
Aquaculture 436 (2015) 172–178

Contents lists available at ScienceDirect

Aquaculture

j ourna l homepage: www.e lsev ie r .com/ locate /aqua-on l ine
Effects of food type and feeding frequency on the performance of early
juveniles of the sea urchin Loxechinus albus (Echinodermata: Echinoidea):
Implications for aquaculture and restocking
P. Francisco Cárcamo 1

Departamento de Medio Ambiente, Instituto de Fomento Pesquero, Doctor Marín 340, Coquimbo, Chile
E-mail address: francisco.carcamo@ifop.cl.
1 Tel.: +56 51 2544730; fax: +56 51 2544313.
2 Review of landings according to official information p

Fisheries Service (www.sernapesca.cl).

http://dx.doi.org/10.1016/j.aquaculture.2014.10.045
0044-8486/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 May 2014
Received in revised form 15 October 2014
Accepted 29 October 2014
Available online 15 November 2014

Keywords:
Algal foods
Food conversion rate
Aquaculture
Feeding regimes
Juvenile sea urchin
Loxechinus albus
Sustainable aquaculture and restocking of the sea urchin Loxechinus albuswill demand a reliable source of high-
quality juveniles. Culture techniques for L. albusmust be refined on several levels to scale up to commercial pro-
duction. In this study, the effects of different natural foods (six algal foods and one animal food) and the feeding
frequency (three regimes: one continuous and two intermittent) on the growth and feeding of L. albus juveniles
with a test diameter of ca. 5 mm belonging to a single 5-month-old cohort were investigated. Juveniles fed with
Rhodophyta: Porphyra sp. and Gracilaria chilensis grew significantly faster (wet body weight and test diameter)
than those fed other foods, although these food items are not frequently observed in the gut contents ofwild pop-
ulations. Juveniles fed with Macrocystis pyrifera showed the lowest growth rates. Differences in ingestion rates
and the food conversion ratio (FCR) were principally associated with organic matter and protein content in
foods. Although L. albus have been described as generalist herbivores, in this study, they ingested an animal
food (marine sponge) and were able to grow significantly better than juveniles fed with M. pyrifera. Juveniles
did not show evidence of a compensatory mechanism with a decrease in the frequency of food availability. The
growth, ingestion rates and FCR in early juveniles were positively related with feeding frequency, suggesting
that continuous feeding is the best and most efficient dietary treatment in terms of growth. Porphyra sp. and
G. chilensis, as single species diets, are promising alternatives for the development of cultures of L. albus juveniles;
however, further studies are required to compare the efficient use of algae as food (e.g., versus artificial feeds).

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The edible sea urchin, Loxechinus albus (Molina, 1782), is the only
commercially valuable sea urchin species in Chile, and its fishery is the
largest in the world (Moreno et al., 2007). This species is distributed
from the coast of Peru (6° S) to the southern tip of Chile (55° S) and
from the intertidal zone down to 106 m in depth (Larraín, 1975;
Moreno and Molinet, 2013). Along the Chilean coast, it is harvested ex-
clusively by artisanal fishermen and is a species of great economic and
social importance (Moreno et al., 2007). Landings have decreased
from 60,000 tons in 2002 to 29,000 tons in 2012.2 The depletion of tra-
ditional fishing grounds has encouraged the migration of fishermen to
distant parts of southern Chile in search of new natural beds to exploit
(Moreno et al., 2007, 2011; Stotz, 2004). The overexploitation of this
sea urchin under the present management strategies makes its sustain-
ability uncertain over the long term (Moreno et al., 2007; Stotz, 2004).
However, Chilean fishermen have recently shown a great interest in
rovided by the Chilean National
the implementation of sea urchin restocking programs (Cárcamo,
2004b). For instance, pilot experiments in which hatchery-reared
juvenile sea urchins are experimentally seeded have been conducted
independently in management areas for benthic resources; however,
the outcomes have been uncertain (Jerez and Figueroa, 2007). Several
studies have attempted to develop techniques for L. albus culture,
including larval and juvenile production (Bustos et al., 1991; Cárcamo,
2004b; Cárcamo et al., 2005; González et al., 1987; Zamora and Stotz,
1994) and enhancement of gonad quality (Cárcamo, 2004a; Lawrence
et al., 1997; Olave et al., 2001). However, one bottleneck to develop-
ment of the urchin culture that has been identified in a number of coun-
tries is the long period required to rear urchins to market size (Bustos
et al., 1991; Lawrence et al., 2001).

The quantity and quality of food (Fernandez and Boudouresque,
2000; Frantzis and Grémare, 1993; Lowe and Lawrence, 1976), and
the feeding frequency (Lawrence et al., 2003) can influence the physiol-
ogy and growth of sea urchins. L. albus is one of themost important ben-
thic herbivores in intertidal and shallow subtidal rocky environments
along the Chilean coast (Vásquez, 2007). Some studies have investigated
feeding and nutritional ecology in adults of L. albus (Bückle et al., 1980;
Contreras and Castilla, 1987; González et al., 2008; Vásquez et al.,
1984) and in juveniles greater than 20 mm in test diameter (González
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et al., 1993, 2008). However, studies examining feeding and growth in
early juveniles are scarce (Bustos et al., 1991; Zamora and Stotz, 1994),
and there are no published studies on the effect of different diets and
feeding frequency on early juveniles of L. albus (i.e., individuals lower
than 10 mm). Therefore, an investigation of the diets and nutritional re-
quirements needed to maximize somatic growth in juvenile sea urchins
to achieve optimal growth rates has become a necessity to promote both
culture (Daggett et al., 2005; Lawrence and Lawrence, 2004; Pearce et al.,
2005) and restocking programs.

The aim of this research was to investigate the effects of different
natural foods and feeding frequencies on the growth and feeding of
L. albus juveniles, including a discussion on the implications of these
results for the development of aquaculture and restocking programs.

2. Materials and methods

2.1. Sea urchin juveniles

The sea urchin juveniles used in this research were hatchery-reared
individuals. The cultures were maintained at the Hueihue Mariculture
Center on the island of Chiloé, Chile (41°53′ S; 73°30′ W). Larval and
post-settled sea urchin culture was performed based on the methods
described by Bustos et al. (1991) and Cárcamo (2004b). Individuals
with a test diameter of ca. 5 mm belonging to a single 5-month-old co-
hort were used. Before the experiments, their diet consisted mainly of
benthic diatoms from the genera Navicula and Nitzschia (Pennales,
Bacillariophyceae) that colonized glass fiber plates arranged in tanks
for mass culture (Cárcamo, 2004b).

2.2. Experimental systems

Sea urchin juveniles weremaintained in individual cylindrical plastic
containers (50 mm diameter and 100 mm height) with a 1-mm-mesh
bottom to keep the individuals and food in and allow wastes to pass
through. The containers were arranged in a 200-L rectangular tank,
and 0.5-μm-filtered seawater was constantly provided. Prior to the
experiments, the sea urchins were starved and held for 2 weeks in
experimental systems to allow acclimation to laboratory conditions, to
clear the gut of ingested food and to standardize their nutritional condi-
tion (Minor and Scheibling, 1997).

2.3. Experiment 1: effect of food type on the growth and ingestion rate of sea
urchin juveniles

The first experiment was conducted from the 11th of May to the
10th of August, 2008 (90 days). A total of 72 sea urchin juveniles with
test diameters from 4.1 to 5.9 mm were divided into eight food treat-
ment groupswith nine individuals (replicates) per group. Seven natural
foods were tested (six algal diets and one sponge diet) as well as a con-
trol starvation treatment. Algal diets corresponded to the fresh fronds of
the Rhodophyta: Gracilaria chilensis, Sarcothalia crispata, and Porphyra
sp.; the Chlorophyta: Ulva sp.; the Phaeophyta: Macrocystis pyrifera;
and a mixed diet composed of M. pyrifera, Ulva sp. and S. crispata (50%,
25% and 25%, respectively). The sponge diet was the sponge Iophon
tubiforme, which is commonly found as biofouling agent in mussel and
salmon farms on Chiloé Island (P.F. Cárcamo, personal observation).
The sea urchins were fed ad libitum, with uneaten food removed and
fresh food added every week. Control individuals were not given food
during the experiment. Containers with sea urchins were randomly
distributed in the tank. Additionally, three replicates of each food
treatment were placed in containers without sea urchins to control au-
togenic changes in mass. Seawater was provided at a flow rate of 140±
8 ml/min per container, the water temperature was 10.5 ± 0.5 °C, the
salinity was 32.0 ± 0.5 ppm, and a light regime of 12:12 (light: dark)
was applied (Hammer et al., 2004; Lawrence et al., 2003).
2.4. Experiment 2: effect of feeding frequency on the growth and ingestion
rate of sea urchin juveniles

The second experiment was conducted from the 14th of May to the
13th of August 2008 (90 days). A total of 27 sea urchin juveniles with
test diameters from5.2 to 6.1mmwere divided into three feeding treat-
ment groupswith 9 individuals (replicates) per group. Three feeding re-
gimes were tested: S. crispata available ad libitum throughout the
experiment (fed continuously or 100% of the time), S. crispata available
ad libitum for 2 days every 5 days (fed for 2 days/starved for 3 days or
40% of the time), and S. crispata available ad libitum 2 days every
10 days (fed for 2 days/starved for 8 days or 10% of the time). The
control treatment corresponded to individuals kept without food.
Containers with sea urchinswere randomly distributed in the tank. Sea-
water was provided at a flow rate of 145± 9ml/min per container, the
water temperature was 10.2 ± 0.4 °C, the salinity was 32.0 ± 0.5 ppm,
and a light regime of 12:12 (light:dark) was applied.

2.5. Measurements and statistical analyses

In both experiments, the growthwas estimatedmonthly bymeasur-
ing the test diameter (Nikon V-12 profile projector, ±0.01mm) and the
wet body weight (±0.001 g). Daily ingestion rates were calculated by
subtracting the amount of uneaten wet food from the amount of wet
food provided. The uneaten food was dried at 60 °C for 3 days and
weighed to calculate the amount of dry food eaten. The organic content
in foods was determined by ashing 5 samples for 4 h in amuffle furnace
at 500 °C. The food conversion ratio (FCR) for each individual was
calculated as total food intake (g dry weight/urchin)/total weight gain
(g wet weight/urchin) (Hammer et al., 2004; Heflin et al., 2012).

The growth (diameter and weight) and ingestion rates were ana-
lyzed using repeated-measures ANOVAwith food as a factor and exper-
iment time as a repeated factor. A one-way ANOVA was used to test for
differences in test diameter and wet weight among sea urchins in each
of the treatments at the beginning and end of both experiments. Tukey's
post hoc test was used to identify the treatment means that differed
significantly (Zar, 1996). The homogeneity of variances was evaluated
using Levene's test, and the normality of the data was evaluated using
the Kolmogorov–Smirnov test.

If the data on total increase in test diameter and wet weight, the total
wet and dry food ingested, and the FCR failed to achieve normality and/or
homogeneity of variances and could not be transformed, then a
Kruskal–Wallis non-parametric one-way ANOVA on ranks followed by
Dunn's post hoc test was used to determine differences among the
treatments (Zar, 1996). All data are presented as the mean ± standard
error (SE).

3. Results

3.1. Experiment 1

The water content and organic matter varied among the six food
treatments (Table 1). M. pyrifera had the highest water content, and
the sponge I. tubiforme had the lowest value (89.5% ± 0.29% and
76.1% ± 1.10%, respectively). For the organic matter, Porphyra sp. had
the highest value and the sponge I. tubiforme had the lowest value
(77.5% ± 0.90% and 24.3% ± 1.26%, respectively).

The survival rates were 100% for all the treatments. There were no
significant differences in the initial size (test diameter and wet body
weight) among treatments (one-way ANOVA, P N 0.05, Figs. 1 and 2).
Repeated-measures ANOVA showed a significant effect of food type,
time, and the interaction between food and time on test diameter, wet
body weight, and ingestion rates (P b 0.05 for factors and interaction
in all dependent variables). The final test diameter (at day 90) varied
significantly among foods (one-way ANOVA, P b 0.05, Fig. 1 and Supple-
mentary Fig. S1). Sea urchins fed with Porphyra sp. and G. chilensis had



Table 1
Thewater content, organicmatter and protein content in 6 tested natural foods (5 algae and 1 sponge). Thewater content and organicmatter values represent themean ± standard error
of 5 samples. The protein content values correspond to the range of values reported in the literature.

Food % Water content (wet weight) % Organic matter (dry weight) % Protein (dry weight)

Gracilaria chilensis 82.7 ± 0.29 70.8 ± 0.48 19–241

Ulva sp. 76.4 ± 0.42 69.9 ± 0.67 17–212

Macrocystis pyrifera 89.5 ± 0.29 61.1 ± 1.03 9–133

Porphyra sp. 79.4 ± 0.83 77.5 ± 0.90 25–294

Sarcothalia crispata 86.6 ± 0.26 61.5 ± 0.26 13–165

Iophon tubiforme 76.1 ± 1.10 24.3 ± 1.26 206

1 (Toledo et al., 2009).
2 (Toledo et al., 2009; Westermeier et al., 2012).
3 (Hernández et al., 2009; Ortiz et al., 2009; Toledo et al., 2009; Westermeier, 1982).
4 (Hernández et al., 2009; Toledo et al., 2009).
5 (Toledo et al., 2009).
6 Not reported for this species; 20% corresponds to a reference mean value given for Caribbean species (Chanas and Pawlik, 1995).
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the largest diameters (11.69±0.19 and 10.79±0.22mm, respectively)
and were significantly larger than urchins fed all other foods (Tukey's
test, P b 0.05). M. pyrifera and the control treatment produced the
lowest values (7.47 ± 0.16 and 4.88 ± 0.14 mm, respectively).
S. crispata, Ulva sp., and the mixed diet and the sponge I. tubiforme pro-
duced intermediate results and did not differ significantly among each
other (Tukey's test, P N 0.05). The differences in the effects of foods on
the final test diameter were also corroborated by the increases in total
diameter (Kruskal–Wallis ANOVA, Table 2). The final wet body weight
(at day 90) varied significantly among foods (one-way ANOVA, P b

0.05), showing a pattern similar to that of the test diameter (Fig. 2).
Sea urchins fed with Porphyra sp. had the greatest weight, followed by
those fed with G. chilensis (0.72± 0.04 and 0.56± 0.03 g, respectively).
Urchins fed with M. pyrifera and the control treatment had the lowest
values (0.20 ± 0.01 and 0.04 ± 0.01 g, respectively). The total weight
increase analysis corroborated the pattern of differences among foods
(Table 2).

The total wet and dry food ingested varied among foods (Kruskal–
Wallis ANOVA, P b 0.05, Table 2). The sponge I. tubiforme, M. pyrifera,
Porphyra sp., and the mixed diet were the most ingested wet foods
(ca. 2 g/individual) and showed no significant differences among each
other (Dunn's test, P N 0.05). The ingestion of Ulva sp. was lower than
that of the above-mentioned 4 foods (0.75 ± 0.05 g/individual, Dunn's
test, P b 0.05) but did not differ from that of G. chilensis and S. crispata
(Dunn's test, P N 0.05). When the ingestion was calculated on a dry-
weight basis, the sponge I. tubiforme, Porphyra sp., and the mixed diet
were the most ingested dry foods, showing no significant differences
among each other (Dunn's test, P N 0.05).M. pyrifera and Ulva sp. were
the least ingested dry foods.
Fig. 1. Experiment 1. Test diameter of Loxechinus albus juveniles fed with different natural
foods for 90 days. The values represent the mean of 9 replicates (standard error bars
havebeenomitted to simplify thefigure). The vertical bars at the right of the graphoverlap
treatments that did not differ significantly (P N 0.05, Tukey's test) at the end of the 90-day
experiment.
The FCR was also significantly affected by foods (Kruskal–Wallis
ANOVA, P b 0.05, Table 2). Sea urchins fed with G. chilensis, Porphyra
sp., Ulva sp. and S. crispata had the lowest and therefore best FCRs
(0.51 ± 0.02, 0.59 ± 0.02, 0.68 ± 0.09, and 0.78 ± 0.04, respectively),
showing no significant differences among each other (Dunn's test, P N

0.05). Meanwhile, sea urchins fed with the mixed diet, M. pyrifera and
I. tubiforme had the highest and therefore worst FCRs (2.39 ± 0.21,
1.62±0.14, 1.09±0.10, respectively) and showed no significant differ-
ences (Dunn's test, P N 0.05).
3.2. Experiment 2

The survival rates were 100% for all of the treatments. Therewere no
significant differences in the initial size among feeding regimes (one-
way ANOVA, P N 0.05, Figs. 3 and 4). Repeated-measures ANOVA
showed a significant effect of feeding regime, time, and the interaction
between feeding regime and time on the test diameter, wet body
weight and ingestion rates (P b 0.05 for factors and interaction in all
dependent variables). The final test diameter (at day 90) varied signifi-
cantly among feeding regimes (one-way ANOVA, P b 0.05, Fig. 3 and
Supplementary Fig. S2). Sea urchins fed continuously had the largest
diameters (8.82 ± 0.23 mm) and were significantly larger than those
subjected to all other treatments (Tukey's test, P b 0.05). The test diam-
eters of sea urchins fed 40% of the time (6.45± 0.19mm) and those fed
20% of the time (5.97 ± 0.13 mm) were not significantly different
(Tukey's test, P N 0.05) and the latter did not differ from the control
treatment (Tukey's test, P N 0.05). The same pattern of differences
among feeding regimes was observed in the total diameter increases
Fig. 2. Experiment 1. Wet weight of Loxechinus albus juveniles fed with different natural
foods for 90 days. The values represent the mean of 9 replicates (standard error
bars have been omitted to simplify the figure). Vertical bars at the right of the graph
overlap treatments that did not differ significantly (P N 0.05, Tukey's test) at the end of
the 90-day experiment.
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Table 2
Experiment 1. The increase in wet weight (mg), increase in test diameter (mm), total wet and dry food intake (g/individual) and food conversion rate (FCR) of Loxechinus albus juveniles
fed with different natural foods for 90 days. The values represent the mean ± standard error of 9 replicates. The different letters indicate significant differences among foods (Kruskal–
Wallis test followed by Dunn's multiple comparison tests).

Experiment 1 Porphyra sp. Gracilaria chilensis Sarcothalia crispata Ulva sp. Mixed Iophon tubiforme Macrocystis pyrifera Control

Diameter increase 6.65 ± 0.13a 5.45 ± 0.15ab 3.67 ± 0.13bc 3.56 ± 0.40bc 3.43 ± 0.23bc 3.60 ± 0.16bc 2.31 ± 0.21c −0.16 ± 0.02d

Weight increase 0.67 ± 0.03a 0.50 ± 0.03ab 0.32 ± 0.02bc 0.29 ± 0.03bc 0.28 ± 0.02bc 0.24 ± 0.02c 0.15 ± 0.01c −0.01 ± 0.01d

Wet food ingested 1.90 ± 0.08acde 1.47 ± 0.08ab 1.78 ± 0.05abd 0.75 ± 0.05b 1.88 ± 0.06acde 2.37 ± 0.07e 2.10 ± 0.07de –

Dry food ingested 0.39 ± 0.02cd 0.25 ± 0.01ac 0.25 ± 0.02abc 0.18 ± 0.01a 0.29 ± 0.01bcd 0.54 ± 0.02d 0.22 ± 0.01ab –

FCR 0.59 ± 0.02ac 0.51 ± 0.02a 0.78 ± 0.04abd 0.68 ± 0.09ac 1.09 ± 0.10bc 2.39 ± 0.21b 1.62 ± 0.14bd –
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(Kruskal–Wallis ANOVA, Table 3). The final wet body weight (at day 90)
varied significantly among feeding regimes (one-way ANOVA, P b 0.05),
showing a similar pattern as that of the test diameter (Fig. 4 and Table 3).

The total wet and dry food ingested were significantly affected by
feeding regimes (Kruskal–Wallis ANOVA, P b 0.05, Table 3), with all
regimes being significantly different from one another (Dunn's test,
P b 0.05). Sea urchins fed continuously ingested significantly more wet
and dry food than those fed 40% and 20% of the time.

The FCR observed for sea urchins fed continuously (0.75±0.05)was
lower (and therefore better) than those of sea urchins fed 40% (1.08 ±
0.24) and 20% of the time (1.24 ± 0.33), although these differences
were not statistically significant (Kruskal–Wallis ANOVA, P N 0.05,
Table 3).

4. Discussion

4.1. Experiment 1

The type of food affected the growth and ingestion rates of early
juveniles of L. albus (ca. 5 mm test diameter). Overall, optimal growth
was supported by Porphyra sp. and G. chilensis. Neither of these algae
are food items that are frequently observed in the gut contents of wild
populations of L. albus (Bückle et al., 1980; González et al., 2008).
Porphyra sp. are principally associated with the intertidal zone and
intertidal pools, and G. chilensis are principally associated with sandy
bottoms and sandy beaches (Santelices, 1989). González et al. (1993)
studied the effects of three algal diets on the energy available for growth
of L. albus juveniles (20.5 to 28.4mmtest diameter), and they found that
the urchins obtained the greatest quantity of energy when fed with
Gracilaria sp. and the lowest quantity of energy when fed with Ulva
sp. In contrast, González et al. (2008) observed a greater assimilation ef-
ficiency when late juveniles of L. albus (ca. 35 mm test diameter) were
fed with Ulva sp. as opposed to Phaeophyta: Lessonia nigrescens and
Macrocystis integrifolia. Ulva sp. is one of the most important food
items in the diet of juveniles in wild populations (Bustos et al., 1991;
González et al., 2008; Vásquez, 2007). Algae of the genus Porphyra
Fig. 3. Experiment 2. Test diameter of Loxechinus albus juveniles fed with different feeding
regimes for 90 days. The values represent the mean ± standard error of 9 replicates. The
vertical bars at the right of the graph overlap treatments that did not differ significantly
(P N 0.05, Tukey's test) at the end of the 90-day experiment.
have been shown to be good food. For instance, Daggett et al. (2005)
fed juveniles of Strongylocentrotus droebachiensis with several artificial
and algal diets and obtained higher growth rates when the sea urchins
were fed with Porphyra purpurea.

The organic matter and protein content (reported in the literature,
Table 1) were higher in Porphyra sp. and G. chilensis than in other
foods. However, M. pyrifera showed lower values. Both organic matter
and protein content in foods have been highly associated with most
growth parameters in juveniles of different species of sea urchin
(Daggett et al., 2005; Eddy et al., 2012; Frantzis and Grémare, 1993;
Hammer et al., 2004; Heflin et al., 2012; Kennedy et al., 2005). Several
studies with artificial diets indicate that protein levels of 16%–25% are
optimal for somatic growth of small Lytechinus variegatus (Hammer
et al., 2004; Taylor et al., 2009), S. droebachiensis (Eddy et al., 2012;
Kennedy et al., 2005), and Pseudocentrotus depressus (Akiyama et al.,
2001). Hammer et al. (2004) found that artificial diets with less than
15% protein did not support growth or substantial weight gain in
small L. variegatus. Thus, the optimal growth achieved by feeding with
Porphyra sp. and G. chilensis can be explained principally by their nutri-
tional qualities (i.e., protein and organic matter content). However, fur-
ther studies are necessary to investigate the differences in the presence
and concentration of other essential nutrients in algae (e.g., fatty acids,
amino acids, vitamins, minerals, and pigments) and the effects of
these nutrients on the growth of sea urchin juveniles (Castell et al.,
2004; Kennedy et al., 2007; Taylor et al., 2009).

The low content of organic matter (and most likely dietary protein
content) can explain the high ingestion rates observed in early juveniles
fedwith the sponge I. tubiforme andM. pyrifera. The latter, in agreement
with the compensatory feeding, stipulates that ingestion levels increase
with decreasing food quality (Daggett et al., 2005; Fernandez and
Boudouresque, 2000; Frantzis and Grémare, 1993; Hammer et al.,
2004). Sponges generally have a high nutrient content, but it is possible
that their proteinsmay be unavailable to somegeneralist consumers be-
cause they require long periods of digestion (Chanas and Pawlik, 1995).
The high ingestion rates observed principally in early juveniles fed with
Porphyra sp. should be explained by the foraging optimization theory,
Fig. 4. Experiment 2. Wet weight of Loxechinus albus juveniles fed with different feeding
regimes for 90 days. The values represent the mean ± standard error of 9 replicates. The
vertical bars at the right of the graph overlap treatments that did not differ significantly
(P N 0.05, Tukey's test) at the end of the 90-day experiment.
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Table 3
Experiment 2. The increase inwet weight (g), increase in test diameter (mm), total wet and dry food intake (g) and food conversion rate of Loxechinus albus juveniles fed with Sarcothalia
crispata for 90 days. The values represent themean ± standard error of 9 replicates. Different letters indicate significant differences among feeding regimes (Kruskal–Wallis test followed
by Dunn's multiple comparison tests).

Experiment 2 Fed continuously Fed for 2 days/ starved for 3 days Fed for 2 days/starved for 8 days Control

Weight increase (g) 0.27 ± 0.02a 0.05 ± 0.01b 0.02 ± 0.00bc −0.01 ± 0.00c

Diameter increase (mm) 2.94 ± 0.16a 0.82 ± 0.22b 0.18 ± 0.07bc −0.11 ± 0.03c

Total wet food ingested (g) 1.48 ± 0.04a 0.26 ± 0.02b 0.14 ± 0.01c

Total dry food ingested (g) 0.20 ± 0.00a 0.03 ± 0.00b 0.02 ± 0.00c

Food conversion rate (FCR) 0.75 ± 0.05a 1.08 ± 0.24a 1.24 ± 0.33a

176 P.F. Cárcamo / Aquaculture 436 (2015) 172–178
which suggests that ingestion levels increasewith increasing food qual-
ity (Taghon, 1981). The finding that L. albus juveniles (20.5 to 28.4 mm
test diameter), ingest larger amounts ofM. pyrifera comparedwith Ulva
sp. andGracilaria sp. was also reported by González et al. (1993). In con-
trast, González et al. (2008) found that L. albus juveniles (ca. 35 mm
test diameter) ingested larger amounts of Ulva sp. compared with
M. integrifolia. In the current study, Ulva sp. was the less ingested algae
both as wet weight and dry weight. Inconsistencies between studies
may be explained by differences in the size of experimental individuals
(e.g., early juveniles, late juveniles or young adults), differences in the
biochemical and nutritional compositions of algal foods (e.g., seasonal
and latitudinal variation), and differences in experimental conditions
(e.g., water temperature). González et al. (2008) suggested that
L. albus undergoes an ontogenetic shift in the diet, consisting of a differ-
ential foraging strategy between adults and juveniles. The size at first
maturity for L. albus from southern Chile has been estimated at 40 to
50mm in diameter test (ca. 4 years old) (Bay-Schmith et al., 1981). Ad-
ditionally, González et al. (2008) have suggested that L. albus juveniles
would act as energy maximizers, consuming foods that provide more
energy and greater nutrient gain, thus ensuring better growth and
maintenance. To clarify conflicting results, further studies that relate
physiological and nutritional parameters (e.g., absorption and assimila-
tion efficiency) and food quality (most likely using artificial feeds with a
known and stable biochemical composition) are needed. As highlighted
by Lowe and Lawrence (1976), consideration of the food alone without
taking into account the ability of sea urchin to digest and absorb its nu-
trients may lead to erroneous conclusions regarding the nutritional
value of foods. The foods used in the current study varied with respect
to their organic matter and protein concentrations. Additionally, physi-
cal characteristics such as texture, shape, and consistency should be ex-
amined to explain differences in ingestion rates. Another important
factor to study in algal foods is the presence of secondary metabolites
that function as herbivore deterrents (Alstyne et al., 2001; Frantzis
and Grémare, 1993).

L. albus has been described principally as a generalist herbivore
(Vásquez, 2007) or a strictly herbivorous species (González et al.,
2008), and animal items such as sponges have not been reported as a
part of their natural diet. In this laboratory study, L. albus juveniles
ingested a species of sponge and were able to grow significantly more
than juveniles fed with M. pyrifera (based on test diameter measure-
ments), thus showing a plastic response to food availability.

This diet plasticity (i.e., ingestion of animal food) suggests a potential
use of juveniles in integrated cultures or for biological control in mussel
and salmon farming in southern Chile. The usefulness of sea urchins in
controlling fouling in bivalve cultures has been demonstrated for
Hemicentrotus pulcherrimus (Zhanhui et al., 2014), L. variegatus, and
Echinometra lucunter (Lodeiros and García, 2004).

FCR is an important metric for practical determination of food utili-
zation by organisms in culture (Heflin et al., 2012). In the current
study, the lowest and best FCRs were obtained with G. chilensis and
Porphyra sp. followed by Ulva sp. and S. crispata. The first two foods
are higher in organic matter and protein content. Heflin et al. (2012) re-
ported comparatively low FCRwhen L. variegatuswas fed with artificial
feeds with high protein levels. Therefore, L. albus juveniles that were
fed foods high in organic matter and protein were most efficient at
converting ingested food into body mass.

4.2. Experiment 2

Growth, ingestion rates, and FCR in early juveniles of L. albus were
positively related with the feeding frequency and did not show signifi-
cant evidence of a compensatory mechanismwith a decrease in the fre-
quency of food availability. In L. variegatus adults, Lawrence et al. (2003)
found that the total amount of food ingested was greater in those fed
every day, although the daily ingestion rate was greater in individuals
fed intermittently. In Paracentrotus lividus, McCarron et al. (2009)
found that intermittent feeding regimes (individuals fed 50% of the
time) had a significant negative impact on the growth of small
(10.0–12.9 mm) and medium individuals (19.5–23.0 mm) but had no
effect on larger individuals (29.0–33.5 mm). These authors found that
continuously fed small sea urchins ate significantly more feed per day
than intermittently fed sea urchins. In S. droebachiensis, James and
Siikavuopio (2012) found that early juveniles (4.1 ± 0.1 mm) fed con-
tinuously had a significantly higher feed ingestion than intermittent
regimes (individuals fed 50% of the time in three variants: fed 1,2 or 4
week/starved 1, 2 or 4 weeks). These authors indicated that because
the metabolism of smaller sea urchins is higher than that of larger sea
urchins, they require more regular feeding to maintain growth rates.
They recommend a continuous feeding as the best dietary treatment
in terms of growth for early juveniles of S. droebachiensis. The current
study demonstrated that early juveniles of L. albus need continuous
feeding to grow. However, further studies are required to confirm the
absence of compensatory mechanisms to respond to a decrease in
food availability in L. albus juveniles.

4.3. Implications for aquaculture and restocking

Generally, L. albus juveniles (early and late) in experimental cultures
have been fed Ulva sp. (Chlorophyta), M. pyrifera and L. nigrescens
(Phaeophyta) (Bustos et al., 1991; Zamora and Stotz, 1994). However,
the current study demonstrated that feeding with Porphyra sp. and
G. chilensis (Rhodophyta) as single species diets is a promising alterna-
tive for the development of juvenile cultures. The selection of algal spe-
cies will require careful consideration of costs and benefits with respect
to their use in L. albus juvenile culture. Algae availability is an important
issue because a commercial-scale culture will demand large quantities
of food. With the exception of Ulva sp., the other algae used in the
current study are cultivated in Chile but have different production levels
(Buschmann et al., 2008). Although many artificial feeds can outper-
form algal foods (leading to better performance in sea urchin juveniles)
(KalamAzad et al., 2010), in the case of L. albus juveniles, further studies
are required to compare the efficiency and effectiveness of the use of
artificial feeds compared with algal foods. An alternative option may
be the inclusion of algal foods in artificial diets, which can be used as
feeding stimulants or as supplements for sea urchins (Cyrus et al.,
2013; Dworjanyn et al., 2007).

Artificial restocking of benthic resources (invertebrates and algae) is
promoted and regulated by the Chilean Fisheries and Aquaculture
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General Law and by theManagement and Exploitation Areas for Benthic
Resources Regulation. Sea urchin restocking experiences in Chile have
been experimental and scarce (Jerez and Figueroa, 2007). Future
restocking programs will most likely demand a reliable source of high-
quality hatchery-reared juveniles,whichmust grow rapidly after seeding
in natural restocking areas. The findings of this study regarding diet plas-
ticity and alternative natural foods that increase the performance of
L. albus juveniles contribute not only to an improved understanding of
juveniles' performance in culture but also to explore suitable areas for
restocking while considering the presence and availability of alternative
food sources.
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