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ABSTRACT. — The occurrence, distribution and morphological development of paralarvae and
juveniles of Sthenoteuthis oualaniensis from the Arabian Sea (8°-17°N and 64°-76°E) are pre-
sented and discussed based on 32 exploratory surveys conducted during 2010-2013. The results
indicated that the spawning grounds of S. oualaniensis may be in the southeastern Arabian Sea
around the Lakshadweep Archipelago (09°04’N-15°04’N, 73°44’E-75°36’E). Detailed morpho-
logical studies of the planktonic paralarvae (rhynchoteuthions), revealed the presence of three
stages based on the shape and relative size of the proboscis: stage 1 (1.47-1.78 mm DML), stage
2 (2.07-5.17 mm DML) and stage 3 (5.17-9.18 mm DML). The observations revealed that the
switch from paralarvae to juvenile occurs between 8.7 and 10 mm DML. Aging studies using
statoliths revealed that the paralarval period ends 36 to 52 days after hatching, with the growth
rate ranging from 0.14 to 0.21 mm DML. The results also indicate that the species spawns near

the continental shelf edge, and that paralarvae migrate to oceanic waters thereafter.

INTRODUCTION

Ommastrephid squids are economically important on
a global scale as they make a significant contribution
(58 %) to the total cephalopod production (4.07 millions
tons, 2013) from the world oceans (FAO, 2016). These
squids are important functional elements of tropical
oceanic ecosystems and are potential fishery resources
(Zuyev et al. 2002). The purpleback flying squid Sthe-
noteuthis oualaniensis (Lesson, 1830) is one of the most
abundant and largest oceanic squids in the tropical and
subtropical waters of the Indo-Pacific region and the Ara-
bian Sea (Yamanaka ef al. 1976, Silas et al. 1985, Young
& Hirota 1998). They have a complicated population
structure and morphological distinctions exist between
different forms (Clarke 1965, Nesis 1993). Morphologi-
cal features, geographical distribution and trophic rela-
tionships of S. oualaniensis change fundamentally dur-
ing ontogeny (Zuyev et al. 2002). It is also known as the
“Master of the Arabian Sea” due to its high abundance,
large size, short life-span, fast growth and near monopoly
of the higher trophic niche of the ecosystem (Chesalin et
al. 1995). Though the Arabian Sea is considered one of
the richest regions for this species in the Indian Ocean
(Zuyev et al. 2002), the resource is not the object of a
directed fishery by any of the bordering nations. A small-
scale commercial jigging fishery for these squids is oper-
ated by Chinese distant water fishing fleet (Chen et al.
2008), and India has embarked on an ambitious project
to explore these resources from the southeastern Arabian

Sea (Mohamed ef al. 2014). Partly because of the absence
of a directed fishery, many aspects of the reproductive
biology, distribution and ecology of squid in this area are
poorly described.

Previous studies on this species have focused on tax-
onomy from the Pacific Ocean (Okutani & Tung 1978,
Harman & Young 1985), and distribution patterns of
S. oualaniensis paralarvae from Hawaiian waters (Bower
et al. 1999a). Aspects of the life history, especially the
reproductive biology and longevity of this species, are
poorly understood. The spawning time and location of its
spawning grounds are as yet unknown in the Arabian Sea.
Knowledge of the early life stages of cephalopod distri-
bution and abundance patterns are useful to determine
spawning area, season, and its periodicity (Bower et al.
1999b).

Preliminary reports on the occurrence of paral-
arvae (also called rhyncoteuthions) and juveniles of
S. oualaniensis from the Arabian Sea include those by
Chun (1903), Silas (1968) and Aravindakshan & Sak-
thivel (1973). As part of the faunal composition study of
cephalopods, preliminary information on paralarvae and
juveniles from the Arabian Sea was presented by Chesa-
lin & Zuyev (2002). However, information on paralarval
and juvenile abundance, its growth and morphometric
aspects from Arabian Sea are lacking. The present study
provides information on the distribution, morphologi-
cal development, and relative growth of paralarvae and
juveniles of S. oualaniensis in the southeastern Arabian
Sea, which could lead to the identification of spawning
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grounds of the species. We also assess growth based on
statolith analysis.

MATERIALS AND METHODS

Study area: The study covered the western Indian Ocean
from 8° to 17°N and 64° to 76°E, which includes the eastern
and central Arabian Sea over bottom depths ranging from 100 to
4000 m. Exploratory surveys were undertaken from September
2010 to March 2013 by the MV Titanic, a commercial trawler
converted for squid jigging. Oceanographic and biological
sampling was conducted at 58 stations (Fig. 1). Due to rough
weather conditions during the monsoons, research cruises were
not undertaken from May to August.

Sampling: Cruises were typically coinciding with the new-
moon phase in every month. Stations were occupied from dusk
to morning (17.00 to 04.00 h) during which time metal halide
lights (1500x18 nos) were used to illuminate the area around the
vessel. At each station, zooplankton sampling included surface
hauls (10 minute duration) at 2 knots using a circular zooplank-
ton net (50 cm diameter) with a mesh size of 200 pm (KC Den-
mark, Model 23.100-WP-2) equipped with a calibrated flowme-
ter. Small paralarvae were collected as part of the zooplankton
samples. Larger paralarvae and juveniles were opportunistically
caught using a scoop net with 2 mm mesh size. A total of 128
juveniles were collected, from which 54 were used for morpho-
metric analysis. Bottom depth and position of each tow were
determined using SANSUI GPS. The oceanographic parameters
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Fig. 1. — Map showing the study area, sampling stations (x) and
location of paralarvae (®) and juvenile (X) S. oualaniensis

observed during October 2010 to March 2013 in the Arabian
Sea.

(salinity, pH, temperature and dissolved oxygen) were measured
by using a multiparameter probe (YSI, Model 650 MDS).

Abundance estimation: The relative abundance of paralarvae
at all stations was calculated as the number of individuals (N)
per 1000 m® of water volume filtered. The volume of filtered
water in m® was estimated using the flowmeter reading in the
sampler (L [flowmeter reading] x 0.3 [impeller pitch factor])
and the area of the plankton net opening (r) as V = (L x 7 x r?
x 1000). The abundance of paralarvae were estimated by using
formula, Abundance (number/1000 m?®) = (N/V) x 1000, where,
N = number of paralarvae and V = volume of filtered sea water.
Juvenile biomass was estimated at all stations based on Zuev et
al. (1985) using the formula, B = (N x W) / (V x D), where,
N = number of squids observed during 1 h of observation,
W = average weight of different size groups, V = drift speed
of the ship (3.7 km/h) and D = width of the light zone (9 m).
The estimated biomass value in each station was converted into
numbers by dividing the value with average weight. A limitation
of this light-trap method is that it can sometimes result in over-
estimation. The average weight of different size group was esti-
mated by weighing a subsample of specimens in the laboratory.

Identification and morphometric measurements: All larval
squid samples from individual tows were preserved in 5 % buff-
ered formalin on-board. In the laboratory, they were identified,
sorted, counted, and measured. Identification of paralarvae was
done based on key morphological characters described by Oku-
tani & Tung (1978) and Sweeny et al. (1992) with the help of a
binocular microscopic and image analyzing system (Leica DFC
295). Eleven length measurements of external morphology such
as dorsal mantle length (DML) mantle width (MW), head length
(HL), head width (HW), arm length I, II, IIT and IV (AL I, AL
II, AL III, AL IV), fin length (FL), fin width (FW) and tentacle
length (TL) were recorded according to Roper & Voss (1983)
for paralarvae and juveniles. The measurements were taken with
an ocular micrometer for small paralarvae, and a digital vernier
caliper for larger paralarvae and juveniles. Key indices were cal-
culated for body dimensions relative to mantle length as (body
dimension/mantle length) x 100.

The morphological developments in paralarvae were divided
into three stages based on the relative length of the proboscis
and its separation into two tentacles (Roper & Lu 1978). Briefly,
in stage 1 the proboscis was short to moderate and in stage 2 the
proboscis length almost doubles. Stage 3 was morphologically
defined as the beginning of the proboscis separation to the end
of the separation into two tentacles (Table I). Complete splitting
of the proboscis was considered the end of the paralarval stage
(Young & Harman 1988). Morphologically, juveniles were sim-
ilar to adults.

Statistical analysis: Regression analysis was used to com-
pare the log-transformed body dimensions and the DML of
paralarvae and juveniles. The following equation was used
y = aDML?, where y is the length of the dimension of interest,
b is the slope and ‘a’ is the initial index (Zeidberg 2004). When
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Table I. — Ontogenetic changes during morphological development of paralarvae of S. oualaniensis from southeastern Arabian Sea.

Paralarval Sample Size range Number of Size of Tentacular Proboscis Mean depth of
Stage Numbers (mm) arms proboscis (mm) Index characters stations (m)
Stage 1 5 1.47-1.78 3 pairs 0.7-0.81 38.2-48.3 Short proboscis 678
Stage 2 27 2.07-5.17 4 pairs 1.28-2.36 51.7-81.4 Long proboscis 1757
Stage 3 94 5.17-9.18 4 pairs 0.95-2.31 6.84-34.1 Proboscis division 1889

b > 1, the given body dimension was growing faster than the
DML (positive allometric growth), when b = 1, the two dimen-
sions had isometric growth, and for b < 1 the DML was grow-
ing slower than the given body dimension (negative allometric
growth). Analysis of covariance (ANCOVA) was used to test for
significant differences in morphometric relationship between
paralarvae and juveniles.

Statolith aging: The statoliths of 22 alcohol preserved par-
alarvae (stage 3) and early juveniles were extracted and, prior
to fixing, the total length of the statolith (TSL) was recorded.
One statolith from each pair was used for aging. Each stato-
lith was first attached to a microscopic slide with the anterior
(concave) side facing up with crystal bond mounting medium.
After drying (usually 5 minutes), the paralarval and early juve-
nile statolith growth rings were counted using a Nikon (Eclipse-
80i) microscope. Juvenile (15-45 mm DML) statoliths were also
mounted in a similar way and polished with fine sandpaper (Grit
#1500). The date of hatching was estimated by back calculation
from the time of capture, assuming that the increments formed
daily. The daily growth rate, DGR (mm.d™") was calculated as
DGR = (W, - W)/ T following Arkhipkin & Perez (1998),
where W, and W, are dorsal mantle length (DML) at the begin-
ning and end and T is total age in days.

RESULTS
Environmental parameters

Average sea surface temperature (SST) was about
28 °C throughout the study, salinity ranged from 32.88 to
34.58 psu and chlorophyll-a from 0.1 to 3 mg.m= over
the entire study area.

Paralarval and juvenile distribution

Paralarvae were observed at 6 of the 58 stations sur-
veyed from October 2010 to March 2013. High abun-
dance of paralarvae was observed 46 nm west of Kollam
(09°03°N; 75°36°E) in February 2011 and high abun-
dance of juveniles was observed 60 nm southeast of Kal-
peni Island (09°44°; 74°37°) in January 2012.

Morphological characters

Paralarvae of S. oualaniensis are characterized by
equal-sized suckers on the proboscis. There were three

chromatophores on the anterior dorsal mantle and one on
the posterior dorsal mantle. Paralarvae larger than 4 mm
DML had a photophore on the ventral side of each eye
and possessed a mantle funnel locking apparatus with an
inverted T shape. Three different growth stages (stage 1
to 3) could be differentiated based on the size and shape
of the proboscis and the relative sizes of suckers on its
proboscis tip (Table I).

Paralarval stage 1

The paralarval stage 1, measuring 1.47 to 1.78 mm
DML, was characterized by eight suckers on the pro-
boscis, among which the two lateral suckers were
slightly enlarged. The length of the proboscis (0.71 mm
to 0.81 mm) in relation to DML (tentacular index) was
short to moderate (mean = 44 .4; range = 35.8-48.3). The
fourth arms were not differentiated at this stage. The arm
formula was II > III > I. The chromatophore pattern in
the mantle could not be observed in some specimens
due to loss of colouration from formalin preservation.
Five specimens of stage 1 were obtained from shallow
waters, three at 09°03°N 75°36’E (684 m depth) and two
at 15°04°N 73°00’E (264 m depth) in February and April
2011, respectively (Fig. 2). Among them, two specimens
were damaged during plankton net towing.

Fig. 2. - Stage 1 paralarvae of S. oualaniensis (dorsal and ven-
tral view). Scale bar = 1 mm.

Vie Milieu, 2018, 68 (2-3)
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Fig. 3. — Stage 2 paralarvae of S. oualaniensis (dorsal and ven-
tral view). Scale bar = 1 mm.

Fig. 4. — Stage 3 paralarvae of S. oualaniensis (dorsal and ven-
tral view). Scale bar = 1 mm.

Paralarval stage 2

Rhynchoteuthions ranged in size from 2.07 to 5.17 mm
DML and were characterized by all the suckers on the tip
of the proboscis being of similar size. The proboscis was
very thin and narrow, and it was moderately long to very
long (mean tentacular index = 72.4; range = 51.7-81.5).
Arms I, IT and III were well developed (Fig. 3). Stage 2
paralarvae were observed at four stations. Twenty-sev-
en stage 2 specimens were observed from 09°03°N to
11°41’N and 73°00’E to 75°36’E having a bottom depth
ranging from 931 to 2161 m.

Fig. 5. — A: Stage 3 paralarva showing beginning of proboscis
separation at the base; B: Stage 3 in final paralarval period;
C: Fully separated proboscis at the beginning of juvenile stage
and D: Juvenile with functional tentacle. Scale bars = 1 mm. The
specimen fourth arm was manually removed for getting a better
view.

Paralarval stage 3

Stage 3 paralarvae were characterized by a relatively
short, robust proboscis and all the suckers on the tip of
the proboscis were of similar size (Fig. 4). A triangular
opening was observed at the base of the proboscis with
a shallow longitudinal groove, the “splitting groove”,
which runs along the proboscis. As the squid grows, this
triangular hole widens between the bases of the proboscis
and finally separate as two functional tentacles (Fig. 5A,
B). In stage 3 proboscis separation was initiated and com-
pleted and this is considered as the end of larval stage
(Fig. 5C, D). The dorsal and ventral sides of the head
region have six large chromatophores, and the mantle
has a number of small chromatophores. Arm IV was rela-
tively small. The stage 3 specimens ranged from 5.17 to
9.18 mm DML with a tentacular index ranging from 6.8
to 34.1 and mean index of 22.6. Our observations indi-
cated that the transition from paralarva to juvenile occurs
between 8.70 and 10 mm DML. Therefore, all specimens
less than 8 mm DML were classified as rhynchoteuthions
and all individuals greater than 10 mm DML as juveniles.
Stage 3 individuals were observed at 10°14°N; 73°44°E
in October 2010 and 09°44°N; 74°37’E in January 2011
in bottom depths ranging from 1830 to 2300 m.

Comparison of body dimensions

Of the 126 paralarvae collected, 5 were stage 1 par-
alarvae (1.47 to 1.78 mm DML), 27 were stage 2 (2.07
to 5.17 mm DML) and 94 were stage 3 (5.17 t0 9.18 mm
DML). Relative to dorsal mantle length, mantle width
showed strong negative allometry throughout the paralar-
val stage (b =0.14). In young paralarvae, the mantle width

Vie Milieu, 2018, 68 (2-3)
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index was 71.3 on average, and at the end of paralarval
stage it was 33.1 (Fig. 6A). The head length index ranged

from 20.6 to 40.3 and decreased with increasing mantle
length (b =0.16) (Fig. 6B). Head width showed nega-
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tive allometry throughout the paralarval stage (b = 0.15).
Head width was slightly narrower than the mantle width
throughout paralarval development and the index ranged
from 20.8 to 50.2 (Fig. 6C). In the paralarval stage 1, the
head was half withdrawn into the mantle cavity in pre-
served specimens. Head withdrawal was not observed in
stages 2 and 3. Separation of the proboscis began at stage
3 and its index ranged from 6.8 to 34.1 (Fig. 6H). The arm
formula was II > III > I in individual less than 3.65 mm
DML. From 3.65-9.5 mm DML, the arm formula was
II>1I>1>1V (Fig. 6D-F). In stage 1 the ventral arm was
absent, at average DML 2.8 mm, the fourth arm appeared
as a tiny point near the base of proboscis. After that the
ventral arm grew fast, from 0.63 mm at 2.8 mm DML to
1.90 mm at 8.9 mm DML (Fig. 6G).
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Fig. 7. — Progress of proboscis divisions with increasing DML
in S. oualaniensis paralarvae.
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val statolith. Nucleus (N) and Check mark (C).

o
=}

y =0.0046x19%%1 @
R?=0.8016

N [} IS
o S oS

Dorsal Mantle Length (mm)
3

S}

0 10 20 30 40 50 60 70 80 920
Growth increments
Fig. 9. — Relationship between dorsal mantle length against

number of growth increment in S. oualaniensis paralarvae (open
circle) and juveniles (closed circle).

In the initial stages, the fins were rudimentary and ter-
minal. They were small and oval in shape and became
larger with age. Fin length and width indices ranged
from 7.0 to 26.8 and 24.8 to 53.6, respectively (Fig. 61,
J). In stage 3, the fins and arms are well developed; they
can be moved freely. Proboscis division started in sizes
greater than 5 mm DML and was completed between 7.8
to 9.5 mm DML (Fig. 7). In early juveniles, the tentacles
were weakly developed and were about 50 % the length
of arm III.

Paralarval growth

The statoliths were pear shaped and ranged in size
from 200 to 240 um (Fig. 8). The relationship between
DML and total statolith length was linear in all samples
(r?=0.71), and the number of growth rings ranged from
36 to 52 (5.5 to 9.0 mm DML). The daily growth rate
ranged from 0.14 to 0.21 mm DML/day with an average
of 0.18 mm DML/day (Fig.9).

Juveniles

Juveniles were observed near the surface at night
and they were attracted by the lights. They were identi-
fied based on the presence of a very pronounced intesti-
nal photophore and mantle funnel fusion. The juvenile
schools ranged from 20 to 50 individuals of the same
size. Medium sized juveniles (40 to 50 mm DML) were
observed to leap out of water and glide up to distance of
approximately 20 m.

Morphological characters

A total of 54 juvenile individuals (9.15 to 67.6 mm
DML) were sampled. Comparisons of length dimensions
show the relative growth of juveniles (Fig. 10). In com-
parison to dorsal mantle length, mantle width shows neg-
ative allometry (b = 0.14) indicating that the squid grew
more in length than in width. The mantle width index
ranged from 16.6 to 33.7 (Fig. 10A). Juveniles had a lon-
gitudinally elongated, slender cone shaped mantle. Head
length index ranged from 16.4 to 30.6, decreasing with
increasing DML (b = 0.30) (Fig. 10B). Head width also
showed negative allometry (b = 0.27), and head width
index ranged from 14.0 to 26.6 (Fig. 10C).

The stage 3 paralarval arm formula (II > 111 > I > IV)
remained in the early juvenile stage up to a DML of
26 mm before changing to IV > III > I > II. In the ini-
tial stages, the tentacles were smaller than the arms, and
the tentacular club was not developed (Fig. 10D-G). After
12 mm DML, the tentacles and tentacular club develop-
ment was faster (Fig. 10H). In juveniles of 17 mm DML,
the arms were longer, and the dactylus was already
formed. When they reached 30 mm DML, the growth
rate of the arms decreased. Simultaneously, there is rapid
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elongation of the tentacles with a well-developed club.
In the juvenile stage, the surface area of the fins grows
positively and has a triangular shape. The indices of fin
length and width ranged from 19.4 to 33.3 and 30.9 to
58.5, respectively (Fig. 101,7J). Head withdrawal was not
observed in preserved juveniles.

The slopes obtained for body dimension relationships
between paralarvae and juveniles showed no significant
difference between DML-MW (ANCOVA, P =0.12) and
DML-HW (P =0.96), whereas, the relationship between
dorsal mantle length and HL, Arm I, II, III, IV, TL, FL
and FW were significantly different (Table II).

Age and growth

Early juveniles had 46 growth rings and growth rates
ranged from 0.18 to 0.84 mm DML/day. Some juvenile
statoliths had a check mark between 40 and 60 increments
(Fig. 8). A juvenile of DML of 45 mm had a growth rate
of 0.84 mm DML/day (Fig.9).

Geographical distribution of paralarvae and juveniles

Stage 1 paralarvae were observed on the continen-
tal shelf slope where the bottom depth ranged from 425
to 931 m, which is presumed to be very close to the site
where they hatched. Stage 2 paralarvae were observed in

Table II. — Summary of comparisons of regression equations
based on analysis of covariance. **: P <0.01, ***: P <0.001,
ns = not significant.

the outer region of the shelf edge and near to the Archi-
pelago Islands (Lakshadweep Islands) where the bottom
depth ranged from 931 to 2140 m. They co-occur with
stage 1 and stage 3 individuals. Stages 1 and 2 paralar-
vae were found together at 09°03’N-75°36’E, and stages
2 and 3 were found together at 10°14°N-73°44’E, and
09°44°N-74°37’E. The highest abundance of paralarvae
was observed in the eastern side of Lakshadweep archi-
pelago at salinities of 34-35 psu, temperature higher than
28.48 °C and at bottom depths less than 1500 m. Fewer
individuals were observed in the oceanic region where the
depth ranged from 1638 to 2140 m (Table III; Fig. 11).

Juveniles were widely distributed from the continen-
tal shelf edge to deeper oceanic regions. A high abun-
dance was observed at 9°44°N-74°37°E (2400 m) but
lower abundances were observed at 12°07°’N-72°02°E
(1440 m). They were observed at salinities of 34-35 psu
and at bottom depths > 1400 m. The numbers of juveniles
were low where bottom depths were < 1500 m (Fig. 11).
A high abundance of juveniles was observed in January
during both years and comparatively less abundance was
observed in October and November (Table IV).

DISCUSSION

Sthenoteuthis oualaniensis is the only ommastrephid
known from the Arabian Sea (Silas 1968, Piatkowski
etal. 1991, Sweeny et al. 1992). Paralarvae have a dis-
tinctly different mode of life from the adults, with an
end point identified by ecologically significant changes
in morphological characters (Young & Harman 1988).

Variables SMS:?e F-Ratio P-value Significance These rhynchoteuthions are characterized by the absence
9 of the fourth (ventral) pair of arms and the fusion of the
MW 0.02 24082 0.1243 ns tentacles into a single appendage. Separation of the fused
HL 017 13.9344  0.0003 o tentacles is considered the end of the paralarval stage.
HW 0.00 0.0021 0.9633 ns Ommastrephid squids or “flying squids” are character-
A1 0.45 9.2279 0.0031 x> ized by the smallest paralarvae among the cephalopods
A2 0.19 45710 0.0353 ** (O’Dor & Lipinski 1998). In S. oualaniensis, the paral-
A3 0.24 72856 0.0084 wx arval stage terminates with the separation of the tentacles
Ad 175  21.7951 0.0000 . between 9 and 10 mm DML whlle the juvenile period
L 1776 62.1453 0.0000 e ends around 100 mm DML, with the development of
mantle photophores (Young & Harman 1988). Paralar-

FL 0.44 71.0562 0.0000 o . . . .
val growth of S. oualaniensis was characterized by rapid

FW 0.44  21.7582 0.0000 e

Table III. — Estimated abundance of paralarvae of S. oualanienis from southeastern Arabian

growth of arms and fins while
the mantle width, head length
and head width have compar-

Sea. .
- - - atively slower growth. Anoth-
Months Latitude Longitude Depth No./13000 Stage Size range er significant morphological
(N) (E) (m) m (mm) .
change during the paralarval
October 2010 10°14’N 73°44’E 2140 191 Stages 2 &3  4.95-8.64 .
stage was the lengthening,
January 2011 09°44°’N 74°37’E 1638 217 Stages2 &3  2.98-9.16 shortening and splitting of the
February 2011 09°03'N  75°36'E 931 270  Stages1&2  1.55-3.07 proboscis. In teuthoid squids,
April 2011 15°04’'N  73°00°E 425 38 Stage 1 1.47-1.87 fast growth and slendering of
February 2012 10°29'N 73°56’E 2161 174 Stage 2 2.30-3.38 the body as a result of rela-
March 2012 11°41'N  74°17E 1918 80 Stage 2 2.07-3.45 tively slow growth of mantle
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Table IV. — Approximate monthly abundance of juveniles
S. oualanienis in southeastern Arabian Sea based on light trap
data.

Months Nukmn:>2er/ Lat(i:lt)lde Lon?gude D;en;:)th
Oct-10 130,030 10°14’ 73°14 2160
Nov-10 36,036 14°00’ 72°59° 1500
Jan-11 39,039 13°00° 65°59’ 4400
Jan-11 10,511 09°30’ 74°56’ 2460
Feb-11 12,613 10°29’ 73°58’ 2100
Jan-12 3,003,003 09°44’ 74°37° 2400
Jan-12 57,357 11°00’ 72°00° 1530
Jan-12 37,538 11°19’ 72°00° 1600
Jan-12 28,529 10°23’ 73°20° 1900
Feb-12 2,102 12°07’ 72°02’ 1680
Feb-12 1,201 11°15’ 71°58’ 1440
Feb-12 37,538 11°00’ 72°00° 1500
Feb-12 6,006 10°32’ 72°57 2000
Mar-12 12,012 11°471’ 74°17 1551

width is probably selected to boost the efficiency of jet
propulsion, which is ultimately useful for efficient preda-
tion (O’Dor 1982).

In stage 2 rhynchoteuthions are able to withdraw their
head into the mantle cavity was observed in some pre-
served paralarvae. The head withdrawal behavior has also
been reported in paralarvae of other ommastrephids: /llex
illecebrosus (O’Dor et al. 1985), lllex argentines (Vidal
& Haimovici 1998), and Todarodes pacificus (Shigeno et
al.2001). The head withdrawal might be associated with
suspension feeding (O’Dor ez al. 1985, Vidal & Haimovi-
ci 1998). This behavior is provoked by mechanical (Ham-
abe 1962) or chemical (Okiyama 1965) stimuli and may
also be a defensive reflex (Shigeno et al. 2001).

At hatching, ommastrephid paralarvae have a very
short proboscis and a large internal yolk sac (O’Dor et al.
1985, Sakurai et al. 1995). Because of the food reserve in

14°N

12°N

10°N

8°N

66°E 68°E 70°E 72°E 74°E

the internal yolk sac of stage 1 S. oualaniensis, they do
not need to capture food. By four days post hatch, (stage
2) the yolk is absorbed and the yolk sac is nearly gone
necessitating elongation of the proboscis (Sakurai et al.
1995). The paralarvae need to feed but cannot move free-
ly, and they drift with the water current and at this stage,
the long proboscis may act like an elephant trunk to cap-
ture prey (Sakurai ef al. 1995). After complete division of
the proboscis, the newly formed tentacles are fragile and
thinner than the arms without the development of tentacu-
lar clubs. The early juvenile stages of S. oualaniensis also
display paralarval behavioral characteristics and prefer
the same oceanographic and feeding conditions as evident
from the co-occurrence of stage 3 along with early juve-
niles from the same location. Recent studies show that
ommastrephid paralarvae are primarily detritus feeders
and ontogenetic shift of diet from detritivore suspension
feeding to active predation represents a unique life strat-
egy among cephalopods allowing ommastrephid squids
to take advantage of an almost ubiquitous and accessible
food resource during their early stages (Fernandez-Alva-
rez et al. 2018).

Stage 1 paralarvae of S. oualaniensis feed using
the fused proboscis (Shea 2005). We observed fast arm
growth in stage 2 and in initial portions of stage 3, but
in the final paralarval period, the growth index decreased
probably because the arms reached the size sufficient for
grasping prey. After separation of proboscis the newly
formed tentacles are fragile and thinner than the arms and
are probably not suitable to capture preys (Vidal 1994).
After 17 mm DML, the tentacles are longer than the
arms and form tentacular clubs that allow the capture of
a broader variety of preys. This event represents a major
change in the life history of this species (Young & Har-
man 1988). Stage 3 paralarvae and early juveniles were
found together in same station suggesting that they prefer
similar oceanographic and feeding conditions.
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250 m
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2500 m

3000 m
. 3500 m Fig. 11.~Map showing the abun-
&1 | 4000m dance and distribution of paralar-
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5| 5000 m (grey) in southeastern Arabian
$§ Sea (Paralarvae number/1000 m?,
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Vie Milieu, 2018, 68 (2-3)



84 K. K. SAJIKUMAR, N. RAGESH, V. VENKATESAN ET AL.

Both fin length and width showed positive allometry
throughout the size ranges studied. Small fins of hatch-
lings provide little support for movement, but may coun-
teract the tilting effect of the funnel jet (Staaf 2010).
According to previous work on the closely related squid
Dosidicus gigas, paralarvae ascend during mantle con-
traction and descend during mantle refilling; swimming is
dominated by jet and sink swimming, where the fins are
mainly used to stabilize (Staaf et al. 2008). Jet propulsion
efficiency of juvenile and adults is significantly lower
than that of paralarvae (Bartol ef al. 2008). Juveniles and
adults have more developed fins and use a combination of
fin undulations and jetting, which can direct thrusts at any
angle through a hemisphere below the body plane (Zuev
1964). Age and growth studies of paralarvae and juve-
niles revealed that the paralarval phase of S. oualaniensis
in the Arabian Sea is about two months. They had a slow
growth rate during the paralarval and early juvenile stag-
es. The check mark in the statolith in early juvenile stage
between 50 to 60 increments may indicate the end of the
paralarval phase. Such check marks were also found in
D. gigas (Chen et al. 2013), I. argentinus (Arkhipkin &
Perez 1998) and S. pteropus (Lapitikhovsky er al. 1993).
The formation of such check marks may also indicate
delayed growth due to starvation from the splitting of the
proboscis into two tentacles (Arkhipkin & Perez 1998).

Paralarval numbers were highest at the edge of the
continental shelf and near the archipelago (Lakshadweep
Island). A similar pattern has been reported in the Atlan-
tic and Pacific ommastrephids Illex illecebrosus, Todaro-
des pacificus and Ommastrephes bartramii (Bower et al.
1999b, Young & Hirota 1990, O’Dor 1992, Dawe 1998)
which have a life cycle similar to S. oualaniensis. Bower
et al. (1999a) found evidence suggesting preferential
spawning by S. oualaniensis near the Hawaiian Islands.
High abundance of stage 1 paralarvae was observed in
bottom depths of 425-931 m suggesting that most hatch-
ing occurred near continental shelf edge and slope.
Enhanced prey availability may be one reason for spawn-
ing around the Lakshadweep archipelago. Entrainment
of coastal water through convergent flows and confined
upwelling cause phytoplankton and zooplankton to gather
near the continental shelf area (Prakash & Ramesh 2007).
Upwelling phenomena are reported to be one of the main
regulators of the availability of food to early life stages
of cephalopods and their growth, survival and recruit-
ment (Vidal et al. 2010). Therefore, this plankton-rich
zone may provide good feeding grounds for the presum-
ably voracious paralarvae. In captivity, unfed S. ouala-
niensis paralarvae die six days after hatching (Sakurai et
al. 1995). Okutani & Tung (1978) reported that juveniles
of the species are frequently found aggregated in inshore
waters around oceanic islands.

High abundance of paralarvae and juveniles were
observed in January and February indicating that the peak
spawning period was in December, and the presence of

paralarvae and juveniles in March, April, October and
November demonstrated that this species spawns through-
out the pre-monsoon. Previously, Silas (1968) observed
paralarvae of S. oualaniensis throughout the year except
June and August from the west coast of India and Lak-
shadweep Islands.

The distribution of cephalopod paralarvae tends to be
associated with distinct oceanographic features (Rod-
house et al. 1992, Ropke et al. 1993, Gonzalez et al.
2005), and environmental conditions have a major influ-
ence on both growth and recruitment success (Waluda et
al.2001). The distribution of the paralarvae of the com-
plex S. oualaniensis-D. gigas (Cephalopoda: Ommas-
trephidae) were analyzed at the northern limit of the East-
ern Tropical Pacific (Staaf et al. 2013, Sanchez-Velasco
et al. 2016, Ruvalcaba-Aroche et al. 2018). Ruvalcaba-
Aroche et al. (2018) concluded that the paralarvae of
ommastrephidae inhabits the surface waters masses pref-
erentially in convergence zones generated by mesoscale
activity. Further, Sdnchez-Velasco et al. (2016) state that
the expansion of the depth range of hypoxic water may
be increasing environmental stress on the paralarvae by
vertically restricting their habitat, and so affecting their
survival. Medium sized juveniles of S. oualaniensis were
abundant in comparatively low zooplankton areas indicat-
ing changing feeding preference of juveniles (Mohamed
et al. 2018). We also observed stomach contents of medi-
um sized juveniles to display semi-digested fish bones,
fins and squid eye lenses clearly indicating cannibalism.
Sthenoteuthis oualaniensis may move inshore in pursuit
of food but they are primarily denizens of the outer shelf
and continental slope (O’Dor 1983). Chesalin & Zuyev
(2002) report that the spawning of oceanic squids occurs
in the open Arabian Sea, particularly the northern region
of the Arabian Sea, but were not able to collect any eggs
or egg masses. Earlier, under experimental conditions,
eggs of the giant form of S. oualaniensis from Arabian
Sea hatched out after 2.5 to 3 days at a temperature range
of 21-25°C (Chesalin & Giragosov 1993). Our observa-
tions show that the earlier stages of paralarvae were dis-
tributed in continental shelf edge area and juveniles prefer
more oceanic region, however, we were not able to col-
lect any egg masses. Different size classes of paralarvae
and juveniles show distinct spatial distribution patterns
(Chesalin & Zuyev 2002). Juveniles were abundant both
on the continental slope and high seas around Lakshad-
weep Archipelago. This indicates that juveniles prefer
more oceanic regions and there is a distinct migration to
the Arabian Sea basin from the continental slope.

This study is a first attempt to understand the paralarval
and juvenile morphological development and migratory
pattern of S. oualaniensis in the Arabian Sea. It demon-
strated that paralarvae and earlier juveniles undergo dif-
ferent ontogenetic changes related to changes in habitat
and lifestyle. The paralarvae were observed close to the
continental shelf edge suggesting that spawning occurs
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nearby, and the juveniles were abundant from the conti-
nental slope to the oceanic region suggesting they move
to the oceanic region. Further detailed studies of the life
history, particularly the influence of oceanographic vari-
ables are required for a complete understanding of these
valuable unexploited stocks from the Arabian Sea.

ACKNOWLEDGEMENTS. — We are thankful to the Director of
the CMFRI for facilities. We are grateful to EG Silas, former
director of CMFRI, D J Staaf, Hopkins Marine Station of Stan-
ford University, USA and M Birk, University of South Florida,
USA for their invaluable advice on an earlier version of this
manuscript. We gratefully acknowledge the research funding by
ICAR, New Delhi, under the NAIP “Utilization strategy of Oce-
anic Squids in the Arabian Sea: A value chain approach”
(Scheme code: 2000035101). The extensive support from the
crew of MFV Titanic and other colleagues was greatly appreci-
ated. We are also grateful to the helpful comments of anony-
mous reviewers.

REFERENCES

Aravindakshan PN, Sakthivel M 1973. The location of cephalo-
pod nurseries in the Indian Ocean. Handbook to the Interna-
tional Zooplankton Collections. Indian Ocean Biol Cent 5:
70-75.

Arkhipkin Al Perez JAA 1998. Life-history reconstruction. In
Rodhouse PG, Dawe E, O’Dor RK Eds, Squid Recruitment
Dynamics. The Genus I//lex as a Model, the Commercial //lex
Species. Influences on Variability. Rome, FAO Fishery Tech-
nical Paper 376: 157-180.

Bartol IK, Krueger PS, Thompson JT, Stewart WJ 2008. Swim-
ming dynamics and propulsive efficiency of squids through-
out ontogeny. Integr Comp Biol 48(6):720-733.

Bower JR, Seki M, Young RE, Bigelow K, Hirota J, Flament P
1999a. Cephalopod paralarval assemblages in Hawaiian
Islands waters. Mar Ecol Prog Ser 185: 203-212.

Bower JR, Nakamura Y, Mori K, Yamamoto J, Isoda Y, Sakurai
Y 1999b. Distribution of Todarodes pacificus (Cephalopoda:
Ommasteriphidae) paralarvae near the Kuroshio off southern
Kyushu, Japan. Mar Biol 135: 65-71.

Chen XJ, Liu BL, Chen Y 2008. A review of the development of
Chinese distant water squid jigging fisheries. Fish Res 89:
211-221.

Chesalin MV, Giragosov YE 1993. The egg mass and embryonic
development of the purple squid Sthenoteuthis oualaniensis
(the gigantic Arabian form) under experimental conditions.
Oceanology 33: 98-101.

Chesalin MV, Zuyev GV 2002. Pelagic cephalopods of the Ara-
bian Sea with an emphasis on Sthenoteuthis oualaniensis.
Bull Mar Sci 71(1): 209-221.

Chesalin MV, Zuyev GV, Nikolsky VN 1995. Squid Stheno-
teuthis oualaniensis (Cephalopoda: Ommastrephidae) is the
‘master’ of the Arabian Sea. In: Guerra, A, Rolan E, Rochi F
Eds, 12 International Malacological Congress, Vito, Italy:
161-162.

Chen X, LiJ, Liu B, Chen Y, Li G, Fang Z, Tian S 2013. Age,
growth and population structure of jumbo flying squid,

Dosidicus gigas, off the Costa Rica Dome. J Mar Biol Ass
UK 93: 567-573.

Chun C 1903. Rhynchoteuthis. Eine merkwiirdige jugendform
von Cephalopoden. Zool Anzeiger 26: 716-717.

Clarke MR 1965. Large light organs on the dorsal surfaces of
the squids Ommastrephes pteropus, Symplectoteuthis ouala-
niensis and Dosidicus gigas. Proc Malacol Soc Lond 36:
319-321.

Dawe EG, Beck PC 1985. Distribution and size of short-finned
Squid ({llex illecebrosus) larvae in the Northwest Atlantic
from winter surveys in 1969, 1981 and 1982. J North Atl Fish
Sci 6: 43-55.

FAO 2016. The State of World Fisheries and Aquaculture 2016.
Contributing to food security and nutrition for all. Rome:
200 p.

Fernandez-Alvarez FA, Machordom A, Garcia-Jiménez R, Sali-
nas-Zavala CA, Villanueva R 2018. Predatory flying squids
are detritivores during their early planktonic life. Sci Rep 8:
34-40.

Gonzalez AF, Otero J, Guerra A, Prego R, Rocha FJ, Dale W
2005. Distribution of common octopus and common squid
paralarvae in a wind-driven upwelling area (Ria de Vigo,
northwestern Spain). J Plankton Res 27: 271-277.

Hamabe M 1962. Embryological studies on the common squid,
Ommastrephes Sloani pacificus Steenstrup, in the southwest-
ern waters of the Sea of Japan. Bull Jpn Sea Reg Fish Res
Lab 10: 1-45.

Harman RF, Young RE 1985. The larvae of ommastrephid
squids from Hawaiian waters. Vie Milieu 35: 211-222.

Laptikhovsky V'V, Arkhipkin A, Golub AA 1993. Larval age,
growth and mortality in the oceanic squid Sthenoteuthis
pteropus (Cephalopoda, Ommastrephidae) from the eastern
tropical Atlantic. J Plankton Res 15: 375-384.

Mohamed KS, Sasikumar G, Koya KPS, Venkatesan V, Kripa V,
Asokan PK, Ragesh N, Sajikumar KK, Remya R, Joseph M,
Alloycious PS 2014. Final report of the NAIP CN-2 scheme
— Utilization strategy for oceanic squids (Cephalopoda) in
Arabian Sea: a value chain approach. CMFRI: 103 p.

Mohamed KS, Sajikumar KK, Ragesh N, Ambrose TV, Jayasan-
kar J, Said Koya KP, Geetha Sasikumar 2018. Relating abun-
dance of purpleback flying squid Sthenoteuthis oualaniensis
(Cephalopoda: Ommastrephidae) to environmental parame-
ters using GIS and GAM in southeastern Arabian Sea. J Nat
Hist. Accepted.

Nesis KN 1993. Population structure of oceanic ommastrephids,
with particular reference to Sthenoteuthis oualaniensis: A
review. In OkutanimT, O’Dor RK, Kubodera T Eds, Recent
Advances in Fisheries Biology. Tokai Univ Press, Tokyo:
375-383.

O’Dor RK 1982. Respiratory metabolism and swimming perfor-
mance of the squid, Loligo opalescens. Can J Fish Aquat Sci
39: 580-587.

O’Dor RK 1983. Illex illecebrosus. In Boyle PR Ed, Cephalo-
pod Life Cycles: Comparative Reviews, Vol 2. Academic
Press, London: 175-199.

O’Dor RK 1992. Big squid in big currents. Afr J Mar Sci 12:
225-235.

O’Dor RK, Lipinski MR 1998. The genus //lex (Cephalopoda;
Ommastrephidae): characteristics, distribution and fisheries.
In Rodhouse PG, Dawe E & O’Dor RK Eds, Squid Recruit-
ment Dynamics. The genus //lex as a Model. The Commer-
cial Illex Species. Influences on Variability. Rome, FAO Fish
Tech Pap 376: 1-12.

O’Dor RK, Helm P, Balch N 1985. Can rhynchoteuthion sus-
pension feed? Vie Milieu 35: 267-271.

Vie Milieu,2018, 68 (2-3)



86 K. K. SAJIKUMAR, N. RAGESH, V. VENKATESAN ET AL.

Okiyama M 1965. Some consideration on the eggs and larvae of
the common squid Todarodes pacificus Steenstrup. Tokai
Reg Fish Res Lab 15: 39-53.

Okutani T, Tung I 1978. Reviews of biology of commercially
important squids in Japanese and adjacent waters. I. Sym-
plectoteuthis oualaniensis (Lesson). Veliger 21: 87-94.

Piatkowski U, Welsch W 1991. On the distribution of pelagic
cephalopods in the Arabian Sea. Bull Mar Sci 49(1-2): 186-
198.

Prakash S, Ramesh R 2007. Is the Arabian Sea getting more pro-
ductive? Curr Sci 92(5): 667-671.

Rodhouse PG, Symon C, Hatfield EMC 1992. Early life cycle
of cephalopods in relation to the major oceanographic fea-
tures of the Southwest Atlantic Ocean. Mar Ecol Prog Ser
89: 183-195.

Roper CFE, Lu CC 1978. Rhynchoteuthion larvae of Ommas-
trephide squids of the western north Atlantic, with the first
description of larvae and juveniles of ilex illecebrosus. Proc
Biol Soc Washington 91(4): 1039-1059.

Roper CFE, Voss GL 1983. Guidelines for taxonomic descrip-
tions of cephalopod species. Mem Nat Mus Victoria 44:
49-61.

Ropke A, Nellen W, Piatkowski U 1993. A comparative study
on the influence of the pycnocline on the vertical distribution
of fish larvae and cephalopod paralarvae in three ecological-
ly different areas of the Arabian Sea. Deep-Sea Res 40: 801-
819.

Ruvalcaba-Aroche ED, Sanchez-Velasco L, Beier E, Godinez
VM, Barton ED, Pacheco MR 2018. Effects of mesoscale
structures on the distribution of cephalopod paralarvae in the
Gulf of California and adjacent Pacific. Deep-Sea Res Part 1
131: 62-74.

Sakurai Y, Young RE, Hirota J, Mangold K, Vecchione M,
Clarke MR, Bower J 1995. Artificial Fertilization and Devel-
opment through hatching in the oceanic squids Ommas-
trephes bartramii and Sthenoteuthis oualaniensis
(Cephalopoda: Ommastrephidae). Veliger 38: 185-191.

Sanchez-Velasco L, Ruvalcaba-Aroche ED, Beier E, Godinez
VM, Barton ED, Diaz-Viloria N, Pacheco MR 2016. Paralar-
vae of the complex Sthenoteuthis oualaniensis-Dosidicus
gigas (Cephalopoda: Ommastrephidae) in the northern limit
of the shallow oxygen minimum zone of the Eastern Tropical
Pacific Ocean (April 2012). J Geophys Res 121: 1998-2015.

Shea EK 2005. Ontogeny of the fused tentacles in three species
of ommastrephid squids (Cephalopoda, Ommastrephidae).
Invertebr Biol 124: 25-38.

Shigeno S, Kidokoro H, Goto T, Tsuchiya K, Segawa S 2001.
Early ontogeny of the Japanese Common squid Todarodes
pacificus (Cephalopods, Ommastrephidae) with special ref-
erence to its characteristic morphology and ecological sig-
nificance. Zool Sci 18: 1011-1026.

Silas EG 1968. Cephalopoda of the west coast of India collected
during the cruises of the research vessel Varuna, with a cata-
logue of the species known from the Indian Ocean. In Rao
KV Ed, Proceedings of the Symposium on Mollusca held at
Cochin from January 12 to 16 1968, Part II. Mar Biol Ass
India, Bangalore: 277-359.

Silas EG, Sarvesan R, Meiyappan MM 1985. Oceanic squids. In
Silas EG Ed, Cephalopod Bionomics, Fisheries and Resourc-
es of the Exclusive Economic Zone of India. Bull Cen Mar
Fish Res Ins 37: 140-145.

Staaf DJ 2010. Reproduction and early life of the Humboldt
squid. PhD thesis. Stanford University, California, USA.

Staaf DJ, Camarillo-Coop S, Haddock SHD, Nyack AC, Payne
J, Salinas-Zavala CA, Seibel BA, Trueblood L, Widmer C,
Gilly WF 2008. Natural egg mass deposition by the Hum-
boldt squid (Dosidicus gigas) in the Gulf of California and
characteristics of hatchlings and paralarvae. J Mar Biol Ass
UK 88: 759-770.

Staaf DJ, Redfern JV, Gilly WF, Watson W, Balance LT 2013.
Distribution of ommastrephid paralarvae in the eastern tropi-
cal Pacific. Fish Bull 111: 78-89.

Sweeney MJ, Roper CFE, Mangold KM, Clarke MR, Boletzky
SV 1992. “Larval” and Juvenile cephalopods: a manual for
their identification. Smithson Contrib Zool 513.

Vidal EAG 1994. Relative growth of paralarvae and juveniles of
lllex argentines (Castellanos, 1960) in southern Brazil. Ant-
arct Sci 6: 275-282.

Vidal EAG, Haimovici M 1998. Feeding and the possible role of
the proboscis and mucus cover in the ingestion of microor-
ganisms by rhynchoteuthion paralarvae (Cephalopoda:
Ommastrephidae). Bull Mar Sci 63(2): 305-316.

Vidal EAG, Haimovici M, Hackbart VCS 2010. Distribution of
paralarvae and small juvenile cephalopods in relation to pri-
mary production in an upwelling area off southern Brazil.
ICES J Mar Sci 67: 1346-1352.

Waluda C, Rodhouse P, Podesta G, Trathan P, Pierce G 2001.
Surface oceanography of the inferred hatching grounds of
Illex argentines (Cephalopoda: Ommastrephidae) and influ-
ences on recruitment variability. Mar Biol 139: 671-679.

Yamanaka H, Nishigawa Y, Morita J 1976. Summary Reports on
cruise of the RV Shoyo Maru in the North Arabian Sea. FAO/
UNDP Indian Ocean Programme, Tech Rep 11: 47.

Young RE, Harman RF 1988. “Larva,” “Paralarva” and “Sub-
adult” in cephalopod terminology. Malacologia 29(1): 201-
207.

Young RE, Hirota J 1990. Description of Ommastrephes bar-
tramii (Cephalopoda: Ommastrephidae) paralarvae with evi-
dence for spawning in Hawaiian waters. Pac Sci 44: 71-80.

Young RE, Hirota J 1998. Review of the ecology of Stheno-
teuthis oualaniensis near the Hawaiian Archipelago. In Oku-
tani T Ed, Contributed Papers to the International Sympo-
sium on Large Pelagic Squids. Jpn Mar Fish Resour Res Cen
Tokyo: 132-133.

Zeidberg 2004. Allometry measurements from in situ video
recordings can determine the size and swimming speeds of
juvenile and adult squid Loligo opalescens (Cephalopoda:
Myopsida). J Exp Biol 207: 4195-4203.

Zuev GV 1964. On the ability of cephalopod larvae to active
movements. Zool Zh 43: 1440-1445.

Zuev G, Nigmatullin C, Nikolsky VN 1985. Nectonic Oceanic
Squids. Agropromizdat, Moscow: 224 p. [in Russian]

Zuyev G, Nigmathullin C, Chesalin M, Nesis K 2002. Main
result of long-term worldwide studies on tropical nektonic
oceanic squid genus Sthenoteuthis: an overview of the Soviet
investigations. Bull Mar Sci 71(2): 1019-1060.

Received on July 19,2017
Accepted on May 9, 2018
Associate editor: R Villanueva

Vie Milieu, 2018, 68 (2-3)



