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ABSTRACT

This study reports on the fine-scale movements of
swordfish (Xiphias gladius) outfitted with pop-off
satellite archival transmitters (PSATs) in the South-
ern California Bight (SCB). PSATs were deployed on
basking swordfish using traditional harpoon methods
from 2004 to 2006. Transmitters were programmed for
short-term deployment (2–90 days) and re-acquired
using a signal direction finder. High-resolution
(min)1) depth and temperature data from nine
swordfish (approximately 45–120 kg) were collected
(>193 days). All swordfish displayed diurnal vertical
movements similar to those reported for other geo-
graphic locations. The dominant diurnal movement
pattern entailed swordfish remaining below the ther-
mocline (>68 ± 15 m) during the day and near the
surface, within the upper-mixed layer, at night. Col-
lectively, the average daytime depth (±SE) was
273 ± 11 m and the average night depth 31 ± 5 m.
Three distinct vertical behaviors were recorded: 35%
of the records following a strict diurnal pattern, with
the entire day below the thermocline and the entire
night near the surface; 52% of the records revealed
routine surface-basking events during the day, with an
otherwise similar distribution at night; and 13% of the
records exhibited surface-oriented activity during the
day and night. Surface basking (<3 m during the day)
was recorded for eight individuals and occurred on 131
of the 193 days (68% of the dataset). Collectively,

surface basking accounted for 8% of the total daytime
records. The relevance of these vertical behaviors to
SCB fisheries is discussed.
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INTRODUCTION

The swordfish (Xiphias gladius) is a pelagic, apex-
predator targeted commercially throughout its exten-
sive latitudinal range (50�N–50�S in the Pacific
Ocean; Bedford and Hagerman, 1983; Hinton, 2003).
This species is a global commodity, with the annual
worldwide harvest estimated at over 100 000 t since
2000 (Ward et al., 2000). Despite fluctuations
in market dynamics, global swordfish landings have
increased steadily since the 1980s, and fisheries have
developed over much of the geographic range of this
species (Ward et al., 2000; Ward and Meyers, 2005).

In the Eastern North Pacific (ENP), swordfish are
targeted with longlines, pelagic drift-gillnets (DGN)
and to a lesser extent with traditional harpoon gear
(Ward et al., 2000; Hinton, 2003). Fleet operations
typically occur near frontal zones and areas of high
productivity (i.e., sea mounts, banks and islands).
Over the past decade several management concerns
have been raised over swordfish fisheries and their
interactions with non-target species (Melvin et al.,
1999; Carretta et al., 2003; Polovina et al., 2003;
Gilman et al., 2006, 2007). For US fishers in the ENP,
management restrictions have been implemented on
longline and DGN operations in an attempt to reduce
the incidental take of threatened and protected species
(i.e., marine mammals, sea birds and sea turtles)
(Julian and Beeson, 1998; Melvin et al., 1999; Carretta
et al., 2003; HMS SAFE Report, 2007). Bycatch
reduction strategies have directly affected US-based
swordfish fishers through bycatch quotas, time and area
closures, and mandated gear modifications (Hanan
et al., 1993; Carretta et al., 2003; Uhlmann et al.,
2005).

Along the west coast of the USA (California,
Oregon and Washington) longlining within the
exclusive economic zone (EEZ) is prohibited, and the
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principal swordfish landings (from within the EEZ) are
from DGN and harpoon operations (Bedford and
Hagerman, 1983; Hanan et al., 1993). Although har-
poon fisheries for swordfish can be effective and idyllic
with respect to selectivity and limited bycatch, this
method is not as efficient as longline or DGN (Ward
et al., 2000). The relative success of swordfish harpoon
operations relies on the environmental conditions
(i.e., sea-state, wind, cloud cover) as well as surface-
basking rates, which may vary seasonally and inter-
annually (M. McCorkle, Santa Barbara CA, USA,
pers. comm.). In California, the swordfish harpoon
fleet has decreased from 246 permitted vessels in 1982
to only 23 in 2006 (HMS SAFE Report, 2007). Sim-
ilarly, the west coast DGN fleet has also diminished in
size from over 250 vessels in 1986 to fewer than 50
active vessels in 2006 (HMS SAFE Report, 2007). The
decline in participation in the west coast swordfish
fisheries has occurred despite reports of a healthy
swordfish ENP stock and the expansion of neighboring
swordfish fisheries in Mexico (Hinton, 2003; O. Sosa-
Nishizaki, Centro de Investigación Cientı́fica y de
Educación Superior de Ensenada, Mexico, pers.
comm.). For the DGN fishery, market dynamics, non-
transferable permits and increased temporal and re-
gional restrictions are likely the cause of the continued
decline in west coast effort (Carretta et al., 2003;
HMS SAFE Report, 2007).

Previous swordfish movement studies

General movement trends for swordfish have been
described from previous acoustic tracking studies and
fisheries data, and from the use of pop-off satellite
archival transmitters (PSATs) (Carey and Robison,
1981; Carey, 1990; Reeb et al., 2000; Ward et al.,
2000; Sedberry and Loefer, 2001; Takahashi et al.,
2003; Markaida and Hochberg, 2005). These works
have shown that swordfish typically exhibit strong
diurnal movement patterns, in which daylight hours
are spent predominantly below the thermocline (300–
1000 m), and night hours are spent above the ther-
mocline. These diurnal trends have been shown for
swordfish in the North Atlantic (Carey and Robison,
1981; Carey, 1990; Sedberry and Loefer, 2001), West
Pacific (Takahashi et al., 2003) and ENP (Carey and
Robison, 1981; Holts et al., 1994). A deviation from
this diurnal pattern includes the occurrence of periodic
surface-basking events during the day. This behavior
forms the basis for traditional harpoon fisheries around
the world (Eastern and Western Pacific, North
Atlantic, and Mediterranean) (Ward et al., 2000).

Reducing bycatch and increasing gear selectivity
are two major issues surrounding the future develop-

ment and sustainability of swordfish fisheries along the
west coast of the USA. Moving towards this goal re-
quires knowledge of the vertical distribution of the
swordfish within the SCB. The objectives of the
present study were to quantify the fine-scale depth
distribution and temperature preferences of swordfish
in the SCB and analyze these data with respect to the
two dominant commercial fisheries of the region,
harpoon and DGN.

METHODS

Transmitter specifications

Wildlife Computers (Redmond, WA, USA) PAT4
and MK10 pop-off satellite archival tags (PSATs)
were programmed to record depth and ambient water
temperature once every minute, and light level once
every 2 min. The transmitters were set for pop-off
schedules ranging from 2 to 90 days, dependent on
vessel availability, tag deployment location, forecasted
weather conditions, and commercial fleet operations.
Tag tethers were rigged with an 11-cm section of 100-
kg, plastic-coated stainless-steel wire, stainless steel
crimps and a black plastic umbrella anchor (Domeier
et al., 2005).

Tag deployment

Basking swordfish were spotted with stabilized binoc-
ulars or by spotter plane in the coastal waters (<30
nautical miles of the coast) off Southern California
(approximately 33�00¢ latitude, 117�30¢ longitude).
The PSATs were deployed using a modified harpoon
adapted to insert the tag anchor a maximum of 10 cm
into the dorsal musculature (Takahashi et al., 2003).
Size estimates, tag position and environmental con-
ditions (i.e., water temperature and color and sea
state) were documented for each tagging and tag
recovery event. Field surveys of marine life present
during the tagging cruises and tag recovery missions
were also conducted to identify specific differences in
faunal density proximal to the tagging locations.

Transmitter re-acquisition

Directed efforts to recover PSATs after their release
were initiated within 24 h of receiving a signal from
the Argos server. Once within 2 km of the initial pop-
up location, a Gonio 400 (SERPE-IESM, Guidel,
France) signal direction finder was used to triangulate
the position of the floating transmitter. Upon recov-
ery, the data were downloaded and the release pin of
the tag was re-fitted by the manufacturer for sub-
sequent deployment.
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Data analyses

Archived depth and temperature data were imported
into an ACCESS database (Microsoft OFFICE 2003,
Seattle, WA, USA). All records were assigned ‘day’ or
‘night’ values based on the time of sunrise and sunset
from the United States Naval Observatory database
for Southern California. Crepuscular periods were not
analyzed separately as diurnal transitions from day and
night distribution patterns corresponded closely to the
timing of sunset and sunrise.

Daytime depths were categorized into three distinct
groups, basking, above the thermocline and below the
thermocline, based on their respective depths. Basking
was defined as any daytime depth record <3 m, a depth
at which commercial spotter pilots can identify
swordfish from the sky (D. Mauer, Carlsbad, CA,
USA, pers. comm.). Individual basking events were
differentiated within the track records by a change in
depth in which the fish traversed the thermocline.
Thermocline depth and corresponding water temper-
ature was determined from graphical inspection of the
vertical temperature profiles and identification of the
strongest temperature gradient (dT ⁄ dz) for each track.
‘Above the thermocline’ was defined as any depth that
was ‡3 m and had a lower boundary of the thermo-
cline. ‘Below the thermocline’ was defined as all day-
time depth records below the average depth of the
thermocline.

For all tracked swordfish, basking events were
examined for both duration and time of occurrence
(initiation) to identify any trends specific to the
behavior. For the two extended tracks which encom-
passed multiple months of movement data (swordfish 5
and 9) a Fast Fourier Transform was used to identify
any basking periodicities (MATLAB, R12). Diurnal
movement patterns for each swordfish were analyzed
for differences in average depth using a two-sample
t-test. For the calculation of average daytime depth,
surface-basking periods were excluded to better reflect
the actual depth occupied by any fish during the day.
All values are indicated as mean ± SE. Contour plots
for the joint distribution of depth and time over a 24-h
period were constructed for all swordfish as well as
those individuals tagged over the 2006 field season.
Estimates of sea surface chlorophyll concentration were
recorded for both the tagging and pop-off locations for
each swordfish of this study using MODIS data ob-
tained from Aqua and Terra EOS Satellites; processed
by TERRAFIN software (http://www.terrafin.com). Light
data were not used for geolocation purposes due to the
limited duration of the tag deployments and the lack of
adequate illumination at depth.

RESULTS

Nine swordfish tagged in the SCB from November
2004 to December 2006 provided >193 days of fine-
scale (min)1) depth and temperature data (Table 1).
Of the nine tagged individuals, five swordfish (55%)
were recaptured by commercial DGN (4) and harpoon
(1) fishers. Collectively, the average swimming depth
and overall depth range were significantly greater dur-
ing the day (average 273 ± 11; range 235–318 m) than
at night (average 31 ± 5 m; range 16–68 m) (Table 1).
Similarly, all swordfish exhibited maximum dive depths
during daylight hours, with the greatest depth achieved
being 673 m (swordfish 3; Table 1). The greatest hor-
izontal distance traveled by any swordfish in this study
(derived from the initial tagging and pop-off locations)
was 144 km (swordfish 9) and the average horizontal
distance traveled for all swordfish was 30 ± 43 km.

Vertical distribution

The depth distribution data for the eight extended
tracks (>24 h) revealed three distinct vertical move-
ment behaviors during the day, while all fish remained
above the thermocline at night. Behavior I consisted
of swordfish remaining below the thermocline the
entire day and near the surface waters at night (Fig. 1).
The Behavior II vertical distribution consisted of
similar average daytime depths to Behavior I; however,
periodic surface basking occurred during the day
(Fig. 1b). The Behavior II basking events were typi-
cally directed ascents and descents that ranged in
duration from 2 to 240 min. Behavior III entailed
extended periods (>240 min) of heightened surface-
oriented activity (including basking), with only
infrequent excursions below the thermocline (Fig. 1c).

Swordfish that exhibited the Behavior I distribution
had descents and ascents that corresponded to sunrise
and sunset, respectively. Behavior I was observed on
69 of the 193 days, or 36% of the entire data set.
Behavior II accounted for 99 of the 193 days, or 51%
of the collective data set. The number of daily surface-
basking events ranged from as few as one to as many as
seven (swordfish 5). Behavior III accounted for 13% of
the daily records, or 25 days. This behavior was pri-
marily observed in the two extended tracks (swordfish
5 and 9) and occurred both sporadically (1 day at a
time) and in succession (on consecutive days). This
behavior often entailed several hours of surface bask-
ing followed by brief (<60 min) descents and sub-
sequent ascents to the surface waters.

To illustrate the marked similarities in the depth
distribution over a 24-h period, a plot of the joint
distribution of time and depth was constructed for all
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Table 1. Swordfish body size, tagging information, depth statistics and temperature information.

No.
Tag
No.

Tag
type

Approximately
mass,* kg Deployment Location

Basking
days

Days
at
liberty

Mean
depth
day, m

Mean
depth
night, m

Max.
depth,
m

Thermo-
cline
depth, m DT,� �C

1 04P0422a PAT4 75 11 ⁄ 7 ⁄ 2005 33�03.60¢
117�33.60¢

2 4 293 16 420 57 17.6

2 04P0640 PAT4 70 12 ⁄ 1 ⁄ 2005 32�53.12¢
117�40.60¢

1 1 247 69 276 66 11.1

3 04P0228 PAT4 75 7 ⁄ 06 ⁄ 06 33�05.56¢
117�52.92¢

3 5 284 37 673 41 12.8

4 04P0494 PAT4 100 8 ⁄ 17 ⁄ 06 32�11.66¢
117�23.15¢

0 6 318 39 436 77 11.8

5 05A0258 MK10 70 8 ⁄ 19 ⁄ 2006 33�18.00¢
118�12.00¢

52 66 236 33 464 55 12.8

6 04P0422b PAT4 80 11 ⁄ 5 ⁄ 2006 33�31.76¢
117�53.54¢

5 11 287 16 492 85 15.6

7 05A0313 MK10 45 11 ⁄ 6 ⁄ 2006 33�25.23¢
117�46.34¢

2 7 314 31 431 66 8.7

8 04P0485 PAT4 75 11 ⁄ 13 ⁄ 2006 33�05.60¢
117�30.98¢

3 4 249 19 444 84 16.9

9 04P0635 PAT4 75 11 ⁄ 13 ⁄ 2006 32�55.83¢
117�39.61¢

63 89 237 26 580 85 11.4

*Mass estimated from tagging vessel.
�Maximum difference between SST and minimum temperature at depth.
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Figure 1. Three 9-day periods of swordfish vertical distribution (solid trace), corresponding water temperature during the track
period (stippled red trace) and average thermocline depth (horizontal blue trace) for a 75-kg swordfish (swordfish 9).
(a) Behavior 1, a distribution in which the swordfish remained at depth (approximatley 250–400 m) for all daylight hours and
above the thermocline at night (shaded area). (b) Behavior II, a mixed daytime depth distribution, with periodic surface-basking
events sporadically distributed throughout the depth records. (c) Behavior III, a period of heightened day and night surface-
oriented activity.
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of the swordfish tagged in this study (Fig. 2). The
contour plot illustrates the general depth trends over a
24-h period (approximately 0 to 30 m at night and
approximately 200 to 350 m during the day). Figure 2
also shows how the depth distribution changes over
the course of the day, with the maximum depths
coinciding with middle of the day when illumination
is typically greatest. Similarly, a binned histogram of
the day and night depth distribution for all swordfish
illustrates the bimodal distribution during the day (i.e.,
basking and below the thermocline) and the surface-
oriented distribution at night (Fig. 3).

Surface basking

Surface basking during the daytime hours was
recorded for eight of the nine individuals tagged, and
occurred on 131 of the 193 days of data (68% of the
study period). The percent of daylight hours spent
basking at the surface ranged from 0 to 33% among
individuals and collectively accounted for 8% of the
total daytime records. For all fish exhibiting Behavior
II, the average duration of the basking events was

17 ± 9 min. A daily histogram of the daytime depth
distribution for swordfish 5 (66 days) shows the
frequency of basking activity over the track record
and the vertical distribution with reference to the
thermocline (Fig. 4).

There were no identifiable periodicities in the
frequency of basking events. Collectively, basking
activity was found to occur at different times over the
entire day and occurred over all moon phases and
tidal cycles. Swordfish 9 exhibited the longest dura-
tion without any basking activity (13 days). This
time period coincided with a 5-day period both pre-
ceding and following the full moon (10–20 January
2006), and was also characterized by an increased
average day (158 ± 154 m versus 369 ± 56 m) and
night depth (26 ± 46 m versus 73 ± 76 m). The
timing of the initial ascent of all basking events was
also examined over the entire day to identify further
any periods of heightened basking activity (Fig. 5).
Trends in basking activity were not evident, as sur-
face basking was found to be intermittent, occurred
throughout the day and often did not occur on suc-
cessive days.

Temperature

Swordfish were tagged at sea surface temperatures
(SST) ranging from 16.0 to 23.6�C, with an average
SST (±SD) of 20.2 ± 2.4�C. Collectively, the ambient
temperatures recorded during all tracks ranged from
6.1 to 23.7�C and the average SST recorded while
basking at the surface was 19.1 ± 2.4�C (range; 14.4 to
23.7�C; Table 1). The average depth of the thermo-
cline was (±SD) 68 ± 15 m and corresponded to
11.4 ± 0.3�C (Table 1). Figure 6 illustrates the range
of ambient temperatures encountered by swordfish 1
over a 24-h period, showing the marked fluctuations in
ambient temperature associated with the daily vertical
distribution in the SCB. Figure 7 represents the diur-
nal temperature distribution for all swordfish of this
study. Although temperatures as low as 6.1�C were

Figure 2. A contour plot showing the joint distribution of
depth and time plotted over a 24-h period for all swordfish
tagged in this study.

0–50
50–100

100–150
150–200
200–250
250–300
300–350
350–400
400–450
450–500
500–550
550–600
600–650
650–700

18 000 12 000 6000 0 6000 12 000 18 000

Minutes at depth

D
ep

th
 (

m
)

Figure 3. A binned histogram of the day
and night depth distribution for all
swordfish of this study (solid bars and
shaded area represent night).
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recorded, the average temperature experienced at
depth (below the thermocline) was 8.7 ± 0.2�C.

Additional observations

Six of the swordfish tagged in this study were found
in areas with surface chlorophyll a concentrations
ranging from 0.10 to 1.0 mg m)3, while the remaining
three individuals were located in areas with
<0.10 mg m)3. Four of the nine swordfish were tagged
proximal (<1 km) to distinct bathymetric features of
the SCB (i.e., banks, high spots, ridges), and five of
the tags popped-off near these areas. Surveys of marine
life recorded during the field tagging cruises and tag
recovery missions revealed a heightened presence of
marine mammals proximal to the tagging and pop-off
locations (<1 km). Blue whales (Balaenoptera muscu-
lus), fin whales (Balaenoptera physalus), Rissos Dolphin
(Grampus griseus) and Northern Elephant seals (Mir-
ounga angustirostris) were concentrated near the
tagging and pop-off locations.

DISCUSSION

This work reports on the fine-scale vertical move-
ments of swordfish in the SCB and provides insight

into the diurnal vertical distribution of this commer-
cially important species. The predominant vertical
distribution patterns observed in this study were con-
sistent with those reported in previous swordfish
movement studies; however, differences in average
depths, basking rates and surface-oriented movements
distinguish the swordfish of this study from those
studied in the Atlantic and along the Baja California
Peninsula (Carey and Robison, 1981; Carey, 1990).

Tagging operations

In previous studies, harpoon techniques have been
used to deploy acoustic transmitters, PSATs and
archival tags on swordfish in the Atlantic and Eastern
and Western Pacific (Carey, 1990; Takahashi et al.,
2003). In the present study, the tagging procedure did
not result in any immediate post-tagging mortality
(based on the depth records), and appeared to result in
minimal post-tagging stress, as tagged swordfish rou-
tinely returned to the surface immediately after tag
implantation and dive records did not reveal specific
behaviors related to the tagging event.

The relatively high recapture rate recorded in this
study (55%) was likely due to the proximity of tagging
activities to commercial swordfish operations (both

0

20

40

60

80

100

Basking
Above thermocline
Below thermocline

10/21/20068/19/2006 Daytime (h)

P
er

ce
nt

 o
cc

ur
re

nc
e

Figure 4. A histogram of the daytime (sunrise to sunset) depth distribution for swordfish 5 (66 days) which shows the frequency
of basking activity (<3 m), time above the thermocline and time below thermocline.

0

5

10

15

20

25

30

4 5 6 7 8 9 10 11 12 13 14 15 16 17

Time of day

T
ot

al
 b

as
ki

ng
 e

ve
nt

s

Figure 5. A binned histogram illustrat-
ing the total number of basking events
(based on time of ascent) recorded over
the course of the day for all swordfish in
this study.

284 C. A. Sepulveda et al.

� 2010 Blackwell Publishing Ltd, Fish. Oceanogr., 19:4, 279–289.



DGN and harpoon). An additional factor that may
have contributed to the relatively high recapture rate
observed in this study is the regional closures to the
DGN fishery above Point Conception which have
consolidated west coast DGN effort to the SCB waters
(Federal Register, 2001).

Comparisons with Atlantic swordfish

The daytime depth range found in this study was
similar to that found for swordfish acoustically tracked
in the Atlantic (0–600 m); however, a greater average
depth was recorded in the Atlantic (approximately
500 m versus 273 m ± 11 m; Carey and Robison,
1981). The greater daytime depth may be in response
to the very different oceanographic conditions of the
two regions (Prince and Goodyear, 2006). In particu-
lar, differences in the thermal stratification of the
water column and the presence of a strong, relatively
shallow thermocline in the SCB could influence the

ambient temperature at depth (Palacios et al., 2004).
For example, a swordfish at 300 m in the present study
would experience an ambient temperature of approx-
imately 8�C, whereas this temperature would corre-
spond to approximately 400–600 m in the Atlantic
study region (Carey, 1990). Despite the observed
differences in average daytime depth, the minimum
water temperatures experienced were similar [7–10�C
in the Atlantic (Carey, 1990) and 8.7 ± 0.2�C (this
study)] for the two regions. Although the swordfish in
both regions remained at shallower depths at night
(above the thermocline), the depth range in the
Atlantic was much greater (0–150 m), which again
may reflect the differences in thermal stratification or
possibly the distribution of prey.

Additional factors that may account for some of the
observed differences in vertical distribution include the
availability and distribution of prey, differences in dis-
solved oxygen (DO) content and the overall depth of
the study site. Recent work by Prince and Goodyear
(2006) suggests that the differences in DO concentra-
tion at depth may act to compress the vertical distri-
bution of pelagic fishes in the Pacific. Thus, it may be
that the relatively shallow oxygen minimum layer
(OML, defined as <0.5 mL L)1 dissolved O2; Levin,
2003) in the ENP (approximately 400 to 600 m; Bograd
et al., 2008; Fuenzalida et al., 2009) may account for
some of the observed depth differences reported here. It
must also be considered that much of the SCB study area
is much shallower (approximately 400–800 m) than
that of the Atlantic sites, an additional factor that could
certainly limit the overall attainable depth of swordfish
in this study (Carey and Robison, 1981; Carey, 1990).

Comparisons with Baja California swordfish

When compared to swordfish tracked off the tip of
Baja California, the individuals of this study exhibited
a greater depth range and greater average daytime
depth (273 ± 10 m versus approximately 100 m) but
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similar depths at night. Carey and Robison (1981)
hypothesized that the relatively shallow (100 m)
depth of the OML was the primary factor affecting the
vertical distribution of swordfish in the Baja region.
Carey and Robison (1981) also hypothesized that the
shallow OML was likely responsible for the high-fre-
quency of surface basking in the Baja swordfish, as it
was suggested that the fish were surfacing frequently to
recover from the hypoxic conditions experienced at
depth (Carey and Robison, 1981). Because the depth
of the OML may both limit the movements of the
swordfish and also act to consolidate the available
prey, it is difficult to tease apart the causes for the
observed distribution.

In the SCB the depth of the OML is also relatively
shallow (approximately 400–600 m; Childress and
Seibel, 1998; Fuenzalida et al., 2009), but it is
approximately four times greater than that off the tip
of Baja California (Carey and Robison, 1981; Prince
and Goodyear, 2006; Bograd et al., 2008). Hence, it
may be that the upper reaches of the OML act to
compress the suitable habitat of the swordfish, thus
influencing the daytime vertical distribution within
the Bight (Bograd et al., 2008). With recent evidence
supporting the shoaling of the hypoxic boundary in
the California Current system, it may be that the
vertical distribution of swordfish in the Eastern Pacific
is a dynamic function of this hypoxic interface (Prince
and Goodyear, 2006; Bograd et al., 2008).

Comparisons with Western Pacific swordfish

Collectively, the suite of vertical behaviors exhibited
by the swordfish in this study most closely resembles
those recorded for a single swordfish outfitted with an
archival tag in the Western North Pacific (Takahashi
et al., 2003). In the Takahashi et al. (2003) study, a
120-kg swordfish displayed diurnal movements resem-
bling all three of the behavior patterns reported here
(Fig. 1,b and c). Most notable was the presence of
extended periods of surface-oriented behavior (similar
to Behavior III in this study), which Takahashi et al.
(2003) attributed to the transition between relatively
warm and cold surface temperatures. Because the SST
which preceded and followed the daytime surface
activity of this study did not vary, we propose that
other factors likely cued this behavior, such as the
diurnal distribution of prey or possibly an increased
reliance on nocturnal feeding.

The absence of vertical movements and remaining
exclusively within the warm surface waters may also
provide the ideal conditions for increasing the hori-
zontal distance traveled. This has been suggested for
other pelagic species (e.g. white shark, Carcharodon

carcharias) and may be a movement pattern used when
transiting through a given area (Weng et al., 2007;
Domeier and Nasby-Lucas, 2008). However, because
of the short duration of the tag deployments and lack
of horizontal movement data it is not possible to
conclude whether these periods of reduced vertical
activity were associated with increased horizontal
displacement.

One difference between the present study and
that of Takahashi et al. (2003) was the increased
daily depth (>500 m) of the swordfish when in the
‘Kuroshio Warm Water’ area. During this period
both the SST (>25�C) and temperature at depth
(approximately 17�C at 300 m) were much warmer
than that of the SCB (approximately 8�C at 300 m). It
is also noted that DO concentrations at depth are
different, with the OML much shallower in the ENP
compared to the Western North Pacific (approxi-
mately 400–600 m versus approximately 1000–
1200 m; Bograd et al., 2008; Karstensen et al., 2008).
Additional differences from the Takahashi et al.
(2003) work include the routine diving to ambient
temperatures much lower than those reported here
(<5�C; Takahashi et al., 2003), suggesting that
reduced water temperature was not a controlling fac-
tor for the lower depth distribution of the swordfish in
this study.

Illumination, lunar and tidal cycles

In the Atlantic it has been suggested that the daily
vertical movements follow a U-shaped pattern in
response to the isolume (Carey and Robison, 1981). In
the present study we observed a similar U-shaped
daytime depth distribution in approximately 30% of
the daily records (59 of 193 days). This pattern is
especially evident in Fig. 2, which illustrates how the
combined swordfish depth distribution changes over
the course of the day. The high frequency of cloud
cover in Southern California may be one reason why
this was not a uniform trend among all swordfish of
this study. Furthermore, Carey (1990) later reported
that this depth distribution trend was not consistently
observed among the swordfish tracked in the Atlantic.
Similarly, the heightened surface-basking activity
observed in the two extended tracks (swordfish 5 and
9) also fails to support the uniform use of the isolume
for the vertical movements.

Trends in the average depth distribution over the
lunar cycles were not consistent among the swordfish
of this study, most likely because only segments of
each period were available for analysis due to the short
duration of the deployments. Of the two swordfish that
contained multiple lunar cycles (swordfish 5 and 9),
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only fish 9 exhibited a consistently greater average
night and daytime depth during the period 5 days
before and after the full moon. Although data were
available for two additional full-moon periods, this
greater average depth was only observed during one
full-moon period (15 January 2006). Although lunar-
associated increases in night depth have been de-
scribed for other deep diving pelagic species such as
bigeye tuna (Thunnus obesus) and organisms of the
deep scattering layer (DSL), uniform trends were not
observed for the swordfish of this study (Carey and
Robison, 1981; Holland et al., 1992; Kringel et al.,
2003; Musyl et al., 2003). Longer term deployments
that overlap in time and space are needed to better
understand periodicities in the vertical distribution of
swordfish in the SCB.

Mammals

The extensive co-occurrence of marine mammals at
the swordfish tagging and pop-off locations can most
likely be explained by the patchy distribution of prey
resources of the SCB and its increased availability
along frontal edges (Hinton, 2003). In particular, the
northern elephant seal was found, on repeated occa-
sions, proximal to the tagging and pop-off locations.
There is substantial overlap in the diet of swordfish
and northern elephant seals, as both of these open-
ocean predators have the capacity to remain at depth
for extended periods and prey upon the abundant
cephalopod and teleost resources associated with the
SCB DSL (Sinclair, 1994; Markaida and Hochberg,
2005). These observations were corroborated by SCB
swordfish fishers and spotting pilots, who agreed that
SCB swordfish are frequently observed proximal to
areas with high marine mammal concentrations (D.
Mauer, Carlsbad, CA, USA, pers. comm.; K. Fuka-
shima, San Diego, CA, USA, pers. comm.). The
proximity of fishing operations along the productive
frontal edges of the California current system is likely
a factor contributing to the various bycatch issues
surrounding the swordfish fisheries of the ENP (Car-
retta et al., 2003).

How these data relate to SCB fisheries

One objective of this work was to examine the fine-
scale movements of the swordfish in relation to the
dominant swordfish fisheries of the region (harpoon
and DGN). The depth distribution during the day was
used to assess the proportion of the day that the
swordfish of this study would be vulnerable to the
harpoon gear type (harpoon operations occur only
during the day) and the depth at night was used to
estimate DGN efficacy based on current depth

mandates and gear configuration (DGN operations
occur only at night) (Bedford and Hagerman, 1983).

Harpoon

Basking events were evident in eight of the nine track
records and accounted for only 8% of the total daytime
observations. There were no identifiable periodicities
in the frequency of basking events. Several inconsis-
tencies likely account for this, which include the
occurrence of basking events at different times on
successive days, multiple events per day, as well as
periods with no basking activity at all. The longest
duration without any basking activity was 13 days
(swordfish 9). The 13-day period encompassed the
period before and after the full moon and occurred
despite similar night and day SSTs throughout the
record.

The short duration of the deployments, lack of
overlapping data sets (individuals tagged at the same
time) and sporadic nature of the basking activity
precluded any conclusions based on individual com-
parisons. For the two deployments that temporally
overlapped and contained basking activity, a similar
basking trend was observed with both fish surfacing at
approximately the same time on the same day. How-
ever, this pattern was not observed on the subsequent
day, when only one fish basked and the other remained
at depth (Fig. 8). Additional long-term data sets from
individuals tagged at the same time and place are
necessary to comprehend fully the specific factors that
cue surface basking in this species.

From the data gathered to date, we propose that
basking activity is cued from biotic factors that are
difficult to predict, ones that probably do not remain
constant over time, such as frequency of feeding,
stomach fullness or body temperature. Further, we
hypothesize that basking may be in response to
reductions in core body temperature brought about
from successful feeding at depth. Using the average
temperatures recorded in this study for swordfish at
depth and the surface, the average change in tem-
perature associated with basking is >11�C. Assuming a
conservative thermal rate coefficient (Q10) of 2.0
(Brett and Groves, 1979; Stevens and McLeese, 1984),
basking could more than double the digestion rate at
depth.

DGN

The California DGN is the primary fishery for
swordfish in the SCB, providing the majority of west
coast swordfish landings from within the California
EEZ (HMS SAFE Report, 2007). The current gear
restrictions mandate a subsurface net minimum of
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approximately 11 m (36 ft suspender length), a depth
selected to reduce gear interactions with marine
mammals (Federal Register, 1997; Pacific Offshore
Take Reduction Plan, 2008). Further increasing the
minimum net depth has been recently proposed as a
means to reduce additional bycatch in the DGN
fishery (Sepulveda et al., 2004); however, the effec-
tiveness of these modifications relies on two main
assumptions: (i) that swordfish exhibit a greater depth
distribution at night compared to other non-targets
taken in the fishery and (ii) that swordfish catch rates
remain economically viable despite changes to the
minimum gear depth. Collectively, the depth records
at night showed that 54% of the time, swordfish re-
mained within the upper 11 m (0–10.9 m) of the
water column. These data suggest that the existing
depth restrictions already negatively impact DGN
operations considerably. Calculations based on
adjusting the minimum net depth to 15 m reduce the
estimated harvest by an additional 11% (65% of the
distribution is <14.9 m). Given that current fishery
mandates already adversely affect DGN landings
(HMS SAFE Report, 2007); it is unlikely that the
minimum net depth can be further altered without
significantly affecting DGN efficacy and economic
viability.

CONCLUSIONS

The goals of this work were to document the fine-scale
movements of swordfish using PSAT technology and
to correlate these movements with the fisheries of the
region. Our findings suggest that although swordfish
movements have been described for other geographic
locations, the diurnal vertical distribution is region-
specific and likely influenced by both abiotic (i.e.,
temperature, thermocline depth, DO content) and
biotic factors (i.e., prey abundance and distribution,
body temperature). Developing a greater understand-
ing of swordfish vertical niche partitioning is key to
increasing gear selectivity and reducing bycatch, two

critical issues facing the future of west coast swordfish
fisheries.
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