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INTRODUCTION

Many reef fish species reproduce in spawning
aggregations, where conspecifics gather at a specific
location in numbers significantly greater than during
non-reproductive periods (Domeier & Colin 1997).
Although many characteristics of spawning aggrega-
tions are similar among species, they also display
spatial, temporal and geographic variability (Do -
meier & Colin 1997). Perhaps the most important
common trait is that fish tend to aggregate at nearly
the same site annually (Domeier & Colin 1997, Clay-
don 2004, Heyman et al. 2005), often for decades

(Colin 1996). This site fidelity puts spawning aggre-
gations at great risk from fishing pressure (Sadovy de
Mitcheson et al. 2008). In fact, fishermen have often
targeted these aggregations, which has led to declines
in many populations (Beets & Friedlander 1992,
Coleman et al. 1996, Claro & Lindeman 2003, Russell
et al. 2014).

Dog snapper Lutjanus jocu and Cubera snapper
Lutjanus cyanopterus are important food fish (Claro
& Lindeman 2003, Gobert et al. 2005) and have been
observed forming spawning aggregations through-
out the wider Caribbean region and Florida (Carter &
Perrine1994, Domeier et al. 1996, Lindeman et al. 2000,
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Claro & Lindeman 2003, Whaylen et al. 2004, Hey-
man et al. 2005, Kadison et al. 2006). The earliest report
of a L. jocu spawning aggregation was by Carter &
Perrine (1994), who observed aggregations in Belize
at a depth of 25 to 30 m approximately 1 wk after the
full moon. Courtship began around sunset, and
spawning behavior was observed on the seaward
side of the shelf edge; the aggregation would repeat-
edly swim towards the bottom and then rise rapidly
towards the surface. Whaylen et al. (2004) observed a
similar event in the Cayman Islands. Linde man et al.
(2000) identified L. cyanopterus spawning sites in
Florida, and Claro & Lindeman (2003) identified mul-
tiple spawning sites around Cuba. Heyman et al.
(2005) described spawning be havior of L. cyanopterus
in Belize that included the cyclical movement within
the water column from deep to shallow, but also in -
volved twitching and several fish rubbing the ab -
domen of presumed females.

In St. Thomas, United States Virgin Islands (USVI),
ag gregations of L. cyanopterus and L. jocu have been
observed along the promontory of the Grammanik
Bank (Kadison et al. 2006, Biggs & Nemeth 2015).
Large groups of L. cyanopterus (up to 1000 fish) were
observed in an aggregation ascending and descend-
ing in the water column. Some fish were twitching
and had distended abdomens similar to that de scribed
by Heyman et al. (2005), and milt was ob served being
released on 4 occasions (Kadison et al. 2006). The ag-
gregations of L. jocu displayed similar behavior, and
spawning was observed once in February 2008 (R. S.
Nemeth pers. obs.). The largest L. cyanopterus aggre-
gations formed between May and August, which co-
incided with rising water temperature.

L. jocu and L. cyanopterus are 2 of the largest lutja -
nid species in the world (Allen 1985). For L. cyan -
opterus, total length (TL) of 90 cm is common (Smith
1997) and 160 cm is the largest recorded TL (Allen
1985). L. jocu are smaller, with an average TL of
60 cm and maximum of 76 cm (Allen 1985). Sexual
maturity is achieved at ~65 cm in L. cyanopterus and
30 to 40 cm in L. jocu (Allen 1985, Martinez-Andrade
2003); there is little to no sexual dimorphism in either
species (Domeier et al. 1996, Martinez-Andrade
2003). Lutjanids are gonochoristic; sex ratios of L.
jocu and L. cyanopterus are not known within aggre-
gations or for the species in general, although a 1:1
ratio is typical for yellowtail snapper Ocyurus chrysu-
rus (Trejo-Martínez et al. 2011), black spot snapper
Lutjanus fulviflamma (Kamukuru & Mgaya 2004) and
mutton snapper L. analis (Kojis & Quinn 2011).

The protection of spawning sites is becoming a
more widely used fisheries management tool (Grüss

et al. 2014), and these small management invest-
ments can generate large conservation benefits (Eris-
man et al. 2015). Therefore, it is important to under-
stand the spatial and temporal dynamics of species
that form spawning aggregations. Specifically, to
gain the greatest benefit of an aggregation site that is
to be closed to fishing, the timing must coincide with
the presence of the target species and the boundaries
of the area must be placed to encompass an effective
portion of movement and migration around the site.
Most studies of Caribbean spawning aggregations
have focused on groupers (Sadovy de Mitcheson &
Colin 2012, Kobara et al. 2013). Studies that have
focused on L. jocu and L. cyanopterus have used
visual surveys to describe the number of fish and
behavior within an aggregation (Carter & Perrine
1994, Lindeman et al. 2000, Claro & Lindeman 2003,
Whaylen et al. 2004, Heyman et al. 2005, Kadison et
al. 2006).

Passive acoustic telemetry provides an opportunity
to increase both the temporal and spatial extent of
habitat utilization information gathered at spawning
sites while at the same time providing a way to docu-
ment fine-scale movements (Colin et al. 2003,
Heupel et al. 2004, Starr et al. 2007, Hitt et al. 2011).
Tracking and analyzing movement patterns can also
inform the planning of protected areas and stock
assessment (Hooge & Taggart 1998). Acoustic tele -
metry works by implanting acoustic transmitters into
fish, which are then detectable by acoustic receivers
moored around the tagging location. Data are collec -
ted whenever the fish is within range of the receiver.
Arrays of multiple receivers can be set up to identify
horizontal movements, residence time, home ranges
and migration paths (Heupel et al. 2006). Likewise,
determining the range and frequency of fish move-
ment in the area of a spawning site can provide
important information that can be used in the man-
agement of lutjanids and other commercially impor-
tant species.

This study utilized passive acoustic telemetry and
an acoustic receiver array along the south shelf of St.
Thomas, USVI to track the movements of L. jocu and
L. cyanopterus at a multi-species spawning aggrega-
tion site. The purpose of this work was to gain a bet-
ter understanding of the duration and spatial extent
of fish at an aggregation, and the variability within
monthly, weekly and hourly time scales. This infor-
mation can be used to advance our knowledge of
aggregating species and will enhance the effective
design of protected areas for spawning aggregations
of L. jocu and L. cyanopterus as well as other species
throughout the Caribbean.
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MATERIALS AND METHODS

Study site

The Grammanik Bank is located on the edge of the
Puerto Rican shelf, 15 km south of St. Thomas, USVI.
It is a seasonal closure area (Feb 1 to Apr 30) de -
signed to protect Nassau grouper Epinephelus stria-
tus and yellowfin grouper Mycteroperca venenosa
spawning aggregations (Fig. 1). The closure is 500 m
wide and extends east/west for 3 km. The benthic
habitat is primarily composed of a mesophotic coral
reef at depths between 30 and 60 m, which includes
a combination of Montastrea/Orbicella coral and
hard bottom interspersed with gorgonians and
sponges (Smith et al. 2008). Water temperature, cur-
rent direction and speed at the aggregation site were
recorded with an acoustic Doppler current profiler
(Nortek) placed at a depth of 44 m on the shelf edge,
and a HOBO temperature logger (Onset) at a depth
of 30 m.

Telemetry

Acoustic data were collected with VEMCO re -
ceivers (VR2W, 69 kHz) and transmitters (V13, 147 to
153 dB, 13 × 36 mm) with a ping rate of 60 s and bat-
tery life of ~450 d. An array that included 42 VR2
receivers was placed along the shelf from the Gram-
manik Bank eastward ~6 km. Receivers were placed
500 m apart with a tighter cluster of receivers spaced
250 m apart around the suspected spawning site
(Fig. 1). They were anchored on the bottom to a
cement block with a polypropylene line at bottom
depths between 30 and 45 m. The receivers were
suspended ~15 m above the bottom pointing down-
ward, supported from above by styrofoam floats. The
entire array covered an area of 15.33 km2.

To implant acoustic transmitters, fish were caught
with hook and line baited with squid between 18:00
and 22:00 h (AST), 0 to10 d after the full moon in
June, July, August and September 2014. All fish were
caught and released at the Grammanik Bank aggre-

131

Fig. 1. (a) Bathymetry of the Puerto Rican shelf and the location of the Grammanik Bank, US Virgin Islands: a seasonal closed
area and multi-species spawning aggregation site. (b) Acoustic receiver array surrounding the closure area and sites where
snappers Lutjanus jocu and L. cyanopterus were captured, tagged and released (A: 48 fish; B: 3 fish). Circles: range of receiver 

detection (229 m)
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gation site near the promontory (Fig. 1; Site A),
except for 3 L. jocu, which were caught 4 km to the
east (Fig. 1; Site B). The fish were placed in a sea -
water tank on board the boat. TL, weight and gender
were recorded for each fish. Gender was determined
by cannulation (Felip et al. 2009) or abdominal mas-
sage and squeezing (Nemeth et al. 2006). Fish were
deemed male if milt was extracted, and female if
eggs were successfully extracted. The presence of
hydrated eggs indicated that spawning was immi-
nent near the capture/tagging site and supported the
classification as a spawning aggregation. The air
bladder was deflated with a hypodermic needle (14
gauge, 38.1 mm). A 2 to 3 cm incision was made
along the ventral side of the body cavity and the
acoustic tag was inserted. The incision was closed
using absorbable chromic gut sutures (0.35 mm) and
a 24 mm reverse cutting needle. The acoustic trans-
mitter and incision area was covered with antibiotic
gel. The fish were placed back in the water and low-
ered to the bottom with the assistance of a barbless
hook and weighted line attached to the lower jaw. 

Successful detections recorded the date, time and
identification code when a tagged fish was in range
of a receiver. Range tests were conducted on 6 of
the receivers within the array. The test tag was sus-
pended at a depth of 15 m and pulled across the
array by boat while drifting or slowly motoring. Two
passes were made in a general east-to-west direc-
tion. Co ordinates of the tag location and time were
recorded every minute. Using ArcGIS (ESRI), the
table of test tag locations was joined with the table
of receiver detections based on time stamps in both
records. Detections were then positioned based on
the location of the test tag, and the distance from
the corresponding receiver was calculated. The fur-
thest de tection recorded for each receiver was aver-
aged over all receivers to obtain the average detec-
tion range. The range testing resulted in 75 detections
of the test tag successfully joined to the boat loca-
tion. The detection radius of the Grammanik Bank
receivers varied from 150 to 286 m with an average
radius of 229 ± 23 SE m. In addition, 5 sentinel tags
were placed at various distances (75 to 590 m)
around 6 receivers (Stns 153, 151, 150, 103, 102, 9;
see Fig. 3 for station locations) within the Gram-
manik closure area from 15 November to 12 Decem-
ber 2014 (26 d). More than 80% of the 65 136 suc-
cessful sentinel tag detections were from tags that
were ≤229 m from a receiver, further supporting the
use of the 229 m average detection radius. Stn 9 had
the greatest detection radius and the most success-
ful detections, while Stn 103 had the shortest detec-

tion radius and the fewest number of successful
detections.

Data analysis

The detections were downloaded from each re -
ceiver and analyzed using the VTrack package
(Camp bell et al. 2012) created for the R environment
(R Development Core Team 2008) to identify detec-
tion events. Detection events were identified based
on the amount of time it would take a fish to swim
outside the detection range of 1 receiver (229 ± 23 m)
using each species’ average swim speed (L. jocu: 0.38
± 0.01 m s−1; L. cyanopterus: 0.40 ± 0.02 m s−1)
(authors’ unpubl. data). Based on these swim speeds
and the average detection range, a detection event
was created when one receiver recorded at least 2
detections within 19.9 min for L. jocu and 19.1 min for
L. cyanopterus. In other words, to increase our confi-
dence that a fish remained within the area of a desig-
nated receiver, detection events were constrained by
the time it would take a fish to swim from the receiver
to the edge of its detection range. The duration of the
event was recorded along with the start time, end
time and date. Total detection time was calculated for
each fish and station.

Detection events were imported into ArcGIS and
displayed according to the receiver location. The
distribution of detection events among receivers
was analyzed using Hot Spot Analysis in ArcGIS,
with individual fish as the sampling unit (Getis &
Ord 1992). Receivers that were significantly ‘hot’
(>90% confidence) were bounded with minimum
convex polygons (MCPs) (Hooge et al. 2001) and the
areas were calculated. The duration of the detection
events was used to calculate the amount of time fish
re mained within each MCP. To be clear, detection
time indicates occupancy within the entire receiver
array, while residence time is limited to time spent
within the MCP. Total residence time per month
within the MCP was summed for each individual
and compared for each species using a nonparamet-
ric Kruskal-Wallis test and Dunn’s post hoc tests
with Bonferroni correction (Rogers & White 2007). A
kernel density raster was created based on resi-
dence time to illustrate spatial utilization within
each MCP (Hooge et al. 2001). A Fisher’s exact test
was used to test for a 1:1 sex ratio for each species
(Siegel & Castellan 1988), a Shapiro-Wilk test was
used to test for normality of length data, and Mann-
Whitney U-test analyzed differences in size by sex
for each species.
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RESULTS

A total of 22 Lutjanus cyanopterus were tagged in
June (n =14), July (n = 5) and August (n = 3) 2014;
8 were female, 7 male and sex was indeterminate for
7 individuals (Table 1). Hydrated eggs were extracted
from female fish, indicating spawning was imminent.
The sex ratio for L. cyanopterus was 1:1.1 males to
females and was not significantly different from a
1:1 ratio (Fisher’s exact test, p = 0.49). Tagged L.
cyanopterus ranged from 68.0 to 109.7 cm TL with an
average of 92.8 ± 2.3 cm, and the data were normally
distributed (W = 0.95, p = 0.25) (Fig. 2). TL was not
significantly different between males and females
(U = 50 Z = −0.64, p = 0.51). A total of 29 L. jocu were
tagged in June (n = 20), July (n = 5), August (n = 3)
and September (n = 1) 2014 (Table 1); 7 were female,
11 male and 11 were of indeterminate sex. Hydrated
eggs were extracted from female fish, confirming the
location as a spawning aggregation. The sex ratio,
1.6:1 males to females, was not significantly different
from a 1:1 ratio (Fisher’s exact test, p = 0.45). Tagged
L. jocu averaged 65.2 ± 1.2 cm TL with a range of 50.1
to 76.5 cm and were also normally distributed (W =
0.97, p = 0.44). The TLs of male and female L. jocu
were not significantly different (U = 69, Z = 0.18, p =
0.86).

A total of 342 905 detections across 36 receiver
stations were recorded between 11 June 2014 and
17 September 2015 within the Grammanik Bank re -
ceiver array (Table 1). There were 139 608 success-
ful detections of L. cyanopterus, which resulted in
33 931 detection events. The average duration of 1
detection event was 16.9 ± 0.4 min (95% CI).
Tagged L. jocu were detected 203 297 times, result-
ing in 32 679 detection events. The average duration
of 1 detection event was 13.2 ± 0.4 min (95% CI).
Out of a possible 463 d, at least 1 L. cyanopterus
was detected within the array on 181 d and at least
1 L. jocu was detected on 322 d. Sea water tempera-
ture at 30 to 40 m depth during that period ranged
from 26.71 to 28.75°C. The coolest temperatures
were recorded in March and the warmest tempera-
tures occurred in September (see Fig. 4). Currents
measured at a depth of 30 m over the course of the
study varied in direction and speed throughout the
day and year, but during the hours of expected
spawning (16:45 to 20:00 h) currents were moving
predominantly to the southwest at an average head-
ing of 225.2 ± 4.4° (95% CI), at an average of rate of
13.1 ± 0.2 cm s−1 (95% CI).

Hot spot analysis identified clusters of stations
where fish spent significant (p < 0.1) amounts of time

based on the duration of detection events. Signifi-
cantly ‘hot’ stations for L. cyanopterus were Stns 9,
56, 103, 109, 149, 150, 152, 153 and 158, and for L.
jocu were Stns 9, 102, 103, 109, 110, 149, 150, 151,
152 and 153 (Table 2). A MCP was created around
these stations for each species. The L. cyanopterus
MCP accounted for 89.4% of the total detection time
within the array and had an area of 1.4 km2 (Fig. 3).
The MCP for L. jocu had an area of 1.5 km2 and
accounted for 88.7% of the total detection time with -
in the array (Fig. 3). The majority of receivers within
the MCPs were located on the shelf edge, and the
areas of both species overlapped at the tip of the shelf
promontory (Fig. 3a). The spatial distribution within
each MCP was illustrated with a kernel density raster
showing that the highest density of residence time
within the MCP for both species was recorded along
the shelf edge, but L. jocu also showed high densities
of residence time 700 m in from the shelf edge at
Stn 110 (Fig. 3b).

Of the 29 tagged L. jocu, 25 recorded valid detec-
tion events at the Grammanik Bank and 4 individuals
were removed from analysis (Table 1) due to suspi-
cious detections that indicated either mortality or an
ejected tag (nearly constant detections at 1 station).
L. jocu were detected within the entire receiver array
an average of 4.7 ± 1.1 d mo−1, and 14 of 25 individu-
als were detected in more than 1 mo (5 males, 5 fe -
males and 4 of unknown sex). Four males, 2 females
and 5 individuals of unknown sex did not return after
the month they were tagged (44%).

Over the entire study, 74.8% of L. jocu monthly
detection time occurred during the 2 wk after the full
moon, with no fish present 7 to 9 d before the full
moon in any month (Fig. 4). The number of fish
within the MCP generally increased in the first week
after the full moon and then declined during the next
week. Monthly average residence time per fish
within the MCP ranged from 18.0 ± 3.8 h in Decem-
ber to 59.3 ± 12.9 h in April, although there were no
significant differences among months (χ2 = 18.5, df =
11, p = 0.07; Fig. 5).

Of the 22 tagged L. cyanopterus, 19 individuals re -
corded detection events for an average of 8.38 ± 2.2 d
mo−1. Three individuals did not record valid detec-
tion events and were excluded from analysis. The
majority of detection time (75.6%) was recorded in
the first 2 wk after the full moon, and no fish were
detected within the array 6 to 9 d before a full moon
in any month (Fig. 4). Ten fish were detected within
the MCP in multiple months; 4 females, 3 males, and
3 of unknown sex. Two females, 3 males and 4 fish of
unknown sex did not return to the MCP after being
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Transmitter TL Sex Tag date No. of First Last Days Total
(cm) detections detection detection between days 

first/last detected
detections

L. cyanopterus
24955 68 Unk 09/Aug/14 44 09/Aug/14 13/Aug/14 5 4
24930 78.9 M 19/Jun/14 20794 19/Jun/14 06/Sep/15 445 95
24947 81.5 M 15/Jul/14 1298 15/Jul/14 22/Jul/14 8 8
24935 84 F 20/Jun/14 15708 20/Jun/14 06/Sep/15 444 71
24962 84 M 11/Jun/14 5243 11/Jun/14 19/Oct/14 131 53
24926 84.5 M 19/Jun/14 16 19/Jun/14 20/Jun/14 2 2
24928 85.4 F 19/Jun/14 40 19/Jun/14 22/Jun/14 4 4
24958 85.5 M 11/Jun/14 12978 11/Jun/14 15/Nov/14 158 59
24924 87 F 19/Jun/14 3761 19/Jun/14 17/Sep/15 456 46
24960 87 Unk 11/Jun/14 419 11/Jun/14 01/Jul/14 21 10
24952 95.5 M 09/Aug/14 11 09/Aug/14 09/Aug/14 1 1
24953 96.5 Unk 09/Aug/14 14286 09/Aug/14 07/Sep/15 395 110
24949 97.5 F 16/Jul/14 13585 16/Jul/14 17/Sep/15 429 73
24938 98 F 20/Jun/14 21250 20/Jun/14 23/Sep/15 461 120
24967 98 Unk 18/Jun/14 11921 19/Jun/14 05/Sep/15 444 87
24927 98.9 F 19/Jun/14 5693 19/Jun/14 10/Jun/15 357 52
24961 103 Unk 11/Jun/14 335 11/Jun/14 01/Jul/14 21 10
24945 104 F 15/Jul/14 5177 15/Jul/14 17/Oct/14 95 32
24946 104 Unk 15/Jul/14 18194 15/Jul/14 10/Sep/15 423 94
24959 104 Unk 11/Jun/14 645 11/Jun/14 26/Jun/14 16 15
24951 108 M 16/Jul/14 4 16/Jul/14 20/Jul/14 5 2
24929 109.7 F 19/Jun/14 57 20/Jun/14 22/Jun/14 3 3

L. jocu
24932 50.1 Unk 20/Jun/14 22352 20/Jun/14 07/Feb/15 233 123
24944 50.2 Unk 15/Jul/14 430 15/Jul/14 18/Jul/14 4 4
24964 57 M 17/Jun/14 38 17/Jun/14 17/Jun/14 1 1
24954a 58 Unk 09/Aug/14 13682 10/Aug/14 9/Sep/14 31 31
24957 59.8 Unk 20/Aug/14 700 20/Aug/14 15/Apr/15 239 8
24963 61 M 12/Jun/14 47 12/Jun/14 14/Jun/14 3 3
24975 61 Unk 16/Sep/14 21 16/Sep/14 18/Sep/14 3 3
24933 61.2 F 20/Jun/14 2234 20/Jun/14 16/Jun/15 362 4
24939 61.3 F 20/Jun/14 13794 20/Jun/14 17/May/15 332 64
24969 61.5 M 19/Jun/14 3475 19/Jun/14 09/Sep/15 448 25
24972 61.5 F 19/Jun/14 2911 19/Jun/14 01/Sep/15 440 37
24948 62.8 Unk 15/Jul/14 18 15/Jul/14 16/Jul/14 2 2
24923 64 M 19/Jun/14 934 19/Jun/14 28/Nov/14 163 20
24971 64.2 F 19/Jun/14 7937 19/Jun/14 29/May/15 345 49
24931 66 F 20/Jun/14 10221 20/Jun/14 30/Aug/15 437 43
24934 66 Unk 20/Jun/14 28664 20/Jun/14 07/Sep/15 445 120
24965 67 M 17/Jun/14 464 17/Jun/14 20/Jun/14 4 4
24925 67.3 F 19/Jun/14 7 19/Jun/14 19/Jun/14 1 1
24956 67.6 Unk 20/Aug/14 51 20/Aug/14 10/Sep/14 22 4
24950a 68.5 Unk 16/Jul/14 49527 17/Jul/14 12/Dec/14 149 135
24942 69 M 14/Jul/14 111 14/Jul/14 17/Jul/14 4 4
24966a 69.8 M 17/Jun/14 84762 18/Jun/14 12/Dec/14 178 178
24940 69.9 M 26/Jun/14 401 26/Jun/14 01/Nov/14 129 44
24943 71.5 Unk 14/Jul/14 134 14/Jul/14 16/Jul/14 3 3
24936a 71.8 M 20/Jun/14 488 21/Jun/14 12/Nov/14 145 25
24970 72.5 M 19/Jun/14 47001 19/Jun/14 14/Sep/15 453 133
24937 74.2 M 20/Jun/14 7275 21/Jun/14 06/Sep/15 443 69
24941 74.5 Unk 26/Jun/14 121 26/Jun/14 14/Jul/14 19 6
24968 76.5 F 19/Jun/14 466 19/Jun/14 26/Jun/14 8 8
aFish that were not included in analysis

Table 1. Detection summary, total length (TL) and sex (M: male; F: female; Unk: unknown) of tagged Lutjanus cyanopterus
and L. jocu, sorted by TL from smallest to largest for each species
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tagged (40.9%). Average residence time within the
MCP increased from May (14.2 ± 11.8 h) to July (73.2
± 7.5 h) and peaked in August (80.8 ± 7.4 h) followed
by declines in September (66.0 ± 9.6 h), October (41.5
± 8.1 h) and November (24.2 ± 8.7 h) (Fig. 5). There
were no detections of L. cyanopterus between De -
cember 2014 and April 2016. Average residence time
per month was significantly different (χ2 = 34.4, df = 6,
p < 0.01), and post hoc tests revealed significant dif-
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Receiver Detection Z-score p-value
station time (h)

L. cyanopterus
150 120.65 2.82 <0.01
158 35.27 2.70 0.01
153 142.73 2.57 0.01
103 1545.99 2.43 0.02
109 116.27 2.26 0.02
149 1414.08 2.26 0.02
152 21.26 2.01 0.04
9 417.73 1.85 0.06
56 1107.63 1.82 0.07

L. jocu
153 440.85 4.68 <0.01
149 301.97 4.23 <0.01
103 710.52 4.03 <0.01
152 189.83 3.86 <0.01
150 621.97 3.60 <0.01
9 763.31 3.54 <0.01
102 26.68 3.07 <0.01
109 75.09 2.74 0.01
151 30.07 2.24 0.03
110 875.77 1.83 0.07

Table 2. Receiver stations recording significant amounts of
detection time (90% confidence, p < 0.1) for Lutjanus cyan -
opterus and L. jocu with Z-scores and p-values calculated 

from Hot Spot Analysis (ArcGIS)

L. cyanopterus

L. jocu

Total length (cm)
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Fig. 2. Size frequency distribution of tagged male (M), fe-
male (F) and unknown sex (Unk) Lutjanus cyanopterus (n =
22) and L. jocu (n = 29). L. cyanopterus mean size: 92.8 ± 

2.3 SE cm; L. jocu mean size: 65.2 ± 1.2 cm

Fig. 3. Minimum convex polygons (MCPs) encapsulating the
cluster of receivers identified as significant through hotspot
analysis for Lutjanus cyanopterus (blue, 1.4 km2) and L. jocu
(red, 1.5 km2). The MCPs account for 89.4% of L. cyan -
opterus detection time and 88.7% of L. jocu detection time at
the Grammanik Bank spawning aggregation from 11 June
2014 to 17 September 2015. MCPs in relation to (a) the
 bathymetry (m) of the shelf edge and (b) the kernel density
raster for L. jocu and L. cyanopterus illustrate the density of
detection events, with high values in red and low values in
blue. Numbers in (b): receiver stations; stars: site of previously
observed spawning for L. jocu (R. S. Nemeth pers. obs.) and 

suspected spawning site of L. cyanopterus
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ferences between May−August, June−July, June−
August and June−September.

The time spent at each receiver station within the
MCP varied by time of day for both species (Fig. 6).
L. jocu spent the majority of the night (19:00 to
05:00 h) at Stns 9 and 150, the morning hours
(06:00 to 12:00 h) at Stn 110 and afternoon hours
(13:00 to 18:00 h) at Stn 103. Stn 103 recorded the
greatest amount of residence time (118.5 h) at
15:00 h followed by Stn 9 (66.2 h). L. cyanopterus
spent the most time at Stns 103 and 149 from 01:00
to 13:00 h, followed by Stn 56 from 14:00 to 00:00 h.
The peaks at Stn 103 occurred at 06:00 h (121.0 h)
and 10:00 h (131.1 h). The peaks in residence time
at Stn 56 were recorded at 20:00 h (90.0 h) and at
16:00 h (78.5 h), but there was a sharp decrease at
18:00 h (51.0 h).
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Fig. 5. Average residence time within each minimum convex
polygon (MCP) per fish by month for (a) Lutjanus jocu and (b)
L. cyanopterus. Horizontal line within the box represents the
median value and the box outlines the interquartile range.
Whiskers indicate the maximum and minimum values and
circles are outliers. Residence time of L. cyanopterus was sig-
nificantly different among months (χ2 = 34.4, df = 6, p < 0.01).
Months with the same letter are not significantly different

Fig. 6. Total residence time at each station (9, 562, 1021, 103, 109, 1101, 149, 150, 1511, 152, 153, 1582, 1592) within the minimum
convex polygon (MCP) by time of day for (a) Lutjanus jocu and (b) L. cyanopterus. 1Stations only within the L. jocu MCP; 

2Stations only within the L. cyanopterus MCP. See Fig. 3b for station locations
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DISCUSSION

Spatial distribution

Using acoustic telemetry, this study found that
within the 15.3 km2 receiver array, Lutjanus jocu and
L. cyanopterus spent 88.7 and 89.4% of their time,
respectively, within a small overlapping area of 1.4 to
1.5 km2, illustrating tight site fidelity and displaying
characteristics indicative of the courtship arena de -
scribed by Nemeth (2012). The courtship arena is an
area in which fish densities dramatically increase
and spawning behavior and/or color changes can be
observed. Limited studies have quantified this court -
ship arena, but it is generally <10 km2 and has been
estimated to be ~4.5 km2 for L. jocu and L. cyan -
opterus (Heyman et al. 2005, Kadison et al. 2006).
The courtship arenas defined here (as the MCPs) are
smaller, but are supported by the detection data and
the associated behaviors observed during visual sur-
veys, which match well with other reports. Prior
descriptions of courtship behavior found that groups
of L. cyanopterus would swim slowly along the shelf
edge at 30 to 40 m depths, 75 m on either side of the
break (Heyman et al. 2005). Likewise, Carter & Per-
rine (1994) and Heyman & Kjerfve (2008) observed
groups of L. jocu behaving similarly before spawning
where they would swim along the edge of the reef
near the bottom at depths of 27 to 50 m. Visual sur-
veys conducted at the Grammanik Bank in associa-
tion with this study also observed large groups of
both species swimming slowly parallel to the shelf
break at 20 to 30 m depths, but also ascending to mid
water and descending to the bottom as a group at
regular intervals.

Spatial distribution patterns were intimately linked
to small-scale temporal patterns, where snappers
showed distinct movements depending upon time of
day. The majority of detections were on the shelf edge
promontory, which is a typical location for species
that form spawning aggregations (Carter & Perrine
1994, Whaylen et al. 2004, Heyman et al. 2005, Kadi-
son et al. 2006, Kobara & Heyman 2010, Kobara et al.
2013). The L. cyanopterus MCP we defined here was
situated entirely along the shelf edge. Within the
MCP areas, both species showed overlap at Stn 103.
The kernel density map showed the most intensely
occupied areas for L. jocu were Stns 103 and 150, and
for L. cyanopterus was Stn 103. All of these stations
were located on the promontory, but the MCP for L.
jocu also included Stn 110, which was ~700 m in from
the shelf edge. The shelf edge seems to be the pre-
ferred habitat for both species, and L. jocu may be

displaced by the larger L. cyanopterus when both
species are present at the same time. In fact, the
average residence time recorded at Stn 110 was
reduced by half when L. cyanopterus was not present
compared to when the 2 species coincided. L. jocu
also appeared to occupy more of the eastern shelf
edge within the MCP when L. cyanopterus was
absent (i.e. Stns 113, 109 and 149). The habitat along
the shelf edge is predominantly hard bottom, with
gorgonians, sponges and sparse coral colonies. North
of the drop-off, ~100 m from the shelf edge, is a large
sand channel that is ~100 m wide, and separates
Stn 103 from Stn 110, which is surrounded by an area
of dense coral reef. The spatial distribution of these
species relative to the shelf promontory closely
matches their distribution patterns within a spawn-
ing aggregation site in Belize (Heyman & Kjerfve
2008). However, based on visual observations of L.
jocu spawning and acoustic detections at time of sun-
set (when spawning occurs) (Fig. 4), the spatial distri-
bution of these species relative to the shelf promon-
tory shows L. jocu positioned more closely to the
promontory (Stn 103) than L. cyanopterus (Stn 56).

The movement and location of fish within the MCP
varied on an hourly time scale (Fig. 6). L. jocu spent
more time on top of the shelf during the morning
hours (06:00 to 12:00 h) and then moved towards the
promontory in the afternoon. L. cyanopterus were
detected most often at the shelf promontory (Stn 103)
from 03:00 to 13:00 h, but then moved east to Stn 56
from 14:00 to 23:00 h. Based on reports throughout
the Caribbean, spawning occurs in the hour before
and after sunset (Carter & Perrine 1994, Heyman et
al. 2005). In the USVI, the sun sets between 17:45 and
19:00 h. During that time, L. jocu appeared to be
moving from Stns 103 and 149 to Stn 150. Spawning
at this site has only been observed once for L. jocu in
February 2008 at 17:49 h between Stns 9 and 103 (R.
S. Nemeth pers. obs.) (Fig. 3b), and is consistent with
the spatial data reported here. L. cyanopterus has
never been observed spawning at the Grammanik
Bank, but during spawning hours L. cyanopterus
appeared to move from Stn 103 to Stn 56, which are
situated around the shelf promontory (Fig. 3b). Dur-
ing the hours of spawning (16:45 to 20:00 h) resi-
dence time fell sharply, but was followed by a peak at
19:00 to 20:00 h. A possible explanation for this drop
in detections is that the fish were swimming down
the shelf edge, below the depth that the receiver was
able to detect (>40 m) as they began the spawning
sequence. This effect would be exacerbated if the
fish descended below the thermocline, since there
is a large reduction in detection range when the
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thermo cline is between transmitter and receiver
(authors’ unpubl. data). A fish would have to be
below the detection range for longer than 19.1 min to
avoid recording a detection event, and each fish
would have had to be undetected for only ~22 min d−1

to cause the observed decline. This behavior has been
described for L. cyanopterus in Belize, where the
aggregation starts deep and then move upwards in
the water column in a spiral (Heyman et al. 2005).
Testing this hypothesis would require pressure sensi-
tive acoustic transmitters and receivers placed over
the shelf edge so that depth ranges could be deter-
mined. The drop in detections during the time of
spawning may also be the result of an increase in
transmitter signal collisions, which could prevent
successful detections. Signal collisions and failed
detections have been shown to increase as the num-
ber of tagged fish within proximity of a receiver in -
creases (Heupel et al. 2006, Simpfendorfer et al.
2008).

Seasonality

The seasonality of the L. cyanopterus aggregations
is illustrated by the detections and average duration
of detection events per month, which began in May,
peaked in August and then declined in October and
November. There were no detections of L. cyan opterus
between December and April, suggesting that No -
vember is the end of the spawning season. Other
reports have suggested that L. cyanopterus may
begin aggregating again as early as February based
on visual survey data (Kadison et al. 2006, Biggs &
Nemeth 2015), but none of the fish tagged in this
study were detected that early in the year. Our data
does support the previous studies that found that L.
cyanopterus aggregations began forming in accor-
dance with rising water temperatures and ceased
when water temperatures began to decline (Heyman
et al. 2005). L. jocu, on the other hand, were detected
each month, and monthly average duration of detec-
tion events did not change significantly over the
course of the study. This indicates that L. jocu aggre-
gate at the Grammanik Bank year-round, which is
also in accordance with reports of L. jocu ag gregations
in Belize (Carter & Perrine 1994, Heyman & Kjerfve
2008) and Cuba (Claro & Lindeman 2003).

The ephemeral nature of spawning aggregations
for L. cyanopterus and L. jocu is also evident in the
monthly cycle of detections and residence times. All
fish left the array by 19 d after the full moon and none
were detected in the third week after the full moon in

any month of the study. For both species, ~50% of the
tagged fish returned to the array for multiple months.
Neither sex nor size affected the time spent at the
aggregation or the number of visits per month that a
fish was detected. The demographics of the fish that
returned were evenly distributed among males,
females and fish of unknown sex for both species.
Twice as many female L. cyanopterus (n = 4) and L.
jocu (n = 5) returned for multiple months than did not
(n = 2 for each species). However, this finding is
based on a small sample size and should be inter-
preted with caution. If these data are indeed repre-
sentative of the entire population, it would indicate
no difference in male and female residence times for
these snappers, which contrasts with studies that
have noted differences in residence times between
male and female grouper at a spawning site. In
Micronesia, male camouflage grouper Epinephelus
polyphekadion and brown marbled grouper E.
fuscoguttatus arrived at the spawning site several
days earlier than females (Rhodes & Sadovy 2002,
Rhodes et al. 2012), and Zeller (1998) found that male
coral trout Plectropomus leopardus in Northern Aus-
tralia made more trips to aggregation sites than
females. However, our data does suggest that there is
some degree of turnover of snapper at the Gram-
manik Bank spawning aggregation, and not all
potential spawners are present every month that
there is an aggregation.

Length and sex ratio

The TLs of all tagged fish were greater than or
equal to the size at sexual maturity associated with
each species (L. cyanopterus: 65 cm; L. jocu: 40 cm)
(Allen 1985, Martinez-Andrade 2003). This was ex -
pected since the fish were caught at the aggregation
site, and it further supports the classification as a
spawning aggregation for L. jocu and L. cyanopterus
(Kadison et al. 2006). The lengths of tagged L.
cyanopterus (68.0 to 109.7 cm TL) were also within
the range of lengths observed in Belize (40 to 120 cm
TL) by Heyman et al. (2005). In contrast, the lengths
of tagged L. jocu (50.1 to 76.5 cm) were larger than
those observed by Carter & Perrine (1994) in Belize
(25 to 35 cm SL). However, it should be noted that
while tagged fish were measured, both reports from
Belize were based on visual estimates of length. The
disparity in lengths between L. jocu aggregations
may also be attributable to fishing pressure, which
can lead to shifts in the size structure (Munro 1996).
L. jocu are targeted by fishers in Belize but not in the
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USVI due to ciguatera fish poisoning. Previous work
found that the average size of tagged L. jocu was
larger than the average size of fish at the Grammanik
Bank aggregation as measured with laser calipers
mounted on a video camera during visual surveys
(Biggs & Nemeth 2015). The difference in sizes be -
tween tagged fish and fish within the aggregation
may be attributable to the hook size used to catch fish
for tagging, which has been shown to affect the mean
size of fish caught (Alós et al. 2008) and may effec-
tively select for larger individuals (Nemeth 2005). We
also acknowledge that differences in sizes may be
attributable to other exogenous characteristics of the
particular locations.

The sex ratios of the tagged L. jocu (n = 29) and L.
cyanopterus (n = 22) were not significantly different
from a 1:1 ratio. This finding is stated with the caveat
of small sample size. Nonetheless, this represents the
first report of sex ratio for L. jocu or L. cyanopterus at
an aggregation site. A 1:1 ratio was expected based
on information for other snapper species (Kamukuru
& Mgaya 2004, Kojis & Quinn 2011, Trejo-Martínez
et al. 2011). Despite the fact that lutjanids are
 gonochoristic, females may live longer and be more
abundant at larger sizes (Grimes & Huntsman 1980,
Garcia- Cagide 1985, Claro et al. 2001). Indeed, the
largest L. jocu tagged in our study (76.5 cm) was
female. Furthermore, Kojis & Quinn (2011) found that
a heavily fished mutton snapper Lutjanus analis pop-
ulation in St. Croix, USVI was skewed in favor of
males. L. jocu and L. cyanopterus are not targeted by
fishers in St. Thomas, but are actively fished in
Puerto Rico (Ault et al. 2008). Connectivity and
spawning migrations from eastern Puerto Rico to
the Grammanik Bank have been observed in both
species (authors’ unpubl. data), but it has not
appeared to impact the sex ratio of fish visiting the
aggregation.

Management implications

Marine Protected Areas (MPAs) have been success-
ful in protecting spawning aggregations from fishing
and preserving the viability of the fishery (Alcala
1988, Roberts et al. 2001, Nemeth 2005, Grüss et al.
2014, Erisman et al. 2015). The efficacy of these MPAs
is dependent on several factors, including the place-
ment of the MPA boundaries relative to the extent of
movement of the fish. Grouper at the Grammanik
Bank, which were the targets of the current closures,
were found to be within the 3 km2 closure area only
44 to 75% of the time (R. S. Nemeth unpubl. data).

Our data indicate that a closure area of 1.5 to 2 km2,
properly situated, is the minimum size that could pro-
tect spawning aggregations of L. jocu and L. cyano -
pterus for up to 88.7 to 89.4% of the time. The esti-
mate for this area is based on a MCP and therefore
represents the minimum area required by the species
in this study. The size of this area would likely need to
increase to encompass a greater percent of the indi-
vidual movements or to accommodate a larger aggre-
gation. However, our observations also show that
these fish tend to move as a group within the MCP
area, which suggests that the few tagged fish may
represent the movements of the larger aggregation
fairly well. The tight site fidelity of these snapper of-
fers a distinct opportunity for effective management
of their spawning aggregations that may be applica-
ble throughout the Caribbean region.

Acknowledgements. We thank local fishers Ernest Quetel
and Derek Quetel for their help catching and tagging fish.
We are also indebted to Shaun Kadison, Jon Jossart, Jason
Quetel, Jonathan Brown, Maggie Rios, Jessica Keller, Leslie
Henderson, Rosmin Ennis, Robert Brewer, Dustin Wallace
and Paul Jobsis for their assistance in fishing, tagging and
receiver maintenance. Funding for this project was provided
by the National Oceanographic and Atmospheric Adminis-
tration’s Coral Reef Conservation Program (#NA13NOS
4820027), Marine Fisheries Initiative-MARFIN (#SE-2013-
2003417) and the V. I. Experimental Program to Stimulate
Competitive Research (NSF VI-EPSCoR #8143417). Helpful
guidance was also provided throughout the project by
William Heyman, Lorraine Buckley and Avram Primack.
This is contribution number 148 to the University of the Vir-
gin Islands Center for Marine and Environmental Studies.

LITERATURE CITED

Alcala AC (1988) Effects of marine reserves on coral fish
abundances and yields of Philippine coral reefs. Ambio
17:194–199

Allen GR (1985) FAO species catalogue, Vol 6:  snappers of
the world. An annotated and illustrated catalogue of lut-
janid species known to date. FAO Fish Synop 125: 1−208

Alós J, Palmer M, Grau AM, Deudero S (2008) Effects of
hook size and barbless hooks on hooking injury, catch
per unit effort, and fish size in a mixed-species recre-
ational fishery in the western Mediterranean Sea. ICES J
Mar Sci 65: 899−905

Ault JS, Smith SG, Jiangang L, Monaco ME, Appeldoorn RS
(2008) Length-based assessment of sustainability bench-
marks for coral reef fishes in Puerto Rico. Environ Con-
serv 35: 221−231

Beets J, Friedlander A (1992) Stock analysis and manage-
ment strategies for red hind, Epinephelus guttatus, in the
US Virgin Islands. Proc Gulf Caribb Fish Inst 42: 66−79

Biggs CR, Nemeth RS (2015) Timing, size and duration of a
dog (Lutjanus jocu) and Cubera snapper (Lutjanus
cyanopterus) spawning aggregation in the US Virgin
Islands. Proc Gulf Caribb Fish Inst 67: 240−245

140

http://dx.doi.org/10.1017/S0376892908005043
http://dx.doi.org/10.1093/icesjms/fsn067


Biggs & Nemeth: Spatial pattern of snapper spawning aggregations

Campbell HA, Watts ME, Dwyer RG, Franklin CE (2012)
V-Track:  software for analyzing and visualizing animal
movement from acoustic telemetry detections. Mar
Freshw Res 63: 815−820

Carter HJ, Perrine D (1994) A spawning aggregation of dog
snapper, Lutjanus jocu, (Pisces:  Lutjanidae) in Belize,
Central America. Bull Mar Sci 55: 228−234

Claro R, Lindeman KC (2003) Spawning aggregation sites of
snapper and grouper species (Lutjanidae and Ser-
ranidae) on the insular shelf of Cuba. Gulf Caribb Res 14: 
91−106

Claro R, Lindeman KC, Parenti LR (2001) Ecology of the
marine fishes of Cuba. Smithsonian Institution Press,
Washington, DC

Claydon J (2004) Spawning aggregations of coral reef fishes: 
characteristics, hypotheses, threats and management.
Oceanogr Mar Biol Annu Rev 42: 265−302

Coleman FC, Koenig CC, Collins LA (1996) Reproductive
styles of shallow-water groupers (Pisces:  Serranidae) in
the eastern Gulf of Mexico and the consequences of fish-
ing spawning aggregations. Environ Biol Fishes 47: 
129−141

Colin PL (1996) Longevity of some coral reef fish spawning
aggregations. Copeia 1996: 189−192

Colin PL, Sadovy YJ, Domeier ML (2003) Manual for the
study and conservation of reef fish spawning aggrega-
tions. Society for the Conservation of Reef Fish Aggrega-
tions Special Publication No. 1 (Version 1.0), p 1-98+iii.
www.scrfa.org (accessed 23 Apr 2015)

Domeier ML, Colin PL (1997) Tropical reef fish spawning
aggregations:  defined and reviewed. Bull Mar Sci 60: 
698−726

Domeier ML, Koenig CC, Coleman F (1996) Reproductive
biology of the grey snapper (Lutjanidae:  Lutjanus
griseus) with notes on spawning for other western
Atlantic snappers (Lutjanidae). In:  Arreguín-Sánchez F,
Munro JL, Balgos MC, Pauly D (eds) Biology, fisheries
and culture of tropical groupers and snappers. Interna-
tional Center For Living Aquatic Resources Management
(ICLARM), Manilla, p 189−201

Erisman B, Heyman W, Kobara S, Ezer T, Pittman S, Aburto-
Oropeza O, Nemeth RS (2015) Fish spawning aggrega-
tions:  where well-placed management actions can yield
big benefits for fisheries and conservation. Fish Fish, doi: 
10.1111/faf.12132

Felip A, Carrillo M, Herráez MP, Zanuy S, Basurco B (2009)
Protocol M − available methods for sexing and tagging
sea bass. In:  Felip A, Carrillo M, Herraez MP, Zanuy S,
Basurco B (eds) Advances in fish reproduction and their
application to broodstock management:  a practical man-
ual for sea bass. CIHEAM/CSIC-IATS, Zaragoza, p 83−88

Garcia-Cagide A (1985) Caracteristicas de la reproduccion
del civil, Caranx ruber, en la plataforma suroccidental de
Cuba. Rep Invest Inst Oceanol Acad Cienc 34: 1−36

Getis A, Ord JK (1992) The analysis of spatial association by
use of distance statistics. Geogr Anal 24: 189−206

Gobert B, Berthou P, Lopez E, Lespagnol P, Turcios MDO,
Macabiau C, Portillo P (2005) Early stages of snapper-
grouper exploitation in the Caribbean (Bay Islands, Hon-
duras). Fish Res 73: 159−169

Grimes CG, Huntsman GR (1980) Reproductive biology of
the vermilion snapper, Rhomboplites aurorubens, from
North Carolina and South Carolina. Fish Bull 78: 137−146

Grüss A, Robinson J, Heppell SS, Heppell SA, Semmens BX
(2014) Conservation and fisheries effects of spawning

aggregations marine protected areas:  what we know,
where we should go, and what we need to get there.
ICES J Mar Sci 71: 1515−1534

Heupel MR, Simpfendorfer CA, Hueter RE (2004) Estima-
tion of shark home ranges using passive monitoring tech-
niques. Environ Biol Fishes 71: 135−142

Heupel MR, Semmens JM, Hobday AJ (2006) Automated
acoustic tracking of aquatic animals:  scales, design and
deployment of listening station arrays. Mar Freshw Res
57: 1−13

Heyman WD, Kjerfve B (2008) Characterization of transient
multi-species reef fish spawning aggregations at Glad-
den Spit, Belize. Bull Mar Sci 83: 531−551

Heyman WD, Kjerfve B, Graham RT, Rhodes KL, Garbutt L
(2005) Spawning aggregations of Lutjanus cyanopterus
(Cuvier) on the Belize Barrier Reef over a 6 year period.
J Fish Biol 67: 83−101

Hitt S, Pittman SJ, Brown KA (2011) Tracking and mapping
sun-synchronous migrations and diel space use patterns
of Haemulon sciurus and Lutjanus apodus in the US
 Virgin Islands. Eviron Biol Fish 92: 525−538

Hooge PN, Taggart SJ (1998) Pacific halibut in Glacier Bay
National Park, Alaska. In:  Mac MJ, Opler PA, Puckett
Haecker CE, Doran PD (eds) Status and trends of
the Nation’s biological resources, Vol 2. US Department
of the Interior, US Geological Survey, Reston, VA,
p 712−714

Hooge PN, Eichenlaub WM, Solomon EK (2001) Using GIS
to analyze animal movements in the marine environ-
ment. In:  Kruse GH, Bez N, Booth A, Dorn MW and oth-
ers (eds) Spatial processes and management of marine
populations. Alaska Sea Grant College Program,
Anchorage, AK, p 37−51

Kadison E, Nemeth RS, Herzlieb S, Blondeau J (2006) Tem-
poral and spatial dynamics of Lutjanus cyanopterus
(Pisces :  Lutjanidae) and L. jocu spawning aggregations
in the United States Virgin Islands. Rev Biol Trop 54: 9−78

Kamukuru KT, Mgaya YD (2004) Effects of exploitation on
reproductive capacity of blackspot snapper, Lutjanus
fulvi flamma (Pisces:  Lutjanidae) in Mafia Island, Tanza-
nia. Afr J Ecol 42: 270−280

Kobara S, Heyman WD (2010) Sea bottom geomorphology of
multi-species spawning aggregation sites in Belize. Mar
Ecol Prog Ser 405: 243−254

Kobara S, Heyman WD, Pittman SJ, Nemeth RS (2013)
Biogeography of transient reef-fish spawning aggrega-
tions in the Caribbean:  a synthesis for future research
and management. Oceanogr Mar Biol Annu Rev 51: 
281−326

Kojis BL, Quinn NJ (2011) Reproductive aspects. In:  Kojis
BL, Quinn NJ (eds) Validation of a spawning aggrega-
tion of mutton snapper and characterization of the ben-
thic habitats and fish in the mutton snapper seasonal
closed area, St. Croix, US Virgin Islands. NOAA Coral
Reef Grant Program:  projects to improve or amend coral
reef FMPs. Caribbean Fishery Management Council,
San Juan, p 21−24

Lindeman KC, Pugliese R, Waugh GT, Ault JS (2000) Devel-
opmental patterns within a multispecies reef fishery: 
management applications for essential fish habitats and
protected areas. Bull Mar Sci 66: 929−956

Martinez-Andrade F (2003) A comparison of life histories
and ecological aspects among snappers (Pisces:  Lutja -
nidae). PhD dissertation, Louisiana State University,
Baton Rouge, LA

141

http://dx.doi.org/10.3354/meps08512
http://dx.doi.org/10.1111/j.1365-2028.2004.00520.x
http://dx.doi.org/10.1111/j.0022-1112.2005.00714.x
http://dx.doi.org/10.1071/MF05091
http://dx.doi.org/10.1023/B%3AEBFI.0000045710.18997.f7
http://dx.doi.org/10.1016/j.fishres.2004.12.008
http://dx.doi.org/10.1111/j.1538-4632.1992.tb00261.x
http://dx.doi.org/10.1111/faf.12132
http://dx.doi.org/10.2307/1446955
http://dx.doi.org/10.1007/BF00005035
http://dx.doi.org/10.1201/9780203507810.ch7
http://dx.doi.org/10.18785/gcr.1402.07
http://dx.doi.org/10.1071/MF12194


Mar Ecol Prog Ser 558: 129–142, 2016

Munro JL (1996) The scope of tropical reef fisheries and
their management. In:  Polunin NVC, Roberts CM (eds)
Reef fisheries. Chapman & Hall, London, p 1−14

Nemeth RS (2005) Population characteristics of a recovering
US Virgin Islands red hind spawning aggregation follow-
ing protection. Mar Ecol Prog Ser 286: 81−97

Nemeth RS (2012) Ecosystem aspects of species that aggre-
gate to spawn. In:  Sadovy de Mitcheson Y, Colin PL (eds)
Reef fish spawning aggregations:  biology, research and
management. Springer, Berlin p 21−56

Nemeth RS, Herzlieb S, Blondeau J (2006) Comparison of
two seasonal closures for protecting red hind spawning
aggregations in the US Virgin Islands. Proc 10th Int
Coral Reef Conf, Okinawa 4: 1306−1313

R Development Core Team (2008) R: a language and en -
vironment for statistical computing. R Foundation for
Statistical Computing, Vienna

Rhodes KL, Sadovy Y (2002) Temporal and spatial trends in
spawning aggregations of camouflage grouper, Epi-
nephelus polyphekadion, in Pohnpei, Micronesia. Envi-
ron Biol Fishes 63: 27−39

Rhodes K, McIlwain J, Joseph E, Nemeth RS (2012) Repro-
ductive movement, residency and fisheries vulnerability
of brown-marbled grouper, Epinephelus fuscoguttatus
(Forsskål, 1775). Coral Reefs 31: 443−453

Roberts CM, Bohnsack JA, Gell F, Hawkins JP, Goodridge R
(2001) Effects of marine reserves on adjacent fisheries.
Science 294: 1920−1923

Rogers KB, White GC (2007) Analysis of movement and
habitat use from telemetry data. In:  Guy CS, Brown ML
(eds) Analysis and interpretation of freshwater fish-
eries data. American Fisheries Society, Bethesda, MD,
p 630−654

 Russell MW, Sadovy de Mitcheson Y, Erisman BE, Hamilton
RJ, Luckhurst BE, Nemeth RS (2014) Global status re -
port — world’s fish aggregations 2014. Proc Gulf Caribb
Fish Inst 67: 253−260

Sadovy de Mitcheson Y, Colin PL (eds) (2012) Reef fish
spawning aggregations:  biology, research and manage-

ment. Fish and Fisheries Series 35, Springer, Berlin,
p 405−565

Sadovy de Mitcheson Y, Cornish A, Domeier M, Colin PL,
Russel M, Lindeman KC (2008) A global baseline for
spawning aggregations of reef fishes. Conserv Biol 22: 
1233−1244

Siegel S, Castellan NJ (1988) Nonparametric statistics for
the behavioral sciences, 2nd edn. McGraw-Hill, New
York, NY

Simpfendorfer CA, Heupel MR, Collins AB (2008) Variation
in the performance of acoustic receivers and its implica-
tion for positioning algorithms in a riverine setting. Can J
Fish Aquat Sci 65: 482−492

Smith CL (1997) National Audubon Society field guide to
tropical marine fishes of the Caribbean, the Gulf of Mex-
ico, Florida, the Bahamas and Bermuda. Alfred A Knopf,
New York, NY

Smith TB, Nemeth RS, Blondeau J, Calnan JM, Kadison E,
Herzlieb S (2008) Assessing coral reef health across
onshore to offshore stress gradients in the US Virgin
Islands. Mar Pollut Bull 56: 1983−1991

Starr RM, Sala E, Ballesteros E, Zabala M (2007) Spatial
dynamics of the Nassau grouper Epinephelus stria -
tus in a Caribbean atoll. Mar Ecol Prog Ser 343: 
239−249

Trejo-Martínez J, Brule T, Mena-Loria A, Colas-Marrufo T,
Sanchez-Crespo M (2011) Reproductive aspects of the
yellowtail snapper Ocyurus chrysurus from the southern
Gulf of Mexico. J Fish Biol 79: 915−936

Whaylen L, Pattengill-Semmens CV, Semmens BX, Bush
PG, Boardman M (2004) Observations of a Nassau
grouper, Epinephelus striatus, spawning aggregation
site in Little Cayman, Cayman Islands, including multi-
species spawning information. Environ Biol Fishes 70: 
305−313

Zeller DC (1998) Spawning aggregations:  patterns of move-
ment of the coral trout Plectropomus leopardus (Ser-
ranidae) as determined by ultrasonic telemetry. Mar Ecol
Prog Ser 162: 253−263

142

Editorial responsibility: Charles Birkeland, 
Honolulu, Hawaii, USA

Submitted: February 19, 2016; Accepted: July 20, 2016
Proofs received from author(s): October 1, 2016

➤➤

➤

➤

➤➤

➤➤

➤

➤➤

➤

➤➤

➤

➤

http://dx.doi.org/10.3354/meps162253
http://dx.doi.org/10.1023/B%3AEBFI.0000033341.57920.a8
http://dx.doi.org/10.1111/j.1095-8649.2011.03062.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21967581&dopt=Abstract
http://dx.doi.org/10.3354/meps06897
http://dx.doi.org/10.1016/j.marpolbul.2008.08.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18834601&dopt=Abstract
http://dx.doi.org/10.1139/f07-180
http://dx.doi.org/10.1111/j.1523-1739.2008.00893.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18717693&dopt=Abstract
http://dx.doi.org/10.1126/science.294.5548.1920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11729316&dopt=Abstract
http://dx.doi.org/10.1007/s00338-012-0875-2
http://dx.doi.org/10.1023/A%3A1013840621820
http://dx.doi.org/10.3354/meps286081
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16612415&dopt=Abstract

	cite4: 
	cite10: 
	cite21: 
	cite26: 
	cite17: 
	cite3: 
	cite8: 
	cite12: 
	cite23: 
	cite28: 
	cite19: 
	cite2: 
	cite7: 
	cite14: 
	cite25: 
	cite20: 
	cite31: 
	cite16: 
	cite1: 
	cite6: 
	cite11: 
	cite22: 
	cite27: 
	cite18: 
	cite29: 
	cite5: 
	cite13: 
	cite24: 
	cite30: 
	cite15: 
	cite9: 


