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ABSTRACT

The American Samoa fishing ground is a dynamic re-
gion with strong mesoscale eddy activity and temporal
variability on scales of <1 week. Seasonal and inter-
annual variability in eddy activity, induced by baro-
clinic instability that is fueled by horizontal shear
between the eastward-flowing South Equatorial
Counter Current (SECC) and the westward-flowing
South Equatorial Current (SEC), seems to play an
important role in the performance of the longline
fishery for albacore. Mesoscale eddy variability in the
American Samoa Exclusive Economic Zone (EEZ)
peaks from March to April, when the kinetic energy of
the SECC is at its strongest. Longline albacore catch
tends to be highest at the eddy edges, while albacore
catch per effort (CPUE) shows intra-annual variability
with high CPUE that lags the periods of peak eddy
activity by about 2 months. When CPUE is highest,
the values are distributed toward the northern half of
the EEZ, the region affected most by the SECC. Further
indication of the possible importance of the SECC for
longline performance is the significant drop in
eddy variability in 2004 when compared with that
observed in 2003 — resulting from a weak SECC —
which was accompanied by a substantial drop in alba-
core CPUE rates and a lack of northward intensifica-
tion of CPUE. From an ecosystem perspective,
evidence to support higher micronekton biomass in the
upper 200 m at eddy boundaries is inconclusive. Al-
bacore’s vertical distribution seems to be governed by
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the presence of prey. Albacore spend most of their time
between 150 and 250 m, away from the deep daytime
and shallow nighttime sonic scattering layers, at depths
coinciding with those of small local maxima in mi-
cronekton biomass whose backscattering properties are
consistent with those of albacore’s preferred prey.
Settling depths of longline sets during periods of de-
creased eddy activity correspond to those most occu-
pied by albacore, possibly contributing to the lower
CPUE by reducing catchability through rendering bait
less attractive to albacore in the presence of prey.

Key words: albacore tuna, American Samoa EEZ,
longline fishery, mesoscale eddy, micronekton
distribution, mid-ocean eddies, sonic scattering layer

(SSL), South Equatorial Counter Current (SECC)

INTRODUCTION

The American Samoa domestic longline fishery began
operating in the central South Pacific waters in 1995,
targeting primarily albacore tuna, Thunnus alalunga.
During the first 4 years, most longline fishing around
American Samoa was accomplished through a fleet of
smaller, approximately 10 m in length, open-decked
catamarans known as ‘alia’. However, during 1999—
2001, the fishery experienced extraordinary growth —
particularly in the fleet composition of large vessels
(>20 m in length) — that fueled a fivefold increase in
fishing effort and landings. For example, only 23 ves-
sels made up the fishery in 1999, deploying 2102 sets
(approximately 0.91 million hooks), resulting in catch
rates of about 32 fish per 1000 hooks. In comparison,
more than 50 boats actively participated in the fishery
during 2001, deploying 4690 sets (more than 5 million
hooks), yielding about 40 fish per 1000 hooks. This
increase in both the number of sets and hooks per set
was not only a result of the increase in the number of
fishing vessels but also of the increase in the size of the
vessels and their ability to travel farther from port.
Very few studies have been published with regard to
the pelagic habitat and the spatial and temporal vari-
ability of the oceanographic climate in the American
Samoa region. Historical studies conducted on South
Pacific longline fisheries and the corresponding
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environment have focused on foreign fishing activities
primarily in waters farther to the west, e.g., west of Fiji
(Yamanaka, 1956; Saito, 1973). More recently, a
comprehensive simultaneous investigation of tuna, its
forage, and the environment was carried out within the
framework of the Etude du Comportement des Thon-
idés par I’ Acoustique et la Péche (ECOTAP; Study of
Tuna Behavior using Acoustics and Fishing) in the
French Polynesian Exclusive Economic Zone (EEZ),
located east of the American Samoa EEZ (e.g. Josse
et al., 1998; Bertrand et al., 1999, 2002a,b). Large-scale
oceanographic circulation patterns suggest that the
waters of both French Polynesian and American Sa-
moa EEZ are heavily influenced by the meandering flow
of the South Equatorial Current (SEC) (Lukas, 2001).
However, the American Samoa EEZ (Fig. 1) lies in the
path of the seasonally varying South Equatorial
Counter Current (SECC), which mostly dissipates
before reaching the French Polynesian EEZ. The SECC

flows eastward from about 7-8°S to 12-13°S and over
the northern section of the EEZ, peaking in amplitude
from March to April (Qiu and Chen, 2004). Strong
horizontal shear between the westward-flowing SEC
and the eastward-flowing SECC results in barotropic
instability followed by seasonally modulating meso-
scale eddy kinetic energy levels.

The presence of mesoscale eddies — as well as their
detection by the fishery fleet — has been shown to be
an important factor in fishery performance, leading to
increased catch per effort for albacore tuna (e.g. Laurs
and Lynn, 1977; Laurs et al., 1984). Horizontal shear
at eddies and fronts is known to concentrate large
animals such as tuna, presumably to feed on the larger
aggregations of food resources such as micronekton
(e.g. Murphy and Shomura, 1972; Fiedler and Bernard,
1987). Changing physical conditions within cyclonic
and anticyclonic eddies can also result in preferential
aggregation or avoidance of the eddy cores by certain

Figure 1. Map of the American Samoa Exclusive Economic Zone (EEZ) with mean satellite sea surface heights for the week of
March 7-13, 2004. Tutuila, the largest island of American Samoa, is located at 170°45"W, 14°15’S with the next largest islands
at 169°30"W, 14°10’S. Black line: boundary of the EEZ; magenta line: cruise tracks of the Oscar Elton Sette, March 3-15, 2004;
red line: boundary of albacore and longline tagging operations (Box 1), February 29 through March 16, 2004. Arrows indicate

the calculated geostrophic currents.
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organisms, such as various target species of commercial
fisheries and their primary prey, mesopelagic
micronekton. For example, cyclonic eddies can impact
local phytoplankton production as a result of the
enhanced upwelling of nutrients (e.g. McGillicuddy
et al., 1998; Oschlies and Garcon, 1998; Seki et al.,
2001), which in turn can increase micro- and meso-
zooplankton production in these regions (e.g. Wiebe
et al., 1985; Piontkovski et al., 1995; Zimmerman and
Briggs, 1999). However, few studies have addressed the
effects of mesoscale eddies on micronekton commu-
nities, which are the main food source for some larger
predatory nekton such as tuna. Furthermore, all of our
knowledge on the effects of eddies on the distribution
of micronekton is based on studies that focus on
frontal eddies associated with energetic boundary
currents (e.g. Brandt, 1981; The Ring Group, 1981;
Wiebe and Joyce, 1992; Sassa et al., 2002), or on
eddies formed by the interaction of boundary currents
with topography (Ménard et al., 2005). As opposed to
these latter eddies, the eddies associated with the
boundary region of the SEC and SECC are formed by
barotropic instability and — as the SECC originates
from the SEC to the east of New Guinea — are
expected to form within a relatively homogeneous
water mass. Characteristic differences between
boundary current and mid-ocean eddies are expected
to result in distinct effects on the local micronekton
communities at the two types of eddies either by
advecting the communities into the area or by locally
enhancing their development.

Albacore tuna, Thunnus alalunga, is the target spe-
cies in the American Samoa fishery and dominates the
catch (WPRFMC, 2001; DMWR, 2002). Longline
fisheries, such as those operating in Samoan waters,
specifically target and harvest the deeper dwelling,
larger-sized mature albacore that, like bigeye tuna,
Thunnus obesus, have catch rates that increase in pro-
portion to depth fished (Boggs, 1992; Nakano et dl.,
1997). Local surface troll fishers also target species
considered to occupy shallower depths, including blue
marlin (Makaira nigricans), wahoo (Acanthocybium sol-
andri), mahimahi (Coryphaena hippurus), and skipjack
tuna (Katsuwonus pelamis). Concerns now abound that
the rapidly expanding fleet is affecting the local supply
of these large pelagic fishery resources. Observed neg-
ative trends in both the longline and troll catch rates of
the shallow species do little to suppress these fears. To
address these concerns, a 50-nautical-mile fishing area
closed to the large vessels was designated in 2002
around the American Samoa islands and a limited
entry program has been implemented on the region’s
fishery (Federal Register; Anonymous, 2002).

© 2007 The Authors, Fish. Oceanogr., 16:6, 555-572.

Another concern for the fishers is their ability to set
their longline gear into the depths occupied by mature
albacore. Depth distribution of albacore in the Pacific
ranges from the surface to at least 380 m and is typic-
ally governed by the vertical thermal structure and
oxygen concentration of the water column (Collette
and Nauen, 1983). Saito (1973) reported that large-
sized albacore are broadly found at depths ranging from
80 to 380 m, but the center of their vertical distribu-
tion is about 200 to 260 m below surface. Interestingly,
much of the incidental catch in the domestic Ameri-
can Samoa deep longline fishery is composed of the
shallow-dwelling fauna, such as those described above.
Horizontal shear associated with strong currents — such
as the SEC and SECC - could reduce the likelihood of
getting longline gear to settle in the desired deeper
waters for albacore (e.g. Mizuno et al., 1994; Bigelow
et al., 2006); final longline set depths have been
reported to be considerably shallower (e.g. 54-68%)
than target depths Boggs (1992). It is possible that the
American Samoa fishery longline sets likewise settle at
shallower depths than intended, making the shallower
dwelling species more available to the gear.

The objectives of this study were to determine the
physical and biological characteristics of the American
Samoa pelagic habitat and fishing grounds; that is, (1)
understand the spatial and temporal occupation pat-
terns and movements of large South Pacific albacore,
and (2) to examine the role that the environment
might have on albacore distribution as well as on
longline gear performance and catch. Identifying
oceanographic features of tuna habitat and under-
standing characteristics that affect the spatial and
temporal distribution of albacore will help in deve-
loping and maintaining sustainable fishing practices
for this commercially important species.

METHODS

Based on the interdisciplinary nature of this work, a
multiplatform approach involving data from a variety
of sources was implemented. The oceanographic
characteristics of the pelagic habitat fished by the
American Samoa longline fishery, and particularly,
that of the EEZ, were assessed using in situ shipboard
conductivity—temperature—depth ~ (CTD)  surveys
together with satellite altimetry data. Information on
the performance of the American Samoa commercial
longline fishery was collected using catch data for
albacore from the American Samoa fishery shipboard
logs, while longline depths were inferred from tem-
perature and depth recorders attached to commercial
longline sets. Depth distribution of albacore within
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the American Samoa fishing grounds was monitored
via pop-up archival tags. Furthermore, relative density
of micronekton within the fishing grounds was
estimated via in situ shipboard acoustic measurements.

Oceanographic characteristics of the fishing grounds

In situ hydrographic data were collected with CTD
casts aboard the NOAA ship Oscar Elton Sette
between March 3 and March 13, 2004. Casts to
1000 m were conducted along two meridional tran-
sects located on 170°30"W (the ‘western transect’) and
on 169°00"W (the ‘eastern transect’) from 10°15’S to
16°45’S, spaced 15 nautical miles (1 nmi = 1852 m)
apart from each other (Fig. 1). All casts used a SeaBird
SBE 9/11+ CTD system equipped with redundant
temperature, conductivity, and dissolved oxygen sen-
sors (Seabird Electronics, Inc., Bellevue, WA, USA)
and a Seapoint fluorometer (Seapoint Sensors, Inc.,
Exeter, NH, USA) for in vivo chloropigment (chlo-
rophyll + phaeopigments) determinations.

Sea surface heights (SSH) were obtained from the
Ssalto program of the Centre National d’études Spati-
ales, France, for the years 1996-2004 for the area of
172°W to 148°W, 30°S to 5°N, to correspond in time to
the American Samoa longline fishery logbooks (see
below) and in space to the fishing grounds (e.g. Fig. 1).
The SSH data obtained were the AVISO TOPEX/
POSEIDON altimetry product from January 1996 to
July 2002, after which JASON-1 was put into operation
replacing TOPEX/POSEIDON and providing alti-
metry along the same orbit with similar resolution. The
AVISO TOPEX/POSEIDON-JASON-1 altimetry
product contains the weekly averages of sea-level
anomalies of along-track profiles mapped to a global
0.3° x 0.3° mercator projection. The SSH anomalies
were calculated as relative to the mean of the SSH
along-track TOPEX/POSEIDON profiles from 1993 to
1998. These weekly 0.3° x 0.3° SSH anomalies from
Ssalto were then added to the 1994 NODC World
Ocean Atlas Levitus long-term mean dynamic heights
and gridded to create a 0.25° x 0.25° ‘absolute’ SSH
field over the study area. Geostrophic current compo-
nents were calculated from the ‘absolute’ TOPEX/
POSEIDON-JASON-1 SSH using the hydrostatic
approximation with the reference level assumed to be at
1000 m below surface (e.g. Gill, 1982), while gradients
were taken using the forward-backward scheme
resulting in a 0.5° X 0.5° resolution current field.

American Samoa longline fishery performance and
albacore depth distribution

The American Samoa commercial longline fishery
logbook program was implemented in 1996 to monitor

the fishery activities. For this study, these logbook
records were used to obtain information on the num-
ber of hooks and number of albacore caught by long-
line gear — along with time and location information
of longline sets — for the years 1996-2004. Settling
depths of longline gears were examined using tem-
perature and depth recorders (TDRs) that were
attached to three sets deployed within an area defined
by 170°17.1'W to 171°1.8W and 15°154'S to
15°32.9’S, herein referred to as ‘Box 1’ (Fig. 1), on
February 29, March 1, and March 2, 2004. Each of the
three sets were equipped with six LOTEK Fish &
Wildlife Monitoring Systems LTD_1100 archival tags
(Lotek Wireless, Inc., Newmarket, Canada) spaced
along a single section of longline (defined by a pair of
consecutive floats), each recording data at approxi-
mately 3.75-min intervals.

To study albacore tuna depth distribution in the
American Samoa region, six tuna were equipped with
Wildlife Computers Pop-up archival transmitting
(PAT) tags between February 29 and March 2, 2004,
within Box 1 (Fig. 1). Fork lengths for the six albacore
were between 93 and 105 cm, corresponding to young
adult fish and representative of mean longline catch in
the EEZ. In an effort to balance the limited battery life
(and the maximum number of ‘live days’) with the
increase in temporal resolution, three of the tags were
programmed to collect depth and temperature data in
1-h bins, while the other three, to conserve battery
power and increase the life of the tags, were programmed
to collect data in 4-h bins. Binned records were
uploaded to the ARGOS satellite once the tags
detached from the fish and floated to the surface. The
temperature and depth records downloaded from the
satellite were further grouped into 50-m depth bins
starting with 0-50 m down to 950-1000 m, with an
additional bin containing all data obtained below

1000 m depth.

Micronekton distribution

To examine the horizontal and vertical patterns of
micronekton distribution and abundance in the
American Samoa fishing grounds, relative micronek-
ton densities were estimated using in situ acoustic
backscatter data collected on board the NOAA ship
Oscar Elton Sette between March 3 and March 15,
2004. The acoustic transects correspond to the two
meridional transect lines discussed in the preceding
section (Fig. 1). The acoustic scattering data were
collected using a Simrad EK60 split beam echosounder
system operating at 38- and 120-kHz frequencies
(Simrad, Horten, Norway). The dual frequency system
was used to obtain information on the relative com-

© 2007 The Authors, Fish. Oceanogr., 16:6, 555-572.
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position of the sonic scattering layer (SSL), as
organisms have distinct scattering properties at the
two frequencies. Both transducers had approximately
7° beam widths and were set to operate with pulse
lengths 512 and 256 us for the 38- and 120-kHz fre-
quencies, both at 1-kW power. These settings gave
ranges of 800 and 200 m for the two frequencies, with
a nominal depth-dependent threshold for a signal-to-
noise ratio of 10 dB for the mean volume backscat-
tering strengths, S, (MacLennan and Simmonds,
1992). The highest threshold at the deepest ranges was
—70 dB for both frequencies. Before processing the
data, each echogram was visually inspected and all
areas contaminated by noise were removed. For the
purposes of estimating relative biomass, S, were
integrated over 50-m long by 5-m deep bins, using
SonarData Echoview® software (SonarData Pty Ltd,
Hobart, Australia), and the resulting mean nautical
area scattering coefficients (NASC = s,), in units of
m? nmi~? (MacLennan et al., 2002), were exported for
further processing. The resulting NASC were used as a
proxy for relative biomass estimates, as they are pro-
portional to biomass, assuming that the species com-
position of the scattering layer and the resulting
scattering properties of the micronekton do not change
significantly (MacLennan and Simmonds, 1992).

As the SSL is composed mostly of organisms
undergoing diel vertical migration, daytime and
nighttime NASC had to be analyzed separately. Thus,
both the 38- and 120-kHz bioacoustic records were
divided into daytime and nighttime components to be
examined separately. Two 3-h windows, one from
05:00 to 08:00 hours and another from 17:00 to
20:00 hours, were deemed sufficient to remove effects
from all transition periods. Data from only the upper
500 and 200 m were included in the analysis for the
38- and 120-kHz channels because of unacceptably
low signal-to-noise ratios below those depths — a result
of bad weather — during much of the recordings. As a
result of excluding data from below these depths, only
the shallow scattering layer could be analyzed.

RESULTS

Physical properties

Weekly SSH averages from satellite altimetry revealed
the presence of eddies and meanders in the American
Samoa fishing grounds and temporal variability with
scales less than a week. For example, the cyclonic eddy
at 171°W, 16°30’S during the week of March 7-13,
2004 (the ‘southern eddy’; Fig. 1), moved west—
northwest about 60 km week™! and by 2 weeks had

© 2007 The Authors, Fish. Oceanogr., 16:6, 555-572.

weakened so that the SSH at its core was approxi-
mately 10 cm higher than that depicted in Fig. 1. On
another note, the main Samoan islands were engulfed
by a relatively strong, short-lived (<1 week) anticy-
clonic eddy that appeared on SSH averages a week
prior to the conditions depicted in Fig. 1 (February 29
through March 6). Furthermore, the large cyclonic
eddy centering on 165°W, 13°30’S during the week of
March 7-13 (the ‘northern eddy’; Fig. 1) was double in
size with a core about 10 cm lower than a week earlier
— engulfing the cyclonic eddy at 169°30"W, 11°30’S —
with its signature completely gone from the SSH
averages by 2 weeks later (from March 21 to 27,
2004). During the same 4 weeks (from the week of
February 29 to March 6 to the week of March 21-27),
a high sea surface anomaly appeared at the northern
edge of the EEZ, moving east-southeast, and by
2 weeks after the week of March 7-13 (Fig. 1) covered
a 6° X 2° area on the northeast corner of the map.

Typically, relatively high SSH during the months
of March and April in the northern half of the EEZ
identify the seasonally varying SECC, which cuts
across that area (e.g. Fig. 2, left panels). However,
during the rest of the year, when the kinetic energy of
the SECC diminishes (Qiu and Chen, 2004), SSH
drops about 30 cm in the northern part of the EEZ,
resulting in relatively more uniform sea levels
throughout the area (e.g. Fig. 2, right panels).

In addition to the seasonal variability of the SECC,
the strength of the SECC shows interannual variab-
ility which affects the eddy activity in the study area.
For example, during 2003, the seasonal variability in
the SECC resulted in SSH variability — measured as
the standard deviation (SD) of SSH — that more than
doubled during the peak months relative to those
during the rest of the year (Fig. 3a, solid line). This SD
peak of 8.4 cm is relatively strong in comparison with
the 7.2-cm mean SSH SD during the peak months of
the last 10 years (1996 to 2005). In fact, only 2 years,
1998 and 2005, showed higher peak SDs than 2003, at
9.5 and 9.7 cm, respectively. The timing of these three
strongest SSH SDs within the EEZ coincides with the
last three El Nifio events of the same 10-year period:
the events in 1997-98, 2002-2003, and 2004-2005.
However, the relative strengths of these three El Nifio
events were not reflected in the relative heights of the
corresponding peak SSH SDs. The El Nifio in 1997—
98 was considerably stronger than the two other
events, while the two highest SD peaks in the years
2005 (9.7 cm) and 1997 (9.5 cm) occurred during the
weakest (2004-2005) and strongest (1997-98) El

Nifio years.
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Figure 2. Mean sea surface heights over the American Samoa fishing grounds (top panels) and the EEZ (with geostrophic
currents — bottom panels) for the months of March (left) and September (right). Top and bottom panels show data from the year
of 2003 and averages over 2001 through 2004, respectively. High SSH on the left panels are the signature of the SECC. Note the
wider color scale in the upper panels (also in Fig. 4) relative to the rest of the maps to accommodate for the higher SSH
variability over the larger area. Moreover, notice the difference in scale for geostrophic currents on the lower panels.

March

0°W 164°W 158°W. 152°W

SECC ——
10°5
@ 12°8
8 14°5
N 16°S i
L g 18°5
20°8
208
24°8
Loges
2%°S i i
174 180°W  174°W  168°W  162°W  156°W  150°W
e i
140 150 160 170 180 190 200
Sea surface height (cm)
—
73w 17w 160w 1w 16w 16w 50 cm s—!
SECC —- “10°
12°5 1208
I o el e
el
(=]
(\I] 14°8 14°8
—
S
16°S 16°
N

174°W  172°W  170°W 168°W  166°W  164°W  162°W

186 188 190 192 194 196 198 200 202 204 206
Sea surface height (cm)

During 2004, the SECC velocities failed to inten-
sify during the peak months as much as typically
observed over the last 10 years. Slower currents in
March and April 2004, relative to those in the typical
years, resulted in the dissipation of the SECC kinetic
energy west of the fishing grounds. Figure 4 shows the
April SSH averages from 2003 (top) and 2004 (bot-
tom), illustrating this effect. During the peak months
of 2004, the relatively low kinetic energy levels of the
SECC resulted in an approximately 20-cm drop in
SSH in the northern part of the EEZ relative to those
of the previous year (e.g., comparison of April 2003
with 2004 in Fig. 4 and the March mean values at
bottom left in Fig. 2 to March 2004 in Fig. 1). The
difference in eddy variability within the EEZ between
the two years is illustrated in Fig. 3a.

Unlike SSH variability evidenced by the satellite
altimetry data for the week of March 7-13, 2004,
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temperature profiles obtained from the CTD casts
during March 3-13 exhibited little variability along
and between the two meridional transect lines with no
significant meridional nor zonal differences (Fig. 5).
The mixed layer depth was approximately 70 m'
below surface throughout both tracks, with the iso-
therms slightly shoaling toward north. Vertical sec-
tions of salinity showed a similar shoaling of the
isohalines, although salinities exhibited a somewhat
greater meridional variability. In addition, near-sur-
face salinities were lower north of 14°S on the western
and 12°S on the eastern transect than toward the
south. The strongest temperature and salinity gradi-
ents within the thermocline appeared at depths of
approximately 250 m. Unlike the temperature and

Pressure in dbars = depth in meters in the oceans.
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Figure 3. Time series illustrating the seasonal and interannual variability in weekly sea surface height, albacore catch, and
albacore CPUE (catch per 1000 hooks) over the EEZ, and their relationships to each other. (a) Standard deviations of sea surface
heights for the years of 2003 (solid line) and 2004 (dashed line); (b) number of longline hooks (solid gray line) and number of
albacore caught (dashed line) from January 1996 through February 2005; (¢) standard deviation of sea surface height (solid gray
line) and albacore CPUE (dashed line) for the year of 2003; (d) mean albacore CPUE (thick black line) and catch (thin gray
line) averaged over the years of 2002 through 2004. Weekly catch and CPUEs are summed over time and the area of the EEZ.
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salinity distribution patterns, dissolved oxygen and
chloropigments showed a meridional variability along
both transects. Integrated dissolved oxygen values
were generally higher south of 15°S for the western
and south of 14°S for the eastern transects. Chloro-
pigment maxima appeared at depths between 100 and
150 m, with a general increase in concentration from
south to north. In addition, there was a sudden shal-
lowing of chloropigment maxima to approximately
100 m below surface at the 11°30’S latitude, more
prominent on the eastern transect, with an accom-
panying thickening of the layer and increasing con-
centrations. Furthermore, dissolved oxygen and
chloropigments showed a zonal variability between the
two transects. Dissolved oxygen values were generally
higher while chloropigments were lower along the

© 2007 The Authors, Fish. Oceanogr., 16:6, 555-572.

Months

eastern transect relative to those along the western
transect (Fig. 5).

Fishery performance and albacore distribution

The extraordinary growth of the American Samoa
longline fishery, especially in 2001, is reflected in
the time series of hooks set from the years of
January 1996 to February 2005 (Fig. 3b, solid gray
line). As Fig. 3b indicates, the number of hooks
increased by about an order of magnitude from pre-
expansion to postexpansion years. As stated eatlier,
this increase in the number of hooks is primarily a
result of the introduction of larger vessels into the
fishery that could travel farther from the islands
than the small alia vessels and allow the use of
larger sets. Most of the fishing activities in 1998,
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Figure 4. Mean April sea surface heights and geostrophic
currents for the American Samoa fishing grounds for the
years of 2003 (top) and 2004 (bottom).
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prior to the expansion, were confined to an area
within a 30-km radius immediately to the southeast
of the island of Tutuila, the main island of Ameri-
can Samoa, while by 2002, after the most intense
expansion period, most hooks were set over a much
larger — 10° longitude x 7° latitude — area (174-
164°W, 17-10°S), with additional excursions to
latitudes from 30°S to the equator. Because of this
shift in both the composition of the longline fleet
and the area being fished — as well as the insigni-
ficant number of hooks set prior to 2001 — data
analysis in this study is focused on logbook records
dated from January 2002 onwards, i.e. after the
expansion.

As previous studies suggested that albacore are
preferentially located in the high shear regions at eddy
boundaries (e.g. Murphy and Shomura, 1972; Laurs
and Lynn, 1977; Laurs etal., 1984; Fiedler and
Bernard, 1987), albacore catch and catch per unit
effort (CPUE, measured as the number of albacore
caught per 1000 hooks) locations were compared with
the locations of relatively strong shear resulting from
eddies and meanders within the EEZ. Maps showing

weekly SSH and geostrophic currents with albacore
catch and CPUE during the corresponding time peri-
ods reveal that albacore catches were predominantly
located at the stronger shear regions of mesoscale
features such as eddy boundaries or meanders, with
higher CPUE associated with areas of stronger shear.

As an example, Fig. 6 shows the locations of alba-
core catches for the weeks of May 29 to June 5 (top)
and August 14-21 (bottom), 2003, with the mean
SSH and geostrophic currents for the same time
periods. Most albacore catches were located at the
boundary of eddies on both plots, with the highest
albacore CPUE at the region of the strongest shear — as
indicated by the geostrophic current velocities — dur-
ing the week of May 29 to June 5. Furthermore, the
overall albacore catch and CPUE were higher when
the eddy variability was stronger in the EEZ (upper
panel of Fig. 6) than when the eddy activity in the
EEZ was diminished (lower panel of Fig. 6) in the
absence of SECC influence (see Fig. 3a).

This seasonal variability in albacore catch rates and
CPUE is the dominant trend for the post-expansion
longline fisheries record. Averages of monthly alba-
core catch and CPUE, summed over the EEZ and
averaged over the years from 2002 through 2004, show
this seasonal pattern (Fig. 3d). Albacore CPUE rates
nearly doubled during the months of May through part
of July, relative to that during the rest of the year. The
lowest catch and CPUE occurred during the month of
February and the earlier part of March. The seasonal
variability in albacore CPUE is associated with a
seasonal variability in the spatial pattern of the
number of hooks and CPUE as well. During the
months of peak CPUE and the rest of July, the nor-
thern half of the EEZ is associated with significantly
higher number of hooks and CPUE than the southern
half (Fig. 7). The exceptionally high May 2003
northward CPUEs compared with the July 8-year
averages reflect the relatively strong SECC in the peak
months of 2003 as well as the absence of fishing vessels
north of 14°S prior to 2001. Contrary to those
observed in May through July, the CPUEs were con-
siderably lower in the EEZ during the fall and winter
months, without the northward skew observed during
the peak months (e.g. the January mean values from
1996 through 2003; dashed thick line in Fig. 7).
Instead, the highest CPUEs were observed near the
island of Tutuila, approximately at 14°30’S, with the
number of hooks evenly distributed over the EEZ.
Note that the seasonal variability in albacore CPUE
lags that of the SECC by about 2 months. For exam-
ple, during 2003, the standard deviation of SSH in the
region peaked in March through the beginning of

© 2007 The Authors, Fish. Oceanogr., 16:6, 555-572.
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Figure 5. Temperature, salinity, dissolved oxygen, and chloropigments as measured by CTD casts along the 170°30"W (left) and
the 169°00"W (right) meridians within the EEZ (see Fig. 1) from March 3 to 13, 2004.
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May, with the albacore CPUE peaking in May through
the beginning of July (Fig. 3c).

In addition to the seasonal variability in albacore
catch and CPUE, the performance of the longline
fishery can vary from year to year. Figure 3b illus-
trates that while the number of hooks set does not
change significantly from year to year during the
post-expansion era, the catch (in numbers) dropped
to near-pre-expansion levels during 2004. This dra-
matic drop in CPUE from 2003 to 2004 is accom-
panied by a lack of seasonal increase of CPUE from
May through the beginning of July as well as a lack
of northward skew in CPUE during this same time
period and the rest of July (e.g. the month of May
2004; dashed thin line in Fig. 7). This lack of
northward skew in CPUE during the peak months in
2004 is not reflected in the spatial pattern of the
number of hooks, as they show a northward skew
similar to those in 2003. Note that the lack of a
seasonal increase and northward skew in albacore
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CPUE in 2004 coincides with the lack of seasonal
eddy intensification in the region (Fig. 3a).

In addition to examining the horizontal distribu-
tion of albacore catches, the vertical distribution of
albacore in the American Samoa EEZ was studied
using depth and temperature records obtained from
tagged albacore inside of the area of Box 1 (Fig. 1). Of
the six tags set, only two (‘albacore no. 1’, with 95 cm
fork length, and ‘albacore no. 2’, with 93 cm fork
length) lived longer than a few days but nevertheless
exhibited the diel migratory pattern expected of this
species. The tag on albacore no. 1 gave 16.21 live-days
(in 4-h bins) while the tag on albacore no. 2 gave
5.83 live-days (in 1-h bins).

Data obtained from the two successfully tagged
albacore show a 5.5-km net horizontal displacement
from the tag set to the tag pop-up locations: the tag on
albacore no. 1 popped up 10.45 km west from its set
location (170°36.2"W; 15°24.2’S versus 170°42.0"W;
15°24.6’S), giving an average of 645 m displacement
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per day, while the tag on albacore no. 2 popped up
520 m  west—northwest from its set location
(170°22.5"W;  15°30.7S  wversus  170°22.8'W;
15°30.6’S), giving an average of 89 m displacement
per day. This net horizontal displacement of indivi-
duals while tagged was only a fraction of the 31.6-km
net distance between the two albacore at the time of
tagging and at the time of the pop-up of the tags
(27.20 and 36.05 km for tagging and pop-up,
respectively).

Depth and temperature records from albacore no. 1
and no. 2 show a depth range of 0-300 m below the
surface, with corresponding temperatures of 30 to
18°C. On average, the two albacore spent most of
their time (75% and 60% for albacore no. 1 and no. 2,
respectively) in the 150-250 m depth range, in 25—
20°C waters. Depth and temperature records obtained
from the 18 TDRs attached to three commercial
longline sets during the time, and within the area of
the tagging operations (February 29 to March 2, 2004,

Number caught per 1000 hooks

Figure 6. Albacore catch locations and
CPUE (number caught per 1000 hooks)
plotted over sea surface heights and
geostrophic currents for the weeks of
May 29 to June 5 (top) and August 14 to
21 (bottom), 2003. Note that because of
privacy concerns, latitude and longitude
labels are omitted on these plots.

204 206

within Box 1 — see Fig. 1) all showed settling depths
and temperatures that correspond to those recorded by
the two successful tags: 100-380 m depth and 28-
13°C temperature.

Depth and temperature records from the pop-up
tags attached to the albacores indicated diel vertical
movement patterns typical for albacore tuna: at night
both albacore stayed closer to the surface (but still
below the mixed layer depth), descending to deeper
waters during the daytime. To examine this diel ver-
tical migratory pattern, the time spent by each alba-
core was separated into day and night blocks, with
daytime and nighttime defined as 08:00-17:00 and
20:00-05:00 hours, respectively, attempting to be
consistent with the sonic scattering layer observations
(see succeeding section). During the daytime, both
albacore stayed in the 150-300 m depth range (Fig. 8,
top left panel), in waters with temperatures ranging
from 25 to 18°C. Albacore no. 1 spent most of its time
(72%) in the 200-250 m depth bin, while albacore no.
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Figure 7. Latitudinal distribution of albacore CPUE (num-
ber caught per 1000 hooks) for the months of July (solid
thick line) and January (dashed thick line), averaged over
the years of 1996 through 2003, and for the month of May in
2003 (solid gray line) and 2004 (dashed gray line). CPUE are

summed over each month and 0.25° latitude.
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2 spent 70% of its time at approximately 200 m depth
(47% in the 150-200 m and 23% in the 200-250 m
depth bins). Both albacore tuna spent the rest of their
time mostly in the 250-300 m depth bin during the
day. During the night, both albacore tuna occupied
depths of 0-200 m (Fig. 8, top right panel), with
temperatures ranging between 30 and 24°C. Albacore
no. 1 and no. 2 spent 58% and 41% of their time in
the 100-150 m and the 150-200 m depth bins,
respectively, occupying mostly shallower depths the
rest of the time. Neither albacore dove below 250 m
during the nighttime.

Characteristics of the sonic scattering layer

The most prominent feature of the acoustic back-
scatter is the diurnal pattern of the vertically migrating
sonic scattering layer (SSL). During the daylight hours
the strongest acoustic backscatter was found in the
500-800 m depth range (deep scattering layer) and
during the night in the 10-150 m depth range (shal-
low scattering layer). Both dawn and dusk transition
times typically last longer than 1.5-2 h but can devi-
ate up to 45 min in response to changes in light levels
as a result of environmental factors (e.g. cloud cover,
moonlight). The SSL is predominantly composed of
several thin layers which become most prominent
during transition times as the migratory organisms that
compose the SSL start and end their vertical migra-
tions asynchronously.

To examine the mean daytime and nighttime
vertical patterns of the backscatter within the EEZ,
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both daytime and nighttime mean NASC obtained
over the two transects (see Fig. 1) were horizontally
averaged for the 38- and 120-kHz channels. These
averages show the strong nighttime (Fig. 8, left
panels) SSL in the upper 200 m, with daytime
averages increasing with depth from 350 m as nearing
the depth of the daytime SSL. Typically, NASC
values at 38 kHz (Fig. 8, top panels) are higher than
at 120 kHz (Fig. 8, bottom panels) with some
exceptions (e.g. at around 180 m during nighttime),
although the differences between the two are more
pronounced during night than during the day. Both
day and night plots show persistent local maxima at
250 m, and at 120 and 200 m, respectively. As Fig. 8
illustrates, the depths of the local daytime and
nighttime NASC maxima correspond to the depths
at which the two tagged tuna spent most of their
time: in the 150-200 and 200-250 m depth bins
during the day and in the 100-150 m and 150-200 m
bins during the night.

In addition to examining the vertical pattern of the
bioacoustic scattering, NASC values from both fre-
quencies were integrated over the upper 200 m to
examine their meridional and zonal characteristics
within the EEZ. One of the prominent features of the
integrated upper 200-m scattering is the spatial vari-
ability in the strength of area-scattering coefficients at
both the 38- and 120-kHz frequencies (Fig. 9). While
the 38-kHz NASC values are typically higher —
especially during night — than those of the 120 kHz
(as observed previously), there are spatial differences
in both the NASC values and their ratios at both
frequencies. During daytime, the 120-kHz NASC
values frequently exceeded those of the 38-kHz
approximately twofold (compare Fig. 9 top and bot-
tom left panels). However, near the island of Tutuila
(13-15°S on the western transect) the 38-kH:z inte-
grated NASC are more than three times those of the
120-kHz (~350 versus ~100 m? nmi~?). During
nighttime, the integrated values at 38 kHz were about
twice those at the 120-kHz frequency (~600 versus
~300 m? nmi~?) with the 120-kHz NASC never
exceeding the NASC at 38 kHz (compare Fig. 9 top
and bottom right panels — note the differences
between daytime versus nighttime and nighttime
38-kHz versus 120-kHz NASC color scales). As
opposed to daytime, during the night the western
transect showed relatively high NASC values south of
15°45’S at both frequencies.

There does not seem to be a spatial correspondence
between the weekly SSH records and the integrated
upper 200-m NASC values, except the relatively high
NASC values on the western transect south of
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15°45’S at both frequencies (Fig. 9). This feature
seems to correspond to relatively high shear at the
northeast boundary of a cyclonic eddy (the southern
eddy), inferred from the low sea surface heights and
the relatively strong geostrophic currents in that
location.

A prominent zonal feature of the integrated upper
200-m scattering coefficients is the persistently higher
NASC values over the western transect as opposed to
those at the eastern transect both during the day and
night and at both frequencies (Fig. 9). This westward
intensification of scattering coincides with lower dis-
solved oxygen and higher chloropigment concentra-
tions toward the west relative to the east (Fig. 5).
Note, however, that in the absence of CTD data
toward the southern end of the western transect, the
nighttime intensification of the upper 200-m scatter-
ing below 15°45’S and over the western transect,

durations for albacore no. 1 and no. 2 are
~16 and ~6 days, respectively.

observed at both frequencies, could not be compared
with dissolved oxygen and chloropigment concentra-
tions.

DISCUSSION

The results of this study show that the American
Samoa EEZ is a dynamic region with mesoscale
oceanographic activity exhibiting temporal variability
on scales less than a week. The American Samoa
EEZ — especially its northern half — is heavily influ-
enced by both the seasonally and interannually
variable SECC, resulting in increased eddy activity
when the kinetic energy of the SECC is at its
strongest. The timing of the three strongest SSH
anomalies suggests that El Nifio events might have
an influence on the interannual variability of the
SECC - and the resulting eddy activity in the region.
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Figure 9. Depth-integrated nautical area scattering coefficients and mean sea surface heights for the week of March 7-13 during
daytime (left) and during nighttime (right) for the 38 kHz (top) and 120 kHz (bottom) frequencies. The integration interval is
from O to 200 m in depth. Note the change in color scale: for daytime, NASC is 0-300 m* nmi~> for both frequencies, while for
nighttime, NASC is 0-800 m? nmi ™ for the 38-kHz and 0400 m? nmi™? for the 120-kHz channel.
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In turn, this variability in eddy activity appears to
have a strong influence on the performance of
longline fisheries for albacore, T. alalunga, although
the length of the logbook time series is not sufficient
to establish a definitive connection. Furthermore,
elevated CPUE in the area of increased eddy activity
likely indicates increased biomass of albacore, even
though catch per effort does not necessarily translate
into fish abundance at a certain location. However,
this observation is consistent with expectations based
on previous studies showing the preferential aggre-
gation of large pelagic fish, such as tuna, in areas of
increased shear associated with mesoscale eddies (e.g.
Murphy and Shomura, 1972; Fiedler and Bernard,
1987; Seki et al., 2002).

To determine whether albacore move into the
area of the EEZ with the SECC or if it aggregates
from ambient waters during the peak months of May
through the early part of July is outside of the scope
of this study. Nevertheless, it seems that longline
fishers have observed, and still use to their advantage,
the seasonal trend, as indicated by the elevated
number of hooks set — as well as the tendency to
occupy the northern half of the EEZ — from May to
July (Fig. 7). It is interesting to note, however, that
while most of the year the fleet stays within the
boundary of the EEZ, during March and April, when
the kinetic energy of the SECC is strongest with its
effects extending to the east of the EEZ, a significant
portion of the hooks are set at around 2°S, 162°W, to
the north of the EEZ as well as to the stronger sheer
associated with the boundary region between the
SEC and SECC. It is possible that some of the fishing
vessels move north to take advantage of the equa-
torial current system, as the fishery performance
within the EEZ is low during this time (Fig. 3d).
Note, however, that higher catch rates do not
necessarily reflect higher tuna abundance but could
indicate higher catchability if, for example, albacore
is distributed at shallower depths near the equator,
allowing for longline fishers to sample its entire
vertical range. Another time period when the fleet
tends to leave the EEZ is the months of August and
January, when both the kinetic energy of the SECC
and the fishery’s performance are at a low. During
these months, a significant number of hooks is set at
around 25°S, 170°W, south of the EEZ.

The results of this study cannot confirm a defin-
itive link between increased micronekton biomass
and high shear regions associated with eddy edges.
Although the nighttime SSL increases at the
boundary region of the southern cyclonic eddy, no
such increase can be seen at the edges of the

northern cyclonic eddy (Fig. 9). This apparent lack
of a clear effect on micronekton biomass is consistent
with other findings (e.g. Ménard et al., 2005) and is
not entirely surprising. Most micronektonic organ-
isms exhibit the diel vertical migratory pattern,
occupying depths below the influence of mesoscale
eddies during the day. The apparent lack of the
northern eddy’s influence on micronekton biomass
could also be a result of the fact that it is a relatively
short-lived, fast-moving eddy formed only 1 or
2 weeks prior to the time of the SSL measurements.
[t is conceivable that the accumulation of
micronekton biomass may require more than a couple
of weeks. The southern eddy, on the other hand, had
formed several weeks before the SSL measurements
were obtained, possibly allowing for the accumulation
of micronekton at its boundary region. The 2-month
lag between the peak times of eddy activity and
CPUE within the EEZ could reflect the accumulative
response times for the micronekton and albacore
tuna, assuming that the increase in CPUE is attrib-
utable to the preferential aggregation of albacore in
response to the accumulation in micronekton bio-
mass. Also noteworthy, during the time of the SSL
measurements (March 3-13, 2004), the fleet was
concentrating on the northern edge (~12°S 172°W)
of the dissipating anticyclonic eddy engulfing the
main Samoa islands, with some of the hooks (and
albacore catch) at the southern edge of the northern
cyclonic eddy (~12°S; 169°30"W). CPUE did not
exceed 10 albacore per 1000 hooks for any individual
set, giving significantly lower values than those dur-
ing off-season times in 2003 (see Fig. 6b).

In contrast to the lack of observed effects of the
northern eddy on the micronekton distribution,
changes in chloropigment and dissolved oxygen
concentrations along both transects at latitudes
coinciding with those of the northern eddy are
consistent with expected signatures of cyclonic
eddies. However, temperature and salinity records
indicate the lack of anticipated upwelling in that
area (Fig. 5). Regardless, the increased concentra-
tions of chloropigments could enhance secondary
production, which, in turn, could cause the observed
drop in the dissolved oxygen concentrations shown
in Fig. 5. The assumption of a causal relationship
between the two is strengthened by the close match
between the bottom contours of high concentrations
of dissolved oxygen and the top contours of high
concentrations of chloropigments along both tran-
sects (note that the depth scales for dissolved oxy-
gen and chloropigments are 0-500 m and 0-200 m,
respectively).
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The lack of an observable upward shift of the iso-
therms at the location of the northern eddy is puz-
zling,” although the lack of sea surface temperature
change is typical for short-lived eddies that are formed
by barotropic instability from relatively homogeneous
water masses. As opposed to boundary current eddies,
these mid-ocean eddies do not necessarily have sea
surface temperature signatures, for they are formed
from water masses with similar characteristics. As the
SECC originates to the east of Papua New Guinea in
the South Pacific Convergence Zone (SPCZ) — and
approximates the SPCZ’s route to Fiji — its water mass
is expected to contain high near-surface temperatures
with low salinities. It is likely that the SECC helps
advect and sustain the low sea surface salinity tongue
to the east, indicated in Fig. 5 by the low near-surface
salinities north of 14°S and 12°S along the western
and eastern transects, respectively. The difference in
the meridional extensions of the low-salinity water
between the two transects could indicate the advec-
tion of the low-salinity tongue from the west to the
east. The differences between the SECC and SEC
water masses could also be responsible for the increase
in dissolved oxygen and decrease in chloropigment
concentrations from the west to east.

The increase in chloropigment concentrations from
east to west coincides well with a decrease in dissolved
oxygen concentrations and with an increase in the
upper 200-m SSL both during daytime and nighttime
and at both frequencies (cf. Figs 5 and 9). Increased
concentrations of chloropigments represent higher
phytoplankton concentrations, allowing for an
increase in the biomass of zooplankton and possibly
micronekton. The lower concentrations of dissolved
oxygen could be the result of higher biomass of
micronekton (and, presumably, zooplankton) along
the western transect relative to those that are along
the eastern transect.

In general, the vertical distribution of the SSL is
consonant with previous observations in the vicinity of
the American Samoa EEZ. As part of the ECOTAP
Program, Bertrand et al. (1999) observed the shallow
and deep SSL above 200 m and between 500 and 800 m
depths, respectively, in the French Polynesian EEZ —
about 20° east from the American Samoa EEZ. As
observed in the present study, Bertrand et al. also found

’To confirm the accuracy of the SSH records, dynamic
heights and geostrophic currents were calculated from the
in situ temperature and salinity records. These in situ dynamic
heights and geostrophic currents are consistent with those
from the satellite record.
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local maxima in backscattering strength, although lying
at 200-300 m depth, 50 m deeper than the 150-250 m
deep maxima in the American Samoa EEZ.

Changes in the relative composition of the shallow
SSL can be inferred from the differences in the relative
backscattering coefficients at the two frequencies,
even though the SSL gives stronger returns in general
at the 38-kHz relative to those at the 120-kHz fre-
quency. These overall higher 38-kHz NASC values
agree with expectations based on the scattering prop-
erties of the organisms likely to make up the SSL in
the area. Bertrand et al. (2002b) found that in waters
bordering the American Samoa fishing grounds on the
east (the French Polynesian EEZ at 4-20°S; 154-—
134°W) — fish, particularly myctophids, make up about
70% of the SSL, with the rest composed of 10%
cephalopods (mainly squid), 13% crustaceans (mainly
euphausiids), and 7% gelatinous organisms. The pre-
dominance of myctophids in the South Pacific has
been shown by other authors as well (e.g. Young et al.,
1996). Although myctophids, as well as other small
fish, are expected to make up most of the backscat-
tering energy at both frequencies because of their
swimbladder (Foote, 1980) and their dominance in the
scattering layer, they are also expected to scatter
stronger at the 38-kHz than at the 120-kHz frequency
(MacLennan and Simmonds, 1992). Cephalopods
have target strengths within the same range as those of
myctophids at 38 kHz (e.g. Kajiwara et al., 1990;
MacLennan and Simmonds, 1992) and give equal
(Goss et al., 1998) or slightly higher (Goss et al.,
2001) returns at 120 kHz. On the other hand, gela-
tinous organisms have been shown to have high
backscattering strengths at 38 kHz which become
insignificant at the 120-kHz frequency (Benoit-Bird
and Au, 2001; Brierley et al., 2004), while euphausiids
(as well other plankton) scatter stronger at the 120-
kHz than at the 38-kHz channel (e.g. Everson et dl.,
1993; McKelvey, 2000; Swartzman, 2001; Ressler
et al., 2004; Demer and Conti, 2005).

Based on these scattering properties of the organ-
isms composing most of the SSL, the overall higher
NASC values at the lower frequency are consistent
with the hypothesis of a predominance of small fish
(and possibly cephalopods) in the upper 200-m SSL.
The observed patchiness in the differences in the
horizontal (Fig. 8) and vertical (Fig. 9) averages of the
relative backscattering strengths at the two frequen-
cies is indicative of both vertical and horizontal
changes in the relative composition of the SSL. The
greater nighttime differences in NASC at the two
frequencies, as well as the persistence of the deep
scattering layer, could indicate that mostly organisms



570 R. Domokos et al.

in the deep scattering layer that scatter stronger at the
lower frequency — such as fish, squid, and gelatinous
organisms — migrate to shallower depths during
nighttime.

The vertical distribution of albacore tuna seems to
be strongly influenced by the availability of food,
although the sample size of two successfully tagged
albacore is clearly not adequate for a definitive con-
clusion. While the two tuna preferred the SSL local
maxima at 150 and 250 m, they did not spend much of
their time either at the near-surface nighttime NASC
maximum or in the deep daytime SSL (Fig. 8). These
observations are consistent with the findings of the
ECOTAP Program in the French Polynesian EEZ,
where the vertical (and horizontal) distribution of
albacore and other tunas are correlated with dense
patches of micronekton at the 200-300 m depth range
(e.g. Josse et al., 1998; Bertrand et al., 2002a,b). It is
possible that in the American Samoa EEZ, the alba-
core prefer the composition of prey species at the 150—
250 m depth range, where the relative backscattering
strengths at the two frequencies indicate a higher
percentage of crustaceans and probably cephalopods
than within the upper 20-m layer. Albacore’s prefer-
ence of micronekton layers with relatively higher
concentrations of crustaceans and cephalopods is in
accord with studies involving albacore stomach con-
tent analyses in French Polynesia. Based on data from
2001 to 2005, M-L. Coudron (unpublished data;
contact D.S. Kirby, Secretariat of the Pacific Com-
munity, Noumea, New Caledonia) found that crusta-
ceans and mollusks made up 62% of albacore’s
stomach contents (31% each), as opposed to the
mostly fish-based diet of bigeye and yellowfin tuna. It
is interesting to note, however, that Bertrand et al.
(2002a) found that albacore’s stomachs contained
roughly 50-60% cephalopods, 35% fish, and 10%
crustaceans in the French Polynesian EEZ during
1995-97. This apparent change in the diet of albacore
is in agreement with findings from another study (D.S.
Kirby, Secretariat of the Pacific Community, Noumea,
New Caledonia, pers. comm.)’ indicating that from
1995-97 to 2001-2004, there was a 46% increase and
a 10% decrease in epipelagic crustaceans and meso-
pelagic squids in albacore’s stomach contents from
French Polynesia, accompanied by a 42% decrease in
fish diversity. As Kirby postulates, it is possible that
changes in the environment are responsible for the
changes in prey availability, and, as a result, in the diet
of albacore.

3See http://www.soest.hawaii.edu/PFRP/nov06mtg/kirby.pdf.

Neither oxygen nor temperature seems to be lim-
iting factors in the albacore’s avoidance of the shallow
and deep SSL, although temperature might play some
role. Bertrand et al. (2002b) reports that 97.5% of all
experimental longline albacore catch in the French
Polynesian EEZ occurred in waters with dissolved
oxygen concentrations and temperatures above
1.5 mL L™! and 10°C, respectively. In the American
Samoa EEZ, the dissolved oxygen minimum,
34 mL L7 is at 400 m depth (Fig. 5), only slightly
below the albacore’s preferred concentrations at
37mL L' (Graham et al., 1989); but within the
deep SSL, dissolved oxygen concentrations are con-
sistently above 4.0 mL L™'. Furthermore, dissolved
oxygen concentrations in the area of Box 1, enclosing
both tags’ set and pop-up locations (between 15°15.4’S
and 15°32.9’S on the western transect), are above
4.5 mL L7, with a maximum of 5.8 mL L™! in the
550-750 m depth range. These findings indicate that
dissolved oxygen is not likely to be a limiting factor for
albacore in the American Samoa EEZ. However, at
the depth of the deep scattering layer (500-800 m),
the temperature drops below the 10°C minimum
temperatures reported by Bertrand et al. (2002b). Note
that in this study, the two tagged albacore spent most
of their time at 150-250 m depths with temperatures
between 20 and 25°C, not spending time at 300-
500 m depths where the temperature was between 19
and 10°C. As opposed to these temperature ranges,
albacore in the northeast Pacific (~40°N) have been
observed to occupy waters with 10-17°C temperatures
(e.g. Laurs, 1983; Laurs and Dotson, 1992), corres-
ponding to a depth range of 150-250 m, the same
depth range as in this study.* While it is possible that
south Pacific albacore prefer warmer waters than al-
bacore from other Pacific locations, their similar depth
distribution and their avoidance of shallower waters
might point to the importance of food as a governing
factor in the vertical distribution of albacore.

It is interesting to note that the three longline sets
tested in this study show settling depths similar to the
depths where the two tagged albacore spent most of
their time, presumably feeding. Bertrand et al. (2002b)
found albacore catch rates to be persistently lower at
depths of dense micronekton patches than at depths
relatively devoid of prey — presumably because albacore

*Note that in Bertrand et al.’s (2002b) study, albacore mean
weight was 20.7 kg, comparable with fork lengths ~97 cm
and to the sizes of albacore in the present study, while Laurs
(1983) and Laurs and Dotson (1992) include data obtained
from juvenile to adult albacore in their analyses.

© 2007 The Authors, Fish. Oceanogr., 16:6, 555-572.
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avoid bait in the presence of abundant forage. Note that
during the time of this study, March 2004, eddy activity
(as well as albacore CPUE) was at a relative low
(Fig. 3a). It is possible that during stronger eddy
activity, the stronger currents result in shallower set-
tling depths that are relatively devoid of prey. The
reported higher incidental catch of typically shallower
dwelling fauna during 2002-2003 is indicative of
shallower settling depths than those observed at the
time of this study. Fishing at shallower depths where
albacore are more attracted to bait might help raise
CPUE at the time of enhanced eddy activity (e.g.
compare SSH SD and albacore CPUE during May
2003, to those during May 2004, on Figs 3a and 7).

The results of this study imply that albacore may be
less migratory than is generally thought, or that their
migratory behavior is confined by environmental fac-
tors. Although no position readings are available
between tagging and pop-up locations, the net daily
displacements of 645 and 89 m for albacore no. 1 and
no. 2 — along with the much longer distances between
the two albacores at the times of tagging (27.20 km)
and pop-up (36.05 km) — suggest that they spent most
of their time foraging, without transiting horizontally
through space.

While leaving many questions unanswered, this
study provides strong support for the importance of the
SECC to the performance of the local fishery for
albacore, as well as essential information on albacore
and micronekton movement patterns and distribution
in the American Samoa EEZ. This study serves as the
first step in the characterization of the American
Samoa albacore tuna habitat and fishing grounds, a
poorly studied region. Although preliminary, the
results presented here provide valuable information for
directing future research on the oceanographic char-
acterization of this economically important area.
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