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Abstract We examined movements of Atlantic blue

marlin (Makaira nigricans) from the Gulf of Mexico based

upon 42 pop-up archival transmitting (PAT) tags. Long

deployments (including one 334-day track) revealed

diverse movement patterns within the Gulf of Mexico.

North–south seasonal changes in blue marlin distribution

showed strong correspondence with established seasonal

patterns of sea surface temperature and primary production.

During the summer spawning season, blue marlin utilized

outer shelf and shelf edge waters in the northern Gulf of

Mexico, and longer duration tracks indicated overwintering

habitats in the Bay of Campeche. Egress occurred

throughout the year and was difficult to determine because

some tracks ended in the Straits of Florida (n = 3) while

other tracks recorded movement through it or the Yucatan

Channel (n = 4). Our results indicate that Atlantic blue

marlin have a more restricted geographic range of habitats

than previously recognized and that the Gulf of Mexico

provides spatially dynamic suitable habitat that is utilized

year-round through seasonal movements.

Introduction

Tuna and billfish species are typically wide ranging, highly

vagile, and support fisheries of significant value (Maj-

kowski 2007). Mark–recapture and electronic tagging

studies have demonstrated that many of these species make

long-distance movements and in some cases regularly cross

ocean basins (e.g., Adam et al. 2003; Ortiz et al. 2003;

Block et al. 2005). Molecular markers indicate that such

movements likely contribute to genetic homogeneity across

large (e.g., hemisphere or ocean) spatial scales (Graves

1998; Buonaccorsi et al. 2001). Consequently, unit stock

boundaries for these and similar oceanic fisheries are often

defined to encompass long-range movements of individuals

by including territorial waters of multiple nations.1 This

approach simply aims to equate the unit stock with the unit

of production—a population—so that abundance and

resiliency to exploitation can be accurately assessed. The

underlying assumption of the large unit stock hypothesis is

that the population of inter-breeding members produces

offspring with similar movement trajectories and other life

history characteristics.

Despite the assumption that individuals of a particular

stock share life history characteristics, there is a growing

body of research indicating that intra-population variability

in movement patterns is widespread across disparate fish
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taxa (Secor and Kerr 2009). A classic example is the partial

migration of many anadromous salmonid populations

where precocious resident males represent an alternative to

the ocean-type migratory life history (Jonsson and Jonsson

1993). Although the two forms are derived from the same

population, migrant and resident subpopulations have

contrasting growth, maturity, and mortality rates (Theriault

et al. 2008). Similarly, divergent movement patterns are

displayed by pelagic species including Atlantic bluefin tuna

(Thunnus thynnus) with significant intra-population vari-

ability within and between eastern and western stocks

(Rooker et al. 2007). Within each stock, subpopulation

groups with divergent movements have been termed con-

tingents (Secor 1999; Fromentin and Powers 2005).

Because mortality risks (both fishing and natural) vary

across the range of areas frequented by the different con-

tingents, each group may contribute disproportionately to

fishery landings and the overall dynamics of the population

(Fromentin and Powers 2005). Intra-population variability

in movement has clear importance in the context of man-

aging highly migratory species at the ocean basin scale,

and the development of meaningful, spatially explicit

models will rely heavily on rates of exchange among

different regions used by each contingent (Brill and

Lutcavage 2001; Sibert and Hampton 2003). Unfortu-

nately, for many oceanic species, our understanding of

intra-population variability in movements is limited, com-

promising our ability to understand the significance of

spatial variation in life history traits and fishery catches.

Atlantic blue marlin (Makaira nigricans) support highly

valuable recreational and commercial fisheries through-

out its range (Goodyear 1999; Luckhurst 2003; Brinson

et al. 2006). Based upon approximately 50 years of mark–

recapture data, Atlantic blue marlin exhibit some of the

longest movements ever recorded for oceanic fishes (Ortiz

et al. 2003), but the reported mean distance between release

and recapture is 575 km with the majority of recaptures

occurring within 1,000 km of the tagging locations from

fish at large for less than 6 months (Orbesen et al. 2008).

These data indicate that blue marlin may spend a high

proportion of time within a single subregion of the stock

boundaries. Recent catches of blue marlin reported by

ICCAT2 show three centers of catch production in the

western North Atlantic Ocean; the Caribbean Sea (55.4%,

primarily in the region near Venezuela), Gulf of Mexico

(15.6%), and tropical North Atlantic Ocean west of the

Antilles (13.4%) accounted for the majority of blue marlin

catch (5,602.1 out of 6,631.6 tons total) between 1998 and

2007. ICCAT has also identified a potential catch reporting

deficiency from fisheries in West Africa, which may rep-

resent a fourth center of catch production. Two of these

areas (Caribbean Sea and Gulf of Mexico) are typified by a

relatively high tendency for limited distance between

release and recapture sites, with 92.9 and 78.3% of recap-

tures occurring within the tagging areas, respectively

(Witzell and Scott 1990; Orbesen et al. 2008). The popu-

lation connectivity of blue marlin from these areas is poorly

understood, and seasonal and nomadic movements between

release and recapture locations may result in a significant

and unknown amount of time in other areas. Catch data and

conventional tagging also indicate a north–south seasonal

movement cycle in the western North Atlantic Ocean

(Mather et al. 1972; Witzell and Scott 1990; Wilson et al.

1991; Orbesen et al. 2008). Unfortunately, both the catch

data and the mark–recapture data are limited by a seasonally

variable and spatially uneven distribution of fishing effort.

Therefore, it is difficult to discern with these data whether

the production centers should be viewed as ecologically

independent subpopulations or simply as areas of high catch

from a uniform population.

Only recently have new inferences from larval fish

studies and electronic tagging provided further insights into

blue marlin migration and population structure. Advances

in molecular and morphological identification methods

have led to the identification of putative larval nursery

areas in the Gulf of Mexico, Straits of Florida, and Exuma

Sound of the Bahamas (Serafy et al. 2003; Luthy et al.

2005; Richardson et al. 2007, 2009; Devine et al. 2008;

Simms 2009, Appendix B). Unfortunately, much of the

range in the Atlantic where blue marlin larvae are known to

occur (Nishikawa et al. 1978) still has not been investi-

gated to determine the relative importance of potential

nursery areas. In addition, recent use of pop-up archival

transmitting (PAT) tags to examine hooking mortality and

vertical habitat utilization (Graves et al. 2002; Kerstetter

et al. 2003; Prince and Goodyear 2006; Goodyear et al.

2008) has also begun to provide information on horizontal

movements that complements previous telemetry results

(Holland et al. 1990; Block et al. 1992). Although PAT tags

have a significant advantage over conventional tags by

providing daily location estimates and ending locations via

satellite, knowledge of population connectivity between

subregions is still limited because most deployments to

date have been short-term (\90 days) and typically pro-

grammed to end after 30 days.

To better understand intra-population variability in

movements, we have been deploying PAT tags on blue

marlin in the Gulf of Mexico since 2003. Due to the sig-

nificance of this region to fishery catches and efforts to

estimate spawning population size from larval collections

(Richardson et al. 2009), more information on movements

2 ICCAT reported estimates of catch in tons from the western North

Atlantic based upon spatially aggregated (5-degree intervals of

latitude and longitude) data from all gear types. See Task II CATDIS

data for tunas and tuna-like species posted at: http://www.iccat.

int/en/accesingdb.htm.
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and habitat use of adult fish from the Gulf of Mexico is

needed to support improved stock assessment and fishery

management of blue marlin. Further, the Gulf of Mexico

provides a unique opportunity to examine blue marlin in a

semi-enclosed marginal sea of the Atlantic Ocean. Only

two relatively narrow passages to the Gulf of Mexico exist

(Straits of Florida, Yucatan Channel) through which the

western boundary current of the North Atlantic passes

(Sturges and Blaha 1976; Sturges 1993). Within the Gulf of

Mexico, this portion of the current can extend north to

28�N latitude and west to 88�W longitude and is called the

Loop Current. A combination of nutrient inputs from the

Mississippi River and upwelling fronts along the edge of

the Loop Current (Walsh et al. 1989; Muller-Karger et al.

1991) supports high primary production in pelagic habitats

as well as high catches of tropical and subtropical fishery

species (Chesney et al. 2000; Dagg and Breed 2003).

Interestingly, the Orinoco and Amazon River plumes likely

have analogous effects, respectively, in the Caribbean Sea

and tropical North Atlantic Ocean west of the Antilles

(Dagg et al. 2004) where catches of blue marlin are also

concentrated. Our work responds to reports from the rec-

reational fishery in the northern Gulf of Mexico that blue

marlin size range and seasonal movements vary indepen-

dently from adjacent areas of the western North Atlantic

Ocean. Here, we examined results from PAT tags deployed

on blue marlin over a 6-year period to characterize hori-

zontal movement patterns, describe seasonal distribution

changes, and gain insight into the population connectivity

between the Gulf of Mexico and adjacent regions. In

addition, we examined factors that may be used to refine

future application of PAT tags for this purpose.

Methods

Pop-up archival transmitting tags have been widely applied

to study movements in many large pelagic species, and the

details of the technology are well described in other papers

(e.g., Lutcavage et al. 1999; Teo et al. 2004). We deployed

PAT tags opportunistically from sport fishing vessels fol-

lowing the methods of Squire (1987) and Chaprales et al.

(1998). The vertical movement data gathered from 2003 to

2005 have been analyzed previously (Kraus and Rooker

2007), and here, we focus on the light-based daily geo-

locations derived from PAT tag data. Through 2004,

programmed deployments were 30 (n = 5), 90 (n = 5), or

180 days (n = 2). We subsequently established pro-

grammed durations of 180 days through 2007 (n = 22) and

increased the duration to 365 days in 2008 (n = 8) for a

total of 42 tags used in this analysis.

Although accuracy of deployment (GPS based) and

pop-up locations (ARGOS� satellite transmission based) is

relatively high, light-based geo-locations from the rest of

the tracks are known to be highly uncertain, especially in

the latitude dimension surrounding equinox periods (Welch

and Eveson 1999; Hill and Braun 2001; Musyl et al. 2001).

Therefore, we used state-space models that implement the

Kalman filter algorithm to estimate the most probable

tracks from light-based location data (Kalman 1960;

Sibert et al. 2003; Nielsen et al. 2006; Lam et al. 2008).

These models explicitly account for stochasticity in both

measurement (uncertainty in location) and process (fish

movement) and further refine movement tracks according

to sea surface temperature by comparing tag observations

with historical remote sensing data. Initially, light-based

geo-locations were estimated using software provided

by the tag manufacturer (Global Position Estimator�,

Wildlife Computers, Inc., Redmond, Washington, USA).

Reduced state-space models for each tag were developed

interactively from the light-based locations by removing

nonsignificant parameters as measured by likelihood ratio

tests and by considering erroneous locations on land. In

cases where the number of observations was small and the

pop-up location was relatively close to the deployment

location, we used a model with uniform variance structure

lacking sea surface temperature parameters and/or advec-

tion parameters to estimate a reasonable track solution.

Otherwise, the full model often provided the most rea-

sonable solution (see Appendix).

We used refined daily location estimates from the

reduced state-space models to examine horizontal move-

ments, seasonal distributions, and duration of time in the

Gulf of Mexico. Movements were assessed by plotting

tracks and calculating displacement (distance between

deployment and pop-up), displacement rate (displacement

divided by deployment duration), daily speed (based upon

refined daily location estimates), and directional compo-

nents of movement using GIS (from refined daily loca-

tions). Seasonal and daily characteristics of movement

were heavily influenced by short duration tracks and lim-

ited movements of fish within the first month after tagging.

This effect disproportionately weighted results toward

short duration tracks; therefore, we did not use the first

30 days of deployment of each track to assess seasonal

distribution patterns with the kernel density analysis. This

approach did not affect comparisons of displacement

with other published studies, which were made without

excluding any data.

For analysis of fish size effect on speed, short duration

tracks were incorporated. We evaluated fish size effects on

speed using linear regression and correlation. Speed data

were log-transformed to satisfy assumptions of normality.

Seasonal distributions were characterized by examining

plots of the empirical kernel density distributions using

the daily geo-location estimates (Worton 1989). We
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categorized data into 2-month intervals that provided suf-

ficient sample sizes for detecting differences between

intervals. Kernel densities were estimated using the spatial

analyst extension of ArcView 3.2 (ESRI), and the distri-

butions were visualized with volume contours of 25, 50,

75, and 100% occupancy. Further, we examined speed of

travel between days by decomposing speed and direction

into north–south and east–west components for fish with

long-term deployments (defined here as C90 days). Values

were averaged for individual fish for analysis, and reported

means and errors characterize variability among individu-

als rather than variability among days.

We quantified duration of time in the Gulf of Mexico

using event analysis (i.e., survival analysis) with the Kaplan–

Meier estimator (Castro-Santos and Haro 2003; Schroepfer

and Szedlmayer 2006). This approach accommodates right-

censored data, or tracks in which the tag came off of the fish

before an egress event could be observed. In addition, event

analysis has the advantage of properly handling tracks of

varying programmed durations such that the estimates are

not disproportionately influenced by short duration tracks

(Castro-Santos and Haro 2003). Mean duration was esti-

mated by calculating the area under the survivorship func-

tion, following Hosmer and Lemeshow (1999). In our data,

the longest track (334 days) did not end with egress; there-

fore, we included the area under the survivorship curve

between the last observed egress event and the longest track

(Hosmer and Lemeshow 1999). This effectively treated the

longest track as ending with egress; therefore, inferences

from the mean duration are conditioned on a 334-day period.

Some tracks ended within the Straits of Florida (defined here

as the region between 80�W and 82�W longitude that is north

of Cuba and south of the Florida Keys); therefore, we esti-

mated the average duration two ways: by classifying these

fish as (a) having egressed and (b) remaining within the Gulf

of Mexico. No such ambiguity was observed in the Yucatan

Channel; therefore, egress there was defined as southward

movement crossing 21.5�N latitude.

To evaluate the importance of premature tag release on

time spent in the Gulf of Mexico, we conducted additional

event analyses to determine the rate of premature tag

release for the pooled data and for data grouped by tag

anchor type (metal chevron, nylon barb, modified nylon

barb). Anchor types were compared with log-rank tests that

were adjusted for multiple comparisons (Cox and Oakes

1984). Statistical significance of all performed tests was

assessed at alpha = 0.05.

Results

All of the tags were deployed from May to August (2003 to

2008) in the northern Gulf of Mexico in continental slope

waters off of Texas and Louisiana (Fig. 1; Table 1). Mean

weight of tagged blue marlin (approximated by experienced

fishermen to the nearest 10 kg) was 100 kg (range:

30–250 kg), indicating that these individuals were primarily

average size mature males or young mature females (Erd-

man 1968; de Sylva and Breder 1997). Although eight of the

tags were recovered, we obtained most of our data via
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0 250 500 1,000
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70°W 90 W 85 W 80 W 75 W 65°WFig. 1 Tag deployment (dots)

and pop-up locations (triangles)

for 42 Atlantic blue marlin in

the Gulf of Mexico. Lines
connect end points for

individual fish. Lightly shaded
region represents the continental

margin to a depth of 1,000 m
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satellite where factors such as meteorological condition, sea

condition, and/or battery life usually prevented complete

transmission of data. Consequently, a significant fraction of

the deployment days lacked sea surface temperature and/or

complete dawn and dusk light-level curves for daily geo-

location estimates. Out of a total of 3468 deployment days,

2011 days were available for state-space modeling. Missing

periods from the tracks totaled 475, and these gaps were

modally 1 day long with a mean of three missing days per

gap. In each case, parsimonious interpretations of gaps never

included egress from and return to the Gulf of Mexico. This

situation mainly affected fish ID 16 (Table 1) where egress

occurred during a 19-day data gap. In this case, we used

the calendar midpoint to mark the timing of egress. We

compared pop-up locations with refined light-based geo-

locations 1 day prior to the pop-up date and found variations

that were on average 0.6� (SE = 0.10) for longitude and 0.4�
(SE = 0.09) for latitude. Based upon potential uncertainty

of geo-location estimates and the geography of the basin,

classification of positions as occurring either inside or out-

side of the Gulf of Mexico was unambiguous.

The geographic range of movements of blue marlin

encompassed areas as far away as oceanic habitats near

Belize in the Caribbean Sea and the U.S. Virgin Islands in the

North Atlantic Ocean, but the majority of geo-locations and

tag pop-up locations were within the Gulf of Mexico (Fig. 1).

Mean displacement ranged between *300 and 1,200 km

across years, with an overall mean of 588 km (±80.9 SE).

Inter-annual variability in displacement was significant

(ANOVA: displacement, F5,36 = 3.38, P = 0.013). This

result was driven by significantly larger displacements

observed in 2005 relative to 2004, 2006, and 2008 (Tukey–

Kramer adjusted P values for multiple comparisons were

\0.03): other years were not significantly different from

each other. Displacement rates (based upon straight line

distances between tagging and pop-up locations) were on

average 11.7 km per day for all tags combined. Average

daily speed was 31.3 km/day, and movement paths were

significantly more complex than what could be inferred

solely from deployment and pop-up locations (or mark–

recapture data). Daily speed estimates were not significantly

different among years (ANOVA: speed, F5,36 = 1.06,

P = 0.398).

Tracks from the longest deployment durations revealed

highly variable patterns of movement, regardless of tagging

location, season of release, or egress status (Fig. 2). Linear

regression analysis showed no significant relationship

between the estimated fish weight and the average daily

speed (r2 = 0.003, P = 0.746).

Seasonal changes in distribution emphasized a north–

south cyclical pattern within the Gulf of Mexico, but small

sample sizes limited inferences for winter and spring.

During May to June, blue marlin (n = 6) primarily utilized

an expansive shelf edge area that spanned the northern Gulf

of Mexico from Florida to Texas and south from Texas to

the U.S.–Mexico border into the central region of the Bay of

Campeche (Fig. 3). In July and August, the distribution

shifted away from the continental shelf into open ocean

habitats (n = 17), but was still primarily concentrated in the

northern Gulf of Mexico, especially in the offshore region

of Texas and Louisiana (Fig. 3). In September and October,

the distribution (n = 23) was primarily in slope and open

ocean areas off the U.S.–Mexico border and the central part

of the Bay of Campeche with a smaller area of habitat

utilization in the northeastern Gulf of Mexico in the region

of the Loop Current. Although the number of fish at large

was much smaller (n = 9) in November and December, the

distribution was similar to September and October with a

southerly shift away from the northern Gulf of Mexico. In

January and February, these regions of primary habitat

utilization (n = 7) shifted farther south and were concen-

trated in the Bay of Campeche and near the western end of

Cuba (Fig. 3). The March and April distribution pattern was

based upon a single fish that spent all of its time in the

western Gulf of Mexico at the U.S.–Mexico border.

Unfortunately, no tagged fish were at large from the eastern

Gulf of Mexico and adjacent areas during March and April.

Across seasons, finer-scale patterns of long-term

movement showed some directional biases that varied

among fish that egressed (including tracks that ended in the

Straits of Florida) versus those that remained in the Gulf of

Mexico for the duration of the tracks. From September to

December, daily speeds were slow and exhibited no sig-

nificant directional biases or differences between groups

(Fig. 4). Fish that egressed tended to show faster daily

speeds with a strong southeast bias from May to August

and from January to February (Fig. 4). This result was

consistent with movement into or through the Straits of

Florida (n = 5). By comparison, the group of fish that did

not egress showed a pattern of change in direction of

movement that reinforced the same annual cycle observed

in the kernel density distribution analysis. These fish ten-

ded to move west during May and June and south during

July and August (Fig. 4). Although movements were slow

and without prominent directionality during September

through February, the single fish available during March to

April showed net movement northwest out of the Bay of

Campeche. This northwest movement direction resulted in

a 101-km difference between the July 2008 deployment

and June 2009 pop-up locations and suggests that some

individuals return to the same regions in which they were

tagged during the previous year.

Although the majority of blue marlin remained within

the Gulf of Mexico for the durations of the PAT tag

deployments, up to 1 year (see Table 1 for the following),

deployment durations varied greatly with most (69%)
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lasting between 30 and 183 days. Excluding both short

(\31 days) and long durations ([185), 23 out of 30 indi-

viduals remained in the Gulf of Mexico during tag

deployments. Seven fish exhibited movement into the

Straits of Florida (n = 3) or clearly left the Gulf of Mexico

(n = 4). The timing of movements into or through the

Yucatan Channel and the Straits of Florida was highly

variable, occurring from June to January, but still provided

information for estimating the mean time to egress from

PAT tag data (Fig. 5). Estimates were not significantly

different whether tracks ending in the Straits of Florida

were classified as showing egress (mean duration =

223 days, SE = 34.8) or classified as remaining within the

Gulf of Mexico (mean duration = 264 days, SE = 36.4).

Thus, based upon an 11-month (334 days) observation

period, adult blue marlin tagged in the Gulf of Mexico

remained there on average for a minimum of 7 to

8 months.

Premature release of tags due to unknown causes

affected a large fraction of our deployments (n = 31).

Although seven tags prematurely released within 20 days,

eleven tags remained attached for the programmed dura-

tions up to 180 days (Fig. 5; one track was 334 days, but

no tags with programmed durations of 365 days remained

attached until the programmed release date). The mean

time to premature release of tags was estimated to be

115 days (SE = 18.0). The three types of tag anchors used

over the course of this study were metal chevron style

(supplied by the manufacturer) from 2003 to 2004, nylon

barb (Domeier et al. 2005) from 2005 to 2006, and a

modified nylon barb from 2007 to 2008. Comparisons of

premature release rates between tag anchor types revealed

no significant differences (Bonferonni corrected P values

were [0.50 for all log-rank tests comparing time to

release), indicating that tag anchor type was not a factor

leading to premature tag release.

Discussion

Application of PAT tags on Atlantic blue marlin from the

Gulf of Mexico revealed horizontal movement patterns

within an area of relatively high larval production and

catches of adults (Diaz and Ortiz 2006; Wilson et al. 2007).

At the coarsest spatial scale, displacement between tag

deployment and pop-up (mean = 588 km) was very simi-

lar to that obtained with conventional tagging (575 km;

Orbesen et al. 2008). Mean displacement distance empha-

sized that most pop-up locations were observed within the

Gulf of Mexico. Although mean displacement was con-

sistent across most years, larger displacements were

observed during 2005—a year characterized by high sea

surface temperature and strong hurricane activity in theT
a
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Gulf of Mexico (Kafatos et al. 2006). Similar inter-annual

variability has also been observed for Atlantic bluefin tuna

in the Gulf of Maine where regional climate was strongly

associated with horizontal movement patterns (Sibert et al.

2006). Average displacement rate of blue marlin in the

Gulf of Mexico (11.7 km/day) was less than half of the

speed estimate obtained from state-space modeling of daily

location tracks (31.3 km/day), emphasizing that tracks

were nonlinear. Though our displacement rate estimate was

lower than that reported for blue marlin in adjacent areas of

the North Atlantic Ocean by Graves et al. (33 km/day;

2002) and Kerstetter et al. (28–72 km/day; 2003), our

tracks were typically 2–5 months longer, and movements

may have been constrained by the geography and circula-

tion patterns in the Gulf of Mexico. Especially in the

western Gulf of Mexico, Loop Current eddies (Sturges and

Leben 2000) may influence the magnitude and direction of

horizontal movements either passively (by advection) and/

or indirectly (by affecting prey distribution). Further, the

idea that geography may constrain movements of blue

marlin in this region is supported by faster daily speeds

exhibited by individuals that moved into or through the

Straits of Florida or the Yucatan Channel.

Within the Gulf of Mexico, estimates of daily locations

between tag deployment and pop-up provided a more

detailed characterization of seasonal distribution changes

of blue marlin. The most prominent pattern was that blue

marlin tended to remain in the western Gulf of Mexico

(west of longitude 88�W) and shifted their distribution

seasonally between three distinct areas: (1) the shelf edge

of the Texas coastline and adjacent offshore area during

summer, (2) the central region of the Bay of Campeche

during winter, and (3) shelf edge and adjacent offshore area

at the U.S.–Mexico border during spring and fall. Indi-

vidual tracks, movement direction analysis, and aggregate

kernel density analysis supported this pattern of north–

south movement among three primary habitats in the

western Gulf of Mexico (Figs. 2, 3, 4). Centers of distri-

bution in the eastern Gulf of Mexico showed a similar

north–south seasonal change, but the smaller number of

fish and geo-locations made this pattern more difficult to

characterize.

Fig. 2 Tracks of blue marlin with deployment durations C140 days. Symbols and line shades are coded by 2-month intervals. To reduce clutter,

geo-location estimates of fish ID 40 are displayed with 5-day increments
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Our findings emphasize that most blue marlin remain in

the northern Gulf of Mexico throughout the spawning

season, which occurs from May to September based upon

gonad development (Erdman 1968; de Sylva and Breder

1997), larval occurrence (Serafy et al. 2003; Luthy et al.

2005; Devine et al. 2008; Richardson et al. 2009; Simms

2009, Appendix B), and back-calculation of hatch-dates

from otoliths (Prince et al. 1991). While this complements

larval surveys that have identified the Gulf of Mexico as an

important geographic area for reproduction, a minority of

individuals moved into the Straits of Florida, the North

Atlantic Ocean, or the Caribbean Sea, and these could

potentially contribute to spawning in both the Gulf of

Mexico and adjacent regions. This type of population

connectivity helps to explain why genetic markers are

homogeneous across the western North Atlantic Ocean

May-June
N=6

March-April
N=1

September-October
N=23

January-February
N=7

July-August
N=17

November-December
N=9

30°N

25°N

20°N

15°N

95°W 90°W 85°W 80°W 75°W 95°W 90°W 85°W 80°W 75°W

30°N

25°N

20°N

15°N

30°N

25°N

20°N

15°N

Fig. 3 Seasonal distributions of Atlantic blue marlin geo-locations

derived from PAT tag data. The first 30 days of each track were not

used for kernel density estimation (see explanation in ‘‘Methods’’);

therefore, these results are based upon a total of 30 individuals.

Shaded areas demarcate 25, 50, 75, and 100% of the distribution.

Individual locations used to estimate the distribution are shown as

circles
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(Buonaccorsi et al. 2001). On ecological time scales rele-

vant to fisheries management, estimation of time spent in a

putative spawning area supports more accurate assessment

of spawning stock biomass based upon larval surveys—a

key research frontier for blue marlin and related species

(Hunter and Lo 1993; Richardson et al. 2009). Our period

of observation (limited to 11 months) indicated blue marlin

stay in the Gulf of Mexico, including the Straits of Florida,

for an average of at least 8 months.

Remote sensing and physical oceanographic research

predicts that suitable habitats for blue marlin are available

year-round in the Gulf of Mexico, but the location of these

habitats changes throughout the year. Seasonal movements

that we observed appear to respond to these dynamic

changes in habitat, particularly with respect to temperature

and primary production. Patterns of vertical habitat use

have demonstrated that blue marlin spend most of their

time in the upper mixed layer of the water column at the

warmest temperatures available and rarely occupy water

temperatures \19�C (Kraus and Rooker 2007; Goodyear

et al. 2008). Sea surface temperatures in shelf edge habitats

in the northwestern Gulf of Mexico typically decline in

winter to 18–19�C (Rezak et al. 1985); therefore, thermal

habitat preferences may play an important role in the

timing of southerly movements during fall and winter.

Circulation patterns and nutrient fluxes in the Gulf of

Mexico are quite complex, and the most important pro-

cesses contributing to primary production are freshwater

flows from the Mississippi River and upwelling along the

outer edge of the Loop Current. The latter process has been

estimated to contribute three times more nitrogen to the

euphotic zone than the Mississippi River (Walsh et al.

1989), and the smaller number of tagged blue marlin in the

eastern Gulf of Mexico provided some evidence of utiliz-

ing habitats along the western edge of the Loop Current as

well as areas seaward of the shelf at the Mississippi River

delta (Fig. 5). On a seasonal basis, chlorophyll pigment

concentration (determined from satellite remote sensing)

throughout the Gulf of Mexico appears to change syn-

chronously and monotonically, rising from 0.06 mg m-3

during May to July and peaking at [0.18 mg m-3 from

December to February in habitats seaward of the shelf edge

(Muller-Karger et al. 1991). Based upon observed thermal

habitat use by blue marlin, declining sea surface tempera-

tures in winter probably inhibit use of otherwise highly

productive habitats along the northern shelf edge of the

Gulf of Mexico. Fall movements to more southern regions

such as the Bay of Campeche and the shelf edge of the

Yucatan Peninsula provide a more suitable thermal regime

during a time of seasonally increasing primary produc-

tion. The high concentrations of geo-locations near the

U.S.–Mexico border during spring and fall and surrounding

the Texas–Louisiana shelf edge during summer are more

difficult to understand but may be related to other persistent

oceanographic processes. For example, net direction of

prevailing currents on the Texas–Louisiana shelf is west,

while seaward of this shelf edge, the net current direction is

east. This situation combined with periodic movements

of Loop Current eddies across the shelf edge generates
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upwelling conditions that contribute significantly to primary

production in this region, especially during summer (Loh-

renz et al. 1999). Eddies that form from the Loop Current

travel relatively slowly into the western Gulf of Mexico,

typically reaching the shelf edge near the U.S.–Mexico

border where they gradually disintegrate through loss of

momentum (Sturges and Leben 2000). Although more

research is still needed, eddies in this area may interact with

the shelf edge (Ohlmann et al. 2001) or other eddies (Toner

et al. 2003) to enhance primary production in habitats that

appear to be important for blue marlin.

While correlations between spatial distribution patterns

and seasonal changes in temperature and primary produc-

tion seem to provide a useful explanation for understanding

movements within the Gulf of Mexico, our observation

period represents a small fraction of time in the life of a

species that may live for 20 years (Wilson et al. 1991), and

an outstanding question is whether or how often individuals

return to the Gulf of Mexico. Evidence indicates limited

population connectivity between the Gulf of Mexico and

other regions of the North Atlantic Ocean. Otolith stable

isotope markers suggested limited movement of blue

marlin within the Gulf of Mexico relative to other regions

(Wells et al. 2010). Recapture rates of conventional tags

suggest an asymmetrical exchange of individuals: 0.18%

(13 out of 7,084 releases) of blue marlin tagged in the Gulf

of Mexico were recaptured in other areas of the North

Atlantic Ocean (west of 60�W longitude), whereas only

0.047% (19 out of 39,825 releases) of recaptures indicated

movement in the opposite direction (Orbesen et al. 2008).

Likewise, other PAT tagging studies have not yet docu-

mented movement into the Gulf of Mexico from areas in

the adjacent North Atlantic Ocean (Graves et al. 2002;

Kerstetter et al. 2003; Prince et al. 2005; Prince and

Goodyear 2006; Goodyear et al. 2008), but inferences from

these studies are limited by low sample sizes and short tag

deployments. Similarly, our results demonstrate a rela-

tively low rate of movement into the Straits of Florida and

out of the Gulf of Mexico of at least 16.6% of tagged fish

per 11 months, but premature tag releases indicate that this

could be an underestimate. One intriguing possible expla-

nation for this limited connectivity is that fish overwinter in

the southern Gulf of Mexico to gain a reproductive

advantage through early arrival to the spawning area in the

northern Gulf of Mexico. Studies of partial migration in

birds have established that residency or limited migration

can provide this type of priority effect and represents an

important life history tactic of territorial species that may

offset growth and/or survival disadvantages of not

migrating (Kaitala et al. 1993; Berthold 2001). Compara-

tive information on the growth and survival of blue marlin

with respect to movement distance is lacking and would be

difficult to obtain; therefore, the early arrival advantage

hypothesis is not easily tested. Still, future efforts to

understand the relationship between movement patterns

and physiological condition (e.g., lipid content of biopsy

samples obtained at tagging) might provide insight into this

problem.

More detailed investigations into habitat associations

and longer studies of blue marlin movements with PAT

tags have important limitations, some of which may be

overcome with modifications to study design and applica-

tion of additional technologies. Interpretation of fine spatial

scale patterns of movement from our results was limited by

the precision of daily location estimates. Through com-

parison of pop-up location with last geo-location for

Atlantic bluefin tuna, errors in daily geo-locations from

PAT tags have been estimated to be 0.6�–0.9� in longitude

and 1.2�–1.5� in latitude (Teo et al. 2004). Double-tagging

experiments on pelagic sharks yielded similar error values

(Teo et al. 2004). Although our estimated errors were

smaller, we still could not determine associations with

smaller spatial scale features such as oil and gas plat-

forms, seamounts, frontal current boundaries, and eddies.

Fast GPS transmitter technologies are now being engi-

neered into electronic tags for pelagic fishes (e.g., www.

wildlifecomputers.com). Although these technologies

could provide a wealth of high-resolution geo-location data

for analyzing habitat associations, more work is needed to

develop successful tag attachment methods that ensure the

safety of the fish as well as the tagger. In addition, pre-

mature tag release is a common issue for billfishes and

other pelagic fishes (Gunn and Block 2001). Our results

indicated that tag anchor type was not a significant factor

leading to premature tag release. More importantly, the

mean time to premature release was about half of the mean

time that blue marlin spent in the Gulf of Mexico. Better

tag attachment methods would improve this situation, but

we note that longer-term inferences on movements would

also be possible through complementary tag deployments

in other regions and seasons (for example in winter in the

southern Gulf of Mexico).

In summary, our results support a new perspective of

blue marlin in which the Gulf of Mexico provides dynamic

suitable habitat that is utilized year-round through seasonal

movements of a subset of the Atlantic population. Future

insights are needed from ichthyoplankton surveys, age and

growth work, electronic tagging and population genetics to

clarify the dynamics and population structure of Atlantic

blue marlin. From this emerging perspective, it becomes

important to recognize that the divergent use of semi-

isolated habitats throughout ontogeny may be essential to a

robust population or meta-population (Kraus and Secor

2004; Secor and Kerr 2009). Of foremost concern is spatial

variation in fishing effort and/or selective fishing practices

that could disproportionately alter the abundance and
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reproductive contributions of those fish that spend time in

the Gulf of Mexico. This type of spatially varying mortality

risk applies to many highly migratory pelagic species for

which conservation status may be in question (Die 2006;

Rooker et al. 2008). Thus, our ability to meet future

challenges of fisheries management and conservation for

billfishes and other wide ranging oceanic species will

depend upon our knowledge of the evolutionary signifi-

cance of intra-population variability in movement patterns.
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Appendix

See Table 2.

Table 2 State-space model parameters for tracks of Atlantic blue marlin from the Gulf of Mexico

Tag u v D bx by bt sx sy st a0 b0 -logL

1 -6.52 -2.95 252.78 0.07 -0.65 0.11 0.23 0.88 0.31 0.07 -38.88 89.50

2 0.66 -9.06 617.61 -0.70 0.82 0.08 0.06 0.91 0.19 0.26 58.48 145.45

3 -5.43 -1.80 40.15 -0.24 0.34 0.21 \0.01 -39.63 49.62

4 0.01 -0.61 674.55 0.49 2.37 0.04 0.23 0.64 0.41 0.10 58.13 137.40

5 6.04 -0.70 169.96 -0.62 -0.57 -0.25 0.09 0.54 0.34 \0.01 24.20 79.96

6 -0.41 -1.79 581.34 -0.17 -0.97 0.06 0.00 1.04 0.43 \0.01 11.49 231.32

7 -5.12 -0.62 119.84 -0.37 -0.51 -0.09 0.18 0.58 0.43 \0.01 41.88 56.09

8 -3.93 4.13 268.76 -0.40 1.23 -0.18 0.31 0.77 0.32 \0.01 -80.00 85.83

9 -3.42 -3.46 778.85 0.82 2.83 0.15 0.00 1.10 0.29 \0.01 21.01 245.02

10 -9.70 -2.08 589.81 0.87 -1.73 0.14 0.48 1.69 0.27 \0.01 -21.12 240.62

11 10.97 -1.15 289.78 -1.36 -3.41 0.30 0.40 0.27 0.49 \0.01 19.90 112.05

12 14.18 -4.13 0.26 0.09 \0.01 -35.77 15.86

13 23.65 -11.56 358.76 0.83 -2.20 0.19 1.07 35.57

14 -12.21 -5.55 623.38 -0.56 3.08 0.36 0.32 1.88 0.32 1.02 51.76 195.55

15 -0.89 -1.08 423.41 -0.13 -0.75 0.32 1.86 0.10 0.06 27.31 205.33

16 4.21 -0.98 615.41 -0.72 0.13 0.77 \0.01 -80.00 37.79

17 -0.55 -3.59 543.69 -0.89 1.82 0.55 0.00 1.39 0.34 0.07 37.24 164.60

18 -2.14 -2.08 232.48 -0.28 -0.50 -0.07 0.39 1.04 0.55 0.04 17.83 226.04

19 4.93 -0.09 62.24 -0.67 0.27 0.36 0.08 -80.00 17.24

20 69.56 -0.23 0.00 0.03 0.01 80.00 0.30

21 -1.47 -7.88 384.36 -0.60 1.71 0.09 0.58 3.69 0.19 3.29 -80.00 57.05

22 131.93 -1.28 0.34 0.73 \0.01 80.00 17.28

23 -2.87 0.87 283.37 -0.27 0.47 -0.08 0.00 1.80 0.21 0.03 15.99 197.57

24 -0.64 -0.12 200.60 -0.06 2.34 -0.25 0.19 1.04 0.46 0.03 38.23 68.92

25 -0.82 -0.82 306.16 -0.93 2.40 0.13 0.18 3.32 0.25 2.13 80.00 177.30

26 0.19 -7.65 703.90 -0.07 -1.28 0.12 0.00 1.43 0.35 0.48 -9.92 83.31

27 -4.62 -3.18 343.06 -0.02 -0.63 -0.30 0.14 1.60 0.49 0.01 -17.92 288.41

28 261.64 -0.34 \0.01 0.25 \0.01 80.00 11.91

29 47.25 0.09 \0.01 0.23 \0.01 80.00 2.18

30 -3.88 -5.39 836.55 -0.60 0.07 0.06 0.21 0.25 0.32 0.01 27.18 177.97

31 230.25 0.33 0.39 \0.01 \0.01 -74.52 11.26

32 -4.01 -1.47 295.49 0.29 -0.05 -0.04 \0.01 0.17 0.24 0.03 19.56 58.30

33 -1.87 -0.76 411.58 -0.18 1.51 0.18 0.25 2.74 0.35 0.03 -1.25 350.69

34 -1.84 -2.09 326.82 0.06 -2.45 -0.08 0.21 2.07 0.46 0.21 -17.67 335.26
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