MARINE ECOLOGY PROGRESS SERIES

Vol. 98: 31-43, 1993

Mar. Ecol. Prog. Ser.

Published August 5

Onshore transport of settlement-stage Nassau
grouper Epinephelus striatus and other fishes
in Exuma Sound, Bahamas

Jonathan M. Shenker ' 2, Elizabeth D. Maddox?, Edward Wishinski?,
Alexander Pearl?, Simon R. Thorrold?, Ned Smith?

!Florida Institute of Technology, Department of Biological Sciences, 150 West University Boulevard, Melbourne,
Florida 32901, USA

2Caribbean Marine Research Center, c/o Florida Institute of Technology, Department of Biological Sciences, 150 West
University Boulevard, Melbourne, Florida 32901, USA

3Harbor Branch Oceanographic Institution, 5600 Old Dixie Highway, Fort Pierce, Florida 34946, USA

ABSTRACT  The movement of settlement-stage fishes from the pelagic environment of Exuma Sound,
Bahamas, to shallow nursery areas on the Great Bahamas Bank was monitored for 75 d during winter
1990-1991. Fishes were collected with channel nets suspended in tidal passes between islands on the
edge of Exuma Sound. Large-scale movement of fishes through the channels was restricted to flood
tides that occurred during dark, moonless times of the night; very little movement was observed during
the day, on ebb tides, or on moonlit nights. Many of the dominant taxa (e.g. leptocephali, Bothidae)
recruited on dark nights throughout the study period, with peak onshore movement on nights when
winds and currents had strong cross-shelf components of motion. Other taxa had very short, discrete
recruitment pulses associated with specific environmental events; 86 % of the total annual recruitment
of Nassau grouper Epinephelus striatus occurred during a single 4 d storm that triggered extensive
cross-shelf movement of water, while another 10 % of the recruitment occurred during a second storm
event. This reliance on unpredictable storm events to drive local recruitment suggests that short-term
variability in wind-driven currents is a possible mechanism behind the significant interannual varia-

bility of many fish species.

INTRODUCTION

Recruitment is one of the dominant processes that reg-
ulates population sizes and community structure in many
marine ecosystems. Understanding the biotic and abiotic
parameters that affect recruitment is currently a major
focus of marine ecologists and resource managers seek-
ing to explain and predict population fluctuations and
shifts in community structure. Research on population
regulation and recruitment of fishes in coral reef ecosys-
tems has focused on several primary processes: (1) feed-
ing, survival and growth of pelagic larvae; (2) settlement
to demersal or benthic habitats; and (3) post-settlement
survival and growth (see recent reviews by Doherty 1991,
Jones 1991, Leis 1991, and Victor 1991). Each of these
processes may constitute a 'bottleneck’ in recruitment
that limits population size; different processes may act as
bottlenecks on different species or in different years.
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Studies on recruitment of fishes from pelagic to nurs-
ery habitats in coral reef environments have been con-
ducted by censusing and examining newly-settled
fishes on coral heads or artificial reefs (Victor 1982,
1983, 1984, 1986b, McFarland et al. 1985, Doherty
1987, Robertson et al. 1988), and by using light traps to
assess the abundance of larvae immediately prior to
settlement (Milicich 1988, Thorrold & Milicich 1990,
Milicich et al. 1992). Although many of these studies
indicated that settlement can be an episodic or rare
event, the biotic and abiotic factors controlling settle-
ment have not been determined. Clearly, evaluation of
the roles of larval behavior and the physical oceano-
graphic environment in affecting settlement of tropical
marine fishes are critical steps in understanding highly
dynamic recruitment processes (Sale 1990).

In this paper, we present the results of a 75 d long
survey of fishes captured during their movement from
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the larval pelagic habitat of Exuma Sound, Bahamas,
to the shallow water nursery environment on the
Great Bahama Bank. Onshore movement and associ-
ated environmental conditions were monitored con-
tinuously from mid-December 1990 through February
1991. Our analysis focuses on the most abundant taxa
that were collected, including the Nassau grouper Ep-
inephelus striatus. E. striatus is a major predator in
coral reef systems, supports an important fishery in
many parts of the Caribbean, and is highly suscepti-
ble to overfishing (Bannerot et al. 1987, Colin 1992).
An understanding of the recruitment dynamics of
these fish will help in development of appropriate
fishery management strategies, and in evaluating the
effects of variable levels of recruitment on reef fish
community structure.

MATERIALS AND METHODS

Study site. Field work was conducted from the
Canbbean Marine Research Center, on Lee Stocking
Island (LSI) on the western edge of Exuma Sound, Ba-
hamas (Fig. 1). Exuma Sound is a deep (2000 m), semi-
enclosed basin, approximately 200 km

tides. To examine transport on discrete flood and ebb
tides, nets at Stns 1 to 3 were sampled at each slack
tide during 5 nights in January and February.

At each station, one net (mouth area = 2 m wide x
1 m deep) was suspended at the surface, and fished
the O to 1 m depth stratum. Buoys were used to sus-
pend the second net (mouth area = 2 m wide x 2 m
deep} below the surface to fish the 2 to 4 m depth
stratum in channels that ranged from 6 to 9 m deep.
All nets were constructed of 2 mm mesh, with a 3 m
long PVC pipe attached along the upper side of the
net to prevent the net from collapsing during slack
tide and fouling on the mooring line (Fig. 2). A float
attached just in front of the heavy PVC cod-end
bucket supported the end of the net; during times of
slow water movement, the cod-end bucket would
sink and pinch off the net, preventing captured
fishes from escaping. Each net was equipped with a
General Oceanics Model 2030R2 flowmeter with a
low speed rotor.

Immediately after collection, all samples were re-
turned to the laboratory, sorted to remove debris (typi-
cally Sargassum, algae, and seagrass blades), and pre-
served in 5 to 10 % formalin in seawater. After 48to 96 h,
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of the surface, and a 1 to 5 km wide shelf O\ b
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large islands comprise the eastern bound-
ary of the Sound. The western side of Ex-
uma Sound is bordered by a chain of sev-
eral hundred small islands separating the
Sound from the broad, shallow Great
Bahama Bank. The Bank contains sea-
grass, sand and coral head environments,
and averages 3 to 4 m in depth.

Channel net collections. Fishes moving
between the pelagic environment and the
shallow Great Bahama Bank were col-
lected with channel nets suspended in
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tidal passes between LSI and adjacent
islands (Fig. 1). Channel nets remained

in the water continuously at Stns 1, 2
and 3 from 16 December 1990 through
28 February 1991, and at Stn 4 from
1 January through 28 February 1991
Samples were collected from 2 channel
nets maintained on separate moorings at
each of the stations. All nets could swing
freely with tidal changes. Samples were
typically removed from the nets shortly
after dawn and again before dusk. This
regime produced collections containing
fishes captured during both flood and ebb
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Fig. 1. Location of Lee Stocking Island, Bahamas, and sampling stations.
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Fig. 2. Schematic diagram of the surface channel net. The subsurface net (2 x 2 m mouth area) was suspended from buoys to
fish at a depth of 2 to 4 m below the surface

samples were switched to 50 % isopropyl alcohol. All
fishes were subsequently removed, identified to at least
family level whenever possible, and enumerated.

Environmental data. Measurements of wind and
current direction and velocity were used to evaluate
the role of meteorological and oceanographic condi-
tions on cross-shelf transport of fishes. Wind data were
collected hourly throughout the entire study period by
a Campbell Scientific weather station at the LSI
airstrip, and daily averages were computed from
hourly readings. For use in data analysis, the daily
wind vectors were broken down into cross-shelf and
along-shelf components of motion.

Nearshore currents were measured beginning on
20 January 1991 with General Oceanics Mark II cur-
rent meters suspended at depths of 10 and 20 m on a
mooring near the shelf edge at a depth of 30 m (Fig. 1).
Hourly measurements of current direction and velocity
were averaged for each 24 h period. Each mean daily
current vector was broken into cross-shelf and along-
shelf components of motion.

Initial examination of the catch data suggested that
moonlight strongly affected cross-shelf movement. For
each night of the study, we therefore calculated the total
number of hours during which flood tide occurred in
complete darkness (i.e. prior to moon rise, or after moon
set). In addition, an index of lunar intensity was calcu-
lated as the hours of moon-illuminated night flood tide
multiplied by the lunar fraction illumination. The lunar
fraction illumination was measured as the percentage of
the lunar disk visible to earth, with 1.0 representing a
full moon and 0.0 representing a new moon.

Data analysis. Total numbers of fish in each taxon in
each sample were used to examine differences be-
tween catch rates in day and night samples, surface
and sub-surface nets, and among stations. Total num-
bers were also used to evaluate day-to-day variation.
Fish densities were not determined for most catches,
because our standard sampling procedure produced
samples encompassing both ebb and flood tides.
However, quantitative estimates of fish densities and
transport through the channels on discrete ebb and
flood tides were obtained on 5 occasions when samples
were collected near dusk, at each tide change through
the night, and again at dawn. Filtered water volumes
were then used to calculate fish densities for those
samples.

Paired t-tests were used to statistically test for differ-
ences in day and night catch rates for each of the abun-
dant (=100 fish) taxa. Because night samples typically
spanned 14 h, and day samples covered 10 h, catch
data were standardized to fish caught per hour prior to
analysis. Similar standardization and paired t-test pro-
cedures were used to compare simultaneous catches of
fishes in the surface nets (2 m? mouth area) and sub-
surface nets (4 m? mouth area).

RESULTS

Environmental conditions

Weather patterns varied throughout the study
period, ranging from relatively calm conditions to
passage of strong frontal systems (Fig. 3). Northerly



34

winds from mid-December through early January had
a strong onshore component and a general southeast-
erly component of motion. Mid- to late January was
characterized by light and variable winds. Two strong
cold fronts passed over Exuma Sound in early and mid-
February. These storms were characterized by north-
easterly to northwesterly winds averaging 5to 7 m s},
and had significant onshore and southeasterly along-
shelf components of motion. The storms were followed
by a return to light and variable winds.

The winds associated with the February cold fronts
apparently triggered shifts in the near-surface cur-
rents that were detected by the current meter moored
at 10 m near the shelf edge (Fig. 3). During the calm
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period preceding the first front, the current at 10 m
flowed along the shelf toward the northwest. As
winds associated with the first front began to blow
strongly from the northeast, the current started flow-
ing across the shelf, and finally reversed direction
toward the southeast. The current resumed north-
westerly flow along the shelf between fronts. The
second front again induced the current at 10 m to
flow across the shelf, although the cross-shelf flow
was not as strong as during the early February front.
Currents at a depth of 20 m generally flowed along
the coast to the northwest throughout this period, and
did not dramatically respond to passage of weather
systems (data not shown).
The hours of flood tide under dark night
conditions (Fig. 4) varied with the lunar cycle,
reaching peak values of 6 to 6.5 h per night
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during new moon periods, and decreasing to
0 during the full moon nights. The lunar in-
tensity index peaked during the full moons
(Fig. 4), and decreased very rapidly over the
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following few nights as the time of moon rise
became later and later, and more of the
evening flood tide occurred prior to rise of the
bright waning moon.

A comparison of water volumes filtered by
surface and subsurface nets during the 5
nights when discrete tides were sampled
indicated that flood tide flow at the surface
layer was slightly higher than 2 to 4 m
below the surface. The surface nets filtered
approximately 10 % more water per m?
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. More than 100 specimens of each of 15 other
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Fig. 3. Cross-shelf and along-shelf components of winds and currents

during the study period

matic temporal and spatial variations in their
movements through the tidal channels.
Significant differences in catches were noted
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between day and night collections, between surface
and subsurface nets, among the 4 stations, between
flood and ebb tides, and from night to night throughout
the 75 d study.

Diel, depth and station patterns in abundance

Significantly greater numbers of each abundant (n =
100) taxon were collected at night than during the day
(paired t-tests, p < 0.001), with more than 92 % of the
total number of fishes being taken between sunset
and sunrise (Table 1). Most of the abundant taxa
taken at night were collected primarily in the surface
layer of the channels (Table 2). Paired t-tests, using
data standardized for the different sizes of nets and
the slightly higher flow rate of the surface layer,
showed that the 3 most abundant groups (lepto-
cephali, Serranidae and Bothidae) and 6 other taxa
were significantly more numerous in surface samples
at night (p < 0.001). The Clupeidae and Ophidiidae
were the only families with a significant preference
for the mid-depth layer (p < 0.001 and 0.019, respec-
tively), while the Acanthuridae, Apogonidae and
Labridae were evenly distributed through both depth
layers. Fishes also moved through different parts of
the channels at different rates. For example, the total
number of fishes, leptocephali and settling-stage Epi-
nephelus striatus were far more abundant at Stn 2
than at the other 3 stations (Fig. 5). Flow rates at this
station were generally greater than those observed at
the other stations.
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Fig. 5. Total fishes, leptocephali and settlement-stage
Epinephelus striatus collected at night at each station
throughout the study

Flood and ebb tidal movement of fishes

Almost all of the fishes collected during sampling of
discrete ebb and flood tides at Stns 1 to 3 were cap-
tured on the flood tides (Fig. 6a to e), indicating virtu-
ally unidirectional movement onto the Great Bahama
Bank. Each of these nights had a different combination
of lunar phase and wind condition, and the numbers of
fishes and taxa collected varied widely. Mean densities
among the 3 stations during the strong recruitment
episodes on 6-7 and 11-12 February exceeded
4.5 fishes 1000 m™>, compared to levels below 0.85
fishes 1000 m™® in the January samples. Most of the
onshore movement was concentrated in
the surface layer during these major

™

Hours of Dark Flood

HOURS OF DARK FLOOD

] &

o——=a Lunar Intensity

recruitment pulses.

Pbr

Temporal variation in recruitment

As indicated above, the numbers of
fishes moving through the channels var-
ied widely over the duration of the study.
Four basic patterns were found among
the abundant taxa, indicating that recruit-
ment strategies varied widely among the
types of fishes present during the winter:
r2 (1) The most common recruitment pat-

tern was exemplified by those taxa col-
L1 lected throughout the 75 d study, but
which had the great majority of cross-
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Fig. 4. Hours of dark (moonless) flood tide and lunar intensity index during

flood tide each night during the study period

when the flood tides occurred primarily
under moonless conditions, and when
there were strong onshore components of
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Table 1. Total number of fishes collected by the channel nets throughout the 2.5 mo long survey, and the percentage of the
specimens that were taken in night samples

Taxon No. of % taken
specimens at night
Leptocephalus 2753 933
Serranidae 1563 97.1
Bothidae 1025 90.8
Clupeidae 663 95.6
Tetraodontidae 519 86.5
Acanthuridae 416 90.6
Blennioidei 353 95.8
Gobiesocidae 349 88.8
Balistidae 327 79.1
Ophidiidae 313 95.8
Gobiidae 282 957
Apogonidae 262 93.8
Labridae 223 91.2
Antennariidae 161 84.4
Unidentified 109 77.4
Scaridae 103 88.7
Scorpaenidae 101 94.5
Carangidae 100 75.0
Atherinidae 90 93.3
Syngnathidae 84 93.8
Synodontidae 82 98.8
Elver 62 98.3
Trichiuridae 55 80.0
Scombridae 45 95.6
Ostraciidae 35 88.6
Sparidae 32 87.5
Stomiiformes 24 95.8
Gerreidae 23 100.0
Myctophidae 22 95.5

Taxon No. of % taken
specimens at night
Callionymidae 22 90.9
Holocentridae 21 85.7
Ogocephalidae 21 95.2
Pomacanthidae 19 78.9
Sphyraenidae 19 73.7
Opistognathidae 16 93.3
Belonidae/Exocoetidae 15 93.3
Kyphosidae 13 92.3
Exocoetidae 11 63.7
Coryphaenidae 7 57.1
Aulostomidae 4 100.0
Microdesmidae 4 75.0
Priacanthidae 4 75.0
Soleidae 4 100.0
Trachipteridae 3 100.0
Lobotidae 3 100.0
Mullidae 3 100.0
Istiophoridae 2 100.0
Mugilidae 2 100.0
Atheriniformes 1 100.0
Clupeiformes 1 100.0
Engraulidae 1 100.0
Fistulariidae 1 100.0
Bramidae 1 100.0
Lutjanidae 1 100.0
Malacanthidae 1 100.0
Total 10376 92.3

|

motion of the wind and surface currents. Two of the
most abundant taxa (leptocephali and Bothidae) fit this
pattern closely (Fig. 7a). Recruitment peaks were char-
acterized by relatively high levels of onshore transport
during the period of northerly winds early in the study,
except when the full moon greatly reduced the number
of hours of flood tide occurring in the dark. Low re-
cruitment occurred during mid- to late January, which
was characterized by light and variable winds, and the
transition from new to full moon. Dramatic pulses of
onshore movement coincided with the passage of 2
storm fronts in February that promoted extensive
cross-shelf water movement (Fig. 3). Most of each
night's flood tide during these pulses occurred prior to
moonrise.

Very similar patterns with recruitment peaks in mid-
December, early January, and during the storms in Feb-
ruary were seen for the Ophidiidae and Labridae. Other
taxa (Gobiesocidae, Blennioidei, Balistidae, and Apogo-
nidae) had recruitment pulses during at least 2 of these
periods. Low numbers of Tetraodontidae were taken
continuously during December and January, with peaks
during the periods of northeasterly winds in February.

(2) In contrast to the taxa which recruited throughout
the study, other taxa were transported onshore during
very short, discrete pulses. These groups included set-
tlement-stage Epinephelus striatus, which was the sec-
ond most abundant taxon taken, larval Epinephelinae
and larval Acanthuridae.

The first discrete pulse observed was comprised of
small epinepheline larvae (6 to 10 mm standard length,
SL) collected on 7 to 9 January (Fig. 7?b). This pulse
consisted primarily of Epinephelus striatus larvae,
along with some larval E. fulvus (C. B. Greenwood
& J. M. Shenker unpubl.). Later in the month, larval
epinephelines were taken offshore of LSI by an ichthy-
oplankton survey (Greenwood & Shenker unpubl.).
The few epinepheline larvae collected in Feb-
ruary consisted of larval E. fulvus, E. guttatus and
E. adscensionis.

Although larval Epinephelus striatus apparently
moved away from the coast in mid- to late January, the
cohort reappeared as settlement-stage individuals in a
dramatic pulse of recruitment that lasted only 4 nights
in early February (Fig. 7b). This pulse coincided pre-
cisely with the arrival of a strong storm front that in-
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Fig. 6. Mean densities of total fishes, settlement-stage Epinephelus striatus
and leptocephali collected in 3 sets of channel nets on flood and ebb tides on
5 nights. Numbers above each bar indicate total numbers of fish taken.

shore transport was typically restricted to
nights characterized by certain environ-
mental conditions. The proportions of the
total catch of each taxon were deter-

Horizontal lines in each bar indicate mean densities of each taxon in subsur-

face nets, while height of entire bar indicates mean densities in surface nets

duced significant onshore currents (Fig. 3). A total of
1049 Nassau groupers were collected during these
nights, and 74 were taken in day samples; 86.3 % of
the entire annual recruitment occurred during this
one storm event. A smaller pulse occurred from 10 to
13 February, contributing another 9.9 % of the total
annual recruitment. This second pulse also occurred
during a period of onshore winds and currents. Only a

mined for nights with different lunar in-
tensity levels, and for nights with differ-
ent amounts of flood tide occurring in
moonless conditions (Fig. 8a, b). Statistical evaluation
(G-test; Sokal & Rohlf 1981) indicated that catches of
all taxa but Balistidae and Clupeidae were signifi-
cantly higher during nights with 4 to 6 h of dark flood
tide than during nights with <4 h of dark flood tide
(Fig. 8a). Similarly, high lunar intensity index values
(>2) resulted in low levels of onshore transport (Fig.
8b). The Clupeidae was the only taxon that was
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abundant on nights with high lunar illumination val-
ues and relatively few hours of dark flood
tide.

Similar analysis of wind and current data indicates
that onshore transport of most taxa relied heavily on
cross-shelf winds and currents. Significantly higher
proportions of the total catch of almost all taxa

Clupeidae

Fig. 7. Time-series of catches of
fishes in all channel nets during the
study period. O: full moon nights.
(a) Leptocephali and Bothidae.
(b) Settlement-stage Epinephelus
striatus and Epinepheline larvae.
(c) Antennariidae and Gobiidae.
{d) Clupeidae

occurred on nights when the onshore component of
winds ranged from 3 to 6 m s~ (G-test, Fig. 9a), and
when currents at 10 m were moving across the shelf
(Fig. 9b). The Gobiidae were the only fishes taken in
larger numbers during periods of offshore winds, and
the Clupeidae were taken in larger numbers during
periods of offshore currents.

Table 2. Comparison of the total number of fish in each abundant taxon (>100 specimens) that were collected in nighttime surface

and subsurface samples. The surface nets fished the 0 to 1 m layer, while subsurface nets were suspended 2 to 4 m deep. To

discern statistical differences between depth layers, paired t-tests were conducted using data standardized for the different net
sizes and the slightly higher flow rate of the surface. S: Surface nets; SS: subsurface nets; ns: not significant

Taxon

Leptocephali
Serranidae
Bothidae
Clupeidae
Tetraodontidae
Acanthuridae
Blennioidei
Gobiesocidae
Ophidiidae
Gobiidae
Balistidae
Apogonidae
Labridae
Antennariidae

No. of
specimens

2552
1517
926
625
444
377
377
320
298
270
258
242
227
135

% in Primary p-value
surface depth
nets stratum
79.0 S 0.000
85.4 S 0.001
68.3 S 0.000
6.9 SS 0.001
81.1 S 0.000
37.4 - ns
55.0 S 0.024
26.5 - ns
22.5 SS 0.019
59.6 S 0.000
733 S 0.000
333 - ns
41.9 - ns
50.4 S 0.001




% of Total Catch

% of Total Catch

Shenker et al.: Onshore transport of Epinephelus striatus in the Bahamas

** ..« @) Hours of Dark Flood Tide
/ﬁ/ xEX
100+ Axk xwn
/ M
k / i *  xx
/ V] * oxx *
8ot |1 ns
V1
VA
]
60//
VA
V1
s 8 V4
_/ hkk
V]
207 1 BH
Va 4-8
T 7 g 2-4
o= .'—.......f.’é— 0-2
E-s E-l1 AcalepOph Ble Gby Tet Bot Ant GobLab Bal Apo Clu
T e b) Lunar Intensity Index
éf xRk
100- Xk AkK
//1
- xx
7 A B 2 NS ns
804 / % % *kx %
W
V]
60 ’/
gl
40-//
b
- KX
L
2] PP 0-2
v/
A — 4-6

O E 1 "Aca E-s Lep Gby Bot OphApo Lab Ant Tet Bal Gob Ble Clu

Fig. 8. Proportion of total catch of abundant taxa collected during the
study period on nights with different amounts of flood tides occurring
under dark (moonless) conditions, and with different lunar intensity lev-
els during flood tides. Horizontal lines indicate the proportion of nights
that met each category of the environmental varable.”**p < 0.001;
**p < 0.01; 'p <0.1. Aca: Acanthuridae; Ant: Antennariidae; Apo: Apo-
gonidae; Bal: Balistidae; Ble: Blennioidei; Bot: Bothidae; Clu: Clupeidae;
E-1: Epinepheline larvae; E-s: settlement-stage Epinephelus striatus;
Gob: Gobiesocidae; Gby: Gobiidae; Lab: Labridae; Lep: Leptocephali;

Oph: Ophidiidae; Tet: Tetraodontidae

DISCUSSION

The study of mechanisms involved in structuring fish

communities in coral reef environments has focused on
the supply of new recruits to reefs and on interactions
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among species following settlement. In previ-
ous studies, recruitment was examined by
frequent census of newly settled fishes on
natural or artificial reefs (e.g. Shulman et al.

1983, Shulman 1985, Doherty 1987,
Schroeder 1987, Robertson et al. 1988), or by
back-calculating settlement dates from
otoliths of juvenile fishes (Victor 1983,

1986b). Although the actual mechanisms dri-
ving recruitment of pelagic settlement-stage
fishes were not addressed, it was strongly
suspected that physical processes could af-
fect not only the temporal and spatial pat-
terns of recruitment, but subsequent fish
community structure as well.

In this study, we present a long-term time-
series of marine tropical fishes captured
while moving from the pelagic environment
to their benthic nursery habitat. Lee Stocking
Island, on the edge of Exuma Sound, is an
ideal site for directly examining transport of
fishes from the pelagic realm to the shallow
nursery habitat. This region provides very
close proximity between the 2 habitats, with-
out the extensive shelf area and complex
hydrographic features found in many regions
that would complicate observations and
analysis of movement.

The use of large channel nets moored be-
tween islands on the edge of Exuma Sound
proved to be an effective way of examining
the onshore movement of fishes. Large num-
bers of many taxa, particularly anguilliform
leptocephali, serranids and bothids were cap-
tured. The abundance of leptocephali was
striking. A total of 2735 specimens were col-
lected, comprising 26 % of the total fish catch.
Approximately 2500 of the specimens were
anguilliform larvae (Drass 1992). The sheer
numbers of eel larvae suggests that these
highly cryptic animals may be a far more
abundant component of reef and grass flat
habitats than previously suspected, and may
play major roles in structuring fish and inver-
tebrate communities. The need for assessment
of the ecological role of these fishes is obvious.

Onshore movement of almost all taxa
occurred under a set of specific environmen-
tal conditions. The great majority of fishes
moving through the channels at the edge of

Exuma Sound were captured on nights when most of
the flood tide occurred during the moonless part of the
night (Fig. 8a, b). Cross-shelf movement was enhanced
when winds and near-surface currents had onshore
components of motion (Fig. 9a, b).
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their net avoidance abilities. This pattern
was consistent among all taxa but the Clu-
peidae, and included well-developed swim-
mers such as leptocephali and settlement-
stage Epinephelus striatus as well as small,
relatively weak swimmers such as post-
metamorphic Bothidae. These bothids, typi-
cally only about 10 mm in length, would not
be expected to be as capable as the larger
fishes in avoiding the large channel nets in
current velocities exceeding 1 m s' (N,
Smith unpubl. data).

Previous studies also support the hypothe-
sis that onshore movement occurs on dark
nights. Robertson et al. (1988) surveyed artifi-
cial reefs at dawn and dusk, and found that
almost all new recruits of 18 taxa settled
overnight. Victor (1983, 1984, 1986b) used
otolith studies to demonstrate that settlement
of the labrid Thalassoma bifasciatum oc-
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Fig. 9. Proportion of total catch of abundant taxa collected during the
study period on nights with different cross-shelf winds and currents.
Negative values indicate onshore winds and currents, Symbols and

abbreviations as in Fig. 8

The collection of fishes primarily during dark nights
can be interpreted in 2 ways: (1) the low capture rates
during daytime and on moonlit nights simply reflect
visual avoidance of the large channel nets; and (2) be-
havioral characteristics of most pelagic larval and settle-
ment-stage fishes inhibit onshore movement during the
day and on moonlit nights. One mechanism by which
fishes can prevent such onshore transport is to vertically
migrate below the surface layer during the day, and into
the surface layer during dark times of the night.

We prefer the hypothesis that dark-night onshore
transport is the result of fish behavior, rather than

>0 (em/s)

curred primarily during new moon periods.
Similarly, French grunts Haemulon flavolin-
eatum recruited during dark lunar periods
(McFarland et al. 1985).

The avoidance of visual predators is pre-
sumably a major selective pressure for evolu-
tion of behavioral traits that concentrate
recruitment during dark nights. Vertical
migration in response to changing light
levels is a likely mechanism that could enable
fishes to restrict their recruitment to dark
nights. By avoiding the surface layer during
the daytime and on bright nights, larval and
settlement-stage fishes would minimize
<0 predation from surface dwelling pelagic
predators. This tactic would also keep them
from being entrained into onshore surface
currents that would lead them into the ‘wall
of mouths’ of planktivorous fishes inhabiting
the seaward edges of reefs (Hamner et al.
1988), and toward the abundant assemblage
of visual predators that inhabit benthic settle-
ment sites,

The inferred vertical migration in response to light
levels sets the stage for recruitment, but the wind and
current data indicates that actual onshore transport
relies heavily on cross-shelf winds and currents.
Significantly higher proportions of the total catch of al-
most all taxa occurred on nights when winds and cur-
rents had onshore components of motion (Fig. 9a, b). In
addition, the densities of fishes collected during re-
cruitment events at the times of the February storms
(Fig. 6¢ to e) were far higher than during the low
recruitment periods in late January (Fig. 6a, b). It thus
appears likely that water in flood tides moving through
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the channels during calm periods came from over the
narrow shelf, and contained relatively few fishes.
During the periods of northeast winds under dark
night conditions, however, cross-shelf flow brought
Exuma Sound water containing higher densities of
fishes toward the coast where they could be entrained
into the flood tide flow.

The Clupeidae and Gobiidae were the only fishes that
acted contrary to this pattern of onshore movement of
dark nights during cross-shelf flow conditions. Clupeids
were taken in higher numbers on bright moonlit nights,
and when near-surface currents were moving offshore.
Schools of these 20 to 40 mm long, highly mobile
epipelagic fishes may utilize different portions of the
pelagic and shallow water environments under different
environmental conditions. Gobiids were taken most fre-
quently when winds were blowing offshore. Catches in-
cluded many 10 to 20 mm specimens that had the full
coloration of benthic juveniles. These fishes may have
settled prior to capture, and reentered the water column
when offshore winds created significant turbulence on
the shallow bank habitats.

The protracted recruitment periods of leptocephali,
Bothidae and many other taxa presumably represent
the results of extended spawning periods and/or long
larval life spans. The extensive supply of larvae per-
mits local recruitment to occur whenever appropriate
lunar and oceanographic/meteorological conditions
occur.

Conversely, local recruitment of species with greatly
restricted spawning periods 1s far more vulnerable to
episodic environmental events. Epinephelus striatus
provided the most dramatic recruitment of this sort that
was observed. Adults are typically widely dispersed
along reef systems, and gather in large spawning ag-
gregations during one or two full moon periods in the
winter (Smith 1972, Colin et al. 1987, Carter 1988,
Colin 1992). Spawning activity peaks in the 10 min
prior to sunset, resulting in release of patches of eggs
each evening for ca 1 wk. Locations of the aggrega-
tions persist for many years, and are often know by
local fishermen, but the spawning site(s) along the
west side of Exuma Sound have not yet been
discovered.

Some Epinephelus striatus spawning apparently oc-
curred around the full moon on 2 December, and a
total of nine 20 to 25 mm specimens were collected on
11 to 16 January (Fig. 7b), during a new moon phase.
A similar 35 to 45 d long pelagic larval phase was
observed for E. striatus at LSI during the winters of
1988-1989 and 1989-1990 (P. L. Colin pers. comm.).

Spawning around the full moon on 30 December
resulted in vivid demonstrations of the effects of wind-
driven currents on cross-shelf transport. A pulse of 5 to
8 mm larvae was washed through the channels on 7 to

9 January during a period of northerly winds and dark
nights. The spawning aggregation was thus presum-
ably located within an approximate 7 to 10 d drift north
of LSI. Similar early larvae were captured during
ichthyoplankton surveys seaward of LSI from
10-19 January, reaching a maximum size of 12 mm
(Greenwood & Shenker in press). After 19 January,
larvae disappeared from the sampling transect.

Light and variable winds persisted until a strong
storm front passed over Exuma Sound, beginning on
3 February. This front was characterized by north-
easterly winds and cross-shelf flow (Fig. 3), and coin-
cided precisely with a major pulse of recruitment of
settlement-stage Epinephelus striatus and many other
taxa. Cross-shelf flow a few days later drove a second,
smaller pulse of grouper recruitment. Settlement for
the species then ceased.

This short and intense recruitment episode, appar-
ently driven by epidsodic weather events, illustrates
the vulnerability of local populations of these fishes to
unpredictable conditions. Sampling with 1 midwater
net at Stn 3 (P. L. Colin pers. comm.) resulted in collec-
tion of only 7 and 15 E. striatus during the previous
2 winters. Weather data for these times are not avail-
able, but passage of strong storms during the time
when grouper were presumably competent to settle
was not noted in field records. The storms in February
1991 resulted in a major settlement pulse, and collec-
tion of 1302 E. striatus in the channel nets. This
extreme Interannual variability in local recruitment
may thus be influenced by the fortuitous occurrence of
storms that drive cross-shelf flow at the precise time
that larvae become competent to settle.

The question remains about the fate of pelagic
settlement-stage Epinephelus striatus if the storm
events in February had not occurred. Unlike most
other coral reef environments, the semi-enclosed
Exuma Sound is almost completely surrounded by
potential nursery habitats. It is possible that different
weather patterns would result in transport of fishes to
other locations on the periphery of the sound, resulting
in a temporally and spatially patchy local recruitment
pattern over the years.

Similar data showing very discrete pulses of recruit-
ment of other taxa have been inferred from visual
census, otolith and light trap data for a variety of other
tropical taxa, including labrids, pomacentrids, and ba-
listids (e.g. Victor 1983, 1986a, b, Doherty 1987, Rob-
ertson et al. 1988, Milicich et al. 1992). However, the
role of meteorological and oceanographic conditions in
transporting these pulses to the settlement sites have
not been determined. In temperate waters, the role
of wind-driven currents in affecting recruitment is
becoming increasingly clear. Checkley et al. (1988)
determined that spawning of Atlantic menhaden
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Brevoortia tyrannus along the western edge of the Gulf
Stream off North Carolina (USA) was triggered by
winter storm events which induced shoreward flow of
larvae in the surface layer. Onshore movements of
Atlantic mackerel Scomber scombrus in the Gulf of St.
Lawrence was found to be associated with wind-driven
advection of warm surface currents (Castonguay et al.
1992).

During the storm-driven recruitment pulses ob-
served near LSI, the great majority of fishes of the most
abundant taxa were found in the upper 1 m of the
water column (Fig. 6¢ to e), despite turbulent condi-
tions with wave heights of 1 to 2 m. The dramatic
utilization of this highly turbulent layer is intriguing.
One hypothesis for this vertical pattern is that the
surface layer is most rapidly influenced by wind, and
should provide the fastest horizontal movement. It
is tempting to visualize the very surface layer as a
‘conveyor belt’ upon which settlement-stage fishes can
move toward their shallow nursery habitats.

The relationships between recruitment, lunar inten-
sity and time of flood tides suggest mechanisms where
recruitment can vary significantly over relatively short
distances, despite the occurrence of favorable current
conditions. If the time of flood tide varies along a series
of islands or reef fronts, it is possible that recruitment
could be high where flood tides occur during the dark,
and lower in areas where a shift of even 1to 2 h in the
tides causes more of the flood to occur during moonlit
hours. Such a mechanism (coupled with patchiness of
the pelagic larvae, and broad scale variation in spawn-
ing effort and current patterns), could explain the
coherence of recruitment over relatively small scales
(1 to 50 km; Victor 1984, 1986a, Pitcher 1988}, and
marked variation in timing of recruitment over larger
reef fronts (Doherty 1987, Doherty & Williams 1988).
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