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Abstract The results presented in this report are based on

analyses of 16,721 days of data downloaded from 96

archival tags recovered from bigeye tuna (Thunnus obesus;

54–159 cm in length, 0.97–5.44 years of age) at liberty

from 31 to 1,508 days in the equatorial eastern Pacific

Ocean. Analyses of daily timed depth and temperature

records resulted in the classification of the data into three

daily behavior types: characteristic, associative (associated

with floating objects), and other. There is a significant

positive correlation between the proportion of time fish

exhibit characteristic behavior and increasing length, and

significant negative correlations between the proportion of

time bigeye exhibit associative and other behavior with

increasing length. For the smallest (54–80 cm) to largest

(100–159 cm) length classes, the vertical habitats utilized

when exhibiting non-associative behaviors were 99 and

98% of the time above the thermocline depth (60 m) during

the night, at the same average depth of 34 m, and 60 and

72% of the time below the thermocline during the day at

average depths of 163 and 183 m, respectively. For the

same smallest to largest length classes, when exhibiting

associative behavior, the average nighttime and daytime

depths were 25 and 21, and 33 and 37 m, respectively.

The apparent effects of the environment on the behavior of

the fish are discussed.

Introduction

It has long been known that tunas and other large pelagics

are attracted to flotsam and jetsam, and fisherman has taken

advantage of this associative behavior by constructing and

deploying both moored and drifting fish-aggregating

devices (FADs; Scott et al. 1999; Le Gall et al. 2000).

Bigeye tuna (Thunnus obesus) are caught in the eastern

Pacific Ocean (EPO) primarily by Asian distant water

longline vessels targeting them from about 30�N to 30�S,

and by industrial purse-seine vessels, of many nations,

targeting tuna aggregations associated with drifting floating

objects, mostly FADs, from about 5�N to 15�S (Anony-

mous 2008). Since 1994 catches of bigeye from longline

fisheries have significantly decreased and those of the

purse-seine fisheries have significantly increased. The

purse-seine fishery captures smaller bigeye, and the con-

sequences of that fishery over the past 16 years include

reductions in the yield per recruit and maximum sustain-

able yield. Because the stock of bigeye in the EPO is

overfished, there is uncertainty about the sustainability of

recent levels of exploitation (Anonymous 2008; Aires-

da-Siva and Maunder 2009).

Since changes in behavior and habitat of bigeye tuna

affect its vulnerability to capture, understanding the

behavior and habitat utilization of bigeye is crucial for

improving stock assessments, by including quantitative

information for standardization of purse-seine and longline

catch per unit of effort (Brill et al. 2005; Maunder 2005;

Maunder et al. 2006). Estimation of the occurrence and

duration of associative and non-associative events of big-

eye with floating objects, where large-scale industrial

purse-seine and longline fisheries operate in the EPO, is

important for estimation of their relative vulnerability.

In addition, understanding the fine-scale behavior of bigeye
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in association with floating objects can be useful for

evaluating potential modifications to purse-seine fishing

techniques for reduction of the catch of undesirable sizes of

tunas including bigeye, and also other bycatch species.

Historical studies using ultrasonic telemetry of fine-scale

movements and short-term behavior of bigeye equipped

with acoustic tags, while associated with anchored FADs

off Hawaii (Holland et al. 1990) and while non-associated

in pelagic waters off French Polynesia (Dagorn et al.

2000), described some associative and non-associative

behavior patterns and provided some preliminary infor-

mation on habitat utilization. Schaefer and Fuller (2005)

investigated the fine-scale and short-term horizontal and

vertical movements of bigeye and skipjack (Katsuwonus

pelamis) tunas concurrently, within large multi-species

aggregations, associated with moored buoys and a drifting

vessel in the EPO, using ultrasonic telemetry and archival

tags (ATs), coupled with acoustic imaging. The simulta-

neous behavior of bigeye, skipjack, and yellowfin

(Thunnus albacares) tunas, while associated with drifting

FADs, was also investigated in the western Pacific Ocean

(WPO), using ultrasonic telemetry, by Matsumoto et al.

(2006).

In recent years, tagging experiments utilizing ATs with

free-ranging tunas, including bigeye, have provided

extensive long-term data sets, and vital information

toward further understanding of the movements, behavior,

habitat, and physiology for the species investigated (Block

2005; Schaefer et al. 2009). A previous investigation into

bigeye movements, behavior, and habitat in the EPO

(Schaefer and Fuller 2002), based on a limited amount of

AT data, included discrimination and classification of

daily behavior types. Estimates in that study included the

frequency and duration of events in which bigeye exhib-

ited characteristic behavior, consisting of diel vertical

migrations to daytime depths of about 350 m, and asso-

ciative behavior with floating objects. The diurnal and

seasonal variability in vertical habitat utilization distribu-

tions relative to environmental variables were also eval-

uated in that study. Within the Pacific Ocean, useful

information has also been derived from AT data on the

vertical movements, behavior, and habitat of bigeye in

Hawaiian waters (Musyl et al. 2003) and the Coral Sea

(Evans et al. 2008).

The objectives of this investigation are to quantify and

elucidate the vertical movements, behavior, and habitat

utilization of bigeye in the equatorial EPO, based on

analyses of 16,721 days of data downloaded from 96

archival tags recovered from bigeye (54–159 cm in length;

0.97–5.44 years of age) at liberty from 31–1,508 days,

collected during 2000–2009. The time-at-depth and tem-

perature data are utilized for the daily classification of

distinct behavior types and habitat utilization distributions.

The behavioral data are evaluated with respect to length,

age, and spatial and temporal characteristics. The results

obtained have direct implications for consideration of their

inclusion within stock assessments and resource manage-

ment applications for bigeye in the EPO.

Materials and methods

Tag releases

Tagging was conducted on the chartered FV Her Grace,

a 17.7-m live-bait pole-and-line fishing vessel. Bigeye asso-

ciated with Tropical Atmosphere–Ocean (TAO) moorings,

the tagging vessel, and drifting fish-aggregating devices

(FADs), were captured, tagged, and released between 2�N

and 2�S, and 95� and 97�W, during March to May of 2000

and 2002 through 2005. The details regarding the materials

and methods utilized in the capture, tagging, and release of

the fish are given by Schaefer and Fuller (2009).

The ATs deployed in 2000 were model Mk7 and in

2002 model Mk9, both manufactured by Wildlife Com-

puters, Redmond, Washington, USA. The ATs deployed

in 2003, 2004, and 2005 were model Mk9, and LTD_2310

manufactured by Lotek Wireless, Inc., St. John’s, New-

foundland, Canada. The configuration for each of the ATs

deployed was designed for implantation into the peritoneal

cavity of the fish, with the light and temperature sensor

stalk protruding outside the fish through an incision in the

abdominal wall. A label, printed in Spanish, with infor-

mation about reporting the recovery of the tag and the

associated reward (US$500) was encased in the main body

of the instruments. The depth (pressure), ambient and

internal temperatures, and light-level data were pro-

grammed to be stored in the memory of the tags every

4 min for the Mk7 tags deployed in 2000, and every

1 min for the Mk9 and LTD_2310 tags deployed in

2002–2005.

Tag recoveries

Data on the release and recapture dates, locations, and

lengths for 96 bigeye for which there are complete data sets

of greater than 30 days, along with the corresponding days

of archival tag data utilized for each in this study are

given in Table 1. Except for 9 of the fish that were

recaptured by longline vessels (Table 1), all were recap-

tured by purse-seine vessels fishing in the vicinity of FADs.

The 96 fish ranged from 54.1 to 159.2 cm in length and

0.97–5.44 years of age, and AT data were recovered from

those fish while at liberty from 31.2 to 1,508.2 days

(mean = 171.4 days), for a total of 16,721 days of AT data

(Table 1).
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Table 1 Release and recapture information for 96 bigeye with archival tags, and the days of data obtained

Tag no. Tag

type

Release Recapture Days at

liberty

Days of

data
Date Location

(dd)

Length

(cm)

Date Location

(dd)

Length

(cm)

99–787 Mk 7 15-Apr-00 0.87 N 97.10 W 115 22-Aug-00 1.72 N 83.08 W 126a 128.7 128.7

99–792 Mk 7 15-Apr-00 0.87 N 97.10 W 126 15-Oct-00 1.35 N 95.82 W 132 182.7 182.7

99–793L Mk 7 15-Apr-00 0.87 N 97.10 W 114 21-Mar-01 2.25 N 97.25 W 142a 339.7 169.7

99–821 Mk 7 15-Apr-00 0.87 N 97.10 W 110 20-Jul-02 0.55 N 85.90 W 154b 825.7 357.5

99–876L Mk 7 15-Apr-00 0.87 N 97.10 W 99 24-Mar-03 6.38 N 117.25 W 168 1,072.7 254.5

99–884 Mk 7 15-Apr-00 0.87 N 97.10 W 102 1-Jul-01 1.12 N 86.18 W 135 441.7 320.4

99–869 Mk 7 16-Apr-00 1.08 N 97.08 W 113 7-Aug-00 4.85 N 103.18 W 122a 112.4 112.4

99–889 Mk 7 16-Apr-00 1.08 N 97.08 W 112 2-Jul-00 0.37 N 98.58 W 118 76.4 76.4

99–798L Mk 7 17-Apr-00 1.47 N 96.97 W 106 2-Apr-05 1.33 N 127.52 W 181 1,810.7 274.0

99–801 Mk 7 17-Apr-00 1.47 N 96.97 W 112 6-Jul-00 1.47 N 90.72 W 119a 79.8 79.8

99–804 Mk 7 17-Apr-00 1.47 N 96.97 W 104 23-Dec-00 4.80 N 105.42 W 119 249.6 175.3

99–817 Mk 7 17-Apr-00 1.47 N 96.97 W 106 18-Jun-00 1.12 S 95.87 W 111a 61.7 61.7

99–826 Mk 7 17-Apr-00 1.47 N 96.97 W 118 14-Jan-01 0.50 N 101.52 W 135 271.8 271.8

99–839 Mk 7 17-Apr-00 1.47 N 96.97 W 109 12-Jun-00 2.33 S 95.75 W 112 55.8 55.8

99–847 Mk 7 17-Apr-00 1.47 N 96.97 W 102 29-May-00 1.77 N 97.23 W 106a 41.7 41.7

99–860 Mk 7 17-Apr-00 1.47 N 96.97 W 104 10-Jun-00 2.18 S 97.87 W 109a 53.7 53.7

99–865L Mk 7 17-Apr-00 1.47 N 96.97 W 101 15-Jun-00 2.67 S 99.05 W 106a 58.6 58.6

99–886L Mk 7 17-Apr-00 1.47 N 96.97 W 96 22-Jan-03 6.50 S 124.08 W 167 1,009.7 356.4

99–862 Mk 7 18-Apr-00 1.47 N 96.97 W 93 21-Jun-00 1.77 S 94.80 W 99a 63.7 63.7

99–883 Mk 7 19-Apr-00 1.93 N 96.55 W 116 18-Jun-00 1.60 S 95.55 W 121a 59.7 59.7

99–803 Mk 7 22-Apr-00 2.02 N 95.40 W 113 26-Jul-00 2.20 N 102.72 W 121a 94.1 94.1

99–810 Mk 7 22-Apr-00 2.02 N 95.40 W 120 18-Jun-00 1.65 S 93.17 W 123 56.0 56.0

99–812L Mk 7 22-Apr-00 2.02 N 95.40 W 116 29-Sep-00 0.55 N 109.00 W 129a 159.1 159.1

99–814 Mk 7 22-Apr-00 2.02 N 95.40 W 120 13-Jul-01 1.42 N 88.93 W 155a 446.1 331.0

99–816 Mk 7 22-Apr-00 2.02 N 95.40 W 122 30-May-00 1.78 N 97.60 W 125a 37.1 37.1

99–835 Mk 7 22-Apr-00 2.02 N 95.40 W 109 18-Jun-00 1.20 N 99.68 W 114a 56.7 56.7

99–887L Mk 7 22-Apr-00 2.02 N 95.40 W 120 5-Apr-01 2.00 N 107.00 W 135 347.1 264.4

390041 Mk 9 26-Mar-03 1.98 S 95.18 W 86 9-Oct-03 2.00 S 95.30 W 94 196.2 196.2

390057 Mk 9 26-Mar-03 1.98 S 95.18 W 80 22-Feb-04 0.13 N 95.08 W 106 332.2 332.2

390065 Mk 9 26-Mar-03 1.98 S 95.18 W 77 12-Dec-03 1.05 S 93.48 W 98 260.2 260.2

390080 Mk 9 26-Mar-03 1.98 S 95.18 W 76 2-Jul-03 2.82 S 97.98 W 81 97.2 97.2

1116 LTD 2310 4-Apr-03 1.98 S 95.18 W 69 7-Oct-04 1.42 N 98.72 W 119 551.2 102.5

390060L Mk 9 4-Apr-03 1.98 S 95.18 W 121 27-Jul-07 1.33 S 93.83 W 190 1,574.2 181.8

390061 Mk 9 4-Apr-03 1.98 S 95.18 W 83 8-Nov-03 3.05 N 108.37 W 100 217.2 217.2

390095 Mk 9 4-Apr-03 1.98 S 95.18 W 77 30-Jul-03 1.68 N 99.47 W 87 116.2 116.2

1107 LTD 2310 6-Apr-03 1.98 S 95.18 W 119 15-Nov-03 1.52 S 98.62 W 137a 222.1 222.1

1113 LTD 2310 9-Apr-03 1.98 S 95.18 W 115 8-Nov-03 1.50 S 104.12 W 128 212.1 212.1

1110 LTD 2310 12-Apr-03 1.98 S 95.18 W 100 18-Jun-03 0.15 N 102.40 W 106a 66.2 66.2

1102L LTD 2310 13-Apr-03 1.98 S 95.18 W 101 30-Apr-05 3.82 N 124.57 W 155 747.2 239.9

390052 Mk 9 6-May-03 2.00 N 95.33 W 81 23-Aug-03 0.01 N 101.33 W 89 108.1 108.1

390056 Mk 9 6-May-03 2.00 N 95.33 W 88 9-Aug-03 0.80 N 98.62 W 91 94.1 94.1

390069 Mk 9 6-May-03 2.00 N 95.33 W 82 18-Sep-03 2.27 S 109.28 W 92 134.1 134.1

390072 Mk 9 6-May-03 2.00 N 95.33 W 90 23-Sep-03 3.27 S 111.27 W 102 139.1 139.1

1105 LTD 2310 11-May-03 2.00 N 95.33 W 109 28-Jul-03 2.53 N 98.22 W 111 77.2 76.6

1100 LTD 2310 6-May-04 1.98 S 95.17 W 57 7-Jun-04 0.33 N 95.08 W 58 31.2 31.2

1111 LTD 2310 6-May-04 1.98 S 95.17 W 88 20-Nov-04 2.87 S 101.83 W 108 197.2 197.2

Mar Biol (2010) 157:2625–2642 2627

123



Table 1 continued

Tag no. Tag

type

Release Recapture Days at

liberty

Days of

data
Date Location

(dd)

Length

(cm)

Date Location

(dd)

Length

(cm)

2318 LTD 2310 6-May-04 1.98 S 95.17 W 54 19-Jun-04 2.57 S 96.17 W 59a 43.2 43.2

1082 LTD 2310 7-May-04 1.98 S 95.17 W 88 12-Feb-05 1.20 N 99.47 W 114 280.2 280.2

1107 LTD 2310 7-May-04 1.98 S 95.17 W 89 27-Aug-04 1.47 S 96.28 W 97 111.2 45.4

2308 LTD 2310 7-May-04 1.98 S 95.17 W 88 19-Jun-04 2.57 S 96.17 W 88 42.2 42.2

2313 LTD 2310 7-May-04 1.98 S 95.17 W 83 26-Dec-04 0.52 S 94.78 W 104 232.2 232.2

2326 LTD 2310 7-May-04 1.98 S 95.17 W 87 20-Oct-04 1.25 S 95.93 W 100 165.2 165.2

2540 LTD 2310 7-May-04 1.98 S 95.17 W 123 4-Feb-05 1.17 S 102.22 W 144a 272.2 153.6

2541 LTD 2310 7-May-04 1.98 S 95.17 W 88 25-Nov-04 2.00 S 100.40 W 106 201.2 201.2

1103 LTD 2310 8-May-04 1.98 S 95.17 W 87 22-Oct-04 2.53 S 96.02 W 102a 166.2 166.2

1117 LTD 2310 8-May-04 1.98 S 95.17 W 87 18-Oct-04 2.47 S 97.63 W 100 162.2 162.2

2325 LTD 2310 8-May-04 1.98 S 95.17 W 84 29-Sep-04 0.93 N 102.67 W 96 143.2 143.2

2332 LTD 2310 8-May-04 1.98 S 95.17 W 87 23-Nov-04 0.95 S 102.22 W 105 198.2 198.2

390057 Mk 9 8-May-04 1.98 S 95.17 W 97 23-Nov-04 0.95 S 102.50 W 114a 198.2 198.2

390041 Mk 9 10-May-04 2.2 S 94.7 W 95 30-Dec-05 2.47 S 99.43 W 142 598.2 363.3

390045 Mk 9 10-May-04 2.2 S 94.7 W 95 13-Nov-04 2.70 S 99.42 W 112 186.2 186.2

390055 Mk 9 10-May-04 2.2 S 94.7 W 85 19-Jun-04 2.57 S 96.17 W 88 39.2 39.2

390063 Mk 9 10-May-04 2.2 S 94.7 W 87 25-Oct-04 2.85 S 98.78 W 94 167.2 167.2

390070 Mk 9 10-May-04 2.2 S 94.7 W 95 20-Oct-04 2.28 S 95.98 W 108 162.2 162.2

390072 Mk 9 10-May-04 2.2 S 94.7 W 87 30-Dec-05 2.47 S 99.43 W 137a 598.2 384.5

390075 Mk 9 10-May-04 2.2 S 94.7 W 87 8-Dec-04 0.53 S 94.48 W 106a 211.2 211.2

390081 Mk 9 10-May-04 2.2 S 94.7 W 95 7-Dec-05 1.58 S 98.17 W 143a 575.2 575.2

390100 Mk 9 10-May-04 2.2 S 94.7 W 85 28-Dec-04 0.07 S 95.67 W 104 231.2 231.2

1082 LTD 2310 14-Apr-05 1.94 S 95.18 W 60 4-Jul-05 3.23 S 105.75 W 65 80.2 80.2

1103 LTD 2310 14-Apr-05 1.94 S 95.18 W 73 17-Jun-05 0.05 N 102.70 W 79a 63.2 63.2

2312 LTD 2310 14-Apr-05 1.94 S 95.18 W 73 20-Jun-05 0.85 N 105.37 W 80a 66.2 66.2

2325 LTD 2310 14-Apr-05 1.94 S 95.18 W 73 28-Oct-05 1.18 N 103.72 W 92a 196.2 196.2

2330 LTD 2310 14-Apr-05 1.94 S 95.18 W 76 15-Jul-05 0.25 N 104.03 W 86 91.2 91.2

2541 LTD 2310 14-Apr-05 1.94 S 95.18 W 77 11-Dec-05 1.93 N 106.32 W 97 240.2 70.9

2633 LTD 2310 14-Apr-05 1.94 S 95.18 W 99 8-Jun-05 3.75 N 107.52 W 101 54.2 54.2

4010 LTD 2310 14-Apr-05 1.94 S 95.18 W 74 29-Jul-05 4.03 N 101.37 W 84a 105.2 56.1

4019 LTD 2310 14-Apr-05 1.94 S 95.18 W 65 15-Jul-05 1.58 S 97.15 W 73 90.9 75.2

4030 LTD 2310 14-Apr-05 1.94 S 95.18 W 78 26-Jun-05 0.02 N 96.00 W 88 72.2 55.9

4070 LTD 2310 14-Apr-05 1.94 S 95.18 W 80 21-Nov-05 0.78 S 93.95 W 100a 220.2 220.2

4092 LTD 2310 14-Apr-05 1.94 S 95.18 W 69 8-Aug-05 3.72 N 98.73 W 81 115.2 115.2

4100 LTD 2310 14-Apr-05 1.94 S 95.18 W 67 8-Jun-05 3.75 N 107.52 W 73a 54.2 54.2

390045 Mk 9 14-Apr-05 1.94 S 95.18 W 63 4-Jul-05 0.48 N 99.12 W 71a 80.2 80.2

390070 Mk 9 14-Apr-05 1.94 S 95.18 W 64 1-Nov-05 6.25 N 106.85 W 77 200.2 200.2

390075 Mk 9 14-Apr-05 1.94 S 95.18 W 78 15-Jun-06 1.98 S 95.18 W 110 426.2 426.2

4009 LTD 2310 15-Apr-05 1.94 S 95.18 W 74 25-Jul-05 1.78 S 94.20 W 81 100.2 100.2

4016 LTD 2310 15-Apr-05 1.94 S 95.18 W 63 23-Nov-05 0.55 N 96.27 W 79 221.2 221.2

4023 LTD 2310 15-Apr-05 1.94 S 95.18 W 78 20-Nov-05 1.37 S 99.95 W 98a 218.2 218.2

4026 LTD 2310 15-Apr-05 1.94 S 95.18 W 76 24-Feb-06 2.03 S 99.90 W 105a 314.2 76.7

4035 LTD 2310 15-Apr-05 1.94 S 95.18 W 78 11-Apr-06 2.00 S 92.35 W 111 360.2 106.4

4036 LTD 2310 15-Apr-05 1.94 S 95.18 W 77 27-May-05 3.07 S 98.50 W 81a 41.2 41.2

4038 LTD 2310 15-Apr-05 1.94 S 95.18 W 60 14-Oct-05 0.27 N 106.90 W 78a 181.2 181.2

490915 Mk 9 15-Apr-05 1.94 S 95.18 W 79 14-Oct-05 0.32 S 95.50 W 90 181.2 181.2
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The most probable movement paths for each of those

96 bigeye are shown in Fig. 1. The unscented Kalman filter

model (Lam et al. 2008), with sea surface temperature

measurements integrated (UKFsst), was used to obtain the

most probable tracks and improved estimates of geographic

positions, as described by Schaefer and Fuller (2009), for

95 of the fish. The most probable horizontal movement

paths for those 95 fish indicate that they spent about 95% of

their time in a relatively restricted area between 5�N and

5�S and 85�W and 110�W (Fig. 1). The exception was a

bigeye (Tag no. 590051; Table 1) at liberty for 4.1 years.

Because of various computational problems encountered

for processing of this very large archival tag data set with

UKFsst, the most probable movement path was derived

using the ‘‘trackit’’ model with SST incorporated (Lam

et al. unpublished manuscript). During the first 2 years at

liberty, the fish remained within 1,839 km of its release

location, a restricted area similar to that occupied by the

other 95 fish, but centered slightly to the east. However,

during the third and fourth years at liberty the fish under-

took two very similar cyclical movements to the central

Pacific. The first movement began with a departure near

early July in 2007, arriving at about 151�W near early

November 2007, and returning to the east, at about 84�W,

in early May 2008. The second movement began with a

departure near early July 2008, arriving at about 162�W

near early December 2008, and returning to the east, at

about 84�W, in early May 2009. The fish was recaptured

just 1,245 km from where it was tagged and released.

Data processing

Data were downloaded from the recovered tags, using soft-

ware provided by the tag manufacturers. A Microsoft Access

database is used for storage, queries, and some processing of

the data. Queries are written to extract information from the

database in required formats for use in other software

packages. Two of the primary packages are Microsoft Excel

for statistical analyses and the Environmental Systems

Research Institute (ESRI) ArcView for mapping and spatial

analyses. Computer programs were written for the process-

ing of the time-series depth and temperature data, specifi-

cally for classification of daily behavior types, using the

behavior criteria described elsewhere.

The data sets were separated into periods of nighttime and

daytime by using the times of nautical twilight. Nighttime

was classified as the period between the time of the first

evening record after nautical twilight until the time of the last

morning record before nautical twilight. The individual data

sets for night and day were used in evaluations of diurnal

differences in behavior and habitat utilization.

For each of the 96 fish, the daily behavior for each day at

liberty was classified as characteristic, associative (with a

floating object), or other, based on the time-series depth

and ambient temperature data. A daily position was esti-

mated along the movement paths for each of the 96 fish,

Fig. 1 Most probable movement paths for the 96 bigeye tuna

archival tag data sets used in this study (see Schaefer and Fuller

2009). Dashed lines represent the position from which a tag failed to

the recapture positions

Table 1 continued

Tag no. Tag

type

Release Recapture Days at

liberty

Days of

data
Date Location

(dd)

Length

(cm)

Date Location

(dd)

Length

(cm)

490916 Mk 9 15-Apr-05 1.94 S 95.18 W 76 22-Jun-05 0.87 N 104.12 W 82a 67.2 67.2

590051 Mk 9 15-Apr-05 1.94 S 95.18 W 67 02-Jul-09 1.45 S 83.98 W 159b 1,508.2 1,508.2

590053 Mk 9 15-Apr-05 1.94 S 95.18 W 77 27-Nov-05 1.00 S 95.08 W 98a 225.2 225.2

590054 Mk 9 15-Apr-05 1.94 S 95.18 W 77 18-Jul-05 0.85 N 103.88 W 86 93.2 93.2

The locations are given in decimal degrees (dd). The superscript ‘‘L’’, following Tag No., designates the fish was recaptured by a longline vessel
a Predicted length from the growth model of Schaefer and Fuller (2006)
b Predicted length from the growth model of Aires-da-Siva and Maunder (2009)
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based on the methodology described by Schaefer and

Fuller (2009), except when no position was available due to

the lack of a light-based position estimate, a position was

interpolated for that day. For analyses of behavior types,

the time-series data were truncated, and only those data

recorded after fish had been separated from initial associ-

ation with floating objects, including the tagging vessel,

were utilized.

Characteristic behavior is herein defined as that in which

the fish occupies primarily the mixed layer during the night,

descends to a depth greater than 150 meters within 1 h of

sunrise, remaining for the duration of the day and returning

only to depths where temperatures are above 20�C, except if

temperatures are below 20�C at depths at which temperatures

are within 0.5 degrees of estimated SST, for brief periods not

to exceed 30 min until within 1 h of sunset. The fish may not

make more that 24 ascents during the day.

The classification of associative behavior, used herein, is

based partially on the reported behavioral characteristics

from bigeye AT data (Schaefer and Fuller 2002) and

ultrasonic telemetry observations of bigeye associated with

floating objects in this area (Schaefer and Fuller 2005).

Associative behavior with floating objects was defined as

that during which bigeye remained 84% or more of the

time above the 20�C isotherm during daylight hours for the

first day of an associative event, and with subsequent

consecutive days classified as associative if 74% or more

time was spent above 20�C. The threshold value for sub-

sequent days following the start of an associative event was

relaxed from 84 to 74% because there were known asso-

ciative events for bigeye released and recaptured at the

same floating objects in which 74% of their time was spent

above 20�C for some subsequent days during that event.

Those days in which the time-series data did not satisfy the

classification criteria for characteristic or associative

behavior were classified as ‘‘other’’. For each fish, the

numbers and durations of each behavior event were

determined throughout the period at liberty.

Dives in excess of 500 m were classified, as deep dives,

and the time, duration, and maximum depth of each event

was determined, for each fish, throughout periods at liberty.

Estimation of the length and/or age of fish, for each day

during their respective times at liberty, was done using the

equations from Schaefer and Fuller (2006) for fish up to

149 cm, and the equations from Aires-da-Siva and Maunder

(2009) for fish of greater length. The estimated lengths

and ages along with their respective behavioral data for that

day at liberty were utilized in the length and age-specific

analyses in this report.

Chi-square goodness of fit analyses was used to compare

the frequencies of behavior types, and analyses of variance

were performed to compare the mean durations of behav-

ioral events, by length classes, within quarters and years,

between years, and for years combined. Pearson correlation

analyses was used to test for relationships between

behavior patterns and length, age, and event durations

(Zar 1974). Hypotheses were rejected at a confidence level

of 95% (5% significance level).

Results

Vertical movements and behavior

An example of characteristic behavior exhibited by a

126-cm fish for 1 week is shown in Fig. 2a, and for one day

in Fig. 2b. There is a distinct diurnal vertical movement

pattern observed, and previously described, from shallow at

night to much greater depths, well below the thermocline,

during the day (Holland et al. 1990; Schaefer and Fuller

2002). As seen in Fig. 2b, the fish descended before dawn

and ascended before dusk, tracking and foraging on the

vertically migrating deep-scattering layer (DSL) prey

organisms (Josse et al. 1998). During this 24-h period

(Fig. 2b), the fish remained for periods of up to 2 h 24 min

at depths between 200 and 325 m, and undertook just 5

upward excursions to depths within the mixed layer, less

than that of 20�C isotherm.
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bigeye tuna (Tag. no. 1113, Table 1), exhibiting characteristic

behavior for 1 week (8/29 to 9/4/2003) (a), and one day (9/3/2003)

(b)
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An example of associative behavior exhibited by a

96-cm fish for 1 week is shown in Fig. 3a, and for one day

in Fig. 3b. The fish remained relatively shallow, primarily

within the mixed layer depths, and associated with a

floating object during this period as previously described

(Holland et al. 1990; Schaefer and Fuller 2002). There is a

distinct diurnal diving behavior observed for each day in

Fig. 3a, shortly before dusk. This diving behavior is

apparently timed to coincide with the ascending DSL,

which, when present, rises to within mixed layer depths at

night.

An example of other behavior type exhibited by a 62-cm

fish for 1 week is shown in Fig. 4a, and for one day in

Fig. 4b. There is a distinct diurnal vertical movement

pattern observed, from shallow at night and in the morning,

to repetitive diving and searching behavior between depths

of the mixed layer and that of the DSL during the after-

noon, as previously described (Schaefer and Fuller 2002).

This behavior pattern apparently results from a different

vertical distribution of prey organisms in locations where

observed and is most likely an alternative type of foraging

strategy.

The classifications of daily behavior for the 96 bigeye

throughout their times at liberty as characteristic, associa-

tive, or other, by year and length class, are given in

Table 2. Analyses of the percentages of days classified by

daily behavior type indicated significant differences

between length classes 80.0–99.9 and 100.0–137.0 cm

within 2003 (Chi-square test, v2
2 = 25.6, P \ 0.001),

between length classes 80.0–99.9 and 100.0–135.6 cm

within 2004 (Chi-square test, v2
2 = 14.7, P \ 0.001), and

between length classes 60.0–79.9 and 80.0–99.9 cm

within 2005 (Chi-square test, v2
2 = 19.5, P \ 0.001). The

differences are attributed to the greater percentages of

characteristic behavior exhibited in the larger length

classes and associative and other behavior in the smaller

length classes.

Analyses of the mean durations of events classified by

behavior type indicated the only significant differences

were for characteristic events between length classes

80.0–99.9 and 100.0–137.0 cm within 2003 (ANOVA,

F(1,291) = 4.7, P = 0.03), and between length classes

60.0–79.9 and 80.0–99.9 cm within 2005 (ANOVA,

F(1,356) = 6.4, P = 0.01). Analyses of the percentage of

days classified by daily behavior type indicated significant

differences within length class 80.0–99.9 cm between

2003, 2004, and 2005 (Chi-square test, v4
2 = 11.0,

P \ 0.05), and within length class 100.0–146.0 cm

between 2000, 2003, and 2004 (Chi-square test, v4
2 = 148.5,

P \ 0.001).
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tuna (Tag. no. 2332, Table 1), exhibiting associative behavior for

1 week (8/19 to 8/25/2004) (a), and one day (8/22/2004) (b)
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tuna (Tag. no. 1082, Table 1), exhibiting other type behavior for

1 week (5/4 to 5/10/2005) (a), and one day (5/9/2005) (b)

Mar Biol (2010) 157:2625–2642 2631

123



Analyses of the mean durations of events classified by

behavior type indicated the only significant difference was

for associative events within length class 100.0–146.0 cm

between 2000, 2003, and 2004 (ANOVA, F(2,297) = 5.2,

P = 0.006).

The percentage of days and mean duration of events

classified by behavior type within length class, for years

combined, are given in Table 2. Analyses of the percent-

ages of days classified by daily behavior type for years

combined indicated significant differences (Chi-square test,

v4
2 = 388.5, P \ 0.001), among the 54–79.9, 80–99.9, and

100–159.2 cm length classes. The differences are attributed

to opposing trends in the higher percentages of character-

istic behavior and lower percentages of associative and

other behavior with increasing length.

Analyses of the mean durations of events between

length classes indicated significant differences for charac-

teristic (ANOVA, F(2,1948) = 8.1, P = 0.0002), and other

behavior (ANOVA, F(2,2215) = 4.3, P = 0.01), but not

associative behavior (ANOVA, F(2,797) = 1.6, P = 0.20).

The summary statistics for the classification of daily

behavior for the 96 bigeye throughout their times at liberty

as characteristic, associative, or other, by quarter of the

year and length class, are given in Table 3. Analyses of the

percentages of days classified by daily behavior type

indicated significant differences between length classes

54.0–79.9, 80.0–99.9, and 100.0–159.2 cm within quarter 2

(Chi-square test, v4
2 = 356.9, P \ 0.001), and between

length classes 80.0–99.9 and 100.0–150.0 cm within

quarter 3 (Chi-square test, v2
2 = 17.4, P \ 0.001). The

differences being attributed to the greater percentages of

characteristic behavior exhibited in the larger length clas-

ses, and associative and other behavior in the smaller

length classes.

Analyses of the mean durations of events classified by

behavior type indicated significant differences for charac-

teristic (ANOVA, F(2,797) = 17.5, P \ 0.0001), and other

(ANOVA, F(2,924) = 6.7, P = 0.001) events between the

three length classes within quarter 2. Analyses of the per-

centage of days classified by daily behavior type indicated

significant differences within length class 80.0–99.9 cm

between quarters 2 and 3 (Chi-square test, v2
2 = 51.8,

P \ 0.001), and within length classes greater than 100 cm

between quarters 1, 2, 3, and 4 (Chi-square test,

v6
2 = 120.7, P \ 0.001). Analyses of the mean durations of

events classified by behavior type indicated significant

differences for characteristic events within length class

80.0–99.9 cm between quarters 2 and 3 (ANOVA,

Table 2 Daily classification of behavior types for 96 bigeye tuna, by year and length class

Year Length Fish Days Characteristic Associated Other

% Days Events �x Duration % Days Events �x Duration % Days Events �x Duration

2000 93–99.9 3 118 54.2 12 4.0 22.2 10 2.6 23.6 15 1.9

100–140.4 26 3,768 59.5 478 4.7 6.5 135 1.8 34.0 526 2.4

2001 100–146.3 8 442 75.6 46 7.3 3.6 10 1.6 20.8 47 2.0

2003 69–79.9 4 176 38.1 27 2.5 19.3 16 2.2 42.6 30 2.5

80–99.9 10 1,314 47.6 161 3.9 16.5 73 3.0 35.9 185 2.6

100–137.0 11 1,190 57.6 132 5.2 12.9 60 2.6 29.4 149 2.4

2004 54–79.9 2 62 8.1 3 1.7 69.4 5 8.6 22.6 5 2.8

80–99.9 21 2,063 51.7 242 4.4 15.0 122 2.5 33.3 288 2.4

100–135.6 19 1,779 55.9 199 5.0 16.5 105 2.8 27.6 212 2.3

2005 60–79.9 26 1,435 40.6 172 3.4 16.7 104 2.3 42.7 213 2.9

80–99.9 20 1,756 48.3 186 4.6 14.2 105 2.4 37.4 241 2.7

100–142.9 7 758 66.2 89 5.6 6.5 21 2.3 27.3 95 2.7

2006 80–99.9 1 104 66.4 10 6.8 1.0 1 1.0 33.6 9 3.9

100–117.0 2 441 43.5 64 3.0 11.3 26 1.9 45.1 70 2.8

2007 117.1–137.8 1 365 59.8 55 4.0 2.2 6 1.3 38.0 58 2.4

2008 137.9–153.7 1 366 78.1 53 5.4 0.0 0 0.0 21.9 53 3.5

2009 153.9–159.2 1 153 69.9 22 4.9 0.7 1 1.0 30.0 22 2.0

54–79.9 32 1,673 39.1 202 3.2 18.9 125 2.8 42.0 248 2.9

80–99.9 54 5,339 49.8 611 4.3 15.0 311 2.6 35.2 738 3.2

100–159.2 59 9,266 60.0 1,138 4.9 8.8 364 2.2 31.2 1,232 2.3

The lengths were predicted for each day the fish were at liberty from the growth equations of Schaefer and Fuller (2006) and Aires-da-Siva and

Maunder (2009). The definitions for the three behavior types are given in the text. The number of fish presented in the length class summary does

not equal the sum of the fish within each year as some fish are in the same length class in multiple years
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F(1,539) = 22.0, P \ 0.0001) and for other events within

length classes greater than 100 cm between quarters 1, 2, 3,

and 4 (ANOVA, F(3,1228) = 3.9, P = 0.008).

There is a significant positive correlation (Pearson,

r2 = 0.82, n = 21, P \ 0.0001) between proportion of

time that bigeye exhibit characteristic behavior and

increasing length (Fig. 5a). The distribution of the dura-

tions of events classified as characteristic (Fig. 6a) shows a

peak at about 2 days, with a significant number of obser-

vations out to 10 days, and then only sporadic observations

to a maximum of 45 days. There is a significant negative

correlation (Pearson, r2 = 0.55, n = 21, P \ 0.0001)

between the proportion of time that bigeye exhibit asso-

ciative behavior and increasing length (Fig. 5b). The dis-

tribution of the durations of events classified as associative

(Fig. 6b) shows a peak at about 2 days, with a significant

number of observations out to 4 days, and then only spo-

radic observations to a maximum of 24 days. There is a

significant negative correlation (Pearson, r2 = 0.36, n = 73,

P \ 0.0001) between the number of days in which bigeye

exhibited associative behavior and the number of days at

liberty, utilizing the 73 data sets from Table 1 in which the

numbers of days of archival data collected and days at

liberty were the same. There is a significant negative cor-

relation (Pearson, r2 = 0.32, n = 21, P = 0.008) between

the proportion of time that bigeye exhibit other behavior

with increasing length (Fig. 5c). The distribution of the

durations of events classified as other (Fig. 6c) shows a peak

at about 2 days, with a significant number of observations

out to about 6 days, and then only sporadic observations to a

maximum of 33 days.

A comparison was conducted of the daily behavior types

for 4 bigeye recaptured by purse-seine vessels (Table 1, tag

nos.: 787, 814, 821, 826), comprising 449 days of data, and

4 bigeye recaptured by longline vessels (Table 1, tag nos.:

793, 798, 812, 887), comprising 438 days of data. The data

sets were truncated for the analyses, so the fish from both

groups were of about the same lengths (120–130 cm),

during the same period of time, in the same area. The

percentages of time, and mean durations of events, in

which the purse-seine and longline-caught fish exhibited

characteristic behavior was 55.7 (4.2 days) and 61.0%

(5.0 days), associative behavior was 4.2 (1.5 days) and

10.3% (2.1 days), and the other behavior type was 40.1

(3.2 days) and 28.7% (2.0 days), respectively. Analyses of

the percentages of days classified by daily behavior type

indicated significant differences between the two groups

(Chi-square test, v2
2 = 20.8, P \ 0.001). The differences

being attributed to the lower percentage of associative and

higher percentage of other behavior in the purse-seine caught

group. Analyses of the mean durations of events classified

by behavior type indicated no significant differences for

characteristic (ANOVA, F(1,115) = 0.69, P = 0.41), asso-

ciative (ANOVA, F(1,32) = 1.50, P = 0.23), and other

(ANOVA, F(1,127) = 2.22, P = 0.14) events between the

two groups.

The spatial and temporal patterns in the three different

behavior types, and their durations, along the movement

paths of three distinctly different sizes of bigeye are

illustrated in Fig. 7. It is evident in this figure that the

64–77-cm bigeye (Fig. 7a), in comparison with the

115–128-cm bigeye (Fig. 7c), shows a higher proportion of

days exhibiting associative behavior (22.4% versus 9.4%)

and lower percentage of days exhibiting characteristic

behavior (26.9% versus 76.2%). The distributions of the

three behavior types along each of the movement paths

Table 3 Daily classification of behavior types for 96 bigeye tuna, by quarter of the year and length class

Quarter Length Fish Days Characteristic Associated Other

% Days Events �x Duration % Days Events �x Duration % Days Events �x Duration

Q1 76.2–79.9 1 6 66.7 1 4.0 33.3 1 2.0

80–99.9 1 104 65.4 10 6.8 1.0 1 1.0 33.6 9 3.9

100–157.0 15 1,113 70.5 134 5.9 3.9 25 1.7 25.6 145 2.0

Q2 54–79.9 32 1,258 36.1 158 2.9 21.7 97 2.8 42.2 192 2.8

80–99.9 50 2,208 44.2 292 3.3 16.4 142 2.6 39.4 354 2.5

100–159.2 40 2,850 63.8 350 5.2 8.3 110 2.2 27.9 381 2.1

Q3 67.7–79.9 8 396 48.7 41 4.7 10.1 26 1.5 41.2 52 3.1

80–99.9 40 2,488 54.7 249 5.5 13.7 137 2.5 31.6 298 2.6

100–150.1 41 2,680 56.3 318 4.7 10.0 108 2.5 33.7 354 2.6

Q4 76.6–79.9 1 13 23.1 2 1.5 30.8 2 2.0 46.2 3 2.0

80–99.9 14 539 46.6 60 4.2 18.4 31 3.2 35.1 77 2.5

100–153.7 40 2,623 55.3 336 4.3 10.2 121 2.2 34.5 352 2.6

The lengths were predicted for each day the fish were at liberty from the growth equations of Schaefer and Fuller (2006) and Aires-da-Siva and

Maunder (2009). The definitions for the three behavior types are given in the text

Mar Biol (2010) 157:2625–2642 2633

123



show some clustering, indicative of the non-random

distribution of floating objects leading to associative

behavior, and DSL prey organisms leading to characteristic

behavior.

The proportions of time which the 96 bigeye exhibited

each of the three different behavior types within 5-degree

areas by three length classes are illustrated in Fig. 8.

A qualitative evaluation of these data indicates there do not

appear to be any spatial differences, within the three length

classes, of the distributions of behavior types. However,

the majority of these data are distributed within a very

restricted area. The higher proportions of characteristic

behavior and lower proportions of associative and other

behavior, with increasing size of the length class, are,

however, apparent.

The summary statistics for the classification of daily

behavior for the 96 bigeye during their times at liberty as

characteristic, associative, or other, by age class, are

given in Table 4. For age classes 1.25 through 3.75 years,

there are positive correlations between the percentage of

time fish exhibited characteristic behavior (Pearson,

r2 = 0.72, n = 11, P = 0.001) and age, and between the

average duration of those events (Pearson, r2 = 0.47,

n = 11, P = 0.021) and age. There is a negative corre-

lation in the percentage of time fish exhibited associative

behavior (Pearson, r2 = 0.83, n = 11, P \ 0.0001) and
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age, and between the average duration of those events

(Pearson, r2 = 0.43, n = 11, P = 0.029) with age. There

is also a negative correlation in the percentage of time

fish exhibited other behavior (Pearson, r2 = 0.44, n = 11,

P = 0.025) and age, and between the average duration of

those events (Pearson, r2 = 0.49, n = 11, P = 0.017)

with age.

Deep-diving behavior

An example of deep-diving behavior exhibited by a

77-cm fish for 1 week is shown in Fig. 9a, and for one

day in Fig. 9b. During the week, the fish, which exhib-

iting characteristic and other behavior, undertook five

deep dives, in excess of 500 m, with each occurring in the

morning. The deep dive shown in Fig. 9b was to a

maximum depth of 1,565 m, minimum of 3.1�C, and a

duration of 88 min from the initial descent until it

ascended to within the mixed layer. This dive profile

includes the cooling of core temperature to about 16.9�C,

and the inability for heart function at low ambient tem-

peratures (Brill et al. 2005) was potentially the physio-

logical limitation that caused the fish to ascend back into

the warm upper mixed layer.

For 92 fish, there were 1,618 deep-diving events, which

occurred primarily during daylight hours (Fig. 10a), with a

duration of from 3 to 392 min and an average of 54 min

(Fig. 10b), and maximum depths ranged from 500 to

1,902 m with an average of 853 m (Fig. 10c). Deep-div-

ing events are not extremely common for bigeye observed

in this study, as the frequency of such events was an

average of 3.5 dives per fish/month (range: 2.2 to 7.1

dives per fish/month). Deep-diving events occurred

60.1% of the time on days classified as characteristic,

5.6% of the time as associative, and 34.3% of the time as

other.

Fig. 7 Most probable movement paths, with behavior types for each

daily position estimate, for three fish of different lengths: 64–77 cm

(tag no. 0390070) (a), 80–106 cm (tag no. 0390057) (b), and

115–128 cm (tag no. 1113) (c)
Fig. 8 Proportion of time bigeye exhibit one of three distinctive

behavior types within 5-degree areas by length classes, 54–79.9 cm

(a), 80–99.9 cm (b), and C100 cm (c). The size of the circle in each

map is scaled to the legend, given as days of data
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Vertical habitat

The vertical habitat utilized by the 96 bigeye while east of

110�W, when exhibiting non-associative (characteristic

and other) behavior, is presented by length classes, as

composite distributions, by night and day, along with

thermal profiles, in Fig. 11. The average depths and per-

centage of time below the thermocline, for those data

illustrated in Figs. 11a-c, by length classes, are given in

Table 5. Analyses of these data indicate significant dif-

ferences between length classes in the nighttime (ANOVA,

F(2,7,128,885) = 15,714, P \ 0.0001) and daytime (ANOVA,

F(2,8,118,411) = 28,335, P \ 0.0001) average depths. These

differences are a result of the fish in the length class

100–159.2 cm showing deeper daytime average depths, and

the fish in the length class 80–99.9 cm showing shallower

nighttime average depths.

A comparison of vertical habitat distributions during

daytime, for the same data sets for 4 bigeye recaptured by

purse-seine vessels and 4 recaptured by longline vessels,

described in the section above, when exhibiting non-

associative (characteristic and other) behavior was con-

ducted. The purse-seine caught fish spent 76.9% of their

time below the thermocline (69 m) at an average depth of

177 m, and the longline-caught fish spent 79.0% of their

time below the thermocline (69 m) at an average depth

of 185 m. Analyses of those data indicate a significant

difference (ANOVA, F(1,147,944) = 203.0, P \ 0.0001) in

the average depth distributions for the two groups of

fish. The difference is the result of the longline-caught

fish having a slightly deeper average daytime depth

distribution.

For the 96 bigeye, when exhibiting associative behavior

east of 110�W, the average nighttime and daytime depths

by length classes are given in Table 5. Analyses of those

data indicate significant differences in the average night-

time (ANOVA, F(2,1,106,365) = 4,109, P \ 0.0001) and

daytime (ANOVA, F(2,1,236,128) = 3,513, P \ 0.0001)

depth distributions for the three length classes of fish. The

differences are the result of the fish of 100–159.2 cm

having, on average, a slightly deeper daytime depth dis-

tribution and the fish of 80–99.9 cm having, on average, a

slightly shallower nighttime depth distribution, when asso-

ciated with floating objects.

The average daytime depths, by 1-degree of longitude,

for fish with tag no. 590051 (Table 1) between June 2007

and June 2009 (127–159 cm length), when exhibiting

characteristic behavior are shown in Fig. 12. There is a

significant positive correlation (Pearson, r2 = 0.50,

n = 81, P \ 0.0001) between the average daytime depths

Table 4 Daily classification of behavior types for 96 bigeye tuna, by age class

Age class Fish Days Characteristic Associated Other

% Days Events �x Duration % Days Events �x Duration % Days Events �x Duration

1 2 62 8.1 3 1.7 69.4 5 8.6 22.6 5 2.8

1.25 8 378 26.7 34 3.0 25.7 31 3.1 57.6 56 3.2

1.5 25 864 44.8 110 3.5 15.7 64 2.1 39.5 131 2.6

1.75 34 1,877 46.7 231 3.8 14.0 118 2.2 39.3 273 3.0

2 36 2,435 50.6 263 4.7 14.4 142 2.5 35.0 326 2.6

2.25 38 2,532 50.2 279 4.6 17.1 143 3.0 32.8 332 2.5

2.5 32 1,833 60.2 231 4.8 11.6 92 2.3 28.2 240 2.2

2.75 29 1,665 61.5 202 5.1 8.6 75 1.9 29.9 219 2.3

3 27 1,736 62.6 213 5.1 5.6 54 1.8 31.8 232 2.4

3.25 15 1,276 57.3 159 4.6 8.8 49 2.3 33.9 172 2.5

3.5 12 845 54.8 118 3.9 5.1 23 1.9 40.1 124 2.7

3.75 3 191 75.4 27 5.3 2.6 3 1.7 22.0 27 1.6

4.0 1 102 91.2 8 11.6 0.0 0 0.0 8.8 7 1.3

4.25 1 91 85.7 10 7.8 0.0 0 0.0 14.3 10 1.3

4.5 1 89 60.7 20 2.7 0.0 0 0.0 39.3 21 1.7

4.75 1 93 87.1 10 8.1 0.0 0 0.0 12.9 10 1.2

5.0 1 88 60.2 16 3.3 0.0 0 0.0 39.8 16 2.2

5.25 1 92 79.3 12 6.1 0.0 0 0.0 20.7 12 1.6

5.5 1 29 58.6 5 3.4 3.4 1 1.0 37.9 5 2.2

The ages for each day the fish were at liberty were predicted from lengths using the equations in Schaefer and Fuller (2006) and Aires-da-Siva

and Maunder (2009). The definitions for the three behavior types are given in the text
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by 1-degree of longitude, for days classified as character-

istic behavior, and increasing westward longitudes. The

average depth values were 202 m for 90� to 95�W, 220 m

for 120� to 125�W, and 251 m for 150� to 155�W.

Discussion

These results represent a comprehensive analysis of the

greatest amount of archival tag data published to date for

any marine fish, which enabled us to quantitatively eval-

uate the vertical movements, behavior, and habitat utili-

zation of bigeye in the equatorial EPO. The results indicate

that the behavior, for all sizes and ages of fish observed in

this study, is dominated by non-associative (characteristic

and other) type behavior. Characteristic behavior by bigeye

is not ubiquitous, although sometimes inferred, as other

type behavior makes up a significant component of

their behavioral repertoire. Associative behavior with

floating objects is far less common than non-associative

behavior, but observed for bigeye over the entire length

(54–159 cm) and age (0.97–5.44 years) ranges in this

study. It is a common misconception that associative

behavior is exhibited only by juvenile bigeye, since their

length at 50% maturity was estimated to be 135 cm in the

eastern and central Pacific (Schaefer et al. 2005). The

vertical habitat data in this study indicate that bigeye show

some significant differences in their depth distributions, by

length and age, when exhibiting non-associative and

associative behavior by night and day, but the differences

found are trivial.

There were problems with the longer-term performance

of the archival tags utilized in this experiment, which

limited the amount of useful data which could have been

collected, based on the numbers of tag recoveries and times

at liberty given in Table 1.
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tuna (tag no. 1103), exhibiting deep-diving behavior during the week
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Table 5 The average depths (m) for 96 bigeye tuna when exhibiting non-associative or associative behavior, by length class, and day and night

Length class (cm) Non-associative (characteristic and other) Associative

Day Night Day Night

% time below thermocline Average depth % time above thermocline Average depth Average depth Average depth

54–79.9 59.5 163 98.9 34 33 25

80–99.9 67.8 164 99.0 23 31 19

100–159.2 72.0 185 97.9 34 37 21

The lengths were predicted for each day the fish were at liberty from the growth equations of Schaefer and Fuller (2006) and Aires-da-Siva and

Maunder (2009). The definitions for the non-associative and associative behavior types are given in the text
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(127–159 cm), when exhibiting
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Vertical movements and behavior

The length- and age-specific estimates of the proportions of

time and durations of events in which bigeye exhibited

characteristic, associative and other type behaviors in this

study are a significant improvement over previous esti-

mates given by Schaefer and Fuller (2002). The current

study is based on more data and expanded size and age

distributions. The time-series data used for the classifica-

tion of behavior types in this study was truncated, so as to

exclude the bias in the initial time series in which the fish

were associated with the tagging vessel, which was inclu-

ded in the previous study (Schaefer and Fuller 2002).

In addition, in the current study, the estimates for proportions

of time and durations of events in which bigeye exhibited

each of the three behavior types is given by length and age

classes, whereas in the previous study all sizes and ages were

combined, providing only a single estimate for each

behavior type. The high percentage of associative behavior

reported for age class 1 fish in Table 4 is apparently an

artifact of the relatively small amount of data available for

that age class. It is thus uncertain whether there is a signif-

icant difference in the proportion of associative behavior by

fish within age class 1 relative to the other age classes.

There was a very limited amount of useful data in this

study for comparative analyses of the behavior of bigeye

recaptured by purse-seine vessels fishing on floating

objects, versus those recaptured by longline gear. However,

from the results of the analyses conducted on those data for

evaluations of differential behavior and/or habitat utiliza-

tion, it appears that the differences are trivial and do not

help to explain the recapture rates by the different gear

types. We believe that bigeye recaptures by longline gear

versus purse-seine gear is primarily a function of encounter

rates by the bigeye when exhibiting daytime non-associa-

tive behavior, based on their geographical distribution

relative to that of longline fishing effort. Further evidence

of no differential behavior, for tagged bigeye recaptured by

longline versus purse-seine gear, is provided by several

bigeye recaptures during the same time period covered in

this study, by purse-seine vessels fishing on floating objects

in the equatorial eastern Pacific Ocean (EEPO), tagged and

released at about 40–80 cm, on Korean longline fishing

vessels operating in the eastern and central Pacific.

The frequency and duration in which bigeye exhibit

different behavior types should be correlated with their

encounters of prey and/or floating objects. Food-habit

studies (King and Ikehara 1956; Blunt 1960) and fine-scale

acoustic and sonar studies in the Pacific (Josse et al. 1998;

Dagorn et al. 2000; Schaefer and Fuller 2005) indicate

bigeye forage predominantly on DSL prey organisms,

consisting primarily of cephalopods and mesopelagic fish.

The diel vertical movement patterns for bigeye exhibiting

characteristic behavior are indicative of active searching

for prey items of the vertically migrating DSL (Longhurst

1976), as previously reported for bigeye in this area

(Schaefer and Fuller 2002; Schaefer and Fuller 2005). The

vertical movement patterns for bigeye when exhibiting

other behavior are most likely reflective of the behavior of

their prey. The short average durations of all behavior

types are indicative of the transitional and highly adaptive

foraging strategy of bigeye relative to the fine-scale spa-

tiotemporal variability in the distribution and abundance of

prey within their habitat.

High concentrations of forage organisms is obviously an

important biotic factor in the fine-scale distribution and

abundance of bigeye and appears to be one of the primary

factors contributing to their observed regional fidelity to

the highly productive area of the EEPO (Schaefer and

Fuller 2009). The horizontal distribution of the DSL in the

EEPO is not homogeneous, but patchy, and its distribution

(horizontal and vertical), densities, variability, and other

important characteristics have been inadequately investi-

gated. DSL prey organisms appear to be a very important

forage base for large pelagics, including tropical tunas

(Schaefer and Fuller 2009) and marine mammals (Leath-

erwood and Evans 1979; Fiedler et al. 1998), and probably

strongly influences their distributions, and yet the impor-

tance in the overall ecology of large pelagics has received

little attention.

The distribution of floating objects in the EEPO is also

not uniform, inferred from the distribution of catches of

tunas associated with floating objects (Anonymous 2008).

Drifting FADs are commonly deployed by purse-seine

fishing vessels in preferred spatio-temporal areas, taking

into consideration biological productivity, current patterns,

and previous experience. The estimates of the durations of

associative events by bigeye with floating objects are, on

average, quite short about 2–3 days (Table 2), although

events have been recorded to last for up to 24 days

(Fig. 6b). The longevity of such events is probably related

to the nighttime occurrence or absence of DSL prey

organisms within mixed layer depths along the drift tra-

jectories of those floating objects. Associative behavior by

bigeye with moored weather buoys in Hawaiian waters for

up to 34 days, based on their uniformly shallow distribu-

tions (\100 m), following release with implanted archival

tags was reported by Musyl et al. (2003). It was also

reported in that study that bigeye tagged with archival tags

exhibited associative behavior with floating objects for up

to 10 days, after exhibiting non-associative characteristic

behavior, during their times at liberty.

Stomach content analysis of FAD-associated bigeye in

the eastern Atlantic Ocean by Ménard et al. (2000) showed

that 82.7% of the stomachs were empty, whereas only

25% of the stomachs of unassociated bigeye were empty.
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Although we agree with the conclusion in that study that

FADs do not have a trophic function, it appears that an

obvious bias in that study and most other tuna food-habit

studies results from the dependency on collections of

stomach samples from fish caught only during daylight

hours. Based on our numerous field observations of the

foraging of FAD-associated bigeye, skipjack, and yellowfin

(Thunnus albacares) tunas on DSL prey organisms during

the night in the EEPO (Schaefer and Fuller 2005), food-

habit studies should be considered biased if they do not

include stomach samples collected throughout the night, as

well as during the day.

The most probable movement paths for the 96 fish uti-

lized in this investigation (Fig. 1) show strong fidelity to a

fairly restricted area of the EEPO (Schaefer and Fuller

2009). Even the movement path for the bigeye at liberty for

4.1 years (tag no. 590051, Table 1), which undertook two

fairly extensive cyclical migrations to the central Pacific

during its third and fourth years at liberty, shows strong

fidelity to the area in which it was released. The movement

paths (Fig. 1), along with the limited and short duration

associative events with floating objects for all 96 bigeye in

this study (Table 2), indicate that bigeye are not being

transported extensive distances from the eastern to the

western Pacific by westward-flowing currents, while asso-

ciated with drifting FADs.

Although the estimates of the proportion of time which

bigeye exhibit associative behavior with floating objects

from the smallest to largest length classes is just 18.9–8.8%

(Table 2), bigeye apparently have a greater affinity for

associative behavior than do skipjack or yellowfin (Schaefer

et al. 2009). Unfortunately, we know little about behavior

patterns of skipjack tuna, including associative behavior

with drifting FADs. However, considering the fact that

skipjack are the primary catch of industrial purse-seine

fisheries targeting tuna aggregations associated with float-

ing objects throughout the Pacific, there is an urgent need

to compile information on the behavior of skipjack similar

to that which has been reported in this study for bigeye.

The behavior of bigeye is strongly influenced by the

presence of drifting FADs within their habitat. Even though

associative behavior in this study was found to be limited

in occurrence and duration, bigeye are highly vulnerable to

capture by purse-seine vessels, as indicated by an average

annual retained catch in the EPO of about 69,030 mt during

2000–2007 (Anonymous 2008).

Deep-diving behavior

Deep-diving behavior, dives in excess of 500 m, is not

uncommon for bigeye as reported in this study and that of

Evans et al. (2008), nor for other tuna species (Gunn and

Block 2001; Schaefer et al. 2009). A plausible reason why

they undertake these occasional and sometimes extremely

deep dives is foraging for deep water squids (Roper and

Young 1975; Roper et al. 1984) or mesopelagic fishes

(Maynard et al. 1975). The profiles of these dives including

the depths, ambient and internal temperatures, and dis-

solved oxygen (DO) concentrations are very informative

regarding bigeye physiological tolerances and forag-

ing strategies. The bigeye deep-dive profiles illustrate

remarkable physiological thermoregulation (Holland and

Sibert 1994; Malte et al. 2007), plus an understanding of

the basis of how these fish can survive dives to depths in

excess of 1,000 m, well below the oxygen minimum zone

(about 300–500 m), where the DO concentrations are about

2 ml/L (Schaefer et al. 2009).

The deepest observed dive by a bigeye tuna (tag no.

2332, Table 1) in this study of 1,902 m, with total dive

duration of 1.5 h, is the deepest dive recorded for any tuna

species. That dive exceeds even the deepest dives recorded

by tags of deep-diving large pelagics including swordfish,

Xiphius gladius, at 1,185 m (Abascal et al. 2009), sperm

whales, Physter macrocephalus, at 1,304 m (Aoki et al.

2007), and beaked whales, Ziphius cavirostris, at 1,888 m

(Tyack et al. 2006). Deep dives in excess of 1,000 m have

also been reported from archival tag data for bigeye tuna in

the Coral Sea (Evans et al. 2008), and for other tunas

including yellowfin in the Indian Ocean (Dagorn et al.

2006) and EPO (Schaefer et al. 2007; Schaefer et al. 2009),

and Atlantic bluefin (Thunnus thynnus; Block et al. 2001).

Vertical habitat

The composite depth and temperature habitat utiliza-

tion distributions for the three length classes (Fig. 11),

while exhibiting non-associative (characteristic and other)

behavior, indicate very little variability and the differences

appear trivial. From the smallest (54–79.9 cm) to the

largest (100–159.2 cm) length classes in this study, the

vertical habitat utilized when exhibiting non-associative

behaviors was 98.9–97.9% of the time above the thermo-

cline depth (60 m) during the night, at the same average

depth of 34 m, and 59.5–72% of their time below the

thermocline during the day at an average depth of 163 to

183 m. For the same smallest to largest length classes,

when exhibiting associative behavior, the average night-

time and daytime depths ranged from 25 to 21, and 33 to

37 m, respectively.

Depths of the DSL in the tropical EPO have been

reported to be 300–400 m during the day and 0–100 m at

night (Tont 1976; Fiedler et al. 1998). For bigeye in

this study [100 cm, exhibiting non-associative behavior

(Fig. 11c), the mode of maximum daytime depths is about

225–270 m at an ambient temperature about 13�C. Evans

et al. (2008) report bigeye of comparable size with archival
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tags in the Coral Sea, exhibiting non-associative behavior,

to have a deeper mode of maximum daytime depth at about

400–450 m, at similar ambient temperatures of about

12–14�C. It seems probable that the deeper daytime depths

exhibited by bigeye when exhibiting characteristic behav-

ior in the western Pacific are related to differences in the

oceanography, including greater daytime DSL depths

(Kuznetsov et al. 1982; Fiedler and Talley 2006). Bigeye

vertical habitat is undoubtedly constrained by hypoxic

conditions (Brill et al. 2005), perhaps anything less than

1 ml/L (Hanamoto 1987; Schaefer et al. 2009), the top of

the oxygen minimum layer (OML; Fiedler and Talley

2006). It appears that during the daytime when the

DSL depths are below those of the top of the OML in the

EEPO (300 m; Fiedler and Talley 2006) or Coral Sea

(500–600 m; Evans et al. 2008) bigeye are physiologically

limited in their searching time at depths of their DSL prey,

which have adapted to living in extremely low DO con-

centrations (Childress and Seibel 1998; Gilly et al. 2006).

During the nighttime, however, when the DSL prey

organisms ascend into the mixed layer depth (MLD) they

are no longer distributed within a refugium, and bigeye

foraging success escalates. Locating areas, while exhibit-

ing characteristic behavior during the day, where DSL

prey organisms are abundant, even though foraging success

is most likely limited by physiological constraints, expec-

tations to capitalize on those prey in that area at night may

be an important facet of successful bigeye foraging

strategy.

The archival tag data sets compiled in this study contain

a wealth of information about the spatio-temporal dynam-

ics of bigeye behavior and habitat in the EEPO. There are

numerous applications, some currently realized and others

not yet discovered, for which this information needs to be

incorporated into stock assessments. Habitat-based stock

assessment models have been developed for the integration

of behavioral and environmental data, in order to stan-

dardize catch per unit of effort (CPUE) data, based on

estimating fishing depths of longline gear in relation to the

vertical habitat utilization of the target species, such as

bigeye tuna, by time of day (Bigelow et al. 2002; Maunder

et al. 2006). We suggest that information provided in this

study on vertical behavior and habitat utilization, including

associative behavior with floating objects, be given serious

consideration for exploring vulnerability to detection and

catchability by purse-seine and longline vessels so as to be

integrated into stock assessment models for standardization

of CPUE data.

Large-scale regional tuna tagging projects, utilizing

archival tags, are needed throughout the Pacific to further

improve our understanding of bigeye, as well as skipjack

and yellowfin movements, behavior, and habitat utiliza-

tion. Such information is useful for a better understanding

of their ecology and improving stock assessments for

these species. Greater knowledge of the physiological

abilities and tolerances of these species derived through

laboratory studies, and their habitat utilization derived

through archival tags, are required to understand changes

in their behavior and gear vulnerability relative to variable

oceanographic conditions in order to develop appropriate

procedures for standardization of CPUE. Elucidating the

behavior of those species, when associated and non-

associated with floating objects, could also permit the

formulation of optimal purse-seine fishing techniques and/

or strategies, including the reduction in catches of unde-

sirable sizes of those tunas and also other non-target

species.
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