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ABSTRACT: Understanding the behavioural ecology of endangered taxa can inform conservation
strategies. The activity budgets of the loggerhead turtle Caretta caretta are still poorly understood
because many tracking methods show only horizontal displacement and ignore dives and associ-
ated behaviours. However, time-depth recorders have enabled researchers to identify flat, U-
shaped dives (or type 1a dives) and these are conventionally labelled as resting dives on the seabed
because they involve no vertical displacement of the animal. Video- and acceleration-based studies
have demonstrated this is not always true. Focusing on sea turtles nesting on the Cabo Verde archi-
pelago, we describe a new metric derived from magnetometer data, absolute angular velocity, that
integrates indices of angular rotation in the horizontal plane to infer activity. Using this metric, we
evaluated the variation in putative resting behaviours during the bottom phase of type 1a dives for
5 individuals over 13 to 17 d at sea during a single inter-nesting interval (over 75 turtle d in total).
We defined absolute resting within the bottom phase of type 1a dives as periods with no discernible
acceleration or angular movement. Whilst absolute resting constituted a significant proportion of
each turtle's time budget for this 1a dive type, turtles allocated 16-38 % of their bottom time to activ-
ity, with many dives being episodic, comprised of intermittent bouts of rest and rotational activity.
This implies that previously considered resting behaviours are complex and need to be accounted
for in energy budgets, particularly since energy budgets may impact conservation strategies.

KEY WORDS: Animal behaviour - Angular velocity - Accelerometer - Caretta caretta - Dive type -
Magnetometer

1. INTRODUCTION

Sea turtles spend almost all of their lives at sea,
which creates difficulties collecting data that may be
relevant to their conservation (Gilman et al. 2007,
Hochscheid 2014, Wallace et al. 2015, Butt et al. 2016,
Mingozzi et al. 2016). This is particularly true with re-
spect to behaviours associated with space use and en-
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ergy expenditure (Lopez-Sepulcre 2007, Greggor et
al. 2016). However, animal-attached logging devices
have provided researchers with a powerful tool to
record patterns of behaviour, even when turtles are
underwater. A tag commonly used for this purpose is
the time depth recorder (TDR) (Hays et al. 2007, Hart
et al. 2010, Wilson et al. 2017, Dodge et al. 2018),
which provides information on depth use over time,
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from which dive profiles can be reconstructed (Eckert
et al. 1986, Hays et al. 2002b, Rice & Balazs 2008).

These dive profiles have been broadly classified
into 5 or 6 distinguishable types through their marked
repetition and consistent patterns (Minamikawa et al.
1997, Hochscheid et al. 1999, Hays et al. 2000,
Houghton et al. 2002, Hochscheid 2014, Wilson et al.
2017). Different dive types are hypothesized to reflect
changes in behavioural motivation and associated ac-
tivity levels (Hochscheid 2014). For example, ‘type 1a'
dives, flat U-shaped dives, are very common among
sea turtles (Hochscheid et al. 2007, Cheng 2009), and
are typically associated with resting (Hays et al. 2000,
Seminoff et al. 2006, Hays 2008, Cheng 2009, Oku-
yama et al. 2012). These dives are more prevalent be-
tween nesting events, at times when turtles are re-
ported to be minimizing energy expenditure so as to
allocate resources to developing eggs (Houghton et
al. 2002, Schofield et al. 2009). Indeed, classification
of these dives as resting behaviour is important, par-
ticularly because of their potential role in saving en-
ergy for turtles, which are considered to be primarily
‘capital’ breeders (Jonsson 1997, Bonnet et al. 1998,
Plot et al. 2013). But evidence that type la dives in in-
ter-nesting female turtles are genuinely just resting
dives is equivocal: Hochscheid et al. (1999) suggested
that turtles might forage during the dive, and Myers &
Hays (2006) explicitly noted beak movements in inter-
nesting leatherback turtles Dermochelys coriacea
during various dives that also implied foraging in
nesting areas. There is thus a need for further infor-
mation on the activities of female turtles during the
inter-nesting phase to determine the extent to which
type la dives might be associated with foraging in
nesting areas. Such information may be important for
conservation initiatives, which may have to consider
protecting the space used by inter-nesting females
rather than considering it energetically barren.

TDRs, however, lack the resolution to detect spe-
cific behaviours beyond changes in depth and there-
fore the ability to determine the extent to which tur-
tles may be foraging is limited using this approach.
Seminoff et al. (2006) addressed this issue using video
recorders integrated with TDR technology (VTDRs)
mounted onto the carapaces of (non-nesting) green
turtles Chelonia mydas. From their observations, they
concluded that a suite of behaviours can be expressed
within a single dive profile, noting that time-depth
plots for determining underwater behaviours should
therefore be treated with caution. Type la dives, for
instance, consisted of both continuous and episodic
resting behaviour. Furthermore, horizontal move-
ments and stationary and active benthic feeding were

prevalent during the bottom phase of this dive type.
Although illuminating, animal-attached video record-
ing systems are power and memory hungry and so
can only operate continuously for a few hours during
daylight (Park et al. 2019).

Another approach to elucidate turtle behaviour is
the deployment of high frequency tri-axial accelero-
meters which can be used over extended period (e.g.
Narazaki et al. 2009, Hussey et al. 2015, Wilmers et
al. 2015). Accelerometers have been used to link dive
profiles with underwater activities in the context of
buoyancy regulation, depth utilisation and the dy-
namism of movement (Hays et al. 2007, Fossette et al.
2010, Parlin et al. 2018). However, turtles can spend
large portions of their behavioural time budget glid-
ing at relatively constant velocity (Wyneken 1997,
Walker & Westneat 2000, Martin 2003), especially
during the bottom phase of type 1la dives, which pro-
duces little or no change in the acceleration, making
interpretation of behaviours problematic (Eckert
2002, Wilson et al. 2020a).

The lack of dynamism in some turtle activities can
be addressed, in part, by examining various scales of
angular body rotations over time, which can reveal
patterns of movement (Noda et al. 2012) beyond
those imparted by the dynamism in body accelera-
tion (Gunner et al. 2020). This concept was intro-
duced by Hochscheid & Wilson (1999), who quanti-
fied activity patterns via a compass system using a
miniature, fluid-filled ship's compass with 2 mag-
netic field (Hall) sensors on the sphere's equator.
These sensors are particularly sensitive to changes in
individuals' horizontal orientation (changes in ani-
mal yaw) and Hochscheid et al. (1999) demonstrated
how this approach could be used to produce an activ-
ity index for 2 free-living green turtles. Although
their system did not allow for precise calculation of
angular velocities or defined angular extents, it is, to
our knowledge, the only study that quantifies the
behavioural time budget of common type la dives
over whole inter-nesting intervals.

Here, we assess the extent to which angular rota-
tion can quantify the activity of 5 wild loggerhead
turtles Caretta caretta engaged in type la dives
between nesting events. Specifically, we deployed
tags which recorded tri-axial acceleration and tri-
axial magnetic field intensity, both of which can be
recorded over periods of many days (cf. Brown et al.
2013). These allowed us to estimate the angular
velocity of all 3 axes of rotation (pitch, roll and yaw),
and combine them into an overall absolute angular
velocity (AAV) proxy to infer activity. We also used
3 captive loggerhead turtles to ground truth our
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data. Beyond indicating that turtles might be feed-
ing, angular velocity is relevant to nesting turtles
because body rotation is energetically expensive
(Wilson et al. 2020a,b), with the power costs pro-
jected to rise with increasing angular extent and
velocity (A. M. Wilson et al. 2013, J. W. Wilson et al.
2013). Precise quantification of the extent of activi-
ties should therefore help us understand power and
energy management in turtles during this critical
phase of their lives.

2. MATERIALS AND METHODS
2.1. Subjects, study area and tagging

Five mature female loggerhead turtles were
equipped with daily diary (DD) logging units (cf. Wil-
son et al. 2008) enclosed in a square silicone casing
and attached, using an epoxy resin, by placing them
flat against the shell, usually between the first and
second scute. Tri-axial acceleration (range: 16 g)
and tri-axial magnetic field intensity (recorded in G
at 0.73 mG LSB™! [milligauss per least significant bit,
cf. Tuck 2010] resolution, range: + 0.88 G) data were
recorded at 40 Hz, while pressure was recorded at
4 Hz to provide depth information. Devices were
deployed only on nesting turtles after egg deposition,
to minimize disruption and stress. All devices were
deployed on a single beach in the south of Boa Vista
island, Cabo Verde (Cameron et al. 2019), over a
period of 8 nights starting on 22 July 2014. Turtles
also received a passive integrated transponder to
identify them in case they were seen again without
the DD units. All tags were retrieved when the turtles
returned after a single inter-nesting interval, either
on the beach of deployment or on adjacent beaches.

Three female adult captive turtles housed at the
Arca del Mar rehabilitation centre in Oceanografic in
Valencia were also fitted with DD loggers intermit-
tently between June and August 2018. Data was re-
corded at 20 Hz. Turtles undergoing rehabilitation
were housed in separate circular tanks, 6 m in diam-
eter, with a water depth of 0.95 m. These turtles were
observed at intervals (between 10 and 60 min) and
results obtained were used solely to ground truth an
absolute angular velocity metric (see later) by ascer-
taining that high values of absolute angular velocity
corresponded to periods when turtles exhibited high
turning rates.

Custom-designed software; Daily Diary Multi Trace
(DDMT, www.wildbytetechnologies.com), was used
to visualise DD data, create the appropriate channel

smoothing windows, extract differentials and im-
plement Boolean-type, time-based behavioural ex-
pressions linked to the dive depths at which type la
dives occurred. R (version 3.51, www.r-project.orgq)
and OriginPro 2016 (OriginLab Corporation, www.
originlab.com/) were used for further statistical and
graphical analysis. Google Earth (www.google.com/
earth) was used to perform polygon transects to ap-
proximate the seabed elevation profile as a function
of distance from the coastline of the nesting beach.
Ethical approval was obtained from the Oceanografic
Animal Care & Welfare Committee (OCE-16-18) for
the captive turtles and authorisations were obtained
from the Direcao Geral do Ambiente (DGA 30/2013)
for the wild animals.

2.2. Derivation of angular velocity

All stages involved in the derivation of pitch, roll
and compass heading (using tri-axial accelerometers
and magnetometers) are detailed in Ozyagcilar 2012,
Pedley 2012, 2013, and Gunner et al. 2020.

All 3 indices of derived body rotation (pitch, roll
and yaw) were pre-smoothed using a rolling win-
dow of 2 s to eliminate small deviations due to noise
stemming from the flipper beat cycle. A circular
mean was used for yaw (Pewsey et al. 2013). Each
complete set of data taken from an individual turtle
was subsequently subsampled to 1 Hz to facilitate
computation.

AAV was derived using data from both the accele-
rometers and magnetometers (Gunner et al. 2020).
AAV is calculated from the integration of each rota-
tional axis' instantaneous angular velocity measure-
ment and given by

AAV = |AvePl+|AVeRI+IAVeYI (1)

where the differentials AVeP, AVeR and AVeY
(angular velocity about the pitch, roll and yaw axis,
respectively) were calculated in ° s™* using a stepping
range of 1 s (Gunner et al. 2020). A logical expression
was implemented on the derivative AVeY to ensure
rate of change never exceeded 180° s™! (Wilson et al.
2008) to determine whether the rotation was clock-
wise or anti-clockwise.

The vectorial dynamic body acceleration (VeDBA)
was also calculated following the protocols outlined
by Qasem et al. (2012). To calculate VeDBA, the dy-
namic acceleration of each axis was derived by sub-
tracting the smoothed (static) acceleration from the
raw data before taking the vectorial sum of the
dynamic accelerations.
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2.3. Depiction of type 1a dives and activity

The DD also records pressure (mbar), which was
used to determine diving depth in m (see equations in
Wilson et al. 1992). Baseline offsets of recorded pres-
sure were accounted for and a further 10 cm buffer
depth offset was implemented, less than or equal to
the corrected depth at the surface (essentially 10 cm
less than or equal to 0 m depth), before depth was
computed. Only dives with (at least part of) a bottom
phase greater than or equal to 3m, (termed deep dives;

At the
/ surface
Pressure Pressure
u
<0.1m <0.75m Sub-surface
Pressure
>0.1m Pressure Shallow
<3m T dive
Submerged ‘
\Pressure — Dive
20.75m

Fig. 1. Decision tree showing how Pressure—— Deep dive
deep dives were characterised 23m

Fig. 1) were categorised by dive type, because relative
variation in depth at shallower depths was higher due
to the effect of waves (cf. Houghton et al. 2002). Type
la dives were identified based on 3 criteria:

(1) The general shape of the dive profile consisted
of steep descent and ascent phases with a flat bottom
between (Fig. 2);

(2) the pressure differential (calculated over 10 s;
pressure pre-smoothed by 2 s) exceeded a defined
threshold of +0.03 mbar during periods of descent
and ascent (~0.03 m s~! differential depth [vertical
speed], as previously determined and proposed by
Hays et al. [2000]) and

(3) over the duration of the bottom phase, change
in depth did not exceed 1 m from the base line.

Only the bottom phase of type 1a dives were asses-
sed. Video recordings of captive turtles were taken to
ground truth whether AAV was an accurate reflection
of activity extent observed directly. To stimulate ap-
preciable activity, turtles were provided with a food
source (jellyfish). Despite relatively restricted move-
ments due to tank confinement, clear differences
were noted between actively swimming, manoeuvr-
ing along the bottom and complete rest periods. Ac-
tivity resulted in periods of AAV exceeding 5° s7!,
while only continuous bouts of rest coincided with
constant values of AAV below 3° s™! (the limit of reso-
lution of the system). This contrasting pattern was ap-

)

Depth (m

Heading (°) Body angle (°)

AAV (° s

------------------- },11-----,-,----M&u-q”,huq.,u[uuuam-:
T

11:30:0 12:0:0 12:30:0 13:0:0 13:30:0 14:0:0 14:30:0
Time (hh:mm:s)

0
9:30:0 10:0:0

10:30:0 11:0:0

Fig. 2. An example of a continuous bout of diving behaviour (approx. 5.5 h) from a wild loggerhead turtle. Bottom phase of type 1la

dive denoted with cyan blocks (top). Rest periods are inferred by continuous bouts of relatively unchanging body rotation (red:

pitch, green: roll, black: yaw [heading]). Note, heading is plotted in a different panel to pitch and roll because its range of meas-

urement range is higher. Absolute angular velocity (AAV) periods during bouts of active swimming and remains consistently
low during rest periods. The threshold of 5° s* for AAV is denoted with a black dotted line
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parent during visual inspection of the sensor data
from free-ranging turtles (Fig. 2).

The topographic conditions associated with wild
turtles resting were taken into consideration. Turtles
do not always rest on a hard substrate; they have also
been reported to rest on fauna (corals), flora (algae)
and in the open with no apparent holdfasts. Thus,
they are subject to motion from current vectors (Oku-
yama et al. 2010). To account for this additional de-
gree of possible sensor noise a slightly higher thresh-
old of 5° s7! was implemented for AAV, below which
the animals were considered to be at absolute rest.
However, even during periods of low activity, e.g.
stationary foraging or slow rates of movement, inter-
mittent values above the threshold were apparent.
To account for those effects, 2 time-based criteria
were implemented, both of which had to be met for a
resting bout to be marked as such:

(1) AAV had to remain below 5° s™! for a minimum
of 30 s

(2) During a rolling window of 30 s, the extent of a
turn could not exceed 45°.

A resting bout was thus marked until one or both
criteria were no longer met. Marked resting periods
within 5 s of each another were merged, since a very
brief change in orientation does not necessarily cor-
respond to activity (Hochscheid & Wilson 1999). Peri-
ods not marked as resting were active. Finally, de-
pending on the proportion of bottom phase attributed
to periods of marked rest, type la dives were sub-
classified as being predominantly resting (resting
>80%), episodic-resting (resting between 20 and
80 %) or active (resting < 20 %). This subclassification
is referred to hereafter as dive status.

2.4. Statistical analyses

A linear mixed model (LMM) was performed using
the Imer function in R, from the Ime4 package (Bates
et al. 2015), to determine the extent to which dive
duration correlated with AAV and dive depth (mean
values per type la dive pooled into one grand mean
value for each turtle). Turtle ID was set as a random
factor. Diagnostic plots of the residuals revealed a
departure from linearity and homoscedasticity. As
such, box-cox transformation analysis from the
MASS package was used to assess the appropriate
exponent (A = 1) with which to transform data; the
natural log of the independent variables (AAV and
depth) was used. The model simplification method
(forward selection) was employed using likelihood
ratio tests with an ANOVA function. Due to the ap-

parent non-linear relationship between untrans-
formed variables, a generalized additive mixed ef-
fects model (GAMM,; mgcv package, using thin plate
regression splines (k = 7) and a smoothing function)
was also constructed for comparison.

To infer the metabolic costs associated with dives
and angular velocity, we used the approximation that
zero AAV corresponded to resting metabolic rate
(RMR). Under the condition that zero AAV approxi-
mately corresponds to RMR, dives with zero angular
velocity throughout the bottom phase were approxi-
mately 40 min in duration (see Fig. 6A). Based on this
approximation, we constructed the putative curve of
metabolic costs associated with AAV (expressed as a
multiple of RMR) by dividing 40 min by the dive
duration predicted based on AAV (using the pre-
dict.gam function in R).

3. RESULTS

Overall, we analysed a total of 75 turtle d, with
individuals spending between 13 and 17 d at sea
(mean (£SD) 15 + 1.6 d). Weather conditions during
the study (as reported every 3 h by a nearby station
in Curral Velho) varied appreciably, such as wind
(9-39 km h™', typically coming from the northeast),
rain (0-1.4 mm 3 h™!), humidity (77-92 %) and pres-
sure (1012-1018 mb), though temperature remained
relatively constant (23-25°C).

There were large inter-individual differences in the
proportion of time spent at different depths (Fig. 3A).
Type 1la dives were frequent and represented be-
tween 40 and 61 % of the total number of deep dives
(>3 m, Fig. 3A,B), despite the total number of deep
dives differing substantially among turtles (Table 1).
Depths during type la dives were generally quite
shallow, with only 1 turtle exceeding a depth of 11 m
(Fig. 3C, Table 1, see Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/n045p001_supp.pdf
for approximate bathymetry estimates around the
nesting site). The duration of this dive type varied
considerably for each turtle (Table 1).

We noted large variations in the mean VeDBA esti-
mates (mean value per type la dive pooled into one
grand mean value for each turtle) between turtles,
ranging from 0.037 to 0.096 g, with a coefficient of
variation (CV) of 36.95%. Equivalent AAV offsets
appeared much lower, ranging from 2.851 to 3.902°
s~!, with a CV of 13.05%. In terms of angular velocity,
higher rates of activity were indicated by higher
estimates of AVeR, AVeP and AVeY and typically
included appreciable components from all 3 rotation
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Fig. 3. (A) Time budget of depth use by 5 female loggerhead turtles while out at sea. Blue: deep dive, green: shallow dive, cyan:
sub-surface swimming, yellow: surface. (B) Percentage of deep dives defined as type 1a. Blue: type 1a, green: other. (C) Relative
density of depths obtained during type 1a dive bottom phase, coloured according to turtle ID

Table 1. Number of type la dives (vs. total number of deep dives in paren-
theses) and mean (+SD) number per day, maximum depth and duration of this
dive type for each tracked turtle

Turtle ID Count (Total count Daily mean Depth (m) Duration (min)
of deep dives)

1 122 (280) 8.13+£5.15 548+1.93 34.43+18.05
2 255 (415) 170+ 6.75 524 +0.79 31.67 +£16.05
3 76 (184) 585+3.83 3.65+061 22.01+14.71
4 419 (684) 23.28 £10.62 4.32+0.84 27.65+16.20
5 400 (758) 25.0+10.39 4.26+1.11 2552+17.96
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Fig. 4. Relationship between absolute values of angular velocity on all 3 axes

(see Eq. 1). Each data point represents the mean value per dive. 3D colour map

surface (coloured by AVeY) using a thin plated spline (smoothing of 1), con-

structed from a 3D gridding matrix. Projection of data points coloured according
to turtle ID

axes (Fig. 4). However, the rate change
along the yaw axis was substantially
greater than the other 2, approximately
2.5 times higher than the equivalent in
pitch and roll (Fig. 4). We also noted, in
a tri-axial plot of the extent of the 3
rotation metrics, how different individ-
ual turtles tended to occupy different
sections of the envelope (Fig. 4).

The majority of time spent at the bot-
tom was associated with resting, with
individual values ranging from 62 to
84 % (Fig. 5A). However, resting be-
haviour was rarely continuous over the
duration of a single dive, with the bulk
of dives incorporating intermittent
bouts of rest and activity (Fig. 5C).
Subclassification of dives into predom-
inantly resting, active or episodic
demonstrated this, with a high propor-
tion of the dives (mean (+SD) 50 +
22.5%) showing patterns of activity
lasting over 20% of the dive duration
(Fig. 5B). There were also notable
inter-individual differences in the pro-
portion of time allocated to each dive
status (Fig. 5B). The relative distribu-
tion of raw pitch, roll and yaw values
differed between aggregated periods
of rest and activity, with the latter
generally showing greater variability
(Fig. S2). There were, however, con-
siderable offset differences between
turtles in the unimodal peaks of den-
sity estimates for roll and pitch values
(Fig. S2).
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Fig. 7. Estimated metabolic costs (expressed as a multiple of
resting metabolic rate [RMR]) associated with variation in
absolute angular velocity (AAV). Estimated dive duration
derived from GAM model (Table 1), divided by 40 min per
2-step increase in AAV (°s71)

There was a significant negative relationship be-
tween (log-transformed) AAV and bottom phase dive
duration (LMM: x?; = 1147, p < 0.01) (Fig. 6): for
every 1% increase in AAYV, dive duration decreased
by 0.25 (estimate (=SE) = -24.86 + 0.58,t =-43.20, p <
0.001), suggesting that rotational activity resulted in
shorter dives. Similarly, there was a significant nega-
tive relationship between (log-transformed) AVeY
and bottom phase dive duration (LMM: X2(1) = 1102,
p < 0.01; estimate [+SE] = -17.49 + 0.42, t = -42.01,
p < 0.001) although the strength of the relationship
was lower: AIC values were higher and coefficient of
determination (R? values) were lower than for AAV
(AIC = 9576 and 9530 respectively; R% = 0.63 and
0.66 respectively). The significance of the AAV model
was echoed by data fitted with a GAM model. Pre-
dicted multiples of RMR appeared to increase in a lin-
ear fashion relative to AAV (Fig. 7). Depth was not
correlated with dive duration (estimate [+SE] =1.28 +
1.43,t =0.90, p = 0.37) and the interactive effect be-
tween depth and dive duration was also non-signifi-
cant (estimate [+SE] = -2.24 + 2.30, t = -0.97, p =
0.33). See Table S1 for all model parameters.

4. DISCUSSION

4.1. AAV and its ability to infer activity in turtles

4.1.1. Comparison between acceleration- and
angular velocity-derived metrics

Measures of acceleration are useful for quantifying
animal activity (Brown et al. 2013, Wilmers et al.

2015). Indeed, dynamic body acceleration seems a re-
liable proxy for movement costs (Wilson et al. 2006,
2020a, Qasem et al. 2012). However, for slow-moving
animals, acceleration can be negligible for extended
periods (cf. Williams et al. 2017, Gunner et al. 2020),
making dynamic acceleration a poor metric for activ-
ity (Wilson et al. 2020a). Despite this, and the ex-
tremely low VeDBA estimates in our turtles generally,
mean values of VeDBA did increase over the 3 cate-
gories of resting, episodic-resting and active dives for
each turtle (Fig. S3). However, the large offsets in
VeDBA estimates between turtles, presumed to be
due to differing tag placements on the animals (Wil-
son et al. 2020a), makes inter-individual comparisons
problematic. In contrast, and critically, angular rota-
tion across all 3 axes is not affected by site of place-
ment of the tag on the carapace (within limits; see
Text S1), so that angular velocity is a more standard-
ised metric than dynamic body acceleration for inter-
individual comparisons (Wilson et al. 2020a). A
further advantage of AAV as a general activity metric
is that it considers all 3 rotation axes equally, provid-
ing a relative magnitude of rotation per s that offers
information about any sort of rotation.

AAV values are, however, not always due to rota-
tions instigated by the animal (cf. Halsey et al. 2011).
In the marine environment, for example, waves at
the sea surface, as well as variations in underwater
current vectors, probably apply rotational forces to
animals. Similarly, passive descents of the water col-
umn, such as 'drift dives' by northern elephant seals
Mirounga angustirostris, can result in body rotations
(Mitani et al. 2010) and a similar process may operate
in species that have passive ascents. However, al-
though such things need to be borne in mind when
considering AAV metrics, the effects are likely to be
small compared to animal-instigated body rotations.

4.1.2. Potential for AAV metrics to elucidate
turtle behaviour

Overall, the AAV metric resulting from combining
the angular rotation about all 3 axes seems to be a
sensitive proxy for depicting changes between active
and inactive states in species that have low dyna-
mism in their movement. Beyond this, we expect the
contribution of the angular velocity from each rota-
tional axis to vary (Fig. 4) according to behaviour-
specific movements. For example, axis-linked angu-
lar velocity should vary between turtles changing
heading while travelling (or not) along the seabed vs.
animals travelling up and down the water column
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and this may have accounted, in part, for the varia-
tion in the position of individual turtles in the AVeY/
AVeP/AVeR envelope (Fig. 4). In future work, de-
tailed studies of behaviour using video systems (e.g.
Seminoff et al. 2006, Jeantet et al. 2018, 2020) com-
bined with DD-type tags, could code observed be-
haviours in terms of axis-specific angular rotations.
The findings could then be used to differentiate
behaviours for individuals not equipped with video
systems over much longer periods and at night.

However, even using AAV as a summary metric for
general turtle activity seems to have appreciable
value, not least due to the fine temporal scales over
which angular rotation can be calculated. In our
study, increased rotational activity is probably re-
lated, to some degree, to foraging. However, based
on our findings, we suggest that the utility of AAV
could be expanded to investigate turtle activity levels
across different dive types (see, for example, those
detailed by Hochscheid [2014]). This metric may
prove particularly useful for slow-moving animals in
general because small variations in AAV can provide
the resolution required to distinguish activity from
inactivity, itself an important biomarker for under-
standing energy expenditure and even health (cf.
Arkwright et al. 2020).

4.2. BEHAVIOUR DURING DIVES
4.2.1. Depth use

Sea turtles show complex diving patterns, each
characteristic dive pattern associated with specific
behaviours. Type la dives are generally considered
important for facilitating bouts of benthic rest, most
particularly in nesting females that have to manage
energy reserves in order to maximize egg develop-
ment (e.g. Wallace et al. 2005, Walcott et al. 2012).

Bathymetry estimates at Boa Vista beach showed
that bottom depth can be <8 m at distances greater
than 3 km from the nesting beach (Fig. S1). Given the
relatively low percentage of time that turtles dived
deeper than 3 m, the shallow depths obtained during
type la dives and the relatively high occurrence of
this dive type throughout the inter-nesting interval
(Fig. 3B, Table 1), it is highly probable that the turtles
spent the bulk of their time close to the coast, or at
least within shallow areas out at sea. This is similar to
the results of previous studies, which have docu-
mented turtles often preferring to be near topogra-
phic features in shallow water. These features
provide important microsites for cover, reducing sus-

ceptibility to predation (Heithaus et al. 2002) and de-
creasing energetic costs by minimising current vec-
tors which could otherwise disrupt motionless rest
(Seminoff et al. 2006). Our results also seem to mirror
those found for loggerhead turtles in Greece, where
nesting females spend the most time in shallow wa-
ters that are likely to be warmer, to enhance incuba-
tion (Schofield et al. 2009).

4.2.2. Activity extent of type la dives

Given the focus on shallow depths in this study (cf.
Table 1) (and only one dive type assessed), it is not
surprising that we did not find a relationship between
dive duration and depth, which has been repeatedly
confirmed by multiple authors (e.g. Minamikawa et
al. 1997, 2000, Hochscheid et al. 1999, Hays et al.
2000, 2004). However, the consistency of dive depth
shown by our turtles does make a case for them load-
ing similar amounts of oxygen for their type la dives
(Minamikawa et al. 2000). This helps minimize depth
as a confounding effect in the data set. Specifically,
assuming that turtles diving to a set depth do indeed
submerge with comparable amounts of oxygen,
when they are more active underwater, it should de-
plete oxygen stores faster, resulting in shorter dives.
Indeed, this reasoning is why it has been suggested
that dive duration can sometimes be used to infer
metabolic rate (Hays et al. 2000, Enstipp et al. 2011).

In the current study we found that dive duration de-
creased with increasing rotational movement (mean
AAV) over the bottom phase of type 1a dives (Fig. 6a).
This agrees with past studies showing that energetic
cost is related to activity and indicates that greater
amounts of movement are indeed associated with
higher power use (Enstipp et al. 2011, Halsey et al.
2011, Fahlman et al. 2013, J. W. Wilson et al. 2013,
Zamparo et al. 2019). What our study adds that is new
to this framework is the idea that rotational move-
ment, rather than just linear acceleration as exempli-
fied by DBA metrics (Enstipp et al. 2011, Halsey et al.
2011), appears to be a major modulator of oxygen
consumption. As projected, it seems higher power
use associated with rotation depletes oxygen stores at
a faster rate, causing dives to be correspondingly cur-
tailed. We estimate that turtles could increases their
metabolic rate by up to 8 times RMR during the bot-
tom phase of type la dives in times of their most ex-
treme AAV activity (Fig. 7).

This predicted increase in RMR presumably has
general energetic consequences at a time when fe-
males are considered to be under strong selection
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pressure to be judicious with their reserves during
initial egg gestation. Displaying appreciable activity
would seem to conflict with the argument that en-
ergy conservation should be a prime modulator of
fitness for female sea turtles (Hays et al. 2002a,
Hopkins-Murphy et al. 2003, Schofield et al. 2006).
Such an increase in energy expenditure could be jus-
tified, however, if it were to result in a net gain of
energy via local feeding around the nesting sites.
Based on this, we suggest that, although turtles may
rotate for a number of reasons, such as to react to
predators (Heithaus et al. 2002) or conspecifics
(Schofield et al. 2007), the AAV metrics from our
study predominantly indicate local supplementary
foraging of nesting turtles.

This inference is supported to some extent (1) by re-
sults obtained via animal-borne video cameras and
movement-based sensors deployed elsewhere (e.g.
Hochscheid & Wilson 1999, Schofield et al. 2006,
Seminoff et al. 2006, Houghton et al. 2008, Fossette et
al. 2010) and (2) indirectly by known change in stable
isotope values over the nesting season in this popula-
tion (Cameron et al. 2019). Certainly, captive logger-
heads rotate their bodies appreciably during feeding
(Wilson et al. 2020c) as they deal with their prey,
which for wild animals consists primarily of crusta-
ceans, gastropods and echinoids (Bjorndal 2003), and
the peaks we observed in AAV (Fig. 5C) may be due
to this. These predominantly benthic food items
would require turtles to maintain a constant depth, a
critical criterion for type 1a dives. All this ties in with
Hochscheid et al.'s (1999) study, where they noted ap-
preciable angular body movement in 2 inter-nesting
green turtles off Cyprus, from which they deduced
that 34 % of the time budget of these animals was
spent foraging. A notable point made in Hochscheid
et al.'s (1999) study was that the inter-nesting area
frequented by their animals was extensively covered
by sea grass, the primary food of green turtles (Hays
et al. 2002b, Lemons et al. 2011, Heithaus et al. 2014),
so there was ample opportunity to feed.

Although our results coupled with those of Hoch-
scheid et al. (1999) only amount to data from 7 ani-
mals (of 2 different species), they do suggest that
female turtles may forage between nesting events. If
true, this hasimplications for area management. For
example, it may indicate that protection of resources,
e.g. by minimizing exploitation around the nesting
site, is important to allow females to maintain body
condition at this critical time.
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