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Abstract
Swordfish (Xiphias gladius) is a highly migratory apex predator distributed from
tropical to temperate oceans. The objective of this research is to use a
combination of stable isotope analysis (SIA) and electronic tagging experiments
to identify swordfish trophic position and movement behavior in eastern Taiwan.
In total, 165 swordfish muscle samples (59-210 cm eye-orbit fork length, EFL)
were examined for trophic position and population dynamics.§15N and §13C
values for swordfish ranged from 7.9 to 14.3%o and -18.9 to -15.4%., respectively,
and were all positively correlated with size. Mid-water prey species were major
food resources for swordfish (e.g., Cephalopoda and Bramidae spp.) diet which
was highly diverse. Three swordfish were tagged pop-up satellite archival tags
(PSATs) and tags remain affixed from 14 and 229 days-at-liberty. From the
tagging location in eastern Taiwan, pop-up locations ranged northwards to the
East China Sea, southwest to the South China Sea and the another to the
southeast off the Philippines. The total linear displacements were from 631 to
1,605 km from deployment to pop-up locations and the fish demonstrated
pronounced diel vertical movement patterns reaching daytime of depths >400 m
(15-20°C) and occupying the surface mixed layer <100 m at nighttime
(occasionally experiencing temperatures of 32.9°C). Distributions of time spent
at depth were significantly different between daytime and nighttime where fish
displayed a regular crepuscular pattern of ascending into the surface layer at
dusk and remaining there until the following dawn where the fish descended
past the mixed-layer depth. This pattern has been reported previously and
suggests swordfish follow the diel vertical migrations of prey organisms
comprising the deep sound scattering layer to exploit them effectively as a
resource. Because of its unique physiological and morphological adaptations
(such as vascular counter current heat exchangers), swordfish can search for
food resources more effectively in cooler temperatures and exploit more

resources of the water column than other fishes.
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Introduction

Swordfish (Xiphias gladius) is a cosmopolitan species found in tropical and
temperate waters of all the oceans (Nakamura 1985). They are distributed
between ~48°N and 45°S (Palko et al. 1981, Ichinokawa and Brodziak 2010).
Mainly because of its evolved ability to withstand water temperature fluctuations
from ~6 to 26°C (Carey and Robinson 1981), it is one of the mostly widely
distributed pelagic species; both horizontally and vertically. Based on genetic
studies, swordfish in the Indo-Pacific region can be pooled into three stocks: (1)
northern Madagascar, (2) Bay of Bengal, and (3) Indian Ocean and western
Pacific (Lu et al. 2006). Swordfish are an economically important species,
primarily caught as bycatch in commercial tuna longline fisheries, such as the
Japanese and Taiwanese longline fleets in the western and central Pacific Ocean
(Su et al. 2020). Understanding short- and long-term movement patterns and
habitat preferences is essential for robust assessments and developing
management plans (Brill and Lutcavage 2001).

Defining population connectivity and migratory routes for species is
essential to differentiate discrete populations for comprehending their
population dynamics and life-history strategies for management (Pekarsky et al.
2015, Zhu et al. 2020). Certain “intrinsic tracers” in tissues can provide
retrospective information on both the movements and diet of sampled
individuals (Madigan et al. 2015). Isotope ratios of carbon (613C) and nitrogen
(615N) have been the most commonly used intrinsic tracers in pelagic marine
faunal studies (Madigan et al. 2016).

Multiple techniques have been employed to describe the geospatial
movements of marine animals and these advances provided unprecedented
ecological insights by connecting animal movements to measures of their
physiology and environment (Block et al. 2011, Hussey et al. 2015). Pop-up
satellite archival tag (PSAT) technology is an established fisheries-independent
tool to monitor ambient depth (pressure), temperature, and light levels on tags
attached to animals to chronicle both horizontal and vertical movement patterns
(Block et al. 1998; Lin et al. 2020a). PSATs can offer many benefits to study
vertical dive behaviors, as well as providing information on migration routes,
possible spawning areas, thermal habitat, exchange rates between areas and
post-release mortality (Hoolihan et al. 2011, Chiang et al. 2015, Musyl and
Gilman 2019, Chang et al. 2020, Griffiths 2020, Madigan et al. 2020). The
objective of this research is to use a combination of stable isotope analysis (SIA),
stomach contents analysis (SCA) and electronic tagging experiments to identify

swordfish trophic position and movement behavior in eastern Taiwan.
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Methods and materials

Field sampling and sample processing

Swordfish muscle samples were collected from fish captured off eastern
Taiwan during May 2018 to March 2020 (Fig. 1). Swordfish were caught by
commercial longline fisheries and landed at Shinkang fish market (southeastern
Taiwan). Eye-to-fork length (EFL; posterior margin of bony orbit to the distal
end of the central ray of the caudal fin; nearest cm) was measured using stainless
steel calipers for each swordfish. A total of 169 muscle tissues were sampled
(EFL: 59-210 cm). White muscle samples were taken from the posterior hypaxial
region, ~10 cm beneath the skin, and were frozen at -80°C until processing. Prior
to isotopic analysis, the muscle samples were rinsed with distilled water and
freeze-dried for 48 h.

Stomach content analysis

A total of 51 swordfish stomachs (EFL: 70-220 cm) collected at Shinkang
fish market were used for SCA. Swordfish were caught by inshore commercial
fisheries and refrigerated immediately with ice on board to keep freshness of
body. We obtained these sailfish samples after competitive bidding and stomachs
were removed for analysis at the laboratory. Each stomach was cut open, and
contents were washed through a 1-mm mesh size sieve. Identification on taxa
was carried out to the lowest possible taxonomic level (Froese and Pauly 2020).
Wet weight and fork length (FL) of prey items were measured to the nearest g
and cm, respectively.

Diet was analyzed by calculating three diet indices for each prey taxon: (1)
percentage by number (%N), (2) frequency of occurrence (%FO0), and (3)
percentage by wet weight (%W). For quantitative analysis of gastric contents,
the index of relative importance (IRI) was calculated to represent the most
important prey items (Cortés 1997) as a percentage relative to the diet
com-position by the following equation:

IRI = (%W + %N) x %FO

To readily allow comparison among prey items, IRI was standardized to %IRI for
each prey item (Cortés 1997).

Stable isotope analysis

After freeze-drying, muscle samples were ground to a homogeneous powder.
Approximately 0.5 to 0.7 mg of homogenate was weighed into ultra-clean tin
capsules for 613C and &'°N analyses (Davenport and Bax 2002). Samples were
combusted in an elemental analyzer (Flash EA-2000, Thermo-Finnigan;
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www.thermoscientific.com) to produce CO; and Nz, which flowed through a Gas

Chromatography (GC) column for separation and then into a mass spectrometer
(Thermo-Delta V Advantage) for determining isotopic composition. The &1°N
values were standardized by air and the 613C were standardized by USGS-40. The
stable isotope values were expressed in standard %o notation using international
standards (Vienna Pee Dee Belemnite limestone (V-PDB) for carbon and
atmospheric N for nitrogen).

According to a previous reproductive study (Wang et al. 2003), 50% of
swordfish reached sexual maturity at ~145 cm EFL (~168 cm lower jaw to fork
length) and stable isotope values were also reported to significantly shift over
the size range 120-170 cm (LJFL). Therefore, to examine whether there was a
shift in diet between different life stages, we pooled swordfish samples into three
groups; Class I (<120 cm), Class II (121-170 cm) and Class III (>170 cm, EFL).

PSAT tagging

Swordfish were captured off eastern Taiwan during 2016 to 2018 between
22.76°N to 23.33°N and 122.13°E to 122.64 °E (Fig. 1) using commercial tuna
longline gear (i.e., four hooks between floats, green chemical light sticks attached
above the hooks baited with squid (Loglio spp.) and Pacific saury (Cololabis saira).
Three swordfish (~60-180 kg, ~145-210 cm EFL)(Wang et al. 2006) in good
condition were selected to affix PSATs and tags were placed at the base of dorsal
fin between spaces of the interneural and neural spines using a ~2 m tagging
pole. PSAT tag heads were made of surgical grade nylon and augmented with
opposable flopper blades (Musyl et al. 2011b). The tether was made of ~123 kg
fluorocarbon with stainless steel 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 to reduce torque and precession.

We used two models of PSATs; one PTT-100 and two X-tags all from
Microwave Telemetry (MT, Columbia, MD, USA). PSATs were tested with attached
tether and tag head to ensure it was positively buoyant as this would allow
discrimination of a shed tag from a dead sinking animal with the tag attached.
Before tagging, the tag head, tethers and stainless applicator tip on the tagging
pole were disinfected with alcohol and a bacitracin-neomycin ointment was
applied before tagging to prevent wound ulceration and infection. The captured
swordfish were slowly retrieved to alleviate possible barotrauma and the fish did
not appear to be injured from the process of capture, tag and release. Tagging
location (GPS) was recorded and body mass of the swordfish was estimated by
the captain.
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PSAT programming

The PSATs were programmed to release 12 (PTT-100) and 8 months (X-tag)
after release. The PTT-100 was ~41 mm x 166 mm (with the antenna protruding
to 171 mm), weighed ~65 g and was coated with antifouling paint. The PTT-100
PSAT had variable memory capability and acquired temperature and pressure
readings every 15 min for the first 4 months of the deployment, collected data at
30 min intervals from 4 to 8 months, and at hourly intervals for deployments >8
months. The X-Tags were covered in antifouling paint and were 120 x 32 mm
with the antenna protruding 185 mm, and weighed 40 g in air. PSATs had a
depth range of 0~1,250 m (resolution 0.34~5.4 m), and a temperature range of
-4~40°C (resolution 0.16-0.23C).

PSATs were equipped with automatic release and fail-safe emergency depth
release features whereby the procedure was initiated when a constant depth was
detected or if the tag descended below the emergency depth threshold (1,250 m)
(Musyl et al. 2011b). On the programmed date or if the release mechanism is
initiated; the tag releases, surfaces, and uploads archived data to the Argos
constellation of polar orbiting satellites.

Geolocation and time at depth/temperature

We applied an (unscented) Kalman filter, augmented with sea surface
temperature (SST) to calculate most probable tracks (MPTs) from the raw,
light-based geolocations (Lam et al. 2008, Lam et al. 2010). Pop-up locations
were estimated by Doppler shift with Argos messages with location classes of 1
or higher and linear displacements from deployment to pop-up locations were
determined using the Great Circle Distance. Time-at-depth and
time-at-temperature data were aggregated into 50 m and 1°C bins, respectively
and were separated into daytime and nighttime periods by calculating times of
local sunrise and sunset time (http://aa.usno.navy.mil/).

Thermal habitat distributions were expressed as differences (ASST) from
average daily SST estimates (Brill et al. 1993, Musyl et al. 2011a). Vertical
swimming speeds for ascents and descents were calculated from the directional
changes in swimming patterns by examining the time series data. The correlation
of nighttime depth and lunar illumination (uncorrected for cloud cover;
http://aa.usno.navy.mil/) was examined. One sample Kolmogorov-Smirnov tests

indicated daytime and nighttime distributions of depth, temperature and vertical
speeds were not normally distributed. As a result, we used non-parametric
two-sample Kolmogorov-Smirnov tests and Mann-Whitney W-tests to compare
daytime and nighttime diving behaviours (Zar 2010). Simple linear regression
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and Kruskal-Wallis one-way ANOVAs were used for the SIA (Zar 2010).

Results and Discussion

Feeding ecology

In total, six prey species were identified comprising four teleost species, two
cephalopod species and one shrimp species (Table 1). Mid-waters prey species
were major food items for swordfish (e.g., Cephalopoda and Bramidae spp.).
According to the %IRI, the most important prey items were unidentified fish
(49.2%), followed by pomfret (Bramidae. spp) (23.3%), unidentified cephalopod
(16.9%), diamond squid (Thysanoteuthis rhombus) (9.9%) and shrimp (0.6%).
The analysis of %IRI by size classes showed that there was preferential prey
compositions for different sized fish for any given size class. From the values of
this index, cephalopods and fishes were main prey for the three size classes
considered (Fig. 2).

Stable isotope values of §1°N and 613C for swordfish size classes are given in
Table 2. Body size of swordfish from eastern Taiwan was significantly and
positively correlated with §1°N and §13C values (linear regression; p < 0.05) (Fig.
3). Moreover, we found &'°N values were significantly higher in Class III
compared to Class II and Class I (ANOVA; Fz,165=3.19, p <0.05) while 613C values
were not significantly different across swordfish size classes (ANOVA; p > 0.05).

Diving characteristics

PSATs popped-up prematurely after 15 to 229 days-at-liberty (Fig. 1; Table
3). Based on the MPTs, SWO#143509 undertook a southeasterly course of ~738
km east of the Philippines and SWO#45922 underwent a southwestern course of
~1,605 km to the South China Sea. SWO#45924 undertook a northwards course
~392 km to the East China Sea (Fig. 1).

Vertical movements extended to 915 m and ambient temperatures ranged
from 4.5 to 32.9°C (Table 4). Daytime and nighttime diving patterns indicated
clear and significantly different diel patterns. Mean depth (xSD) and ambient
temperatures experienced during daytime and nighttime were 419 + 173 m, 12.9
+ 5.5°C and 106 + 101 m, 23.4 + 3.9°C, respectively (Table 4). Figure 4 displays
remarkably consistent patterns in diel vertical movements with pronounced
crepuscular transitions. At dawn, swordfish descended to depths generally below
500 m but made regular excursions to ~100 m into the warmer mixed-layer and
at dusk, ascended into the surface layer and remained there until the following
dawn. The percentage time spent at depth and temperature during daytime
indicated swordfish tuna spent >50% of time at 400 to 500 m and spent >60% of
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time <200 m (Fig. 5). Given the routes taken by each fish (Fig. 1), based on

temperature-depth profiles, the bottom of the mixed-layer appears to be from
~150 - 200 m (Fig. 6). The Delta T analysis indicated daytime and nighttime
vertical movements were limited by temperature changes of =18° and =6°C,

respectively (Fig. 7).

Temperature, salinity and oxygen profiles from CTD casts of the tagging area
off eastern Taiwan indicated the mixed-layer was at ~100 m at ~25 °C, and the
thermocline extended beyond 400 m at temperatures <10°C. The salinities from
the surface to 200 m were 34.3 - 34.8 %o, and dissolved oxygen from the surface
to 150 m was 5.5 - 6.7 mg I'], with an extended oxycline to ~1,000 m where
concentrations were 5.5 - 2.4 mg I'? (Lin et al. 2020b). Dissolved oxygen did not
appear to be limiting for swordfish.

Movement ecology

We documented temporal-spatial behavior and vertical habitat use of the
first PSAT tagged swordfish in eastern Taiwan. Movement and habitat
characteristics are essential for understanding the ecology of this species and
should be incorporated into stock assessment models to evaluate vulnerability to
various fishing gears (Hinton and Nakano 1996, Brill and Lutcavage 2001). The
diel activity patterns exhibited by swordfish reported herein were similar to
what other researchers have reported (Dewar et al. 2011) and matches the
general behavior of bigeye tuna (Musyl et al. 2003, Matsumoto et al. 2013, Lam et
al. 2014, Schaefer et al. 2015, Lin et al. 2020b) and some pelagic sharks (Musyl et
al. 2011a) to the extent allowed by their respective physiological tolerances and

limitations.

Swordfish displayed characteristic W-shaped vertical movement patterns
during daytime and nighttime (Fig. 4). The fish descended below the thermocline
and then returned to the mixed layer and stayed mostly near or in the
thermocline during daytime and at shallower depths during nighttime; mostly in
the mixed-layer. Dawn and dusk are clearly the transition points for initiating diel
vertical movements. SWO #143509 exhibited clear correlation between average
night-time depth and lunar illumination (r? = 0.539. p <0.001) where the fish
occupied mean deeper night-time depths during the full moon and shallower
depths during the new moon (Fig. 8).

The W-shaped movement patterns displayed in swordfish during daytime
are an optimal search strategy to increase prey encounters (Sims et al. 2008).
The W-shaped movement pattern involves rapid directional changes presumably

increasing prey encounter rates without extensively increasing linear travel
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distance (Horodysky et al. 2007). These behaviors have been considered a

foraging strategy for many pelagic fishes and sharks (Musyl et al. 2003, Sims et al.
2005, Gleiss et al. 2019).

Abid et al. (2018) indicated swordfish diet composition varied significantly
among season and significant correlation was found between the body length of
predators and prey sizes. Because of its unique physiological and morphological
adaptations (such as vascular counter current heat exchangers), swordfish can
maintain their body temperature on an ephemeral basis below the thermocline.
This foraging adaptation allows them to mirror the diel migration of mesopelagic
fishes and cephalopods to exploit them effectively as a resource as indicated by
our stomach contents analysis and SIA results.

Lastly, our meta-analysis suggests a significant trend of deep diving
correlated with body size (Fig. 9). This finding was similar to the meta-analysis of
Lin et al. (2020b) which suggested thermal inertia may allow larger tuna to
undertake longer and deeper excursions than smaller bigeye tuna. Several
studies on vertical movements in bigeye tuna in the Pacific and Atlantic reported
significant differences in vertical diving behaviour that correlated with fish size
(Dagorn et al. 2000, Musyl et al. 2003, Arrizabalaga et al. 2008, Lam et al. 2014,
Hino et al. 2020). Our initial study suggests that future SCA and SIA studies on
swordfish are required to better understand size-specific trophic dynamics.
Moreover, contemporaneously collected data on environmental factors would
better define the temporal and spatial scales of swordfish distribution and
habitat. Lastly, spatially explicit, fisheries-independent information (e.g., tagging
experiments) in the high-catch areas will be required to better understand
fishery interactions.
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Fig. 1. Map of PSATs deployment on swordfish (triangles). Most probable tracks
(circles and line) for all swordfish in different months are shown where pop-up
location is depicted by stars. Fishing grounds of longline fishing operations based
out of Shinkang fishing port in eastern Taiwan is shown in the hatched area.
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Fig. 2. Per cent index of relative importance (%IRI) by size class for the main prey
species of swordfish caught off eastern Taiwan.
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Table 1. The percentage in number (%N), frequency occurrence (%FO), percentage in weight (% W) and the %IRI of each prey
species in swordfish stomachs.

Taxon Number %N Frequency %FO Weight(g) %W %IRI
FISHES

Bramidae. spp 19 7.45 19 37.25 11,304 32.63  23.30
Diretmidae. spp 2 0.78 1 1.96 1,002 2.89 0.11
Unidentified fish 180 70.59 18 3529 6,485 18.72  49.19
CEPHALOPODS

Thysanoteuthis rhombus 9 3.53 9 17.65 11,169 32.24 9.85
Unidentified Cephalopod 33 1294 21 41.18 4,662.3 13.46  16.96
CRUSTACEANS

Unidentified shrimp 12 4.71 4 7.84 13.46 0.05 0.58
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Table 2. Values of 615N and §13C in different size classes of swordfish.

615N (%o0) 613C (%o0)
Samples n
Mean S.D. Minimum Maximum Mean S.D.  Minimum Maximum
Class 1 (<120 cm) 101 11.7 0.9 7.9 13.6 -17.4 0.9 -19.3 -15.4
Class Il (121-170 cm) 51 11.9 1.3 8.3 14.3 -17.2 0.8 -18.9 -15.8
Class III (>170 cm) 14 12.5 0.9 11.2 14.0 -17.1 0.7 -18.2 -16.1




Table 3. Details for pop-up satellite archival tags (PSATs) deployed on swordfish.
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PSAT Estimated  Days at

Straight-line

PSATID  Tagging date version  weight (kg) liberty Reporting date distance (km)
#143509  2016/3/23 PTT-100 180 229 2016/11/7 738
#45922  2017/12/27 X-tag 150 15 2018/1/10 1,605
#45924 2018/1/15 X-tag 60 20 2018/2/3 392
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Table 4. Summary of the depth and temperatures obtained for pop-up satellite archival tags (PSATs) deployments on swordfish.

Day depth (m) Night depth (m) Day temp. ('C) Night temp. (C)
PSAT ID Min.-max. Min.-max. Min.-max. Min.-max.
(mean+SD) (mean+SD) (mean+SD) (mean+SD)
5.4-737 5.4-521 6.3-30.7 7-32.9
#143509
477.7£92.9 114.5+105.6 11.3+2.7 23.5+x4.4
0-914.5 0-677.8 4.9-25.1 5.8-27.1
#45922
508.8+157.1 127.2+117.2 9.4+3.9 22.3+3.8
2.7-559.4 5.4-295.9 7.9-28.6 13.5-28.6
#45924
156.5%£177.8 65.1+57 19+6.6 241424
Grand 0-914.5 0-677.8 4.9-30.7 5.8-32.9
Average 419.4+173.4 105.5+101.4 12.9+5.5 23.4+39




