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Sea urchins are ecosystem engineers of nearshore benthic eomunities because of
their in uence on the abundance and distribution of macroajal species. Urchins are
notoriously inef cient in assimilation of their macroaldadiets, so their fecal production
can provide a nutritional subsidy to benthic consumers thatannot capture and handle
large macroalgae. We studied the assimilation of macroalddiets by urchins by analyzing
the pro les of trophic biomarkers such as fatty acids (FAs)We tracked macroalgal
diet assimilation in bothStrongylocentrotus droebachiensisand S. purpuratus. Juvenile
S. droebachiensis and adult S. purpuratus were maintained for 180 and 70 days,
respectively, on one of three monoculture diets from three lgal phyla: Nereocystis
luetkeana Pyropia sp., or Ulva sp. We then analyzed FA pro les of the macroalgal
tissue fed to urchins as well as urchin gonad, gut, digesta, rrd egesta (feces) to directly
evaluate trophic modi cation and compare nutritional quaty of urchin food sources,
urchin tissues, and fecal subsidies. In thes. purpuratus assay, there were signi cantly
more total lipids in the digesta and egesta than in the algaeansumed. The FA pro les
of urchin tissues differed among urchin species, all dietsand tissue types. Despite
these differences, we observed similar patterns in the refimnships between the urchin
and macroalgal tissues for both species. Egesta produced byrchins fed each of the
three diets were depleted with respect to the concentrationof important long chain
polyunsaturated fatty acids (LCPUFAS), but did not differigni cantly from the source

alga consumed. Both urchin species were shown to synthesizand selectively retain both
the precursor and resulting LCPUFAs involved in the synthésof the LCPUFAs 20:4&6

and 20:5&3. S. droebachiensisand S. purpuratus exhibited consistent patterns in the
respective depletion and retention of precursor FAs and ragting LCPUFAs ofPyropia
and Ulvatissues, suggesting species level control of macroalgal destion or differential
tissue processing by gut microbiota. For bothS. droebachiensisand S. purpuratus,

macroalgal diet was a surprisingly strong driver of urchirigsue fatty acids; this indicates
the potential of fatty acids for future quantitative troplei estimates of urchin assimilation
of algal phyla in natural settings.
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INTRODUCTION growth of associated microbes. Moreover, urchins are notsly
ine cient assimilators of their diet {adas, 197)7 such that

Lipids are dense sources of metabolic energy that provide large portion (e.g., 40-80%) of the macronutrients from
building blocks of cellular membranes and are involved inStrongylocentrotus droebachieasiml diets are left intact in the
intracellular signaling and localized hormone contré@if{ristie  resulting fecesNlamelona and Pelletier, 20p3Jrchin trophic
and Han, 201 Fatty acids (FAs) from multiple lipid classes modi cation of macroalgal tissue may represent a trophic hub
are integral in membrane function, energy storage, and manigetween benthic and pelagic system$ughes et al., 20)1
physiological processesArfs et al., 200R Fatty acids that Urchins can produce tissues of high nutritional quality, as
cannot be synthesized by animatte novoin biologically measured by content of key FAs, as a subsidy to larval pelagic
relevant amounts and must be obtained from dietary sourceand benthic consumers (direct predation on gonad tissue)avhi
are generally referred to as “essential fatty acids” (EFAggnerating lower quality tissues for benthic detritivoréscél
Arts et al., 200 Marine primary producers, particularly material;Hughes et al., 20)1
macroalgae and phytoplankton, are rich sources of lipids Urchin gonad material (uni) is an important shery¥ndrew
including polyunsaturated fatty acids (PUFAs) that are impoitt et al., 2008 Aquaculture studies have extensively investigated
for growth and reproduction of marine organism®#lsgaard ratios of lipids in urchin diets that maximize the incorporaii
et al., 2003; Wacker and VVon Elert, 20(8peci cally, long chain of essential FAs into gonad production and growetell et al.,
polyunsaturated fatty acids (LCPUFAs, more than 20 carbo@004; Cook et al., 20pior the sake of improved uni production.
atoms), many of which are considered to be EFAs for consumertn pursuit of ideal FA ratios in diets, researchers have nobed t
have been identied as a key dietary component supportingirchins are capable afe novosynthesis of novel FAs, including
growth and have been used to evaluate food qualir¢ent etal., non-methylene interrupted dienes (NMIDfakagi et al., 1980;
1999; Bell and Sargent, 2003; Winder et al., 2017 Castell et al., 2004; Gonzalez-Duran et al., 2008is capability

Many FAs have been used as dietary biomarkers or traceexists in multiple species of urchin includir§. droebachiensis
to explore trophic relationships in aquatic, pelagic, and benth and is likely the result ofl 5 desaturase activity, which is also
consumers (reviewed byalsgaard et al., 2003; Muller-Navarra,involved in the synthesis of arachidonic acid (ARA, X1}
2008; Kelly and Scheibling, 2Q1Bowever, dietary FAs are often from 20:&6 and of eicosapentaenoic acid (EPA, 2Bbfrom 22
modi ed by the consumer, either by elongation, desatumtio carbon chain monounsaturated fatty acids (MUFAskagi et al.,
or de novosynthesis of FAs from precursors present in dietaryl980).
tissuesCook etal., 2007; Gonzalez-Duran et al., 2008; Brettetal., To better understand dietary FA trophic transfer in urchins
2016. Our understanding of FA trophic modi cation by marine and the universality of the role that urchin digestion of
invertebrates is still developing, and sea urchins are arésting macroalgae plays in either enhancing or depleting the nwinii
case study for this question because they have been studigdality of the material egested, we performed controlled
for the sake of aquacultureCg@stell et al., 2004 Additionally, laboratory feeding assays with two species of urcHn,
when a certain EFA is limited in food sources, many consumersiroebachiensiand S. purpuratusS. droebachiensiperiments
including sea urchins, can selectively store the EFAs fier la were conducted with newly settled juveniles, &dpurpuratus
use, and as a result the FAs observed in consumer tissues ofexperiments used eld-collected adults. We addressed four
do not directly re ect their food sourcesCastell et al., 2004; primary objectives: (1) Assess similarities and di erencethe
Gonzélez-Duran et al., 2008 total lipid and FA content of tissues of urchins maintained on

Organismal FA composition can also vary seasonally andontrolled algal diets; (2) Evaluate whether urchins attes
spatially, complicating the use of FA as biomarkétsghes etal., nutritional quality of their own tissue and of egested maaéri
2005; Dethier et al., 20).3A pro le variation in producers and by quantifying the concentrations of total lipid and long-
consumers may be in uenced by local abiotic conditions sash chain polyunsaturated fatty acid (LCPUFA) of gonad, gut, alga
nutrient availability, temperature, salinity, and lightélloway consumed, digesta, and egesta tissues; (3) Evaluate ifdhias
and Winder, 201» However, more variation in FA proles is selectively retain LCPUFAs and their precursors; (4) test dret
explained by phylogeny, re ecting relatedness, than by abiot urchin tissue FAs can reliably be used to di erentiate phylum
conditions in aquatic ecosystemSdlloway and Winder, 2035 level di erences in their known algal diets.
Because multivariate FA pro les can be reliably associatéiu w
a variety of primary producers and consumers, the use of FAs as
biomarkers is supported despite local seasonal and site-speciMATERIALS AND METHODS
variation Galloway et al., 2012, 2013; Kelly and Scheibling, 2012; . .
Dethier et al., 2013 Strongylocentrotus droebachiensis

Sea urchins are ecologically and economically importankeeding Assays
organisms that can exert a strong inuence on communityln autumn 2016, 240 recently settle®l droebachiensid.95
composition primarily through grazing pressurgténeck et al., 0.19mm, mean test diameter SD resulting from in
2002; Pearse, 200®rchins are known to transform signi cant vitro breeding at Friday Harbor Laboratories (FHL: 32.7N,
amounts of kelp-derived biomass into particulate organicterat 123 0.8W) were raised on monoculture macroalgal diets for 180
(e.g.Koike et al., 198rthrough their fecal productionauchyn days (September 2016—March 2017). Multiple juvenile urchins
and Scheibling, 2009; Sauchyn et al., 30Which enhances (N D 15)were maintained in replicat®&l(D 4 per diet treatment)
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clear, lidless, ow-through plastic bins (20 20 cm). Bins were macroalgae were kept for longer than 1 week, as aging has been
kept in seawater tables at FHL on San Juan Island, WA usirghown to a ect kelp FA Raymond et al., 20)4To prepare
ambient seawater from Friday Harbor. Replicate bins werenacroalgae, thalli were rinsed brie y in freshwater to dikie
randomly assigned to one of three diet treatments, représgnt mobile epibionts, e.g. amphipods, gastropods, or isopods, then
a species from OchrophytdNéreocystis luetkeana—Nereocystigmspected for sessile epibionts, which were removed if present.
throughout), Rhodophyta Ryropia sp.—Pyropia throughout), Cleaned macroalgae were spun dry and brie y blotted before
or Chlorophyta Ulva sp.—Ulva throughout). These algae are one nal inspection immediately prior to recording wet weight
regularly available to urchins as attached benthic specdies o Before new food was added to urchin containers, egestal (feca
drift in the intertidal and shallow subtidal, and their fgtacid material) and uneaten macroalgal thalli were removed. A¢¢h
(FA) signatures have clear phylogenetic resolution at théyshy time points over the course of the 70 day experimental period,
level Galloway et al., 20)2Algae were collected from the FHL we collected and rinsed macroalgal thalli and egesta fer A
property, either as driftflereocystjsor growing in the intertidal  extraction and analysis. AdUB. purpuratusvere euthanized and
(Ulva and Pyropig. During the experimental period, seawater dissected as described ®rdroebachiensis.
temperature declined (13-8) and there were some uctuations
in salinity (2530 ppt) at the algal collection sites. Urchirerev  Fatty Acid Analysis
fed ad libitum; uneaten food was removed several times a weekt the termination of the 180 and 70 day experimental periods,
as needed and bins were cleaned regularly to prevent was$e droebachiensisd S. purpuratugrespectively) were carefully
accumulation and diatom growth. Egesta were collected lyeekdissected to isolate gonad, gut, and gut contents (digésia)
and immediately stored at 20 C for later FA analyses. At the all other tissues. The same analysts performed all extrestio
termination of the experimental period, urchins were eutlmad  both species to maintain methodological consistency. Isolated
and dissected to isolate urchin gonad, gut, and digelstifn  tissues were brie y rinsed with freshwater and drained befo
etal., 201p placing samples in labeled plastic microcentrifuge tubes and
frozen at 20 C. All tissues collected for total lipid and FA
. analysis were freeze dried for a minimum of 48h (or until
Strongylocentrotus purpuratus  Feeding tissues were dry) within 3 weeks of collection. Following
Assays freeze-drying, each tissue type was carefully homogenizdd a
Forty-two relatively small, but unknown age, adSltpurpuratus extracted for total lipids as described Bya(rish, 1990 Brie y,
(5.5 0.6cm, mean test diameter SD), were collected by homogenized tissue samples were digested for a minimum of
hand from tide pools at Cape Arago, Oregon (2@ 24°° 12h in 2ml chloroform and then sonicated, vortexed, and
N, 1241948%wW) in August 2016. Urchins were collected centrifuged three times in a 4:2:1 chloroform:methan@l®.
from two low intertidal pools with similar temperature (13.1 NaCl solution. Following each of these cycles, the chlamfo
and 13.0C) and salinity (30.2 and 30.6 ppt). Urchins werelayers containing organics were removed and pooled. From thi
immediately transported to the Oregon Institute of Marine pooled solution, subsamples were removed for total lipid amalys
Biology (OIMB) and haphazardly assigned individually to 4.7 Lby gravimetry Kainz et al., 2007 The pooled chloroform
ow-through containers lled with 1 mm- ltered seawater. solutions containing the organics were evaporated to drynes
Filtered seawater was successfully used to impede diatonilygro under N, ow and the organics were re-suspended in a toluene
in the experimental chambers, which could have confoundednd 1% sulfuric-acid methanol solution for 16 h at &Xo trans-
the controlled feeding experiment if the urchins grazed oisth esterify FA methyl esters (FAME). Following transesteriicat
alternative resource. Each container had both an airstore a FAME mixtures were allowed to cool before neutralizing the
constant Itered seawater ow. Urchins were given 2 weeksacid with 2% KHCQ. The neutralized FAME solution was then
to purge their guts to remove remnants of previous diets andliluted with 5 ml of hexane, and the mixture was brie y vorezk
to acclimatize to laboratory conditions prior to the start of and centrifuged before carefully removing the FAME layere Th
experimental feeding trials. During this period, fecal makrvas hexane addition, vortex, centrifugation and removal waeeted
removed daily to avoid fouling. At the end of the acclimatiaa  once more. Following the second addition of hexane, the pbole
period, each urchin was randomly assigned tdNareocystis, hexane solution was evaporated to dryness undgrdw and
Pyropia or Ulva diet treatment. A representative subset of thethe FAME were re-dissolved in 1.5 ml hexane in 2 ml glass vials
urchins maintained for the acclimatization period were disted  for gas chromatography.
at the end of the acclimatization period to determine the amiou FAME were analyzed using a gas chromatograph equipped
of gonad tissue present at the start of the experiment. with a mass spectrometer (GC-MS, Model QP2020, Shimadzu)
Urchins were fed 6.0g ( 0.1g) of their designated alga with a DB-23 column (30 0.25mm 0.15mm, Agilent, Santa
every other day. Fresh macroalgae were collected weekly fracClara, CA, USA) using helium as a carrier gas. A split/splitless
OIMB property, either from a nearshor&lereocystibed or injector was used to inject Il of sample for analysis. The
intertidally (Pyropiaand Ulva). The macroalgal collection site following heating program, based oraipale et al. (2013was
is adjacent to the seawater intake for OIMB and experiencassed: 50C was maintained for 1 min, then the temperature
uctuations in seawater temperature (12—12) and salinity (30— was increased at a rate of @ min ! to 140 C, after which
33 ppt). Macroalgae were maintained in ambient ow-throughthe warming rate was adjusted to 1.40min 1 to 190 C and
seawater tables in the lab prior to presentation to urchins. Ndeld for 3 min, followed by 5C min ! to 220C, and nally
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heated at 13C min ! to 240 and held for 2min. The FA were
identi ed from relative retention times and speci c ions ariden

quanti ed using peaks of the major ionSdipale et al., 20)6

Concentrations of FAs were calculated based on calibratia
curves (Pearson correlation coe cient 0.99) of serial dilutions

of known standard FAME mixtures (GLC standard mixture
566C, Nu-Chek Prep, Elysian, MN, USA). The FA concentration
were then standardized against the dry weight of the tissy
extracted to obtain the concentrations ing mg * dry weight.
FA proportions represent the percentage of the sum of the total
weight of FAs identi ed.

diet

50 - Nereocystis
LP?}/rop/a
va

>

40-

n

30-

D

20-

Total lipids (mg g™' dry wt)

Statistical Analysis 10-
We used the Shapiro—Wilks test to evaluate the normality of the
total lipid content of gonad, gut, alga, digesta, and egessaés
from both feeding assays. We then separately analyzed the tota SR — AT
lipid of the alga tissue fed 18. droebachiensiad toS. purpuratus Urchin feeding assays

to evaluate di erences in monoculture diets on which urchins
were maintained, using a 2-way (dieturchin species/location) | FIGURE 1| Total lipid (mg g * dry tissue weight) of macroalgae fed tcS.
analysis of variance (ANOV/H 0'05) on untransformed data d_roe_bachiens_isand S. purpuratus. Bars with the same letter are not .
inR (R Core Team, 203)5Additiona|ly, we used a2-way ANOVA signi cantly different (2-way ANQ\{A, Tukey HSDp < 0.05). Concentrations

X . . . | represent mean standard deviation,SD).

(diet tissue) to evaluate the total lipid content based on die
consumed and tissue analyzed.

To evaluate the multivariate FA pro les, we used multiple
routines in Primer v6.1.13 (larke and Gorley, 2006with  to an average test diameter of 1994mm (mean standard
the PERMANOVAC v.1.0.3 add-on Anderson et al., 2008 deviation, SD) and an average wet weight of 2.77 1.38g.

Di erences in the untransformed FA pro les db. droebachiensis Growth of S. droebachiensigas extensive due to the fact that
and S. purpuratusissues were analyzed using a 3-way factorighitial S. droebachiensigre newly settled larvae at the start of the
permutational multivariate analysis of variance (PERMANOVA experiment (initial test diameter 1.95 0.19 mm).S. purpuratus

a 0.05), with 9999 permutations with Type Ill sums of squaresalso grew in their experiment, resulting in an average test si
mixed factors, and Euclidian distance for all tissues. Tésilts of 5.9 0.6cm, a total of 4.8 6.9% change in diameter, and
were not sensitive to arcsine square-root transformatiohSA  a 13.5 9.5% increase in the mean wet weights across all diet
data; we therefore report the untransformed results. Toalize treatments with a nal mean gonad index of 0.120.03. The

the relationships between urchin species, diets, and tisgquest mean gonad index d. purpuratuslissected at the beginning of
we used non-metric multidimensional scaling (hnMDS) plots. Tothe experiment was 0.02 0.01 (gonad wet weight: whole body
identify the FAs contributing to di erences between speailists,  wet weight), resulting from the presence of gonad materia in
and tissues we calculated the similarity percentage (SIMPERY: the 10 urchins dissected. A total of 37 FAs were identi Bd i
Vector overlays of the FA identi ed by SIMPER analyses werg. droebachiensismd S. purpuratugissues and their associated
then mapped onto a subset of the nMDS graphics to visualizgiets, digesta, and egesta, with 32 FAs contributirigs to any
relationships between diets for the gonad and gut (colletfiv of the tissues analyzed (Supplementary Tables 1-6). The total
referred to throughout as urchin tissues) and diet algagstig, lipids extracted from the algae fed to urchins at both locasio
and egesta (collectively referred to throughout as magadal exhibited signi cant di erences based on macroalgal spe@es
tissues). way ANOVA,F D 31.52, dD 2,p< 0.001), locationg D 63.57,

To evaluate the nutritional quality dierences in tissuesdf D 1,p < 0.001), and the interaction between diet algae and
analyzed, we used a 2-way ANOVA of thé CPUFAs, de ned |ocation (F D 40.32, dD 2,p < 0.001). The most total lipid was
here as the sum of arachidonic (ARA, 286), eicosapentaenoic available inUlva tissues fed t&. droebachiensig FHL and the
(EPA, 20:83), and docosahexanoic (2&8) acid (Arts et al., |east total lipid was available iyropiafed to S. droebachiensis
2001; Hughes et al., 201We also used 2-way ANOVAs t0 as well asPyropiaand Ulva fed to S. purpuratus(Figure 1).
evaluate the mean content of EPA and ARA and precursor FABhe FA contents of algae consumed ®ydroebachiensisid S.
includinga-linoleic acid (LIN, 18:26) and combined:-linolenic  purpuratuswere more similar for théJlvafed to urchins in both
acid (ALA, 18:8.3) and stearidonic acid (SDA, 1&8) inurchin  experiments, with greater separation between the FA pro les of

and macroalgal tissues. the Nereocystiand Pyropiaconsumed Figure 2).
The total lipids in tissues of juvenil8. droebachiensigere
RESULTS not signi cantly di erent based on urchin dietTable 1, 2-way

ANOVA, FD 1.02, dD 2,pD 0.37) and there was no interaction
Based on the increase in test diameter (mm), juverile between urchin diet and total lipids in tissueB D 2.06, dfD
droebachiensigrew an average of 873 195% over 180 days, 8, p D 0.55) but there were lower levels of total lipid in the
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TABLE 1 | Total lipid (mean SD) of tissues fromS. droebachiensisand S.
2D Stress: 0.09 purpuratus feeding assays.
% Diet Tissue Total lipids
(mgg ! dryw)
’ "‘ N Mean SD
S. droebachiensis
Nereocystis gonad” 3 319.9 48
guth 4 228.1 55.3
4 OO% algaP 4 17.8 2.7
diet O digestaB a4 36.3 6.4
g;rr::ic;yst/s L 2 egesta? 4 23.6 6.5
Ulva \ 4 Pyropia gonad” 3 299.4 111.3
guth 4 283.6 93.1
FIGURE 2 | Non-metric multidimensional scaling (nMDS) plot of Euckgn a|gaB 3 6.2 0.4
distances between the proportions of FAr§ D 37) of macroalgal monoculture digestaB 4 60.3 23.8
diets (Nereocystis, Pyropia,or Ulva) fed to S. droebachiensis( lled symbols) 5
and S. purpuratus (open symbols). egesta 4 4.4 8.9
Ulva gonad” 3 155.1 37.3
guth 4 317.6 232.6
algaP 4 41.6 10.5
i o digesta® 4 93.3 65
macroalgal tissues compared to the urchin tissied (19.03, df egestaP 4 405 165
D 4,p < 0.001). In contrast, the tissues of ad8lt purpuratus
. . o . - . purpuratus
diered in total lipid based on urchin diet .'(able 1, 2-way Nereocysti® gonad® 6 220.9 409
ANOVA, F D 6.17, dfD 2, p < 0.001) and tissue type tested qute 6 264.4 525
(FD 236.77,dD 4,p< 0.001) with no interactions between these alged 5 13 7 3'1
factors €D 1.51,dD 8,pD 0.17). FoiS. purpuratugtissues from digosta® 5 58'4 19'9
urchins fedPyropiadi ered from those fedNereocysti§Tukey eqesiae 5 40'6 9'9
HSD,p< 0.001), and the total lipids in the macroalgal tissue were 9 ' '
. . Pyropid? gonad® 5 242 52.9
lower than the digesta, gut, and gonad tissues (Tukey HISD, © 5 o516 126
. u . .
0.001), but not di erent from the egesta (Tukey HSDD 0.08). g
) - algad 6 6.5 0.7
There also were no di erences between the total lipids of the divosia® . o 115
egesta compared to the digesta (Tukey H8D,0.98) or the gut ges e;e :
compared to the gonad (Tukey HSPP 0.77). X egeStac 6 7 29
The multivariate FA proles of both urchin species were " goncad 6 244.4 513
signi cantly di erent for all three factors tested (urchirpscies, gut ° 214.5 347
macroalgal diet, urchin tissue type) and there were sigmitca algat 6 88 13
. . . i e
interactions between all factorsTgble 2. SIMPER analysis d'geSt"’; 5 42.3 142
. . . . . e
(Table 3 identi ed FAs contributing to the di erences between egesta 4 38.1 8

urchin species. There were high proportions of 16:0 and&8:5 » o _

. . . . . Letters indicate signi cant differences (Tukey HSD, p 0.05) and for the S. purpuratus

in both urchin species T(able 3 However, S. droebachiensis results, letters a,b indicated signi cant differences based on diet andetters c—e indicated

were characterized by 1&7Z, 18:&3, and 16:&3 while the differences based on tissue.

distinguishing FAs forS. purpuratusvere 18:43, 18:&7, and

14:0. We found 20:2 5,11 NMID in the urchin gut and gonad

tissues of both urchin species but this FA was not detecteBAs characterizing diets and tissudSgures 3 4, Tables 4 5;

in the algae consumed or the associated digesta and egeStapplementary Tables 7—11). Both 16:0 and&8:were present

(Supplementary Tables 1-6). Despite signi cantly di erent FAin high proportions in all three diets for both urchin assays

pro les among urchins, both exhibited similar distributiah (Table 4. There was more overlap between the FA pro les of

patterns with respect to the relative relationships between thS. droebachiensiéd S. purpuratuged Nereocystisompared to

urchin and macroalgal tissueBigures 3 4). those fedPyropiaor Ulva (Figures 3A 4A). The urchin and
The gut and gonad from each species tended to groumacroalgal tissues associated with thiga diet were separated

together by dietary treatment, and tissues fr@&ndroebachiensis from the other diets by 16- and 18-3 PUFAs Figures 3 4,

(Figure 3A) are grouped tighter than tissues frogh purpuratus Table 4).

(Figure 4A). Because there were signi cant di erences between Urchin tissues were dominated by many of the same FAs that

urchin species, we performed additional SIMPER analysegere prominent contributors to théNereocystis, Pyropiand

separately fos. droebachiensasd S. purpuratugo identify the  Ulva diets, particularly the presence of 2035 (Figures 3B, 4B
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TABLE 2 | Results of PERMANOVA analysis of proportions of identi ed FA
contributing 1% of identi ed FA for S. droebachiensisand S. purpuratus (data A 2D Stress: 0.1
untransformed, Euclidean distance) in a 3-way design withattors of species, “
diet, and tissue. ‘
m_ °
Source df MS  Pseudo- F  P(perm) Unique . *N A4 A’
permutations ~
As
Species 1 1499.3 37.303 0.0001 9934
Diet 2 7525.6 165.48 0.0001 9930 “‘
Tissue 4 7662.8 1121.7 0.0001 9942 ’ ‘
Species*Diet 2 1618 39.197 0.0001 9912 tissue \
Species*Tissue 4 77924 23983  0.0001 9912 ng?ad diet :
Diet*Tissue 8 11346  37.899  0.0001 9878 §a|ga @ Nereocystis
Species*Diet*Tissue 8  632.63 22.631 0.0001 9899 digesta @ Fyropia
Residual 118 3131 Legesta @ Uiva
Total 147 B 2D Stress: 0.05
Analyses used xed effects, with Type Ill sums of squares 9999 permutaths of data 20:5w3 A 1\
residuals to determine signi cance. Signi cant differences (p< 0.05) are indicated in bold. //\\ 20; o \\16;1(07
\\ /7 \18:1w9
TABLE 3 | SIMPER results for analysis of combined FA of tissues from A —
S. droebachiensis(N D 12) and S. purpuratus (N D 18). / ’7/7;7”14:0 20:4“3 A
Species FA Mean FA % Cont (%) A
S. droebachiensis 16:0 26.10 28.01 ! | ’
N o
20:5&3 14.40 27.48 Y / l ‘
S5 o \ \ Iy /
16:1&7 7.13 10.04 16.’8&)\3\\ ‘ ) P
18:383 4.05 5.95 18:3w3 ™ 18:4w3
16:4&3 2.51 3.68
S. purpuratus 16:0 24.60 39.07 C 2D Stress: 0.13
18:483 478 10.19 o *%
20:5&3 10.50 9.64 20:4w6 AN
: \ %g w9
18:1&7 5.12 5.76 { 1 18:
14:0 7.23 5.15 /
18:109 o\ ® g o7
The top ve FA contributing to the FA pro les based on species are shown alog with the 2 >/
mean proportion relative to the total FA (Mean FA %) and their contribution to ttsémilarity / “
within species (Cont %). /
7
Table 5, which was found in high proportions in all urchin and 15%?;;33 //
. . . :3W3-
macroalgal tissues investigatdalle 5. The presence of 2R3 ~—__ Oy
and 20:&9 were important in distinguishind®yropiaderived
tissues from urchin tissues from other macroalgal treattagn
particularly gonad, gut, as well Byropiaalga tissuesHigures 3 FIGURE 3 | nMDS plot (Euclidean distance) showing the proportions ofA(n
4). The SIMPER analysis identied 1&3 as a prominent D 37) in tissues fromS. droebachiensisfed monoculture diets ofNereocystis,
Component of Nereocystistissue (I'able 5’ which Separated Pyropia, or UlvaTissues from the feeding assay at FHI(A) are included along
. . . with subsets representing(B) urchin tissues and(C) macroalgal tissues.
Nereocystlﬁrom the other macroalgal tlss_ue|§|_gures 3G 4c_:)f Vectors indicate the top ve FAs identi ed by SIMPER analyses tht distinguish
. Qverall, the LCPUFAs ir8. droeba(.:hlengssues eX.thIted FA pro les between tissues and diets Tables 3-5, Supplementary Tables
similar trends to those observed i$. purpuratustissues | 7-11)and are included to visualize how FAs contribute to theelative
(Figure 5). The LCPUFAs in gut and gonad tissues were higher distributions of (B) urchin and (C) macroalgal tissues.

than in the macroalgal, digesta, or egesta tisskigsi(e 5. There
were signi cant di erences in the concentration of LCPUFASs in
the tissues frons. droebachiensassays as a result of diet (2-way
ANOVA, F D 21.70, diD 2,p < 0.001) and tissueH(D 70.83, Nereocystisr Pyropiathan all other tissues quanti ed<gure 5).

df D 4,p < 0.001), and there was an interaction between theseCPUFA concentrations di ered based on diet (2-way ANOVA,
factors €D 11.38,dD 8,p< 0.001). The LCPUFAs were higher F D 12.40, dfD 2, p < 0.001) and tissueH D 174.19, dD
(Tukey HSDp< 0.05) inthe gonad tissue 8f droebachiensed 4, p < 0.001), and there was an interaction between factors
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FIGURE 4 | nMDS plot (Euclidean distance) showing proportions of FA (D
37) in tissues fromS. purpuratus fed monoculture diets ofNereocystis,
Pyropia, or Ulva Tissues from the feeding assay at OIMEA) are included
along with subsets representing(B) urchin tissues and(C) macroalgal tissues.
Vectors indicate the top ve FAs identi ed by SIMPER analyses tét distinguish
FA pro les between tissues and diets Tables 3-5, Supplementary Tables
7-11) and are included to visualize how FAs contribute to theelative
distributions of (B) urchin and (C) macroalgal tissues.

(F D 5.62, dfD 8, p < 0.001). As withS. droebachiensithe

gut tissue ofS. purpuratuged Nereocysti€Tukey HSDp  0.05,
Figure 5B).

Similar to LCPUFA analysis, there were signi cant di erences
in LIN (18:2%6), ARA (20:&6), ALA C SDA (18:&3 C
18:4.3), and EPA (20&3) based on urchin diet, tissue, and
the interaction between both factor§gble €. To visualize these
relationships between the mean concentrations of precursor
and resultant LCPUFAs, we plotted the concentrations of LIN
against ARA Figure 6) and concentrations of ALAC SDA
against EPARigure 7). For all comparisons, the gonad and gut
tissues ofS. droebachiensend S. purpuratusconcentrations
of LIN, ARA, ALA C SDA, and EPA were greater than the
concentrations in the macroalgal tissudsigures§ 7). In S.
droebachiensishe macroalgal tissues exhibited intermediate FA
concentrations of LIN and ARA relative to the digesta and
egesta (lower relative concentrations) and the gut and dona
(higher relative concentrations) tissues associated Ritfopia
and Ulva (Figure 6A). There is a similar pattern between the
concentrations of the precursors AL@ SDA and resultant EPA
in S. droebachiensitssues Figure 7A) with a slightly more
pronounced increase in EPA in digesta along with a decrease in
ALA C SDA (Figure 7A). In the S. purpuratusassaysPyropia
and Ulva macroalgal tissues had the lowest relative LIN and
ARA concentrations, whiléNereocystisnacroalgal tissues had
intermediate LIN and ARA concentrations compared to digesta
and egesta tissuegigures 6B 7B). This same trend is also
re ected in the comparison of ALAC SDA and EPA forS.
purpuratus(Figure 7B). PUFAs (ARA and EPA) tended to be
increased in digesta tissue and reduced in egesta compared to
precursor FAsFigures § 7).

DISCUSSION

We observed clear correspondences between the fatty acid
composition of the diets urchins consumed and the new tissues
they produced. One reason we pursued these experiments with
two urchin species, and over relatively long durations, iatth
there have been very few controlled feeding trials with insh

fed di erent macroalgal diets, with mixed results reported in
literature on urchin incorporation of dietary FA. Past ferdi
experiments withS. droebachienstgave shown, for example,
that they have considerable ability to modify their dietd#
over long experiments (14 week duratiokelly et al., 2008

or that they do not incorporate their dietary FA signal into
their tissues in very short experiments (3 week duratidfessels

et al., 201 A long (17 week) feeding experiment with adult
red urchins Mesocentrotus franciscapjushowed that urchin
FAs were strongly di erentiated in the gonad tissues of unshi
fed two kelp specieR@ymond et al., 20)40ur results show
that when fed for a su ciently long period (e.g., 25 weeks
in S. droebachiensi$0 weeks irS. purpuratuy both urchins'
multivariate FA compositions are strongly a ected by theiets;

in fact, both species can be di erentiated based on whetheyr the

highest concentrations of LCPUFAs were found in the gonadvere fed brown, red, and green algae (NMDS and PERMANOVA

tissues oB. purpuratused Nereocystiand Pyropia(Tukey HSD,

results). Interestingly, this was the case for both the gosyad

p < 0.05), however these concentrations did not di er from thegut tissues. To our knowledge, this is the rst experiment thas

Frontiers in Ecology and Evolution | www.frontiersin.org

June 2018 | Volume 6 | Article 83



Schram et al. Sea Urchin Trophic Modi cation

TABLE 4 | SIMPER results for analysis of combined FA of tissues fro®. TABLE 5 | SIMPER results for analysis of combined FA of tissues fro®.
droebachiensis(N D 12) and S. purpuratus (N D 18). droebachiensis(N D 12) and S. purpuratus (N D 18).
Diet FA Mean FA % Cont (%) Tissue FA Mean FA % Cont (%)
S. droebachiensis S. droebachiensis
Nereocystis 16:0 26.30 26.37 gonad 20:5&3 24.00 54.53
16:1&7 10.20 19.30 16:0 11.40 11.81
18:1&9 7.06 14.88 20:1&39 4.94 6.54
20:583 7.80 9.97 22:189 3.20 3.70
18:483 423 8.57 140 5.02 341
Pyropia 16187 016 4120 Gut 20:583 21.00 32.64
16:1&7 6.35 25.50
20:5&3 26.30 27.13
16:0 14.30 17.39
16:0 27.60 1311 20:486 5.50 8.26
20:4&6 432 11.08 18:483 451 350
18:1&9 2.17 2.27 Alga 18:189 7.77 17.85
Ulva 16:0 24.50 43.55 18:48&3 4.28 17.56
18:4&3 6.11 19.53 16:0 26.00 17.52
20:5&3 9.00 7.40 20:5&3 15.50 15.24
16:483 7.48 6.27 20:4&6 4.74 13.39
16:3&3 4.83 5.49 Digesta 16:1&7 10.30 48.62
S. purpuratus 16:0 36.40 33.21
Nereocystis 20:583 12.00 20.41 20:5&3 8.55 6.94
16:0 20.80 19.58 20:4&6 2.98 2.15
20:486 8.72 11.06 18:483 1.93 117
14:0 10.50 9.92 Egesta 16:0 42.60 44.91
16:1&7 16.40 28.74
18:483 8.86 8.80
_ 14:0 5.37 3.94
Pyropia 16:0 29.90 31.44 180 186 350
20:5&3 12.80 16.69 20:583 2.06 2.36
14:0 6.14 11.41 S. purpuratus
20:4&6 6.11 10.04 gonad 20:5&3 14.70 20.00
20:1&9 5.15 8.02 20:1&9 5.47 19.88
Ulva 20:5&3 6.33 26.88 14:0 1.25 13.78
16:383 2.94 19.84 16:0 14.30 9.80
18:4&3 6.83 7.69 20:4&6 6.37 9.68
16:0 23.10 7.53 gut 20:5&3 13.80 46.36
18:383 7.89 7.13 16:0 14.60 9.76
18:4&3 3.80 7.24
The top ve FA contributing to the FA pro les based on diets of both species are shwn 20:4&6 5.98 6.40
along with the mean proportion relative to the total FA (Mean FA %) and theiontribution 14:0 8.16 6.15
to the similarity within diets (Cont %). alga 16:383 2.37 35.84
16:0 22.20 19.73
20:5&3 10.10 10.93
18:4&3 11.20 6.30
evaluated multiple urchin tissue types in multiple urchinseaft 16:483 471 5.08
controlled feeding trials with di erent algae. digesta 16:0 30.60 28.82
Some dierences in urchin tissue FAs may have resulted 14:0 8.80 23.85
from the total lipids and FAs available in local algae fed to 20:5&3 8.31 9.44
urchins at the two experimental sites. It is likely that maaigal 20:4&6 6.06 7.83
tissue consumed by urchins at FHL (inland marine waters of 18:3&3 3.86 7.01
Washington) and OIMB (southern coastal Oregon) experienceegesta 16:0 41.90 21.89
di erent abiotic conditions, resulting in some of the di erees 20:4&6 3.76 14.88
in lipid and FA content observed. FA biosynthesis is subject 20:5&3 5.36 9.93
to environmental conditions that also in uence photosyn#ig 18:1&9 5.95 8.75
including but not limited to light, temperature, nutrient,nal 16:1&7 6.97 7.29

salinity (reviewed byGalloway and Winder, 20)5Here, we . ! ,
T . The top ve FA contributing to the FA pro les based on tissues of both species are show
observed greater Slmllamy between the FA pro les)bfatissues along with the mean proportion relative to the total FA (Mean FA %) and their contrition

from the two areas, with less overlap betwédereocystiand  to the similarity within tissues (Cont %).
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TABLE 6 | Results from 2-way analysis of variance (ANOVA) for the coeotration

(mg g 1 dry tissue weight) of precursor (LIN and ALA SDA) of the corresponding

most abundant (ARA and EPA, respectively) long chain polysaturated fatty acids

(LCPUFA) identi ed in tissues fronS. droebachiensisand S. purpuratus assays.

Source df  Sum of Squares F p

S. droebachiensis

LIN (18:2&6)

Diet 2 83950950 302.20 <0.001

Tissue 4 160738215 289.30 <0.001

Diet*Tissue 8 214498922 193.00 <0.001

ALA C SDA (18:3&3 C 18:4&3)

Diet 2 4.84EC09 342.00 <0.001

Tissue 4 1.23KC10 43430 <0.001

Diet*Tissue 8 1.26E£10 22240 <0.001

ARA (20:4&6)

Diet 2 9.59EC09 438.80 <0.001

Tissue 4 1.46EC10 33450 <0.001

Diet*Tissue 8 1.86EC10 212.30 <0.001

EPA (20:5&3)

Diet 2 1.02EC10 9.92 <0.001

Tissue 4 9.38EC10 45.49 <0.001

Diet*Tissue 8 2.32E10 561 <0.001

S. purpuratus

LIN (18:2&6)

Diet 2 72165813 6.86 <0.001

Tissue 4 809556110 38.45 <0.001

Diet*Tissue 8 223528851 531 <0.001

ALA C SDA (18:3&3 C 18:4&3)

Diet 2 6.18EC09 21.85 <0.001

Tissue 4 2.14KC10 37.81 <0.001
FIGURE 5 | Concentrations (ng g * dry tissue weight) of long chain Diet*Tissue 8 9.40E209 8.31 <0.001
polyunsaturated fatty acids (LCPUFA—sum of ARA, EPA, and D¥) of tissues ARA (20:486)
2 oo s <om:
signi cantly different (2-way ANOVA, Tukey HSDp < 0.05). Concentrations Tissue 4 1.68EC10 116.52  <0.001
are plotted on a logarithmic scale and error bars represent standard Diet*Tissue 8 3.20E209 11.11 <0.001
deviation, SD. EPA (20:5&3)

Diet 2 4.84EC09 7.34 <0.001

Tissue 4 1.23KC10 196.38 <0.001

Diet*Tissue 8 1.26E10 494 <0.001

Pyropiafed to urchins in both feeding trials. Some variation
between study sites may arise from our inability, without
molecular identi cation, to guarantee that we were workingh
the sameéPyropiaand Ulva species at each study site. Despite the
observed di erences in lipid and FA content, there was su cien enrichment of the substrate. Increased lipid content in the
similarity between monoculture diets of the same phylum fromegesta across all diets was a trend, albeit insigni cantha
FHL and OIMB to support new tissue growth with signi cantly juvenile S. droebachiensexperiment, and was signi cant with
di erent FA pro les. the adultS. purpuratusDi erences in the total lipid content
Remarkably, even though certain key LCPUFA contenbf macroalgal tissues and the resulting digesta and egssta i
declined in egesta, the total lipid content tended to incesaslikely to be in uenced by the urchin gut microbiome, which is
from macroalgal tissue to digesta to egesta, suggesting ththought to play a role in carbohydrate, amino acid, and lipid
the nutritional quality of macroalgal tissues was modi eg b metabolism Hakim et al., 2016and can be directly in uenced
urchin digestion. This result is consistent with other sieg] by immediate culture environmentHakim et al., 201p It is
using di erent metrics, that have shown a general increase itherefore possible that some of the di erences we observed
the nutritional value or energy content of urchin fecal m@é in urchin digestion ofNereocystis, Pyropiand Ulva between
derived from macroalgaeMamelona and Pelletier, 20p%r  our experiments are driven not just by the di erence in FA
seagrassKoike et al., 1987 as a consequence of microbial metabolism between urchin species, but also by variations in

Signi cant differences (p<0.05) are indicated in bold.
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FIGURE 6 | Concentrations (mean SD, mg g 1 dry weight of precursor FA
18:2&6 (LIN) of tissues and 20:&6 (ARA) in tissues collected from feeding
assays with(A) S. droebachiensisand (B) S. purpuratus. Arrows indicate
urchin modi cation of diet algae as they are digested and subsquently
incorporated into new urchin tissue. Concentrations are pitted on a
logarithmic scale.

FIGURE 7 | Concentrations (mean SD, mg g 1 dry weight) of precursor FAs
18:3&3 (ALA) and 18:4&3 (SDA) and 20:%&3 (EPA) in tissues collected from
feeding assays with(A) S. droebachiensisand (B) S. purpuratus. Arrows
indicate urchin modi cation of diet algae as they are digestd and
subsequently incorporated into new urchin tissue. Concemations are plotted
on a logarithmic scale.

the local microbiota at Friday Harbor, WA and Charleston,

OR. This may in part explain the consistent patterns in the Urchin tissues from each diet treatment exhibited parallel
relative depletion of LIN and ARA the digesta and egesta dodli erences to those that distinguish brown, red, and greeraalg

S. droebachiensfer Pyropiaand Ulva compared to increased from one another Galloway et al., 2012; Kelly and Scheibling,
in concentration of LIN, ARA, ALAC SDA, and EPA in the 2012. The FA pro les of both urchin species displayed elevated
S. purpuratusassay as tissues were digested (€igyres§ levels of FAs previously associated with the same macroalgal
7). Local microbiota availability and retention in urchin gu phyla, even though tissues were not characterized by all of the
tissue may have contributed to the increased ARA and EPBame FAs Kelly and Scheibling, 20).2As a result, urchins
concentrations in digesta and subsequent depletion in egest fed the same macroalgal diet grouped more closely together in
Nereocystigssues. Microbial abundance on macroalgal tissue catihe nMDS, with the tightest groupings amor®y droebachiensis

in uence the biochemistry of macroalgae consumémgik and fed monoculture diets from which all tissues were generated
Simenstad, 20)3and could contribute to di erences in urchin Convergence on similar pro les between the two assays oedurr
gut microbiota (Hakim et al., 2015, 20)6Conspeci ¢ urchin  despiteS. purpuratushaving a unquanti ed amount of “legacy”
microbiome comparisons between these regions could be &@WAs in soft tissues from previous situ diets. The substantial
interesting area of future investigation. growth we quanti ed in both species (e.g., in wet weight) ®sig
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that urchins rapidly generated new tissues from experimentdbod webs, because increased lipid content in a food source
diets. This higher abundance of food in the laboratory mayis likely to benet consumers, and suggests a mechanism
have over-ridden some of the within-species or site vanati@ for why macrophyte-derived carbon (generally) and kelp-
would have otherwise expected due to season or Bexh(er derived carbon (more speci cally) may be a valuable trophic
et al., 2014; Zarate et al., 2018rchin “tissue turnover” time subsidy Gauchyn and Scheibling, 2009; Sauchyn et al., 2011;
is still unknown, and thus the ideal experimental duratiom fo Britton-Simmons et al., 2012; Lowe et al., 2018 benthic
tracking macroalgal diets into urchin tissues can be edtha organisms that might not otherwise utilize these sources
using growth rate as a proxy, until future experiments quantif directly.
tissue turnover rates. However, it appears that urchin tissue There are multiple factors in uencing FA pro les that could
turnover is slow enough that experiments of several weels, (e.explain some of the dierences we documented betwé&en
Wessels et al., 20)Lare insu cient to allow urchin tissues droebachiensandS. purpuratugssays. These include using two
to incorporate the dietary FA biomarker signal. Urchins, likedi erent urchin species [Dethier et al., 2003 under di erent
other animals, can elongate and modify (i.e., biosyntlggleir  local conditions Hughes et al., 2005; Dethier et al., 2})léhd
dietary precursor FA to achieve heightened concentratidh®p  with di erent prior in situ diets. Additionally, the feeding assays
PUFA (Floreto et al., 1996; Cook et al., 2000; Castell et al.)2004panned di erent time periods (180 vs. 70 days) and used urchins
For example, the urchiPsammechinus miliartgas the ability to  at di erent life history stagesHughes et al., 2006which likely
synthesize small amounts of EPA (203 from ALA (18:&3) resulted in gonad tissues in di erent stages of gametogenesi
among other PUFA modi cationsHell et al., 2001Itis presently (Zarate et al.,, 20)6 The gonads present in the juvenitg.
unknown whether the patterns we observed here, resultingifro droebachiensisvere unlikely to be mature and more likely
very regimented and controlled diets o ered in the lab, wouldrepresent their role in nutrient storage rather than reprotao.
transfer to wild urchins that are presumably integrating aga We did not quantify sex ratios, but in some cases females and
of macroalgal diets over the course of the year. males have dierent FAsHughes et al., 2006; Zarate et al.,

The higher concentrations of LCPUFAs observed in urchin2016. Despite these dierences, particularly between urchin
tissues compared to macroalgal tissues highlight the ugthinspecies and life stage, it is nonetheless clear that growahins,
ability for de novasynthesis and selective retention of some FAsvhether from increased tissue biomass, or in gonad develapme
(Cook et al., 2000; Bell et al., 200This is particularly evident incorporated multivariate FA proles of the algae provided.
in the S. droebachiensexperiment, in which juvenile urchins The macroalgal diets selected here are known to have strong
generated nearly all of their tissues from a monoculturd,dis  di erences in their FA; future work could investigate whether
compared with thes. purpuratugxperiment, which started with it is possible to trace the FA of more closely related algae, e.g.
adult urchins with signi cant “legacy FA’ from their previau di erent species of Laminariales (e.Baymond et al., 20)4into
diets in nature. We documented relatively high proportions ofthese urchin species.
20:21 5, 11 NMID in the gonad and gut tissue 8f droebachiensis ~ Our results indicate that urchin digestion of dierent
and S. purpuratusas high as 8.38 0.83 and 9.68 0.94% macroalgae following maintenance on the same monoculture
(gonad, gut ofS. purpuratused Pyropia Supplementary Table 5). diets generates similar changes in total crude lipid and FA
Gonzalez-Duran et al. (2008pcumented similar proportions of content. The FA pro les of urchin tissues dier signi cantly
20:21 5, 11 NMID in urchin gonad (5.9%) and gut (8.61%) whilefrom the FA pro les of the macroalgal diets. This is expected,
Castell et al. (2004documented much higher synthesis in tissuesas animal FA pro les will never completely align with those
of S. droebachiensied formulated diets, and demonstrated of macroalgal diets, even if they are strongly structured by
that urchins can synthesize 2025, 11 NMID from either them. Additionally, neither urchin species signi cantlytered
20:17 or 20:&9. Gonzalez-Duran et al. (2008)ypothesized the LCPUFA content of macroalgae consumed. However, we
that when there is an EFA de ciency, taxa such as echinoids malid nd di erent patterns in S. droebachiensisid S. purpuratus
utilize NMIDs in place of some EFAs to maintain physiologicalprocessing of ARA and EPA precursors that may be related
functions. to dierences in gut microbiota. We found that both urchin

S. droebachiensiand S. purpuratusalso synthesized and species selectively retained EFAs that were relatively éeplet
retained LCPUFAs including ARA and EPA in gonad andin diets and may have synthesized some of these EFAs from
gut tissues. These elevated LCPUFAs can become availablegptecursors along with 2025, 11 NMID. The similar patterns in
pelagic and benthic consumers upon gamete relebisgyifes trophic modi cation we documented suggest that it is feasitd
et al., 2011; Fuiman et al., 2Q18ubsidizing marine consumers. develop FA resource libraries for future use in Bayesian mgixi
FA proles of gonad tissue and larvae subsequently releasedodels for further evaluatingn situ urchin trophic linkages
from mature gonads share similar concentrations of theséGalloway et al., 20)4Common resource libraries representing
important LCPUFAs Hughes et al., 20)1However,Hughes urchin trophic modi cation of macroalgae make it possible to
et al. (2011)pnly took FAs into account to evaluate nutritional estimate the diets of a wider array of urchins. We have also
quality. In the present study, we demonstrated that evemlemonstrated that it is possible to obtain a good estimatiébn o
though there were no signi cant di erences in the FA pro les urchin modi cation of macroalgal tissue over a relativelyost
between algae consumed and egested, the urchins increasexe period if macroalgae are made available in quantities to
the nutritive quality of egesta in the form of increased tota support new soft tissue generation. This rapid convergencéof F
lipid content. This has signicant implications for marine pro les despite a large quantity of legacy tissue from previous
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diets makes the development of resource libraries for benthifor the work which led to this project via funding from

consumers more feasible.
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