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ABSTRACT

The sailfish, Istiophorus platypterus (Shaw in Shaw and Nodder, 1792), is one of
the most frequently caught istiophorids along the Pacific coast of Central America.
Although conventional constituent-based tagging of sailfish in this region has been
ongoing for several decades, little insight has emerged regarding their movements
among multinational territorial waters. We used pop-up satellite archival tags
(PSATSs) to evaluate questions of management unit for sailfish in this region. A total
of 41 PSATs were deployed on sailfish caught with recreational gear off Mexico,
Guatemala, Costa Rica, and Panama. The 32 deployments that transmitted data
yielded displacements (point of release to point of first pop-up transmission) that
ranged from 21 to 572 nmi (39-1059 km). Monitoring durations ranged from 5 to
118 d, for a total aggregate of 1571 d. More than half of the deployments (22 of 32,
or 68%) resulted in displacement vectors outside the EEZ or territorial waters of the
country of tagging (lower bounds estimate). In addition, upper bounds estimates of
tracks using two algorithms ranged from 57 to 65 transboundary crossings; aver-
age days to make a transboundary crossing ranged from 12 to 20 d, respectively.
Given the relatively short residence time in the national waters of tagging, these
movements strongly suggest that this resource requires management at the regional
rather than national level.

Sailfish, Istiophorus platypterus (Shaw in Shaw and Nodder, 1792), have a circum-
tropical distribution and are known to be especially abundant along coastal equato-
rial regions of the Atlantic, Pacific, and Indian Oceans (Beardsley et al., 1975). Off
Central America’s coast, sailfish are the most abundant istiophorid and support viable
recreational and artisanal fisheries for Mexico, Guatemala, Costa Rica, and Panama
(Beardsley, et al., 1975; Prince et al., 2001; Ortiz et al., 2003). Although constitu-
ent-based conventional tagging programs for sailfish have been active in the Eastern
Tropical Pacific (ETP) since 1963, sailfish recapture percentages in these waters (D.
B. Holts, Southwest Fisheries Science Center, unpubl. data; E. Peel, The Billfish Foun-
dation, unpubl. data) are generally two to three-fold lower than comparable sailfish
tagging programs in other parts of the world (Ortiz et al., 2003).

There are numerous possible reasons for this poor recapture rate, including, but
not limited to, the relative isolation of the region, the multi-national nature of the
fisheries that exploit this species, and inadequate outreach efforts (Ortiz et al., 2003).
In addition, oceanographic phenomena in the region, such as hypoxia-based habitat
compression (Prince and Goodyear, 2006), may also potentially contribute to the
low recapture rate. For example, fish in an oxygen deficit state after the capture and
tagging event may not survive if they are unable to maintain forward movement
(i.e., ram ventilate) and thereby sink into the hostile hypoxic environment below the
thermocline (only 25 m below the surface). Under these circumstances, post release
survival could be jeopardized. Prince et al. (2002) recommended resuscitative tech-
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niques be applied prior to release, but it is unlikely that this procedure has been
performed regularly on the majority of the tagged sailfish from the ETP over the last
40 yrs. Therefore, the apparent limited amount of movement data from conventional
tagging of sailfish in the ETP prompted us to: (1) re-examine and analyze conven-
tional tagging results from all sources for the ETP; and (2) use pop-up satellite archi-
val tags to examine transboundary movements in this geographical region.

METHODS

STupY AREA.—The present study was conducted in Pacific waters off Central America,
from about 77°W to 110°W and from 25°N to 03°N. These coordinates include the territorial
waters of Mexico, Guatemala, El Salvador, Honduras, Nicaragua, Costa Rica, Panama, and
Colombia. Coordinates for national territorial boundaries between countries and interna-
tional EEZ offshore boundaries were developed from the Global Maritime Boundaries Data-
base [Includes data supplied and copyrighted (1998) by Veridian Information Solutions, Inc.,
MR] Engineering Group. These data or other information are provided on a best-efforts basis
and MR]J does not guarantee their accuracy or warrant their fitness for any particular purpose.
Such data or information has been reprinted with the permission of MR]J]. These boundary
demarcations were used as the basis for determining transboundary movements. We chose
sailfish captured in the waters of Mexico, Guatemala, Costa Rica, and Panama for electronic
tag deployments as active recreational fisheries for this species exist at these locations.

SoURrCEs OF CONVENTIONAL DATA.—Two sources of conventional tagging data for sailfish
in the ETP include the Southwest Fisheries Science Center and The Billfish Foundation (Ortiz
et al., 2003). Data extractions of sailfish tag and release files were made based on the coordi-
nates of the ETP given above. Only displacements of recoveries that moved out of the general
area of the original release locations (> 20 nmi or > 37 km) were analyzed for transboundary
movements.

DEPLOYMENT OF POP-UP SATELLITE ARCHIVAL TAGs.—Deployment of pop-up satellite
archival tags (PSATs) on sailfish was conducted from recreational fishing vessels using stan-
dard trolling gear with natural dead bait and non-offset circle hooks as terminal gear. All
tag deployment activities were conducted within 50 nmi of land. Wildlife Computers Inc.
(Redmond, WA) PAT 3 model tags were the primary tag used, although a few PAT 2 model
tags were also used in 2000 and 2002. Tags were programmed following Prince and Goodyear
(2006). Briefly, tag sampling parameters included sampling depth (pressure), temperature,
and light once every 30 or 60 s and the depth and temperature records were compiled into
histograms at 6-hr intervals for most deployments. A few of the early deployments summa-
rized histograms at 3-hr intervals. The temperature bins were programmed for temperatures
<12 °C, each successive 2 °C interval ending with 32 °C, and > 32 °C. The depth bins included
depths < -1, and successive intervals of 25-250 m, and depths > 250 m.

Our plan was to deploy a total of 40 PSATs on sailfish in the area of interest; 10 each on
fish captured off the coasts of Ixtapa, Mexico; Iztapa, Guatemala; Jaco (Los Sueiios), Costa
Rica, and Pifias Bay, Panama. PSATs were programmed for deployment durations of 30-120
d. A pressure-activated mechanical detachment device (RD 1500) was also used. This feature
helps prevents data loss in the event of fish mortality. Release locations were obtained from
global positioning systems onboard the tagging vessels and pop-up locations were obtained
directly from the ARGOS transmissions of each tag. The data collected included the mini-
mum and maximum temperature and depth, and amount of time spent in each of the speci-
fied depth and temperature bins for each 6 hr interval sampled. Billfish handling and tagging
procedures and associated devices were as described by Prince et al. (2002). The body shape
of sailfish is laterally compressed, particularly when compared to the more robust shape of
the larger marlins. This body metric limits the depth of penetration for anchoring PSAT tags
and likely contributes to premature release problems on this species (Prince and Goodyear,
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2006). Anchoring problems on sailfish are further exacerbated by the fact that sailfish have
a tendency to “free jump” more than the other istiphorids, which likely contributes to pre-
mature release of PSATs. In an effort to minimize premature release problems in this study,
we conducted some preliminary tests on dead sailfish to identify the most desirable location
for PSAT anchoring. We found that inserting the anchor about 4—5 cm ventral to the dorsal
midline, through pterygiophores and connective tissue to a depth just short of exiting the
opposite side of the fish, maximized the depth of anchor penetration. This approach was used
on all deployments. In addition, a conventional streamer tag (series PS) was placed in the fish
well posterior of the PSAT tag using standard procedures (Prince et al., 2002). Captured fish
were resuscitated from 3 to 15 min, depending on their apparent state of exhaustion, by mov-
ing the vessel ahead at about two knots, while maintaining control of the fish with a “snooter”
(Prince et al., 2002).

DATA PRESENTATION AND ANALYSIS.—We developed a dual approach to our analysis of
transboundary crossings, defined here as movements that crossed international boundaries
of countries neighboring the country of release, or that crossed offshore, international EEZ
boundaries. First, we computed a lower bounds (minimum) estimate based on the displace-
ment straight-line distance (in nmi) from the point of release to the point of first transmis-
sion. Second, we developed two upper bounds (maximum) estimates of transboundary cross-
ings based on two algorithms that computed tracks: one that used a Kalman filter (“KF track”
Sibert et al., 2003) and another (“Domeier track”) described by Domeier et al. (2004). The KF
uses latitude and longitude derived from light-based estimates of geolocation, and time and
distance between locations, but does not use sea surface temperature (SST). The current soft-
ware (EASy) for the Domeier algorithm uses longitude, time, and distance between locations,
and SST data. In addition, EASy has an option to incorporate an estimate of average move-
ment speed between locations. The two upper bound estimators for transboundary move-
ment, therefore, were based on slightly different input parameters. Their inclusion in this
study was for the purpose of providing a range of estimated maximum transboundary move-
ments and was not intended to test differences, performance metrics, or validity of tracking
methodology.

We plotted the maximum number of international boundary crossings vs days at large and
used simple linear regression (Steel and Torrie, 1960) to examine this relationship for each
tracking method.

RESULTS

CoNVENTIONAL TAGGING.—Constituent-based tagging of sailfish in the ETP
from the Southwest Fisheries Science Center’s (SWEFSC) billfish tagging program
(1963-2005) showed a total of 7474 releases and 20 recoveries. The Billfish Founda-
tion’s (TBF) tagging program (1990-2004) had 23,629 releases and one recovery. The
composite totals for both programs were 31,103 releases and 21 recoveries (0.07% re-
capture proportion); 12 recoveries were outside the original release locations (Fig. 1).
Displacement vectors of the point of release and point of recovery indicate that only
one out of the 12 conventional recoveries made a transboundary crossing.

PAsT TAGGING.—Of the 41 deployments (10 off Guatemala, 11 off Panama, 11 off
Costa Rica, and 9 off Mexico), 32 PSATs transmitted (22% non-transmission, Table
1). Deployment durations ranged from 5 to 118 d, with a total aggregate of 1572
monitoring days. PSAT displacement vectors ranged from 21 to 572 nmi (Table 1).
In terms of a minimum lower bounds estimate of transboundary crossings, 22 of the
transmitting PSATs (69%) from sailfish demonstrated at least one transboundary
crossing, while only one conventionally tagged sailfish recovery made a transbound-
ary crossing (4.8%).
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Figure 1. Sailfish displacement vectors from the 12 conventional tag recaptures (red) and 32 pop-
up satellite archival tags (orange) off the eastern tropical Pacific (ETP).

Sixteen of the 32 PSATs that transmitted provided data of sufficient quality and
quantity to allow reasonable track estimates (Table 2) for both of our upper bounds
maximum estimation methods (i.e., the KF and Domeier tracking algorithms). These
transmissions came from the release countries of Guatemala, Mexico, and Panama
(Table 2, Figs. 2, 3). Although transmissions from Costa Rica deployments allowed
determination of displacement vectors, transmissions from this country were cor-
rupted to the point where estimates of upper bounds tracks could not be made. The
totals for transboundary crossings for these 16 deployments for upper bound Do-
meier and Kalman tracks were 65 and 57, respectively (Table 2, Figs. 2, 3).

As the tracks resulting from our two upper bound methods were composed of a se-
ries of estimated geolocations, we also evaluated transboundary movement by exam-
ining the national distribution of geolocations resulting from both tracking methods
for the release countries of Guatemala, Mexico, and Panama (Fig. 4). Overall, deploy-
ments from Guatemala and Panama resulted in estimated geolocations in multiple
countries outside the country of origin, while estimated geolocations for Mexican
deployments were either in Mexico or in international waters. The estimates of geo-
locations from both tracking algorithms for Guatemala releases showed comparable
proportions within the confines of Guatemala (48% vs 39% for Domeier and KF algo-
rithms, respectively, Fig. 4), and 32% of the geolocations were in international waters
offshore of Guatemala for both methods. For deployments released off Mexico, 51%
and 80% of the geolocations for the Domeier and KF methods, respectively, remained
in Mexico, while all other geolocations were offshore in international waters. Geo-
locations from Panama deployments for both tracking methods showed comparable
results, with a majority remaining in Panama and Costa Rica waters.
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Table 1. Summary data for 32 sailfish tagged with PSAT tags off the Pacific coast of Central
America.

Tag number and Weight Deployment Days at % of target Displacement
location (kgs) date large deployment (nm)
Panama_2002_03 38.6 8/9/02 28/28 100.0 21.0
Panama_2004_01 38.6 26/6/2004 43/45 97.8 165.0
Panama_2004_02 31.8 26/6/2004 59/60 100.0 199.0
Panama_2004_03 34.0 26/6/2004 65/90 72.2 460.0
Panama_2004_04 34.0 26/6/2004 45/45 100.0 131.0
Panama_2004_05 40.8 28/6/2004 53/60 88.3 568.0
Panama_2004_06 34.0 28/6/2004 88/90 98.9 487.0
Panama_2004_07 20.4 271612004 5/45 11.1 43.0
Panama_2004_08 29.5 271612004 56/90 62.2 432.0
Panama_2004_09 34.0 271612004 120/120 100.0 61.0
Panama_2004_10 31.8 271612004 26/120 21.7 53.0
Mean 334 53.4 77.4 236.2
Mexico_2004_01 24.9 15/1/2004 19/91 20.9 238.0
Mexico_2004_02 20.4 15/1/2004 25/61 41.0 286.0
Mexico_2004_03 18.1 15/1/2004 N/A

Mexico_2004_04 15.9 15/1/2004 N/A

Mexico_2004_05 18.1 16/1/2004 30/92 32.6 295.0
Mexico_2004_06 20.4 16/1/2004 56/120 46.7 279.0
Mexico_2004_07 13.6 18/1/2004 N/A

Mexico_2004_08 15.9 18/1/2004 22/120 18.3 345.0
Mexico_2004_09 18.1 18/1/2004 N/A

Mean 18.4 24.0 31.9 288.6
Guatemala_2000_01 38.6 11/8/00 31/31 100.0 155.0
Guatemala_2003_01 30.8 17/11/2003 61/61 100.0 178.0
Guatemala_2003_02 18.1 18/11/2003 29/59 49.2 198.0
Guatemala_2003_03 38.6 17/11/2003 48/90 53.3 572.0
Guatemala_2003_05 24.9 17/11/2003 53/92 57.6 197.0
Guatemala_2003_06 49.9 17/11/2003 54/92 58.7 140.0
Guatemala_2003_07 27.2 17/11/2003 90/92 98.9 385.0
Guatemala_2003_08 31.8 17/11/2003 72/121 59.5 470.0
Guatemala_2003_09 29.5 18/11/2003 22/94 23.4 341.0
Guatemala_2003_10 40.8 18/11/2004 106/121 87.6 73.0
Guatemala_2003_11 27.2 18/11/2004 118/124 95.2 537.0
Mean 32.5 62.2 71.2 295.0
Costa Rica_2003_01 36.3 11/3/03 17/34 50.0 64.0
Costa Rica_2003_02 29.5 11/3/03 29/34 85.3 376.0
Costa Rica_2003_04 24.9 10/3/03 30/30 100.0 87.0
Costa Rica_2003_05 29.5 10/3/03 21/40 52.5 128.0
Costa Rica_2003_06 34.0 10/3/03 40/40 100.0 450.0
Costa Rica_2003_07 29.5 11/3/03 60/59 100.0 422.0
Costa Rica_2003_08 27.2 11/3/03 39/39 100.0 482.0
Costa Rica_2003_09 31.8 11/3/03 29/29 100.0 157.0
Costa Rica_2003_10 27.2 11/3/03 29/29 100.0 281.0
Costa Rica_2003_11 24.9 12/3/03 29/28 100.0 179.0

Mean 29.5 323 94.0 262.6
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Figure 2. Tracks of 16 Pacific sailfish off Central America developed from pop-up satellite archi-
val tagging data using the EASy algorithm (Domeier et al., 2003).

The number of upper bound international boundary crossings versus days at-large
for the Domeier algorithm resulted in only a weak relationship (r* = 0.249, P < 0.05)
equating to about one transboundary crossing every 20 d (Fig. 5A), while that for
the KF track was stronger (r* = 0.528, P < 0.01) equating to about one transboundary
crossing every 12 d (Fig. 5B).

FATE OF PSAT TAGGED SAILFIsH.—Three of the 32 deployments that transmitted
appeared to have mortality events that occurred after extensive periods at large: 65
d (Panama deployment), 50 d (Guatemala deployment), and 26 d (Panama deploy-
ment). All three mortality events occurred prior to the programmed release date
of each tag and, in each case, the tags sank to depths exceeding 1000 m before the
tag surfaced and transmitted. The temperature data collected by all three tags con-
firmed these vertical trajectories.

DiscussioN

MANAGEMENT UNIT.—Research questions relative to unit stock, or management
unit, are among the first issues addressed in any stock assessment (ICCAT, 2001). For
billfishes, this issue is typically addressed with conventional tagging data, in combi-
nation with data from genetic studies, when available (Ortiz et al., 2003). The general
area of study in the ETP examined here consists of coastlines of nine distinct politi-
cal entities, including (north to south): Mexico, Guatemala, El Salvador, Honduras,
Nicaragua, Costa Rica, Panama, Colombia, and Ecuador. Mexico has the longest
shoreline, while Honduras has the smallest.

The amount of available conventional tagging data for sailfish in the ETP (21 re-
coveries in over 40 yrs, recovery percentage of 0.07%) is minute, even when compared
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Figure 3. Tracks of 16 Pacific sailfish off Central America developed from pop-up satellite archi-
val tagging data using the Kalman filter algorithm (Siebert et al., 2003).

to similar constituent-based programs for sailfish and other istiphorids in different
parts of the world (Ortiz et al., 2003). These sparse tagging results do not appear to
be related to the tag deployment effort, as 31,000 ETP releases are about half that of
the leading sailfish tagging program (65,868, NMFS, Miami), but somewhat larger
than sailfish tag release efforts in Australia (16,370) and substantially larger than
those in New Zealand (55; Ortiz et al., 2003). However, within the ETP, the release
data are restricted in geographical distribution primarily to Mexico, Guatemala, and
Costa Rica. The ETP sailfish recapture proportions (0.07%) are exceedingly low by
any standard, even for istiophorids, which are known to have very low recapture pro-
portions world-wide (Ortiz et al., 2003). Thus, ETP conventional tagging results do
not appear adequate for a comprehensive evaluation of transboundary movements.

Possible reasons for the typically low recovery rate for conventionally tagged bill-
fish are reviewed by Ortiz et al. (2003) and others (Pepperell, 1990; Jones and Prince,
1998; Peel et al., 1998; Prince et al., 2002). These include: (1) inadequate outreach
activities (communication issues) with fishers; (2) unknown tag shedding rates or use
of tags with low retention rates; and (3) non-reporting of recovered tags. Appropriate
outreach activities are particularly important in multinational fisheries, which exist
for sailfish in the ETP.

The unique oceanographic features of the ETP (narrow mixed layer, shallow ther-
mocline with a steep temperature gradient, and hypoxic environment below the
thermocline, Prince and Goodyear, 2006) may also have affected conventional tag-
ging results. Tagged sailfish may be subjected to a pelagic environment that works
against survival after the initial catching and tagging event in the ETP. This situation
could also contribute to disproportionately lower tag recovery proportions in the
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man Filter algorithms using pop-up satellite archival data from 16 deployments from Guatemala
(top), Mexico (middle), and Panama (bottom). Numbers indicate percentages.

ETP compared to other areas where conventional sailfish tagging activities occur
(with the possible exception to the west coast of Africa).

Hoolihan (2004) evaluated transboundary migration using conventional tagging
data for sailfish from the Arabian Gulf, which has a coastline covering a similar num-
ber of political entities (eight) as the ETP. Arabian Gulf conventional tag recapture
proportions were uncharacteristically high (4.91%) and in this instance represent a
valuable means of assessing transboundary movement patterns in this region (Hoo-
lihan, 2003). However, the Arabian Gulf is a semi-enclosed body of water (distinctly
different from the ETP) and this feature no doubt contributed to the higher tag re-
covery rate for sailfish.

If an assessment of transboundary movements were based only on conventional
tagging results in the ETD, very little, if any transboundary behavior would be docu-
mented (1 of 21 recaptures). Thus, the lower bounds estimate from PSAT results (32
transmissions with displacement vectors, 22 of which made transboundary cross-
ings) effectively increases by several fold the available data to address the issue of
management unit in the ETP, resulting in quite different conclusions. Clearly, based
only on lower bounds estimates of transboundary movements, sailfish in the ETP
are a resource that is shared extensively with at least nine political entities in the
region.

The upper bounds estimate for the 16 deployments used in the Domeier and Kal-
man filter algorithms ranged from 57 to 65 transboundary crossings, equating to one
crossing every 12 d (KF algorithm) or one crossing every 20 d (Domeier algorithm).
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Figure 5. (A) Number of transboundary crossings vs days-at-large for sailfish from the Domeier
EASy algorithm. These results equate to one transboundary crossing every 20 d (1> = 0.249, P <
0.05); and (B) Simple linear regression of the number of transboundary crossings for sailfish vs
days-at-large for the Kalman Filter algorithm. These results equate to one transboundary crossing
every 12 d (r* = 0.528, P < 0.01).

The national distribution of geolocations resulting from deployments off Panama and
Guatemala were quite similar for both tracking methods, with a distribution of geolo-
cations over 3—4 adjacent countries, as well as international offshore boundaries.
Geolocations outside the Mexican EEZ only involved crossings into offshore inter-
national waters. This disparity in the distribution of geolocations (compared to Pan-
ama and Guatemala), as well as transboundary crossings, likely reflects the length
of shoreline and location of Mexico relative to the other release countries. Other
factors influencing the degree of transboundary movements include the monitoring
duration achieved for each fish, tag and release location within the release country
relative to adjacent boundaries and offshore territorial boundaries, and size of fish
monitored. For example, the average size of sailfish released off Mexico (40 lbs; 18
kg) was considerably smaller than the average release size (65-74 lbs; 29-33 kg) from
other countries and we believe this may have impacted the monitoring duration (i.e.,
all Mexican releases were premature), number of geolocations distributed outside
the release country, and subsequent number of transboundary crossings identified
from Mexican deployments. In addition, only five of the nine PSAT deployments
from Mexico transmitted, and this further limited the amount of transboundary
information from this location. In contrast, Panama and Guatemala, with smaller
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shorelines, more adjacent countries, and larger sailfish that yielded longer monitor-
ing durations, had many more transboundary crossings.

Extensive transboundary movements of sailfish in the ETP are evident from lower
bound displacements (22) and upper bound transboundary crossings estimated by
two tracking methods (57-65 crossings). In addition, as the relative frequency of
these movements ranged from 12-20 d, it is evident that this resource requires man-
agement regionally, rather than by individual countries. Hoolihan (2004) similarly
concluded that development of effective management of Arabian Gulf sailfish would
require cooperation between all stakeholders in the region who share the resource.
In only a few years, the use of pop-up satellite tag technology for sailfish in the ETP
provided a sound basis for evaluation of transboundary movements, whereas in over
four decades of conventional tagging, data were insufficient to address this issue.

The restricted PSAT deployment scheme (both in number of deployments and
countries) and relatively short PSAT monitoring durations achieved in this study
provide insight into, but not the final word on, the appropriate size and configuration
of the ETP sailfish management unit. Further research, including a more compre-
hensive deployment strategy (i.e., increased number of PSAT deployments off Co-
lombia, Ecuador, and possibly Peru), more deployments offshore from the Central
American coastline, and catch data from the major fisheries (both directed and in-
cidental) would be required to clarify the spatio-temporal dimensions of the ETP
sailfish management unit.

Most of the political entities mentioned in this study that have directed recre-
ational and artisanal fisheries for sailfish are member countries of the Inter-Ameri-
can Tropical Tuna Commission (IATTC). Thus, the IATTC has obvious jurisdiction
for management of this species. Over the last several years, the IATTC has been at-
tempting to conduct a stock assessment of Pacific sailfish (M. Hinton, IATTC, pers.
comm.) and based on the available information, including genetic studies (McDowell,
2002), considers this species a single stock in the Eastern Pacific Ocean. The new
results on sailfish movement presented here are consistent with this management
unit designation.
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