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ABSTRACT

A sailfish (Istiophorus platypterus) was tagged with a
pop-up satellite archival tag off the eastern coast of Taiwan
and moved in a northerly direction to the East China Sea,
where the tag popped-up after 160 days. The total linear dis-
placement was 550 km from deployment to pop-up location
and all movements were confined to the East China Sea
After the primarily southward movement during first two
months at-liberty, the sailfish changed course after September
and began to swim in a northerly direction paralleling the
Kuroshio Current. During these horizontal movements, the
tagged animal exhibited diel oscillations in its vertical diving
behavior. On 22 days of the entire 160 days-at-liberty, the
sailfish dove to depths deeper than 100 m. The sailfish spent
>85% of its time in the upper uniformly mixed layer above
~50 m, but made more extensive vertical movements during
the daytime (X =32.2 m £ 34.5 SD) than nighttime (X = 9.5
m+ 16.7 SD). Depths and ambient water temperatures visited
ranged from O to 153 m and 29.7°C to 17.8°C, respectively.
The depth distribution appeared to be limited by ~6°C to 8°C
changes in water temperature (Delta T) relative to sea surface
temperature.
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I.INTRODUCTION

An increasing body of evidence suggests that overexploi-
tation threatens the sustainable use of many of the world's
large apex predatory fishes[22, 15]. Gathering information on
movements and behavior of large vagile predators is chal-
lenging. The time and the expense required to locate and
monitor billfish over large geographic aress is often prohibi-
tive. It has been suggested that physiological attributes, for-
aging behavior, and environmental conditions predominantly
influence how billfish utilize vertical habitat [6, 35]. In turn,
behavioral adaptations resulting from physiological responses
to oceanographic conditions are likely to affect vulnerability
to fishing gear [36]. Development of pop-up satellite archival
tag (PSAT) technology has greatly increased our knowledge of
billfishes [1]. PSAT technology established an effective fish-
eries independent method to monitor ambient depth (pressure),
temperature, and light levels on tags attached to animals for
extended periods [1, 4]. PSATs can offer many benefits to
study vertical dive behavior, as well as providing information
on migration routes, possible spawning areas, exchange rates
between areas and post-release mortality [32].

Studies have indicated that billfish spend most of their time
in the warmer surface mixed layer above the thermocline [20,
21], with sailfish usually exhibiting a greater affinity for near-
surface depths over continental shelves compared to other
istiophorids [10, 25, 37]. Cardiac temperature threshold and
dissolved oxygen concentrations are thought to be magjor fac-
tors restricting the vertical habitat of istiophorids. Changes
in water temperature relative to the surface temperature (Delta
T), rather than any particular temperature, limits their vertical
mobility [6, 20]. Istiophorids have physiological adaptations
(e.g., brain heaters, enhanced photoreceptors) that allow for
brief excursions into deeper strata having lower temperatures
and poor visihility [5, 19]. The cold hypoxic environment
below the thermocline has been reported to limited vertical
habitat use of istiophorids [35, 36] and Stramma et al. [40]
indicated expansion of oxygen minimum zones may reduce
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available habitat for other tropical pelagic fishes. Under-
standing depth distributions is useful for predicting vulner-
ability to fishing gears and improving estimates of relative
abundance derived from catch rate indices.

The biology, ecology and stock status of sailfish has been
investigated in eastern Taiwan [11-13]. Chiang et al. [10]
reported movements of PSAT tagged sailfish in eastern Taiwan
and movement information was based on short-term deploy-
ments of sailfish to characterize vertical habitat to provide
information to improve stock assessments. Longer PSAT
retention timeswill be needed to investigate movementsin the
context of climate variability. The impacts of environmental
change on the behavior of hillfish in the East China Sea are
largely unknown. The objectives of our study wereto examine
the long-term movement patterns, and to characterize the
oceanographic and thermal habitat preferences of sailfish in
East China Sea using PSATSs.

II. MATERIAL AND METHODS

A sailfish (Istiophorus platypterus) (~230 cm LJFL) was
captured in eastern Taiwan at 09:40 on 8 July 2010 at
23.070°N; 121.34°E using commercial longline gear targeting
dolphinfish (Coryphaena hippurus). Round weight was es-
timated by the captain, and lower jaw fork length was derived
from length-weight regressions [16]. Deployment of longline
sets occurred before dawn (depths of ~0 to 45 m) and 6 m
monofilament gangions were baited with squid sticks (Loglio
spp.) and live milkfish (Chanos chanos). After being gently
leadered to the side of the vessel, a PSAT (model x-tag, Mi-
crowave Telemetry, Columbia, MD) was attached at the base
of dorsal fin using a 2m pole. The fish did not appear to be
injured from the process of capture, tag and release. The tag
was programmed to pop-up on 8 February 2011. The J hook
was removed prior to release. The tagging procedure was
completed in approximately 1 minute.

Thetag head, tether and applicator tip were liberally bathed
in Betadine solution (10% solution of povidone-iodine) and
then immediately inserted near the base of the dorsal fin be-
tween spaces of the interneural and neural spines. The tether
was made of ~123 kg fluorocarbon with stainless stedl crimps
matching the diameter of the line and a stainless steel ball
bearing (Sampo no. 6, Barneveld, NY, USA) was placed ~10
cm from the tag head and to reduce torque and precession [32].
Surgical grade nylon tag heads were augmented with speargun
‘flopper blades' to increase surface area. PSAT and tether/tag
head combinations were positively buoyant in water. The
locations of tagging event was recorded using GPS.

Depth and temperature data were measured in the PSAT
as 8-bit numbers, yielding a depth resolution of 0.34~5.4 m
and temperature resolution of 0.16~0.23°C. Fail-safe options
were programmed into the tag where stationary PSATSs (i.e.,
those experiencing no significant changes in pressure) or shed
tags would begin to transmit archived data to the Argos satel-
lite system after four days. In the event of mortality, once the

fish sank to ~1200 m and remained for ~15 minutes, the
PSAT would separate from the fish, float to the surface, and
begin transmitting stored data to Argos. After pop off, the tag
relayed archived data via Argos, including daily maximum
depths, archived pressure (depth) temperature readings, and
raw light-based geolocations (http://www.microwavetelemetry.
com/fish/popupTag.cfm). We subsequently applied a sea sur-
face temperature (SST) corrected (unscented) Kalman filter
[31] to calculate most probable tracks (MPTs) from the raw
geolocations. The linear displacements from tagging to pop-
up locations were determined using the Great Circle Distance
and release locations were estimated by Doppler shift. Only
Argos messages with location classes of 1 or higher were used
to determine pop-up locations.

Depth and temperature data were assigned to daytime or
nighttime periods by calculating times of local dawn and dusk
of the MPTsfrom http://aa.usno.navy. mil/. To further explore
daytime and nighttime differences in the data, we used one-
sample Kolmogorov-Smirnov tests to compare distributions
of ambient temperature (day, night, combined) and depth (day,
night, combined) data to that of a normal distribution and
al tests indicated that data distributions were non normally
distributed (P < 0.01). Next, a non-parametric Runs test in-
dicated the depth and temperature time series data were ran-
domly distributed. Therefore, we used non-parametric two-
sample Kolmogorov-Smirnov tests to compare daytime and
nighttime temperature and depth preferences, and Mann-
Whitney W-tests to compare differences in medians between
daytime and nighttime data for depth and temperature [41].

Time-at-depth and time-at-temperature data were aggregated
into 10-m and 1°C bins, respectively. These data were subse-
quently expressed as a fraction of the total time of observation
for salfish. The P < 0.05 level was taken to indicate statistical
significance. Oceanographic habitat was characterized using
the data from the Taiwan Cooperative Oceanic Fisheries Inves-
tigation (TaiCOFI) from The Fishery Research | September
2010 cruise at sampling stations [18] encompassing the MPT.
Temperature and sdinity at different depths were obtained by
a SeaBird conductivity-temperature-depth (CTD) instrument
lowered from the surface to a depth of 1000 m and were com-
pared to vertical data from tagged sailfish. Dissolved oxygen
(DO) concentrations were obtained from NODC (National
Oceanographic Data Center) (http://www.nodc.noaa.gov/).

I11.RESULTS

After 160 days-at-liberty, the tag popped up prematurely on
15 December 2010 at 26.866°N; 125.676°E in East China Sea,
~200 km from eastern Okinawa. The linear displacement was
550 km from deployment to pop-up location and all the
movements were confined to the East China Sea (Fig. 1).
After thefirst 116 days of primarily southward movement, the
sailfish changed course and began to swim northerly during
September (Fig. 2).

We obtained a total of 144 days of depth and temperature
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Fig. 2. Percentage of time spent in individual depth strata (top panel)
and temper ature strata (bottom panel) for sailfish.

data. The mean depth occupied was 21.3 m (+29.7 SD, range:
0 to 153 m) and the mean temperature occupied was 26.2°C
(2.4 SD, range: 17.8°C to 29.7°C). The sailfish spent ~58%
of its time above 10 m (~43% during the day and ~73% dur-
ing the night) and exhibited greater variability near crepus-
cular times with more extensive vertical movements during
daytime. The sailfish spent >85% of its time in the upper
uniform mixed layer above ~50 m in water =25°C (~72%
during the day and ~98% during the night, Fig. 3), but made
more extensive vertical movements during the daytime (X =
32.2 m £ 34.5 SD) than nighttime (X = 9.5 m = 16.7 SD).
Depths and ambient water temperatures visited ranged from
0 to 153 m and 29.7°C to 17.8°C, respectively. On 22 days

Temperature (°C)
0 10 14 18 22 26 30 34

Depth (m)
I )
S IS

200 ¢
®
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Fig. 3. Temperature-depth profiles obtained from the aggregated data
from thisstudy and Chiang et al. [10].

of the entire 160 days-at-liberty, the sailfish dived to depths
deeper than 100 m. During the day, however, it show a ten-
dency to visit both shallower (0~50 m) and deeper strata
(100~150 m) than during the night when it spent most of its
time between surface to 50 m. At night, the fish rarely de-
scended >60 m.

Based on temperature-depth profiles collected by the PSAT,
~25°C isotherm corresponded to depth ~120 m (Fig. 3) and
the bottom of the mixed-layer (MLD) appears to be ~100-
150 m (Fig. 4). Diel episodes of diving behavior was recorded
throughout the entire track (Fig. 4) and the fish experienced
cooler water temperatures during repeated deep diving in day
time. Minimum temperature, SST and maximum dive peri-
ods are shown in Fig. 5 and it is obvious that sailfish spend
the majority of their time in the uniform temperature surface
layer and vertica movements appeared to be limited by a
temperature change of =8°C (Table 1). The Delta T per-
centages pooled indicated that about 51% of day time, and
85% night time were spent at or near the surface (i.e. DeltaT =
0 and 1; Table 1). Kruskal-Wallis one-way ANOVAS to test
for differences between medians, and all Kolmogorov Smir-
nov comparisons were significantly different between months
(Fig. 6), day and night for depth and temperature data.

Data from the CTD probe indicated the mixed layer was at
70~100 m, and thermocline extended beyond 500 m where
temperatures were <10°C (Fig. 7). From the surfaceto 75 m,
salinities ranged from 34.41 to 34.80%o, and the oxygen con-
centration was ~4.5 mg |, with an extended oxycline to ~200
m where the concentrations reached 4 mg I~

V. DISCUSSION

1. Habitat Preference

The environmental preferences of sailfish define the verti-
cal niche of the species, and thereby its relationship with other
predators and prey in the pelagic environment. Tagged sailfish
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Fish Time ASST (€)
0 1 2 3 4 5 6 -7 <8
Day 749 50.75 61.73 7255 78.70 84.36 90.52 95.01 97.67
Sailfish Night 1850 82.00 90.67 9350 95.67 97.17 98.17 99.00 99.33
Total 1299 66.36 76.19 83.01 87.18 90.76 94.34 97.00 98.50
Day 37.33 79.00 885 94.83 97.17 98.83 99.67 100 100
Sailfish* Night 26.03 66.62 80.15 87.5 91.62 95.29 97.36 99.56 100
Total 31.68 72.81 84.33 91.17 944 97.06 9852 99.78 100
Sailfis**  Total 28.57 61.07 77.50 89.29 94.29 96.79 97.86 98.93 100
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sent 95%ClI. The whiskers extend the maximum and minimum.
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Fig. 7. Temperature profile from a conductivity, temperature and depth
recorder (CTD; red line) from research cruise of the Fishery Re-
searcher | (FR1-201009), and the oxygen profile (black line) around
tracking area at September from NOAA National Oceano-
graphic Data Center (http://www.nodc.noaa.gov).

in the present report made similar horizontal and vertical
movements in the East China Sea to what Chiang et al. [10]
reported. In both studies sailfish spent most time from 0 to
50 m depth. The present study examined data over five month
period encompassing summer, autumn and early winter and
is the longest reported retention for a PSAT on a sailfish [10,
26]. The time spent in various temperature strata indicate
that sailfish in the East China Sea have generally a preference
for warmer near-surface depths than other istiophorid billfish
[16, 17, 21, 39]. The Kuroshio current enters the East China
Sea through the strait between Taiwan and Yonakunijima
Island, the easternmost island of the Ryuku Islands [30], and
generates a convergence zone at the boundary between the
Kuroshio current and a countercurrent system produced by
bottom shelf water [1]. In winter time, the cold and low sa-
linity Chinese Coastal Water go southerly [30] and may cause
the sailfish stay at southern boundary of the East China Sea.
From the wind data in Comprehensive Ocean-Atmosphere
Data Set (COADYS), there is seasonal variation of the mon-
soon winds [14]. In summer, weak southeast winds prevail,
and the sailfish may have been assisted by the wind during
northern excursions. In winter time, the strong northwest
winds prevail, influencing the sailfish to stay at the southern
East China Sea.

2. Diving Behavior

The depth distribution of sailfish is probably associated
with ambient water temperature as has been shown for other
pelagic fish species in a variety of eectronic tagging studies
[6, 16, 27]. The cooler water temperatures encountered by
the fish at daytime on deep dives were probably related to
foraging or perhaps avoiding predators.

Billfish are visua feeders, and they must limit foraging

activities to periods with adequate visibility. Variability in
vertical excursions is often associated with billfish foraging,
predator avoidance, removal of parasites, or as an aid to ori-
entation/navigation [33, 38]. In turn, spending as much time
as possible in warmer surface temperatures during periods of
decreased activity (darkness) may serve as an energy-saving
opportunity [26]. Given that adequate dissolved oxygen is
available, istiophorid billfishes prefer the warmest water avail-
able and that the change in water temperature rather than a
specific temperature is what governs vertical distribution [8].

Prince et al. [35] described how the vertical habitat distri-
bution of Atlantic and Pacific sailfish and blue marlin were
directly correlated with DO, and that hypoxic layers formed
barriers to limit vertica movements. Limited data on DO
concentrations in our study area could not confirm nor refute
whether oxygen was a limiting factor on vertica diving pat-
terns but we suspect it was not. At the depths routinely vis-
ited, the vertical distribution of sailfish appeared to be limited
by temperature gradients [25, 28].

Sailfish exhibit diel vertical movements, characteristic of
other billfishes[8, 24]. In daytime, the greatest percentage of
time was spent near the surface which we interpret as basking
behavior similar to that of swordfish [9]. PSAT and ultrasonic
tracking studies on sailfish show 84% of their time was spent
in the upper 10 m [25, 26, 28, 37]. Tracking studies on other
istiophorid billfish in different parts of the world, where re-
gional oceanography and thermal structure are clearly differ-
ent, suggests a common overall preference for the uniform
surface mixed layer [21, 25, 29], but the reasons for this
preference are not fully understood. The large proportion of
time sailfish spend near the surface, however, results in an
increased vulnerability to entanglement in gillnets and other
surface gears.

3. Temperature Threshold

The tagged sailfish does not appear to respond directly to
depth but rather to vertica temperature structure. Due to
cardiac temperature thresholds that limit the ability of istio-
phorids to endure cold extremes over extended periods [8],
the maximum Delta T visited is usually no more than 8°C
below the surface temperature. Sailfish spent <1% of their
time in strata colder than 8°C [26], and exhibited less indi-
vidual variahility in overall vertical habitat use compared to
the more stochastic and complex behavior described for blue
marlin [20]. Both sailfish and blue marlin are cold-blooded,
but they do possess brain and eye heater tissue that support
functionality of these organs as ambient temperatures de-
crease[5].

For tagged sailfish, arecurrent theme suggests they exhibit
characteristic diel diving patterns found in other hillfish spe-
cies. Although daytime and nighttime diving transitions were
not as pronounced as found in other pelagic fishes, tagged
sailfish exhibited deeper (and more variable) diving excur-
sionsat day time presumably when the animals were foraging.
In daytime, the greatest percentage time was spent near the
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Fig. 8. Isopleths of dissolved oxygen at 150 m depth around this study
tracking area during July to December 2010.

surface which we interpret as basking behavior which corre-
lates with anecdotal information. While sailfish has been
tracked in water temperature from 17.8°C to 29.7°C, tem-
perature change during single dives are usually restricted by
8°C and 6°C changes in water temperature (Delta T) relative
to sea surface temperature.

Combined with the data with Chiang et al. [10] for the
same study area, Table 1 shows the pooled Delta T values for
day and night. Thisinformation is important and serves as a
metric that can be applied directly to regional habitat stan-
dardization models [3, 23] to facilitate predictions for ver-
tical distribution and relative abundance of sailfish. The be-
havioural plasticity shown by this sailfish is similar to other
pelagic fishes, sharks and turtles, which display diving and
diel vertical migrations to match behaviour of their prey proba-
bly by optimizing their searching strategy (to the extent of the
physiological limitations of themselves and their prey).

Tropical pelagic fishes do not have the tolerance to hypoxia
[5, 40], and oxygen is a critical factor in the habitat available
to sailfish. In the present study, sailfish spent >85% of their
time in waters shallower than 50 m, which corresponded to
the mixed layer above the oxycline (Fig. 7). Below this depth,
dissolved oxygen declined from values<4.5mg 1™ to ~4 mg I
(Fig. 8). The geographic range and diving behaviour of sail-
fish may be related to thermal effects on cardiac performance.
Detailed knowledge of behavior, physiology and habitat en-
ables fishing techniques to be tailored to target particular
species more accurately [6]. 1n the East China Sea, sailfish are
taken as by-catch in the longline and coastal fishery. By ex-
amining sailfish vertical mobility and habitat, the data pre-
sented in this paper provides a foundation for research into
ways to reduce sailfish by-catch in longline and coastal fish-
ery. This study presented the longest retention period for
PSATSs carried by sailfish in the East China Sea and under-
scores the importance of continual tagging experiments.
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