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The yellowfin tuna (Thunnus albacares: YFT) is a widely distributed, migratory species
that supports valuable commercial fisheries. Landings of YFT are seasonally and spatially
variable, reflecting changes in their availability and accessibility to different fleets and
metiers which, in turn, has implications for sustainable management. Understanding the
dynamics of YFT behaviour and how it is affected by biological and ecological factors is
therefore of consequence to fisheries management design. Archival and pop-up satellite
tags (PSAT) were used in the South Atlantic Ocean around St Helena between 2015 and
2020 to collect information on the movements, foraging and locomotory behaviour of
YFT. The study aimed to (1) identify vertical behaviour of YFT within St Helena’s EEZ; (2)
assess the timing and depth of potential feeding events and (3) to use the information
to inform on the catchability of YFT to the local pole and line fishing fleet. Results
indicate that the YFT daytime behaviour shifted between shallow with high incidence
of fast starts in surface waters in summer months (December to April), to deep with
high incidence of strikes at depth in colder months (May to November). Catchability of
YFT was significantly reduced between May and November as YFT spent more time at
depths below 100 m during the day, which coincides with a reduction in the quantity of
YFT caught by the inshore fleet.

Keywords: satellite tags, archival tags, acceleration, fast-start, tagging-internal tag

INTRODUCTION

The yellowfin tuna (Thunnus albacares; YFT) is distributed throughout the tropical and subtropical
oceans (FAO, 2020), with most YFT landed in the Atlantic Ocean targeted by sub-surface fishing
gear (FAO, 2020). Its global distribution and accessibility in surface waters (Schaefer et al., 2014)
makes YFT a commercially important species for many communities, particularly small island
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developing states and other remote islands. Though the spatial
range of the species is important for management, the vertical
distribution of YFT in the water column can also have
implications on their availability to fishers in space and time.

Electronic tags have been used to provide an in-depth
understanding of spatio-temporal movements and behaviour
(Block et al., 2005) and fisheries mortality (Kurota et al., 2009).
These tags provide a means of obtaining high-resolution data
sampled over prolonged periods of time (sometimes over several
years), which has been used to increase knowledge of tuna
behaviour, including the environmental drivers of movement
and habitat utilisation (Schaefer et al., 2007). Vertical movement
analysis from previous tag studies show that YFT often remain
at depths above the thermocline, though deeper waters are
frequented depending on the foraging strategy of the tuna,
with deep diving during the day between 200 and 400 m
(targeting prey in the deep scattering layer) (Schaefer et al,
2007), and occasional deep dives in excess of 1,000 m (Dagorn
et al., 2006; Schaefer et al., 2007, 2011). YFT habitat use varies
with age with greater daytime average depths for larger fish
(Schaefer et al., 2007). The drivers of changes in habitat use
for YFT can include temperature, chlorophyll a and dissolved
oxygen (Pecoraro et al., 2017), with temperature identified as the
most influential environmental variable at a large spatial scale
(Schaefer et al., 2007).

In recent years electronic tagging has been used to help
validate stock assessment methods and to explore the accuracy
of abundance estimates in support of fisheries management,
as reviewed in Sippel et al. (2015). Abundance estimates from
fishery-dependent data such as catch per unit effort (CPUE)
needs to be standardised to help account for factors which affect
CPUE but are not related to changes in abundance such as
catchability (Lynch et al., 2012). Catchability can therefore be
used to correct for gear-related biases in CPUE, thus improving
population biomass estimates which are based on catch statistics
(Goodyear et al.,, 2003). For example, deep longlining gears can
result in the overestimation of abundance of pelagic species like
bigeye tuna (Thunnus obesus) and underestimates of abundance
of epipelagic species like sailfish (Ward and Myers, 2005).

To assess the catchability of a population to specific gears,
the vertical behaviour of fish can be studied using electronic
tags (Ward and Myers, 2005). However, other factors which may
affect catchability must also be considered. For example in visual
predators like YFT, limitations in visibility at night may reduce
catchability by surface gears during this time as tuna are unlikely
to see and consume bait. Thus, the inclusion of information
about the feeding behaviour of the fish is also important and
can improve estimates of catchability (Ward and Myers, 2005).
Accelerometers can provide a means to estimate the depths that
feeding may happen by extracting the periods of time when fast-
starts (bursts in acceleration) occur (Rice and Hale, 2010; Broell
et al,, 2013; Gleiss et al., 2013). Fast starts represent brief and
sudden accelerations which are used by fish during predator and
prey encounters (Domenici and Blake, 1997). Recent tagging
studies on bluefin tuna (Thunnus thynnus) show the potential
that accelerometers have to record kinematics of large tuna in the
wild (Gleiss et al., 2019).

In the South Atlantic, YFT are mostly caught by purse seine
and longline fleets operating in and around the Gulf of Guinea
(ICCAT, 2019). Bait boats are also used to target YFT, including
around the remote island of St Helena (—5.7089 longitude, -
15.965 latitude). Within St Helena’s Exclusive Economic Zone
(EEZ), YFT are caught throughout the year by a local artisanal
fishery that catches between 100 and 400 tonnes of YFT per year
using pole and line methods (Collins, 2017). Recent analysis of
the horizontal movements of tagged YFT indicates that there
is a high degree of fidelity to the area (Wright et al., 2021).
Results from this study are summarised in Figure 1. Landings
of YFT can vary seasonally for the inshore fishing fleet, with the
drivers of this seasonality in fishing success remaining uncertain,
though this could be linked to changes in fishing effort, or
changes in the vertical behaviour and catchability of YFT on the
grounds targeting tuna.

The aim of this study is therefore threefold: (1) to identify the
seasonal and diurnal vertical behaviour of YFT within St Helena’s
EEZ, (2) to combine depth and acceleration measurements to
assess the timing and depth of potential feeding events, and (3) to
use the information from (1) and (2) to inform on the catchability
of YFT to the local pole and line fishing fleet.

MATERIALS AND METHODS
Study Area

There are three main tuna fishing areas in St Helenas EEZ:
inshore regions (within 30 miles of land), Bonaparte Seamount
to the north west of St Helena and Cardno Seamount to the north
of St Helena, just inside the 200 nautical mile EEZ boundary
(Figure 1A). Electronic tags (archival and PSAT) were deployed
inshore and at Cardno Seamount, reflecting the fishing regions
closest to land and at the limits of St Helena’s EEZ boundary.

Tag Deployments

The yellowfin tuna were caught using hook-and-line methods
with barbless circle hooks and live or cut bait (Scomber colias
or Decapterus sp.). Once on the vessel, a YFT was placed in
a v-shaped sponge lined with marine plastic, and a saltwater
hose was immediately inserted into it's mouth to oxygenate
the gills and a soft cloth soaked in a protective solution
(PolyAqua®) was placed over the eyes. Methods used for specific
electronic tag deployments are detailed in Wright et al. (2021).
Briefly, YFT were tagged with MiniPAT satellite tags (Wildlife
Computers, Redmond, WA, United States, n = 22) in November
2016 and December 2018 using methods detailed in Schaefer
et al. (2007). Satellite tags which were recovered recorded
depth, temperature, light and acceleration at between 1 and 5
s resolution. Archival tags were deployed on YFT in March
2018 (n = 48), December 2018 (n = 16) and January 2019
(n = 8). YFT tagged with archival devices were released with
Cefas Technology Limited' G5 tags (with a conventional tag
attached), or Lotek ArcGeo tags’. Tagging methods for G5

"https://www.cefastechnology.co.uk
Zhttps://www.lotek.com/products/arcgeo- series/
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FIGURE 1 | (A) The St Helena Exclusive Economic Zone (EEZ) in the South Atlantic including the fishing regions inshore (a), Bonaparte Seamount (b), and Cardno
Seamount (c). (B) Map showing the kernel density of daily position estimates from satellite tagged tuna, and (C) release (green) and recovery (red) locations for
archivally tagged yellowfin tuna. Bathymetry provided from the General Bathymetric Chart of the Oceans, GEBCO (ca. 1 km grid size) (Schenke, 2016).
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tag releases are provided in Wright et al. (2021). Lotek tag
releases were deployed using the same methods as G5 tags,
except without anaesthesia and local analgesia. Archival tags
were programmed to record depth and temperature at 1 min
resolution. For the present study only recovered tags were
included in the analysis.

Once electronically tagged, YFT were also double tagged with
conventional tags on each side of the second dorsal fin. All YFT
were measured (curved fork length; CFL or straight fork length;
SFL), and a proportion were sampled for genetics (fin clip) and
stable isotope analysis (muscle biopsy). CFL was standardised to
SFL using a conversion factor [SFL = 8 + 0.96 cm CFL (Scida
etal., 2001)]. All future lengths refer to SFL.

A reward of £100 was paid for YFT returned with archival or
PSAT tags. Tagged YFT were either returned opportunistically or
commercially landed. Data on recovery location, size of fish, sex,
and maturity were recorded when possible.

Commercial Landings

All commercially caught YFT (tagged or not) were landed at
the St Helena Fisheries Corporation processing plant. The gilled
and gutted weight of all YFT (combined weights, but also

individual weights where possible) were collected from landings
data between 2015 and 2020.

Analytical Methods

Initial processing of the data returned from the tags was carried
out by trimming the time series data based on the release
and recapture date. A range of movement metrics were then
calculated for each recovered fish: including dominant day/night
behaviour and time spent below and above specific temperatures
and depths, as detailed below. Analysis of YFT vertical movement
was conducted in R (R-4.0.2), with all non-geographical figures
created using ggplot2 (version 3.3.2).

Vertical Movements

The depth and temperature experience of YFT was aggregated
and summarised by day. The time of day was distinguished
using the sunrise.set function from the “StreamMetabolism”
package (Sefick, 2016). A 30-min buffer before and after
sunrise and sunset was used to define the crepuscular phase.
Comparisons of monthly average depth during the day and
during the night were compared using a two-sample Wilcoxon
test with significance set at P<0.05. To assess the level of
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lunar illumination each night, the lunar.illumination function
was used from the “Lunar” package (version 0.1-04, Lazaridis,
2014). Comparisons of the mean depth during the night with
the lunar illumination were made using the Wilcoxon test
(P < 0.05).

Daily behavioural classification was carried out to assess
whether YFT were significantly deeper during the day compared
to the night. The twilight phase was excluded for this analysis to
ensure that only depth during the day and night were compared.
Similar methods for the classification of the vertical movements
were used in Griffiths et al. (2020). Based on the outcome
of a two-sample Wilcoxon test, each 24-h cycle was classified
as: (1) diel vertical migration (DVM), (2) reverse diel vertical
migration (rDVM)), or (3) no difference in depth. If depth was
significantly deeper during the day than during the night, the
fish was considered to be exhibiting DVM. If the reverse was
true, the fish was exhibiting rDVM. Alternatively, if the Wilcoxon
test yielded a non-significant result (P > 0.05), the day was
classified as having no significant difference between day and
night. To investigate seasonal changes, time spent in each vertical
movement behaviour was summarised by calendar month.

Measurement of “Fast Starts”
For recovered PSAT tags (tuna 1116004, 1116009, and 83842),
analysis was carried out on depth, temperature and acceleration
signals. Depth, temperature and acceleration were recorded at 1
s (tuna 1116004) and 5 s resolution (1116009 and 83842). An
example trace for tuna 1116009 is provided in Supplementary
Figure 1. For consistency, all traces were standardised to 5 s
resolution prior to processing. Acceleration was recorded on
three axes of motion reflecting surge (X), heave (Y), and sway
(2) of the tuna, providing the pitch angle of the YFT and the
magnitude of acceleration. Pitch angle was calculated from static
surging acceleration [pitch = arcsine (o static surge) — ], where
pitch (°) refers to the animal’s orientation with regard to the
horizontal plane, o static surge refers to the smoothed surging
acceleration and P to the offset of the tag’s axis in relation to
the animal’s axis (Figure 2). f was determined using the method
described in Kawatsu et al. (2010), by using the regression of
vertical velocity and pitch. The magnitude of acceleration (MA)
was calculated as the vector norm: MA =/ (X2 + Y2 + Z2).
To identify when potential feeding events occurred, the timing
of fast starts was assessed for each accelerometer tagged YFT.
Fast starts are defined as brief sudden accelerations used by
fish during predator-prey encounters and can be considered
a form of burst swimming (Domenici and Blake, 1997). For
the YFT in the present study, it is not possible to assess the
exact threshold when a fast start occurred without video footage
recording fast start behaviour and aligning with the time series
of acceleration (Broell et al., 2013). YFT target fast-moving prey
including small pelagic fish and squids (Laptikhovsky et al.,
2020), with multiple prey consumed in a single feeding period.
Acceleration during these feeding bouts should therefore result in
rapid acceleration above the normal steady swimming behaviour
of the tuna. Previous studies have identified fast starts by using
thresholds linked to the standard deviation of MA for great
sculpin (Myoxocephalus polyacanthocephalus) which is a sit and

wait predator (Broell et al., 2013). In the present study, to identify
potential fast starts, the periods of time when MA exceeded the
99th percentile (the upper 1% of MA) were identified (Figure 2).

The relatively low sampling frequency used in the present
study will mean that a proportion of fast starts will not have
been recorded (fast starts are sub-second events). The effect
that down-sampling had on the identification of fast-start events
was assessed by comparing the timing and frequency of fast
starts when down-sampled from 3 to 12 s for an individual YFT
(Supplementary Figure 1). Though the down-sampling reduced
the quantity of fast starts measured, the relative signal for the
entire trace remained consistent, indicating that down-sampled
traces can still be used to identify the periods of time when
fast-start (burst acceleration) events occurred.

Landings and Catchability

The capture of YFT within St Helena’s EEZ is by pole and line
methods only, with fishing mostly taking place during sunrise
and daylight hours. To ensure that landings were representative
of the local commercial fishing fleet, landings per unit effort
was calculated as the quantity of YFT landed per vessel per
day. Five inshore vessels were used for this analysis as they had
fishing effort for tropical tuna throughout the year. Discussions
with several skippers revealed that the fishery mostly targets
YFT at a depth range of 55-100 m. To calculate a metric of
catchability in the local pole and line fishery based on YFT depth
utilisation (Cy) we calculated the proportion of time that tagged
YFT spent in waters less than 100 m deep and were therefore on
the tuna fishing grounds regularly targeted by the local fishing
fleet. Depths deeper than 100 m are therefore defined as deep.
Only measurements taken during the day were considered, with
C, aggregated at a monthly level for illustrative purposes.

RESULTS

Twenty-seven tuna tags were recovered between 2017 and 2020,
with 3 PSATs, 14 G5 archival tags, and 10 Lotek archival tags
recovered (Table 1). All tuna were released inshore except for
PSAT tagged tuna 83842 which was released at Cardno Seamount
(Table 1). PSAT tagged tuna were between 101 and 125 cm
and were at liberty between 45 and 232 days. Archivally tagged
tuna were between 64 and 87 cm and were at liberty between 9
and 293 days. All geolocated tuna remained within or in close
proximity to St Helena’s EEZ for the entire time at liberty with
all recoveries on the grounds that they were released within 293
days (Figure 1). See Wright et al. (2021) for in-depth analysis
of the horizontal movement of the yellowfin tuna tagged within
St Helena’s EEZ.

Vertical Distribution by Time of Day

The yellowfin tuna occurred in surface waters down to 1,014
m (Table 2). When all depth and temperature experience were
summarised, YFT spent the majority of time (94%) in the
surface waters (<100 m) at water temperatures above 20°C
(88%), with internal body cavity temperatures mostly above 22°C
(86%) (Supplementary Figure 2). The minimum temperature
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FIGURE 2 | Depth, pitch, and magnitude of acceleration (MA) for yellowfin tuna 1116009 between 09:00 and 10:00 on 22/11/2016. The blue lines in the MA chart
indicate where fast starts were identified, with the inset chart showing the histogram of MA values and the dashed line reflects the threshold defined for fast starts.

0930 09:45 10:00
Time

experienced by the YFT was 6.5°C (Tag L01195) which occurred
on a dive to 500 m. The maximum difference in temperature
within a 24-h period was 20.1°C which occurred on a dive to 200
m in January (Tag L01415; Table 1).

An actogram of the depth use for four YFT provides an
overview of behavioural change by time of day and season
(Figure 3). During the night, YFT consistently remained shallow
(<50 m), whilst during the day more time was spent deep
(>100 m), with deep dives often occurring at sunrise and
during the day (Figure 3). The average depth during the night
varied with the lunar phase, with shallower dives (averaging
around 20 m) when there was low illumination (new moon),
and significantly deeper dives (averaging between 30 and
40 m) when illumination levels exceeded 0.85 (full moon;
Supplementary Figure 3).

The magnitude of acceleration was used to assess the timing
and the depth of potential strikes on prey (fast starts). MA was
typically higher during the ascent of dives (Figure 2). The timing
and depth of fast starts was used to assess potential feeding or
strike events of the YFT (Figure 4A). There were three depth-
strata where fast starts consistently occurred; surface waters
(<20 m), at the boundary of the mixed layer (100 m) and in
the deep scattering layer (~300 m) (Figure 4B). Fast starts in
the shallowest waters occurred both during the day and night.
Fast starts in the mixed layer or deep scatter layer occurred at
sunrise and during the day (Figure 4A). When all months were

combined, fast starts peaked at sunrise and sunset, with lowest
levels during the night (Figure 4C).

For the entire time at liberty the pitch angle averaged 0° at
depth, which is linked to the correction factor used for the pitch
angle which was based on the vertical speed (Supplementary
Figure 4A). When the pitch angle for each fast start was extracted,
there was a significantly elevated pitch angles at depths below
150 m compared to surface waters (Table 3 and Supplementary
Figure 4B):

Pitch = Depth x 0.4014 + 63.8111 F = 477.3,P < 0.0001

Vertical Distribution, Landings, and

Catchability by Season

The yellowfin tuna had significantly deeper average depths
between May and November (Table 2), with an increased
incidence of rDVM between December and March, indicating
more time spent shallower during the day at this time (Figure 5B)
which is reflecting as significantly higher C; for these months
(Figure 5A). Changes in vertical behaviour were also linked to
changes in the timing of fast starts, with an increased frequency
of deep (>100 m) fast starts between May and July as tuna
increased the proportion of time spent at depth. In comparison,
more fast starts occurred in surface waters between December
and March (Figure 4).
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TABLE 1 | PSAT and archival tag release and recovery information for yellowfin tuna (Thunnus albacares) tagged in the St Helena EEZ, including the date, longitude (lon)
and latitude (lat) of release and recovery.

Tag type ID Release Recapture TaL Distance (km) Depthpax (M) Tpsin (°C) Tamax (°C)

Date Lon (°) Lat(°) SFL (cm) Date Lon (°) Lat(°) SFL (cm)

PSAT 1116004 21/11/2016 —5.75 —16.11 101 04/01/2017 - 45 - 476 7.25 14.80
1116009 21/11/2016 —5.75 —16.11 119 11/07/2017 —5.71 —15.92 - 232 21 488 7.20 17.00
83842 10/12/2018 —6.02 —12.87 125  12/04/2019 —-6.03 —12.87 129 123 1 392 9.05 17.70
Archival (G5)  A14757 22/03/2018 —5.81 —15.98 67 24/04/2018  — — 69 33 — 547
A14764 22/03/2018 —5.789 —15.97 80 25/04/2018  — - 85 34 - 540
A14774 23/03/2018 —-5.79 —15.97 75 03/05/2018 —5.94 —15.98 80 41 16 1014
A14775 23/03/2018 —-5.79 —15.97 79 10/01/2019 —-5.83 —16.01 111 293 6 452
A14778 23/03/2018 —5.79 —15.97 79 13/04/2018 —5.94 —15.98 80 21 16 243
A14779 23/03/2018 —5.81 —15.98 7 11/06/2018  — — — 49 — 603
A14780 21/03/2018 —5.81 —15.98 72 19/05/2018  — — 81 59 — 581
A14781 22/03/2018 —5.81 —15.98 78 27/11/2018 -5.81 —1598 110 250 2 561
A14784 21/03/2018 —5.79 —15.97 82 14/06/2018  — - - 54 - 382
A14788 23/03/2018 —5.81 —15.98 74 25/04/2018  — — 78 33 — 494
A14795 21/03/2018 —5.81 —15.98 85 19/06/2018  — - 96 90 - 464
A14798 22/03/2018 —5.80 —15.97 7 30/05/2018 —5.73 —156.87 85 69 15 409
A14799 22/03/2018 —5.81 —15.98 79 11/11/2018  — - - 234 - 422
A14808 23/03/2018 —5.79 —15.97 82 12/06/2018  — - 95 81 - 431
Archival (Lotek) LO1195 09/01/2019 -5.79 —15.97 70 03/05/2019  — - 89 114 - 522 6.48 19.02
L01353 06/12/2018 —5.79 —15.97 87 25/05/2019 —5.79 —15.96 95 170 495 5.1 21.90
L01356 09/01/2019 —-5.79 —15.97 70 13/03/2019 —5.64 —15.92 78 63 522 6.62 18.92
L01385 07/01/2019 —-5.79 —15.97 67 11/03/2019 —-5.64 —15.92 76 63 513 6.8 18.42
L01389 07/01/2019 —-5.79 —15.97 84 29/03/2019  — — 89 81 490 7.32 17.76
L01394 06/12/2018 —5.79 —15.97 69 11/06/2019 —5.79 —15.97 87 187 493 71 17.26
L01403 09/01/2019 —-5.79 —15.97 64 22/03/2019 —5.79 —15.96 72 72 500 6.94 18.70
L01404 09/01/2019 —-5.79 —15.97 83 18/01/2019 —-5.75 —16.05 83 9 79 19.3 5.04
L01414 07/01/2019 -5.79 —15.97 72 19/04/2019 —5.79 —15.96 85 102 507 6.54 18.80
L01415 09/01/2019 —5.79 —15.97 67 27/06/2019 - - 87 169 492 6.82 20.10

The length of the tuna is shown as standard fork length (SFL), and the time at liberty (TaL) in days and distance between release to recapture is also shown. Summary of
the maximum depth (Depthyay) is provided for all tuna recovered. Minimum temperature (Tyyn) and maximum difference in temperature within 24 h (T Apax) is shown for
tuna tagged with external temperature sensors.

TABLE 2 | Seasonal change in depth and temperature experience of electronically tagged yellowfin tuna during the day, night and within a 24 h period (All).

Month (m) Depthpean (M) Depthpax Time > 100 m (%) Temppean (°C) Time >20°C isotherm (%)
Day Night All All Day  Night All Day  Night All Day  Night All
Jan 49.2 19.9 34.7 488 9.5 2.0 5.9 21.3 22.3 21.8 26.6 4.5 15.0
Feb 271 18.8 23.2 386 4.7 1.4 3.1 23.3 28.7 23.5 8.0 4.2 6.2
Mar 23.3 21.6 22,5 418 1.4 0.8 1.1 23.2 24.2 23.7 11.1 4.2 7.7
Apr 46.9 24.1 35.3 603 7.2 1.9 4.5 21.4 24.3 22.9 24.9 3.6 14.0
May 65.8* 30.3* 47.2 1013 14.8 2.5 8.4 20.3 23.9 22.2 30.0 2.6 15.6
Jun 78.1* 32.1* 53.5 423 16.1 1.7 8.5 19.5 23.4 21.6 33.5 1.6 16.5
Jul 92.5* 36.0" 62.4 423 31.2 3.5 16.5 20.1 22.6 21.4 24.6 1.2 121
Aug 82.5* 35.2* 58.1 292 30.4 3.9 16.7
Sep 85.0" 39.2* 62.1 452 32.4 4.7 18.6
Oct 88.5" 33.3" 62.0 368 37.8 2.1 20.6
Nov 50.2* 29.6" 40.6 531 13.8 1.1 7.9 21.1 21.2 21.1 2.4 1.0 1.8
Dec 36.4 24.3 30.9 476 6.4 0.8 3.9 20.9 21.5 211 15.1 2.5 9.4

Variables summarised include the mean depth (Depthpsean), the maximum depth (Depthyay, proportion of time spent deeper than 100 m (Time > 100 m), mean water
temperature (Tempean), and proportion of time spent deeper than the 20°C isotherm.
*Depthean Significantly deeper compared to other months (P < 0.05).
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FIGURE 3 | Actogram showing the depth utilisation of yellowfin tuna 1116009, A14775, A14781, and A14799. Month is shown on the X axis and hour of the day is

Comparisons between the average LPUE of YFT and the
behaviour of YFT is shown in Figure 5. Average LPUE was
highest between January and April with a mean LPUE of
between 0.21 and 0.22 t landed per day per vessel (Figure 5C).
Between June and November LPUE then reduced to between
0.11 and 0.16 t per day per vessel (Supplementary Table 1). The
seasonal reduction in total inshore landings is consistent between
individual fishing vessels inshore (Supplementary Figure 6).
When mean LPUE for a given month and year was compared
to the time spent in surface waters (C,), there was a significant
increase in the mean LPUE with C; (P = 0.0015, adj. r* = 0.33,
F-stat = 12.95; Figure 5D).

DISCUSSION

Behaviour by Time of Day

Vertical movements of YFT can be influenced by a number of
factors, including oceanographic features and prey behaviours
(Block et al., 1997; Brill et al., 1999; Hoolihan et al., 2014).
YFT in the present study spent more time deep during the day

(with more deep dives) compared to the night (DVM). DVM
enables pelagic predators to target prey residing in deeper waters
during the day and is a common behavioural strategy for oceanic
predators (Chapman et al., 2007; Coelho et al., 2015).

There was a clear switch in YFT behaviour at sunrise and
sunset, with increases in activity level and depth range during
the crepuscular phases (Figures 3, 4). Other large marine animals
also show crepuscular increases in activity level which have
been linked to feeding behaviour (Gleiss et al., 2013). For
example, spotted dolphins increase activity and deep dives at
sunset to coincide with the movement of the deep scattering
layer to surface waters (Scott and Chivers, 2009). Increased
incidence of fast start events at sunrise and sunset may be
linked to this period having the highest predicted feeding rates
(Thygesen and Patterson, 2019).

The yellowfin tuna spent the night in surface waters, with
behaviour affected by the level of illumination resulting in deeper
dives when there was a full moon. The link between depth and
the level of light at night may indicate that tuna track prey
which are deeper during the full moon or are trying to avoid
predation. Similar links between depth and lunar illumination
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FIGURE 4 | (A) Density plot showing the time of day and the depth at which fast starts occurred by month. Noting that no accelerometer tagged tuna were at liberty
between August and November. (B) Frequency of fast start events by depth, and (C) frequency of fast start events by time of day.

have been made for other pelagic predators including bigeye
tuna, Thunnus obesus (Dagorn et al., 2000), grey reef sharks,
Carcharhinus amblyrhynchos (Vianna et al., 2013), and white
sharks, Carcharodon carcharias (Weng et al., 2007).

Physiology of Deep Dives
The yellowfin tuna are visual predators, with maximum depth
limited by their cardiac function, which prevents them from

spending prolonged time in deep, cold waters (Brill and
Lutcavage, 2001). Previous studies indicate that there is a 72%
decrease in cardiac output when the temperature drops from
25 to 10°C (Blank et al., 2002), which has implications for the
energy available to flee from predators and to pursue prey. In
addition to cold being a physiological barrier for these regional
endotherms, the depth of the oxygen minimum layer could
also be a limiting factor (Nimit et al., 2020). Therefore, feeding
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TABLE 3 | Summary of two-sample t-test scores comparing surface fast-start
pitch angles (<50 m) to fast-start pitch angles at depths exceeding 50 m.

Depth (m) N Mean pitch angle (°) P-value
0-50 9566 11.45 1
51-100 4228 11.79 0.588
101-150 752 13.93 0.053
151-200 486 26.33 <0.001
201-250 550 30.78 <0.001
251-300 746 33.67 <0.001
301-350 804 27.02 <0.001
351-400 112 25.70 <0.001

Significant P values indicate that the fast-start pitch angle was significantly higher
than pitch angles in the surface 50 m.

on prey in deep, cold waters has physiological implications
for YFT with a trade-off between diving deep to search for
prey and the physiological stressors at such depths. However,
deep dives may be required for foraging on particular prey
items or potentially for eluding predators (Block et al.,, 1997;
Hoolihan et al., 2014). YFT from the present study had dives
to a maximum depth of 1014 m and experienced ambient
water temperatures as low as 6.4°C, which is within the

range reported in previous studies [max depth of 1,600 m
(Schaefer et al., 2014)].

Previous studies have alluded to YFT feeding on prey within
the deep scattering layer, with a suggestion that further research is
required to better understand the relationship between predators
and their prey (Weng et al.,, 2009). The use of accelerometers
provides a means to assess the timing of fast starts which are
indicative of animals fleeing from predators or striking at prey
(Harper and Blake, 1991; Broell et al., 2013). In the present study,
the behaviour of YFT in deep waters close to the deep-scattering
layer indicates that fast-starts (potential feeding events) occurred
predominantly on dive ascents. YFT are visual predators with
heated vision which helps with prey detection in relatively low
light levels as shown in billfish (Fritsches et al., 2005). This visual
adaptation provides an advantage over their cold-blooded prey in
low-light environments, with tuna able to attack prey from below.
The timing of fast starts on ascents in the present study suggests
that YFT strike at prey which are above them in the water column
and may be silhouetted against surface ambient light, making
prey more visible from below.

Behaviour in Relation to Prey Availability
The yellowfin tuna are known as relatively non-selective,
opportunistic feeders and consume a broad range of available
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FIGURE 5 | (A) Monthly proportion of time that tagged yellowfin tuna spent utilising depths shallower than 100 m (Cy). Significantly lower Cy compared to other
months denoted with asterisk (P < 0.05). (B) Monthly proportion of time spent in each vertical movement behaviour [diel vertical migrations (DVM), when there was
no significant difference in depth use between night and day (Non-Sig) and reverse DVM (rDVM)]. (C) Monthly mean landings per vessel per day (LPUE) for the
yellowfin tuna fishing fleet of St Helena. (D) Correlation between Cy and mean total landings per month with linear model.
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prey (Laptikhovsky et al., 2020). They can utilise species that are
available only for a short period of time due to temporal increases
in abundance like swimming crabs (Dissanayake et al., 2008).

Analysis of stomach contents from St Helenas YFT population
is summarised in Laptikhovsky et al. (2020). Although in
the tropics, St Helena experiences considerable seasonal
environmental variation (e.g., SST ~18 to 26°C) which result
in discrete and highly seasonal spawning events, providing
crucial feeding opportunities for YFT. An increased incidence
of rDVM in the summer season is consistent with YFT seeking
to exploit seasonally available productivity close to St Helena
island, including the butterfly fish Chaetodon sanctaehelenae
(Laptikhovsky et al., 2020). YFT likely target butterfly fish and
similar juvenile neritic fish during the day as these species are
inactive and rest on the seabed during the night, and so are
unavailable to the tuna during this time (Ehrlich et al., 2009).
The night was the period with the lowest frequency of fast
starts, indicating that this period was likely the least important
for feeding YFT.

As foraging opportunities decline in shallow waters in the
colder months, YFT may need to target prey at other, potentially
less optimal or physiologically taxing depths including the deep
scattering layer, resulting in behaviour dominated by DVM in
these months. Previous studies show similar diel patterns which
have been linked to YFT tracking the behaviour of prey inhabiting
the deep scattering layer (Weng et al., 2009). The increasing role
of crustaceans in the cold season (Laptikhovsky et al., 2020) might
also explain the switch in behaviour to strict predominance of
DVM as mesopelagic shrimps became available at night and in
relatively deep lower epi-pelagic region (Burdett, 2016).

Vertical Distribution by Season and

Implications for Catchability

The targeting of YFT within St Helenas EEZ is by pole and
line fishing vessels at sunrise and during the day. The fishery
targets tropical tuna by using a combination of cut bait, live
bait and trolling in surface waters which means that fishing
operations are limited to relatively shallow fishing grounds
(surface 100 m). Catchability of YFT was significantly reduced
between May and November as YFT spent more time at depths
below 100 m during the day, which coincides with a reduction in
the quantity of YFT caught by the inshore fleet. Although YFT
were distributed in waters from the surface to depths in excess of
400 m, the accelerometery data indicated that fast starts occurred
predominantly in surface waters (depths < 100 m) and in depths
of 300-400 m, noting that the timing and frequency of fast-starts
varied by the time of day and season.

For the regional stock assessment for YFT, the International
Commission for the Conservation of Atlantic Tuna (ICCAT)
uses CPUE from a number of fleets in operation in the Atlantic
Ocean, including longline, purse seine, and bait boat (ICCAT,
2019). Noting that trends in CPUE can be influenced by a
number of factors in addition to stock abundance (Goodyear
et al., 2003). CPUE needs standardisation as a means to remove
(or minimise) the impact of other factors unrelated to stock
abundance. Therefore, the behaviour of the YFT and catchability

by different gears needs to be accounted for. So, for the local bait
boat fishery, the reduction in LPUE between May and November
coincides with reduced catchability in the same months as tuna
spend more time at depths < 100 m. If the behaviour of YFT
in the wider Atlantic mimics the behaviour of YFT within St
Helena’s EEZ, monthly catchability should vary for the different
gears. For example, in the months where there is reduced
catchability for surface targeting fleets like bait boats, there should
be an increase in catchability for deep set gears like long lines.

CONCLUSION

Remote volcanic islands and seamounts are known to produce
local upwellings and this has been linked to aggregations of
pelagic prey and predators (Pitcher et al., 2007; Sergi et al., 2020).
Previous studies have shown that YFT have extended fidelity
to St Helena waters, with St Helena considered to be a feeding
ground for tuna (Wright et al., 2021). Results from the present
study provides evidence of diurnal and seasonal variability in
the behaviour and catchability of YFT in the South Atlantic
around the island of St Helena. This study shows the potential for
electronic tags recording acceleration to be used to predict the
depth and time when feeding behaviours occur. Future studies
could explore the use of electronic tags to create models of
catchability in space and time which can be used to help validate
and standardise CPUE at a regional level, including assessing the
drivers of spatial changes in catchability.
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