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ABSTRACT: Variation in gonadal somatic indices (GSI) and fatty acid signatures of 2 contrasting
Scottish west coast populations of the echinoid Psammechinus miliaris were examined. P. miliaris was
sampled from both the shallow subtidal and at the upper limit of its distribution in the intertidal. The
intertidal population had a significantly higher GSI than the subtidal at both locations. Multivariate
analysis (ANOSIM) of the fatty acid signature showed significant variation between the 2 depths as
well as between sex and location. SIMPER analysis indicated a complex pattern of variation between
location and depths. Both 20:4(n-6) and 20:5(n-6), associated with brown algae, were found in higher
levels in subtidal populations, while levels of 22:6(n-3) were higher in the intertidal at one site, and
18:4(n-3) higher at the other. Of these acids, 22:6(n-3) is associated with filter feeding invertebrates,
and 18:4(n-3) with green algae. Omnivorous diets in urchins have been associated with increased
gonadal growth and the results from this study strongly suggest that the observed differences in GSI
between intertidal and subtidal P. miliaris result from a higher quality diet in the intertidal, consist-
ing of invertebrates and green algae.
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INTRODUCTION

Although the omnivorous grazing habits of several
urchin species are well documented (Forster 1959,
Himmelman & Steele 1971, Lawerence 1975, Briscoe &
Sebens 1988) the literature focuses on their herbivorous
habits. A mixed diet (i.e. including fauna) increases
gonad growth rates of echinoids both in the laboratory
(Cook et al. 1998, Fernandez & Boudouresque 2000,
Pearce et al. 2004) and in the field (Cook et al. 2000).

Psammechinus miliaris is a relatively small echinoid,
reaching a maximum test diameter of 50 mm. Its depth
distribution has an upper limit in the low littoral and it
is found down to approximately 100 m, with a range
extending from Scandinavia to Morocco, although it is
absent from the Mediterranean. P. miliaris is an oppor-
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tunistic omnivore, feeding on a wide range of material
including macroalgae and encrusting invertebrates as
well as scavenging on larger dead animals (Kelly &
Cook 2001). In the study region on the west coast of
Scotland, P. miliaris typically occurs in the littoral and
sub-littoral of sheltered sea lochs at densities of up to
350 ind. m~? (Kelly 2000). Studies of echinoid gonadal
somatic indices (GSI, the index of gonad mass relative
to whole organism size) have revealed considerable
variability at both spatial and temporal scales. Kelly
(2000) found that GSIs were higher in the intertidal
than in subtidal populations of P. miliaris in a Scottish
sea loch. It was proposed that this difference was a
result of better food quality and/or quantity found in
the intertidal, and more specifically the greater abun-
dance of invertebrate prey in the intertidal.
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There are strong links between diet quality and
somatic and reproductive growth for echinoid species
(Floreto et al. 1996). Psammechinus miliaris individuals
that have been fed salmon feed (Otero-Villanueva et
al. 2004), or that have grazed on the encrusting biota of
scallop lines, have significantly higher GSIs than those
fed algae (Cook et al. 2000). This study examines the
diet of natural populations of P. miliaris and relates this
to variations in their GSIs. Stomach content analysis
can be problematic (Howell et al. 2003) especially for a
species with a small jaw size, so an alternative method
of dietary biomarkers was used.

Ecological studies have used a range of biomarkers,
including analysis of stable isotope ratios (Fry & Sherr
1984), analysis of algal pigments from stomach con-
tents (Boyd et al. 1980, Kleppel & Pieper 1984), and
fatty acid analysis of tissue or whole organisms (Sar-
gent & Falkpetersen 1981). The current study used the
fatty acid composition of the gonad to explore trophic
interactions of Psammechinus miliaris. These biomark-
ers (herein known as the fatty acid signature) have
been used to explore the feeding ecology of a number
of marine organisms (Pond et al. 1997, Grahl-Nielsen
et al. 2003, Laureillard et al. 2004). This technique
assumes that dietary lipids are broken down into their
constituent fatty acids. These fatty acids are at least
partly conservative and can be anabolized into the
consumer's tissues. Certain components of the signa-
ture, or ratios of these components, can act as dietary
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indicators. However, the interpretation in higher
trophic levels can be confounded by de novo bio-
synthesis, metabolism and catabolism of fatty acids
(Dalsgaard et al. 2003).

The present study addressed 2 main hypotheses:
(1) for the study populations, the GSI of Psammechinus
miliaris found in the intertidal are higher than those in
the subtidal, and these differences are a result of depth
and are not confounded by simple spatial variation;
(2) intertidal and subtidal populations can be differen-
tiated in terms of their fatty acid signatures, reflecting
a difference in diets between the 2 habitats. This study
also explored the nutritional and ecological implica-
tions of these inter-habitat differences.

MATERIALS AND METHODS

Study site. The study was conducted at 2 locations on
the south shore of Loch Creran, west coast of Scotland
(Fig. 1). Loch Creran is a silled sea loch 12.8 km long,
with 4 basins reaching a maximum depth of 49 m. It
has been characterized as a well-mixed system with a
flushing time of 3 d (Black et al. 2000). The study loca-
tions Rubha Garbh (RG) and South Shian (SS), sepa-
rated by 5 km, were similar in terms of rugosity and
profile and were characterized by boulders, cobbles
and pebbles on a mixed sand and mud substrate. The
intertidal was dominated by fucoid algae and by

Laminaria saccharina in the shallow
subtidal.

501.2’0”W. Field protocol. Five Psammechinus

miliaris of approximately equal test
diameter were collected from each of 2
replicate sites, each of 2 depths (inter-
tidal and subtidal), and each of 2 loca-
tions (Fig. 2). Collections from each
location were within 5 d of each other.
Those from the intertidal zone were

|
A

collected from an area just above
Extreme Low Water Springs (ELWS),
which is exposed for approximately
. 2.5 h for 3 to 5 consecutive days on
/z spring tides. Those from the subtidal
&7 zone were collected using snorkel at a
depth of 2 to 3 m. The specimens from
each replicate were collected within a
1 m radius. The replicate sites at each
location were approximately 10 m
apart. The collected individuals were
transferred to the laboratory and main-
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Fig. 1. Positions of the study sites at Loch Creran on the west coast of Scotland,

NW Europe

tained in running seawater without

food until analysis (within 48 h).
Laboratory analysis. Test diameter

(mm) and wet mass (g) for each indi-
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Fig. 2. Diagrammatic representation of the experimental
layout. ELWS: Extreme Low Water Springs
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vidual Psammechinus miliaris were determined prior
to the removal of the gonad. Test diameter was mea-
sured 3 times using adapted Vernier calipers to obtain
a mean diameter. The excised gonad was weighed,
and a small sample taken for microscopic determina-
tion of sex and maturity stage. The maturity stage was
determined using a wet squash and scored on a 6-point
scale (stage I: recovery; stage II: early growth; stage III:
premature; stage IV: mature; stage V: partially
spawned; and stage VI: spent; Kelly 2001). The GSIs
were calculated for each individual using the formula:

GSI = wet mass gonad/(wet mass of whole test x 100)

The dissected gonad was placed in chloroform:
methanol (2:1, 2 Cm3), and stored under nitrogen until
ready for lipid extraction (>1 h).

Lipid extraction and fatty acid analysis. The gonad was
homogenized in chloroform:methanol (2:1, 10 cm?®), and
stored under nitrogen overnight at 4°C. Prior to storage,
the fatty acid standard 23:0 (400 ul, 0.5 mg g~') was
added to each sample as an internal standard. The lipid
was then extracted and transesterified to fatty acid
methyl esters (FAMESs). The FAMEs were purified using
thin-layer chromatography and then stored in hexane
under nitrogen at-16°C for no longer than 1 wk prior to
gas chromatography.

The purified FAMEs were separated by a Perkin
Elmer 8320 gas chromatograph equipped with split
injector (100:1), flame ionization detector (FID) and a
Zebron ZB-WAX fused silica capillary column (30 m x
0.25 mm inner diameter, 0.25 pm film thickness).
Helium was the carrier gas and the oven temperature
was programmed to increase from 160 to 240°C at 4°C
min~!, then held for 10 min. In order to store and inte-
grate the chromatograms, the detector output was cou-
pled to a data system (Varian Star™). The FAMEs were

identified by comparing their retention times with
those of authentic standards, with the exception of 16:0
dimethylacetal and 20:2 non-methylene interrupted
dienes which were identified using retention times
from a previous study (Cook et al. 2000). All samples
were run on the same column and under the same con-
ditions. Individual fatty acids were identified and the
relative content of each one was determined using
peak areas and expressed as the percentage by weight
of the total fatty acids characterized. This was then
converted to relative mass per gram of wet weight of
gonad tissue (mg g!), using the response of the inter-
nal standard.

Statistical analysis. Prior to investigation of GSI vari-
ability, the relationships between test diameter and
whole wet mass, gonad wet mass and GSI were exam-
ined using Pearson's product-moment correlation.
Prior to all parametric univariate analysis, data normal-
ity was tested using the Kolmogorov-Smirnov test; any
data found to be significantly different was log trans-
formed to meet assumptions of normality. Data were
also checked for homogeneity of variance using
Cochran's C-test.

Differences in test diameter and GSI were tested
using a 3-factor ANOVA with depth (2 levels and
fixed) being orthogonal to location (2 levels and ran-
dom), and sites nested within location (2 levels). One-
way ANOVA was used to examine differences be-
tween test diameter and gonadal indices grouped by
sex, and to examine sex differences between specific
fatty acids. Nested ANOVAs were used to assess dif-
ferences in specific fatty acids between depths at each
site. The data were post hoc pooled if F for the nested
factor was sufficiently large (p < 0.25), in order to
reduce chances of type II error (Underwood 1997). Dif-
ferences between the proportion of each sex and matu-
rity stage occurring at different locations, depths and
sex were tested using chi-squared test.

All multivariate analysis was carried out using the
PRIMER v5 (Plymouth Routines In Multivariate Eco-
logical Research). The data were left untransformed
(Howell et al. 2003) and converted into similarity
matrices using Euclidean distances as the metric. To
visualize data similarity patterns, we used non-metric
multidimensional scaling (nMDS). These plots produce
a 2-dimensional arrangement of data such that those
individuals with similar fatty acid signatures are
placed closer together than those that are more dissim-
ilar. We then used permutation-based analysis of simi-
larity (ANOSIM) routines as the hypothesis testing
framework. Crossed ANOSIM was used (Warwick et
al. 1990) to examine differences in fatty acid signatures
across 2 factors. Differences in the fatty acid signatures
with depth were explored using the similarity percent-
ages routine (SIMPER).
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Fig. 3. Psammechinus miliaris. Test diameter versus (a) wet
mass of whole urchin, (b) wet mass of gonad tissue, and
(c) gonadal somatic index (GSI)

RESULTS

Pearson correlation values (r statistic) and associated
probabilities demonstrated a significant relationship
between test diameter and (1) whole wet mass and
(2) gonad wet mass as expected (Fig. 3a & b, respec-
tively). There was no significant correlation between
test diameter and GSI (Fig. 3c) thus establishing GSI as
a size-independent metric.

Gonad index variation with location, depth and sex
The mean test diameter (approximately 25 mm) dif-

fered little between replicates, locations and depths
(Fig. 4a). There was, however, a distinct trend in GSI

with both location and depth. The GSIs of Psammechi-
nus miliaris at RG were approximately two-thirds
lower than those at SS at both depths (Fig. 4b). Fur-
thermore, at both RG and SS, the GSIs of intertidal
urchins were nearly double those of the subtidal popu-
lation. So the individuals with the largest GSI (approx-
imately 8%) were those in the intertidal at SS, and
those with the smallest (approximately 3 %) were those
in the subtidal at RG.

Following a multifactorial ANOVA of these data, no
significant difference in test diameter of Psammechi-
nus miliaris was found between locations (df = 1, F =
0.09, p = 0.82) or depths (df =1, F=1.05, p =0.45). In
contrast, there were significant differences between
the GSIs of intertidal and subtidal specimens but there
were no significant interactions with, or effect from,
location (Table 1). There was no significant difference
between the test diameter (df = 1, F = 0.02, p = 0.898)
or GSI (df =1, F=0.10, p = 0.758) between the sexes.

The distribution of sex and maturity stage with
respect to depth and location showed no significant
bias, with males and females being equally common
at both locations and depths (Table 2). In contrast to
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Fig. 4. Psammechinus miliaris. Mean (+95% CI) at location,
depth and site: (a) test diameter, (b) GSI
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Table 1. Psammechinus miliaris. Multifactorial ANOVA of gonadal somatic
indices with depth (2 levels and fixed) being orthogonal to location (2 levels and
random), and sites nested within location (2 levels) (n = 5)

nificant difference between the 2 loca-
tions, when averaged over depth (R =
0.268, p = 0.01). The pattern of separa-

tion by location was clearer in the
Source of variation df SS MS F p intertidal compared to the subtidal

Fig. 7). SIMPER dt 1
Depth 1 11163 111.63 35230  0.03 (Fig. 7) was used 1o expiore
Location 1 44.75 44.75 26.76  0.22 the difference by determining which
Depth x Location 1 0.32 0.32 0.24 0.67 fatty acids contributed most to the dif-
Sample (Location) 2 5.36 2.68 2.03 0.33 ferences in the multivariate signature
Habitat x Sample (Location) 2 2.64 1.32 0.33 0.72 (Table 5); this difference varied be-
Error 32 127.24 3.98 ' )
Total 19 B tween the locations. At SS, 22:6(n-3)
ota . . .

contributed most to the differences

lack of sex differentiation in GSI, there was a signifi-
cant difference in the proportion of individuals at stage
IV rather than stage IIl (males were developmentally
more advanced).

Fatty acid analysis

The data were divided by depth and location, with
replicate sites within a location grouped together. The
predominant fatty acid across all depths and location
was eicosapentaenoic acid (EPA) 20:5(n-3), ranging
from 15.1 % in the intertidal at SS to 18.4 % in the sub-
tidal at SS (Table 3, Fig. 5). The second most common
was arachidonic acid (AA) 20:4(n-6), ranging from
11.07 to 14.20%. Polyunsaturated fatty acids (PUFAs)
were the largest class, followed by saturated fatty
acids (SFAs) and monounsaturated fatty acids
(MUFAs). This pattern was consistent over both
depths and locations. Total FAMEs (mg g~!) were
higher in the intertidal compared to the subtidal for
each site, although the levels of FAMEs at SS were
higher than at RG.

Multivariate analysis of fatty acid signature

Multivariate analysis (ANOSIM) of sites showed no
significant difference in the fatty acid signature be-
tween the replicate sites at each location (Table 4) and
so the data were pooled prior to further analysis.

Depth and location

The nMDS plots (Fig. 6) revealed significant separa-
tion in the fatty acid signatures by depth at each loca-
tion. This separation was supported by results from a
crossed ANOSIM (R = 0.308, p < 0.001) that showed
there was a significant difference between the depths
when averaged across location. There was also a sig-

between depth, and was significantly
higher in the intertidal while 18:4(n-3)
was significantly lower in the intertidal. At RG
this fatty acid was significantly higher in the intertidal.

Sex

The nMDS plot clearly demonstrated that fatty acid
composition varied between the sexes (Fig. 8). This
was supported by a 1-way ANOSIM that showed there
was a significant difference in the fatty acid signature
(R=0.484, p <0.001). SIMPER revealed that males had
significantly higher values of EPA and AA, while
females had significantly higher levels of 18:4(n-3),
16:1(n-7) and 14:0 (Table 6).

DISCUSSION
Echinoid gonadal indices

As the gonad acts as a nutritive storage organ for
echinoids (Walker et al. 2001), GSIs are used as the
standard indicators of individual and population nutri-
tive and reproductive status. In the current study, clear
and significant variability of GSI with depth was found

Table 2. Psammechinus miliaris. Chi-squared analysis of dis-
tribution of sex, and maturity stage between depth, location
and sex. Stage III: premature; Stage IV: mature

Female Male Stage Il Stage IV
Intertidal 12 8 8 12
Subtidal 8 12 9 11
x?=1.600, p = 0.21 x*=0.102, p = 0.75
Rubha Garbh 10 10 10 10
South Shian 10 10 7 13
x?=0.000, p = 1.00 x?=0.921, p=0.34
Female - - 15 5
Male - - 2 18
- x?=17.29, p = 0.000
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Table 3. Psammechinus miliaris. Fatty acid composition of the gonad from the 2 locations at 2 depths. Replicates have been
grouped; data are average % of total FAME for each fatty acid and the 95% confidence interval (CI) (n = 10). Total FAME is
measured in mg g~* of urchin gonad. DMA: dimethylacetal; NMID: non-methylene interrupted dienes

Fatty acid Rubha Garbh South Shian
Intertidal Subtidal Intertidal Subtidal
Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

14:0 3.84 0.72 3.74 0.85 2.79 0.76 3.45 0.78
al5:0 0.11 0.04 0.07 0.05 0.16 0.04 0.09 0.05
15:0 0.65 0.09 0.62 0.16 0.64 0.12 0.54 0.07
16:0 10.16 0.32 11.18 0.53 10.26 0.45 10.67 0.49
16:1(n-7) 3.08 0.76 2.70 1.12 1.66 0.43 2.92 1.03
16:2 0.43 0.16 0.25 0.22 0.72 0.27 0.40 0.18
17:0 0.22 0.05 0.36 0.46 0.53 0.09 0.18 0.05
17:1 0.00 0.00 0.00 0.00 0.04 0.02 0.00 0.00
16:0 DMA 3.17 0.46 4.56 0.77 3.58 0.41 4.23 0.61
16:4 0.26 0.14 0.13 0.15 0.12 0.06 0.26 0.12
18:0 2.95 0.65 3.98 0.75 4.04 0.71 3.54 0.76
18:1(n-9) 1.64 0.26 1.76 0.50 1.36 0.29 1.39 0.42
18:1(n-7) 2.87 0.35 2.67 0.33 2.65 0.23 2.52 0.23
18:2(n-6) 1.43 0.17 1.39 0.29 0.95 0.14 1.39 0.22
18:2(n-3) 0.06 0.07 0.04 0.05 0.10 0.06 0.16 0.20
18:3(n-6) 0.55 0.11 0.31 0.21 0.50 0.04 0.54 0.14
18:3(n-3) 1.90 0.38 1.29 0.40 1.18 0.26 1.58 0.50
18:4(n-3) 4.15 1.24 2.14 1.05 1.69 0.70 3.48 1.30
20:0 0.49 0.07 0.52 0.17 0.49 0.03 0.58 0.08
20:2 NMID 5.79 0.94 7.06 1.49 6.32 0.23 5.98 0.71
20:1(n-9) 1.99 0.30 2.94 1.29 1.79 0.13 2.26 0.28
20:1(n-7) 1.07 0.10 0.81 0.28 1.28 0.08 0.93 0.12
20:2(n-6) 2.55 0.35 2.59 0.35 2.29 0.33 2.84 0.50
21:0 0.30 0.04 0.10 0.01 0.19 0.03 0.23 0.08
20:4(n-6) 11.56 1.44 14.20 2.48 11.07 1.19 12.50 2.07
20:3(n-3) 2.29 0.19 1.62 0.26 1.69 0.24 1.93 0.27
20:4(n-3) 0.86 0.20 0.36 0.22 0.57 0.16 0.62 0.22
20:5(n-3) 16.34 1.44 17.37 1.81 15.06 1.94 18.39 1.48
22:1(n-11) 0.12 0.06 0.07 0.07 0.18 0.06 0.08 0.05
22:1(n-9) 4.22 0.31 3.81 0.36 3.14 0.25 3.79 0.35
22:2(n-6) 0.07 0.04 0.15 0.25 0.12 0.01 0.10 0.04
22:5(n-3) 0.92 0.22 0.67 0.28 1.61 0.24 1.02 0.20
22:6(n-3) 2.16 0.78 2.27 0.55 7.52 1.59 2.03 0.39
Total PUFA 42.33 2.11 42.71 3.03 41.41 3.12 44.15 2.72
Total SFA 19.24 0.65 20.81 1.17 19.16 0.67 19.67 0.97
Total MUFA 10.72 0.58 10.06 0.98 8.93 0.66 9.97 0.67
Total FAMEs 7.84 3.26 6.43 1.94 42.26 18.05 36.64 9.61

for Psammechinus miliaris on the west coast of Scot-
land. Individuals in the intertidal zone had a signifi-
cantly higher GSI than those just a few meters deeper
in the subtidal zone. Study locations were chosen such
that the spatial distance between replicates was equiv-

Table 4. Psammechinus miliaris. ANOSIM of the fatty acid
signature between replicate sites at each depth and location

Depth R P
Rubha Garbh Intertidal -0.104 83.3
Subtidal 0.048 26.4
South Shian Intertidal -0.024 42.9
Subtidal -0.104 82.5

alent to that between depths. Thus the differences
between the GSI at the 2 depths were not attributable
to patchiness at the scale of 10s of meters. So our first
hypothesis, that variation in the GSI is a result of depth
and is independent of spatial variation, can be ac-
cepted.

Psammechinus miliaris in the intertidal zone are
exposed for 1 to 2 h every tidal cycle during spring
tides for periods of up to 3 to 5 d. During these periods
of exposure individuals were observed to be inactive
and showed no evidence of feeding, although the
period of inactivity was sometimes greater than the
periods of exposure. We observed that even when
immersed diurnally, the individuals in the intertidal
were rarely located away from their cryptic refuges.
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Fig. 5. Psammechinus miliaris. Mean (£95 % CI) % of the primary fatty acids at each location and depth. DMA: dimethylacetal;
NMID: non-methylene interrupted dienes

Given that individuals in the intertidal have less time
to forage and are subject to higher levels of environ-
mental stress, it remains uncertain as to why individu-
als at the limit of their depth distribution have higher
GSI values than those in the subtidal.

Fatty acid analysis
The multivariate analysis of the fatty acid signature

of the gonad of Psammechinus miliaris showed that
clear distinctions existed between depth, location and

sex. Differences in gonad biochemistry of echinoids
between sexes have been previously reported. Fenaux
(1977) and Magniez (1983) found different levels of
protein, carbohydrate and lipid in male and female
urchin gonads, and Borisovets et al. (2002) recorded
different carotenoid levels for the sexes. This is the first
time that sex differentiation in echinoids has been
reported using fatty acid signatures. Although we
found no sex variation in the GSI, the proportions of
individual acids varied significantly. There is a degree
of concordance with reported differences in other
marine invertebrates. The ovaries of the limpet Patella

depressa (Morais et al. 2003), the scallop
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Argopecten purpuratus (Caers et al. 1999) and
a fish, Plecoglossus altivelis (Jeong et al.
2002), had higher proportions of 14:0 and
16:1(n-7), whereas testes had higher propor-
tions of 20:4 (n-6) and 22:6(n-3). Such inter-
sex differences were also observed in the
gonads of P. miliaris. However, while the male
limpet P. depressa had higher levels of
18:4(n-3), the opposite was found in P. miliaris
gonads. This difference between the sexes is
an important consideration when using fatty
acid signatures to study the trophic ecology of
natural populations that may, unlike P. mil-
iaris, exhibit sex bias in spatial distribution
(Guettaf et al. 2000). Seasonal patterns of

< change in fatty acid signature linked to the

gametogenic cycle have been shown for a

Fig. 6. Psammechinus miliaris. nMDS plots for fatty acid signature at

the 2 study locations. » = intertidal, < = subtidal

number of marine organisms (Pazos et al.
1997, Ojea et al. 2004, Rosa et al. 2004), and it



108 Mar Ecol Prog Ser 305: 101-111, 2005

Intertidal Stress: 0.07 Subtidal
| |
u
| ] ||
O L =
o
] L 15
m}
L} ]
| |
m] - ||
u
u o
m}
g0 O g
o ]
O
m}

Stress: 0.03

could have alarger effect on the fatty acid sig-
nature than sex or maturity stage. Fatty acid
o signatures of Harbour seals were found to
vary at regional scales (100s of km) and be-
tween individual haul-outs within 9 to 15 km
(Iverson et al. 1997). Iverson (1997) found that
this spatial variation was also mirrored in a
number of prey species, and suggested differ-
ences in seal fatty acid signatures were a re-
sult not only of localized feeding patterns but
also of the composition of their prey. Similarly,
a diet was linked with variation in the fatty acid
profile of the gonad of the limpet Patella de-
pressa, where variability in diet resulted from
the availability of different algae communities
due to wave and wind exposure (Morais et al.
2003). Differences in fatty acid signatures

Fig. 7. Psammechinus miliaris. nMDS plots for fatty acid signature at the

2 depths. O = Rubha Garbh, B = South Shian
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Fig. 8. Psammechinus miliaris. nMDS plots for fatty acid
signature at all depths and locations. ¥ = female, Ao = male

would seem probable that such a pat-
tern exists for P. miliaris. These find-
ings highlight the need for further
research to differentiate the effect of
seasonal diet changes from gamete

have also been linked to patterns of produc-
tivity in another very different mollusc, the
squid Moroteuthis ingens (Phillips et al. 2003).

We hypothesised that we would be able to differen-
tiate between intertidal and subtidal populations on
the basis of their fatty acid signature, and we have
shown this to be supported. The patterns revealed by
SIMPER showed that the subtidal populations have
higher levels of the PUFAs EPA and AA. However,
when using PUFAs as dietary indicators, it is important
to recall that although the primary source of these
compounds is synthesis by green algae, there are other
sources that may confound a simple interpretation. The
role that bacteria play in the synthesis of these com-
pounds has been a subject of much interest (Nichols
2003). It has been shown that these bacteria are pre-
sent in a range of marine invertebrates (Jostensen &
Landfald 1997), including sea urchins (Iwanami et al.

Table 5. Psammechinus miliaris. Contribution of individual fatty acids to
multivariate differences in fatty acid signatures between depths at each location
as determined by SIMPER. For all fatty acids, samples were pooled within
location except for 20:2 NMID at Rubha Garbh. NMID: non-methylene

interrupted dienes

maturation, and to elucidate the func- ) .
tional significance of specific fatt Fatty acid Mean % % contri- Cumu- F P
! . g p ] Y Intertidal Subtidal bution lative %
acids and the role they play in the
reproductive ecology of echinoids. Rubha Garbh
Our study showed that the fatty acid 20:4(n-6) 11.56 14.19 13.43 13.43 325 0.08

. ture of Psammechinus miliaris qo- 20:5(n-3) 16.34 17.37 9.63 23.06 0.76 0.39
signature ot fsain g 18:4(n-3) 4.15 2.14 8.94 3200 587  0.02
nads varies significantly at a scale of 10s 20:2 NMID 5.79 7.06 7.87 39.87 122 038
of kilometers, but not at the scale of 10s 16:1(n-7) 3.08 2.7 5.79 45.66 0.30 0.59
of meters. Other studies have recorded South Shian
significant intra-species heterogeneity %ggng; 128623 égg ggg g;g 48%2 <83;
. . . o(n- . . . . . .
in fgtty acid 51ggatures at a range of 204(n-6) 11.07 125 086 41.09 138 026
spatial scales. Cripps et al. (1999) con- 18:4(n-3) 1.69 3.48 7.88 48.98 564 0.03
cluded that regional variation in diet
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Table 6. Psammechinus miliaris. Contribution of individual fatty acids to multivariate differences in fatty acid signatures between
sex as determined by SIMPER. F and associated p were obtained from 1-way ANOVA

Females Males %o Cumulative F P

Fatty acid Mean % 95% CI Mean % 95% CI contribution Yo

20:4(n-6) 10.31 4.52 14.36 6.29 12.55 12.55 31.79 <0.001
20:5(n-3) 15.12 6.63 18.46 8.09 11.65 24.2 19.80 0.001
18:4(n-3) 4.31 1.89 1.41 0.62 8.86 33.06 46.92 <0.001
22:6(n-3) 2.65 1.16 4.34 1.9 8.75 41.81 4.02 0.052
16:1(n-7) 3.5 1.53 1.68 0.74 6.06 47.87 24.63 <0.001
14:0 4.39 1.93 2.52 1.1 5.94 53.81 48.37 <0.001

1995). In addition, Psammechinus miliaris is capable of
synthesising some PUFAs de novo (Bell et al. 2001).

The subtidal sites in this study were dominated by
the macroalgae Laminaria saccharina. The fatty acid
profile of L. saccharina is rich in 18:1(n-9), 18:4(n-3),
20:4(n-6) and 20:5(n-3) (Fleurence et al. 1994, Mai et
al. 1996). The subtidal populations of urchins at both
locations had higher values of 18:1(n-9), 20:4(n-6) and
20:5(n-3), indicating that L. saccharina may be an
important component of the subtidal diet. Green algae
are rich in 16:0, 16:4, 18:3(n-3), and 18:4(n-3) (Johns et
al. 1979, Khotimchenko et al. 2002). The intertidal
urchins at RG and the subtidal urchins at SS had signif-
icantly higher levels of 18:4(n-3) than the other depth
at those sites. They also exhibited higher levels of 16:4
and 18:4(n-3), indicative of a diet containing green
algae. The intertidal population at SS had significantly
higher levels of 22:6(n-3). This fatty acid is found at low
concentrations in marine macroalgae (Jamieson & Reid
1972) and at high concentrations in dinoflagellate
microalgae (Viso & Marty 1993). It has been associated
with filter (Cook et al. 2000) or suspension feeding
invertebrates (Howell et al. 2003), and can also be
characteristic of carnivores (Kharlamenko et al. 1995).
This would indicate a complicated site- and depth-
dependent pattern of trophic interactions for Psam-
mechinus miliaris. Urchins at the intertidal at SS exhib-
ited higher levels of carnivory compared to subtidal
individuals, which had a diet consisting predominantly
of green and brown algae. The diet of intertidal
urchins at RG was dominated by green algae, and in
the subtidal primarily by L. saccharina.

Urchins fed omnivorous or carnivorous diets have
higher levels of growth, both somatic and gonadal,
than those fed purely algal diets (Cook et al. 1998).
Kelp is of limited nutritional value to sea urchins
(Otero-Villanueva et al. 2004) and leads to poor growth
(Vadas et al. 2000). These findings support the hypoth-
esis by Kelly (2000) that differences in gonadal indices
between intertidal and subtidal populations were a
result of increased food quality and/or quantity avail-
able in the intertidal. Further investigation is required

to better understand the relationship between gonad
biomass and fecundity, and the role that nutrition plays
in echinoid reproduction.

We suggest that urchins in our study populations
were food limited and ate animal material where avail-
able to increase somatic and reproductive production.
Algae became the default diet when grazing pressure
or benthic productivity limited the availability of
animal prey. There was an ecological ‘pay off’ for indi-
viduals living at the limit of their distribution: they
were subject to harsher environmental conditions and
reduced foraging times, but they had access to food
of a sufficiently higher quality to maintain and even
increase their GSI compared to those in the subtidal.
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