Headstarting Blanding’s turtles (Emydoidea blandingii) in Nova
Scotia: an investigation of artificial incubation, captive-rearing,
and release to natural habitats

by

Lilianne Marie Arsenault

Thesis submitted in partial fulfillment of the requirements for
the Degree of Master of Science (Biology)

Acadia University
Fall Convocation 2011

© by Lilianne Marie Arsenault, 2011

This thesis by Lilianne Marie Arsenault was defended successfully in an oral examination on
June 28, 2011.
The examining committee for the thesis was:

________________________
Dr. Doug Symons, Chair

________________________
Dr. Katherine Jones, External Reader

________________________
Dr. Brian Wilson, Internal Reader

________________________
Dr. Tom Herman, Co-Supervisor

________________________
Dr. Steve Mockford, Co-Supervisor

_________________________
Dr. Marlene Snyder, Department Head (Acting)

This thesis is accepted in its present form by the Division of Research and Graduate Studies as
satisfying the thesis requirements for the degree Master of Science (Biology)
………………………………………….

ii

I, Lilianne Marie Arsenault, grant permission to the University Librarian at Acadia University to
reproduce, loan or distribute copies of my thesis in microform, paper or electronic formats on a
non-profit basis. I, however, retain the copyright in my thesis.

______________________________
Author

______________________________
Co-Supervisor

______________________________
Co-Supervisor

______________________________
Date

iii

Table of Contents
LIST OF TABLES ..................................................................................................................... vi
LIST OF FIGURES.................................................................................................................. viii
ABSTRACT.............................................................................................................................. x
LIST OF ABBREVIATIONS........................................................................................................ xi
ACKNOWLEDGMENTS .......................................................................................................... xii
CHAPTER 1. INTRODUCTION ...................................................................................................1
THESIS RATIONALE ....................................................................................................................... 1
HEADSTARTING ............................................................................................................................ 1
SURVIVAL ..................................................................................................................................... 3
GROWTH ...................................................................................................................................... 4
MOVEMENT PATTERNS................................................................................................................ 6
ARTIFICIAL INCUBATION .............................................................................................................. 7
Hatching success ...................................................................................................................... 8
Incubation duration ................................................................................................................. 9
Temperature-dependent sex determination .......................................................................... 10
Hatchling morphology............................................................................................................ 11
Post-hatching growth ............................................................................................................ 12
BLANDING’S TURTLES ................................................................................................................ 12
THESIS ORGANIZATION .............................................................................................................. 14
CHAPTER 2. POST-RELEASE SURVIVAL, GROWTH, AND MOVEMENT PATTERNS OF
HEADSTARTED JUVENILE BLANDING’S TURTLES (EMYDOIDEA BLANDINGII) ........................... 15
INTRODUCTION .......................................................................................................................... 15
METHODS ................................................................................................................................... 17
Study area .............................................................................................................................. 17
Incubation and captive-rearing.............................................................................................. 18
Headstarted juvenile release ................................................................................................. 19
Data collection ....................................................................................................................... 19
Data analysis .......................................................................................................................... 20
RESULTS ..................................................................................................................................... 23
Survival ................................................................................................................................... 26
iv

Growth ................................................................................................................................... 28
Movement patterns ............................................................................................................... 35
DISCUSSION................................................................................................................................ 41
Age distribution ...................................................................................................................... 41
Survival ................................................................................................................................... 42
Growth ................................................................................................................................... 45
Movement patterns ............................................................................................................... 48
Conservation implications ...................................................................................................... 49
CHAPTER 3. EFFECTS OF INCUBATION TEMPERATURE ON HATCHING SUCCESS, HATCHLING
MORPHOLOGY, AND POST-HATCHING GROWTH IN BLANDING’S TURTLES (EMYDOIDEA
BLANDINGII) ........................................................................................................................ 51
INTRODUCTION .......................................................................................................................... 51
METHODS ................................................................................................................................... 52
Egg collection and incubation ................................................................................................ 52
Captive-rearing ...................................................................................................................... 53
Temperature logger testing ................................................................................................... 54
Data analysis .......................................................................................................................... 55
RESULTS ..................................................................................................................................... 55
Egg collection and incubation ................................................................................................ 55
Hatchling morphology............................................................................................................ 59
Post-hatching growth ............................................................................................................ 60
DISCUSSION................................................................................................................................ 71
Hatching success .................................................................................................................... 71
Incubation duration ............................................................................................................... 71
Hatchling morphology and post-hatching growth................................................................. 72
Conservation implications ...................................................................................................... 74
CHAPTER 4. CONCLUSIONS ................................................................................................... 75
POST-RELEASE SURVIVAL, GROWTH, AND MOVEMENT PATTERNS .......................................... 75
ARTIFICIAL INCUBATION: EFFECTS OF INCUBATION TEMPERATURE ........................................ 76
REFERENCES ........................................................................................................................ 79

v

List of Tables
Table 2.1. Headstarted juveniles released and wild juveniles captured (turtles tracked)
through visual and trapping surveys at Atkins Brook and Heber Meadow from
2008-2009...................................................................................................................... 26
Table 2.2. Survival, mortality, and unknown fate (percentage of sample size) of
headstarted (2-3 yr) and wild juvenile (1-19 yr) Blanding’s turtles tracked with
radio telemetry in 2008-2009........................................................................................ 27
Table 2.3. Annual survival estimates for headstarted (2-3 yr; HJ) and wild (0-4 yr; WJ)
juvenile Blanding’s turtles in Kejimkujik National Park. Survival estimates
calculated using the known-fate analysis in Program MARK. ....................................... 27
Table 2.4. Survival estimates for Blanding’s turtle hatchlings from emergence to late fall
in Kejimkujik National Park. Survival estimates calculated using the knownfate analysis in Program MARK. .................................................................................... 27
Table 2.5. Survival of artificially and naturally incubated headstarted juvenile Blanding’s
turtles released in Kejimkujik National Park. ................................................................ 28
Table 2.6. Sample sizes for headstarted and wild juvenile Blanding’s turtle carapace
length measurements in Kejimkujik National Park. ...................................................... 28
Table 2.7. Nonlinear mixed-effects models for growth (size-age) of wild and headstarted
juvenile Blanding’s turtles from 1977 to 2009 in Kejimkujik National Park.
Data fit to von Bertalanffy growth curve. Fixed effects include age, CLA, k, b. ............ 29
Table 2.8. Estimates of fixed and random effects for wild and headstarted juvenile
growth of Blanding’s turtles in Kejimkujik National Park from 1977 to 2009
using model of best fit (Site-Individual). ....................................................................... 29
Table 2.9. Linear mixed-effects models of young (0-4 yr) juvenile Blanding’s turtle
growth (size-age) in Kejimkujik National Park from 1994 to 2009. ............................... 31
Table 2.10. Estimates of fixed and random effects for growth of young juvenile (0-4 yr)
Blanding’s turtles in Kejimkujik National Park from 1977 to 2009 using model
of best fit (Age-Treatment-Age x Treatment-Site-Individual-Year). .............................. 31
Table 2.11. Linear mixed-effects models for relative instantaneous growth rates of
juvenile (0-23 yr) and young juvenile (0-4 yr) Blanding’s turtles in Kejimkujik
National Park from 1994 to 2009. ................................................................................. 33
Table 2.12. Estimates of fixed and random effects of relative instantaneous growth
rates for juvenile (0-23 yr) and young juvenile (0-4 yr) Blanding’s turtles in
Kejimkujik National Park from 1994 to 2009 using model of best fit (SizeIndividual). ..................................................................................................................... 34
Table 2.13. Linear mixed-effects models for displacement of juvenile (0-23 yr) and
young juvenile (0-4 yr) Blanding’s turtles in Kejimkujik National Park from
2008 to 2009.................................................................................................................. 36
Table 2.14. Estimates of fixed and random effects for displacement of juvenile (0-23 yr)
Blanding’s turtles in Kejimkujik National Park from 2008 to 2009 using model
of best fit (Age-Treatment-Age x Treatment-Individual). ............................................. 36
vi

Table 2.15. Estimates of fixed effects for displacement of young juvenile (0-4 yr)
Blanding’s turtles in Kejimkujik National Park using model of best fit (AgeTreatment-Age x Treatment)......................................................................................... 38
Table 2.16. Linear mixed-effects models for movement rate of juvenile (0-23 yr) and
young juvenile (0-4 yr) Blanding’s turtles in Kejimkujik National Park from
2008 to 2009.................................................................................................................. 39
Table 2.17. Estimates of fixed and random effects for movement rate of juvenile (0-23
yr) and young juvenile (0-4 yr) Blanding’s turtles in Kejimkujik National Park
using model of best fit (Age-Treatment-Individual-Month).......................................... 39
Table 3.1. Blanding’s turtle captive-rearing lighting and temperature yearly regime. ................. 54
Table 3.2. Toronto Zoo supplement recipe for captive-rearing of Blanding’s turtles
hatchlings. ..................................................................................................................... 54
Table 3.3. The effects of treatment, incubator, and position in incubator on mean
artificial incubation temperature of Blanding’s turtle eggs. Treatment refers
to targeted incubation temperature (27.5°C and 29.5°C). ............................................ 56
Table 3.4. Mean (SD) temperature overall, at center, and at edge of incubators.
Treatment refers to targeted incubation temperature (27.5°C and 29.5°C). ............... 56
Table 3.5. Linear regression showing the relationship between distance from the center
of incubators and temperature. .................................................................................... 56
Table 3.6. Incubation temperature treatments for Blanding’s turtle eggs. Incubation
temperatures were estimated from linear regression. ................................................. 57
Table 3.7. The effects of fluctuation of incubation temperature, clutch, and initial egg
mass on incubation duration and hatchling carapace length, carapace width,
and mass of Blanding’s turtles. Temperature fluctuations were 28.5 0.4°C
and 28.5 0.7°C (mean SD). ..................................................................................... 61
Table 3.8. The effects of mean incubation temperature, clutch, and initial egg mass on
incubation duration and hatchling carapace length, carapace width, and mass
of Blanding’s turtles at different fluctuating temperature regimes.............................. 61
Table 3.9. The effects of fluctuating incubation temperature, clutch, and hatching mass
on post-hatching growth in mass and carapace length (CL) of Blanding’s
turtles. Temperature fluctuations were 28.5 0.4°C and 28.5 0.7°C (mean
SD).............................................................................................................................. 62
Table 3.10. The effects of mean incubation temperature, clutch, and hatching mass on
post-hatching growth in mass and carapace length (CL) of Blanding’s turtles. ............ 63
Table 3.11. Mortalities of Blanding’s turtle hatchlings during captive-rearing. ............................ 70

vii

List of Figures
Figure 2.1. Release sites of headstarted Blanding’s turtles: Heber Meadow and Atkins
Brook, on Kejimkujik Lake in Kejimkujik National Park and National Historic
Site of Canada. ............................................................................................................... 18
Figure 2.2. Carapace length of 2-yr-old headstarted juvenile (n=16) at release and wild
juvenile (n=11) Blanding’s turtles in July in Kejimkujik National Park. Central
line marks the median with the outer limits of the box marking the lower and
upper quartiles. Whiskers represent data within 1.5 H-spreads of the
interquartile range, and circles represent outlier values between 1.5 and 3 Hspreads. ......................................................................................................................... 24
Figure 2.3. Mass of 2-yr-old headstarted juvenile (n=16) at release and wild juvenile
(n=11) Blanding’s turtles in July in Kejimkujik National Park. Central line
marks the median with the outer limits of the box marking the lower and
upper quartiles. Whiskers represent data within 1.5 H-spreads of the
interquartile range. ....................................................................................................... 25
Figure 2.4. Age distribution of tracked wild juvenile Blanding’s turtles at Atkins Brook
and Heber Meadow from 2008-2009. Turtles tracked for both field seasons
are presented in two age classes. ................................................................................. 26
Figure 2.5. Nonlinear mixed-effects models (Site-Individual model - best fit for WJ) of
wild and headstarted juvenile growth for Blanding’s turtles in Kejimkujik
National Park from 1977 to 2009 using von Bertalanffy function. ............................... 30
Figure 2.6. Linear mixed-effects model (Age-Treatment-Age x Treatment-Site-IndividualYear) of young (0-4 yr) wild and headstarted juvenile growth in Kejimkujik
National Park. Growth was modelled from 2001 to 2009 for wild juveniles
and from 1994 to 2009 for headstarted juveniles. ....................................................... 32
Figure 2.7. Linear mixed-effects model of relative instantaneous growth rates of juvenile
(0-23 yr) Blanding’s turtles in Kejimkujik National Park from 1994 to 2009
using model of best fit (Size-Individual) and Size-Treatment-Individual model. .......... 34
Figure 2.8. Linear mixed-effects model of relative instantaneous growth rates of young
juvenile (0-4 yr) Blanding’s turtles in Kejimkujik National Park from 1994 to
2009 using model of best fit (Size-Individual) and Size-Treatment-Individual
model. ............................................................................................................................ 35
Figure 2.9. Linear mixed-effects model of displacement of wild and headstarted juvenile
(0-23 yr) Blanding’s turtles in Kejimkujik National Park from 2008-2009 using
model of best fit (Age-Treatment-Age x Treatment-Individual). .................................. 37
Figure 2.10. Linear model of displacement of young (0-4 yr) wild and headstarted
juvenile Blanding’s turtles in Kejimkujik National Park from 2008-2009 using
model of best fit (Age-Treatment-Age x Treatment). ................................................... 38
Figure 2.11. Linear mixed-effects model of movement rate of wild and headstarted
juvenile (0-23 yr) Blanding’s turtles in Kejimkujik National Park from 20082009 using model of best fit (Age-Treatment-Individual-Month)................................. 40

viii

Figure 2.12. Linear mixed-effect model of movement rate of young (0-4 yr) wild and
headstarted juvenile Blanding’s turtles in Kejimkujik National Park from 20082009 using model of best fit (Age-Treatment-Individual-Month)................................. 41
Figure 3.1. Mean temperature logger recording ( 1 standard error) in constant
temperature growth chambers. .................................................................................... 57
Figure 3.2 Hatching success of Blanding’s turtle eggs at different incubation
temperatures. ................................................................................................................ 58
Figure 3.3 Incubation duration (mean standard error) of eggs from different
incubation temperature regimes in Blanding’s turtle. .................................................. 59
Figure 3.4. Hatchling mass of Blanding’s turtles from different incubation temperature
regimes. An ANCOVA with egg mass as the covariate was used to test
temperature mean and fluctuation effects. Values presented are adjusted
mean 1 standard error............................................................................................... 64
Figure 3.5. Hatchling carapace length of Blanding’s turtles from different incubation
temperature regimes. An ANCOVA with egg mass as the covariate was used
to test temperature mean and fluctuation effects. Values presented are
adjusted mean 1 standard error................................................................................ 65
Figure 3.6. Hatchling carapace width of Blanding’s turtles from different incubation
temperature regimes. An ANCOVA with egg mass as the covariate was used
to test temperature mean and fluctuation effects. Values presented are
adjusted mean 1 standard error................................................................................ 66
Figure 3.7. Post-hatching growth in carapace length of Blanding’s turtles from low
fluctuation incubation temperature regimes. An ANCOVA with egg mass as
the covariate was used to test temperature mean and fluctuation effects.
Values presented are adjusted mean 1 standard error. ........................................... 67
Figure 3.8. Post-hatching growth in carapace length of Blanding’s turtles from high
fluctuation incubation temperature regimes. An ANCOVA with egg mass as
the covariate was used to test temperature mean and fluctuation effects.
Values presented are adjusted mean 1 standard error. ........................................... 68
Figure 3.9. Post-hatching growth in mass of Blanding’s turtles from low fluctuation
incubation temperature regimes. An ANCOVA with egg mass as the covariate
was used to test temperature mean and fluctuation effects. Values presented
are adjusted mean 1 standard error. ........................................................................ 69
Figure 3.10. Post-hatching growth in mass of Blanding’s turtles from high fluctuation
incubation temperature regimes. An ANCOVA with egg mass as the covariate
was used to test temperature mean and fluctuation effects. Values presented
are adjusted mean 1 standard error. ........................................................................ 70

ix

Abstract
The artificial incubation of eggs and headstarting, the captive rearing of hatchlings
collected from the wild and their subsequent release to natural habitats, have been used to
address the decline of turtle populations. Although, these conservation practices are
manipulative and remain controversial, little is known of their effectiveness. This thesis
provides an evaluation of the headstarting program for Blanding’s turtles in Nova Scotia by 1)
comparing the post-release survival, growth, and movement patterns of headstarted and wild
juveniles, and 2) examining the effects of incubation temperature on hatching success, hatchling
morphology, and post-hatching growth and their implications for the headstarting program.
Headstarted and wild juveniles had similar survival, growth, and movement patterns following
release. These findings suggest that headstarted juveniles were able to adapt to release
environments and display behaviours similar to those of wild juveniles. However, the postrelease analysis presented here is not sufficient to determine the success of the headstarting
program for Blanding’s turtles in Nova Scotia. The ultimate goal of headstarting is to increase
juvenile recruitment; however, this can only be assessed once headstarted juveniles reach
sexual maturity (17-24 yr for Blanding’s turtles in Nova Scotia). All temperature treatments
examined here (27.0, 28.0, and 28.5

0.4°C; 28.5, 29.0, 29.5, and 30.0

0.7°C) yielded high

hatching success and high post-hatching survival. Therefore, these incubation environments
appear suitable for headstarting Blanding’s turtles in Nova Scotia. Fluctuating temperature and
near-constant mean temperature influenced hatchling size; however, these effects disappeared
by 19 months of age in captivity. Therefore, mean and fluctuating incubation temperature do
not appear to affect size at release. Future research should examine the effects of mean and
fluctuating temperature on other fitness-related traits.
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CHAPTER 1. Introduction
Thesis rationale
Turtles are at risk globally with 170 of 307 species listed at some level of risk (IUCN
2010) including Blanding’s turtles (Emydoidea blandingii) in Nova Scotia. Various conservation
strategies, such as the artificial incubation of eggs in conjunction with headstarting have been
developed to address the decline of turtle populations. Headstarting refers to the captiverearing of hatchlings collected from the wild and their subsequent release to natural habitats.
The objective of these conservation strategies is to reduce high mortality rates associated with
early life stages and increase juvenile recruitment to the breeding population. Despite its
increasing popularity as a conservation approach, little is known of the effectiveness of
headstarting programs. Few studies have examined the post-release survival, growth, or
movement of headstarted turtles or compared them to those of wild juveniles. The effects of
artificial incubation on hatching success, hatchling morphology, and post-hatching growth have
not been examined for Blanding’s turtles in Nova Scotia. The objective of this study is to begin
to fill these knowledge gaps.
Headstarting
The use of headstarting has become increasingly popular in the conservation of turtles.
Captive-rearing increases survival and growth of hatchlings by removing the pressures of
predation and resource limitation. However, headstarting remains a controversial technique
because of its degree of invasiveness and its potential negative effects on wild populations
(Siegel and Dodd 2000). The captive-rearing of turtles may influence habitat use, feeding
behaviour, and human or predator avoidance of headstarted turtles (Frazer 1992). In some
headstarting programs, normally hibernating turtles are allowed to grow uninterrupted through
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the winter. The effect headstarting may have on overwintering behaviours once turtles are
released to their natural habitats is not understood (Frazer 1992).
Captive-reared turtles may be inadvertently exposed to pathogens they would not
encounter in natural habitats. Unless precautionary measures are taken, there exists a risk of
introducing pathogens to wild populations (Seigel and Dodd 2000). The introduction of captivereared gopher tortoises (Gopherus polyphemus) and desert tortoises (Gopherus agassizii) may
be responsible for the transmission of an upper respiratory tract disease to wild populations
(Jacobson 1993), with devastating impacts on some populations (Berry 1997).
Although headstarting can increase survivorship of juveniles and recruitment to wild
populations it does not address the cause of decline in mature adults. Since turtles are longlived species with delayed sexual maturity, small increases in adult mortality can lead to a
significant decline in a population. Although high juvenile survivorship is required for
populations to persist in species with delayed sexual maturity and low fecundity, headstarting
can only contribute to restocking populations if management strategies to address the decline in
adults are in place (Congdon et al. 1993; Heppell et al. 1996; Mitrus 2008; Enneson and Litzgus
2008). Therefore, headstarting programs may be most beneficial when practiced in conjunction
with species and habitat protection (Congdon et al. 1993). Headstarting programs should be
considered experimental, until long-term monitoring studies are completed to determine
impacts of headstarting on juvenile recruitment (Dodd and Siegel 1991; Mitrus 2005).
The overall success of headstarting programs is measured by the increase in recruitment
of juveniles to the breeding population. However, for turtle species with delayed sexual
maturity, such as Blanding’s turtles, this evaluation may not be possible for up to 25 years
following release. In Nova Scotia, Blanding’s turtles are thought to mature at between 17-24 yr
(McMaster and Herman 2000; Herman et al. 2003). Intermediate success of headstarting
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programs can be evaluated by comparing the survival, growth, or movement of headstarted and
wild juveniles following release.
Survival
Turtles have type III survivorship curves (Iverson 1991), in which survival is low in early
life stages and high as adults (Wilbur and Morin 1988). Although overall egg survival is low,
between-year variability can be high. However, adult survival often exceeds 90% (Congdon et
al. 1993). Turtles are long-lived, have a long reproductive life span, and have delayed sexual
maturity resulting in a long juvenile stage (Wilbur and Morin 1988, Congdon et al. 1993). Based
on these traits and survival of adults and hatchlings, age structure of a stable population would
be expected to be dominated by juveniles (Congdon et al. 1994). Juvenile and adult survival are
thought to have a greater effect on population stability than egg and hatchling survival
(Congdon et al. 1993; Heppell et al. 1996; Enneson and Litzgus 2008). However, despite their
importance to population dynamics, little is known on the survival of juvenile turtles beyond
hatchling stages. This limited information may reflect in part their small size, differences in
habitat use, or their low vulnerability to conventional capture methods (Bury 1979). In the
absence of capture data, juvenile survival has been estimated as minimum survival required to
maintain existing population size. This has been achieved by using known adult survival,
reproductive output, and age at maturity (Congdon et al. 1993; Pike et al. 2008). Assuming
stable population size, average annual survival was estimated at 65% for juveniles (72% for
Blanding’s turtles in Michigan; Congdon et al. 1993) and 88% for adults (Pike et al. 2008). These
estimates may appear high because juveniles are rarely found in turtle studies (Pike et al. 2008).
Survival of juveniles will depend on factors such as body size, foraging behaviour,
predator avoidance, competition, resource availability, and weather. Such factors may have a
greater influence on the survival of hatchlings and young juveniles. Body size of hatchlings can
3

have important effects on survival. Larger hatchlings may be able to avoid predation (Wilbur
and Morin 1988; Iverson 1991) and overwinter (Bodie and Semlitsch 2000a) more successfully
than smaller hatchlings.
Growth
Turtle growth is characterised by relatively rapid juvenile growth from hatching to sexual
maturity followed by little or no growth during adulthood (Wilbur 1975; Bury 1979; Wilbur and
Morin 1988). These patterns of growth are often coupled with shifts in diet as turtles reach
sexual maturity (Hailey and Coulsen 1999). Most hatchlings are carnivorous; however, many
species shift to an omnivorous or herbivorous diet as adults (Wilbur and Morin 1988, but see
Rowe 1992). Turtles are well-suited for growth studies because their hard shell does not change
in size with short-term fluctuations in weight (Wilbur 1975; Wilbur and Morin 1988). In
addition, growth rings (annuli) formed on carapacial and plastral scutes can serve as a record of
growth in juveniles (Wilbur 1975; Congdon and van Loben Sels 1991). With the assumption that
a single ring is formed at the conclusion of each year’s growing season, these annuli have been
used to determine turtle age (Congdon and van Loben Sels 1991; Germano and Bury 1998).
However, the pattern of growth ring deposition with age may not be consistent over time
(Galbraith and Brooks 1987; Spencer 2002; Wilson et al. 2003).
In temperate regions, growth can vary seasonally, with little or no growth during
hibernation or estivation. A sigmoid growth pattern has been observed in juvenile turtles with
slowed growth early and late in the active season (Lindeman 1997). Habitat suitability and
resource availability can also influence growth by affecting foraging and thermoregulation
(Gibbons 1970; Brown et al. 1994). As poikilotherms, the body temperature of turtles varies
with ambient temperature. Because of the thermoregulatory needs of turtles, environmental
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temperature plays an important role in turtle growth (Frazer et al. 1993; Rhen and Lang 1999;
Koper and Brooks 2000).
Factors affecting embryonic development, such as incubation temperature and
humidity, can have long-lasting effects on post-embryonic growth (Steyermark and Spotila
2001). Maternal investment can also influence growth through egg quality and incubation
environment (Steyermark and Spotila 2001). Further investigation is needed to better
understand effects of these processes on juvenile growth.
In many turtle species, key demographic parameters such as fecundity and survival vary
with body size and/or age. Therefore, models describing the relationship between body size
and age are useful in understanding population demographics. The von Bertalanffy, logistic,
Gompertz, and Richards (Richards 1959) growth models are asymptotic models that describe
size as a function of age, and have been applied to several turtle species. Growth models have
been used to estimate age and size at maturity (Frazer et al. 1993; Litzgus and Brooks 1998), to
estimate asymptotic size (Frazer et al. 1993; Litzgus and Brooks 1998), to compare growth
between sexes, populations, or species (Kennett 1996; Litzgus and Brooks 1998; Spencer 2002;
Germano et al. 2000), and to compare growth of populations over time (Frazer et al. 1993;
Germano et al. 2000). Growth models require data from all age classes to calculate the best
estimate of growth. In turtles, growth curve shape is primarily determined by juvenile growth
(Spencer 2002) because growth may be indeterminate in adulthood (Bury 1979).
The von Bertalanffy growth model, characterised by decreasing growth with increasing
body size or age, has been used in several studies of freshwater turtles (Frazer et al. 1991;
Kennett 1996; Lindemann 1997; Litzgus and Brooks 1998; Spencer 2002). The general form of
the von Bertalanffy equation is:
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where CL is midline carapace length, CLA is asymptotic carapace length, b is a parameter
related to hatchling length, e is the base of natural logarithms, k is an intrinsic growth factor,
and t is age in years. The von Bertalanffy model may provide a better fit for freshwater turtle
growth data than do the sigmoid logistic or Gompertz models (Dunham and Gibbons 1990;
Kennett 1996; Litzgus and Brooks 1998). The Richards growth model is a parent model to the
von Bertalanffy, logistic, and Gompertz models and has a variable point of inflection defined by
a curve shape parameter. The Richards model is defined by:

where CL is midline carapace length, CLA is asymptotic carapace length, e is the base of
natural logarithms, I is the point of curve inflection, k is an intrinsic growth factor, m is a shape
parameter, and t is age in years. The model is reduced to the von Bertalanffy model when m =
0, the logistic model when m = 2, and the Gompertz model when m approaches 1 (Richards
1959). The Richards growth model improves data fit for some turtle species; however, no
significant improvement was found for most freshwater turtle species (Lindeman 1997;
Lindeman 1999).
Movement patterns
Animal movement within a landscape is often associated with the spatial and temporal
patterns of resource availability (Gibbons et al. 1990). For turtles, these resources may include
suitable habitat for foraging, thermoregulation, predator avoidance, or overwintering (Gibbons
et al. 1990). Movements of adult turtles can also be affected by the need to locate mates and
nesting habitat (Piepgras and Lang 2000).
Seasonal patterns in movement have been quantified for several turtle species (Bodie
and Semlitsch 2000b) including Blanding’s turtles (Rowe and Moll 1991; Piepgras and Lang
2000). Females may make long-distance movements, often overland, associated with nesting
6

(Rowe and Moll 1991; Bodie and Semlitsch 2000b). Fidelity to nesting sites (Standing et al.
1999) and nesting routes (Kydd 2010) has also been observed. Long-distance movements have
been related to overwintering of turtles (McMaster and Herman 2000; Galois et al. 2002).
Movements associated with seasonally available resources have also been observed in turtles.
Freshwater turtles may migrate between permanent water bodies and seasonally flooded
wetlands (Parker 1984; Roe et al. 2009) to take advantage of these highly productive habitats
(Bodie and Semlitsch 2000b). Long-range movements in male turtles may increase encounter
rates and potentially mating events (Tuberville et al. 1996). Social interactions such as
competition may also influence movement patterns in turtles (Brown et al. 1994). Movement
may be negatively correlated with population density (Stickel 1989). Movement patterns of
turtles are important to social interactions, genetic structure, and persistence of populations
(Carter et al. 2000).
Artificial incubation
Thermal and hydric incubation conditions are particularly important for embryonic
development of reptiles. At oviposition, turtle eggs contain sufficient water to meet
development needs; however, water may be absorbed or lost depending on eggshell
morphology and hydric environment (Packard 1999). Turtles have flexible-shelled eggs, with a
slightly calcified outer layer or rigid-shelled eggs, with a heavily calcified outer layer. The degree
of calcification varies with species and is negatively correlated with the gas conductance of the
eggshell (Deeming and Thompson 1991). Flexible-shelled eggs readily exchange water with the
incubation environment. For flexible-shelled eggs, wetter conditions (-50 to -150 kPa) result in
greater hatching success and higher quality hatchlings (size, locomotor performance, and posthatching growth; Packard 1999). Blanding’s turtles have flexible shelled-eggs (Ewert 1979).
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Variation in the sensitivity of embryos to environmental conditions may be an adaptive
response that reflects characteristics of natural nests (Flatt et al. 2001). Effects of
environmental variation may be more pronounced in species with flexible-shelled eggs or those
that lay eggs in shallow nests, as these eggs experience greater variance in environmental
conditions (Packard 1999).
Hatching success
Reptiles have been shown to hatch from constant incubation temperatures ranging from
17 to 40°C; however, a species range typically spans between 5 and 10°C (Birchard 2004). This
range of constant incubation temperature has been termed the optimal development range
(ODR), which is delineated by a low thermal limit (LTL) and a high thermal limit (HTL) (Les et al.
2009). The relationship between hatching success and constant incubation temperature is
normally bell-shaped, with hatching success reduced at extreme low and high temperatures
(Choo and Chou 1987; Plummer et al. 1994; Du and Ji 2003). An increase in developmental
abnormalities has been observed at extreme temperatures (Hewavisenthi and Parmenter 2001)
and under low moisture conditions (Lynn and Ullrich 1950). Hatching of Blanding’s turtles in
Nebraska, Indiana, and Michigan has been observed at constant incubation temperatures of 25
to 31 °C, with no hatching at 22°C (Gutzke and Packard 1987; Ewert and Nelson 1991). For
species with a large geographic range, differences in the ODR may exist (Birchard 2004), with
populations in northern climates hatching at cooler temperatures than populations in southern
climates (Ewert 1985).
In natural nests incubation temperature does not remain constant but fluctuates daily
and seasonally. Eggs are temporarily exposed to temperatures outside hatchability range at
constant temperatures (Packard and Packard 1988). It appears that embryos can tolerate lower
incubation temperatures for a longer period of time than higher temperatures (Plummer et al.
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1994). Exposure of eggs to extreme warm temperatures increases mortality at early stages in
development (Plummer et al. 1994); whereas, exposure of eggs to extreme cool temperatures
may reduce the rate of development. Development may cease below a critical temperature,
also termed the lower threshold temperature for embryogenesis (Ewert 1991). Although this
temperature has not been determined for most species, it does appear to be high (14.6-19°C),
even in northern climates (Birchard 2004).
Incubation temperature fluctuations may affect hatching success; however, this
relationship remains poorly understood. Temperature fluctuation may have no effect on
hatching success for temperature regimes within the optimal development range or oscillating
around the HTL (Doody 1999; Ashmore and Janzen 2003; Mullins and Janzen 2006; Les et al.
2009). However, temperature fluctuation may increase hatching success at the LTL (Les et al.
2009).
Incubation duration
Incubation duration refers to the time from egg laying to pipping. This is not necessarily
equivalent to development time as incubation time may include temperatures below the lower
threshold temperature for embryogenesis. For example, some species spend the winter in nests
before hatching, and are therefore exposed to temperatures at which development ceases.
Temperature influences development time and incubation duration. Physiological and
biochemical rates typically increase with increasing temperatures. Therefore, development time
is inversely related to incubation temperature. Contradictory results have been presented on
the effect of temperature fluctuation on incubation duration. Temperature fluctuation may
increase (Ashmore and Janzen 2003; Du et al. 2009), decrease (Shine and Harlow 1996), or have
no effect (Georges et al. 1994; Andrews et al. 2000; Webb et al. 2001) on incubation duration.
Temperature fluctuation may have differing effects on incubation duration at different mean
9

temperatures (Les et al. 2009). These conflicting results may be influenced by a nonlinear
relationship between temperature and embryonic development with extreme temperatures
decreasing the rate of embryonic development (Georges et al. 2005). As thermal variance
increases, the likelihood of incubation occurring below the lower threshold temperature for
embryogenesis increases. Egg mass may affect incubation duration, with larger eggs having
longer development time (Birchard 2004).
Temperature-dependent sex determination
Turtles either have genotypic sex determination (GSD), with sex determined at
conception by sex chromosomes or temperature-dependent sex determination (TSD), with sex
determined by environmental incubation temperature (Birchard 2004). Three patterns of TSD
have been described from constant incubation temperatures: 1) TSDIa, with males produced at
low temperatures and females at high temperatures, 2) TSDIb, with females produced at low
temperatures and males at high temperatures, and 3) TSDII, with females produced at low and
high temperatures and males at intermediate temperatures. The pivotal temperature refers to
the constant incubation temperature that yields a 1:1 ratio of males to females. Species with
TSDIa and TSDIb systems have one pivotal temperature, whereas species with TSDII have two
pivotal temperatures. The range of temperatures that produces mixed sex ratios is termed the
transitional range (TR). Blanding’s turtles display TSDIa, with the production of females
reported at temperatures of 30.0 (Indiana, Michigan) and 31.0°C (Nebraska) and males at 25.0
(Indiana, Michigan) and 26.5°C (Nebraska) (Gutzke and Packard 1987; Ewert and Nelson 1991).
However, pivotal temperature may vary geographically (Ewert et al. 2005).

10

Hatchling morphology
Temperature and moisture during incubation affect metabolism of embryos and water
relations of eggs. Water absorption by eggs increases with environmental moisture; however,
at high temperatures water uptake decreases. As egg temperature increases with
environmental temperature, water evaporates from eggs. This water loss is accelerated in late
development as embryo size and metabolism increase rapidly. Embryos in wet and cool
environments will convert more yolk to tissue and grow to a larger size than embryos in dry and
warm environments (Packard et al. 1987; Packard 1999). However, extreme low incubation
temperatures produce smaller hatchlings than moderate temperatures (Gutzke et al. 1987; Du
et al. 2007). This may be due to the increased energy demands of completing development at
extreme temperatures (Du and Ji 2001).
The effect of fluctuating incubation temperature on hatchling morphology remains
poorly understood and may vary with different mean temperatures. Temperature fluctuation
may have a positive (Les et al. 2009), negative (Du et al. 2009), or no effect on hatchling size
(Doddy 1999; Ashmore and Janzen 2003). Temperature fluctuation may increase hatchling size
at low temperatures and decrease hatchling size at high temperatures (Mullins and Janzen
2006). This may be due to the disproportionate impact of high temperatures on metabolic
processes compared to low temperatures (Mullins and Janzen 2006).
Maternal effects on hatchling morphology include investment in eggs, which may be
related to environmental conditions and resource availability for females (Bernardo 1996).
Hatchling size is positively correlated with egg mass in turtles (Congdon et al. 1983). Hatchling
size may also be negatively related to clutch size relative to female body size (Rowe 1994).
Larger hatchlings may be less vulnerable to predation than smaller hatchlings (Janzen et al.
2000); therefore, larger size at hatching may increase fitness. Larger hatchlings with small yolk
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reserves may be advantageous in environments where food is not limited; whereas, smaller
hatchlings with large yolk reserves may be advantageous in environments where food is limited
(Booth et al. 2004).
Post-hatching growth
Incubation temperature may have long-lasting effects on post-hatching growth, with
temperature-induced variation observed from 6 to 12 months following hatching (Rhen and
Lang 1995; Janzen and Morjan 2002; Ji et al. 2003; Booth et al. 2004). Moderate constant
incubation temperatures produce turtles with faster growth rates than do extreme constant
temperatures (Spotila et al. 1994). However, incubation temperature and sex effects may be
confounded in species with TSD. Rhen and Lang (1995) experimentally disassociated these
confounding effects and found moderate temperatures produced faster growing turtles.
Because larger hatchlings may be less vulnerable to predation than smaller hatchlings (Janzen et
al. 2000), faster post-hatching growth rates may increase fitness (Booth et al. 2004). Incubation
temperature may affect other fitness-related characteristics of hatchlings such as swimming
performance (Booth et al. 2004; Burgess et al. 2006). Little is known of the effect of incubation
temperature fluctuation on post-hatching growth. In the Chinese three-keeled pond turtle
(Chinemys reevesii), any temperature-induced variation in hatchling size disappeared at three
months of age (Du et al. 2009). Temperature fluctuation may increase other fitness-related
traits such as immune response (Les et al. 2009) and swimming speed (Ashmore and Janzen
2003).
Blanding’s turtles
The Blanding’s turtle (Emydoidea blandingii) is a semi-aquatic freshwater species
occurring predominantly in the Great Lakes region and northeast United States with small
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isolated populations in New York, Massachusetts, New Hampshire, Maine and Nova Scotia
(Herman et al. 1995). Globally, Blanding’s turtles are listed as Lower Risk/Near Threatened by
the International Union for Conservation of Nature (IUCN; IUCN 2010). The Committee on the
Status of Endangered Wildlife in Canada (COSEWIC) lists the Great Lakes / St. Lawrence
population as Threatened and the Nova Scotia population as Endangered (COSEWIC 2005). The
Blanding’s turtle is also listed as Endangered under the Nova Scotia Endangered Species Act (NS
ESA). The Nova Scotia population is the most geographically isolated from the species main
range. There are three genetically distinguishable sub-populations found in Nova Scotia: the
Kejimkujik National Park and National Historic Site of Canada (KNPNHS), McGowan, and Pleasant
River sub-populations (Mockford et al. 2005). There are approximately 350 adult turtles in the
Nova Scotia population, with 63-132 turtles in the Kejimkujik National Park population (Parks
Canada in progress). Although federal protection for this species and its habitat exists through
the Species at Risk Act (SARA), low recruitment of juveniles to the breeding population has been
observed (Herman et al. 1995). A population viability analysis for the Kejimkujik National Park
sub-population has predicted a decline in breeding adults over the next 100 years (Herman et al.
2004). Blanding’s turtles are found in habitats such as lakes, ponds, marshes, creeks, and bogs
and are associated with shallow waters with emergent and submergent vegetation (Ernst et al.
1994). In Nova Scotia, the distribution of Blanding’s turtles has been associated with darkly
coloured acidic waters and peaty soils (Power et al. 1994).
Blanding’s turtles have been studied in Kejimkujik National Park since 1969. Several
conservation initiatives have been used in an attempt to protect this population including
species and habitat protection, nest protection and monitoring, artificial incubation, and
headstarting. Previous headstarting efforts have released 69 captive-reared turtles between
1993 and 2007 (Morrison 1996; Penny 2004; Lawton unpublished). Of these, 23 are known to
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have survived their first summer following release. However, little is known of how the survival,
growth, or movement patterns of these released turtles compares to those of wild juveniles.
Thesis organization
This thesis provides an evaluation of the headstarting program for Blanding’s turtles in
Nova Scotia. Chapter 2 examines the post-release survival, growth, and movement patterns of
headstarted juveniles. A comparison to wild juveniles is provided to assess the degree to which
headstarted juveniles can adapt to their new environment following release. Chapter 3
examines the effects of incubation temperature on hatching success, hatchling morphology, and
post-hatching growth and their implications for the headstarting program. Chapter 4 provides a
summary of findings and their significance to headstarting programs. This thesis contributes to
a better understanding of the effectiveness of headstarting programs for the conservation of
turtle species.
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CHAPTER 2. Post-release survival, growth, and movement patterns of headstarted
juvenile Blanding’s turtles (Emydoidea blandingii)
INTRODUCTION
Reptiles are at risk globally (Gibbons et al. 2000), with at least half of turtle species
considered threatened or endangered (IUCN 2010). Headstarting, the captive-rearing of
hatchlings and their subsequent release to natural habitats, has become an important strategy
in the conservation of turtle species. The objective of this conservation strategy is to reduce
high mortality rates associated with early life stages and increase juvenile recruitment to the
breeding population. Although, headstarting is a manipulative and controversial conservation
practice (Frazer 1992; Heppell et al. 1996; Siegel and Dodd 2000), little is known of its
effectiveness.
The recruitment of headstarted turtles to the breeding population will serve as the
primary measure of success of headstarting programs. For turtles with delayed sexual maturity,
this evaluation may not be possible until up to 25 years following release. Because of these
limitations, few studies have examined the long-term success of headstarting programs.
Nesting of released headstarted turtles has been reported in green turtles (Chelonia mydas; Bell
et al. 2005) and western pond turtles (Actinemys marmorata; Vander Haegen et al. 2009).
Successful clutches have been confirmed in Kemp’s ridley turtles (Lepidochelys kempii; Fontaine
and Shaver 2005). Intermediate success of headstarting programs may be evaluated by
comparing headstarted and wild juveniles following release. Although survival and growth of
turtles in captivity have been well documented, few studies have compared the post-release
survival, growth, or movement of headstarted and wild juveniles. Little is known of the survival,
growth, and movement of wild juveniles. This may be due to their small size, differences in
habitat use, or low vulnerability to conventional capture methods (Bury 1979).
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Survival of headstarted freshwater turtles may be high (86-97%) following release
(Vander Haegen et al. 2009); however, survival may be more related to size at release than age,
with a minimum size at release required to escape predation (Haskell et al. 1996; Vander
Haegen et al. 2009). Few studies have compared survival of headstarted and wild juveniles.
Mitrus (2005) found no difference in survival of one-year-old headstarted and wild juvenile
European pond turtles (Emys orbicularis). Similarly, Spinks et al. (2003) found no difference in
recapture rates of headstarted and wild juvenile western pond turtles.
Post-release growth rates of headstarted juvenile sea turtles appear to be comparable
to those of wild juveniles of similar size (Bell et al. 2005; Okuyama et al. 2010). Shaver (1991)
also found similarities in diets of released Kemp’s ridley (Lepidochelys kempi) headstarted and
wild juveniles. Studies of other reptiles including Cuban iguanas (Cyclura nubila nubile; Alberts
et al. 2004) and plains gartersnakes (Thamnophis radix; King and Stanford 2006) have found
similar growth for headstarted and wild juveniles of similar age and size respectively.
Headstarted juveniles may have slower growth following release, because resources are more
limited in natural habitats (Bell et al. 2005).
Most studies of headstarted turtle movement are based on sea turtle releases.
Headstarted sea turtles appear to move differently than wild juveniles of the same size (Pelletier
et al. 2003; Okuyama et al. 2010). Non-uniform movement patterns have been observed for
headstarted juveniles following release; whereas, wild juveniles may perform more directional
movements or homing migrations (Okuyama et al. 2010). Brewster and Brewster (1991) provide
the only known account of post-release movement for freshwater turtles. This study examined
movement of headstarted wood turtles (Glyptemys inscultpa); however, a comparison to wild
juveniles was not done. Movement rates of headstarted juveniles during the growing season
peaked between 5 and 8 days following release and declined thereafter. Furthermore,
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headstarted turtles released early in the growing season had higher movement rates following
release than turtles released later in the growing season (Brewster and Brewster 1991). At
release, turtles may have high movement rates as they adapt to their new environment. An
increase in movement has also been observed for relocated turtles (Hester et al. 2008).
A small disjunct population of Blanding’s turtles (Emydoidea blandingii) occurs in Nova
Scotia. This population has been listed as Endangered under the Species at Risk Act (SARA) and
the Nova Scotia Endangered Species Act (NS ESA). Although a portion of this population is
protected within Kejimkujik National Park, low juvenile recruitment has been observed (Herman
et al. 1995). An experimental headstarting program was undertaken to increase juvenile
recruitment in this population (Morrison 1996; Penny 2004); however, the success of this
program has not been rigorously evaluated by comparing headstarted and wild juveniles. The
objective of this study was to evaluate the effectiveness of headstarting as a conservation tool
for Blanding’s turtles in Nova Scotia. This was done by assessing survival, growth, and
movement patterns of headstarted and wild juveniles following release.
METHODS
Study area
The study was conducted within Kejimkujik National Park and National Historic Site of
Canada (KNPNHS) in southwest Nova Scotia. This small (381 km2) park’s habitat includes lakes,
brooks, and wetlands with submergent and emergent vegetation (Herman et al. 1995).
Distribution of Blanding’s turtle within the park has been associated with darkly coloured acidic
water systems and peaty soils (Power et al. 1994).
Headstarted turtles were released at two sites on Kejimkujik Lake: Heber Meadow and
Atkins Brook (Figure 2.1). Both sites are important activity centers (nesting, feeding, and
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mating) for Blanding’s turtles (Herman et al. 1995). The habitat consists of Sphagnum sp.-rich
coves, meadows, and brooks.

Figure 2.1. Release sites of headstarted Blanding’s turtles: Heber Meadow and Atkins Brook, on
Kejimkujik Lake in Kejimkujik National Park and National Historic Site of Canada.
Incubation and captive-rearing
In 2006, 58 eggs were collected from nests for artificial incubation. Eggs were incubated
at a constant temperature of 28.5°C at the Oaklawn Farm Zoo, with a hatching success of 49%
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(Lawton, unpublished). An additional twelve hatchlings were collected from nests at emergence
in the fall. Hatchlings from artificial incubation and natural nests were reared in captivity for
two years. See chapter 3 for incubation and captive-rearing protocols.
Headstarted juvenile release
Captive-reared turtles were released in July and August 2008. Release locations at both
study sites were selected based on suitable juvenile habitat in the vicinity of natal nesting
beaches. Suitable juvenile habitat was selected based on habitat characteristics of previous
sightings of wild juveniles. Headstarted juveniles were released within the same study site from
which they or their eggs were collected. Prior to release, headstarted turtles were measured
and marked with individual notch codes for subsequent identification. The codes consist of
triangular notches filed in specific marginal scutes of the carapace. Turtles were fitted with
refurbished radio transmitters weighing 1.8 g (Model BD-2, Holohil Systems) or 3.8 g (Model PD2, Holohil Systems). Transmitters were attached at the rear of the carapace using quick-drying
epoxy. Transmitters and epoxy accounted for less than 5% of turtle body mass to avoid
inhibiting movement. All handling and research procedures followed guidelines of the Canadian
Council on Animal Care (CCAC) and standard protocols for the Nova Scotia Blanding’s turtles
(Blanding’s Turtle Recovery Team 2007) and were approved by the Acadia University Animal
Care Committee.
Data collection
Visual surveys and trapping sessions were conducted for wild juveniles. Trapping was
conducted with baited hoop traps. Trapping was not conducted at the Heber Meadow site for
the first year of this study to avoid interfering with a project tracking Blanding’s turtles fitted
with Global Positioning System (GPS) units in this area (Kydd 2010). Age of wild juveniles was
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either known from carapacial notches made at emergence of hatchlings or was determined in
the field using counts of plastral scute annuli (Germano and Bury 1998). Although some
contention exists regarding the accuracy of this technique in determining age, several studies
have found it to be a reliable method in determining age of juveniles (Germano and Bury 1998)
including Blanding’s turtles (Congdon and van Loben Sels 1991, Germano et al. 2000). Wild
juveniles were fitted with radio transmitters following the same procedure as described for
headstarted juveniles. Wild juveniles weighing 7.0-42.0 g were fitted with radio transmitters
weighing 0.4-0.6 g (Model BD-2N, Holohil Systems). Headstarted and wild juveniles were
tracked with radio telemetry using a 150 MHz radio receiver (Wildlife Materials) and a three
element folding Yagi antenna. Radio tracking was conducted from July to November 2008 and
from May to November 2009. Upon release or capture, turtles were tracked 2-4 times per
week. During the fall, turtles were tracked once a week as activity declines with colder
temperature (Ultsch 2006). Location of turtles was recorded with a GPS unit. Midline carapace
length (CL) and mass of turtles were recorded monthly. Deformities and scars were also noted.
Handling of turtles was kept to a minimum to reduce human disturbance. Additional point
location and morphology data for juvenile Blanding’s turtles at Heber Meadow and Atkins Brook
from 1977 to 2007 were included in this study’s analysis. These data were collected as part of
Blanding’s turtle monitoring work in Kejimkujik National Park.
Data analysis
Survival
Survival estimates with 95% confidence intervals were derived from the known-fate
analysis in Program MARK (White and Burnham 1999; Vander Haegen et al. 2009). Yearly
survival estimates were calculated for headstarted (2-3 yr) and wild (0-4 yr) juveniles using
telemetry data. Survival estimates for 2008 include the winter, but survival estimates for 2009
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do not. Survival estimates were calculated from telemetry data for hatchlings in this population
(Camaclang 2007; Camaclang unpublished; Blanding’s Turtle Recovery Team unpublished) from
emergence to late fall.
Growth
Size-age relationship
To estimate the size-age relationship of headstarted and wild juveniles (0-23 yr),
nonlinear mixed-effects models were fit with the von Bertalanffy function. The general form of
the von Bertalanffy equation is:

where CL is midline carapace length, CLA is asymptotic carapace length, b is a parameter
related to hatchling length, e is the base of natural logarithms, k is an intrinsic growth factor,
and t is age in years. Fixed effects included the population growth parameters CLA, k, and b with
age as a covariate and random effects included site, individual, and year. Age was expressed as
a continuous variable by adding the proportion of active season elapsed to the number of
plastral growth rings (Lindeman 1997). Growth curves included data from 1977 to 2009. To
estimate the size-age relationship of young headstarted and wild juveniles (0-4 yr), linear mixedeffect models were fit following the same procedures as above.
Instantaneous growth rate
Midline carapace length of turtles captured and recaptured between 1994 and 2009
were used to calculate relative instantaneous growth rates (RGR). This was done for each
recapture using the following equation (Cox et al. 1991):

where CL1 is the midline carapace length at first capture, CL2 is the midline carapace length at
recapture, and t2 – t1 is the time elapsed between consecutive measurements. An assumption
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of this analysis is that growth is exponential; however, this is seldom true (Cox et al. 1991). RGR
analyses estimate growth rate at a specific CL allowing comparisons between individuals of
similar and different sizes. Linear mixed-effects models were fit for relative instantaneous
growth rates. Fixed effects included size, age, and treatment. Random effects included site and
individual. Age was again expressed as a continuous variable representing the proportion of
active season elapsed. To account for seasonal variation in growth, time elapsed between
measurements was expressed as days spent active. This included days occurring in a typical
active season (April to August [Litzgus and Brooks 1998]). Measurement precision (repeatability
of measures) was verified by calculating coefficients of variation. Ten replicates of CL
measurements were obtained for 10 turtles.
Movement patterns
Movement patterns were quantified as displacement and movement rate.
Displacement refers to the straight-line distance between successive captures. Movement rate
refers to the displacement between successive captures divided by the time between captures.
Movement patterns of turtles were calculated using Hawth’s Tools in ARC GIS 9.0. Linear mixedeffects models were fit for movement patterns. Fixed effects included age and treatment.
Random effects included site, individual, year, and month.
Models included all combinations of fixed and random effects, but only a subset is
reported here for comparison. Fit of all models was assessed using Akaike’s Information
Criterion (AIC, Akaike 1973):
,
where Lm is the log-likelihood and m is the number of parameters in the model. An AIC value
smaller than 2 indicated models that were more or less equivalent, a value between 4 and 7
indicated models that were clearly distinguishable, and a value greater than 10 indicated models
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that were definitely different (Bolker 2008). Nested models were compared with likelihood
ratio tests. These assess whether the extra goodness of fit to the data is worth the added
complexity of the additional parameters. Pairwise comparisons of means were conducted with
Tukey’s Honest Significant Differences test. The rejection level for the null hypothesis for all
statistical tests was α=0.05. All statistical analyses were performed in R version 2.11.1
(http://www.r-project.org).
RESULTS
In 2008, 16 headstarted juveniles were released with radio transmitters. At release,
headstarted turtles weighed 87.7
mm (mean

26.3 g (mean

SD) and carapace length measured 79

9

SD). At release, headstarted juveniles had larger carapace length (Figure 2.2; t =

6.8, p < 0.001) and mass (Figure 2.3; t = 7.8, p < 0.001) than same aged wild juveniles captured
from 2001 to 2009. Coefficient of variation for repeated carapace length measurements was
0.088

0.008 % (mean

SE).
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Figure 2.2. Carapace length of 2-yr-old headstarted juvenile (n=16) at release and wild juvenile
(n=11) Blanding’s turtles in July in Kejimkujik National Park. Central line marks the median with
the outer limits of the box marking the lower and upper quartiles. Whiskers represent data
within 1.5 H-spreads of the interquartile range, and circles represent outlier values between 1.5
and 3 H-spreads.

24

Figure 2.3. Mass of 2-yr-old headstarted juvenile (n=16) at release and wild juvenile (n=11)
Blanding’s turtles in July in Kejimkujik National Park. Central line marks the median with the
outer limits of the box marking the lower and upper quartiles. Whiskers represent data within
1.5 H-spreads of the interquartile range.
During this study, 29 wild juvenile turtles were found of which 24 were tracked through
radio telemetry (Table 2.1). The remaining 5 were yearling turtles that were too small (< 7.0 g)
to bear transmitters; one was also missing a limb. Wild juveniles ranged in age from 0 to 20 yr
(Figure 2.4). Nine wild juveniles were tracked for both field seasons; therefore, these turtles are
presented in two age classes. Visual surveys and trapping effort were similar at both sites (Table
2.1). Although trapping was only conducted during one field season at Heber Meadow, captures
of wild juveniles were similar between sites (Table 2.1).
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For 12 of the 24 wild juveniles tracked, age was known because turtles were found as
yearlings or had been notched as hatchlings. Age of headstarted juveniles was known because
they were collected as eggs or at emergence.
Table 2.1. Headstarted juveniles released and wild juveniles captured (turtles tracked) through
visual and trapping surveys at Atkins Brook and Heber Meadow from 2008-2009.
N
Visual
Trapping
Site
Headstarted Wild
Effort (hr)
Captures
Effort (trap nights) Captures
Atkins
9 (9)
16 (13)
364
15
102
1
Heber
7 (7)
13 (11)
361
12
30
1

Figure 2.4. Age distribution of tracked wild juvenile Blanding’s turtles at Atkins Brook and Heber
Meadow from 2008-2009. Turtles tracked for both field seasons are presented in two age
classes.
Survival
Of 24 wild and 16 headstarted juveniles, only 3 wild and 3 headstarted juveniles were
followed to the end of the study period due to mortality or loss of turtles (Table 2.2).
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Confidence intervals were large and overlapped for annual survival of headstarted and wild
juveniles (Table 2.3) and for hatchling survival from emergence to late fall (Table 2.4; Camaclang
2007, Camaclang unpublished, Blanding’s Turtle Recovery Team unpublished).
Table 2.2. Survival, mortality, and unknown fate (percentage of sample size) of headstarted (2-3
yr) and wild juvenile (1-19 yr) Blanding’s turtles tracked with radio telemetry in 2008-2009.
Group
Sample Size
Unknown Fate
Mortality
Survival
Headstarted
16
10 (62.5)
3 (18.8)
3 (18.8)
Wild
24
18 (75.0)
3 (12.5)
3 (12.5)
Table 2.3. Annual survival estimates for headstarted (2-3 yr; HJ) and wild (0-4 yr; WJ) juvenile
Blanding’s turtles in Kejimkujik National Park. Survival estimates calculated using the knownfate analysis in Program MARK.
Year
n
Mortalities
Lost
Survival
Standard
Lower 95%
Upper
Error
CI
95% CI
2008
16
2
9
0.714
0.171
0.349
0.946
HJ
2009
5
1
1
0.800
0.178
0.309
0.972
2008
3
0
2
1.000
<0.001
0.382
1.000
WJ
2009
9
2
6
0.333
0.139
0.043
0.846
Table 2.4. Survival estimates for Blanding’s turtle hatchlings from emergence to late fall in
Kejimkujik National Park. Survival estimates calculated using the known-fate analysis in Program
MARK.
Year
n
Mortalities
Lost
Survival
Standard
Lower 95% Upper 95%
Error
CI
CI
2006a
29
16
9
0.200
0.089
0.067
0.405
2007b
36
10
11
0.600
0.098
0.405
0.775
2008c
16
2
12
0.500
0.250
0.107
0.893
2010c
18
5
8
0.500
0.158
0.217
0.782
a modified from (Camaclang 2007)
b modified from (Camaclang unpublished)
c (Blanding’s Turtle Recovery Team unpublished)

Of the three known headstarted juvenile mortalities, one was found depredated, one
died during its first winter in the wild, and one probably drowned. One wild juvenile (9 yr) was
found depredated and two (1 and 2 yr) probably drowned. All of the known headstarted
juvenile mortalities were individuals that underwent artificial incubation (Table 2.5). One
headstarted juvenile showed signs of escape from predators. Bite marks were found on this
turtle’s shell, but no other injuries were observed.
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Table 2.5. Survival of artificially and naturally incubated headstarted juvenile Blanding’s turtles
released in Kejimkujik National Park.
Incubation
n
Mortalities
Lost
Survived
Artificial
6
3
2
1
Natural
10
0
7
3
Growth
Size-age relationship
Juvenile stage
Headstarted and wild juvenile growth could not be predicted from a single mixed-effects
model because of unequal sample sizes (Table 2.6); therefore, headstarted and wild juvenile
growth were modeled separately.
Table 2.6. Sample sizes for headstarted and wild juvenile Blanding’s turtle carapace length
measurements in Kejimkujik National Park.
Group
Observation
Individual
Site
Year (range)
Wild
301
99
2
18 (1977-2009)
Headstarted
105
30
2
13 (1994-2009)
Mixed model analysis using AIC revealed wild juvenile growth was best predicted by the
Site-Individual model; whereas, headstarted juvenile growth was best predicted by the
Individual model (Table 2.7). Adding Site to the headstarted juvenile model did not significantly
improve model fit (χ2 < 0.001, P = 1); however, Site-Individual models were used to compare
wild and headstarted juvenile growth parameters (Table 2.8). All headstarted juvenile growth
parameters were significantly different from those of wild juveniles (CLA : t value = 4.77, p <
0.001; k: t value = 7.28, p < 0.001; b: t value = 10.68, p < 0.001). CLA was greater in headstarted
juveniles, indicating they reach a larger asymptotic size. k was greater in wild juveniles,
indicating they reach asymptotic size at a faster rate. b was greater in wild juveniles indicating
they have a larger hypothetical size at age zero (Figure 2.5).
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Table 2.7. Nonlinear mixed-effects models for growth (size-age) of wild and headstarted juvenile
Blanding’s turtles from 1977 to 2009 in Kejimkujik National Park. Data fit to von Bertalanffy
growth curve. Fixed effects include age, CLA, k, b.
Model parameter
Wild
Headstarted
Log Likelihood
AIC
Log Likelihood
AIC
Site-Individual
-101.0
233.9
-32.1
96.1
Site-Individual-Year
-99.7
243.4
-34.3
112.5
Individual-Year
-106.7
245.3
-32.3
96.6
Individual
-114.8
249.6
-31.7
83.3
Site-Year
-139.1
310.2
-47.2
126.4
Site
-155.0
329.9
-61.9
143.8
Year
-181.4
382.7
-52.1
124.1
Models of best fit in bold.

Table 2.8. Estimates of fixed and random effects for wild and headstarted juvenile growth of
Blanding’s turtles in Kejimkujik National Park from 1977 to 2009 using model of best fit (SiteIndividual).
Effect
Parameter
Wild
Headstarted
Estimate (SE)
Variance (SD)
Estimate (SE)
Variance (SD)
Fixed
CLA
23.54 (0.53)
32.05 (1.70)
K
0.08 (< 0.01)
0.04 (< 0.01)
b
-2.22 (0.21)
-5.83 (0.26)
Random:
Site
CLA
5.01 x 10-2 (0.22)
1.42 x 10-3
-5
K
2.08 x 10 (0.0046)
2.66 x 10-8
b
7.60 x 10-1 (0.28)
1.44 x 10-5
-2
Individual
CLA
2.81 x 10 (0.17)
1.34 x 10-1
-5
K
3.84 x 10 (0.0062)
1.60 x 10-5
b
7.10 x 10-2 (0.27)
5.63 x 10-2
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Figure 2.5. Nonlinear mixed-effects models (Site-Individual model - best fit for WJ) of wild and
headstarted juvenile growth for Blanding’s turtles in Kejimkujik National Park from 1977 to 2009
using von Bertalanffy function.
Early juvenile stage
Young (0-4 yr) juvenile growth was best predicted by the Age-Treatment-Site-IndividualYear and Age-Treatment-Age x Treatment-Site-Individual-Year models (Table 2.9). The addition
of the Age x Treatment interaction term significantly improved model fit (χ2 = 4.3, P = 0.04);
therefore, the more complex model was accepted (Table 2.10). A post hoc analysis of the model
of best fit revealed a significant difference between growth of young wild and headstarted
juveniles (Z = -8.4, P < 0.001; Figure 2.6).
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Table 2.9. Linear mixed-effects models of young (0-4 yr) juvenile Blanding’s turtle growth (sizeage) in Kejimkujik National Park from 1994 to 2009.
Model parameter
Fixed
Random
Log Likelihood
AIC
Age-Treatment
Site-Individual-Year
-113.5
241.0
Age-Treatment-Age x Treatment
Site-Individual-Year
-112.6
241.2
Age-Treatment
Individual-Year
-115.4
242.8
Age-Treatment-Age x Treatment
Individual-Year
-114.6
243.1
Age-Treatment-Age x Treatment
Individual
-134.9
281.8
Age-Treatment-Age x Treatment
Site-Individual
-134.9
283.8
Age-Treatment
Individual
-140.0
290.0
Age-Treatment
Site-Individual
-139.7
291.4
Age
Site-Individual-Year
-144.4
300.8
Age-Treatment-Age x Treatment
Site-Year
-195.0
403.9
Age-Treatment-Age x Treatment
Site
-201.8
415.6
Models of best fit in bold.

Table 2.10. Estimates of fixed and random effects for growth of young juvenile (0-4 yr)
Blanding’s turtles in Kejimkujik National Park from 1977 to 2009 using model of best fit (AgeTreatment-Age x Treatment-Site-Individual-Year).
Effect
Parameter
Estimate (SE)
Variance (SD)
Fixed
Intercept
6.55 (0.37)
Age
1.12 (0.10)
Treatment
-2.31 (0.28)
Age x Treatment
0.25 (0.12)
Random
Site
0.11 (0.34)
Individual
0.38 (0.62)
Year
0.42 (0.65)
Residual
0.06 (0.24)
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Figure 2.6. Linear mixed-effects model (Age-Treatment-Age x Treatment-Site-Individual-Year) of
young (0-4 yr) wild and headstarted juvenile growth in Kejimkujik National Park. Growth was
modelled from 2001 to 2009 for wild juveniles and from 1994 to 2009 for headstarted juveniles.
Instantaneous relative growth rate
Juvenile stage
Relative instantaneous growth rate (RGR) was inversely related to size of juveniles.
Variation in RGR was high particularly for small sizes (Figure 2.7). RGR was best predicted by the
Size-Site and Size-Individual models (Table 2.11). Adding Individual to the Size-Site model (χ2 <
0.001, P = 1) or Site to the Size-Individual model (χ2 < 0.001, P = 1) did not significantly improve
model fit. Individuals were not found at more than one site; therefore, this parameter further
divides observations by site. Consequently, the Size-Individual model was considered model of
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best fit (Table 2.12). Treatment did not significantly improve model fit (χ2 = 0.45, P = 0.50). A
post hoc analysis of the Size-Treatment-Size x Treatment-Individual model revealed no
significant difference between relative instantaneous growth rates of wild and headstarted
juveniles (Z = 0.66, P = 0.51; Figure 2.7).
Early juvenile stage
Relative instantaneous growth rate of young juveniles (0-4 yr) was best predicted by the
Size-Individual and Size-Site models (Table 2.11). Model fit was not significantly improved by
adding Individual to the Size-Site model (χ2 < 0.001, P = 1) or Site to the Size-Individual model (χ2
< 0.001, P = 1). Because the Individual parameter further divides observations by site, the SizeIndividual model was considered model of best fit (Table 2.12). The addition of Treatment did
not improve model fit (χ2 = 2.6, P = 0.11). A post hoc analysis of the Size-Treatment-Individual
model revealed no significant difference between relative instantaneous growth rates of young
wild and headstarted juveniles (Z = 1.6, P = 0.11; Figure 2.8).
Table 2.11. Linear mixed-effects models for relative instantaneous growth rates of juvenile (0-23
yr) and young juvenile (0-4 yr) Blanding’s turtles in Kejimkujik National Park from 1994 to 2009.
Model parameter
Juvenile
Young Juvenile
Fixed
Random
Log Likelihood
AIC
Log Likelihood
AIC
Size
Site
1573
-3137
475.8
-943.6
Size
Individual
1573
-3137
475.8
-943.6
Size
Site-Individual
1573
-3135
475.8
-941.6
Size-Treatment
Site
1564
-3118
469.2
-928.4
Size-Treatment
Individual
1564
-3118
469.2
-928.4
Size-Age
Site
1564
-3118
467.6
-925.2
Size-Age
Individual
1564
-3118
467.6
-925.2
Size-Treatment
Site-Individual
1564
-3116
469.2
-926.4
Size-Age
Site-Individual
1564
-3116
467.6
-923.2
Size-Treatment-Age Site-Individual
1556
-3098
462.5
-911.0
Size-Treatment-Age Individual
1556
-3100
462.5
-913.0
Models of best fit in bold.
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Table 2.12. Estimates of fixed and random effects of relative instantaneous growth rates for
juvenile (0-23 yr) and young juvenile (0-4 yr) Blanding’s turtles in Kejimkujik National Park from
1994 to 2009 using model of best fit (Size-Individual).
Effect
Parameter
Juvenile
Young Juvenile
Estimate (SE) Variance (std dev) Estimate (SE)
Variance (SD)
Fixed
Intercept
1.02 x 10-3
1.01 x 10-3
(9.91 x 10-5)
(3.49 x 10-4)
Size
-4.06 x 10-5
-3.84 x 10-5
-6
(7.87 x 10 )
(4.48 x 10-5)
Random Individual
0.00 (0.00)
0.00 (0.00)
Residual
2.44 x 10-7
4.10 x 10-7
-4
(4.94 x 10 )
(6.41 x 10-4)

Figure 2.7. Linear mixed-effects model of relative instantaneous growth rates of juvenile (0-23
yr) Blanding’s turtles in Kejimkujik National Park from 1994 to 2009 using model of best fit (SizeIndividual) and Size-Treatment-Individual model.
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Figure 2.8. Linear mixed-effects model of relative instantaneous growth rates of young juvenile
(0-4 yr) Blanding’s turtles in Kejimkujik National Park from 1994 to 2009 using model of best fit
(Size-Individual) and Size-Treatment-Individual model.
Movement patterns
Displacement
Juvenile stage
Displacement of juveniles was best predicted by the Age-Treatment-Age x TreatmentIndividual model (Table 2.13; Table 2.14). Model fit was not significantly improved by adding
Site (χ2 < 0.001, P = 1), Year (χ2 < 0.001, P = 1), or Month (χ2 < 0.001, P = 1). A post hoc analysis
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of the model of best fit revealed no significant difference between displacement of wild and
headstarted juveniles (Z = -0.9, P = 0.37; Figure 2.9).
Table 2.13. Linear mixed-effects models for displacement of juvenile (0-23 yr) and young
juvenile (0-4 yr) Blanding’s turtles in Kejimkujik National Park from 2008 to 2009.
Model parameter
Juvenile
Young Juvenile
Fixed
Random
Log
AIC
Log
AIC
Likelihood
Likelihood
Age-Treatment-Age x Treatment Individual
-4586
9183
-2800
5612
Age-Treatment-Age x Treatment Individual-Year
-4586
9185
-2800
5614
Age-Treatment-Age x Treatment Individual-Month
-4586
9185
-2799
5613
Age-Treatment-Age x Treatment Site-Individual
-4586
9185
-2800
5616
Age-Treatment-Age x Treatment Site-Individual-Year
-4586
9187
-2800
5616
Age-Treatment-Age x Treatment Site-Individual-Month
-4586
9187
-2799
5615
Age-Treatment-Age x Treatment Individual-Year-Month
-4586
9187
-2799
5615
Age-Treatment-Age x Treatment Site-Individual-Year-4586
9189
-2799
5617
Month
Age-Treatment
Individual
-4590
9190
-2803
5616
Age
Individual
-4594
9197
-2809
5625
Age-Treatment-Age x Treatment
-4597
9204
-2800
5610
Age-Treatment-Age x Treatment Year
-4596
9205
-2800
5613
Age-Treatment-Age x Treatment Month
-4597
9206
-2800
5612
Age-Treatment-Age x Treatment Site
-4597
9206
-2800
5613
Model of best fit in bold.

Table 2.14. Estimates of fixed and random effects for displacement of juvenile (0-23 yr)
Blanding’s turtles in Kejimkujik National Park from 2008 to 2009 using model of best fit (AgeTreatment-Age x Treatment-Individual).
Effect
Parameter
Estimate (SE)
Variance (SD)
Fixed
Intercept
9.49 (15.40)
Age
6.57 (2.86)
Treatment
-23.58 (26.40)
Age x Treatment
8.03 (3.75)
Random
Individual
1791.60 (42.33)
Residual
13288.90 (115.28)
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Figure 2.9. Linear mixed-effects model of displacement of wild and headstarted juvenile (0-23
yr) Blanding’s turtles in Kejimkujik National Park from 2008-2009 using model of best fit (AgeTreatment-Age x Treatment-Individual).
Early juvenile stage
Displacement of young juveniles (0-4 yr) was best predicted by the Age-Treatment-Age x
Treatment model (Table 2.13; Table 2.15). A post hoc analysis of the model of best fit revealed
no significant difference between displacement of young wild and headstarted juveniles (t = 0.5,
P = 0.59; Figure 2.10).
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Table 2.15. Estimates of fixed effects for displacement of young juvenile (0-4 yr) Blanding’s
turtles in Kejimkujik National Park using model of best fit (Age-Treatment-Age x Treatment).
Parameter
Estimate (SE)
Intercept
-43.64 (17.00)
Age
31.04 (7.68)
Treatment
11.61 (21.26)
Age x Treatment
3.30 (9.25)

Figure 2.10. Linear model of displacement of young (0-4 yr) wild and headstarted juvenile
Blanding’s turtles in Kejimkujik National Park from 2008-2009 using model of best fit (AgeTreatment-Age x Treatment).
Movement rate
Juvenile stage
Movement rate of juveniles was best predicted by the Age-Treatment-Individual-Month
model (Table 2.16; Table 2.17). Model fit was not significantly improved by adding Age x
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Treatment (χ2 = 0.7, P = 0.41). A post hoc analysis of the model of best fit revealed no significant
difference between movement rate of wild and headstarted juveniles (Z = 0.8, P = 0.42; Figure
2.11).
Table 2.16. Linear mixed-effects models for movement rate of juvenile (0-23 yr) and young
juvenile (0-4 yr) Blanding’s turtles in Kejimkujik National Park from 2008 to 2009.
Model parameter
Juvenile
Young Juvenile
Fixed
Random
LL
AIC
LL
AIC
Age-Treatment
Individual-Month
-3280 6573 -2029
4069
Age-Treatment-Age x Treatment Individual-Month
-3279 6573 -2026
4067
Age-Treatment-Age x Treatment Site-Individual-Month
-3279 6575 -2026
4069
Age-Treatment-Age x Treatment Individual-Year-Month
-3279 6575 -2026
4069
Age-Treatment
Individual-Year-Month
-3280 6575 -2029
4071
Age
Individual-Month
-3283 6576 -2031
4073
Age-Treatment-Age x Treatment Site-Individual-Year-Month
-3279 6577 -2026
4071
Age-Treatment
Site-Individual-Year-Month
-3280 6577 -2029
4073
Age-Treatment-Age x Treatment Individual
-3287 6585 -2028
4069
Age-Treatment
Individual
-3288 6585 -2031
4071
Age-Treatment-Age x Treatment Individual-Year
-3287
6587 -2028
4071
Age-Treatment-Age x Treatment Site-Individual
-3287
6587 -2028
4071
Age-Treatment
Site-Individual-Month
-3288
6589 -2029
4071
Model of best fit in bold.
LL: Log Likelihood

Table 2.17. Estimates of fixed and random effects for movement rate of juvenile (0-23 yr) and
young juvenile (0-4 yr) Blanding’s turtles in Kejimkujik National Park using model of best fit (AgeTreatment-Individual-Month).
Effect
Parameter
Juvenile
Young Juvenile
Estimate
Variance (SD)
Estimate (SE)
Variance (SD)
(SE)
Fixed
Intercept
4.38 (3.46)
5.68 (5.57)
Age
0.83 (0.38)
1.92 (1.57)
Treatment 3.10 (3.84)
-2.26 (7.28)
Random Individual
95.65 (9.78)
275.90 (16.61)
Month
19.93 (4.46)
5.52 (2.35)
Residual
372.50 (19.30)
141.79 (11.91)
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Figure 2.11. Linear mixed-effects model of movement rate of wild and headstarted juvenile (023 yr) Blanding’s turtles in Kejimkujik National Park from 2008-2009 using model of best fit (AgeTreatment-Individual-Month).
Early juvenile stage
Movement rate of young juveniles (0-4 yr) was best predicted by the Age-TreatmentIndividual-Month model (Table 2.16). Model fit was not significantly improved by adding Age x
Treatment (χ2 = 0.3, P = 0.59), Site (χ2 < 0.001, P = 1), or Year (χ2 < 0.001, P = 1); however, model
fit was significantly improved by adding Month (χ2 = 3.9, P = 0.05; Table 2.17). A post hoc
analysis of the model of best fit revealed no significant difference between movement rate of
young wild and headstarted juveniles (Z = -0.31, P = 0.76; Figure 2.12).
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Figure 2.12. Linear mixed-effect model of movement rate of young (0-4 yr) wild and headstarted
juvenile Blanding’s turtles in Kejimkujik National Park from 2008-2009 using model of best fit
(Age-Treatment-Individual-Month).
DISCUSSION
Age distribution
Yearlings were the age class with the highest number of juvenile captures (12 of 29
turtles). Captures of yearlings are typically uncommon, potentially due to their scarcity, small
size, differences in habitat use, or their low vulnerability to conventional capture methods (Bury
1979; Pike et al. 2008). Survival is generally lowest for this age group (Iverson 1991); however,
this group is bolstered by the large number of hatchlings emerging from nests. High capture
rates found in this study may be related to an increase in hatching success in 2007 and 2008
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(Blanding’s Turtle Recovery Team unpublished) and may provide support for juvenile-dominated
turtle populations (Congdon et al. 1994).
Surveying methods may have influenced the age distribution of captured juveniles. Old
juvenile (11-13 yr) Blanding’s turtles in Kejimkujik National Park were more likely to be captured
through trapping and young juveniles (1-7 yr) through visual surveys (McMaster and Herman
2000). Because no trapping was conducted at Heber Meadow in 2008, juveniles aged 11-13 yr
may have been missed. This would lead to an age distribution skewed towards young turtles;
however, this does not appear to be the case in this study. Only one turtle was captured
through trapping at both Atkins Brook (9 yr) and Heber Meadow (18 yr). Several old juveniles
(9-14 yr) were also found at Heber Meadow through visual surveys. The age distribution of
captured juveniles may reflect differences in yearly recruitment to the juvenile cohort
(McMaster and Herman 2000).
Survival
Survival estimates were similar for released headstarted juveniles, wild juveniles of
similar age, and hatchlings; however, confidence intervals were large for all groups. Survival
estimates of headstarted and wild juveniles for 2008 may have been lower because they
included an overwintering period. However, differences between groups may not have been
detectible due to small sample sizes. Three headstarted juveniles are known to have survived
until the end of this two year study. This suggests that headstarted turtles have the ability to
adapt to release environments, acquire and process resources successfully, and avoid predation.
Due to high transmitter failure, the fate of several turtles was unknown. Survival rates of
headstarted juveniles for the first year following release reported elsewhere for turtles of
comparable size fall within the range found in this study (34.9-94.6%); however, the large range
reported here may mask differences in survival. Haskell et al. (1996) reported survival rates of
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66% for similar sized (66-95 mm) redbelly turtles (Pseudemys rubriventris). Post-release survival
may increase with size and a minimum size at release may be required to increase survival
(Haskell et al. 1996). High survival rates (~90%) for larger redbelly (Haskell et al. 1996) and
western pond turtle (Vander Haegen et al. 2009) headstarted juveniles (76-128 mm) have been
observed following release; whereas, Mitrus (2005) reported lower minimum survival (21-25%)
for smaller (35-60 mm) European pond turtle headstarted juveniles following release. In this
study, size of headstarted juveniles at release (50-90 mm) was approximately twice that of
hatchlings in the wild (33 mm). Because survival may be related to size, survival of headstarted
juveniles would be expected to be higher than that of wild hatchlings. Again, this study may
have failed to detect a difference in survival of headstarted and wild juveniles due to small
sample sizes. If survival of headstarted juveniles does not differ from that of hatchlings,
headstarting may not be useful in increasing juvenile survival and ultimately recruitment.
Several potential predators occur in habitats where headstarted juveniles were
released, including small mammals, fish, frogs, snakes, and predatory birds (McNeil et al. 2000;
COSEWIC 2005). Standing et al. (2000) confirmed predation of Blanding’s turtle hatchlings in
Nova Scotia by ants and short-tailed shrews. Although predation pressure is supposedly high for
juvenile turtles, only two juveniles, one headstarted (2 yr) and one wild (9 yr) were known to
have been depredated during this study. However, the fate of most headstarted juveniles was
unknown. Captive-rearing may affect antipredator behaviour of turtles; therefore, it may be
important to minimise human contact in captivity or provide predator avoidance learning
opportunities. Although these opportunities were not provided in this study, headstarted
juveniles may have been able to escape from predators without major injury as suggested by
carapacial bite marks.
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Overwintering can affect survival of juvenile turtles in northern climates (Bodie and
Semlitsch 2000a; Nagle et al. 2000). Small turtles may be particularly vulnerable during
overwintering (Bodie and Semlitsch 2000a). Although only one known headstarted juvenile
mortality was associated with overwintering, the fate of several headstarted turtles was
unknown following their first winter in the wild. Overwintering mortalities may have been
caused by the inability to find suitable habitat or the physiological stress of winter conditions
(Bodie and Semlitsch 2000a).
Although overwintering and predation are thought to be the most important causes of
mortality of juveniles, three of six mortalities observed in this study are thought to have been
caused by drowning. Transmitters may have inhibited movement. Aquatic habitats in which
juveniles were found were characterised by thick floating mats of moss Sphagnum sp.).
Transmitters could have become entangled in such vegetation. Although transmitters have
shown no sign of hindering movement in hatchlings (Camaclang 2007), attachment protocols for
small juveniles may need to be revisited for aquatic habitats.
All three known headstarted juvenile mortalities were turtles that had been collected as
eggs for artificial incubation. These turtles were incubated at a constant temperature of 28.5°C,
which is thought to be the pivotal temperature for Blanding’s turtles elsewhere in the species
range (Gutzke and Packard 1987; Ewert and Nelson 1991). Clutches incubated at this constant
temperature are thought to produce a 1:1 sex ratio. The occurrence of intersex individuals has
been observed for artificial incubation at the pivotal temperature and for natural incubation
conditions; however, intersexuality does not appear to affect reproduction in males (Girondot et
al. 1998). Turtles collected as hatchlings and as eggs were grown under the same controlled
conditions and released in similar habitats at the same time. One headstarted juvenile was
released one month later, but this turtle survived to the end of the study. Potential differences
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in survival could be attributed to incubation environment. Incubation at constant temperatures
may produce less fit hatchlings (Les et al. 2009); however, the implications of such an effect
remain poorly understood.
Dispersal to non-surveyed areas could have contributed to the unknown fate of some
turtles; however, transmitter failure was most likely the underlying cause. Turtles were often
found with non-functioning radios within study sites. Long distance dispersal of juveniles also
seems unlikely. McMaster and Herman (2000) reported short displacements for Blanding’s
turtle juveniles at these same study sites with less than 1% of movements exceeding 500m.
Growth
The size-age relationship of Blanding’s turtles in Kejimkujik National Park followed the
predicted growth pattern for freshwater turtles: relatively rapid juvenile growth from hatching
to sexual maturity followed by little or no growth during adulthood (Bury 1979). Asymptotic
carapace length for wild juveniles in this study (23.54 cm) was slightly higher than findings
reported for Blanding’s turtles in Nebraska (22.46 cm for males and 20.72 cm for females;
Germano et al. 2000); however, intrinsic growth rate was smaller in this study (0.08) than for
turtles in Nebraska (0.21 for males and 0.13 for females; Germano et al. 2000). Juvenile (0-13
yr) average growth was also smaller in this study (9.3 mm/yr) than for Blanding’s turtles in
Michigan (10.4 mm/yr; Congdon and van Loben Sels 1991). Turtles at higher latitudes may grow
to larger sizes (Litzgus and Brooks 1998) at slower rates (Congdon 1989). Larger body size and
low surface to volume ratio may be favoured at low temperatures for maintenance of internal
body temperature above ambient temperature. Larger body size and greater body reserves may
also be favourable to withstand long overwintering periods of inactivity. Bergmann’s rule states
that geographic races of homeothermic species are typically larger in cooler climates than in
warmer climates (Bergmann 1847). Turtles may also follow Bergmann’s rule (Ashton and
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Feldman 2003). Slower growth rates at higher latitudes may be associated with the constraints
imposed by a shorter growing season (Congdon 1989; Frazer et al. 1993; Koper and Brooks
2000).
The size-age relationship of headstarted juveniles was significantly different from that of
wild juveniles (0-20 yr). Headstarted turtles had a larger asymptotic carapace length and a
smaller intrinsic growth rate and hypothetical size at hatching. However, these results should
be interpreted cautiously. Although the shape of the turtle growth curve is primarily
determined by juvenile growth, the curve constructed for headstarted turtles is based on few
points from old juveniles. Consequently, asymptotic carapace length of headstarted turtles may
be overestimated. This growth curve should be considered an approximate estimate only.
Young headstarted and wild juveniles (0-4 yr) also had a significantly different size-age
relationship. This was expected and may be related to differences in initial size, because at
release, headstarted juveniles were larger than wild juveniles of the same age.
Relative instantaneous growth rates displayed the predicted pattern of decreasing
growth with size (Cox et al. 1991; Litzgus and Brooks 1998). Individual variability in RGR was
also high particularly at small sizes. There was no significant difference between relative
instantaneous growth rates of headstarted and wild juveniles. These results suggest that
headstarted turtles may be able to acquire and process resources similarly to wild juveniles of
the same size. The onset of sexual maturity, or the end of the juvenile growth stage, may be
more related to size than age (Congdon and van Loben Sels 1993). Sexual maturity may be
reached on average at a given size with individuals reaching maturity at different ages based on
juvenile growth rates. Turtles that have slower growth rates as juveniles mature later, but on
average at the same size as those with faster juvenile growth rates that mature earlier (Congdon
and van Loben Sels 1993). If headstarted juveniles continue growing similarly to wild juveniles
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of similar size, we would expect these groups to reach sexual maturity at similar rates. Because
headstarted juveniles were larger than wild juveniles of the same age, headstarted turtles would
be expected to reach sexual maturity at a younger age (Caillouet et al. 1995; Bell et al. 2005). In
Nova Scotia, Blanding’s turtles are thought to mature at between 17-24 yr (McMaster and
Herman 2000; Herman et al. 2003). The oldest headstarted turtles (15-16 yr) released in this
population are not known to have reached sexual maturity. These individuals are not known to
be mating, gravid, nesting, or displaying sexual characteristics, although sites where they were
found were monitored yearly during nesting season. Further investigation is required to better
understand the implications of headstarting on the onset of sexual maturity.
Individual and site improved model fit for both growth and instantaneous relative
growth rate. Individual variation in growth has been observed for many species of turtles (Cox
et al. 1991; Tucker et al. 1995). Site may have affected growth through differences in prey
availability. The distribution, density, and type of prey may have influenced juvenile growth
(Brown et al. 1994). Study sites had similar habitat composition; however, proportion of
habitats may have varied (McMaster and Herman 2000). Density of competitors may also have
influenced feeding behaviours and ultimately growth (Formanowicz et al. 1989). Sexual
differences in growth rates may also exist (Lindeman 1999). Sex was unknown for juveniles in
this study; however, Germano et al. (2000) found no significant difference in juvenile growth (011 yr) of male and female Blanding’s turtles. This study combines multiyear growth data.
Although yearly variation in growth rates of turtles has been observed (Tucker et al. 1995), year
did not have a significant effect on juvenile growth in this study. The growing season length and
temperature may have been less variable in Kejimkujik National Park for the period of growth
examined here.
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Movement patterns
A pattern of increased juvenile displacement with age found here is consistent with
findings from another study of juvenile Blanding’s turtles in Kejimkujik National Park (McMaster
and Herman 2000). Movement rates observed here (0-342 m/day) were longer than those of
Blanding’s turtles in Minnesota (1-123 m/day; Piepgras and Lang 2000); however, juvenile age
was not reported in the latter study. Movement may increase with age due to mobility
associated with body size. This increased movement may be related to age-specific habitat use
(McMaster and Herman 2000). Although study sites differed in structure and distribution of
habitat, site did not have a significant effect on movement patterns. Individual improved model
fit of displacement and movement rate and month improved model fit of movement rate.
Individual variation in movement patterns has also been noted elsewhere (Piepgras and Lang
2000). Movement patterns may have been affected by season (Ross and Anderson 1990;
McMaster and Herman 2000; Galois et al. 2002). Movements observed early or late in the
active season are likely made to and from overwintering sites (Piepgras and Lang 2000).
Movement patterns presented here represent straight line distances, and are therefore
considered conservative estimates of movement.
Relocated turtles and released headstarted juveniles may travel greater distances or
wander aimlessly in contrast to wild juveniles (Hester et al. 2008; Okuyama et al. 2010). These
differences in movement patterns may be associated with unfamiliarity of the release
environment, an attempt to find suitable habitat, or an attempt to return to the original site
(Hester et al. 2008). However, this study does not support such findings. Following release,
movement patterns of headstarted juveniles were not significantly different from those of wild
juveniles. Headstarted juveniles may not have needed to make longer movements because they
had been released to suitable habitats.
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Releasing captive-reared animals may disrupt social interactions in the wild. In this
study, individuals were found in close proximity and locations used overlapped, suggesting
minimal disruption of social interactions. Introduction of juveniles, as opposed to adults, to
natural populations may have less of an effect on social interactions (Alberts et al. 2004).
Conservation implications
Survival of headstarted juveniles to subadult age and similarities in growth and
movement patterns with wild juveniles of comparable size provide evidence for the success of
this headstarting program. These findings suggest headstarted juveniles were able to adapt to
their new environment and display similar behaviours to wild juveniles. However, the postrelease analysis presented here is not sufficient to determine the success of a headstarting
program for Blanding’s turtles in Nova Scotia. The ultimate goal of headstarting is to increase
juvenile recruitment; however, this can only be assessed once headstarted juveniles reach
sexual maturity.
Although this study provides a preliminary analysis of released headstarted juveniles, a
better understanding of the extent to which headstarted juveniles behave like wild juveniles is
still needed. Several uncertainties still exist; these include sex ratio, fitness, behaviour, and
reproductive success of released headstarted juveniles. Artificial incubation and early captiverearing conditions may have long-term effects on turtles released to the wild (Burghardt and
Layne 1995); however, these effects may only become apparent well after release. Ultimately,
these unknowns may shape the ability of the headstarting program to increase recruitment.
Therefore, long-term comparative studies of headstarted and wild turtles are still needed.
Optimal time and size at release may require further investigation for Blanding’s turtles
in Nova Scotia. Size at release may have important implications for survival and growth. A
minimum size at release may be necessary to reduce risk of predation (Haskell et al. 1996).
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Additionally, larger turtles at release may reach sexual maturity at an earlier age; however, this
has yet to be confirmed. Time of release may affect survival, growth, and movement of
headstarted juveniles. This may affect their ability to find suitable overwintering habitat, and
the time to adapt to the wild environment before winter. Optimal release time should be
investigated to provide best chances of survival for headstarted juveniles.
Headstarting is a manipulative conservation technique which does not address the
causes of decline or low recruitment in turtle populations. Headstarting may be useful in
supplementing populations when adult survival is high; however, such programs should still be
considered experimental. Blanding’s turtles in Nova Scotia may have high adult survival;
however, low juvenile recruitment has been observed. The cause of this low recruitment
remains unclear. Variation in juvenile recruitment may occur on a long-term. If there is hope of
having a self-sustaining population of Blanding’s turtles in Nova Scotia, a better understanding
of factors limiting juvenile recruitment is warranted. Because this sub-population occurs in a
national park, future studies should examine the effects of subsidized predators and human
recreation on juvenile survival.
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CHAPTER 3. Effects of incubation temperature on hatching success, hatchling
morphology, and post-hatching growth in Blanding’s turtles (Emydoidea blandingii)
INTRODUCTION
Reptiles are at risk globally, with at least one-third of turtle species considered
threatened or endangered (Gibbons et al. 2000). Artificial incubation of eggs and headstarting,
the captive-rearing of hatchlings and their subsequent release to natural habitats, have become
important strategies in the conservation of turtle species. The objective of these conservation
strategies is to reduce high mortality rates associated with early life stages and increase juvenile
recruitment to the breeding population. In addition to influencing sexual differentiation in some
turtles (Ewert and Nelson 1991), incubation temperature can have important effects on
embryonic development, hatchling morphology, and post-hatching growth (Du et al. 2007).
These attributes may affect survival and fitness of turtles (Booth et al. 2004). Therefore, these
are important considerations for conservation. Eggs incubated at moderate constant
temperatures have high hatching success, whereas incubation at high and low constant
temperature extremes may be harmful or even lethal to turtle embryos (Plummer et al. 1994).
Eggs incubated at moderate constant temperatures may convert embryonic energy more
efficiently and produce larger hatchlings than do eggs incubated at high and low constant
temperatures (Gutzke et al. 1987; Du et al. 2007). Incubation temperature may have longlasting effects on post-hatching growth (Rhen and Lang 1995; Janzen and Morjan 2002; Ji et al.
2003; Booth et al. 2004) with moderate constant incubation temperatures producing turtles
with faster growth rates than do extreme constant temperatures (Deeming 2004). Larger
hatchlings may be less vulnerable to predation than smaller hatchlings (Janzen et al. 2000);
therefore, larger size at hatching and faster post-hatching growth rates may increase fitness
(Booth et al. 2004).
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A small disjunct population of Blanding’s turtles (Emydoidea blandingii) occurs in Nova
Scotia. This population has been listed as Endangered under the Canadian Species at Risk Act
(SARA) and the Nova Scotia Endangered Species Act (NS ESA). Although a portion of this
population is protected within Kejimkujik National Park and National Historic Site (KNPNHS), low
juvenile recruitment has been observed (Herman et al. 1995). An experimental headstarting
program including artificial incubation of eggs was undertaken to increase recruitment.
Although the effects of incubation temperature on hatching success and hatchling morphology
have been studied in Blanding’s turtles elsewhere in their range (Gutzke and Packard 1987;
Ewert and Nelson 1991), this has not been examined for Blanding’s turtles in Nova Scotia. The
objective of this study was to evaluate the effects of incubation temperature on hatching
success, hatchling morphology, and post-hatching growth for Blanding’s turtles in Nova Scotia.
METHODS
Egg collection and incubation
In June 2009, 137 Blanding’s turtle eggs were collected from natural nests in Kejimkujik
National Park. Twelve clutches were randomly selected for collection, with entire clutches
collected at oviposition. Within 12 hr following oviposition, eggs were transported to Oaklawn
Farm Zoo for artificial incubation. The eggs were weighed to the nearest 0.01 g and were
marked to indicate clutch and individual. Eggs were placed in covered plastic boxes containing
vermiculite and distilled water combined in a 1:1 ratio by mass (≈ -170 kPa; Freedberg et al.
2004). Eggs were partially buried in the vermiculite substrate. Boxes were weighed once a
week and water lost by evaporation was replaced. Four boxes were placed in each of four
incubators (Hova-Bator, GQF Manufacturing Company Inc.), in which temperature was set at
either 27.5°C or 29.5°C. Two incubators were set at each temperature. Eggs were randomly
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assigned to treatments and incubators. Approximately equal numbers of eggs from each clutch
were assigned to treatment and incubators. The incubator heat source was centrally located
and a fan was operational. Incubator temperature was recorded to the nearest 0.5°C at 90 min
intervals with HOBO-TEMP temperature loggers (DS1921G-F50; Maxim). Two temperature
loggers were positioned at egg height in each incubator: one at the center and one at the edge.
At the first sign of egg pipping, dividers were placed in incubation containers to isolate
hatchlings for identification. Incubation duration was measured as days from oviposition to
pipping (Ashmore and Janzen 2003; Les et al. 2009). Upon emergence, hatchlings were weighed
to the nearest 0.01 g, measured (midline carapace length and width) to the nearest 0.1 mm, and
marked individually by notches in marginal scutes.
Captive-rearing
Turtles were housed at Acadia University’s Weston Animal Care Facility. Photoperiod
and temperature were controlled to mimic natural conditions (Table 3.1). Ultraviolet (UV) light
was supplemented with UVB lamps (Mega-Ray; Reptile UV). Turtles were fed a supplement
(Table 3.2) which was designed by The Toronto Zoo to meet dietary needs of hatchling
Blanding’s turtle and live food including mealworms (Tenebrio molitor) and red wigglers (Eisenia
fetida). Feeding took place three days a week for 30 min. Midline carapace length (CL) and
mass of turtles were recorded weekly from August 2009 to December 2009 and biweekly from
February 2010 to the end of the study. Handling of turtles was kept to a minimum to reduce
human disturbance. Turtles underwent a period of overwintering from December to February in
2009 and 2010 at Oaklawn Farm Zoo. Turtles were not fed during overwintering. Captiverearing followed protocols for the captive-rearing of Blanding’s turtles in Nova Scotia (Lawton
unpublished). Turtles will be released in Kejimkujik National Park during the summer of 2011.
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Table 3.1. Blanding’s turtle captive-rearing lighting and temperature yearly regime.
Time
Photoperiod
Basking area
UVB light
(day/night hr)
(°C)
(hr/day)
Apr-Oct
14/10
32
6
Oct-Nov 27
12/12
25
6
Nov 27-Dec 1
12/12
20
3
Dec 1-Dec 5
10/14
15
0
Dec 5-Dec 9
10/14
10
0
Dec 9-Jan 24*
natural sunrise/sunset
5
0
Jan 24-Jan 28
10/14
10
0
Jan 28-Feb 1
10/14
15
0
Feb 1-Feb 3
12/12
20
3
Feb 3-Apr
12/12
25
6
* overwintering

Table 3.2. Toronto Zoo supplement recipe for captive-rearing of Blanding’s turtles hatchlings.
Ingredient
Weight (g)
Lean carnivore meat (heart)
600
Ground smelt
210
Shaved carrots
100
Trout chow powder
300
Flax oil
150
Vitamin E powder/liquid
10
Calcium carbonate
40
Dicalcium phosphate
210
Thiamine
0.025
Boiling water
1700
Unflavored gelatin powder
300
Temperature logger testing
Accuracy and precision of temperature loggers was tested in a constant-temperature
growth chamber (Conviron, Controlled Environments Limited, precision 0.1°C). Thirteen
temperature loggers were held at 12 constant temperatures ranging from 23 to 34°C for 30 min
durations. Loggers recorded temperature at 1 min intervals. The first 3 min at each
temperature were not included, because this time represents the gradual change from one
temperature plateau to the next. Accuracy of temperature loggers was calculated as the mean
of the absolute differences between the logger temperature and the growth chamber
temperature. Precision of logger measurements was represented by the standard deviation.
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Data analysis
Analysis of variance (ANOVA) was used to evaluate the effects of treatment (27.5°C and
29.5°C), incubator (A, B, C, and D), and position in incubator (center and edge) on temperature.
ANOVA was used to evaluate the effects of incubation temperature, variance of incubation
temperature, and clutch on incubation duration. Initial egg mass was tested as a potential
covariate but had no significant effect on incubation duration (P > 0.7). Analysis of covariance
(ANCOVA) with initial egg mass or hatchling mass as a covariate was used to test the effects of
incubation temperature, variance of incubation temperature, and clutch on hatchling
morphology and post-hatching growth. Pairwise comparisons were conducted with Tukey’s
Honest Significant Differences tests. Measurement precision (repeatability of measures) was
verified by calculating coefficients of variation. Ten replicates of CL measurements were
obtained for 10 turtles. The rejection level for the null hypothesis for all statistical tests was
α=0.05. All statistical analyses were performed in R version 2.11.1 (http://www.r-project.org).
RESULTS
Egg collection and incubation
Initial egg mass averaged 12.37 g (8.98-15.61 g) and clutch size averaged 11.4 eggs (6-14
eggs). Incubation temperature was not consistent within treatments or incubators (Table 3.3).
Mean incubation temperature was significantly higher at the center than at the edge of all
incubators; however, temperature fluctuations were similar at the center and edge of
incubators (Table 3.4). Because eggs were not rotated within incubators, eggs at the center and
edge of incubators may have been exposed to different temperatures. The relationship
between temperature and distance from center of incubator was assessed using linear
regression (Table 3.5). To account for the temperature gradient observed in incubators, mean
incubation temperature was estimated for each egg based on its distance from the center of the
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incubator. Eggs within incubators were divided in treatments based on estimated incubation
temperature (Table 3.6). Treatments with less than 10 eggs were not used in further analyses.
Although eggs from a clutch were not randomly assigned within incubators, eggs from a clutch
were randomly distributed among treatments based on estimated incubation temperature.
Temperature logger accuracy was 0.45
0.04°C (mean

0.21°C (mean

SD) and precision was 0.09

SD) (Figure 3.1).

Table 3.3. The effects of treatment, incubator, and position in incubator on mean artificial
incubation temperature of Blanding’s turtle eggs. Treatment refers to targeted incubation
temperature (27.5°C and 29.5°C).
Effect
F
P-value
Treatment
16649.51
< 0.001
Incubator
863.70
< 0.001
Position in incubator
10936.11
< 0.001
Treatment x Incubator
8633.43
< 0.001
Incubator x Position
80.06
< 0.001
Table 3.4. Mean (SD) temperature overall, at center, and at edge of incubators. Treatment
refers to targeted incubation temperature (27.5°C and 29.5°C).
Treatment Incubator
n
Temperature (°C)
Mean
Sign. A
Center
Edge
Sign. b
A
2310
27.2 (0.5)
*
27.6 (0.4)
26.9 (0.4)
*
27.5°C
B
1957
28.6 (0.8)
*
29.3 (0.4)
28.0 (0.4)
*
C
1896
30.0 (1.2)
*
30.9 (0.7)
29.1 (0.7)
*
29.5°C
D
1898
29.1 (1.1)
*
29.8 (0.7)
28.3 (0.7)
*
a indicates significance of incubators
b indicates significance of position within incubator

Table 3.5. Linear regression showing the relationship between distance from the center of
incubators and temperature.
Incubator
Regression equation
R2
A
y = (-3.2 x 10-3)x + 27.6
0.45
-3
B
y = (-6.3 x 10 )x + 29.3
0.67
C
y = (-9.0 x 10-3)x + 30.9
0.64
D
y = (-7.5 x 10-3)x + 29.8
0.56
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Table 3.6. Incubation temperature treatments for Blanding’s turtle eggs. Incubation
temperatures were estimated from linear regression.
Temperature
Incubator
SD
N
27.0
A
0.4
30
28.0
B
0.4
12
28.5
B
0.4
23
28.5
D
0.7
15
29.0
C and D
0.7
19
29.5
C
0.7
19
30.0
C
0.7
11
27.5
28.0

A
D

0.4
0.7

4*
4*

*eggs not included because of small sample size

Figure 3.1. Mean temperature logger recording ( 1 standard error) in constant temperature
growth chambers.
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Hatching success was high overall (81%) with more variable hatching success observed
for warmer temperature regimes with greater fluctuations (Figure 3.2). Incubation duration
decreased with increasing incubation temperature (Figure 3.3). Temperature fluctuation had a
significant effect on incubation duration with eggs incubated at 28.5
longer incubation duration than eggs incubated at 28.5

0.4°C having significantly

0.7°C (P < 0.001; Figure 3.3; Table 3.7).

Mean incubation temperature had a significant effect on incubation duration at low fluctuation,
but not at high fluctuation (P > 0.3; Table 3.8) temperature regimes. Eggs incubated at 27.0
0.4°C had significantly longer incubation duration than eggs incubated at 28.0

0.4°C and 28.5

0.4°C (P < 0.001; Figure 3.3).

Figure 3.2 Hatching success of Blanding’s turtle eggs at different incubation temperatures.
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Figure 3.3 Incubation duration (mean standard error) of eggs from different incubation
temperature regimes in Blanding’s turtle.
Hatchling morphology
Repeatability of carapace length measurements was high, with a coefficient of variation
of 0.088

0.008% (mean

SE). Temperature fluctuation had a significant effect on hatchling

mass, carapace length, and carapace width (Table 3.7). Eggs incubated at 28.5

0.4°C had

significantly larger mass (P = 0.003; Figure 3.4), carapace length (P = 0.008; Figure 3.5), and
carapace width (P < 0.001; Figure 3.6) at hatching than eggs incubated at 28.5

0.7°C. Mean

temperature had a significant effect on hatchling mass and carapace length at low temperature
fluctuations, but had no significant effect on any hatchling traits at high temperature
fluctuations (Table 3.8). Eggs incubated at 27.0

0.4°C had significantly larger mass at hatching
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than eggs incubated at 28.0

0.4°C (P < 0.001) or 28.5

0.4°C (P = 0.02; Figure 3.4). Eggs

incubated at 28.0

0.4°C had significantly smaller carapace length at hatching than eggs

incubated at 27.0

0.4°C (P = 0.05) or 28.5

0.4°C (P = 0.04; Figure 3.5). Although carapace

width was larger for higher mean temperatures at low and high fluctuations, no significant
effect was observed (Figure 3.6).
Post-hatching growth
Temperature fluctuation did not have a significant effect on mass following hatching;
however, temperature fluctuation did have a significant effect on carapace length at 2 and 6
months following hatching (Table 3.9). Eggs incubated at 28.5

0.4°C had significantly larger

carapace length at 2 (P < 0.001) and at 6 (P < 0.001) months following hatching than eggs
incubated at 28.5

0.7°C (Figures 3.7 and 3.8). Mean incubation temperature had a significant

effect on mass and carapace length at 2, 6, and 12, but not 19 months for turtles incubated at
low fluctuation temperature regimes (Table 3.10). Turtles incubated at 28.5°C
significantly larger mass than turtles incubated at 28.0

0.4°C had

0.4°C at 2 (P = 0.05) , 6 (P = 0.02), and

12 (P = 0.003) months following hatching (Figure 3.9). At 6 months, turtles incubated at 28.5°C
0.4°C also had significantly larger mass than turtles incubated at 27.0
Turtles incubated at 28.5°C
incubated at 27.0

0.4°C (P = 0.02).

0.4°C had significantly larger carapace length than turtles

0.4°C and 28.0

0.4°C at 2 (P < 0.001, P < 0.001), 6 (P < 0.001, P < 0.001),

and 12 (P = 0.005, P < 0.001) months following hatching (Figure 3.7). Mean incubation
temperature did not have a significant effect on post-hatching growth for high fluctuation
temperature regimes (Table 3.10, Figure 3.10). Survival was high (95%) during captive-rearing
for all temperature treatments (Table 3.11). The seven hatchling mortalities were from five
different clutches.
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Table 3.7. The effects of fluctuation of incubation temperature, clutch, and initial egg mass on incubation duration and hatchling
carapace length, carapace width, and mass of Blanding’s turtles. Temperature fluctuations were 28.5 0.4°C and 28.5 0.7°C (mean
SD).
Temperature Fluctuation
Clutch
Initial Egg Mass
Temperature Fluctuation x Clutch
F
P
F
P
F
P
F
P
Incubation Duration
204.2
< 0.001
3.8
0.01
NS
NS
7.7
0.001
Mass
10.1
0.007
11.1
< 0.001
4.5
0.05
0.5
0.75
Carapace Length
6.0
0.03
5.4
0.002
NS
NS
0.7
0.66
Carapace Width
6.0
0.03
4.0
0.009
NS
NS
0.7
0.66
NS nonsignificant covariates that were removed from analysis

Table 3.8. The effects of mean incubation temperature, clutch, and initial egg mass on incubation duration and hatchling carapace
length, carapace width, and mass of Blanding’s turtles at different fluctuating temperature regimes.
Incubation Temperature
Clutch
Initial Egg Mass
F
P
F
P
F
P
Mean 0.4°C
Incubation Duration
116.1
< 0.001
2.2
0.03
NS
NS
Mass
4.2
0.02
28.4
< 0.001
16.3
< 0.001
Carapace Length
3.3
0.05
9.0
< 0.001
NS
NS
Carapace Width
2.5
0.09
4.9
< 0.001
NS
NS
Mean 0.7°C
Incubation Duration
0.9
0.43
1.1
0.36
NS
NS
Mass
0.6
0.63
10.6
< 0.001
20.1
< 0.001
Carapace Length
0.1
0.97
4.7
< 0.001
8.9
0.006
Carapace Width
1.0
0.40
4.3
< 0.001
5.0
0.03
NS nonsignificant covariates that were removed from analysis
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Table 3.9. The effects of fluctuating incubation temperature, clutch, and hatching mass on post-hatching growth in mass and carapace
length (CL) of Blanding’s turtles. Temperature fluctuations were 28.5 0.4°C and 28.5 0.7°C (mean SD).
Time
Temperature Fluctuation
Clutch
Hatching Mass
Temperature Fluctuation x Clutch
(month)
F
P
F
P
F
P
F
P
2
2.9
0.12
12.1
< 0.001
19.4
0.001
1.7
0.21
6
3.5
0.09
8.3
< 0.001
7.3
0.02
1.3
0.32
Mass
12
4.5
0.06
2.5
0.07
NS
NS
0.6
0.64
19
3.5
0.09
1.5
0.25
NS
NS
1.0
0.42
2
7.3
0.02
19.4
< 0.001
16.6
0.002
2.2
0.13
6
6.4
0.03
11.8
< 0.001
10.0
0.009
1.2
0.37
CL
12
3.6
0.08
1.8
0.16
NS
NS
0.4
0.79
19
3.8
0.07
1.5
0.26
NS
NS
0.9
0.47
NS nonsignificant covariates that were removed from analysis
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Table 3.10. The effects of mean incubation temperature, clutch, and hatching mass on post-hatching growth in mass and carapace
length (CL) of Blanding’s turtles.
Time
Incubation
Clutch
Hatching Mass
Incubation Temperature x
(month)
Temperature
Clutch
F
P
F
P
F
P
F
P
2
6.8
0.005
13.5
< 0.001
22.4
< 0.001
1.0
0.49
6
7.5
0.003
9.1
< 0.001
13.5
0.001
1.1
0.42
Mass
12
3.7
0.04
3.5
0.005
NS
NS
0.7
0.77
Mean
19
1.1
0.34
2.1
0.07
NS
NS
0.4
0.95
0.4°C
2
27.2
< 0.001
22.0
< 0.001
26.2
< 0.001
1.5
0.18
6
24.8
< 0.001
18.3
< 0.001
23.4
< 0.001
1.6
0.15
CL
12
4.5
0.02
3.7
0.004
NS
NS
0.6
0.86
19
1.6
0.22
2.6
0.02
NS
NS
0.4
0.96
2
1.5
0.26
15.8
< 0.001
14.4
0.002
1.7
0.15
6
1.0
0.42
8.1
< 0.001
NS
NS
1.0
0.50
Mass
12
2.6
0.09
7.1
< 0.001
6.6
0.02
1.1
0.42
Mean
19
1.0
0.43
3.6
0.01
5.3
0.04
0.8
0.67
0.7°C
2
0.6
0.65
13.1
< 0.001
17.6
< 0.001
1.7
0.16
6
0.4
0.74
11.2
< 0.001
9.6
0.007
1.1
0.42
CL
12
2.4
0.11
6.4
< 0.001
5.2
0.04
0.8
0.70
19
1.4
0.29
3.7
0.009
4.6
0.05
0.7
0.76
NS nonsignificant covariates that were removed from analysis
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Figure 3.4. Hatchling mass of Blanding’s turtles from different incubation temperature regimes.
An ANCOVA with egg mass as the covariate was used to test temperature mean and fluctuation
effects. Values presented are adjusted mean 1 standard error.

64

Figure 3.5. Hatchling carapace length of Blanding’s turtles from different incubation
temperature regimes. An ANCOVA with egg mass as the covariate was used to test temperature
mean and fluctuation effects. Values presented are adjusted mean 1 standard error.
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Figure 3.6. Hatchling carapace width of Blanding’s turtles from different incubation temperature
regimes. An ANCOVA with egg mass as the covariate was used to test temperature mean and
fluctuation effects. Values presented are adjusted mean 1 standard error.
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Figure 3.7. Post-hatching growth in carapace length of Blanding’s turtles from low fluctuation
incubation temperature regimes. An ANCOVA with egg mass as the covariate was used to test
temperature mean and fluctuation effects. Values presented are adjusted mean 1 standard
error.
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Figure 3.8. Post-hatching growth in carapace length of Blanding’s turtles from high fluctuation
incubation temperature regimes. An ANCOVA with egg mass as the covariate was used to test
temperature mean and fluctuation effects. Values presented are adjusted mean 1 standard
error.
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Figure 3.9. Post-hatching growth in mass of Blanding’s turtles from low fluctuation incubation
temperature regimes. An ANCOVA with egg mass as the covariate was used to test temperature
mean and fluctuation effects. Values presented are adjusted mean 1 standard error.
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Figure 3.10. Post-hatching growth in mass of Blanding’s turtles from high fluctuation incubation
temperature regimes. An ANCOVA with egg mass as the covariate was used to test temperature
mean and fluctuation effects. Values presented are adjusted mean 1 standard error.
Table 3.11. Mortalities of Blanding’s turtle hatchlings during captive-rearing.
Incubation Temperature (°C)
n
Mortalities
27.0 0.4
27
4
28.0 0.4
10
0
28.5 0.4
17
1
28.5 0.7
13
2
29.0 0.7
15
0
29.5 0.7
10
0
30.0 0.7
11
0
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DISCUSSION
Hatching success
All temperature treatments examined here (27.0, 28.0, and 28.5
29.5, and 30.0

0.4°C; 28.5, 29.0,

0.7°C) were suitable for producing Blanding’s turtles with high hatching

success. These findings suggest incubation temperature may have been within the optimal
development range (ODR), the range of constant temperatures producing hatchlings, because
eggs were not exposed to temperatures warmer than the high thermal limit (HTL) or cooler than
the low thermal limit (LTL) for a prolonged period. Hatching of Blanding’s turtles has been
observed at constant incubation temperatures of 25 to 31 °C elsewhere in the species’ range
(Gutzke and Packard 1987; Ewert and Nelson 1991).
Incubation duration
Embryos exposed to higher temperature fluctuation had shorter incubation duration;
similar results have been observed in Australian scincid lizards (Bassiana duperreyi; Shine and
Harlow 1996). In contrast, temperature fluctuation increased incubation duration in smooth
softshell turtles (Apalone mutica; Ashmore and Janzen 2003) and Chinese three-keeled pond
turtles (Chinemys reevesii; Du et al. 2009), but had no effect on incubation duration of various
other reptiles (Georges et al. 1994; Andrews et al. 2000; Webb et al. 2001). Differential effects
have been observed in painted (Chrysemys picta) and red-eared slider turtles (Trachemys
scripta) with temperature fluctuation increasing incubation duration at high temperatures and
decreasing incubation duration at low temperatures (Les et al. 2009). Therefore, temperature in
this study (28.5°C) may have been at the higher end of the ODR for Blanding’s turtles in Nova
Scotia. These conflicting results on the effect of temperature fluctuation on incubation
duration may be influenced by a nonlinear relationship between temperature and embryonic
development with extreme temperatures decreasing the rate of embryonic development
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(Georges et al. 2005). Between species comparisons may be further confounded by differences
in thermal ODR.
Mean temperature had a significant effect on incubation duration at low fluctuation
temperature regimes, with embryos at the lowest temperature (27.0

0.4°C) having the

longest incubation duration. Constant temperature has been inversely related to incubation
duration for all turtle species studied (Yntema 1978; Gutzke and Packard 1987; Zhu et al. 2006).
In this study, mean temperature did not have a significant effect on incubation duration at
higher fluctuation (mean

0.7°C) temperature regimes. Higher temperature fluctuations may

have masked the effect of mean temperature on incubation duration.
Hatchling morphology and post-hatching growth
Incubation temperature fluctuation significantly affected hatchling mass, carapace
length, and carapace width, with larger hatchlings at low temperature fluctuation (28.5°C
0.4°C) than at high temperature fluctuation (28.5°C

0.7°C). These findings are consistent with

a study conducted on hatchling morphology in Chinese three-keeled pond turtles (Du et al.
2009). However, temperature fluctuation may not have a consistent effect on hatchling
morphology. Temperature fluctuation may produce larger hatchlings at low temperatures and
smaller hatchlings at high temperatures, although no significant effect was observed (Mullins
and Janzen 2006). Fluctuating temperatures produced larger hatchling painted and red-eared
slider turtles at low temperatures, but had no effect at high temperatures (Les et al. 2009).
Temperature fluctuation did not affect hatchling morphology in smooth softshell (Ashmore and
Janzen 2003) or softshell turtles (Apalone spinifera; Doddy 1999). The response of embryos to
fluctuating temperature may differ among temperature regimes. This may be due to the
disproportionate impact of high temperatures on metabolic processes compared to low
temperatures (Mullins and Janzen 2006). In this study, temperature fluctuation-induced
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variation disappeared by 12 months of age for carapace length and by 2 months of age for mass.
These results are consistent with findings from studies of post-hatching growth in Chinese threekeeled pond turtles (Du et al. 2009). Temperature fluctuation may not have long-term effects
on fitness-related traits such as growth (Du et al. 2009). Smaller hatchlings were produced at
higher temperature fluctuations; however, these turtles may have had faster growth rates in
mass following hatching. Rapid growth may have been observed in mass before carapace
length. Incubation temperature in natural nests fluctuates daily and seasonally; therefore a
better understanding of the effects of fluctuating temperature on developing embryos is
warranted.
Mean incubation temperature had a significant effect on hatchling mass and carapace
length at low temperature fluctuations. Hatchlings had a larger mass at the lowest incubation
temperature (27.0

0.4°C) and a smaller carapace length at the intermediate incubation

temperature (28.0

0.4°C); however, hatchlings from the 28.5

0.4°C treatment had the

largest mass and carapace length at 2 months following hatching. This mean temperatureinduced variation in mass and carapace length disappeared by 19 months of age when clutch
accounted for most of the variation. Because larger size at hatching may reduce the risk of
predation and increase fitness (Janzen et al. 2000), findings presented here suggest
temperature-induced variation in hatchling morphology may affect hatchling fitness during their
first year. However, it does not appear to have long-lasting effects. Mean incubation
temperature had no significant effect on hatchling morphology at high temperature
fluctuations. Eggs incubated at moderate constant temperatures produce larger hatchlings than
do those incubated at extreme constant temperatures (Gutzke et al. 1987; Rhen and Lang 1999;
Du et al. 2007). This temperature effect on hatchling morphology may have been masked by
temperature fluctuation in this study, with greater fluctuations producing more variation in
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hatchling traits. Under fluctuating temperature conditions, such as in natural nests, mean
incubation temperature may be a poor predictor of hatchling morphology (Georges et al. 1994).
This study examined growth in artificial conditions; therefore, it does not account for ecological
pressures such as resource limitation or predation.
Conservation implications
Incubation temperature treatments examined here are suitable for producing Blanding’s
turtle hatchlings for headstarting. The effects of mean and fluctuating incubation temperature
may influence hatchling size for up to one year following hatching. Headstarting programs
typically grow turtles in captivity for at least one-year with a two-year period in this study.
Therefore, the effects of mean and fluctuating temperature observed here may not have
important implications for size at release in this study. However, future research should
examine the effects of mean and fluctuating temperature on other fitness-related traits.
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CHAPTER 4. Conclusions
Reptiles are at risk globally (Gibbons et al. 2000), with at least half of turtle species
considered threatened or endangered (IUCN 2010). These include Blanding’s turtles (Emydoidea
blandingii), which are endangered in Nova Scotia. Headstarting programs, the captive rearing of
hatchlings collected from the wild and their subsequent release to natural habitats, with the
artificial incubation of eggs have been used to address the decline of turtle populations. The
objective of these conservation strategies is to reduce high mortality rates associated with early
life stages and increase juvenile recruitment to the breeding population. Although headstarting
programs are manipulative and remain controversial (Frazer 1992; Heppell et al. 1996; Siegel
and Dodd 2000), little is known of their effectiveness.

Post-release survival, growth, and movement patterns
The research presented here suggests that post-release survival of headstarted juvenile
Blanding’s turtles in Nova Scotia may be similar to that of same-aged wild juveniles and
hatchlings. The survival of headstarted juveniles up to 2 years following release suggests they
have the ability to adapt to release environments and avoid predation. However, further
investigation is warranted because of this study’s small sample size.
The present study suggests that headstarted and wild juveniles differ in their size-age
relationship. At release, headstarted juveniles were larger than wild juveniles of the same age
and appear to remain larger throughout the juvenile stage. Relative instantaneous growth rates
of headstarted and wild juveniles were similar. These results suggest that headstarted juveniles
may be able to acquire and process resources similarly to wild juveniles of the same size.
Because the onset of sexual maturity is thought to be related to size and not age, headstarted
juveniles may reach sexual maturity at a younger age than wild juveniles. However, extended
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sampling is required to better understand the implications of headstarting on the onset of
sexual maturity.
The present study also recorded similar displacement and movement rate in
headstarted and wild juveniles. These findings suggest that headstarted and wild juveniles may
use habitat similarly. Other studies have suggested that headstarted juveniles may travel
greater distances or wander aimlessly following release in contrast to wild juveniles (Hester et
al. 2008; Okuyama et al. 2010). These differences in movement patterns may be associated
with unfamiliarity of the release environment, an attempt to find suitable habitat, or an attempt
to return to the original site (Hester et al. 2008). However, in this study, headstarted juveniles
may not have needed to make longer movements because they had been released to suitable
habitats.
Survival of headstarted juveniles to subadult age and similarities in growth and
movement patterns with wild juveniles of comparable size provide evidence for the success of
this headstarting program. These findings suggest that headstarted juveniles were able to adapt
to their new environment and display behaviours similar to those of wild juveniles. However,
the post-release analysis presented here is not sufficient to determine the success of the
headstarting program for Blanding’s turtles in Nova Scotia. The ultimate goal of headstarting is
to increase juvenile recruitment; however, this can only be assessed once headstarts reach
sexual maturity.

Artificial incubation: effects of incubation temperature
All temperature treatments examined here (27.0, 28.0, and 28.5
29.5, and 30.0

0.4°C; 28.5, 29.0,

0.7°C) yielded high hatching success and high post-hatching survival.

Therefore, these incubation environments appear suitable for headstarting Blanding’s turtles in
Nova Scotia. The research presented here supports findings of near constant temperature being
76

inversely related to incubation duration and suggests temperature fluctuation of 0.7°C may
mask such effects. This suggests that temperature fluctuation may decrease incubation
duration at a mean incubation temperature of 28.5°C for Blanding’s turtle in Nova Scotia.
Temperature fluctuation may also decrease hatchling size at a mean incubation temperature of
28.5°C for Blanding’s turtle in Nova Scotia. However, this temperature-induced variation in
hatchling size disappeared at 12 months of age for carapace length and 2 months of age for
mass. The research presented here supports findings of near constant temperature being
inversely related to hatchling size with larger hatchlings produced at cooler temperatures. This
research suggests temperature fluctuation of 0.7°C may mask such effects. At near constant
incubation temperature, mean temperature may influence hatchling size during their first year.
However, mean temperature does not appear to affect hatchling size at 19 months of age.
Headstarting programs typically grow turtles in captivity for at least 1 year with a 2 year period
in this study. Therefore, the effects of mean and fluctuating temperature observed here may
not have important implications for size at release. For the temperature regimes presented
here, clutch may account for a greater proportion of the variance in size at release than does
incubation temperature. Larger hatchling size may reduce the risk of predation and increase
fitness (Janzen et al. 2000). Therefore, findings presented here suggest clutch may have a
greater effect on hatchling fitness at release than does incubation temperature regime.
However, greater temperature fluctuations may affect post-hatching growth and size at release.
Because temperatures fluctuate in natural nests, a better understanding of its effects on
developing embryos is needed. This may be achieved by examining the effect of accumulated
heat or degree days above a threshold temperature for development. Further research should
examine the effects of temperature fluctuation on other fitness related traits of hatchlings such
as righting time and immune response. This thesis contributes to the better understanding of
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the effectiveness of headstarting programs and provides valuable information for the
conservation of turtle species.
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