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Abstract

Animals can synchronize their reproductive behavior patterns with biological rhythms and environmental conditions. Under-
standing these patterns is particularly critical for conserving endangered species like sea turtles. This study analyzed the
relationship between the nesting behavior of the green turtle (Chelonia mydas) and lunar luminosity, lunar phases, and
sea surface temperature (SST) in the Atol das Rocas Biological Reserve, Brazil. Field data were obtained through nightly
monitoring during the breeding seasons from 2018 to 2020. Although lunar luminosity and lunar phases did not exhibit a
statistically significant effect, the highest number of nesting occurrences was observed during the full moon and new moon,
which may be related to the spring tide. The SST was the only variable showing a statistically significant relationship with
complete oviposition, incomplete oviposition, and false crawl occurrences, indicating the preference of turtles to come ashore
at higher temperatures (around 29.5 °C). Furthermore, while lunar luminosity and lunar phases may have some influence
on the nesting pattern of the green turtle, they do not limit it, as turtles come ashore under different observed environmental
conditions.
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Introduction

Biological rhythms (e.g., lunar cycle and tides) and sea
temperature are essential to understanding animal behavior.
Biological rhythms can be classified into ultradian, circadian
and infradian, referring to the annual seasonality, the tidal
cycle and the lunar phases (Marques and Menna-Barreto
2007). Sea turtles are susceptible to environmental tempera-
ture due to ectothermy (Weishampel et al. 2010), evidencing
a close relationship with the oceanographic conditions of
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their occurrence area. The synodic lunar cycle has an aver-
age period of 29.53 days, presenting four main lunar phases
(or angles): New Moon (0° and 360°), First Quarter (90°),
Full Moon (180°) and Third Quarter (270°) (Nakamura
et al. 2019). This movement influences the tidal cycle and
the levels of environmental light, as well as the behavior and
physiology of some plants and animals (Kronfeld-Schor et al.
2013; Marques and Menna-Barreto 2007).

Some organisms present patterns of reproductive behav-
ior’s synchronization with the effects of lunar phases, such
as some fish families (Serranidae, Labridae and Siganidae)
(Takemura et al. 2010; Ikegami et al. 2014), the one-night
mass spawning of over 100 coral species on the Great Bar-
rier Reef (Australia), the Sesarma haematocheir (De Haan,
1833) crab in Japan, and even more complex animals such as
the Eurasian badger mammal (Meles meles Linnaeus, 1758)
(Kronfeld-Schor et al. 2013). In addition, the lunar cycle
influences the women’s menstrual cycle, despite the anthro-
pocentric hegemonic view that humans would not be part of
nature's processes (Cutler 1980; Law 1986; Zimeck 2006).
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Several authors have observed the correlation of the lunar
cycle with the reproductive behavior of sea turtles; Caretta
caretta (Linnaeus, 1758) (Burney et al. 1990); Dermochelys
coriacea (Vandelli, 1761) (Law et al. 2010); Lepidochelys
olivacea (Eschscholtz, 1829) (Hughes and Richard 1974)
and Eretmochelys imbricata (Linnaeus, 1766) (Nakamura
et al. 2019). However, few studies use this approach in Che-
lonia mydas (Linnaeus, 1758), especially in Brazil, where
no study was performed despite its broad occurrence along
the Brazilian coast.

The green turtle (Chelonia mydas) is currently threatened,
being classified as Endangered (EN) worldwide (IUCN 2022)
and Near Threatened (NT) in Brazil (MMA 2022). The green
turtle nesting in Brazilian territory occurs mainly on oceanic
islands such as the Rocas Atoll Biological Reserve, the sec-
ond largest reproductive site of this species, behind only Trin-
dade Island (Bellini et al. 2013). Studies in areas with mini-
mal human activity, such as the Rocas Atoll, can be excellent
alternatives to analyzing the mechanisms of the synchroniza-
tion of turtles with environmental variables (Marques and
Menna-Barreto 2007; Pike 2008; Bezy et al. 2020).

Understanding the influence of environmental variables
on the nesting behavior of sea turtles provides important
information about their response to global environmental
changes. In addition, these findings may assist in the man-
agement of more effective local actions for their conserva-
tion (Pike 2008). In this sense, this study aimed to study the
influence of lunar luminosity, lunar phases and sea surface
temperature (SST) on the nesting behavior of the Rocas
Atoll population of the green turtle, C. mydas.

Material and methods
Study area

The Rocas Atoll Biological Reserve is an oceanic island
located in the Northeast of Brazil (Fig. 1), comprising a
total area of 360 km? delimited by the isobath of 1000 m.
The Rocas Atoll is an elliptical ring reef with approxi-
mately 6.5 km? and two main islands: Farol Island and
Cemitério Island (Kikuchi 2002; MMA 2007; Pereira et al.
2010). The site is of great importance for biodiversity con-
servation, standing out as a key location for the protection
of endemic and endangered species and being a feeding,
resting and breeding area for C. mydas (Kikuchi 2002;
MMA 2007). The study area is semidiurnal mesotidal,
with a range of 2.8 m during spring tides and 1.7 m dur-
ing neap tides (Kikuchi 2002; Costa et al. 2017).

The study area is influenced by the South Equato-
rial Current and has an average sea surface temperature
(SST) of 27 °C in its external region (Ferreira et al. 2012;
Kikuchi 2002). Two reef passages connect the atoll lagoon
to the ocean. During low tide, these are the only commu-
nications between its exterior and interior. Therefore, tidal
variation, together with the geomorphology of the region,
causes large variations in SST and salinity in the lagoons
and coral pools, which can reach 39° in the pools, due
to the restricted water circulation (Kikuchi 2002; MMA
2007; Costa et al. 2017).
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Fig. 1 Main nesting sites of C. mydas Atlantic Equatorial, Brazil, with emphasis in the Rocas Atoll
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Sampling

The data used in this study were obtained while monitoring
the breeding seasons from 2018 to 2020 on Farol Island,
which is 674 m length and 327 m width, with 1,800 m of
coastal extension (Pereira et al. 2010). Beach monitoring
was daily (with the exception of days with bad weather, such
as rainy days), at night and the period between three hours
before and three hours after the high tides. Night patrolling
depends on tides, because in the Rocas Atoll turtles, turtles
preferentially nest at night during the flood and high tide,
avoiding the nesting site due to the exposure of the reef zone
during the low and ebb tide, making it difficult for animals to
access the sandy beach (Bellini et al. 2013; Grossman et al.
2009; Silva and Godoy 2016). Three people made up the
monitoring team, selected by the ICMBio (Instituto Chico
Mendes de Conservagdo da Biodiversidade). Data collected
embraced date and time of occurrence, location, animal
identification (e.g., presence of metal tag or microchip), bio-
metric data (curvilinear measurement of carapace length and
width) and occurrence type. The data used in this study refer
to sea turtles that nest before sunrise.

Occurrences were classified as complete oviposition (CO)
— turtle performs all stages of the nesting process; incom-
plete oviposition (I0) — turtle prepares the nest site and/or
digs an egg chamber, but does not deposit eggs within the
chamber; and false crawl (FC) — when the turtle emerges
and returns to the sea without performs any other step in
the nesting process (Nakamura et al. 2019; Nishizawa et al.
2013). This study was carried out with the authorization
of the Biodiversity Authorization and Information System
(Sisbio) license n°® 59809.

Data analysis

To understand the relationship between turtle occurrence
and the lunar angle and Sea Surface Temperature (SST),
we considered 756 occurrences recorded in the breeding
seasons from 2018 to 2020. For the relationship between
breeding occurrences and lunar luminosity, we considered
578 records obtained in 2019 and 2020, since we lack data
on the time of occurrence for 2018.

Lunar luminosity — the illuminated face of the Moon fac-
ing Earth — was determined based on the Double Precision
Library of Celestial Mechanics, Astrometry and Astrody-
namics (Libnova: < http://libnova.sourceforge.net/index.
html >) for the coordinates of the study area. In this sense,
the occurrence data of the 2019 and 2020 breeding seasons
were crossed with the illuminated percentage of the visible
face of the moon (0—100%) at the time of each occurrence.

The lunar calendar of the Astronomy Department of IAG/
USP was used together with the total occurrences of the
seasons from 2018 to 2020 to investigate the lunar phases

and tidal types. The lunar angle—angular position between
Sun-Moon-Earth—was used as a continuous variable from
0° to 360°. To facilitate the discussion, four main angles
were considered as reference: 0° =new moon; 90° =first
quarter; 180° = full moon; 270° =third quarter; 360° =new
moon (Nakamura et al. 2019).

The oceanographic and meteorological data of Rocas
Atoll are sparse due to the absence of buoys and monitoring
stations. Therefore, the TSM data were obtained on the Gio-
vanni platform (NASA 2020) through the Aqua-MODIS sat-
ellite with nocturnal data with 4 km spatial resolution, 8-day
temporal resolution, and 11-microns spectral resolution.

Statistical analysis

The Generalized Linear Mixed Model (GLMM) was used to
analyze the relationship between occurrence type and SST
(Bolker et al. 2009). Initially, a Poisson distribution (Family)
with a logarithmic link function was considered to generate
the model, but the data presented overdispersion. Therefore,
we used the negative binomial distribution to develop the
definitive model.

We used a simple linear regression model to analyze the
relationship between lunar luminosity and reproductive
occurrences. The analyzes were performed with the pack-
ages stats (R Core Team 2020) and /me4 (Bates et al. 2015)
in the R Environment (R Core Team 2020). The significance
level was p <0.05 (Banerjee et al. 2009).

We examined the lunar angle as a continuous variable
to assess uniformity using the Kuiper test (Kuiper 1960;
Jammalamadaka and SenGupta 2001). This analysis was
conducted utilizing the circular statistic package (Ago-
stinelli and Lund 2023) within the R Environment.

Results

The reproductive seasons of 2018 to 2020 resulted in 756
occurrence records of Chelonia mydas in the Farol Island of
the Rocas Atoll, of which 568 culminated in nests (complete
oviposition—CO), 97 unsuccessful nest attempts (incom-
plete oviposition—IO), and 91 were tracks without oviposi-
tion (false crawl—FC). The nesting period mainly occurred
from January to April, showing the nesting peak in February
and March (Fig. 2), which followed the study by Bellini
et al. (2013). However, the nests’ number was heterogene-
ous over the three years. In 2020, there were approximately
twice as many occurrences (53.34% of total occurrences)
as compared to the same period in 2018 (28.87%) and 2019
(17.78%) (Fig. 2).

We found no significant relationship between occur-
rence type and lunar luminosity (CO, -0.14+0.11,
p=0.23; 10, -0.04 +0.02, p=0.14; FC, -0.04 +0.03,
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Fig.2 Monthly distribution of Chelonia mydas nesting occurrences
in the 2018-2020 breeding seasons in the Rocas Atoll, Equatorial
West Atlantic

p=0.15) (estimate + standard error, p-value) (Fig. 3). The
Kuiper test performed no statistically significant relation-
ship between lunar angle and total occurrences (t=1.61,
p>0.1, n =166 observations) (test statistic, p-value, n
observations) (Fig. 4). The sea surface temperature pre-
sented a significant influence on the three occurrence types
(CO, p<0.01; 10, p=0.05; FC, p<0.01; Table 1). The
results showed the species’ preference for reaching the
beach at higher temperatures (>29.5 °C) (Fig. 5). This
pattern was observed for CO and IO, while FC presented
a more heterogeneous distribution.
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Fig.3 Relationship between lunar luminosity and oviposition of tur-
tles in the 2019-2020 breeding season in the Rocas Atoll. Distribu-
tion of the frequency of occurrences with recorded time (n=578)
related to the respective luminous percentage of the moon in the sky
(0—100%) at the time of occurrence (false crawl; incomplete oviposi-
tion; complete oviposition)
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Fig.4 Effect of lunar phases on C. mydas nesting behavior during
the 2018-2020 breeding seasons. Distribution of total occurrences
(n=756) related to lunar angle, where 0°=new moon; 90°=first
quarter; 180° = full moon; 270° =third quarter; 360° =new moon

Discussion

The number of studied nests (n=1568) is not representa-
tive of the total observed in the Rocas Atoll since it did not
consider the occurrences from Cemetery Island, those of
sporadic days in which there was no monitoring, or those
occurring in other months of the reproductive period, such
as December.

The heterogeneous distribution of the number of nests
between the analyzed years (Fig. 2) may be related to the
possibility that the green turtles nesting in the Rocas Atoll
comes from different feeding sites, which influences their
return from the feeding area to the nesting area, interfering
with their remigration interval (Agostinho et al. 2021).

Turtles do not usually make nests in consecutive years.
Specifically, the average turtle’s remigration period in the
Rocas Atoll is 3.5 years (Bellini et al. 2013). Therefore, it is
possible that different individuals were sampled in each year
of this study, which could justify the observed distribution.
In addition, the high level of interannual variation found in
the number of nesting females in populations of C. mydas
could be related to environmental conditions (Broderick
et al. 2003).

Lunar luminosity

The illuminated percentage of the visible face of the moon
allows analyzing the influence of lunar brightness during the
nesting moment when the configuration of the study area is
ideal, i.e., it does not present artificial lighting. This variable
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Table 1. Relationship between Effects Complete oviposition Incomplete oviposition False crawl
Sea Surface Temperature
(SST) With occurrence types of Fixed effect Estimate+SE ~ p Estimate + SE p Estimate+SE ~ p
Chelonia mydas from the Rocas gy 0.22:£0.04 <001 021%0.11 005 044008 <00
Random effect Variance + SD Variance + SD Variance + SD
Total occurrences 0.32+0.57 147+1.21 0.55+0.74

SE standard error, SD standard deviation

was not intended to infer about the lunar phase, given that
50% illuminated represents both the first quarter and third
quarter. Also, 0% does not just represent the new moon but
also occurrences where the moon had not yet risen in the sky.
It is important to note that the Moon can be seen for 12 h in
a 24-h period, rising every day 48 min later (Garrison 2014).

The lack of significant influence of the lunar luminosity
on occurrence types could be related to the sampling size
of three reproductive seasons, which could be insufficient
to generalize patterns. In addition, other biotic and abiotic
factors could influence the analysis. For example, cloudy
nights could affect lunar luminosity despite the lunar cycle.
Another important point is that during a lunar cycle, half of
the nights will have no moon in the sky, which makes sense
of the result found of the peak nesting around zero angle.

Thus, even knowing studies that show that high lunar
luminosity can discourage green turtle nesting, as in Jodo
Vieira Island (Guinea-Bissau) (Ferreira 2012), and that in
the Rocas Atoll, the turtles’ eggs and hatchlings are preyed
on by the crab Johngarthia lagostoma (H. Milne-Edwards,
1837) (Silva and Godoy 2016). Therefore, avoiding illu-
minated nights for nesting could be a strategy to decrease
predation risks, since they become less exposed on darker
nights. We could not relate sea turtle nesting patterns to
lunar luminosity at the Rocas Atoll (Fig. 3).

Lunar phases

The lunar influence on nesting patterns may be associated
with lunar luminosity and tides. We found no statistical rela-
tionship between the distribution of nesting occurrences and
lunar phases; the recorded lunar angles are uniformly dis-
tributed. However, upon observing the sum of occurrences
recorded at each lunar angle (Fig. 4), the highest number of
nesting occurrences was at angles 180° (full moon, n=47)
and 0° (new moon, n=40), as represented in the scatter
plot. Such a pattern suggests a potential association with
the spring tide, characterized by the highest tidal amplitudes,
providing for a longer time for the turtles to emerge and nest
on the beach. This relationship could be further explored in
future research.

The Poildo Island (Guinea-Bissau) is similar to the Rocas
Atoll, in which the reef area is also exposed at low tide.

Thus, turtles nest at high tide, with a prevalence of nesting
in areas above the highest spring tide (Patricio et al. 2018).
Therefore, considering that green turtles tend to select nest-
ing sites with a low risk of flooding (Patricio et al. 2018), the
C. mydas’ departure of the water to nest during the spring
high tide requires a shorter distance in the sand to lay eggs
away from the maximum limit of the spring tide, which may
be a strategic behavior to ensure the success of the nest and
less effort from the female.

Similar behavior has been observed in leatherback tur-
tles (Dermochelys coriacea) in French Guiana, which adjust
their return to nest close to new and full moons, with nesting
peaks at spring tide (Girondot and Fretey 1996). In Florida,
United States, the loggerhead turtle (Caretta caretta) is
more likely to nest during the new and full moons (Burney
et al. 1990). In contrast, the hawksbill turtle (Eretmochelys
imbricata) in Rio Grande do Norte, Brazil, showed a higher
nesting frequency during the waxing and waning moons
(Nakamura et al. 2019).

The behavior may be regulated by some biological clock
mechanism that induces nesting in the same tide, since these
alternating phases correspond to the same type of tide every
15 days (spring or neap tide). Therefore, testing this hypoth-
esis in the future with females marked by a metal tag or
microchip in the study area would be interesting. Addition-
ally, analyzing more reproductive seasons could help inves-
tigate whether there is a tendency to nest at specific lunar
angles, as shown in other studies.

Sea surface temperature

In the Atlantic Ocean, three buoys located between latitudes
0°S—8°S, where the Rocas Atoll is located, presented the
annual peak of TSM in the months of March, April and May
(Ferreira et al. 2012), when the nesting season also occurs at
the site. In this study, Chelonia mydas preferred to ascend
to the beach for nesting; at sea surface temperatures >29.5
°C (Fig. 5a, b). A more heterogeneous distribution was
observed in FC (Fig. 5c¢). Still, it was not considered relevant
for the discussion since the water temperature can influence
the turtle’s exit from the water for the oviposition process,
but not because of its nesting behavior (occurrence type). It
is noteworthy that nesting during these higher temperatures

@ Springer



Biologia (2024) 79:2135-2142

2140
4 °
15- [ )
g o
 ex
(0]
£
3 10-
]
5 [ }
L °®
5- @
e O
[ J
o o
° ° @ °
285 29.0 29.5 30.0 305
SST (°C)
b ®
15- ®
ot ®
f =
(0]
£
3 10-
8
_,_Q o
o .
5_
o
L] (1] L]
285 29.0 295 30.0 305
SST (°C)
¢ °
15- PY
g ®
C
(0]
s
3 10-
3
5 ®
= *
5 -
[ J
L] (1] L]
285 29.0 295 30.0 305
SST (°C)
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is related to normal conditions of annual climate variation.
There is no data indicating that turtles could take advantage
of climate change (Hawkes et al. 2009).

The nesting preference for SSTs around 29.5 °C observed
in this study is similar to the pivotal temperature of ~29 °C,
which determines the production of 50% females and 50%
males in C. mydas nests (Broderick et al. 2000; Godley et al.
2002). Although this pivotal temperature is related to the
temperature of the sand at first, this relationship may indi-
cate a strategic behavior of turtles’ environmental percep-
tion, starting from the time they leave the water to nest to
obtain greater success in the sexual determination of their
hatchlings. Such a relationship was recently observed for
the hawksbill turtle (E. imbricata), which changed its peak
nesting period to months with milder SST to preserve the
sex ratio of hatchlings in the Rio Grande do Norte, Brazil,
suggesting that this species can be responding to climate
change (Oliveira et al. 2020).

The animals most dependent on environmental condi-
tions will likely be the most affected by climate change. Thus,
understanding the effect of SST on turtle nesting can help
predict the behavior of the green turtle in the face of climate
change, as well as SST anomaly phenomena in the East Pacific,
such as El Nifio, which affected corals in the Rocas Atoll in
2009-2010 (Ferreira et al. 2012) and SST anomalies over the
tropical Atlantic (Atlantic Dipole) (N6brega et al. 2016).

This work analyzed the synergistic effect of environmen-
tal variables on the nesting behavior of C. mydas in the
Rocas Atoll and concluded that the preference of turtles to
emerge and nest on the beach occurs at higher temperatures
(TSM), around 29.5 °C. Green turtles in Rocas Atoll seem
to respond to the difference of fraction of degree Celsius
in relation to the SST, in a current alarming scenario of
climate crisis, the impacts of climate change may cause
the decrease and loss of the nesting area in oceanic islands
(Witt et al. 2010), such as Rocas Atoll, and change the nest-
ing behavior and consequently the distribution of this spe-
cies. Furthermore, while lunar luminosity and lunar phases
may influence the nesting pattern of green turtles, they do
not limit it, as turtles come ashore under different observed
environmental conditions.

We suggest that other environmental conditions should
be reported in future studies, such as precipitation and SST
anomalies (e.g., El Nifio, La Nifia, and Atlantic Dipole). It
is also suggested the development of studies in the other two
main nesting sites of C. mydas in Brazil — Trindade Island
and Fernando de Noronha Archipelago — to verify if the
behavior related to lunar phases and tides occurs due to the
immersion and emergence configuration of the coastline of
each specific area or due to a biological rhythm of species
synchronicity. In addition, a larger sampling size would be
more suitable for the statistical analysis of lunar phases since
a study encompassing more seasons could sample the same
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turtles returning to nest after the remigration period, favor-
ing the observation of possible individual nesting patterns.
Understanding the influence of environmental variables
on the nesting behavior of the green turtle can improve the
monitoring effort for its conservation, in addition to under-
standing how this endangered species will respond to natural
climate changes and, mainly, those caused by humans.

Acknowledgements We would like to acknowledge Maurizélia de
Brito Silva, coordinator of the Atol das Rocas Biological Reserve, for
the logistic support during the fieldwork and for the entire team col-
laborating with the conservation of the Rocas Atoll. We also thank
the Laboratory of Coastal Biogeochemistry (UFC) for logistic support
during the data analysis. Finally, we thank the financial support of
the Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPQ), Brazil; the Instituto Chico Mendes de Conservagdo da Bio-
diversidade (ICMBio), Fundacdo SOS Mata Atlantica and FUNBIO/
World Bank (GEFMAR project), who support the campaigns in Rocas
Atoll. We thank Dr. Marcelo Davi Santos, Dr. Jober Condé Evangelista
Freitas and Raul Agra de Moura Pereira for their support in the statisti-
cal analysis of this paper.

Data Availability The data sets generated and/or analyzed during
this study are available from the corresponding author on reasonable
request.

Declarations

All applicable international, national, and/or institutional guidelines for
the care and welfare of animals were followed. The sampling of green
turtles on Rocas Atoll was authorized by the Brazilian Government by
Biodiversity Authorization and Information System (SISBIO) through
the sampling license number 59809.

Competing interests All authors certify that they have no affiliations
with or involvement in any organization or entity with any financial
interest or non-financial interest in the subject matter or materials dis-
cussed in this manuscript.

References

Agostinelli C, Lund U (2023) R package ‘circular’: Circular Statistics
(version 0.5-0). https://CRAN.R-project.org/package=circular.
Accessed 13 Nov 2023

Agostinho KFF, Pestana IA, Carvalho CEV, Di Beneditto APM (2021)
Trace elements and stable isotopes in egg yolk of green turtles on
Rocas Atoll, Brazil. Mar Pollut Bull 162:1-7. https://doi.org/10.
1016/j.marpolbul.2020.111821

Banerjee A, Chitnis UB, Jadhav SL et al (2009) Hypothesis testing,
type I and type II errors. Ind Psychiatry J 18:127-131. https://doi.
org/10.4103/0972-6748.62274

Bates D, Michler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using Ime4. J Stat Softw 67:1-48. https://doi.org/
10.48550/arXiv.1406.5823

Bellini C, Santos AJB, Grossman A, Marcovaldi MA, Barata PC (2013)
Green turtle (Chelonia mydas) nesting on Atol das Rocas, north-
eastern Brazil, 1990-2008. J] Mar Biol Assoc UK 93:1117-1132.
https://doi.org/10.1017/S002531541200046 X

Beézy VS, Putman NF, Umbanhowar JA et al (2020) Mass-nesting
events in olive ridley sea turtles: environmental predictors of

timing and size. Anim Behav 163:85-94. https://doi.org/10.
1016/j.anbehav.2020.03.002

Bolker BM, Brooks ME, Clark CJ et al (2009) Generalized linear
mixed models: a practical guide for ecology and evolution. Trends
Ecol Evol 24:127-135. https://doi.org/10.1016/j.tree.2008.10.008

Broderick AC, Godley BJ, Reece S, Downie JR (2000) Incubation peri-
ods and sex ratios of green turtles: highly female biased hatch-
ling production in the eastern Mediterranean. Mar Ecol Prog Ser
202:273-281. https://doi.org/10.3354/meps202273

Broderick AC, Glen F, Godley BJ, Hays GC (2003) Variation in repro-
ductive output of marine turtles. J Exp Mar Biol Ecol 288:95-109.
https://doi.org/10.1016/S0022-0981(03)00003-0

Burney CM, Mattison CA, Fisher LE (1990) The relationship of logger-
head nesting patterns and moon phase in Broward County, Flor-
ida. Mar Environ Sci Fac Proc Present Speech Lect 294:161-164

Costa MB, Macedo EC, Valle-Levinson A et al (2017) Wave and tidal
flushing in a near-equatorial mesotidal atoll. Coral Reefs 36:277—
291. https://doi.org/10.1007/s00338-016-1525-x

Cutler WB (1980) Lunar and menstrual phase locking. Am J Obste
Gynecol 137:834-839. https://doi.org/10.1016/0002-9378(80)
90895-9

Ferreira MBMS (2012) Nesting habitat preferences and nest predation
of green turtles (Chelonia mydas) in the Bijagds Archipelago,
Guinea Bissau. Dissertation, Universidade de Lisboa

Ferreira BP, Costa MBSF, Coxey MS et al (2012) The effects of sea
surface temperature anomalies on oceanic coral reef systems
in the southwestern tropical Atlantic. Coral Reefs 32:441-454.
https://doi.org/10.1007/s00338-012-0992-y

Garrison T (2014) Essentials of oceanography. Cengage Learning,
Stamford

Girondot M, Fretey J (1996) Leatherback turtles, Dermochelys coria-
cea, nesting in French Guiana, 1978-1995. Chelonian Conserv
Biol 2:204-208

Godley BJ, Broderick AC, Hays GC (2002) Temperature-dependent sex
determination of Ascension Island green turtles. Mar Ecol Prog
Ser 226:115-124. https://doi.org/10.3354/meps226115

Grossman A, Moreira LMP, Bellini C, Almeida AP (2009) Con-

servacdo e pesquisa das tartarugas marinhas nas Ilhas Ocednicas
de Fernando de Noronha, Atol das Rocas e Trindade, Brasil. In:
Mohr LV, Castro JWA, Costa PMS, Alves RJV (eds) Ilhas Oceani-
cas brasileiras: da pesquisa ao manejo — volume II. Ministério do
Meio Ambiente, Brasilia, pp 200-223

Hawkes LA, Broderick AC, Godfrey MH, Godley BJ (2009) Climate
change and marine turtles. Endanger Species Res 7:134-154.
https://doi.org/10.3354/esr00198

Hughes DA, Richard JD (1974) The nesting of the Pacific Ridley Turtle
Lepidochelys olivacea on Playa Nancite, Costa Rica. Mar Biol
24:97-107. https://doi.org/10.1007/BF00389343

Ikegami T, Takeuchi Y, Hur S, Takemura A (2014) Impacts of moon-
light on fish reproduction. Mar Genomics 14:56-66. https://doi.
org/10.1016/j.margen.2013.11.007

IUCN (International Union for Conservation of Nature) (2022) [IUCN
Red List for Threatened Species Version 2022.1. www.iucnredlist.
org. Accessed 25 May 2022

Jammalamadaka SR, SenGupta A (2001) Topics in circular statistics.
In: Rao MM (ed) Series on multivariate analysis, vol. 5. World
Scientific Press, Singapore, pp 151-172

Kikuchi RKP (2002) Atol das Rocas, litoral do Nordeste do Brasil -
tnico atol do Atlantico sul Equatorial Ocidental. Sitios Geol6gi-
cos e Paleontoldgicos Do Brasil 1:379-390

Kronfeld-Schor N, Dominoni D, Iglesia H et al (2013) Chronobiology
by moonlight. Proc Roy Soc B 280:1-11. https://doi.org/10.1098/
rspb.2012.3088

Kuiper NH (1960) Tests concerning random points on a circle. Proc
Koninklijke Nederlandse Akademie Van Wetenschappen Series
A 63:38-47

@ Springer


https://CRAN.R-project.org/package=circular
https://doi.org/10.1016/j.marpolbul.2020.111821
https://doi.org/10.1016/j.marpolbul.2020.111821
https://doi.org/10.4103/0972-6748.62274
https://doi.org/10.4103/0972-6748.62274
https://doi.org/10.48550/arXiv.1406.5823
https://doi.org/10.48550/arXiv.1406.5823
https://doi.org/10.1017/S002531541200046X
https://doi.org/10.1016/j.anbehav.2020.03.002
https://doi.org/10.1016/j.anbehav.2020.03.002
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.3354/meps202273
https://doi.org/10.1016/S0022-0981(03)00003-0
https://doi.org/10.1007/s00338-016-1525-x
https://doi.org/10.1016/0002-9378(80)90895-9
https://doi.org/10.1016/0002-9378(80)90895-9
https://doi.org/10.1007/s00338-012-0992-y
https://doi.org/10.3354/meps226115
https://doi.org/10.3354/esr00198
https://doi.org/10.1007/BF00389343
https://doi.org/10.1016/j.margen.2013.11.007
https://doi.org/10.1016/j.margen.2013.11.007
http://www.iucnredlist.org
http://www.iucnredlist.org
https://doi.org/10.1098/rspb.2012.3088
https://doi.org/10.1098/rspb.2012.3088

2142

Biologia (2024) 79:2135-2142

Law SP (1986) The regulation of menstrual cycle and its relationship
to the moon. Acta Obstet Gynecol Scand 65:45—48. https://doi.
org/10.3109/00016348609158228

Law A, Clovis T, Lalsingh GR, Downie JR (2010) The influence of
lunar, tidal and nocturnal phases on the nesting activity of leath-
erback (Dermochelys coriacea) in Tobago, West Indies. Mar Turt
Newsl 127:12-17

Marques N, Menna-Barreto L (2007) Ritmos biolégicos. In: Yanamoto
ME, Volpato GL (eds) Comportamento, Animal. Ed. da Univer-
sidade Federal do Rio Grande do Norte, Rio Grande do Norte,
pp 160-190

MMA (Ministério do Meio Ambiente) (2007) Plano de Manejo para a
Reserva Bioldgica do Atol das Rocas. https://www.gov.br/icmbio/
pt-br/assuntos/biodiversidade/unidade-de-conservacao/unidades-
de-biomas/marinho/lista-de-ucs/rebio-atol-das-rocas/arquivos/
rebio_atol-das-rocas.pdf. Accessed 12 Jan 2022

MMA (Ministério do Meio Ambiente) (2022) Portaria MMA N° 148,
de 7 de junho de 2022: Atualizacdo da Lista Nacional de Espécies
Ameacadas de Extincdo. MMA, Brasilia

Nakamura MF, Santos AJB, Lobao-Soares B, Corso G (2019) Lunar
phases and hawksbill sea turtle nesting. J Ethol 37:301-316.
https://doi.org/10.1007/s10164-019-00604-7

NASA (2020) Giovanni, versdo 4.34. https://giovanni.gsfc.nasa.gov/
giovanni/. Accessed 10 Jan 2021

Nishizawa NT, Yasuda T et al (2013) Decision tree classification of
behaviors in the nesting process of green turtles (Chelonia mydas)
from tri-axial acceleration data. J Ethol 31:315-322. https://doi.
org/10.1007/s10164-013-0381-1

Noébrega RS, Santiago GACF, Soares DB (2016) Tendéncias do con-
trole climatico ocednico sob a variabilidade temporal da precipi-
tacdo no Nordeste do Brasil. Rev Bras Climat 12:276-292. https://
doi.org/10.4067/S0718-34022016000100002

Oliveira GCS, Corso G, Medeiros DM et al (2020) Later nesting by
Hawksbill Turtle following sea surface warming. J Herpetol
54:371-377. https://doi.org/10.1670/19-062

Patricio AR, Varela MR, Barbosa C et al (2018) Nest site selection
repeatability of green turtles, Chelonia mydas, and consequences
for offspring. Anim Behav 139:91-102. https://doi.org/10.1016/j.
anbehav.2018.03.006

@ Springer

Pereira NS, Manso VAV, Silva AMC, Silva MB (2010) Mapeamento
geomorfoldgico e morfodindmica do Atol das Rocas, Atlantico
Sul. Revista Da Gestao Costeira Integrada 10:331-345. https://
doi.org/10.5894/rgci209

Pike DA (2008) Environmental correlates of nesting in loggerhead
turtles, Caretta caretta. Anim Behav 76:603-610. https://doi.org/
10.1016/j.anbehav.2008.04.010

R Core Team (2020) R: A Language and Environment for Statistical
Computing. Version 4.0.2. R Foundation for Statistical Comput-
ing, Vienna. https://www.r-project.org/. Accessed 4 Feb 2021

Silva MB, Godoy T (2016) Tartarugas marinhas na Reserva Bioldgica
do Atol das Rocas. In: Correia JMS, Santos EM, Moura GJB (eds)
Conservacdo de tartarugas marinhas no Nordeste do Brasil: Pes-
quisas, Desafios e Perspectivas. Editora Universitaria da UFRPE,
Recife, pp 115-138

Takemura A, Rahmann MS, Park YJ (2010) External and internal con-
trols of lunar-related reproductive rhythms in fishes. J Fish Biol
76:7-26. https://doi.org/10.1111/j.1095-8649.2009.02481.x

Weishampel JF, Bagley DA, Ehrhart LM, Weishampel AC (2010) Nest-
ing phenologies of two sympatric sea turtle species related to sea
surface temperatures. Endanger Species Res 12:41-47. https://
doi.org/10.3354/esr00290

Witt MJ, Hawkes MH, Godfrey BJ et al (2010) Predicting the impacts
of climate change on a globally distributed species: the case of
the loggerhead turtle. J Exp Biol 213:901-911. https://doi.org/
10.1242/jeb.038133

Zimeck M (2006) The lunar cycle: effects on human and animal behav-
ior and physiology. Postepy Hig Med Dosw 60:1-7

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.3109/00016348609158228
https://doi.org/10.3109/00016348609158228
https://www.gov.br/icmbio/pt-br/assuntos/biodiversidade/unidade-de-conservacao/unidades-de-biomas/marinho/lista-de-ucs/rebio-atol-das-rocas/arquivos/rebio_atol-das-rocas.pdf
https://www.gov.br/icmbio/pt-br/assuntos/biodiversidade/unidade-de-conservacao/unidades-de-biomas/marinho/lista-de-ucs/rebio-atol-das-rocas/arquivos/rebio_atol-das-rocas.pdf
https://www.gov.br/icmbio/pt-br/assuntos/biodiversidade/unidade-de-conservacao/unidades-de-biomas/marinho/lista-de-ucs/rebio-atol-das-rocas/arquivos/rebio_atol-das-rocas.pdf
https://www.gov.br/icmbio/pt-br/assuntos/biodiversidade/unidade-de-conservacao/unidades-de-biomas/marinho/lista-de-ucs/rebio-atol-das-rocas/arquivos/rebio_atol-das-rocas.pdf
https://doi.org/10.1007/s10164-019-00604-7
https://giovanni.gsfc.nasa.gov/giovanni/
https://giovanni.gsfc.nasa.gov/giovanni/
https://doi.org/10.1007/s10164-013-0381-1
https://doi.org/10.1007/s10164-013-0381-1
https://doi.org/10.4067/S0718-34022016000100002
https://doi.org/10.4067/S0718-34022016000100002
https://doi.org/10.1670/19-062
https://doi.org/10.1016/j.anbehav.2018.03.006
https://doi.org/10.1016/j.anbehav.2018.03.006
https://doi.org/10.5894/rgci209
https://doi.org/10.5894/rgci209
https://doi.org/10.1016/j.anbehav.2008.04.010
https://doi.org/10.1016/j.anbehav.2008.04.010
https://www.r-project.org/
https://doi.org/10.1111/j.1095-8649.2009.02481.x
https://doi.org/10.3354/esr00290
https://doi.org/10.3354/esr00290
https://doi.org/10.1242/jeb.038133
https://doi.org/10.1242/jeb.038133

	Influence of lunar phases and oceanographic parameters on green turtle nesting in Rocas Atoll
	Abstract
	Introduction
	Material and methods
	Study area
	Sampling
	Data analysis
	Statistical analysis

	Results
	Discussion
	Lunar luminosity

	Lunar phases
	Sea surface temperature

	Acknowledgements 
	References


