-
ports surface waters poleward, suppressing upwel-
ling that would otherwise supply surface nutrients
and enhance productivity in these regions, the WA
coast is very low in nutrients (Pearce, 1991). In such
waters, the formation of large, long-lived LC eddies
may have a significant impact on both local and
regional productivity patterns.

LC eddies are unique among those formed in
eastern boundary currents in that they are the only
significant features formed by a warm current along
the continental slope, and this is the only region
where many WC and CC eddies are formed
together. Very few LC eddies have been deliberately
transected by oceanographers, so relatively little is
known about their influence on the regional
biogeochemistry and ecology. SeaWiFS ocean-
colour imagery suggests that anticyclonic eddies of
the LC have higher near-surface concentrations of
chlorophyll ¢ than adjacent waters, and that the
time of maximum concentration is mid-winter,
when the LC is most intense (Griffin et al., 2001).
Cresswell and Griffin (2004), however, found a local
fluorescence minimum in the center of an antic-
yclonic LC eddy south of our study region.

Our study investigates production patterns in
two counter-rotating mesoscale eddies formed in
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May 2003, about 5-6 months after their generation.
To address the question of whether these particular
eddies are typical for the study region, we first
present analysis of the history of mesoscale eddy
formation over the last 11 years, as determined by
satellite altimeter estimates of sea-level anomaly. We
then provide an analysis of the dissolved inorganic
nutrient uptake and productivity patterns within the
two eddies, and hypothesize as to what might be the
key factors controlling their productivity.

2. Methods
2.1. Satellite altimetry

Synoptic maps of sea-surface height anomaly
(SSHA) were estimated on a 0.2° x 0.2° grid, at 4-
day intervals for 1993-2003, using all available
satellite altimeter (ERS-1 and 2, Envisat, Topex/
Poseidon, Jason-1 and Geosat Follow-On) and
coastal tidegauge observations, by optimal inter-
polation methods essentially the same as those of
Griffin et al. (2001). To find and track individual
eddies from birth to disappearance within the region
21-38°S, 103-117°E, we first computed the local
sea-level anomaly LSLA (equal to SSHA minus the
instantaneous spatial average across the region)
then found all extreme points with LSSHA > 15cm
or LSSHA <—15cm. Sea-level features that could
be recognized repeatedly for more than 60d were
interpreted as being the signatures of significant
individual WC or CC mesoscale eddies, typically
100200 km in diameter. This process yielded a
dataset indicating how many eddies were created
each year, at what time and place, as well as their
strength (as represented by SSHA), trajectory and
lifetime.

2.2. Eddies 2003 research voyage

In October 2003, we undertook a 23-day research
voyage to investigate the physical, chemical and
biological dynamics of two counter-rotating mesos-
cale eddies of the LC off the coast of WA, formed in
May 2003. The evolution of the eddy field was
monitored by satellite radar altimetry and radio-
metry (sea-surface temperature (AVHRR) and
ocean colour) for several months before the cruise,
and promising features were followed to ascertain
their appropriateness for study. The primary criteria
were (1) that the eddy features occur between the
Abrolhos Islands and Cape Leeuwin, our proposed

area of study, and (2) that the eddies be mature, and
reasonably distinct from surrounding waters. The
two features identified for study by September 2003
were a pair of counter-rotating WC and CC eddies
~150km off the coast. Such pairs are known as
eddy dipoles (Feng et al., 2007).

2.2.1. Cruise track and station locations

We occupied a total of 98 sampling stations
within the two eddies over 23 days (Fig. 2), using a
set of diagonal transects. Station-sampling transects
alternated with underway transects during which we
towed the SeaSoar, an underwater sampler contain-
ing a high-resolution conductivity temperature and
depth (CTD) sensors and a fluorometer to measure
chlorophyll a fluorescence. While towed, the Sea-
Soar oscillated between two prescribed depths
separated by up to 200m. We alternated between
surface tows (~0-200m) and tows in which we
attempted to resolve what we considered at the time
to be the density gradient marking the bottom
boundary of the eddies (e.g., ~200—400m for the
WC eddy). Sampling started in the WC eddy
(October 1-12, 2003) and then proceeded to the
CC eddy (October 13-23, 2003).

Because the aim was to characterize the two
eddies radially, we targeted stations considered to
be representative of the eddy centre (C), body (B)
and perimeter (P) on each transect. These were later
converted to distance from eddy centre for each
station (distances for each region are summarized in
Table 1). Positions of moving eddy centres were
calculated based on Gaussian fits to the altimeter
SSHA data as detailed elsewhere (Feng et al., 2007).
A single pass through an eddy consisted of three
stations, nominally C, B, and P, of which at least
one station involved full assessment of primary
production (Production Stations, see below), fol-
lowed by a full-diameter (ca. 12-hour) SeaSoar run
through the eddy. Post-cruise data were sorted by
distance from the eddy centre where the eddy centre
was adjusted for movement. Due to time constraints
some SeaSoar transects resolved only one eddy
boundary. During all transects, we used an Acoustic
Doppler Current Profiler (ADCP) to measure
current strength and direction down to ~300m.
The ADCP was also used to locate the eddy centre
(below).

2.2.2. Water sampling
Sampling at each station consisted of a cast to
500m using a conductivity, temperature and depth
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probe (Seabird SBE 911 CTD) mounted on a
24-bottle rosette. Light was measured using a Licor
LI-192SA sensor, and chlorophyll a fluorescence
was traced continuously with a Chelsea Aquatrack-
a™ fluorometer. Water samples were taken at ~15
depths, with 10 depths concentrated in the mixed
layer (mixed-layer depths were ~70 m for CC eddy;
~270m for the WC eddy) and further sampling
every 50-100m to 500 m. Generic sampling at all
depths included unfiltered nutrient samples for
nitrate, phosphate, silicate and ammonium, and
two size fractions of chlorophyll ¢ (mixed layer
only). Nitrate, nitrite, silicate and phosphate ana-
lyses were performed using Quick-Chem™ methods
on a flow injection LACHAT® instrument using the
following protocols: for nitrate and/or nitrite
we used Quik-Chem™ Method 31-107-04-1-A;
detection limit ~0.03umolL™" (adapted from
Wood et al., 1967; a detection limit of 0.05 umol L™!
was used in this study). For silicate analyses,
we used Quik-Chem™ Method 31-114-27-1-D;
limit of detection ~0.05umol L™'(adapted from
Murphy and Riley, 1962), and for phosphate:
Quik-Chem™ Method 31-115-01-1-G; limit of de-
tection ~0.02 umol L™! (adapted from Armstrong,
1951). Ammonium concentrations were determined
using a technique developed by Kerouel and
Aminot (1997) and adapted for flow injection by
Watson et al. (2004).

For production stations, two depths were
sampled more intensively, the surface, which was
sampled by hand-held bucket (BK), and the
chlorophyll maximum as selected from fluorescence
trace during the down cast (MX). Samples were also
taken at five depths for assessment of primary pro-
duction via "C in two size fractions (large>5pum
and small<5um; see Section 2.2.3). Depths were
chosen to represent a light gradient for primary
production including at least one sample within the
deep chlorophyll ¢ maximum and one below it.
Nutrient uptake was measured as the uptake of
NO37 or 'NH, in two size fractions, total
phytoplankton and large phytoplankton (> 5 pm),
in BK and MX samples (Section 2.2.4).

For chlorophyll a, 1 L was gently vacuum filtered
on to a GF/F for total (TOT) and 2 L were filtered
on to a nominally ~5-um Nitex screen (L for large,
or >5um). These were immediately extracted in
90% acetone overnight for analysis on board using
a Turner Designs T400 fluorometer. For high
performance liquid chromatogtraphy (HPLC) ana-
lyses, 4-L samples were filtered on to GF/F filters

(nominal porosity of 0.7-um) from each BK and
MX depth. Analyses were executed with Waters™
instrumentation (a Waters 996 Photodiode Array
Detector, a Waters 600 Controller, and a Waters
717plus Autosampler). The HPLC system used an
SGE 250*4.6mm SS Exsil ODS (octodecyl silica)
5-um column. Pigments were eluted over a 30 min
period with a flow rate of I mL min~"'. The gradient
used follows Wright et al. (1991): (1) 80:20 (v/v)
methanol:ammonium acetate buffer 0.5mol L™' pH
of 7.2; (2) 90:10 (v/v) acetonitrile:MilliQ water; (3)
100% ethyl acetate. Each solvent was pre-filtered
through a Millipore HVLP 0.45-um filter. The
separated pigments were detected at 436nm and
identified against standard spectra using Empow-
er™ software. Concentrations of the pigments were
determined from standard (Sigma and purified
pigments obtained from algal cultures).

2.2.3. Primary production

Gently-mixed samples were poured into one dark
and two clear 140-mL polycarbonate bottles (du-
plicate experiments) to which 20 uCi of NaH'*CO;
were added. Bottles were incubated on deck from
dawn-to-dawn (24h) in plexiglass tubes covered
with a range of blue and neutral films that simulate
the intensity and nature of the underwater light field
within the euphotic zone. Seawater pumped from
~5m below surface filled the incubator tubes and
flowed continuously under pressure to keep samples
at near-surface water temperatures. Incubations
were terminated in the dark by pouring the content
of each incubation bottle through a 25-mm diameter
disk of nylon textile (Nitex™ mesh size = 5um)
and a Whatman GF/F™ filter placed in series.
The filters were dropped into separate borosilicate
vials and HCI was added on the filters (250 pl of
0.5N) in order to remove non-incorporated 14C.
Vials were left open in a fume hood overnight or
until the HCI had evaporated and the filters were
dry. The activity was measured on a LKB RackBe-
ta™ after adding 10ml of scintillation cocktail.
Carbon uptake was calculated using a value of
26,900 mg Cm™* for the concentration of dissolved
inorganic carbon.

2.2.4. Dissolved inorganic nitrogen (DIN) uptake
Gently-mixed samples were poured into two clear
2.3-L culture-bottles to which trace amounts of
K'°NO; (~0.05umol L™" final concentration) and
H}*CO; (~20pumolL~! final concentration) were
added to one bottle, and "NH,CI (~0.05 pmol L™!
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final concentration) and H}*CO; (~20umol L™
final concentration) to the other. Bottles were
incubated on deck in running seawater tubs under
full sunlight for the surface samples and under blue
and neutral films to simulate 1% light conditions for
deep samples. Incubations were terminated after
6-9h by pouring the content of each incubation
bottle first through a 5-um nitex mesh and then
through pre-combusted (500 °C, 12 h) 25-mm What-
man GF/F™ filters under low vacuum
(<50mmHg). The contents of the nitex mesh were
rinsed on to GF/F filters and all filters were dried at
60 °C then stored over desiccant until analysed by
mass spectrometry. Uptake rates were calculated for
carbon (pC), nitrate (pNO3) and ammonium
(pNH,4) and total nitrogen uptake (pN) is consid-
ered as the sum of pNO; and pNH,, since N,
uptake was an order of magnitude lower (Holl et al.,
2007).

2.3. Calculations and statistical analyses

Biomass and production were integrated by
trapezoidal integration over one of two depth
intervals: (1) euphotic zone when the deepest sample
was 0.1% surface PAR (which was often <110m)
at production stations and several non-production
stations; (2) 250m in the case of non-production
stations where deep samples were collected. This
was done as a first approximation of the chlorophyll
a biomass in the WC eddy. Chlorophyll @ in the
large (> 5 um) fraction and total chlorophyll a were
integrated separately prior to calculating the inte-
grated water-column percent contribution by large
cells.

We fitted a general linear mixed statistical model
(using SPSS) investigating variations in the follow-
ing variables: total primary production, chlorophyll
a-specific primary production, nitrate uptake rates,
ammonium uptake rates, % production in large
(>5pm) fraction, and the f-ratio (f-ratio defined
as ((nitrate uptake rate +ammonium uptake rate)/
total N uptake). Covariates were distance from
centre of the eddy, mixed-layer depth (MLD)
(m) (defined as a o, difference of 0.125 from
10m; see Feng et al., 2007 for details), sampling
depth (m), eddy (WC vs. CC), and size fraction
(>5um vs. total) with random effects involving
each station. Two to three outliers were removed
from each data set, and data were log-trans-
formed to conform to statistical requirements for
homoscedasticity.

3. Results
3.1. Satellite altimetry

Satellite altimetry can be used to identify and
track the intensity of mesoscale eddies over time:
WC features appear as positive sea-surface height
anomalies, while CC features appear as negative
sea-surface heights. Comparing the WC eddy we
studied during Eddies 2003 (B03) with all other
positive sea-surface height anomalies in the region
between 1993 and 2003, it is clear that BO3 was a
typical large eddy (200km diameter), with near-
equals occurring in 1996, 1998, 1999, 2001 and 2002
(Fig. 1). It is important to note, conversely, that in
1993, 1994, 1995 and 1997, no WC eddies the size of
B03 occurred. Turning to the CC eddies, the eddy
we investigated during the 2003 Eddies voyage
(C03) was the most intense CC eddy of 2003 though
it was bettered (but not greatly) in 7 of the 10
previous years. Only 1994, 1997 and 1998 lacked CC
eddies as intense as C03. Fig. 1 also shows that the
eddies were studied fairly late in their lives, and were
just past their peak amplitude, which occurred
closer to the middle of the year. Note that we
also include, for comparison, an earlier large WC
eddy studied by Moore et al. (2007) in 2000 (A00)
(Fig. 2).

3.2. Eddies 2003 oceanographic overview

The WC and CC eddies sampled during Eddies
2003 were clearly distinct from each other physically
and biologically, the WC eddy larger, deeper and
more productive (p<0.001; Figs. 3 and 4; Table 1)
than the CC eddy. The WC feature had a deep
surface-mixed layer as indicated by the plunging
~25.8 g, density contour, which reached ~275m in
the centre of the eddy, where temperatures were
above 18°C (Fig. 3A). Nitrate was undetectable
(<0.05umol L™") to 250m in the WC eddy centre
(Tables 1 and 2), and ammonium was undetectable
at the surface of the WC eddy (<0.05umolL™")
and uniformly below 0.1 pmol L™ within 100 km of
the WC eddy centre (data not shown). Fluorescence
traces within the WC eddy suggested the presence of
a deep and uniform chlorophyll ¢ maximum that
reached to ~250m; other fluorescence peaks
occurred at the perimeter of the eddy nearer the
surface (Fig. 3B).

Nutrient concentrations within the CC eddy
indicated that surface nitrate was measurable
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local sea surface height anomaly (m)

i i i

i 1 i
1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Fig. 1. The time line and intensity of warm-core (positive anomaly) and cold-core (negative anomaly) eddies as central height anomalies in
the Leeuwin Current, from birth to disappearance, over the decade before the cruise. Specifically, results are presented for eddies born in
the region lat 27-33°S, lon 110-115°E between 1993 and 2003. Label A indicates the eddy studied by Moore et al. in 2000, while Labels B
and C indicate the WC and CC eddies, respectively, sampled by Waite et al. in Eddies 2003.
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Fig. 2. Ship track showing sampling stations in the WC and CC eddies superimposed on satellite-derived sea-surface temperature for a 3-
day composite sea-surface temperature image to 8 October 2003. Solid lines represent positive sea-surface height anomalies (SSHA)
including the WC eddy, while dashed lines represent negative SSHAs including the CC eddy. White, red and pink circles indicate CTD
stations with no nets, bongo nets, and EZ net deployments, respectively (see text for details).
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distance from eddy centre on X-axis. Colours denote (A) temperature (°C) and (B) fluorescence calibrated as mg chlorophyll @ m™.

(Tables 1 and 2), at ~0.07 umol L™! in the eddy of 0.24 pmol L™ (+0.21; n = 5) in the eddy centre.
centre, and ammonium concentrations were sub- The CC eddy showed elevated density contours in
stantially higher than in the WC eddy, with a mean the immediate vicinity of the eddy centre, with
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water at eddy surface and fluorescence peaks at the central upwelling node and periphery of the eddy.



A.M. Waite et al. | Deep-Sea Research II 54 (2007) 981-1002

990

(zoo) o) (1T0) Tr=uw
S 80¢€ € £0¢ o1 091 SSET 14 LS'1 [4 1170 800 90°0 £l SOI—Ly  (P1) €L 191w
(100 (@o0) (810 (81=1u
14 60T I ¥'1T €01 89 6°GET 9 6¢°1 4 01’0 600 90°0 LT1 861 (1) 9¢ Apog
(zo0) (€00 (€10 (T1=u
€ SLI I S8l 0TI 811 ¥'0¢l € YTl I L00 600 LO0 6¢°1 1L (6) ¥1 anud)
9109 P[0
(100)  (000) (80'D)
(6=u)
I LOY 1 0%€ Sl €Tl ¥'69 €1 [4:4 L wo Tro S0°0 1€°1 €21-6L  (81) 101 IoIoWILId]
(000)  (00'0) (ST°0) (8=u
91 £9¢ 6 08¢ 88 Sy 969 4! €8°C LE LTo 110 S0°0 S6°0 €L~ (01 09 Apog
(#0000 (000)  (60°0) 8=u
6l 1214 91 6°0¥ 66 9°¢ 0°0L S¢ LST 4! 61’0  TI'0 S0°0 $9°0 818 ) €1 Uy
2100 WLIBA\
(as
(%) (%) (%) (ury)
uononpord (,_p__w)Fuw) sseworq uononpord (_p._w)3ur) (%) (xew—urw) 11U
Krewd uononpord Dy (;_wsu) Krewd uononpoxd v 4D Q1)U Appa
dremonaed Arewnd [®10)  ssewolq arenonaed Arewnd  [810) @as) (@s) (@as) Apps woyy wouy
[©103/9318] aremonaed /a31e] p (,_wjoww) (_uwjoww) (,_wiowu) [ej0}/d51e] sreonted  /osrer (._wduwr) (jount) (jowm) (jounr) SOURISIP  QOUBISIP
oney [e10L oney [Yd [BI0L rOd fON IS oney [el0L  oney PO *Odd ‘ONd s Jo aduey UL uonelg
parersojuy QorJINg suone)s [[e—Arewwung

suonels [[e 10J A30[01q pue A1SIuayd APpd Jo Arewiwung :£(), Saippg

¢olqeL



A.M. Waite et al. | Deep-Sea Research II 54 (2007) 981-1002 991

isopycnals shoaling to a depth of 75m (Fig. 4A).
There was also direct evidence that the CC eddy was
surface-convergent; a mooring released a significant
distance away from the eddy centre was retrieved in
the exact centre of the eddy 2 weeks later, and the
centre of the eddy also had collected a number of
drifting buoys and other flotsam. A fluorescence
peak occurred at ~100m in the immediate vicinity
of the raised thermocline in the CC eddy centre; this
was highly localized and only ~15km in diameter.
This chlorophyll ¢ maximum in the centre of the CC
eddy was found to be closely associated with the
bottom of the mixed-layer (Fig. 4B); on average it
was located ~15m above the MLD (where Ag; was
0.125). Surface fluorescence was otherwise low
overall throughout most of the eddy, but there were
fluorescence peaks at 60-80m around the eddy
perimeter (Fig. 4B).

Two other regional oceanographic features are of
note in terms of their possible influence on WC and
CC eddy dynamics. A large warm (~19 °C) surface
water mass to the north of our study region was
gradually moving south in the weeks before the
cruise. As it approached the eddy dipole, a filament
of that water was drawn between the two eddies,
forming a feature that we refer to as the warm
surface jet (WSJ; Fig. 5). To the south-east of the
WC eddy lay a large region of relatively cold
(15-16 °C) Subtropical Front Water (SFW) (Fig. 5).
While the surface layers of the SFW were actually
colder than the surface waters of the CC eddy,
the SSHA (measured by altimeters) was only
about —20cm indicating that the surface tempera-
ture anomaly did not extend to great depths.
However, the SSHA did increase through the period
of the cruise suggesting that it was an intensifying
feature.

Overall, the regional biological oceanography as
represented by the subsurface fluorescence signal
was therefore dominated by a series of mesoscale
features, visible in the composite SeaSoar trace
(Fig. 5): east of the eddies, the Subtropical Front
(STF) intruded towards the north, with its distinct
deep fluorescence maximum. The WC eddy and the
CC eddy were separated by the WSJ; this latter
feature had a distinct and shallower fluorescence
peak at ~50m associated with it (Fig. 5). When
SeaSoar fluorescence data were calibrated as chlor-
ophyll ¢ and integrated to 150 m, the WC feature
emerged as the most significant chlorophyll-contain-
ing mesoscale feature of the region (Fig. 5), with
greater integrated phytoplankton biomass than any

other regional feature. This was confirmed by
analytical sampling indicating that WC chlorophyll
a concentrations were 0.14-0.7pgL™" vs. 0.06—
0.8 ug L™ for the CC eddy, for example (Table 1).

3.3. Eddies 2003: biomass, production and nutrient
uptake

The WC eddy contained relatively uniform
chlorophyll a concentrations in a mixed layer much
deeper than that found in the CC eddy (Figs. 3
and 5). The lowest chlorophyll a concentrations
were found at the surface of the CC eddy, while
values from the deep chlorophyll ¢ maxima were
similar to the higher values found in the WC eddy.
In general, large phytoplankton cells (>5pum)
contributed about 15% of phytoplankton biomass
(measured as chlorophyll a) in the WC eddy, though
values varied from 8% to 44%. Microscopic
observation indicated these were large diatoms.
Large phytoplankton contributed only 1-3% of
biomass in the CC eddy (Table 1), significantly less
than in the WC eddy (see also Thompson et al.,
2007). Large phytoplankton cells in the WC
eddy contributed an average of ~16% of primary
production, compared to ~4% in the CC eddy
(Tables 1 and 3), and % large production had
statistically significant trends with depth and
distance from eddy (see below and Table 4).

Distinct differences between eddies were apparent
when pigments were analysed via HPLC pigment
analyses. Here we can see the dominance in the WC
eddy of fucoxanthin and diadinoxanthin, pigments
associated with diatoms, prymnesiophytes, and
crysophytes, while divinyl chlorophyll a (DV chla),
typical of Prochlorococcus spp., was more dominant
in the CC eddy (Fig. 6; see also Thompson et al.,
2007, for more detail).

Primary production by all phytoplankton (total
primary production) in the WC eddy averaged
~2 x that in the CC eddy. Vertically integrated
production in the WC eddy was similarly 1.7 x that
in the CC eddy (Tables 1-3). When each eddy was
considered separately, there was no significant effect
of MLD on production rates. Differences in
production rates with increasing MLD became
significant when data from both eddies were pooled,
and were driven by fact that the deepest MLDs
occurred only in the WC eddy. It is thus impossible
to consider eddy and MLD independently, and we
present output from the inter-eddy comparison only
(Table 4), and address this matter further in the
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Fig. 5. Eddies 2003: (A) Chlorophyll a biomass integrated to 150 m as estimated from calibrated fluorescence as seen in (B), a composite of
four SeaSoar transects showing regional scale variation of subsurface fluorescence within the cold-core (CC) and warm-core (WC) eddies
separated by the warm surface jet (WSJ) generated between the eddies (solid arrow). East of the WC eddy is Subtropical Front Water
(SFW), a mild CC feature typified by an intense fluorescence maximum at depth. White lines are isopycnals. Note that the more diffuse
layer of chlorophyll @ in the WC eddy in general contains more vertically integrated chlorophyll a biomass than any other regional feature.
(C) SeaWIFS sea-surface temperature image as in Fig. 2, showing the location of the CC, WC, WSJ and SFW and the actual ship track for

the SeaSoar transects (solid black lines).

Discussion. Chlorophyll a-specific production was
~50% higher in the CC eddy than in the WC eddy
(Table 3), decreasing with water depth in both
eddies, but with a significantly steeper slope in the

CC eddy (Fig. 7; Table 4). Within the WC eddy,
there was a significantly greater proportion of
production taking place in large cells (> 5 um) than
in the CC eddy, and this proportion also decreased
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Fig. 6. Pigment concentrations in the cold-core (CC) and warm-
core eddy (WC) as analysed by high performance liquid
chromatography (HPLC). Bubbles on the cell density plots are
proportional to the square root of pigment density: concentra-
tions in pgL~™' (min-max): fucoxanthin (0.004-0.812); divinyl
chlorophyll a (0.011-0.199); diadinoxanthin (0.003-0.135).

with distance from the centre, especially in the WC
eddy (large to total production ratio, Table 4). The
large to total production ratio also decreased
significantly with depth within the CC, but not the
WC eddy (Table 4; Fig. 7).

Ammonium was the primary nitrogen source in
both eddies, but was significantly more important in
the CC eddy than in the WC eddy (Table 3). Total
nitrate uptake rates were about 4 x greater in the
WC eddy than in the CC eddy (Table 3), while total
ammonium uptake was more than 2 times greater
(Table 4) in the CC eddy than the WC eddy. Both
nitrate and ammonium uptake rates showed a
significant interaction between depth and distance

from eddy centre. For example, near the eddy
centre, N uptake rates in the large fraction (> 5 um)
were more uniform in the vertical, while in the outer
regions of the eddies, N uptake rates declined more
rapidly with depth (Fig. 8). This was also true for
the nitrogen uptake in the total phytoplankton
(Table 4). There were no independently-resolvable
gradients in N uptake with depth or with distance
from eddy centre, but there was a significant change
in the depth-dependent slope of the uptake rates of
nitrate and ammonium in both eddies. This was also
true for the nitrogen uptake in the large (>5um)
phytoplankton fraction in the WC eddy (Fig. 8).

While the small (<5um) phytoplankton domi-
nated (57-100%) both nitrate and ammonium
uptake in both eddies (Table 4), the large (> 5 pum)
phytoplankton in the WC eddy were responsible for
a much greater fraction of both nitrate uptake
(~28%) and ammonium uptake (~43%) than in the
CC eddy (undetectable for either nitrate or ammo-
nium). The f-ratio, which provides a measure of
phytoplankton preference for nitrate over other N
sources, was five times greater in the WC than in
the CC (Tables 3 and 4). The f-ratio was also
significantly greater (P = 0.04, Table 4) in the large
phytoplankton fraction than in the total phyto-
plankton, suggesting that the presence of larger cells
was associated with the increased f-ratio within the
WC eddy.

The mean f-ratio in the WC eddy was 0.35,
significantly higher (z-test, p = 0.002) than the f-
ratio in the CC eddy (0.07) (Table 3). The large
(>5um) size fraction of phytoplankton had a
significantly higher f-ratio than total phytoplankton
in the WC eddy (Tables 3 and 4), and the f-ratio in
the large size fraction increased with distance from
centre of the WC eddy, while that in the total
fraction decreased with distance from WC eddy
centre (distance x size fraction interaction, Table 4).
There was no detectable nitrogen uptake in the
large size fraction of the phytoplankton in the CC
eddy, so it was not possible to calculate the f-ratio
(Table 3; ND = not detectable).

4. Discussion

Recent analysis suggests that dynamic oceano-
graphic processes occurring at the sub-seasonal
temporal scale and on the “meso” spatial scale
may be the crucial processes regulating production
dynamics related to fisheries (Bakun, 2006). Here
we present a synoptic analysis of the mechanisms
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Table 3

Mean carbon, nitrate and ammonium uptake rates and f-ratios across the warm-core (WC) and cold-core (CC) eddies, respectively, for

total phytoplankton and large phytoplankton (> 5 um)

Warm core eddy

Cold core eddy

Mean Std. error n Mean Std. error n
Total primary production (mgCm~3d ™" 4.0 0.31 64 2.0 0.14 73
Total integrated production (mgCm=2d™") 400 44 11 240 43 13
Chl a-specific production (mgCmg Chl ="' d™") 12.3 1.04 62 18.2 1.82 65
Large production (%) 16 0.8 64 4 0.3 72
Total NO; uptake (Nmol L™'h™") 0.97 0.22 19 0.25 0.05 10
Large NOj uptake (% ) 27.5 6.1 19 ND ND 10
Total NH,4 uptake (NmolL~'h™") 1.78 0.27 19 439 0.82 10
Large NH,4 uptake (%) 432 10.3 19 ND ND 10
f-ratio (total) 0.35 0.06 19 0.07 0.02 10
f-ratio (large) 0.48 0.06 19 N/A N/A 10

Note that N-uptake in the large size fraction within the CC eddy was undetectable (ND) across the 10 experiments executed. Integrations

were performed to the 0.1% light depth (see text for details).

underlying production patterns in two mesoscale
eddies of the LC off WA, a WC and paired CC
eddy. The dynamics of the LC have been implicated
in interannual variability in fisheries recruitment
(Caputi et al., 2001), but the mechanism driving
these correlations is presently unresolved.

4.1. Satellite altimetry

The satellite oceanography indicates that the WC
eddy studied in Eddies 2003 by Waite and co-
workers (see 13 papers this volume; Eddy B03 in
Fig. 1), was a relatively large, long-lived feature.
Eddy B03 was very similar in structure and history
to Eddy AO00 studied by Moore and co-workers
(2007), which had the highest local sea-surface
height anomaly (LSSHA) documented in the 13-
year time series. Few of the other large WC eddies
were as long-lived as A0O and BO03. In fact, careful
inspection of the eddy histories reveals that of all the
large WC eddies, the histories of A00 and B03 most
resemble those of each other. Both initially formed
just off Rottnest Island, AOO in late March, and
B03 in late April. Both spent a longer period than
most other WC eddies near the continental shelf,
and were the southern members of a trio of eddies
forming warm-cold-warm triplets. It appears that
existing in the triplet makes the southern WC
member grow especially large; in both cases the
CC eddy in the centre of the triplet (C03 in
2003) eventually looped anticlockwise around the
southern WC eddy. In the other years, the domi-
nant eddies formed farther north, more closely
resembling the modeled eddies of Rennie et al.

(2007), and/or propagated west more quickly after
formation.

What the results of the satellite altimetry analysis
mean for the interpretation of the 2003 field
programme is that while the basic mechanism of
formation of both eddies (mixed barotropic and
baroclinic instability of the LC, e.g., Batteen and
Butler, 1998; Feng et al., 2005) is the same as for
some eddies in all years (i.e. an instability of the LC
grows until it pinches off and drifts west), the 2003
cruise (and the 2000 cruise; Moore et al., 2007)
sampled slightly rarer WC eddies that were both
large and long-lived as a consequence of remaining
in contact with the flow of the LC along the
continental shelf longer than usual. By the time they
were studied, however, both eddies had been out of
contact with the LC and the continental shelf for
about a month, and hence can both be considered as
classical examples of large, mature WC eddies of LC
origin. The increased chlorophyll a concentration in
B03 had been visible as high sea-surface chlorophyll
in SeaWIFS images from the previous month
(September 2003, Feng et al., 2007), which had
been distinctive against the lower background
surface chlorophyll a concentrations in the region,
and particularly, in comparison to the CC eddy
where surface chlorophyll ¢ was low (Feng et al.,
2007). We postulate that the WC eddy B03 had
trapped a large volume of LC water (equivalent to
several weeks of flow, see Feng et al., 2007) and
moved it offshore over the 5-6 month period since
formation. The extent to which this LC water
represented a nutrient source is explored elsewhere
(Greenwood et al., 2007); these authors suggest that
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up to 50% of the production in the WC eddy may C03, on the other hand, appears to be a more
have been fuelled by nutrients incorporated at the typical example of an intense LC CC eddy that
time of eddy formation. formed seaward of the LC upstream of a developing
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LC meander. Was the surface convergence we
observed in the CC eddy typical for this current
system? CC eddies elsewhere can be a significant
source of deep water to the euphotic zone via
upwelling and surface divergence in the eddy centre
(Vaillancourt et al., 2003), but by the time a CC
eddy begins to decay it can become surface
convergent (Bakun, 2006). Our observation of clear
surface convergence near the centre of C03 might
possibly have been related to the early stages of
eddy decay, but the eddy was apparently close to its
physical peak when sampled (Fig. 1), and a warm
cap of water at the surface of C03 seemed to have
inhibited the movement of cooler water to the
surface, such that C03 may have neither fully
upwelled nor become surface divergent (see Fig.
4). Griffin et al. (2001) noted that several satellite-
tracked surface drifters became trapped right in the
centre of CC eddies in this region, suggesting that
surface convergence similar to what we observed
may actually be typical of CC eddies formed in this
region. This has significant implications for the
controls of productivity within the LC system.
Rennie et al. (2007) show model results that indicate
that such CC eddies may be sourced from the deeper
LC Undercurrent, suggesting that what was ob-
served in Eddies 2003 may actually have been
typical for LC CC eddies, although we cannot
confirm her hypothesis that a meander of the
Leeuwin Undercurrent was involved in the process.

4.2. Biomass distributions

In its regional context, the elevated biomass (as
integrated chlorophyll @) in the WC eddy repre-
sented an important mesoscale increase in phyto-
plankton standing stock, with significant potential
to support higher biological productivity including
secondary and tertiary production in the ecosystem.
In contrast, the CC eddy generally exhibited
oligotrophic oceanic conditions by global standards
(<0.1mgChl am™; Antoine et al., 1996), while
WC eddy was mesotrophic in comparison to
a worldwide survey of open ocean waters
(0.1-1mgChl am™>; Antoine et al., 1996). So
although the majority of the WC eddy chlorophyll
a biomass was in small cells as is typical of
oligotrophic systems (see Psarra et al., 2005; Seki
et al., 2001), the WC eddy chlorophyll a concentra-
tions were higher than other WC eddies in
oligotrophic systems such as those found in
Mediterranean (Psarra et al., 2005). Where hori-

zontal nutrient gradients are important in determin-
ing mesoscale eddy productivity, the distribution of
both new production and phytoplankton biomass
within an eddy is strongly dependent on the nutrient
dynamics at the time of eddy formation (Levy,
2003). The distribution of new production can
resemble patterns of vorticity in such cases, and
the phytoplankton biomass peak in the eddy centre
correlates with surface temperature (Levy, 2003)
such that there are radial gradients in biomass and
uptake rates. The general correlation (e.g., in the
SeaSoar cross-section) between surface temperature
and chlorophyll in WC eddy B03 gives support to
the notion that the nutrients were incorporated as
the eddy formed (see Greenwood et al., 2007 for a
modeling test of this hypothesis). In addition,
though phytoplankton assemblages in the CC eddy
CO03 are typical of open ocean assemblages off
Australia, the WC eddy assemblage is more similar
to those found in waters on the continental shelf
(Thompson et al., 2007).

4.3. Primary production

A ring of high-production water on the perimeter
of a WC eddy is considered typical of Southern
Hemisphere WC eddies (de Souza et al., 2006). This
is consistent with the depression of the thermocline
in the vortex centre, where cold, nutrient-rich water
is displaced downward away from the euphotic
zone, decreasing production rates (de Souza et al.,
2006). The increase in production rates and biomass
in the centre of the WC eddy we studied, apparently
a typical LC eddy, is therefore of general interest
and suggests that LC eddies are atypical of other
WC eddies studied. Our documentation of higher
total productivity in the WC eddy than in the CC
eddy was further supported by observations of
higher nitrate uptake rates and higher f-ratios
within the WC eddy. The increasing fraction of
production in large phytoplankton as the WC eddy
centre was approached suggests that the increase in
total production in the WC eddy was at least partly
a function of greater large phytoplankton biomass,
especially diatoms, in the WC eddy. The dependence
of increased production on increased diatom
biomass would be consistent with the hypothesis
above regarding nutrient (including phytoplankton)
enrichment at eddy inception being an important
factor in determining WC eddy ecology. The
increase in WC eddy primary production therefore
could be driven both by the historical incorporation
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of nutrients and seed populations of diatoms, and
by environmental conditions (including a deeper
mixed layer) favouring the growth of diatoms
relative to other phytoplankton. This is explored
more fully in Thompson et al. (2007).

The precise role of MLD in determining the
regionally anomalous mesotrophic production le-
vels in the WC eddy remains speculative, since
differences in production driven by changes in
MLD could not be extracted statistically from
inter-eddy differences in MLD. However, our data
support the notion that the deep mixing in the
centre of the WC eddy consistently increased
productivity deep within the eddy—both nitrate
and ammonium uptake, and chlorophyll a-specific
production rates, were higher, deeper, in the centre
of the WC eddy, than at the outer radius of the WC
eddy or the CC eddy. The peak in production of
large phytoplankton in the centre of the WC eddy
also supports the notion that the deep MLD of the
WC eddy may have favoured the maintenance of a
deeply mixed diatom population, consistent with
arguments presented by Thompson et al. (2007) that
a lower light level favoured the maintenance of
diatoms in the centre of the WC eddy. A deep MLD
also may have favoured increased ammonium
supply via an increase in the regeneration path
length (see Section 4.4); this is also consistent with
the local peak in ammonium uptake in the WC eddy
centre.

The chlorophyll a-specific production Pg was
~50% higher in the CC eddy than in the WC eddy,
and Py in the CC eddy declined more steeply with
depth. Such a depth-dependence could be driven
either by shifts in cell physiology such as the
chlorophyll a quota, or by changes in the carbon
fixation rate per se. Variation in Py is known to be
related to phytoplankton acclimation to differences
in irradiance or temperature (Geider, 1987) or
nutrients (Chalup and Laws, 1990). Temperature
differences in the mixed layers between eddies or
between the surface and mean MLDs (177 m in the
WC eddy and 105 m in the CC eddy) were relatively
small, averaging ~1°C. These are insufficient to
shift Pg or the phytoplankton C:chl a ratio
significantly (Geider, 1987). Over the average
MLDs the mean irradiance was 66% greater in
the CC eddy, a difference that could reduce the
chlorophyll @ quota of photoacclimated and nu-
trient sufficient cells by ~40% and could explain the
greater Pg. The POC:chl a ratio was greatest in the
surface samples from the CC eddy (Thompson

et al., 2007), an expected consequence of greater Pg.
The greater slope of Py vs. depth in the CC eddy is
consistent with a reduced rate of vertical mixing in
the CC eddy relative to the WC eddy (Thompson
et al., 2007). We suggest that phytoplankton in the
WC eddy have a chl ¢ quota that is determined
more by the mean irradiance over the MLD while
those in the CC eddy are more fully acclimated to
the irradiance at the depth sampled. Such a
hypothesis would explain the observed steep slope
of Py vs. depth in the CC and the intersection at
~80m. DIN concentrations were sufficiently low
that they also may have increased C:chl a ratios
(Chalup and Laws, 1990) and Pg. Average MLD
DIN (DIN = nitrate + nitrite + ammonium) tended
to be greater in the CC eddy than the WC eddy,
and, if having an effect, should reduce Py in the CC
eddy. Therefore we suggest that physiological
responses to irradiance > nutrients > temperature
are responsible for the rise in Pg within the CC
eddy.

4.4. DIN uptake

Across both eddies and all depths, ammonium
dominated as a nitrogen source to phytoplankton,
such that f-ratios were always <0.5 and <0.1
within the CC eddy. The lack of nitrate uptake and
the low f-ratio in the CC eddy may be due partly to
the greater relative and absolute abundance of
prochlorophytes in the CC eddy. DV chl a was
much more abundant in the CC than the WC eddy
(46% of the MV chl a in the CC eddy and only 8%
of the MV chl a in the WC eddy, or six times
relatively more abundant; Thompson et al., 2007).
Prochlorophytes are the only taxa with DV chl a
likely to be present in abundance (Chisholm et al.,
1992). As prochlorophytes are not likely to be using
nitrate (Moore et al., 2002) they can be expected to
decrease the f-ratio in the CC eddy in the <5um
and total fraction. The f-ratio as calculated here
however, does not, give any indication of possible
enhanced uptake of N by nutrient-starved phyto-
plankton (Dugdale et al., 1981; McCarthy, 1981).

Both ammonium and nitrate uptake within the
WC eddy peaked in the eddy centre. Greenwood
and co-workers (2007) predicted that a deeper
mixed layer would increase the time available for
regeneration of nutrients (e.g., re-supply of nitrogen
as ammonium), increasing production rates overall.
In addition, the 8'°N of particulate organic matter
decreased with increasing MLD (Waite et al., 2007),
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and the authors present an argument suggesting
that this is driven by an increase in ammonium in-
corporated into phytoplankton as MLD increased.

However, the f-ratio in the WC eddy for total
phytoplankton also peaked in the WC eddy centre.
The high nitrate uptake in the WC eddy (4 x that of
the CC eddy) is of special interest when one
considers that the estimated vertical diffusive nitrate
flux into the WC eddy was only ~50% of that
estimated for the CC eddy (Greenwood et al., 2007)
and Waite et al. (2007) argue that higher 8'°N
values for phytoplankton overall in the CC eddy
suggest an greater relative nitrate availability in that
eddy. In this case, it seems likely that the higher
f-ratio could be driven at least partly by the
presence of diatoms with a nitrate requirement,
which were favoured by the presence of a deep
MLD in the centre of the WC eddy. The f-ratio in
the WC eddy was also ~25% higher in the large
(>5um) size fraction, where diatoms were signifi-
cant contributors to nitrate uptake. Other processes
not quantified in our study such as nitrification
could have increased nitrate supply (Wankel et al.,
20006).

Results from a 1-D model suggest that incorpora-
tion of nutrients at the time of eddy formation could
account for up to 50% of the production measured
here (Greenwood et al., 2007). In addition, esti-
mated vertical nutrient fluxes along the eddy
boundary could account for up to 30% of the daily
production rate (Greenwood et al., 2007). However,
the high rates of nitrate uptake in the WC eddy,
especially in the >5um fraction (Table 3), are
consistent with the presence of still further addi-
tional nitrate sources. There was isotopic evidence
that the diatom population accessed nutrient
sources which were distinct from those used by the
<5-pum cells and which were more typical of deep
nitrate sources (Waite et al., 2007). We speculate
that the high f-ratios in the WC eddy are likely to be
supported by nitrate injections from a range of
other sources, with anecdotal evidence supporting
three possible mechanisms: (1) isopycnal mixing, (2)
entrainment from the WSJ between the two eddies,
and/or (3) lateral injections of nitrate from nutrient-
rich water masses such as the SFW to the southeast.
For example, salinity anomalies near the base of the
pycnocline suggest earlier intrusion of waters
surrounding the WC eddy via isopycnal mixing
may have occurred, but the magnitude is unclear
(M. Feng, pers. comm.). Nutrient concentrations in
waters beneath the WSJ are some of the highest in

the surface waters of the region, but the time scale
of their possible entrainment into the eddy is
unclear (S. Pesant, unpubl. data). Process measure-
ments at the chlorophyll ¢ maximum at the SE
perimeter of the WC eddy suggest that mixing might
have been occurring at depth with SFW (Paterson
et al., 2007), a hypothesis supported by hydrody-
namic analysis (Feng et al., 2007). However the
relative magnitude of these additional sources was
beyond the scope of our analysis.

4.5. Heterotrophy

Nutrient injections into heterotrophic systems
with high turnover and well-developed bacterial
populations can be very rapidly cycled into the
microbial loop (Krom et al.,, 2005), such that
nutrient supply into such systems cannot be simply
parameterized as increases in production rates
(Psarra et al., 2005). Both eddies we studied were
overall highly heterotrophic. Microzooplankton
herbivory was a key feature of both the WC and
the CC eddies, possibly controlling not only
picoplankton production and abundance but also
mediating diatom production in the WC eddy
(Paterson et al., 2007), with the WC having more
predatory dinoflagellates than ciliates in the mix of
predators (i.e. predators capable of targeting the
large phytoplankton fraction). We therefore expect
nutrient recycling to be a key factor determining
overall production rates, and a key factor enhancing
production in the WC eddy.

This primary production in the WC eddy seemed
to be available to higher trophic levels: mesozoo-
plankton were twice as abundant in the WC eddy as
in the CC eddy, at ~100 individuals m~> in the WC
eddy (Strzelecki et al., 2007; Table 1), consistent
with observed differences in phytoplankton abun-
dance between the eddies. Though the abundance of
the zooplankton in the eddies was much lower than
was generally observed in the LC/continental slope
environment (Strzelecki et al., 2007), both the
increased abundance of herbivores (Strzelecki
et al., 2007) and their superior physiological state
(Waite et al., 2007) suggest an enhanced ‘‘classic”
food web within the WC eddy in comparison to the
CC eddy.

5. Summary

The WC eddies studied in Eddies 2003 and in
2000 by Moore et al. (2007), were long-lived and
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large features compared to typical WC eddies, and
were similar to each other. Both were generated off
Rottnest Island, spent a relatively long time near the
coast after generation (~1-2 months), and were
mature when sampled. Eddies 2003 sampled a pair
of counter-rotating eddies (eddy dipole) with
distinct physics and plankton ecology. The WC
eddy was elevated in phytoplankton biomass and
production, especially in the large (>5um) size
fraction, which was characterized by chain-forming
diatoms in a large phytoplankton fraction with a
high f-ratio (0.48). The CC eddy contained relatively
more prochlorophytes, a much greater portion of
the pigments were found at ~100m and volumetric
chlorophyll a-specific production (Pg) was greater.
Our analysis supports the notion that the higher
production rates in the WC eddy were a conse-
quence of elevated phytoplankton biomass gener-
ated earlier in the eddy’s history, and partly
dependent on the population of diatoms favoured
by the lower light levels in the WC eddy’s deep
mixed layer. A deeper MLD also seemed associated
with increases in nutrient regeneration supporting
higher production rates.

Nitrate was probably the nutrient limiting bio-
mass production and was non-detectable to 275 m in
the centre of the WC eddy. We suggest that in
additional to cross-pycnocline diffusion of nitrate,
some lateral sources are likely to have been mixed
into the WC eddy if we are to account for the eddy’s
relatively high rates of nitrate uptake.
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