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Abstract
The recent dramatic decline in settlement in the population of the spiny lobster, Panulirus
cygnus, may be due to changes in the oceanographic processes that operate offshore of
Western Australia. It has been suggested that this decline could be related to poor nutritional
condition of the post-larvae, especially lipid which is accumulated in large quantities during
the preceding extensive pelagic larval stage. The current study focused on investigations into
the lipid content and fatty acid (FA) profiles of lobster phyllosoma larvae from three mid to
late stages of larval development (stages VI, VII, VIII) sampled from two cyclonic and two
anticyclonic eddies of the Leeuwin Current off Western Australia. The results showed
significant accumulation of lipid and energy storage FAs with larval development regardless
of location of capture, however, larvae from cyclonic eddies had more lipid and FAs
associated with energy storage than larvae from anticyclonic eddies. FA food chain markers
from the larvae indicated significant differences in the food webs operating in the two types
of eddy, with a higher level of FA markers for production from flagellates and a lower level
from copepod grazing in cyclonic versus anticyclonic eddies. The results indicate that the
microbial food web operating in cyclonic eddies provides better feeding conditions for lobster
larvae despite anticyclonic eddies being generally more productive and containing greater
abundances of zooplankton as potential prey for lobster larvae. Gelatinous zooplankton, such
as siphonophores, may play an important role in cyclonic eddies by accumulating dispersed
microbial nutrients and making them available as larger prey for phyllosoma. The markedly
superior nutritional condition of lobster larvae feeding in the microbial food web found in
cyclonic eddies, could greatly influence their subsequent settlement and recruitment to the
coastal fishery.
Keywords: eddies; fatty acid; food chain; Leeuwin Current; phyllosoma; spiny lobster
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Introduction
Spiny lobsters are highly-valued seafood with the combined value of annual global landings
from wild fisheries exceeding US$700M (Fitzgibbon et al. 2013; Jeffs 2010). The Western
Australian lobster, Panulirus cygnus, is the basis of the world’s second largest spiny lobster
fishery, which has had an annual commercial catch varying between 5,899 and 14,523 t over
the last 30 years before quotas were implemented (Brown 2011; Feng et al. 2011). In the
past, the annual catches of adult lobsters in the fishery have been correlated with the extent of
settlement of post-larva (known as pueruli) to the coast 3 and 4 years earlier (Phillips 1986).
The pueruli settlement of P. cygnus has also been found to be positively correlated with the
strength of the Leeuwin Current (Caputi et al. 2001), which flows southward along the coast
of Western Australia and, to a large degree, determines the oceanic conditions for the
developing pelagic phyllosoma larvae of this lobster. However, in recent years these
relationships have broken down as a result of consistently lower pueruli settlement than
expected given the environmental conditions which have for many years provided a reliable
basis for predicting pueruli settlement. This has motivated further studies to examine other
environmental factors that can influence the phyllosoma (Feng et al. 2011). In particular, it
has been suggested that the cause of the declining recruitment is changes in the feeding
conditions for the oceanic larvae of P. cygnus, that are known as phyllosomas (Fitzgibbon et
al. 2013; Saunders et al. 2012; Wilkin and Jeffs 2011). The phyllosoma phase lasts 9-11
months for P. cygnus accumulating significant lipid reserves that are then utilised by the
lecithotrophic pueruli to actively swim onshore (Jeffs et al. 2001b; Jeffs et al. 1999; Phillips
et al. 2007; Takahashi et al. 1994). Therefore, poor feeding conditions for phyllosomas may
limit their ability to accumulate sufficient lipid reserves to fuel the successful cross-shelf
migration and settlement (Fitzgibbon et al., 2013, Limbourn et al., 2009, Wilkin and Jeffs,
2011).
Spiny lobster phyllosomas are predators of macrozooplankton, and consume a wide variety of
zooplankton prey (Jeffs 2007; Jeffs et al. 2004). Recent experimental feeding trials with wildcaught P. cygnus phyllosomas showed they preferred to prey upon chaetognaths, although
other prey, such as krill and salps were also taken, but in smaller numbers (Saunders et al.
2012). However, DNA recovered from the gut of phyllosomas of this species captured in the
same region was found to be composed mostly of transparent gelatinous zooplankton,
including colonial radiolarians, tunicates, and scyphozoans, which may reflect differences in
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prey abundance or ease of catchability of prey in the pelagic environment (O' Rorke et al.
2012). Signature lipid and fatty acid (FA) analyses of the tissues of predators can be
informative as to what organisms ultimately drive the food web and give insight into the
natural variability in the phyllosoma nutritional condition. For example, signature lipid
analyses on the pelagic phyllosoma larvae of the spiny lobster Jasus edwardsii found high
levels of flagellate markers and low level of copepod-based food chain markers (Jeffs et al.
2004). Previous lipid analyses of P. cygnus phyllosomas that were sampled opportunistically
have indicated that these larvae are higher order predators in a food-chain based on the
microbial loop and that their nutritional condition, such as the mass of FA stores, are
extremely variable, which could indicate heterogeneous feeding conditions (Phillips et al.
2006). A subsequent study found less variability in phyllosoma FA content, although it is not
clear if this study sampled phyllosomas from as spatially diverse locations (Limbourn and
Nichols 2009). A companion study of pueruli recruiting to different coastal locations showed
that they had variable lipid signatures, indicating that they originated from phyllosomas
feeding in heterogenous prey fields (Limbourn et al. 2009). In order to demonstrate any
possible link between changes in oceanic feeding conditions for phyllosomas of P. cygnus
and subsequent recruitment of pueruli to the coast, it is necessary to better understand the
causes of the natural variability in the nutritional condition of phyllosoma, especially in
relation to mesoscale oceanographic features which characterise the ocean off Western
Australia.
A major feature of the Leeuwin Current is the presence of persistent counter-rotating
mesoscale eddies formed through its interaction with other currents and topographic features
(Batteen and Butler 1998; Batteen et al. 2007; Feng et al. 2007). It has been shown that the
strength of the Leeuwin Current is strongly correlated to the kinetic energy of the eddy
structures that are formed in this mid-west region off Western Australia (Feng et al. 2005).
Eddy formation in the Leeuwin Current reaches its peak in the late austral autumn to winter,
which coincides with when lobster phyllosomas are in their mid to late developmental stages
and are undergoing exponential growth (Braine et al. 1979; Fang and Morrow 2003; Phillips
et al. 1978). These mesoscale eddies are known to entrap developing phyllosoma, and
provide them with a localised marine environment that is greatly influenced by physical
processes, and which also partially isolate the eddies from the surrounding waters and enable
them to develop their own distinctive food webs (Muhling and Beckley 2007; Strzelecki et al.
2007; Waite et al. 2007a). It has been hypothesised that the higher concentrations of
4

chlorophyll a in anticyclonic eddies may be critical to the level and distribution of lobster
settlement (Caputi et al. 2003; Waite et al. 2007b). Studies of anticyclonic eddies in the
Leeuwin Current have found they have a distinct, diatom enriched, phytoplankton
assemblage and a correspondingly physiologically healthier population of zooplankton than
adjacent cyclonic eddies (Moore et al. 2007; Muhling and Beckley 2007; Strzelecki et al.
2007; Thompson et al. 2007; Waite et al. 2007a).
Together, these studies suggest that the different physical structure of the cyclonic and
anticyclonic eddies in the Leeuwin Current system are likely to differentially determine the
quality of food available to the phyllosoma entrapped in each type of eddy. Given the
persistence of these eddies for periods of up to 18 months (Cresswell and Griffin 2004;
Moore et al. 2007), it is likely that they will greatly influence the nutritional quality of
phyllosoma feeding and development within the two types of eddies. The accumulation of
lipid is especially important which is used to fuel the subsequent pueruli, and which is so
important for recruitment of pueruli to coastal populations (Jeffs et al. 2001b; Jeffs et al.
1999; Phillips et al. 2007). Therefore, comparing the lipid and FA compositions of
phyllosomas across the two types of eddies should provide new insights into how different
physical ocean structures within the Leeuwin Current system may influence the nutritional
condition of larvae and the subsequent juvenile recruitment for this commercially and
ecologically important species.
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Materials and methods
Sample collection
Spiny lobster phyllosoma samples (Panulirus cygnus) were collected from the RV Southern
Surveyor (CSIRO, Australia) in the Indian Ocean off Western Australia from 27 August to 1
September 2011 (Figure 1). The sampling sites included four eddies; two pairs of adjacent
cyclonic and anticyclonic eddies. Samples were collected at night with a surface net (1 m2
opening, 1 mm mesh towed at 0-3 m depth) for around 10 min at less than 3.7 km hr-1. On
recovery of the net, the mid to late-stage phyllosomas were immediately sorted, their
development stage determined by examination under a dissecting microscope according to
the key of (Braine et al. 1979), and then frozen on board the vessel at -80° C for later lipid
analysis. From the collection of more than 450 phyllosomas, a randomly selected sub-sample
was taken for lipid analyses. This consisted of six individuals for each of the three mid-late
larval development stages (VI, VII, VIII), and for each of the four eddies sampled. All
pereiopods were removed from the selected phyllosomas prior to weighing the wet mass of
their remaining body to ensure consistency among individuals, as during sampling some of
the fragile pereiopods were broken off or damaged on some specimens. Phyllosomas were
lypholised for 24 h, re-weighed for dry mass and used for lipid analyses.

6

Figure 1. Position of the four phyllosoma sampling sites off Western Australia against a
background of satellite-derived sea surface temperature and sea surface geostrophic current
flows for 31 August 2011. AE- Anticyclonic Eddy #1 sampled on 27 August 2011, AE2 Anticyclonic Eddy #2 sampled on 29 August 2011, CE1 - Cyclonic Eddy #1 sampled on 1
September 2011, CE2 - Cyclonic Eddy #2 sampled on 30 August 2011. Satellite data and
analyses supplied under the auspices of the Australian Integrated Marine Observing System
(IMOS).
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Lipid and fatty acid analyses
The lipid content of individual lypholised phyllosoma was determined gravimetrically with a
modified one-phase methanol/chloroform/water extraction (Bligh and Dyer 1959).
Fatty acid methyl esters (FAME) were prepared from the total lipid extracts using the method
of (Carreau and Dubacq 1978). Lipid samples (10 to 14 mg) were dissolved in 0.5 mL
toluene containing methyltricosanoate (1 mg mL-1) as an internal standard. Sodium
methoxide (0.5 mL, 1 % in methanol) was added, vortexed and the sample was then placed in
an oven at 60 °C for 20 min. Methanolic HCl (1 mL: 10 % v/v acetyl chloride in methanol)
was added, vortexed, and the sample placed in an oven at 60 °C for another 20 min. Water
(0.25 mL) and petroleum ether (boiling range 60-80 °C, 1 mL) were added, the mixture
shaken and the top layer taken for gas chromatography (GC) analysis.
Fatty acid methyl esters were analysed on a Trace GC Ultra (Thermo Fisher Scientific) gas
chromatograph equipped with flame ionization detector (FID) and TraceGold TG-WaxMS
(30 m × 0.25 mm i.d., 0.25 µm) capillary column (Thermo Fisher Scientific, USA). Helium
was used as the carrier gas, split - 1:100. Injector and detector temperatures were both 250
°C, oven temperature was held at 195 °C for 60 min. Individual peaks of FAME were
identified by comparison with standards of FAME and by equivalent chain length (ECL)
values (Stránsky et al. 1997). There were well over 50 peaks in all chromatograms, but only
the FAs present at a level of >0.5 % of total FA in at least one sample were reported.
Quantitative total FA content was calculated from the known 23:0 internal standard content.
Statistical analyses
To determine any differences in lipid content and FA composition among phyllosomas of
different stages and among and between eddy types, the data were analysed using a two-way
ANOVA with the software SigmaPlot for Windows (version 11.0, Systat Software Inc.,
Germany). All percentage data were transformed to arcsines before analysis. A priori the
normality of the data was verified with a Shapiro-Wilk’s test and homogeneity of variances
was confirmed with a Levene’s test. When data were not normally distributed, a Log10
transformation was performed to normalize the data. Where ANOVA results were significant,
post hoc comparisons of pairs of means were undertaken using a Holm-Sidak’s test. A
statistical significance level of 0.05 was employed for all analyses. All data have been
presented as mean ± standard error.
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Results
Comparison of phyllosoma within the eddy types
Comparisons for each of the lipid, FA, and FA food chain marker variables (i.e., total lipid
per larva and as a proportion of dry weight, 16:0, 16:1n-7, 18:0, 18:1n-9 content, diatom
markers: C16All/C18All, flagellate markers: 18:1n-9 and C18, and copepod-based food chain
markers: C20 and C22 MUFA) for the three stages of phyllosomas (i.e., stages VI, VII and
VIII) found no significant differences among any of these means between the two cyclonic
eddies or for the two anticyclonic eddies (Two way ANOVA, Tables 1 and 2). However, the
comparison for diatom marker 16:1n-7/16:0, for the sampled phyllosomas showed an overall
significant difference between the two cyclonic eddies (P=0.025). The comparison for two
variables (i.e., 18:0 content per larva, flagellate marker C18) for the sampled phyllosomas
showed overall significant difference between the two anticyclonic eddies (P=0.030, P=0.014
respectively).
Table 1. Results of two-way ANOVAs applied to compare the effects of stage (VI, VII, VIII) and
location (Cyclonic Eddy #1 and #2) on lipid, FA and FA food chain marker parameters of
western rock lobster phyllosoma (P. cygnus) sampled from two cyclonic eddies in the Leeuwin
Current off Western Australia.
Parameters

Stage

Location

Stage × Location

df=2

df=1

df=2

SS

P

SS

P

SS

P

Lipid (mg) per larva

0.558

0.001

0.005

0.691

0.036

0.592

Lipid (% of dry weight)

0.166

<0.001

0.011

0.070

0.008

0.286

0.642

0.001

0.008

0.657

0.043

0.579

Weight (mg) per larva
16:0
16:1n-7

0.801

0.001

0.026

0.476

0.034

0.713

18:0

0.612

0.002

0.007

0.686

0.046

0.568

18:1n-9

0.785

0.002

0.013

0.618

0.062

0.546

DHA/EPA

0.008

0.697

0.012

0.301

0.020

0.397

16:1n-7/16:0

0.010

0.017

0.006

0.025

0.001

0.740

C16All/C18All

0.003

0.498

0.003

0.194

0.007

0.159

FA food chain markers
Diatom indicators

Flagellate marker
18:1n-9

5.302

0.016

0.418

0.394

0.978

0.427

C18

8.058

0.059

0.296

0.635

2.584

0.380

Copepod-based food chain marker

9

C20 and C22 MUFA

0.005

0.207

0.001

0.455

0.005

0.172

Significant effects (P<0.05) are shown in bold.

Table 2. Results of two-way ANOVAs applied to compare the effects of stage (VI, VII, VIII) and
location (Anticyclonic Eddy #1 and #2) on lipid, FA and FA food chain marker parameters of
western rock lobster phyllosoma (P. cygnus) sampled from two anticyclonic eddies in the
Leeuwin Current off Western Australia.

Parameters

Lipid (mg) per larva

Stage

Location

Stage × Location

df=2

df=1

df=2

SS

P

SS

P

SS

P

4.952

0.001

1.138

0.059

0.019

0.969

<0.001

0.571

0.268

0.029

0.968

Lipid (% of dry weight) 13.534
Weight (mg) per larva
16:0

0.205

0.003

0.057

0.055

0.000

0.997

16:1n-7

0.049

0.005

0.013

0.075

0.000

0.997

18:0

0.034

0.004

0.013

0.030

0.000

0.962

18:1n-9

0.090

0.002

0.022

0.066

0.000

0.975

DHA/EPA

0.070

0.017

0.000

0.867

0.001

0.929

FA food chain markers
Diatom indicators
16:1n-7/16:0

0.003

0.251

0.001

0.300

0.000

0.869

C16All/C18All

0.005

0.265

0.001

0.570

0.001

0.720

18:1n-9

3.373

0.006

0.606

0.148

0.057

0.902

C18

3.601

0.067

4.175

0.014

0.264

0.806

0.002

0.443

0.003

0.649

Flagellate marker

Copepod-based food chain marker
C20 and C22 MUFA
0.022
0.041
Significant effects (P<0.05) are shown in bold.

Consequently, to improve the resolution of subsequent comparisons between the cyclonic and
anticyclonic eddies the data for each of the variables from the two cyclonic eddies were
pooled, and for each of the variables from the two anticyclonic eddies were pooled, except
for the three variables which showed differences within their type of eddy, i.e., diatom
marker 16:1n-7/16:0, flagellate marker C18, and 18:0 content per larva. For these data, two
way ANOVAs were performed using sampling sites (cyclonic eddy #1, cyclonic eddy #2,
anticyclonic eddy #1, and anticyclonic eddy #2) and stage (stages VI, VII and VIII) as the
two factors.
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Lipid content
For phyllosomas from cyclonic eddies, mean lipid content as a proportion of dry weight of
stages VI, VII and VIII was 8.87±0.38 %, 9.98±0.40 % and 12.82±0.42 % respectively, and
for phyllosomas from anticyclonic eddies was 8.96±0.28 %, 10.59±0.33 % and 11.54±0.36 %
respectively (Figure 2). Comparison of mean lipid content as a proportion of dry weight
showed significant increases by stage, but no differences for cyclonic versus anticyclonic
eddies, but a significant difference for the interaction term (Two-way ANOVA, Table 3).
Subsequent, pairwise comparisons of means showed the lipid content as a proportion of dry
weight in phyllosomas from cyclonic eddies was significant greater than that for phyllosomas
from anticyclonic eddies only for stage VIII (P=0.016).

Figure 2. Mean (±S.E.) lipid content as percentage of dry mass (%) and mass per larva (mg) of
phyllosoma of P. cygnus of three developmental stages (VI, VII, VIII) sampled from anticyclonic
and cyclonic eddies off Western Australia. Results of pairwise comparisons of means between
cyclonic and anticyclonic eddies for each of the three larval stages are represented by *** =
P<0.05 or n.s. = non-significant. Results of pairwise comparisons of means between each of the
three larval stages within each of the two types of eddies are represented by those mean values
not possessing an alphabetical letter in common (P<0.05).
Table 3. Results of two-way ANOVAs applied to compare the effects of stage (VI, VII, VIII) and
eddy (cyclonic and anticyclonic eddy) on lipid, FA and FA food chain marker parameters of
western rock lobster phyllosoma (P. cygnus) sampled from cyclonic and anticyclonic eddies in
the Leeuwin Current off Western Australia.

Parameters

Stage

Eddy

Stage × Eddy

df=2

df=1

df=2

SS

P

SS
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P

SS

P

Lipid (mg) per larva

0.863

<0.001

0.300

0.001

0.055

0.353

Lipid (% of dry weight)

42.947

<0.001

0.221

0.523

3.826

0.034

16:0

0.997

<0.001

0.362

0.001

0.054

0.425

16:1n-7

1.228

<0.001

0.433

0.002

0.062

0.470

18:1n-9

1.208

<0.001

0.464

<0.001

0.062

0.454

DHA/EPA

0.050

0.066

0.289

<0.001

0.028

0.206

0.007

0.178

0.001

0.566

0.001

0.704

8.619

<0.001

5.150

<0.001

0.122

0.862

0.022

<0.001

0.001

0.492

Weight (mg) per larva

FA food chain markers
Diatom indicators
C16All/C18All
Flagellate marker
18:1n-9
Copepod-based food chain marker
C20 and C22 MUFA
0.009
0.007
Significant effects (P<0.05) are shown in bold.

On average, phyllosomas sampled from cyclonic eddies, regardless of larval development
stage, had higher lipid content per larva (Two way ANOVA, Table 3, Figure 2). The mean
lipid content per larva increased over the three larval developmental stages regardless of
which type of eddy they had been sampled from (Two way ANOVA, Table 3, Figure 2). The
overall pattern of differences was largely consistent among the mean lipid contents of
phyllosoma per larva for larval developmental stage and eddy type (Figure 2), with larvae of
stages VI, VII and VIII from cyclonic eddies on average having 44.0 %, 12.2 % and 65.0 %
more lipid than those from anticyclonic eddies, respectively.
Fatty acid content
The FAs 16:0, 22:6n-3 (docosahexaenoic acid, DHA), 18:1n-9, 20:5n-3 (eicosapentaenoic
acid, EPA), 18:0 and 16:1n-7 were the major FA present in all phyllosoma samples, and
together they made up around 70 % of all FA in phyllosoma (Table 4). On average, over all
of the phyllosoma samples the total PUFA (polyunsaturated fatty acid) was 28.9±0.3 % of all
FA, dominated by EPA (mean of 8.5±0.1 %) and DHA (mean of 13.9±0.2 %) (Table 4). Over
all phyllosoma samples, the total monounsaturated fatty acid (MUFA) comprised 27.6±0.3 %
of all FA. The MUFA included primarily 18:1n-9 (11.9±0.2 %), 16:1n-7 (8.9±0.1 %), and
18:1n-7 (2.2±0.02 %). On average, over all phyllosoma samples total saturated fatty acids
(SFA) were 34.9±0.1 % of all FA. The principal SFA present in all samples were 16:0
(19.9±0.1 %), 18:0 (8.6±0.1 %), and 14:0 (3.2±0.02 %).

12

Table 4. Key FA composition as percentage of total lipid (% ± S.E.) in phyllosoma of three
developmental stages (VI, VII and VIII) of Panulirus cygnus sampled from anticyclonic and
cyclonic eddies in the Leeuwin Current off Western Australia.
Phyllosoma Stage VI

Phyllosoma Stage VII

Phyllosoma Stage VIII

FA

Anticyclonic

Cyclonic

Anticyclonic

Cyclonic

Anticyclonic

Cyclonic

14:0

3.29±0.06

3.36±0.05

3.12±0.06

3.36±0.07

3.08±0.04

3.22±0.04

16:0

19.03±0.31

19.71±0.21

19.45±0.26

20.09±0.21

20.12±0.17

20.74±0.21

16:1n-7

8.15±0.30

8.57±0.28

8.63±0.27

9.14±0.22

9.11±0.26

9.87±0.28

18:0

8.51±0.10

8.68±0.14

8.41±0.10

8.62±0.14

8.61±0.12

8.92±0.09

18:1n-9

10.84±0.20

11.72±0.40

11.34±0.27

12.13±0.30

12.16±0.29

13.29±0.39

18:1n-7

1.99±0.04

2.13±0.05

2.03±0.04

2.14±0.05

2.17±0.06

2.45±0.09

20:4n-6

1.59±0.04

1.38±0.05

1.52±0.05

1.33±0.03

1.56±0.03

1.32±0.05

20:5n-3

9.27±0.25

8.65±0.32

8.74±0.23

8.18±0.2

8.49±0.24

7.54±0.31

22:6n-3

14.23±0.41

14.51±0.44

14.34±0.47

14.00±0.37

13.21±0.43

12.87±0.34

PUFA

30.45±0.60

29.73±0.69

29.70±0.67

28.76±0.60

28.16±0.67

26.56±0.73

MUFA

26.01±0.45

26.98±0.62

26.70±0.51

27.89±0.51

28.06±0.54

29.79±0.70

SFA

34.16±0.41

34.78±0.36

34.27±0.36

35.08±0.31

35.00±0.26

35.77±0.24

n

12

12

12

12

12

12

Energy storage fatty acids
FA groups previously associated with energy storage in the non-feeding post-larval stages of
spiny lobsters (i.e., 16:0, 16:1n-7, 18:0, and 18:1n-9) (Jeffs et al. 2002) were in total 46.652.8 % of total FAs over all samples. The 16:0, 16:1n-7, 18:0, and 18:1n-9 content of
phyllosoma per larva ranged from 0.22-0.71 mg, 0.09-0.34 mg, 0.10-0.30 mg and 0.12-0.46
mg, respectively, for all phyllosomas regardless of source eddy or stage (Figure 3). On
average, phyllosomas sampled from cyclonic eddies, regardless of larval development stage,
had higher mean content per larva of each of the three FAs associated with energy storage
(i.e., 16:0, 16:1n-7, and 18:1n-9) (Two way ANOVA, Table 3, Figure 3). The mean content
of each of these three FAs of phyllosoma per larva also increased over the three larval
developmental stages regardless of which type of eddy they had been sampled from (Two
way ANOVA, Table 3). The overall pattern of differences was largely consistent among each
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of the mean FA contents per phyllosoma for larval developmental stage and eddy type for
each of these three FA (Figure 3). For example, larvae of stages VI, VII and VIII from
cyclonic eddies had 3.6 %, 3.3 % and 3.1 % more 16:0 than those from anticyclonic eddies,
respectively.

Figure 3. Mean (±S.E.) content per larva (mg) of the important FAs (16:0, 16:1n-7, and 18:1n-9)
used of energy storage in P. cygnus phyllosoma for three developmental stages (VI, VII, VIII)
sampled from anticyclonic and cyclonic eddies off Western Australia. Results of pairwise
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comparisons of means between cyclonic and anticyclonic eddies for each of the three larval
stages are represented by *** = P<0.05 or n.s. = non-significant. Results of pairwise
comparisons of means between each of the three larval stages within each of the two types of
eddies are represented by those mean values not possessing an alphabetical letter in common
(P<0.05).

Comparisons for the 18:0 content per larva for the three stages of phyllosomas (i.e., stages
VI, VII and VIII) among the four sampled eddies found a significant difference among stages
(Two way ANOVA, F=13.988, P<0.001), and also among the sampled eddies (Two way
ANOVA, F=5.203, P=0.003), but not for the interaction term (Two way ANOVA, F=0.565,
P=0.756). Significantly higher 18:0 content per larva was found in phyllosomas of stage VIII
versus stage VII (P=0.006), stage VIII versus stage VI (P<0.001), and stage VII versus stage
VI (P=0.033), regardless of sampling sites. The 18:0 content per larva for phyllosomas from
anticyclonic eddy #1 were significantly lower than from cyclonic eddy # 1 and #2 regardless
of stages (P=0.004, P=0.012).
Fatty acid food chain markers
Diatom marker
Over all phyllosomas, the commonly used diatom indicator ratios (16:1n-7/16:0) and
(C16All/C18All) (Reuss and Poulsen 2002) were low (Table 5). For C16All/C18All, no
significant difference was found between stages, or for cyclonic versus anticyclonic eddies,
or for the interaction term (Two way ANOVA, Tables 3 and 5).
Comparisons for the diatom marker 16:1n-7/16:0 for the three stages of phyllosomas (i.e.,
stages VI, VII and VIII) among the four sampled eddies showed a significant difference
among stages (Two way ANOVA, F=5.536, P=0.006), and among sampled eddies (Two way
ANOVA, F=3.119, P=0.033), but not for the interaction term (Two way ANOVA, F=0.260,
P=0.953). Significantly higher levels of the diatom marker 16:1n-7/16:0 were present in
phyllosomas of stage VIII compared with stage VI regardless of sampling sites (P=0.005).
The levels of this diatom marker in phyllosomas from anticyclonic eddy #1 were significantly
lower than from cyclonic eddy # 1 regardless of stages (P=0.031).
Flagellate markers
The dinoflagellate marker (18:1n-9) (Reuss and Poulsen 2002; Skerratt et al. 1995) were
high, and the general flagellate (autotrophs and heterotrophs) marker (C18All) (Nichols et al.
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1991; Reuss and Poulsen 2002) was very high in all samples (Table 5). Comparisons for the
dinoflagellate marker 18:1n-9 among larval stages and the two types of eddies found
significant increases over the three larval developmental stages, with significantly higher
levels for cyclonic versus anticyclonic eddies, and a non-significant interaction term (Two
way ANOVA, Tables 3 and 5).
Comparisons for the general flagellate marker C18All for the three stages of phyllosomas
among the four sampled eddies revealed a significant difference among stages (Two way
ANOVA, F=5.843, P=0.005), and among sampled eddies (Two way ANOVA, F=4.715,
P=0.005), but not for the interaction term (Two way ANOVA, F=0.571, P=0.752).
Significantly higher values were found in phyllosomas of stage VIII than stage VII (P=0.022),
and stage VIII versus stage VI (P=0.007) regardless of sampling sites. The values for
phyllosomas from anticyclonic eddy #1 were significantly lower than from cyclonic eddy # 1
and # 2 regardless of stages (P=0.005, P=0.023).
Differences in DHA/EPA ratios can also reflect differences in the relative importance of
dinoflagellate (higher DHA) versus diatom (higher EPA) primary productivity as the origin
of a food chain leading to the sampled organism (Brown et al. 1993; Volkman et al. 1989).
The overall DHA/EPA ratio showed a higher mean value in phyllosomas from cyclonic
eddies versus anticyclonic eddies, regardless of larval development stage and an absence of
any significant interaction effect (Two way ANOVA, Tables 3 and 5).
Copepod-based food chain marker
The level of C20 and C22 MUFA in phyllosoma was relatively low and is largely derived from
the alcohol component of wax esters, and has been used to follow a copepod-based food
chain that leads to higher zooplankton predators (Phillips et al. 2001). Comparison of mean
copepod biomarker values showed significant differences by larval stage, and significantly
higher content in phyllosomas from anticyclonic eddies compared with cyclonic eddies, but
no significance for the interaction term (Two way ANOVA, Tables 3 and 5).
Table 5. Mean (±S.E.) FA food chain markers of P. cygnus phyllosoma of three developmental
stages (VI, VII, VIII) sampled from anticyclonic and cyclonic eddies off Western Australia.
Name of
FA food
chain
markers
Diatom
marker

C16All/C18A
ll

Phyllosoma Stage VI

Phyllosoma Stage VII

Phyllosoma Stage VIII

Cyclonic

Cyclonic

Cyclonic

1.146±0.01
6a

Anticycloni
c
1.143±0.01
6a

1.166±0.00
8a
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Anticycloni
c
1.169±0.00
8a

1.150±0.01
3a

Anticycloni
c
1.167±0.01
0a

Flagellat
e marker

18:1n-9
DHA/EPA

6.736±0.23
4 af
1.689±0.02
9 be
0.662±0.01
0 bf

6.225±0.11
8 ae
1.540±0.03
0a
0.739±0.01
5a

6.968±0.17
5 bf
1.716±0.02
5 ce
0.636±0.01
2 df

6.513±0.16
0 bce
1.643±0.02
0 cd
0.678±0.01
4c

7.641±0.22
8d
1.722±0.03
4e
0.657±0.01
0f

6.990±0.16
8c
1.559±0.02
1 ad
0.708±0.01
6 ace

Copepod C20 and C22
-based
MUFA
food
chain
marker
Significant results of pairwise comparison of means of a range of FA food chain markers between cyclonic and
anticyclonic eddies for each of the three larval stages, and between the larval stages within each of the two types
of eddies are represented by those mean values not possessing an alphabetical letter in common within a row
(P<0.05).
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Discussion

Comparison between cyclonic/anticyclonic eddy replicates
For each of the three stages of phyllosomas sampled (i.e., stages VI, VII and VIII) there were
little or no differences in the lipid, FA content and FA food chain markers for larvae sampled
between the two cyclonic eddies, or between those sampled from two anticyclonic eddies
(Tables 1 and 2). Some minor differences were detected in a small number of FA and FA
markers within the two sets of eddies, however, overall the lipid content and FA profiles of
phyllosomas within cyclonic and anticyclonic eddies were remarkably consistent. This
strongly suggests that the body metabolism and feeding habits of phyllosoma are largely
similar between mesoscale eddies with the same direction of circulation despite these eddies
being distant from one another, i.e., up to 150 km apart and different distances from the
continental shelf of Western Australia.
Larval ontogeny and lipid accumulation
Lipid is the main storage product in late-stage phyllosoma which is carried through to the
lecithotrophic puerulus stage of spiny lobsters (Jeffs et al. 2001b; Jeffs et al. 1999). Lipid
accumulation in the sampled mid to late stage P. cygnus phyllosomas was marked, with an
overall 0.41±0.20 mg increase of mean total lipid per larva from stage VI to stage VII,
followed by a 0.9±0.33 mg per larva increase from stage VII to stage VIII (Figure 2). The
accumulation of lipid with successive larval stages in both P. cygnus and Jasus edwardsii
indicates that lipids are an important source of energy as well as precursors for metabolic
processes for early larval development (Liddy et al. 2005; Ritar et al. 2003). The significant
increases in the lipid content of late-stage phyllosomas of P. cygnus observed in this current
study are similar in magnitude to the same phase of larval development in the phyllosoma of
J. edwardsii (Jeffs et al. 2004; Phleger et al. 2001).
Not only was there a marked increase in lipid between the three larval developmental stages,
but there was a selective accumulation of particular FAs so that the proportion of the
combined 16:0, 16:1n-7, 18:0, and 18:1n-9 of total FA increased from 27.4±0.4 % to
29.6±0.4 % from stage VI to stage VIII (Figure 3). These FAs have all been associated with
energy storage in the phyllosoma of spiny lobsters and utilisation in the subsequent puerulus
phase (Jeffs et al. 2002). Selective accumulation of specific FA of phyllosoma has been
observed in early-stage (II and III) phyllosomas which accumulated a higher proportion of
EPA and DHA, indicating that early stage P. ornatus phyllosoma have an ability to
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preferentially store or modify their dietary lipid composition to support normal growth and
development (Wu et al. 2011). Likewise, pueruli of P. cygnus were found to selectively
utilise specific FA, such as MUFA, during their development to first instar juveniles, while
also showing a high degree of conservation of PUFA (Limbourn and Nichols 2009). In P.
cygnus postpueruli, MUFA were actively catabolised and DHA, EPA and AA were present in
higher relative levels during extended periods of starvation (Limbourn et al. 2008). As such,
it seems that MUFA constitute ideal energy substrates for the development of late-stage
phyllosoma through to first instar juveniles of spiny lobster, which is a common strategy used
by crustaceans for early development (Querijero et al. 1997).
Lipid and fatty acid content
As a proportion of dry weight, there was no overall difference in the lipid content of
phyllosoma from cyclonic versus anticyclonic eddies for stage VI and VII, however, there
was a marked difference in the total quantity of lipid present in phyllosomas sampled from
the two types of eddy. The higher absolute amount of lipid should correlate to an increased
energetic capacity to migrate onshore rather than the overall body size as highlighted in
previous studies of the subsequent puerulus stage with actively migrates across the shelf to
shallow coastal waters in which they settle (Jeffs et al. 2001a; 2001b; Jeffs et al. 1999;
Phillips et al. 2007; Wells et al. 2001). Overall, phyllosomas from cyclonic eddies contained
more total lipid on average than anticyclonic eddies, i.e., 0.5, 0.2 and 1.4 mg per larva for
stages VI, VII and VIII respectively. The higher lipid content and the energy storage FA
(16:0, 16:1n-7, 18:0, 18:1n-9) content in phyllosomas from cyclonic versus anticyclonic
eddies suggested feeding conditions in cyclonic eddies were better suited for accessing and
accumulating lipid, especially specific FAs associated with energy storage. Examination of
the spatial and temporal variation in the lipid present in settled pueruli of P. cygnus sampled
from four different locations off the coast of Western Australia concluded that the observed
differences were likely to be the result of variability in productivity of the offshore mesoscale
eddies of the Leeuwin Current in which phyllosoma are entrained and develop over extensive
periods (Limbourn et al. 2009). The cyclonic eddies of the Leeuwin Current have generally
been found to exhibit oligotrophic oceanic conditions by global standards, while anticyclonic
eddies are classed as mesotrophic (Waite et al. 2007b). Consequently, research on pairs of
counter-rotating eddies in the Leeuwin Current has consistently found higher primary
production and higher zooplankton abundance in anticyclonic versus cyclonic eddies (Feng et
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al. 2007; Muhling and Beckley 2007; Strzelecki et al. 2007; Waite et al. 2007a). However,
siphonophores are more important contributor by biomass in cyclonic eddies compared with
anticyclonic eddies due to their ability to efficiently feed in low productivity waters
(Strzelecki et al. 2007). Using DNA methods, siphonophores have been found to be among
the most important prey items in the gut of phyllosomas of P. cygnus sampled from this
ocean region (O' Rorke et al. 2012). It is possible that higher availability of siphonphore prey
in cyclonic versus anticyclonic eddies enables phyllosoma of P. cygnus to accumulate greater
amounts of lipid, despite the relatively low nutrient density of these zooplankton (Wang and
Jeffs 2013; Wang et al. 2013a).
Food chain of phyllosoma in cyclonic and anticyclonic eddies
In the current research, dinoflagellate and general flagellate FA markers in phyllosomas from
cyclonic eddies were generally higher than those from anticyclonic eddies. This indicated
higher dinoflagellate and flagellate contribution to the food chain of phyllosomas analysed
from cyclonic eddies. Furthermore, higher DHA/EPA ratio in phyllosomas from cyclonic
eddies versus anticyclonic eddies also suggested that flagellate productivity was more
important than diatom primary productivity as the origin of the food chain leading to the diet
of phyllosomas within cyclonic eddies. Phytoplankton sampling has indicated that
dinoflagellates are particularly important in both cyclonic and anticyclonic eddies, but that
diatoms are a much more important contributor to overall primary productivity in
anticyclonic eddies (Waite et al. 2007a). Bacteria, fed on by flagellates, and in turn by
microzooplankton constitutes what is known as a microbial loop food chain (Azam et al.
1983). The microbial loop exists primarily in stratified, nutrient poor waters that support the
production of heterotrophic bacteria and small phytoplankton, grazed upon by microzooplankton (e.g. ciliates and heterotrophic dinoflagellates) which in turn are consumed by
filter feeders and especially gelatinous zooplankton (Legendre and Rassoulzadegan 1995).
The FA food chain marker results in the current research suggest that the microbial food
chain is more important for the prey of phyllosomas in cyclonic eddies compared with the
anticyclonic eddies, or that there is a greater availability of the prey that rely on the
production from the microbial loop. This would be consistent with the preference of
phyllosoma for gelatinous zooplankton prey, including the more abundant siphonophores in
cyclonic eddies at the time of the current study (O' Rorke et al. 2012; Strzelecki et al. 2007).
Supporting the observation that anticyclonic eddies are less characterised by the microbial
20

loop, the copepod-based food chain marker in phyllosomas from anticyclonic eddies was
generally higher than those from cyclonic eddies in all the three larval development stages,
indicating greater utilisation of a food chain involving copepods by phyllosomas in
anticyclonic eddies.
Changes in phyllosoma diet
The present study shows the benefit of identifying factors that might influence the lipid and
FA composition of phyllosoma, such as their developmental stage and whether they are in
cyclonic or anticyclonic eddy systems. Previous studies of phyllosoma condition have relied
on opportunistic sampling (Phillips et al. 2006) and while they have identified that
phyllosoma are reliant on an oligotrophic food-web, based on the microbial loop, they were
unable to relate any differences in phyllosoma lipid composition to spatial oceanographic
features, such as mesoscale eddies. In contrast, in the current study late stage (i.e., VIII)
phyllosomas in cyclonic eddies contained significantly more lipid than their prior larval
stages, and compared with larvae of the same stage sampled from anticyclonic eddies (Figure
2). It has been suggested that late stage larvae of spiny lobsters may alter their prey as a result
of their increased feeding capability associated with the development of gut and mouthpart
physiology and due to their need to rapidly accumulate lipid (Cox and Johnston 2003; Jeffs et
al. 2004). Furthermore, late stage P. cygnus are known to migrate more in the water-column
than the early (Rimmer and Phillips 1979) and middle larval stages (Chittleborough and
Thomas 1969), which could expose them to different zooplankton assemblages. Overall, the
FA profile of stage VIII larvae from cyclonic eddies appears broadly similar to that of the
preceding stage VII (Table 4). However, there was increase in the level of flagellate markers
with phyllosoma development, especially from stage VII to stage VIII, i.e. 18:1n-9 content of
total FA of phyllosoma stage VII is 4.1% higher than stage VI, and stage VIII is 8.4% higher
than stage VII on average regardless of sample sites. Previous studies of the FA profiles of
zooplankton from oligotrophic waters from the Southern Hemisphere have revealed a higher
18:1n-9 content in a range of common crustaceans, as well as siphonophores, and fish (9.413.2 % of total FA) compared with the gelatinous zooplankton such as salps, ctenophores and
scyphozoans (3.3-9.2 % of total FA) (Jeffs et al. 2004; Wang et al. 2013b). These results
suggest a shift in the diet of stage VIII phyllosomas that is possibly more effective in cyclonic
eddies, either because of more abundant prey of this type, or these prey contain more lipid
than their counterparts in anticyclonic eddies.
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Conclusion
In summary, this study provides a first description of the FA profiles of the phyllosoma of P.
cygnus (stages VI-VIII) in relation to important mesoscale oceanographic features (i.e.,
cyclonic and anticyclonic eddies) of the Leeuwin Current. The mid-late stage phyllosomas
can preferentially accumulate and store a range of FAs associated with energy storage. The
higher lipid and energy storage FA content of phyllosomas from cyclonic eddies versus
anticyclonic eddies suggests marked differences in feeding conditions, possibly associated
with greater availability of specific prey species or prey of higher nutritional quality. FA food
chain marker results indicated the microbial food chain is more important for phyllosomas in
cyclonic eddies than for those entrained in anticyclonic eddies. Furthermore, the results
suggest the abundance of specific prey taxa that are heavily reliant on microzooplankton
grazing, such as some gelatinous zooplankton, may be critically important to provisioning
phyllosoma of P. cygnus with sufficient lipid reserves for fuelling the subsequently
lecithotrophic puerulus to successfully migrate into coastal settlement sites.
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Highlights

FA profiles of the phyllosoma of P. cygnus in relation to mesoscale oceanographic features of
Leeuwin Current was provided.

The higher lipid and energy storage FA content of phyllosomas from cyclonic eddies versus
anticyclonic eddies was reported.

The results indicate that microbial food web operating in cyclonic eddies provides better
feeding conditions for phyllosomas.
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