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ABSTRACT: In this study, we examine the effect of site and season (spnng vs fall) on the movement fre- 
quency and net displacement of juvenile sea scallops Placopecten magellanicus, and the relationship 
between the net movement direction of scallops and the near-bed current direction at 2 sites in Lunen- 
burg Bay, Nova Scotia, Canada. At each site, a total of 150 and 100 individually marked juvenile sea 
scallops were released on the sea bed at 2 points (Stns 1 and 2) placed 50 m apart for the spring (March) 
and fall (September) studies. The movement frequency and net displacement of the scallops were mon- 
itored within a 10 m radius from the release point approximately once a week durlng the spring study, 
and once a day during the fall study. Current meters placed 60 cm off the sea bed recorded near-bed 
current velocity. There was a significant interaction between site and season on the movement fre- 
quency of scallops. Scallop activity was low during the spring study at both sites when -30% of scal- 
lops were found at their release point on the sea bed after 30 d.  Scallops were much more mobile dur- 
ing the fall study when ~ 5 %  of scallops were found at their release point after 2 d. However, the net 
dally displacement was c 3  m for more than 60% of scallops recorded In -50% of the surveys, the net 
movement direction of scallops was significantly related to the direction of the main current vectors 
over daily to monthly periods, whereas in the other cases the net movement direction was independent 
of the direction of the main current vectors. The results of this study indicate that local hydrodynamics 
is not a good predictor of the swimming dispersion of juvenile P magellanicus in natural habitats. 

KEY WORDS: Currents . Displacement patterns . Juveniles . Movement frequencies . Placopecten 
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INTRODUCTION 

Scallops (Class Bivalvia, Family Pectinidae) are well 
known for their swimming ability (Brand 1991). They 
swim by rapid closure of the valves ('clapping') which 
propels them through the water. Their movement tra- 
jectories can be divided into active (swimming) and 
passive (sinking) phases. Small scallops (c30 mm shell 
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height, SH) tend to swim vertically, or in an ascending 
spiral, and therefore rely on advection by water cur- 
rents for horizontal displacement (Manuel & Dadswell 
1991, 1993, Minchin 1992, Carsen 1994). At larger 
sizes (-50 mm SH), scallops are capable of extended 
(>2  m) level flight (Joll 1989, Dadswell & Weihs 1990). 
Although predators are considered the main stimulant 
of scallop swimming (Brand 1991), scallops may also 
swim in response to unsuitable environmental condi- 
tions, high density of conspecifics or changes in cur- 
rent speed (Brand 1991). 

The sea scallop is among the most important species 
of scallops in the world market (Brand 1991); its distri- 
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bution extends from the Gulf of St. Lawrence to Cape 
Hatteras, North Carolina, USA (Posgay 1957). It is usu- 
ally found in environments with strong currents in 
depths ranging from about 15 to 110 m, and occurs in 
shallower water in the northen part of its range, where 
it has been reported at depths of 2 m (Naidu et al. 
1989). Juvenile Placopecten magellanicus reach 20 to 
30 mm SH in -24 mo after settlement (Naidu et  al. 
1989). Adults reach their commercial size (90 mm SH) 
in -4 yr. Previous studies of movement and dispersion 
of adult P. rnagellanicus on Georges Bank (Northwest 
Atlantic), and other species of scallops elsewhere, have 
demonstrated or postulated a relationship between the 
net movement direction of scallops and the main cur- 
rent vectors (Moore & Marshal1 1967, Posgay 1981, 
Melvin et al. 1985, Joll 1989, Thouzeau 1991). Thou- 
zeau et al. (1991) found that the distribution of P. mag- 
ellanicus with increasing age on eastern Georges Bank 
was consistent with that expected due to advection by 
currents. In contrast, Hatcher et al. (in press) found that 
the direction of dispersion of 10 000 juvenile P. magel- 
lanicus in bottom seeding trials in Lunenburg Bay, 
Nova Scotia, Canada, differed from that predicted 
from both tidal and residual current direction. How- 
ever, in both flume and field studies the movement of 
juvenile P. magellanicus (10 to 30 mm SH) was signifi- 
cantly related to the flow velocity over the 5 to 6 s dura- 
tion of swimming events (Carsen 1994). The high cost 
of equipment and the labour-intensive nature of sus- 
pended culture of scallops have stimulated interest in 
bottom culture of P. magellanicus in eastern Canada 
(Wildish et al. 1988, Hatcher et al. in press, Kleinman et 
al. in press). Bottom culture involves seeding the sea 
bed with large numbers of juvenile scallops for subse- 
quent harvest by conventional means. This entails a 
lower economic investment, but may result in major 
losses of scallops through predation and dispersal be- 

yond the seeded area (Hatcher et al. 1993, in press). 
The aim of our study, done in the context of a larger 
program to investigate the feasibility of bottom culture 
of sea scallops in eastern Canada (Hatcher et al. 1993, 
in press, Barbeau et al. 1994, Kleinman et al. in press), 
was to quantify in detail the relationship between 
near-bed water currents and net movement vectors of 
individually marked juvenile P. magellanicus, to pre- 
dict the dispersion of seeded scallops. The studies 
were conducted at  2 different sites and during con- 
trasting seasons (spring vs fall) in order to measure the 
effect of these factors on the movement frequencies 
and the distributions of net displacement of juvenile 
sea scallops over extended periods. We also sought to 
determine if the net movement direction of scallops 
was significantly related to those of the main current 
vectors. 

MATERIALS AND METHODS 

Study sites. Two study sites were selected in Lunen- 
burg, Nova Scotia, with defined hydrodynamic 
regimes (Sturley & Lea1 1991, Sturley et al. 1993) and 
naturally occurring populations of sea scallops a 'Bay 
Site', at the mouth of Corkum Island Channel (44" 
20.7' N, 64" 18.8' W) and a 'Channel Site', located in 
Eastern Point Gut (44" 21.1' N, 64" 12.8' W) at the 
mouth of the bay (Fig. 1) (these correspond to Sites 2 & 
3 respectively in Barbeau et al. 1994 and Kleinman et 
al. in press). The substratum at the Bay Site is a mix- 
ture of granite and slate cobbles and shell fragments, 
embedded in silt-sized sediments. The mean depth is 
8.5 m and the tidal range is 0.7 to 2.1 m. This site is 
dominated by tidal flow, and current speeds (at 60 cm 
off the sea bed) range from 0 at slack water to 
0.58 m S - '  at peak flow. Bottom temperature variations 

Fig. 1. Placopecten magellanicus. Map 
showing the 2 sites used to examine the 
movement frequencies and displace- 
ment patterns of juvenile scallops in 
Lunenburg Bay, Nova Scotia, Canada 
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during the tidal cycle rarely exceed 6°C in spring and 
summer. 

The Channel Site is more protected, lying within a 
25 m wide tidal channel. The substratum at this site is 
similar to that at the Bay Site, but less uniform at scales 
of tens of metres. The mean depth in the Channel is 
4 . 8  m and the tidal range is 0.7 to 1.9 m. Current 
speeds range from 0.1 at slack water to 0.48 m S-' at 
peak flow. The baroclinic currents in the channel are 
often strong enough to prevent tidal reversals in cur- 
rent direction, resulting in several days of unidirec- 
tional flows of varying speed. The temperature at the 
Channel Site is less variable than at  the Bay Site, with 
tidal period variations rarely exceeding 3°C. 

Spring study. The scallops were obtained from an 
experimental hatchery at Sandy Cove, Nova Scotia 
(Fisheries Resource Development, Ltd) in late Febru- 
ary 1992, and individually tagged with bee-tags 
(Steele & Brodie, Ltd, Hampshire, England) glued to 
the dorsal valve. The bee-tags have a dish shape of 
2.6 mm diameter, and 0.02 mm thickness, and weigh 
0.0014 g. The miniature bee-tags probably do not ap- 
preciably affect the behaviour or ability of juvenile 
scallops to swim. Parsons et  al. (1992) found that plastic 
disk tags 3 times larger in diameter than the bee-tags 
used in our study did not affect the movement activity 
of juvenile Placopecten magellanicus. The shell height 
(the maximum distance between dorsal and ventral 
margin) of tagged scallops was recorded to the nearest 
0.1 mm using vernier calipers. Prior to experiments, 
scallops were held in tanks with flowing seawater at 
ambient temperature and continually drip-fed with a 
mixture of cultured algae (T-Isochrysis galbana, Tha- 
lassiosira pseudonana and Chaetoceros muelleri). 

At each site, 2 stations (Stns 1 and 2) were located 
50 m apart along a line parallel to the major axis of cur- 
rent flow (Fig. 2). A reference marker -70 cm in height 

Stn 1 
Current meter 

was placed 0.5 m from each station. On March 4 
(Channel Site) and 18 (Bay Site), 1992, scallops were 
transported in coolers to the study sites, and 50 marked 
individuals of 15 to 29 mm SH were released on the sea 
bed within a -10 cm radius of each station marker. Ad- 
ditional scallops to replace those lost during the exper- 
iments were placed in pearl nets of 35 X 35 cm, 6 mm 
mesh (50 per pearl net) and suspended 1 m above the 
sea bed at each station. From these pearl nets, a second 
set of 50 marked scallops was released at Stn 1 on April 
4 at the Bay Site and on April 8 at the Channel Site. 

Approximately 24 h after the scallops were released, 
the initial distance and bearing from the top of the ref- 
erence marker to each scallop was recorded using a 
tape measure (k5 cm accuracy) and a magnetic com- 
pass (k2" accuracy) (Fig. 2). For each tagged scallop, 
the net movement distance and direction measured 
from the reference marker was adjusted to the actual 
release point (Stns 1 and 2) by trigonometry. The 
movement frequency, net movement distance and 
direction, and mortality (determined by recording 
intact and broken shells) of scallops was then moni- 
tored at approximately weekly intervals (March 19 to 
May 25, 1992, at  the Bay Site; March 5 to May 19, 1992, 
at  the Channel Site) by swimming circular transects 
within a 10 m radius of each station. To avoid scallop 
swimming reactions due to diving activity, we 
approached them very carefully. A scallop was consid- 
ered to have moved when it was found at least 20 cm 
from its original position. Concurrent with this spring 
study, 20000 juvenile sea scallops were released on 
the sea bed between stations at the Bay Site and 
another 13 000 at the Channel Site as part of a bottom 
seeding trial (Hatcher et al. 1993). 

At both sites, 2 electromagnetic current meters (S4 
Interocean Systems, San Diego, CA, USA) were used 
to record current velocity [+ 1 cm S-' and + 2" M (M is 

Stn 2 
Current meter 

Fig. 2. Placopecten magellanicus. Schematic representation of the experimental set-up (not to scale). At each site, a total of 150 
and 100 indiv~dually marked juvenile scallops were released on the sea bed at 2 points (Stns 1 and 2) ,  placed 50 m apart for the 
spring and fall studies respectively. Current meters recording near-bed current velocity were placed at 60 cm off the sea bed 
elther in the center of the transect (1 current meter) or at each end (2 current meters). The location of the marked scallops on the 

bed was monitored on a regular basis, within an area of 10 m radius from the release point 
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direction with respect to magnetic north)] and temper- 
ature (+ 0.05"C) at 1.0 min intervals from March 18 to 
April 16 at the Bay Site and between March 4 and 31 at 
the Channel Site. Current meters were placed 100 m 
apart along the line parallel to the major axis of current 
flow at 0.6 m off the sea bed and 25 m upstream and 
downstream of each station, and their measurements 
were considered as those corresponding to Stns 1 and 
2 respectively (Fig. 2). The S4 current meter spatially 
integrates the current velocity in a sphere of -50 cm 
radius with a spatial resolution of 2%, which encom- 
passes the height off the sea bed reached by juvenile 
scallops (Carsen 1994). Temperature was recorded 
using thermometers when there were no current meter 
data. 

Fall study. The scallops were obtained from spat 
collectors in Passamaquoddy Bay, New Brunswick, 
Canada, through a commercial supplier (The Great 
Maritime Scallop Trading Co.). They were transported 
to the study sites on September 14 as described above 
for the spring trials, but placed in pearl nets at each 
station for 1 wk prior to release on the sea bed. The 
experimental protocol used in the spring study was 
repeated in the fall using scallops in the same size 
range. However, the duration of the fall study was of 
-1 wk (September 14 to 18 at  the Bay Site; September 
14 to 21 at the Channel Site) and the net movement 
distance and direction of the scallops were monitored 
at -24 h intervals due to the high movement fre- 
quency expected in this season (Hatcher et al. in 
press). On September 16, we estimated the number of 
scallop predators (starfish and crabs) in three 1 m 
wide circular transects around each station at 3, 6 and 
9 m from the marker using an underwater video cam- 
era. As only 2 current meters were available in the 
fall, we placed 1 at the midpoint between the 2 sta- 
tions at each site. 

Comparisons between the spring and fall studies 
could be confounded by the different sources of scal- 
lops: hatchery-reared in spring and wild in the 
fall. However, behavioural observations (Rarbeau & 
Scheibling 1994) and results of seeding trials 
(Hatcher et al. 1993) do not indicate an interaction 
between the scallop source and scallop behaviour or 
dispersion. 

Data analysis. For each tagged scallop, movement 
frequency and the net displacement and direction of 
movement were analysed in 2 ways. Firstly, each sur- 
vey was considered separately, using the initial loca- 
tion of the scallop on the sea bed as a reference. Scal- 
lops were divided into 4 different groups: (1) 'dead', 
(2)  'moved' (scallops found within the search area but 
not at their initial release point), (3) 'not moved' (scal- 
lops found at t h e ~ r  initial release point), and (4) 'not 
found'. The net displacement and direction of move- 

ment of scallops were examined using only the scal- 
lops which had moved. Secondly, the movement fre- 
quency of the scallops was analysed by monitoring 
the change in location of individual scallops on the 
sea bed between 2 consecutive surveys. Due to the 
high movement frequency during the fall, we esti- 
mated net displacement (using standard trigonomet- 
ric functions) between 2 consecutive surveys at 1 d 
intervals. 

For each site and survey, contingency table analy- 
sis was used to determine whether the observed pro- 
portion of scallops not found at their previous loca- 
tion on the sea bed ('moved' + 'not found') differed 
significantly between stations. In most cases the 
movement frequency within each site was indepen- 
dent of the station, so the interaction between site 
and season on the movement frequency of scallops 
('moved' + 'not found') was analysed with a 2-way 
contingency table, pooling the data from both sta- 
tions. The effect of season on the movement fre- 
quency of the scallops was examined by a separate 
contingency table analysis. 

The observed distributions of net displacement of 
scallops for each survey were compared between 
stations at each season and site, and between sites 
after pooling stations, using a 2 sample Kolmogorov- 
Smirnov test. The Kolmogorov-Smirnov test also was 
used to compare distributions of net displacement 
between seasons at similar times after release. In the 
fall study, for the analysis of movement frequency and 
net displacement results, data from the first survey 
were not considered because of the short interval of 
time after release (-3 h). 

Current meter data were analysed using the S4 soft- 
ware. Current velocity records (recorded every 
minute) were averaged over 10 min intervals to calcu- 
late mean current directions and speeds. Main current 
vectors were divided into 2 groups: (1) 'primary cur- 
rent vector' for the fastest, and (2) 'secondary current 
vector' for the next fastest current vector. 

Circular statistics (Batschelet 1981) were used to 
test whether the observed d~stribution of net move- 
ment direction of scallops was significantly different 
from a random distribution (Rayleigh's test) and inde- 
pendent of the direction of the main current vectors 
( V  test) for each survey. It may be argued that 
Hotelling's test, a bivariate analysis that includes both 
the vector distance and direction to test for directional 
movement (Batschelet 1981), could have been used 
instead of the Rayleigh or V tests, which do not 
include the vector distance in the analysis. However, 
for a given survey, the vector distances did not vary 
much and their distribution could not be interpreted 
as drawn from a bivariate normal population, preclud- 
ing the use of Hotelling's test (Batschelet 1981). This 
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is supported by the fact that whenever the Rayleigh or 0.03 ind. m-' for starfish and crabs at  the Bay Site and 
V tests showed significant directional movement, 0.70 + 0.16 and 0.13 + 0.04 ind. m-' for starfish and 
Hotelling's test failed to do so. In cases where the crabs at the Channel Site respectively. There were no 
Rayleigh or the V tests showed that the observed dis- significant differences (p  > 0.57) between sites in the 
tribution of the vector angles was significantly differ- mean density of starfish, but the density of crabs was 
ent from a random distribution for both stations in the higher (p  = 0.05) at the Channel Site than at  the Bay 
same survey, the mean vector angles between both Site. 
stations were compared with the Watson and Williams 
test (Batschelet 1981). Movement frequency 

RESULTS 

Environmental conditions 

Near-bed water temperature during the spring study 
increased from 1.5 to 8.5OC at the Bay Site and from 2 to 
6.5"C at the Channel Site. During the first 4 wk of the 
spring study, water temperature was minimal at both 
sites, ranging from -1 to 2°C. For the next 4 wk, water 
temperature at the Bay Site tended to be higher than at 
the Channel Site, and was 2°C higher at the end of the 
experiment. None of the differences in time-averaged 
monthly means was statistically significant (Student's t- 
test: p > 0.15). Water temperature during the fall study 
decreased from 12.5 to 9 . 6 " ~  at the Bay 
Site, but remained relatively constant at 
12.0 to 13.8"C at the Channel Site. Mean 
water (+SE) temperature at  the Bay Site 
(9.88 + 0.12"C) was significantly lower 
(Student's t-test: p < 0.001) than at  the 
Channel Site (12.5* 0.13"C). 

The near-bed hydrodynamics at both 
sites was characterised by strong, bidi- 
rectional currents during both seasons. 
At the Bay Site, tidal forcing dominated 
the flows, with a strong asymmetry 
favouring the ebb. The direction of the 
main current vectors was more variable 
at  the Bay Site than at  the Channel Site 
(Fig. 3, Tables 1 to 4). At the Channel 
Site, low-frequency forcing often domi- 
nated over the tides, resulting in unidi- 
rectional flows over periods of several 
days. The direction of the main current 
vectors was fairly constant in the 
along-channel axis, during both study 
periods (Fig. 3, Tables 1 to 4). 

During the fall study at both sites 
there were no significant differences 
(Student's t-test: p > 0.10) between sta- 
tions in the mean density of predatory 
starfish Asterias spp. or crabs Cancer 
irroratus. Mean density (+SE) pooled 
over stations was 0.80 + 0.09 and 0.04 + 

Scallops at each station at each site usually exhib- 
ited similar movement frequencies as measured by 
the proportion of scallops that were not found at their 
release point. In the spring study, contingency table 
analysis showed that there were no significant differ- 
ences in the movement frequency between stations in 
5 out of 7 surveys at  the Bay Site (X' < 0.60, p > 0.25) 
and in 6 out of 11 surveys at  the Channel Site (p > 
0.20). A second set of scallops was released at  Stn 1 
on April 4 at the Bay Site and on April 8 at the Chan- 
nel Site, but these were not included in the analysis. 
In the fall study, there were no significant differences 
in the movement frequency between stations for any 
survey (p  > 0.25). Due to the low proportion of signif- 
icant differences between stations, data for both sta- 

A) Bay Sate, sprang 

m 

B) Channel Site, sprang 

m 

C)  Bay Sale, fall D) Cnannel Sile, fall 

W W 

ncr W 270' 

180" 

Fig. 3. Placopecten magellanjcus. Time-integrated current vectors (10 cm S-') at 
2 study sites and seasons. For the spring study, current vectors correspond to 
those measured 7 and 5 d after scallops were released, at (A) the Bay Site and 
(B) the Channel Site respectively. For the fall study, current vectors correspond 
to those measured 4 d after scallops were released at (C) the Bay Site and (D) 
the Channel Site respectively. For the spring study, current vectors correspond 
to those measured at Stns 2 and 1 for the Bay and the Channel sites respec- 
tively. During the fall only 1 current meter was used. Current direction was 

recorded with respect to magnetic north 
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Table 1. Placopecten magellanicus. Bay S ~ t e ,  spring study: mean net d~splacement and mean vector distance and angle of juve- 
nile scallops released on the sea bed at 2 stations 50 m apart, and main current vectors as time-integrated drection and speed of 
primary and secondary main current vectors. V test results appear in the same columns as the directions of primary and sec- 
ondary main current vectors. ' and ": directionality at the 95% and 99% level of confidence, respectively, for both Rayleigh and 
V tests. Stn: station; Dir.: direction; Dist.. distance; r: mean vector length; ns: not significant; nd: no data. 50 additional scallops 

were released on 22 April 1992 at Stn 1 (numbers within parentheses correspond to the second set of scallops) 

Survey Elapsed Stn Number Mean net Mean scallop vector Main current vectors 
date tlme (d) 'moved' displacement Dir. (OM) Dist. r Primary Secondary 

(cm + SE) (* 95 % Cl) (cm) Dir. Speed Dir. Speed 
("M) (cm S") (OM) (cm S-') 

19 Mar 1 1 4 112 *25 354 20 0.14"' 60"' 10 2 5 0 n V 5  
19 Mar 1 2 5 56 * 7 288 26 0.45"' 65"' 15 235"' 5 
20 Mar 2 1 4 95 * l 7  316 10 0.15"' 55"' 15 250"' 20 
20 Mar 2 2 4 42 * 5 276 22 0.48N 65"' 20 235"' 5 
25 Mar 7 1 4 93 + 24 82 2 1 0.44"' 55" 25 l l ~ " ~  18 
25 Mar 7 2 20 46 + 4 0 * 34 23 0.54 " 60" 18 235 5 
16 Apr 29 1 3 138 * 52 26 1 111 0.55"" 55"$ 10 105"' 15 
16Apr 29 2 15 87 + 20 18 * 46 55 0.45' 55" 15 235"' 5 
22 Apr 35 1 5 98 * 30 54 60 0.44"' nd nd nd nd 
22 Apr 35 2 20 109 + 21 31 * 46 70 0.48 nd nd nd nd 
27 Apr 40 1 7 115 +30 13 51 0.27"' nd nd nd nd 
27 Apr (5) 1 (12) (190 +29) (33 * 45) (141) (0.67') nd nd nd nd 
27 Apr 40 2 nd nd nd nd nd nd nd nd nd 
4 May 47 1 8 190 + 70 87 * 50 160 0.65' nd nd nd nd 
4 May (12) 1 (9) (151 + 28) (114 *55) (97) (0.58') nd nd nd nd 
4May 47 2 11 146 2 45 325 7 5 0.48"' nd nd nd nd 

25 May 68 1 6 163 + 54 25 3 1 0.35 nd nd nd nd 
25 May (33) 1 (10) (520 * 113) (35 * 45) (447) (0.63 ' )  nd nd nd nd 
25 May 68 2 5 243 * 93 35 1 129 0.01"' nd nd nd nd 

tions were pooled in testing for site and season could be made), contingency table analysis showed 
effects (Figs. 4 & 5) .  For surveys up to 7 d after that the effect of site was not independent of season 
release (for which comparisons between seasons (p < 0.05) (Fig. 4 ) .  

A) Bay Site, spring B) Channel Site, spring 
100 100 

80 80 

2 
9 60 60 
A 
a 
0 40 40 
Y 
0 
8 20 20 

0 0 

C) Bav Site. fall D) Channel Slte. fall 

Not found Not moved 
TIME ELAPSED AFTER RELEASE (d) 

Moved Dead 

Fig. 4. Placopecten magellanicus. 
Percentage frequency histograms 
showing, for each survey indepen- 
dently, the effect of (A-B, C-D) site 
and (A-C, B-D) season on the propor- 
tion of juvenile scallops found at their 
release point on the sea bed ('not 
moved'), not found at their release 
point but found w i t h  the search area 
('moved'), not found at their release 
point or within the search area ('not 
found') and mortality within the 
search area ('dead'). For each site and 
season, data from both stations were 
pooled. The second set of scallops 
released at Stn 1 in the spring at both 

study sites is not ~ncluded 
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Table 2. Placopecten magellanicus. Channel Site, spring study: mean net displacement and mean vector distance and angle of 
juvenile scallops released on the sea bed at 2 stations 50 m apart, and main current vectors as time-integrated direction and speed 
of primary and secondary main current vectors. ' and ''. directionality at the 95% and 99% level of confidence, respectively, for 
both Rayleigh and Vtests. Vtest results appear in the same columns as the directions of primary and secondary current vectors. 
Stn: station; Dir.: direction; Dist.: distance; r: mean vector length; ns: not significant; nd: no data. 50 additional scallops were 

released on 8 April 1992 at Stn 1 (numbers within parentheses correspond to the second set of scallops) 

Survey Elapsed Stn Number Mean net Mean scallop vector Main current vectors 
date time (d) 'moved' displacement Dir. ("M) Dist. r Primary Secondary 

(cm * SE) (* 95 % Cl) (cm) Dir. Speed Dir. Speed 
("M) (cm S- ' )  ("M) (cm S-') 

5Mar  1 1 4 58 * 8 277 *45 44 0.80' 280"' 12 240"' 6 
5Mar  1 2 4 44 * 6 120*43 41 0.91 ' 280"' 12 240"' 6 
6Mar 2 1 3 55 + 15 85 10 0.1 1"' 305"' 28 245"' 6 
6 Mar 2 2 nd nd nd nd nd 305 23 245 6 
9Mar 5 1 7 60 * 5 340 16 0.40"' 110"" 23 280"' 6 
9Mar 5 2 1 35 122 35 nd 305 23 245 6 

17Mar 13 1 5 45 * 6 354 36 0.62"' 120"' 25 75"' 6 
17 Mar 13 2 4 82 2 24 1 2 2 t  16 81 0.99" 110' 27 280"' 6 
25 Mar 21 1 9 50 * 7 330 15 0.40"' 120"' 25 250"' 6 
25 Mar 21 2 6 64 * 18 123 * 16 62 0.97 ' 115" 23 350"' 6 
31Mar 27 1 11 74 A 11 322 i 68 21 0.53 ' 115"' 35 230"' 6 
31 Mar 27 2 8 50 6 108* 41 36 0.69' 115" 30 335"' 6 
8 Apr 35 1 8 70 * 7 275 29 0.23"' nd nd nd nd 
8Apr 35 2 12 89 + 19 155 + 40 67.2 0.61' nd nd nd nd 

15 Apr 42 1 5 4 5 - c l 1  40 8 0.42"' nd nd nd nd 
15 Apr (7) 1 (9) (83 i 4) (116 35) (59) (0.78') nd nd nd nd 
15Apr 42 2 11 56 * 13 176*38 40 0.57 ' nd nd nd nd 
28 Apr 55 1 6 106 * 22 94 18 0.21"' nd nd nd nd 
28 Apr (20) 1 (7) (115 * 33) (171 r 55) (62) (0.64"') nd nd nd nd 
28 Apr 55 2 13 100 r 38 197+52  50 0.52 ' nd nd nd nd 

6 May 63 1 6 116 * 35 350 91 0.58"' nd nd nd nd 
6 May (28) 1 (8) (329 * 118) (155 + 33) (318) (0.80') nd nd nd nd 
6 May 63 2 18 160 * 44 223 * 43 74 0.47 ' nd nd nd nd 

19 May 76 1 nd nd nd nd nd nd nd nd nd 
19May  (41) 1 (2) (248k10)  (193) (233) (0.80"') nd nd nd nd 
19May 76 2 11 146 r 47 198 65 0.47"' nd nd nd nd 

Table 3. Placopecten magellanicus. Bay Site, fall study: mean net displacement and mean vector distance and angle of juvenile 
scallops released on the sea bed at 2 stations 50 m apart, and main current vectors as time-integrated direction and speed of pri- 
mary and secondary main current vectors. ' and ": directionality at the 95 % and 99% level of confidence, respectively, for both 
Rayleigh and V tests. V test results appear in the same columns as the directions of primary and secondary current vectors. Stn: 
station; Dir.: direction; Dist.: distance; r: mean vector length; ns: not significant. aCases in which the V test showed a signifi- 

cant directional movement of scallops, but Rayleigh's test failed to do so 

Survey Elapsed Stn. Number Mean net Mean scallop vector Main current vectors 
date time (d) 'moved' displacement Dir. ("M) Dist. r Primary Secondary 

(cm * SE) (* 95 % CI) (cm) Dir. Speed Dir. Speed 
('M) (cm S-') (OM) (cm S-') 

14 Sep 0.1 1 18 323 r 47 8 8 + 2 8  231 0.66 90" 23 50"' 5 
14 Sep 0.1 2 13 205 * 33 72 i 90a 94 0.37ns 90' 23 50' 5 
15Sep 1 1 20 373 * 52 73 k 26 296 0.64 " 80" 23 350"' 5 
15Sep 1 2 17 222 i 39 75 i 55' 78 0.35"' 80' 23 350"' 5 
16Sep 2 1 18 341 * 55 73 i 50a 208 0.40"' 100' 23 205"' 5 
16 Sep 2 2 17 266 r 72 109 *45  186 0.47 ' 100" 23 205"' 5 
17Sep 3 1 13 313 r 46 68*52  113 0.51 ' 105' 20 205"' 5 
17 Sep 3 2 16 316 * 78 197 i 5 4 a  119 0.41"' 105"' 20 205" 5 
18Sep 4 1 25 399 * 49 120 *llOa 136 0.25"' 100' 15 130' 5 
18Sep 4 2 14 271 * 51 186 118 0.25ns 100"' 15 130"' 5 
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Table 4 .  Placopecten magellanicus. Channel Site, fall study. mean net displacement and mean vector distance and angle of juve- 
nile scallops released on the sea bed at 2 stations 50 m apart, and main current vectors as time-integrated direction and speed of 
primary and secondary main current vectors. ' and ": directionality at the 95% and 99% level of confidence, respectively, for 
both Rayleigh and V tests. V test results appear in the same columns as the directions of primary and secondary current vectors. 

Stn: station; Dir.: direction; Dist.: distance; r: mean vector length; ns: not significant; nd: no data 

Survey Elapsed Stn Number Mean net Mean scallop vector Main current vectors 
date time (d) 'moved' displacement Dir. (OM) Dist. r Primary Secondary 

(cm Â SE) (i 95% CI) (cm) Dir. Speed Dir. Speed 
(OM) (cm s"') (OM) (cm s-I) 

14 Sep 
14 Sep 
15 Sep 
15 Sep 
16 Sep 
16 Sep 
17 Sep 
17 Sep 
18 Sep 
18 Sep 
21 Sep 
21 Sep 

Movement frequency tended to increase towards when the water temperature was - l0C,  the propor- 
the end of the spring study as water temperature tion of scallops not found at their previous location on 
increased. For example, at the Bay Site in March, the sea bed after 22 d (between 2 consecutive sur- 

A) Bay Site, spring 
100 

80 
(0 

S 60 
< 
( 0 4 0  

b 
8 20 

0  

C) Bay Site, fall 
1001 I I I I ~ T I I  

6 )  Channel Site, spring 

D) Channel Site, fall 
100 

- 80 

Â 60 

Â 40 

- 20 

TIME ELAPSED BETWEEN SUCCESSIVE SURVEYS (d) mNot 
Moved Dead 

Fig. 5. Placopecten magellanicus. Percentage frequency histograms showing, 
between 2 consecutive surveys, the effect of (A-B,  C-D) site and (A-C,  B-D) sea- 
son on the proportion of juvenile scallops found at their previous location on the 
sea bed ('not moved'), not found at their previous location on the sea bed but 
found within the search area ('moved'), not found at their previous location on 
the sea bed or within the search area ('not found') and mortality within the 
search area ('dead'). For each site and season, data from both stations were 
pooled. The second set of scallops released at Stn 1 in the spring at both study 

sites is included 

veys) was significantly lower (p < 
0.01) than that after a similar interval 
in May when the water temperature 
was -6OC (Fig. 5A). A similar trend 
was observed at the Channel Site 
(Fig. 5B). This positive relationship 
between scallop activity and water 
temperature is clear when movement 
frequency is compared for similar time 
intervals between the spring and fall 
studies. For example, in the spring 
study, 64% of scallops at the Bay Site 
and 54% of scallops at the Channel 
Site were not found at their release 
point after 29 and 27 d respectively 
(Fig. 4A, B). In the fall, movement fre- 
quency was much higher: 89% of 
scallops at the Bay Site and 98% of 
scallops at the Channel Site were not 
found at their release point after 2 d 
(Fig. 4C, D). 

Net displacement 

In the spring study, the distributions 
of net displacement of scallops at each 
site did not differ significantly between 
stations in any survey (Kolmogorov- 
Smirnov test: p > 0.11), except for the 
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A) Bay Site, 1 d E) Bay Site, 2 d I) Bay Site, 7 d 

B) Channel Site, 1 d F) Channel Site, 2 d J) Channel Site, 5 d 

C) Bay Site, 29 d - G) Bay Site, 35 d K) Bay Site, 40 d 

ec 
0 D) Channel Site, 27 d 

0.6 

H) Channel Site, 35 d L) Channel Site, 42 d 

NET DISPLACEMENT (cm) 

Fig. 6. Placopecten magellanicus. Spring study, frequency distributions of the net displacement (50 cm intervals) of juvenile scal- 
lops for 2 study sites, for which comparisons between sites could be made (A-B, C-D, E-F, G-H,  I-J, K-L), measured as the net dis- 
placement from their release point on the sea bed to where they were found at each survey. For each site, data from both stations 

were pooled. The second set of scallops released at Stn 1 is not included 

survey done 7 d after release at  the Bay Site (p < 0.05). which comparisons between sites could be made).  The 
(The second set of scallops released at Station 1 on pooled distributions did not differ significantly be- 
April 4 at  the Bay Site and on April 8 a t  the tween sites for any survey (p > 0.51; Fig. 6), except for 
Channel Site were not included in this analysis.) those done 29 and 27, and  40 and 42 d after release for 
Therefore, data from both stations were pooled for the Bay Site and the Channel Site respectively (p < 
each site and for surveys up to 42 d after release (for 0.05). 
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A)  Bay Site, 1 d E) Bay Site, 2 d 
I 1 I l 

B) Channel Site, l d F) Channel Site, 2 

C) Bay Site, 3 d G) Bay Site, 4 d 

- 

D) Channel Site, 3 d 

p 0 .4  i71 
H) Channel Site, 4 d 

0  300  600 900  1200 0  300  600  900 1200 

NET DISPLACEMENT (cm) 

Fig. 7.  Placopecten magellanicus. Fall study, frequency distributions 
of the net displacement (100 cm intervals) of juvenile scallops for 
2 study sltes, for whlch compansons between sites could be  made 
(A-B, C-D, E-F, G-H) ,  measured as  the net displacement from their 
release pomt to where they were found at  each survey. For each site, 

data from both stations were pooled 

In the fall study, there was a significant difference in 
the distributions of net displacement between stations 
in only 2 surveys (3 and 4 d after release) at  the Bay 
Site (Kolmogorov-Srnirnov test: p = 0.03 and p = 0.04 
respectively) and in only 1 survey (1 d after release) at  
the Channel Site (p  = 0.02). Therefore, comparisons 
between sites were made after pooling the data from 

both stations for each site. The pooled distribu- 
tions of net displacement did not differ signifi- 
cantly between sites, except for the survey 4 d (p 
= 0.03) after release (Fig. 7). 

For surveys up to 7 d after release (for which 
comparisons between seasons could be made) 
the distribution of the net displacement of scal- 
lops differed significantly between the spring 
and fall studies (Kolmogorov-Smirnov test: p < 
0.01, data from both sites pooled) (Figs. 6 & 7). 
Scallops moved about 3 times the distance dur- 
ing the first day after release in fall than in 
spring. The same tendency was observed for 
longer periods (Tables 1 to 4). The high move- 
ment frequency of scallops observed during the 
fall between 2 consecutive surveys (1 d;  Fig. 5C, 
D), was not translated into a large net displace- 
ment since >60% of net displacements were 
< 3  m (data from both stations pooled) (Fig. 8). 

Net movement direction 

In the spring study, there was no clear rela- 
tionship between the net movement direction of 
scallops and the direction of the main current 
vectors at  either site (Tables 1 8 2, Fig. 9A, B). At 
the Bay Site, 39% (n = 7) of the mean net move- 
ment directions of scallops differed significantly 
from randomness (Rayleigh's test: p < 0.05, 
Table 1). In 2 surveys at  Station 2 in which cur- 
rent meter data were available (? and 29 d after 
release), scallop movement was significantly 
related to the direction of the primary current 
vector (Vtest: p < 0.05; Table l ) .  The directional 
movement observed for the second set of scal- 
lops released at Stn 1 at the Bay Site may be 
related to the direction of the primary current 
vector, since the confidence interval of the mean 
vector angles included the angle of the primary 
(ebb) tidal current (35 to 120°M) (Hatcher 
unpubl. data).  Mean net movement directions 
between stations at the Bay Site were not com- 
pared because significant directional movement 
at  both stations was never observed simultane- 
ously (i.e. in the same survey). At the Channel 
Site, 52% (n  = 12) of the mean net movement 
directions of scallops differed significantly from 

randomness (Table 2). In 3 (13, 25 and 27 d after 
release) out of 6 surveys in which current meter data 
were available, the net movement direction of the scal- 
lops was significantly related to the direction of the 
primary current vector (Table 2). For the only survey 
(excludmg the second set of scallops released at Stn 1) 
in which a significant directional movement was 
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A) B a y  S i te ,  fa i l  

NET DISPLACEMENT (cm) 

Fig. 8. Placopecten rnagellanicus. Fall study, frequency dis- 
tributions of the net displacement (100 cm intervals) of juvenile 
scallops for 2 study sites (A, B), measured as the net displace- 
ment between 2 consecutive surveys done after 1 d. For each 
site, data from both stations and surveys done after 1 d were 

pooled 

detected (Rayleigh's test: p < 0.05) for both stations 
simultaneously (27 d after release; Table 2), the mean 
net movement direction differed significantly be- 
tween stations (Watson and Williams test: p < 0.01). At 
Station 2 there was a trend in successive surveys from 
a mean net movement angle of 120" towards 200' M. 
The lack of current meter data for the latter part of 
this study leaves open the possibility that this shift 
was related to a change in the direction of the main 
current vectors. 

During the shorter fall study, the relationship 
between net movement direction of scallops and the 
direction of the main current vectors was clearer 
(Tables 3 & 4, Fig. 9C, D). At the Bay Site, 90% 
(n = 9) of the mean net movement directions of scal- 
lops differed significantly from randomness (Rayleigh 
and/or V tests: p < 0.05; Table 3). For both stations, 
the vector angles tended to be clustered around the 
direction of the primary current vector (Table 3). For 
3 of the 4 surveys in which there was a significant 
directional movement for both stations simultane- 
ously (0.1, 1 and 2 d after release), the mean net 
movement direction did not differ significantly 
between stations (Watson and Williams test: p > 0.05; 
Table 3); for the other survey (3 d after release) the 
stations differed significantly (p < 0.05). In the final 
survey (4 d after release) no significant directional 
movement was found at either station. At the Chan- 
nel Site, 83% (n = 10) of the mean net movement 

A) Bay Site, spring 0" B) Channel Site, spring O0 

Fig. 9. Placopecten magellanicus. Net dis- 270" 90' 270° 
placement and movement direction (with 
respect to magnetic north) of individual 
juvenile scallops at 2 study sites and sea- 
sons. For the spring study, net movement 
distance and direction of scallops corre- 
spond to those measured 7 and 5 d after 180' 180' 
scallops were released, at (A) the Bay Site 
and (B) the Channel Site respectively. For C) Bay Site, tall O0 D) Channel Site, tali O0 
the fall study, net movement distance and 
direction of scallops correspond to those 
measured 4 d after scallops were released 
(C) at the Bay Site and (D) the Channel Site 
respectively. For the Bay and Channel sites, 
net displacement and direction of scallops 270" 270" 91 

correspond to those measured at Stns 2 and 
1 respectively. Dashed lines: direction 
of main current vectors over the time- 
integrated periods shown for each graph 
( -  - - :  primary; - - .  . sec- 

ondary) 180" 180' 
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directions of scallops differed significantly from ran- 
domness (Rayleigh's test: p < 0.05; Table 3). Differ- 
ences in the mean net movement directions between 
stations were generally low (-30"; Table 4). For the 4 
surveys in which there was a significant directional 
movement (Rayleigh's test: p < 0.05) for both stations 
simultaneously (1, 2, 3 and 4 d after release), the 
mean net movement direction differed significantly 
between stations (Watson and Williams test: p < 0.05) 
only for the survey 1 d after release (Table 4). For the 
final survey (7 d after release) there was no clear 
pattern in the net movement direction of scallops 
between stations and significant directional move- 
ment was observed at only 1 station (Table 4). In con- 
trast to the results at the Bay Site, the movement vec- 
tors of scallops at the Channel Site were significantly 
related to the direction of the secondary current vec- 
tor ( V  test: p < 0.05). 

DISCUSSION 

In the interpretation of our results, we have made no 
distinction between scallops that have 'moved' (not 
found at their previous location on the sea bed but 
found within the search area) and those that were 'not 
found' (within the search area) in the calculation of the 
movement frequency (although the proportions of 
'moved' and 'not found' scallops are given). This may 
result in some overestimation of the natural movement 
frequency of scallops, because some of the 'not found' 
scallops may have died rather than moved. This error 
was partially corrected by locating the tagged shells or 
shell fragments of dead scallops within the survey 
areas. Moreover, the proportion of scallops 'moved' 
and 'not found' at each survey followed a sirmlar pat- 
tern in both the spring and fall studies. Also, since we 
only searched for scallops within a 10 m radius of the 
release point, we  may be underestimating movement 
frequency and displacement by excluding scallops that 
moved outside of the search area. However, -75% of 
scallops found in a given survey were relocated in the 
next survey (see Fig. 5). in both the spring and fall 
studies. Therefore, we consider that pooling 'moved' 
and 'not found' scallops provides a reasonable estima- 
tion of movement frequency. 

Our findings demonstrated a seasonal variation in 
the movement frequency of scallops, presumably 
related to temperature. At both sites, movement of 
scallops was significantly higher during the fall than 
during the spring. This is consistent wi.th observations 
by Parsons h Dadswell (1992) that swimming of Pla- 
copecten magellanicus in Passamaquoddy Bay has a 
seasonal pattern, with few scallops swimming during 
the winter when water temperature was minimal 

(<4"C) and a peak of activity during the fall when tem- 
perature was maximal. During our fall study, when 
water temperature was -12"C, -75 % of scallops had at 
least 1 swimming excursion in a 1 to 4 d interval. This 
is higher than previous observations in Passama- 
quoddy Bay by Parsons et al. (1992), who found that 
-75 % of juvenile P. magellanicus (15 to 25 mm SH) had 
at least 1 swimming excursion in 15 to 21 d intervals in 
the summer when water temperature was -10°C. 

Barbeau et al. (1994) documented differences be- 
tween the Bay Site and the Channel Site in the activity 
and density of predatory crabs Cancer irroratus and 
starfish Asterias spp. The density of crabs was higher 
at the Channel Site than at the Bay Site; the opposite 
was found for starfish. For both sites, there was a posi- 
tive correlation between predation rate and water tem- 
perature, although this was more evident for starfish 
than for crabs. Barbeau et al. (1994) also showed that 
scallops In the size range used in our study had a low 
probability of being captured by starfish, but a high 
probability of being captured by crabs. Differences in 
predator abundance and behaviour between the study 
sites, which may influence scallop swimming behav- 
iour (mainly an escape response from predators), prob- 
ably contribute to the significant interaction found 
between site and season on the movement frequency 
of scallops. 

Differences in the observed distribution of net dis- 
placement of scallops between stations or sites for each 
season were not high enough to be considered biolog- 
ically relevant. However, differences in movement 
frequency of the scallops between the spring and fall 
studies resulted in much higher net displacement in 
fall than in spring (e.g. 3 times higher during the first 
day after release). 

The main current vectors and the net movement 
direction of juvenile Placopecten magellanicus were 
not strongly related, especially during the spnng 
study. However, in those cases where the distribution 
of net movement direction of scallops was significantly 
different from random, it was often related to the direc- 
tion of one of the 2 main current vectors. However, 
small sample sizes in many of the surveys in the spring 
study limited our ability to detect a significant mean 
net movement direction. At the Bay Site, in both the 
spring and fall studies, we observed a tendency 
towards a relationship between the net displacement 
direction and the primary current vector (main vector 
with highest speed). This is consistent with results 
found in short-term flume and field studies, in which 
flow speeds of about 20 cm S- '  determined the net 
movement direction of individual swimming trajecto- 
ries of juvenile P. magellanicus (Carsen 1994). In con- 
trast, at the Channel Site, the net movement direction 
of scallops was generally independent of the direction 
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of the main current vectors in the spring study and it 
was related to the direction of the secondary current 
vector (mean vector with lowest speed) in the fall 
study. 

In understanding the relationship between net 
movement direction of scallops and main current vec- 
tors, we are aware of the fact that the S4 current meter 
integrates current velocity over a 50 cm sphere and, 
therefore, possible variations in the local flow over the 
study area were assumed to be not significant. How- 
ever, we consider this a fair assumption because we 
selected study sites with defined hydrodynamic 
regimes and, moreover, at each site during the spring 
study (when more than one current meter was avail- 
able), current velocity records from both current 
meters (100 m apart along a line parallel to the major 
axis of current flow) were similar (Tables 1 & 2). 

Our results indicate that even in areas with well- 
defined current regimes, net movement direction of 
juvenile sea scallops is highly variable, especially 
over extended periods. Previous studies of adult Pla- 
copecten rnagellanicus (-60 mm S H )  using the mark- 
recapture techniques indicated a weak positive rela- 
tionship between the net movement direction of P. 
magellanicus and the current patterns on Georges 
Bank (Northwest Atlantic) (Posgay 1981, Melvin et al. 
1985). Caddy (1968) observed that at bottom current 
speeds of 21 cm S - '  the direction of swimming of 
adult P. rnagellanicus is independent of current direc- 
tion. Posgay (1981) suggests that the direction of 
swimming is probably random and that net move- 
ment over time is the result of tidal currents. This is 
consistent with observations by Thouzeau et al. 
(1991) that the age distribution of P, rnagellanicus on 
the eastern part of Georges Bank is spatially consis- 
tent with current-related dispersion. However, in 
seeding trials conducted concurrently with our spring 
study, we observed that the spatial patterns of disper- 
sion of the seeded juvenile sea scallops showed a 
directionality which was not always explained by the 
prevailing current vectors (Hatcher unpubl. data). In 
another seeding trial near the Bay Site, Hatcher et al. 
(in press) observed that the dispersion pattern of 
10000 seeded juvenile sea scallops was not signifi- 
cantly related to the near-bed tidal or residual current 
directions over 13 mo. Taking into account that juve- 
nile P. magellanicus spend a relatively short time 
swimming in the water column (-5 S of active swim- 
ming and -4 s of passive sinking; Carsen 1994), the 
timing of swimming relative to the current regime, 
rather than the time-averaged current, is likely to be 
the crucial factor determining the net movement 
direction of seeded juveniles. It has been suggested 
that Argopecten irradians and Chlarnys islandica 
swim in response to tidal changes or flow speed 

(Moore & Marshal1 1967, Gruffydd 1976). However, 
in other field expenments, we found that juvenile P. 
magellanicus did not swim in response to tidal 
changes (Carsen unpubl, data). 

Our results, in conjunction with those of Hatcher et 
al. (in press), lead us to conclude that the local hydro- 
dynamic regime alone is not a good predictor of the 
dispersion of juvenile sea scallops in natural habitats. 
Rather, we agree with Brand (1991) that the interaction 
between scallop behaviour (e.g. swimming frequency 
and intensity), and various physical (e.g. bottom type, 
water temperature, current direction and speed) and 
biological (e.g. predator type and abundance, scallop 
density) factors determines the patterns of scallop 
movement on a local scale. 
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