
Frontiers in Marine Science | www.frontiers

Edited by:
Michele Thums,

Australian Institute of Marine Science
(AIMS), Australia

Reviewed by:
Kristen Marie Hart,

United States Geological Survey
(USGS), United States

Justin Meager,
Queensland Government, Australia

*Correspondence:
Liam C. D. Dickson

l.c.d.dickson@qmul.ac.uk

Specialty section:
This article was submitted to

Marine Megafauna,
a section of the journal

Frontiers in Marine Science

Received: 28 January 2022
Accepted: 12 April 2022
Published: 25 May 2022

Citation:
Dickson LCD, Tugwell H,

Katselidis KA and Schofield G
(2022) Aerial Drones Reveal the

Dynamic Structuring of Sea Turtle
Breeding Aggregations and Minimum

Survey Effort Required to Capture
Climatic and Sex-Specific Effects.

Front. Mar. Sci. 9:864694.
doi: 10.3389/fmars.2022.864694

ORIGINAL RESEARCH
published: 25 May 2022

doi: 10.3389/fmars.2022.864694
Aerial Drones Reveal the Dynamic
Structuring of Sea Turtle Breeding
Aggregations and Minimum Survey
Effort Required to Capture Climatic
and Sex-Specific Effects
Liam C. D. Dickson1*, Hannah Tugwell 1, Kostas A. Katselidis2 and Gail Schofield1

1 School of Biological and Behavioural Sciences, Queen Mary University of London, London, United Kingdom,
2 National Marine Park of Zakynthos, Zakynthos, Greece

Quantifying how animals use key habitats and resources for their survival allows managers
to optimise conservation planning; however, obtaining representative sample sizes of
wildlife distributions in both time and space is challenging, particularly in the marine
environment. Here, we used unoccupied aircraft systems (UASs) to evaluate temporal and
spatial variation in the distribution of loggerhead sea turtles (Caretta caretta) at two high-
density breeding aggregations in the Mediterranean, and the effect of varying sample size
and survey frequency. In May–June of 2017 to 2019, we conducted 69 surveys,
assimilating 10,075 inwater turtle records at the two sites. Optimal time interval
between surveys to capture the dynamics of aggregations over the breeding period
was <2-week intervals and >500 turtles (from the combined surveys). This minimum
threshold was attributed to the core-area use of female turtles shifting across surveys in
relation to wind direction to access warmer nearshore waters and male presence. Males
were more widely distributed within aggregations than females, particularly in May when
mating encounters were high. Most males were recorded swimming and oriented parallel
to shore, likely to enhance encounter rates with females. In contrast, most females were
generally stationary (resting on the seabed or basking), likely to conserve energy for
reproduction, with orientation appearing to shift in relation to male numbers at the
breeding area. Thus, by identifying the main factors regulating the movement and
distribution of animals, appropriate survey intervals can be selected for appropriate
home range analyses. Our study demonstrates the versatility of UASs to capture the
fine-scale dynamics of wildlife aggregations and associated factors, which is important for
implementing effective conservation.

Keywords: conservation policy, dynamic management, micro-habitat, remote sensing, species distribution models,
sex-specific differences, telemetry
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INTRODUCTION

While conservation efforts typically focus on areas where wildlife
aggregate (Prendergast et al., 1993; Myers et al., 2000), the zoning
of such areas requires an understanding of what factors
determine use, including resources, other animals and the
environment in time and space (Margules and Pressey, 2000;
Moilanen, 2005). Even within aggregations, animals
continuously adjust their locations in relation to both extrinsic
(e.g., weather and environment, Parrish and Edelstein-Keshet,
1999; Schofield et al., 2009; Melletti et al., 2010) and intrinsic
(e.g., age and sex, Pardini et al., 2001; Bruce and Bradford, 2015)
factors at fine-scales, influencing distribution patterns. For
example, wind can have broad impacts across ecosystems,
from improving the foraging efficiency of marine birds and
cetaceans (e.g., blue whales, Gill et al., 2011; albatrosses,
Weimerskirch et al., 2012; penguins, Dehnhard et al., 2013), to
assisting the dispersal of terrestrial insects and plants (Nathan
et al., 2002; Ahmed et al., 2009). In parallel, sex-specific
responses to extrinsic factors can vary even within the same
environment (e.g., elephant seals, Le Boeuf et al., 2000; bottlenose
dolphins, Sprogis et al., 2016). For example, Lewis et al. (2015)
found that European shags (Phalacrocorax aristotelis) exhibit
sex-specific behavioural differences in foraging effort, with
females investing more time than males when winds are higher
and blowing onshore. Therefore, it is important to identify
survey frequencies and scales that capture variation in the
structuring of cohorts effectively to obtain relevant insights for
ecology and protected area management (Stockwell and
Peterson, 2002; Hernandez et al., 2006).

Surveying sufficient numbers of animals in a given population
is challenging in the marine environment (Hussey et al., 2015),
due to the difficulty of observing animals and/or the high costs of
remote tracking financially limiting the number of individuals
that can be monitored (Thomas et al., 2011; Hays et al., 2019).
Consequently, tracking data of small numbers of animals over
multiple years and/or from multiple sites are often assimilated to
make generalised inferences of distributions, often with models
(Block et al., 2011; Sequeira et al., 2018; Yates et al., 2018;
Sequeira et al., 2019). Even when consolidating data from
small numbers of individuals to generate home ranges to
inform conservation zoning, the effects of parameters that
change in time or space could be missed (or only partially
captured), restricting the effectiveness of implemented
legislation (Runge et al., 2014; O'Leary et al., 2018;
Katsanevakis et al., 2020). However, the emergence of
unoccupied aircraft systems (UASs) has provided a unique
opportunity to acquire fine-scale information of 100s of
individuals in single surveys. This makes it possible to evaluate
how animals are distributed in relation to each other and the
environment concurrently, with the added possibility of multiple
surveys (Szantoi et al., 2017; Wang et al., 2019). As such, optimal
operating protocols are being developed to standardise UAS
surveys within and across taxa to allow comparisons (Raoult
et al., 2020). However, the potential effects of survey frequency
and sample size have yet to be explored for UASs. This directly
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contrasts with the wealth of studies exploring the effects of the
number of animals and sampling frequency for remote tracking
datasets, despite the potential for similar issues with frequency
and sample size effects (Thomson et al., 2017; Sequeira et al.,
2019; Shimada et al., 2020). For instance, home range size
estimates are particularly impacted by sample size and bias
towards individuals (Borger et al., 2006; Plotz et al., 2016;
Thomson et al., 2017), therefore, it is essential to identify key
parameters impacting the interpretation of UAS surveys.

As a case in point, 1000s of sea turtles have been individually
GPS-tracked at breeding and foraging grounds globally (Hays
and Hawkes, 2018). However, at given sites, only small numbers
of animals (10s) are typically tracked, with a very strong bias
towards adult females (Thomson et al., 2017; Lamont and
Iverson, 2018). Yet, there is clear evidence that males and
females use breeding sites differently and, often, dynamically
(James et al., 2005; Arendt et al., 2011b; Schofield et al., 2013).
Direct observations and remote tracking studies of sea turtles
during the breeding period show that males are more active,
swimming in search of mates, fighting other males for access to
receptive females, and courting/mating females (Hays et al.,
2001; James et al., 2005; Arendt et al., 2011b). In contrast,
direct observations and remote tracking studies of females
show that females primarily rest (basking or on the seabed),
which has been attributed to conserving energy for egg
development (Hays et al., 2000; Wallace et al., 2005; I-Jiunn,
2009; Fossette et al., 2012). Female avoidance behaviour of males
has also been widely documented, potentially because encounters
increase energetic expenditure, with the possible use of nearshore
refuges at some sites (Booth and Peters, 1972; Lee and Hays,
2004). Males tend to depart the breeding area earlier than
females (often at the onset of nesting) at many sites, possibly
due to a decline in mating opportunities (Kokko and Rankin,
2006; Lee et al., 2018). Consequently, the way in which females
use the breeding area might change when males are no longer
present. For instance, Schofield et al. (2009) showed that female
loggerhead sea turtles (Caretta caretta) at a site on the edge of the
species breeding range exhibited highly dynamic, but
synchronised, daily movement in response to wind direction to
access warm waters. Wind also has a strong effect on fine-scale
sea turtle distributions in relation to beach selection
(Weishampel et al., 2006; Dickson et al., 2021), optimising
body temperature (Fossette et al., 2012), and foraging habitat
use (Shaver et al., 2017). Recent UAS studies have shown that the
relative number of male and female turtles (operational sex ratio)
shifts from being highly male-biased to highly female-biased
across the breeding season (Schofield et al., 2017; Yaney-Keller
et al., 2021), with behavioural differences observed in response to
shifts in sex ratio, and potential effects on how the two sexes
distribute over time (Schofield et al., 2006). Thus, UASs have the
potential to capture the fine-scale variation in the distributions of
multiple individuals in synchrony in response to intrinsic (sex-
specific) and extrinsic (environmental) parameters (Schofield
et al., 2019; Raoult et al., 2020). Information on the driving
factors and changing structure of aggregations, within and across
seasons, could improve home range calculations. This, in turn,
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could improve evaluations on the spatial and resource
requirements that enable science-based conservation of marine
wildlife (Jackson et al., 2008; Runge et al., 2014; Allen and
Singh, 2016).

Here, we used UASs to evaluate temporal and spatial
variation in the distribution of loggerhead sea turtles (Caretta
caretta) at two high-density breeding aggregations in the
Mediterranean. We also assessed the effect of varying survey
frequency, and the sample size of individuals detected in surveys,
on evaluations of aggregation structure. The study sites include
Laganas Bay (Zakynthos Island) and Kyparissiakos Bay (western
Greece), both of which support in-water turtle densities of >270
individuals per km2 (Dickson et al., 2021). We hypothesised that
the aggregation structure would be highly dynamic due to both
extrinsic (sea temperature and wind) and intrinsic (turtle sex)
factors. Consequently, we expected the overall home range size to
be strongly impacted by survey frequency (i.e., to capture all
potential variability) and turtle numbers. We also hypothesised
that male and female turtles would distribute and behave
differently due to different strategies to optimise reproductive
potential. Our results are expected to demonstrate the utility of
UASs in capturing the fine-scale dynamics of aggregation
structure, which could be used to design baseline protocols on
minimal survey frequency and sample sizes for home range
analysis using this technology.
METHODS

Study Region and Species
This study was conducted in Laganas Bay (37°43′N, 20°52′E;
Zakynthos Island) and in the southern part of Kyparissiakos Bay
(37°26’N 21°37’E; Peloponnese) in the Ionian region of western
Greece, Mediterranean Sea (Supplementary Figure S1). The two
sites are situated about 85 km apart (Laganas to Kalo Nero), and
are considered “major” (>100 nests/season) loggerhead sea turtle
nesting areas in Greece, encompassing ~54% of average nests/
season in Greece and ~26% of average nests/season in the
Mediterranean (Casale and Margaritoulis, 2010; Dickson et al.,
2021). In the study region, mating activity peaks from late-April
to mid-May, with males departing in late-May to early June;
females begin nesting in late-May until early August, with
females departing from early July to early August (Schofield
et al., 2013). Laganas Bay is south facing and is situated within
the National Marine Park of Zakynthos. In comparison,
Kyparissiakos Bay is west facing, and is situated within a
European Union Natura 2000 habitat (Site Code: GR2330008)
that is protected within the Kotychi–Strofylia Wetlands National
Park, but it is not under active management.

Data Collection and Processing
UAS surveys were conducted using a DJI Phantom 3
Professional™ UAS (Shenzhen, China; http://www.dji.com).
For all surveys, the UAS was flown at an altitude of 60 m,
providing a 100 m wide field of view. From 2017 to 2019, the
UAS was flown at regular intervals (between twice a week to
once every 10 days) along pre-programmed (fixed) paths at the
Frontiers in Marine Science | www.frontiersin.org 3
two sites (Supplementary Figure S2). Wind speed and
direction during each survey was recorded by on-board
sensors in the UAS and was extracted using web-based
software (AirData UAV™). In Laganas Bay, the UAS was
typically flown up to 400 m offshore along an 8 km stretch of
coastline (based on Schofield et al., 2017), with intermittent
checks to confirm the absence of turtles up to 800 m offshore.
At Kyparissiakos Bay, the UAS was flown up to 800 m offshore
along 8 km coastline (where the core nesting activity occurs;
Margaritoulis and Rees, 2001). All UAS footage was reviewed
manually by at least two independent observers. We recorded
the longitude and latitude of each turtle detected on footage
(accurate to within 55 cm; Dujon et al., 2021; Schofield et al.,
2021), along with sex, behaviour, position in water column (i.e.,
seabed versus midwater, with midwater turtles having a shadow
on the seabed), distance from shore and seabed depth. Previous
field validation at the study site confirmed that the detection of
turtles was reliably consistent at the surveyed depths and across
surveys (Schofield et al., 2017). Repeated stationary UAS hover
surveys at both sites (n = 19 surveys) across the season
confirmed low displacement of turtles (0.17 m/s ± 0.12; n =
56), and negligible chance of being detected across multiple
transects due to the high UAS speed (12.5 m/s). Male turtles
were visually distinguished by the presence of a tail extending
beyond the carapace (Figure 1) (Schofield et al., 2017).

Effect of Survey Frequency
To evaluate how survey frequency (number of surveys over time)
impacted home range size, we examined how reducing survey
frequency over the 2-month period changed the area and overlap
of the 50% Kernel Utilisation Distribution (KUD) of the survey
period compared to the baseline KUD for each site (Worton,
1989; Seaman and Powell, 1996). The 50% KUD was used over
the 95% KUD, because it was preferentially used to assess
protected area coverage in previous studies, with 95% KUDs
tending to be too broad (March et al., 2010; Schofield et al., 2013;
White et al., 2017). We evaluated the effects of 3-day, 7-day, 10-
day, 14-day, 20-day, 30-day and 60-day survey intervals over the
two-month breeding period for each year (3-day intervals were
limited to Zakynthos 2017 only) (Supplementary Table S1). For
each survey frequency period, the percentage of the 50% KUD
that did not overlap with the baseline 50% KUD (50% KUD
calculated from all surveys and all years combined, for each site)
was quantified. We also evaluated the change to 50% KUD area
calculated with varying number of turtles. All 50% KUDs were
calculated using the adehabitatHR package (Calenge, 2006) and
plotted in R (R Core Team, 2018), using the reference bandwidth
as the chosen smoothing parameter. This package requires at
least five locations to produce a KUD. To determine which
factors most contributed to variation in the shape and size of the
50% KUD, particularly whether the number of surveys, year and
site had a strong impact, we performed variance component
analysis (VCA) using the R package VCA, which implements
ANOVA and REML estimations of linear mixed models
(Schuetzenmeister and Dufey, 2020). We used a residual
maximum likelihood (REML) estimation, because the variables
did not follow a normal distribution. The relationship between
May 2022 | Volume 9 | Article 864694
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time interval between surveys and sample size was tested using
Pearson’s product-moment correlation.

Stability of Aggregation Structure
To evaluate whether the structure of the aggregation was
uniform or dynamic over the 2-month breeding period, we
recorded the geographical position of the 50% KUD for each
survey day at both sites across all three years. To test whether
50% KUDs were randomly distributed, a Bartlett test was used to
test randomly generated KUDs against observed locations.
Previously, Schofield et al. (2009) indicated wind-driven
movement patterns of turtles on Zakynthos based on three
tracked turtles and boat surveys. To examine whether this
effect held at the population level, we correlated the prevailing
wind direction for each survey with the 50% KUD.We used wind
speeds and directions automatically recorded by the UAS during
flight and validated them against local weather stations. UAS
wind direction was evaluated using the openair package in R
(Carslaw and Ropkins, 2019), and prevailing wind was calculated
as the 30° angle that encompassed most wind records (Tosǐć
et al., 2017). Days with strong competing winds (strong winds
coming from two or more directions on the same day) were
excluded. Both linear regression and circular-linear regression
analyses were performed between the KUD centroid and
prevailing mean wind direction for each survey, due to wind
being a circular variable and the coastline linear. KUDs where
there were insufficient numbers of individuals (i.e., <70
datapoints) resulting in a poorly defined core home range
(spread over >95% of the survey area) were removed. The
operational wind speed limit for the drone was 25 km/h;
however, wind speed only exceeded this limit on 4% of
potential survey days in May and June of the 3 survey years
(n = 3, 0, and 4 out of 61 days/year, respectively), so the wind
effects on turtles were considered representative. We recorded
Frontiers in Marine Science | www.frontiersin.org 4
the longitude and latitude of each turtle detected on footage
(accurate to within 55 cm; Dujon et al., 2021; Schofield et al.,
2021), along with sex, behaviour, position in water column
(determined by presence/absence of shadow on seabed),
distance from shore and seabed depth.

Sex-Specific Home Range, Behaviour,
and Orientation
The 50% KUD of males versus females was calculated for each
year for Zakynthos and Kyparissiakos using comparable survey
frequencies in each site (once per week and once every 10 days,
respectively) for the three years combined. Because most males
depart the breeding site by late May, except residents (Schofield
et al., 2013), the 50% KUDs of males and females were calculated
for May and June separately. To compare the 50% KUDs of
males and females, we controlled for differences in sample size by
sampling 100 random subsets of females in May and June of
equal sample size to the number of males present in each month.
The behaviour of turtles was extracted from UAS data, and
grouped as mating/interacting, stationary (resting on seabed or
basking) or swimming, based on visual observations of flipper
beat (Hays et al., 2006). The position of turtles in the water
column was determined by the presence or absence of a shadow
on the seabed. Bathymetry and distance from shore were
calculated from the UAS path. The orientation of turtles was
measured using MB ruler (MB-Softwaresolutions ©2021), based
on head direction, flipper position, and carapace shape. For our
analyses, we only used turtles from the central 2-km section of
both sites across the three years to allow comparison, due to both
having extremely low frequency of human swimmers (Schofield
et al., 2021), being situated over submerged sandbanks and
backed by dunes. The orientation of non-interacting turtles (to
exclude the effects of interacting/mating turtles) was evaluated in
relation to wind direction, magnetic north (Begall et al., 2008),
FIGURE 1 | Snapshot from UAS footage at 60 m altitude showing loggerhead sea turtles (Caretta caretta) along part of a pre-programmed transect at 0–100 m
offshore. One male (left) and one female (right) are enlarged (4x, in circles), showing the tail of the male clearly protruding beyond the carapace. Sequential images
along part of a path are also presented in Supplementary Figure S3.
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sea current and shore. The Hermans-Rasson test was used to
determine if orientation was non-random, as this test has been
shown to outperform the Rayleigh test when data departs from
unimodality (Landler et al., 2019). Visual analysis of circular
histograms identified the two modes as diametrically opposite.
Circle plots were generated following the methods of Begall et al.
(2008) and Buttarazzi et al. (2018) for circular data of bimodal
distributions using r value and means.
RESULTS

Data Overview
A total of 41 and 27 surveys were completed at Zakynthos and
Kyparissiakos, respectively, in May and June of 2017 to 2019.
Overall, 8,972 locations of 10,057 sea turtles were recorded at the
two sites combined (mating pairs were counted as a single
location). The number of female turtles increased across the
survey period, peaking at 250 and 459 turtles in June at
Zakynthos and Kyparissiakos, respectively. In contrast, male
Frontiers in Marine Science | www.frontiersin.org 5
numbers peaked in May (survey max. n = 81 and n = 100
males at Zakynthos and Kyparissiakos, respectively) and
dropped in June (survey max. n = 32 and n = 68 males at
Zakynthos and Kyparissiakos, respectively).

Survey Frequency
The shape of the 50% KUD for the two-month period varied
across the three years at both sites (Figures 2A, B), particularly
in 2017 on Zakynthos compared to the other two years
(Figure 2B), with the area being 23% larger compared to the
other years (Figures 2A, B). Pearson’s product-moment
correlation of the number of surveys showed a strong positive
correlation with sample size (r = 0.84, t = 8.7461, df = 32, P <
0.0001), which was attributed to more frequent surveys
containing more turtles, and so greater sample sizes. VCA
showed that the number of surveys and year primarily
contributed to variance in the percentage overlap of KUDs
(14.5% and 26.5%, respectively), whereas site did not (0%).
Interestingly, the combined effect of year and site was 51.95%,
while that of the number of surveys was 25.5%. The effect of the
FIGURE 2 | Variability in 50% Kernel Utilization Distribution (KUD) of loggerhead sea turtles (Caretta caretta) during the breeding period (May-June) with respect to
(A, B) year and baseline and (C, D) sampling frequency within years and baseline at Kyparissiakos (A, C) and Zakynthos (B, D). Blue shading represents 50%
KUDs of the three survey years (900-1470 locations Kyparissiakos; 815-1431 locations Zakynthos); red shading represents the combined 50% KUD of the three
years (used as baseline; 3608 locations Kyparissiakos; 3232 locations Zakynthos). (C, D) Blue shading represents 50% KUDs of the tested survey frequencies (E),
and red shading represents baseline. (E) Within year sampling frequency impacted the representativeness of KUDs, along with (F) the number of turtle locations
recorded across surveys (F1,28 = 75, P < 0.001).
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number of surveys on the overlap with baseline KUD was
supported by the linear regression analysis, which showed
higher overlap with declining time interval (F1,32 = 11.32, P <
0.01; Figures 2C–E). Linear regression analysis also showed that
there was higher overlap with baseline KUD with increasing
number of turtles (F1,28 = 75, P < 0.001; Figure 2F). Thus,
surveys spanning multiple years, and <2-week intervals
(5 surveys over 11 weeks) with >500 turtles (from the
combined surveys) are required to generate survey period
home-ranges that capture the full area used by turtles.

Stability of Aggregation Structure
At both Zakynthos and Kyparissiakos, the fine-scale positioning
of daily aggregations was highly dynamic, with KUD centroid
shifting with mean prevailing wind direction (linear regression;
Zakynthos: n = 3131 turtles on 27 days, F1,25 = 16.18, P < 0.001;
Kyparissiakos: n = 3805 turtles on 18 days, F1,16 = 10.64, P <
0.001) (Figures 3A–F). This association between core
aggregation centroid and wind held for both sites when run
with a circular-linear regression model (Zakynthos: t = 6.349, P <
0.001; Kyparissiakos: t = 8.052, P < 0.001). Specifically, at
Zakynthos, when prevailing wind was from the north, the core
Frontiers in Marine Science | www.frontiersin.org 6
part of the aggregation shifted to the southwest part of the survey
area, whereas when prevailing wind was from the south, the core
aggregation shifted to the northeast part of the survey area.
The same pattern was detected at Kyparissiakos. Thus, wind
direction correlates with the fine-scale distribution of turtles
within breeding aggregations.

Sex-Specific Home Range, Behaviour,
and Orientation
At both sites, the 50% KUD of males were similar in May and
June, despite lower male numbers in June, whereas that of
females in June contracted by 20% and 16% at Zakynthos and
Kyparissiakos, respectively, compared to the 50% KUD area in
May (Figures 4A, B; Supplementary Figure S4). Males were
consistently more widely distributed than females, and the male
50% KUD (50% KUDzak = 2.456 km2; 50% KUDkyp = 5.148
km2) was outside the 95% distribution of the theoretical 50%
KUD of females in both months (95% distribution KUDzakmay =
2.015 – 2.177 km2; 95% distribution KUDzakjune = 1.665 – 2.223
km2; 95% distribution KUD kypmay = 4.517 – 4.936 km2;
95% distribution KUDkypjune = 4.254 - 4.773 km2), even
when differences in sample size between males and females
FIGURE 3 | (A, B) Wind-associated shifts in the fine-scale positioning of sea turtle aggregations (50% KUD centroid) along the 8-km coastal areas of Laganas Bay
on Zakynthos Island (n = 3131 turtles on 27 days, F1,25 = 16.18, P < 0.001) and Kyparissiakos Bay on mainland Greece (n = 3805 turtles on 18 days, F1,16 = 10.64,
P < 0.001) based on UAS surveys in 2017–2019. Examples show the 50% KUD (red shading) of sea turtle aggregations (green dots) on two days with different wind
directions for (C, E) Laganas Bay and (D, F) southern Kyparissiakos Bay.
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were controlled for. Over 70% of turtles (males and females
combined) were recorded within 200 m of shore on Zakynthos,
while the equivalent percentage was more spread over the first
400 m of shore at Kyparissiakos, in May and June of all three
years. Most females were stationary and were observed resting
on the seabed or basking at both sites in both months, whereas
most males were recorded swimming (x2 = 4457.8, P < 0.0001).
Of the stationary females, ~60% primarily rested on the seabed
on Zakynthos, whereas 75-95% of females at Kyparissiakos
were basking (x2 = 2077.8, P < 0.0001). Despite these differences
in resting strategies at the two sites, females appeared to be
oriented in a similar way, switching from being predominantly
diagonal to shore in May to more widely spread in June. Female
orientation had a slight tendency to be parallel to shore
(Figures 4D, E) and was statistically non-random in both
months (May: T = 14.19, P < 0.001, n=727; June: T = 25.18,
P < 0.001, n=1540). Sufficient numbers of solitary males (not
mating or interacting) were only detected in May, and were
oriented parallel to shore at both sites, with a statistically non-
random bimodal orientation (Figure 4C; T = 10.97, P < 0.01).
No correlation was detected with wind direction, magnetic
north, or sea current.
Frontiers in Marine Science | www.frontiersin.org 7
DISCUSSION

Here, we used UAS surveys to show the fine-scale structuring of
two sea turtle breeding aggregations, revealing the effects of both
environmental variables and sex-specific traits. We confirmed
that the positioning of aggregations changed in response to wind
direction supporting previous boat-based surveys, and was
attributed to females seeking temporary warmer nearshore
waters to mature eggs before nesting at these thermally
suboptimal breeding sites (Schofield et al., 2009; Fossette et al.,
2012). Aggregation structure also changed as the relative
numbers of males and females changed across the breeding
season. The broader distribution of males compared with
females, in addition to different behaviours (swimming versus
resting in females) and orientations, likely increases their
chances of encountering females (Schofield et al., 2010; Arendt
et al., 2011b). Our study demonstrated the importance of using
sufficient survey intervals to capture variation in aggregation
structure and strengthen the design of protection zoning.

This study confirmed the potential of UASs to monitor
wildlife aggregations, generating large volumes of highly
accurate locations (Hodgson et al., 2013; Johnston, 2019;
FIGURE 4 | Variability in the 50% Kernel Utilisation Distribution (KUD) of male (May and June surveys combined: green fill) and female (May: larger red fill; June: smaller
red fill) loggerhead sea turtles at (A) Kyparissiakos and (B) Zakynthos. For solitary turtles at both sites (data were combined as the same bimodal trends were detected),
(C) males were oriented parallel to shore in May (left-right or right-left), whereas (D) females were oriented diagonally to shore in May and (E) parallel, but with high
variability, in June. Data are presented in 10-degree bins; circular means for each mode are shown as black arrows. Female count values for each bin were divided
by 7 to allow comparison with male values.
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Dujon et al., 2021; Oleksyn et al., 2021). This allowed us to
extend existing guidelines on UAS survey approaches (Sykora-
Bodie et al., 2017; Raoult et al., 2020) to provide suggestions on
minimum survey effort at both our study sites, which were
located approximately 80 km from one another. Establishing
minimum survey effort is important for acquiring sufficient data
for balanced analysis, while meeting logistical and budgetary
limitations (James et al., 1999; Bottrill et al., 2008). Based on our
results, we advise that the minimum survey effort suggested here
to capture survey period home ranges should be used as a guide,
as it would likely alter depending on the geographical location of
site (i.e., temperate versus tropical), life-stage, sex-specificity,
species and environment, with it being important to establish
factors affecting variability first on a site-specific basis. For
instance, assessments of survey effort of terrestrial, avian and
marine vertebrates using established monitoring approaches
(e.g., line transect surveys, constant-effort-search surveys,
capture-recapture) have demonstrated significant geographical
and seasonal heterogeneity (e.g., wetland birds, Calladine et al.,
2009; Wiest and Shriver, 2016; fin and sperm whales, Mannocci
et al., 2018; bottlenose dolphins, Symons et al., 2018).
Specifically, boat-based transects to quantify the size of
cetacean populations range from six times a month at some
locations (Smith et al., 2016) to two times a month during
summer months only (Nykänen et al., 2020), with the latter
potentially impeding records of recruitment and/or detection of
growth/decline and associated factors (Wilson et al., 1999;
Symons et al., 2018). For marine turtles, UASs provide an
unprecedented opportunity to estimate the actual size of
breeding populations empirically, including both males and
females, which is not possible when using beach-monitoring
counts alone that are based only on the female component of the
population (i.e., track, nest or female counts), and typically
require modelling approaches to infer population size (Jolly-
Seber models [POPAN] or multi-state open robust design
[MSORD]) (Chaloupka and Limpus, 2004; Pfaller et al., 2013;
Schofield et al., 2017; Whiting et al., 2020). For instance, some
programs monitor the tracks/nests of female turtles from daily to
less frequently (weekly to monthly) in some regions, while others
monitor tracks/nests or females during the peak period of
nesting (2-4 weeks only) (Pfaller et al., 2013; Whiting et al.,
2020), and lack information on male numbers because they do
not emerge on beaches. Integration of UAS surveys with beach-
based monitoring programs could therefore help towards
standardising differing monitoring practices, facilitating more
holistic evaluations of global trends (Mazaris et al., 2017;
Sequeira et al., 2019).

We showed that even one UAS survey at the peak of the
breeding season could capture the overall home range of
breeding sea turtles, with 50% KUDs for single-surveys similar
to that generated from remote tracking datasets (Schofield et al.,
2013). Furthermore, by timing surveys to coincide with peak
periods of breeding area use (Limpus et al., 2003; Whiting et al.,
2013), UASs could be used to conduct scoping surveys to detect
habitat use inside and outside of aggregations (Dickson et al.,
2021). However, as UASs only capture the distribution of wildlife
Frontiers in Marine Science | www.frontiersin.org 8
within surveyed areas, combining them with other approaches,
such as remote tracking of individuals (Hart and Hyrenbach,
2009; Wilmers et al., 2015), could be used to validate survey area
selection and establish connectivity across surveyed sites. Of
note, our results showed that, with long intervals between
surveys (e.g., once or twice per breeding season), the survey
period home range only partially captured the area used by
aggregations, as information on the influence of extrinsic and
intrinsic parameters was incomplete (Morrell and James, 2008;
Marshall et al., 2011). Furthermore, as shown by our data, inter-
annual variation in environmental conditions leads to major
differences in how aggregations distribute (Harris et al., 1990;
Borger et al., 2008). Thus, capturing within season and across
season patterns in the positioning and structuring of
aggregations could help improve the placement of zoning in
MPAs, particularly allowing for appropriately sized buffers
between wildlife and human use zones. (Borger et al., 2008;
Laver and Kelly, 2008). For instance, many marine protected
areas contain no-use zones, recreational zones and/or fishing
zones (Edgar et al., 2014; Watson et al., 2014; McCauley et al.,
2015), which, if not properly aligned with the home ranges of
wildlife, might not adequately mitigate the risk of disturbance,
trauma or potentially fatal interactions, such as boat strikes (e.g.,
dugongs, Hodgson and Marsh, 2007; cetaceans, Mullen et al.,
2013; and turtles, Shimada et al., 2017; Wright et al., 2020).

Our study showed that the distribution of sea turtles at both
sites shifted in relation to wind, supporting existing studies in this
study region (Schofield et al., 2007; Schofield et al., 2009; Dickson
et al., 2021). Wind impacts sea turtles in different ways depending
on life stage and habitat. For instance, Hays et al. (2003) reported
artificially displaced adult turtles using windborne (olfactory and/
or auditory) cues to actively relocate nesting beaches, while sea
turtle hatchlings likely use (wind-driven) ocean surface currents as
a method of semi-passive transport (Lohmann et al., 2001; Hays
et al., 2010). Therefore, UAS survey frequencies would need to be
adjusted with life stage and environment to capture these different
dynamics. Shifts in the distribution of marine wildlife in response
to wind have been widely documented (e.g., fish, Jadot et al., 2006;
albatrosses, Weimerskirch et al., 2012; Green et al., 2014; sea
turtles, Shaver et al., 2017). For instance, some species actively
move with wind to form large aggregations (e.g., jellyfish, Fossette
et al., 2015), to benefit from migratory transport to foraging
regions (e.g., northern fur seals, Ream et al., 2005), or to
enhance breeding success (e.g., albatrosses, Weimerskirch et al.,
2012). In comparison, some species drift with winds and currents,
which can sometimes be beneficial, as in the transport of fish
larvae from spawning to nursery areas (Norcross and Shaw, 1984)
or controlling depth-regulatory behaviour in larval crustaceans
(Naylor, 2006). However, regardless of whether movement is
active or passive, shifts in the positioning of aggregations in
response to environmental factors could place animals at higher
risks of anthropogenic threats if maritime zoning does not
incorporate such effects (Green and Starr, 2011). For instance,
on Zakynthos, the core aggregation shifts across the three national
park protection zones depending on wind direction, and occurs in
the two lesser protected zones in most surveys (vessel activity of 6
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knots permitted). The zoning of this national park was delineated
based on the numbers of nests supported by beaches, rather than
the in-water habitats used by turtles. While the marine park was
designated based nesting on beaches, the emerging in-water
distribution data can be used to show the value of the park (and
hence provide evidence for its continuation), as well as providing
information to improve management, essentially “fine-tuning” the
management using turtle movement data (Hays et al., 2019). In
particular, it is important to identify the key parameters driving
the structure of aggregations, which, in turn could be used to
implement real-time management strategies (termed dynamic
ocean management) (Bates et al., 2018; Rilov et al., 2019). For
instance, the TurtleWatch program incorporates near real-time
SST into prediction models, allowing the dynamic management of
loggerhead and leatherback turtles within Hawaiian swordfish
fishing grounds, which has possibly reduced bycatch (Howell
et al., 2015). Dynamic management has also been implemented
in coastal zones, for example using wind, chlorophyll-a
concentrations, and SST to manage the overlap of shipping
routes with blue whales off the coast of California, reducing the
risk of ship strikes (Hazen et al., 2017). Our results demonstrate
the utility of UASs in capturing key drivers of entire aggregations,
which could be used to manage coastal MPAs in real time.

In addition to environmental drivers, animal distributions are
also influenced by biotic interactions (Dill, 1987; Couzin et al.,
2005). UASs provided us with a unique opportunity to explore the
distributions and behaviours of males and females, and how their
distribution changed when just one sex (males) departed the area.
As expected, males and females used the breeding area differently,
with different distributions, behaviours, and orientation patterns.
Males generally had broader home ranges and were generally
swimming parallel to shore, likely to increase encounter rates with
females. In contrast, females had narrower home ranges and were
generally resting (on the seabed or in the water column), likely to
enhance egg maturation rates before nesting (Hays et al., 1999;
Wallace et al., 2005; Fossette et al., 2012). On Zakynthos mating
activity peaks in late April-early May, with males generally
departing when females are no longer receptive to mating
(Schofield et al., 2008; Schofield et al., 2017), and given the close
geographic proximity of the southern section of Kyparissiakos Bay
(85 km distant), and our results, we suggest a similar pattern occurs
at this location. Previous studies suggested that female turtles use
refuges to avoid harassment by males (Booth and Peters, 1972; Lee
and Hays, 2004); however, our UAS surveys showed that females
became more strongly aggregated once males departed. This might
reflect higher receptivity to males during May, with the broader
distribution increasing encounter rates, and the need to access warm
nearshore water in June to mature eggs, with a narrower nearshore
distribution. Furthermore, the orientation of females changed when
male numbers dropped, possibly due to a reduction in harassment
(Pilastro et al., 2003; Lee and Hays, 2004). Differences in the
movement patterns and area use of male versus female turtles
during breeding and non-breeding periods have also been detected
by previous studies. For instance, the males of both loggerhead and
hawksbill turtles tend to migrate shorter distances to foraging
Frontiers in Marine Science | www.frontiersin.org 9
grounds compared to females (Van Dam et al., 2008; Arendt
et al., 2011a; Schofield et al., 2020). Schofield et al. (2020) also
showed sex-specific differences in foraging area use leads to lower
survival rates in males. Similar differences have been detected for
other wildlife too, primarily in relation to overlap with human
activities (Szekely et al., 2014; Weimerskirch, 2018; Gownaris and
Boersma, 2019). For instance, Jiménez et al. (2016) and
Weimerskirch (2018) reported that the females of great
albatrosses (Diomedea spp.) are subject to higher mortality by
fisheries compared to males due to their foraging at lower
latitudes, with similar reasons for female-biased mortality being
recorded in false killer whales (Pseudorca crassidens) (Baird et al.,
2015). These studies on sea turtles and other marine life reinforce
the importance of removing research bias towards females in sea
turtle research (Rees et al., 2018). While our study did not test for
mortality risk across sexes, the difference in spatial use suggests that
our results could be used to evaluate mortality risk in future studies.

This study demonstrates the utility of UAS surveys to capture the
dynamics in the positioning and structuring of sea turtles within
breeding aggregations in relation to each other and the surrounding
environment. We showed that breeding sea turtle aggregations at our
two study sites were highly sensitive to wind (to gain access to warmer
waters) and the presence of the opposite sex. Our results support the
importance of incorporating these dynamics in protected area
management, to ensure that zoning captures all habitat needs of
wildlife. While we delineated minimum survey frequencies for UASs
here, these were life-stage and habitat specific, and will likely vary
across different populations, life-stages, species and environmental
settings. Through showing the possibility of UASs to monitor wildlife
at the scale of typical protected areas, we showed their potential for
strengthening and integrating existing information on wildlife ecology,
and towards delineating effective zoning within protected areas.
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