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ABSTRACT: Aggregation of the gastropod Buccinum undatum Linnaeus around bait was studied at 2 
subtidal sites, with different current regimes, in the northern Gulf of Saint Lawrence, Canada. Time- 
lapse photography, SCUBA and current recordings were used to measure and interpret movement and 
behavior of whelks up to 25 m away from the bait. Objectives were to test the hypothesis of upstream 
movement to bait, and to determine relations between whelk arrival rate at the bait and currents and 
predators. In the absence of bait, 75.8 % of whelks were static or buried. In the presence of bait, whelks 
in a 20 to 60' downstream sector to a maximum distance of 20 m moved towards the bait. Whelks 
apparently oriented to the bait by chemotaxis Average crawling speed towards the bait varied from 7.3 
to 15.1 cm min-' and was independent of current speed. More whelks arnved at bait per unit tlme when 
current direction changed gradually than when current was directlonally stable; this was due to 
exploitation of new grounds and to depletion of the downstream population respectively. A model and 
Indirect field evidence indicate that whelk arrival rate is depressed by sudden and marked changes in 
current direction, because whelks are unable to track the shi,ting odor plume. Arrival rate was 
positively correlated with current speed with time lags of up to 3 h, but tended to be negatively 
correlated with longer time lags. Arrival rate was negatively correlated with the numbel of predators 
(Cancer irroratus and Hyas araneus) at bait with time lags of up to 1 h, but positively correlated with 
numbers of H. araneus at bait with longer time lags. These correlations are explained by changes in the 
characteristics of the odor plume and by agonistic interactions. 

INTRODUCTION 

Scavengers  a r e  conspicuous members  of polar a n d  
deep-sea benthos,  where  they m a y  play a major role in  
community structure a n d  energy  transfer (Arnaud 
1970, Dayton & Hessler 1972, Stockton & DeLaca 1982, 
Smith 1986). Factors governing detection a n d  localiza- 
tion of carrion, a n d  the  spatial a n d  temporal scales for 
aggregat ion a n d  subsequent  dispersal of scavengers, 
a r e  thus important for several benthic  community pro- 
cesses a n d  rates (Ingram & Hessler 1983, Smith 1985, 
Priede e t  al. 1991). This information is also directly 
relevant to the  management  of fisheries that  d e p e n d  o n  
bai ted traps a n d  hooks (McQuinn e t  al. 1988, L0k- 
keborg e t  al. 1989, Miller 1990). 

It has  b e e n  hypothesized that some scavengers  
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detect  sound  or pressure waves  genera ted  by  a falling 
nek ton  carcass a s  it hits t h e  bottom (Dahl 1979, Smith & 
Baldwin 1982), o r  h o m e  to t h e  vicinity of bait by  
mechanorecept ion of t h e  sounds produced b y  aggre-  
ga ted  feeders  (Smith & Baldwin 1984). Attraction of 
scavengers  might  also occur through the  successive 
collapse of territories held by individuals closer to bait 
(Isaacs & Schwartzlose 1975, Smith 1985). However ,  
many  observations of scavengers  arriving a t  bait from 
downstream directions (e.g. McLeese 1973, Miller 
1980, Busdosh e t  al. 1982, Wilson & Smith 1984, Him- 
melman 1988) indicate that  stimuli a r e  p ropaga ted  to 
s o m e  extent  by advection, as is t h e  case  for chemical  
attractants (Okubo 1980, Atema 1988). This  suggests  
strongly that olfaction is used  to localize bait,  a l though 
the  various proposed hypotheses n e e d  not b e  mutually 
exclusive. 

T h e  performance of a bai ted t rap may b e  measured  
b y  its 'field of attraction' a n d  'effective a rea '  (Miller 
1975, Sa in te -Mane  1991). T h e  field of attraction is  t h e  
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domain of bottom from which at  least some individuals 
of the target species move towards the trap in response 
to odor from the bait. The effective area is the area of 
bottom necessary to account for trap numerical yield: it 
is the quotient of catch (no. of ind.) over density (ind. 
per unit area of bottom) of the target species. Under the 
assumption of odor-mediated aggregation, advective- 
diffusive models have been developed to estimate the 
area of the field of attraction of scavengers to bait 
(Eggers et al. 1982, Bohe-Lafrique 1985, Desbruyeres 
et al. 1985, Gros & Santarelli 1986, Rowe et al. 1986). 
These models assume an elliptical or circular spread of 
odor around the bait. Other models introduce a tem- 
poral component that accounts for development of the 
plume and time required by a scavenger to travel to the 
bait (Sainte-Mane & Hargrave 1987, Priede et al. 1990). 

No study has yet formally analyzed the relations 
between scavenger aggregation around bait and 
current dynamics. Overall, few studies exist that pro- 
vide temporal patterns of scavenger aggregation 
around bait with records of current that are both spa- 
tially and temporally relevant. The exceptions focus on 
rapidly moving species for which precise determination 
of direction and/or time of arrival of animals was 
impossible given the limited camera field of view and/ 
or the frequency of photographs (Lampitt et al. 1983, 
Wilson & Smith 1984, Boh6-Lafrique 1985, Hargrave 
1985). Currents could conceivably affect scavenger 
arrival rates in many ways. A sudden and marked 
change of current direction might result in animals 
losing the scent (Thurston 1979, Busdosh et  al. 1982, 
Bohe-Lafrique 1985), thus arrivals at the bait would be 
momentarily interrupted. Conversely, a gradual and 
sustained change of current direction might enhance 
arrival rate as new bottoms are exploited by the odor 
plume. Scavenger arrival rate is likely to depend also 
on current speed. Under conditions of rapid vs very 
slow flow, chemical and rheotactic gradients are 
steeper so animals may be better able to localize bait 
(Kleerekopper et al. 1975). 

Carnivorous gastropods are interesting models for 
the study of scavenger behavior and orientation to bait, 
because they move slowly and are easily tracked in situ 
(Atema & Burd 1975, Sainte-Mane 1991). The waved 
whelk Buccinum undatum Linnaeus is a common, com- 
mercially-exploited, subtidal gastropod in the northern 
North Atlantic (Golikov 1968, Jalbert et  al. 1989, Gen- 
dron 1992). Whelks (from hereon, the term whelk 
designates only B. undatum) are facultative scavengers 
(Nielsen 1975) which are reportedly attracted to bait 
from distances that rarely exceed 30 m (Himmelman 
1988, McQuinn et al. 1988). Natural predators of 
whelks include the crabs Hyas araneus (Linnaeus) and 
Cancer irroratus Say (Thomas & Himmelman 1988). 

Using time-lapse photography, SCUBA and current 

recordings, we studied the temporal and spatial 
dynamics of whelks aggregating around bait at 2 sites 
with contrasting current regimes. Our first objective 
was to test the hypothesis that whelks arrive at bait 
from a downstream direction, thus supporting the view 
that odor is the main sensory clue for aggregation. The 
second objective was to measure relations between 
whelk arrival rate and current speed, current direc- 
tional stability, and the number of whelk predators at 
the bait. With respect to the latter objective, we 
hypothesized that whelk arrival rate should be (1) 
enhanced during periods of gradual and sustained 
changes of current direction, (2) depressed during 
periods of sudden and marked changes of current 
direction, (3) enhanced when current speed is high, 
and (4) depressed when the crabs Cancer irroratus and 
Hyas araneus are abundant at  the bait. Our observa- 
tions support these predictions and provide new infor- 
mation for the formulation and testing of more realistic 
models of scavenger attraction to bait. 

MATERIALS AND METHODS 

Study sites and experimental protocol. Experiments 
were performed at 2 soft-bottom sites in the Mingan 
Archipelago, northern Gulf of Saint Lawrence, Canada 
(Fig. 1). Sites were selected for their accessibility, 
topographical uniformity, different current regimes, 
and abundance of carnivorous invertebrates. The first 
site (IF) was located off fle du Fant6me at 10 m depth 
and the second (AN) was in Anse des Noyes at 11 m 
depth. 

To record whelk activity in the vicinity of bait (near- 
field experiments), we used an Edgerton-Benthos 
deep-sea standard camera (28 mm lens) and flash with 

Fig. 1. Part of the Mingan Archipelago In the northern Gulf of 
Saint Lawrence (insert) and position of the experimental sites 

at he du FantBme (IF) and Anse des Noyes (AN) 
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a black and white 125 ASA film. The camera was 
mounted on a stainless steel frame supported by 4 
slender legs, with the lens 1.5 m above the bottom. A 
graduated ruler pointing north was fixed on the bottom 
within the 0.9 X 1.5 m camera field of view. Bait 
consisted of 800 g of herring Clupea harengus Lin- 
naeus that was fixed on the bottom at the center of the 
camera field. Half of the bait was shielded in a 1 mm 
Nitex bag and the other half was placed in a 2.5 cm 
mesh bag. Photographs were taken at 2 min intervals. 
Experiments lasted for 12 h 02 min at site IF, starting at 
14:52 h on 20 July 1989, and for 25 h 12 min at site AN, 
starting at 14:32 h on 17 August 1989. Concomitantly, 
water temperature and average speed and direction of 
current were recorded at 2 min intervals by Aanderaa 
RCM-7 (site IF) and Interoceans S4 (site AN) current 
meters located 5 m away from the bait and 1 m above 
bottom. 

Photographs were projected on a 35 X 35 cm digitiz- 
ing table. Taxa were identified and enumerated. 
Whelks were classified according to 3 behavioral 
categories: arriving at bait, departing from bait, and 
wandering. Whelks in the last category entered or 
crossed the camera field but never moved towards the 
bait. The positions of the apex and of the anterior edge 
of each whelk shell were determined and the direction 
of the resulting vector gave the orientation of the 
whelk. The midpoint of the whelk vector and the center 
of bait were used to determine a whelk-to-bait vector, 
representing the distance and course to the bait. Shell 
height, measured from anterior edge to apex, and 
crawling speed were determined for whelks that were 
within 45 cm of the center of the camera field and that 
were not disturbed as they moved towards bait. The 
shell height of individual whelks was the mean of 
a least 2 measurements on different photographs. 
Stereoscopic photography is required to accurately 
measure objects if they are not flush with the bottom. 
However, the measurement error on shell height 
resulting from the use of single photographs taken in 
the same conditions (flat bottom, same camera eleva- 
tion) is constant across sites, so data may be used for 
comparative purposes. 

We used SCUBA diving to record whelk activity up 
to 25 m away from the bait (far-field experiments). A 
stake and a current meter separated by 30 m were 
installed at sites AN and IF. A slightly buoyant 25 m 
nylon rope graduated every 0.5 m was attached to the 
stake at 0.5 m from the ground. Control experiments 
with no bait at the stake and experiments in which the 
stake was baited with 800 g of herring were performed 
at site IF on 3, 11 (control only) and 14 August 1989, 
and at site AN on 16 and 18 (control only) August 1989. 
Divers performed circular surveys of the bottom around 
the stake with the graduated rope, a watch and a 

compass. For all whelks encountered, time of observa- 
tion, behavior (buried, static or moving), orientation, 
and distance and direction to the stake were recorded. 
Static whelks were on the surface of sediments but 
divers could perceive no displacement. Moving whelks 
had fully deployed feet and displacement was obvious. 
Additionally, divers measured whelk crawling speeds 
at site IF on 23 August 1989 and at site AN on 24 
August 1989 by placing a metre-ruler parallel to the 
course of whelks moving towards a bait and recording 
the time required to move 10 cm. 

The time that whelks spend feeding and the duration 
of the post-feeding phase were determined in the 
laboratory. Fourteen whelks, with shell heights of 76.6 
to 96.2 mm, were marked individually by painting a 
number on the shell. They were starved for > 14 d in a 
0.6 X 1.3 m tank with a sand bottom and flowing water 
at  2 to 4 "C. Then, with a constant supply of fresh 
herring provided in the tank, whelk activity was moni- 
tored by video camera for 5 d. 

Treatment of data. In order to compare data from the 
different experiments, direction of current and whelk- 
to-bait courses were standardized to 360' and whelk 
orientation was corrected accordingly (e.g. standar- 
dized current direction: 245.5°,b,,,,,d + 114.5' = 360"; 
corrected whelk orientation: 5Ooobserved + 114.5' = 

164.5"). Mean angle (0) and the concentration parame- 
ter r for corrected whelk onentations were calculated 
using statistics for circular distributions (Batschelet 
1981). The Rayleigh test (Batschelet 1981) was used to 
verify the null hypothesis (Ho) of random orientation of 
whelks, the alternative (H,) being that whelks oriented 
non-randomly. When H, was accepted, 95 O/O confi- 
dence intervals ( + a )  were used to test for agreement 
between mean whelk orientation and an hypothesized 
orientation (Batschelet 1981), i.e. 180' for direct 
upstream movement and 360" for direct movement 
towards bait. 

In near-field experiments, the orientation of arriving, 
departing and wandering whelks was determined as 
the mean of orientations of a given whelk on all photo- 
graphs where it appeared, excluding those where the 
whelk was at the bait or in the mass of aggregated 
feeders. The mean was thus generally based on 3 to 10 
observations, depending on crawling speed and size of 
the feeding aggregation. Mean current direction and 
speed were calculated for the same time interval. 
Cumulative whelk arrivals and departures were plotted 
against elapsed time. The number of whelks at the bait 
was estimated as the difference between both curves at  
any given time, and the amount of time an  individual 
spent at the bait was estimated as the difference 
between both curves for any given number of whelks. 

Whelk arrival rate was defined as the number of 
whelks that arrived at bait in each photograph. We first 
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used chronological clustering (Legendre et al. 1985) to 
determine if whelk arrival rate was constant or variable 
through time. Connectedness was fixed at 50 O/O and 
different levels of statistical significance were used. 
Then, time series for whelk arrival rate, current speed 
and number of crabs at bait were smoothed (running 
mean on 5 consecutive observations) to eliminate high 
frequency variations and trends were extracted to 
make the series stationary (Legendre & Legendre 
1984). Each smoothed and detrended time series was 
autocorrelated and partial cross-correlations were used 
to determine if whelk arrival rate was related to current 
speed, current directional stability, and number of 
crabs at the bait. Current directional stability was the 
concentration parameter r for 5 consecutive recordings 
of current direction immediately prior to whelk arrival 
at the bait. The concentration parameter may vary from 
0 (very unstable) to 1 (very stable). We used time lags 
5 6  h at site IF and 5 12 h at site AN for cross-correla- 
tion analyses. These time lags are ecologically mean- 
ingful since whelks take hours or days to reach bait 
from distances of 5 to 30 m (Himmelman 1988 and 
below). Correlations that are significant with short time 
lags presumably reflect interactions between the whelk 
and its environment in the vicinity of the bait; correla- 
tions with longer time lags should reflect interactions 
that occur further away from the bait. 

In far-field experiments, we defined a priori 3 zones 
around the baited stake. Zone 1 was a 20" sector down- 
stream from the baited stake thatwas centered on current 
direction, Zone 2 was composed of two 20" sectors that 
flanked each side of Zone 1, and Zone 3 was the 
remaining 300" sector. The behavior and orientation of 
whelks in each of these zones were analyzed separately. 

Mean values of shell height, crawling speed or time 
spent feeding are followed in text by 1 standard devia- 
tion. We used the Z-test to compare 2 means when data 
were normally distributed and homoscedastic (Scherrer 
1984). When either of these conditions was not met by 
data, we used the Mann-Whitney U-test for 2-sample 
comparisons or the Kruskal-Wallis and a posterion 
Dunn tests for multi-sample comparisons (Scherrer 
1984). The G-test with William's correction (Sokal & 
Rohlf 1981) was used to compare frequencies of 
behavior across zones or experiments. We used Fisher's 
exact test (SAS Institute Inc. 1989) in one case where 
33 O/O of cells in the contingency table had counts <5.  

RESULTS 

Near-field experiments 

At site IF (Fig. 2), current direction was almost con- 
stant at 150" from 0 to 3.5 h elapsed time and at 360" 

ELAPSED TIME (h) 

Fig. 2. Buccjnum undatum. Current speed and direction, 
cumulative number of whelk arrivals (a) and departures (b) at  
bait, and instantaneous numbers of whelks (c) and Hyas 
araneus at bait, as a function of time elapsed since placement 
of bait a t  site IF (start: 14:52 h, 20 July 1989). Data plotted are 
running means on 5 consecutive observations at 2 min inter- 
vals. Arrowhead marks sunset and arrows mark low (L) and 
high (H) tide. Vertical dashed h e s  identify sequences in 

arrival rate obtained by chronological clustering 

from 7.5 to 10.5 h elapsed time. These 2 periods of 
directional stability preceded slack tides during which 
water was almost motionless. During the first 4 h of 
flood tide the current gradually turned from 150 to 360°, 
but in 20 min after high tide current direction shifted 
from 280 to 150". The current only briefly flowed in the 
10 to 135O directions. Over the full tidal cycle, current 
speed varied from undetectable to 40 cm S-'  and the 
mean was 22 cm S-'. 

At site AN (Fig. 3),  the 2 recorded tidal cycles were 
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Fig. 3. Buccinurn undatum. Current speed and direction, 
cumulative number of whelk arrivals (a) and departures (b) at 
bait, and instantaneous numbers of whelks (c), Hyas araneus 
and Cancer irroratus at bait, as a function of time elapsed 
since placement of bait at site AN (start: 14:32 h, 17 August 
1989). Data plotted are running means on 5 consecutive obser- 
vations at 2 min intervals. Arrowheads mark sunset or sunrise 
and arrows mark low ( L )  and high (H) tide. Vertical dashed 
lines identify sequences in arrival rate obtained by chronolog- 

ical clustering 

characterized by several sudden and marked changes 
in current direction. The general pattern of current 
direction was the following: while the tide ebbed the 
current turned for ca 5 h from ca 30 to 240°, and while 
the tide flooded the current oscillated around the 245" 
direction ( f  20') for ca 4 h and then turned counter- 
clockwise to a 150' direction. Slack tides were periods 
of directional instability. Overall, the current only 
briefly flowed in the 265 to 15' directions and current 
speed varied from undetectable to 16 cm S-', with a 
mean of 7 cm S-'. 

Lysianassoid amphipods were the most common ani- 
mals observed near the bait, but they were too small to 
be accurately counted or identified from the photo- 
graphs. Lysianassoids clearly arrived at bait from 
downstream directions. Brachyuran crabs were twice 
as abundant at site IF (mean = 5.2 crabs photograph-1) 

as at site AN (mean = 2.2 crabs photograph-'). Only 
Cancer irroratus and Hyas araneus were seen and the 
latter accounted for 51 and 96 % of all brachyurans 
observed at sites AN and IF, respectively. A few 
anornuran crabs, Pagurus sp. ,  were seen at both sites. 
Four asteroids, Leptasterias polaris (Muller & Troschel), 
entered the camera field at  site AN and 2 moved to the 
bait. Other animals appeared in the photographs but 
were never seen on the bait: 1 species of fish, probably 
Ammodytes sp., was seen on 71 occasions at site IF and 
on 56 occasions at site AN, the echinoid Strongylocen- 
trotus droebachiensis ( 0 .  F. Muller) was seen 42 times 
at site AN and 17 times at site IF, and the fish Myox- 
ocephalus sp. was seen once at site AN. 

At site IF, the first whelk amved at the bait 10 min 
after the start of the experiment; over 12 h 02 min, a 
total of 325 whelks arrived at the bait, 235 departed 
from the bait, and 43 wandered close to the bait. At AN, 
the first whelk arrived at the bait after 64 min and the 
total number of whelks observed for the first 12 h was 
much lower than at site IF: 48 arriving, 18 departing 
and 12 wandering. After 25 h 12 min, whelks arriving 
at site AN numbered 187, departing 169, and wander- 
ing 22. The relatlve number of whelks in the different 
categories of activity differed between sites IF and AN 
for the first 12 h of bait deployment (Gadj = 10.62, 
p < 0.01) and between the first and second 12 h periods 
at site AN (Gedl = 16.42, p <0.001). 

Arriving, departing or wandenng whelks could be 
followed through several consecutive photographs 
(Fig. 4). Tracking became impossible once whelks 
joined the mass of aggregated feeders. Some whelks 
abruptly changed their trajectory in the presence of 
crabs. Others made wide loops from one point to 
another on the bait. It is possible that some whelks left 
the camera field and then re-entered. 

At sites IF and AN, 100 % and 90 % of the whelks, 
respectively, arrived at the bait from a downstream 
direction (Fig. 5). The hypothesis of random orientation 
with respect to current direction was rejected (p < 0.001) 
but the 95 confidence interval for the mean orienta- 
tion of whelks arriving at the bait did not include the a 
priori 180" direction (Fig. 5). The shell height of whelks 
arriving at the bait did not differ (2 = 1.25, p >  0.05) 
between site IF (74.5 f 10.3 mm, n = 158) and site AN 
(72.0 + 10.0 mm, n = 31). However, the crawling speed 
was less (Z  = 5.68, p <0.01) at site IF (7.3 f 2.6 cm 
min-l, n = 158) than at site AN (11.4 + 3.8 cm min-l, n = 

31). Multiple regression of crawling speed on whelk 
shell height and current speed was not significant (site 
IF: F = 1.69, p = 0.19; site AN: F = 2.00, p = 0.15). 
Temperature during experiments varied from 3.4 to 
7.6 "C at site IF and from 6.8 to 7.8 "C at site AN. 

Whelks departing from the bait at both sites were 
oriented non-randomly with respect to current direc- 
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Fig. 4. Buccinum undatum. Example trajectories of arriving, 
departing and wandering whelks relative to current direction 
(arrow) and the location of the bait based on observations at 

2 min intervals. Bait is not to scale 

tion (p<0.001). They tended to move away perpen- 
dicularly (278") to current at site AN or roughly in the 
same direction as current at site IF (Fig. 5).  Wandering 
whelks showed no preferential orientation with respect 
to current direction (Fig. 5). 

Whelks stayed at the bait for 170 k 45 min at site IF 
(n = 235) and for 214 + 74 min at site AN (n = 169). 
Whelks in the laboratory spent an  average of 170 + 54 
min (n = 14)  at the bait before moving away. These 3 
estimates were heterogeneous (data heteroscedastic: 
Kruskal-Wallis test, H = 40.57, p <0.001) due only to a 
difference between the 2 field estimates (Dunn's test, 
p < 0.001). Whelks in the laboratory returned to the bait 
27.7 + 20.9 h (range: 2.9 to 74.9 h) after their first meal 
was finished. 

Chronological clustering detected 3 sequences (a = 

0.025) in the time series for whelk amval  rate at site IF 
(Fig. 2). From 0 to 4 h 20 min elapsed time, the mean 
arrival rate was 23.8 whelks h-' as current flowed 

WANDERING W 

Fig. 5. Bucclnum undaturn. Orientation of whelks arriving at, 
departing from, and wandering by bait for a standard 360" 
current direction at site IF on 20 July 1989 and at site AN on 17 
August 1989. At site AN orientation of whelks was determined 
only for the flrst 12 h of bait exposure. Data are plotted for 5" 
sectors as a percentage of total number of individuals (n). The 
concentration parameter r and where appropriate the mean 
(0) and 95 % confidence interval (6) for whelk direction are 
given. The Rayleigh test was used to determine if whelks were 
randomly (Ho) or non-randomly (H,) oriented. ns: not signifi- 

cant; " ' p <0.001 

almost constantly in the same direction. From 4 h 20 
min to 7 h elapsed time, the mean arrival rate increased 
to 44.6 whelks h-' as currents gradually rotated from 
220 to 315". Finally, from 7 h to 12 h 02 min elapsed 
time, the mean arrival rate decreased to 16.4 whelks 
h-' and t h s  coincided with a long period of direction- 
ally stable currents. 

At site AN,  5 sequences were apparent (cc = 0.1) in 
the time series for whelk arrival rate (Fig. 3). From 0 to 
1 h 20 min elapsed time, the mean arrival rate was 0.7 
whelks h-'.  From 1 h 20 min to 8 h 40 min elapsed time, 
the mean arrival rate was 3.6 whelks h-' as current 



Lapointe & Salnte-Marie: Relationship between current and movement of whelks towards bait 25 1 

direction changed erratically from 30 to 240°, and from 
8 h 40 min to 14 h it increased to 6.0 whelks h-' while 
the current again rotated over the same sector. The 
highest mean arrival rate, 12.0 whelks h-', was 
recorded from 14 to 22 h 40 min elapsed time as the 
current exploited the 30 to 240° sector for the third time. 
Finally, from 22 h 40 min to 25 h 12 min elapsed time, 
the mean arrival rate decreased to 6.3 whelks h-' and 
this was coincident with the fourth exploitation by 
current of the 30 to 240" sector. 

Autocorrelations revealed no cyclicity in the tem- 
poral patterns of current speed, number of crabs or 
whelk arrival rate at the bait. However, current direc- 
tional stability was autocorrelated for a 2 h 30 min lag 
at site IF (r = 0.35, p < 0.05) and for a 6 h 06 min lag at 
site AN (r = 0.36, p <0.05). 

The correlograms of whelk arrival rate with current 
directional stability were marked by frequent negative 
and positive spikes, but there was no clear trend at 
either site (Figs. 6 & 7). Correlations between whelk 
arrival rate and current speed followed the same pat- 
tern a t  sites AN and IF: they were positive with no or 
small time lags, but tended to be  negative with long 
time lags (Figs. 6 & 7). At site AN, a cyclicity of approxi- 
mately 2 h was apparent in the correlogram of whelk 
arrival rate with current speed (Fig. 7 ) .  Correlations 

SPEED 

between whelk arrival rate and numbers of Hyas 
araneus at  the bait were negative with no or small time 
lags, positive with time lags of 1.5 to 6.5 h a t  site AN 
and of 0.5 to 3.5 h at site IF, and then again negative for 
longer time lags (Figs. 6 & 7). At site AN, correlations 
between whelk arrival rate and numbers of Cancer 
irroratus at the bait were negative with time lags < 1 h, 
but with longer time lags alternating positive and 
negative effects occurred. 

Far-field experiments 

There was no significant difference in the behavior of 
whelks between the different control experiments (Gadj 
= 5.43, p > 0.75), so data were pooled in Table 1. In the 
absence of bait, 68% of the whelks were static and 
oriented downstream at  360°, and 7.8 % were buried. 
Only 24.2 % of whelks were moving and they oriented 
randomly with respect to current direction. 

With bait present, all whelks in the 20" downstream 
sector (Zone 1) and 75.5 % of those in the 2 flanking 20" 
sectors (Zone 2) were moving (Table 2, Fig. 8). Moving 
whelks were oriented towards the bait, rather than 
directly against current (Table 2). In the remaining 300" 
sector (Zone 3) only 39.1 O/O of whelks were moving and 

0.3 3 SPEED 

O 0-2 7 HYAS 
U 0.l- 

0.2 7 CANCER C 0.2 

I . , . , . , . , . , . ,  

-6 -5 4 -3 -2 -1  0 

TIME LAG (h) 

, . , . , . , . , . .  . .  
' 2 -10 -8 -6 -4 -2 0 

TIME LAG (h) 

Fig. 6. Buccinum undatum. Correlograms for partial cross- 
correlations of whelk arrival rate with current speed, current 
directional stability, and instantaneous number of Hyas 
araneus at bait at site IF on 20 July 1989. Dashed lines mark 

the 5 % significance level 

Fig. 7. Buccinum undatum. Correlograms for partial cross- 
correlations of whelk arrival rate with current speed, current 
directional stability, and instantaneous numbers of Hyas 
araneus and Cancer irroratus at bait at site AN on l? August 

1989. Dashed lines mark the 5 % significance level 
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they oriented randomly with respect to current direc- 
tion and the position of the bait. Behavior of individuals 
differed across the 3 zones (Fisher's exact test, 
p <0.001), but individuals in Zone 3 did not behave 
differently from those in control experiments (Gad, = 

4.98, p>0.1). The diver-estimated crawling speed of 
whelks that moved towards bait was 9.2 f 1.7 cm 
min-' (n = 14) at site IF and 15.1 f 4.4 cm min-' (n = 

10) at site AN, and the difference between sites was 
significant (data heteroscedastic: Mann-Whitney U- 
test, U = 125, p < 0.001). 

Moving whelks at site IF left distinct trails in the 
organic mat at the surface of sediments. Thus, hours 
after placing the bait at the stake, we could determine 
maximum distance of attraction to bait by backtracking 
trails away from the stake. Trails (1) started at pits 
created by the whelk as it unburied, (2) suddenly 
ended, indicating that the whelk was quiescent prior to 
moving towards the bait, or (3) were marked by an 
abrupt change in course, indicating that the whelk was 
headed in another direction before moving towards the 
bait. The maximum distance for attraction to bait was 
apparently 20 m, during long periods of directionally 
stable currents exceeding 20 cm S-'. 

DISCUSSION 

Orientation and distance of attraction to the bait 

Far-field experiments are more appropriate than 
near-field experiments for the testing of hypotheses on 
whelk orientation mechanisms for 2 reasons. First, the 
10 X 30 cm bait represented a diffuse target in the 
1.4 m2 camera field of view, but a point target in the 
1963.5 m2 diver survey area. Therefore, many different 
straight trajectories could lead a given whelk to the bait 

Table 1. Buccinum undatum. Absolute (n) and relative fre- 
quencies (% of total n) for whelks in different categories of 
behavior, determined by SCUBA divers during control experi- 
ments. Data were pooled from surveys conducted on 3. 11 and 
14 August 1989 at site IF and on 16 and 18 August 1989 at site 
AN. All whelk orientations were corrected for a standard 360" 
current direction. The concentration parameter r and where 
appropriate the mean angle (8, in ") for whelk orientation are 
given. The Rayleigh test was used to determine if whelks were 
randomly (Ho)  or non-randomly (H,) oriented. ns not signifi- 

cant; ' ' ' :  p < 0.001 

Behavior Frequency Orientation 
n O/O r 9 

Moving 3 1 24.2 0.26 ns - 
Static 87 68.0 0.32 m ' 360 
Buried 10 7.8 - - 

when it was close by, but only 1 straight trajectory 
would be effective for a distant whelk. Second, agonis- 
tic interactions between whelks and other animals, 
which cause whelks to modify their direction of move- 
ment independently of current and feeding stimuli 
(herein), are more common near than far from the bait 
(Lapointe & Sainte-Mane unpubl.). These reasons ex- 
plain in part why whelks moving towards the bait were 
less uniformly oriented in near-field ( r  = 0.60 to 0.68) 
than in far-field ( r  = 0.84 to 0.94) experiments. 

In far-field experiments, whelks moved towards the 
bait only from a 20 to 60" downstream sector (Fig. 8). 
This observation supports the hypothesis that odor is 
the main stimulus for aggregation around bait. Whelks 
outside the downstream sector were apparently una- 
ware of the bait and most were quiescent (Table 2), just 
as whelks in control experiments (Table 1).  Upstream 
movement to bait and lack of response by animals 
away from the presumed path of the odor plume were 
also observed for an amphipod (Busdosh et  al. 1982) 
and a crustacean decapod (Jernakoff & Phillips 1988). 

The fact that whelks moved towards the bait and not 
against current per se (Table 2, Figs. 5 & 8) indicates 
that the orientation mechanism depends to some extent 

Fig. 8. Buccjnum undatum. Beh.avlor of whelks around bait 
Data are from expenments conducted at site AN on 16 August 
1989, and at site IF on 3 and 14 August 1989. Positions and 
orientations of whelks were corrected for a standard 360" 
current direction. Zone 1 is a 20" sector centered on current 
direction, downstream from the bait which is located at the 
center of the survey area. Zone 2 is composed of two 20" 
sectors that flank each side of Zone 1, and Zone 3 is the 
remaining 300' sector. B: buried whelks; S: static whelks; 
moving whelks are marked by a square and a short line, the 

latter showing direction of movement 
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Table 2. Buccinum undatum. Absolute (n)  and relative frequencies (% of total n)  for whelks in different categories of behavior in 
zones around a baited stake. Zone 1 is a 20" sector immediately downstream from bait, Zone 2 comprises two 20" sectors f l anhng  
Zone 1 on either side, and Zone 3 is the remaining 300" sector. Data were pooled from experiments conducted on 3 and 14 August 
1989 at Site IF and on 16 August 1989 at Site AN. Whelk orientations were corrected for a standard 360' current direction or 360" 
course to bait. The concentration parameter r a n d  where appropr~ate  mean orientation (8, in O )  and 95 "/o confidence interval (6, in 
") for whelks are given. The Rayleigh test was used to determine if whelks were randomly (Ho) or non-randomly (H,) oriented The 
hypotheses (H) of movement directed towards the bait (360") or upstream (180") are accepted if the confidence interval includes 

the postulated direction. ns: not significant; ' ' ' . p < 0.001 

Zone 1 Zone 2 Zone 3 

Moving Moving Static Buried Moving Static Buried 

n 38 37 11 1 25 33 6 
Yo 100.0 75.5 22.4 2.1 39.1 51.6 9.3 

H = 360" 
r 0.94"' 0.89' ' ' 0.17 ns - 0.35 ns  0.15 ns  
e 353 354 - - 
6 7 9 - - 

H accepted H accepted 

H = 180" 
r 0.94" ' 0.84"' 
6 169 165 
6 7 12 

H rejected H rejected 

on chemotaxis, certainly not on rheotaxis alone. This is 
consistent with the observation that whelks orient to 
bait in still water (Brock 1933). Even though the organ 
for olfaction in whelks and other neogastropods, the 
osphradium, is unpaired and located in the mantle 
cavity (Bailey & Laverack 1963), the side to side move- 
ment of the inhalant siphon offers the possibility of 
orientation by comparison of stimulus concentration 
(Kohn 1961). 

The maximum distance for attraction of whelks to the 
bait in our experiments was apparently 20 m. This 
occurred with fast and directionally stable currents, 
which are conducive to the development of a long and 
narrow odor plume (Sainte-Mane & Hargrave 1987). 
McQuinn et al. (1988) reported that whelks were 
attracted to baited traps from substantially greater dis- 
tances. In 7 out of 8 tag-recapture experiments whelks 
came from release points up to 30 m away from a baited 
trap, and in 1 experiment 2 whelks were recaptured 
from a distance of 50 m. However, it is possible that 
movement towards the baited trap in the McQuinn et  
al. (1988) experiments was not initially induced by odor 
from the bait: active searching or anomalous move- 
ment due to experimental procedure are alternative 
possibilities (Sainte-Marie 1991). 

The time whelks take to travel any given distance to 
a bait is generally much greater than would be  
expected assuming a constant crawling speed, continu- 
ous movement, and a straight trajectory. In theory, 
whelks crawling at measured speeds of 7 to 30 cm 

min-' would take only 67 to 286 min to reach a bait 
from a distance of 20 m. However, Himmelman (1988) 
observed that the peak recapture rate of tagged whelks 
released downstream at 5, 10 and 18 m from a baited 
trap was 6 h, 1 d and 2 d ,  respectively. The crawling 
speed of gastropods may depend on temperature and 
substrate (Miller 1974, Nickel1 & Moore in press); the 
values used above are extremes (herein; Pearce & 
Thorson 1967, Gros & Santarelli 1986, Himmelman 
1988, Nickel1 & Moore in press). 

Factors affecting arrival rate at the bait 

On the flat, uniform bottoms chosen for our experi- 
ments, currents and predators were the only factors 
that could have affected whelk movement towards the 
bait. One may demonstrate theoretically that current 
directional stability plays an  important role for whelk 
attraction to bait. Assume that a fully-developed odor 
plume rotates clockwise around a bait (Fig. 9). Follow- 
ing Sainte-Mane & Hargrave (1987), also assume that 
odor concentration (1) decreases along the plume's 
centerline with distance from the bait and (2) follows a 
normal distribution across the plume at any given dis- 
tance from the bait. The plume's boundary is deter- 
mined by a threshold concentration of odor below 
which whelks do not initiate movement towards the 
bait, and its shape and surface area do not change 
through time. Now consider a whelk (Wo) located on 
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Fig. 9.  movement of a whelk at the periphery of an odor plume 
rotating clockwise around a bait. The plume's centerline (Co 
and C,) and left boundary (Bo and B')  at 2 consec~tive times 
are shown. Q: angle of rotation of the plume; W: shortest 
trajectory the whelk may take to reach B1 from Bo, at an angle 
R with B. and at 90' with B,; A. and A,:  distances separating 
the whelk from the bait at positions WO and W ,  respectively 

the boundary (Bo) to the left of the plume's centerline 
(Co), a t  a distance A. from the bait. If the plume rotates 
with an  angle a, its new boundary and centerline are at 
B1 and Cl, respectively. The shortest trajectory a whelk 
may take to move to the plume's new boundary is fi, 
which is at an  angle Q with B,, and at 90" with Bt. The 
distance to be travelled is 

IWI = A. sin a. 
Using this equation we calculated the critical distances 
from the bait at which tracking of an  odor plume is 
impossible for a whelk, for various rates of plume 
rotation and 2 extreme crawling speeds (Fig. 10). How- 
ever, because animals that rely on chemotaxis to 
localize bait tend to orient upstream towards the 
plume's centerline (McLeese 1973), the critical distan- 
ces may be overestimated. Finally, the model clearly 
implies that whelks will spiral to bait if currents rotate. 

Partial cross-correlations between whelk arrival rate 
and current directional stability were inconsistent 
across sites (Figs. 6 & 7). We realized a posteriori that 
current directional stability, measured as rover 10 min, 
confounded 2 sources of variation having different 
implications for whelk attraction to the bait. The first is 
a gradual change of current direction, for which we 
predict an enhanced arrival rate because current rota- 
tion is not sufficient to cause whelks to lose the odor 
plume and new grounds are continuously exploited by 
the odor plume. The second is a current oscillation 
around a mean direction. This will cause the arrival 
rate to decrease as the population downstream from the 
bait is gradually depleted, because whelks tend to be 
quiescent in the absence of feeding stimuli (Table 1) 

0 5 10 I5 20 

A. = Distance to bait (m) 

Fig. 10. Buccinum undatum. Critical distances (Ao) from bait at 
which tracking of an odor plume is theoretically impossible for 
a whelk at the plume's boundary, given 2 extreme crawling 
speeds (dashed horizontal lines) and various rates of plume 
rotation (oblique solid lines). For example, a whelk moving at 
7 cm min-' that is located further than 3.8 m from the bait is 
unable to track an odor plume rotating at 1" min-l. Refer to 
Fig. 9 and text for explanations on how the distance to plume 

boundary (IWI) was calculated 

(Himmelman 1988, Sainte-Mane 1991). Evidence for 
both effects exists at site IF (Fig. 2) :  from 4 h 20 min to 
7 h elapsed time the arrival rate was 44.6 whelks h-' as  
current rotated clockwise at an  average rate of 0.6" 
min-', compared to only 23.8 whelks h-' from 0 to 4 h 
20 min elapsed time (in spite of a high arrival rate when 
the whelk population was initially sollicited by the bait) 
and 16.4 whelks h-' from 7 h to 12 h 02 elapsed time 
when current direction was mostly constant. 

Extreme current directional instability may have been 
a major factor causing the long delay before first arrival 
and the subsequent low arrival rate of whelks at site AN. 
Within a single tidal cycle, 100 to 200' shifts in current 
direction over 20 min were observed several times at site 
AN, compared to only once at site IF (Figs. 2 & 3). Such 
sudden changes of current direction would cause most 
whelks to lose the bait scent (Fig. 10), even though the 
odor plume has a 20 to 60" spread. That whelks at site 
AN were interrupted in their movement to the bait is 
suggested by 3 consecutive increases of the mean arri- 
val rate that were coincident with repeated exploita- 
tions of the same grounds (Fig. 3). For sake of simplicity, 
assuming that the field of attraction at site AN was 
circular, one may postulate that whelks originating from 
3 concentric rings of bottom advanced to the bait succes- 
sively during the 3 sequential periods of exploitation. 
During the first, a small number of individuals reached 
the bait from the smallest inner area; during the second 
and third, more individuals reached the bait from the 
increasing larger peripheral areas. This interpretation is 
consistent with the hypothesis that crawling speed is the 
main factor limit~ng effective area of whelk traps (Gros & 
Santarelli 1986, Miller 1990). 
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Considering the above, we  infer that few, if any, 
whelks were attracted to the bait from the 40 to 105' 
and 295 to 345" directions at sites IF and AN, respec- 
tively. Indeed, the current flowed only briefly in the 10 
to 135" directions at site IF and in the 265 to 15" 
directions at site AN, and the odor plume had a max- 
imum spread of f 30". Thus, the field of attraction at 
our experimental sites was not elliptical or circular, 
contrary to the assumption in several models to esti- 
mate scavenger abundance (e.g. Gros & Santarelli 
1986). Our findings support earlier conclusions that 
currents determine the field of attraction and effective 
area of a baited trap or hook (Olsen & Laevastu 1983, 
Himmelman 1988, McQuinn et  al. 1988). 

At both sites we found a strong positive correlation 
between the arrival rate of whelks and current speed 
for small tune lags (Figs. 6 & 7), which implies that 
whelks close to the bait benefited from faster currents. 
Models and experimental evidence show that faster 
currents decrease the spread of a plume at  any given 
distance from the source (Lam et  al. 1984, Sainte-Mane 
& Hargrave 1987). Odor gradients across the plume will 
thus be steeper, so animals may orient more efficiently 
and move more directly to bait (Kleerekopper et al. 
1975). Nickel1 & Moore (1991, in press) also reported 
that fast currents may improve performance of whelks. 
Arrival rate will be enhanced only if whelk speed of 
movement is independent of current speed, as is the 
case for whelks in currents < 4 0  cm S-' (herein; P. 
Beland, Institut national d'ecotoxicologie, Montreal, 
unpubl, data). By contrast, fast currents may reduce the 
rate of movement of many natant scavengers (Shorey 
1976, Lampitt et  al. 1983, Sainte-Marie & Hargrave 
1987, Lakkeborg et  al. 1989). For longer time lags, 
whelk arrival rate a t  both sites tended to be  negatively 
correlated with current speed (Figs. 6 & 7). The reasons 
for this are unclear. 

Correlations between whelk arrival rate and the 
numbers of Cancer irroratus at site AN and of Hyas 
araneus at sites IF and AN were negative with small 
time lags (Figs. 6 & 7). Causality is a problem here, as  
whelks may be reacting to crabs or vice versa. How- 
ever, the former interpretation is more likely because 
both crab species are natural predators of Buccinum 
undatum (Thomas & Himmelman 1988) and are known 
to prevent or delay entry of whelks into baited traps 
(Hancock 1974, Miller 1990). Whelks avoided crabs on 
many occasions at sites AN and IF. In contrast to these 
negative effects, arrival rate of whelks and numbers of 
H. araneus at bait were positively correlated at sites AN 
and IF with a time lag of one to several hours. As they 
tear and feed at bait crabs may increase the quantity of 
attractants that are advected, thereby contributing to 
heightened response of distant whelks. 

Our analyses and interpretation of whelk arrival rate 

depend on the assumption that all whelks that came to 
the bait were new arrivals, i.e. that no individual moved 
away from the bait and then returned to feed again. This 
was supported by laboratory observations showing a 
mean fasting period of 27 h 42 min after the first meal 
was finished. Long post-feeding phases are characteris- 
tic of other neogastropods as well: > 2 d for 3 Nassarius 
species (Crisp 1969) and ca 10 d for Bullia digitalis 
(Stenton-Dozey & Brown 1988). Moreover, during dives 
we saw no peripheral concentrations of whelks around 
the bait, i.e. 'roosting' animals in Smith (1985), and 
departing whelks were observed to move steadily away 
from the bait. Finally, total arrivals (325 at  site IF, 187 a t  
site AN) were consistent with catch rates of 200 to 400 
whelks trap-' 24 h-' in the Mingan Archipelago (Him- 
melman 1988, Sainte-Marie unpubl.). 

We have demonstrated that whelk arrival rate at bait 
is affected by changes in the direction and speed of 
current, and in the number of predators at bait. It is 
clear that movement of whelks to bait rarely occurs in a 
continuous manner and along a straight trajectory. If 
this is true of other scavengers as well, models that use 
the time of first arrival at bait to measure scavenger 
density (Sainte-Marie & Hargrave 1987, Priede et al. 
1990) may generally produce underestimates. 
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