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ABSTRACT: Conventional wisdom suggests that pelagically borne marine invertebrate larvae are &S- 
persed considerable distances from their source population, but recent research provides evldence that 
at least in some instances larvae may be retained within the local environment. From June 1995 
through June 1996, we monitored adult abundance and juvenile recruitment in 4 geographically sepa- 
rated bay scallop Argopecten irradjans populations occurring along the Gulf of Mexico coast of Florida, 
USA. Populations at our Anclote and Homosassa study sites had low adult abundances (generally 
< 5  scallops per 600 m2 survey transect) during 1995 and 1996, whereas populations at our Steinhatchee 
and St. Joseph Bay study sites had considerably higher adult abundances (generally >25 scallops per 
600 m? survey transect) during those years. Similarly, recruitment to art~ficial spat collectors was a rare 
event at Anclote and Homosassa, where we typically collected fewer than 0.1 scallops per collector per 
day. In contrast, recruits were common at Steinhatchee and St. Joseph Bay, where daily recruitment 
rates exceeded those observed at Anclote and Homosassa by 1.5 to 2 orders of magnitude. Whereas dif- 
ferences in adult abundance and juvenile recruitment were pronounced among sites, differences 
among stations within each site were minor and generally not significant. Based upon these observa- 
tions and knowledge of the distribution and abundance of bay scallops in Floridan Gulf of Mexico 
waters, our results suggest that during 1995-96, dispersal of bay scallop larvae was widespread within 
each study site but that transport of larvae away from the adult habitat was uncommon and ultimately 
unsuccessful. We discuss oceanographic features that may support local retention of bay scallop larvae 
along the west coast of Florida, and we suggest that periodic interruptions of those oceanographic pro- 
cesses may explain the previously reported genetic homogeneity among bay scallop populations in 
Florida. 

KEY WORDS: Dispersal . Recruitment . Argopecten irradians . Self-seeding 

INTRODUCTION 

Larvae of marine benthic invertebrates that possess 
complex life cycles have life spans ranging from days 
to weeks (Thorson 1950), exposing the planktonic 
stage to physical transport processes that may deposit 
them on substrates far from their source population 
(Scheltema 1971). Such transport is advantageous for 
maintaining gene flow among spatially separated pop- 
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ulations and for colonizing (or recolonizing) habitats 
(Scheltema 19?1), but it may be disadvantageous if 
larvae are transported away from suitable habitats 
(Palmer & Strathmann 1981). The generally accepted 
paradigm of larval dispersal is that planktotrophic lar- 
vae are transported considerable distances away from 
the adult population, with little likelihood of return to 
the parental habitat (Underwood & Fairweather 1989). 
However, recent research indicates that larval reten- 
tion within or near the adult habitat does occur in at  
least some situations (e.g. Olson 1985, Knowlton & 

Keller 1986, Black et al. 1990, 1991, Peterson & Sum- 
merson 1992, Schultz & Cowen 1994, Parsons 1996). 
Because larval supply may be a primary determinant 
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of subsequent adult abundance (Gaines & Roughgar- 
den 1985), a more complete understanding of larval 
dispersal patterns and scales, and subsequent larval 
supply, is necessary for the proper ecological and eco- 
nomic management of marine biological resources. 

The concept of supply-side ecology (sensu Lewin 
1986, but see Young 1987) formalizes the important 
role of larval supply in determining the ultimate struc- 
ture of marine benthic communities. Considerable 
work on the role of larval supply in structuring the 
benthos, relative to more traditionally examined fac- 
tors such as competition and predation, has been con- 
ducted on intertidal hard-bottom marine communities 
(e.g.  Gaines & Roughgarden 1985, Roughgarden et al. 
1988, Sutherland 1990, Black & Moran 1991, Minch~n-  
ton & Scheibling 1991, Bertness et al. 1992, Milicich et 
al. 1992). Much less information is available for soft- 
bottom communities (e.g.  Peterson & Summerson 
1992), but the ~nformation that is available appears to 
support the importance of larval supply to resultant 
adult distribution and abundance (Snelgrove & But- 
man 1994). More information is needed to fully under- 
stand the role that larval supply plays in determining 
community organization (Underwood & Fairweather 
1989), the influence of physical versus biological pro- 
cesses in regulating larval supply (Butman 1987), and 
the role of pre- versus post-settlement processes in 
determing marine benthic community structure (e.g.  
Olafsson et  al. 1994). Obviously, post-settlement pro- 
cesses can only act on settled individuals, but predict- 
ing population abundance and community structure 
requires an  understanding of the relative intensity of 
these various processes. 

A limiting factor in researching the role that larval 
supply plays in determining population abundance 
and community structure has been the difficulty 
involved in identifying and tracking the very small 
planktotrophic larvae of many marine invertebrates 
(Grosberg & Levitan 1992). Some researchers have cir- 
cumvented that problem in studies of larval supply to 
intertidal hard-bottom communities by concentrating 
research on a limited number of crustacean species 
that have morphologically defined larval stages, the 
larval dynamics of which provide the opportunity to 
test specific hypotheses concerning larval supply (e.g 
Gaines et al. 1985, Roughgarden et al. 1988, Mlnchin- 
ton & Scheibllng 1991, Gaines & Bertness 1992). How- 
ever, larvae of sessile molluscan species that com- 
monly inhabit the soft-bottom benthos are  more 
difficult to visually identify to the specific level than 
are  their crustacean counterparts because the mor- 
phology of molluscan larvae is so similar among spe- 
cies (Chanley & Andrews 1971). Alternative methods 
employing artificial substrates such as spat collectors 
(e .g .  Brand et al. 1980) may be used to estimate larval 

supply, but those methods depend upon a close corre- 
lation between larval abundance and the resultant 
density of recruits to provide an  accurate assessment of 
larval supply That correlation w ~ l l  not be realized if 

larval settlement is strongly influenced by substrate 
selection during settlement or if post-settlement mor- 
tality patterns alter the proportion of settlers prior to 
sampling. The former problem may be alleviated by 
using a conlmon substrate in all treatments, and the 
latter problem may be alleviated by sampling recruits 
very soon after settlement. For example, Harvey et al. 
(1995) have shown that survival of juvenile Iceland 
scallops Chlamys islandica is very high for at least 
3 wk post-settlement, and Ambrose and colleagues 
(Ambrose & Lin 1991, Ambrose et al. 1992) conclude 
that collectors deployed for up to 6 wk provide valid 
estimates of relative settlement of bay scallops Argo- 
pecten irradians in North Carolina, USA, waters. Thus, 
by using qualitatively and quantitatively similar sub- 
strates and by deploying those substrates over a stan- 
dardized and relatively short time period, valid estl- 
mates of larval supply may be obtained. Such an  
approach has been used in North Carolina waters to 
estimate larval supply of A. irradians to various estuar- 
ine soft-bottom habitats (Peterson & Summerson 1992, 
Peterson et al. 1996). 

Argopecten irradians is a simultaneous hermaphro- 
dite that produces planktotrophic larvae with a larval 
duration of generally less than 2 wk (Sastry 1965) and 
an adult life span of generally less than 18 mo (Barber & 

Blake 1983, Orensanz et al. 1991). In Gulf of Mexico, 
USA, waters, bay scallops are distributed as a series of 
disjunct local populations (sensu Hanski & Simberloff 
1997) within estuarine and nearshore habitats (Arnold 
et al. 1997). In aggregate, those local populations com- 
pose a metapopulation (Levins 1969, Hanski 1991) that 
at one time ranged from West Palm Beach on the  south- 
east Atlantic Ocean coast of Florida to the Chandeleur 
Islands along the Gulf of Mexico coast of Louisiana 
(Waller 1969). In recent decades, many of those local 
populations have been severely depleted or have dis- 
appeared completely, and relatively high-density local 
populatlons are now limited to areas north and west of 
the Suwanee River (Arnold et al. 1997). Causative fac- 
tors for the collapse of bay scallop populations south of 
the Suwanee River are not fully understood, but over- 
fishing, habitat degradation, or toxic dinoflagellate 
blooms may be contributing factors. For example, bay 
scallops are generally confined to seagrass beds, and 
seagrass abundance on the west coast of Flonda has 
decreased by up to 80% since the nineteenth century 
(Lewis et al. 1985). The loss of some local populations 
may have irnpenled nearby populations that a re  depen- 
dent on the influx of allochthonous larvae for thelr long- 
term survival. Thus, although changes in the distnbu- 
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tion and abundance of bay scallops along the - 7 

Gulf of Mexico coast of Florida may be due to 
l 

natural or anthropogenic influences, the lack 
of recovery of those populations may reflect 
reductions in larval supply and subsequent re- 
cruitment failure. The inability of bay scallop 
populations in other western Atlantic coastal 
areas to rapidly recover from toxic algal 
blooms (North Carolina. Summerson & Peter- 
son 1990; New York: Tettelbach & Wenczel 
1993) has similarly been attributed to an inad- 
equate larval supply (Peterson & Summerson 
1992, Tettelbach & Wenczel 1993, Peterson et 
al. 1996). Intervention may be required to 
reestablish depleted bay scallop populations 
throughout Atlantic and Gulf of Mexico 
coastal areas, but intervention strategies must 
be based upon sound ecological principles 
(Peterson et al. 1996). 

In 1995 the Florida Marine Fisheries Com- 
mission revised rules regarding bay scallop Fig 1. Map of Florida, USA, showing sample locations for bay scallop 

Argopecten ~rradlans adult monitoring and recruitment study and other 
harvest in Florida to eliminate all commercial geographic reference points mentloned in the text 
fishing for the species within state waters and 
to limit the popular recreational fishery to 
areas north and west of a closure line extending west- 
ward from the mouth of the Suwanee River. The intent 
of those rule revisions was to eliminate fishing pres- 
sure on low-density populations (generally < 5  scallops 
per 600 m2) and to reduce pressure on those few 
remaining high-density populations (generally >5  
scallops per 600 m2 and commonly with densities 
exceeding 100 scallops per 600 m2). We have initiated 
a research program to monitor the recovery of 
depleted bay scallop populations in Florida, to deter- 
mine biological factors that may influence recovery, 
and to provide the basic biological and ecological 
information necessary for the effective design and 
implementation of a restoration strategy. We report 
here on the results of a study comparing adult density 
within and among each of 4 sites along the Gulf of 
Mexico coast of Florida during 1995 and 1996, and we 
discuss the potential influence of larval supply (as esti- 
mated by recruitment to artificial spat collectors) on 
the observed distribution and abundance of those pop- 
ulation~. 

MATERIALS AND METHODS 

Adult population surveys. Adult scallop populations 
were surveyed during June 1995 and June 1996 at 
each of 4 sites along the Gulf of Mexico coast of Florida 
(Fig. 1). South of the Suwanee River closure line, pop- 
ulation~ were monitored at  Anclote Estuary and at 
Homosassa Bay. North of the closure line, populations 

were monitored at Deadman's Bay near Steinhatchee 
and in St. Joseph Bay. Adult densities were deter- 
mined at  each of 20 randomly allocated and geograph- 
ically referenced stations located between the 0.61 m 
and the 1.83 m depth contours within each site 
(Figs. 2 to 5); stations were repetitively sampled each 
year. At each survey station, 2 SCUBA divers swam the 
length of a 300 m transect line arranged in a triangular 
manner, with 1 diver on either side of the line count- 
ing all scallops within 1 m of the line. Total area sur- 
veyed at each station was 600 m2 and at each site was 
12 000 m2. 

For statistical comparisons, adult population density 
data were first log(n + 1) transformed to minimize het- 
eroscedasticity (Sokal & Rohlf 1995) and then were 
compared among sites and between years using 2-way 
fixed-effects Analysis of Variance (ANOVA) with year 
(1995, 1996) and site (Anclote, Homosassa, Stein- 
hatchee, St. Joseph Bay) as factors. We also compared 
log(n + 1) transformed adult density data among sites 
within each year using l-way fixed-effects ANOVA. 
When appropriate, significant main effects were com- 
pared for differences among means with the stepwise 
Ryan's Q test at alpha = 0.05 (Day & Quinn 1989). 

Recruitment monitoring. Bay scallop recruitment to 
spat collector bags, as an index of settlement (Keo'ugh 
& Downes 1982), was monitored at  each site during 
late summer of 1995 through late winter of 1996. We 
measured recruitment as the rate of recovery of juve- 
nile bay scallops from spat-collector bags deployed at 
each of our 4 study sites. For that purpose, we used 
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Fig 2. Map of the Anclote Estuary study site showlng s t a t~on  
locations for bay scallop Argopecten irradians adult abun-  
dance  surveys conducted during June  1995 and June  1996, 
and  recruitment monitoring studies conducted dunng  fall 
1995. Numbers denote sample station number and locat~on 
for adults surveys, and crosses depict locations of spat-collec- 

tor stations 

spat collectors similar to those successfully employed 
in numerous previous studies (e.g.  Brand et al. 1980, 
Ambrose et al. 1992, Peterson & Summerson 1992). 
Collectors were constructed from presoaked (Parsons 
et al. 1993, Harvey et al. 1997) 30 X 48 cm panels of 
4 mm mesh polypropylene encased within a 4 mm 
mesh citrus bag (Ambrose et al. 1992). Each collector 
was attached at one end to a small plastic donut float 
that served to maintain the collector in a vertical posi- 
tlon and at the other end to a length of 6.35 mm diam- 
eter polypropylene rope. The rope was attached to a 
cinder-block anchor and to a crab-trap float that main- 
tained the generally vertical position of the collector in 
the water column and provided for surface location 
and retrieval. A single collector was positioned 0.5 m 
above the anchor on each line. 

Collector arrays were deployed in triplicate at 9 sta- 
tions at the Anclote, Homosassa, and Steinhatchee 
study sites and at 4 stations at the St. Joseph Eay study 

2 0 2 4 6 Kilometers 
I I L V  

Fig 3 Map of the Homosassa study site showing station 
locatlons for bay scallop Argopecten irradlans adult abun- 
dance  surveys conducted during June  1995 and J u n e  1996, 
and  recruitment monitoring s t u d ~ e s  conducted during fall 
1995 Numbers denote sample statlon number and  location 
for adults surveys, and crosses deplct locatlons of spat-collec- 

tor stations 

site. At each of the Anclote, Hom.osassa, and Stein- 
hatchee study sites, bay scallop populations occur in 
relatively discrete beds that parallel the coast and are 
generally confined between the 0.5 and 2.5 m depth 
contours. Spat-collector stations were located along 
latitudinal transects perpendicular to the coast and 
near the north end,  center, and south end of the scallop 
'bed' at  each of those sltes (Figs. 2 to 4). Stations were 
positioned in depths of 0.5, 1 . O ,  and 1 5 m along each of 
the 3 latitudinal transects at each site. In St. Joseph 
Bay, bay scallops are generally distributed within a 
narrow band of relatively shallow water along the 
southeastern, southern, and southwestern shores of 
the bay. We positioned spat collectors at 4 stations 
wl th~n  that band and at a depth of approximately 1.0 m 
at each station (Fig 5) .  In all cases, collectors were 
deployed within seagrass beds to avoid d~fferences in 
collector efficiency between vegetated and unvege- 
tated habitats (Ambrose et al. 1992). 
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Steinhatchee 

Fig. 4 .  Map of the Steinhatchee study site showing station 
locations for bay scallop Argopecfen irradians adult abun- 
dance surveys conducted dunng June 1995 and June 1996, 
and recruitment monitoring studies conducted dunng fall 
1995. Numbers denote sample station number and location 
for adults surveys, and crosses depict locations of spat-collec- 

tor stations 

Two sets of collectors were deployed, at each spat- 
monitoring station, on a 3 wk overlapping schedule. 
Thus, one set of 3 replicates was deployed at each sta- 
tion, and then 3 wk later a second set of 3 replicates 
was deployed at that same station. Each set of collec- 
tors was allowed to soak for 6 wk prior to recovery. 
This arrangement was necessary to ensure that all set- 
tlement events were recorded despite our inability to 
recognize very small spat that may have settled just 

Fig. 5. Map of the St. Joseph Bay study site showing station 
locations for bay scallop Argopecten lrradians adult abun- 
dance surveys conducted dunng June 1995 and June 1996, 
and recruitment monitoring studies conducted during fall 
1995. Numbers denote sample station number and location 
for adults surveys, and crosses depict locations of spat-collec- 

tor stations 

prior to recovery of a collector. Any settlement event 
that occurred just prior to recovery of one group of col- 
lectors would be equally recorded on the complemen- 
tary group. The complementary group would not be  
recovered for an additional 3 wk, providing ample time 
for the spat to grow to a detectable size. We report here 
on 6 complete deployment-recovery sequences con- 
ducted between August 1995 and February 1996 
(Table 1) .  

Table 1. Deployment and recovery dates (mo/d) for spat collectors at 4 sites along the Floridan Gulf of Mexico coast. Project dates 
began in fall 1995 and continued through early winter 1996. See Fig. 1 for site locations 

Deployment: 1 2 3 4 5 6 

Anclote 8/11 -9/29 9/5- 10/27 9/29-11/16 10/27-12/13 11/16-1/11 12/13-2/1 
Homosassa 8/16-9/27 9/8-10/20 9/27-11/8 10/20-11/28 11/8-12/29 11/28-1/18 
Steinhatchee 8/15-9/26 9/7-10/21 9/26-11/7 10/21-11/29 11/7-12/28 11/29-1/17 
St. Joseph Bay 8/10-9/26 8/30-10/11 9/26-11/10 10/11-11/19 11/10-12/29 11/19-1/14 
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Upon recovery, each spat collector was placed in an  
individual black household garbage bag along with an  
identification label and was then returned to the labo- 
ratory. The samples were not otherwise preserved. 
Although tissue degradation was unavoidable, the 
juvenile shells were preserved almost exclusively in 
the paired condition. Each polypropylene panel was 
then thoroughly examined with the aid of a mag- 
nification lamp, and all identifiable scallop spat were 
removed, counted, and stored in a labelled vial. Any 
spat recovered from the inside or outside of the citrus 
bag,  or found loose in the holding bag,  were noted as 
to position, counted, and similarly stored. Occasional 
unpaired valves were counted and the total per collec- 
tor was divided by 2 and rounded up to the nearest 
whole number to provide a n  estimate of their contribu- 
tion to the total count of whole scallops. 

Recruitment data were normalized to a daily recruit- 
ment rate b y  dividing the total number of spat from 
each collector by the number of days deployed. Within 
each site, daily recruitment rate was compared among 
stations (St. Joseph Bay) using a l -way repeated mea- 
sures multivanate ANOVA or among depth and latitu- 
dinal position (Anclote, Homosassa, Steinhatchee) 
using a 2-way repeated measures multivariate 
ANOVA (Zar 1996) with date as the repeated measure 
and both latitudinal transect and deployment depth as 
fixed effects. We report our results using the Wilks' 

Lambda statistic because those results are based upon 
a likelihood-rat10 approach (Littell et a1 1991) and in 
all cases were very smllar to results de r~ved  from 
PiUai S Trace or the Hotelhng-Lawley Trace Recruit- 
ment data were analyzed separately within each site to 
eliminate the influence of artificial relationships 
among latitudinal transect positions at each site Data 
from the Steinhatchee and St Joseph Bay populations 
were square-root(n + 0 5) transformed to minimize 
heteroscedasticity, but transformation was not re- 
quired prlor to analysis of the Anclote and Homosassa 
data All statistical analyses were conducted using the 
SAS version 6 statistical analysis software (SAS Insti- 
tute 1996) 

RESULTS 

Adult population surveys 

In both 1995 and 1996, adult bay scallops were far 
less abundant at the Anclote and Homosassa study 
sites than they were at Steinhatchee and St. Joseph 
Bay (Table 2). When averaged among ail 20 sampling 
stations within each site, scallop densities were consis- 
tently <5 per 600 m2 during both years at  Anclote and 
Homosassa, whereas scallop densities in excess of 25 
per 600 m2 were typical at Steinhatchee and St. Joseph 

Table 2. Abundance [no. per 600 m') of bay scallops Argopecten irradians at each of 20 stations sampled at  each of 4 study s ~ t e s  
dunng  1995 and 1996. See Fig. 1 for site locations, and Figs. 2 to 5 for s t a t~on  locations wi th~n  each site Mean and sample stan- 

dard deviat~on are  summanzed at the bottom of the table 

S ta t~on  number Anclote Homosassa Stelnhatchee St Joseph Ray 
1995 1996 1995 1996 1995 1996 1995 1996 

-p- P - - -  - -  p 
P p  

1 0 4 0 0 13 528 1 4 
2 0 3 9 2 48 3 6 1 64 
3 0 2 9 5 16 128 6 2 
4 0 0 4 0 14 269 2 0 
5 0 0 14 5 14 1879 6 7 2 
6 0 0 1 9 2 2 210 205 114 
7 0 0 2 5 4 7 3 114 55  
8 0 12 27 4 1 0 348 156 
9 3 0 7 4 44 498 118 4 3 

l 0  0 1 3 2 0 7 6 711 363 
11  0 2 1 0 0 0 5 759 
12 0 0 1 3 0 415 233 1136 
13 0 0 6 2 8 4 1 195 354 
14 0 11  0 9 4 119 270 820 
15 0 1 1 2 1 65 11 4 4 
16 0 23 3 0 3 0 7 1 14 228 
17 0 6 1 6 23 118 4 4 282 
18 0 3 3 3 3 4 4 25 230 
19 0 0 2 1 313 284 17 179 
2 0 0 0 0 0 27 151 257 103 

Mean 0 2 3 4 4 7 3 1 29 2 250 2 132 2 246 9 
SD 0 7 5 8 6 4 2 8 68 3 414 6 175 5 312 2 
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Table 3. Results of ANOVA testing whether adult bay scallops 
Argopecten irradians were equally distributed among study 
sites (Anclote, Homosassa, Steinhatchee, St. Joseph Bay) dur- 
ing 1995 and 1996, as determined by 600 m2 transect surveys 

at each of 20 stations within each site 

Source of df SS MS F Significance 
variation 

Year 1 32.65 32.65 16.60 0.0001 
Site 3 348.88 116.29 59.12 0.0001 
Year X Site 3 28.98 9 66 4.91 0 0028 
Error 152 298.99 1.97 

Bay in both years. Adult density never exceeded 27 
scallops per transect at any station in Anclote or 
Homosassa, whereas more than 500 scallops were 
recorded from each of several stations at both Stein- 
hatchee and St. Joseph Bay. Overall, scallops were sig- 
nificantly more abundant at our 4 sites in 1996 than in 
1995; scallop abundance increased from 1995 to 1996 
at each of the Anclote, Steinhatchee, and St. Joseph 
Bay study sites but decreased at the Homosassa site, 
which explains the significance of the site X year inter- 
action term (Table 3). Within each year, adult scallop 
abundance differed significantly among sites during 
both 1995 and 1996 (Table 4 ) .  During 1995 scallop 
abundance differed significantly among all sites. 
whereas during 1996 scallops were equally abundant 
at Steinhatchee and St. Joseph Bay but were signifi- 
cantly more abundant at those sites than at  Homosassa 
and Anclote (Table 5). 

Recruitment monitoring 

The magnitude of recruitment at each site reflected 
patterns of adult abundance. Spatfall to collectors was 
rare at Anclote (Fig. 6), where spat were recovered 
from only 22 of 51 sampling opportunities (a sampling 
opportunity represents any date X station combination 
where at least 1 collector was retrieved), and an 
extremely rare event at Homosassa, where spat were 
recovered from only 4 of 52 sampling opportunities 
(Fig. 7). Even on those dates when spat were recov- 
ered, recruitment rates were very low at both Anclote 
and Homosassa and never exceeded 0.11 spat d-l. In 
contrast, spat were recovered from 41 of 54 sampling 
opportunities at Steinhatchee (Fig. 8) and from 22 of 24 
sampling opportunities at St. Joseph Bay (Fig. 9). 
Moreover, rate of recruitment was substantially higher 
at both Steinhatchee and St. Joseph Bay than at either 
Anclote or Homosassa. Maximum daily recruitment 
rate at Steinhatchee was 9.96 spat d-' and at St. Joseph 
Bay was 37.34 spat d-l. 

Table 4. Results of ANOVA testing whether adult bay scallops 
Argopecten irradians were equally distributed among study 
sites (Anclote, Homosassa, Steinhatchee, St. Joseph Bay) within 
each of the 1995 and 1996 study years, as determned by 600 m2 

transect surveys at each of 20 stations within each site 

Source of 
variation 

1995 
Site 
Error 

1996 
Site 
Error 

df SS MS F Significance 

Rate of recruitment to spat collectors deployed at the 
Anclote study site varied significantly with time (F = 
17.39, p = 0.0035), but no significant interactions be- 
tween time and latitudinal position (F = 1.84, p = 0.18) 
or between time and deployment depth (F = 1.42, p = 
0.29) were detected. Using a means transformation 
(Littell et al. 1991), we determined that, during our first 
deployment, recruitment at Anclote was significantly 
lower than the mean of the remaining dates but that a 
recruitment pulse was detected at most stations during 
the second deployment (Fig. 6). That pulse was not 
sustained through the third deployment, but another 
pulse was detected during the fourth deployment and 
sustained through the fifth deployment before again 
declining during the final deployment. During the 
entire sampling period, recruitment was most consis- 
tent along the central latitudinal transect, but recruit- 
ment of at least 0.10 scallops d-' was observed from all 
latitudinal transects (though not necessarily from every 
station along each of those transects) on at least 1 date. 

Table 5. Ryan's Multiple Range Q-test for differences among 
4 sltes (Anclote Estuary, Homosassa. Ste~nhatchee, and St. 
Joseph Bay) in abundance of adult bay scallops sampled from 
20 stations within each slte (see Figs. 2 to 5 for locations of 
sample stations within each site) during June 1995 and June 

1996. Significance was determined at alpha = 0.05 

Site 

1995 
Anclote Estuary 
Homosassa 
Steinhatchee 
St. J'oseph Bay 

1996 
Anclote Estuary 
Homosassa 
Steinhatchee 
St. Joseph Bay 

Mean SD 
abundance 

Ryan's Q 
grouping 

A 
B 
C 
D 

A 
A 
B 
B 
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Fig. 6. Recruitment of bay scallops Argopecten irradians to spat collectors deployed at each of 9 stations at the Anclote Estuary 
study site during August 1995 to February 1996. Spat-collector station locations are arrayed according to latitudinal position and 
water depth; locations are depicted in Fig. 2. Each 6 wk deployment is denoted by a start-date point (mo/d/yr), an end-date point, 
and a line connecting the 2 points. Error bars represent 1 standard deviation from the mean and are positioned at the start point 
of the deployment period they represent. Numbers in parentheses represent number of collectors recovered from that deploy- 
ment period, are similarly positioned at the beginning point of the deployment period they represent, and are not included for 

deployments from which all 3 collectors were recovered 

Recruitment was not detected at the northeast and 
northwest Anclote stations, although low numbers at 
the latter station may be partly explained by extensive 
loss of collectors during the first 4 deployments (Fig. 6). 

Recruitment rate at Homosassa was not significantly 
affected by time of collection (F = 0.27, p = 0.85), and 
no significant interactions between time and latitu- 
dinal position (F = 0.33, p = 0.90) or between time 
and deployment depth (F = 0.85, p = 0.57) were 
detected. Recruitment was 0 at most stations during 
most sampling episodes (Fig. 7). A very low level of 
recruitment (less than 0.04 recruits d-l) was detected 
at  some stations during the first 2 deployrnents 
(Fig. 7), after which we detected only 1 small event at  
the northeast station during November. With the 
exception of 1 event in early October at  the southwest 
station, recruitment at Homosassa was restricted to 

the north latitudinal transect. Loss of collectors at 
Homosassa was inconsequential at all except the cen- 
tral-mid and central-west stations, each of which suf- 
fered complete loss of collectors during 1 deploy- 
ment (Fig. 7). 

At Steinhatchee, bay scallop recruitment differed 
significantly over time (F= 108.32, p = 0.0001). Overall, 
the temporal nature of recruitment was similar among 
stations at a common depth, but stations along a com- 
mon latitudinal transect sometimes differed in the tim- 
ing and rate of recruitment. During the first deploy- 
ment, recruitment rate was equivalent to the mean of 
the remaining dates, but significant deviations from 
the mean occurred on the remaining dates. Recruit- 
ment was significantly lower than the mean of the 
remaining dates during the second and third deploy- 
ments, significantly higher than the mean of the 
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Fig. 7 Recruitment of bay scallops Argopecten irradians to spat collectors deployed at each of 9 stations at the Homosassa study 
site during August 1995 to January 1996. Spat-collector station locations are arrayed according to latitudinal position and water 
depth; locations are depicted in Fig. 3. Each 6 wk deployment is denoted by a start-date point, an end-date point, and a line con- 
necting the 2 points. Error bars represent 1 standard deviation from the mean and are positioned at the beginning point of the 
deployment period they represent. Numbers in parentheses represent number of collectors recovered from that deployment 
period, are similarly positioned at the beginning point of the deployment period they represent, and are not included for deploy- 

ments from which all 3 collectors were recovered 

remaining dates during the fourth and fifth deploy- 
ments, then again fell to a low level during the final 
deployment (Fig. 8). Both the latitudinal position X time 
(F= 9.81, p = 0.0001) and the depth X time (F= 4.36, p = 

0.0012) interactions were highly significant, as evi- 
denced by higher overall recruitment at the central lat- 
itudinal transect and lower overall recruitment at the 
shallow stations. Recruitment was essentially 0 at  all 
Steinhatchee stations during the final deployment, a 
feature shared with most other stations at our other 
study sites. 

Our data and analyses at the St. Joseph Bay study 
site differed slightly from the Anclote, Homosassa, 
and Steinhatchee study sites because of the lack of a 
depth treatment at the former site. Although the loca- 
tion by time interaction was not significant (F = 2.19, 
p = 0.094), suggesting that recruitment events were 
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sampled equally at all stations at this site, recruitment 
did differ significantly over time (F = 154.06, p = 

0.0001). Recruitment was significantly lower than the 
remaining date average during the first 2 deploy- 
ments, did not differ from the average during the 
third deployment, was significantly and substantially 
higher than the remaining date average during the 
fourth deployment, and was slightly but significantly 
higher during the fifth deployment before again 
falling to a below-average value during the final 
deployment (Fig. 9). Thus, although some recruitment 
was recorded at all stations during most sampling 
episodes, we recorded 1 intensive peak of recruitment 
during October and early November, and this peak 
was recorded at all stations. That peak represents the 
highest recruitment rate that we recorded at any site 
during our study. 
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Fig. 8. Recruitment of bay scallops Argopecten irradians to spat collectors deployed at each of 9 stations at the Steinhatchee study 
site during August 1995 to January 1996. Spat-collector station locations are arrayed according to latitudinal position and water 
depth; locations are depicted in Fig. 4. Each 6 wk deployment is denoted by a start-date point, an end-date point, and a line con- 
necting the 2 points Error bars represent 1 standard deviation from the mean and are positioned at the beginning point of the 
deployment period they represent. Numbers in parentheses represent number of collectors recovered from that deployment 
period, are simi1arl.y positioned at the beginning point of the deployment period they represent, and are not included for deploy- 

ments from w h ~ c h  all 3 collectors were recovered 

DISCUSSION 

Abundance of adult bay scallops differed signifi- 
cantly among the 4 sites that we monitored during 
1995 and 1996, as did the rate of recruitment of scal- 
lops settling to spat collectors. Our results describe a 
generally positive relationship between the number of 
adults sampled in June 1995 and June 1996 and the 
intensity of recruitment measured during the fall of 
1995. Adult bay scallops were scarce at our Anclote 
and Homosassa study sites and rates of recruitment to 
spat collectors were relatively low, whereas scallops 
were abundant at  our Steinhatchee and St. Joseph Bay 
study sites and recruitment rates were relatively high. 
Therefore, the local populations that compose the pur- 
ported bay scallop metapopulation along the Floridan 
Gulf of Mexico coast, which we report on in this study, 

appear to function at a geographic scale similar to that 
observed for populations from other western Atlantic 
Ocean estuaries (e.g Peterson & Summerson 1992, 
Tettelbach & Wenczel 1993). 

Recruitment was not detectably different among sta- 
tions within each of our 4 study sites. Temporally dis- 
tinct recruitment peaks were recorded within each 
site, and those peaks tended to be quantitatively simi- 
lar and contemporaneous among stations within each 
site. For example, peak recruitment of more than 
20 spat d-I occurred at all St. Joseph Bay stations dur- 
ing the October 11 to November 19 deployment. Simi- 
larly, peak recruitment was recorded during the 
November 16 to January 11 deployment at Anclote and 
that peak was approximately twice the daily rate 
recorded during any other deployment period. In con- 
trast, patterns of recruitment differed substantially 
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among sites. Peak recruitment rate measured at both 
Steinhatchee and St. Joseph Bay was approximately 
1.5 to 2 orders of magnitude greater than peak recruit- 
ment measured at Anclote and Homosassa. Moreover, 
peak recruitment occurred during the August 16 to 
September 27 and September 8 to October 20 deploy- 
ments at Homosassa but during the November 16 to 
January 11 deployment at Anclote. Therefore, with 
respect to the relationship between recruitment and 
adult abundance, our sites appear to function on a 
scale equivalent to that of North Carolina basins. 
Strong. coherence between adult abundance and the 
daily rate of recruitment within each of 3 coastal North 
Carolina basins contrasts sharply with weak coherence 
between those parameters among basins (Peterson & 
Summerson 1992). Our sites also appear to function on 
a scale similar to that of local bays within the Peconic 
Bay system of Long Island, New York (Tettelbach & 
Wenczel 1993). Bay scallop populations in that system 
were decimated during the mid- to late 1980s as a 
result of a brown tide (Aureococcus anophagefferens) 
bloom (Cosper et al. 1987). Adult scallop survival var- 
ied from 0 to 90% in the bays that compose that system 
(Tettelbach & Wenczel 1993, Wenczel et al. 1993), and 
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larval recruitment was similarly negatively affected 
(Bricelj et al. 1987, Wenczel et al. 1993). However, 
some recruitment was apparent from the continued 
regeneration of scallop year classes in those areas of 
the Peconic Bay system where mortality was not com- 
plete (Wenczel et  al. 1993). The estimated 20+ d reten- 
tion time of water within each of the sub-bays of the 
Peconic system (Hardy 1976), coupled with a model of 
projected larval dispersion within the Peconic Bay sys- 
tem (Siddal et al. 1986), suggests a mechanism for lar- 
val retention within those bays and provides support 
for the hypothesis that at least under certain condi- 
tions, self-seeding of those populations does occur. 

Self-seeding has been reported for populations of 
other fish and invertebrate species with planktotrophic 
larvae, so the potential exists for self-seeding of local 
populations of bay scallops. For example, drift-tube 
studies conducted by Levin (1983) provide evidence 
that larvae of the spionid polychaete Pseudopolydora 
paucibranchiata, which hydrographically could have 
been transported more than 200 km away from their 
point of origin in Mission Bay, California during their 
2 wk larval life span, were predominantly retained 
within the bay. Tegner & Butler (1985) used similar 
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techniques and determined that most larvae of the 
green abalone Haliotis fulgens should settle within a 
few kilometers of the release site. Numerical models 
suggest that in at least some habitats larval retention 
does occur (e.g.  Black et al. 1990, 1991, Schultz & 
Cowen 1994) and also provide evldence of limited par- 
ticle dispersal along the Florida west coast at  least dur- 
ing fall (Weisberg et  al. 1996a), when bay scallops 
spawn. 

For the short-lived bay scallop, whose interannual 
fluctuations in population abundance are well docu- 
mented (e.g.  Rhodes 1991), self-seeding may be neces- 
sary for the year-to-year maintenance of discrete local 
populations. With the exception of the almost com- 
pletely enclosed St. Joseph Bay, the scallop popula- 
tions that we studied occupy open coastal habitats and 
are exposed to water currents that are complex and 
multidirectional along this coast (Weisberg et al. 
1996a). The spatlal extent of each of our local popula- 
tions is approximately equivalent to the total area of 
the North Carolina sites studled by Peterson and col- 
leagues (e.g. Peterson & Summerson 1992) and the 
Peconic Bay, New York, sites studied by Tettelbach 
and colleagues (e.g. Tettelbach & Wenczel 1993). 
However, bay scallop populations that we have identi- 
fied from Florida coastal waters are isolated from one 
another by geographic distances of at least 30 km 
(Arnold et al. 1997). It therefore appears that geo- 
graphically adjacent but physically isolated bay scal- 
lop populations in North Carolina and New York 
waters contrast with the apparently physically open 
but geographically separated bay scallop populations 
in Florida waters. 

Nearshore currents along the Florida west coast may 
retain particles in the local area, transport particles 
either north or south along the coast, or even transport 
particles from point to point via coastal jets that transit 
the Gulf of Mexico (Yang et al. 1995, Weisberg et al. 
1996a). Maximum current speed within these features 
may be 2.5 km h-' (Yang et al. 1995), providing a 
potential mechanism, for transport of bay scallop larvae 
among all of our study sites well within the reported 10 
to 14 d planktonic 1.arval phase of Argopecten irradians 
(Sastry 1965). Over the short term, retention within the 
local area may be the predominant mechanism for 
repopulation, and transport of larvae between sites 
may be rare (Palumbi 1995, Bakun 1996). Over the 
long term, larvae may occasionally be transported be- 
tween sites (Bakun 1996), providing seed for reestab- 
lishment of depleted populations and for the main- 
tenance of previously reported (Marelli et al. 1997) 
genetic similarity among local populations (Slatkm 
1987). 

The coherence between adult abundance and rela- 
tive recruitment that we describe within each of our 

local populations supports the idea that larval reten- 
tion and self-seeding occur in those populations. How- 
ever, there are alternative explanat~ons. Our results 
simply may reflect the action of differential post-settle- 
ment mortality within collectors among sites, but we 
consider that alternative unlikely for several reasons. 
First, we have no reason to suspect that predation, the 
most likely source of post-settlement mortality within 
the collectors, is more intense at the Anclote and 
Homosassa study sites than at Steinhatchee and St. 
Joseph Bay. We do observe predators such as mud 
crabs (e.g. Panopeus) and juvenile stone crabs (Men- 
ippe spp.) within the collectors, but our estimates of 
abundance suggest relative equality of those organ- 
isms among sites. Second, Ambrose & Lin (1991) report 
no difference in post-settlement mortality of Argopec- 
ten irradians recruits between laboratory- and field- 
deployed collectors in North Carolina waters, suggest- 
ing that recruitment Lo collectors deployed for up to 
6 wk does provide a valid index of settlement (Am- 
brose et al. 1992). Finally, our results generally reflect 
similar levels of recruitment among overlapping col- 
lectors at each station, a pattern that would not be 
expected if post-settlement mortality patterns were 
substantial and temporally biased. We therefore con- 
clude that our collectors provide a valid index of rela- 
tive settlement of bay scallop larvae among sites along 
the west coast of Florida. 

We can provide other alternatives to the self-seeding 
hypothesis that invoke the scale and pattern of larval 
dispersal. For example, it is possible that populations 
in areas such as Steinhatchee function as source popu- 
la t ion~ (Pulliam 1988) that provide recruits for depleted 
populations within the range of larval transport (Harri- 
son 1991). The fate of exported larvae is unknown and 
would be difficult to determine with present technol- 
ogy, but lack of recruits at the Homosassa and Anclote 
study sites suggests that expatriate larvae were not 
successfully transported to those sites, or were trans- 
ported in very low numbers, during fall 1995. Another 
alternative is that Steinhatchee and St. Joseph Bay 
simply traded larval masses during fall 1995, but this is 
unlikely given the generally local~zed pattern of 
nearshore currents in this region of Florida (Wei.sberg 
et al. 1996a), the enclosed nature of St. Joseph Bay. 
and the almost complete lack of scallops in apparently 
suitable habitats between Steinhatchee and St. Joseph 
Bay during our study period (Arnold et al. 1996). 
Finally, it is possible that 1a.rvae from the Steinhatchee 
and St. Joseph Bay populations are swept away from 
the local area and that recruits to those populations are 
supplied by yet-unidentified source populations. How- 
ever, our extensive Florida west coast bay scallop sur- 
veys (Arnold et al. 1996, 1997) and by-catch reports 
from commercial trawlers (Coleman et al. 1993, 1994) 
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provide no evidence of other dense bay scallop assem- 
blages in nearshore Florida waters. During our study, 
only Steinhatchee and St. Joseph Bay appeared to sup- 
port high-density (>5 scallops per 600 m2) bay scallop 
populations in Florida waters, and only those sites 
received substantial numbers of settling scallop larvae. 

Various oceanographic features may operate, either 
individually or in concert, to retain larvae within the 
local area. For example, the area between Anclote and 
St. Joseph Bay appears to function hydrographically as 
an isolated bay (Austin & Jones 1974). This 'bay' is 
defined by an eddy system operating shoreward of a 
line drawn between Anclote and St. Joseph Bay (gen- 
erally within the 20 m isobath) and is separated from 
the Gulf of Mexico by seasonally oscillating coastal jets 
(Yang et al. 1995). Within this hydrographically de- 
fined bay, tidal oscillations that have excursions of less 
than 1 km under fall conditions along the Flonda west 
coast (Weisberg et al. 1996a) may influence retention 
of larvae within the nearshore zone (Shanks 1986). 
Alternatively, upwelling-downwelling cycles that may 
develop in response to the passage of cold fronts could 
function to retain larvae within the local area. Al- 
though random movement of larvae within a water 
mass will operate to spread those larvae over a rela- 
tively large area even within a well-defined water 
mass, only a small proportion of the total larval pool is 
necessary to replenish even the most abundant Florida 
scallop population (Bakun 1996). 

The scenario that we describe for retention of bay 
scallop larvae within the local habitat is not yet defini- 
tive. We are conducting allozyme electrophoretic and 
mt-DNA studies to better define the interrelation of 
local bay scallop populations along the Flonda west 
coast. We also have developed and tested a genetic 
probe that we will use to define the spatial distribution 
of scallop larvae around nodes of adult scallop abun- 
dance. The results of those studies, coupled with better 
information on the short-term dynamics of nearshore 
circulation along the west Florida shelf (Weisberg et al. 
1996b), will be instrumental in determining the rela- 
tive importance of local versus long-distance dispersal 
of larvae along the Gulf of Mexico coast of Florida to 
the maintenance of local populations of Argopecten 
irradians. Such information will be a necessary compo- 
nent of the effective restoration and management of 
this important marine resource. 
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