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Abstract

Mesopelagic fish, a central component of marine trophic networks, play a fundamental
role in marine ecosystems. However, as they live in highly inaccessible environments,
little information is currently available on their ecology, especially on the influence of
oceanographic parameters on their distribution. The emergence of biologging
technologies has made it possible to use deep-diving predators as bio-samplers of
their environment in under-sampled regions. In this work, we deployed an innovative
miniaturised sonar tag that combines active acoustics with high-resolution GPS,
pressure, movement and light sensors on Southern elephant seals, a deep-diving

predator feeding on mesopelagic prey. Seals were also equipped with oceanographic
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tags, allowing us to explore the functional relationships between oceanographic
parameters, distribution and ecology of mesopelagic prey targeted by seals and the
seals’ foraging behaviour. We highlighted strong vertical differences in prey
characteristics and behaviour, with larger, more evasive and less bioluminescent prey
in deeper waters. Moreover, prey encountered in warmer waters were found deeper,
were more evasive and displayed a more marked diel vertical migration behaviour
compared to prey encountered in colder waters, suggesting that prey accessibility and
characteristics differ according to oceanographic domains. This study highlights the
usefulness of the sonar-bioluminescence tag to infer mesopelagic prey distribution and

habitat when deployed on deep-diving predators such as elephant seals.

Keywords

Southern elephant seals; Mirounga leonina; mesopelagic; myctophids; biologging.

1. Introduction

Mesopelagic fish represent the largest vertebrate biomass on Earth (Hidalgo and
Browman, 2019; Irigoien et al., 2014; Proud et al., 2019) and play a fundamental role
in marine ecosystems. They are a central component in the marine trophic network,
allowing energy transfers between low trophic levels, i.e. phyto and zooplankton, and
upper trophic levels, i.e. predators (Cherel et al., 2010). Most of mesopelagic fish
perform diel vertical migrations, moving up to the surface at night and going back to
deep waters during the day (Catul et al., 2011), and thus play a key role in the carbon
pump by facilitating carbon transfer from the surface to deeper ecosystems (St. John
etal., 2016). However, despite their ecological importance, the ecology of mesopelagic

micronekton remains poorly known, particularly because they live in highly
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inaccessible environments. From the perspective of predicting the effects of climate
change on marine ecosystems, there is a need to increase our knowledge on the

influence of environmental parameters on their distribution.

Usual methods to study mesopelagic communities include net sampling and acoustic
surveys. Net sampling consists of deploying a net from an oceanographic or fishing
vessel in order to collect part of the individuals present in the area with the aim of
making an inventory of the species, estimating size of individuals and their biomass.
However, net avoidance is commonly observed in pelagic fish, leading to a biased in
the speciescollected (Irigoien et al., 2014; Kaartvedt et al., 2012). Moreover, numerous
trawls at different depths are necessary to obtain detailed information on the
distribution of species, which may be challenging. In contrast, acoustic surveys
describe the fine-scale distribution of organisms in the water column. Most
oceanographic vessels are equipped with on-board echosounders that emit
successive sound pulses reflected off any object they encounter in the water column
(Misund, 1997). The echosounder then receives the returning echo and, depending on
the return time, the distance between the echosounder and the object can be
estimated. Active acoustics thus provides detailed information on the distribution of
organisms but with limited effect on their behaviour. As the distance an acoustic wave
can travel in water is inversely proportional to the frequency of that wave,
echosounders must emit low frequency waves to sample a large part of the water
column. However, low-frequency acoustic waves do not provide detailed echoes of the
insonified objects (Misund, 1997). This limits the usefulness of echosounders to obtain
fine-scale data on organisms in deeper parts of the water column. Moreover, both

acoustic surveys and net samplings require expensive, time-consuming and logistically
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90 demanding oceanographic campaigns, that can be highly challenging to set up in

91 remote areas such as polar regions, limiting spatial and temporal coverage.

92 Recent developments of biologging technologies, i.e. devices attached on animals to
93 record information about their behaviour and ecology (Rutz and Hays, 2009), have
94 largely increased our understanding of the ecology of marine predators and their
95 environment (e.g. (Guinet et al., 2014, 2001; Slip et al., 1994; Yoshino et al., 2020)).
96 By integrating high-resolution oceanographic sensors such as temperature, salinity,
97 light or chlorophyll a sensors in tags that can be attached on large deep-diving
98 predators, these predators can be used as bio-samplers of their environment (Fedak,
99  2013; Harcourt et al., 2019; Treasure et al, 2017), making it possible to collect
100 environmental data in under-sampled regions. Investigating the foraging ecology, i.e.
101 at sea distribution, diving behaviour, diet, of marine predators do also provide
102  information on their cryptic and generally poorly known prey (Cherel et al.,, 2008). In
103 that context and among deep-diving predators, Southern elephant seals (Mirounga
104 leonina, Linneaus 1758, SES hereafter) are of special interest. SES breed on sub-
105 Antarctic islands and alternate at-sea periods to feed and on-land periods to breed and
106  moult. During their months-long foraging trips, SES travel great distances, up to
107 thousands of kilometres, and perform continuous dives at depths ranging generally
108 from 200 to 1000 m, and up to 2000 m. Therefore, by covering large horizontal and
109 vertical ranges, SES are an ideal species to sample environmental conditions in these
110 remote areas (e.g. (Bailleul et al., 2007; Charrassin et al., 2010; Dragon et al., 2010;
111  Guinet et al.,, 2014; Tournier et al.,, 2021). They became a major component in the
112  observation of the Southern Ocean oceanographic conditions (Fedak, 2013). While

113  adult males forage mostly on benthic and benthopelagic prey such as squids, young
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114 males and females mainly target mesopelagic prey such as myctophids (Cherel et al.,

115 2008).

116  Deploying high-resolution movement sensors such as accelerometers in addition to
117 oceanographic and GPS sensors on deep-diving predators allows for identifying prey
118 capture attempts (Suzuki et al., 2009; Viviant et al., 2010; Ydesen et al., 2014),
119 providing valuable information on horizontal and vertical distribution of mesopelagic
120 prey targeted by these predators (Guinet et al., 2014). However, fine-scale information
121  on prey, such as their size or behaviour remain challenging to obtain. Miniaturised
122  video cameras can be attached to marine predators foraging in clear and shallow
123 waters (Goldbogen et al. (2017) on blue whales Balaenoptera musculus, Heithaus et
124  al. (2002) on tiger sharks Galeocerdo cuvier, Papastamatiou et al. (2018) on white-tip
125 sharks Carcharhinus longimanus, Semmens et al. (2019) on white sharks
126  Carcharodon carcharias). However, SES often forage in the aphotic zone, which
127  requires a light-source to illuminate the scene and capture exploitable images, leading
128 to an increased power consumption of the tag. In addition, using a light source in these
129 deep waters can significantly alter both predator and prey behaviours (Geoffroy et al.,
130 2021; Rooper et al., 2015; Ryer et al., 2009), limiting the usefulness of video cameras
131  to collect meaningful data about SES’ prey characteristics and behaviour. Furthermore,
132 recording duration is limited to a few hours, over foraging which can last several
133  months, providing short, but important, glimpse on the prey and foraging behaviour of
134  those species. Very recently, an innovative miniaturised sonar tag has enabled a step
135 forward in the study of fine-scale biotic environment in cryptic marine predators. This
136  state-of-the-art tag, inspired by a toothed whale echolocation system, uses a high-click
137 rate narrow, forward directed beam that can insonify prey at a distance up to 6 m in

138  front of the animal. Data recorded by this tag provide information on prey aggregation
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139 type, escape behaviour and acoustic size without altering either predator or prey
140 behaviour (Goulet et al., 2019). A more recent version of the sonar tag also includes a
141  light sensor specifically developed to study bioluminescent behaviour of prey (Goulet
142 et al., 2020), offering a unique opportunity to accurately describe behaviour and
143  characteristics of prey targeted by cryptic marine predators (Chevallay et al., in

144  revision).

145 In this context, the aim of this study was to provide a better understanding of the
146  distribution and habitat of mesopelagic prey in the Southern Ocean. Using an
147  innovative method to classify functional oceanographic domains (FOD hereafter)
148 according to their temperature and salinity profiles recorded by conductivity-
149 temperature-depth (CTD) tags (Fonvieille et al., in review; Pauthenet et al., 2017;
150 Tournier et al.,, 2021) deployed simultaneously with sonar tags on female SES, we
151 aimed at exploring the functional relationships between oceanographic parameters,
152  distribution and ecology of mesopelagic prey targeted by seals and the seals’ foraging
153  behaviour. Previous studies showed that seals visit different areas with contrasted
154  oceanographic conditions during their foraging trips (Bailleul et al., 2007; Biuw et al.,
155 2007) and that seals targeting distinct FOD differed in their foraging efficiency (Guinet
156 et al., 2014; Richard et al.,, 2016). Therefore, we predicted that these contrasted
157 habitats would be home to prey with diverse characteristics and behaviour, and that
158 some habitats favour prey accessibility and/or prey quality (i.e. larger or less evasive
159 prey). Specifically, we hypothesised that prey tend to be more evasive in warmer FOD

160 but also less accessible, as suggested by Guinet etal. (2014) and Richard et al. (2016).
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161 2. Material and methods

162 2.1. Device deployments and data collection

163 Data were collected on 9 post-breeding female Southern elephant seals in October
164 2018 (n = 3), October 2019 (n = 3) and October 2020 (n = 3), in Kerguelen Islands
165 (49°20’'S — 70°26’E). Females were captured with a canvas head-bag, anaesthetized
166  with a 1:1 combination of Tiletamine and Zolazepam (Zoletil 100 — 0.7 to 0.8 ml/100
167 Kkg) either injected intravenously (McMahon et al., 2000) or using a deported
168 intramuscular injection system. Females were measured to the nearest centimetre and
169 weighted to the nearest kilogram. They were equipped with a neck-mounted Argos tag
170 (SPOT-293 Wildlife Computers, 72x54x24 mm, 119 g in air), a back-mounted CTD tag
171  (SMRU-SRDL, 115x100x40 mm, 680 g in air) and either a head-mounted DTAG-4
172 sonar tag (n =7, 95x55x37 mm, 200 g in air, see Goulet et al. (2019) for further details
173  on the device) or a DTAG-4 sonar-light tag (n = 2, 92x69x37 mm, 250 g in air). Tags
174  were glued to the fur using quick-setting epoxy glue (Araldite AW 2101, Ciba). CTD
175 tags recorded conductivity, temperature and depth at 0.5 Hz. Sonar and sonar-light
176  tags were programmed to sample GPS position (up to every minute at surface), tri-
177  axial acceleration (200 Hz), tri-axial magnetometer (50 Hz) and pressure (50 Hz).
178 Sonar-light tags also integrated a light sensor specifically designed to sample
179  bioluminescence events with a sampling frequency of 50 Hz (Goulet et al., 2020). The
180 active sonar within the tags recorded acoustic backscatter returning from 10 pys pings
181 with a centre frequency of 1.5 MHz, at a 25 Hz ping rate for 2018 and 2019
182  deployments and 12.5 Hz for 2020 deployments. The active sonar operated with a 3.4°
183  aperture beam width and a 6 m range (Goulet et al., 2019). Sonar and sonar-light tags
184  were set to record data one day out of two to increase recording duration. Tags were

185 recovered in late December to January when females returned to shore to moult using
8
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186 the same capture and sedation methods. All experiments were conducted under the
187 ethical regulation approval of the French Ethical Committee for Animal
188  Experimentations (2019070612143224 (#21375)) and the Committee for Polar

189  Environment.

190 2.2. Foraging behaviour

191 Sonar, movement and location data recorded by the sonar tags were analysed using

192  custom-written codes and functions from www.animaltags.org in MATLAB version

193 2022b (The MathWorks, 2022). Statistical analyses were conducted in R software
194 version 3.5.1 (R Core Team, 2018). GPS tracks were plotted in a map using QGIS
195 version 3.10 (QGIS Development Team, 2019). Diving behaviour was assessed by
196 using pressure data recorded by the sonar tags. Seals were considered as diving when

197 depth exceeded 20 m.

198 2.3. Prey capture attempt identification

199 Prey capture attempts (PrCAs hereafter) were detected from the 200 Hz tri-axial
200 acceleration data recorded by the sonar tags, by computing the norm of the differential
201 of the tri-axial acceleration (norm-jerk hereafter), as described in Goulet et al.
202  (submitted). Spikes in the norm-jerk higher than 400 m.s2 were classified as PrCAs
203 (Goulet et al., submitted). As prey may be encountered in patches or may elude
204  capture, leading to a bout structure in prey strikes, strikes occurring less than 15 s from
205 the previous strike were grouped in the same bout as described by Goulet et al.

206  (submitted).
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2.4. Functional oceanographic domain identification

Functional oceanographic domains (FOD hereafter) were classified according to their
similarities in their temperature and salinity profiles, following the method described in
(Fonvieille et al., in review). We first generated temperature and salinity profiles (TS)
on a constant vertical grid from 20 to 200 m for each dive using temperature and salinity
data collected by the CTD tags. This depth range was chosen to maximise temporal
coverage especially at night when seals perform shallower dives (Tournier et al., 2021).
We then fitted B-splines to the profiles with 20 coefficients estimated by polynomial
regression (R package “fda”, (Ramsay and Silverman, 2005)). A bivariate functional
principal component analysis (FPCA, R package “fda”) was applied on the resulting
coefficients of the decomposition to extract principal modes of variability in the curves
shapes (see Pauthenet et al. (2017) and Nerini et al. (2022) for more details). Finally,
a model-based clustering (Bouveyron et al., 2019) was applied on the first principal
components of the FPCA to gather TS profiles sharing similar thermohaline vertical
structure (R package “mclust’, (Scrucca et al.,, 2016)). The appropriate nhumber of
clusters was defined using the Bayesian Information Criterion (Schwarz, 1978) and the
Integrated Completed Likelihood (Biernacki et al., 2000), as described in Fonvieille et
al. (in review). The resulting clusters was considered as representing different FOD

and were plotted along the track of SES.

2.5. Prey characteristics and behaviour

2.5.1. Sonar data analysis
Sonar data recorded during bouts were displayed as echograms, showing the time on
the horizontal axis and the distance from the sonar tag on the vertical axis, extending

from 10 s before the bout start time to 2 s after the bout end time (Goulet et al.,

10
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231  submitted). Because of the large number of bouts detected (ranging from 4595 to
232 12039 per animal), only a random subsample of 5 to 10% of bouts performed during
233  acoustic data recordings were analysed. Different variables describing predator-prey
234  interactions were extracted manually from echograms following the method described
235 by Goulet et al. (submitted): (1) number of prey, (2) prey escape behaviour, (3) prey
236 acoustic size. (1) The number of prey was defined as the maximum number of
237 independent echo traces within a same ping (Jones et al., 2008). It was scored as one,
238 two or more than two, i.e. a school of prey. (2) Prey escape behaviour was identified
239 from the closing speed between predator and prey, which will vary in case of prey
240 escape event, resulting in a change in the slope of the prey echo trace (Goulet et al.,
241  2019; Vance et al., 2021). (3) Prey acoustic size was estimated from the -20 dB echo
242  pulse width measured on the widest part of the prey trace on evasive prey only to get

243  an acoustic size estimate as close as possible to the prey length (Burwen et al., 2003).

244 2.5.2. Bioluminescence data analysis

245  Bioluminescent flashes were defined as short high intensity spikes in the 50 Hz light
246  data recorded by the sonar-light tags decimated at a 5 Hz sampling rate. Spikesin the
247  data higher than 0.07 (arbitrary unit) were classified as flashes (Goulet et al., 2020).
248  Flashes detected within less than 5 s of each other were considered coming from the
249  same bioluminescence event (Goulet et al., 2020). If a bioluminescence event started
250 between 5 s before and 5 s after the bout, it was considered associated with the bout.
251 Bioluminescence events may consist of a series of short flashes, so the 5 Hz data may
252  not have sufficient resolution to accurately describe them. Therefore, we used 50 Hz
253  light data recorded during bioluminescence events to calculate the number of peaks in

254  the light signal as well as the intensity and duration of each peak.

11
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2.6. Statistical analyses

For the following analyses, only data recorded on seals equipped with sonar-light tags
were used for the comparisons between flashing and non-flashing prey, while
comparisons between evasive and non-evasive prey were made using data recorded
by all the sonar-tagged seals. For all subsequent models, assumptions were checked

and any dewviation from them were corrected in the models.

2.6.1. Inter-functional oceanographic domain differences in prey characteristics
and distribution

Prey accessibility, using the depth of bout as its proxy (Boyd et al., 2015; Jouma’a et
al., 2016) was compared between FOD using LMM (R package nime, (Pinheiro et al.,
2017)) with dive depth as response variable, FOD as fixed effect and seals’ individual
identities as a random effect during both day and night. To test for differences in prey
behaviour according to FOD, the proportion of evasive versus non-evasive prey and
flashing versus non-flashing prey was compared between FOD using generalised
linear mixed models with binomial distribution (GLMM hereafter, R package Ime4,
(Bates et al., 2015)). We used the proportion of each prey type as a response variable,
FOD as fixed effect and seals’ individual identities as a random effect. As the two seals
equipped with sonar-light tag almost never visited FOD4, we did not compute the
proportion of flashing prey in this FOD. Prey flight initiation distances (m) were
compared between FOD using LMM with flight initiation distance as response variable,
FOD as fixed effect and seals’ individual identifies as a random effect. Bout duration
(s), a proxy for prey capture difficulty, or an indication of multi-prey capture (Goulet,
2020), was compared between FOD using LMM with bout duration as a response
variable, FOD as fixed effect and seals’ individual identities as a random effect. Finally,

distribution of prey acoustic size was reconstructed for each FOD and were compared

12
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280 using a pairwise Kolmogorov-Smirnov test with Bonferroni correction for multiple

281 testing.
282 2.6.2. Intra-functional oceanographic domain differences in prey characteristics
283 and distribution

284 Inside each FOD, difference in depths at which prey were encountered between
285 evasive and non-evasive prey and between flashing and non-flashing prey were
286 compared using prey encounter depth as response variable, prey type (evasive vs.
287 non-evasive prey, flashing vs. non-flashing prey) as fixed effect and seals’ individual
288 identities as a random effect. To test the hypothesis that prey size varies with depth,
289  prey acoustic size distributions were reconstructed for depth classes every 200 m, from
290 20 to 1000 m, and were compared using Kolmogorov-Smirnov test with Bonferroni
291 correction for multiple testing inside each FOD. Finally, the relationship between bout
292  duration and bout depth was assessed for each FOD using a LMM with bout duration
293 as response variable, bout depth as fixed effect and seals’ individual identifies as a

294 random effect.

295 3. Results

296 3.1. Foraging behaviour and targeted prey

297 Tags recorded data during 29-79 days (Table 1). One GPS sensor and one CTD tag
298 failed to record any data on individual mll18 293a and individual ml19 296a
299 respectively so data recorded from these individuals were not used for spatial
300 analyses. Over that period, seals performed 69 + 7 (mean * sd) dives per day (range
301 57-79 dives per day), and 511 = 53 bouts/day (range 443-610 bouts/day). Seals
302 performed dives 418 + 93 m deep for 19 £ 3 min. A diel diving pattern was observed

303 for almost all individuals, with deeper and longer dives performed during the day (456
13
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+ 96 m, 21 £ 4 min) than during the night (331 + 75 m, 16 £ 2 min, LMM, P < 0.001).

Seals almost exclusively targeted single prey (99% of the targeted prey) while schools

of prey represented only 1% of the targeted prey. Among single prey, 81% were

evasive. For the two individuals equipped with sonar-light tags, flashing prey

represented 24 and 29% of their targeted prey respectively. Prey acoustic size mainly

distributed from 5.1 to 9.0 cm (1stand 39 quartiles, Q1-Q3 hereafter), with a range of

1.2-32.8 cm.

Table 1: Summary of field deployments: length (cm) and weight (kg), number of days

of recordings, number of recorded dives and bouts of female SES from Kerguelen

Islands equipped with either sonar or sonar-light tag during their post-breeding foraging

trip. Seal ID comprises the two first letters of the Latin species binomial followed by the

year and Julian day of attachment, and a letter denoting the sequential animal of day.

Seal ID

mli18 292a

ml18 293a

mll8 294a

ml19 295a

ml19 295c

ml19 296a

Weight

(ka)

237.5

158.5

249.5

287.5

321.5

252.2

Length

(cm)

226

225

226

239

237

225

Device

sonar

sonar

sonar

sonar

sonar

sonar

14

Number of
days of

recordings

43

29

35

30

35

28

Number of

recorded

dives

3393

1760

2380

2096

2336

1752

Number of

recorded

bouts

22223

6823

11694

14284

18885

8205
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318 All seals but two travelled east of the Kerguelen Islands (Figure 1). The two other seals

319 travelled west. They concentrated their foraging activity at a mean distance from the

320 shore of 1170 = 539 km (Q1-Q3: 789-1663 km, Figure 1).
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322  Figure 1: GPS tracks of eight female SES from Kerguelen Islands equipped with high-

323  resolution sonar and movement tags in 2018 (n = 2, in pink), 2019 (n = 3, in beige) and
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324 2020 (n = 3, in grey) during their post-breeding foraging trips (November-January).
325 Each point represents one day, with the size of the point being proportional to the
326 number of bouts performed that day. For 6 females, the tags stopped recording before

327 the end of the foraging trip.

328 3.3. Inter-functional  oceanographic  domain  differences in prey

329 characteristics and distribution

330 During their foraging trips, seals encountered four FOD that we identified from in-situ
331 temperature and salinity profiles recorded by CTD tags (Figure 2). These FOD were
332 distributed along an increasing temperature gradient from FOD 1 to FOD 4, with little
333 variation in salinity (Figure 2). Seals foraging East of Kerguelen visited mainly FOD 2
334  (46% of dives) and in comparison performed little feeding activity in the warmer FOD
335 1, 3 and 4 (22%, 22% and 11% of dives respectively, Table 2). In contrast, the two
336 individuals foraging West of Kerguelen mostly concentrated their foraging activity in
337 FOD 1 (79% of dives), the coldest FOD. They performed 21% of dives in FOD 2, and

338 never visited FOD 3 and 4 (Table 2).

339 Table 2: Proportion of dives performed in each FOD visited by seven females SES
340 from Kerguelen Islands equipped with high-resolution sonar and movement tags
341 between 2018 and 2020. FOD were identified from in-situ temperature and salinity

342  profiles recorded by CTD tags.

Seal ID FOD1 FOD2 FOD3 FOD4
ml18_292a 82 18 0 0
ml18_293a NA NA NA NA

16


https://doi.org/10.1101/2023.10.19.563065

343

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

mll18 294a

mIl19_295a

ml19_295¢

ml19_296a

mI20_295a

mI20_296a

ml20_296¢

36

41

NA

13

76

10

63

43

NA

61

52

23

17

49

NA

25

33

33

13

NA


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1" 4
B i 3
E o E o
S o S Q
£ - | £ -
Q. Q.
[0 o)
(@) (|}
8N g - AW
| | | | | | ' | | | | | | | |
i 2 3 4 6 6 7 @ 337 339 341 343
344 Temperature (°C) Salinity (psu)

345 Figure 2: (A) GPS tracks of seven female Southern SES from Kerguelen Islands
346  equipped with high-resolution sonar and movement tags in 2018 (n = 2), 2019 (n = 2)
347 and 2020 (n = 3). Colours represent FOD encountered by seals, identified from in-situ
348 temperature and salinity profiles recorded by CTD tags. Black lines indicate the mean

349 position of the following oceanic fronts: South-Antarctic Front (SAF), Polar Front (PF),
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350 South Antarctic Circumpolar Current Front (SACCF) and Southern Boundary of the
351 Antarctic Circumpolar Current (SBdy) extracted from Kim et al. (2014). (B) Average
352 temperature and salinity profiles of the four FOD encountered by seals during their
353  foraging trips. For each profile, the envelopes are bounded by the first and last quartiles

354 and thus contain 50% of the profiles.

355 Bouts performed in FOD 4 were significantly deeper than those performed in FOD 1,
356 2 and 3 during both day and night (depth day = 296 £ 169 m, 244 + 165 m, 414 + 159
357 m,508 +138minFOD 1, 2, 3 and 4 respectively, depth night = 224 + 105 m, 179 + 98
358 m, 287 +£100m, 254 +94 minFOD 1, 2, 3and 4 respectively, LMM, P <0.001, Figure
359 3). Moreover, difference in day and night bout depths was more pronounced in FOD 3
360 and 4 (bout depth day — bout depth night = 99 + 113 m and 205 = 98 m respectively)
361 compared to FOD 1 and 2 (bout depth day — bout depth night = 60 £ 90 and 42 + 91 m

362 respectively, LMM, P < 0.005).
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Figure 3: Depth of bouts over a 24h cycle recorded for the seven female SES equipped
with sonar and movement tags in Kerguelen Islands from 2018 and 2020, separated
by FOD visited. Each point represents a bout. The grey background represents
nighttime. Curves on the left and right of each scatterplot represent the density
distribution of the bout depth during day and night respectively reconstructed for each
seal that spent more than 10% in the FOD, with the horizontal line representing the

median depth.

The proportion of evasive prey was significantly higher in FOD 3 and 4 (93.9% and
90.6% respectively) than in FOD 1 and 2 (75.1 and 77.7% respectively) (GLMM, P <

0.001, Table 3). Similarly, prey tended to react at a larger distance in FOD 3 and 4 (72

20
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374 +41 cmand 74 =44 cm respectively) than in FOD 1 and 2 (65 £ 38 cm and 56 + 26
375 cm respectively) (LMM, P < 0.039, Table 3). The proportion of flashing prey was
376  significantly higher in FOD 1 and 2 (28.5% and 27.9% respectively) than in FOD 3
377 (13.7%) (GLMM, P < 0.001). Acoustic sizes of prey encountered in FOD 4 were
378 significantly greater than those of prey encountered in FOD 1, 2 and 3 (Kolmogorov-
379 Smirnov test, P = 0.009, Table 3). Bouts performed in FOD 3 and 4 were significantly

380 longer than those performed in FOD 1 and 2 (LMM, P < 0.021, Table 3).

381 Table 3: Bout duration, characteristics and behaviour of prey encountered by seven
382 female SES equipped with high-resolution movement and sonar tags in Kerguelen
383 Islands from 2018 to 2020, according to the FOD visited. Values are mean + sd [15! -
384 39 quartiles]. Letters in superscript indicate significant differences in prey
385 characteristics between FOD (GLMM for proportion of evasive prey, LMM for prey

386 reaction distance and bout duration, Kolmogorov-Smirnov test for acoustic size, P <

387 0.050).
Proportion of Prey reaction Proportion of Acoustic size Bout duration
FOD
evasive prey (%) distance (cm) flashing prey (%) (cm) (s)
74+3.2
1 75.1° 65+ 38" 2854 9.7+116°
[5.1-9.0]°
7.2+ 3.0
2 77.7° 56 + 26 ° 27.9 2 10.3 +12.3"
[5.1-9.0]"
7.0x 3.6
3 939" 72+41° 13.7 134 £145°
[4.6 —9.0]
8.1+£34
4 206" 74+ 44 ° NA . 130+133 ‘
[5.9 — 9.8]
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3.4. Intra-functional  oceanographic  domain  differences in prey
characteristics and distribution

In FOD 1, 2 and 3, evasive prey were distributed into two distinct depth layers during
the day, i.e. 100-300 m and 400-600 m, moving up to the sub-surface layers at night
(Figure 4). In FOD 4, the sub-surface layer was not visible during the day and prey
were mostly concentrated in the 500-700 m layer. On the opposite, non-evasive prey
were mostly encountered in sub-surface layers, in depths ranging from 100 to 300
during both day and night, except in FOD 3 and 4. Overall, non-evasive prey were
encountered significantly shallower than evasive ones during both day and night (LMM,
P < 0.001, Figure 4). Similar to non-evasive prey, flashing prey were also mostly
distributed in the sub-surface layers, i.e. 100-300 m during both day and night, except
in FOD 3 and 4 where they were divided into two depth layers during the day, i.e. 100-
300 m and 400-700 m (Figure 4). However, flashing prey were still encountered
significantly shallower than non-flashing ones during both day (LMM, P = 0.017) and

night (LMM, P = 0.010, Figure 4).
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Figure 4: Depth of bouts over a 24h cycle recorded for female SES equipped with sonar
and movement tags in Kerguelen Islands from 2018 and 2020. Each point represents
a bout targeting (A) evasive or non-evasive prey (red and blue dots respectively, n =6
seals), and (B) flashing or non-flashing prey (yellow and grey dots respectively, n = 2
seals). The grey background represents nighttime. Curves onthe left and right of each
scatterplots represent the density distribution of the bout depth during day and night

respectively, with the horizontal line representing the median depth.
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In all FOD, acoustic size of prey encountered in deeper waters was significantly greater

than acoustic size of prey encountered in sub-surface layers (Kolmogorov-Smirnov

test, P < 0.009, Figure 5).
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Figure 5: Prey acoustic size density distributions reconstructed for each depth class

and for each FOD visited by seven female SES equipped with sonar and movement

tags between 2018 and 2020 in Kerguelen Islands. The dashed lines represent the

mean acoustic size calculated for each depth class.

In all FOD, bout duration increased with bout depth (LMM, P < 0.001): every 100 m,

bout duration increased by 1.5+ 0.04s,1.3+£0.04s,2.3+£0.09s,and 1.0 +0.12 s for

FOD 1, 2, 3 and 4 respectively.
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423  Bout duration pgp; = (6.4 +0.6) + (0.015 + 0.0004) - depth

424  Boutduration gop, = (7.0 + 0.7) + (0.013 £ 0.0004) - depth

425  Bout duration pop3; = (4.7 +0.8) + (0.023 £ 0.0009) - depth

426  Bout duration ggp, = (8.6 +1.2) + (0.010 + 0.0012) - depth

427 4. Discussion
428 4.1. A new approachto infer mesopelagic prey distribution via deep-diving
429 predators

430 We deployed on female SES aninnovative miniaturised sonar tag that combines active
431 acoustics with high-resolution movement and bioluminescence sensors to describe
432  fine-scale characteristics of prey targeted by seals, i.e. their acoustic size, escape
433  behaviour, bioluminescent behaviour and gregarious behaviour. Sonar tags were
434  deployed simultaneously with CTD tags to record fine-scale in-situ oceanographic data
435 during prey encounters, offering a unique opportunity to study prey characteristics and
436  behaviour simultaneously in relation to oceanographic conditions in a Southern Ocean
437 deep-diving predator. By deploying this tag on a deep-diving predator that forage on
438 mesopelagic prey, the SES, we were able to get some insights into mesopelagic prey
439 distribution and ecology, allowing a significant advance in our understanding of the

440 functioning of the mesopelagic zone.

441 4.2. Insights into mesopelagic prey distribution and habitat

442  All prey were encountered in deep open waters outside the Kerguelen plateau, and
443  were not associated with particular topographic features. Most prey encounters

444  occurred in depths ranging from 100 to 800 m, and were characterised by a clear diel
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445  pattern with shallower encounters at night. However, this diel migration behaviour was
446  most noticeable in warmer waters. Female SES are known to target mesopelagic fish
447  such as myctophids (Cherel et al., 2008), whose ecology is consistent with our results
448 (Catul et al., 2011). Prey acoustic size mostly ranged from 3 to 10 cm, which is close
449 to the main size of myctophids inhabiting Kerguelen waters (Duhamel et al., 2000;
450 Hulley and Duhamel, 2011), although it is important to remember that acoustic and
451 actual sizes are not necessarily similar. Indeed, acoustic size is dependent on target
452  orientation (Burwen et al., 2003), which cannot be controlled for here. However, when
453  a prey escapes, it will likely be at some point oriented in the axis of the sonar beam,
454  so measuring the maximum size of the trace of escaping prey should provide areliable
455 indication of the prey actual size. Therefore, data collected support the hypothesis that
456  most targets insonified by the sonar tag during prey capture events had a body size

457  consistent with myctophids, or more broadly small size mesopelagic fish and squids.

458 Even if data recorded by sonar tags do not allow for identifying species targeted by
459  seals, it provided some precious information about their acoustic size, bioluminescent
460 behaviour, escape behaviour and gregarious behaviour, allowing us to explore
461  differences in prey types according to functional oceanographic domains (FOD) visited
462 by seals. During their foraging trips, seals visited four FOD distributed along an
463 increasing temperature gradient. FOD 1 and 2 were the coldest, with temperature
464  below 2 and 2.5°C respectively. These two FOD might correspond to cold waters south
465  of the Polar Front, characterised by an upper temperature of 2.8°C at 200 m (Park et
466 al., 1993), with FOD 1 likely influenced by the southern boundary of Southern Antarctic
467  Circumpolar Current, defined by a temperature of 1.6°C at 200 m (Park et al., 1993).

468 On the opposite, FOD 3 and 4 were characterised by an upper temperature of 4-5°C
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469 and 7°C respectively and correspond to warmer water north to the Polar Front, and

470 close to the Subantarctic Front for FOD 4 (Park et al., 1993).

471 Trawling and acoustic surveys around Kerguelen Islands showed contrasted
472 mesopelagic communities between north and south of the Polar Front. Krefftychthys
473 anderssoni (1-8 cm) and Electrona antarctica (3-10 cm) dominate the myctophid
474  community south of the Polar Front, while Electrona carlsbergi (4-10 cm),
475 Gymnoscopelus fraseri (5-11 cm), G. bolini (15-28 cm) and G. braueri (4-14 cm) are
476  more abundant north of the Polar Front (Collins et al., 2008; Duhamel et al., 2000;
477  Hulley and Duhamel, 2011). The Polar Front is a transition zone between cold Antarctic
478 waters and warmer subtropical waters (Gordon, 1971). By acting as a boundary
479 between two different hydrological regions, it constitutes a barrier for many species,
480 resulting in marked differences in marine communities north and south of the Polar
481  Front (Koubbi, 1993). Therefore, we would expect to observe differences in prey
482 behaviour and characteristics between FOD 1-2 (colder waters, south of the Polar

483  Front) and FOD 3-4 (warmer waters, north of the Polar Front).

484  Prey were slightly larger in FOD 3-4 compared to FOD 1-2, however we expected the
485 size difference to be more pronounced. Nevertheless, we noticed differences in prey
486 behaviour depending onthe FOD: the proportion of evasive prey was higher in warmer
487  waters, while the proportion of flashing prey was lower. In addition, diel vertical
488 migration patterns were more pronounced in warmer waters, suggesting that prey
489  encountered north and south of the Polar Front are of distinct species, differing in terms
490 of reactivity, bioluminescent behaviour and diel vertical migration behaviour. Acoustic
491 data recorded by bioluminescence-sonar tags therefore provide novel insights on

492  differences on mesopelagic prey behaviour according to oceanographic conditions.
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493  Moreover, for each given FOD, we observed strong differences in prey acoustic size
494 and behaviour according to depth: prey encountered deeper were larger than those
495 encountered in sub-surface layers no matter the FOD visited. Therefore, prey size and
496 behaviour seemed to be structured mostly vertically, as observed in previous studies
497  showing that depth is one of the most important factors in the variability of mesopelagic
498 communities (Cook et al.,, 2013; Kenchington et al., 2020; Sutton et al., 2010). Hulley
499 etal. (2011) reported that within a myctophid species, larger and older individuals are
500 usually encountered deeper than smaller ones. Therefore, vertical size structuration
501 observed in all FOD visited by our tagged seals is consistent with previous findings
502 and is likely to be related with differences in maturity stages between individual prey

503 and not necessarily be due to differences in targeted species.

504 In addition to observing differences in prey size with depth, we also highlighted
505 differences in prey behaviour along the water column. Bioluminescent prey were
506 mostly encountered in sub-surface layers during both day and night, while we expected
507 to observe them in deeper waters (Haddock et al., 2010). Moreover, non-evasive prey
508 were concentrated to shallow waters during both day and night, while evasive prey
509 were also encountered in deeper waters. This pattern was observed inall FOD visited
510 by seals, even if it was more noticeable in colder FOD as few prey were encountered
511 in sub-surface layers in warmer FOD. Although we would have expected that prey
512  encountered in deeper and therefore colder waters were less evasive due to a slower
513 metabolism (Torres and Somero, 1988), we assumed that deep prey, being larger,
514  were more vigilant than smaller/younger individuals encountered in shallower waters

515 due to an increasing predation risk with prey size (Mgller and Erritzge, 2014).

516 To summarise, prey encountered in colder FOD could mostly belong to Antarctic

517 species such as Electrona antarctica or Krefftichthys anderssoni, with either adults K.
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518 anderssoni or juveniles E. antarctica in sub-surface layers during both day and night,
519 and adult E. antarctica exhibiting diel migration being deeper waters during the day,
520 and going back to the sub-surface layers at night (Duhamel et al., 2000). However, the
521 fact that the sub-surface layers seemed dominated by small, non-evasive and
522  bioluminescent prey that did not perform diel vertical migration may suggest that these
523 prey could be other organisms than myctophids such as small bioluminescent
524  gelatinous low energy content organisms or euphausids (Cotté et al., 2022; Trebilco et
525 al.,, 2019). In warmer FOD, prey encountered could belong to species associated with
526 the subtropical waters such as the genus Gymnoscopelus, larger and faster swimming
527 more evasive myctophid species, usually encountered in deeper waters and known to

528 perform diel vertical migration (Duhamel et al., 2000).

529 4.3. Whereto hunt?

530 Seals concentrated most of their foraging activity in FOD 1 and 2, i.e. south of the Polar
531 Front. As observed by Field et al. (2004), Guinet et al. (2014) and McMahon et al.
532 (2019), the southern Polar Frontal zone appears to be a preferred area for seals, as
533 they performed shallower dives inthat area compared to FOD 3 and 4. The Polar Front
534 isthe main foraging area of many species of birds and marine mammals. This area is
535 characterised by intense mesoscale activity, allowing the concentration of organic
536 material and therefore a high biological production. In particular, the southern Polar
537  Frontal zone is known to gather 80% of the myctophid biomass of the Southern Ocean

538 (Lubimova et al., 1987), making this area particularly interesting for SES.

539  Our main hypothesis was that some habitats showed higher prey accessibility and/or
540 prey quality and were therefore preferred by seals. We found that prey encounters

541 were significantly deeper in warmer FOD during both day and night. This result is
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consistent with observations by Guinet et al. (2014), Biuw et al. (2007) and Mclintyre et
al. (2011), showing that bout depth increases with water temperature. Data recorded
during trawling and acoustic surveys revealed a deepening of myctophid community
when getting closer to subtropical waters (Hulley and Duhamel, 2011), suggesting that
prey were less accessible in warmer FOD compared to cold FOD. Moreover, in warmer
FOD, prey tended to be slightly more evasive with higher flight initiation distances. A
previous study made on the same dataset showed that seals capturing evasive prey
were more likely to initiate energy-costing active chase, while non-evasive prey could
be passively captured (Chevallay et al., in revision). Indeed, we also observed that
bout duration, a proxy for prey capture difficulty (Goulet et al., 2020), was longer in
warmer FOD, suggesting that prey captured in warmer waters induced longer handling
and/or pursuit times. Goulet et al. (submitted) revealed that evasive prey were
associated with a slower improvement in seals’ body condition compared to non-
evasive prey by relating body condition gain to prey behaviour in SES. To our
knowledge, the only studies on the energy content of mesopelagic prey around
Kerguelen Islands focus on two or three myctophid species, and have not shown strong
differences in energy content between the species studied (Lea et al.,, 2002; Van de
Putte et al., 2006). So there likely is a trade-off between prey size (and energy content)
and energy expenditure SES spent to capture them. More species should be studied
to make assumptions on the nutritional value of the various prey encountered by
elephant seals in the different FOD visited. However, differences in prey behaviour and
accessibility between FOD suggest that larger and deeper prey encountered north of
the Polar Front might be less accessible and more difficult to capture, increasing
locomotion costs, which might make these environments less profitable for elephant

seals.
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567 4.4. Limits of the study

568 This study highlights the usefulness of the bioluminescence-sonar tag to infer
569 mesopelagic prey distribution and habitat when deployed on deep-diving predators.
570 However, the main limitation of this method is that sampling is biased by the foraging
571 behaviour of the equipped predator. In particular, it might be difficult to disentangled
572 inter-FOD differences with individual preferences, as not all seals visit all FOD.
573 However, when looking for each individual the differences in foraging behaviour
574  between FOD, inter-FOD differences were more pronounced than the inter-individual
575 differences inside each FOD (see Figure 3), suggesting that there are actual structural
576 differences between FOD that are not related to individual preferences. In addition, it
577 is known that seals oversample areas that favour prey aggregation such as frontal
578 systems (Bailleul et al., 2007; Dragon et al., 2010; Siegelman et al., 2019) and do not
579 sample deep waters at night because of the diel migrating pattern of their prey (Slip et
580 al., 1994). However, the small size of the tag makes it possible to deploy on other
581 diving predator species such as fur seals or penguins that also feed on mesopelagic
582 prey but in different vertical/horizontal areas (Bost et al., 2002; Boyd et al., 1991;
583 Charrassin and Bost, 2001) to increase spatio-temporal covering and get a more
584 complete picture of the distribution of mesopelagic prey in the Southern Ocean.
585  Moreover, there is still some uncertainties regarding the nature of targets insonified by
586 the sonar, as acoustic data can be very challenging to interpret. Subsequently,
587 integrating a camera triggered by acoustic detection to the sonar tag could help
588 validating the actual nature of acoustic targets, enabling to be more precise in the

589 description of mesopelagic prey characteristics.

590 45. Conclusion
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Using a novel multi-sensor approach deployed on a deep-diving predator, the SES, we
were able to explore the functional relationships between oceanographic parameters,
distribution and ecology of mesopelagic prey, and foraging behaviour of their
predators. We highlighted differences in prey size and behaviour with depth inside
each FOD, as well as differences in prey accessibility and behaviour between FOD.
Climate change leads to a deep-reaching ocean warming, and this warming is faster
inthe Southern Ocean compared to the global average (Gille, 2008). Increase in water
temperature can considerably alter organism distributions, e.g. studies made on
several fish stocks (Nye et al. (2009) on Northeast USA stocks; Dulvy et al. (2008) on
North Sea stocks) revealed a deepening of fish stocks with increasing temperature to
reach colder waters that are closer to their temperature ranges (Jorda et al.,, 2020).
Therefore, with ocean warming, prey might be increasingly less accessible, forcing
seals to dive deeper, which could lead to significant increase in foraging energy costs
and exercise strong selective pressure on larger animals, which are found to dive

deeper (Piot et al., 2023).

References

Bailleul, F., Charrassin, J.-B., Monestiez, P., Roquet, F., Biuw, M., Guinet, C., 2007.
Successful foraging zones of southern elephant seals from the Kerguelen Islands in
relation to oceanographic conditions. Philosophical Transactions of the Royal Society

B: Biological Sciences 362, 2169-2181.

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R.H.B., Singmann, H.,
Dai, B., Grothendieck, G., Green, P., Bolker, M.B., 2015. Package °‘Ime4’

Convergence 12, 2.

33


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

614 Biernacki, C., Celeux, G., Govaert, G., 2000. Assessing a mixture model for clustering
615 with the integrated completed likelihood. IEEE transactions on pattern analysis and

616 machine intelligence 22, 719-725.

617 Biuw, M., Boehme, L., Guinet, C., Hindell, M., Costa, D., Charrassin, J.-B., Roquet, F.,
618 Bailleul, F., Meredith, M., Thorpe, S., 2007. Variations in behavior and condition of a
619 Southern Ocean top predator in relation to in situ oceanographic conditions.

620 Proceedings of the National Academy of Sciences 104, 13705-13710.

621 Bost, C.-A., Zorn, T., Le Maho, Y., Duhamel, G., 2002. Feeding of diving predators and
622  diel vertical migration of prey: King penguins diet versus trawl sampling at Kerguelen

623 Islands. Marine Ecology Progress Series 227, 51-61.

624  Bouveyron, C., Celeux, G., Murphy, T.B., Raftery, A.E., 2019. Model-based clustering

625 and classification for data science: with applications in R. Cambridge University Press.

626 Boyd, C., Castillo, R., Hunt Jr, G.L., Punt, A.E., VanBlaricom, G.R., Weimerskirch, H.,
627 Bertrand, S., 2015. Predictive modelling of habitat selection by marine predators with
628 respect to the abundance and depth distribution of pelagic prey. Journal of Animal

629 Ecology 84, 1575-1588.

630 Boyd, I, Lunn, N., Barton, T., 1991. Time budgets and foraging characteristics of

631 lactating Antarctic fur seals. The Journal of Animal Ecology 577-592.

632 Burwen, D.L., Fleischman, S.J., Miller, J.D., Jensen, M.E., 2003. Time-based signal
633  characteristics as predictors of fish size and species for a side-looking hydroacoustic

634 application in a river. ICES Journal of Marine Science 60, 662—668.

635 Catul, V., Gauns, M., Karuppasamy, P., 2011. A review on mesopelagic fishes

636  belonging to family Myctophidae. Reviews in Fish Biology and Fisheries 21, 339-354.

34


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

637 Charrassin, J., Roquet, F., Park, Y., Bailleul, F., Guinet, C., Meredith, M., Nicholls, K.,
638 Thorpe, S., Tremblay, Y., Costa, D., 2010. New insights into Southern Ocean physical
639 and biological processes revealed by instrumented elephant seals. Proceedings of
640 OceanObs 09: Sustained Ocean Observations and Information for Society (Vol. 2),
641 Venice, ltaly, 21-25 September 2009, Hall, J., Harrison DE & Stammer, D., Eds., ESA

642  Publication WPP-306.

643 Charrassin, J.-B., Bost, C.-A., 2001. Utilisation of the oceanic habitat by king penguins

644  over the annual cycle. Marine Ecology Progress Series 221, 285-298.

645 Cherel, Y., Ducatez, S., Fontaine, C., Richard, P., Guinet, C., 2008. Stable isotopes
646 reveal the trophic position and mesopelagic fish diet of female southern elephant seals

647 breeding on the Kerguelen Islands. Marine Ecology Progress Series 370, 239-247.

648 Cherel, Y., Fontaine, C., Richard, P., Labatc, J.-P., 2010. Isotopic niches and trophic
649 levels of myctophid fishes and their predators in the Southern Ocean. Limnology and

650 oceanography 55, 324-332.

651 Chevallay, M., Goulet, P., Madsen, P.T., Campagna, J., Campagna, C., Guinet, C.,
652 Johnson, M., in revision. Large sensory volumes enable Southern elephant seals to

653  exploit sparse deep-sea prey.

654 Collins, M.A., Xavier, J.C., Johnston, N.M., North, A.W., Enderlein, P., Tarling, G.A.,
655 Waluda, C.M., Hawker, E.J., Cunningham, N.J., 2008. Patterns in the distribution of

656 myctophid fish in the northern Scotia Sea ecosystem. Polar Biology 31, 837-851.

657 Cook, A.B., Sutton, T.T., Galbraith, J.K., Vecchione, M., 2013. Deep-pelagic (0—3000

658 m) fish assemblage structure over the Mid-Atlantic Ridge in the area of the Charlie-

35


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

659  Gibbs Fracture Zone. Deep Sea Research Part Il Topical Studies in Oceanography

660 98, 279-291.

661 Cotté, C., Ariza, A., Berne, A., Habasque, J., Lebourges-Dhaussy, A., Roudaut, G.,
662 Espinasse, B., Hunt, B., Pakhomov, E., Henschke, N., 2022. Macrozooplankton and
663  micronekton diversity and associated carbon vertical patterns and fluxes under distinct
664  productive conditions around the Kerguelen Islands. Journal of Marine Systems 226,

665 103650.

666 Dragon, A.-C., Monestiez, P., Bar-Hen, A. Guinet, C., 2010. Linking foraging
667 behaviour to physical oceanographic structures: Southern elephant seals and

668 mesoscale eddies east of Kerguelen Islands. Progress in Oceanography 87, 61—-71.

669 Duhamel, G., Koubbi, P., Ravier, C., 2000. Day and night mesopelagic fish

670 assemblages off the Kerguelen Islands (Southern Ocean). Polar Biology 23, 106-112.

671 Dulvy, N.K., Rogers, S.I, Jennings, S., Stelzenmiller, V., Dye, S.R., Skjoldal, H.R.,
672 2008. Climate change and deepening of the North Sea fish assemblage: a biotic

673 indicator of warming seas. Journal of Applied Ecology 45, 1029-1039.

674 Fedak, M., 2013. The impact of animal platforms on polar ocean observation. Deep

675 Sea Research Part Il: Topical Studies in Oceanography 88, 7—-13.

676 Field, 1.C., Bradshaw, C.J., Burton, H.R., Hindel, M.A., 2004. Seasonal use of
677 oceanographic and fisheries management zones by juvenile southern elephant seals

678 (Mirounga leonina) from Macquarie Island. Polar Biology 27, 432—-440.

679 Fonvieille, N., Guinet, C., Goulet, P., Tournier, M., Picard, B., Campagna, C.,
680 Campagna, J., Nerini, D., in review. Swimming in an ocean of curves: a functional

681 approach to understand elephant seal habitat use in the Argentine basin.

36


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

682  Geoffroy, M., Langbehn, T., Priou, P., Varpe, @., Johnsen, G., Le Bris, A., Fisher, J.A.,
683 Daase, M., McKee, D., Cohen, J., 2021. Pelagic organisms avoid white, blue, and red

684 artificial light from scientific instruments. Scientific Reports 11, 14941.

685 Gille, S.T., 2008. Decadal-scale temperature trends in the Southern Hemisphere

686 ocean. Journal of Climate 21, 4749-4765.

687 Goldbogen, J.A., Cade, D., Boersma, A., Calambokidis, J., Kahane-Rapport, S.,
688  Segre, P., Stimpert, A., Friedlaender, A., 2017. Using digital tags with integrated video
689 and inertial sensors to study moving morphology and associated function in large

690 aquatic vertebrates. The Anatomical Record 300, 1935-1941.

691 Gordon, A.L., 1971. Antarctic polar front zone. Antarctic oceanology | 15, 205-221.

692 Goulet, P., 2020. Dare to differ: Individual foraging success in marine predators, from

693 the largest seal to small penguins. University of Saint Andrews.

694 Goulet, P., Chevallay, M., Guinet, C., Campagna, C., Campagna, J., Madsen, P.T.,
695  Swift, R., Tournier, M., Staniland, I., Tyack, P., Johnson, M., submitted. Better or more?
696 Using sonar tags to assess how prey quality versus quantity impacts body condition

697 gainin the Southern elephant seal Mirounga leonina.

698 Goulet, P., Guinet, C., Campagna, C., Campagna, J., Tyack, P., Johnson, M., 2020.
699 Flash and grab: deep-diving Southern elephant seals trigger anti-predator flashes in

700  bioluminescent prey. Journal of Experimental Biology 223.

701 Goulet, P., Guinet, C., Swift, R.,, Madsen, P.T., Johnson, M., 2019. A miniature
702  biomimetic sonar and movement tag to study the biotic environment and predator-prey
703 interactions in aquatic animals. Deep Sea Research Part . Oceanographic Research
704  Papers 148, 1-11.

37


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

705 Guinet, C., Dubroca, L., Lea, M.A., Goldsworthy, S., Cherel, Y., Duhamel, G.,
706 Bonadonna, F., Donnay, J.-P., 2001. Spatial distribution of foraging in female Antarctic
707 fur seals Arctocephalus gazella in relation to oceanographic variables: a scale-
708 dependent approach using geographic information systems. Marine Ecology Progress

709 Series 219, 251-264.

710 Guinet, C., Vacquié-Garcia, J., Picard, B., Bessigneul, G., Lebras, Y., Dragon, A.C.,
711 Viviant, M., Arnould, J.P., Bailleul, F., 2014. Southern elephant seal foraging success
712 in relation to temperature and light conditions: insight into prey distribution. Marine

713  Ecology Progress Series 499, 285-301.

714 Haddock, S.H., Moline, M.A., Case, J.F., 2010. Bioluminescence in the sea. Annual

715 review of marine science 2, 443-493.

716  Harcourt, R., Sequeira, A.M., Zhang, X., Roquet, F., Komatsu, K., Heupel, M.,
717  McMahon, C., Whoriskey, F., Meekan, M., Carroll, G., 2019. Animal-borne telemetry:
718 an integral component of the ocean observing toolkit. Frontiers in Marine Science 6,

719  326.

720 Heithaus, M., Dill, L., Marshall, G., Buhleier, B., 2002. Habitat use and foraging
721  behavior of tiger sharks (Galeocerdo cuvier) in a seagrass ecosystem. Marine Biology

722 140, 237-248.

723  Hidalgo, M., Browman, H.l, 2019. Developing the knowledge base needed to
724  sustainably manage mesopelagic resources. ICES Journal of Marine Science 76, 609—

725 615.

726  Hulley, P.A., Duhamel, G., 2011. Aspects of lanternfish distribution in the Kerguelen

727 Plateau region. The Kerguelen Plateau: marine ecosystems and fisheries 183-195.

38


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

728 Irigoien, X., Klevjer, T.A., Rgstad, A., Martinez, U., Boyra, G., Acufia, J.L., Bode, A,
729 Echevarria, F., Gonzalez-Gordillo, J.l., Hernandez-Leon, S., 2014. Large mesopelagic
730 fishes biomass and trophic efficiency in the open ocean. Nature communications 5, 1—

731 10.

732 Jones, B.A., Stanton, T.K., Lavery, A.C., Johnson, M.P., Madsen, P.T., Tyack, P.L.,
733  2008. Classification of broadband echoes from prey of a foraging Blainville’s beaked

734  whale. The Journal of the Acoustical Society of America 123, 1753-1762.

735 Jorda, G., Marba, N., Bennett, S., Santana-Garcon, J., Agusti, S., Duarte, C.M., 2020.
736 Ocean warming compresses the three-dimensional habitat of marine life. Nature

737 Ecology & Evolution 4, 109-114.

738 Jouma’a, J., Le Bras, Y., Richard, G., Vacquié-Garcia, J., Picard, B., El Ksabi, N.,
739 Guinet, C., 2016. Adjustment of diving behaviour with prey encounters and body
740 condition in a deep diving predator: the Southern Elephant Seal. Functional Ecology

741 30, 636-648.

742  Kaartvedt, S., Staby, A., Aksnes, D.L., 2012. Efficient trawl avoidance by mesopelagic
743  fishes causes large underestimation of their biomass. Marine Ecology Progress Series

744 456, 1-6.

745  Kenchington, T.J., Themelis, D.E., DeVaney, S.C., Kenchington, E.L., 2020. The
746 meso-and bathypelagic fishes in a large submarine canyon: assemblage structure of
747  the principal species in the Gully Marine Protected Area. Frontiers in Marine Science

748 7, 181.

749  Kim, Y.S., Orsi, A.H., 2014. On the variability of Antarctic Circumpolar Current fronts

750 inferred from 1992-2011 altimetry. Journal of Physical Oceanography 44, 3054—-3071.

39


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

751  Koubbi, P., 1993. Influence of the frontal zones on ichthyoplankton and mesopelagic
752 fish assemblages in the Crozet Basin (Indian sector of the Southern Ocean). Polar

753 Biology 13, 557-564.

754 Lea, M.-A., Nichols, P.D., Wilson, G., 2002. Fatty acid composition of lipid-rich
755  myctophids and mackerel icefish (Champsocephalus gunnari)-Southern Ocean food-

756  web implications. Polar Biology 25, 843—-854.

757 Lubimova, T., Shust, K., Popkov, V., 1987. Some features of the ecology of
758 mesopelagic fish of family Myctophidae in the Southern Ocean. Biological resources

759  of the Arctic and Antarctic 320-337.

760 Mcintyre, T., Ansorge, I.J., Bornemann, H., Plotz, J., Tosh, C.A., Bester, M.N., 2011.
761 Elephant seal dive behaviour is influenced by ocean temperature: implications for
762  climate change impacts on an ocean predator. Marine Ecology Progress Series 441,

763  257-272.

764  McMahon, C., Burton, H., McLean, S., Slip, D., Bester, M., 2000. Field immobilisation
765  of southern elephant seals with intravenous tiletamine and zolazepam. Veterinary

766 Record 146, 251-254.

767  Mcmahon, C.R., Hindell, M.A., Charrassin, J.-B., Corney, S., Guinet, C., Harcourt, R.,
768 Jonsen, |, Trebilco, R., Williams, G., Bestley, S., 2019. Finding mesopelagic prey in a

769  changing Southern Ocean. Scientific Reports 9, 1-11.

770 Misund, O.A., 1997. Underwater acoustics in marine fisheries and fisheries research.

771  Reviews in Fish Biology and Fisheries 7, 1-34.

772 Mgdller, A., Erritzee, J., 2014. Predator—prey interactions, flight initiation distance and

773  brain size. Journal of Evolutionary Biology 27, 34—42.

40


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

774  Nerini, D., Manté, C., Monestiez, P., 2022. Extending Functional Kriging When Data
775  Are Multivariate Curves: Some Technical Considerations and Operational Solutions.

776  Geostatistical Functional Data Analysis 73—-103.

777  Nye, J.A,, Link, J.S., Hare, J.A., Overholtz, W.J., 2009. Changing spatial distribution of
778  fish stocks in relation to climate and population size on the Northeast United States

779  continental shelf. Marine Ecology Progress Series 393, 111-129.

780 Papastamatiou, Y.P., Meyer, C.G., Watanabe, Y.Y., Heithaus, M.R., 2018. Animal-
781 borne video cameras and their use to study shark ecology and conservation. Shark
782  research: emerging technologies and applications for the field and laboratory 3, 83—

783  91.

784  Park, Y., Gamberoni, L., Charriaud, E., 1993. Frontal structure, water masses, and
785 circulation inthe Crozet Basin. Journal of Geophysical Research: Oceans 98, 12361—

786  12385.

787 Pauthenet, E., Roquet, F., Madec, G., Nerini, D., 2017. A linear decomposition of the
788  Southern Ocean thermohaline structure. Journal of Physical Oceanography 47, 29—

789  47.

790 Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., Heisterkamp, S., Van Willigen, B.,

791 2017. Package ‘nime.” Linear and nonlinear mixed effects models, version 3.

792 Piot, E., Picard, B., Badaut, J., Gilbert, C., Guinet, C., 2023. Diving behaviour of
793 Southern elephant seals: new models of behavioural and ecophysiological
794  adjustments of oxygen store management. Journal of Experimental Biology jeb-

795  245157.

41


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

796 Proud, R., Handegard, N.O., Kloser, RJ., Cox, M.J., Brierley, A.S., 2019. From
797  siphonophores to deep scattering layers: uncertainty ranges for the estimation of global

798 mesopelagic fish biomass. ICES Journal of Marine Science 76, 718-733.

799 QGIS Development Team, 2019. QGIS Geographic Information System. QGIS

800 Association.

801 R Core Team, 2018. R: A Language and Environment for Statistical Computing. R

802 Foundation for Statistical Computing, Vienna, Austria.

803 Ramsay, J., Silverman, B., 2005. Principal components analysis for functional data.

804  Functional data analysis 147-172.

805 Richard, G., Cox, S.L., Picard, B., Vacquié-Garcia, J., Guinet, C., 2016. Southern
806 elephant seals replenish their lipid reserves at different rates according to foraging

807 habitat. PloS one 11.

808 Rooper, C.N., Wiliams, K., De Robertis, A., Tuttle, V., 2015. Effect of underwater
809 lighting on observations of density and behavior of rockfish during camera surveys.

810 Fisheries Research 172, 157-167.

811 Rutz, C., Hays, G.C., 2009. New frontiers in biologging science.

812 Ryer, C.H., Stoner, AW., Iseri, P.J., Spencer, M.L.,, 2009. Effects of simulated
813 underwater vehicle lighting on fish behavior. Marine Ecology Progress Series 391, 97—

814 106.

815 Schwarz, G., 1978. Estimating the dimension of a model. The annals of statistics 461—

816 464.

42


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

817 Scrucca, L., Fop, M., Murphy, T.B., Raftery, A.E., 2016. mclust 5: clustering,
818 classification and density estimation using Gaussian finite mixture models. The R

819 journal 8, 289.

820 Semmens, J.M., Kock, A.A., Watanabe, Y.Y., Shepard, C.M., Berkenpas, E., Stehfest,
821 K.M., Barnett, A., Payne, N.L., 2019. Preparing to launch: biologging reveals the

822 dynamics of white shark breaching behaviour. Marine Biology 166, 1-9.

823 Siegelman, L., O'toole, M., Flexas, M., Riviére, P., Klein, P., 2019. Submesoscale
824  ocean fronts act as biological hotspot for southern elephant seal. Scientific Reports 9,

825  5588.

826  Slip, D.J., Hindell, M.A., Burton, H.R., 1994. Diving behavior of southern elephant seals
827 from Macquarie Island: an overview, in: Elephant Seals: Population Ecology, Behavior,

828 and Physiology. University of California Press, Berkeley, pp. 253-270.

829  St. John, M.A,, Borja, A., Chust, G., Heath, M., Grigorov, I, Mariani, P., Martin, A.P.,
830 Santos, R.S., 2016. A dark hole in our understanding of marine ecosystems and their
831 services: perspectives from the mesopelagic community. Frontiers in Marine Science

832 3,31

833  Sutton, T.T., Wiebe, P.H., Madin, L., Bucklin, A., 2010. Diversity and community
834  structure of pelagic fishes to 5000 m depth in the Sargasso Sea. Deep Sea Research

835 Part Il topical studies in oceanography 57, 2220-2233.

836  Suzuki, I, Naito, Y., Folkow, L.P., Miyazaki, N., Blix, A.S., 2009. Validation of a device

837  for accurate timing of feeding events in marine animals. Polar Biology 32, 667—-671.

838 The MathWorks, Inc., 2022. MATLAB version: 9.13.0 (R2022b).

43


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

839 Torres, J., Somero, G., 1988. Vertical distribution and metabolism in Antarctic
840 mesopelagic fishes. Comparative Biochemistry and Physiology--Part B: Biochemistry

841 and Molecular Biology 90, 521-528.

842  Tournier, M., Goulet, P., Fonvieille, N., Nerini, D., Johnson, M., Guinet, C., 2021. A
843 novel animal-borne miniature echosounder to observe the distribution and migration
844  patterns of intermediate trophic levels in the Southern Ocean. Journal of Marine

845 Systems 223, 103608.

846  Treasure, A.M., Roquet, F., Ansorge, 1.J., Bester, M.N., Boehme, L., Bornemann, H.,
847  Charrassin, J.-B., Chevallier, D., Costa, D.P., Fedak, M.A., 2017. Marine mammals
848 exploring the oceans pole to pole: a review of the MEOP consortium. Oceanography

849 30, 132-138.

850 Trebilco, R., Walters, A., Melbourne-Thomas, J., Bestley, S., Cox, M., Gastauer, S.,
851 Constable, A., 2019. Mesopelagic community structure on the southern Kerguelen
852  Axis. Presented at the The Kerguelen Plateau: marine ecosystem and fisheries, pp.

853 49-54.

854 Van de Putte, A., Flores, H., Volckaert, F., van Franeker, J.A., 2006. Energy content
855 of Antarctic mesopelagic fishes: implications for the marine food web. Polar Biology

856 29, 1045-1051.

857 Vance, H., Madsen, P.T., de Soto, N.A., Wisniewska, D.M., Ladegaard, M., Hooker,
858 S., Johnson, M., 2021. Echolocating toothed whales use ultra-fast echo-kinetic

859 responses to track evasive prey. Elife 10, e68825.

44


https://doi.org/10.1101/2023.10.19.563065

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563065; this version posted October 22, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

860 Viviant, M., Trites, A.W., Rosen, D.A., Monestiez, P., Guinet, C., 2010. Prey capture
861 attempts can be detected in Steller sea lions and other marine predators using

862 accelerometers. Polar biology 33, 713-719.

863  Ydesen, K.S., Wisniewska, D.M., Hansen, J.D., Beedholm, K., Johnson, M., Madsen,
864 P.T., 2014. What a jerk: prey engulfment revealed by high-rate, super-cranial
865 accelerometry on a harbour seal (Phoca vitulina). Journal of Experimental Biology 217,

866 2239-2243.

867 Yoshino, K., Takahashi, A., Adachi, T., Costa, D.P., Robinson, P.W., Peterson, S.H.,
868  Huckstadt, L.A., Holser, R.R., Naito, Y., 2020. Acceleration-triggered animal-borne
869 videos show a dominance of fish in the diet of female northern elephant seals. Journal

870 of Experimental Biology 223, jeb212936.

871

45


https://doi.org/10.1101/2023.10.19.563065

