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a b s t r a c t
Distinct spatial variation and ﬁsheries exchange routes for dolphinﬁsh (Coryphaena hippurus) were
resolved relative to the northeastern Caribbean Sea and U.S. east coast using conventional (n = 742;
mean ± SD cm FL: 70.5 ± 15.2 cm FL) and pop-up satellite archival tags (n = 7; 117.6 ± 11.7 cm FL)
from 2008 to 2014. All dolphinﬁsh released in the northeastern Caribbean Sea moved westward
(274.42◦ ± 21.06◦ ), but slower in the tropical Atlantic than Caribbean Sea, with a maximum straightline distance recorded between San Juan, Puerto Rico, and Charleston, South Carolina (1917.49 km); an
180-day geolocation track was obtained connecting the South Atlantic Bight to the northern limits of
the Mona Passage. Two recaptures occurred within the Mona Passage from San Juan, Puerto Rico, and
St. John, United States Virgin Islands, providing the ﬁrst evidence that dolphinﬁsh may cross the Greater
Antilles island chain between the Atlantic Ocean and Caribbean Sea in both directions during their migration. To investigate this further, ﬁsh movements were compared to surface drifter tracks (n = 196) in the
region. Entry of drifters into the Caribbean Sea from the Atlantic Ocean occurred through the northern
Lesser Antilles, the Anegada Passage, and the Mona Passage; both passages were observed to be an entry
and exit. Results suggest domestic and international ﬁsheries exchanges occur annually between the
United States and Caribbean island nations (Antigua and Barbuda, Anguilla, St. Kitts, United States Virgin
Islands, Puerto Rico, Hispaniola, The Bahamas, Cuba, Bermuda), with return migration directed towards
the Yucatan Channel/Loop Current (south of the Greater Antilles) or Straits of Florida/Gulf Stream (north).
Understanding dolphinﬁsh movements and regional connectivity among exclusive economic zones of
northern Caribbean islands and the United States is critical for accurate assessments of ﬁshing mortality,
spawning biomass and stock health, and given the regional connectivity, management must be consistent
between jurisdictions.
© 2015 Published by Elsevier B.V.

1. Introduction
Dolphinﬁsh is a mid-trophic level pelagic ﬁsh of signiﬁcant
importance to artisanal, recreational, and commercial ﬁsheries
throughout the world’s tropical and subtropical oceans (Parker
et al., 2006). Mahon (1999) provided a comprehensive review of
direct and indirect ﬁshing effort for dolphinﬁsh in the western central Atlantic from 1950 to 1995 and reported that overall, ﬁshing
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pressure and landings (from artisanal, small and large-scale commercial, and recreational) increased throughout the time-period.
Due to an increase in recreational ﬁshing participation (Parker et al.,
2006) and commercial operations (Mahon, 1999; South Atlantic
Fishery Management Council, 2003), the trend for higher ﬁshing
pressure and landings continues (Parker et al., 2006).
In the United States (i.e., Atlantic coast, Gulf of Mexico, and
Puerto Rico/U.S. Virgin Islands), recreational landings increased
from 1.8 million to 4.5–6.3 million kg/yr from 1980 to 2005, and
commercial landings increased from 272,700 to 636,363 kg/yr from
1955 to 2005 (Parker et al., 2006). In the northeastern Caribbean
Sea around Puerto Rico, landings for artisanal, recreational, and
commercial operations was estimated at 305,000 kg/yr in 1979
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(Caribbean Fishery Management Council (1983)); recently, a query
of the activity and harvest patterns in Puerto Rico’s marine recreational ﬁsheries found that from 2009 to 2013 recreational ﬁsheries
(shore, private, charter, for-hire) alone landed 1,284,136 kg of
dolphinﬁsh (Personal communication from the National Marine
Fisheries Service, Fisheries Statistics Division August 31, 2014) and
privately owned vessels landed between 333,000–550,000 kg/yr
of pelagics (mainly dolphinﬁsh) (Rodriquez-Ferrer and RodriquezFerrer, 2014). In the eastern Caribbean Sea, while dolphinﬁsh is
considered the most important pelagic ﬁsh landed by commercial
ﬁshers, many island nations do not report their recreational landings (only commercial for some), thereby underestimating the total
harvest of this species in the region (Parker, 2006). In fact, Mahon
(1999) stated only 8 of the 34 states in the western central Atlantic
reported dolphinﬁsh landings to the Food and Agriculture Organization (FAO), and while commercial landings have appeared to level
off in recent years, recreational landings appear to still be on the
increase (SAFMC, 2003). Therefore, the lack of information on the
amount of dolphinﬁsh landed should be a matter of urgent concern
to all countries within the region, especially given that dolphinﬁsh in the western central Atlantic represent one population, albeit
with potential for separate ﬁshery classiﬁed stocks for management
purposes (Merten et al., 2015).
Currently, in the western central Atlantic, there is no integrated
regional ﬁsheries management plan (FMP) for dolphinﬁsh (Parker
et al., 2006), despite the access of more than 34 countries to the
resource in the region. In the U.S., the South Atlantic Fisheries Council in conjunction with the Mid-Atlantic and New England Fisheries
Councils established a FMP with the following federal management
actions which took effect in 2003: (1) limits on the commercial
and recreational catch of dolphinﬁsh recreational: 60 ﬁsh/boat or
10 ﬁsh/person; commercial: managed through annual catch limits (ACL: 1.5 million pounds or 13% of total landings, whichever
is greater); (2) 50-cm fork length minimum size for dolphinﬁsh
off the east coast of Florida, Georgia, and South Carolina; (3) gear
restrictions (hook and line/spearﬁshing gear only; cannot use longline in areas where prohibited for highly migratory species); (4)
mandatory permits for recreational and commercial vessels; (5)
and use of sea turtle by-catch prevention measures (SAFMC, 2003).
However, without complementary actions taken by nation states
throughout the western central Atlantic, the resulting conservation beneﬁts from these measures will likely be unrealized. Given
steady increases in ﬁshing pressure, unmanaged and unregulated
ﬁsheries elsewhere may adversely affect this species despite its
high fecundity and growth rate (Oxenford, 1999).
Conventional mark and recapture data in the western central
Atlantic show a northerly seasonal progression of dolphinﬁsh along
the U.S. east coast, followed by movement away from the coast
along the South and Mid-Atlantic Bights (Merten et al., 2014a).
Merten et al. (2014b) documented a recirculation trend, ranging
from 23 to 318 days, for dolphinﬁsh immigration to the Bahamas
and Greater Antilles Islands (Dominican Republic and Cuba) from
Florida. Based on comparisons of dolphinﬁsh movements and surface drifter tracks, they concluded that dolphinﬁsh appear to make
circuits around the western central Atlantic which vary widely in
temporal and spatial scale and are dependent on where ﬁsh exit
the U.S. east coast and head into the north central Atlantic. While
the exchange of dolphinﬁsh between the U.S. east coast and The
Bahamas is well established, the temporal and spatial connection of
dolphinﬁsh exchange among Caribbean Island nations and the U.S.
remains to be quantiﬁed. This information is necessary to justify
the implementation of widespread management actions to conserve and sustain the dolphinﬁsh population in the western central
Atlantic.
In this paper, spatial movement variation and ﬁsheries exchange
routes for dolphinﬁsh within the northeastern Caribbean Sea are
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investigated using conventional and satellite tagging data from
2008 to 2014. The speciﬁc hypotheses tested were (1) location
(i.e., tropical Atlantic, Caribbean Sea) does not affect intra-regional
differences in westward dolphinﬁsh dispersal rates, (2) ﬁsh movement rates and trajectories did not vary from general surface
current ﬂow, and (3) in making their return migration towards
the U.S./Bahamas, ﬁsh can either move along the north side of the
Greater Antilles (tropical Atlantic) or enter the Caribbean Sea and
move westward towards the Yucatan Straits then into the Loop Current and Gulf of Mexico (GOM). From the results, the tendency for
return migrants to re-enter domestic and international ﬁsheries
is discussed and advances a more complete view of dolphinﬁsh
migration dynamics in the western central Atlantic.

2. Methods
2.1. Horizontal movements: conventional and pop-up satellite
tagging
From 2008 to 2014, dolphinﬁsh were marked with plastic
dart tags (Hallprint® , South Australia, Australia; individually numbered external 15.2 cm orange polyethylene streamer) and released
(n = 742; 70.52 ± 15.21 cm FL) broadly around the northeastern
Caribbean Sea; deployments of pop-up satellite transmitters
(PSATs) (n = 7; 117.61 ± 11.75 cm FL) were focused off the northeast and southwest coasts of Puerto Rico (Fig. 1); one was deployed
off of Charleston, South Carolina. From these releases, there were 22
dolphinﬁsh movements (n = 22; 120.55 ± 9.66 cm FL), which ranged
between 2 and 557 DAL (days at liberty), recorded within the region
(Table 1; Table 2); one recovery was reported off Charleston, South
Carolina.
Both non-geolocating high-rate X-tag (L-31.11 cm; W-40 g) and
geolocating PTT-100 standard-rate PSATs (33.70 cm; 65 g) were
used in this study (Microwave Telemetry Inc., Columbia, MD, USA);
the PSATs were pre-programmed for 30 and 180-day deployments,
respectively. Only ﬁsh that transmitted data (n = 4) were analyzed
(High rate: ID 113350 female; ID 126828 male; ID 126830 male;
Standard rate: ID 136760 male). For the high-rate PSATs, only the
release and pop-up locations were available to show linear displacements; the pop-up locations were estimated by Argos© using
the least squares analysis algorithm. The standard rate PSAT uses a
proprietary algorithm to determine daily sunrise and sunset times
used to estimate a daily geolocation track; the geolocations are calculated from the sunrise and sunset times using equations based on
those of Jean Meeus, Astronomical Algorithms (Microwave Telemetry, CAN, pers. comm.). Dolphinﬁsh qualifying for satellite tagging
were required to be a minimum of 95 cm FL and visually healthy and
not hooked in the gut, eye, or other anatomical feature which would
likely decrease post-release survival; ﬁsh tagged with conventional
tags were not limited by size but were required to be released
healthy. All dolphinﬁsh were brought onboard the vessel in a small
or large dipnet depending on the size of the ﬁsh. Once onboard, the
ﬁsh was placed on a wet cushion on the deck and calmed by placing
a wet towel over its eyes; for ﬁsh released with satellite transmitters, a hose carrying fresh ocean water was inserted into its mouth
in an attempt to provide oxygen until returned to the water. Conventionally marked and released ﬁsh were returned to the water
and immediately released in under two minutes, while satellite
tagged ﬁsh were returned to the water in approximately 3 min
and monitored in the water for approximately 2–4 min by a free
diver before the hook was removed and the ﬁsh was released. Fish
released with satellite transmitters were tagged by trained ﬁshery
biologists while conventional tagging was done by both trained
ﬁshery biologists and recreational ﬁshermen participating in the
Dolphinﬁsh Research Program. More information on tagging meth-
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Fig. 1. Conventional (white ovals) and satellite (black ovals) mark and release locations for dolphinﬁsh released in the northeastern Caribbean Sea since January 1st, 2008.
PR: Puerto Rico; SJ: San Juan, PR; SA: Salinas, PR; PA: La Parguera, PR; AQ: Aquadilla, PR; USVI: United States Virgin Islands; ST: St. Thomas, USVI; STJ: St. John, USVI; STC: St.
Croix, USVI; BVI: British Virgin Islands; AP: Anegada Passage; TA: Tropical Atlantic; CS: Caribbean Sea; MP: Mona Passage; MI: Mona Island; SB: Saba Bank; ANG: Anguilla;
SKN: St. Kitts and Nevis; ANT: Antigua; MS: Montserrat.

Table 1
Dolphinﬁsh tag records for ﬁsh released and recaptured in the tropical Atlantic and Caribbean Sea. Distances correspond to minimum straight-line distances. The nearest
tag and recapture locations are provided. PR: Puerto Rico; DR: Dominican Republic; SJ: San Juan, PR; LP: La Parguera, PR; SPM: San Pedro de Macoris, DR; S. Hisp: South of
Hispaniola; STJ: St. John, United States Virgin Islands.
Tag ID

Tagged (mm.dd.yy)

Recaptured (mm.dd.yy)

DAL

Distance (km)

Rate (km/d)

Tag location

Recapture location

X10746
X08537
X13221
X14626
113350*F
X14649
X14630
X19668
X08282
X18683
X14603
126828*M
X19808
126830*M
X17080

1.20.2010
12.26.2009
9.28.2010
11.2.2011
11.14.2012
11.8.2011
11.2.2011
1.18.2013
10.10.2008
11.8.2011
2.10.2011
4.2.2011
5.8.2013
1.31.2014
2.13.2013

1.27.2010
1.3.2010
10.8.2010
11.25.2011
12.14.2012
12.30.2011
12.26.2011
4.1.2014
1.6.2009
5.30.2012
2.14.2011
5.2.2011
5.20.2013
3.3.2014
6.13.2013

7
8
10
23
30
52
54
73
88
203
4
30
12
30
120

26.40
91.42
22.26
59.74
856.64
542.12
128.18
187.00
612.84
1917.46
116.39
398.06
268.37
377.79
365.59

3.77
11.42
2.22
2.59
28.55
10.42
2.37
2.56
6.96
9.44
29.09
13.26
22.36
12.59
3.04

SJ
SJ
SJ
SJ
SJ
SJ
SJ
SJ
SJ
SJ
Salinas, PR
LP
LP
LP
STJ, USVI

SJa
Arecibo, PRa
SJa
Arecibo, PRa
Great Inagua, BA
Puerto Plata
Aguadilla, PRa
Mona Passagea
Puerto Plata, DR
Charleston, SC
LPa
S. Hisp
SPM
S. Hisp
Mona Passagea

*F Fishery-independent movement of a female acquired with single point pop-up satellite archival transmitter.
*M Fishery-independent movements of a male acquired with single point pop-up satellite archival transmitter.
a
Intra-regional movements.

Table 2
Dolphinﬁsh tag records for ﬁsh released off Florida or South Carolina and recaptured in the northeastern Caribbean Sea. All distances except Tag 136760 correspond to
minimum straight-line distances; Tag 136760 was a geodesic path distance obtained from a reconstructed geolocation track. BNP, FL: Biscayne National Park, Florida; SC:
South Carolina; LP: La Parguera, Puerto Rico; PR: Puerto Rico.
Tag ID

Tagged (mm.dd.yy)

Recaptured (mm.dd.yy)

DAL

Distance (km)

Rate (km/d)

Tag location

Recapture location

K044696
X07541
K045232
X14051
X11858
X13374
136760*M

6.19.2004
8.7.2009
7.23.2007
6.20.2011
6.10.2008
6.10.2011
6.4.2014

2.4.2005
3.26.2010
3.26.2008
3.2.2012
5.17.2009
12.9.2012
12.3.2014

230
231
246
256
341
557
180

2109.22
1975.73
1610.13
1273.54
2058.68
1613.39
12,998.55

9.17
8.55
6.54
4.97
6.03
2.89
72.21

BNP, FL
Charleston, SC
Islamorada, FL
Marathon, FL
Big pine key, FL
Miami, FL
Charleston, SC

St. Johns, Antigua
LP, PR
LP, PR
St. Barts, Anguilla
St. Kitts, Antigua
LP, PR
Mona Passage

*M Fishery-independent movement of a male acquired with a standard-rate pop-up satellite archival transmitter.
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ods followed by recreational ﬁshermen can be found by visiting
http://www.dolphintagging.com/.
2.2. Spatial analysis
The study area encompassed an area extending from the
northern Lesser Antilles islands to Hispaniola (bounding box:
20◦ N × 69◦ W × 16.5◦ N × 59◦ W); within this area, the tropical
Atlantic was deﬁned as north of the northern Lesser and Greater
Antilles Islands including the Turks and Caicos and Bahamian
archipelago; the Caribbean Sea encompasses the area within the
island arc south of the Greater Antilles. Based on these designations, straight-line distances were calculated between all release
and recapture events using ArcMapTM v.10.2.2 and movements
were classiﬁed into three categories: (1) intra-regional, (2) emigration movements between the U.S. east coast, Hispaniola, and
the Bahamas, and (3) immigration to Caribbean Sea island nations
(Dominican Republic; Puerto Rico; United States Virgin Islands;
British Virgin Islands; Anguilla; St. Kitts and Nevis; Antigua and
Barbuda). Movement headings were examined relative to straightline distances between mark and recapture locations. Lastly, spatial
movements were compared to movements of surface drifters
obtained from NOAA’s Atlantic Oceanographic and Meteorological Laboratory [http://www.aoml.noaa.gov/envids/gld/dirkrig/
parttrk spatial temporal.php]. Renditions of the geolocation track
were modeled (see below) and initially mapped using R© v.3.1.1
then exported to ArcMap for further spatial analysis. Within
ArcMap, path distance and headings were calculated.
2.3. Data analysis
Dispersal rates (km/d) were calculated according to distance and
days at liberty (DAL) between release and recapture events and
log-transformed to normalize their distribution. To account for possible post-tagging mortality events, ﬁsh at liberty for <2 days were
excluded from the analysis. Dispersal rates were then compared
between the tropical Atlantic and the Caribbean Sea because of
the differences in bathymetry, connection with the Atlantic, and
oceanography. Pairwise comparisons of dispersal rates between
the tropical Atlantic and Caribbean Sea were tested using the nonparametric Mann–Whitney U Test (M–W).
To examine whether dolphinﬁsh movements varied from surface current ﬂow, comparisons were made between tagging results
and movements of surface drifters (n = 196) within the study
area following methods developed in Merten et al. (2014b).
Here, surface drifters at liberty from January 1, 2002 until June
30, 2013 were examined and grouped according to deployment location (North: 20◦ N × 64.5◦ W × 18.3◦ N × 59◦ W; South:
18.30N × 64.5◦ W × 16.5◦ N × 59◦ W) to compare surface current
movements to dolphinﬁsh movements by sub-region. Lastly, the
Mona and Anegada Passages between Hispaniola and Puerto Rico
(18.7◦ N × 68.3◦ W × 17.9◦ N × 67.2◦ W), and the Virgin Islands and
Saba Bank (19.0◦ N × 65.5◦ W × 17.5◦ N × 63.2◦ W), respectively, have
a predominant southward ﬂow into the Caribbean Sea (Johns et al.,
1999). Hence, movements of surface drifter tracks (i.e., continue
west to the north of the Virgin Islands in the tropical Atlantic, or
drift south through the passages and enter the Caribbean Sea) were
investigated to highlight where dolphinﬁsh may diverge and take
a westward movement route to the north (originating and moving west, north of 18.3◦ N) or south (originating and moving west,
south of 18.3◦ N) of the Greater Antilles. Based on these criteria, surface drifters were categorized as (1) westward movements to the
north of the Greater Antilles in the tropical Atlantic (North: n = 78),
(2) westward movements to the south of the Greater Antilles in
the Caribbean Sea (South: n = 41), (3) moving from north (tropical Atlantic) to south (Caribbean Sea) then west (North-South:
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n = 22), and (4) south (Caribbean Sea) to north (tropical Atlantic)
then west (South–North: n = 55). Straight-line drifter rates were log
transformed and compared using Mann–Whitney pairwise tests to
evaluate differences in westward drift within the study region.
In addition to surface drifter movement rates, surface drifters
were evaluated based on three other criteria: (1) quantity, (2)
heading, and (3) deviation. To perform these analyses, surface drifters observed within the region of interest (North:
20◦ N × 64.5◦ W × 16.5◦ N × 59◦ W) were examined in a grid. To
increase the ﬁne-scale spatial resolution of the analysis a
.5◦ N × .5◦ W grid was chosen and projected in ArcMap. Within each
grid cell (n = 140), the path vectors of all surface drifters were (1)
counted and spatially analyzed for (2) heading using the spatial
measure tool in ArcMap. In addition, the spatial grid created in
ArcMap was exported to a jpeg and projected in Google Earth
v.7.1.2.2041 where headings and vectors per cell could be additionally veriﬁed. Once a count and vector headings were obtained per
cell, the values were averaged. The majority of headings obtained
per cell had a westerly component (i.e., 181–359) which were not
transformed. However, headings from 0 to 99.999◦ , were transformed by adding 360◦ (transformed headings: 360–459.99◦ ) to
allow each cell to be compared cumulatively. This transformation
would pull values further north if there was an easterly vector
observed within that cell while vectors from 180 to 100◦ per cell
would pull the average to the south. These methods allowed average headings to be collected per cell, then analyzed per cell for
(3) deviation from a westerly heading (degrees north of 270◦ (+);
degrees south of 270◦ (−)), and spatially auto correlated in ArcMap
based on relative standard deviation (i.e., percent of greatest standard deviation obtained per cell).
Analysis of raw geolocation points followed methods developed
by Sibert et al. (2003) and Lam and Nielsen (2008); geolocation values obtained from the transmitter were re-constructed to estimate
“the most probable track” using different Kalman ﬁlter state-spaced
models (KFTRACK and UKFSST packages; downloaded January 21st,
2015, from https://code.google.com/p/geolocation/) and run using
R© v.3.1.1. Geolocation points used in the models were ﬁrst ﬁltered for outliers (n = 19; 9/16/2014–10/5/2014) near the autumnal
equinox (9/23/2014), then moving averages were applied to raw
geolocation points within the ﬁrst (3) and last week (4) of the
track; these points along with a user-deﬁned deployment position and known ﬁnal pop-up location estimated by Argos© were
run in the KFTRACK (KF) and UKFSST (UKF) models. Tag-measured
average daily sea surface temperatures (SST) were included in the
UKF model run and compared to Pathﬁnder Advanced Very High
Resolution Radiometer (AVHRR) satellite-interpolated 1◦ × 1◦ globally gridded National Center for Environmental Protection (NCEP)
Reynolds 8-day composite SST acquired from May 25, 2014 to
December 14, 2014. Model parameters for geolocation products
were analyzed using R© until convergence was met. Each reconstructed track was exported from R© and mapped in ArcMap and
re-drawn in Adobe PhotoshopTM CS5.

3. Results
3.1. Intra-regional movements
Westward ﬁsh movements in the Caribbean Sea
(16.07 ± 8.93 km/d; n = 5) were signiﬁcantly faster than westward movements in the tropical Atlantic (8.03 ± 8.06 km/d; n = 10)
(M–W; P < 0.05) and all were to the west of their release location
(Table 1; Fig. 2). In the Caribbean Sea, there were only two intraregional movements; the ﬁrst was a rapid movement (29.09 km/d)
from Salinas, PR, to south of La Parguera, PR in four days, and the
second a slower movement (3.60 km/d) from the Anegada Passage
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Fig. 2. Westward intra-regional dolphinﬁsh movements in the tropical Atlantic and Caribbean Sea. Numbers indicate days at liberty (DAL). The approximate extent of the
insular shelf is indicated by a 40-m contour (thin black line). Thick black lines indicate the major rivers that occur along the north coast. Topographic features ranging in
elevations from 500 to 1300 m are represented in dark grey. TA: Tropical Atlantic; CS: Caribbean Sea; PR: Puerto Rico; MP: Mona Passage; AP: Anegada Passage; MI: Mona
Island, PR; VE: Vieques, PR; CL: Culebra, PR; USVI: United States Virgin Islands; ST: St. Thomas, USVI; STJ: St. John, USVI; STC: St. Croix, USVI; RCB: Rio Culebrinas; RCA: Rio
Camuy; RGA: Rio Grande de Arecibo; RGM: Rio Grande de Manati; RBY: Rio Bayamon; RLZ: Rio Loiza.

to the Mona Passage after 120 DAL. The remaining six ﬁsh in the
tropical Atlantic moved slowly to the west (4.15 ± 3.60 km/d), with
one ﬁsh recaptured after moving southward into the Mona Passage
after 73 DAL. Both recaptures in the Mona Passage occurred to
the northwest of Mona Island and east of the Dominican Republic
resulting in ﬁshing crossing the island chain from the north and,
presumably, the south.
3.2. Emigration movements
Fish moved to Hispaniola, the Bahamas, and the U.S. east coast
after being released off of San Juan, Puerto Rico (Table 1; Fig. 3). In
the Caribbean Sea, three movements (14%) were observed to Hispaniola after being released off of La Parguera, PR (Table 1; Fig. 3).
3.3. Immigration movements
Of the seven dolphinﬁsh movements into the Caribbean region,
three were recaptured off La Parguera, Puerto Rico (Table 2; Fig. 4).
The other movements occurred to the northern Lesser Antilles
and Mona Passage. Overall, all movements occurred within 6–11
months after being released along the U.S. east coast; one ﬁsh
(X13374) was recaptured after 18 months after being released off of
Miami, Florida. All ﬁsh recaptured except two were released along
the eastern Florida shelf. The others were released off Charleston,
South Carolina; one was released with a standard-rate PSAT.
Raw geolocation points, after ﬁltered and adjusted for outliers
(n = 26; 14.6%), were reconstructed using the KF and UKF methods
(Sibert et al., 2003; Lam et al., 2008), and in both cases, the models
estimated a more probable track than that provided by the tag manufacturer. The differences in ﬁt between the KF and UKF model were
minimal, therefore to be succinct, only the UKF ﬁtted track is being

presented (Fig. 5). The UKF model used coarse satellite-interpolated
AVHRR 8-day composite SST which was considered adequate for
the open-ocean nature of the track; if the route was coastal, higher
resolution SST packages would have been explored (i.e., Coastwatch
Blended SST or AVHRR-Global Area Coverage) (Nielsen et al., 2006).
To obtain the best ﬁt, a smoothing radius of 137 nautical miles was
used, but was inactive and thus not estimated, and the diffusion
estimate (D) was 50. Errors in longitude ( x ) and latitude ( sst )
were 0.28◦ and 0.78◦ , respectively. Convergence for all observations
(n = 177) was met with a negative log likelihood of 812.61.
3.4. Directionality
Regional
headings
were
predominately
westerly
(274.42◦ ± 21.07◦ ) and were not signiﬁcantly different between
the tropical Atlantic (n = 10) and Caribbean Sea (n = 7) (M–W;
P = 0.386).
3.5. Drifters
On average, surface drifters moved to the west-northwest
(282.15◦ ± 38.54◦ ) within the northeastern Caribbean Sea. When
examining drifters by deployment location (i.e., North vs.
South), there were no signiﬁcant differences (M–W: P = 0.078)
in movement trajectory between the tropical Atlantic (northern average: 279.98◦ ± 15.77◦ ) or the Caribbean Sea (southern:
284.32◦ ± 21.25◦ ), but there was a higher tendency to drift to the
north from the south (Fig. 6b). For example, drifters were observed
to associate with the Anegada (n = 42; 21.4%) and Mona Passage
(n = 13; 6.6%) more from the Caribbean Sea than tropical Atlantic,
despite being signiﬁcantly (M–W: P < 0.001) more drifter activity
(i.e., deployments and tracks), in the tropical Atlantic (Fig. 6c). The
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Fig. 3. Movements of dolphinﬁsh to the northeastern Caribbean Sea. Numbers indicate days at liberty for each recapture. TA: Tropical Atlantic; CS: Caribbean Sea; AP:
Anegada Passage; PR: Puerto Rico; Hisp.: Hispaniola; JA: Jamaica; CU: Cuba; BA: The Bahamas; FL: Florida; GA: Georgia; SC: South Carolina; CC: Caribbean Current; TA:
Tropical Atlantic; ANG: Anguilla; SKN: St. Kitts and Nevis; ANT: Antigua and Barbuda; OBC: Old Bahamas Channel; AC: Antilles Current.

Fig. 4. Inter-regional dolphinﬁsh movements dispersing from the tropical Atlantic and Caribbean Sea are mapped over 200-mile Exclusive Economic Zones (EEZs) for nations
of interest throughout the region. Numbers indicate days at liberty. All ﬁshery independent movements obtained from satellite tags were at liberty for 30 days. TA: Tropical
Atlantic; CS: Caribbean Sea; PR: Puerto Rico; MP: Mona Passage; ANG: Anguilla; ANT: Antigua; Hisp.: Hispaniola; SD: Santo Domingo, DR; PP: Puerto Plata, DR; TC: Turks
and Caicos; JA: Jamaica; CU: Cuba; BA: The Bahamas; Florida: FL; GA: Georgia; SC: South Carolina; CC: Caribbean Current; OBC: Old Bahamas Channel; AC: Antilles Current.
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Fig. 5. Most probable track for an adult male dolphinﬁsh ﬁtted by unscented Kalman ﬁltering with satellite-derived sea surface temperature (UKFSST; solid line). The ﬁsh was
released (black triangle) off Charleston, South Carolina, and remained at liberty for 180 days until the tag surfaced (black inverted triangle) northeast of Punta Cana, Dominican
Republic. Colors denote month. Jun: June; Jul: July; Aug: August; Sep: September; Oct: October; Nov: November; Dec: December; TA: tropical Atlantic; CS: Caribbean Sea;
MP: Mona Passage; PR: Puerto Rico; Hisp.: Hispaniola; JA: Jamaica; CU: Cuba; BA: The Bahamas; SC, U.S.: South Carolina, United States.

Table 3
Movement characteristics of surface drifter tracks that began and/or drifted through spatial interest areas (Bounding box: upper left = 20◦ N × 69◦ W; lower
right = 16.5◦ N × 59◦ W) in the northeastern Caribbean Sea from January 1st, 2002 to June 30th, 2013 used in comparison with dolphinﬁsh movements within the region.
N = originating and moving west north of 18.2◦ N; N–S = originating north of 18.2◦ N and moving west south of 18.2◦ N; S = originating and moving west south of 18.2◦ N;
S–N = originating south of 18.2◦ N and moving west north of 18.2◦ N. North: originated and moved west north of 18.2◦ N; South: originated and moved west south of 18.2◦ N;
North–South: originated north then moved west south of 18.2◦ N; South–North: originated south then moved west north of 18.2◦ N. DAL = days at liberty.
Drifter

Drifter statistics

Anegada Passage

Mona Passage

Category

Average DAL

Average distance (km)

Average rate (km/d)

Bypass

Thru

Toward

Bypass

Thrud

Towarde

Total

N (n = 78)
N–S (n = 22)
S (n = 41)
S–N (n = 55)

42.14
59.40
17.34
75.50

363.58
410.92
219.42
508.91

12.67a
11.72b
17.66a,b,c
9.35c

78
3
41
21

0/0
4/4
0/0
5/22

0/0
4/0
0/0
2/1

78
3
41
21

0/0
4/3
0
0/6

0/0
0/0
0/0
0/1

78/78
22/22
41/41
58/55

142

9/26

6/1

139

4/9

0/1

199f /196

Total
a
b
c
d
e
f

d

e

Mann–Whitney pairwise comparisons P = 0.039.
Mann–Whitney pairwise comparisons P = 0.038.
Mann–Whitney pairwise comparisons P < 0.001.
Enter from the north and move south/enter from the south and move north.
Move toward the passage from the north/move toward the passage from the south.
Three drifters were classiﬁed twice when moving south thru the Anegada Passage then north thru the Mona Passage.

spatial correlation of relative standard deviation (i.e., deviation
from the average drift direction) found that the spatial distribution of high values to be more spatially clustered (P = 0.002;
Z = 2.97) than would be expected if underlying processes were
truly random; higher standard deviations, and greater deviations
from the overall westward average, were clustered more in and
near to the Anegada and Mona Passages, meaning these bathymetric features had highly unpredictable surface current dynamics
(Fig. 6d) when compared to the tropical Atlantic and Caribbean
Sea encompassing the rest of the study area. Lastly, surface drifter
movement rates were signiﬁcantly (M–W: P = 0.039) faster in the

Caribbean Sea (17.66 ± 14.18 km/d) than in the tropical Atlantic
(12.67 ± 9.10 km/d) (Table 3; Fig. 6).
4. Discussion
Conventional and satellite tagging movements relevant to the
northeastern Caribbean Sea total 4.2% of recaptures recorded in the
western central Atlantic since 2002, yet these data revealed spatial
variation, distinct migration corridors, and seasonal re-entry routes
into EEZs throughout the western central Atlantic. The speciﬁc
hypotheses tested revealed that location within the northeastern
Caribbean Sea can have an inﬂuence on dolphinﬁsh movement
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Fig. 6. Movement dynamics (per 0.5◦ N × 0.5◦ W) of surface drifter tracks that began and/or drifted through spatial interest areas (Bounding box: upper left = 20◦ N × 69◦ W;
lower right = 16.5◦ N × 59◦ W) in the northeastern Caribbean Sea from January 1st, 2002, to June 30th, 2013 used in comparison with dolphinﬁsh movements within the
region. Average movements (a) were westward (average = 277◦ ) and deviated (b) the most from the overall average north and south of the Anegada Passage (arrows = ±7◦ ;
circles = proportional to amount of deviation from 270◦ ; black arrows and circles = <270◦ ; white arrows and circles = >270◦ ). The number of (c) surface drifter movements per
cell was signiﬁcantly greater north of the Greater Antilles than south and (d) relative standard deviation identiﬁed high variation hotspots in the vicinity of the Anegada and
Mona Passages.
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rates and dispersal routes appear to conform to the direction of
general surface current ﬂow. Lastly, though limited in sample size,
movement results did reveal regional connectivity through different migration routes which further stress the need for ubiquitous
multi-jurisdictional management measures and collaboration to
ensure future dolphinﬁsh stock sustainability. These conclusions,
including their implications and limitations, are further discussed
below.
4.1. Movement dynamics in the northeastern Caribbean Sea
Dolphinﬁsh movement rates were higher in the Caribbean Sea
(16.07 ± 8.93 km/d) than the tropical Atlantic (8.03 ± 8.06 km/d)
likely as response to differences in water mass and current dynamics (Corredor and Morell, 2001; Morell et al., 2006) between regions.
Previous studies of dolphinﬁsh movements along the U.S. east
coast and within the Bahamas showed that observed movement
rates of dolphinﬁsh closely matched recorded drifter movement
rates and displacements (Merten et al., 2014a,b). Knowing that
dolphinﬁsh are generally shallow water (<30 m) mid-trophic level
predators (Merten et al., 2014c), displacement, therefore, is presumably closely tied with the surface layer and inﬂuenced by
surface current dynamics, ﬂoating objects, and the movements or
epipelagic prey items (Taquet et al., 2007). Indeed, other recent
studies have documented the tendency for dolphinﬁsh to associate
with Sargassum spp., and ﬂotsam while migrating (Farrell et al.,
2014; Merten et al., 2014a). While comparable movement results
have not been documented for other pelagic ﬁsh species within the
region, surface drifters moved signiﬁcantly faster in the Caribbean
Sea (17.66 ± 14.18 km/d) than tropical Atlantic (12.67 ± 9.10 km/d),
results consistent with the movements of ﬁsh.
Slower movements in the tropical Atlantic could be attributed
to large riverine output leading to increased abundance of debris
and current boundary formation and propagation, features of less
prominence in the Caribbean Sea south of Puerto Rico. Although
there have been no studies done on the tendency for dolphinﬁsh to
aggregate around stationary and drifting ﬁsh aggregating devices
in the northeastern Caribbean Sea, research in the Indian (Dagorn
et al., 2007; Girard et al., 2007), Paciﬁc (Dempster and Taquet,
2004) and Atlantic Oceans (Farrell et al., 2014), Mediterranean Sea
(Moralles-Nin et al. (2000), and the Tongue of the Ocean (Merten
et al., 2014b) have documented this behavior. Along the U.S. east
coast, Kleisner (2009) observed that dolphinﬁsh are more likely
to associate in the open or coastal ocean proximal to frontal features due to increased foraging opportunities, more refuge (e.g.,
Sargassum, driftwood, ﬂotsam), and more frequent inter-species
interactions. As a result, the slower westward movement of dolphinﬁsh in the tropical Atlantic versus Caribbean Sea is likely
attributed to the following factors: (1) the Antilles Current north
of the Greater Antilles upstream of the North Equatorial Current is
characterized as a weak westward ﬂowing current heavily inﬂuenced by tides (Lee et al., 1991; Warne et al., 2005); the non-tidally
dependent Caribbean Current (Gordon, 1967) in the Caribbean Sea
is inﬂuenced by westward propagating mesoscale eddies (large
open ocean vortices 100 s of kilometers in diameter and up to a
1000 m deep) (Corredor and Morell, 2001) and is responsible for
signiﬁcant volume transport towards the Loop Current/Gulf Stream
(Johns et al., 1999); (2) around Puerto Rico, more debris (natural e.g.,
bamboo; un-natural e.g., plastic) enters the ocean along the north
coast than the south coast (due to larger watershed size, higher
runoff, and higher rainfall amounts caused by orographic rainfall
effects; Fig. 2) (Gilbes et al., 2001; Warne et al., 2005); (3) and river
plumes are more pronounced and extend for miles into the open
ocean along the north coast; no major rivers ﬂow off the south
coast (Gilbes and Armstrong, 2004; Warne et al., 2005). While the
results are not conclusive, these factors support the observed dif-

ferences in intra-regional movements between the tropical Atlantic
and Caribbean Sea. However, more ﬁsh need to be released both
in the tropical Atlantic and Caribbean Sea to investigate this relationship further. In addition, release locations should be analyzed
using satellite imagery (e.g., true color Landsat 30 m and Modis
250 m) to see how close ﬁsh were or were not released relative
to river plumes and large sample sizes of ﬁsh tagged and released
from different size classes should be collected to see at which size
dolphinﬁsh may become less dependent on orienting with surface
ﬂoating objects and current breaks.
All ﬁshery dependent, and independent, intra and inter-regional
dolphinﬁsh movements were reported west of their release sites.
Interestingly, a ﬁsh from the tropical Atlantic released off San Juan,
Puerto Rico, and another released in the Anegada Passage, were
recaptured in the Mona Passage, movements that suggest these
ﬁsh may have crossed the Greater Antilles island chain, with the
latter presumably from the south (Fig. 2). In addition, the daily UKF
geolocation track brought the adult male dolphinﬁsh (Fig. 5) within
the northern inﬂuence of the Mona Passage south of the known
pop-off location of the PSAT; based on these results, it appears this
ﬁsh may have entered the Mona Passage but was re-directed to the
north, evidence that supports the Mona Passage as an intersection
for the migration of dolphinﬁsh. While studies have shown that
the overall trend of volume transport in the Mona Passage is to the
south (Johns et al., 1999, 2002), surface drifter paths suggest surface
currents are not uni-directional and can move in both directions
(Fig. 6). Because the Mona Passage is considerably deep (∼400 m
sill depth) (Johns et al., 2002) compared to the observed vertical
extent of dolphinﬁsh in the region (155 m tropical Atlantic; 112
m in the Caribbean Sea) (Merten, 2014), volume transport should
not be construed as the sole factor inﬂuencing dolphinﬁsh movements through the passage. Morelock et al. (2000) suggest that
movements of surface currents above the mixed layer are strongly
inﬂuenced by semi-diurnal tides, which tend to rotate clockwise,
and peak at 50–75 cm/s. Approximately in phase with the tides in
the Mona Passage are internal waves that have been observed to
develop and propagate into the Caribbean Sea at a site northeast
of Mona Island called “el Pichincho,” a submerged ridge (minimum
depth ∼125 m) that extends across the middle of the passage from
Hispaniola towards Puerto Rico (Corredor et al., 2008). Internal
waves, centered at around 100 m at this site, have been measured
to span a vertical range of 50 m, and are thought to inﬂuence the
aggregation of pelagic ﬁsh (e.g., marlin, tuna, and dolphinﬁsh) due
to the oscillatory nature of the waves entraining phytoplankton and
zooplankton between the surface mixed layer and deeper bottom
waters (Morell et al., 1995). While the vertical extent of dolphinﬁsh has not been investigated in the Mona Passage, a study did
ﬁnd that dolphinﬁsh do partake in surface (0–30 m) and at-depth
(>30) feeding strategies (Merten et al., 2014c) which suggests that
dolphinﬁsh could feed relative to the productive interfaces associated with these features in the Mona Passage and be inﬂuenced to
move relative to the movement of prey. Dolphinﬁsh in this study,
were in fact tagged and released, and recaptured, in the proximity of “el Pichincho,” which conﬁrms that dolphinﬁsh occur in the
passage and are subject to these processes. However, the results
presented here are inconclusive as to how dolphinﬁsh may respond,
both horizontally and vertically, when they enter the Mona Passage from the tropical Atlantic or Caribbean Sea but the passage
does represent a migrational intersection point for these animals;
staying north would likely result in entry into ﬁsheries of the tropical Atlantic (i.e., Dominican Republic, Turks and Caicos, Cuba, the
Bahamas, United States), while moving south would expose the ﬁsh
to ﬁshing pressure in the Caribbean Sea (i.e., Dominican Republic,
Venezuela, Haiti, Jamaica, Grand Caymans). By investigating both
the short-term (<2 days) vertical movement extent of dolphinﬁsh
relative to internal waves and bathymetric features in the passage,
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and emigration movements using active tracking pop-up archival
transmitters, the question of directed versus random movements
within the Mona Passage can be approached.
4.2. Return migration routes
Documented movements of dolphinﬁsh from the northeastern
Caribbean Sea support evidence of seasonal re-entry into domestic and international ﬁsheries. Regional exchange of dolphinﬁsh in
the tropical Atlantic was observed between Puerto Rico and the
Dominican Republic, The Bahamas, and the U.S. east coast. In the
Caribbean Sea exchange was observed between Puerto Rico and
the Dominican Republic. Exchange of ﬁsh between Puerto Rico
and the Dominican Republic in the Caribbean Sea was nearly two
times faster than in the tropical Atlantic (CS: 16.07 ± 5.45 km/d;
TA: 8.69 ± 2.44 km/d) (Table 1; Fig. 3) for reasons discussed above.
From the recorded movements, dolphinﬁsh were documented to
disperse from the northeastern Caribbean Sea in three ways: (1)
west along the Greater Antilles in the tropical Atlantic, (2) westsouthwest along the Greater Antilles in the Caribbean Sea, and (3)
interact between the tropical Atlantic and Caribbean Sea via the
Anegada and Mona Passages. In the tropical Atlantic the generally
wind-driven northward ﬂowing Antilles Current (Lee et al., 1995) is
largely inﬂuenced by the Intra-Americas Sea low-level atmospheric
jet (IALLJ), a strong trade wind current of considerable east-west
extent centered over the Caribbean Sea (Amador, 2008), which
directs surface water from the tropical Atlantic towards the Gulf
Stream (Johns et al., 1999). In the Caribbean Sea, the Caribbean
Current reacts to the North Brazil Current retroﬂection (Corredor
and Morell, 2001) and meridional overturning circulation (Johns
et al., 1990), and is responsible for signiﬁcant volume transport
through the Caribbean Sea (Johns et al., 2002) directed towards
the Yucatan Channel and Loop Current (Lin, 2010), which eventually leads into the Straits of Florida and the Gulf Stream (Johns
et al., 1999). These marine and atmospheric features appear to
guide dolphinﬁsh in the northeastern Caribbean towards the Straits
of Florida and beginning of the Gulf Stream via the Old Bahamas
Channel (north of Cuba), Bahamian escarpment (northeast of The
Bahamas), or towards the Loop Current and Straits of Florida via
the Yucatan Channel (western Caribbean Sea).
Previous studies investigating the movement dynamics of dolphinﬁsh in the western central Atlantic have established northerly
movement routes along the U.S. east coast (Merten et al., 2014a)
and international to domestic ﬁshery exchange pathways between
The Bahamas and the U.S. (Merten et al., 2014b). Here, both ﬁshery
dependent and independent (Figs. 4 and 5) movements support
domestic (U.S) to international (Bermuda, Antiqua, Anguilla, St.
Kitts, Puerto Rico/United States Virgin Islands, Hispaniola) ﬁsheries exchanges. A geolocation track reconstructed using the UKF
method provides the ﬁrst evidence of one route dolphinﬁsh could
take when seasonally migrating from the U.S. to the Caribbean Sea;
a circuit that was ﬁrst proposed based on conventional movements
and drifter data from the U.S. to The Bahamas (Merten et al., 2014b).
In that study, notable movements to The Bahamas and Dominican
Republic occurred in 221 and 192 days, respectively; timing that
is consistent with the 180 day path taken to the northern limits of
the Mona Passage. The shorter duration in movement to the Mona
Passage from the South Atlantic Bight, than observed from conventional movements to the Caribbean Sea or northern Lesser Antilles,
could be attributed to the route taken when dispersing from the
U.S. east coast. The idea that the location a dolphinﬁsh exits the U.S.
east coast will determine the extent to the seasonal circuit it takes
to the Caribbean Sea remains valid based on geolocation evidence,
conventional movements, and surface drifter data presented here.
Interestingly, blue marlin released off of North Carolina and The
Bahamas were recaptured 412 and 315 days later off of St. Thomas
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and Barbados, respectively (Witzel and Scott, 1990). The recaptures
recorded in this study, and the movements observed for blue marlin, support this same trend, but represent a larger circuit (231–557
days) than observed to the Bahamas and Dominican Republic, for
dolphinﬁsh immigrating to the northeastern Caribbean Sea. Lastly,
one ﬁsh was recaptured south of Puerto Rico 557 days after being
released off of Miami, Florida, evidence that suggests either (1) an
extended circuit to the eastern north Atlantic, or (2) return migration through the Caribbean Sea after taking a shorter circuit off the
U.S. east coast. These movements suggest that a portion of a dolphinﬁsh cohort may become return migrants and make more than
one annual circuit through EEZs throughout the western central
Atlantic.
4.3. Implications and management
Until recently, few studies have described the differential patterns of dolphinﬁsh movements throughout the western central
Atlantic. The present study adds to the growing knowledge of
their annual Atlantic migration, and provides the underpinnings
for variability in their return migration towards the Yucatan Channel/Loop Current or Straits of Florida/Gulf Stream from the tropical
Atlantic, and Caribbean Sea, respectively. The results of the present
study suggest that ﬁshing mortality could be higher in the tropical Atlantic than in the Caribbean Sea, due to the propensity for
dolphinﬁsh to move more slowly in those waters. However, due
to the small sample size of recaptures these results cannot be conclusive, but do, however, raise the need for more dolphinﬁsh to be
tagged and released in both the tropical Atlantic and Caribbean Sea
to investigate this relationship further. In addition, obtaining ﬁshery independent data from pop-up satellite transmitters should be
a high priority within this region to verify how dolphinﬁsh behave
independent of ﬁshing effort. Together, the combination of small
sample sizes and the use of ﬁshery dependent data were major
limitations that could have affected the results and outcomes of
this study. Future studies should take this into account to portray a
more accurate representation of dolphinﬁsh movement dynamics
throughout the region.
The results suggest that there are signiﬁcant exchanges between
ﬁsheries of Caribbean Island nations, The Bahamas, and the U.S., and
this information should be used to implement an integrated ﬁshery
management plan with regionally consistent management measures such as a minimum size and bag limit due to increasing ﬁshing
pressure within the various jurisdictions in the region (Parker
et al., 2006); both the Caribbean Fisheries Management Council and
Caribbean Regional Fisheries Mechanism should explore including these possible management measures into the development
of a regional dolphinﬁsh ﬁshery management plan. This recommendation is based on both genetic studies that have shown that
dolphinﬁsh being targeted by northern Caribbean or U.S. based
ﬁsherman are harvesting the same population (Díaz-Jaimes et al.,
2010; Merten et al., 2015) and increasing evidence from movement studies that dolphinﬁsh are regionally connected in an annual
western central Atlantic migration circuit (Merten et al., 2014a,b).
However, this raises the question for future studies to investigate
the notion of sequential connectivity of good years/high abundance versus bad years/low abundance between geographically
separated EEZs and whether there is a predictive signal based
on oceanographic/meteorological processes (e.g., IALLJ response to
ENSO, Gulf Stream response to NAO, dynamics of the ORP) supplying additional habitat or conditions (Sargassum spp., heightened
frontal boundaries, better larval dispersal) that will favor increased
recruitment. It is important to note that more ﬁsh should be conventionally tagged and released, particularly in the Caribbean Sea
south of Puerto Rico, the USVIs, and in the northern Lesser Antilles,
to establish exchange with other Caribbean nations such as Jamaica,
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the Cayman Islands, Mexico, and regions such as the Gulf of Mexico
and Straits of Florida. In addition, there have been no quantiﬁed movements obtained to or from the Windward Island nations
including Guadeloupe, Dominica, Martinique, St. Lucia, Barbados,
St. Vincent and the Grenadines, Grenada, Trinidad and Tobago,
and the Netherland Antilles. Future work needs to be done on
these islands to get ﬁshermen to tag and release small dolphinﬁsh
and/or report recaptures if and when they occur; one recapture
was reported from Venezuela from a dolphinﬁsh released off of
South Carolina (Merten et al., 2015) which does suggest dolphinﬁsh
may move through these islands as they migrate westward. Initiating satellite and conventional tagging programs on these islands
nations to collect this information would allow more robust estimations of stock dynamics (seasonal abundance and recruitment)
and aid in providing predictive information on the timing of movement of ﬁsh between EEZs throughout the Caribbean Sea and Gulf
of Mexico.
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