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ABSTRACT: Trochophore larvae of the ocean quahog Arctica islandica swim continuously. At a 
constant temperature of 12 "C they are negatively geotactic, have no phototactic response and exhibit 
no change in swimming behaviour in the pressure range 1 to 3 bar. In a vertical thermal gradient from 9 
to 25 "C the trochophores swim throughout the experimental chamber and show no temperature 
preference. Veliger larvae of A. islandica alternate between periods of active upward swimming in 
vertically oriented helices, that is a negative geotaxis, and periods of passive sinking with the velum 
either trailing or retracted between closed valves. They do not swim in the horizontal plane and, in the 
length range 160 to 202 pm, show no phototactic response. When exposed to sequential increases and 
decreases in hydrostatic pressure at 12 "C, larvae in the length range 160 to 196 pm consistently 
exhibited a net upward movement following an increase in pressure and a net downward movement 
following a decrease in pressure. The threshold pressure change to elicit response is < 0.5 bar. Larvae 
of 170 p n l  length respond to increased pressure by decreasing the diameter of the helix and increasing 
the height gain per rotation. Larvae of 196 p m  length respond to increased pressure by increasing 
height per rotation and vertical velocity. Larvae of 202 pm length exhibit no significant change in 
swimming behaviour with increased pressure. In a vertical thermal gradient early veligers swim in the 
range 7 to 23 "C with preferential aggregation, depending upon size, in the range 12 to 18 "C. Larvae of 
204 p m  length show no temperature preference in the range 6 to 20 'C. The implication of the observed 
behaviour on seasonal depth distribution of A. islandica larvae in the Middle Atlantic Bight is 
discussed. 

INTRODUCTION 

Arctica islandica is a member of the Boreal mollus- 
can fauna which occupies a latitudinal range on the 
eastern coast of North America from Labrador to Cape 
Hatteras (Franz and Merrill, 1980). In the Middle 
Atlantic Bight the species is generally limited to a 
bathymetric range of 25 to 80 m corresponding to that 
of the 'Cold Pool' of Bigelow (1933; see also Merrill 
and Ropes, 1969). South of Cape Cod the spawning 
season of A. islandica extends from June through 
November with a maximum in late August, September, 
and early October (Loosanoff, 1953; Jones, 1982; 
Mann, 1982). This time interval encompasses a transi- 
tion from thermal stratification in the water column in 
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July, when surface temperature exceeds 20 "C but bot- 
tom (40 to 50 m) temperature is only 9 to 10 'C (Mann, 
1982), to a vertically well mixed water column in 
October. The question arises as to what extent does the 
presence of a relatively shallow (-20 m), seasonal 
thermocline influence the vertical distribution of lar- 
vae of A. islandica in the Middle Atlantic Bight. 

Marine bivalve larvae alternate periods during 
which they swim upwards in a straight line or in 
vertically oriented helices (Cragg and Gruffydd, 1975; 
Cragg, 1980) with periods of passive sinking during 
which the velum is trailed or the valves are closed. 
Movement in the horizontal plane is essentially pas- 
sive. In estuaries, dispersal of bivalve larvae is effected 
through a combination of active depth regulation and 
passive horizontal movement (Carriker, 1961; Wood 
and Hargis, 197 1). Bivalve larvae will respond in vary- 
ing degrees to light (Bayne, 1964), gravity (Bayne, 
1964) and pressure (Bayne, 1963; Cragg and Gruffydd, 
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1975; Cragg, 1980) stimuli. The deep bathymetric 
range of Arctica islandica adults in the Middle Atlantic 
Bight suggests that pressure might strongly influence 
the swimming behaviour of newly spawned larvae. 
Similarly the presence of the seasonal thermocline at 
the time of spawning (Mann, 1982) with surface temp- 
eratures in excess of the lethal limit of the larvae 
(Landers, 1976) suggests that temperature might also 
influence lama1 swimming behaviour and depth regu- 
lation. This paper describes the results of laboratory 
experiments to examine the influence of both pressure 
and temperature stimuli on the swimming behaviour of 
the larvae of A. islandica. 

METHODS 

Adult Arctica islandica were collected in July 1981 
east of Block Island, Rhode Island, USA, by F.V.'Albert 
Quito', landed at Point Judith, RI and transported on 
ice to Woods Hole, MA, where they were maintained 
in flowing sea water at 15 'C. The time interval during 
collection and transportation when the bivalves were 
out of water did not exceed 5 h. Within 1 wk of collec- 
tion bivalves that exhibited active pumping, fecal pro- 
duction, and no adverse effects from collection and 
transportation were stripped of their gametes. Fertili- 
zation was effected as described by Landers (1976) and 
Lutz et al. (1982). The trochophore and subsequent 
shelled larval stages were maintained with gentle aer- 
ation in 0.22 pn filtered sea water at a density of ca. 10 
larvae ml-l at 12.0 'C ( k 0.2 C" range) in 50 1 poly- 
ethylene (Nalgene) containers. The water in the cul- 
ture container was changed twice per week at which 
time larvae were fed on a monoculture of Tahitian 
strain Isochrysis galbana at a concentration of 50 cells 
p.l-l of final culture volume (Lutz et al., 1982). 

For experiments subsamples of lamae were collected 
from the culture by siphoning through a 'Nitex' nylon 
mesh and subsequently washing the larvae into a 
small volume of filtered sea water. The larvae were 
counted and a known number transferred to the 
experimental chamber. At the end of the experiment a 
subsample of larvae (ca. 1000 individuals) was 
removed and fixed in a buffered formalin, and mea- 
sured to length (the longest dimension) on a Leltz 
compound microscope fitted with an ocular mic- 
rometer. 

The experimental apparatus for examining response 
to pressure stimuli is illustrated in Fig. 1. With this 
apparatus the diameter, D, of the helical swimming 
pattern; the vertical distance travelled per rotation, H, 
and the vertical distance travelled, K ,  in a unit time 
interval, T, could be recorded. From D, H, K and T the 
following could be calculated: 

vertical velocity = K/T 

absolute velocity = K 
HT 

pitch of helix = o. tan a = H/nD 
Prior to an experiment larvae were allowed to accli- 

mate to the experimental chamber for a period of 2 h. 
The use of compressed nitrogen gas as a pressure 
regulator and an experimental chamber which was 
closed during acclimation allowed the maintenance of 
the control condition at 1 bar absolute pressure (where 
1 bar = 1 atmosphere= 10 m of water) rather than 
ambient pressure. All measurements are given in abso- 
lute pressure. All experiments were carried out at 
12 'C in 0.22 p m  filtered sea water supplemented with 

Fig. 1. Apparatus (not to scale) for measuring response of 
h c t i c a  islandica larvae to pressure. Larvae were maintained 
in a glass tube (1.5 cm diam. X 17 cm high, labelled 1) closed 
at one end and held in a 20 cm high X 5 cm wide X 4 cm deep 
Plexiglas pressure chamber (2). Access to the chamber was 
through a port (3) in the top of the chamber. The top was held 
in place by 6 stainless steel bolts and sealed by a neoprene 
rubber gasket. Pressure in the chamber was controlled via a 2 
stage pressure regulator (4) attached to a cylinder of nitrogen 
gas. The pressure chamber was immersed in a Plexiglas water 
jacket (5) and maintained at 12 'C by a recirculating water 
bath. Larval swimming behaviour was observed using a dis- 
secting microscope (6) mounted on a dual rack system that 
allowed movement in both the vertical and horizontal planes. 
A 10 turn potentiometer (7) was connected to the vertical 
adjustment handle. Output from the potentiometer was con- 
nected to one channel of a chart recorder (8). Calibration of 
potentiometer output against vertical displacement of the 
microscope in conjunction with a fixed rate of chart paper 
speed allowed the estimation of rate of vertical velocity of 
selected larvae if the latter were followed and maintained in 
the cross hairs of the microscope eyepiece. With the rnicro- 
scope on its lowest power the width of the tube (1) could be 
seen and the depth of the tube (1) was equal to the depth of 
field of the microscope. The diameter of the helical swimming 
pattern was estimated on an ocular grid in the microscope. An 
event marker (9) was activated to give a record on the recor- 

der (8) on completion of each rotation 
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Isochrysis galbana to a final concentration of 50 cells swimming upwards was calculated. This value was 
pl-'. To assess the influence of an increase or decrease compared by chi-squared analysis to the null 
in absolute pressure on net larval movement (up or hypothesis value of 50% which describes no net 
down) the microscope was focussed on a point midway upward or downward motion. 
between the top and bottom of the tube containing the 
larvae. The pressure was sequentially increased and 
decreased as illustrated in Fig. 2A. The number of 

Fig. 2. Arctica islandica. Swimming response of 160 pm long 
larvae to stepwise increases or decreases in pressure. (A) 
Temporal changes in pressure; (B) larval swimming response 
by 5 min intervals. Closed circles at various pressures indi- 
cate a significant (5 % level) difference from response at 
equilibrium of one bar; open circles: no net upward or down- 

ward movement 

larvae ascending and descending past a horizontal line 
on the ocular grid, and extending across the complete 
width of the tube was recorded for 4 consecutive inter- 
vals of 5 min following each change in pressure. On 
completion of a 20 min period at one pressure, the next 
pressure change was effected and the counting process 
repeated. During a typical 5 min counting period 
between 50 and 250 moving larvae would be counted. 
An initial experiment indicated that within 20 min 
following a single, stepwise pressure-change the net 
larval movement in either the upward or downward 
movement through the plane of observation had 
ceased. The 20 min time base illustrated in Fig. 2A 
was, therefore, subsequently used. 

Four experiments were performed to count the num- 
bers of larvae swimming upward and sinking passively 
at different pressures. The first experiment used the 
pressure regime in Fig. 2A for 160 pm (& 13 pm s.d., 
n = 30) long larvae. The remaining 3 experiments used 
the pressure regime of Fig. 3A for 160 pm, 183 pm 
(f 11 km %d., n = 30) and 196 p m  ( &  13 p s.d., 
n = 30) long larvae respectively and counted only dur- 
ing the first 5 min following a pressure change. For 
each 5 min counting period the percentage of bivalves 

Fig. 3. Ard'ca islandica. Swimming response of larvae to 
stepwise increases and decreases in pressure. (A) Temporal 
changes in pressure. (B) Swimming response for 160 pm long 
larvae; data are for numbers of larvae observed during first 
5 min following change in pressure. Closed circles: net move- 
ment significantly different from that at equilibrium at 1 bar. 
(C) As for (B) but larvae are 183 pm long. D) As for (B) but 

larvae are 196 pn long 

In a second series of 3 experiments the values of D, 
H, K and T were recorded for Arctica islandica larvae 
at 170 p (f 10 km s.d., n = 30), 196 pm (f 13 pm s.d., 
n = 30), and 202 pm (+  10 pm s.d., n = 30) length 
respectively. Measurements were made at 1 bar and 
subsequently at 4 bar. In the case of 202 Fm larvae an 
intermediate series of readings was made at 2.5 bar. 
Larvae were maintained at the experimental pressure 
for 2 h before recordings were made. Mean and stan- 
dard error for swimming components were calculated 
and comparisons made using a 2 tailed t-test. Some 
observations were also made of trochophore larvae in 
the pressure chamber. 
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A final series of experiments was performed to 
examine whether Arctica islandica larvae exhibited 
temperature preference. At a water change larvae 
were removed and transferred to a glass 250 m1 
measuring cylinder containing freshly filtered sea 
water enriched to 50 cells p l - l  with Isochrysis galbana. 
The base of the cylinder was immersed in an ice bath 
while the tip of a 30 W immersion heater, thermostati- 
cally regulated at a maximum temperature of 30 "C, 
was immersed in the top 5 cm of the water. The con- 
tents of the cylinder were left to equilibrate for 1 h. 
Additions of ice to the lower bath were made as neces- 

50 100 150 200 
LENGTH /MICRON I 

Fig. 4. Arctica islandica. Equilibrium distribution of 
trochophore and veliger larvae of varying sizes in a vertical 
thermal gradient. Width of bar proportionate to numbers of 

larvae 

sary. An  initial experiment performed without larvae 
demonstrated the formation of a stable thermal gra- 
dient from ca. 2 "C at the base of the cylinder to ca. 
30 "C at the top of the cylinder in less than 30 min. 
After the l h equilibration period the numbers of lar- 
vae in sequential sections, each ca. 3 cm deep, were 
counted from the top to the bottom of the cylinder. The 
temperature gradient was subsequently recorded by 
lowering a large-bulb, mercury-in-glass thermometer 
down the cylinder and taking readings at similar inter- 
vals. A plot was made of numbers of larvae versus 
temperature per section (Fig. 4). 

Both pressure and thermal response experiments 
were performed in dim white light, room illumination 
and a single point-source white light to illuminate the 
field of view of the microscope. An initial experiment 
was performed to investigate any possible phototactic 
response. Shelled veliger larvae of Arctica islandica 
were held in the apparatus (Fig. 1) for a 2 h acclimation 
period with a single point-source white light held 

directly above the pressure chamber in an otherwise 
dark room. A uniform distribution of larvae was 
observed throughout the depth of the chamber. The 
lack of aggregation at either the surface or base of the 
chamber was interpreted as a lack of phototactic 
response by A. islandica veliger larvae. The experi- 
mental light regime employed for pressure and ther- 
mal response experiments was, therefore, deemed 
appropriate. 

RESULTS 

Larvae of 160 pm length exhibit a net upward swim- 
ming movement during the 5 min period immediately 
following an increase in pressure and a net sinking 
during a corresponding period following a decrease in 
pressure to 1 bar (Figs. 2B, 3B). This behaviour was 
consistent throughout the complete range of pressure 
changes examined. Infrequently a significant net 
movement was recorded in the same direction as that 
immediately following the pressure change in the 
period extending from 5 to 15 min after a pressure 
change. 

In all but one instance a similar pattern of net move- 
ment during the 5 min interval immediately following 
a change in pressure was also recorded for 183 1u-n and 
196 p long larvae (Fig. 3C, D). These data suggest that, 
in the length range 160 to 196 pm, swimming activity 
of Arctica islandica larvae is stimulated by an increase 
in pressure. This is manifest in laboratory experiments 
by upward movement due to apparent negative 
geotaxis. 

The response of the components of swimming activ- 
ity in Arctica islandica larvae to increased pressure are 
not consistent throughout larval development. The 
mean absolute swimming velocity of a 170 pm long A. 
islandica larvae is approximately twice its vertical 
velocity at 1 bar (Table 1). On increasing pressure the 
diameter of the helix and the gain in height per rota- 
tion increases; however, neither vertical or absolute 
velocity differ significantly from values at 1 bar (Table 
1). A 196 pm long larva at 1 bar maintains a vertical 
velocity similar to a 170 pm long larva, but does so with 
a significantly lower absolute velocity combined with 
a smaller diameter helical pattern (Table 1). Larvae of 
196 pm length respond to increased pressure by 
increasing their gain in height per rotation and their 
vertical velocity. Larvae of 202 pm length at 1 bar, like 
196 pm long larvae, have a smaller diameter of helix 
than 170 pm long larvae. Unlike smaller larvae, 
202 p m  long larvae do not exhibit significant changes 
in any of the components of swimming under increased 
pressure. 

Trochophores, unlike the shelled larval stages, were 



Mann and Wolf: Swimming behaviour of bivalve larvae 215 

Table 1. Arctica islandjca. Components of swimming behaviour in larvae. All values are mean f standard error. Significant 
difference from accompanying value at 1 bar indicated thus: a ;  P <0.05: b ;  P <0.01. Significant difference (P <0.01) from 

corresponding value recorded for 170 larvae indicated by c 

Mean Pressure n Vertical Absolute tan o Height per Diameter 
length (bar) velocity velocity rotation helix 
(W) (nun S-') (mm SS'] (mm) (mm) 

170 1 3 1 .37 f .05 .7 6 -+ .04 1 .02  0.3 1.4k0.1 .9O f .06 
4 32 .49f  .05 .68f  .05 2.02 0.4a 1.9 f 0.2a .51 2 . 0 5 ~  

196 1 30 ,325.03 .53 + .03' 1.120.2 1 . 4 f  0.1 .59 + .06' 
4 3 1 , 5 2 2  .05b .75 + .05 1 .52  0.2 1 . 9 f  O.lb .57 +.OS 

202 1 20 .28 f .04 .48 + .05 1.1 k0.2 1.4 f 0.2 .51+ .05' 
2.5 20 .20f  .03 .44 f .05 0.7+.0.1 1 . 0 f  0.1 ,522.05 
4 20 .23 f .03 .53 f .05 0.6It_0.1 l.OfO.l .64 f .06 

observed to swim continually and, after a 45 min 
equilibration period at 1 bar at 12 "C, exhibited aggre- 
gation in the surface layer of the containing tube. The 
trochophores exhibited only small vertical excursions 
(1 to 2 cm) from the water surface. This pattern of 
swimming and aggregation was maintained through- 
out stepwise pressure increments of 0.5 bar to 3 bar in 
both light and dark and was not influenced by point- 
source illumination from below or the side in a dark- 
ened room. The swimming behaviour of the 
trochophores appears to be negatively geotactic and 
devoid of a phototactic response in a constant tempera- 
ture environment. 

In an intense thermal gradient, however, the marked 
surface aggregation is not evident. Trochophores swim 
actively but without any apparent preferential temper- 
ature in the range 9 to 25 "C but do not exceed the 
latter temperature (Fig. 4). Movement away from the 
temperature maximum involves reduction rather than 
cessation of swimming. Arctica islandica veliger lar- 
vae of 110 pm (k 6 pm s.d., n = 30) length swim in a 
temperature range between 10 and 17 "C with a prefer- 
ence for the 12 to 15 'C range (Fig. 4). At a length of 
120 pm (+ 11 ysn s.d., n = 30) the active range extends 
from 9 to 23 "C with a preference range of 14 to 17 "C. 
With increasing size through 145 pm (+ 11 pm s.d., 
n = 30) to 204 pm (+ 14 pm s.d., n = 30) the upper 
temperature limit of swimming activity is sharply 
demarcated at 20 "C while the lower temperature limit 
extends to 6 "C. Within this range no temperature pre- 
ference is obvious for 204 pm larvae. Although the 
temperature maximum was clearly defined in all lar- 
vae the lower limit of activity required careful observa- 
tion because descending larvae often sank either trail- 
ing their velum or with closed valves. On reaching the 
lower temperature limit of activity animals with closed 
valves often failed to recommence swimming and sank 
to the base of the cylinder where, at ca. 2"C, they 
remained closed until the completion of the experi- 
ment. There was therefore a small but continuous loss 

of moving larvae to the bottom of the cylinder through- 
out the observation period. 

DISCUSSION 

Arctica islandica veliger larvae exhibit alternating 
periods of sinking and swimming in a vertically 
oriented helical path in the manner previously 
described for Mytilus edulis (Bayne, 1964), Ostrea 
edulis (Cragg and Gruffydd, 1975) and Pecten max- 
imus (Cragg, 1980). During the sinking phase the 
velurn is often trailed rather than retracted as for 0. 
edulis and P. maximus. Mileikovsky (1973) has 
reviewed the speed of active vertical movement of 
pelagic larvae of marine benthic invertebrates; most 
fall in the range 0.67 to 2.00 mm S-'. Cragg (1980) 
reviews data for bivalve larvae. Published values 
include 1.17 to 1.33 mm S-' for Mercenaria mercenaria 
(Turner and George, 1955), 7.7 mm S-'  for Teredo 
bartschi' (Isham and Tierney, 1953), 1.1 mm S-' for M. 
edulis (Konstantinova, 1966), 0.75 to 10 mm S-' for 
Crassostrea virginica (Wood and Hargis, 1971 ; and 
Hidu and Haskin, 1978), 1.23 mm S-'  for 0. edulis 
(Cragg and Gruffydd, 1975) and 0.17 to 0.46 mm S-' for 
P. maximus (Cragg, 1980). The values for veliger lar- 
vae of A. islandica (Table 1) are clearly near the bottom 
of these ranges being comparable only with those of P. 
maximus; however, the experimental temperature 
employed during the pressure studies in the present 
work was generally lower than those previously used 
with the exception of Cragg (1980) where P. maximus 
larval swimming was observed at 14 "C. The larvae of 
A. islandica have a similar helical pitch but a smaller 
diameter to their helical swimming pattern than 0. 
edulis (Cragg and Gruffydd, 1975: Table 11). The ten- 

Although described as Teredo (Lyrodus) pedicellata by 
Isham and Tierney (1953) this species was later shown to be 
Teredo bartschi by Turner and Johnson (1971) 
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dency to increase vertical swimming speed under 
pressure by changing the helical swimming pattern to 
one of steeper, narrower spirals has been noted previ- 
ously by Bayne (1963) for M ,  edulis and Cragg and 
Gruffydd (1975) for 0. edulis. This pattern is also noted 
with 170 pm A .  islandica larvae in our study., 

The threshold change in pressure required to stimu- 
late a significant deviation from equilibrium swim- 
ming pattern has been recorded for the veligers of 
Mercenaria mercenaria (t 0.1 bar, Haskin, 1964) and 
Ostrea edulis  (0.1 to 0.2 bar depending on age; Cragg 
and Gruffydd, 1975). Fig. 2 and 3 indicate that for 
Arctica islandica such a threshold is less than 0.5 bar, 
comparable to the veligers of Mytilus edulis (Bayne, 
1963) and considerably more sensitive than the veli- 
gers of Pecten max imus  (1.0 to 1.2 bar depending upon 
age; Cragg, 1980). Cragg (1980) suggests that selection 
pressures favour a more sensitive depth regulatory 
mechanism in littoral species tha:: in sublittoral 
species. In the northerly portion of its geographic 
range (reviewed by Franz and Merrill, 1980; Lutz et al., 
1982, and Mann, 1982) A. islandica can indeed be 
found in shallow, sublittoral depths. In A. islandica 
larvae the periods of passive sinking provide a gradual 
increase in pressure which elicit a subsequent nega- 
tively geotactic swimming response. The combination 
of threshold pressure change to elicit swimming of less 
than 0.5 bar and a net upward swimming movement in 
response to all increases in pressure above 1 bar sug- 
gests an aggregation of A. islandica veligers in shallow 
depths in natural waters. This response may, however, 
be modified by thermal stratification, where the abso- 
lute temperature in shallow water exceeds the prefer- 
red temperature for larval activity. In such a case depth 
regulation will be effected through temperature 
stimuli, which discourage upward swimming, and 
pressure stimuli, which encourage upward swimming, 
acting in opposition. It is relevant to ask what are the 
implications of this model on seasonal depth distribu- 
tion of the larvae of A. islandica in the Middle Atlantic 
Bight. 

Fig. 5A (after Mann, 1982: Fig. 1) shows depth ver- 
sus time isotherms of water temperature on the South- 
ern New England Shelf. Fig. 5B illustrates the percen- 
tage of adult Arctica islandica in a partly spawned 
condition which are actively contributing to the larval 
numbers in the overlaying waters. Spawning of A. 
islandica begins in late May of early June (see also 
Jones, 1982) with rising bottom temperatures. Our 
study suggests that trochophores and veliger larvae 
resulting from these spawnings will swim upwards 
(Fig. 2 to 4). Bottom temperatures continue to rise 
through the summer and remain above 6 "C, the 
minimum preferred temperature (Fig. 4), until the fol- 
lowing December. The growth rate of A. islandica 

MONTH 
J , F , M , A , M , J , J , A , S , O , N , D ,  

Fig. 5. (A) Depth versus time isotherm plot of water tempera- 
ture at  a station in 50 m depth of water on the southern New 
England Shelf (replotted from Mann, 1982: Fig. 1, Station 1). 
Shaded area represents predicted depth range of occurrence 
versus time of Arctica islandica larvae. ( B )  Percentage of adult 
A. islandica in part spawned condition versus time (replotted 

from Mann, 1982) 

larvae in culture at 9 "C is much slower than at 13 "C 
under otherwise identical conditions (Lutz et al., 1982), 
especially so during the initial period of growth to 
130 km length (8 d at 13 "C versus 18 d at 9 'C). Land- 
ers (1976) found that fertilization of A .  islandica eggs is 
achieved between 10 and 20 "C, but developing larvae 
only survive to veligers at 10 to 15 "C, and to metamor- 
phosis at 10 to 12 "C. Lutz et al. (1982) maintained A. 
islandica larvae through metamorphosis at 9 to 13 "C. 
As the spawning season progresses and surface temp- 
eratures rise above 20 "C, behavioural responses of 
larvae promote movement to greater depth. Conse- 
quently the larvae maintain a preferred temperature 
for development (Fig. 4 and 5). Pressure stimulated 
response (Fig. 2 and 3)  is moderated by a combination 
of maximum and preferred thermal ranges (Fig. 4). The 
maximum temperature at which swimming is observed 
(Fig. 4) is not conducive to high survival and growth 
rate (Landers, 1976). An aggregation of developing A. 
islandica laryae in or below the seasonal thermocline 
is therefore expected throughout the summer months 
in the Middle Atlantic Bight. 

The shaded region of Fig. 5 shows a depth range and 
time where the model predicts that the larvae of Arc- 
tica islandica should occur. At the extremes of the 
spawning season the limits are defined by the 9 'C 
isotherm and the 5 m isobath. It is predicted that 
between June and November larvae will not be found 
below the 12 "C isotherm (Fig. 4) with the possible 
exception of settling pediveligers (not examined here). 
It is also predicted that the pressure response promotes 
upward movement by larvae from the 12 "C into the 
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area of > 14 "C, a preferred temperature for larvae in 
the length range 110 to 145 pm and at the median of 
the swimming range of larger larvae (Fig. 4). The shal- 
low limit will be determined by the preferred swim- 
ming temperature (Fig. 4), pressure response and long- 
term survival at higher temperatures. This shallow 
limit is probably set by the 20 "C isotherm and may, 
therefore, 'sink' during the summer. The actual shal- 
low and deep limits of larval distribution with season is 
unknown. It is not until the thermocline degrades and 
allows vertical mixing of the water column in Sep- 
tember or October that the individual pressure and 
temperature stimulated swimming responses comple- 
ment one another and support the prediction of an 
aggregation of A. islandica larvae in the surface 
waters. Spawning of adult A. islandica continues into 
the fall. Trochophore and veliger larvae from these 
spawnings will continue to experience surface 
directed stimuli until water temperatures decrease to a 
level below which continued development will not 
occur. 

If the stratification of larvae suggested in Fig. 5 were 
to occur, how would it influence the horizontal disper- 
sion process? If larvae survive to metamorphosis while 
restricted to a depth below the thermocline then their 
passive dispersal will be influenced by Ekman flow 
and the southwesterly direction of flow of 'Cold Pool' 
water (Bumpus, 1965; Harrison et al., 1967; Scheltema, 
1975; Beardsley and Boicourt, 1981; the original con- 
cept of this pool of water being static, as suggested by 
Ketchum and Corwin, 1964, is incorrect). Dispersal of 
larvae entrained in the thermocline will be dominated 
by turbulent flow in this discontinuity. Finally, disper- 
sal in the surface layers can be influenced by a combi- 
nation of general southwesterly flow (Bumpus and 
Lauzier, 1965; Bumpus, 1973; Beardsley and Boicourt, 
1981) and local wind forcing, the latter often resulting 
in reversal of current direction (Bumpus, 1969). 
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