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ABSTRACT: Kelps in temperate marine ecosystems produce substantial detrital biomass that
provides a carbon subsidy to consumers. After detachment, detrital kelp degrades and potentially
changes in nutritional quality. Red sea urchins Mesocentrotus franciscanus are an abundant
consumer of drift algae, but little is known about the effects of kelp degradation on feeding
preferences or nutritional value to urchins. We compared the response of gonad index (GI), carbon
and nitrogen stable isotope (SI) content, and fatty acid (FA) composition in the gonads of red
urchins fed 2 species of fresh or degraded kelp for 17 wk. We found significant effects of kelp
species but not kelp degradation state on urchin GI and SI, but also significant interactions
between kelp species and degradation state. Urchins with greater gonad growth had δ13C values
more similar to those of their diet than did urchins with low gonad growth. Multivariate FA
composition of the kelp diets (both in terms of species and degradation state) and the gonads of
urchins fed those diets differed significantly. Several polyunsaturated essential FA (including
SDA, EPA, and ARA) and FA summary classes were important for differentiating urchin gonads
among treatments, suggesting kelp species-dependent effects of diet degradation. The total
concentration of ω-3 and ω-6 FA declined with degradation state in both diets but did not differ in
the gonads of urchins fed these diets. Thus, even if diets are depleted in certain FA, urchins are
able to maintain concentrations of these FA in their gonads.
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Kelps (Order: Laminariales) are a major component
of primary production in temperate nearshore ecosystems. These macroalgae often create large forests
that are one of the most productive ecosystems on
earth (Mann 1973, Krumhansl & Scheibling 2012a).
Relatively little kelp biomass is subject to direct
herbivory (Mann 1988); instead, a large amount of
biomass detaches from the substrate and becomes
drift algae. Through wave action, tidal currents, and
storms, drift algae are transported to neighboring
ecosystems in both shallow photic and deep aphotic

habitats (Duggins et al. 1989, Britton-Simmons et al.
2012, Krumhansl & Scheibling 2012a), where they
support substantial secondary production and diversity (Vetter & Dayton 1998). This carbon subsidy from
shallow to deep regions constitutes an essential food
source for primary consumers and affects many
aspects of ecosystem dynamics (Britton-Simmons et
al. 2009, Kelly et al. 2012, Lowe et al. 2014).
Some kelps, such as Agarum fimbriatum, have high
levels of polyphenolic secondary metabolites including phlorotannins (Van Alstyne et al. 1999a), which
may act as an herbivore deterrent (Duggins & Eckman 1997, Amsler et al. 1999) and reduce assimilation
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efficiency of certain grazers (Tugwell & Branch 1992,
Boettcher and Targett 1993). Loss of phlorotannins as
drift algae degrade (Duggins & Eckman 1997) could
lead to increased palatability of degraded kelps.
However, the rapid decrease of phlorotannins in particulate kelp matter found by Duggins & Eckman
(1997) does not appear to extend to phlorotannin
content of degrading whole kelp blades (Sosik &
Simenstad 2013). Phlorotannin content may also control microbial colonization and subsequent changes to
percent nitrogen (Sosik & Simenstad 2013). Detrital
algae tend to have increased percent nitrogen (Mann
1988, Krumhansl & Scheibling 2012b) that can enhance the fitness of nitrogen-limited herbivorous
urchins (Knip & Scheibling 2007). Drift algal degradation during the passive transport from the photic to
the aphotic zone may provide consumers living at
different depths with diets in different biochemical
and nutritional states (Galloway et al. 2013), potentially influencing deep-water herbivore nutritional
condition and population dynamics.
In the San Juan Islands Archipelago, USA, red
urchins (Mesocentrotus [=Strongylocentrotus] franciscanus) are common from the shallow subtidal to
depths well beyond the photosynthetic limit of kelps
(>100 m; Britton-Simmons et al. 2012). Urchins in this
system feed primarily on drift algae (Britton-Simmons et al. 2009) and can remain sedentary owing to
the abundance of drift algae throughout their depth
range (Britton-Simmons et al. 2012, Lowe et al. 2014).
Urchins (Mesocentrotus spp. and Strongylocentrotus
spp.) show feeding preferences for certain algal species, particularly for bull kelp Nereocystis luetkeana
(Vadas 1977), but it is likely that these preferences
can change with the level of degradation. As algae
degrade, the overall biochemistry and palatability to
consumers may change (Duggins & Eckman 1997,
Britton-Simmons et al. 2009). These degradation-related changes in algae can therefore have considerable effects on the nutritional condition of urchins.
In slow growing invertebrates like urchins (Ebert &
Russell 1993), gonad production is a useful metric of
nutritional and reproductive condition (e.g. Vadas
1977, Minor & Scheibling 1997, Russell 1998, Meidel
& Scheibling 1999, Vadas et al. 2000). Urchin gonad
index (GI; the ratio of gonad mass to total mass) is a
commonly used metric to evaluate how urchin nutritional condition responds to diet type (Vadas et al.
2000, McBride et al. 2004), food availability (Minor &
Scheibling 1997), temperature (McBride et al. 1997),
and habitat (Rogers-Bennett et al. 1995, Britton-Simmons et al. 2009, Dodge & Edwards 2012). GI is also
closely tied to reproductive output (Fabbrocini &

D’Adamo 2010). Red urchin gonads are harvested
commercially in the northeast Pacific, worth roughly
US$ 500 000 annually in the State of Washington
alone1, making the linkage of dietary resources to
urchin productivity broadly important to resource
managers and fishers.
Analysis of stable isotope (SI) ratios and fatty acid
(FA) signatures provides a valuable indirect approach
for tracing food web relationships in aquatic habitats.
Analysis of SI ratios of resources and consumers has
long been the primary biochemical approach for estimating the importance of different basal resources to
aquatic consumers (Peterson & Fry 1987). The relative
carbon SI ratio (δ13C) is used as a tracer of different
primary producers (e.g. kelp, seagrasses, phytoplankton) due to differences in fractionation by these producers during carbon fixation (Peterson 1999). The
relative nitrogen SI ratio (δ15N) can be used to identify
trophic level, due to expected enrichment with each
additional trophic level (Cabana & Rasmussen 1996,
Peterson 1999) and may be a useful indicator of bacterial colonization of drift algae during degradation
(Sosik & Simenstad 2013). FA are particularly practical
biomarkers for the study of benthic ecosystems because the sources of primary production have distinct
FA signatures (Galloway et al. 2012) that can be
traced to certain consumers (Kelly & Scheibling 2012).
For example, both FA signatures (e.g. proportional
composition of > 30 FA) and just ‘essential’ FA profiles
(e.g. long-chain [≥C18] ω-3 and ω-6 FA) differentiate
macrophytes (macroalgae and seagrasses) at phylum,
ordinal, and family levels (Galloway et al. 2012), and
these patterns may be clearly transferred to macroalgal consumers (Galloway et al. 2014).
While SI and FA biomarkers are common ecological tools, especially in observational analyses, they
are rarely used together in the same experimental
study. Together these tools can provide useful information regarding the nutritional quality of kelps
available to wild urchins, and determine potential
effects of degrading kelp tissue on urchins. Urchin
FA have been used to generate hypotheses about
wild urchin diets (Hughes et al. 2005, 2006, Barberá
et al. 2011), response to differing experimental algal
diets (Cook et al. 2000, Kelly et al. 2008), and are
linked to gamete production (Carboni et al. 2012).
However, previous research has investigated only
fresh, non-degraded algal biomass, despite the fact
that urchins in the wild are likely eating algal diets in
varying states of decay.
1

M. Morningstar, pers. comm. Data extracts from license and
fish ticket database (LiFT) in October, 2013
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In order to assess potential effects of fresh and
detrital kelp food sources on benthic consumers, we
carried out a feeding experiment with the abundant
red sea urchin. We measured GI, δ13C and δ15N, and
FA in urchins fed 2 kelp taxa, one a chemically defended, less preferred species (Agarum fimbriatum,
hereafter Agarum) and one minimally defended,
highly preferred species (Nereocystis luetkeana,
hereafter Nereocystis), each at 2 levels (fresh and
degraded) for 17 wk. These kelp species are highly
abundant in our study system and are common drift
algae in both shallow and deep water (Vadas 1977).
On average these species also exhibit very different
morphology and phlorotannin content, both of which
affect their degradation process and the feeding
preference by urchins. We hypothesized that degradation would have a greater effect on urchin preference and consumption for Agarum than Nereocystis,
and therefore increase the nutritional value of this
kelp species. We also compared results from the
feeding experiment with periodic field sampling of
wild urchins as a temporal experimental reference.

MATERIALS AND METHODS
Experimental design
Feeding trials took place at University of Washington’s Friday Harbor Laboratories (FHL). To assess the
effect of kelp degradation we fed urchins 4 different
kelp diets: fresh or degraded Agarum, or fresh or degraded Nereocystis (hereafter referred to as FreshAgarum, Degr-Agarum, Fresh-Nereocystis, and DegrNereocystis treatments). Experimental urchins were
collected on 4 August 2012 in 5 to 12 m depth near
Jones Island, Washington (48° 36’ 38” N, 123° 2’ 51”W),
using SCUBA. Urchin test diameter ranged from 75.0
to 133.5 mm with an average of 98.4 mm. Urchins were
transported to FHL and randomly assigned to treatments. The experimental array consisted of 16 plastic
cages measuring 69 cm long × 47 cm wide × 30 cm high
with a solid bottom, a lattice of 3 cm holes on all vertical
sides, and 1.5 cm Vexar mesh on top. These cages were
suspended at a depth of 6 m from the FHL breakwater.
The cages were randomly assigned to 1 of the 4 diet
treatments, and 6 urchins were placed in each cage.
We collected 12 additional urchins from the same location on 6 August 2012 (hereafter Wild-Start) and 4 December 2012 (hereafter Wild-End) to use as a reference
group. These reference, or ‘wild diet’ urchins were immediately sacrificed, GI was determined, and gonad
material for FA and SI samples was taken.
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Diets
The 2 species of kelp were collected weekly:
Nereocystis luetkeana at the surface from San Juan
Channel (48° 32’ 58” N, 122° 59’ 28” W) and Agarum
fimbriatum between 5 and 12 m depth near Brown
Island, Washington (48° 32’ 14” N, 122° 59’ 56” W). We
avoided reproductive sori and any obviously degraded regions of kelp blades to control for potential
within-thallus biomarker variability. Since we collected kelps from August to December, their growth
rate was expected to change. Therefore, tissue was
collected from the region proximal to the meristem to
avoid older, degraded or epiphyte-fouled tissue and
to standardize the diets within kelp species over the
duration of the feeding trial. Algae were stored in
flow-through seawater tanks for approximately 1 h
before being assigned to either fresh diet or degraded diet treatments. To replicate the degradation
conditions experienced by kelp blades being transported to the deep subtidal, we placed kelp blades in
blacked out, flow-through seawater tanks. Nereocystis was degraded for 1 wk and Agarum for 3 wk.
This differential time of degradation for the 2 species
was prompted by previous experience in degrading
kelps (Sosik & Simenstad 2013). Nereocystis dissolves if degraded this way for >1 wk (W. Raymond
pers. obs.), rendering it unusable as a food source for
urchins. The thallus of Agarum degraded much more
slowly and remained intact during the 3 wk degradation period.

Feeding
The feeding trial was conducted for 17 wk, from
August to December 2012. Urchins were fed ad libitum with 160 g of Nereocystis (fresh or degraded) or
100 g of Agarum (fresh or degraded) per urchin per
week based on previous observations of kelp consumption rates (Vadas 1977, McBride et al. 1997).
During feedings, cages were cleaned of fouling organisms to prevent urchins from eating food sources
other than the assigned diet. Uneaten kelp was collected from the cages at the end of each week and
weighed before being discarded. We then determined the mass of the consumed kelp to calculate
feeding rate for the urchins in each treatment group.
At the end of the 17 wk feeding trial, all urchins
were dissected and measured for total wet mass and
wet gonad mass (blotted-damp weight). GI (n = 12
per treatment) was calculated as the ratio of gonad
mass to total mass and reported here as a percentage
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([wet gonad mass/wet total mass] × 100; Vadas 1977,
Rogers-Bennett et al. 1995, McBride et al. 1997,
Minor & Scheibling 1997). Data were averaged for
each of the 4 diet treatments and 2 wild reference
groups. Approximately 5 g (wet weight) of gonad
material from a random subset of urchins from each
treatment (n = 5, one per replicate cage plus one chosen at random from replicates for each treatment)
was taken and frozen (−20°C) for SI and FA analysis.
In addition, samples (~5 g wet weight, n = 5 per treatment) for SI and FA were taken from the 4 kelp diets
throughout the feeding trial at 1 to 3 wk intervals and
frozen for analysis to assess potential changes in diet
FA and SI over the 17 wk.

Stable isotopes and fatty acids
Each gonad and kelp tissue sample was analysed
for both SI and FA content. All samples were lyophilized for 24 h and then ground using a stainless
steel mortar and pestle. Ground gonad and kelp tissue
was weighed using a microbalance, placed in a tin
capsule and sent to Washington State University’s
Stable Isotope Core lab for analysis of δ13C and δ15N
(for detailed methods see e.g. Dethier et al. 2013, Galloway et al. 2013). Isotope ratios are reported in per
mille as the ratio of heavy to light isotope relative to
Vienna Peedee Belemnite standard (δ‰). We did not
extract lipids from our samples before SI analysis, because the paired FA profiles and SI values of gonad
lipids were of primary interest for assessing the effects
of diet treatments on gonad biomarkers and urchin
GI. Fatty acid methyl esters (FAME) were extracted
at FHL from 10 mg of tissue using a modified Folch
method (see e.g. Taipale et al. 2011, Galloway et al.
2013). To analyze FAME, we used gas chromatography-flame ionisation detection (GC-FID; HP 6958,
Agilent DB-23 column), with an 85 min temperature
program designed to separate C16 and C18 monounsaturated FA (MUFA) and polyunsaturated FA (PUFA).
We identified peaks using GC-FID and a 40 FA standard (Nu-chek Prep standard 569B), and identified unknown peaks with GC-MS. To quantify summary FA
category sample weights (mg FAME [g dry tissue] –1),
we ran dilutions of known concentrations of FAME
from the Nu-chek standard (2, 1, 0.5, 0.25, 0.1, 0.05, and
0.0025 mg ml−1) through the GC-FID and correlated
the known concentrations with areas from the chromatogram for all FA in the standard. After accounting
for hexane volume and dry weight of the sample, an
estimate of the proportion of FAME per unit mass of
dry tissue was calculated (Taipale et al. 2011).

Statistical analyses
The effect of kelp diet species and degradation state
on urchin GI was evaluated using 2-way ANOVA on
untransformed data (α = 0.05). Since the wild reference groups’ diet was unknown, we performed an all
pairwise comparisons procedure (t-test with a Bonferroni correction) to compare the GI of the 4 diet
treatments plus the 2 wild reference groups to each
other. The effects of kelp diet species and degradation state on δ13C and δ15N in kelp diets and in urchin
gonads were evaluated using 2-way ANOVA on
untransformed data (α = 0.05). All statistical analyses
related to GI and SI were performed in the R statistical environment (R Development Core Team 2013).
Proportional FA (percentage of total FAME) data
were arcsine square-root transformed (e.g. Galloway
et al. 2012, Dethier et al. 2013), and treatment effects
of kelp species and kelp degradation state were analyzed with 2-way permutational multivariate analysis
of variance (PERMANOVA; Anderson et al. 2008)
using Euclidean distance on kelp diets and urchin
gonads. All PERMANOVAs used 9999 permutations
with Type III sums of squares and fixed factors. Post
hoc pairwise comparisons with Monte Carlo correction
(Anderson et al. 2008) were also performed to evaluate the differences between individual treatments
for both kelp diets and urchin gonads. We performed
similarity percentage analyses (SIMPER; Clarke &
Gorley 2006) to identify those FA most important for
differentiating urchin gonad FA among treatments.
Because the SIMPER analysis is used for interpreting
differences in the mean FA values of each treatment,
SIMPER tests were run on untransformed FA data
(e.g. Galloway et al. 2013). We used non-metric multidimensional scaling (NMDS) for visualization of
multivariate patterns in the urchin gonad FA profiles
(Vegan package in R), using the ‘ordiplot’ and ‘ordihul’ functions, and we calculated FA loadings on each
NMDS axis with the ‘envfit’ function. We show all FA
that were significantly correlated with the 2 NMDS
axes (Monte-Carlo permutation test, p < 0.01), and
color-coded the vectors corresponding to any of the
top 5 FA identified as important for driving group
separation in the SIMPER. SIMPER and PERMANOVA were performed using PRIMER v.6.0 with
PERMANOVA+ add on (Clarke & Gorley 2006, Anderson et al. 2008). The effect of kelp diet species and
degradation state on both kelp diets and urchin gonads was also assessed using univariate ANOVA of
arcsine square-root transformed ω-3 and ω-6 FA proportions (percentage of total FAME) and raw concentrations (sum mg FAME g−1).
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RESULTS
Feeding
Urchins fed Degr-Nereocystis had the highest estimated consumption rate, eating an average 22.0 g
urchin−1 d−1 versus an average of 11.7 g urchin−1 d−1
of Fresh-Nereocystis. Urchins consumed an average
of 2.4 and 6.6 g urchin−1 d−1 of Fresh- and DegrAgarum, respectively. Analysis of gut-content weight
per urchin upon dissection showed consistent amounts
of ingested material among urchins within each
treatment.
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Degr-Nereocystis

–15
–17

δ13C (‰)

GI increased throughout the trial period in Wild
and Nereocystis-fed urchins, but not in Agarum-fed
urchins (Fig. 1). After 17 wk, there was a significant
effect of kelp diet species on GI (2-way ANOVA,
F1, 44 = 243.21, p < 0.001), where Nereocystis-fed urchins had much larger GI than Agarum treatments.
Kelp diet degradation state did not affect GI (F 1, 44 =
3.36, p = 0.074). However, there was a significant
interaction between kelp species and kelp degradation state (F 1, 44 = 4.59, p = 0.038), indicating that the
effects of degradation differ between kelp diets. Separate pairwise comparisons among feeding trial
urchins and wild reference urchins found that GI of
Fresh- and Degr-Nereocystis treatments were higher
than all other groups (p < 0.001). GI in Fresh- and
Degr-Agarum treatments and Wild-Start urchins
were not different (all p > 0.8250) but were significantly lower than in Nereocystis treatments and
Wild-End urchins (all p < 0.001). GI of Wild-End
urchins were significantly different from all other
treatments (all p < 0.0160; Fig. 1).
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Fig. 1. Mesocentrotus franciscanus. Urchin gonad index expressed as a percentage for wild reference urchins and
urchins fed either fresh or degraded kelp for 17 wk. Shared
letters represent statistical similarity (p > 0.05) from all
pairwise comparisons procedure. Error bars: ± SEM
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Stable isotopes
Kelp δ13C and δ15N ratios were
highly variable, with considerable
change observed in Nereocystis over
our sampling time (Fig. 2). Average
kelp δ13C values were not significantly different for either kelp species
or degradation state, while kelp diet
δ15N values differed among kelp
species but not degradation state
(Table 1, Fig. 3a,c). There was a significant effect of kelp diet species on
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2
9
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23
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Fig. 2. Agarum fimbriatum and Nereocystis luetkeana. Stable isotope values of (a) δ13C and (b) δ15N in kelp diets
through time. Each point represents a single tissue sample
Table 1. ANOVA results of the effect of kelp diet species and degradation state
(Degr) on δ13C and δ15N in kelp diets and urchin gonads
Factor

df
Kelp diets
F
p

Species
1,16
Degr
1,16
Species × Degr 1,16

δ13C
δ15N
Urchin gonad Kelp diets Urchin gonad
F
p
F
p
F
p

0.04 0.847 4.92 0.042 4.64 0.047 41.2567 <0.001
0.11 0.748 0.70 0.414 1.15 0.299 2.6074 0.126
0.03 0.867 0.01 0.925 1.55 0.232 3.5181 0.079
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Fig. 3. Agarum fimbriatum, Nereocystis luetkeana and Mesocentrotus franciscanus. (a,b) δ13C and (c,d) δ15N stable isotope values for (a,c) 4 different kelp diets and (b,d) urchin gonads from the different experimental groups (wild reference urchins or
urchins fed either fresh or degraded kelp for 17 wk). Data: means ± SD

urchin gonad δ13C and δ15N, but no effect of kelp diet
degradation state (Table 1, Fig. 3b,d).

Fatty acids
We identified 25 FA in the kelp diets and 40 FA in
urchin gonads (Table 2). Multivariate FA signatures
differed for kelp diet species (PERMANOVA, PseudoF 1,17 = 56.02, p < 0.001) and degradation state
(Pseudo-F 1,17 = 12.09, p < 0.001), and there was a significant interaction of these 2 factors (Pseudo-F 14,17 =
12.51, p < 0.001). Similarly, multivariate FA signatures of urchin gonads also showed significant effects
of kelp diet species (Pseudo-F 1,18 = 15.62, p < 0.001)
and degradation state (Pseudo-F 1,18 = 11.61, p <
0.001), and there was an interaction between the 2
factors (Pseudo-F 15,18 = 12.54, p < 0.001). Post hoc
multivariate pairwise comparisons showed that all
urchin feeding trial treatments and wild reference
groups were significantly different from one another
in terms of multivariate FA signature (Degr-Agarum
vs. Wild-End: p = 0.01; Wild-Start vs. Wild-End: p =

0.037, all other comparisons (n = 13): p < 0.01). The
multivariate FA (n = 40 FA) ordination plot (Fig. 4a)
shows all urchin gonad FA profiles (including the
wild urchins for reference) and the FA vectors that
are highly correlated with the 2 NMDS axes (p <
0.01, n = 21 FA; Fig. 4b).
The proportion of ω-3 FA in kelp diets differed
between species, but not by kelp degradation state
(Table 3). Fresh and degraded Agarum diets had a
lower proportion of ω-3 FA, but similar concentrations (ω-3 mg [g dry tissue FAME]−1; Tables 2 & 3,
Fig. 5a,c) to those of Nereocystis diets. In contrast,
the proportion of ω-6 FA in kelp diets did not differ
between species, but did decrease significantly with
degradation state (Table 3, Fig. 5a). Degraded kelp
diets had significantly lower concentrations of ω-3
and ω-6 FA than their fresh counterparts (Table 3,
Fig. 5c). Urchin gonads had similar absolute ω-3 concentrations regardless of diet (Tables 2 & 3). There
were significant effects of species but not of degradation state on ω-3 FA in urchin gonads (Table 3).
Urchins fed Nereocystis had significantly higher proportions of ω-6 FA than urchins fed Agarum (Table 3,
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Table 2. Mean (± SD) fatty acid proportions in kelp diets as well as in the gonads of wild urchins and urchins fed fresh or degraded kelp diets
for 17 wk. Σmg (g FAME)−1 are mean mass ± SD
Fatty
acid

FreshAgarum

Kelp diets
DegrFreshAgarum
Nereocystis

DegrNereocystis

Wild urchins
Wild-Start Wild-End

FreshAgarum

Feeding trial urchins
DegrFreshAgarum
Nereocystis

DegrNereocystis

N
4
c14:0
4.3 ± 0.9
14:1
0.1 ± 0.1
c15:0
0.2 ± 0.1
i-16:0
−
c16:0
21.1 ± 4.1
16:1ω7
11.0 ± 4.3
16:1ω5
0.3 ± 0.3
16:2ω4
6.4 ± 3.6
16:2ω7
0.2 ± 0.1
c17:0
−
16:3ω4/5
3.0 ± 1.0
16:4ω3
−
16:4ω1
0.4 ± 0.4
c18:0
2.4 ± 1.3
18:1ω9
7.4 ± 5.5
18:1ω7
0.6 ± 0.1
18:1ω5
−
18:2ω6 (LIN) 10.8 ± 2.9
18:3ω6
1.2 ± 0.4
18:3ω4
0.7 ± 0.4
18:3ω3 (ALA) 1.3 ± 0.9
18:4ω3 (SDA) 0.8 ± 0.4
18:4ω1
−
20:1ω11
0.7 ± 0.5
20:1ω9
−
20:1ω7
1.5 ± 0.9
20:2ω6
0.4 ± 0.2
20:3ω6
1.0 ± 0.4
20:4ω6 (ARA) 14.3 ± 4.1
20:3ω3
−
20:4ω3
0.1 ± 0.1
20:5ω3 (EPA) 8.9 ± 1.3
c22:0
−
22:1ω11
−
22:1ω9
−
22:3ω6
−
22:5ω3
−
22:6ω3 (DHA)
−
c24:0
−
24:1ω9
−

5
5.3 ± 1.3
0.3 ± 0.2
0.4 ± 0.2
−
20.6 ± 4.8
13.1 ± 2.3
0.6 ± 0.2
5.6 ± 1.5
−
−
5.1 ± 1.5
−
1.2 ± 0.8
2.1 ± 0.5
3.9 ± 2.5
1.4 ± 0.5
−
8.3 ± 1.8
1.7 ± 0.4
1.2 ± 0.2
−
0.9 ± 0.4
−
0.7 ± 0.4
−
1.7 ± 0.4
−
0.3 ± 0.3
14.1 ± 3.8
−
0.0 ± 0.0
10.8 ± 2.0
−
−
−
−
−
−
−
−

5
9.2 ± 1.0
0.1 ± 0.1
0.2 ± 0.1
−
19.2 ± 1.4
0.8 ± 0.2
1.1 ± 0.2
0.3 ± 0.3
−
−
−
−
−
1.5 ± 0.4
16.6 ± 1.9
−
−
7.1 ± 0.2
1.0 ± 0.3
−
5.8 ± 1.3
10.3 ± 3.3
−
−
−
−
−
0.7 ± 0.4
18.3 ± 0.8
−
0.4 ± 0.1
7.5 ± 1.1
−
−
−
−
−
−
−
−

5
10.0 ± 1.6
0.2 ± 0.3
0.1 ± 0.1
−
25.5 ± 2.7
1.5 ± 1.0
1.3 ± 0.2
−
−
−
−
−
−
2 .0 ± 0.6
18.8 ± 0.9
−
−
6.2 ± 0.3
0.2 ± 0.2
−
4.9 ± 0.6
6.0 ± 1.4
−
−
−
−
−
0.2 ± 0.3
15.7 ± 1.9
−
0.6 ± 0.4
6.7 ± 1.7
−
−
−
−
−
−
−
−

5
16.5 ± 1.8
1.8 ± 1.1
0.4 ± 0.0
0.5 ± 0.1
17.3 ± 0.7
5.0 ± 1.7
6.5 ± 2.2
0.4 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
0.5 ± 0.3
0.5 ± 0.3
0.3 ± 0.1
1.8 ± 0.3
3.3 ± 0.4
4.0 ± 0.6
0.1 ± 0.3
0.8 ± 0.2
0.2 ± 0.0
−
1.8 ± 0.4
2.5 ± 1.5
0.1 ± 0.1
4.8 ± 0.6
1.2 ± 0.1
4.7 ± 0.9
1.2 ± 0.3
0.8 ± 0.1
5.7 ± 1.0
1.6 ± 0.5
2.0 ± 0.6
8.6 ± 2.2
2.2 ± 0.4
0.2 ± 0.0
0.9 ± 0.1
0.2 ± 0.1
−
0.2 ± 0.1
0.3 ± 0.1
0.9 ± 0.4

5
18.4 ± 1.4
2.5 ± 0.5
0.3 ± 0.1
0.5 ± 0.1
15.9 ± 1.9
5.0 ± 0.3
7.4 ± 1.2
0.2 ± 0.2
0.2 ± 0.0
0.1 ± 0.0
0.4 ± 0.2
0.5 ± 0.3
0.3 ± 0.1
1.6 ± 0.1
2.9 ± 0.2
3.8 ± 0.5
0.6 ± 0.1
0.7 ± 0.1
0.3 ± 0.2
0.1 ± 0.2
1.6 ± 0.2
3.2 ± 0.5
0.1 ± 0.1
4.2 ± 0.5
1.0 ± 0.1
4.2 ± 0.5
1.0 ± 0.2
1.0 ± 0.0
5.3 ± 0.5
1.5 ± 0.3
2.1 ± 0.3
9.3 ± 0.6
1.7 ± 0.2
0.2 ± 0.0
0.9 ± 0.1
0.2 ± 0.0
0.1 ± 0.1
0.3 ± 0.1
0.3 ± 0.1
0.3 ± 0.1

5
15.7 ± 2.9
1.5 ± 0.6
0.4 ± 0.1
0.5 ± 0.1
17.4 ± 2.1
4.8 ± 0.9
6.1 ± 0.8
0.8 ± 0.2
0.1 ± 0.1
0.1 ± 0.1
0.8 ± 0.3
0.2 ± 0.2
0.3 ± 0.1
1.8 ± 0.2
2.9 ± 0.5
4.4 ± 0.4
0.6 ± 0.1
0.8 ± 0.2
0.2 ± 0.1
0.6 ± 0.5
1.0 ± 0.3
2.1 ± 0.4
0.2 ± 0.0
4.9 ± 0.9
1.3 ± 0.3
5.6 ± 2.0
1.4 ± 0.8
0.3 ± 0.0
5.6 ± 1.3
1.3 ± 0.2
1.5 ± 0.3
8.4 ± 1.2
2.1 ± 0.3
−
−
−
0.1 ± 0.1
0.4 ± 0.1
0.4 ± 0.2
1.8 ± 1.7

5
14.8 ± 1.6
1.4 ± 0.8
0.4 ± 0.1
0.5 ± 0.0
17.0 ± 1.8
4.2 ± 0.8
5.4 ± 1.6
0.6 ± 0.2
0.2 ± 0.1
0.2 ± 0.1
0.6 ± 0.2
0.6 ± 0.4
0.3 ± 0.1
2.2 ± 0.6
2.5 ± 0.3
4.0 ± 0.4
0.5 ± 0.1
0.7 ± 0.1
0.3 ± 0.1
−
1.5 ± 0.4
2.7 ± 1.0
0.2 ± 0.0
5.2 ± 0.7
1.3 ± 0.1
5.1 ± 1.5
1.9 ± 0.4
0.9 ± 0.2
5.2 ± 0.6
1.5 ± 0.5
1.9 ± 0.5
10.1 ± 2.5
1.6 ± 0.9
0.3 ± 0.1
0.9 ± 0.1
0.2 ± 0.1
0.1 ± 0.1
0.4 ± 0.1
0.5 ± 0.1
1.9 ± 1.2

4
14.6 ± 1.0
1.1 ± 0.2
0.2 ± 0.1
0.5 ± 0.1
17.5 ± 0.9
4.0 ± 0.5
4.7 ± 0.7
0.2 ± 0.1
0.1 ± 0.1
0.1 ± 0.0
0.1 ± 0.1
0.1 ± 0.2
0.1 ± 0.1
1.9 ± 0.3
4.5 ± 1.0
3.4 ± 0.4
0.3 ± 0.2
1.2 ± 0.7
0.5 ± 0.5
−
1.6 ± 0.2
4.1 ± 0.5
0.0 ± 0.1
4.1 ± 0.5
1.0 ± 0.1
5.2 ± 0.7
1.3 ± 0.3
0.9 ± 0.1
9.1 ± 1.6
1.5 ± 0.2
2.2 ± 0.2
9.8 ± 0.9
2.1 ± 0.5
0.2 ± 0.0
0.6 ± 0.2
0.3 ± 0.0
−
0.3 ± 0.1
0.3 ± 0.0
0.5 ± 0.4

5
14.9 ± 2.1
1.0 ± 0.4
0.2 ± 0.0
0.6 ± 0.0
18.0 ± 1.0
3.9 ± 1.0
4.9 ± 1.2
0.1 ± 0.1
−
0.1 ± 0.0
0.2 ± 0.1
0.2 ± 0.2
0.0 ± 0.0
1.8 ± 0.3
3.5 ± 0.3
3.4 ± 0.6
0.5 ± 0.1
1.1 ± 0.1
0.2 ± 0.1
0.1 ± 0.1
1.7 ± 0.3
3.9 ± 0.8
0.1 ± 0.1
4.7 ± 0.7
1.2 ± 0.1
5.1 ± 0.6
1.9 ± 0.3
0.3 ± 0.3
8.5 ± 1.6
1.1 ± 0.5
2.5 ± 0.4
9.6 ± 1.5
2.3 ± 0.6
0.1 ± 0.0
0.6 ± 0.2
−
0.1 ± 0.1
0.4 ± 0.1
0.2 ± 0.1
0.5 ± 0.3

Σ proportions
SAFA
29.0 ± 5.1
MUFA
21.5 ± 2.0
PUFA
49.2 ± 5.1
ω-3
11.1 ± 1.8
ω-6
27.5 ± 1.7
Σ n-3 PUFA 11.1 ± 3.5
EPA/DHA
−
EPA/ARA
0.63

29.0 ± 5.0
21.4 ± 1.8
49.3 ± 6.5
11.7 ± 2.2
24.4 ± 5.6
11.7 ± 4.4
−
0.76

30.1 ± 2.7
18.5 ± 2.0
51.3 ± 4.6
23.9 ± 5.7
27.2 ± 1.3
23.8 ± 4.5
−
0.41

37.7 ± 3.8
21.6 ± 1.1
40.4 ± 2.8
18.1 ± 2.7
22.3 ± 1.7
18.1 ± 3.2
−
0.42

39.1 ± 1.5
31.4 ± 4.1
27.1 ± 6.6
17.2 ± 4.8
8.7 ± 1.6
15.2 ± 3.2
45.35
1.51

38.8 ± 1.8
30.1 ± 1.0
27.8 ± 1.4
18.6 ± 1.7
8.3 ± 0.6
16.6 ± 3.4
29.01
1.75

38.5 ± 3.7
32.5 ± 2.1
27.1 ± 4.3
15.2 ± 1.8
9.4 ± 2.1
13.6 ± 3.1
27.79
1.50

37.2 ± 1.5
31.1 ± 3.6
29.5 ± 4.9
19.1 ± 5.0
8.9 ± 1.2
16.8 ± 3.7
25.84
1.94

37.2 ± 1.7
28.3 ± 1.0
32.9 ± 2.8
19.6 ± 1.4
12.9 ± 1.7
18.0 ± 3.6
34.37
1.08

38.2 ± 2.3
28.4 ± 2.8
32.2 ± 5.3
19.7 ± 3.8
12.0 ± 1.8
18.2 ± 3.5
26.50
1.13

Σmg (g FAME)−1
Total FAME 25.4 ± 14.4 10.2 ± 2.9 15.0 ± 2.9
SAFA
7.9 ± 5.1 2.9 ± 0.2 4.6 ± 0.8
MUFA
5.3 ± 2.5 2.1 ± 0.3 2.5 ± 0.5
PUFA
12.2 ± 4.4 5.2 ± 1.5 7.8 ± 1.0
ω-3
2.8 ± 1.4 1.2 ± 0.3 3.6 ± 0.8
ω-6
7.0 ± 2.9 2.6 ± 0.9 4.2 ± 0.6

8.7 ± 3.5
3.3 ± 1.1
1.7 ± 0.7
3.7 ± 1.5
1.7 ± 0.8
2.0 ± 0.7

180.0 ± 35.9 196.4 ± 38.8 182.3 ± 39.2
73.8 ± 4.3 80.9 ± 13.8 73.3 ± 8.9
55.9 ± 7.4 58.9 ± 7.6
58.6 ± 7.9
50.3 ± 13.2 56.6 ± 9.5
50.4 ± 7.4
31.6 ± 9.4 37.3 ± 6.4
28.0 ± 4.0
16.5 ± 3.2 17.2 ± 3.2
17.7 ± 3.6

224.2 ± 94.7 178.5 ± 33.5
88.0 ± 39.6 69.4 ± 12.5
68.8 ± 29.4 49.4 ± 8.2
67.3 ± 27.9 59.7 ± 5.6
42.1 ± 15.8 35.0 ± 4.1
21.3 ± 10.8 23.8 ± 1.5

177.3 ± 40.5
70.3 ± 14.1
49.3 ± 11.1
57.7 ± 9.9
34.9 ± 7.0
22.0 ± 2.9
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Fig. 4. Mesocentrotus franciscanus. (a) Nonmetric multidimensional scaling (NMDS)
plot (stress = 16.6) of urchin gonad FA from
the 4 feeding treatments and 2 wild reference groups. (b) FA that are significantly
correlated with the NMDS axes (MonteCarlo permutation test, p < 0.01; see ‘Materials and methods: Statistical analyses’). Red
vectors: 6 FA that were significantly correlated to NMDS axes and also identified as
being in the top 5 FA for differentiating all
groups in the SIMPER analysis (see Table 4)

a
0.10

NMDS2

0.00

–0.10

Fig. 5b). Neither kelp diet species nor
degradation state affected total ω-3 or
ω-6 FA concentration in urchin gonads
(Table 3, Fig. 5d).
Nereocystis diets were enriched in
the relative proportions of the essential PUFA 20:4ω6 (ARA) compared to
Agarum diets (Table 2). In addition,
ARA and the PUFA 18:4ω3 (SDA) both
declined with degradation state in
Nereocystis diets but did not change in
Agarum diets (Table 2). Degraded
Nereocystis kelp diets had lower proportions of ARA and 20:5ω3 (EPA) than
fresh ones (Table 2); the SIMPER analysis indicated that these 2 FA accounted for ~28% of the difference
between the urchin gonads in the fresh
and degraded Nereocystis diet treatments (Table 4). SIMPER results
showed that ARA was the most important FA driving differences in FA content of gonads of urchins fed Nereocystis or Agarum, accounting for ~25% of
the differences for both the fresh and

Wild-Start
Wild-End
Fresh-Agarum
Degr-Agarum
Fresh-Nereocystis
Degr-Nereocystis

–0.20
–0.3

–0.2

b

–0.1

0.0

0.1

14:0
14:1
16:1 5
16:1 7

0.10

0.2

18:3 3
20:4 6
20:4 3
18:4 3

NMDS2

0.00
20:5 3
i 16:0
18:1 7
18:4 1
16:3 4

–0.10

20:1 9
16:4 1
24:0
15:0
17:0
16:2 4 24:1 9

18:0

–0.20
–0.2

–0.3

–0.1

0.0

0.1

0.2

NMDS1

Table 3. ANOVA results on the effect of kelp diet species (Agarum fimbriatum vs. Nereocystis luetkeana) and degradation
state (Degr; fresh vs. degraded) on the proportion and concentration of ω-3 and ω-6 fatty acids in both kelp diets and urchin
gonads
Factor

df

Kelp diets

Urchin gonads

ω-3

ω-6

F

p

F

ω-3
p

ω-6

df

F

p

F

p

FA proportion
Species
Degr
Species × Degr

1,14
1,14
1,14

39.68
2.32
3.81

< 0.001
0.150
0.071

0.581
6.295
0.232

0.459
0.025
0.638

1,15
1,15
1,15

4.64
1.15
1.55

0.047
0.299
0.232

41.26
2.61
3.52

< 0.001
0.126
0.079

FA concentration
Species
Degr
Species × Degr

1,14
1,14
1,14

2.04
17.48
0.12

0.175
0.001
0.729

4.76
20.85
2.33

0.047
< 0.001
0.149

1,15
1,15
1,15

0.04
2.34
2.74

0.838
0.147
0.118

1.27
0.06
0.95

0.278
0.803
0.346
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Kelp diets

Proportion FA
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Σ mg (g FAME )–1

b

Fresh-Agarum
Degr-Agarum
Fresh-Nereocystis
Degr-Nereocystis

0

0
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ω-3

ω-6

ω-3
60

c

ω-6

d

50

8

40
6
30
4
20
2
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0

0

ω-3

ω-6

ω-3

ω-6

Fig. 5. Proportions of total ω-3 and ω-6 fatty acids in (a) kelp diets and (b) urchin gonads. Concentrations of total ω-3 and ω-6
fatty acids in (c) kelp diets and (d) urchin gonads. Note the difference in y-axis scale between (c) and (d). Error bars: ± SD

degraded treatments (Table 4). Wild urchin gonads
(both Start and End) had similar ARA content
(~5.5%) to urchins fed Agarum (Table 2). There was
an increase in proportion of EPA in urchin gonads
from Wild-Start to Wild-End (Table 2).

DISCUSSION
GI of urchins differed greatly among kelp diet
treatments, with the greatest differences observed
between the 2 kelp species making up the diet. This
finding is consistent with previous feeding trials,
which found that urchins had higher GI when fed
Nereocystis than those fed Agarum (Vadas 1977,
Vadas et al. 2000, McBride et al. 2004). GI of urchins
fed Agarum remained unchanged during the feeding
trial, while GI of wild and Nereocystis-fed urchins
increased. The absence of gonad development in
Agarum-fed urchins could be due to the high phlorotannin content in this alga acting as an anti-herbivory
compound (Steinberg 1985, Duggins & Eckman
1997, Van Alstyne et al. 1999a,b), causing either re-

duced consumption or ineffective digestion of kelp
tissue (Tugwell & Branch 1992, Boettcher & Targett
1993). We also observed much lower consumption
rates in the Agarum-fed urchins than in the Nereocystis-fed urchins.
The degradation-related changes of Agarum resulted in increased consumption; however, this did not
translate into greater gonad development over the
course of the 17 wk feeding trial. While all urchins
were fed ad libitum, the differences in consumption
rate among kelp diets resulted in sizable differences
in the amount of material available for allocation to
gonad development over the course of the feeding
trial. These differences likely played a strong role in
gonad development in our urchins (compare e.g.
Rogers-Bennett et al. 1994, Minor & Scheibling 1997,
Garrido & Barber 2001, Britton-Simmons et al. 2009,
Dodge & Edwards 2012). While a 2-fold difference in
consumption rate was observed between urchins in
the Fresh- and Degr-Nereocystis treatment groups,
the difference in GI between these treatments was
small compared to the difference in GI between
urchins fed either Nereocystis or Agarum. This sug-
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tion rates and gonad growth) were
lowest compared to the Wild-Start
urchins and most similar to those of
the kelp diets. Urchins in the Agarum
treatment groups (with lower consumption rates and little increase in
gonad size) had only slightly lower
Treatment Comparison nFA
Top 5 FA
Mean FA (%)
Contriδ13C values than the Wild-Start ur(a, b)
≥ 90%
a
b
bution (%)
chins. Increased lipid content is expected to result in a depleted δ13C
Wild
Start, end
11
c14:0
16.5
18.4
21.3
signature (Logan et al. 2008); how16:1ω5
6.5
7.4
15.5
c16:0
17.3
15.9
14.3
ever, this pattern is inconsistent with
20:5ω3 (EPA)
8.6
9.3
12.6
the relationship between δ13C (Fig. 3)
18:4ω3 (SDA)
2.5
3.2
6.8
and lipid concentration of the gonads
Agarum
Fresh,
14
c14:0
15.7
14.8
18.9
in this study (Table 2). This evidence
degraded
20:5ω3 (EPA)
8.5
10.1
18.1
suggests that the magnitude of δ13C
c16:0
17.4
17.0
12.4
20:1ω7
5.6
5.1
10.0
change was driven by assimilation of
24:1ω9
1.8
1.9
7.1
the diets into the gonads. However,
Nereocystis Fresh,
15
c14:0
14.6
14.9
18.9
gonad tissue may not entirely reflect
degraded
20:4ω6 (ARA)
9.1
8.5
17.7
the signature of the diet even when
20:5ω3 (EPA)
9.8
9.6
10.8
18:1ω9
4.5
3.5
7.5
fed a single diet for 17 wk. The lack of
c16:0
17.5
18.0
7.3
any clear patterns in δ15N and trophic
Fresh
Agarum,
13 20:4ω6 (ARA)
5.6
9.1
25.2
enrichment from kelp diets to urNereocystis
c14:0
15.7
14.6
14.2
chins (Fig. 3c,d) was unexpected and
c16:0
17.4
17.5
6.8
is currently unexplained. The δ15N
24:1ω9
1.8
0.5
6.8
18:4ω3 (SDA)
2.2
4.1
6.7
variation among our sampling times
Degraded
Agarum,
13 20:4ω6 (ARA)
5.2
8.5
24.7
(Fig. 2) and the relatively fast growth
Nereocystis
20:5ω3 (EPA) 10.1
9.6
13.6
rate of gonad tissue may have contric14:0
14.8
14.9
10.9
buted to the lack of δ15N fractionation.
c16:0
17.0
18.0
8.3
The distinct differences in the mul24:1ω9
1.9
0.5
6.6
tivariate FA signatures in kelps and
urchin gonads (Table 2, Fig. 4) suggests a greater importance of the type of diet availgest that multivariate FA composition is sensitive to
able (i.e. species) than of the diet’s degradation state
kelp species and degradation state. This contrasts
(Fig. 1).
with our GI and SI results, which were primarily afThe δ13C and δ15N signatures of urchin gonads
fected by kelp species but not diet degradation state
were influenced by the species of kelp consumed
(Figs. 1 & 3). Degradation significantly reduced the
during the feeding trial. The variability in diet SI
proportion of ω-6 FA and the raw concentration of ωsignature over our sampling time frame confounds
3 and ω-6 FA in kelp diets; however, this diet degraanalysis of the effect of diet species and degradation
dation effect was not reflected in urchin gonad FA
state in this study (Fig. 2). This observation highlights
(Table 3, Fig. 5). Castell et al. (2004) found that varythe need to account for variability in diet SI signature
ing amounts of certain ω-3 and ω-6 FA (e.g. 18:2ω-6
when investigating SI assimilation from diets in or[LIN], 18:3ω-3 [ALA], EPA, and DHA) in diets did not
ganisms collected from the field over long time pericorrelate with growth in the green sea urchin
ods. We expected to find enrichment of δ13C and δ15N
Strongylocentrotus droebachiensis. This pattern invalues in urchins eating degraded kelps, similar to
dicates that urchins are likely able to elongate and
organisms living in deep habitats (~100 m) in the San
desaturate low-carbon FA in sufficient quantities to
Juan Islands (Galloway et al. 2013). Instead, we
meet physiological requirements regardless of diet
found a consistent pattern of δ13C depletion with
quality (Takagi et al. 1980, Castell et al. 2004). For
increased consumption rate and increased GI relaexample, essential FA summary categories in urchin
tive to the Wild-Start (Figs. 1 & 3).
gonads remained similar even when the diets conThe δ13C values of gonads from urchins in the
sumed were depleted in long chain essential ω-3 and
Nereocystis treatment groups (with high consumpω-6 FA (Fig. 5). The very low proportion of ω-3 in

Table 4. SIMPER results showing the top 5 FA that are primarily responsible
for driving differences in urchin gonad FA signatures among treatments. The
urchin gonad treatment type is listed, followed by the comparison of interest,
and the total number of FA that account for at least 90% of the total variation
in this comparison (nFA ≥ 90%). For the top 5 FA, proportion relative to total
FA content (Mean FA) and % contribution to differences between treatments
are shown
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urchins fed fresh Agarum could be a result of urchins
metabolizing FA stored in the gonads (Hughes et al.
2005, 2006). The trade off of maintaining consistent
concentrations and proportions of ω-3 and ω-6 FA in
gonads appears to be the reduced net growth of
gonads on poorer quality diets, as evidenced by the
similar ω-3 and ω-6 concentrations and proportions
among urchins with very different rates of gonad
growth.
Carboni et al. (2012) identified high ω-3 PUFA content, and high EPA:DHA and EPA:ARA ratios as FA
indicators of increased larval growth and survival in
the urchin Paracentrotus lividus. In our experiments,
urchins that consumed fresh Nereocystis had the
highest values of all 3 of these indicators, suggesting
that larvae from these urchins would outperform larvae from other treatment groups (Table 2). The low
EPA:DHA ratios of degraded Nereocystis and Agarum indicates reduced nutritional value of these diets
to urchins, which could potentially lead to lower production of viable gametes (Minor & Scheibling 1997,
Dodge & Edwards 2012). The EPA:DHA ratios of
fresh and degraded Agarum and urchins fed degraded Nereocystis were consequently much lower
than those of urchins fed fresh Nereocystis (Table 2).
However, the large GI in urchins fed the degraded
Nereocystis diet may show that urchins can compensate for the low EPA:DHA ratio in the gonads through
increased reproductive output.
Enrichment of ARA in gonads of urchins fed
Nereocystis diets (Table 2) may have direct implications for potential larval production of these urchins.
ARA is the most common PUFA present in experimentally raised larvae of the urchin P. lividus and
may be important for gonad development (Castell et
al. 2004, Hughes et al. 2011). ARA was found to be
the most important FA for discriminating between
urchins fed Nereocystis and Agarum at both degradation state levels and was the second most important FA in separating urchins fed fresh and degraded
Nereocystis (Table 4). GI differences among treatments were also consistent with these differences in
ARA, suggesting that gonads, and potentially larvae,
from urchins fed Agarum may be in a poorer condition owing to the deficiency of ARA.
Carboni et al. (2013) found that EPA content in
urchin gonads increases as gonads develop, as seen
in our wild urchins. Therefore we expected that all
urchin treatments, especially urchins fed Nereocystis, should show an increase in EPA. However, we
found that degradation state affected EPA differently
depending on kelp diet species. The proportion of
EPA was depleted in degraded versus fresh Nereo-
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cystis but enriched in degraded versus fresh Agarum
for both kelp diets and urchin gonads (Table 2). Furthermore, SIMPER analysis identified EPA as an
important discriminator between fresh and degraded
Nereocystis (~10%) and between fresh and degraded Agarum (~18%; Table 4). This role of EPA may
explain the significant interaction between species
and degradation state seen in our PERMANOVA
analyses. Moreover, the apparent importance of ARA
and EPA identified here in discriminating between
diet degradation states is consistent with results of
SIMPER analyses comparing FA profiles of green
urchins Strongylocentrotus droebachiensis living in
shallow (15 m) and deep (~100 m) water at several
sites in this same study system (Galloway et al. 2013).
The GI of wild urchins increased over the 17 wk
feeding trial, as expected given the annual reproductive cycle of this species (Bernard 1977); however, the
increase was significantly less than that observed in
the Nereocystis treatments (Fig. 1). Red urchins can
capture > 20 g drift algae urchin−1 d−1 in the San Juan
Archipelago (Lowe et al. 2014), an amount greater
than they consumed in this study. The captured drift
algae are composed of many species, among which
Agarum is common, while Nereocystis is less frequently observed (Britton-Simmons et al. 2009).
Observations from our feeding trial indicate that
degradation state did not significantly affect the GI of
Nereocystis-fed urchins. Degradation of the Agarum
diet resulted in increased consumption rate and an
increased proportion of gonadal EPA in urchins consuming this diet compared to those eating fresh
Agarum (Table 2). Therefore, diet degradation may
increase utilization of the abundant, yet less preferred, Agarum biomass.
The combination of somatic and biochemical metrics provided a unique perspective of the effects of
diet species and degradation state on urchin nutritional condition. The degradation state (either fresh
or degraded) of kelp diets did not cause changes in
urchin GI, suggesting that the degradation state of
kelp tissue does not significantly affect urchin gonad
development. However, the species-specific fatty
acid and stable isotope changes to kelps during degradation influenced aspects of gonad fatty acids.
The observed depletion in gonadal δ13C was related
to the amount of food consumed rather than diet
degradation state or kelp species. The patterns seen
in δ15N suggest that it may not be a useful tool in
identifying producer−consumer connections over
long time periods or in looking at the dietary pathways leading to gonad development. Responses of
urchin gonad FA signatures to the different kelp
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lividus throughout larval development. Aquaculture 324diets are consistent with results of previous work
325:250−258
(e.g. Cook et al. 2000, Hughes et al. 2005, 2006, Kelly
Carboni
S, Hughes AD, Atack T, Tocher DR, Migaud H
et al. 2008, Barberá et al. 2011), but diet degradation ➤
(2013) Fatty acid profiles during gametogenesis in sea
state affected certain individual FA and groups of FA
urchin (Paracentrotus lividus): effects of dietary inputs on
gonad, egg and embryo profiles. Comp Biochem Physiol
differently depending on the species of kelp diet. The
A Mol Integr Physiol 164:376−382
results gathered from GI, SI, and FA analyses in the
Castell JD, Kennedy EJ, Robinson SMC, Parsons GJ, Blair
➤
present study suggest that the species-dependent
TJ, Gonzalez-Duran E (2004) Effect of dietary lipids on
degradation of kelp has important consequences for
fatty acid composition and metabolism in juvenile green
consumers relying on this carbon subsidy.
sea urchins (Strongylocentrotus droebachiensis). Aqua-

Acknowledgements. We thank D. O. Duggins and M. N.
Dethier for support and guidance through all stages of this
study. S. Weisner, L. Watson, R. McLaughlin, M. Eisenlord,
A. Thomson, S. Yeung and K. Van Alstyne assisted with lab
work, diving, boating and the experiment. We are also
grateful to FHL staff for facilities and logistical support. This
research was inspired by a National Science Foundation
(NSF) Research Experience for Undergraduates awarded to
W.W.R. and the undergraduate research of T. Stephens.
Funding for the research came from the NSF (Biological
Oceanography Division of Ocean Sciences grant 0925718 to
all authors). Additional support to A.W.E.G. came from NSF
(Division of Graduate Education Ocean and Coastal Interdisciplinary Science GK-12 fellowship grant 0742559). Comments from 2 anonymous reviewers significantly improved
the manuscript.

➤

➤

➤

➤
➤

LITERATURE CITED

➤ Amsler CD, McClintock JB, Baker BJ (1999) An antarctic ➤

➤

➤
➤
➤

➤

➤

feeding triangle: defensive interactions between macroalgae, sea urchins, and sea anemones. Mar Ecol Prog Ser
183:105−114
Anderson MJ, Gorley RN, Clarke KR (2008) PERMANOVA+
for PRIMER: guide to software and statistical methods.
PRIMER-E, Plymouth
Barberá C, Fernández-Jover D, López Jiménez JA, González Silvera D, Hinz H, Moranta J (2011) Trophic ecology of the sea urchin Spatangus purpureus elucidated
from gonad fatty acids composition analysis. Mar Environ Res 71:235−246
Bernard FR (1977) Fishery and reproductive cycle of the red
sea urchin, Strongylocentrotus franciscanus, in British
Columbia. J Fish Res Board Can 34:604−610
Boettcher AA, Targett NM (1993) Role of polyphenolic
molecular size in reduction of assimilation efficiency in
Xiphister mucosus. Ecology 74:891−903
Britton-Simmons KH, Foley G, Okamoto D (2009) Spatial
subsidy in the subtidal zone: utilization of drift algae by a
deep subtidal sea urchin. Aquat Biol 5:233−243
Britton-Simmons KH, Rhoades AL, Pacunski RE, Galloway
AWE and others (2012) Habitat and bathymetry influence the landscape-scale distribution and abundance of
drift macrophytes and associated invertebrates. Limnol
Oceanogr 57:176−184
Cabana G, Rasmussen JB (1996) Comparison of aquatic food
chains using nitrogen isotopes. Proc Natl Acad Sci USA
93:10844−10847
Carboni S, Vignier J, Chiantore M, Tocher DR, Migaud H
(2012) Effects of dietary microalgae on growth, survival
and fatty acid composition of sea urchin Paracentrotus

➤
➤

➤

➤

➤

➤

➤

culture 242:417−435
Clarke KR, Gorley RN (2006) PRIMER v6: user manual/tutorial. PRIMER-E, Plymouth
Cook EJ, Bell MV, Black KD, Kelly MS (2000) Fatty acid
compositions of gonadal material and diets of the sea
urchin, Psammechinus miliaris: trophic and nutritional
implications. J Exp Mar Biol Ecol 255:261−274
Dethier MN, Sosik E, Galloway AWE, Duggins DO, Simenstad CA (2013) Addressing assumptions: variation in
stable isotopes and fatty acids of marine macrophytes
can confound conclusions of food web studies. Mar Ecol
Prog Ser 478:1−14
Dodge CA, Edwards MS (2012) Seasonal variation in the
effects of food availability on gametogenesis in the
purple urchin (Strongylocentrotus purpuratus). Mar Biol
159:427−433
Duggins DO, Eckman JE (1997) Is kelp detritus a good food
for suspension feeders? Effects of kelp species, age and
secondary metabolites. Mar Biol 128:489−495
Duggins DO, Simenstad CA, Estes JA (1989) Magnification
of secondary production by kelp detritus in coastal marine ecosystems. Science 245:170−173
Ebert TA, Russell MP (1993) Growth and mortality of subtidal red sea urchins (Strongylocentrotus franciscanus) at
San Nicolas Island, California, USA: problems with models. Mar Biol 117:79−89
Fabbrocini A, D’Adamo R (2010) Gamete maturation and
gonad growth in fed and starved sea urchin Paracentrotus lividus (Lamarck, 1816). J Shellfish Res 29:1051−1059
Galloway AWE, Britton-Simmons KH, Duggins DO, Gabrielson PW, Brett MT (2012) Fatty acid signatures differentiate marine macrophytes at ordinal and family ranks.
J Phycol 48:956−965
Galloway AWE, Lowe AT, Sosik EA, Yeung SJ, Duggins DO
(2013) Fatty acid and stable isotope biomarkers suggest
microbe-induced differences in benthic food webs between depths. Limnol Oceanogr 58:1451−1462
Galloway AWE, Eisenlord ME, Dethier MN, Holtgrieve GW,
Brett MT (2014) Quantitative estimates of isopod resource utilization using a Bayesian fatty acid mixing
model. Mar Ecol Prog Ser 507:219–232
Garrido CL, Barber BJ (2001) Effects of temperature and
food ration on gonad growth and oogenesis of the green
sea urchin, Strongylocentrotus droebachiensis. Mar Biol
138:447−456
Hughes AD, Catarino AI, Kelly MS, Barnes DKA, Black KD
(2005) Gonad fatty acids and trophic interactions of the
echinoid Psammechinus miliaris. Mar Ecol Prog Ser 305:
101−111
Hughes AD, Kelly MS, Barnes DKA, Catarino AI, Black KD
(2006) The dual functions of sea urchin gonads are
reflected in the temporal variations of their biochemistry.
Mar Biol 148:789−798
Hughes AD, Cook EJ, Orr H, Kelly MS, Black KD (2011) The

Raymond et al.: Degraded diets affect gonad fatty acids

➤
➤

➤
➤

➤
➤
➤

➤

➤
➤
➤

➤

➤

➤

transformation of long chain polyunsaturated fatty acids
in benthic food webs: the role of sea urchins. J Exp Mar
Biol Ecol 409:229−234
Kelly JR, Scheibling RE (2012) Fatty acids as dietary tracers
in benthic food webs. Mar Ecol Prog Ser 446:1−22
Kelly JR, Scheibling RE, Iverson SJ, Gagnon P (2008) Fatty
acid profiles in the gonads of the sea urchin Strongylocentrotus droebachiensis on natural algal diets. Mar Ecol
Prog Ser 373:1−9
Kelly JR, Krumhansl KA, Scheibling RE (2012) Drift algal
subsidies to sea urchins in low-productivity habitats. Mar
Ecol Prog Ser 452:145−157
Knip DM, Scheibling RE (2007) Invertebrate fauna associated with kelp enhances reproductive output of the
green sea urchin Strongylocentrotus droebachiensis.
J Exp Mar Biol Ecol 351:150−159
Krumhansl KA, Scheibling RE (2012a) Production and fate of
kelp detritus. Mar Ecol Prog Ser 467:281−302
Krumhansl KA, Scheibling RE (2012b) Detrital subsidy from
subtidal kelp beds is altered by the invasive green alga
Codium fragile ssp. fragile. Mar Ecol Prog Ser 456:73−85
Logan JM, Jardine TD, Miller TJ, Bunn SE, Cunjak RA, Lutcavage ME (2008) Lipid corrections in carbon and nitrogen stable isotope analyses: comparison of chemical extraction and modelling methods. J Anim Ecol 77:838−846
Lowe AT, Whippo R, Galloway AWE, Britton-Simmons KH,
Dethier MN (2014) Sedentary urchins influence benthic
community composition below the macroalgal zone. Mar
Ecol (Berl). doi:10.1111/maec.12124
Mann KH (1973) Seaweeds: their productivity and strategy
for growth. Science 182:975−981
Mann KH (1988) Production and use of detritus in various
freshwater, estuarine, and coastal marine ecosystems.
Limnol Oceanogr 33:910−930
McBride S, Pinnix W, Lawrence JM, Lawrence AL, Mulligan
TM (1997) The effect of temperature on production of
gonads by the sea urchin Strongylocentrotus franciscanus fed natural and prepared diets. J World Aquacult
Soc 28:357−364
McBride SC, Price RJ, Tom PD, Lawrence JM, Lawrence AL
(2004) Comparison of gonad quality factors: color, hardness and resilience, of Strongylocentrotus franciscanus
between sea urchins fed prepared feed or algal diets and
sea urchins harvested from the Northern California fishery. Aquaculture 233:405−422
Meidel SK, Scheibling RE (1999) Effects of food type and
ration on reproductive maturation and growth of the sea
urchin Strongylocentrotus droebachiensis. Mar Biol 134:
155−166
Minor MA, Scheibling RE (1997) Effects of food ration and
feeding regime on growth and reproduction of the sea
urchin Strongylocentrotus droebachiensis. Mar Biol 129:
159−167
Editorial responsibility: James McClintock,
Birmingham, Alabama, USA

➤
➤

➤

➤

➤
➤
➤

➤

➤
➤
➤

➤

➤

➤

225

Morningstar M (2013) Fish ticket database analyst. Washington Department of Fish and Wildlife. Data extracts from
license and fish ticket database (LiFT) in October, 2013
Peterson BJ (1999) Stable isotopes as tracers of organic matter input and transfer in benthic food webs: a review.
Acta Oecol 20:479−487
Peterson BJ, Fry B (1987) Stable isotopes in ecosystem studies. Annu Rev Ecol Syst 18:293−320
R Development Core Team (2013) R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, www.R-project.org/
Rogers-Bennett L, Bennett WA, Fastenau HC, Dewees CM
(1995) Spatial variation in Red Sea urchin reproduction
and morphology: implications for harvest refugia. Ecol
Appl 5:1171−1180
Russell MP (1998) Resource allocation plasticity in sea
urchins: rapid, diet induced, phenotypic changes in the
green sea urchin, Strongylocentrotus droebachiensis
(Müller). J Exp Mar Biol Ecol 220:1−14
Sosik EA, Simenstad CA (2013) Isotopic evidence and consequences of the role of microbes in macroalgae detritusbased food webs. Mar Ecol Prog Ser 494:107−119
Steinberg PD (1985) Feeding preferences of Tegula funebralis and chemical defenses of marine brown algae.
Ecol Monogr 55:333−349
Taipale SJ, Kainz MJ, Brett T (2011) Diet-switching experiments show rapid accumulation and preferential retention of highly unsaturated fatty acids in Daphnia. Oikos
120:1674−1682
Takagi T, Eaton CA, Ackman RG (1980) Distribution of
fatty acids in lipids of the common Atlantic sea urchin
Strongylocentrotus droebachiensis. Can J Fish Aquat Sci
37:195–202
Tugwell S, Branch GW (1992) Effects of herbivore gut surfactants on kelp phenolic defenses. Ecology 73:205−215
Vadas RL (1977) Preferential feeding: an optimization strategy in sea urchins. Ecol Monogr 47:337−371
Vadas RL, Beal B, Dowling T (2000) Experimental field test
of natural algal diets on gonad index and quality in the
green sea urchin, Strongylocentrotus droebachiensis: a
case for rapid summer production in post-spawned animals. Aquaculture 182:115−135
Van Alstyne KL, McCarthy JJ III, Hustead CL, Kearns LJ
(1999a) Phlorotannin allocation among tissues of Northeastern Pacific kelps and rockweeds. J Phycol 35:
483−492
Van Alstyne KL, McCarthy JJ III, Hustead CL, Duggins DO
(1999b) Geographic variation in polyphenolic levels of
Northeastern Pacific kelps and rockweeds. Mar Biol 133:
371−379
Vetter EW, Dayton PK (1998) Macrofaunal communities
within and adjacent to a detritus-rich submarine canyon
system. Deep-Sea Res 45:25−54
Submitted: November 20, 2013; Accepted: May 27, 2014
Proofs received from author(s): August 18, 2014

