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Wood turtles (Glyptemys insculpta) have been suffering range-wide population declines
since the 1900s. Most monitoring efforts of these turtles involve population surveys to
assess population size and viability but relatively few investigate rates of reproductive
success. We collected four consecutive years (2013–2016) of wood turtle nesting
data at a nesting site in northwestern New Jersey; population-level hatching success
was unusually low. Furthermore, annual, intra-individual hatch rates and comparisons
between natural and artificial incubation revealed that approximately half of all females
usually produced clutches with low (<50%) hatch rates, regardless of incubation
conditions. In contrast, the annual hatch rates of other females were either consistently
high (>50%) or highly variable, ranging from 0 to 100%. Thus, some adult females
are potentially making much larger contributions to the next generation than others.
A repeatability analysis suggested that approximately 60% of the hatch rate variability
observed in this population can be attributed to maternal identity. The remaining 40%
may be attributed to the random environmental factors that are often theorized to
be potential reasons for reduced hatch rates in turtle populations (e.g., unsuitable
incubation conditions, flooding, desiccation, egg infertility, egg damage due to improper
handling by researchers, root and insect predation, and microbial infection). The ultimate
causes of this population’s hatching success variability are uncertain, but maternally-
linked hatching failure in turtle populations could be associated with inbreeding, infertility,
senescence, inadequate maternal diets, or environmental contamination. This study
indicates that commonly suggested hypotheses for hatching failure, such as unsuitable
incubation conditions or infertility, are unlikely to explain all of the hatch rate variability
in some turtle populations. This study also reveals a cryptic conservation implication for
vulnerable turtle populations: that the presence of many nesting females and nests does
not necessarily assure high or even sustainable reproductive rates. When coupled with
the high rates of nest predation and low juvenile survival rates that are common in most
turtle populations, the exceedingly low hatch rates observed in this population suggest
that recruitment in some turtle populations could be severely hindered even when nests
are protected in the field or incubated in laboratory settings.

Keywords: reproductive ecology, hatching success, multi-year turtle nesting study, repeatability, egg
incompetence, maternal effects, egg infertility, ecotoxicology
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INTRODUCTION

In oviparous reptiles without parental care, the causes of nest
failure and low hatching success are usually attributed to extrinsic
(i.e., environmental) and/or intrinsic (i.e., genetic and non-
genetic parental) factors (Bell et al., 2003; Rafferty et al., 2011;
Noel et al., 2012). Extrinsic factors such as predation (e.g.,
Fowler, 1979; Congdon et al., 1983; Leslie et al., 1996; Kolbe
and Janzen, 2002; Feinberg and Burke, 2003; Horne et al., 2003)
and inundation by rising waters (e.g., Plummer, 1976; Leslie
et al., 1996; Standing et al., 1999; Horne et al., 2003; Doody
et al., 2004; Spradling et al., 2010; Pike et al., 2015) are major
causes of visible nest failure and reduced hatching success in wild
turtle populations. In studies involving protected or artificially-
incubated nests, less conspicuous extrinsic factors, such as
unfavorable thermal and hydric conditions, are often recognized
as the primary reasons for reduced hatch rates (e.g., Packard
et al., 1987; Spotila et al., 1994; Wilson, 1998; Standing et al.,
1999; Congdon et al., 2000; Demuth, 2001). Even less perceptible
than unfavorable incubation conditions are the various intrinsic
reasons for nest failure and low hatching success; these include
egg infertility (Blanck and Sawyer, 1981; Whitmore and Dutton,
1985; Wyneken et al., 1988), developmental failures attributed
to maternal effects (i.e., non-genetic maternal influences on
offspring phenotype; Wolf and Wade, 2009; Rafferty et al., 2011),
and inbreeding depression (Ennen et al., 2010; Noel et al., 2012).
Such factors are often overlooked, improperly diagnosed, and,
for these reasons, poorly understood in wild reptile populations
(Ewert, 1979).

Determining the true causes of hatching failure is vital to
understanding reptile life histories and the development of
conservation and management strategies for rare species, but
making such determinations is difficult when the causes of
hatching failure cannot be clearly linked to obvious extrinsic
factors (e.g., predation, fungal infection, flooding, desiccation,
unfavorable incubation temperatures, etc.). Intrinsic factors are
almost always difficult to implicate as drivers of low hatch
rates, especially in wild populations, but studying the inter-
and intra-individual hatch rate variation within a population
can provide insight into why some nests fail while others
succeed (Bell et al., 2003; Wallace et al., 2007; Rafferty et al.,
2011). To determine whether the reasons for hatching failure
are primarily extrinsic or intrinsic, environmental/incubation
conditions of nests and the annual hatch rates of multiple
individual females can be investigated through multiple nesting
seasons. Additionally, estimates of hatch rate repeatability can
be compared among populations and used to formulate testable
hypotheses for low hatch rates.

While overall, population-level hatch rates are often reported
for multi-year turtle nesting studies, the variation among and
within individuals is usually disregarded or simply not known
(e.g., Congdon et al., 1983; Christens and Bider, 1987; Bobyn and
Brooks, 1994; Standing et al., 1999; Horne et al., 2003; Litzgus
and Mousseau, 2006; Walde et al., 2007; but see Buhlmann
and Osborn, 2011). For any quantitative parameter (e.g., clutch
size, hatching success, body mass, etc.), the total amount of
variation that exists in a population is the sum of the parameter’s

inter- and intra-individual variation within the population. The
relative amount of inter-individual variation alone, is known
as repeatability (Wolak et al., 2012). Estimates of repeatability
are useful for assessing the reliability of repeated measurements
on more than one individual, as well as the consistency of
individual performance seen in a group of individuals after
multiple observations (Lessells and Boag, 1987). Additionally,
repeatability estimates can be used to differentiate between
the effects of individual identity and random environmental
factors on quantitative parameters such as clutch size and
hatch rates (Van Noordijk et al., 1980). Using nesting turtles
as an example, higher repeatability estimates (i.e., closer to 1.0)
indicate that more of the observed variation in hatching success
is attributable to maternal identity, while lower repeatability
estimates (i.e., closer to 0) indicate that more of the observed
variation is attributable to random environmental factors that are
independent of the mother. Because repeatability tests estimate
a parameter’s intra- and inter-individual variation, estimates of
repeatability can only be obtained from repeated measurements
on multiple individuals of known identity (Wolak et al., 2012).
Consequently, obtaining repeatability estimates that pertain
to the reproductive variability of turtle populations can be
challenging because this requires collecting repetitive nesting
data on the same individuals over multiple nesting runs or
nesting seasons.

Wood turtles (Glyptemys insculpta) offer opportunities for
obtaining hatch rate repeatability estimates and studying the
causes of nest failure and low hatching success. Adults of this
species are easily radio-tracked and females in some populations
exhibit strong nesting site fidelity for easily monitored nesting
sites that attract many turtles each year; therefore, several
consecutive years of nesting data can be collected for individual
females and both intra- and inter-individual variations in hatch
rates can be observed.

Wood turtles currently face numerous conservation concerns;
therefore, studies gathering critical details on wood turtle
reproduction can inform strategies for their conservation and
management. van Dijk and Harding (2013) estimated that wood
turtles have experienced a range-wide population decline of more
than 50% in the last century, warranting the current IUCN
listing of “Endangered.” Wood turtles have a geographic range
coinciding with the highly developed northeastern region of the
U.S., the upper Midwest U.S., and neighboring regions in Canada
(Ernst and Lovich, 2009) and a unique habitat usage cycle that
makes them susceptible to anthropogenic population decline
and extirpation. From late fall to early spring, wood turtles use
rivers and streams as breeding habitats and refuges from freezing
temperatures. During warmer months, they disperse away from
riparian corridors to a variety of habitats, including upland fields
and forests and low-lying fens and meadows. These diverse
habitat preferences and unique habitat-usage cycles increase
the likelihood that wood turtle populations will be negatively
impacted by habitat degradation, fragmentation, and destruction
(Jones and Willey, 2015); automobiles (Gibbs and Shriver, 2002;
Steen et al., 2006; pers. obs.) and agricultural machinery (Saumure
et al., 2006; Tingley et al., 2009; pers. obs.); subsidized predators
(Brooks et al., 1992; Buhlmann and Osborn, 2011); and illegal
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collection for the live animal trade (Garber and Burger, 1995;
McCollough, 1997; Levell, 2000). In addition to anthropogenic
pressures, most wood turtle populations experience exceptionally
low recruitment due to low reproductive frequencies (i.e., on
average females typically lay one or less than one clutch per year;
Jones and Willey, 2015), lack of suitable nesting habitats (Buech
et al., 1997), nest predation (Brooks et al., 1992; Buhlmann and
Osborn, 2011), and high juvenile mortality (Paterson et al., 2012,
2014; Dragon, 2014). A high degree of inter-population variation
in overall hatching success has also been documented in wood
turtles, with some populations experiencing much lower hatch
rates than others (Table 1).

In this study, our goal was to investigate the annual
inter- and intra-individual hatch rate variation in wood turtle
populations with different degrees of hatching success and to
determine whether the hatch rates observed in these populations
are primarily influenced by extrinsic or intrinsic factors. If
annual hatch rates of individual females yielded relatively low
repeatability estimates and improved under carefully monitored
and controlled, artificial incubation conditions, then the hatch
rates we observed were primarily influenced by extrinsic factors
such as unfavorable thermal and hydric conditions. Alternatively,
if annual hatch rates of individual females yielded relatively high
repeatability estimates and remained relatively constant between
natural and artificial incubation conditions, then the hatch rates
we observed were primarily influenced by intrinsic factors and
warrant further investigation.

MATERIALS AND METHODS

Nesting Site
We conducted most of this study at a turtle nesting site in a
relatively undisturbed area of northern New Jersey (NNJ), with
no known history of unusual chemical use or pollution. To
protect this population from illegal collection, we refrain from
disclosing this site’s exact location and descriptive details of its
surroundings. During the mid-1900s, the site was deforested
and excavated for cobble, leaving a large patch of exposed,
glacial till-laden sediment that has attracted nesting wood turtles,
common snapping turtles (Chelydra serpentina) and painted
turtles (Chrysemys picta) since at least the late 1990s. Prior to
the 2013 nesting season, we remediated the site to facilitate turtle
nesting and improve our ability to observe turtles from a distance.
First, we tilled the entire nesting site to soften the ground and
remove vegetation. Then, we excavated two 80 m2 rectangular
patches of the site’s original, cobble-laden sediment and replaced
them with sand from a nearby, eroding hillside. To minimize site
disturbance, we left much of the site’s original sediment in place,
even though the cobble within it frequently precludes females
from digging suitable nest cavities. In subsequent years, we
repeated pre-nesting season tilling operations to delay succession
and keep soft sediments exposed.

Nesting Site Monitoring
During the nesting seasons (i.e., 20 May–20 June) from 2013
to 2016, we monitored the nesting area for female wood turtles

every morning from 6:00 to 12:00 and every evening from 16:00
to 21:00. We observed the area from a distance with binoculars
or from a hunting blind to avoid disturbing nesting females.
We often continued nesting site monitoring beyond these time
intervals until all wood turtles either finished nesting or retreated
into the vegetation surrounding the site. We retrieved all females
immediately after staging or nesting behavior concluded to
verify identity (i.e., notch code) and, if oviposition occurred,
pinpoint nest locations.

This nesting study was part of a long-term mark-recapture
study of the surrounding area’s wood turtle population that
we have been conducting since 1998. Throughout the study,
we gave unique notch codes to most of the adult population
and radio-tracked more than 20 adult turtles. Furthermore, an
unpublished 2002 study conducted at the same nesting area
revealed an exceedingly low overall hatch rate of 0% for six nests
that were naturally-incubated in situ (i.e., where oviposited) and
protected from predation with hardware cloth caging (Oorthuys,
unpublished data; Table 1).

Egg Handling, Incubation, and Hatching
In 2013 and 2014, we incubated all nests in situ (i.e., where
oviposited) under natural conditions and protected them from
predation with hardware cloth caging; this type of predator
excluder is unlikely to affect nest temperatures (Riley and
Litzgus, 2013; Burke et al., unpublished data). Immediately
after oviposition and prior to installing predator excluders, we
carefully excavated all nests by hand, recorded clutch sizes, and
promptly returned all eggs to their nest cavities. To ensure that
all nests received similar treatment and to limit the possibility
of embryonic mortality due to careless handling, we took
great care when excavating and handling each egg; throughout
the entire study, no eggs were handled or moved 6 h past
oviposition, and no eggs were jarred, shaken, inverted, dropped,
or visibly damaged in any way. Before reburying each nest, we
programmed temperature loggers (Thermochron R© iButtons) for
hourly readings, sealed them in duct tape to waterproof them,
and placed them among the eggs of each nest to record natural
incubation temperatures.

During the 2013 and 2014 hatching seasons (1–20 August),
we checked nest cages for hatchlings at least three times daily
in the morning, afternoon, and evening to document hatchling
emergence and prevent hatchling mortality from intense sun
exposure. Since the objectives of this study were primarily
concerned with hatch rates, recording hatching success (i.e.,
the percentage of hatchlings that hatched from each nest) took
precedence over recording emergence success (i.e., the percentage
of hatchlings that emerged from each nest). To obtain accurate
records of hatching success, we excavated nests one day after
hatchling emergence to recover unhatched eggs as well as any live
hatchlings that failed to emerge.

In 2015 and 2016, we carefully excavated all nests by
hand immediately after oviposition, recorded clutch sizes, and
transported all clutches to a nearby laboratory where we
incubated them at a constant temperature of 30◦C. To prepare
clutches for incubation and for transport from the nesting site to
the laboratory, we equidistantly spaced the eggs of each clutch
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TABLE 1 | Annual overall hatching success of naturally and artificially-incubated wood turtle (Glyptemys insculpta) nests in 10 nesting studies (excluding depredated
nests). Overall hatching success and sums of nests, eggs, and hatchlings are shown in bold for studies that reported multi-year data.

Source and location Year Incubation Nests Eggs Hatchlings Hatching
Success

(%)

Duchak and Burke, 2022: New Jersey
(present NNJ study)

2013
2014
2015
2016

Natural
Natural
Artificial
Artificial

14
17
21
16

124
140
173
123

34
61
60
39

27.42
43.57
34.68
31.71

68 560 194 34.64

Parren, 2013: Vermont 1998
2003

Natural
Natural

1
3*

8
24

1
19

12.5
79.17

4 32 20 62.5

Buhlmann and Osborn, 2011:
New Jersey

2007
2008
2009
2010

Natural
Natural
Natural
Natural

3
3
8
6

31
19
85
65

25
11
62
53

80.65
57.89
72.94
81.54

20 200 151 75.5

Castellano, 2007: New Jersey 2001
2002

Natural
Natural

15
16

113
115

71
59

62.83
51.3

31 228 130 57.02

Walde et al., 2007: Quebec 1996
1997

Natural
Natural

27
30

253
337

148
175

58.5
51.93

57 590 323 54.75

Tuttle and Carroll, 1997: New
Hampshire

1993 Natural 9 70 54 77.14

Farrell and Graham, 1991: New Jersey NA Artificial NA* 161 119 73.91

Akre (unpublished data): Virginia
(GWNF study)

2010
2011
2012
2013
2014

Natural
Natural
Natural
Natural
Natural

18
22
41
17
20

193
212
428
184
212

126
126
278
106
83

65.28
59.43
64.95
57.61
39.15

118 1229 719 58.5

Hernandez and Hernandez
(unpublished data): New Jersey

2009
2010
2011
2012
2013

Natural
Natural
Natural
Natural
Natural

5
3
4
3
1

39
22
32
25
8

17
4
3
8
8

43.58
18.18
9.375
32.00
100

16 126 40 31.75

Oorthuys (unpublished data):
New Jersey
(past NNJ study; same location as
present NNJ study)

2002 Natural 6 44 0 0

*Nests of captive animals in outdoor pens.

on beds of moistened vermiculite within separate “incubation
containers” (i.e., plastic food storage containers). As in the
previous years of this study (2013 and 2014), we took great
care when excavating and handling all eggs. We also took
great care when transporting all clutches via motor vehicle;

transportation time never exceeded 15 min, and we held all
incubation containers aloft to reduce vibrations during transport.

The care we took in excavating, handling, and transporting
eggs may have been excessive as we always finished moving
eggs within 6 h of oviposition. Although the sensitivity of turtle
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eggs to mechanical disturbance is poorly known for most species
(Booth, 2004), it is generally accepted that inversion during the
first few hours after oviposition and even during the first 12 h
of incubation is unlikely to negatively affect embryonic survival
in most species (Deeming, 1991). Furthermore, after inverting
a total of 22 eggs belonging to four different species during
the second to fourth day of incubation, Ewert (1979) reported
both hatching success and failure in unspecified numbers of
eggs, thus demonstrating that egg inversions do not always
result in embryonic mortality, even when inversions occur days
after oviposition. Additionally, Ewert (1979) also mentioned
that eggs are rather tolerant of the vibrations they experience
in natural nests positioned along active railroad tracks and
during transportation in vehicles on rough roads. Lastly, a
study of painted turtle (C. picta) nests found no difference
in hatching success between eggs that were left completely
undisturbed in natural nests throughout incubation and eggs
that were excavated, transported via motor vehicle for an
hour, cleaned, weighed, measured, and reburied within 24 h of
oviposition (Samson et al., 2007). Despite all of the information
suggesting that freshly laid eggs are relatively tolerant of moderate
mechanical disturbances, we still handled all eggs with the utmost
level of care to ensure that improper handling did not affect
hatching success.

Two weeks after collecting the final clutches in 2015 and
2016, we visually examined all eggs for signs of “chalking” (i.e.,
eggshell whitening). To provide an initial conservative estimate
of fertility, we divided the number of eggs that showed evidence
of chalking by the number of eggs that showed no evidence of
chalking. Chalking in turtle eggs has long been regarded as direct
evidence of fertilization and subsequent embryonic development
(Ewert, 1979, 1985; Deeming, 1991); however, the absence of
chalking is an unreliable indicator of egg infertility because
external examinations of eggs cannot distinguish between true
infertility and early embryonic mortality (Croyle et al., 2016).
Consequently, while external examinations of eggs may confirm
fertility in eggs that show clear signs of development, they cannot
confirm infertility in eggs that show no evidence of development.

We determined hatching success for each nest by dividing the
number of pipped live hatchlings by the clutch size. Similarly,
we determined overall hatching success for each year by dividing
the total number of pipped live hatchlings counted in all nests
during a given year by the total number of eggs counted in
all nests during the same year. We released all hatchlings at
their respective nest sites immediately after hatching/emergence
(naturally-incubated nests from 2013 to 2014) or as soon as they
absorbed their external yolk sacs (lab-incubated nests from 2015
to 2016).

Comparison Data
We obtained hatching success data from a multi-year wood turtle
nesting study conducted within George Washington National
Forest (GWNF) in northern Virginia. GWNF is the southern
limit of the wood turtle’s range and is approximately 400 km
southwest of the NNJ site. The GWNF dataset contained
hatching success data from 118 nests laid by 55 females over
five consecutive nesting seasons (2010–2014). All nests included

in the GWNF dataset were incubated in situ under natural
conditions and either unpredated or protected from predation
with hardware cloth caging (Akre, unpublished data).

Data Analysis
To determine whether the NNJ hatch rates were different among
years, we used a Kruskal Wallis test to compare the individual
hatch rates of all nests from 2013 to 2016. To determine whether
the NNJ hatch rates of eggs that were naturally-incubated in situ
were different from the NNJ hatch rates of eggs that were
artificially-incubated in the laboratory, we combined the hatch
rates from 2013 to 2014 and compared them with the combined
hatch rates of 2015 and 2016 using a two-tailed Mann–Whitney
U test. We conducted this analysis once for all nests, then again
including only “repeat nesters” (i.e., females who had more than
one annual nest represented in the data) to determine whether the
presence of multiple “single nesters” (i.e., females who only had
one nest represented in the data) during some years influenced
overall annual hatch rates.

To determine whether hatch rates were different between the
NNJ and GWNF populations, we converted the overall hatch
rates of all repeat nesters into counts in four categories: 0–24.99,
25–49.99, 50–74.99, and 75–100%. We then ran a Freeman-
Halton extension of the Fisher’s exact probability test for a two-
rows by four-columns contingency table comparing the overall
hatch rates of repeat nesters between the NNJ and GWNF
populations. To determine whether the overall NNJ hatch rates
of repeat nesters were significantly lower than the overall GWNF
hatch rates of repeat nesters, we used a two-tailed Mann–Whitney
U test.

To determine the proportion of reproductive variability that
is due to inter-individual variation within each population, we
estimated hatching success repeatability for all repeat nesters in
the NNJ and GWNF populations with the following equations
from Wolak et al. (2012):

sA
2
=

(
MSgroups − MSerror

)
/n (1)

where MSgroups = mean sum of squares for groups in a random
effects (Model 2) ANOVA and MSerror = mean sum of squares for
error in a random effects (Model 2) ANOVA.

Repeatability =
(
sA

2) /(sA2
+ MSerror) (2)

We obtained repeatability estimates and their associated
95% confidence intervals using the R package “ICC”
developed by Wolak et al. (2012).

To investigate the possible effects of body size on hatching
success in the NNJ population, we conducted a linear regression
for each repeat nester’s straight line plastron length (SLPL) versus
each repeat nester’s overall hatch rate. We also conducted linear
regressions for each repeat nester’s SLPL and each repeat nester’s
mean and maximum clutch sizes to determine whether body size
was correlated with clutch size in the NNJ population. Lastly,
to investigate the possible effects of clutch size on hatching
success in the NNJ and GWNF populations, we conducted linear
regressions for each repeat nester’s mean and maximum clutch
sizes versus each repeat nester’s overall hatch rate.
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RESULTS

From 2013 to 2016, we recorded the hatch rates of 68 nests laid
by 27 females at the NNJ site. The annual overall hatching success
rates for 2013, 2014, 2015, and 2016 were 27.42, 43.57, 34.68,
and 31.71%, respectively, and the hatching success rate for all
4 years combined was 34.64% (Table 1). We found that 70.92%
of all NNJ eggs collected for incubation in 2015 and 2016 showed
evidence of chalking. At the GWNF site, the annual, overall
hatching success rates for 2010, 2011, 2012, 2013, and 2014 were
65.28, 59.43, 64.95, 57.61, and 39.15%, respectively, the overall
hatching success rate for all 5 years combined was 58.5% (Akre,
unpublished data; Table 1).

We found no significant differences among the 2013, 2014,
2015, and 2016 NNJ hatch rates (Kruskal Wallis test: H = 1.56,
DF = 3, P = 0.716). Additionally, we found no significant
difference between the hatch rates of all nests that were naturally-
incubated in situ during 2013 and 2014 (N females = 19, N
nests = 31, mean = 0.32) and the hatch rates of all nests that
were artificially-incubated in the laboratory during 2015 and 2016
(N females = 25, N nests = 37, mean = 0.33; two-tailed Mann–
Whitney U test: UA = 563.5, Z = 0.12, P = 0.9045). Similarly,
we found no significant difference between the “natural” (N
females = 17, N nests = 29, mean = 0.34) and “artificial” hatch
rates (N females = 18, N nests = 31, mean = 0.38) of all
repeat nests at the NNJ site (two-tailed Mann–Whitney U test:
UA = 411.5, Z = 0.35, P = 0.7263).

Throughout the entire four-year NNJ study (2013–2016),
27.78% of repeat nesters failed to produce more than 1 hatchling,
38.89% produced at least 10 hatchlings, and 22.22% produced
at least 20 hatchlings (Figure 1). Throughout the entire five-
year GWNF study (2010–2014), all repeat nesters produced at
least 3 hatchlings, 86.11% produced at least 10 hatchlings, and
33.33% produced at least 20 hatchlings (Figure 2). Fifty percent
of all repeat nesters from NNJ had overall hatching success rates
between 0 and 24.99%, 5.56% between 25 and 49.99%, 27.78%
between 50 and 74.99%, and 16.67% between 75 and 100%.
Approximately six percent of GWNF repeat nesters had overall
hatching success rates between 0 and 24.99%, 27.78% between
24 and 49.99%, 38.89% between 50 and 74.99%, and 27.78%
between 75 and 100%. We found that the overall NNJ hatch rates
of repeat nesters (N females = 18, N nests = 59, mean = 0.37)
were significantly different (Fisher’s exact probability test: DF = 4,
P = 0.00466) and lower (two-tailed Mann–Whitney U test:
UA = 194.5, Z = 2.37, P = 0.0178) than the overall GWNF hatch
rates of repeat nesters (N females = 36, N nests = 99, mean = 0.60;
Figure 3). Additionally, 33.33% of repeat nesters from NNJ
always had annual hatch rates of 50% or greater, 22.22% had
annual hatch rates that varied from less than 50 to 50% or
greater, and 44.44% consistently produced hatch rates below 50%,
whereas 36.11% of repeat nesters from GWNF always had annual
hatch rates of 50% or greater, 58.33% had annual hatch rates
that varied from less than 50 to 50% or greater, and only 5.56%
consistently produced hatch rates below 50% (Figure 4).

Our estimates of hatching success repeatability from the NNJ
and GWNF datasets were 0.580 (N = 18; K = 3.268; lower
CI: 0.328; upper CI: 0.792; CIW: 0.464) and 0.056 (N = 36;

K = 2.771; lower CI: −0.162; upper CI: 0.274; CIW: 0.436),
respectively. The 95% confidence intervals about our estimates
do not overlap, indicating that the NNJ and GWNF hatching
success repeatability estimates are significantly different from
each other (Figure 5).

Linear regression revealed no significant association between
SLPL and overall hatch rates among repeat nesters in the NNJ
population (T = 0.889, DF = 16, R2 = 0.217, P = 0.3871); however,
significant associations between SLPL and both mean (T = 3.782,
DF = 16, R2 = 0.472, P = 0.0016) and maximum clutch sizes
(T = 4.068, DF = 16, R2 = 0.508, P = 0.0009) were found among
repeat nesters in the NNJ population. No significant effects of
either mean (T = 0.062, DF = 16, R2 = 0, P = 0.9517) or maximum
clutch sizes (T = -0.896, DF = 16, R2 = 0.048, P = 0.3836) were
found on the overall hatch rates of repeat nesters in the NNJ
population. Likewise, no significant effects of either mean (T = -
0.304, DF = 34, R2 = 0.003, P = 0.7633) or maximum clutch sizes
(T = -0.267, DF = 34, R2 = 0.002, P = 0.7913) were found on the
overall hatch rates of repeat nesters in the GWNF population.

DISCUSSION

In this study, our goal was to investigate the annual inter- and
intra-individual hatch rate variation in wood turtle populations
with different degrees of hatching success and to determine
whether the hatch rates observed in these populations are
primarily influenced by extrinsic or intrinsic factors. We initially
revealed potential reproductive issues at the NNJ site when
we found the population’s 2013 and 2014 hatch rates to be
considerably lower than the hatch rates reported for seven
other wood turtle populations (Table 1). As an initial attempt
to increase hatching success and determine the cause of the
low NNJ hatch rates, we artificially-incubated all NNJ clutches
under identical conditions during 2015 and 2016. When extrinsic
factors like predation, microbial infection, flooding, desiccation,
and unfavorable incubation conditions are primarily responsible
for low hatch rates in wild turtle populations, carefully-monitored
and controlled, artificial incubation should improve overall
hatching success rates and the hatching success rates of individual
females (Noel et al., 2012); however, we found that the NNJ hatch
rates of nests that were naturally-incubated in situ (2013–2014)
were similar to the NNJ hatch rates of nests that were artificially-
incubated in the laboratory (2015–2016). This indicates that
unknown intrinsic factors were reducing the hatch rates of
this population. Additionally, we found the overall NNJ hatch
rates of repeat nesters to be significantly lower than the overall
GWNF hatch rates of repeat nesters (Table 1), indicating that the
unknown factors that reduced the reproductive potential of the
NNJ population are not present in all wood turtle populations.

Our NNJ hatching success repeatability estimate indicated
that approximately 60% of the observed variation in hatching
success is attributed to maternal identity while the remaining 40%
is attributed to random environmental factors. In contrast, our
GWNF hatching success repeatability estimate was significantly
lower than the NNJ estimate and indicated that approximately
5% of the observed variation in hatching success is attributed
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FIGURE 1 | Annual hatching success rates of all “repeat nester” female wood turtles (Glyptemys insculpta) at the northern New Jersey (NNJ) site from 2013 to 2016.
Individual females are ranked from 1 to 18 according to their average hatching success rates.

FIGURE 2 | Annual hatching success rates of all “repeat nester” female wood turtles (Glyptemys insculpta) at the George Washington National Forest (GWNF) site
from 2010 to 2014. Individual females are ranked from 1 to 36 according to their average hatching success rates.

to maternal identity while the remaining 95% is attributed
to random environmental factors. This low range repeatability
estimate suggests that environmental factors influence hatching
success variation more than maternal identity in GWNF
(Figure 5). The higher NNJ hatching success repeatability
estimate is certainly due to the many repeat nesters who
consistently produced low hatch rates and the relatively smaller
numbers of repeat nesters that produced either consistently high
hatch rates or hatch rates that varied from year to year. Forty-
four percent of repeat nesters in the NNJ study never had a
clutch with a hatch rate of 50% or greater (i.e., “low hatch
rate females”), 33.33% always had annual hatch rates of 50% or
greater (i.e., “high hatch rate females”), and 22.22% had annual
hatch rates that varied from less than 50 to 50% or greater
(i.e., “variable hatch rate females”). In comparison, only 5.56%
of repeat nesters in the GWNF study could be qualified as low
hatch rate females, while the majority of repeat nesters could be
qualified as either high hatch rate females (36.11%) or variable

hatch rate females (58.33%; Figure 4). These contrasting results
suggest that the reproductive capacity of the NNJ population is
much more limited than that of the GWNF population and that
this limitation is primarily due to a higher proportion of low
hatch rate females in the NNJ population.

Similar to other wood turtle populations, we found significant
associations between body size and clutch size in the NNJ
population (e.g., Brooks et al., 1992; Walde et al., 2007; Jones,
2009); however, we found no significant associations between
body size and hatching success. We also found no significant
associations between clutch size and hatching success in either
NNJ or GWNF populations. This indicates that parameters like
body size and clutch size are not always reliable predictors of
hatching success in turtle populations and that other factors are
most likely causing maternally-linked hatching failure in the NNJ
population.

It is difficult to conclude whether maternally-linked hatching
failure is an abnormal feature of turtle populations because
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FIGURE 3 | Percentages of “repeat nester” wood turtles (Glyptemys insculpta) with overall hatching success rates between 0 and 24.99%, 25 and 49.99%, 50 and
74.99%, 75 and 100% in the northern New Jersey (NNJ) and George Washington National Forest (GWNF) studies. The overall NNJ hatch rates of repeat nesters (N
females = 18, N nests = 59, mean = 0.37) were significantly different (Fisher’s exact probability test: DF = 4, P = 0.00466) and lower (two-tailed Mann–Whitney U
test: UA = 194.5, Z = 2.37, P = 0.0178) than the overall GWNF hatch rates of repeat nesters (N females = 36, N nests = 99, mean = 0.60).

FIGURE 4 | Proportions of “high hatch rate,” “low hatch rate,” and “variable hatch rate,” “repeat nester” wood turtles (Glyptemys insculpta) in the northern
New Jersey (NNJ) and George Washington National Forest (GWNF) studies. “High hatch rate females” always had annual hatch rates of 50% or greater, “variable
hatch rate females” had annual hatch rates that varied from less than 50 to 50% or greater, and “low hatch rate females” consistently produced hatch rates
below 50%.

repeat nesting data are seldom reported or analyzed in scientific
studies. Nevertheless, some studies documented maternally-
linked hatching failure in turtles and crocodilians and suggested
several hypotheses for its occurrence; among these are egg
infertility (Heinz et al., 1991; Kuchling and Shunqing, 2015),
inbreeding depression (Ennen et al., 2010), maternal senescence
(Warner et al., 2016), inadequate maternal nutrition (Noble et al.,
1993; Craven et al., 2008) and environmental contamination
(Perrault et al., 2011).

Egg infertility is an unlikely explanation for maternally-
linked hatching failure in NNJ wood turtles simply because
70.92% of all wood turtle eggs collected for incubation during

2015 and 2016 showed at least some evidence of “chalking”
(i.e., eggshell whitening) and chalking in turtle eggs has long
been regarded as direct evidence of fertilization and subsequent
embryonic development (Ewert, 1979, 1985; Deeming, 1991).
Furthermore, our long-term mark-recapture data indicate that
there is no shortage of reproductive males in the NNJ population
(Duchak and Burke, unpublished data). An abundance of males
combined with the occurrence of female sperm storage (Figueras
and Burke, 2017) and multiple paternity (Galbraith, 1991;
Bouchard et al., 2016) in wood turtles make even sporadic
occurrences of infertile nests especially unlikely in the NNJ and
any other wild wood turtle populations of considerable size;
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FIGURE 5 | Wood turtle (Glyptemys insculpta) hatching success repeatability estimates with corresponding 95% confidence intervals for the northern New Jersey
(NNJ) and George Washington National Forest (GWNF) studies. Estimates of hatching success repeatability from the NNJ and GWNF datasets were 0.580 (N = 18;
K = 3.268; lower CI: 0.328; upper CI: 0.792; CIW: 0.464) and 0.056 (N = 36; K = 2.771; lower CI: -0.162; upper CI: 0.274; CIW: 0.436), respectively.

unless contaminants that cause male infertility are prevalent
(Heinz et al., 1991).

Maternally-linked hatching failure as a consequence of
inbreeding is also unlikely at the NNJ site. Our mark-
recapture efforts since 2012 have confirmed the existence
of over 110 uniquely marked adult wood turtles that are
not geographically isolated from neighboring wood turtle
populations; relatively undisturbed stream corridors connect the
NNJ population to adjacent upstream and downstream wood
turtle populations. Moreover, Spradling et al. (2010) showed
that an even smaller, geographically disjunct Iowa population
was not inbred and actually exhibited a substantial amount of
genetic diversity despite having significantly lower allelic richness
and heterozygosity than a larger population in West Virginia.
Additionally, Tessier et al. (2005) found high degrees of genetic
variability among six Canadian wood turtle populations, some of
which had experienced drastic declines in recent history. Tessier
et al. (2005) and Spradling et al. (2010) theorized that declining
turtle populations may be buffered from the effects of genetic
drift by the presence of long-lived adults that maintain much
of the population’s original genetic variability when they breed
with each other or individuals of younger age classes. Considering
these studies and the NNJ population’s size and connections to
neighboring populations, the possibility of inbreeding reducing
NNJ hatch rates seems implausible.

Maternal senescence is also an unlikely cause of the low NNJ
hatch rates. Unlike many classes of vertebrates, female reptiles
are not oocyte-limited and appear capable of reproduction until
death (Kuchling, 1999; Jones, 2011); accordingly, chelonians
were traditionally thought to exhibit only negligible senescence
(Congdon et al., 2001, 2003; Miller, 2001). In contrast, Warner
et al. (2016) showed that adult survivorship and hatching success
decline with old age in painted turtles (C. picta); however, our
long-term mark-recapture and morphometric datasets suggest

that a diversity of age classes exist at the NNJ site and that
some NNJ repeat nesters with consistently poor hatch rates are
unlikely to be old. For example, the most unsuccessful repeat
nester in the NNJ study laid four annual nests totaling 37 eggs
from 2013 to 2016 but failed to produce a single hatchling (female
#18; Figure 1). This turtle was first encountered in 1999 as a
non-reproductive juvenile with a straight-line plastron length
(SLPL) of 74 mm, indicating that this turtle was approximately
20 years old during the last year of the present NNJ study
(2016). Twenty years is a relatively young age for a turtle
species that reaches reproductive maturity during its teenage
years and lives 50 years or more in the wild (Jones and Willey,
2015). Thus, it is unlikely that senescence accounts for all of
the maternally-linked hatching failure observed in the NNJ
population.

In contrast to egg infertility, inbreeding depression, and
maternal senescence, differences in food resources and maternal
diets may be a slightly more convincing hypothesis as to why
some NNJ females have consistently low hatching success;
however, this hypothesis may still be implausible, especially if
the foraging sites of all NNJ females yield the necessary nutrients
for producing healthy eggs. Turtle hatchlings receive either very
limited or no parental care; therefore, maternal reproductive
investment in turtles is largely represented by the allocation of
dietary nutrients like lipids to the yolks of eggs (Congdon, 1989;
Harms et al., 2005). Some of the fatty acid constituents of these
lipids may be vital to embryonic development (Noble et al., 1993),
and studies have shown associations of inadequate maternal diets
with fatty acid deficiencies and reduced hatch rates in captive
birds and reptiles (Noble et al., 1993, 1996; Craven et al., 2008).
It may be possible that individuals of some species can exhibit
hatch rate impairing dietary deficiencies in the wild, especially if
a high degree of variation exists in a species’ habitat/resource use
and feeding ecology (Graveland and Drent, 1997).
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Wood turtles are opportunistic omnivores that forage in
diverse habitats (see Jones and Willey, 2015 for reviews of diet
and habitat use). Like many other wood turtle sites, the NNJ site
is a highly heterogeneous mix of habitats (e.g., streams, riparian
floodplains, marshes, swamps, fens, mixed hardwood forests,
hemlock groves, pine forests, thickets, old fields, agricultural
fields, etc.), and we observed a high degree of inter-individual
habitat use variation and foraging site fidelity among a sample
of more than 20 NNJ females during a multiyear radio-tracking
study (Duchak and Burke, unpublished data). Because some
females spent the majority of their activity seasons foraging in old
fields while others spent much of their time foraging in hardwood
forests or various wetlands, diets and possibly nutritional statuses
of these females could differ markedly. Given the wood turtle’s
highly variable ecology, one might expect that inter-individual
variations in habitat use and, consequently, maternal diet could
conceivably influence inter-individual variations in hatching
success. Although, while dietary differences probably exist in
wild wood turtle populations, it may be especially unlikely
that any wild diets or foraging grounds are so nutritionally
limited that they would repeatedly impair the annual hatch
rates of multiple females in a given population; otherwise,
we might expect maternally-linked hatching failure to be a
common feature in many wood turtle populations. In any
event, the extent to which maternal diet and the availability
of key nutrients vary across wild wood turtle populations
is not known, nor is how different diets affect hatching
success.

Radio-tracking repeat nesters to determine whether major
differences in summer foraging habitats exist between high
and low hatch rate females would be an appropriate first
step in examining what effect, if any, maternal diet has on
hatching success. Tracking these females would also offer
opportunities to collect regular fecal samples for dietary analyses
and blood samples for health assessments that could examine
the potential differences between high and low hatch rate
females. If high and low hatch rate females are found to
have dissimilar diets and blood chemistries, then assessing the
lipid and fatty acid compositions of their freshly laid eggs
might reveal different quantities of vital nutrients which could
explain why some females consistently have less successful hatch
rates than others. Alternatively, if no differences in diet or
blood chemistry are found between high and low hatch rate
females, then inadequate maternal diets would be an unlikely
explanation for maternally-linked hatching failure in NNJ wood
turtles.

While inadequate maternal diets may be a possible, yet
perhaps unlikely hypothesis for maternally-linked hatching
failure in NNJ wood turtles, environmental contamination is
certainly a much more plausible one. Numerous studies link
maternal accumulations of contaminants with reduced hatch
rates or hatchling deformities in turtle populations (e.g., Bishop
et al., 1998; Nagle et al., 2001; Bell et al., 2006; Perrault et al.,
2011; Hopkins et al., 2013). At first glance, the NNJ site appears
relatively free of environmental contamination, aside from a
presumed history of past agricultural chemical use; however,
closer investigation reveals that lead (Pb) from a long history

(approximately 100 years or more) of intensive upland gamebird
hunting has been and continues to be deposited at the NNJ
site. Similar areas managed for upland gamebird hunting were
estimated to hold several thousand lead pellets per hectare in
the most superficial soil layers (Lewis and Legler, 1968; Esslinger
and Klimstra, 1983; Keel et al., 2002). Spent lead pellets can
take decades to completely disintegrate (Thomas, 1997), but they
corrode rapidly and release particulate compounds, especially
in acidic soils that are subjected to agricultural treatments
like plowing or tilling (Jørgensen and Willems, 1987). These
lead compounds tend to adsorb to detritus, making major
wood turtle prey species such as earthworms and possibly
slugs, carriers of high lead burdens at contaminated sites
(Ma, 1982; Niederberger and Seidel, 1999; Jones and Sievert,
2009). Although no studies have investigated the impacts of
lead shot deposition on turtles, many have documented the
effects of lead shot deposition on upland birds (for reviews
see Kendall et al., 1996; Fisher et al., 2006). In a controlled
experiment, Edens et al. (1976) demonstrated that chronic
dietary lead exposures can adversely affect hatching success
rates in quail; the same could be true for terrestrial turtles.
Given their small home range sizes, foraging site fidelity, and
tendency to feed on invertebrates that can carry high lead
loads, some wood turtles could be especially likely to accumulate
lead concentrations high enough to affect the hatch rates
of their clutches. Furthermore, the presumably heterogeneous
distribution of lead shot throughout the landscape could explain
why some female wood turtles always have lower hatch rates than
others.

Measuring lead concentrations in the eggs of repeat nesters
could potentially determine whether lead is influencing NNJ
wood turtle hatch rates, but unfortunately, egg contaminant
tests require the sacrifice of eggs and can also present analytical
complications for researchers. Although less invasive than testing
egg contents, testing eggshells alone and comparing lead levels
between the shells of eggs that hatch and the shells of eggs that
fail to hatch would still be problematic. In a study of slider
turtles (Trachemys scripta), Burger and Gibbons (1998) found
no correlation in lead concentrations, nor any other heavy metal
concentrations, between egg contents and eggshells except for
manganese. Lead concentrations were also significantly higher
and, presumably, more readily detectable in egg contents than
eggshells (Burger and Gibbons, 1998). In addition to correlations
between egg contents and eggshells proving elusive, chemical
compositions of eggshells and egg contents change throughout
incubation with many elements decreasing in eggshells and
increasing in egg contents as they are absorbed from eggshells
by growing embryos (Yalçin-Ödilek et al., 2011; Orłowski et al.,
2019). Moreover, eggshells and contents of embryonated eggs
(i.e., fertile eggs with visible embryos) may have significantly
higher heavy metal concentrations than eggshells and contents
of non-embryonated eggs (i.e., presumably infertile eggs with
no visible embryos). Therefore, to obtain objective comparisons
of egg lead concentrations between high and low hatch rate
females, it is advisable to: (1) measure lead concentrations in
whole fresh eggs (i.e., undecomposed, homogenized eggshell
and egg contents) of the same age or developmental stage
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and, if possible, (2) avoid including embryonated and non-
embryonated eggs in the same analysis (Orłowski et al., 2016);
however, effectively differentiating truly non-embryonated eggs
(i.e., infertile eggs) from embryonated eggs that suffered early
embryonic mortality is only possible via perivitelline membrane-
bound sperm detection (Croyle et al., 2016), a technique that
is not readily available to most turtle researchers and could
potentially complicate contaminant analyses. Furthermore, any
comparisons of lead concentrations between high and low
hatch rate females would require adequate sample sizes to
be conclusive, and sacrificing multiple eggs from multiple
nesting females may not be permitted nor viewed as ethical
in studies involving protected species. Therefore, prior to
negotiating the complications associated with measuring lead
concentrations in eggs, a much less invasive preliminary
analysis should be performed to determine whether NNJ
wood turtles even carry lead burdens high enough to justify
testing their eggs.

Measuring lead concentrations in the scutes of repeat nester
NNJ wood turtles would be the most conservative starting point
for determining whether lead could be influencing their hatch
rates. Since turtle shell scutes are composed of keratin, they
provide a non-lethal, minimally invasive way to test turtles for
heavy metal exposure (Overmann and Krajicek, 1995; Presti
et al., 1999; Sakai et al., 2000; Blanvillain et al., 2007). Lead
concentrations in hard, calcified materials like bone and keratin
are good indicators of long-term accumulation (Overmann and
Krajicek, 1995; Sakai et al., 2000) and should also be higher and
more readily detectable than lead concentrations in eggs (Sakai
et al., 2000), which represent short-term accumulation (Orłowski
et al., 2016). Although it is entirely unknown whether wood turtle
scute lead concentrations correlate with wood turtle egg lead
concentrations, finding higher scute lead concentrations in NNJ
wood turtles than those of other populations or other species
would confirm that NNJ wood turtles indeed have a history
of lead exposure that could be responsible for their low hatch
rates. Because scute lead concentrations are better indicators of
long-term rather than short-term exposure, such a result may
not be sufficient to fully implicate lead as the main cause of
the NNJ population’s low hatch rates, but it would certainly
warrant sacrificing a limited number of eggs from each repeat
nester in order to measure their egg lead concentrations. As
egg lead concentrations are indicators of recent exposure, they
may be better suited to directly determine whether lead could be
impacting the hatch rates of NNJ wood turtles but only if the
previously mentioned complications associated with measuring
heavy metal concentrations in eggs are mitigated. If females
with consistently lower hatch rates bear significantly higher lead
burdens in their eggs than females with consistently higher or
variable hatch rates, it is very likely that lead contamination is
responsible for the reduced hatch rates in the NNJ population.
However, additional tests will be necessary to determine the
possible source(s) and pathway(s) of lead exposure. Radio-
tracking females with high and low hatching success records to
their summer foraging habitats and quantifying lead levels in the
soils and food items of these areas will be necessary to implicate
recreational hunting as a major source of contamination.

CONCLUSION

The potential causes of hatching failure are important, yet often
overlooked aspects of reptile ecology and conservation. The
commonly suggested hypotheses for hatching failure, such as
unsuitable incubation conditions or infertility, are unlikely to
explain all of the hatch rate variability in some populations. This
study found that approximately 60% of the hatch rate variability
observed in a wood turtle population with low hatching success
can be attributed to maternal identity. The remaining 40%
can be attributed to the random environmental factors that
are usually theorized to be major reasons for reduced hatch
rates in many turtle populations (e.g., unsuitable incubation
conditions, flooding, desiccation, egg infertility, egg damage
due to improper handling by researchers, root and insect
predation, and fungal/microbial infection). We hypothesize that
maternally-linked hatching failure in seemingly healthy wild
turtle populations is most likely an indicator of environmental
contamination.

This study reveals a cryptic but critical conservation concern
for vulnerable turtle populations: that the presence of many
nesting females does not necessarily guarantee high or even
sustainable reproductive rates. The exceedingly low hatch rates
we observed suggest that recruitment in some turtle populations
could be severely hindered even when managers attempt to
mitigate well-known factors that decrease recruitment such
as nest predation and low juvenile survival. Although time-
consuming and labor intensive, we recommend that all turtle
population studies investigate hatching success and document
at least one year of overall, population-level hatch rate data as
hatching success is an important indicator of every population’s
reproductive potential.
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