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ABSTRACT: Queen conch Strombus gigas L. ,  an important fisheries species, is often found in large 
aggregations of very high density (20 to 300 conch m-2), which move over the bottom in seagrass 
meadows of the Bahamas. Over the 6 yr period from 1987 to 1992, 25 high-density aggregations were 
observed in the southern Exuma Cays, Bahamas, 12 of them in a single, well-studied nursery ground. 
Except for 1 aggregation, all were oriented across tidal currents, but movements in both ebb and flood 
directions were observed. Aggregations occurred in all months, but predominantly between October 
and April. This 'mass migration' was hypothesized to serve the purpose of carrying conch from juvenrle 
to adult habitats. Given the lack of progression toward deep-water adult habitats, and the fact that 
aggregations consisted of different age groups from the l +  year class to early adults, it is unlikely that 
this phenomenon represents ontogenetic movement. Aggregations sometimes formed in the center of 
homogeneous seagrass beds and are probably not feeding fronts. Most commonly, high-density aggre- 
gations formed when juvenile populations were large and when density was increased experimentally. 
suggesting that formation IS density-dependent. A tethenng experiment showed that conch in an 
aggregation experience lower predatory mortality than those in the surrounding nursery area. The 
most important ecological significance of high-density aggregation appears to be probability refuge 
from predation, or dilutlon effect. 
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INTRODUCTION 

Aggregation in marine invertebrates is found in 
several different forms. Many benthic infauna exhibit 
negative binomial or other non-random, non-uniform 
distribution (Heip 1975, Fleeger et  al. 1990), and con- 
siderable attention has been given to sampling prob- 
lems associated with contagious distribution (Elliot 
1979). Certain barnacles (Crisp & Meadows 1962, 
Hoffman 1989), polychaetes (Knight-Jones 1951, Mars- 
den 1991, Pawlik et al. 1991), and echinoderms (High- 
smith 1982, Suer & Phillips 1983) aggregate upon set- 
tlement, while other invertebrates form aggregations 
as benthic juveniles or adults. High-density feeding 
fronts are frequently observed in urchins (Bernstein et 
al. 1981, Vadas et al. 1986) and sea stars (Ormond et al. 
1973, Scheibling 1980, 1985, Dare 1982). Reproductive 

aggregations are also common (Heip 1975). Some ben- 
thic invertebrates, such as Caribbean spiny lobster 
Panuhrus argus, aggregate in the context of mass 
migration (Herrnkind 1985), and behaviorally sophisti- 
cated forms of aggregation, similar to fish schools, 
occur in some zooplankton species (Folt 1987, O'Brien 
1989) and water striders (Foster & Treherne 1981). 

Aggregation in gastropods is well known, particu- 
larly in the families Cerithiidae (Moulton 1962, Skil- 
leter 1991) and Strombidae (Catterall & Poiner 1983, 
Stoner & Ray 1993, Ray & Stoner 1994), but mecha- 
nisms and advantages are little studied. High density, 
en masse movements in the large and commercially 
important Caribbean queen conch Strombus gigas L. 
have been observed recently (Stoner et  al. 1988, Stoner 
1989a, Lipcius et al. 1991). They hypothesized that 
mass movement represents ontogenetic migration 
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from centers of larval recruitment to deeper juvenile 
and adult habitats. Other potential functions include 
reduction of predation-induced mortality and efficient 
food utilization. 

In the present study, observations on 25 queen conch 
aggregations are compared. Field experiments were 
conducted to examine the formation and adaptive sig- 
nificance of the aggregation phenomenon. 

MATERIALS AND METHODS 

Subject species. Strombus gigas is a large herbivo- 
rous gastropod indigenous to subtropical and tropical 
waters of the western Atlantic from Bermuda and 
southern Florida to Brazil (Abbott 1974). Pelagic larvae 
of S. gigaslive in the water column for 18 to 28 d before 
they settle and metamorphose on the sediment 
(Brownell 1977, Davis et al. 1987). Little is known 
about early stages of benthic life in queen conch 
(Sandt & Stoner 1993); however, 1 yr old juveniles 
(80 to 100 mm shell length) are believed to emerge 
from the sediment and feed epibenthically in seagrass 
meadows that provide abundant algal and detrital 
foods (Robertson 1961, Randall 1964, Stoner & Waite 
1991). Sexual maturity is reached at approximately 
3.5 yr of age (180 to 270 mm shell length), which is pre- 
ceded by the development of a flared shell lip (Egan 
1985, Appeldoorn 1988). 

Aggregation in queen conch occurs on 2 different 
scales. First, juveniles on the Great Bahama Bank 

(especially 1 and 2 yr old) are most abundant in certain 
shallow-water seagrass meadows. These nursery 
grounds are characterized by clear oceanic water and 
high tidal current velocity (Stoner & Waite 1990, Stoner 
et  al. 1993, A. W. Stoner, P. A. Pitts & R. A. Armstrong 
unpubl.). Aggregations within nurseries have densities 
of 0.2 to 2.0 conch m-' and provide density-dependent 
refuge for young conch (Stoner & Ray 1993, Ray & 
Stoner 1994). Second, high-density aggregations (20 to 
320 conch m-2) are frequently observed within larger 
juvenile aggregations in the nursery grounds. They 
form relatively narrow bands that move in a front 
across the bottom consuming detritus and epiphytes 
(Stoner 1989a). The first high-density aggregation 
reported was 140 to 210 m long, 2.4 m wide, contained 
over 100 000 juvenile conch, and persisted for several 
months (Stoner et al. 1988). The phenomenon has been 
called 'mass migration' (Stoner et al. 1988, Stoner 
1989a, Lipcius et  al. 1991). 

Study site. All of the high-density aggregations 
investigated in this study were found on Great Bahama 
Bank adjacent to the Exuma Cays, central Bahama 
Islands, between Children's Bay Cay and Musha Cay 
(Fig. 1). The Exuma Cays are a 250 km long chain of 
low, carbonate islands, with a narrow shelf ( < 2  km 
wide) that drops off to deep oceanic waters of Exuma 
Sound east of the Cays (windward in prevailing condi- 
tions). Inlets of varied width separate the small islands. 
Great Bahama Bank to the west is a 3 to 5 m deep sand 
and seagrass Thalassia testudinum covered carbonate 
platform. The bank extends 25 to 65 km west from the 
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Fig. 1 Strombus gigas. Study site, 
central Bahamas, showing locations 
of high-density queen conch aggre- 
gations discovered between 1987 
and 1992. Twelve aggregations 
found within the Shark Rock nurs- 
ery site are shown in Fig. 2. Arrows 
indicate general flow of flood tide 
waters onto the Great Bahama 

Bank near the aggregations 
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island chain to the Tongue of the 
Ocean, another deep basin. 

While wind drift is the most impor- 
tant physical component of net trans- 
port of water and suspended matter 
onto Great Bahama Bank from Exuma 
Sound, semi-diurnal tides, with a 
range of 1 m, generate strong currents 
(>l00 cm S-')  in the vicinity of conch 
nurseries (Stoner et al. 1993). Because 
of shallow depth over most of the 
bank, bottom topography and sand 
bars govern the physical transport of 
water. 

Twelve of the 25 high-density 
aggregations investigated were found 
near Lee Stocking Island at the Shark 
Rock conch nursery ground (see 
Stoner & Waite 1990, Stoner & Sandt 
1991). This is a moderate-density 
(300 to 500 shoots m-') seagrass Thal- 
lasia testudinum site in a 2 to 3 m deep 
(mean low water, MLW) channel 
between sand bars (Fig. 2 ) .  Fig. 2. Strombus gigas. Locations of high-density queen conch aggregations 
Juvenile conch have been abundant at found in the Shark Rock nursery ground between 1987 and 1992. Positions of 
this site since at least 1988 (Stoner et enclosure (0) and tether (0) experiments are also shown. Arrow indicates the 

unpubl,); in 1990, estimates of total general flow of flood tide waters onto Great Bahama Bank from Exuma Sound. 
Aggregation 18 was induced by releasing 1200 juvenile conch (see text) 

population size were between 105 000 
and 162000 conch (Stoner & Ray 
1993). Manipulative experiments were conducted in sity, size distribution data, and the shell length/tissue 
the Shark Rock nursery (Fig. 2) .  weight relationship (Stoner & Waite 1990), 
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Aggregation measurements. High-density aggrega- 
tions of queen conch were located in the course of 
other field studies on the species in the Exuma Cays, 
over the nearly 6 yr period from April 1987 to Novem- 
ber 1992. Conch nurseries near Children's Bay Cay 
and Shark Rock were sites of intense experimentation 
between 1988 and 1992. Therefore, we believe that all 
mass movements of conch in those areas were 
observed. Aggregations in other areas were found by 
chance and probably represent only a fraction of the 
activity. 

The edges of high-density aggregations were usu- 
ally distinct, but considered to be the line at which 
density was >2.0 conch m-2. Length was measured 
once and width was measured at 3 to 16 locations 
along an aggregation depending upon its length. Den- 
sity of conch in an  aggregation was estimated by 
counting conch in haphazardly placed 1.0 or 2.0 m2 
plots; the number of plots was in proportion to the size 
of the aggregation. At least 100 individuals from each 
aggregation were measured for total shell length (spire 
to siphonal groove) with large calipers. 

Biomass estimates for the aggregations were calcu- 
lated using the dimensions of aggregations, mean den- 

loglo(wet weight) = 3.403 X loglo(shell length) - 5.569 

where wet weight is the soft tissue weight in grams 
and shell length is in mm. 

An underwater compass was used to measure the 
orientation of the axis of each aggregation and head- 
ing of the tidal current. Orientations of 40 to 90 indi- 
vidual conch were determined by placing a compass 
directly over the conch and recording the heading of 
the anterior end of the shell. 

In most cases high-density aggregations moved as 
fronts across the bottom. Progression was measured for 
numerous persistent aggregations by placing either 
stakes or buoys along the forward edge of the front and 
measuring distance traveled over time. Direction of 
movement was recorded and progression was reported 
in m d-'. 

Field experiments. Formation of  aggregations: Two 
experiments were conducted to examine whether for- 
mation of high-density aggregations is mediated by 
density. In the first experiment, 1200 dispersed juve- 
nile conch (85 to 120 mm shell length) were collected 
from the nursery near Shark Rock and released hap- 
hazardly in an area of approximately 100 m2, 400 m 
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east of the conch source (Fig. 2). The release site was 
contiguous with and similar to the site where conch 
were collected (a cover of moderate-density Thalassia 
testudinum, Thalassia detritus, and the green alga 
Batophora oerstedi), except that foods such as B, oer- 
stedi and detritus were more abundant in the release 
area. Long-term data show that the 3 m deep release 
site was well within the boundaries of historic nursery 
grounds (Stoner & Ray 1993, Stoner et al. unpubl.). The 
release was made on 23 November 1990 and by 
3 December 1990, the conch formed a typical high- 
density aggregation. Thereafter, the site was visited for 
observation of the aggregation every 5 to 7 d for 4 wk. 
A routine set of measurements (described above) was 
made for the aggregation on 12 December 1990. 

A second experiment was conducted to examine 
how oriented movement of juvenile conch is related to 
conch density. Three circular pens without tops were 
built within the Shark Rock nursery area (Fig. 2). 
These pens (50 m', 30 cm high) were constructed with 
2.5 X 5.0 cm vinyl-covered wire mesh fastened to rein- 
forcement bars driven into the sediment. The pens 
were marked along the perimeter into 8 equal lengths; 
one of the resulting sectors was oriented in the direc- 
tion of the flood tide and one with the ebb tide. Six 
other sectors fell uniformly between these two. To 
record positions of conch within the pens, lines con- 
necting the markers on the pen to a center stake 
resulted in 8 identical 45' wedges that were surveyed. 

Juvenile conch (85 to 120 mm shell length) were col- 
lected from the adjacent nursery site and dispersed 
evenly in the 3 pens at densities equivalent to 1, 2, and 
5 conch m-'. Two days following introduction, the 
number of conch in each of the 8 pen sectors and the 
number in each sector along the walls of the pen were 
counted. Individuals in contact with other conch touch- 
ing the walls were considered to be along the walls. 
The 2 d experimental duration was chosen after pre- 
liminary measurements showed no change in distribu- 
tion after this time. All introduced conch were 
accounted for and were alive at the end of the experi- 
ment. Density treatments were systematically inter- 
spersed among the pens over time, and 3 replicate runs 
were made with each density level. New animals were 
used in each run. All experiments were completed 
between November and mid-December 1990. 

Survivorship in aggregations: A tethering experi- 
ment was conducted to determine whether survivor- 
ship of juvenile queen conch is enhanced for animals 
living in a high-density aggregation. Juvenile conch 
(95 to 110 mm shell length) were tethered within 
Aggregation 10 (Stn l), 20 m ahead of the aggregation 
in an area with virtually no conch (Stn 2), and in the 
Shark Rock nursery area where there was a juvenile 
conch density of 1.0 ind, m-' (Stn 3) (Fig. 2). Water 

depth at MLW was 3.2 m at Stns 1 & 2, and 3.0 m at 
Stn 3. The bottom at all sites was firm sand covered 
with moderate-density seagrass Thallasia testudinum, 
seagrass detritus, and small clumps of the green alga 
Batophora oerstedi. 

A total of 25 conch were tethered individually at 
each station. A clear nylon cable tie was secured 
around the spire of the shell. One end of monofilament 
line (8 kg test) was attached to the cable tie and the 
other end to a 40 cm long stainless steel welding rod 
that was pushed into the sediment. Tagged tether rods 
were placed at approximately 2 m intervals in straight 
lines across the tidal current. Line length was 1.5 m at 
Stns 2 & 3. At Stn 1 line length was 3.0 m to accommo- 
date the daily progression of the mass movement. 
Every 2 to 3 d the tether rods were set 3 m ahead of the 
progression so that tethered conch were always in the 
aggregation as it progressed over the bottom. To simu- 
late the disturbance effect of moving tethers at Stn 1, 
tethers at Stns 2 & 3 were also moved approximately 
3 m every 2 to 3 d. This also allowed the tethers placed 
at Stn 2, ahead of the aggregation, to remain 20 m 
away as Aggregation 10 advanced. Tethers were first 
set on 5 December 1989, moved and checked for mor- 
tality every 2 to 3 d until 30 December. 

It is recognized that mortality on tethers does not 
constitute absolute measures of natural mortality at 
particular sites, but does provide an estimate of rela- 
tive mortality. Previous studies (Marshall 1992, Stoner 
& Davis 1994) have shown that the restriction of tethers 
does not result in significantly diminished growth 
rates, particularly in a short-term experiment such as 
this. The experiment was conducted only once. 

RESULTS 

Aggregation measurements 

General distribution and seasonality 

All of the high-density aggregations were found on 
Great Exuma Bank in less than 4 m of water. Of 25 mi- 
grations, 16 were located within well-studied nursery 
grounds at Shark Rock and near Children's Bay Cay 
(Fig. 1). Others were discovered in areas without long- 
term data on conch distribution, but most are known to 
be sites where juvenile conch are common. Aggregation 
4, observed in late August 1988, was the only aggrega- 
tion located close to the Exuma Sound and was in an 
area not particularly known for juvenile conch (Fig. 1). 

Aggregations were observed in every month of the 
year (Fig. 3). March, however, had highest numbers of 
aggregations (10), and only 3 were well formed in the 
warmer months of June through September. At Shark 
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Rock, where all aggregations were MONTHS 

probably encountered over the 4 yr 
period from 1989 to 1992, all occurred 
between October and April. Cool water 
temperature, therefore, may influence 
formation and maintenance of aggre- 
gat ion~.  However, the largest aggrega- 
tion (no. 1) occurred in mid-summer 
1987. 

Given that most aggregations were 
probably found days to weeks or even 
months after formation, it is only possi- 
ble to discuss duration of aggregations 
at  the well-studied sites. Aggregation 
1 is known to have been well defined 
for at least 5 mo, and this was also the 
largest observed. Frequent visits to the 
Shark Rock nursery area revealed 12 
aggregations between 1989 and 1992 
(Fig. 2). Three of these (nos. 10, 11, 12), 
occurring in late 1989 to early 1990, 
were active for 3 mo or more. Several 
smaller aggregations, present be- 
tween late 1990 and early 1991 (nos. 
15, 17, 18, 19, 20, 21), were well de- 
fined for periods of less than 2 mo. 

Fig. 3. Strombus gigas. Calendar of 25 high-density queen conch aggregations 
found in the Exuma Cays, Bahamas, 1987-1992. A bar at the right end of a line 
indicates dispersion of the aggregation. Lack of a bar shows that the end of the 
aggregation was not observed. 'Aggregations for which only 1 observation 
was made. The beginning date was known for Aggregation 18 because it was 

Induced experimentally 

Dimensions and age structure 

Densities and dimensions were measured for 16 of 
the 25 high-density aggregations found. The average 
(k SD) length of the 16 aggregations was 78 m (* 40), 
with large variation in aggregation size (28 to 160 m)'  
(Table 1). Average width was 2.8 m (* 1.8), with a 
range from 1.0 to 7.5 m (Table 1). Aggregation 9, 
observed in May 1989, at a site not known as a nursery 
ground, was unusual in its great width (7.5 m) and 
large mean shell length (171 mm) (Table 1). It was 
composed mostly of adult (43%) and 3+ year class 
juveniles (57 %). This was the only aggregation with a 
high proportion of adult conch, although several other 
aggregations (especially nos. 10, 21 & 24) were domi- 
nated numerically by large juveniles. Density of conch 
in Aggregation 9 was just 2.5 conch m-'; however, a 
typical band-like form was well defined. 

Average density in aggregations was 69 conch m-2, 
with a range from 2.5 to 295 (Table l) ,  and there was a 
weak negative correlation between mean conch size in 
an aggregation and loglo density (R2 = 0.529, F,,,, = 
15.72, p = 0.001) (loglo-transformation of the data re- 
moved heterogeneity of variance in density data). In 

'One measurement of Aggregation 1 during its 5 mo duration 
yielded a total length of 210 m (Stoner et al. 1988) 

mid-April 1987, Aggregation 1 had a density of 
295 conch m-2, a total surface area of 384 m2, and con- 
tained approximately 113 280 individuals. Most of the 
other aggregations contained < l 0  000 conch (Table 1). 

Mean biomass in aggregations was 2.4 kg m-2 (SD = 
l . ? ) ,  with a range from 0.25 to 5.27 kg m-' (Table 1). 
The largest aggregation (no. 1) had the highest total 
biomass, estimated at over 1 t of soft tissue. Despite the 
presence of adult conch, Aggregation 9 had low ani- 
mal density and low total biomass (200 kg). 

Orientation 

There was a strong relationship between orientation 
of the axis of aggregations and direction of the tidal 
current (Table 2). Of the 16 aggregations measured, 15 
were oriented between 55 and 90" of tidal current 
direction, and 10 (63 %) were within 10' of perpendic- 
ular to the current (80 to 90"). Only Aggregation 8 
diverged from this pattern; its axis was nearly parallel 
to the tidal current (20" difference). 

To examine orientations of individuals within 15 dif- 
ferent aggregations, orientation data were divided into 
4 quarters of the compass related to tidal current direc- 
tion (i.e. 90" arc centered on ebb tide direction, 90" 
centered on flood tide direction, etc.). Chi-square tests 
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Table 1 Strombus gigas. Dimensions and surface area of 16 high-density queen conch aggregations measured in the Exuma 
Cays, Bahamas, between 1987 and 1992. Conch density, size. and wet tissue biomass are also reported for each aggregation. 
Total conch numbers and biomass were estimated on the basis of aggregation dimensions, density, and a known length-weight 

relationship (see text). For width, density, and conch length, values are mean i SD (n) 

Aggreg. Length Width Area Density Conch length Biomass Total no. Total bio- 
no. (m) (m) (m2) (conch m-2) (mm) (g m-') conch mass (kg) 

showed that all but 2 of the aggregations had individu- individuals were oriented in a direction across the axis 
als which were oriented in a pattern which departed of the aggregation. In Aggregation 8, a high proportion 
significantly from random (p < 0.05) (Table 3).  Individ- of conch were oriented across the tidal current, and 
uals in Aggregations 7 & 15 demonstrated random ori- this was the only aggregation that moved across rather 
entation, but in most aggregations a high proportion of than with either the ebb or flood tide (see next section). 

Table 2. Strombus gigas. Relationship between tidal current 
direction and orientation of 16 high-density queen conch ag- 
gregation~ observed in the Exuma Cays, Bahamas, between 
1987 and 1992. Onentation: compass bearinq of the lonq axis 
of an aggregation using bearin; < 180" ~ i f i e r e n c e  between 
current direction and aqqreqation orientation is the minimum - -  - 

angle (90"). All directions given in degrees magnetic 

Aggregation Tldal current Onentation Difference 
no. direction of the between 

(ebb/flood) aggregation current and 
aggregation 
orientation 

Table 3. Strombus gigas. Orientations of individual conch 
within 15 high-density aggregations relative to direction of 
ebb and flood tidal currents in the Exuma Cays, Bahamas, 
1987-1992. N :  no. of individual observations made. Other val- 
ues are percentages of the total number of conch oriented in 
90" sectors centered on direction of ebb tide, flood tide, and 
across the current to the right (R) or left (L) of flood current 
direction. Results of chi-square are shown to indicate whether 
orientatlons depart significantly ( 'p  < 0 05) or not significantly 

(p > 0.05, ns) from uniform distribution in 4 sectors 

Aggreg. N lndividual orientations 
no. Ebb Flood R L Chi-square 

1 54 72 6 7 15 
3 50 85 0 0 1 5  
7 64 41 20 16 23 ns 
8 50 16 24 42 18 
9 40 65 2 8 25 

10 83 8 53 28 11 
11 60 73 6 6 15 
14 72 56 10 29 5 
15 50 18 22 42 18 ns 
17 48 61 2 29 8 
18 48 2 69 10 19 
19 46 63 4 7 26 
2 1 50 64 24 6 6 
23 65 70 0 18 12 
24 50 50 8 30 12 

. 



Stoner & Lally: High-density aggregation in queen conch 

Aggregation no. Progression Direction of 
(m d- ' )  movement 

1 4.8 Ebb 
3 2 7 Ebb 
8 3.2 Across 

10 2.5 Flood 
11 2.9 Flood (later ebb) 
12 2.3 Flood 
15 2.4 Ebb 
17 2.5 Ebb 
18 3.6 Flood 

Progression and dispersion Table 4 Strombus gigas. Progression of high-density queen 
conch aggregations over seagrass meadows in the Exuma 

Mass movenlent was measured for 9 different aggre- C a ~ s ,  Bahamas, determined placement stakes O r  
at the leading edge of front-like aggregates. Direction of 

gations (Table 4). Average progression was 3.0 m d- l  movement is shown relative to tidal current 
(SD = 0.8); however, detailed analysis of Aggregations 
1 & 3 (Stoner et al. 1988, Stoner 1989a) and other 
casual observations have shown that progression is 
highly variable over time. Movement increased when 
aggregations encountered areas with low food supply, 
decreased when heavy algal mats were encountered, 
and might stop temporarily during heavy wave action 
and low temperature periods which occur during win- 
ter months (Stoner 1989a, pers. obs.). 

Of the 9 aggregations, 4 moved with the ebb tide, 4 
moved with the flood tide, and Aggregation 8 moved 
across the tide. Given that all of these aggregations 
progressed in the direction in which individual conch 
were oriented, it is assumed that individual orienta- 
tion, where significant, provides an indication of move- Field experiments 
ment. With this assumption, data on orientation 
(Table 3) and field notes for 24 aggregations, the fol- Formation of aggregations 
lowing may be concluded: 15 (62.5 %) of the aggrega- 
tions moved in the direction of ebb tide current, 8 Aggregation 18, included in the previously discussed 
(33.3%) progressed with the flood tide, and 1 moved analyses, was induced by the release of 1200 juvenile 
across the tidal current. conch in the Shark Rock nursery area in November 

Movements in ebb tide direction occurred in all 1990. This 39 m long aggregation formed during a 
months except January and September, while aggre- period of only a few days after releasing the conch in a 
gations moving in flood tide direction were not resultant density of approximately 12 conch m-2. Once 
recorded between June and October. Therefore, formed the aggregation had a density of 36 conch m-', 
despite the fact that high-density aggregation appears and progressed in flood tide direction at a rate of 3.6 m 
to occur year round, there may be some seasonality in d-l. All features were typical of naturally formed 
direction of movement. As discussed earlier, however, aggregations. Given that conch used in the experiment 
only 3 summer aggregations were observed. were not taken from an  aggregation, it is unlikely that 

Aggregations may change direction as observed in they were predisposed in any unusual way to initiate 
Aggregation 11. This aggregation progressed in flood mass movement. Foods such as Thalassia festudinum 
tide direction (toward the west) at approximately 2.9 m detritus and Batophora oerstedi were abundant at 
d-' for the first 3 mo of observation, then reversed the release site and it is also unlikely that food was 
direction to advance toward the east approximately limiting. 
1 mo before dispersing in mid-April 1990. Reversal of Density-dependence in tendency to move in an ori- 
direction and dispersion appeared to be related to ented manner was also demonstrated in the enclosure 
movement of conch into and around an area that con- experiment. In the 1 conch m-' treatment, there was a 
tained high densities of foods such as the green alga relatively even distribution of conch in the 8 pen sec- 
Batophora oerstedi. tors, with only 4 % of the individuals touching the walls 

Dispersion also occurred when the ends of several (Fig. 4). Chi-square tests showed that 2 runs did not 
aggregations (including nos. 1, 12 & 15) encountered depart from the expected even frequency distribution 
bare sand habitat. In these cases, individual move- over pen sectors (p > 0.05), while the third run had 
ments appeared to accelerate, in near random direc- higher than expected numbers of conch in certain sec- 
tion, probably because of the lack of macroalgal and/or tors (x2 = 14.32, p < 0.05). In this run conch were signif- 
detrital foods. Most aggregations, however, dispersed icantly more abundant in sectors on the west side of 
slowly over periods of weeks to months, with animals the pen, reflecting movement in flood tide direction. 
dropping off the following edge of the aggregation as Strength of response increased with conch density 
it progressed over the seagrass meadow. Dispersion (Fig. 4). At 2.0 conch m-2, 26% of the animals were 
rate was calculated for Aggregation 3, using tagged found in the west sector and 22 % were against the side 
individuals (Stoner 1989a), but the experiment was not of the pen. Chi-square tests indicated that all 3 runs 
repeated. departed from even distribution in the 8 pen sectors 
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Flood (I) Ebb 

Tidal Currents 

(p < 0.05). At 4.0 conch m-2, 55% of all conch were in 
the west sector, with a highly significant difference 
from uniform distribution in all runs (Chi-square tests, 
p < 0.001), and 74 % of the conch were on the pen 
sides. 

Survivorship in aggregations 

Although statistical comparison of treatments is not 
possible given the lack of replication, the tether exper- 
iment showed clearly that relative rate of predator- 
induced mortality was lower inside high-density 
Aggregation 10 than in the surrounding areas (Fig. 5 ) .  
Over the 25 d experimental period no mortality 
occurred in the aggregation, while 32% of the conch 
were killed only 20 m away in an area without juvenile 
conch (Stn 2). Within the nursery area (Stn 3) 
(1.0 conch m-2) 16% of the tethered animals were 
killed. All of the shells of killed conch were found 
attached to the tethers; most were chipped slightly on 
the lip edge and occupied by hermit crabs. Given the 
lack of crushed shells and relatively minor shell break- 
age, predation was probably caused by molluscs such 
as tulip snail Fasciolana tulipa and octopi. 

0 10 20 30 40 50 60 

% of conch 

Fig. 4. Strornbus gigas. Location of juvenile queen conch 
within 50 m2 circular enclosures for 3 different density treat- 
ments. Percentage of total conch in each of 8 equal sectors DISCUSSION 
(relative to tidal current direction) is indicated by the radius of 
each wedge. Error bars = SD. Total percentages of conch on Despite the fact that queen conch provide an impor- 

enclosure walls are shown in parentheses tant fishery in the Caribbean region (Brownell & 

Stevely 1981), the first report of high-density aggrega- 
tion was published only recently (Stoner et al. 1988). 
New data presented here show that such aggregation 
is a common phenomenon in historically important 
nursery areas. On one date in 1990, Stoner & Ray 
(1993) showed that over 13 % of the conch population 
at the Shark Rock nursery site was distributed in 
4 small high-density aggregations. At the Children's 
Bay Cay nursery, one aggregation contained over 
100000 juvenile conch for nearly 5 mo in 1987 and 
comprised at least half of the local population. Given 
the regularity of occurrence and high percentage of 
conch in high-density aggregations, this phenomenon 
has an important role in population dynamics, and 
should be considered in any stock assessment or fish- 
eries management plan. 

The present study shows that our earlier classifica- 
tion of high-density queen conch aggregation as mass 
migration was not correct technically. In all cases 
where progression was measured, conch were moving 
en masse and the movement was oriented by tidal 
current direction; however, orientation and movement 
were not rhythmic or predictable on a seasonal or other 
time scale. Also, the earlier hypothesis that 'mass 

n 
W 0-0 Outslde Aggregation 10 
W (0 conch m-2) 
>r 

30 - In the nursery area . - - 
(1.0 conch m-') 

; 

0 5 10 15 20 25 30 

Days 

Fig. 5. Strombus gigas. Mortality of tethered juvenile queen 
conch in the Shark Rock nursery area, with an ambient conch 
density of 1 conch m-2, and at an area 20 m from Aggregation 
10 where there were no other conch. There was no mortality 
observed over the 25 d duration of the experiment for conch 

tethered within Aggregation 10 
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migration' represents a form of ontogenetic migration 
to deeper adult habitat was not borne out by further 
observation. Movement was in the direction of either 
flood or ebb tide while only the latter would carry 
queen conch toward deep channels and the island 
shelf where older conch are most abundant. Although 
high-density aggregation was observed primarily in 
1 and 2 yr old conch, older juveniles and adults also 
formed aggregations, and it appears unlikely that 
aggregation is a function of synchronous emergence of 
the first year class from the sediment as hypothesized 
by Stoner et  al. (1988). 

An alternative to the migration hypothesis is that 
aggregations are feeding fronts, analogous to those 
observed in urchins (Bernstein et al. 1981, Vadas et  al. 
1986). Although conch aggregations can significantly 
reduce the standing crops of macroalgae, detritus, and 
seagrass epiphytes with their passage (Stoner 1989a), 
and progression of aggregations was related to food 
quantity in this study, one would expect feeding fronts 
to progress in an oriented fashion relative to the food 
resource instead of other physical factors. Ninety-six 
percent of the aggregations observed in this study pro- 
gressed in the direction of either flood or ebb tidal cur- 
rents, not food gradients. 

Growth rates of juvenile queen conch are sometimes 
higher outside normal, low-density nursery aggrega- 
tions than inside, and the difference is highest in the 
winter when food production is lowest (Stoner & Ray 
1993, Ray & Stoner 1994). This suggests that density- 
dependent pressures are greatest in winter and may 
explain the predominantly winter occurrence of mass 
movement in conch. However, high-density aggrega- 
tion in winter is paradoxical in that it would exacerbate 
inversely density-dependent growth rates. 

Several lines of evidence suggest that high-density 
conch aggregations are induced by increasing animal 
density in a nursery ground and independent of foods. 
First, a typical aggregation (no. 18) was induced by 
increasing the density of conch in the middle of a 
homogeneous seagrass meadow with high standing 
crop of a preferred food, Bathophora oerstedi. A simi- 
lar phenomenon occurred in 1990 when an attempt 
was made to increase conch density in a local area 
around predation experiments at Lee Stocking Island 
(L. S. Marshal1 pers. comm.). Second, tide-oriented 
movement increased strongly in our enclosures with 
increased conch density. The response was very rapid 
and observed in an  area where food was not limiting. 
Third, annual variation in aggregation formation was 
related to total population size and conch density in the 
Shark Rock nursery where exhaustive searches for 
aggregations were made between 1989 and 1992. Four 
aggregations, one with over 12000 conch, were 
observed in late 1989 and early 1990, when density of 

juveniles in the nursery was > 1.0 m-2 over a large area 
(Stoner & Ray 1993, Stoner et  al. unpubl.). In late 1990, 
there were 3 small aggregations observed in the nurs- 
ery, and none were found in the last half of 1991 or in 
1992. This reduction in aggregation was associated 
with a steady decline in the Shark Rock population 
over the 4 yr period. By mid-1991, conch densities 
were <0.2  conch m-2 over most of the nursery area 
(Ray & Stoner 1994). Decreasing numbers of conch at 
the Shark Rock site appear to be associated with 
decreasing larval supply (A. W. Stoner unpubl. data).  

It has been debated whether front-like aggregations 
of urchins are formed in response to habitat features 
and grazing effects, or as a response to predator pres- 
ence (Bernstein et  al. 1981, Tegner & Levin 1983, 
Vadas et al. 1986, Scheibling & Hamm 1991). It is pos- 
sible that high-density aggregations of queen conch 
form during periods of high predator abundance; how- 
ever, this seems unlikely given that aggregations were 
most numerous in winter months when, in general, 
predation rates are lowest (Marshal1 1992, Stoner & 

Davis 1994). 
Regardless of the terms applied and the mechanisms 

of formation, high-density aggregation in queen conch 
may have great adaptive significance. A vast literature 
has accumulated on the importance of group living in 
animals (reviews by Wilson 1975, Bertram 1978, Pul- 
liam & Caraco 1984) with much interest in modeling 
ecological advantages of aggregation (e.g.  Brock & Rif- 
fenburgh 1960, Hassell 1978, Kidd 1982, Folt 1987, 
Turchin 1989). Aggregative behavior is usually associ- 
ated with increasing efficiency in reproduction, forag- 
ing, or predator avoidance (Heip 1975, Bertram 1978). 
The first 2 adaptations can probably be ruled out for 
queen conch. None of the 25 aggregations occurred on 
known spawning grounds, and all but one consisted of 
sexually immature animals. 43% of Aggregation 9 
were conch with flared shell lips, but all of these were 
young, thin-shelled adults and it is unlikely that they 
were ready to spawn (Appeldoorn 1988). Efficiency in 
foraging is equally unlikely because growth in queen 
conch is inversely density-dependent, particularly at 
densities >2.0 ind. m-2  (Stoner 198913, Ray & Stoner 
1994), and stomachs of conch within high-density 
aggregations contain less food than those outside 
aggregations (Stoner 1989a). Foraging advantages 
realized by aggregations of vertebrates, such as 
reduced search time and group capture of prey (Wilson 
1975, Bertran~ 1978), seem unlikely for a slow-moving, 
generalized herbivore such as Strombus gigas. 

Advantages to the group in avoiding predation are 
more plausible, particularly in light of our small tether- 
ing experiment. Several predation-related advantages 
of aggregation have been listed (Bertram 1978, Pulliam 
& Caraco 1984): (1) avoiding detection, (2) early detec- 
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tion of the predator, (3) cooperative defense or confu- 
sion of the predator, (4)  minimizing vulnerability to 
predation by being in the middle of a group ('selfish 
herd' hypothesis), and (5) reducing the probability of 
being attacked by being a member of a large group 
('probability refuge' or 'dilution effect'). Although 
queen conch possess eyes and olfactory apparatus effi- 
cient in detecting some predators, locomotory powers 
are relatively small compared to those of many conch 
predators. Defense is provided by the heavily spined 
shell, fending off with the sharp operculum, and some 
ability to flee from certain slow-moving predators. 
Group defense mechanisms based upon cooperative 
behavior seem unlikely. Because high-density aggre- 
gations are highly visible and may emit a strong chem- 
ical signal to predators, it is unlikely that aggregation 
reduces detection. However, being in the center of an 
aggregation would provide a defense mechanism for 
individuals against smaller predators such as tulip 
snail Fasciolaria tulipa and hermit crabs. Queen conch 
juveniles have long apical spines that interlock when 
the animals are closely packed. This may make it diffi- 
cult to turn a shell to expose the more vulnerable aper- 
ture, or to extract one shell from the mass. The same 
mechanism could also defend conch from large elas- 
mobranch predators such as spotted eagle ray Aetoba- 
tus narinari. 

Dilution effect, being one of thousands of alternative 
prey, is also a plausible advantage to conch in high- 
density aggregations. Even 100 mm conch are rela- 
tively large, difficult prey to handle and the largest 
predators probably consume only a few conch per day. 
Safety in numbers may be further enhanced by behav- 
ior that draws conch into the center of an aggregation, 
such as that observed in schools of fishes (Major 1977), 
squid (Hurley 19??), and euphausiids (O'Brien 1989). 
Unlike fish schools or herds, however, the herding ten- 
dency in conch is temporary and aggregations disperse 
over time. 

Regardless of the precise mechanisms, we conclude 
that high-density aggregation in queen conch is an 
active process, not a simple feeding front phenome- 
non. The tether experiment provides evidence that 
aggregative behavior provides refuge for individuals. 
If high-density aggregation is dependent upon local 
population size or density, and if such aggregations 
reduce natural mortality of juvenile conch in nursery 
areas, it follows that slow recovery of depleted stocks 
in many regions of the Caribbean (Appeldoorn et al. 
1987, Berg & Olsen 1989) is exacerbated not only by 
low numbers of reproductive conch but also by non- 
linear, inversely density-dependent mortality. 

Because of their large size and slow movement, 
queen conch can be manipulated easily. The seagrass 
meadows where conch are abundant are relatively 

homogeneous, and aggregation can be examined in 2 
dimensions unlike fish schools. Additionally, individ- 
ual defense mechanisms are simple and aggregation is 
not confounded by reproductive behavior. For all of 
these reasons the queen conch system is particularly 
promising for future empirical and experimental 
research related to aggregation in marine organisms. 
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