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From the Field

Boosting Female Hatchling Production in
Endangered, Male-biased Turtle Populations
CARLA C.Q1 EISEMBERG,1 Charles Darwin University, Ellengowan Drive, Casuarina, Darwin, NT 0810, Australia
GLAUCIA M. DRUMMOND, FundaSc a~o Biodiversitas, Rua Ludgero Dolabela, 1021, Belo Horizonte, MG 30430-130, Brazil
RICHARD C. VOGT, Instituto Nacional de Pesquisas da Amaz^
onia, Avenida Andre Ara
ujo, 2936, Manaus, AM 69083-000, Brazil

ABSTRACT In turtle species with temperature-dependent sex determination, hatchling sex ratios skewed
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toward males could threaten populations where females are vulnerable to harvest. We tested the efficiency of
black plastic covers in producing more female hatchlings from nests of the six-tubercle Amazon River turtle
(Podocnemis sextuberculata) at the Mamiraua Reserve, Amazonas, Brazil during September to November 2003. Covered nests produced 37% more females and midnest average temperatures were 18 C higher
than control nests. Incubation period was 3 days shorter, but survivorship was 12% lower in nests with black
plastic. This technique could be an inexpensive, local alternative for short-term sex-ratio manipulation in
endangered male-biased populations with temperature-dependent sex determination. Ó 2017 The Wildlife
Society.

Amazon River turtles from the family Podocnemididae
(Alho et al. 1985, Souza and Vogt 1994, Paez et al. 2009).
Long-term changes in nesting habitat temperature caused
by local factors (e.g., deforestation of surrounding vegetation,
construction of dams and consequent change in water level
patterns) and climate change may adversely affect temperature-dependent sex determination populations, causing
skewing of hatchling sex ratios (Telemeco et al. 2013,
Tomillo et al. 2015). Disproportionate production of one sex
in temperature-dependent sex determination species may
lead to an adult population with a biased sex ratio, decreasing
effective population size and genetic diversity (Vogt 1980,
Vogt and Bull 1984, Servan et al. 1989, Godley et al. 2001).
The sex ratio of adult turtles can also be influenced by
humans because females are preferentially harvested (Mrosovsky 1994, Souza and Vogt 1994, Aresco 2005, Gibbs and
Steen 2005, Eisemberg et al. 2015). A primary sex ratio
skewed toward males could be particularly problematic (Vogt
1980, Vogt and Bull 1984, Servan et al. 1989). Low numbers
of females in a population can lead to decreased densities and
eventual localized extinction (Vogt 1994, Wedekind 2012).
However, an efficient and economical technique to obtain a
higher percentage of females is lacking.
Vogt (1994) and Paez and Bock (1998) suggested using
black plastic covers over turtle nests as an economical method
to obtain a greater proportion of females. The black plastic
potentially absorbs more solar radiation, thus warming the
nest and producing more females. We tested the efficacy of
black plastic covers on nests of the six-tubercle Amazon
River turtle (Podocnemis sextuberculata). The study site was
chosen because the adult population of P. sextuberculata was
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Management of nesting beaches is a widespread conservation
practice for endangered freshwater and sea turtle populations
(Iverson 1991, Janzen and Paukstis 1991, Cantarelli et al.
2014, Revuelta et al. 2015). Management activities include
protection of the nests against predators, control of the
vegetation surrounding nests, and nest transplantation to
safer areas (Souza and Vogt 1994, Yerli et al. 1997, Gomes
and Ferreira-J
unior 2011, Jourdan and Fuentes 2015). Such
activities can have a substantial impact on nest survivorship,
sex ratio, and hatchling fitness. Thermal and hydric regimes
during incubation can affect reptile hatchlings’ morphological and behavioral phenotypes (e.g., body size, shape,
locomotor performance; Shine et al. 1997, Booth 2006).
Nest microhabitat is a major determinant of hatching
success, and incubation temperature is particularly important
for species with temperature-dependent sex determination
(Bull and Vogt 1979, Wood et al. 2014). Temperatures
during the second third of the incubation period define the
hatchling’s sex for many species of reptiles (Bull 1980,
Mrosovsky and Pieau 1991). Although temperature patterns
that produce males or females vary among reptiles, in most
turtles, hatchlings are predominantly male if incubated at
lower temperatures and predominantly female if incubated at
higher temperatures (Bull and Vogt 1979, Ewert et al. 1994).
For example, the pivotal temperature (temp that results in
50% individuals of each sex) is typically near 328 C for
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RESULTS

On average, the incubation period was 3 days longer and
survivorship was 12% higher in nests without black plastic
(Table 1). Intersexes were not observed in this study. Only one
case of twins was registered in a nest with black plastic. During
26 September to 25 November, nest average temperature was
18 C higher in nests with black plastic (328 C) in comparison
with nests without black plastic (318 C). However, temperature variation was similar (Table 1). Black plastic cover
increased maximum temperatures during the day, except
during 2 cloudy periods from 8 October to 21 October and 19
November to 25 November (Fig. 2).
We found no differences in linear carapace length or
carapace width of hatchlings between nests with and without
plastic (Table 1). Nests with and without plastic also did not
differ in distance to shore (Table 1). There was a weak effect
of distance from shore on incubation period (F1,28 ¼ 3.40,
P ¼ 0.06, r2 ¼ 0.13). Covered nests hatched earlier and
produced twice as many females as did nests without black
plastic (Table 1). In total, 53 females (67.9%) were produced
in covered nests while nests without black plastic produced
25 females (31.1%).
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We used 30 recently constructed (within <12 hr) nests from
17 to 22 September 2003. We chose nests nonrandomly, and
alternated the selection of black plastic and control nests to
reduce the effect of nesting date on sex determination. We
covered 15 nests were covered with black plastic and used 15
as controls. We used low-density polyethylene black plastic
(0.1-mm thick) to cover an area of 2 m2. We staked the black
plastic sheet flat to the ground immediately over the nests,
with the nest located in the middle of the plastic sheet
(Fig. 1). The timing of nesting and proximity to water can
affect nest development and mortality rate (Escalona and Fa
1998, Harms et al. 2005); hence, we recorded the date of
oviposition and distance to shore in meters. We measured
temperatures during incubation for 2 control nests and 6
covered nests. We excavated nests, counted and replaced
eggs, and positioned data loggers (HOBO-TEMP; 0.058 C
precision) in the middle of the nest (midpoint between
bottom and top of the clutch) to monitor temperatures
hourly. To decrease the effect of environmental variability
among recorded nest temperatures, we chose a cluster of 8
nests in close proximity to each other for the installation of
data loggers.
We removed the black plastic and protected the nest with a
net to prevent hatchlings from escaping after 50 days of
incubation. We defined the incubation period as the number
of days from egg laying to eclosion of the first hatchling. We
measured linear carapace length and carapace width with
digital calipers (0.05-mm precision). We calculated withinnest egg apparent survivorship by dividing the number of live
hatchlings by the total number of eggs in the clutch. We
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We conducted the experiment at Pirapuc
u nesting beach,
Japura River, in the southeastern portion of the Mamiraua
Sustainable Development Reserve (28530 S, 648510 W),
Amazonas, Brazil. In 2003, Pirapuc
u was 2 km long and
600 m wide. The topography was irregular with fine-grained,
light-yellow sand and sparse, low vegetation (Pezzuti and
Vogt 1999). At the time, approximately half of the beach was
protected by local residents from human predation of nesting
females and their eggs.
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STUDY AREA

sacrificed 5 randomly selected hatchlings in each nest, and
determined their sex by gonadal examination using a stereo
dissecting microscope.
We used a simple linear regression to analyze the
relationship between distance to shore and incubation
period to test a possible influence of nest location on egg
development. We tested differences between nests with and
without black plastic using Student’s t-test for incubation
period, survivorship, distance to shore, and average
morphometric measurements, and a chi-square test of
independence for sex ratio (no. of males of the 5 dissected
hatchlings). Before proceeding with the t-tests, normality
and homogeneity of variances, we confirmed using Kolmogorov–Smirnov and Levene’s tests. We performed statistical
analyses using the open-source statistics Program R (R Core
Team 2014, http://www.r-project.org) and Microsoft Excel
2013 (Microsoft Corporation, Redmond, WA, USA). We
followed ASIH guidelines for use of live amphibians and
reptiles and reptiles in Field Research (ASIH 1987).

D

highly sex biased (2.05 M:1 F) because of uneven harvest
pressure (Fachın-Teran et al. 2003). Furthermore, the only
protected beach in the area was producing predominantly
male hatchlings, with 75% of the nests comprised exclusively
of males (Pezzuti and Vogt 1999).

DISCUSSION
Effects on Sex Ratio
In natural turtle nests, the maximum temperature usually
depends more on solar radiation than air temperature
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Figure 1. Black plastic placed on the top of Podocnemis sextuberculata nests from September to November 2003 at Pirapuc
u nesting beach, Amazon, Brazil.
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Table 1. Mean, standard deviation, minimum, and maximum values for variables sampled in nests of Podocnemis sextuberculata with black plastic absent or
present (n ¼ 15 nests each, except for temp) at Pirapuc
u nesting beach, Japura River, on the southeast of the Mamiraua Sustainable Development Reserve,
Amazonas, Brazil during 2003.
Absent

Present

Parameters

x

SD

Range

x

SD

Range

Incubation period (days)
Egg apparent survivorship (%)
Distance to shore (m)
LCL (mm)a
LCW (mm)a
No. of males (n ¼ 5 hatchlings)
Temperature (8 C)b

60.7
0.92
88.6
39.7
36.0
3.33
31.0

2.7
0.15
41.2
3.1
23.0
1.63
3.7

56.0–65.0
0.46–1.00
16.6–170.8
34.0–45.1
29.9–41.3
0.00–5.00
24.4–40.8

57.4
0.80
121.1
40.7
36.21
1.47
32.0

2.0
0.12
75.5
2.4
1.78
1.64
3.8

55.0–63.0
0.61–1.00
20.9–260.0
35.6–43.7
32.64–38.74
0.00–5.00
24.9–42.4

LCL ¼ Linear carapace length, LCW ¼ Linear carapace width.
Absent (n ¼ 2); present (n ¼ 6).
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Girondot et al. 1998, Fachın-Teran et al. 2003). To achieve
a balance between positive and negative effects and
decisions on the scale of their female hatchling boosting
program, wildlife managers should take into account species
biology, local population size, and extent of distribution.
Turtles have a long reproductive lifespan, which means
they are resilient to short-term high rates of hatchling
mortality or skewed sex ratios (Janzen and Paukstis 1991,
Hays et al. 2014). Reptiles with temperature-dependent sex
determination can also evolve to avoid disproportional sex
ratios (Bull et al. 1982, Janzen and Morjan 2001, Refsnider
et al. 2014). Sexual bias could be corrected over decades by
evolutionary and behavioral processes, such as changes in
nesting timing and location, gradual change of the pivotal
temperature and other temperature-dependent sex determination mechanisms (Mrosovsky 1994). However, many
chelonian populations suffer from human harvest pressure,
and consequently may have insufficient time or population
variability to cope with a highly skewed sex ratio, leading
ultimately to extinction. In such cases, as in the population
described here, where adult males outnumber females, urgent
actions are needed to reverse declines (Fachın-Teran et al.
2003).
As a result of community constraints, beaches in the Japura
area other than Pirapuc
u beach were not protected from
harvest. Nests of P. sextuberculata are easy to find, and
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(Georges 1989). By increasing the amount of solar radiation
absorbed by the sand, we increased production of female
hatchlings, whereas uncovered nests produced predominantly males. Applying black plastic decreased the number of
males on average from 69.9% to 32.1%. The sex ratio of black
plastic treatment and control nests combined was 52%
females, very close to 1:1. This is in contrast with a study by
Pezzuti and Vogt (1999) from the same beach that recorded
only 3% females. Our method succeeded in increasing the
production of females, while still producing males.
Our technique is a simple, inexpensive alternative to more
invasive sex-manipulation procedures, such as the use of
estradiol, which may potentially induce gonadal morphological abnormalities (Raynaud and Pieau 1985, Pieau et al.,
1994). Another common practice in turtle conservation
programs, removing eggs from natural nests, is also not
recommended. This practice can negatively affect egg and
hatchling survivorship (Frazer 1992, Crouse 1999, Paez
et al. 2015, Ahles and Milton 2016, Hart et al. 2016).
However, the introduction of a large number of hatchling
females (by artificially raising nest temperatures) may alter
the genetic and ecological structure of the population
(Mrosovsky and Godfrey 1995, Lovich 1996). This negative
effect may be an issue in small, closed populations, but
should not be noticeable in large, mobile populations such
as P. sextuberculata in Mamiraua Reserve (1,124,000 ha;

PR

b

P  0.01
P < 0.05
P ¼ 0.15
P ¼ 0.35
P ¼ 0.85
P  0.001

D

a

t28 ¼ 3.86
t28 ¼ 2.33
t28 ¼ 1.47
t28 ¼ 0.96
t28 ¼ 0.19
x21 ¼ 10.89
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Figure 2. Hourly nest temperatures for Podocnemis sextuberculata nests with black plastic (present) or no cover (absent) from 26 September [20/09] to 25
November 2003 [25/11], at Pirapuc
u nesting beach, Amazon, Brazil.
Eisemberg et al.
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Effects on Nest Survivorship
We observed lower egg survivorship in covered nests. The
main cause of increased nest mortality was probably
maximum temperatures above the survivorship threshold.
Dehydration may also be a factor because the black plastic
may prevent rain from reaching the eggs, decreasing soil
moisture and thereby increasing embryonic mortality rates
(Hill et al. 2015). Turtle embryos in flexible-shelled
eggs (such as P. sextuberculata) are particularly affected
by hydric conditions during incubation (Bodensteiner et al.
2015). Embryos incubated in drier environments have
lower rates of metabolism and growth (Janzen et al. 1990,
Miller and Packard 1992), whereas well-hydrated hatchlings have greater survivorship (Packard 1999). However,
the average apparent survivorship in covered nests was 80%,
which is still relatively high in comparison with natural
nest mortality reported for Amazonian riverine turtles in
Mamiraua (Pezzuti and Vogt 1999) and other areas (Alho
and Padua 1982, Ferreira-J
unior and Castro 2010).
Although there are no data on survivorship of laboratoryincubated eggs for this species, we suggest that it is preferable
to leave eggs in situ. It is likely that management techniques
that involve egg manipulation will increase mortality. This is
particularly true in remote areas (such as Mamiraua), where
there are limited resources and personnel. Transport options
are few and the nearest laboratory may be many hours or days
away by boat. High rates of egg mortality is thus likely due to
excessive disturbance. Wildlife managers should weigh the
trade-offs between increased mortality and a greater
production of females. In our particular case, females were
increasingly rare in the population, and the use of black
plastic would be justified. Regardless, nest temperature, egg

mortality, and sex ratio should be monitored while using this
technique.
On the other hand, increased nest temperature also
accelerated embryonic development (Vogt and Bull 1982).
Paez and Bock (1998) suggested the utilization of black
plastic as a tactic to decrease the incubation period and
consequently increase egg survivorship. Shortening the
incubation period could be an important management tool
in areas where the sudden rise of the water level is a common
event and the main cause of egg mortality (Hildebrand et al.
1997, Eisemberg et al. 2016). Our results suggested that
black plastic did accelerate embryonic development, reducing
average incubation period by 3 days. However the effect of
accelerating embryo development on hatchling fitness should
be studied on the target species before this technique can be
used to decrease incubation period (Booth 2006, 2017; Riley
et al. 2014).
Turtle species vary in shapes and depths of nests (Morreale
et al. 1982, Georges et al. 1994), which would influence the
effectiveness of this technique. For example, egg mortality is
likely to increase in shallow nests because heating is greater at
the surface. On the other hand, sex ratio might not be
affected in deep nests. Such nests have a temperature
gradient, with warmer and variable temperatures near the
surface, but cooler and more constant temperatures near the
bottom (Valenzuela 2001).
We recognize the limitations of our study, which
encompassed only one species in one area. However, these
results were promising and suggest that this technique could
be applied to other areas and species as a management tool
for temperature-dependent sex determination species with
male-biased populations. It is a relatively inexpensive
method that is simple to implement and test experimentally.
However, nest manipulation should not be seen as a longterm solution. The main priorities should be to prevent the
major sources of decline, such as overharvest and habitat
degradation.

D

mortality from human harvest was 100% outside the
protected beach (Fachın-Teran et al. 2000). Protecting
warmer beaches would potentially enhance production of
females; however, this option was not feasible. In similar
cases where management options are limited, the short-term
manipulation of sex ratios could be a viable option
(Wedekind 2012). This technique could also be useful
where sandbanks are artificially shaded due to construction of
houses or agricultural activities (Kolbe and Janzen 2002,
Reid and Peery 2014).
In many cases, particularly with sea turtles, climate
change might induce an opposite response to that reported
here; that is, warmer temperatures producing populations
highly skewed toward females (Hawkes et al. 2009,
Tomillo et al. 2012, Booth et al. 2013, Marcovaldi et al.
2014). In such cases, males can be produced by cooling the
substrate using water or shading the nest (Souza and Vogt
1994, Gomes and Ferreira-J
unior 2011, Jourdan and
Fuentes 2015). Shading strategies can be applied for
gregarious nesters, but providing artificial shade for
dispersive nesters would require an excessively high level
of resources and effort (Wood et al. 2014). Similarly, the
effort involved in covering individual nests would only be
justified in endangered populations with highly skewed sex
ratios.

U

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

4

ACKNOWLEDGMENTS
We are grateful to C. Jacobi, B. Elias, F. Perini
(Universidade Federal de Minas Gerais), S. Reynolds
(Charles Darwin University), Associate Editor and
reviewers, who provided valuable comments on the
manuscript. We would like to acknowledge our field
assistant, P. Roberto. The Instituto Nacional de Pesquisas
da Amaz^onia (INPA), the Conselho Nacional de Desenvolvimento Cientıfico e Tecnologico (CNPq), and the
Reserva de Desenvolvimento Sustentavel—Mamiraua
(RDS-Mamiraua) provided funding for this project.
CCE (process numbers 233418/2014-8) is a researcher
from CNPq.

LITERATURE CITED
Ahles, N., and S. L. Milton. 2016. Mid-incubation relocation and
embryonic survival in loggerhead sea turtle eggs. Journal of Wildlife
Management 80:430–437.
Alho, C. J., T. M. Danni, and L. F. Padua. 1985. Temperature-dependent
sex determination in Podocnemis expansa (Testudinata: Pelomedusidae).
Biotropica 17:75–78.
Wildlife Society Bulletin



9999()

D

PR

O

O

FS

Georges, A., C. Limpus, and R. Stoutjesdijk. 1994. Hatchling sex in the
marine turtle Caretta caretta is determined by proportion of development
at a temperature, not daily duration of exposure. Journal of Experimental
Zoology 270:432–444.
Gibbs, J. P., and D. A. Steen. 2005. Trends in sex ratios of turtles in the
United States: implications of road mortality. Conservation Biology
19:552–556.
Girondot, M., H. Fouillet, and C. Pieau. 1998. Feminizing turtle embryos as
a conservation tool. Conservation Biology 12:353–362.
Godley, B., A. Broderick, J. Downie, F. Glen, J. Houghton, I. Kirkwood, S.
Reece, and G. Hays. 2001. Thermal conditions in nests of loggerhead
turtles: further evidence suggesting female skewed sex ratios of hatchling
production in the Mediterranean. Journal of Experimental Marine Biology
and Ecology 263:45–63.
Gomes, A. S., and P. D. Ferreira-Junior. 2011. Management and relocation
of nests of Podocnemis expansa (Schweigger, 1812) (Testudines,
Podocnemididae) on the Crixas-ASc u river, Brazil. Brazilian Journal of
Biology 71:975–982.
Harms, H. K., R. T. Paitz, R. M. Bowden and F. J. Janzen. 2005. Age
and season impact resource allocation to eggs and nesting behavior in
the painted turtle. Physiological and Biochemical Zoology 78:
996–1004.
Hart, C. E., A. A. Zavala-Norzagaray, O. Benıtez-Luna, L. J. Plata-Rosas,
F. A. Abreu-Grobois, and C. P. Ley-Qui~
nonez. 2016. Effects of
incubation technique on proxies for olive Ridley sea turtle neonate fitness.
Amphibia-Reptilia 37:417–426.
Hawkes, L. A., A. C. Broderick, M. H. Godfrey, and B. J. Godley. 2009.
Climate change and marine turtles. Endangered Species Research
7:137–154.
Hays, G. C., A. D. Mazaris, and G. Schofield. 2014. Different male vs.
female breeding periodicity helps mitigate offspring sex ratio skews in sea
turtles. Frontiers in Marine Science 1:43.
Hildebrand, V., N. Berm
udez, and M. Pe~
nuela. 1997. La tortuga charapa
(Podocnemis expansa) en el rıo Caqueta, Amazonas, Colombia. Aspectos de
su biologıa reproductiva y tecnicas para su manejo. Disloque, Bogota,
Colombia. [In Spanish].
Hill, J. E., F. V. Paladino, J. R. Spotila, and P. S. Tomillo. 2015. Shading
and watering as a tool to mitigate the impacts of climate change in sea
turtle nests. PLoS ONE 10:e0129528.
Iverson, J. B. 1991. Patterns of survivorship in turtles (order Testudines).
Canadian Journal of Zoology 69:385–391.
Janzen, F. J., and C. L. Morjan. 2001. Repeatability of microenvironmentspecific nesting behaviour in a turtle with environmental sex determination. Animal Behaviour 62:73–82.
Janzen, F. J., G. C. Packard, M. J. Packard, T. J. Boardman, and J. R.
Zumbrunnen. 1990. Mobilization of lipid and protein by embryonic
snapping turtles in wet and dry environments. Journal of Experimental
Zoology Part A: Ecological Genetics and Physiology 255:155–162.
Janzen, F. J., and G. L. Paukstis. 1991. Environmental sex determination in
reptiles: ecology, evolution, and experimental design. Quarterly Review of
Biology 66:149–179.
Jourdan, J., and M. M. P. B. Fuentes. 2015. Effectiveness of strategies at
reducing sand temperature to mitigate potential impacts from changes in
environmental temperature on sea turtle reproductive output. Mitigation
and Adaptation Strategies for Global Change 20:121–133.
Kolbe, J. J., and F. J. Janzen. 2002. Impact of nest-site selection on nest
success and nest temperature in natural and disturbed habitats. Ecology
83:269–281.
Lovich, J. E. 1996. Possible demographic and ecological consequences of sex
ratio manipulation in turtles. Chelonian Conservation and Biology
2:114–117.
Marcovaldi, M. A., A. J. Santos, A. S. Santos, L. S. Soares, G. G. Lopez,
M. H. Godfrey, M. Lopez-Mendilaharsu, and M. M. Fuentes. 2014.
Spatio-temporal variation in the incubation duration and sex ratio of
hawksbill hatchlings: implication for future management. Journal of
Thermal Biology 44:70–77.
Miller, K., and G. C. Packard. 1992. The influence of substrate water
potential during incubation on the metabolism of embryonic snapping
turtles (Chelydra serpentina). Physiological Zoology 65:172–187.
Morreale, S. J., G. J. Ruiz, and E. Standora. 1982. Temperature-dependent
sex determination: current practices threaten conservation of sea turtles.
Science 216:1245–1247.

N

C

O

R

R

EC

TE

Alho, C. J., and L. F. Padua. 1982. Sincronia entre regime de vazante do rio e
comportamento de nidificaSc ~ao da tartaruga da Amaz^onia Podocneitlıs
expansa (Testudinata: Pelomedusidae). Acta Amazonica 12:323–326. [In
Spanish].
American Society of Ichthyologists and Herpetologists [ASIH]. 1987.
Guidelines for use of live amphibians and reptiles in field research.
American Society of Ichthyologists and Herpetologists, The Herpetologists’ League (HL), and the Society for the Study of Amphibian and
Reptiles (SSAR), Kansas, USA.
Aresco, M. J. 2005. The effect of sex-specific terrestrial movements and
roads on the sex ratio of freshwater turtles. Biological Conservation
123:37–44.
Bodensteiner, B. L., T. S. Mitchell, J. T. Strickland, and F. J. Janzen. 2015.
Hydric conditions during incubation influence phenotypes of neonatal
reptiles in the field. Functional Ecology 29:710–717.
Booth, D. T. 2006. Influence of incubation temperature on hatchling
phenotype in reptiles. Physiological and Biochemical Zoology: Ecological
and Evolutionary Approaches 79:274–281.
Booth, D. T. 2017. The influenceQ2 of incubation temperature on sea turtle
hatchling quality. Integrative Zoology In press DOI: 10.1111/17494877.12255
Booth, D. T., R. Feeney, and Y. Shibata. 2013. Nest and maternal origin can
influence morphology and locomotor performance of hatchling green
turtles (Chelonia mydas) incubated in field nests. Marine Biology
160:127–137.
Bull, J. J. 1980. Sex determination in reptiles. The Quarterly Review of
Biology 55:3–21.
Bull, J., and R. Vogt. 1979. Temperature-dependent sex determination in
turtles. Science 206:1186–1188.
Bull, J. J., R. C. Vogt, and C. J. McCoy. 1982. Sex determining temperatures
in turtles: a geographic comparison. Evolution 36:326–332.
Cantarelli, V. H., A. Malvasio, and L. M. Verdade. 2014. Brazil’s Podocnemis
expansa conservation program: retrospective and future directions.
Chelonian Conservation and Biology 13:124–128.
Crouse, D. T. 1999. Population modelling and implications for Caribbean
hawksbill sea turtle management. Chelonian Conservation and Biology
3:185–188.
Eisemberg, C. C., R. A. M. Balestra, S. Famelli, F. F. Pereira, V. C. D.
Bernardes, and R. C. Vogt. 2016. Vulnerability of giant South American
turtle (Podocnemis expansa) nesting habitat to climate-change-induced
alterations to fluvial cycles. Tropical Conservation Science
9:1940082916667139.
Eisemberg, C. C., M. Rose, B. Yaru, and A. Georges. 2015. Spatial and
temporal patterns of harvesting of the vulnerable pig-nosed turtle
Carettochelys insculpta in the Kikori region, Papua New Guinea. Oryx
49:659–668.
Escalona, T., and J. E. Fa. 1998. Survival of nests of the terecay turtle
(Podocnemis unifilis) in the Nichare-Tawadu rivers, Venezuela. Journal of
Zoology 244:303–312.
Ewert, M. A., D. R. Jackson, and C. E. Nelson. 1994. Patterns of
temperature-dependent sex determination in turtles. Journal of Experimental Zoology 270:3–15.
Fachın-Teran, A., R. C. Vogt, and J. B. Thorbjamarson. 2000. Padr~oes
de caSc a e uso de quel^onios na reserva de desenvolvimento
sustentavel Mamiraua, Amazonas, Brasil. Pages 323–337 in E. Cabrera,
C. Mercolli, and R. Resquin, editors. Manejo de fauna silvestre en
Amazonıa y Latinoamerica. Guarani Raity, Asuncion, Paraguay. [In
Spanish].
Fachın-Teran, A., R. C. Vogt, and J. B. Thorbjarnarson. 2003. Estrutura
populacional, raz~ao sexual e abund^ancia de Podocnemis sextuberculata
(Testudines, Podocnemididae) na Reserva de Desenvolvimento Sustentavel Mamiraua, Amazonas. Brasil. Phyllomedusa 2:43–63. [In
Spanish].
Ferreira-J
unior, P. D., and P. T. A. Castro. 2010. Nesting ecology of
Podocnemis expansa (Schweigger, 1812) and Podocnemis unifilis (Troschel,
1848) (Testudines, Podocnemididae) in the Javaes River, Brazil. Brazilian
Journal of Biology 70:85–94.
Frazer, N. B. 1992. Sea turtle conservation and halfway technology.
Conservation Biology 6:179–184.
Georges, A. 1989. Female turtles from hot nests: is it duration of incubation
or proportion of development at high temperatures that matters?
Oecologia 81:323–328.

U

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

Eisemberg et al.



Boosting Female Turtle Hatchling Production

5

D

PR

O

O

FS

Servan, J., P. Zaborski, M. Dorizzi, and C. Pieau. 1989. Female-biased sex
ratio in adults of the turtle Emys orbicularis at the northern limit of its
distribution in France: a probable consequence of interaction of
temperature with genotypic sex determination. Canadian Journal of
Zoology 67:1279–1284.
Shine, R., M. J. Elphick, and P. S. Harlow. 1997. The influence of natural
incubation environments on the phenotypic traits of hatchling lizards.
Ecology 78:2559–2568.
Souza, R. R., and R. C. Vogt. 1994. Incubation temperature influences sex
and hatchling size in the Neotropical turtles Podocnemis unifilis. Journal of
Herpetology 28:453–464.
Telemeco, R. S., K. C. Abbott, and F. J. Janzen. 2013. Modelling the effects
of climate change-induced shifts in reproductive phenology on temperature-dependent traits. American Naturalist 181:637–648.
Tomillo, S. P., M. Genovart, F. V. Paladino, J. R. Spotila, and D. Oro. 2015.
Climate change overruns resilience conferred by temperature-dependent
sex determination in sea turtles and threatens their survival. Global
Change Biology 21:2980–2988.
Tomillo, P. S., V. S. Saba, G. S. Blanco, C. A. Stock, F. V. Paladino, and
J. R. Spotila. 2012. Climate driven egg and hatchling mortality
threatens survival of Eastern Pacific leatherback turtles. PLoS ONE
7:e37602.
Valenzuela, N. 2001. Constant, shift, and natural temperature effects on sex
determination in Podocnemis expansa turtles. Ecology 82:3010–3024.
Vogt, R. C. 1980. Natural history of the map turtles Graptemys
pseudogeographica and G. ouachitensis in Wisconsin. Tulane Studies in
Zoology and Botany 22:17–18.
Vogt, R. C. 1994. Temperature controlled sex determination as a tool for
turtle conservation. Chelonian Conservation and Biology 1:159–162.
Vogt, R. C., and J. J. Bull. 1982. Temperature controlled sex-determination
in turtles: ecological and behavioral aspects. Herpetologica 38:156–164.
Vogt, R. C., and J. J. Bull. 1984. Ecology of hatchling sex ratio in map
turtles. Ecology 65:582–587.
Wedekind, C. 2012. Managing population sex ratios in conservation
practice: how and why? Pages 81–96 in T. Povilitis, editor. Topics in
conservation biology. InTech, Rijeka, Croatia.
Wood, A., D. T. Booth, and C. J. Limpus. 2014. Sun exposure, nest
temperature and loggerhead turtle hatchlings: implications for beach
shading management strategies at sea turtle rookeries. Journal of
Experimental Marine Biology and Ecology 451:105–114.
Yerli, S., A. F. Canbolat, L. J. Brown, and D. W. Macdonald. 1997. Mesh
grids protect loggerhead turtle Caretta caretta nests from red fox Vulpes
vulpes predation. Biological Conservation 82:109–111.

Associate Editor: Refsnider.

N

C

O

R

R

EC

TE

Mrosovsky, N. 1994. Sex ratios of sea turtles. Journal of Experimental
Zoology 270:16–27.
Mrosovsky, N., and C. Pieau. 1991. Transitional range of temperature,
pivotal temperatures and thermosensitive stages for sex determination in
reptiles. Amphibia-Reptilia 12:169–179.
Mrosovsky, N., and M. Godfrey. 1995. Manipulating sex ratios: turtle speed
ahead. Chelonian Conservation and Biology 1:238–240.
Packard, G. C. 1999. Water relations of chelonian eggs and embryos: is
wetter better? American Zoologist 39:289–303.
Paez, V. P., and B. C. Bock. 1998. Temperature effect on incubation period
in the yellow-spotted river turtle Podocnemis unifilis, in the Colombian
Amazon. Chelonian Conservation and Biology 3:31–36.
Paez, V. P., J. C. Correa, A. M. Cano, and B. Bock. 2009. A comparison of
maternal and temperature effects on sex, size, and growth of hatchlings of
the Magdalena river turtle (Podocnemis lewyana) incubated under field and
controlled laboratory conditions. Copeia 4:698–704.
Paez, V. P., A. Lipman, B. C. Bock, and S. S. Heppell. 2015. A plea to redirect
and evaluate conservation programs for South America’s Podocnemidid river
turtles. Chelonian Conservation and Biology 14:205–216.
Pezzuti, J. C. B., and R. C. Vogt. 1999. Nesting ecology of Podocnemis
sextuberculata (Testudines, Pelomedusidae) in the Japura River, Amazonas, Brazil. Chelonian Conservation and Biology 3:419–424.
Pieau, C., M. Girondot, N. Richard-Mercier, G. Desvages, M. Dorizzi, and
P. Zaborski. 1994. Temperature sensitivity of sexual differentiation of
gonads in the European pond turtle: hormonal involvement. Journal of
Experimental Zoology Part A: Ecological Genetics and Physiology
270:86–94.
R Core Team. 2014. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
Raynaud, A., and C. Pieau. 1985. Embryonic development of the genital
system. Pages 149–300 in C. Gans and F. Billett, editors. Biology of the
Reptilia. John Wiley and Son, New York, New York, USA.
Refsnider, J. M., C. Milne-Zelman, D. A. Warner, and F. J. Janzen. 2014.
Population sex ratios under differing local climates in a reptile with
environmental sex determination. Evolutionary Ecology 28:977–989.
Reid, B. N., and M. Peery. 2014. Land use patterns skew sex ratios, decrease
genetic diversity and trump the effects of recent climate change in an
endangered turtle. Diversity and Distributions 20:1425–1437.
Revuelta, O., Y. M. Leon, A. C. Broderick, P. Feliz, B. J. Godley, J. A.
Balbuena, A. Mason, K. Poulton, S. Savore, and J. A. Raga. 2015.
Assessing the efficacy of direct conservation interventions: clutch
protection of the leatherback marine turtle in the Dominican Republic.
Oryx 49:677–686.
Riley, J. L., S. Freedberg, and J. D. Litzgus. 2014. Incubation temperature in
the wild influences hatchling phenotype of two freshwater turtle species.
Evolutionary Ecology Research 16:397–416.

U

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

6

Wildlife Society Bulletin



9999()

U

N

C

O

R

R

EC

TE

D

PR

O

O

FS

Summary for Online TOC: We tested a technique which could become an inexpensive, local alternative for short-term
sex-ratio manipulation in endangered and male-biased populations of Amazon River turtles with temperaturedependent sex determination. Podocnemis sextuberculata nests covered with black plastic produced 37% more females,
had a midnest average temperature 18 C higher and an incubation period 3 days shorter than control nests.

