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Abstract
Anticyclonic (warm-core) mesoscale eddies (WCEs) in the Eastern Indian Ocean carry higher surface chlorophyll

signatures than cyclonic (cold-core) eddies (CCEs). Paradoxically, WCEs host rock lobster larvae (phyllosomas) with
lower lipid stores and protein reserves than phyllosomas in CCEs, suggesting a poorer nutritional status. We assess
primary productivity and zooplankton isotopic data from eight eddies across four research voyages (2003–2011) to
determine how this contradiction might occur. We find that WCEs and CCEs are equally productive per unit chloro-
phyll a, but depth-integrated primary production (PP) is greater in eddies with shallower mixed layers (MLs), espe-
cially in CCEs. MLs tend to be shallower in CCEs than in WCEs because the pycnocline is closer to the surface.
This, in combination with stronger stratification in CCE euphotic zones than those of WCEs, supports greater flagel-
late and dinoflagellate populations in CCEs. These phytoplankton provide high-quality nutrition for zooplankton,
which feed on average ~ 0.6 trophic level lower in CCEs with the shallowest MLs, accumulating high lipid stores.
Conversely, WCEs have, on average, ~ 70 m deeper MLs than CCEs, and host a phytoplankton community with
more diatoms. Diatoms provide lower quality food for zooplankton, and zooplankton lipid stores in WCEs decline
with trophic level, and possibly, with time after initial (or seasonal) nutrient injection. As a result, phyllosomas in
CCEs have higher energy and lipid content than those in warm-core eddies. The resolution of the paradox, there-
fore, is that the higher surface chlorophyll signatures of WCEs are not representative of the nutritional value of the
prey field of the phyllosoma. We also conclude that interannual variations of mixed layer depth occur at a regional
scale, controlling PP.

Largemesoscale eddies in oligotrophic regions can significantly
impact productivity (Chelton et al. 2011). The eddies generated
by the Leeuwin Current (LC) in the eastern Indian Ocean

transport nutrients into surface waters, either by moving nutri-
ents offshore from the coast (anticyclonic warm-core eddies
[WCEs]) or by lifting nutrients from deeper waters (cyclonic
cold-core eddies [CCEs]) (Cresswell and Griffin 2004). In this
system, WCEs tend to have a deep surface ML with well-mixed
and relatively high chlorophyll a (Chl a) concentrations (Waite
et al. 2007a). In contrast, the pycnoclines of CCEs are often
more physically stratified thanWCEs, limiting significant nutri-
ent flux and chlorophyll accumulation to a (relatively) small
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depth range near the pycnocline. Here, nutrients aremade avail-
able through pycnocline elevation (Greenwood et al. 2007;
Waite et al. 2007b) and through isopycnalmixing (Pidcock et al.
2016). Evidence of higher chlorophyll concentrations in WCEs
determined from remote sensing has suggested that WCEs are
generally more productive, driven both by incorporation of
nutrients from the coast (Paterson et al. 2008) and by the sea-
sonal injection of deep nutrients across the pycnocline in the
IndianOcean (Dufois et al. 2016).WCEs also have higher N2 fix-
ation rates (Raes et al. 2015), greater depth-integrated Chl a, and
depth-integrated primary production (PP) than CCEs, as well as
a greater proportion of diatoms in their phytoplankton biomass
(Thompson et al. 2007;Waite et al. 2007b).

However, detailed examination in the south-east Indian
Ocean has shown that CCEs can sometimes be more produc-
tive per unit Chl a than WCEs, because CCEs have more
actively dividing populations of small phytoplankton includ-
ing nanoplankton and picoplankton (Thompson et al. 2007).
CCEs also support relatively more abundant populations of
dinoflagellates, including heterotrophic dinoflagellates such as
Protoperidinium spp., such that their ecosystems are actually
more heterotrophic than those of WCEs (Waite et al. 2007a).
This positive covariation of productivity and heterotrophy is in
strong contrast to classical spring bloom dynamics in higher
latitudes, where diatom blooms are both more autotrophic and
more productive, than dinoflagellate growth (e.g., Waite et al.
1992; Höglander et al. 2004). Thus, ecosystems supported by
CCEs may have the same close coupling of autotrophy and
heterotrophy suggested by Behrenfeld (2010) for the North
Atlantic Ocean. Higher Chl a-specific productivity, at lower
Chl a concentrations, also suggests the possibility for top-
down (grazer) control of biomass in CCEs. However, it is
unclear whether this is generally true for all CCEs, and these
ideas remain to be tested.

The LC system itself is an anomalous boundary current, which
does not follow a typical seasonal cycle in mixed layer depth
(MLD) due to unusually strong regional salinity stratification,
with isotherms that tilt downward toward the Australian coast
(Feng et al. 2003). A strong pycnocline, associated with a deep
chlorophyll maximum (DCM), may be a ubiquitous and year-
round feature (Hanson et al. 2007), other than a short period in
late autumn (Rousseaux et al. 2012), leading to chronic nutrient
limitation of surface ecosystems (Hanson et al. 2005; Raes
et al. 2015).

A very sparse and poor-quality prey field in the south-eastern
Indian Ocean suggests that rock lobster phyllosoma larvae are
endemically food-limited (Säwström et al. 2014). During the
importantwinter period prior to their shorewardmigration, the LC
is a good source of their preferred prey during the autumn/winter
phytoplankton bloom (Säwström et al. 2014). However, phyl-
losomas are not usually found within the LC at this time, as most
phyllosomas remain offshore and further south, in cooler and
(at this time) less nutrient-rich subtropical waters (STW). There are
a number of possible explanations for this spatial mismatch of

phyllosomas and their prey, including an improved availability or
quality of food in STW (Wang et al. 2014a,b, 2015), offshore reduc-
tion in predation on evolutionary time scales (Wasmund et al.
2001; Säwström et al. 2014), or improved opportunity to be trans-
ported or recruited to more desirable locations on the coast
(Caputi 2008).

We recently showed that phyllosomas found in both WCEs
and CCEs consumed a diverse diet of colonial radiolaria, larval
fishes, hydrozoans, (particularly siphonophores), scyphozoans,
salps, chaetognaths, and krill (O’Rorke et al. 2015; Wang et al.
2015). However, late stage phyllosomas caught feeding in CCEs
were significantly richer in lipid and protein than those from
WCEs (Wang et al. 2015). Together, these studies leave the
question unanswered as to why phyllosomas feeding in CCEs
are in much better nutritional condition than their WCE coun-
terparts (Wang et al. 2014b; O’Rorke et al. 2015) even though
surface Chl a concentrations are higher in WCEs.

In this article, we test the hypothesis that CCEs are actually
more productive than their visible surface Chl a signature sug-
gests, and more productive overall than WCEs. If the produc-
tive layer of CCEs is trapped within the pycnocline and not
clearly visible from satellite observations, the better nutri-
tional condition of the phyllosomas in CCEs could simply be
driven bottom up, via higher primary productivity in CCEs
supporting lipid-rich zooplankton feeding on dinoflagellates.

Materials and methods
On the RV Southern Surveyor (2003–2011), we sampled phyl-

losoma in eight eddies (two in 2003; one in 2006; five in 2011)
across the two primary regional water masses in our southeast
Indian Ocean study region (Fig. 1A), which we surveyed region-
ally with transects in 2010 (28–34�S and 110–116�E; Fig. 2D,E;
Table 1): The primary water masses sampled were the LC, a
warm shelf-break boundary current flowing southward centered
along the 200 m depth contour, and the cooler STW seaward of
the LC. Our analyses here include both unpublished data
(2010–2011) and earlier published data from the voyage in
October 2003 (Waite et al. 2007a,b; Paterson et al. 2008).

In 2003, two large eddies were identified as major positive
(WCE) and negative (CCE) sea-surface height anomalies (SSHAs)
(Fig. 1C–F). In October 2003, at the time of sampling, these were
approximately 5 months old (Feng et al. 2007). While each eddy
was sampled up to 50 times over a 3-week period (Fig. 1B; Waite
et al. 2007a), for the purpose of this study, we selected stations
with PP measurements in the central core of the eddies
(Fig. 1C,D), where productivity was unlikely to be impacted by
complex processes occurring at eddy boundaries (Omand et al.
2015). For the 2003 WC Eddy (WC03), this narrowed the field
to six stations within a 60 km radius from the eddy center
(Fig. 1C), while for the CC eddy (CC03), a smaller feature, we
selected four stations within 30 km of the eddy center
(Fig. 1D). These two features have been well studied (12 papers
in a special issue of Deep-Sea Research II (Vol 54 [8–10]; 2007)
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Fig. 1. Map, ship track and cross-sections of the WCE and CCE sampled in 2003. (A) Regional map with the 2003 study area as a rectangle. (B)
Ship track in 2003 showing the survey of one WCE and one CCE (see Waite et al. 2007a). (C) SSHA for 04 October 2003 showing the WCE as posi-
tive SSHA (WC03) with station and transect locations (02–09 October). (D) As for C, but showing station and transect locations of the CCE (CC03)
for 13 October 2003. (E) Transect through WC03 showing temperature in color, with density contours as black lines. (F) As for E, but showing tran-
sect for CCE (CC03).
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Fig. 2. Ship track and cross-sections of WCEs and CCEs sampled in 2006, and regional sampling in 2010. (A) Ship track in 2006 showing survey of one
forming mesoscale eddy (see Paterson et al. 2008). (B) SSHA for 25 May 2006 showing a WCE as positive SSH (WC06) with station and transect locations.
(C) Transect through WC06 with temperature as color and density as black contours. (D) Map and ship track of the 2010 research voyage, which was a
regional survey for zooplankton and phyllosoma sampling (no eddies targeted). (E) Stations west and south of the Leeuwin Current. Source: Säwström
et al. (2014).
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Table 1. Synthesis of phytoplankton data from eight mesoscale eddies (four WCEs: WC03, WC06, WC11A, WC11B, and four CCEs:
CC03, CC11a, C11b, C11c); see Figs. 1–3 for all eddy locations and CTD station locations. ND indicates no data available.

CTD

Distance
from

Ctr (km)
MLD
(m)

Integrated
Chl a

(to 150 m)

Integrated
PP

(mg m−2 d−1)
%diatoms
(%count)

%dinoflagellates
(%count)

%DVChl a
(%Chl a)

%Fuco
(%Chl a)

%Diadeno
(%Chl a)

WCEs

WC03

35 8 278 32 450.7 41.8 3.6 0 14.0 15.9

19 10 272 35 634.4 38.2 5.5 0 18.0 11.2

14 14 280 39 461.8 27.3 9.1 0 23.9 4.8

47 15 276 73 722.5 27.3 10.6 0 10.0 7.8

29 18 275 52 275.4 18.2 5.5 0 15.5 8.0

33 57 111 33 263 25.5 12.7 13.0 7.4 9.1

WC03avg 20 249 44 468.0 29.7 7.8 2.2 14.8 9.5

STD 67 16 185.4 8.7 3.5 5.3 5.9 3.8

n 6 6 6 6 6 6 6 6

WC06

50 88 82 38 4018 ND ND 12.2 11.7 5.1

89 22 101 22 1784 ND ND 12.6 5.0 3.7

99 16 117 37 3354 ND ND 13.1 8.9 7.5

117 16 153 32 3422 ND ND

WC06avg 18 113 32 3144.5 ND ND 12.6 8.5 5.4
STD 8.9 955 0.5 3.3 1.9

n 3 4 3 3 3

WC11A Date

4 26 Aug 2011 158 47.1 ND ND ND 13.8 6.3 4.0

10 30 Aug 2011 34 49.2 2391.5 20.1 73 4.8 6.8 6.8

WC11Aavg 96 48.2 2391.5 20.1 73.0 9.3 6.6 5.4
STD 88 1 ND ND ND 6 0 2

n 2 2 1 1 1 2 2 2

WC11Bavg
8 28 Aug 2011 156 51.5 2454.9 15.4 78.9 1.8 8.2 6.4

All WCEs 153 43.9 2114.7 21.7 53.2 6.5 9.5 6.7

STD 68 8.5 1149.6 7.3 39.4 5.4 3.6 1.9

n 4 4 4 3 3 4 4 4

CCEs

CC03

83 8 107 15 211.6 5.5 5.5 33.0 10.5 7.4

73 10 118 21 133.7 10.9 14.5 27.3 0.0 3.7

92 14 117 17 181.2 0.0 10.9 40.6 0.0 4.2

58 28 141 26 99.5 7.3 18.2 33.7 0.0 4.5

CC03avg 121 20 156.5 5.9 12.3 33.6 2.6 4.9

STD 14 5 49.7 4.5 5.4 5.5 5.3 1.7

n 4 4 4 4 4 4 4 4

CC11a Date

3 25 Aug 2011 58 37.0 1499 8.8 81.2 ND ND ND

9 29 Aug 2011 72 46.2 1980 6.7 82.4 ND ND ND

CC11a avg 65 41.6 1739.5 7.8 81.8 ND ND ND

STD 10 6.5 340.1 1.5 0.8 ND ND ND

n 2 2 2 2 2 ND ND ND

(Continues)
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so we will not describe them in detail here, but a subset of the
conductivity-temperature-depth (CTD) data, including a sin-
gle CTD transect through each feature, are shown for compari-
son with the other eddies (Fig. 1E,F). In 2006, we selected
stations within 30 km of the eddy center (Fig. 2A,B). For all
voyages described here, data are available online, e.g., https://
www.cmar.csiro.au/data/trawler/survey_details.cfm?survey=
SS200308. All satellite SSH (from altimetry) data are provided
via the Integrated Marine Observing System database (IMOS;
http://oceancurrent.imos.org.au/sourcedata/).

In 2010, no eddies were deliberately targeted, instead we
executed a regional sampling effort across five E-W transects
spaced 1� apart, from 28�S to 32�S, with stations spaced 0.5�

(E) apart, to ~ 112�E (Säwström et al. 2014; Fig. 2D,E). We sam-
pled zooplankton populations regionally during this voyage,
from which abundance data were analyzed and presented by
Säwström et al. (2014). Here, the data from the 2010 voyage
that we present are the unpublished isotopic signatures of the
selected and size-fractionated zooplankton (see below for sam-
pling and analysis details).

In 2011, as part of a study targeting the phyllosoma larvae of
theWestern Rock Lobster Panulirus cygnus, we sampled five eddies
identified by their SSHA (Fig. 3B,C); two WCEs (marked A and B;
Fig. 3B–E) and three CCEs (marked a, b, and c, capitalization
change intentional, see Fig. 3B,C,F–H) over 3 weeks. Other than
the CCE c, which was sampled once, all eddies were sampled as
close as possible to the eddy center, at least twice during the
research voyage. Towed-CTD measurements were executed from
near the center of each feature radially outward toward its perim-
eter (blue lines, Fig. 3B,C). The towed undulating CTD unit
(Nacelle) was equipped with a Digiquartz pressure sensor, a Sea-
bird SBE3plus temperature sensor, Seabird SBE4C conductivity

sensor, Ecotriplet fluorometer, and a dissolved oxygen sensor
(Optode model 3975, on some deployments only).

For temperature and salinity measurements in situ, we used a
Seabird SBE911 CTD profiler mounted on a rosette for all voyages.
The profiler was fitted with a Seabird SBE32, 24-Niskin bottle
rosette sampler, a biospherical photosynthetically active radiation
sensor, a SBE43 oxygen sensor, a Chelsea Aqua tracker Fluorome-
ter, and a Wetlabs C-Star™ transmissometer. Dissolved inorganic
nutrients were analyzed with a Lachat Autoanalayser. NO−

3 =NO−
2

and NH+
4 concentrations were measured with detection limits

to 0.015 μmolL−1 and phosphate and silicate concentrations
with detection limits to 0.01 μmol L−1.

For high-performance liquid chromatography (HPLC) ana-
lyses, 4-liter samples were filtered on to GF/F filters (nominal
porosity of 0.7 μm) from surface and the chlorophyll maximum
depth. Analyses were executed with Waters instrumentation
(a Waters 996 Photodiode Array Detector, a Waters 600 Con-
troller, and a Waters 717plus Autosampler). The HPLC system
used an SGE 250*4.6 mm SS Exsil ODS (octodecyl silica) 5 μm
column. Pigments were eluted over a 30-min period with a flow
rate of 1 mL min−1. The gradient used follows (Wright et al.
1991): (1) 80:20 (v/v) methanol : ammonium acetate buffer
0.5 mol L−1 pH of 7.2; (2) 90:10 (v/v) acetonitrile : MilliQ water;
(3)100% ethyl acetate. Each solvent was prefiltered through a
Millipore HVLP 0.45 μm filter. The separated pigments were
detected at 436 nm and identified against standard spectra
using Empower™ software. Concentrations of the pigments
were determined from standard (Sigma and purified pigments
obtained from algal cultures).

To measure PP during the 2003 voyage, gently mixed samples
were poured into one dark and two clear 140-mL polycarbonate
bottles to which 20 μCi of NaH14CO3 were added. Bottles were

Table 1. Continued

CTD

Distance
from

Ctr (km)
MLD
(m)

Integrated
Chl a

(to 150 m)

Integrated
PP

(mg m−2 d−1)
%diatoms
(%count)

%dinoflagellates
(%count)

%DVChl a
(%Chl a)

%Fuco
(%Chl a)

%Diadeno
(%Chl a)

CC11b

7 27 Aug 2011 70 29.7 1574.1 5 75.5 25.8 6.7 5.6

12 31 Aug 2011 64 32.5 2103.9 6.6 83.8 25.7 5.7 2.9

19 05 Aug 2011 18 41.3 2518.1 ND ND 0.0 19.5 5.3

20 05 Sep 2011 54 18.9 1152 ND

CC11b avg 52 30.6 1837.0 5.8 79.7 17.2 10.7 4.6
STD 23 9.2 598.2 1.1 5.9 0.1 0.7 2.0

n 4 4 4 2 2 3 3 3

CC11c avg
13 01 Sep 2011 102 32.3 1535.3 10.6 71.6 ND ND ND

All CCEs 85 31.1 1317.1 7.5 61.3 25.4 6.7 4.8

STD 32 8.9 783.9 2.2 33.0 11.6 5.7 0.3

n 4 4 4 4 4 2 2 2

Where eddies were sampled intensively, the distance from eddy center is provided for each CTD cast shown. Where eddies were sampled only 1–2 times
(as close as possible to the eddy center), the date is given to indicate time between samples. Data in bold represent means of data for individual eddies.
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Fig. 3. Ship track and cross-sections of WCEs and CCEs sampled in 2011. (A) Ship track in 2011 showing survey of two WCEs and three CCEs. (B, C)
Study region in 2011, showing the large eddy field in the eastern Indian Ocean, with CCEs indicated as negative SSH, and WCEs as positive SSH over two
time periods (B: 25–28 August; C: 29 August–01 September). Warm-core (anticyclonic) eddies sampled are labeled with upper case letters (two eddies,
WC11A and WC11B) and cold-core (cyclonic) eddies with lower case letters (three eddies, CC11a, CC11b, and CC11c). Other than c, which was sam-
pled once, all eddies were sampled 2–3 times over 2 weeks. (D–H) Towed CTD surveys executed from eddy perimeters to ~centers for the five mesoscale
features identified in (B, C) (WC11A,WC11B, CC11a–c, as indicated) with a filled triangle indicating the location of CC11a for clarity.
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incubated on deck from dawn-to-dawn (24 h) 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 5 m 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 incu-
bation bottle through a 25-mm-diameter disk of nylon textile
(Nitex™ mesh size 5 μm) and a Whatman GF/F™ filter placed in
series. The filters were dropped into separate borosilicate vials and
HCl was added on the filters (250 mL of 0.5 mol L−1) in order to
remove nonincorporated 14C. Vials were left open in a fume hood
overnight or until the HCl had evaporated and the filters were
dry. The activity was measured on a LKB RackBeta™ after adding
10 mL of scintillation cocktail. Carbon uptake was calculated
using a value of 26,900 mg Cm−3 for the concentration of dis-
solved inorganic carbon.

On the 2006 and 2011 voyages, PP was measured using
NaH13CO3 rather than NaH14CO3. Experiments were initiated by
inoculating the water samples with 20 μmol L−1 of NaH13CO3.
Polycarbonate bottles were placed in temperature-regulated on-
deck incubators. A range of neutral density screens was used to
compensate for the light attenuation at different depths. All poly-
carbonate incubation bottles were acid-washed, rinsed with
deionized water prior to sampling and rinsed three times with
seawater directly from sample point prior to incubation. The
inoculated water samples were incubated for 6 h (from 08:00 to
14:00 h) and the values scaled to 24 h using local day length.

Five hundred millilter samples for light microscopy were
preserved in Lugol’s solution (Parsons et al. 1984) and exam-
ined following protocols given in Hötzel and Croome (1999).
An Olympus BX 51 microscope and a magnification of 400X
were used to enumerate and classify cells. Cells were classified
at the class level and, where identifiable at 400X magnification,
the top 10 taxa were identified to genus or to species level.

Rock lobster larvae were collected to 200 m depth using a
multiple opening and closing EZ net with a 1 m2 opening. In
2010 and 2011, additional tows were conducted at night using
10-min surface tows with a 1 m2 opening net. The latter proce-
dure increased sampling success and allowed us to increase our
sample size. Zooplankton were collected via oblique bongo net
hauls from 150 m, sorted immediately by size (through a screen
stack of 4000, 2000, 1000, 500, 300, and 100 μm) and by organ-
ism type (chaetognaths, salps, copepods, and euphausiids), and
snap-frozen in cryovials at −80�C for later analysis. Particulate
organic matter was sampled as 4 L of seawater filtered gently on
to precombusted 25 mm GF/F filters, then also snap-frozen fro-
zen for later analysis.

In 2003, 2010, and 2011, determination of total C, total
N, δ13C, and δ15N on the size-fractionated and species-sorted
net samples, as well as the particulate organic matter samples
were undertaken using a continuous flow system consisting of a
SERCON 20–22 mass spectrometer connected with an auto-
mated nitrogen carbon analyzer. Multipoint normalization was
used in order to reduce raw values to the international scale (Paul
et al. 2007). Error propagation for stable isotope data was per-
formed as described by Skrzypek et al. (2010). The external error of
analyses (1 standard deviation) was 0.15‰ for δ13C and 0.20‰
for δ15N. In 2006, all stable isotope measurements were made by
continuous-flow isotope-ratio mass spectrometry using a Micro-
mass Optima interfaced to a CE NC2500 elemental analyzer
(at the Georgia Institute of Technology) for online combustion
and purification of sample nitrogen and carbon. All stable isotope
abundances are reported as δ15N and δ13C values relative to atmo-
spheric N2 and Vienna Pee Dee Belemnite standard, respectively.
Each analytical run included a size series of elemental (acetanilide
or methionine) and isotopic (peptone) standards, which provided
a check on the stability of the instrument and allowed us to
remove the contribution of any analytical blank from our isotopic
measurements (Montoya 2008). We conservatively estimate that

Fig. 3. (Continued).
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the overall analytical precision of our isotopic measurements is
better than 0.1% (Montoya 2008).

The effect of eddy (WCE vs. CCE) and year (2003 vs. 2011,
not available for the 2006 eddy) on phytoplankton composition
(%diatom and %dinoflagellates in cell counts) were compared
using a two-way ANOVA against eddy and year. A two-way
ANOVA was used to test the effect of eddy (WCE vs. CCE) and
filtered size fraction (> 5 vs. < 5 μm) on three key phytoplankton
pigment fractions (divinyl Chl a, diadinoxanthin, and fucoxan-
thin; seeWaite et al. 2007b) normalized to total Chl a.

MLDs were calculated according to de Boyer Montégut et al.
(2004) as a ΔT decrease of 0.4�C compared to a reference value

at 6 m depth. Statistical analyses were performed in the R statisti-
cal package v3.0.1 (R Core Team 2013). The effect of mixed-layer
depth on integrated PP and Chl a-specific productivity, were
tested using linear regression (Sigmaplot14®) for WCEs and for
CCEs, respectively.

Because data were non-normal, a Mann–Whitney rank sum
test was used to test the effect of eddy type on δ15N and δ13C
of size-fractionated zooplankton across all eddies. The effects
of organism size and MLD on size-fractionated zooplankton
δ15N and δ13C were then tested across all eddies sampled in all
years (2003, 2006, 2011) using a two-way ANOVA conducted
using the car-package (Fox and Weisberg 2010) for R with a

Fig. 4. Depth-integrated PP and Chl a-specific productivity plotted against MLD across eight eddies. Each point represents one CTD
cast/oceanographic station. (A) Total C-fixation per unit area (mg C m−2 d−1), with significant line of best fit (CCEs solid line, p < 0.001; WCEs
dashed line p < 0.05). (B) Chlorophyll-specific productivity (mg C/mg Chl a d−1). The dashed line indicates lines of best fit for WCEs (p < 0.05), not
significant for CCEs.
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linear regression model, based on a heteroscedasticity consistent
covariance matrix, as sample size was < 250 (Long and Ervin
2000). Statistical relationships between isotopic zooplankton
composition and MLD were quantified through linear and
nonlinear regression using Sigmaplot14®. Interannual differences
in rock lobster phyllosoma δ15N and δ13C signatures were tested
using one-way ANOVA between 2010 and 2011. Differences in
size fractionated zooplankton δ15N and δ13C signatures between
2010 and 2011 were tested using a two-way ANOVA on size and
year, followed by size-specific and year-specific comparisons
using the Holm-Sidak method (Sigmaplot14®). The δ15N and
δ13C signatures of individual zooplankton groups (krill, cope-
pods, chaetognaths, and salps) were also compared between
2010 and 2011 using a one-way ANOVA.

Results
We present data from eight mesoscale eddies formed offshore

of the LC system in the eastern Indian Ocean off Western
Australia (four WCEs and four CCEs). These include one WCE
and one CCE in 2003 for which many data are already

published (Fig. 1A–F) (Waite et al. 2007a), one WC eddy stud-
ied in 2006 (Fig. 2A–C) (Paterson et al. 2008; Waite et al.
2016a,b) and five eddies (two WC and three CC) studied in
2011 associated with rock lobster larval sampling (Table 1;
Fig. 3A–H). SSHA plots for each eddy highlight the CCEs (neg-
ative SSHA = CC) and WCEs (positive SSHA = WC), as well as
the sampling locations in each eddy. For the 2003 eddies, and
for the single WC eddy sampled in 2006, we present up to six
CTD profiles per eddy, as eddies were sampled repeatedly over
3 weeks (CC03 and WC03, and WC06). In 2011, each of the
five eddies (CC-a,b,c, and WC-A,B) was sampled sequentially
up to three times. However, the 2011 eddies were not sur-
veyed in detail as with the 2003 and 2006 studies. From 2010,
we present the results of a regional survey not targeting eddies
specifically (Fig. 2D,E).

The MLD of CCEs was about half that of the WCEs (Table 1),
and both depth-integrated Chl a (to 150 m) and PP rates in CCEs
were about 40% lower than WCEs (Table 1). A two-way ANOVA
comparing the cell count data between eddies (WCE vs. CCE)
and across years (2003 vs. 2011, not available for the 2006 eddy)
indicated that across both years, WCEs had overall higher

Fig. 5. Mean isotopic signatures (δ15N and δ13C) of size-fractionated bulk zooplankton samples (sieved through 100, 200, 500, 1000, 2000, and
4000 μm meshes) across all eddies in all years (2003, 2006, 2011), with the effect of MLD removed (via two-way ANOVA; for MLD effects, see Fig. 6A,B).
(A) δ13C of zooplankton from WCEs. (B) δ13C of zooplankton from CCEs. (C) δ15N of zooplankton from WCEs. (D) δ15N of zooplankton from CCEs. Error
bars represent standard error of the means.
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%diatoms (p < 0.001) and that the 2003 eddies were higher in
%diatoms than in those sampled in 2011 (p < 0.011). Pigment
analyses indicated no overall difference between WCEs and
CCEs in the diadinoxanthin–Chl a ratio, but fucoxanthin/Chl
a inWCEs was about four times that in CCEs (p < 0.001), particu-
larly in the large (> 5 μm) size fraction, since the fucoxanthin frac-
tion was almost undetectable in CCEs. divinyl-Chl a/Chl a
was about four times higher in CC than in WCEs. Overall, this
indicates significantly higher diatom fractions in WCEs, and a
greater predominance of picoplankton in CCEs. Dinoflagellate
abundance, including heterotrophs, represented over 50% of all
cell counts in both eddy types (Table 1).

Relationships between integrated PP and MLD showed dif-
ferent relationships with MLD for WCEs and CCEs (Fig. 4A).
Integrated primary productivity was greater in CCEs with
shallower MLDs (df = 14; p < 0.001). This was also true in WCEs
but the relationship was weaker (df = 13; p < 0.05) (Fig. 4A). The

Chl a-specific productivity of both WCEs and CCEs were similar
(across all eddies and both years specific production was
~ 0.67 � 0.22 mmol C mg Chl a−1 d−1). There was a weak ten-
dency (p = 0.05) for WCE Chl a-specific productivity to decrease
with increasingMLD, but no relationship for CCEs (Fig. 4B).

Two-way ANOVA across all size-fractionated zooplankton
δ13C values in all eddies vs. organism size fraction and MLD
showed significant differences in WCEs (p = 0.002; Fig. 5A),
but no differences across zooplankton size fractions in CCEs
(p = 0.74; Fig. 5B). δ13C varied with MLD in both eddy types
(both p < 0.001), see also Fig. 6A. Two-way ANOVA across all
size-fractionated zooplankton δ15N data in all eddies vs. organism
size and MLD indicated a marginal increase in δ15N with increas-
ing size fraction for WCEs (Fig. 5C; p = 0.058) but no significant
differences in δ15N across organism size fraction (p = 0.30) in
CCEs (Fig. 5D). δ15N varied statistically with MLD within both
CC and WCEs (two-way ANOVA p = 0.016 and p = 0.001 for

Fig. 6. Zooplankton δ15N and δ13C as a function of MLD for eight eddies in the study region between 2003 and 2011, plotted as individual size categories for
each station, showing relationships between CCEs and WCEs. (A) Size-fractionated zooplankton δ13C data, with WCEs shown in black symbols, CC data in open
symbols. The solid line indicates the relationship between MLD and δ13C in CCEs; the dashed line is the nonsignificant line for WCEs. For CCEs, there is a strong
indication (r2 = 0.46) for lighter δ13C zooplankton at shallower MLD. (B) Size-fractionated zooplankton δ15N data with WCEs shown in gray symbols, CC data in
open symbols. The solid lines indicate significant relationships betweenMLD and δ15N in WC (linear relationship) and CC (hyperbolic relationship) eddies.

Waite et al. Production and ecosystems in mesoscale eddies

2415



CC and WC, respectively). Overall, zooplankton in WCEs had
significantly lower δ15N (median CC = 6.63 vs. WC = 5.19,
Mann–Whitney rank sum test p < 0.001) and significantly heavier
(less negative) δ13C (median CC = −21.995 vs. WC = −20.582,
Mann–Whitney rank sum test p < 0.001).

There were significant statistical relationships between size-
fractionated zooplankton isotopic signature and MLD (Fig. 6A,B).
The relationships for δ15N and δ13C were qualitatively different;
δ13C signature became more negative with increasing MLD for
CCEs (Fig. 6A, r2 = 0.46, a = 0.015‰ δ13C m−1, p < 0.001), while
the δ15N values across all zooplankton size fractions showed an
inverse hyperbolic relationship with MLD for CCEs (Fig. 6B), and
an apparent decrease with MLD forWCEs (with only n = 2 eddies
here, this significance is probablymarginal for interpretation).

The significant differences in the zooplankton isotopic signa-
tures between WC and CCEs across all years (above) were then
compared with the interannual variation in size-fractionated
zooplankton isotopic signatures (2010 vs. 2011; Fig. 7A,B) from
broader sampling across the study region, including all eddy and

noneddy samples 2010–2011 (for ship tracks and station loca-
tions, see Figs. 2D,E, 3A–C). There were regionally consistent dif-
ferences between the 2 yr, with zooplankton in 2011 (a strong
La Niña year) statistically 0.64 δ13C units lighter (more negative),
and 0.43 δ15N higher, than in 2010 (an El Niño year). Across all
years, size was a significant factor structuring δ15N, but not δ13C
(two-way ANOVA vs. year and size fraction: for δ13C, Year
p < 0.001, Size p = 0.067; for δ15N, Year p < 0.001, Size p < 0.001).
Note that this regional interannual difference is about half of
the difference between WC and CCEs (Δ1.41 δ13C units, and
Δ1.44 δ15N units, see above).

The mean isotopic signatures (δ15N and δ13C) of western
rock lobster phyllosoma in 2010 and 2011 across the study
region (eddy and non-eddy included) were then compared with
those of their potential prey, the bulk size-fractionated zoo-
plankton, using the regional N-isotopic enrichment factor
(1.7 per trophic level) calculated byWaite et al. (2007a) (Fig. 7A,B).
For the 2010 data, phyllosoma δ15N and δ13C signatures (minus
this enrichment factor) overlapped with size-fractionated

Fig. 7. Comparison of rock lobster phyllosoma and the bulk size-fractionated zooplankton isoscape and particulate organic matter. Mean isotopic signa-
tures (δ15N and δ13C) of western rock lobster phyllosoma larvae (minus enrichment factor ε from Waite et al. 2007a; ε = 1.7 δ15N and 1 δ13C unit) shown
as red stars (for raw data, see Fig. 8A), with size-fractionated zooplankton δ15N and δ13C (open symbols) and particulate organic matter (gray symbol),
over 2 yr: (A) 2010 and (B) 2011.
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zooplankton signatures from the 100–300 μm fraction zooplank-
ton in 2010 (Fig. 7A). A larger data set in 2011 showed the phyl-
losoma overlapping in isotopic signature with zooplankton of a
possibly larger mean size (1000–4000 μm fraction). Isotopic signa-
tures of phyllosomas were not highly variable regionally across
four degrees of latitude (coefficient of variation [CV] = 8% for
δ15N, and 1% for δ13C within each year).

In taxonomically separated samples (Fig. 8A–D), phyl-
losomas’ most abundant potential zooplankton prey, the krill
and copepods, showed a statistical decrease regionally between
2010 and 2011 as the bulk zooplankton samples, on the order
of 1‰ δ13C (Table 2; Fig. 8A,C,D), suggesting a regionally con-
sistent, interannually varying isoscape. Salp isotopic signatures,
in contrast, were much more variable, particularly in δ15N, and
did not show a clear covariation between years (Fig. 8B). Across
all years, salps were present primarily in the larger size fractions
(4000 μm). The large data scatter of the isotopic δ15N signature

of salps (between 3–11‰) increased the total variation in the
4000 μm size fraction.

A paucity of samples still limits the statistical resolution of
possible linkages between isotopic signatures of phyllosoma
and their key prey (Table 2), and significantly more data are
needed to resolve any long-term connection between prey and
predator.

Discussion
We posed the question as to why, in our recent work, rock

lobster phyllosoma in CCEs are significantly healthier, with
larger lipid stores, than those in WCEs (Wang et al. 2014a,
2015). We hypothesized that CCEs were more productive than
WCEs, but we disprove this hypothesis. We conclude that
despite CCEs and WCEs hosting similar Chl a-specific produc-
tivity, CCEs support a nutritionally advantageous ecosystem

Fig. 8. Comparison of isotope signatures of western rock lobster phyllosoma and their taxonomically selected potential prey across 2010 (black symbols)
and 2011(white symbols). (A) Raw isotopic signatures (δ15N and δ13C) of western rock lobster phyllosoma larvae and corrected mean phyllosoma isotope
signature (minus the enrichment factor ε from Waite et al. 2007a; ε = 1.7 δ15N and 1 δ13C unit). (B) Salp isotopic signatures (δ15N and δ13C) with
corrected phyllosoma signatures (symbols as in A). (C) Chaetognath isotopic signatures (δ15N and δ13C) and corrected phyllosoma signatures (symbols
as in A). (D) Copepod and krill isotopic signatures (δ15N and δ13C) as means and standard errors where error bars are not visible they are smaller than
symbol size. Corrected phyllosoma signatures have symbols as in Fig. 6A.
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for zooplankton, based on flagellate/dinoflagellate productivity
that favors improved zooplankton lipid stores and ultimately
phyllosoma health. In contrast, WCE ecosystems, with higher
prevalence of diatoms, are less favorable for phyllosomas, For
both eddy types, depth-integrated productivity was higher in
eddies with shallower mixed layers (MLs), but this was espe-
cially pronounced in CCEs (where PP is concentrated below,
rather than throughout, the ML). MLs tend to be shallower in
CCEs than WCEs overall because the pycnocline is closer to the
surface in CCEs, inhibiting wind-driven overturning. Stronger
stratification in the CCE pycnocline (Greenwood et al. 2007)
would favor flagellates over diatoms (Cushing 1989).

The south-eastern Indian Ocean off Australia is highly oligo-
trophic and temperature-stratified, such that surface waters are
often completely depleted of nutrients, particularly nitrogen. At
the shelf-break, the southward-flowing LC follows the ~ 200 m
shelf-edge contour (Hanson et al. 2007). Nutrients are delivered
sporadically throughout the year by topographically controlled
upwelling (Rossi et al. 2013) and by vertical mixing in the deep-
ening ML of the LC in the autumn (Rousseaux et al. 2012).
Water column productivity is thus dominated for most of the
year by the productivity of the DCM, which is embedded in
the pycnocline/nutricline. Productivity of the DCM is tightly
controlled by the MLD, with shallower DCMs showing higher
productivity, and deeper DCMs having lower productivity
across the region (Hanson et al. 2007; Feng et al. 2009).

Within this system, CCEs represent locally intensified strati-
fication, with the pycnocline lifted physically into the euphotic
zone, accelerating production near the eddy center (see Waite
et al. 2007a,b) while largely hidden from remote sensing (“cryp-
tic”; sensu Hanson et al. 2007). WCEs, on the other hand, have
their biomass mixed through a deep surface ML whose produc-
tivity slowly declines with time after nutrient injection
(Greenwood et al. 2007). Nutrient injection into WCEs occurs
near the coast during eddy formation (Waite et al. 2016 a,b)
and/or during winter mixing (Dufois et al. 2016).

We show here that Chl a-specific productivity in CCEs and
WCEs is about equal. Shallowing of MLDs through CCE forma-
tion is likely a key bottom-up mechanism driving production in
CCEs, but we find that this alone is not enough to account for
healthier phyllosomas in CCEs. As elucidated below, our isotope
data suggest that CCEs may host zooplankton with superior lipid
stores (inferred from δ13C) operating at a lower trophic level
(inferred from δ15N) making them significantly better nutritional
value to the phyllosomas.

The δ13C of zooplankton is strongly impacted by the lipid con-
tent of the organisms themselves: Lipids have an extremely nega-
tive δ13C signature (light to very light at −24 to −36, (Morris et al.
1971). Heavy δ13Cs have thus been proposed as an index of nutri-
tional stress (McCue 2012). Zooplankton stripped of their lipid
load have isotope signatures on average around 1.4‰ δ13C
heavier than zooplankton with their lipid stores intact (Sato et al.
2002), while amino acids have a much heavier δ13C signature
(= −15‰ to −20‰; Hannides et al. 2013) and thus would bring
starved zooplankton signatures toward heavier, less negative,
values.

The median zooplankton δ13C, a putative index of the
organism’s lipid content (Sato et al. 2002), was higher in CCEs
than in WCEs overall, suggesting that zooplankton living in
CCEs may had higher lipid stores, consistent with comparative
measures in phyllosomas (Wang et al. 2014a). The size-specific
comparison between WCE and CCEs showed that the δ13C zoo-
plankton in WCEs declined with organism size (Fig. 5); one
interpretation of this is that the lipid fraction declined with tro-
phic level. In CCEs, the δ13C signature showed no statistical
change with size, which might suggest that the lipid content
was stable with trophic level, such that organisms at higher tro-
phic levels were overall richer in lipid. The correlation between
δ13C values and MLD (Fig. 6A) is thus likely to reflect the
higher lipid stores of zooplankton incubated in CCEs vs. WCEs.

The CCEs and WCEs also showed significantly different size-
specific zooplankton δ15N signatures, supporting the notion that

Table 2. Comparison of mean δ13C signatures of phyllosoma and possible zooplankton prey groups, for 2003 data already published
(Waite et al. 2007a), a small number of samples in 2006, and for the 2010 and 2011 measurements which are presented for the first
time in this study, and shown in Fig. 8A–D.

Mean δ13C for
zooplankton groups 2003+ (SE) n 2006 (SE) n 2010 (SE) n 2011 (SE) n

Significant difference
(2010 vs. 2011)

Phyllosomas −21.9* (0.71) 2 −20.78x n = 1 −21.7 (0.08) 15 −22.3* (0.07) 24
−21.6x (0.11) 14

p < 0.001

Chaetognaths −19.73x (0.48) 2 −20.01x (0.22) 23 −22.5 (0.09) 5 −22.6 (0.02) 22 NS

Salps −21.8x (0.90) 4 −23.96x (1.8) 4 −24.9 (0.51) 4 −23.31 (0.14) 16 p < 0.001

Copepods −21.2x (0.12) 4
−23.4* n = 1

−21.18x (0.15) 27 −22.1 (0.22) 6 −22.7 (0.06) 47 p < 0.05

Krill −20.1 (0.56) 3 −19.96x (0.36) 32 −21.0 (0.11) 4 −22.1 (0.06) 21 p < 0.0001

Larger sample sizes from targeted rock lobster larval sampling in 2010 and 2011 (also shown in Fig. 8A–D) allowed a statistical comparison between the
2 yr. Values shown are means, (standard error), and sample size n. Where available, * designates CCE samples and x indicates WCE samples. + indicates
data already published in Waite et al. (2007a).
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the zooplankton community is differently structured. In earlier
work, we showed that nitrogen isotopic signatures of zooplankton
in this region (hereafter the “isoscape”) are primarily driven (1) by
increases inMLD (+1.5 δ15Nunits per 100 m), and (2) trophic level
(~ organism size: +1.7 δ15N per trophic level) (Waite et al. 2007a,
b). The difference in zooplankton δ15N between the two eddy
types in this study (~1.4 δ15N units) could therefore be explained
simply by the difference in mean MLD (~ 153 m [WCEs]
vs. ~ 85 m [CCEs]) between the two eddy types. This would be
consistent with the occurrence of higher nitrate fluxes into the
euphotic zone of eddies with shallower MLDs, regionally increas-
ing production rates as theMLD shallows.

The relationship between zooplankton δ15N and MLD,
however, shows something more complex for CCEs—a reduc-
tion of δ15N by just over 1 δ15N unit at the shallowest MLD,
such that the relationship between δ15N and MLD is statisti-
cally more hyperbolic than linear (df = 23, p < 0.01 for a sec-
ond order curve, see Fig. 6B). It could be inferred from this
that zooplankton in CCEs with the shallowest MLD are feed-
ing at about 0.6 of a trophic level lower than expected. In
eddies with MLDs of about 150 m (Fig. 6B), WCE zooplankton
δ15N signatures are about 2.5 δ15N units higher than their
CCE counterparts, suggesting the zooplankton at the same
size categories are operating about 1.5 trophic levels higher in
WCEs than in CCEs. Together, these data support the notion

that CCEs with the shallowest MLDs have efficient trophic
transfer and a lower mean trophic level than WCEs.

This is interesting given the predominance of dinoflagellate
and cryptophyte biomass in CCEs (Thompson et al. 2007; this
article). One mechanism by which healthy phyllosomas might
be supported in CCEs is through altered ecosystem structure
supporting highly coupled grazing rates and more effective tro-
phic transfer, lowering biomass in CCEs. The higher concentra-
tion of diatoms in WCEs could provide one explanation for their
less healthy larvae. Diatoms are known as having a strong resis-
tance to copepod grazing (Friedrichs et al. 2013), to the point of
strongly influencing ecosystem structure and associated vertical Si
and C fluxes (Assmy et al. 2013). A diatom-dominated ecosystem
in aWCEmight therefore be harder to graze.

In addition, while small dinoflagellates and diatoms grow-
ing under optimal conditions are similar in lipid content
(Finkel et al. 2016a,b), large dinoflagellates (> 320 μm3) are sta-
tistically about two times richer in energy per cell, increasing
still further in larger cells (Finkel et al. 2016a), and under
nutrient deplete conditions (Mansour et al. 2003). Under these
conditions, dinoflagellates can provide better nutritional value
to zooplankton than diatoms (Hitchcock 1982; Jones and
Flynn 2005), including the provision of long-chain fatty acids,
such as docosahexaenoic acid, which are critical for larval con-
dition (Stoecker and Capuzzo 1990).

Fig. 9. Conceptual model. A conceptual model for the bottom-up physical control of phyllosoma larval health by WCEs and CCEs, respectively. For both eddy
types, the PP/Chl a is constant. Integrated PP is negatively correlated with MLD in both eddy types (see Fig. 4A) but is more tightly controlled by depth of the
chlorophyll maximum/pycnocline in the highly stratified CCEs. In CCEs, upwelled and/or along-isopycnal nitrate supply is maintained, but precise flux mecha-
nisms are still unclear (hence “?” annotation) (Feng et al. 2007; Pidcock et al. 2016). In WCEs, nitrate supply decreases with time after initial (or seasonal) nutri-
ent injection (Greenwood et al. 2007; Dufois et al. 2016) more analogous to a batch culture. In CCEs, flagellate and dinoflagellate populations provide easily
grazed high-quality nutrition for zooplankton, which feed on average at a low trophic level and maintain high lipid stores. CCEs thus function in a manner anal-
ogous to a chemostat culture. In contrast, WCEs have, on average, deeper MLs, and a phytoplankton community with more diatom predominance. Diatoms
provide a lower quality food for zooplankton, and thus zooplankton lipid stores in WCEs decline with trophic level, and with time after initial (or seasonal) nutri-
ent injection. As a result, phyllosomas have higher energy and lipid content (Wang et al. 2015) in CCEs than in WCEs.
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Specific fatty acids and relatively high levels of sterols derived
from dinoflagellates have previously been found to provide the
dominant food chain signal in the phyllosoma of P. cygnus
(Phillips et al. 2006). Furthermore, a higher level of fatty acid
markers for flagellates and a lower level of copepod grazing
markers were found in P. cygnus phyllosoma sampled from CCEs
vs. WCEs (Wang et al. 2014b).

To explore the MLD-zooplankton relationship to phyllosoma
growth, we identified the most likely prey of phyllosomas by
comparing δ13C and δ15N of phyllosomas to most available prey
items (only for 2010–2011). When corrected with an enrichment
factor of 1.7 δ15N and 1 δ13C per trophic level (Waite et al.
2007a), the isotope signatures of the phyllosoma overlapped
with salps, copepods, chaetognaths, and euphausiids, consistent
with a varied zooplankton diet, with chaetognaths and copepods
among the most important prey items. However, our earlier
work, including gut contents analyses and ship-board experi-
ments, suggests that other organisms can also be a part of the
phyllosoma diet (O’Rorke et al. 2012, 2013; Saunders et al.
2012). While a detailed examination of specific isotopic linkages
is beyond the scope of this article, we note that the phyllosoma
isotopic C signatures did covary interannually (across 2010 and
2011) with that of the zooplankton prey field. This suggests that
zooplankton isotopic δ13C values, and phyllosoma chemical sig-
natures, may have a regional-scale (i.e., physical oceanographic)
source of variation. This could be mechanistically driven via
changes in CCE vs. WCE generation, and interannual variation
in their mean MLD. However, the most important variations in
the pycnocline depth are on the scale of ENSO cycles—on aver-
age, the depth is 10 m shallower than average during an El Nino
year, and 12 m deeper than average during a La Nina year (Feng
et al. 2003). It is possible that regional interannual differences in
the zooplankton isoscape we noticed could be linked with these
time scales of changes, where the pycnocline changes by 20 m.
It is clear from Figs. 4A,B, 6A,B, that a 20 m variation in MLD
could have a significant impact both on productivity and on
zooplankton chemical composition.

In summary (Fig. 9), PP in CCEs increases where the chloro-
phyll maximum, embedded in the pycnocline, is closer to the
surface, and along-isopycnal nitrate supply can be maintained
(Feng et al. 2007; Pidcock et al. 2016). This allows the system
to function in a manner analogous to a chemostat culture.
Zooplankton in CCEs have significantly higher lipid stores,
and CCEs with the shallowest MLDs are the healthiest eddy
systems for phyllosoma. In contrast, in WCEs, zooplankton
lipid stores decline with time after initial, or seasonal, nutrient
injection (Greenwood et al. 2007; Dufois et al. 2016), more
analogous to the dynamics of a batch culture.

This conceptual model works best if grazing rates, particularly
herbivory, are overall higher in the CCEs, explaining higher zoo-
plankton nutritional status in comparison to the WCEs. Is there
evidence for this? Only very indirectly: Waite et al. (2007a)
showed that the particulate nitrogen : Chl a ratio, known as an
indicator of grazing rate (Waser et al. 2000), was about five

times higher in a CCE vs. a WCE. Strzelecki et al. (2007)
showed that the same CCE had a much higher abundance and
volume of siphonophores which, like other gelatinous zoo-
plankton, are known for their ability to efficiently prey on dis-
persed plankton resources over a wide range of sizes and
potentially improving trophic transfer of PP (Mills 1995; Purcell
1997), while also providing a food source for phyllosomas of
P. cygnus. Siphonophores and other larger and less actively
swimming zooplankton might provide an easy prey target for
the fragile phyllosomas, which have poor swimming abilities
(O’Rorke et al. 2015). Once attached to the prey, the phyl-
losoma have a large and readily digestible biomass while also
eliminating energy expenditure for further predation and verti-
cal migration (Wang et al. 2014a,b). However, availability of
siphonophores was limited in the waters we studied (Säwström
et al. 2014), and the preferred prey of phyllosomas remain
chaetognaths and crustacean zooplankton (Saunders et al.
2012). It was these latter organisms, not the salps and siphono-
phores, which showed the clearest interannual covariation in
isotopic signature with the phyllosomas.

An abundance of dinoflagellate fatty acid markers charac-
terizes the markedly higher quantities of stored lipid found in
phyllosomas in CCEs, vs. those WCEs, which, in contrast, are
characterized by diatom fatty acid markers (Wang et al. 2014b,
2015). This supports our findings that it is the differently
structured phytoplankton communities in the CCEs and WCEs
that determine their different nutritional value to zooplankton,
and eventually to phyllosoma. The high dinoflagellate marker
has also been found to strongly characterize migrating and set-
tling pueruli, as well as successfully settled juveniles (Phillips
et al. 2006; Limbourn and Nichols 2009) suggesting that CCEs
may have a disproportionate contribution to larval success and
subsequent postlarval settlement into the western rock lobster
population.
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