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Concern over the potential impacts of increased temperature on marine turtles, which have temperature
dependent sex determination, has resulted in an increase in research that predicts the sex ratio of marine turtle
hatchlings under various scenarios of climate change. To accurately understand the projected impacts from
global warming, it is necessary to understand the sex ratio baseline in advance of climate change. To address
this, the primary sex ratio of loggerhead hatchlings, Caretta caretta, was estimated from incubation duration of
27,697 in situ nests from 21 nesting beaches used by two subpopulations of loggerhead turtles in Brazil over
the last 25 years. A strong female bias (94%) was observed in all the areas used by the northern loggerhead
stock, Sergipe (SE) and Bahia (BA), whereas amore balanced sex ratio (53% female) was estimated at the regions
used by the southern loggerhead stock, Espirito Santo (ES) and Rio de Janeiro (RJ). Both inter-annual (SE: 83% to
99%, BA: 79. % to 98%, ES: 33% to 81%, RJ: 18% to 81%) and inter-beach variabilities (SE: 91% to 98%, BA: 89% to 96%,
ES: 47% to 69%, RJ: 28% to 55%) in mean female offspring were observed. These findings provide evidence of
persistent female bias in Brazil, and importantly identify male producing beaches and months, which will
guide management decisions.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Animals with temperature dependent sexual determination (TSD),
in which their sex is determined by temperature during embryonic
development, are predicted to experience an extreme sex ratio bias
from projected global warming (Fuentes et al., 2010; Janzen, 1994;
Mitchell and Janzen, 2010). A forced alteration in sex ratio can have
major implication to reproductive factors, and may reduce rates of
fertilization and loss of genetic variation impacting the viability of
populations (Fuller et al., 2013; Wibbels, 2003). For example, marine
turtles exhibit TSD, where warmer incubation temperatures yield a
higher proportion of female hatchlings (Mrosovsky and Yntema,
1980). Thus, projected increases in sand temperature during nesting
seasons are predicted to skew marine turtle populations towards
predominantly females (Fuentes and Porter, 2013; Hawkes et al., 2007).

Concerns over the potential feminization of marine turtle popula-
tions from global warming has resulted in an increase in research that
.

predicts the sex ratios of marine turtle hatchlings under various scenar-
ios of climate change (see(Hamann et al., 2013; Hawkes et al., 2009).
However, to accurately understand the projected impacts from global
warming, it is necessary to understand the sex ratio baseline in advance
of climate change (Marcovaldi et al., 2014; Zbinden et al., 2007). There
are challenges to establishing baselines datasets on marine turtle
hatchling sex ratios. Specifically, difficulties associated in classifying
the sex of marine turtle hatchlings (e.g., lack of sexually dimorphic ex-
ternal characteristics), result in datasets with limited spatio-temporal
scales that hamper a deeper understanding of the variability of offspring
sex ratios within and between seasons and nesting grounds at a popula-
tion scale (Fuller et al., 2013;Godfrey andMrosovsky, 1999). Indeed, the
need for sex ratio estimates across multiple years and from multiple
beaches within the range of a marine turtle population has been
highlighted by recent studies (Fuller et al., 2013; Marcovaldi et al.,
2014).

Most of the studies on the sex ratios of marine turtle hatchlings has
been conducted for the loggerhead turtle, Caretta caretta (Fuller et al.,
2013; Hawkes et al., 2009;Witt et al., 2010),with themajority reporting
a female bias (e.g.,(Fuller et al., 2013; Godley et al., 2001a; Marcovaldi
et al., 1997) for a summary review see S1 Table and (Hays et al., 2014)
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and only a few reporting male producing beaches (Baptistotte et al.,
1999; Foley et al., 2000; Jribi and Bradai, 2014; Margaritoulis, 2005;
Schmid et al., 2008). Most of the studies conducted to date have
been based on data for a small spatial range (1 or 2 beaches) and
short-temporal scales (1 or 2 nesting seasons)(Fuller et al., 2013),
with a few studies undertaken over a larger temporal scale (6 to
26 years)(see — Fig. 1, S1 Table) and one study that reconstructed
past sex ratios to the 1850s using climate proxies (Laloe et al., 2014).
Although long term studies provide the appropriate temporal scale to
discern overall trends in sex ratios, many of them are outdated, with
data from 2009 or earlier, and only a few studies provide sex ratio
data after 2010 (Fig. 1, S1 Table). The lack of studies during the last
decade is of concern as there is no information on whether the biased
sex ratios found from 1970 to 2009 at loggerhead nesting grounds
have changed over recent time and whether hatchling production has
become completely feminized.

To address these knowledge gaps and explore whether the sex ratio
of loggerhead turtles at important nesting areas has changed over the
last decade, an earlier study that estimated the sex ratio of loggerhead
hatchlings from in situ nests from 11 nesting beaches in Brazil from
1988 to 1994 was expanded (see(Marcovaldi et al., 1997). In addition
to expanding the temporal scale of the analysis to 25 nesting seasons
(1989/90–2013/14), including the last decade, the spatial range (21
nesting beaches, across 612 km), including beaches in Rio de Janeiro,
which encompasses the southern range of loggerhead nesting in
Brazil, was expanded covering the nesting area of two subpopulations
of loggerhead turtles (Reis et al., 2010). To better inform future assess-
ments of impacts of climate change on these two subpopulations, the
variability of sex ratio produced between nesting beaches and years
were explored.

2. Material and methods

2.1. Study species and location

The work was conducted at the extent of nesting areas used by the
Brazilian loggerhead genetic stock resident in south Atlantic waters
(Fig. 2) (Marcovaldi and Chaloupka, 2007), which occur across 4
regions: Sergipe (SE), Bahia (BA), Espirito Santo (ES) and Rio de Janeiro
(RJ) (Fig. 2)(Marcovaldi and Chaloupka, 2007). Nesting grounds in
this region are part of the Southwest Atlantic loggerhead Regional
Fig. 1. Number of studies that have explored hatchling sex ratios of loggerhead turtles from 19
offspring, so one study could have been counted multiple times.
Management Unit (RMU) (Wallace et al., 2010). Two genetically
distinct populations are observed in Brazil; the northern stock (SE
and BA) and the southern stock (ES and RJ) (Reis et al., 2010). Within
each stock the northern coast of the state of Bahia and Espirito Santo
have the majority (75%) of loggerhead nesting in Brazil (Marcovaldi
and Chaloupka, 2007; Marcovaldi and de Marcovaldi, 1999). Nesting
activity occurs from September to March, with a peak in November
and December (Lima et al., 2012; Marcovaldi and Chaloupka, 2007).

Data on incubation durations of loggerhead nests were collected
from 21 nesting areas (SE = 3, BA = 10, ES = 5 and RJ = 3) (Fig. 2
and Table 1), beach descriptions can be found in Baptistotte et al.
(1999), Marcovaldi et al. (2007) and Lima et al. (2012) (see
Baptistotte et al., 1999; Lima et al., 2012; Marcovaldi and Chaloupka,
2007). Nesting areas were selected based on their importance and
distinct characteristics (e.g., sand colour and grain size). All areas are
intensive study areas and are patrolled daily during the nesting season
by TAMAR staff (for information on TAMAR, see (Marcovaldi and de
Marcovaldi, 1999)). To protect nests from erosion, predation, and
coastal development, TAMAR relocates clutches, that would otherwise
not survive, to open air hatcheries and safer locations in the beach
(Marcovaldi and de Marcovaldi, 1999; Naro et al., 1999), this study
only considers nests that remained in situ. During patrols, all freshly
laid nests were marked and monitored during incubation, and excavat-
ed themorning after emergencewhen all eggs were examined to deter-
mine species and hatching success. Incubation duration was calculated
as the time in days between laying (the date of the morning when a
freshly laid nest was first found) and the date of the morning of the
first day when hatchling tracks on the sand indicated their emergence
from the nest. Incubation periods of less than 45 days were not consid-
ered (n= 11), since it is uncommon in Brazil to have loggerhead nests
incubating for less than 45 days, thus any recordswith less than 45 days
are considered to be an error in data collection. The spatio-temporal
scale of available incubation duration data varies across the different
regions and areas as a reflection of TAMAR's work in the area (for a
summary see Table 1).

2.2. Estimating sex ratios from incubation duration

The relationship between incubation duration and sex ratio was
used to convert nest incubation duration (Table 1) into nest hatchling
sex ratio (as per(Fuller et al., 2013; Godley et al., 2001b; Marcovaldi
77 to 2015. The same study was counted for each year that it determined the sex ratio of

https://www.researchgate.net/publication/227685155_Male-producing_thermal_ecology_of_a_southern_loggerhead_turtle_nesting_beach_in_Brazil_Implications_for_conservation?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/227685155_Male-producing_thermal_ecology_of_a_southern_loggerhead_turtle_nesting_beach_in_Brazil_Implications_for_conservation?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/227685155_Male-producing_thermal_ecology_of_a_southern_loggerhead_turtle_nesting_beach_in_Brazil_Implications_for_conservation?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/285515403_Loggerhead_turtle_Caretta_caretta_nesting_habitat_on_low-relief_mangrove_islands_in_southwest_Florida_and_consequences_to_hatchling_sex_ratios?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/285515403_Loggerhead_turtle_Caretta_caretta_nesting_habitat_on_low-relief_mangrove_islands_in_southwest_Florida_and_consequences_to_hatchling_sex_ratios?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/285515403_Loggerhead_turtle_Caretta_caretta_nesting_habitat_on_low-relief_mangrove_islands_in_southwest_Florida_and_consequences_to_hatchling_sex_ratios?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/273012169_Importance_of_spatio-temporal_data_for_predicting_the_effects_of_climate_change_on_marine_turtle_sex_ratios?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/273012169_Importance_of_spatio-temporal_data_for_predicting_the_effects_of_climate_change_on_marine_turtle_sex_ratios?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/227943796_Estimating_hatchling_sex_ratios_of_loggerhead_turtles_in_Cyprus_from_incubation_durations?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/262932803_Effects_of_rising_temperature_on_the_viability_of_an_important_sea_turtle_rookery?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/242578868_Conservation_status_of_the_loggerhead_sea_turtle_in_Brazil_An_encouraging_outlook?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/242578868_Conservation_status_of_the_loggerhead_sea_turtle_in_Brazil_An_encouraging_outlook?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/242578868_Conservation_status_of_the_loggerhead_sea_turtle_in_Brazil_An_encouraging_outlook?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/246095600_Estimating_sex_ratios_of_loggerhead_turtles_in_Brazil_from_pivotal_incubation_durations?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/226125554_Genetic_composition_population_structure_and_phylogeography_of_the_loggerhead_sea_turtle_Colonization_hypothesis_for_the_Brazilian_rookeries?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/226125554_Genetic_composition_population_structure_and_phylogeography_of_the_loggerhead_sea_turtle_Colonization_hypothesis_for_the_Brazilian_rookeries?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/250083819_The_Effect_of_Australian_Pine_Casuarina_equisetifolia_Removal_on_Loggerhead_Sea_Turtle_Caretta_caretta_Incubation_Temperatures_on_Keewaydin_Island_Florida?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/250083819_The_Effect_of_Australian_Pine_Casuarina_equisetifolia_Removal_on_Loggerhead_Sea_Turtle_Caretta_caretta_Incubation_Temperatures_on_Keewaydin_Island_Florida?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==
https://www.researchgate.net/publication/250083819_The_Effect_of_Australian_Pine_Casuarina_equisetifolia_Removal_on_Loggerhead_Sea_Turtle_Caretta_caretta_Incubation_Temperatures_on_Keewaydin_Island_Florida?el=1_x_8&enrichId=rgreq-29079277-5eac-46e5-ba8b-66546203def4&enrichSource=Y292ZXJQYWdlOzI5MTMyODk5OTtBUzozMTk5NjUwMTY1OTIzOTVAMTQ1MzI5NzAxMzA5NA==


Fig. 2. Study sites with estimated proportion of females (grey) and male (white) loggerhead hatchlings in each area.
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et al., 2014). For this, previously derived relationship from constant
temperature laboratory experiments for loggerhead turtle eggs from
Bahia, Brazil were used (Marcovaldi et al., 1997), where a field pivotal
incubation duration of 59.3 days was determined. This includes a
correction factor of 4 days for the hatch-emergence interval that occurs
in naturally incubating marine turtle nests (see (Godfrey and
Mrosovsky, 1999). To calculate the overall sex ratio for in situ nests for
each season and year, the number of all clutches in situ at half-month
periods within the nesting season was taken into account (as per
(Godley et al., 2001b; Marcovaldi et al., 1997; Marcovaldi et al., 2014).
As the temporal scale of the incubation dataset varies across the differ-
ent regions (SE, BA, ES, RJ) and areas (areas 1 to 21), only a subset of the
data that encompassed the same temporal scale for all locations was
used to compare incubation durations between the different regions
and areas. For comparisons across regions data from 2005/2006 to
2012/2013 (8 seasons) for all areas were used, except for areas 14, 15,
16, 19 and 20 because data for those years were unavailable. For
comparisons between areas within regions a different subset of data
for each region were used depending on the temporal coverage of
each area (see S2 Table).

Some loggerhead nests laid in the study areas are relocated to safer
incubation areas, either up the beach or to centralized incubation
areas (Marcovaldi and de Marcovaldi, 1999). These relocated nests
may experience different thermal conditions during incubation than
nests left in place (in situ — see (Naro et al., 1999), thus relocated
nests were not included in the study and only in situ nests were
considered.

3. Results

81,132 loggerhead clutches were documented in the study areas
during the study period (1989/90–2013/14, as per Table 1). Of these,
53,435 (65%) were relocated to hatcheries or safer locations in the
beach and thus not included in the analyses. Incubation duration values
were available for 27,697 in situ clutches that successfully produced
hatchlings (Table 1).
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Table 1
Incubation duration data on loggerhead turtle nests available from each study location.

Region Area Beach Beach
length
(km)

Seasons of data Nesting
seasons
monitored

Records
of nests
in situ

Mean incubation
duration [range]
days

% Female [range]

Sergipe 1 Ponta dos Mangues 36 89/90 to 91/92, 93/94, 01/02 to 03/04,
05/06 to 12/13.

15 106 50 [45–57] 98.11 [99.95–81]

2 Pirambu 53 89/90 to 91/92, 93/94 to 96/97, 98/99,
99/00, 01/02, 03/04 to 13/14.

21 243 51 [45–71] 97.02 [99.95–0]

3 Abais 36 89/90, 90/91, 93/94, 94/95, 96/97,
97/9802/03, 03/04, 05/06 to 12/13.

16 71 52 [46–72] 91.58 [99.92–0]

Total SE 125 420 95.57
Bahia 4 Mangue Seco to coqueiro 15 03/04, 05/06 to 13/14. 10 420 52 [46–79] 91.54 [99.92–0]

5 Dunas to Costa Azul 23 04/05 to 13/14. 10 203 51[45–66] 95.95 [99.95–4.12]
6 Siribinha to Ribeiro 44 94/95 to 96/97, 03/04 to 13/14. 14 728 50 [45–77] 96.19 [99.95–0]
7 Baixios to Mamucabo 18 93/94,97/98, 00/01 to 13/14. 16 902 52[45–69] 92.63 [99.95–0]
8 Subauma to Porto do Sauipe 23 89/90 to 91/92, 94/95, 95/96, 97/98,

02/03 to 13/14.
18 1029 51 [45–79] 94.03 [99.95–0]

9 Costa do Sauipe to Imbassai 16 93/94 to 13/14. 21 1631 51 [46–71] 94.52 [99.92–0]
10 Praia do Forte 14 89/90 to 13/14. 25 4259 52 [45–79] 93.52 [99.95–0]
11 Itacimirim to Barra do Jacuipe 16 01/02 to 13/14. 13 1369 52 [45–80] 91.92 99.95–0]
12 Berta to Arembepe 11 90/91 to 13/14. 24 1611 52[45–72] 88.88 [99.95–0]
13 Santa Maria to Busca Vida 16 89/90 to 13/14. 25 7514 51[45–79] 94.50 [99.95–0]

Total BA 196 19,666 93.37
Espirito Santo 14 Itaunas 31 91/92 to 07/08, 10/11 to 12/13. 20 246 56 [46–80] 68.75 [99.97–0]

15 Guriri 52 89/90 to 08/09, 10/11 to 13/14. 24 360 60 [45–78] 47.10 [99.97–0]
16 Pontal do Ipiranga 28 89/90, 90/91, 92/93 to 00/01, 04/05 to

06/07, 12/13.
15 313 56 [45–80] 67.54 [99.97–0]

17 Povoacao 38 89/90 to 13/14. 25 2005 59 [45–80] 53.77 [99.97–0]
18 Comboios 37 89/90 to 13/14. 25 2831 58 [45–80] 57.16 [99.97–0]

Total ES 186 5755 58.87
Rio de Janeiro Area

19
Barra de Itabapoana to Praia
do Sul

36 13/14. 1 53 64 [47–79] 28.00 [99.87]

Area
20

Ilha de Convivência to Açu 38 00/01, 01/02, 04/05, 08/09 to 13/14. 9 335 58 [45–80] 54.57 [99.95–0]

Area
21

Maria Rosa to Barra do
Furado

31 01/02, 03/04 to 13/14. 12 1468 59 [47–80] 52.89 [99.87–0]

Total RJ 105 1856 45.15
Grand TOTAL 621 27,697
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3.1. Incubation duration

Mean incubation duration increased fromnorth to south,with 96.5%
of nests from the northern stock (SE and BA) and 56% of nests from the
southern stock (ES and RJ) incubating in less than the pivotal incubation
duration (59.3 days, seeMarcovaldi et al., 1997) (Fig. 3), with eggs in ES
and RJ generally taking longer to incubate. Incubation duration was
significantly different across nesting regions (One-way ANOVA, DF =
15,366, F = 2451, P b 0.05). Incubation duration in Sergipe and Bahia
were not significantly different (for the years compared: (SE) range:
45–72, mean: 51 ± 3 SD days; (BA) range: 45–80, mean: 51 ± 3 SD
days); whereas the incubation duration in Espirito Santo and Rio de
Janeiro was significantly different (for the years compared: (ES)
range: 47–80, mean: 59 ± 7 SD days; (RJ) range: 47–80, mean: 60 ±
7 SD days, N = 5755 (ES, 1856 (RJ), Tukey–Kramer HSD post-hoc test,
(ES) q = 7.544, q = 6.90, q = −0.98, P b 0.05 and (RJ) q = 8.53,
q = 7.88, q = 0.98, P b 0.05).
3.2. Comparisons across areas

In SE, Area 3 (Abais)was significantly different to Areas 1 (Ponta dos
Mangues) and 2 (Pirambu) (N=278, Tukey–KramerHSDpost-hoc test,
q = 2.5152, q = 2.268, P b 0.05, respectively), and had a longer mean
incubation duration (for the years compared: range 46–72, mean
53 ± 5 SD days) (Fig. 3, Table 1). Areas 1 and 2 were not significantly
different, with a mean incubation duration of 50± 2 SD days; however,
for the years compared, Area 1 had a maximum incubation duration of
57 days.

In BA, Areas 6 (Siribinha to Ribeiro) and 12 (Berta to Arembepe) pre-
sented the most distinct incubation durations; with Area 6 having
significantly shorter incubation duration than the other Areas in BA, ex-
cept for Areas 5 (Dunas to Costa Azul), 8 (Subauma to Porto do Sauipe),
and 9 (Costa do Sauipe to Imbassai) (Area 6 for the years compared:
range 45–77, mean: 50 ± 3 SD days, N = 12,511, Tukey–Kramer HSD
post-hoc test, q = −1.89, q = −1.33, q = −1.06, q = −1.798,
q = −2.59, q = −0.67, P b 0.05). Area 12 had significantly longer
incubation duration than all other nesting areas in BA, except for Area
4 (Mangue Seco) to Area 12 (Coqueiro) (for the years compared:
range: 45–72, mean: 53 ± 4 SD days, N = 12,511, Tukey–Kramer HSD
post-hoc test, q = 1.68, q = 2.39, q = 1.33, q = 1.48, q = 1.24, q =
1.14, q = 0.67, q = 1.59, P b 0.05) (Fig. 3, Table 1).

In ES, Area 15 (Pontal do Ipiranga) had the most distinct incubation
duration with significantly longer incubation duration than any other
area in ES, except for Area 17 (Povoacao) (Area 15 for the years com-
pared: range 45–78, mean: 61 ± 6 SD days, N = 2717, Tukey–Kramer
HSD post-hoc test, q=3.06, q=3.352, q=1.897, P b 0.05, respectively)
(Fig. 3, Table 1). Area 14 (Itaunas) and 16 (Pontal do Ipiranga) had the
shortest mean incubation durations in ES (for the years compared:
range 46–80, mean: 57 ± 6 SD days and range 45–80, mean: 57 ± 6
SD, respectively).

In RJ, a comparison across areas was only possible for one season
(13/14), which indicated that area 19 (Barra de Itabapoana to Praia do
Sul)was significantly different to the other two areas in RJ,with a longer
mean incubation duration (Area 19 for the year compared: range 47–79,
mean: 64± 7 SD days, N= 293, Tukey–Kramer HSD post-hoc test, q =
1.280, q = −4.54, P b 0.05) (Fig. 3, Table 1).

No significant increase or decrease was observed with annual mean
incubation durations over time for any of the regions (Fig. 4). However,
an increase in maximum incubation duration was observed in BA and
RJ. In RJ, a decrease in the minimum incubation duration was also
observed (Fig. 4).
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Fig. 3. Incubation periods of loggerhead turtle clutches at nesting areas in A) Sergipe and Bahia, northern stock (89–1990–13/2014) and B) Espirito Santo, southern stock (89–90–13/14)
and Rio de Janeiro (04/05–13/14).
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3.3. Sex ratio estimates

Female hatchling production decreased from the northern to the
southern regions (SE: mean 95.57% ± 11, BA: mean 93.37% ± 15 SD,
ES: mean 58.87% ± 38 SD, RJ: mean 45.15% females ± 38 SD, Fig. 2). A
strong female bias was observed in all the areas used by the northern
loggerhead stock, with areas in SE and BA producing a higher proportion
of females (88.87% to 98.10%). Areas 1 and 2 in SE produced the highest
proportion of females from all the studied areas (97.0% and 98.10%
respectively). A more balanced (50:50) sex ratio was estimated at the
regions used by the southern loggerhead stock, with areas 15 (Guriri)
and 19 (Barra de Itabapoana to Praia do Sul) in ES and RJ respectively,
producing a higher proportion of males. Both inter-annual (SE: 82.92%
to 99.72%, BA: 78.90% to 98.27%, ES: 33.15% to 81.0%, RJ: 18.51% to
81.40%) and inter-beach variabilities (SE: 91.57% to 98.10%, BA: 88.875
to 96.19%, ES: 47.09% to 68.75%, RJ: 28% to 54.57%, see Table 1, Fig. 2) in
mean female sex ratios were observed. Inter-monthly variation in mean
offspring sex ratio was also observed (Fig. 5). Overall the southern stock
(ES and RJ), produced 47% of male hatchlings, with a higher proportion
of male hatchlings being produced from nests laid at the beginning and
at the end of the nesting season (September–October and April). The
northern stock (SE andBA) produced 6% ofmale hatchlings,with a higher
proportion ofmales produced fromnests laid in August and April–May in
BA, when the proportion of nests are low (Fig. 5). In SE a low proportion
of males is produced throughout the nesting season (Fig. 5).
4. Discussion

Loggerhead nesting beaches in Brazil continue to produce female bi-
ased hatchling sex ratios. Female skewwas found to bemore prominent
at beaches used by the northern stock, whereas beaches in the southern
stock produced a more balanced sex ratio. The proportion of female
offspring decreased from north to south as a reflection of northern
beaches experiencing higher sand temperatures. Inter-annual and
inter-monthly variations in mean offspring produced were also ob-
served. Inter-annual variability was higher in Rio de Janeiro (18.51% to
81.40%), where an increase in maximum incubation duration and a de-
crease in the minimum incubation duration were observed in the last
13 years, increasing the range of incubation durations observed over a
given season. Several factors could be driving these changes including:
1) bigger fluctuations in sand temperatures during the nesting season
and across years, and/or 2) variability in nest site selection, with cooler
andwarmer areas being selected by females to lay their clutches of eggs
(Marcovaldi et al., 2014). Despite higher proportion of females being
produced in northern beaches, male clutches are produced by both
stocks at some point during the nesting season. Inter-beach variability
in the proportion of female offspring produced was a reflection of the
proportion of nests being laid before the incubation temperatures
started to produce female hatchlings. Nests in the southern stock
peaks inmonths (November–December)when temperatures are cooler
compared to the northern stock where nests peaks in months



Fig. 4. Inter-annual incubation duration of loggerhead clutches in A) Sergipe, B) Bahia, C) Espirito Santo and D) Rio de Janeiro. ▲ Minimum incubation duration, ■ mean incubation
duration, and ♦ maximum incubation duration.
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(November–January) when temperatures are warmer. The results from
this study are consistent with previous work where it was estimated
that 82% of hatchlings produced across 11 nesting beaches in SE, BA,
and ES from 1989 to 1994 were females (Marcovaldi et al., 1997) and
another study that identified male producing sand temperatures in ES
(Baptistotte et al., 1999). By exploring offspring sex ratio over a wider
spatial (21 nesting beaches comprising 612 km) and temporal
scale (25 nesting seasons), and extending the study to include the
southern-most nesting areas for the loggerhead population in Brazil,
the temporal and spatial trends in sex ratio production were explored
to better characterize the sex ratio of hatchlings produced in the
whole of Brazil, providing insights into regional and temporal differ-
ences. Most importantly, male producing beaches and months were
identified. Apart from this study, to date only a few studies have identi-
fied loggerhead male producing beaches, which are located in Espirito
Santo, Brazil, southwestern Florida, USA, Kuriat islands, Tunisia,
Zakynthos Island, Greece, and Heron Island, Australia (Baptistotte
et al., 1999; Foley et al., 2000; Jribi and Bradai, 2014; Limpus et al.,
1983; Margaritoulis, 2005; Schmid et al., 2008).

Identifying and improving the protection of male-producing
beaches has been highlighted as high priority to mitigate potential im-
pacts from projected increases in temperature on marine turtles
(Fuentes et al., 2012; Hawkes et al., 2007). At beaches that produce a
majority of female hatchlings, nests laid duringmale producingmonths
(usually at the beginning and end of the season) should also be
protected to ensure population viability. As climate change progresses,
increases in sand temperatures and the resultant more strongly biased
female sex ratios may necessitate more active management strategies
(e.g., shading nests, relocating eggs to hatcheries, re-vegetation)
(Fuentes et al., 2012; Jourdan and Fuentes, 2013; Wood et al., 2014).
Open air hatcheries could potentially be used in Brazil to ensure that
the production of hatchling sex ratios is similar to historical ones
(Marcovaldi et al., 2014;Wood et al., 2014). Due to changes in manage-
ment strategies of TAMAR, the number of relocated nests to open air



Fig. 5. Sex ratio as % female (bars) and percentage of loggerhead turtle nests per half month relative to the season's total (line) during all nesting season in A) Sergipe, B) Bahia, C) Espirito Santo and D) Rio de Janeiro.
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hatcheries is not as high as they use to be in the past, as a result in situ
nests now represent 70% of all nest laid. Careful management of open
air hatcheries have kept the incubation conditions similar between the
hatchery and natural nests, thus the thermal conditions of open air
hatcheries generally matches those from in situ nests (Baptistotte,
1995; Naro et al., 1999). In the future, the thermal conditions of these
hatcheries could be actively manipulated to ensure the production of a
specific sex ratio (Marcovaldi et al., 2014;Wood et al., 2014). Neverthe-
less, careful consideration should be given to the need, effectiveness and
risks associated with these strategies (Fuentes et al., 2014; Jourdan and
Fuentes, 2013). Ultimately, selection of sex ratiomanipulation strategies
and their implementation should be guided by the “desired” sex ratio
for each location, which in turn must be informed by historical sex
ratio production and the operational sex ratio for that population
(Jourdan and Fuentes, 2013; Marcovaldi et al., 1997). Given the limited
information on risks associated with implementing active strategies, it
will be essential for failures and successes to be communicated so that
the information acquired can refine management strategies (Fuentes
et al., 2014; Fuentes et al., 2012).

Consideration should also be given to the implications of extreme
female bias sex ratios to the viability of populations. Little evidence, to
date, suggests that a low production of male hatchlings has resulted in
low reproductive success within populations (Broderick et al., 2000).
Indeed, nesting populations with strong females biased hatchling
production have persisted over several decades (Hays et al., 2003).
Female biased sex ratios may be compensated by the different breeding
patterns of male and female turtles; males have shorter reproductive
intervals than females and move between aggregations of receptive
females, which will cause operational sex ratios to be more balanced
than hatchling sex ratios (Hays et al., 2010; Hays et al., 2014; Stewart
and Dutton, 2014). Therefore, the effects of projected feminization of
marine turtle on the viability of populations are likely to be less critical
than previously suspected (Hays et al., 2010; Hays et al., 2014). Indeed,
in the short-term a feminization of marine turtle populations may
deliver unexpected conservation benefits by increasing the number of
female hatchlings that mature and lay more eggs, eventually increasing
the total size of the population and reproductive output (Laloe et al.,
2014). This may already be occurring in Brazil, as loggerhead nesting
numbers in Bahia (where hatchlings sex ratios are female biased)
have increased rapidly since 1998, whereas nesting numbers in Espirito
Santo (with hatchling sex ratios are closer to parity) have been
experiencing a slower rate of growth (Marcovaldi and Chaloupka,
2007). Nevertheless, as the proportion of male hatchlings is reduced
from climate change, a possible scenario includes females being unable
to findmates leading to reduced fecundity or female infertility, a reduc-
tion in effective population size, and loss of genetic variation and under
more extreme climate projections, the potential for production of single
sex cohorts (Fuller et al., 2013; Mitchell et al., 2010; Wibbels, 2003).
Further insights into the full impact of current female bias and potential
feminization of marine turtle populations will be obtained by under-
standing the lower viable limits of the male to female ratio (Lasala
et al., 2013). For this, information on the effective population size
(total number of individuals that pass on their genes to the next gener-
ation) is required (Fuller et al., 2013). Unfortunately these data are not
available for the loggerhead population in Brazil, or most other marine
turtle populations. To date, anecdotal sightings of mature males exist
for foraging areas in the coast of Pernambuco and Rio Grande do Sul,
and in coastal areas near nesting beaches in Bahia (TAMAR unpublished
data). Thus, an effort should be made to identify mating areas for
loggerhead turtles nesting in Brazil, so that further information on
male breeding periodicity and gene flow can be obtained. This informa-
tion together with information on hatchling parentage analysis can
provide insights into the operation sex ratio and effective population
size of the loggerhead subpopulations nesting in Brazil, which will help
elucidate the true implications from predicted global warming. Knowl-
edge of “sex-ratio thresholds” with information of sand temperature
and/or incubation duration and hence sex ratio produced will allow
assessments of potential threats at specific nesting areas and potentially
trigger active responses. This highlights the need for long-term continu-
ing studies similar to this study that not only provides a sex-ratio base-
line in advance of climate change but that also helps identify whether
hatchling production is already feminized.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jembe.2016.01.001.
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