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Austin, TX, United States, 9Institute of Marine Science, The University of Auckland – Waipapa Taumata
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Stanford University, Paci� c Grove, CA, United States, 13Planeta Océano, Lima, Peru, 14Migramar, Forest
Knolls, CA, United States, 15University of Western Australia Oceans Institute, Perth, WA, Australia
Deep dives are performed by a range of marine megafauna, yet their function
remains poorly understood. Proposed functions include foraging, predator
avoidance, and navigation, but limited � ne-scale data have hindered rigorous
testing of these hypotheses. Here, depth time-series data from eight recovered
and 16 non-recovered satellite tags deployed on oceanic manta rays (Mobula
birostris) in Indonesia, Peru, and New Zealand were examined to characterise
extreme dives and identify their potential function. From a total of 46,945 dives,
79 extreme dives (>500 m) were recorded, 11 of which were documented from
recovered tags and associated high sampling frequency. Extreme dives were
distinguished by rapid descents (up to 2.9 m s� �), brief horizontal “steps” at depth,
gradually slowing ascents, and extended periods spent near the surface both
before and after diving. Unlike typical foraging dives, no substantial bottom phase
was observed, and vertical oscillations—expected if feeding at depth—were
absent. Extreme dives also occurred more frequently with increasing distance
from the continental shelf edge as well as preceding periods of high 72h distance
travelled, indicating they may inform subsequent movements. We propose that
extreme dives enable oceanic manta rays to survey the properties of the water
column, likely gathering environmental cues—such as temperature, dissolved
oxygen, or geomagnetic gradients—to guide navigation and/or the decision to
leave or remain in a general area. In open-ocean environments where external
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reference points are absent, such costly but infrequent dives may provide critical
information for long-distance movements. Our results offer new insights into the
role of extreme diving behaviour in oceanic manta rays and highlight the
importance of � ne-scale data for understanding deep-diving behaviours in
marine megafauna.
KEYWORDS

Mobula birostris , movement ecology, extreme diving, open ocean navigation, satellite
telemetry, animal behaviour
1 Introduction
Deep dives to depths greater than 200 m appear ubiquitous

across a wide variety of epipelagic �shes (Braun et al., 2022), with
some, such as the short�n mako shark (Isurus oxyrinchus), tope
shark (Galeorhinus galeus), Atlantic blue�n tuna (Thunnus
thynnus), and sword�sh (Xiphias gladius), shown to routinely
exploit mesopelagic and bathypelagic zones (Teo et al., 2007;
Dewar et al., 2011; Santos et al., 2021; Schaber et al., 2022). In
contrast, other species such as the basking shark (Cetorhinus
maximus) and blue marlin (Makaira nigricans) perform deep
dives infrequently, likely in response to speci�c environmental or
behavioural triggers (Brill and Lutcavage, 2001; Gore et al., 2008;
Lawson et al., 2010). The sporadic nature of deep dives in some
species raises the question of whether these are simply a version of
routine shallow dives or if they serve a fundamentally different
purpose. A recent review identi�ed multiple possible explanations
for deep diving, including some that have been proposed for
shallower vertical movements (e.g., foraging, thermoregulation,
surveying the water column) as well as potentially unique
functions, such as accessing magnetic gradients for navigation
and/or parasite removal) (Braun et al., 2022). Although deep
diving behaviour may have broad ecological signi�cance, since it
potentially facilitates energy transfer across trophic levels and
connects surface and deep-sea ecosystems, �eld evidence of the
function of deep dives is yet to emerge for many species.

One means to investigate the potential role of deep diving in
epipelagic �shes is provided by tags that record depth time-series
(DTS) data at high sampling frequencies (sampled at <30 s
intervals). This is available from the archives of tags recovered
after deployment and has enabled the detailed characterisation of
dive pro�les in some study species. Such DTS data allows the
reconstruction of descent and ascent rates, accurate dive durations,
and pre- and post-dive intervals—features not captured in
summarised satellite-transmitted archival data (e.g., Bon�l et al.,
2009). High sampling frequency DTS, often accompanied by
temperature at depth records, can be used to break each dive into
functional sections, which have been used in some studies to de�ne
the purpose of each dive. For example, by calculating vertical
velocity throughout a dive, the descent, bottom, and ascent
02
phases of the dive can be separated. Rapid vertical velocities
during descent may indicate targeted dives to discrete features
such as deep scattering layers (DSL) (Carey et al., 1990). Such
descents have been shown in some species to lead to periods of
residency within a depth band where foraging is believed to occur,
for example, whale sharks (Rhincodon typus) descending to the
DSL, or blue sharks (Prionace glauca) hunting for squid (Carey
et al., 1990; Meekan et al., 2015). Dives with these characteristics are
typically inferred to be foraging dives, although such inferences
should be made cautiously and are more robust when supported by
contextual environmental or behavioural data. Slow vertical
velocities during descent can be indicative of gliding (i.e., using
negative buoyancy to descend) (Meekan et al., 2015); in these dives
the animal typically reaches a thermal limit before powered ascent
begins (Watanabe et al., 2021). These dives are thought to be
optimised for energy conservation, often while moving in a
particular direction, potentially minimising the horizontal cost of
transport (Weihs, 1973; Gleiss et al., 2011).

Mobulid rays provide exciting models to study deep-diving
behaviour. Of the 11 species within the genus Mobula, deep diving
has been recorded in �ve, with notable variations in the depth and
frequency of dives among species. For example, Chilean devil rays
(Mobula tarapacana) routinely dive to depths exceeding 500 m,
with the deepest dives reaching a maximum of 1896 m (Thorrold
et al., 2014). In contrast, reef manta rays (Mobula alfredi) only
occasionally dive to mesopelagic depths, with a maximum recorded
depth of 672 m (Lassauce et al., 2020). These differences likely
re�ect habitat preferences, with reef manta rays inhabiting shallow
reef environments and Chilean devil rays occupying oceanic waters
(Thorrold et al., 2014; Marshall et al., 2022).

The habitat of oceanic manta rays (Mobula birostris) straddles
both offshore and inshore environments. This species is distributed
circumglobally in tropical and subtropical oceans, occurring in
epipelagic offshore habitats and also near productive coastal
upwelling zones and seamounts (Stewart et al., 2016b; Marshall
et al., 2020). Individuals may undertake long-distance movements
exceeding 1000 km across ocean basins; for example, one individual
moved from mainland Ecuador to the Gala�pagos Islands—a
straight-line distance of over 1400 km—whereas another
traversed from the coast of Peru to the Gala�pagos and then
frontiersin.org
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southward over a distance of >1800 km (Hearn et al., 2014;
Andrzejaczek et al., 2021). Vertical movements of the species are
thought to track prey undergoing diel vertical migration, such as
zooplankton aggregating near the deep scattering layer (Stewart
et al., 2016b; Beale et al., 2019). The deepest recorded dive for
oceanic manta rays is 1246 m (Andrzejaczek et al., 2022); however,
the absence of accompanying DTS data from recovered tags has
limited the ability to infer the function of such deep dives.

In this study, we investigated the function of deep dives in
oceanic manta rays by providing a comprehensive description of
this behaviour using DTS data from satellite tags deployed in water
off Indonesia, Peru, and New Zealand. By analysing both high-
frequency archival data from recovered tags and transmitted data
from non-recovered tags, we offer novel insights into the
characteristics, for example, frequency, depth, and duration of
deep dives by this species. We also identify environmental and
spatio-temporal correlates of deep-diving behaviour. For this
analysis, visual inspection of depth data supported de�ning deep
divesas those between 200 and 500 m, as per (Braun et al., 2022),
and extreme divesas those �500 m, as oceanic manta rays
predominantly occupied epipelagic depths. In addition to high-
resolution diving pro�les from recovered archival tags, movement
paths reconstructed from both recovered and non-recovered tags
provided further context to assess how deep dives of the species
related to broader patterns of space use and displacement. By
addressing these objectives, we advance our understanding of the
ecological drivers and potential functional roles of deep diving in
oceanic manta rays and other large �shes of the epipelagic.
2 Methods

2.1 Study sites and satellite tag
deployments

A total of 24 oceanic manta rays were tagged at three study sites
between 2012 and 2022. Tags included 14 pop-up satellite archival
tags (two MK10-PAT and 12 miniPAT), and 10 towed satellite tags
(SPLASH10F - 321E) made by Wildlife Computers (Washington,
USA). The �rst site was Raja Ampat in eastern Indonesia. Between
September 2012 and May 2022, two MK10-PAT, nine MiniPAT,
and one SPLASH10F - 321E tags were deployed using a modi�ed
pole spear while on SCUBA over a range of seasons; a subset of
these tags are from Stewart et al. (2016a) and Beale et al. (2019). The
second site was located near Tumbes off the coast of northern Peru.
Between May and July 2018, three MiniPAT tags were deployed
(detailed in Andrzejaczek et al., 2021). The third site was in the
shallow coastal waters of the northeast shelf of Northland near
Whangaroa in northern New Zealand. Between March 2019 and
February 2022, nine SPLASH10F - 321E tags were deployed with a
modi�ed pole spear while freediving off Whangaroa Harbour,
New Zealand.

Of the 24 tags, �ve MiniPAT tags were recovered from
Indonesia, two MiniPAT tags were recovered from Peru, and one
Frontiers in Marine Science 03
SPLASH tag was recovered from New Zealand. High sampling
frequency (< 15-s) data were downloaded from the eight recovered
tags, providing continuous time series of depth and temperature.
The remaining 16 non-recovered tags transmitted summary data
via satellite, which were aggregated into histograms and reported as
mean values over intervals ranging from 6 to 24h.
2.2 Recovered tag time-series depth
records, dive identi� cation, and analysis

Time series of depth and temperature data were downloaded
from recovered tags. The �rst 24h of data were discarded from
analysis to remove anomalous data resulting from tagging; manta
rays were not restrained as part of the tagging procedures and are
expected to return to normal behaviour rapidly. Depth sensor drift
was present in one tag. To correct for depth sensor drift whereby the
tag reported depths deeper than the animal, the software Igor Pro
(WaveMetrics, 2024) was used to calculate an average zero-offset in
a moving 72h window so that depth was aligned to zero at the
surface. Further analyses detailed below were then completed in the
R Statistical Environment (R Core Team, 2024). Non-diving periods
were de�ned as time spent within 50 m of the surface. Pre- and
post-dive intervals were therefore the durations spent not diving
immediately before and after a dive. To investigate differences in
non-diving periods between extreme and shallow dives, Mann-
Whitney U-tests were conducted to assess signi�cant differences in
pre- and post-dive intervals. Vertical velocity was calculated from
the difference in consecutive depths divided by the sampling
frequency of each tag (3, 5, or 15 s). Individual dives were
extracted from the depth time series using the R package
‘diveMove’ (Luque, 2007). A dive was de�ned as time spent below
the threshold of 50 m (Thorrold et al., 2014). Mean vertical velocity
of descent of dives was calculated as (maximum depth – 50)/time
taken to descend from 50 m to the maximum depth; similarly, the
ascent vertical velocity was calculated as (maximum depth – 50)/
time taken to ascend from maximum depth to 50 m. A Mann-
Whitney U test was conducted to assess differences in vertical
velocities of descents and ascents between extreme and
shallow dives.
2.3 Daily locations and movement tracks

Maximum likelihood tracks were estimated using Wildlife
Computers’ software package ‘Global Position Estimator 3’
(GPE3). GPE3 applies a hidden Markov model (HMM) to
estimate the maximum likelihood daily location of a tag (Wildlife
Computers, 2022). The model considers maximum depth, light
level (twilight), and sea surface temperature (SST) data along with
known deployment and release locations to calculate the most likely
daily location (Skomal et al., 2017). A travel speed of between 1.25
and 2.0 m s�1 was input into the HMMs. This speed was calculated
using a combination of several factors: mean speed between high-
frontiersin.org
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scoring fastloc GPS locations from SPLASH tag movements from
multiple manta rays; drone video analysis of swimming oceanic
manta rays in New Zealand; reported speeds of Caribbean manta
ray Mobula cf. birostris(Fong et al., 2022); best �t with known
locations of tag movements; and the resulting track score within
GPE3 (Curnick et al., 2020). Tracks were assumed to consist of
straight-line interpolated daily location estimates, providing a
conservative estimate of rate of horizontal movement. Tracks did
not account for land masses obstructing point-to-point locations.
The straight-line distance between daily maximum likelihood
locations is hereafter referred to as distance. To account for
imprecise daily location estimates resulting from GPE3 error, we
calculated mean distance over three days as a metric of movement,
hereafter referred to as 72h distance. Three days was chosen based
on the size of GPE3 error estimates, the number of twilights
reported, the number and quality of locations for Splash tags, and
the occurrence of gaps in transmitted data. Maximum likelihood
tracks were plotted along with 50%, 75%, and 95% probability
density surfaces (Andrzejaczek et al., 2021) and overlaid onto maps
with the R package ‘ggOceanMaps’ (Vihtakari, 2023) using
bathymetry data provided by NOAA (NOAA National Centers
for Environmental Information, 2022).

To address known limitations of light-level-based location
estimates (Lisovski et al., 2012), several quality assurance
measures were applied to enhance track reliability. High-quality
Fastloc GPS positions were used to validate GPE3 tracks where
available, and GPE3 scores were optimised using known
deployment and recapture locations (e.g., photo-ID matches).
Travel speeds were adjusted following the approach of Curnick
et al. (2020), and tracks with more than three consecutive days of
missing twilight or maximum depth data were excluded from
analysis. The use of 72h distance (mean three-day straight-line
distance) further reduced sensitivity to daily positional uncertainty
and provided a more robust measure of spatial movement.
2.4 Abiotic correlates of horizontal dive
steps

A Spearman rank correlation test was used to explore the
relationship between dissolved oxygen (DO) concentration and
horizontal step depth during deep dives. Horizontal steps were
de�ned as periods during deep or extreme dives when absolute
vertical velocity was <0.1 m s�1 for � 1 min. DO data were obtained
from the daily ‘Global Ocean Biogeochemistry Analysis and
Forecast’ modelled dataset provided by Copernicus Marine
Environment Monitoring Service (CMEMS) (CMEMS, 2019). For
each dive, the date and most likely GPS location were matched to
the nearest 0.25 × 0.25-degree grid cell in the CMEMS data, from
which the vertical dissolved oxygen pro�le was extracted. DO data
were available in 38 depth bins ranging from 0.49 to 1452 m, with
greater resolution in shallow water. The DO value corresponding to
each step depth was extracted from the matching vertical pro�le,
Frontiers in Marine Science 04
allowing correlation analysis between step depth and local DO
concentration. Validation indicates a typical uncertainty of –5–10
µmol kg�� in the upper ocean, with greater variability below the
thermocline (CMEMS, 2019). Although subject to model error, the
vertical gradients are suf�ciently resolved to identify relative
changes in DO with depth re levant to mesope lag ic
diving behaviour.
2.5 Biotic and abiotic correlates of extreme
deep dives

Across all 24 recovered and unrecovered satellite tags, 2705 tag-
days of data were recorded. Of these, 79 days included an extreme
dive. To ensure the reliability of location estimates used for
modelling, only daily GPE3 locations supported by high-quality
twilight data (i.e., no gaps exceeding three consecutive days) and
accompanying maximum depth records were included.
Additionally, the datasets from Indonesia (5 of 1454 days
featuring extreme deep diving) and Peru (3 of 170 days) were
heavily zero-in�ated and therefore excluded from modelling, as
preliminary analyses indicated insuf�cient data to support
inference. The �nal dataset comprised 572 days from tags
deployed in New Zealand, where suf�cient extreme dive
occurrence and location data permitted robust modelling.

A generalised linear mixed model (GLMM) from the R package
‘lmerTest’ (Kuznetsova et al., 2020) was �tted to the occurrence of
extreme dives as a function of oceanographic and location-based
covariates, while accounting for the random effect due to individual
variation (Howey et al., 2016). The daily GPE3 location estimates
were used to calculate all position-dependent variables. A total of 13
biotic and abiotic covariates were considered. Covariates were
rescaled to ensure comparability and screened for high
collinearity (>0.50). The correlation structure among variables is
shown in Supplementary Figure S1.

Daily distance was calculated initially; however, it was not
included in the modelling. Instead 72h distance was used to allow
for inaccuracy in daily location estimates. Net primary productivity
and concentrations of phosphate, dissolved oxygen, and nitrate
were also extracted from the CMEMS Biogeochemistry dataset but
were removed due to high collinearity with other variables.
Similarly, bathymetry and distance to nearest land were excluded
due to high collinearity with distance to shelf edge, which is de�ned
as the distance in km from each estimated position to the nearest
location where bathymetry exceeded 200 m depths.

Mean 72h distance, distance to shelf edge, chlorophyll a
concentration, moon phase, mean SST, and wind-generated waves
were retained (Table 1), as they had the lowest collinearity. These
were treated as �xed-effect explanatory variables. The binary
response variable indicated whether an extreme dive occurred on
a given day. Manta ID was included as a random effect. Stepwise
model selection using the R package ‘MuMIn’ (Barton, 2022),
guided by Akaike Information Criterion (AIC) and the principle
of parsimony, identi�ed the best-�tting model.
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All means are reported with standard deviation (SD), and
medians with interquartile range (IQR).
2.6 Ethics statement

Animal ethics approval was granted by Murdoch University
animal ethics committee permit number RW3318/21 and
protocol ID 836, and by the Indonesian ethics committee of the
National Research and Innovation agency (BRIN) proposal
number 07062022000004.
3 Results

In total, 2,705 d of tag data were collected from 24 animals. The
eight recovered satellite tags yielded a time series of 957 d of depth
data from tag archives (Table 2), with 791 d from �ve tags in
Indonesia, 100 d from two tags in Peru, and 66 d from one tag
recovered in New Zealand. A total of 11 extreme dives were
recorded from four of these eight datasets (Table 2). The GPE3
maximum likelihood daily locations generated for these recovered
tags were continuous, with no gaps in input data (Supplementary
Figures S2–S9); representative examples from each study site are
presented in Figure 1. An additional 1,748 d of summarised data
were transmitted by satellite from 16 non-recovered tags (Table 2),
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comprising 1,172 d from Indonesia (seven tags), 70 d from Peru
(one tag), and 506 d from New Zealand (eight tags). GPE3
generated maximum likelihood tracks for these 16 tags
(Supplementary Figures S10–S25) had varying levels of accuracy.
3.1 Daily locations and movement tracks

Recovered tags and splash tags provided the highest location
accuracy. Three MiniPAT tags (OM9, OM10, and OM12) were
excluded from GLMM analysis due to multiple data gaps exceeding
�ve days. Details on GPE3 scores, track speed, twilights, SSTs, and
location accuracy are available in Supplementary Table S1. Mean
daily distance travelled pooled across data sets was 17.1 – 17.7 km
d�1 (median: 11.5 km d�1, IQR: 16.8) and was lower in Indonesia
(12.1 – 10.5 km d�1) than in Peru (24.0 – 22.4 km d�1) and New
Zealand (32.1 – 25.1 km d�1). Oceanic manta rays tagged in
Indonesia remained within the country’s exclusive economic zone
(EEZ) (e.g., Figure 1A). However, those tagged in New Zealand and
Peru travelled beyond national waters, entering both international
waters and other nations’ EEZs (e.g., Figures 1B, C). Tags recovered
from Indonesia after six-month deployments exhibited repeated
latitudinal movements away from and back toward the tagging site,
consistent with broad-scale north–south excursions. Although
deployments in New Zealand and Peru were shorter, their
movements also suggested cyclic patterns. In New Zealand,
movements appeared seasonal, occurring as water temperatures
began to drop, and oriented towards Fiji or Tonga. For example,
OM8’s 67-d track covered >2500 km as it travelled north into
tropical waters. OM8 exhibited three distinct phases during its 67-d
track, representative of rays in this deployment site: an inshore
phase along New Zealand’s coastal waters (mean daily straight-line
distance 11.6 – 11.1 km), a 29-d offshore phase covering 1700 km
(60.3 – 15.3 km d�1), and a third phase involving lower daily
straight-line distances near the Lau Islands (24.5 – 13.4 km d�1;
Supplementary Table S2; Figure 1C).
3.2 Sea surface temperatures of recovered
tags

Mean daily SSTs varied between tags (Tables 2, 3) and sites:
Indonesia (28.0 – 1.3°C), Peru (24.3 – 1.0°C), and New Zealand
(23.9 – 2.6°C). OM8 experienced the greatest shift in SST, from 22.1 –
0.23°C at the deployment site in New Zealand (�34.9°S) to 27.1 – 0.11°C
at the release location in the tropical Lau Islands (�18.5°S). This
individual left the coastal waters of New Zealand heading north at the
onset of the austral winter.
3.3 Analysis of recovered tag datasets

Analysis of the eight recovered tags across the three study sites
(Table 2) revealed substantial individual variability in the diving
behaviour of oceanic manta rays, with some individuals exclusively
TABLE 1 Abiotic and biotic variables included in the generalised linear
mixed models to analyse correlations with extreme dive occurrence:
methods of calculation and selection rationale.

Variable Method & rationale

mean 72h
distance
(Dist_72h)

Mean distance over three consecutive days. Included in the
model to examine whether dives occurred during periods of
large-scale movement.

moon
phase (phase)

Extracted using the ‘suncalc’ package in R (Thieurmel and
Elmarhraoui, 2022). Included in the model to investigate
whether diving activity varied with moon phases. Lunar cycles
have been observed to in�uence the diving patterns of some
marine megafauna (e.g., whale sharks (Rhincodon typus)
(Graham et al., 2006)).

Mean sea
surface
temperature
(SST)

Mean sea surface temperature sourced from tag data. Included
in the model to assess potential associations between
temperature and animal movements. Surface basking in warm
waters (<2 m) prior to deep dives has been reported in other
mobulid rays (Thorrold et al., 2014).

Distance to
shelf
edge (d200m)

Extracted using the ‘Natural Earth’ package in R (South, 2016).
Included in the model to evaluate the in�uence of proximity to
habitat edges (200 m bathymetry) on diving behaviour.

Wind
generated
waves (waves)

Extracted from the CMEMS Global Ocean Waves dataset.
Included in the model to assess whether local weather
conditions, such as wave height, were associated with extreme
diving activity.

chlorophyll a
concentration
(chl)

Extracted from the CMEMS Biogeochemistry dataset. Included
in the model to examine how variations in productivity,
measured as chlorophyll a concentration, might relate to diving
activity, potentially indicative of foraging behaviour.
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TABLE 2 Summary details from 24 satellite tag deployments on oceanic manta rays in Indonesia, Peru, and New Zealand.

Full Disc No. of Sampling Mean Max Mean
Distance

(km d-1) ± SD

No. of
Dives
� 50 m

Days with
max depth
� 200 m *

Days with
max depth
� 500 m *

12.1 – 9.3 4612 26 (77) 1 (1)

18.1 – 14.1 7626 136 (544) 3 (3)

10.1 – 7.2 11853 0 0

11.2 – 8.4 14134 0 0

13 – 13.2 5830 34 (85) 1 (1)

19.1 – 15.4 478 0 0

5 – 10.8 38 0 0

36.9 – 25.1 2374 33 (65) 6 (6)

11.4 – 7.4 - 6 0

7.9 – 5.7 – 20 0

13.1 – 12.6 - 1 0

10.8 – 9.5 – 20 0

13.6 – 11.3 - 17 0

12.2 – 8.8 – 8 0

21.6 – 15.1 - 45 0

37.4 – 28 – 14 3

39.4 – 32.7 - 18 9

29.2 – 20.2 – 11 3

25.5 – 12 - 15 8

35 – 26.3 – 39 13

(Continued)

Beale
et

al.
10.3389/fm

ars.2025.1630451

Frontiers
in

M
arine

Science
frontiersin.org

06
ID Tag
type dataset

retrieved

Date
deployed Sex width

(m)

Deployment
site data

days
frequency

(s)
depth

(m) ± SD
depth

(m)

OM1 MiniPAT Yes 14/10/2013 F 3.5 Indonesia 88 5s 54.5 – 42.3 750.5

OM2 MiniPAT Yes 26/10/2013 M 5 Indonesia 180 5s 73.8 – 55.7 911.6

OM3 MiniPAT Yes 09/05/2014 F 3.5 Indonesia 180 5s 54.9 – 28.0 174.2

OM4 MiniPAT Yes 14/04/2015 F 3.5 Indonesia 181 5s 44.6 – 25.3 145.1

OM5 MiniPAT Yes 09/05/2016 F 3.7 Indonesia 162 15s 41.0 – 40.4 1145

OM6 MiniPAT Yes 08/05/2018 – – Peru 90 3s 6.3 – 9.9 96

OM7 MiniPAT Yes 19/07/2018 - - Peru 10 5s 8.9 – 12.3 61.1

OM8
SPLASH

10-F
Yes 06/03/2019 F 4.2 New Zealand 66 10s 26.7 – 50.9 1246

OM9
MK10-
PAT

No 26/09/2012 M 4.5 Indonesia 163 Daily - 304

OM10
MK10-
PAT

No 10/11/2012 M 3.5 Indonesia 138 Daily – 480

OM11 MiniPAT No 08/05/2014 M 4 Indonesia 182 Daily - 488

OM12 MiniPAT No 27/05/2014 F 5 Indonesia 182 Daily – 352

OM13 MiniPAT No 21/09/2013 F 3.5 Indonesia 182 Daily - 448

OM14 MiniPAT No 08/05/2016 F 5 Indonesia 272 Daily – 472

OM15
SPLASH

10-F
No 24/05/2022 M 4 Indonesia 60 Daily - 376

OM16 MiniPAT No 18/07/2018 – – Peru 71 Daily – 648

OM17
SPLASH

10-F
No 20/02/2021 F 4.5 New Zealand 54 Daily - > 1200

OM18
SPLASH

10-F
No 03/02/2021 M 4.5 New Zealand 33 Daily – > 1200

OM19
SPLASH

10-F
No 21/02/2021 M 4.5 New Zealand 34 Daily - > 1200

OM20
SPLASH

10-F
No 06/01/2022 M 3.6 New Zealand 86 Daily – 1072
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using shallow waters, whereas others dived beyond depths of 750 m.
Depth and temperature were recorded at sampling frequencies of 3–
15 s, providing a detailed pro�le of vertical movement patterns. The
tagged oceanic manta rays exhibited a broad depth range, extending
from the surface down to 1,246 m, in water temperatures from 29.8
to 4.6°C. Across these tags, 46,945 dives were identi�ed from the
DTS. Shallow dives (<200 m) comprised 98.36% of dives, whereas
deep dives (200–500 m) and extreme dives (�500 m) comprised
1.62% (n = 760) and 0.02% (n = 11), respectively. Four bathypelagic
dives (>1000 m) were recorded, one in Indonesia and three from a
ray tagged in New Zealand. The mean maximum depth across deep
and extreme dives was 258.9 m (– 94.1). Individual variability in
depth use was pronounced, with rays spending varying amounts of
time across different depth ranges. For example, OM1 in Indonesian
waters spent 51.0% of its time in shallow waters (�50 m), 48.4%
diving in the epipelagic zone between 50 and 200 m, and 0.6% in
depths greater than 200 m. In contrast, OM3 in Indonesian waters
spent 100% of its time in shallow waters, with a maximum depth of
174.2 m, with no recorded deep dives.
3.3.1 Depth time-series of recovered tags
The depth time series revealed distinct differences in diving

behaviour across individuals and study sites (Figure 2;
Supplementary Figures S26–S30). Mean depths varied consistently
within each site but differed between sites; for example, mean
depths in Peru were shallower than those at other sites, whereas
tags deployed in Indonesia recorded the deepest mean depths,
despite two tags not exceeding 175 m (Table 2). Maximum
depths varied considerably, with four individuals remaining
within the epipelagic zone (<200 m) and the remaining four
exceeding 750 m (max: 1246 m, OM8; Table 2). Shallow dives
(<200 m) occurred throughout the day, with a peak from 04:30 to
06:30 (Supplementary Figure S31). These dives had a mean vertical
descent velocity of 0.16 – 0.21 m s�1 and often included oscillations
within a narrow depth range. The highest vertical velocities were
recorded at depths shallower than 50 m, with descent speeds
reaching 4.8 m s�1 and ascent speeds up to 6.0 m s�1. Dives
between 200 and 300 m were rare but frequently occurred in
succession (e.g., Figure 2A). Dives exceeding 300 m were
uncommon, typically limited to one per day during daylight
hours. The timing of deep and extreme dives followed a normal
distribution centred around the late morning (Supplementary
Figure S32), with 78% of deep dives occurring during daylight
hours (6 am – 6 pm) and 64% of extreme dives starting between 9
am and 2 pm.

Depth time-series data were overlaid with 72h distance,
revealing peaks in distance travelled (ranging from 75 to >200
km) across all oceanic manta rays where >2 weeks of data were
recorded (Figure 2; Supplementary Figures S26–S30). These peaks
typically followed extreme dives. Manta rays tagged in Indonesia
had an overall median daily distance travelled of 8.8 – 11.1 km,
similar to that of Peru (median: 15.7 – 21.1 km) but lower than that
of New Zealand (median: 34.8 – 36.3 km). Manta OM2 in
Indonesian waters displayed deep dives on 75% of days over its
181-d of tracking (Figure 2A), with three extreme dives recorded
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FIGURE 1

Example daily maximum likelihood location estimates with connecting straight-line movement tracks, output from Wildlife Computers Global
Position Estimator 3 (GPE3) software. (A) Indonesia - OM2. (B) Peru - OM6. (C) New Zealand - OM8. Daily locations are the central point of location
likelihood ellipses given by GPE3, coloured by month. Locations of extreme dives are marked with a yellow X, tagging sites by an orange square, and
release locations by a red triangle. Polygons represent the probability density surfaces for each tag, with light to dark shades representing 95%, 75%
and 50% probability contours. Different scales apply.
TABLE 3 Generalised linear mixed model selection based on AICc.

No. Model K AICc DAICc AICwt Cumwt LogLikh

1
Extreme dive ~ 72h distance + distance to shelf edge + Chlorophyll a concentration + waves

+ (1|M_ID)
4 309.117 0.000 0.193 0.193 �148.5

2
Extreme dive ~ 72h distance + distance to shelf edge + Chlorophyll a concentration + moon

phase + waves + (1|M_ID)
5 309.350 0.233 0.172 0.365 �147.6

3 Extreme dive ~ 72h distance + distance to shelf edge + moon phase + waves + (1|M_ID) 4 310.491 1.374 0.097 0.462 �149.2

4
Extreme dive ~ 72h distance + distance to shelf edge + Chlorophyll a concentration + SST +

waves + (1|M_ID)
5 310.664 1.546 0.089 0.552 �148.2

5
Extreme dive ~ 72h distance + distance to shelf edge + Chlorophyll a concentration + moon

phase + SST + waves + (1|M_ID)
6 311.007 1.890 0.075 0.627 �147.4

6 Extreme dive ~ 72h distance + distance to shelf edge + waves + (1|M_ID) 3 311.334 2.217 0.064 0.690 �150.6

7
Extreme dive ~ 72h distance + distance to shelf edge + Chlorophyll a concentration + moon

phase + (1|M_ID)
4 311.448 2.331 0.060 0.751 �149.6

8 Extreme dive ~ 72h distance + distance to shelf edge + moon phase + (1|M_ID) 3 311.858 2.741 0.049 0.800 �150.9

9
Extreme dive ~ 72h distance + distance to shelf edge + Chlorophyll a concentration +

(1|M_ID)
3 312.331 3.213 0.039 0.838 �151.1

10
Extreme dive ~ 72h distance + distance to shelf edge + moon phase + SST + waves +

(1|M_ID)
5 312.533 3.416 0.035 0.873 �149.2
F
rontiers
 in Marine Science 08
 fro
K represents the number of parameters in each model; DAICc is the difference in AICc compared to the minimum AICc; AICwt is the Akaike weight; Cumwt is the cumulative Akaike weight;
LogLikh is the log likelihood.
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and a median 72h distance of 44.5 km (IQR 35.8). In contrast, OM6
in Peru remained at depths <100 m throughout its track (Figure 2B)
and had a median distance of 49.7 km (IQR 40.1). OM8 in New
Zealand performed six extreme dives and had the highest median
distance among the recovered tags of 91.7 km (IQR 113.2)
(Figure 2C). Depth time series of other recovered tags are
presented in Supplementary Figures S26–S30.
Frontiers in Marine Science 09
3.3.2 Kinematics of extreme dives from recovered
tags

The pro�les of extreme dives were distinct from those of
shallow dives. Extreme dives typically began with a rapid descent
from a depth of 50 m occurring within the �rst 10 min from leaving
the surface. Below 200 m they exhibited characteristic features:
steep descents interspersed with horizontal steps lasting up to 15
FIGURE 2

Depth time-series data from three recovered satellite tags deployed on oceanic manta rays. Coloured by temperature, legend in (A). (A) Indonesia –
OM2. (B) Peru – OM6. (C) New Zealand – OM8. Note: OM2 and OM8 have semi-log depth axis. Second Y-axis shows 72h distance in kilometres.
Note different length deployments.
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