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ABSTRACT: The Armbian abalone occurs in the Arabian Sea’s rocky coastal @one in associatdon with conspscuous
macroales] commmumsiies mowhich it represents the dominent herbivorous componen. Desplie such ecolopbcsl Imponance
ased although the commercial exploitation of shalone presemis & considerable comribution 1o Omani fisheries, almost
mithing s Enown aboud the heobogy of thes species, This repont preserts reswlts of ressarch carried out in the Tiekd and
willy laboratory culures, and draws: general conclusions related also 1o e fishersss mandgement of thess possibly
avereaploited abalone populations, Cohart observations in the Geld ewd measared increments of cubtured specimens shawed
& groveth rade signaficamly mgher than mn other abalone specics, 1.e. gresler than 3 mm shell-increment per month. The
very carly seaual mamrity demonstraced by caplivity spawnings of approcimasely one year old animals is also quite
wnusual, The gpecied cggs formed mucous monelayers sitached o the substratum whercas other abalone specics prodece
pelagic eges. Juvenile coboms in neture and be periodic spawning of culiured andmals indicste the major spawning in
spring and postmorsoon one i autaimn, The models previeusly applicd in fisherics mansgemend of afalone in Oman
atsumed only one spawning per year - the first being &l age 2+ - and & slower proadl-rate.  These models should be
eeconsidened using the new data, which may partally explam why abalone are less pverexplosted than one woulld expect
losking o heavy harvesting. [n view of & projecied commircial abalone cullvation our laboratiary rearing vaperiments
showed thai both ratural and 'or artificial food may be used, provided this contains -apan from standard ingredienis - the
seawend horme componenis (probably pioecobilline) required Tor a nornial parasite - resistant shell formation, 'With regand
0 anificial reproduction. our preliminary wrials showed thar spawning, fertilization, and initisl larval reanng present na
Er;lhl:rrﬁ. The steps from the pediveliger ta larval settlement, however, seem o be fatally exposed to ciliaste atacks
her research s needed (norder o elimanate ehis crtical problem

be haliotid gastropod Halions mariae Wood, 1828
is considered o be an endemic species (Bosch &
, 1982: Johnsom et al. 1992) restricted w the
ianl coastal waters of the Arabian Sea (Fig.1). This
§ the source of its popular name Omani abalone; the
ocal name is sufailah.  Considering the feeding
dependence of abalone on more or less year-round
‘wpplies of adequate red and brown seaweeds, which in
[ require appropriate nutrient supplies and a hard
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substrate habitat, the truly endemic species’ distribution
seems (o be restricted to the upwelling-affected and
rocky coastal zones of the Northern Indian Ocean, i.e.,
those of Oman, Eastern Yemen, Socoira, and most
likely NE Somalia (Barrat ef al., 1986; Stirn et al.,
198K},

Due o the huge market in Eastern Asia and an
exiraordinarily  high price, commercial abalone
exploitation in Chman has steadily increased since the
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1950's (Johnson et al, 1992) 1o reach current annual
harvests of > 150 tons gross (e ~ 70 tons of fresh
fleshy. This is equivalent to > 4 million USS of
export value, by far the highest economic yield of all
Omani fisheries products. This harvest is carried out
exclusively by local skin divers, with more than 300
being registered in 1992, The only equipment the
divers are using is the simple face mask which is
inadeguate for the middle ear pressure compensation
Therefore the divers suffer quite often from nasal and
ocular bleeding, and some we observed with a typical
nystagmus, indicating ruptured eardrum and damaged
labyrinth organs of the inner ear. The divers operate in
rocky shore areas of Dhofar between Mirbat and Hasik
as well as largely around Sharbithat, always in shallow
subtidal zones down to about 10 m depth (Figure 1).
The first signs of overexploiation (Johnson &
Shepherd, 1992} led the government Lo introduce o
reduced fishing season only during December-January .
This was accompanied by the regulation of a minimum
legal size of 9 cm  shell length. Efficient
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Figure 1. Heogeographical distributsn of Arabian abalone i

pocky inshore hsbatate of ihe Southern Oman which dare scasomally
alffected by upwelling - induced cooling illusiraied here by typleal
summer asrface isotherms, (from Al-Mukhani, 1991); the suppled
areas show bocalities of dense popalations wihercas the circles
indicare scattered or rane presence.
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implementation of these legal measures sh
contribute considerably 1o the protection of natu
equilibria in abalone populations. However,
regulations are based on msulficient knowledge o
the life history of this abalone species, its stocks,
population dynamibes which is extrapolated, al
entirely from the analyses of shell lengths and remas
of gonads in the shells of those animals which hay
heen left on the shore after the harvesters had
the fesh (Johnson e al., 1992; Sanders, 1982; Siddes
& Johnson, 1993},

Having recognized these, i.e. management relat
problems, the first objective of our research was |
contribute a better knowledge about the biology of
abalone under natural conditions and In captivity, =
addition, potential Omani interest in  comumerci
abalone culiwres led ws 1o initial trials for the artificiat
reproduction  and  rearing  of  this  species.
Unfortunately, the modest facilities - far from abalo
natural hahitats- caused considerable technical probl
aned somewhat lowered methodological standards,
including limitations in experimental series, sizes
frequency of sumples, ete. However, the total lack
knowledge on the biology of this abalone justifies
reponting these preliminary results.

Material and Methods

|. FIELD WoRK: Two localities in the rocky coast
zone of the Dhofar region, Raaha (Mirbat) and Sadh,
were visited in October 1991, February, June, and
December 1992, usually in the frame of field training
activities. Observations were made by SCUBA diving
and recorded by underwater photography on habitat,
distribution and behaviour. Living abalone were also
sampled, sizes were recorded and selected specimens
transported 1o the laboratory. Macroalgae from abalone
habitats were sampled as well, partly for further
taxonomic-ecological studies, panly as the food
experimental animals.

3. GROWTH AND FEEDING EXPERIMENTS: The juvenile
and small adult abalone specimens (shell length: 25-78
mm) used for growth and feeding experiments and i
the broodstock for artificial reproduction trials were
penerally reared in individual chambers. These
consisted of rectangular, perspex containers (20 x 10 %
25 cm) with all sides perforated (8 mm holes, 10¢dm’).
They were placed in all-glass aguaria (60 1) and fitted
with a simple recirculation system as shown in Figure
TA. The temperature and salinity were maintained af
254 1°C and 3640, 5 psu, respectively. The sca watef
was changed completely twice a month,

The hasic diets for experimental animals consisted
of freeze-preserved macroalgae from Dhofur shores ol
the Arabian Sea (mainly the kelp Sargassiopsii
zanardinil Schiffner and partly Gracillaria sp.) with



gf 30-60% additions of anificial feed (modified
lation of Uki et al., 1985). The anificial feed, in
m of flakes for juveniles and “spaghem” for
prepared as follows: 4 of Na-alginic acid
d in 130 ml of dist. water, 2 g of white fish
.::j. squarium fish flakes (also as a vitamin
) 2 g of agar-agar, and 0.5 g of starch are
, homogenized and solidified in 0.1 M CaCl,
fi; affer partial drying (1/2 hour at 60°C) the feed
gze-preserved.  As described below, feeding
ments in which animals were on this antificial diet
showed a nutritional deficiency, presumably in
illine pigments. This demand was successfully
sated by offering diatom-cyanobacterial films
| Were grown on ceramic plates immersed in the
il microalgae-growth-medium “f-2" (Guillard &
e, 1962) for 2-3 weeks under anificial
Mnation (Sylvania “Growlux” wbes, providing 0.2

RTIFICIAL REPRODUCTION: Apart from spontaneows
ming (stimulated by temperature and mechanic
ses during the transporiation of brood stock
.' ), spawning was induced artificially by suddenly
or lowering the water temperature by ~
e with H.O, - stimulation (Morse e @, 1977).
on steps were carried out according to the
 of Ebert & Houk ( 1984). After the hatching,
swimming larvae were transferred for
prphosis and growth into a semi-sterile recveling
m as shown in Figure 28,

Hesulis and THscussion

AND  DISTRIBUTION  OF  ABALONE
TIoMS: The endemic  Halions mariae
g are clearly associated with macroalgae-
ed subtidal communities combined with an
priant component of hermatypic coral assemblages
_,, diversity sedentarian macrofauna.  The
eral characteristics and dynamics of this region were
tibed by Barratt of ai., (1986). This information
our periodic observations show that during the
phose of the summer monsoon period the
by upwelled, hence still nutrient-rich and
jl cool (<24°C) water masses induce an
dimarily fast and productive growth of
= . This vegetation may occupy up to 25-30%
he available space of the inshore water column and
psists of the dominant endemic kelp Sargassiopsis
i (Figure 3) along with codominant species of
1 Sarpassum, Cysioseira, Spathoglossum,
' , and Suhria  (deeper  bottoms  are
peterized by the kelp community of Ecklonia
g). Our measurements as well as the data of
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Figure 2.  Technical arcangemsents for experimenial growth and

n;pﬂh.hu.:l.ilm of ahalone:  A-- Closed sysbem sjuariim with the
growth chambers (CH) for the mdividual, adubt and juvenale
ababaie: 1 - perforsted chamber widls a shade zone (2) recirculating
anrhift amil a heasy cover plate (5); ¥ - peneral recirculateon system
pumping reated sawater from below the bottam samd-biological
filter (7 & &) % - ancillary airation; & - thermaostatic beater.  B--
Semisterile recirculating systerm For the growth ol embryamal il
Larval ahalone stages: | - alrsted reservedr of  imitially sterilizsd ses
waler; 2 - mechanal & hinlogheal Gleer with safety-levelling tuhe
(3} 4- larvee growth chamber sith eater (8, contad thermareter
comiral {T) and 55um outler sereen (5); 10 - recipeent reservixir with
cemrfugal pumg (B and Now-control tmer (%) for uplifing used
sed wader (scale — 1:2005.

Barram er af,, (1986) show that this vegetation reaches
its highest bismass (5-7 kg m* fresh weight) in autumn,
This is followed during the winter by a gradual
reduction due o grazing and mechanical detachment of
mature planis, yet new growth begins already during
early spring, both from the holdfasts of the vegetation
and by spore-bomn recruits (Figures 3 and 4). However,
throughout the spring season this growth is rather
limited, mainly by insufficient nutrient supplies,
whereas the grazing pressure remains quite heavy.
Consequently, the macroalgal cover and biomass levels
are extremely low during late spring which is likely the
only short imerval of suboptimal food-supplies for
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and diverse component of understory and encrusting
algae which is present year-round; the latter, combined
with eyanohacterial and diatom films, 18 also very

abumdant as epiphytic layers on the mature seawesds a8

well as on other substriata. It s =:'||:'!l.|.|'|'. this source of
food that adequately compensates for the temporary
shortage in macroalgal food supplies, at least as far as

the feeding of juvenile abalone is concerned

-
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Figure 4. Live specimen
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Considering these cenditions in the sense of th
tropihie basis o
unlikely that thaey
Our feeding experiments show thal O

1=
ad

ahilone popuiations, I Se£ms s
could ever face any  shorage 11 o
h:.:["|”:|l-.'*~
abalone prompily and casily adapt o different food
items: if provided simultaneously with kelp particles
encrusting macroalgae, and plate-cultured mecroalgls
films, they graze on all of them, even in the span of §
single night
vEgetation and s PEOICUING o | hr.lliill and Lemipore
variability can thus be assumed o have hitle umpact of
the density distribution of abalone subpopulations and

show an aggregation patern not necessarily bound o

e sessonal dyvnamics of the macroalge

prespawning aggregating behaviour as described by i
number of authors (Shepherd & Johnson, 1992}, The
abalone in the sUrvey e ghallow subtidal rones (=4 n
depth} of the Bay of Sadh and Raaha were distribulst
Among 10 randomiy selecie
sampling surfaces (= 10 m* each), 6-8 did not yicld
juvenilies {2-4 cml

1-3 small (4-6 cmid, and 0-2 medivm-sire { =6 cmj adul

A% 2 rule in sgeregilions
any abalone and 2-4 produced 3-3

SpEClmeEns, e |.|I':‘;-.'.~\.: measuring 7-9 ¢m shell 5-'!'1:7'|-|.
Large abalone were not found in our sampling areas;
thev were probably remaoved during previous harvesting
Alsa, the preferential habitat of adulis &
generally deeper within the Ecklomia commumnity

[l typical  stratified
distribution; they were found almost exclusively undes
boulders in the shallowest zones, provided these wene
to prevent the rolling of
Cecaswonally, vet with  high
juveniles were also found under acroporid stony corals
Small ol
medium-size adult animals were restricted o deeper

LR TR |

uveniles  showed @

wave-protected enough
i liders density,

on somewhat  deeper bolloms (A-4 m)



§(> 1 m below low tide level), the former as a
under boulders and the latter exclusively in the
25 of the primary rock-substrata. These preferred
) are the places in which water dynamics
geomorphological structures provide optimal
1' s for the accumulation of detached macroalgal
des. Although shaded, these substrates also offer
undant cover of soft and encrusting algal mats.

PLATION STRUCTURE AND SPAWNING-RECRUITMENT
0D8: Although more detailed population studies
onot carried out, the basic biometric data shown in
£ | seem worth mentioning for the lack of pertinent
mation in the published literawre. In addition. the
Jowing observations allow the spawning-recraitment
joas 10 be estimated hypothetically for the first time.
plles with a shell-length of 34 cm were the
i fraction of the sampled subpopulations, both
T ciober 1991 and at the end of February 19492,
fme interval of > 4 months. This clearly

B8 (wo distinet recruitment periods and sugpgests
' ing scasons, one during spring, (the spring
h}'pul:}mis is also supported by the obhserved
8 spawnings in captivity during March 1o
l?ﬂ as reported below), and the other in aumn.
alsa in agreement with the outputs of size-
quency analyses as reported by Siddeek & Johnson

AND FEEDING OF ABALONME IN CAPTIVITY:
jenile (<35 mm) and small adult specimens (<63
), collected in the shallow subiidal zone of Sadh in
_ 1991 and February 1992, were reared for 6
d 2.5 months, respectively. Growth. as shell-length
. wis measured in approximately monthly
ervals; the biomass of the soft parts was determined
the end of the experimental study. The data  (Table
gathered provide new insight into the biology of this
 species. Compared with other abalone species
alied, which are distributed mainly in temperate and
propical regions and whose usual growth rate is 13-
& mm {maximum 2.5 mm) shell length increments per
anth (Day & Fleming, 1992), Halions martae shows
¥ high growth rates: wypically 3.3 - 4.3 mm,
m 1.6 mm and maximum 4.8 mm. The
fopementioned field observations  on the separate
ecarrences of the equally sized juvenile cohons during
_* mn and late winter indicate a growth rate in the
ame range under natural conditions although perhaps
5 than the maxima ( >4 mm/month) demonstrated
RpeT] allv,

The least diswurbed experimental animals (no
ing until the terminal rearing stage) that were
Iy fed on prodein-rich artificial diets typically
led the maximum growth rate, These dicts were
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TABLE |
B T S et
s g
15 1.1
14 1A
a0 5.1
i.5 14
5,1 fi. 4
5.5 Al
1,0 bLYY
Ty i, |
2 160

Mofe: Shell fraction of the weal wer biomass s 32-44%; edible pans make
upp = T ol loinl sl pases,

also clearly chosen by animals over any kind of natural
macroalgae that were offered simultancously in
occasional trinls. However, the exclusively aruficial
feeding caused a remarkable side-effect, the "green
shell”. As early as 4 days after being put on this diet,
the amimals began to produce new shell-edge layers
whose outer surfaces had a strong blue-green colour (a
shade resembling the mineral amazonite and the
pigment of abalone ovaries, cpgs, and early larval
stages). The “green shell™ (Figure SA) was produced,
without exceptions, as long as abalone were fed
exclusively on the artificial diet; within a week of being
offered kelp, red algae, or cvanobacterial-diatom hlms
feulered on ceramic plates) the newly produced shells
returned 1o their normal coloration.  The morphological
examination of the "green shells” showed that these are
devoid of the normal, red-brown periostracum and that
the upper layer of the prismatic (calcite) ostracum thus
hecame the shell’s outer surface (Figure 5C). This
layer normally has a slight and variable pigmentation,
probably  calcite-cocrvstalized metallic  porphyrins
{Wilbur, 1972), of the same blue-green nuance,
although the shade  of "green shells” is considerably
stronger. According to Shepherd (1991, pers. comm.)
this phenomenon has been observed in some cultures of
other abalone species, and a few partially green-shell
abalone were also found in our samples from natural
habitats in the Arabian Sea.  The abowve evidence
suggests a certain nutritional deficiency which hinders
or tolally blocks the normal synthesis of the
periostracum protein material or at least its tanning
component, i.e. phenoloxidase-induced agglomerates of
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TABLE 2
Fapvrarthh of fuvenile Maliofs markes (eipressed i ihell Tempth imerempsls ) peared i o clored-rysivar aguarium daaning {FRI-RY and fed arnflolad aedor n

EXPERIMENT Shell-Length 1mim)
SPECIMEN il .l
Mow 1 De 12 Tan 11 Feb 11 ar 11 Apr 20
#F01: FIART + CYTHAT kL 12 3 a1 45 52 23 1.8
EPAW: 3R 11Y & 3R/
# O3 MIART + CYDIAT 1| 15 a1 i 19
SPAW: BRI, 103 & 2403
O MART + CYDIAT L) 4 an &1 54 hi il 4.3
SPAW: 24/4
¥k PIART Kk Lt Al & L fd o i
¥ 08 FRELR 1 LT 1 a2 iT L1 20 1.1
¥ WUCKELP v L] fel i 1.4
#07: PEELP L] ] A 4] a4
SPAW: I4id
Bymbals:  Fofemae, W-male, ART-artificial feed, CYRIAT plane- cultured cyanohacierial-diabom fili

KELP-nafural mactoslpae food, SPAW - dates of sponianoous of i

& [, - gotsd shell length incsement during 6 or 1.5 months, & L

guinone derivates (Brown, 1952),  The fact that
additions of cyanobacteria and red algae to the artificial
diet promptly allow normal shell production suggests a
hypothesis in which the missing nutricnt might be
phycobilines, i.e. typical pigments of the above plant
groups. Since the "green shell” phenomenon - without
or with significantly reduced periostracum - most likely
decreases resistance of abalone against  boring
organisms and parasites, it might present a potential
problem for commercial abalone farming.  An
improved feed formulation should overcome this.
Food consumption studies provided indication on
the feeding requirements of Halioris mariae in general
as well as from the standpoimt of rearing this species in
commercial maricultures.  Although abalone were
always fed ad libidum, the approximate average rates of
food consumption were in the range of 6-13% of the
wet weight biomass of soft parts per day, i.e. 0.2 - (0.8

g per day.

ABALONE REPRODUCTION UNDER EXPERIMENTAL
CONDITIONS SpawnNNG: During the rearing
experiments - spawning occurred three times (Table 2}
The first spawning, by the same “juvenile® couple,
actually occurred in two successive pulses with a four
day interval (Table 2: #1 and #2):. this was clearly
induced by an unintentional increase of the aquarium
temperature from = 23-25°C 1o 27-28°C. The other
two spawnings (Table 2; #1 & #2 and #3 & 7) were
purposely induced, the first in March by transferring
potential spawners from a cool aguarivm {23°C) into a

munthly iEremenis
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spawning chamber at 28°C, and the second in April by
chemical stimulation with H;O. in highly basic sea
water (pH 9.2). In all cases the males spawned [irst,
followed by females within one hour. The females’
behaviour before the spawning showed a tendency 1o
select a place in the chamber's corners or just below the
cover plate, As a consequence, the majority of eggs
are ejected towards the walls to which they adhere and
form an attached monolayer. According to Shepherd
(1991, pers. comm.) no other abalone species is known
to produce substratum- attached egg masses; this may
present a specific eco-adaptation of Halions mariae

Another spawning aspect of Halletis marae,
compared with the life cycles of other abalone species,
is an extremely early reproductive maturity. This is
followed by first spawning that evidently occurs at as
approximate age of 1 year, in contrast (o 2% years at
suggested by Sanders (1982). Although the cgg-
production of ripe “juveniles” is rather modest (in the
above cases in the range of 4-8 x 10F eggs pe
individual spawning), this early maturity must have an
important positive impact on the recruitment and the
status of ahalone stocks @ prieri. This effect will be
enhanced because, in reality, only a marginal fraction
of 1-2 year old abalone are harvested for regulations
provide absolute protection of these cohorts.  This
phenomenon may explain why abalone stocks are
depleted 10 a lesser extent than one would expect
considering the rather heavy exploitation pressure over
the last 10 years
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wilid ipecimen ol ke siart of TeediFg CAfCriments
Ix). B-The same Spelimen Tl in CRPLIVILY the firsi
TN with matural seaweeds (normal shell hetweem marks 5-%
02 monhs: with snificial feed that caused the periostracum - Iree
shell (Z); enriching artiflcial feed with live cvanohscierin &
Gused quickly & noemal shell formation (C),  C-—-Surface
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Bl peristracum layer (scanming electron milcraphutog raph
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m layer om the sbalone shell prown m natural conditions
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Figure 6 . Embryonal and early larval stages of artific illy spasned

abialone Haliotis marise; explamations in the 12

EMBRYONAL AND LARVAL DEVELOPMENT: Follow i
each of the spawnings described above, most of the ova
were apparently fertilized only afier becoming amached
to the substratum.  They remained there throughout
embryonal development, including the period the
formed, encapsulated trochophores reguired for the
final haiching. The trochophores then actively swam,
as 3 rule towards the subsurface of the waler column
(never at the very surface), while the subsequent veliges
stages again showed a tendency for a near-bottom
distribution, As mentioned above, such a substratum
affinity, not known in other species of abalone (Fallu,
1949] ), seems 1o be a specific characteristic of Haliotis
mariae. Also, the morphology and temporal phases of
larval organogenesis were observed o be somewhat
different from other species (Ino, 1952; Seki & Kan
no, 1977, however, this might be due o adverse
experimental conditions

The embryonic and larval morphology for Halioris
mariae 15 shown in Figures 6 and 7 with the tvpical
phases as follows: (1) a fraction of the demersal
monolayer of egigs which are tightly connected by the
muccus coats belonging 1o individual eges: (2) a non
tertilized epg with its typically massive mucous coat:
(3} cleavage, 2nd division, 1-2 h after fertilization: (4}
advanced embryo, & h after fenilization: (5)
encapsulated trochophore, 12-14 h after fertilization:
{6) initial veliger stage; 32-36 h old; and (7) advanced,
48 h old veliger
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Figure 7. The most advanced veliger larval stage of ariifecially
spawned abalone Haliotis mariae, 80 hours after hatching, il
length 280 Gm (oplo-Lransmissin miicroplalograph; the smage Ol
cilia enhanced manually )

Unforwnately, further larval reimian
unknown because the veligers did not survive for more
than 3 - 8 days. They were massively attacked by
bacteria and ciliates, whose sudden outhreaks followed
the addition of non-axenic diatom and fagellate
monocultures meant for larval feeding. This additon
was obviously harmful and most likely unnecessary,
since the non-attached stages of the abalone larvae are
generally considered 1o be lecitotrophic. Recently the
Marine Science & Fisheries Rescarch Center, Muscat,
also produced aruficially fertilized larvae which, 100,
survived only for 3 days (], Ogawa, pers. comm.}
Obwiously. even the most elementary steps towards the
development of commercial abalomne cultures reguire
miore research, adequate experimental facilities to carry
it out, and more basic knowledge about the biology and
ecology of natral abalone populations Although in
this field, too, the firsi resulis of our research provide
new and useful information, much more systematic
research is needed o priort and particularly in order to
meet the basic requirements of a rational managemen
and protection of natural abalone résources.

I"||..I.|_.=l'."“l-
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