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ABSTRACT The abalone, Haliotis tuberculata coccinea has been considered in the Canary Islands as a potential candidate
species for aquaculture to restock its natural ecosystem. Because the study and development of artificial culture techniques require
as much information as possible on natural populations, 20 monthly H. tuberculata coccinea samples were collected in the island
of Gran Canaria between June 2005 and May 2007. Reproductive biology was assessed by histological techniques, and von
Bertalanffy growth parameters were also estimated. Ovarian morphology of H. tuberculata coccinea showed 6 sexual cell stages
during the oogenetic process and a group synchronous ovarian development. Its reproductive cycle is characterized by an annual
spawning period throughout the entire year, although the maximum reproductive activity of this population was observed
between August and February. Batch fecundity ranged from 85,749 (shell length (SL), 39 mm)-691,456 (SL, 62 mm), and a
significantly higher fecundity rate was observed in individuals with an SL larger than 55 mm, suggesting that, to optimize egg
production, this is the minimum broodstock size to be used in hatcheries. With regard to the population structure, the overall male-
to-female ratio was 1:1.02 and the data of the size class analysis did not show any tendency. The von Bertalanffy growth parameters
estimated for females and males were 72.5 and 78.8 mm in SL of asymptotic length, and 0.43 year ' and 0.37 year ' of growth rate.

KEY WORDS:

INTRODUCTION

The reproductive seasonality of several abalone species from
various regions in the world has been studied (Boolootian et al.
1962, Tomita 1967, Newman 1967, Webber & Giese 1969, Poore
1970, Young & DeMartini 1970, Hayashi 1980, Tutschulte &
Connell 1981, Capinpin et al. 1998, Fukazawa et al. 2007). Most
of the studies mentioned here have contributed to the develop-
ment and improvement of artificial propagation techniques for
a number of abalone species, as well as to the growth of abalone
aquaculture around the world (e.g., H. discus hannai and H.
rufescens).

Ormer Haliotis tuberculata tuberculata Linnaeus (1758) is
currently the only commercial abalone species in Europe. It was
considered as a potential candidate for aquaculture develop-
ment during the 1970s in France, and its commercial fishing and
culture interest significantly increased throughout Europe
during the early 1990s as a result of much easier international
trade (rapid transport and market globalization) and an
increase in its value in Asian markets (Huchette & Clavier
2004). New practices for the production of juveniles have
recently emerged and enabled a rapid expansion of this
industry (Daume et al. 2004, Roberts et al. 2004). Ireland
and the Channel Islands (Huchette & Clavier 2004), Scotland
(Kelly & Owen 2002), and France are currently the only
established producing countries. Spain has also carried out
some experimental culture trials.

A subspecies of ormer, Haliotis tuberculata coccinea Reeve
(1846), lives in the Macaronesian region (Geiger 2000). In the
Canary Islands, it has a patchy distribution on exposed and
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semiexposed areas from low intertidal to subtidal depths,
shallower than 15 m, with an affinity for specific habitats
(Nufiez et al. 1994, Espino & Herrera 2002). Coralline red algae
are generally considered to provide an optimum substratum for
larval settlement and metamorphosis (Morse & Morse 1984).
In fact, Espino and Herrera (2002) found high densities of
H. tuberculata coccinea juveniles and adults on rock surfaces
encrusted with coralline red algae. Furthermore, this habitat
is closely linked to a regular supply of drifting algae carried by
the currents. The amount of such drifting algae determines the
abalone population density where its habitat is suitable (Clavier
& Chardy 1989).

This subspecies has been overexploited because of its high
social and economic value. After Nufiez et al. (1994) and Espino
and Herrera (2002), it has been classified as an endangered
species in the Catalogue of Threatened Species of the Canary
Islands (BOC 2001). These studies have assessed some popula-
tions around the islands and concluded that this subspecies
cannot withstand the fishing pressure in the Canaries. Recently,
the government of the Canary Islands has shown interest in
restocking this natural ecosystem and considered H. tuberculata
coccinea as a new species for the diversification of local
commercial aquaculture. Its artificial spawning induction
was studied by Pefia (1986) and, more recently, to improve
knowledge about its culture, embryology, complete larval de-
velopment, and juvenile nutrition requirements have also been
described (Viera et al. 2005, Courtois de Vicose et al. 2007).

This study aims to provide more accurate biological infor-
mation on sexuality, reproduction, fecundity, and growth of
this species. This knowledge, when applied to hatchery-related
activities, may improve the culture of this species and is essential
to studying restocking in natural ecosystems.
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MATERIALS AND METHODS

Sampling

Monthly samples of 20 individuals were collected during the
day by diving between June 2005 and May 2007 at a depth
shallower than 10 m at El Castillo del Romeral Bay, Gran
Canaria Island (Fig. 1). Total shell length (SL) to the nearest
0.5 mm and total body weight to the nearest 0.1 g were taken for
each specimen. Conical appendages, consisting of the digestive
gland and the surrounding gonad, were carefully removed and
weighed to the nearest 0.001 g.

Ovary Morphology

The basal, middle, and apical regions (Young & DeMartini
1970) of the conical appendage was fixed in 10% buffered
formaldehyde for histological study. After 24-48 h, they were
dehydrated, embedded in paraffin wax, sectioned into cross-
sections (4-5 um thick), and stained with Harris’ hematoxylin—
eosin stain. Three regions of conical appendages were observed
microscopically to determinate the oogenetic processes in female
gonads. Oocyte stages were assigned according to Apisawetakan
et al. (2001).

Sexuality and Spawning Season

Sex and maturity stages of gonads were assigned according
to the classification described by Capinpin et al. (1998) (Table
1). Monthly changes in the three following variables were
analyzed to determine the spawning season (Hahn 1989):

1. Gonad bulk index (GBI) is the percentage of gonad tissue at
the base of the conical appendage.
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GBI = (Area of the gonad in the section/Total area of the section)
X 100

2. Percentage frequency of the maturity stages (EMS).

3. Oocyte diameter (OD): Diameters of 100 oocytes were mea-
sured using Image Proplus (ver. 5.0.1). Measurements were
made only of oocytes sectioned through the nucleus.

Fecundity

The pattern of annual fecundity was assessed by oocyte size
frequency distribution. Ripe females ranging from 37 to 47 mm
in SL in the ripe stage were selected for analysis of oocyte size
frequency distribution in November and March, representing
gonad development early and late during the spawning season.
Because the mean size (7-test, P > 0.05) was not significantly
different between both samples, one frequency distribution was
obtained for each month.

The gravimetric method was used to estimate batch fecun-
dity (modified from Hayashi (1980)). Conical appendages of 12
ripe-stage females, collected in October, were isolated from
gonads and weighed to the nearest 0.001 mg. Subsamples from 3
different locations (basal, middle, and apical regions) of each
conical appendage were weighed, and oocytes loosened from
trabeculae were counted. Fecundity was defined as the number
of oocytes in stages 4 and 5. To calculate the percentage of
oocytes in each region, gonad was fixed in 10% buffered
formaldehyde for histological study. Sections were photographed
microscopically and 150 oocytes were identified in 2 groups:
stages 1-3 and stages 4-5. Analysis of variance (ANOVA) was
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Figure 1. Location of sampling area of abalone specimens from the Canary Islands (eastern—central Atlantic).
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TABLE 1.

Criteria used to assess gonad development stage in H. tuberculata coccinea (Capinpin et al. 1998).

Stage

Description

1: Preproliferative

The gonad is essentially immature and is characterized by little or no germinal epithelium between the

outer epidermis and the digestive gland.

2: Proliferative

Spermatogonia cells are growing from the connective tissue tubules. Oogonia cells are growing from the

trabeculae and form clusters on trabecular walls. The gonad shows vacant spaces.

3: Maturing

A layer of spermatids or spermatozoa is present in the testis. Vitellogenesis is initiated at this stage.

Early maturing ovary is characterized by newly stalked oocytes measuring about 25 um. A
late-maturing ovary has oocytes larger than 50 um that extend from the trabeculae toward
the digestive gland, with each attached by a stalk and is shaped like a teardrop.

4: Ripe

The testis is densely packed with spermatozoa. A few early gametogenic stages may be present, but are

restricted around the tubules. The ovary has oocytes larger than 150 um. Mature oocytes free from
the trabeculae have a mean diameter of 150 um. A slight proliferation of oocytes less than 25 um is
common, especially near the peripheral wall of the gonad.

S: Partly spawned

The testis has obvious spaces around the tubules where spermatozoa have vacated. Other areas appear

ripe. The ovary contains reduced densities of mature oocytes relative to ripe gonads. The gonad lumen
is partially collapsed with folded trabeculae. A moderate number of ripe oocytes still present in some

areas is densely packed.
6: Spent

A spent gonad is characterized by lack of ripe gametes and slight gametogenic activity. Macroscopically,

the gonad is greatly reduced. The gonad lumen is collapsed, with folded trabeculae or tubules.
A spent ovary may have few residual oocytes.

used to compare the relative frequency (number oocytes per
gonad area) in the sample areas of conical appendage.

The females were divided into 3 classes according to their
shell length (35-44, 45-54, and 55-64 mm) and the batch
fecundity results were submitted to a statistical analysis apply-
ing a 1-way ANOVA followed by a Tukey test for multiple
comparisons of means, at a 5% significance level (P < 0.05).

Population Structure

Normality of length data was previously determined by
means of the Kolmogorov-Smirnov test for comparing the mean
sizes of the different study groups of abalone. The same statistical
test was used for comparing different distributions of length data.
Student’s z-test was applied as a nonparametric test for compar-
ing 2 means (Zar 1996). Carapace length-per-wet weight relation-
ships were calculated on each sex or group with respect to the
whole period studied.

The overall ratio (males to females) and the sex ratios by size
intervals (2 mm) were determined considering the number of
males and females. Sex ratios were tested statistically for
significant deviations from the expected 1:1 ratio with a chi-
square test (P > 0.05).

Growth

Length frequency data were analyzed for estimating growth
in each sex by means of Pauly’s method (Pauly 1983). Length
frequency was represented quarterly during 2 y to simulate
the time sequence. The FAO-ICLARM Stock Assessment
Tools (FISAT) program (version 1.2) was used for data process-
ing and calculating the von Bertalanffy growth parameters.
Bhattacharya’s method was used for decomposition of mixtures
of normal distribution. The estimation of L, was obtained by
means of Gulland and Holts’ method, whereas the k& value was
determined using the routine ELEFAN I (Gayanilo & Pauly
1997). For the sake of comparison, growth performance of both

sexes Munro’s phi prime (¢’ = log k + 2log L) was assessed
according to Sparre et al. (1989).

RESULTS

Ovary Morphology

The histological study revealed that the conical appendage
included the conical digestive gland surrounded by the ovary,
which was classified into 3 regions according to the relative
importance of both tissues. In the basal region the digestive
gland occupied most of the cross-section, in the medium region
the ovary filled most of the cross-section, and in the apical
region only ovarian tissue was found. The ovary was enclosed
within 2 walls that separated the ovary from the mantle and the
digestive gland. The connective tissue extended perpendicularly
into the gonads to generate the trabeculae, dividing the gonad
into compartments around the lumens, where oocytes were
developing. The first stages of the sexual cells appeared attached
to the trabeculae, whereas mature oocytes were formed near the
lumen. The trabeculae decreased in thickness as the female
gonad ripened. Two phases and 6 stages of female sexual cells
were recognized (Fig. 2).

Previtellogenic Phase

Oogonia (Og): round cells 10.66 + 2.7 um in diameter, closely
attached to the trabeculae, showing a highly basophilic
nucleus surrounded by homogeneous basophilic cytoplasm
(Fig. 2A)

Stage 1 oocyte (Ocl): oval shaped with a maximum diameter of
26.47 £ 6.44 um and a minimum diameter of 15.48 + 4.05 pum,
strongly attached to the trabeculae, round nucleus containing
a diffuse nuclear envelope, follicular cells surrounding (Fig. 2B)

Stage 2 oocyte (Oc2): elongated shaped with maximum diame-
ter of 60.51 £ 17.32 um and a minimum diameter of 33.15 +
13.04 wm, attached to the trabeculae only in the basal region,
oval nucleus, first lipid droplets appear (Fig. 2B, C).
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Figure 2. Slides of ovarian H. tuberculata coccinea tissue stained with hematoxylin—eosin. (A) Oogonia (Og) attached to the capsular side of the
trabeculae (tr). Ovarian epithelium (em) shows fibromuscular cells (fm). (B) Ocl contains an intense basophilic cytoplasm and a prominent nucleolus
(ncl), surrounded by follicular cells (fc). Oc2 shows a clear nuclear envelope. (C) Oc2 shows the lipid droplets (1d). Oc3 shows the first eosinophilic yolk
granules (yg). (D) Oc4 shows the secretory granules (sg) migrating toward the cell peripheries. A thin layer of homogenous jelly coat (co) recovers the
outer surface of the cell membrane. (E) OcS is surrounded by a uniformly thick jelly coat and is not attached to the trabeculae.

Vitellogenic Phase

Stage 3 oocyte (Oc3): pear shaped with a maximum diameter of
110.30 + 27.63 um and a minimum diameter of 59.64 + 21.02
um, increasing number of lipid droplets, appearance of first
yolk eosinophilic vacuoles (Fig. 2C)

Stage 4 oocyte (Oc4): polygonal shaped with a maximum diameter
of 162.25+ 28.76 um and a minimum diameter of 103.2 + 23.49
um, attached to the trabeculae by a small contact surface,
cytoplasm contains yolk vacuoles and numerous lipid droplets,
secretory granules with basophilic propriety migrate toward the
plasma membrane, follicular cells located around the narrowest

part of the cell, appearance of a thin eosinophilic layer of jelly
coat on the outer surface of the cell membrane (Fig. 2D)
Stage 5 oocyte (OcS): polygonal shaped with a maximum diameter
of 171.77 £ 28.75 um and a minimum diameter of 114.91 +
26.51 um, oocyte is released into the lumen of the ovary,
follicular cells absent, yolk vacuoles aggregated (Fig. 2E).

Sexuality and Spawning Season

Of the total number of abalone examined, 207 were female
and 204 were male. Assignation of sex macroscopically was easy
in most cases, except in the smaller or spent gonads.
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Maturing and ripe-stage gonads were found throughout the
study period, except July, with maximum ripeness for both
sexes noted in November (60%; Fig. 3). Partly spawned and
spent-stage individuals appeared yearlong, excluding January,
probably because of the few number of samples (n = 11 over
2y).

The changes of GBI measured at the base of the conical
appendage are shown in Figure 4. The highest values were ob-
served between August and February, whereas the GBI decreased
between February and May.

The oocyte diameter (Fig. 5) indicated a similar trend to
GBI, with the highest values noted between August and
February and lowest values noted between March and July.

The results described here suggest an annual reproductive
cycle, spawning throughout the year, although, in general,
maximum activity took place between August and February.

Batch Fecundity

Oocyte size frequency distributions showed 2 populations
of oocytes (Fig. 6), indicating a group synchronous ovaric
development. Approximately 78% of oocytes observed were in
stage 4 or stage 5. Bach fecundity ranged from 85,749 (SL, 39
mm)—691,456 oocytes (SL, 62 mm), with a mean of 391,103 +
275,257 oocytes. A positive association was found between
fecundity and SL (> = 0.924) and wet body weight (+° = 0.869;
Fig. 7). Tukey’s test revealed significant differences (P < 0.05)
in the mean fecundity of the highest size class (SL, 5564 mm;
Fig. 8).
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Population Structure

Females ranged from 29-72 mm in SL and between 2.87 g
and 57.85 g in weight; males varied from 26-75 mm in SL and
between 1.73 g and 66.30 g in weight. Student’s -test showed
significant differences in size between sex (P < 0.01) and the
Kolmogorov-Smirnov test also indicated differences in size
distribution (P < 0.05; Fig. 9). Analysis of covariance (F =
5.164, P = 0.018) noted significant differences by sex in the
relationship of size to weight (Fig. 10).

The overall ratio of males to females was 1:1.02, so the
hypothesis that the sex ratio was 1:1 must be accepted (chi-
square = 0.022, P = 0.882). The analysis by size class did not
reveal a tendency in data.

Growth

The parameters of the von Bertalanffy growth equation
estimated for females and males were 72.5 mm and 78.8 mm in
SL of asymptotic length and 0.43/y and 0.37/y of growth rate,
respectively. The growth performance index ¢’ was very similar
in both sexes: 3.35 in females and 3.36 in males.

DISCUSSION

Reproduction is an important aspect for the aquaculture
of new species. To understand abalone reproduction better, the
morphology of sexual cells during the oogenetic process has
been studied for different abalone species, such as H. discus
hannai (Tomita 1967, Awaji & Hamano 2004, Fukazawa et al.
2007), H. rufescens (Young & DeMartini 1970, Martin 1983),
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Figure 3. Monthly changes in the percent frequency of the maturity stages (EMS) for males and females. O, Pre-proliferative; 0, Proliferative;
@, Maturing; ®, Ripe; B, Partly spawned; &, Spent.
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H. diversicolor (Takashima 1978), H. asinina (Apisawetakan
et al. 2001), and H. tuberculata coccinea (current study). These
studies have proved that the gonadal structure of various
abalone species is very similar. It has been also reported that
oocyte development is group synchronous, observing a cohort
of large oocytes and another of smaller ones (Tomita 1967,
Jebreen et al. 2000, Fukazawa et al. 2007; current study). These
studies suggest that vitellogenic oocytes are expelled under
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favorable environmental conditions, whereas small cohorts of
oocytes are kept in the ovarian tissues until the next spawning.
However, the time elapsed between different spawning events
in H. tuberculata coccinea is still unknown. Tropical abalone
H. asinina is able to develop oocyte cohorts at least 3 times a
year (Jebreen et al. 2000), whereas H. discus hannai develop
oocyte cohorts twice a year (Fukazawa et al. 2007). With regard
to H. tuberculata coccinea populations in the Canary Islands,
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Figure 5. Seasonal variation of the oocytes diameter (DO) box plot.
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Figure 6. Oocyte size frequency distributions in ripe gonads representing
gonad development early (November) and late (March) during the
spawning season.

the high values of GBI and oocyte diameter throughout the year
indicate that spawning occurs yearlong. Therefore, these species
can be described as partial-spawning species.

The comparative analysis of H. tuberculata sp. spawning
seasons suggests an increase in spawning periods depending on
latitude. Hayashi (1980) found that northern populations in the
British Channel spawned over short periods, whereas southern
populations spawned twice a year or extended the reproductive
season. Likewise, H. midae, a species found in South Africa,
spawns for a short period of time between October and
December (Newman 1967). In the Canary Islands, a subtropical
region, the spawning season for H. tuberculata coccinea occurs
throughout the year, with peak activity between August and
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Figure 7. Relationships between batch fecundity and shell length and body
weight. The equation for shell length is F = 3187 %881 St (,2 = ,924)
and for body weight is F = 19,546 BW — 53,497 (+* = 0.8696), where F
is fecundity, SL is shell length in millimeters, and BW is body weight in
grams.
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Figure 8. Batch fecundity according to shell length of ripe females.
Vertical bars indicate SEM. The number of oocytes per female of 55-64
mm is significantly higher (P < 0.05) than that for females of 45-54 mm
and 35-44 mm in shell length.

February. Temperature seems to be the most important factor
affecting reproduction (Newman 1967, Girard 1972, Hayashi
1980, Uki & Kikuchi 1984, Counihan et al. 2001). In the
Canaries, the water temperature increase (Fig. 11) starts in
August (>20°C), when gonad development in the majority of
the individuals in the population is observed. However, this
reproductive behavior is maintained throughout the year, and
this may be related to spring tides around new or full moons
(experimental observation under culture conditions). Similarly,
Jebreen et al. (2000) observed that ovulation and spawning in
a natural population of H. asinina, a tropical species, are also
associated with spring tides. Counihan et al. (2001), according
to experiments performed with this species under captivity
conditions, suggest that tidal elements influence the spawning
biology, maintaining endogenous rates that persist in nontidal
environments (e.g., aquaculture installations) for at least 6 wk;
after this period, spawning continues, although irregularly.

It is difficult to carry out comparisons of fecundity estima-
tions among species and studies because the methodology used
varies greatly. Some studies are based on artificial spawning
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induction (Pefia 1986, Clavier 1992), whereas others are based
on rearing animals from natural population and on counting
the eggs released during natural spawning (Capinpin et al.
1998). Other studies are performed by the identification of ma-
ture oocytes according to their size or morphological features,
calculating the fecundity based on gonad weight or volume
(Hayashi 1980, Tutschulte & Connell 1981, Rogers-Bennett
et al. 2004). The data from the current study provide a higher
fecundity value than that obtained by Pefa (1986), who carried
out experiments in H. tuberculata coccinea populations with
animals collected in the Canary Islands at temperatures between
15.3°C and 17.5°C (probably low for complete gonadal matura-
tion). However, a comparison with other similar-size abalone,

26 -
24 -
224
20 -
18
16 -
14 -
12 -

10 . T : : i T ' i 1
1 2 3 4 5 6 7 8 9 10 M1 12

Month

Temperature (°C)

Figure 11. Means of surface water temperature in Castillo del Romeral
Bay. The upper and lower lines indicate the maximum and minimum
temperatures.
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such as H. asinina, reveals similar fecundity estimations: 150,000—
600,000 eggs (SL, 58.1-69 mm) (Capinpin et al. 1998). Further-
more, it has been found that abalone fecundity increases as SL
and body weight increase (Newman 1967, Hayashi 1980, Clavier
1992, Littay & DeSilva 2003; current study).

With regard to the population structure—in other words, the
sex ratio—the data found were similar to those obtained for
other abalone species such as H. cracherodii, H. rufescens, and
H. midae (Boolootian et al. 1962, Newman 1967). The biggest
specimen size reported for wild H. tuberculata coccinea pop-
ulations was 70 mm in SL (Nuifiez et al. 1994), smaller than the
size observed in our study (SL, 75 mm). The size of this species is
similar to the size of other warm-water species such as H.
diversicolor supertexta. However, other species of culture in-
terest such as H. tuberculata tuberculata, H. discus hannai, and
H. rufescens reach higher sizes of 120, 200, and 275 mm in SL,
respectively (Hahn 1989). Accordingly, the different maximum
SLs observed in abalone species suggest variations in the growth
parameters. The results obtained in this study showed similar
values of k (0.37-0.43/y and 0.25-0.45/y, respectively) and
a lower value of L, (SL, 72.50-78.8 mm and 99-119 mm,
respectively) (Day & Fleming 1992). We consider that, in cold
waters, the short spawning periods favor the energy supplies for
growing up, whereas, in warm waters where spawning periods
are longer, most energy is used for reproductive purposes.

The knowledge gained with this study may be useful in
H. tuberculata coccinea hatcheries. The ability to have mature
individuals throughout the year or at predictable times will allow
aquaculturists to schedule hatchery processes during periods that
are more favorable for growth and survival (Hahn 1989).
Therefore, the culture of this species requires the conditioning
of broodstock from the late summer until early winter, when the
populations showed a higher maturity rate. Hence, the gonadal
maturation of some warm-water abalone species respond to
temperature changes (Leighton et al. 1981, Morse 1984, Hooker
& Morse 1985). It would be interesting to study the conditioning
of H. tuberculata coccinea broodstock from late winter until
spring by raising them in seawater at a temperature between 18°C
and 22°C. Furthermore, the significantly higher fecundity rates
found in individuals larger than 55 mm in SL suggest that, to
optimize egg production, this is the minimum broodstock size
that should be used in commercial hatcheries.
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