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Abstract

Catches of rhynchoteuthion type C’ larvae, which are considered to be /llex illecebrosus, and /. illecebrosus juveniles over the
edge of the continental shelf between Cape Hatteras and Florida are examined in relation to the water masses and their dynamics
along the Gulf Stream-Slope Water frontal zone. All larvae and juveniles were captured at stations where the temperature-salinity
(T-S) properties of the upper 50 m of the water column were closely grouped, with temperatures of 21.0° to 23.5° C and salinities of
36.30 to 36.80, which are very similar to those of Continental Edge Water. Although the actual depths of capture of the larvae and
juveniles in the bongo and midwater trawl tows are unknown, it is likely that the majority were taken in the upper 50 m. Larvae and
juveniles were intermixed along the entire frontal zone, but there are indications of some differences in microscale distribution.
Although juveniles were nearly always captured at stations where larvae were taken, larvae were captured at only 44% of the stations
where juveniles were found. The intermixture of larvae and juvenites with a broad range of size (mantielength) indicates that spawning
occurs either along the Gulf Stream-Slope Water frontal zone south of Cape Hatteras or in a relatively small area to the south of the
surveyed area. The possible role of frontal eddies in causing the intermixture of larvae and juveniles is discussed.

introduction

With the development of a major international
fishery for short-finned squid (//lex illecebrosus) off
the northeastern United States and on the Scotian
Shelf in the 1970's, and the parallel rapid increase in
squid catches from Newfoundliand inshore waters, the
International Commission for the Northwest Atlantic
Fisheries (ICNAF) and its successor (NAFO) recog-
nized the need to develop a biological basis for man-
agement of the fisheries. Atthat time, knowledge of the
biology and distribution of /. illecebrosus was res-
tricted largely to the May-December period when
squid were present in fishing areas on the continental
shelf (Verrill, 1882; Mercer, 19639a, 1969b, 1970, MS
1973; Squires, 1967; Lange, MS 1980). Little wasknown
about squid during the period from November or
December, when maturing males and femaies
departed from the fishing area, until the following April
or May, when small squid appeared on the continental
shelves. Only a few fully mature females have been
captured in the western North Atlantic, as reported by
Dawe and Drew (1981), who noted sevenrecords in the
region from Cape Henry, Virginia (36°31'N, 78° 29'W)
to Newfoundalnd (48°07'N, 58°05'W). Spawning

adults and egg masses have not been encountered in
nature, but characteristics of egg masses, egg devel-
opment and larval hatching have been described by
O'Dor and Durward (1979), Durward et al., (1980),
O'Dor et al. (MS 1980, 1982, MS 1982), and O’Dor
(1983). Roper and Lu (1979) and Vecchione (1979)
have described the rhynchoteuthion type C' larvae of /.
illecebrosus from plankton samples that were taken in
the Mid-Atlantic Bight off New Jersey and Virginia.
Dawe and Beck (1985) summarized the distributional
aspects of previously reported rhynchoteuthion type
C' larvae in the Northwest Atlantic as far east as 55° W
(South of the Grand Bank) as well as previously unre-
ported captures from Blake Plateau between Cape
Canaveral, Florida, and Charleston, South Carolina.

Joint Canada-USSR surveys in February-May
1979 provided the first large collection of /. illecebro-
sus juveniles and indicated the possible importance of
the Gulf Stream System in the life history of the species
(Amaratunga et al., MS 1980; Feduiov and Froerman,
MS 1980). Subsequent coordinated research under the
general guidance of the Scientific Council of NAFO
has resulted in greatly expanded knowledge of larval
and juvenile distribution in the Northwest Atlantic, par-
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ticularly in the region north of 38°N (Amaratunga, MS
1981; Amaratunga and Budden, MS 1982; Dawe et a/,,
MS 1981, MS 1982; Froerman et al., MS 1981; Arkhipkin
et al., MS 1983; Fedulov et al.,, MS 1984; Dawe and
Beck, 1985; Hatanaks of a/.,, 1885).

Trites (1983) examined and modelled the environ-
mental factors and oceanographic processes which
are likely to influence spawning and subsequent distri-
bution of larval and juvenile /. illecebrosus in the west-
ern North Atlantic. He concluded that the shelf-slope
region southwest of Chesapeake Bay seemed to be an
appropriate place to conduct a detailed search for the
spawning area of /. illecebrosus during the December-
January period. The survey in the winter of 1983 was
designed to sample the Slope Water-Gulf Stream fron-
tal zone in the region from Chesapeake Bay to Florida
for fully mature or spawning /. illecebrosus as well as
for concentrations of larvae and juveniles, and to deter-
mine their distribution relative to particular water
masses and their dynamics.

Materials and Methods

The survey was carried out by the research vessel
Alfred Needler from 28 January to 2 March 1983. Sam-
pling was concentrated aiong the northwestern edge
of the Gulf Stream from 39°00'N, 72°48'W (in the nor-
theast) t0 28°43'N, 79° 54'W (in the southwest). No lllex
larvae were caught north of Cape Hatteras (35° N), and
so the data in this paper pertain to the region from
Cape Hatteras, North Carolina, to Cape Canaveral,
Florida. Biologica! and oceanographic sampling was
carried out along transects which generally extended
across the landward edge (western boundary) of the
Gulf Stream. The survey was functionally divided into
two parts: the first part (Leg 1), during 28 January-14
February, as the vessel proceeded southward toward
Jacksonville, Florida, and the second part (Leg ll),
during 18 February-2 March, as the vessel cruised
northward. Oceanographic and biological sampling
was conducted at 71 stations on 16 transects during
Leg | and at 41 stations on 11 transects during Leg 1l
(see Fig. 1). Generally, the stations were spaced at
intervals of 5-10 miles along the transects.

Oceanographic sampling at each station involved
the collection of temperature and salinity data to a
depth of 300 m with a portable salinity-temperature-
depth (STD) system. Expendable bathythermograph
(XBT) casts were made midway between stations
along the transects and at frequent intervals as the
vessel proceeded between transects, in order to pro-
vide additional resolution of the temperature structure
in the survey area. Plots of temperature-depth profiles
as the survey progressed were used to locate the west-
ern boundary of the Gulf Stream.

Biological sampling was generally consistent
within each leg of the cruise but varied between legs.
An obligue tow was made at each station with a 61-cm
paired bongo sampler containing 0.505 mm mesh nets,

which was gperated according to standard nrocedures
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(Smith and Richardson, 1977). The tows were mainly to
a maximum planned depth of 300 m during L.eg |, but
they were consistently less than 200 m during Leg !l
When possible, a 0.333 mm mesh neuston net
(Sameoto and Jaroszynski, 1969) was towed at the
surface for 30 min, but high winds prevented the
deployment of that sampler at many stations. A Dia-
mond IX midwater traw! with 12 mm knotless nylon
codend liner was used in midwater trawling for juve-
niles. Thirty-minute oblique hauls from 300 m were
made during Leg |, whereas the trawl was towed for 30
min at a fixed depth of 92 m during Leg Il. Midwater
trawling was less extensive than plankton sampling,
but generally a midwater-trawl set was executed on at
least one station per transect.

Plankton catches were initially scanned for cepha-
lopod larvae before preservation at seaand were exam-
ined in the laboratory for remaining cephalopods. lllex
sp. larvae were identified and, where possible, dorsal
mantle tengths were measured to the nearest 0.1 mm.
Midwater-trawl catches of cephalopods were sorted at
sea and /llex sp. juveniles were immediately measured
as dorsal mantle length to the nearest miliimeter. All
cephalopods were initially preserved in 10% buffered
formalin at sea and transferred to 70% ethanol in the
laboratory.

General Biological and Oceanographic Features

Biological features

Adult 1. illecebrosus are seasonally distributed
from the Gulf of Mexico to the Labrador Sea (Clarke,
1966; Roper and Lu, 1979). During the period of rapid
growth and development on the continental shelf, the
greatest concentrations of maturing squid are found in
the northern areas, i.e. Georges Bank, Scotian Shelf
and inshore Newfoundland waters (Squires, 1957,
Mercer, MS 1973, Lange, MS 1980; Amaratunga, MS
1981; Dawe and Drew, 1981; Lange and Sissenwine,
1983). Distribution within these areas of concentration
appears to be influenced by temperature and abun-
dance (Koelier, MS 1980; Mohn, MS 1981; Dupouy and
Minet, MS 1982; Rowell and Young, MS 1984).
Although catches of /. illecebrosus have been recorded
from the surface to depths exceeding 1,000 m (Rathjen,
1981), the bulk of the population appears to be concen-
trated over and on the continental shelves, almost cer-
tainly in response to availability of prey species, and to
be caught in areas where bottom temperatures are in
the range of 6° and 12° C {(Dupouy, MS 1981, Poulard et
al., MS 1984).
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Fig. 1. Cruise track with locations of bongo stations for Legs | and il of the survey in February 1983. (Peirce stations off
Charleston, South Carolina, in 1965-66 are also indicated.)

1. illecebrosus have not yet been aged, but con-
centric rings in the statoliths have been investigated
and may ultimately provide a useful ageing technique
(Lipinski, MS 1978; Hurley et al., MS 1979). It is gener-
ally believed that the life span is approximately 1 year
(Squires, 1967), but life cycles of 18-24 months have
been proposed (Mesnil, 1977; Lange and Sissenwine,
MS 1981). The bulk of the population is believed to
result from a protracted winter spawning. Length dis-
tributions of catches in Newfoundland waters are gen-
erally unimodal but secondary and tertiary modal
groups of smaller squid are seen regularly in later
summer and autumn on the Scotian Shelf (Squires,
1957, 1967; Amaratunga, MS 1980; Dupouy, MS 1981;
Poulard et al., MS 1984; Rowell and Young, MS 1984).
in the Georges Bank and southern New England areas,
the length distributions also show several modal

groups {Mesnil, 1977; Lange, MS 1980; Lange and Sis-
senwine, ,MS 1981), and the dominance of the winter-
spawned population is occasionally superceded by a
cohort of later spring-spawned or summer-spawned
squid. In some years, the summer-spawned compo-
nent in this southern area has been estimated to consti-
tute up to 86% of the population in the autumn (Lange
and Sissenwine, MS 1981).

When adult squid leave the continental shelves in
the northern areas of late autumn, the males are in an
advanced stage of maturity but the females are gener-
ally less advanced, indicating that some time remains
before mating and spawning occur. Autumn-tagging
studies in inshore Nova Scotia and Newfoundland
waters (Amaratunga, MS 1981; Dawe et a/., 1981) indi-
cate a general southwestward movement, and one
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tagged squid migrated from northeastern Newfound-
tand to Maryland, a minimum distance of 2,300 km in
107 days. The sporadic fishery for /. illecebrosus off
Cape Canaveral and the large catches by the research
vessel Anton Dohrn onthe Blake Plateau inthe autumn
of 1979 (Rathjen, 1981) are evidence of large-scale
concentrations south of Cape Hatteras. There is little
monitoring of the squid fishery in these southern areas,
and, hence, there is a lack of information on abun-
dance, distribution and biology. Of the seven mature
females (stages 1V and V) that were reported by Dawe
and Drew (1981}, three of the four stage V specimens
were captured between Georges Bank and Cape Hat-
teras and all three had mated, as indicated by the pres-
ence of spermatophores in the mantle cavity.
Laboratory experiments have indicated that mating
and spawning may occur on bottom or pelagically
(O’'Doretal., 1982, MS 1982). The spherical gelatinous
egg masses are negatively buoyant, but water density
changes of 0.004 g cm™ are sufficient to make them
neutrally buoyant (O'Dor, 1983). if the egg masses are
transported passively, prevailing currents and devel-
opmental time to hatching may greatly influence the
distribution of newly-hatched larvae. Although the
minimum temperature for fertilization has not been
determined, it is known thateggs which are fertilized at
temperatures as low as 7° C will develop if the incuba-
tion temperature is increased to 13° C or higher {(O'Dor
et al., 1982). Full development of eggs does not occur
at temperatures below 12° C, and the rate of develop-
ment of eggs to hatching increases with temperature,
16 days being required at 13°C and about 9 days at
21°C. Mantle lengths of larvae at hatching are
1.10-1.25 mm (Durward et al., 1980; O’Dor et al., 1982).
Dawe and Beck (1985) reported the capture of larvae as
smallas 1.1 mm ML in the Blake Plateau area in Febru-
ary 1969. The capture of small rhynchoteuthion type C’
larvae (1.5-2.0 mm ML) as far to the northeast as
40°30'N, 60°00'W in the Slope Water-Guif Stream
frontal zone (Froerman et al.,, MS 1981) indicates that,
with passive transport of egg masses and larvae for 2
weeks or more after spawning, the spawning area may
be inthevicinity orto the south of Cape Hatteras. Trites
(1983) described the oceanographic features and pro-
cesses which define possible areas of spawning and
which act to transport egg masses and larvae to the
northeast of Cape Hatteras where large catches of
larvae and small juveniles have been taken since 1979
(Amaratunga et al., MS 1980; Fedulov and Froerman,
MS 1980; Froerman et al., MS 1981; Amaratunga and
Budden, MS 1982; Dawe et al., MS 1982; Arkhipkin et
al., MS 1983; Fedulov et al., MS 1984; Dawe and Beck,
1985; Hatanaka et al., 1985).

In the area of larvai and juvenile /. illecebrosus

distribution northeast of Cape Hatteras, there is an '

indication of progression in size of juveniles toward the
northeast (Dawe et al., MS 1981) and also from the Gulf
Stream toward the continental shelves (Froerman et

al., MS 1981; Hatanakaet a/., 1985). Juveniles of 10-30
mm ML are common in the Guif Stream-Slope Water
frontal zone, and 40 mm specimens have small
amounts of food in their stomachs, indicating they they
are capable of significant movement. Evidence of suc-
cessive spawnings is indicated by the predominance of
small juveniles in an area where larger juveniles were
found a few weeks earlier (Fedulovetal., MS 1984). The
largest catches of larvae and juveniles in the region
northeast of Cape Hatteras generally have been asso-
ciated with the Gulf Stream-Slope Water frontal zone
and the periphery of warm-core eddies. Although afew
larvae and juveniles have been taken in the Gulf Stream
and at the centre of cold-core eddies in the Sargasso
Sea (Hatanaka et al., 1985), it is unlikely that they
originated from spawning within these water masses.

Qceanographic features

The dominant oceanographic feature of the con-
tinental slope between Florida Straits and Cape Hatte-
ras is the intense western North Atlantic boundary
current, which is part of the Gulf Stream system (Stom-
mel, 1965). Although Iselin (1936) introduced well-
defined nomenclature for various parts of the western
North Atlantic current system, the high velocity current
which flows northward from Florida Straits is referred
to in this paper as the Gulf Stream. Off the east coast of
Fiorida, the shoreward edge of the Gulf Stream, on the
average, can be delineated approximately by the 200 m
isobath. Northward off South Carolina, the Gulf
Stream is located further offshore, but it returns to
about the 200 m isobath just south of Cape Hatteras.
Examination of sea-surface temperature maps, which
are prepared by the National Earth Satellite Service
(NESS) of the U.S. National Oceanic and Atmospheric
Administration (NOAA), reveals that the Gulf Stream
has a meandering or wave-like characteristic, with the
shoreward boundary consistently displaying a folded-
wave pattern (frontal eddies). These eddies appear as
tongue-like extrusions of the Gulf Stream, oriented
upstream, nearly paraliel to the Steam (and the contin-
ental slope), and often resembling ‘“shingles”
(Legeckis, 1979; Bane et al., 1981; Lee ef al., 1881). in
the area between Florida and Charleston, South Carol-
ina, lateral movements of the Gulf Stream are quite
small (about 10 km) and the frontal eddies or filaments
are narrow and very elongated. There is a rapid
increase in the magnitude of the meanders after the
Gulf Stream is deflected seaward by the Charleston
Bump (81°45'N) and the lateral movements may be as
great as 40 km from the mean (Bane and Brooks, 1979).
The shoreward crest of the meanders appear to propa-
gate downstream at speeds of 30-40 km/day
(Legeckis, 1979; Brooks and Bane, 1981; Lee and Wad-
dell, 1983). Filaments tend to develop along the shore-
ward edge of the meanders and usually, but notalways,
grow rapidly in length. Chew (1981) noted that,
although a filament is assumed to be part of a cyclonic
vortex, the merging of the filament near its tongue has
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never been observed. Filaments are very shallow fea-
tures, typically less than 50 m in depth.

Transport and velocity of the Gulf Stream have
been reported by several researchers (e.g. Parr, 1837;
Worthington, 1954, 1976; Knauss, 1969; Richardson et
al., 1969, Kirwan et al., 1976). Volume transport
increases from about 30 Sverdrups (1 Sverdrup = 10°
m?/sec) in Florida Straits to about 80 off Cape Hatteras
and to a maximum of about 150 south of Nova Scotia,
and diminishes thereafter toward the east. Maximum
surface velocities in the core of the Guif Stream
between Florida Straits and Cape Hatteras are gener-
ally in the range of 150-200 cm/sec, with the velocities
gradually diminishing with depth. Kirwan et al. (1976)
reported that a satellite-tracked buoy (drogued at 35
m), which was launched in the Gulf Stream at 30° N,
was off Cape Hatteras 5 days later and was east of
60°W in 15 days.

Although it is well established that the volume
transport of the Gulf Stream increases as it flows north-
ward off the United States, itis much less clear asto the
proportions of water that are supplied from different
sources. In a study of the water mass properties of
Florida Straits and related waters, Wennekens (1959)
identified two water types in the southern Fiorida
Straits: Yucatan Water and Continental Edge Water.
The water that passes through Yucatan Straits either
passes around the western end of Cuba and directly
into Florida Straits or flows clockwise in the eastern
Gulf of Mexico before entering Florida Straits. Accord-
ing to Wust (1964) and Nowlin (1971), the water that
flows through Yucatan Straits is made up of Subtropi-
cal Underwater, characterized by maximum salinity of
36.60-36.80 at depths between 50 and 200 m. Atlantic
Intermediate Water is presentbelow about 600 m and is
characterized by minimum salinity (<35.00) at
800-1,000 m. According to Nowlin {(1871), the warm
(>17°C) water beneath the surface-mixed layer is the
only distinct water mass that was formed in the Gulf of
Mexico. This water, referred to as Continental Edge
Water by Wennekens (1959), is characterized by an
increase in salinity from about 36.00 to 36.45 with
decreasing temperature from about 25° t0 18°C. Thus,
the salinity of Continental Edge Water at a given
temperature is considerably less than that of water
referred to as Yucatan Water by Wennekens (1359).

During 1965 and 1966, the U.S. Coast and Geo-
detic Survey ship Peirce sampled an oceanographic
section (Fig. 1) across the Gulf Stream off Charieston,
South Carolina, on 21 occasions by measuring temper-
ature, salinity and dissolved oxygen and observing
near-surface currents with parachute-drogued buoys.
According to Hazelworth (1976), the water masses
consisted of Continental Edge Water, Florida Straits
(Yucatan) Water, Antilles Current Water and Sargasso
Sea Water. Station mean T-S curves for the entire year
of data indicated the presence of coastal water of local
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Fig. 2. Percentages of Continental Edge Water, Florida Straits
(Yucatan Straits) Water, Antilles Current Water and Sargasso
Sea Water in water masses along the Peirce section off
Charleston, South Carolina, in 1965-66. (Adapted from
Hazelworth, 1976.)

origin at stations 1 and 2 and a layer of Continental
Edge Water (30-50 m) at station 2. Stations 4 and 5
exhibited a mixture of Continental Edge Water and
Florida Straits Water, with the latter type predominant-
ing (Fig. 2). Seaward of station 6, Sargasso Sea Water
and Antilles Current Water were the dominant types. It
is not possible to differentiate between Florida Straits
Water, Antilles Current or Sargasso Sea Water at
temperatures between 18° and 22°C. Also, Antilies
Curent Water cannot be differentiated from Sargasso
Sea Water at temperatures between 11° and 18°C. The
drogued-buoy movements at the surface indicated that
the axis of the Gulf Stream was usually in the vicinity of
stations 5 or 6 but on occasion touched stations 4 and
7. The velocity at the core of the Gulf Stream averaged
179 cm/sec but varied from a low of 142 cm/sec to a
high of 219 cm/sec. Currents at stations 2 and 3some-
times flowed in the direction of the Gulf Stream and
sometimes in the reverse direction.

Results and Discussion

Distribution and size of larvae

South of Cape Hatteras, rhynchoteuthion type C’
larvae were caughtin 16 of 71 Bongo tows duringLeg |
and in 4 of 41 tows during Leg Il of the survey (Fig. 3),
the north-to-south range being from 33°59'N to
28° 43'N. North of Cape Hatteras, no larvae werefound
in four Bongo tows as far north as 38°00'N during Leg |
or in five tows as far north as 37°45'N during Leg Il.
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Fig. 3. Bongo station locations and captures of //lex tarvae (closed circles) during Legs | and I{ of the cruise in February 1983. (Dashed line indi-
cates the approximate position of the Gulf Stream core, as defined by the 15°C isotherm at 200 m.}

A total of 25 larvae were captured along the Slope TABLE 1. Number and size of measurable /llex larvae from northeast
Water-Gulf Stream frontal zone during Leg | of the to southwest along the axis of the Gulf Stream during Legs
survey (Table 1), with sizes ranging from 2.5 t0 6.4 mm hand il in February 1983. (Leg Il data in bold.)

ML (X = 3.8). Only five larvae were caughtduring Leg li,

all in the southern part of the survey area, with sizes of stat N___L;‘:‘“gsv Sat :"0‘ of (Le”?\;hu
— . . ate arvae mm
1.0-3.0 mm (X = 1.8 mm). Although there is no direct een °
evidence of a progression in larvae size from northeast g;‘ 22 iz 8‘; Eez ; . gi .
: . ° 43 e .5,4.
to southwest during 4-12 February (Leg l), relgtlvely 85 33022 06 Feb 3 35>353.9
more larger larvae (>>4.0 mm ML) were taken in the 66 33°19’ 06 Feb 1 35
more southerly catches (i.e. south of 32°N). The larvae 69 33°04' 06 Feb 1 3.0
during 19-22 February (Leg¢ 1) were, with one excep- 82 32°46 08 Feb 1 3.0
tion, smaller than those taken during Leg }. This, gg 2201;’ 82 ';:z ; ;35054599
together with thg complete absence of larvae during a2 39011 08 Feb 1 4.0
23-25 February in the northeastern part of the area 88 32°09' 08 Feb 1 3.3
indicates that two distinct cohorts were sampled and 106 32°06' 09 Feb 1 >3.5
that the brood which was sampled during Leg | had 107 32702 09 Feb 8 283.26.4
been transported from the survey area or had 108 31758 10 Feb 8 >30>5054
; ) . ) 122 31°24 11 Feb 1 48
advanced to the juvenile stage in the 2-3 week period 51 31°13 22 Feb 1 1.0
between samplings. 131 30°58' 12 Feb 1 >4.0
129 30051 12 Feb 1 >4.0
; 8 29°50° 19 Feb 1 3.0
The Iarvge in the ng il catches may have been 27 28951 20 Feb 2 1020
recent hatchlings, and, in the case of the 1.0 mm ML 33 28°43 21 Feb 1 2.0
specimens, may have been precociously hatched. Leg ! 5 X-3.8(2.5-6.4)
From observations on spawning and egg development 1801
of I. illecebrosus in the laboratory, Durward et al. Leg ! 5 x-1.8(1.0-3.0)
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(1980) reported that hatching occurred at 1.1 mm ML.
R. K. O’'Dor (Dalhousie University, Halifax, N.S., pers.
comm.) believes that damage to the egg masses in
these laboratory studies may have led to early hatch-
ing, and he suggests that 1.25 mm ML is more probably
the size of hatching in undisturbed egg masses. How-
ever, Dawe and Beck (1985) reported the capture of 1.1
mm ML /llex iarvae between Cape Hatteras and Florida
in 1969.

The variation in size of larvae from different loca-
tions along the Slope Water-Guif Stream frontal zone
(Table 1) indicates that spawning may be widely
dispersed in the area roughly parallel to the Gulf
Stream axis, and that there may be some mechanism
for retention and eventual mixing of egg masses, larvae
and juveniles in the area, despite the potential for rapid
transport by the Gulf Stream. if spawning and retention
of egg masses and larvae occurs along the frontal
zone, it is also possible that development to hatching
and subsequent larval growth are influenced by
temperature clines and other factors.

Dawe and Beck (1985) reported the capture of 29
lilex larvae and 4 juveniles in February 1969 along the
183 m isobath between Cape Canaveral (28° 30'N) and
Charleston (33°00'N). The distributional range of
these captures overlaps that where larvae were taken
during the 1983 survey (28°43'N to 33°59'N), and,

since the Slope Water-Gulf Stream frontal zone tends
to follow this isobath, it is likely that the 1969 captures
were made in similar water masses. The size range of
the 1969 larvae was 1.1-6.2 mm ML, with 24% being 20
mm or less. Dawe and Beck (1985), from recent surveys
south of Newfoundland in iate February-early March,
also reported the collection of 38 lllex larvae (2.4-5.4
mm ML} in 1981 and 18 larvae (3.6-6.6 mm ML) in 1982.
All were taken along a transect at 56° W between 37°
and 41°N except for one specimen at 40°09'N,
53°00'W. These most northeasterly captures and the
collections of larvae in Guif Stream and associated
water masses southwestward to Cape Hatteras (Roper
and Lu, 1979; Vecchione, 1979; Amaratunga et al., MS
1980; Amaratunga and Budden, MS 1982; Dawe 6t al,
MS 1982; Arkhipkin et al., MS 1983; Fedulov et al., MS
1984; Hatanaka et al., 1985) indicate that spawning
may be pelagic over an extensive area along the Slope
Water-Gulf Stream frontal zone or (and) that egg
masses are transported over long distances from
spawning on the continental shelf from the vicinity of
Cape Hatteras southward.

Distribution and size of juveniles

South of Cape Hatteras, //lex juveniles were
caughtin 16 of 22 midwater trawitows during Legland
in 11 of 13 tows during Leg 1l (Fig. 4). Three additional
tows north of Cape Hatteras at the end of Leg Il yielded
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Fig. 4. Midwater-trawl station locations and captures of /ifex juveniles (closed circles) during Legs | and Il of the cruise in February
1883. (Dashed line indicates the approximate position of the Guif Stream core, as defined by the 15°C isotherm at 200 m.)
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TABLE 2. Number and size of lljex juveniles from northeast to south-
west along the axis of the Gulf Stream during Legs | and i
in February 1983. {(Leg |l data in bold; bracketed rows indi-
cate sets during both legs at approximately the same

position.)

Latitude No. of Length (mm ML)

Station NE to SW Date juveniles Range Median
120 37°39' 27 Feb 2 23-30 265
24 34°38' 01 Feb 38 9-18 135
84 33°55° 24 Feb 126 14-86  32.2
86 33°53' 24 Feb 3 24-43 310
{70 33°29' 23 Feb 20 16-20 23.5}
65 33°28’ 06 Feb 7 13-27 16.0
82 32°47" 08 Feb 5 21-53 240
95 32°18' 09 Feb 4 19-23 195
94 32013 08 Feb 15 7-30 130
92 32°12' 08 Feb 34 7-30 10.3
88 32°08' 08 Feb 4 9-13 125
107 32°05° 09 Feb 1 — 29.0
108 31°56' 10 Feb 1 — 14.0
114 31°45' 10 Feb 5 44-56 470
112 31943 10 Feb 5 14-24 220
122 31028 11 Feb 4 11-27 225
55 31°16’ 22 Feb 4 19-76 445

{ 45 30°53' 21 Feb 7 20-68 43.0}
129 30°51" 12 Feb 5 15-37 200
131 30°5%1 12 Feb 29 13-72 310
137 30°27' 12 Feb 359 9-66 309
139 30°27' 12 Feb 1 — 36.0
8 29°49' 19 Feb 4 20-51 35.0
16 29°23' 20 Feb 1 — 22.0
20 29°17 20 Feb 64 19-92 315
31 28°44' 20 Feb 2 32-37 345
33 28°43’ 21 Feb 13 18-35 223

Legl 517 7-72
Leg i 246 14-92

two juveniles at the northernmost station (37°27'N,
72°17'W). Apart from fewer midwater tows than Bongo
tows, the distributions of the stations where juveniles
were caught during Legs | and Il were very similar to
those for larvae (Fig. 3).

A total of 517 juveniles were captured during Leg |
(Table 2), with median sizes ranging from 10.3 10 47.0
mm ML and an overall size range of 7-72mm ML. From
northeast to southwest, the median size progressively
became iarger and the overall size range also
increased. During Leg Il, the juveniles were generally
larger than during Leg |, and there was no indication of
progression in size along the Slope Water-Guif Stream
frontal zone. A total of 246 juveniles were caught, with
median sizes in the range of 22.0-44.5 mm ML and an
overall size range of 14-92 mm ML.

Comparison of catches at stations where both
Bongo and midwater trawl tows were made (Table 3)
indicates an association between larvae and juveniles
at some stations but not at others. At all stations
(except Sta. 53) where larvae were caught in Bongo
tows, juveniles were caught in the midwatertraw! tows,

TABLE 3. Catches of lliex at stations where both bongo {for larvae)
and midwater trawl (for juveniles) sets were made during
Legs 1 and Il in February 1983. (Numbers in parentheses
are juveniles in bongo sets and larvae in MWT sets.)

Number of lilex

Latitude Bongo MWT

Cruise Station
Leg | 24 34°38’ — 38
53 33°43° 2 —
65 33°28’ 3 7
82 32°47 1 5
88 32°08’ 1 4
92 32012 1 32(2)
94 32°13' — 15
95 32°18’ 1 4
107 32°02 3(1) 1
108 31°56’ 3 1
112 31°33° — 5
114 31°45’ — 5
122 31°25 1(1) 4
129 30°51° 4 5
131 30°51° 1 24
137 30°27° — 359
139 30°27' — 1
Leg I 8 29°49’ — 4
16 29°23° — 1
20 29°17° —{1) 64
31 28°44° — 2
33 28°43' 1 13
45 30°53° — 7
55 31°16’ — 4
70 33029’ — 20
84 33°55' — 126
86 33°58’ — 3
120 37°39’ — 3

but, at stations where the midwater traw! caught juve-
niles, the Bongo caught farvae in only 10 of 16 tows
(63%) during Leg 1 and 2 of 11 tows (18%) during Leg I1.
The possibility that the smaller juveniles might have a
greater distributional overlap with the larvae was con-
sidered, but examination of median sizes and ranges
indicated no size differential between juveniles that
were caught at stations associated with larval catches
and those not associated. Additionally, examination of
the oceanographic datarevealed nodifference in water
masses for the associated and unassociated catches of
juveniles.

Water temperatures and squid distribution

The aim of the survey was to work a series of short
transects across the Slope Water-Guif Stream frontal
zone between Cape Hatteras and Florida. The 15°C
isotherm, which is usually nested within closely-
spaced isotherms on a temperature plotat 200 m (Wor-
thington, 1954; Webster, 1961; Fuglister, 1963), is
frequently taken to indicate the geographic position of
the high-velocity core of the Guif Stream. Upstream
from its seaward deflection off Charleston, South
Carolina, the Gulf Stream may at times and places be
shoreward of the 200 m isobath so that temperatures
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Map of the survey area showing for Leg t during 31 January-13 February 1983. A, cruise track along which XBT

casts were made and station numbers of STD casts; B, surface temperature contours along the cruise track; and C,
temperature contours at 200 m and capture locations (S) of /lfex larvae and juveniles. (B and C are offsetfor visual

clarity.)

throughout the water column are all higher than 15° C.
However, its position, as judged from the surface ther-
mal front, is usually close to the 200 m isobath with
lateral movement generally less than 15 km (Bane and
Brooks, 1979). During Leg | of the survey (Fig. 5),
surface temperatures were usually 20° to 23°C on the
northern transects and 20° to 25°C in the south. The
15° C isotherm was located seaward of the 200 m iso-
bath, and all squid caiches were taken on the shore-
ward size of this isotherm, indicating that most of the

squid were probably distributed shoreward of the high-
velocity core of the Gulf Stream.

The temperature distributions in Fig. 5 should not
be considred in any way to be synoptic or to represent
the average condition during the 2-week period ofthe
survey. Only the observations which were made along
individual transects within a few hours may be consi-
dered approximately synoptic. An indication of the
dynamic nature of conditions in the area of sampling
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Fig. 6.  Progressively offset locations of the Gulf Stream-Slope Water front, as determined from NOAA/NESS satellite-
derived oceanographic analysis maps for 1, 3, 8 and 10 February 1983,

and the speed at which changes occur, at least in the
surface layer, may be obtained from the NOAA/NESS
satellite-derived oceanographic analysis maps, which
are produced twice weekly (Wednesday and Friday).
Progressive offsets of the Slope Water-Gulf Stream
front on 1, 3, 8 and 10 Feburary 1983 (Fig. 6) show a
complex series of filaments or shingles which varied in
number, position, size and shape. Additionally, the
high-velocity core of the Gulf Stream appears to have
been moving farther offshore during 1-8 February in
the area downstream of the Charleston Bump. By 10
February, the meander appears to have been moving
shoreward again. Thus, the time when the ship was

operating downstream of the Charleston Bump (prior
to 8 February) coincided with the major deflection of
the Gulf Stream and the developing filaments or
shingles.

During Leg 1 of the survey (Fig. 7) surface temper-
atures were generally similar to those during Leg |, and
the 15° C isotherm continued to be located seaward of
the 200 m isobath. However, most of the squid caiches
appear to have been taken within or on the seaward
side of the high-velocity core of the Gulf Stream,
exceptions being noted for catches at stations 27, 31,
84 and 86. This contrasts significantly with sampling
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Fig. 7. Map of survey area showing for Leg It during 18-25 February 1983: A, cruise track along which XBT casts were
made and station numbers of STD casts; B, surface temperature contours along the cruise track; and C, tempera-
ture contours at 200 m and capture locations (S} of lllex larvae and juveniles. (B and C are offset forvisual clarity.)

during Leg |, when the catches of squid were confined
to areas shoreward of the Gulf Stream core.

Temperature-salinity characteristics and squid distri-
bution

For Leg I of the cruise, comparison of T-S plots for
stations where larval and/or juvenile I. illecebrosus
were caught with those for seaward stations where
none were caught (Fig. 8) shows distinct differencesin
the upper 100-150 m of the water column. The T-S

characteristics of the water mass in the upper 100 m,
where catches were made (Fig. 8B) are very similar to
those for Continental Edge Water, as defined by Wen-
nekens (1959), whereas the water further offshore (Fig.
8C) corresponds more closely to Yucatan Water. Cur-
iously, the T-S curves for stations shoreward of those
where catches were obtained (Fig. 8A) seem to indi-
cate a mixture of Continental Edge Water and Yucatan
Water, except that the temperature is frequently lower
in the near-surface layer. The presence of Yucatan
Water may be the result of frontal eddy activity which,
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at times, creates filaments of warm, saline water that
extent shoreward from the Gulf Stream core.

For Leg Il of the cruise, the T-S characteristics of
the water at stations where squid larvae and juveniles
were caught (Fig. 9) also tend to conform more closely
to those of Continental Edge Water than to Yucatan
Water, although thereis more scatter in the curves than
was the case for Leg | stations. However, plots of T-S
curves for only the upper 50 m indicate close confor-
mity to Continental Edge Water.

The envelopes of the T-S curves forthe upper 50 m
at all stations where squid were caught {Fig. 10) exhibit
similar characteristics. The T-S envelope for Leg |,
bounded by salinity isohalines of 36.15 and 36.40 and
temperatures of 20.8° and 23.6° C, is centered approxi-
mately at salinity of 36.3 and temperature of 22.5°C.
For Leg I, the envelope is larger, with salinity ranging
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Fig. 11. Cross sections of temperature, salinity and density (sigma 8) for two sections (stations 34-38 and 45-49, Fig. 5} occupied during
Leg 1 of the cruise. (Stations with squid catches are indicated by S and the approximate locations of the Gulf Stream core by C.)
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Leg Il of the cruise. (Stations with squid catches are indicated by S and the approximate locations of the Gulf Streamcore by G.)

from 35.95 to 36.45 and temperature from 19.5° to
24.5° C, but its center isapproximately the same as that
for the Leg | envelope. Since the sampling gear did not
have opening-closing devices, it was not possible to
identify the depth at which the larvae and juveniles
were caught, but the close similarity of the T-S proper-
ties in the upper 50 m of the water column during both
legs of the cruise indicates that most of the specimens
may have been caught in the near-surface layer (0-50
m).

Temperature, salinity and density observations
along two of the transects during Leg | (Fig. 11), both
transects being oriented more or less perpendicular to
the axis of the Gulf Stream, also confirm that the
catches of larvae and juveniles were almost always

shoreward of the Gulf Stream core, in the frontal zone,
and were in water masses which moved in the same
direction as the Gulf Stream. To be noted as well in
both transects are two cores of high salinity water,
centered at about 100 m. The inshore core is similar to
Continental Edge Water and the offshore coreto Yuca-
tan Water. On the more northerly transect (Fig. 11, A, B,
C), squid catches were at stations 34, 36, 37 and 38,
which were located on the shoreward side of the Gulf
Stream core. Essentially the same oceanographic fea-
tures were evident on the more southerly transect (Fig.
11, D, E, F), with the squid catches on the shoreward
side of the core.

During Leg il of the cruise, larvae and juveniles
were captured at stations both shoreward and slightly
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seaward of the Guif Stream core, as indicated in the
temperature, salinity and density observations along
two transects (Fig. 12) which were oriented approxi-
mately perpendicular to the axis of the Gulf Stream.
From the density patterns in both transects (Fig. 12, C,
F), it appears that the water masses in which squid
were caught were moving in the same direction as the
Guif Stream.

Spawning events and larval broods

From the differences in size and distribution of
larvae and juveniles betwen Leg | and Leg il of the
cruise, it appears that the sampled populations were
from different spawning events. The larvae from Leg |
in early February (X = 3.8 mm ML) were presumably
hatched some days or weeks earlier than their times of
capture, whereas those from Leg li later in February (X
=1.8 mm ML) were recently hatched and represented a
new broad. The juveniles from Leg | (medians of
10.3-47.0 mm ML) and Leg il (22.0-44.5 mm ML) may
have resulted from spawning at simitar times but much
earlier than the larvae which were taken during Leg 1.
By the time of Leg H, all evidence of the first larval
brood(s) had disappeared, because no larvae were
captured at the northern stations and all except one
(3.0 mm ML) were smaller than the smallest larva (2.5
mm ML) captured during Leg |.

That spawning is protracted and is composed of a
number of spawning events has been documented
from the other studies. Fedulov et al., (MS 1984) noted
the occurrence of large numbers of juveniles (30-35
mm ML) in March 1983 and again in May of the same
year. The regular appearance of groups of small squid
(100-150 mm ML) in late summer on the continental
shelf, particularly in the Georges Bank and adjacent
areas (Mesnil, 1977; Lange and Sissenwine, MS 1981)
supports the hypothesis of protracted spawning, witha
number of spawning events of variable intensity.
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