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INTRODUCTION 

 

The bog turtle (Glyptemys muhlenbergii [Schoepff 1801]) is the smallest and, arguably, 

the most imperiled freshwater turtle in North America (Ernst and Lovich 2009, Van Dijk 2013). 

The bog turtle was first described in 1801 and given the taxonomic name Testudo muhlenbergii 

[Schoepff 1801] after the man whom collected the first bog turtle specimen: Reverend Gotthilf 

Heinrich Ernst Muhlenberg (Ernst and Lovich 2009). In 1835, Fitzinger reclassified bog turtles 

into the Clemmys [Ritgen 1828] genus (Lee and Norden 1996). The bog turtle’s scientific name 

remained Clemmys muhlenbergii for over 150 years, but, in 2001, Holman and Fritz (2001) 

rearranged the taxonomy of the Clemmys genus, and the bog turtle was incorporated into the 

Glyptemys genus [Agassiz 1857], along with the wood turtle (Glyptemys insculpta).  

Distributed throughout the eastern United States, the bog turtle is geographically 

separated into two main allopatric populations (i.e., the northern population and the southern 

population) (Fig. 1) (USFWS 2001). The southern population was originally described as a 

separate species, Clemmys nuchalis, by Dunn in 1917, but this taxon was never commonly 

recognized (Lee and Norden 1996). Genetic evidence supports the maintenance of G. 

muhlenbergii as a single species, as there is little mitochondrial genetic divergence across the 

range of the bog turtle (Rosenbaum et al. 2007). 

In 1997, the United States Fish and Wildlife Service (USFWS) listed the northern 

population as threatened under the Endangered Species Act of 1973 mainly because of the loss 

of habitat to development, alteration of habitat by invasive plants and natural succession, and 

pressures from the illegal wildlife trade (USFWS 1997). The southern population was listed 

jointly with the northern population as threatened under the Endangered Species Act of 1973 due 
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to the similarity of appearance between individuals of these two populations (USFWS 1997). 

The bog turtle’s cryptic nature and rarity has hindered researchers’ ability to determine an 

overall population size (USFWS 2001). In 2012, the USFWS estimated that bog turtles occupy 

approximately 545 sites in the northern population, but that fewer than 35 of these sites have 

greater than 30 individuals (USFWS 2012). Although most bog turtle sites are small, sites with 

as few as 15 reproducing females may still be considered viable (Shoemaker et al. 2013). The 

majority of bog turtle sites in the northern population are found in southeastern New York, New 

Jersey, eastern Pennsylvania, and the upper piedmont of Maryland, while bog turtles at a few 

geographically and genetically isolated sites are also found in northwestern New York (Lee and 

Norden 1996, USFWS 2001). To facilitate bog turtle management and prioritize recovery goals, 

the USFWS divided the northern population into five distinct biogeograhical recovery units (Fig. 

2) (USFWS 2001). For example, the Hudson/Housatonic Recovery Unit includes all bog turtle 

sites found in Massachusetts and Connecticut, a majority of the sites found in New York, and 

many of the sites in New Jersey (Fig. 2).  

The primary threat to the persistence of bog turtles throughout all recovery units is the 

loss and degradation of its specialized wetland habitat (USFWS 2001). Bog turtle habitat varies 

across its geographic range and is often described by geological terminology (e.g., fens, bogs, 

river floodplains), habitat descriptions (e.g., marshes, swamps, beaver ponds), and plant 

community characteristics (e.g., open-canopy, sedge-meadows), or a combination of these 

terminologies (Lee and Norden 1996).  

Despite its common name, the type of habitat in which the bog turtle most frequently 

occurs in southeastern New York and other parts of the Hudson/Housatonic Recovery Unit, is 

not bog habitat but is mostly early successional, open-canopy, wet sedge-meadows or fens 
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(Kiviat 1978, USFWS 2001, Tesauro and Ehrenfeld 2007, Shoemaker 2011). Within these 

habitats, the plant communities often include alders (Alnus sp.), bulrushes (Juncus sp. and 

Spirpus sp.), red maple (Acer rubrum), sedges (Carex spp.), shrubby cinquefoil (Dasiphora 

fruticosa), skunk cabbage (Symplocarpus foetidus), and sphagnum moss (Sphagnum spp.) 

(reviewed in USFWS 2001).  

 These early successional wetland communities are often destroyed or fragmented for 

development or agricultural purposes (USFWS 2001). The fragmentation of wetland complexes 

and development of surrounding lands can lead to alterations to natural hydrology, proliferation 

of non-native plant species such as common reed (Phragmites sp.) and purple loosestrife 

(Lythrum salicaria), and increases of human-commensal predators (i.e., predators subsidized 

with increases of food availability associated with human presence) such as the northern raccoon 

(Procyon lotor) and striped skunk (Mephitis mephitis) (USFWS 2012). Because habitat loss (the 

complete destruction of habitat), fragmentation (leading to a reduction in size of habitats, 

reduction in connectivity of habitats, and possible increased predation threats), and degradation 

(alterations in hydrology and plant communities) are the primary threats to bog turtles, habitat 

preservation and restoration are the primary conservation actions for protection and recovery of 

the bog turtle (USFWS 2001, USFWS 2012). For degraded habitats, managers commonly use 

habitat restoration methods, such as the manual removal of woody vegetation, herbicide or 

biocontrol treatment of dense monocultures of plant species (e.g., black margined loosestrife 

beetle [Galerucella calmariensis] released to manage purple loosestrife [Lythrum salicaria]), and 

prescribed grazing by livestock (Tesauro and Ehrenfeld 2007, USFWS 2012). These methods 

increase open-canopy areas and reduce the height or density of vegetation—which may increase 

the amount of habitat bog turtles require for basking and nesting (Kiviat 1978, Zimmerman et al. 
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2008). Because the loss of adequate nesting habitat has contributed to the declines of other turtle 

species (Sarti et al. 1996, Spotila et al. 1996), increasing the amount of nesting habitat for bog 

turtles may be beneficial to the species’ recovery. To ensure habitat restoration or new nesting 

area creation is successful, however, managers must understand how and why females select 

particular nesting habitats within a site.  

Nest-site selection can have many drivers, including nest-site fidelity, in which a female 

returns to the same nesting area year after year. Nest-site fidelity may or may not also be fidelity 

to a natal nesting area (i.e., repeatedly returning to the nesting area from which a female 

hatched), also known as natal homing (Carr and Carr 1972, Freedberg et al. 2005). If nest-site 

fidelity (especially fidelity to the natal nest site) is the driver of nest-site selection, then the 

creation of new nesting areas may not benefit conservation efforts, as females will continue to 

use their pre-existing nesting areas, perhaps even regardless of the suitability of conditions at 

those nesting areas. But if females do not always return to the same nesting area and, instead, 

select nest locations based on microhabitat conditions, then creating new nesting habitats could 

be a viable conservation tool. The challenge, then, is to understand what habitat conditions and at 

what scale females select nesting habitat in order for managers to determine whether and how to 

create suitable nesting habitat.  

Even if creating new nesting habitat is appropriate, such efforts may not actually increase 

reproductive output for bog turtles, especially if nest predation pressure is as high as it can be in 

other turtle species (e.g., Congdon et al. 1983, Brown and Macdonald 1995, Spencer 2002, 

Engeman et al. 2005). High predation rates may reduce recruitment and may eventually impact 

the size and viability of populations of threatened turtles (Crouse et al. 1987, Marchand and 

Litvaitis 2004). To reduce nest predation, managers sometimes deploy predator excluder cages 
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(predator excluders) to protect nests from predators (Graham 1997, Ratnaswamy et al. 1997, 

Kurz et al. 2011, Riley and Litzgus 2013). While predator excluders may reduce nest predation, 

they might also alter conditions within the nests (e.g., temperature), which, in turn, could alter 

nest success (Breckenridge 1960, Rahman and Burke 2010, Riley and Litzgus 2013). If predator 

excluders reduce nest incubation temperatures and, therefore, decrease hatching rates or 

hatchling fitness, the possible benefits of reducing predation may be offset by negative effect on 

success (Riley and Litzgus 2013). For bog turtles, no published study has evaluated the efficacy 

of predator excluders in reducing nest predation or monitored the effects predator excluders have 

on nest temperature or nest success. 

This dissertation explores the nesting ecology of the bog turtle in the Hudson/Housatonic 

Recover Unit. In the first chapter, I evaluate nest-site selection by females and predict that 

females have nest-site fidelity and, more specifically, that such nest-site fidelity is associated 

with natal homing. In the second chapter, I examine nest-site selection based on microhabitat 

conditions at different spatial scales within a wetland site. In the third chapter, I evaluate basic 

bog turtle nesting ecology (e.g., clutch size, maternal condition, incubation periods, nest 

temperature, nest success). Also in the third chapter, I determine whether predator excluders are 

effective at reducing predation and investigate the effect predator excluders on bog turtle nest 

conditions and nest success. Throughout all of these chapters, I provide conservation and 

management recommendations to facilitate the preservation and recovery of the bog turtle. 
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Figure 1. Geographic distribution of bog turtles as described by the USFWS Bog Turtle 

Northern Population Recovery Plan (2001). Map modified from USFWS (2001) by Rosenbaum 

and Nelson (2010) to include the geographic division of the species into the two allopatric 

populations (northern and southern populations). 
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Figure 2. Northern population recovery units for the bog turtle (modified from USFWS 2001). 

The Hudson/Housatonic Recovery Unit, displayed in dark blue, incorporates eastern New York, 

western Massachusetts and Connecticut, and northern New Jersey. 
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CHAPTER 1 

Evidence for Nest-Site Fidelity but not Natal Homing in the Bog Turtle 

 

ABSTRACT 

Context. The bog turtle (Glyptemys muhlenbergii) is threatened primarily because of the loss of 

suitable fen/wet sedge-meadow habitat. Managers often focus on creating open-canopy areas 

with low vegetation height as new nesting habitat for bog turtles. But if bog turtles exhibit nest-

site fidelity (i.e., females consistently returning to the same nest site) and especially if bog turtles 

consistently return to their natal nest site (i.e., natal homing), then the creation of new nesting 

habitat may be ineffective, as females would not use these new habitats. 

Aims and Predictions. The objective of this study was to better understand the behavioral 

mechanisms of bog turtle nest-site selection. Nest-site fidelity is common in freshwater turtles, 

and natal homing is common in sea turtles; however, researchers rarely determine if freshwater 

turtles exhibit natal homing. I predict that bog turtles will exhibit nest-site fidelity and that this 

nest-site fidelity will be associated with natal homing.  

Methods. From 2008–2012, at a total of nine sites in southeastern New York and western 

Massachusetts, I used radio-telemetry to track females to their nest sites. Using the GPS 

coordinates of the nests and genetic data (microsatellites) from nesting females, I compared the 

distance between any one female’s subsequent nests to random distances to evaluate nest-site 

fidelity at both the fine-scale (within a nest-site area) and coarse-scale (to a nest-site area). I used 

pairwise genetic relatedness of nesting females versus the pairwise distance between their nests 

to evaluate natal homing.
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Key Results. I found evidence for coarse-scale nest-site fidelity in bog turtles but also inter-year 

variability in fidelity behavior. Individuals nesting closer together were not more closely related, 

first-degree female relatives (i.e., mother/daughter, full-sibling sisters) did not consistently nest 

within the same nesting area, suggesting that bog turtles do not exhibit natal homing. 

Conclusions. Because I found nest-site fidelity in bog turtles but no evidence that this fidelity 

was attributed to natal homing, nest-site selection may be based on the microhabitat 

characteristics of nesting habitat. If a wetland has limited suitable nesting habitat, then fidelity to 

nest sites may be an artifact of females returning to suitable habitat rather than a behavioral 

routine of reusing the same location or returning to where they hatched. Therefore, the creation 

of new nesting areas within a habitat may be a beneficial conservation tool. 

 

INTRODUCTION 

For nesting species such as turtles, part of a species’ behavioral ecology may include 

females repeatedly returning to the same area to nest, termed nest-site fidelity (Loncke and 

Obbard 1977, Freedberg et al. 2005). A type of nest-site fidelity is natal homing, where females 

return to the nesting area from which they hatched to nest (Carr and Carr 1972, Meylan et al. 

1990, Allard et al. 1994). Several freshwater turtles exhibit nest-site fidelity [e.g., Chelydra 

serpentina (Loncke and Obbard 1977), Chrysemys picta (Valenzuela and Janzen 2001), 

Emydoidea blandingii (Congdon et al. 1983), Glyptemys insculpta (Walde et al. 2007), 

Trachemys scripta elegans (Tucker 2001)]. But as Freedberg et al. (2005) point out, rarely do 

these studies include an examination of whether the fidelity is associated with natal homing. 

Natal homing is frequently observed in sea turtles (reviewed in Bowen and Karl 1997), but 

researchers have also found that species of both migratory (Valenzuela 2001) and non-migratory 
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freshwater turtles also return to their natal nest site to nest (Freedberg et al. 2005).  

Bog turtles (Glyptemys muhlenbergii) remain within their wetland habitat to nest, unlike 

many other freshwater turtle species that move to nesting areas upland and distinct from the 

habitat used when not nesting (e.g., ponds, streams) (USFWS 2001, Whitlock 2002, Ernst and 

Lovich 2009). Researchers have commonly observed bog turtles nesting on raised hummocks 

within open-canopy areas of their heterogeneous wetland habitat (Whitlock 2002, Myers 2011, 

Byer 2015). However, no published study has examined whether female bog turtles are (1) 

returning to the same nest sites year after year, (2) returning to their natal nest sites, or (3) using 

another mechanism (e.g., microhabitat characteristics only) for nest-site selection. 

Because the loss of the bog turtle’s specialized wetland habitat is the primary threat for 

this species’ survival, the U.S. Fish and Wildlife Service considers the preservation and 

restoration of bog turtle habitats as the most important recovery tool (USFWS 2001). Within 

these specialized wetland habitats, the amount of suitable nesting areas may limit the persistence 

or growth of existing populations (USFWS 2001). Therefore, increasing the amount of nesting 

habitat could be an appropriate approach to habitat restoration, so long as female bog turtles will 

actually use the newly created habitats.  

Determining whether nest-site fidelity or, more specifically, natal homing is the 

mechanism of a female’s nesting behavior is an important first step to understand nest-site 

selection. Without understanding the behavioral mechanisms of nest-site selection, the 

management approach of creating new nesting areas could have two pitfalls: First, if managers 

evaluate the habitat conditions of known nesting areas and presume those areas to have suitable 

habitat, they may use those conditions as a metric when creating new habitat. But if females are 

returning to their natal nesting areas regardless of the suitability of the habitat, then the habitat 
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used as a management metric may not necessarily constitute good quality nesting habitat. 

Therefore, newly created nesting habitats may have similarly poor quality nesting habitat. 

Second, and more important, even if managers create ideal nesting habitat, females may not 

actually use the new nesting habitat if they have absolute nest-site fidelity (always returning to 

the same nest site) or, even more so, if they exhibit natal homing (always returning to their natal 

nest site).  

Because nest-site fidelity is common in freshwater turtles, and because some species of 

freshwater turtles do exhibit nest-site fidelity to their natal nesting area, this study addresses two 

questions: (1) do bog turtles exhibit nest-site fidelity? and (2) if so, do bog turtles exhibit natal 

homing? I predict that if females exhibit nest-site fidelity, then an individual female’s inter-nest 

distance should be shorter than random distances. To test for nest-site fidelity, I compared the 

observed inter-nest distances to random distances to determine nest-site fidelity within and to a 

specific nest-site area. If females exhibit natal homing, then closely related females will nest 

close to each other. To test for natal homing, I (1) compared the pairwise relatedness (via 

microsatellite data) and pairwise distance between subsequent nests of each individual female; 

(2) compared the relatedness of groups of females nesting in different parts of the same wetland; 

and (3) determined if first-degree relative pairs (i.e., mother daughter, full-sibling sisters) nested 

in the same area (nesting group). 

 

METHODS 

Study species 

The bog turtle is the smallest freshwater turtle in North America (Ernst and Lovich 2009) 

and one of the most imperiled turtle species in the world (Van Dijk 2013). Bog turtle are found 
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in small (< 50 individuals) often geographically and genetically isolated populations throughout 

their range (New York to Georgia) (USFWS 2001, Shoemaker and Gibbs 2013). These 

populations occur primarily in wetlands characterized by an open-canopy, low sedge/shrub 

vegetation, and soft, saturated soil (Carter et al. 1999, Morrow et al. 2001, Ernst and Lovich 

2009, Rosenbaum and Nelson 2010).  

 

Site descriptions 

 During spring of the years 2008–2012, in collaboration with researchers from the State 

University of New York College of Environmental Science and Forestry, I did visual and tactile 

surveys for bog turtles at 10 wetlands known to be occupied by bog turtles (‘sites’) in 

southeastern New York State. When sites were near each other (< 2 km) and separated by non-

wetland habitat types, I refer to this association of sites as a ‘habitat complex’. Based on a larger 

study done on the population genetics of bog turtles at many of these same sites (Shoemaker and 

Gibbs 2013), the 2 km distance for this definition of ‘habitat complex’ was determined by 

evidence of gene flow between bog turtle populations in sites separated by < 2 km. Site names 

and locations are not provided because of concerns about illegal collection for the pet trade. Sites 

and habitat complexes are identified by unique three-letter identification codes (see Shoemaker 

and Gibbs 2013), and general site descriptions are in provided in Appendix A. 

Between 2009-2012, I performed nesting studies at 10 sites in New York, but did not 

perform nesting studies at each site each year (summarized in Table 1). In addition to the 10 sites 

in New York, I included nesting data from two Massachusetts sites [Sirois et al. (2014) in 2008 

and 2009 and Whitlock (2002) in 1997], for a total of 12 sites. Of this total, only those sites with 

four or more nests of known maternity were included for analysis. Therefore, only nine sites (i.e., 
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CFP, EFP, SHR, WFP, SHA, SHF, SMF, JEF, SCH) were incorporated into this study (see 

Appendix A). 

 

Data collection 

For each turtle captured, I recorded sex and estimated age (Sexton 1959). I drew a small 

blood sample (< 0.2 mL) from the caudal artery (Shoemaker and Gibbs 2013) and immediately 

placed the sample in a preservative lysis buffer (prepared following Longmire et al. 1997) or on 

FTA® cards (Whatman, Pittsburg, PA). Prior to the nesting season (mid-May to mid-June; 

Chapter 3; Whitlock 2002), I attached radio transmitters (4.5 g; L. L. Electronics, Mahomet, IL) 

to a rear pleural scute of approximately 20 adult (> 9 yrs; Whitlock 2002) females each year 

using waterproof PC-11 epoxy (PC-Products, Allentown, PA). I tracked adult females (n = 105; 

2008–2012) using a hand-held R-1000 telemetry receiver (Communications Specialists, Orange, 

CA) approximately once per day (at dusk when bog turtles often exhibit nesting behaviors, Ernst 

and Lovich 2009) until nesting occurred (mid-June, see Chapter 3). When I observed a female 

exhibiting nesting behaviors (e.g., excavating soil with hind legs), I marked the location and 

returned the next day to determine whether eggs were laid. I recorded locations of the verified 

nests (n = 54) using a GeoXM GPS unit (Trimble, Sunnyvale, CA). Geographic coordinates were 

post-processed using Pathfinder software (Trimble, Sunnyvale, CA) to < 3 m accuracy.  

 

Nest-site fidelity definitions and analyses 

Researchers use the term ‘nest-site fidelity’ differently depending on the nesting ecology 

of their study species and the methodological approach to determining fidelity. For example, 

researchers may define nest-site fidelity as a female returning to the same nesting area (Congdon 
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et al. 1983) or nesting beach (Meylan et al. 1990). Some researchers simply define nest-site 

fidelity as the straight-line distance between nests of an individual (Tucker 2010). Freedberg et 

al. (2005) defined nest-site fidelity to a nesting area, but then also defined ‘fine-scale nest-site 

fidelity’ as fidelity to a specific region (transect) within nesting area. Other researchers quantify 

nest-site fidelity in multiple ways, for example Rowe et al. (2005) (1) determined whether 

females return to the same nesting area year after year and (2) compared actual observed inter-

nest distances to random possible inter-nest distances. Also, because nest-site fidelity may be 

highly variable within and among individuals, researchers may determine individual nest-site 

fidelity (one female’s tendency of returning to the same nest site) or determine nest-site fidelity 

among individuals (all studied females returning to their respective nest-sites) (Tucker 2001). 

For this present study, I examined nest-site fidelity in a similar manner as Rowe et al. (2005) and 

Freedberg et al. 2005 by determining nest-site fidelity (1) within a nesting area (fine-scale nest-

site fidelity) and (2) to a nesting area (coarse-scale nest-site fidelity). Additionally, I determined 

nest-site fidelity within and among individuals.  

Delineating different nesting habitat areas in bog turtle habitats was challenging because 

bog turtles do not migrate to geographically separated and distant habitat types outside of their 

normal home range to find nesting areas. Instead, females select small patches of habitat 

distributed throughout the wetland in which they reside (see Chapter 2). Because I was unable to 

easily distinguish nesting habitat without observing a female nesting in a particular habitat type, I 

used an operational definition of a ‘nest-site area’: a 10 m buffer surrounding any known ‘nest 

location’ (GPS point of nest; specific nest hummock). I chose a 10 m buffer because an 

individual bog turtle normally remains within a 5 m radius of any one location on a given day 

(Chase et al. 1989, Lovich et al. 1992, Morrow et al. 2001) but sometimes travel distances up to 
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20 m per day (Carter et al. 2000). These movement patterns suggest that a female could have 

chosen a nest location anywhere within these distance ranges on any one day. Additionally, this 

choice of a 10 m buffer around a nest location was supported by the results of my nest-site 

selection study, which determined that microhabitats were relatively homogenous within 5 m of 

a nest, but not necessarily homogenous within 20 m of nest (see Chapter 2). To create a 10 m 

buffer around known nest locations, I used ArcGIS 10.1 (ESRI, Redlands, CA). When two or 

more 10 m buffers overlapped, I merged these buffers and considered those areas as part of the 

same nest-site area. If buffered areas extended outside the boundaries of the wetland (e.g., dense 

forest, road), I clipped the nest-site area polygon to exclude these areas. 

 

Distance between subsequent nests 

Because of concerns about transmitter battery life, I did not keep transmitters on the bog 

turtles over winter, and, therefore, had to opportunistically capture the same turtle during the 

spring to track any one individual over multiple years. When I had multiple years of nesting 

location data points for an individual female, I measured the distance between the geographic 

coordinates of subsequent nests.  

 

Individual fidelity within a nest-site area (fine-scale nest-site fidelity) 

For each turtle observed nesting two subsequent years, I generated 100 random points 

within the nest-site area the individual turtle was first observed nesting using ArcGIS. I then 

calculated the geographic distance between these random point coordinates and the individual’s 

first observed nest location. I created 95% confidence intervals (95% C.I.) based on 10,000 

random samplings of possible random distances away from a first observed nest in which a 
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female could have nested during a subsequent year while remaining in the same nest-site area. I 

used the ‘boot’ function within the ‘boot’ package (Canty and Ripley 2015) for R (R Core Team 

2014) to create these confidence intervals. I then compared the distances between known 

subsequent nesting locations to the random distribution. If the actual inter-nest distance was 

shorter than would be considered by chance (below the the 95% C.I.) within a nesting area, I 

considered that individual female to have fidelity within a nest-site area (fine-scale nest-site 

fidelity). 

 

Individual fidelity to a nest-site area (coarse-scale nest-site fidelity) 

Within each bog turtle wetland (site), multiple nest-site areas could exist. For each nest-

site area within a site, I generated 100 random points and calculated the geographic distance 

between all of the generated random points in all nest-site areas and the first observed nest 

location of an individual. Using the same methods explained above for creating random distance 

confidence intervals, I determined whether females’ inter-nest distances were shorter than 

expected by chance considering the available nest-site areas throughout the entire site (individual 

fidelity to a nest-site area/coarse-scale nest-site selection). 

 

Among individuals nest-site fidelity 

Additionally, to determine fine-scale nest-site fidelity among all individuals, I created a 

contingency table and used a Fisher’s Exact test (α = 0.05, fisher.test’ function in ‘stats’ 

package: R Core Team 2014) to compare the observed frequency of females versus the expected 

frequency of females exhibiting fine-scale nest-site fidelity. I performed the same analysis for the 
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frequency of females observed exhibiting fidelity to a nesting area (coarse-scale nest-site 

fidelity). 

 

Natal homing analyses 

Ideally, to measure natal homing, I would mark hatchlings at their emergence from a nest 

and recapture these marked females when they were nesting themselves and determine if the 

females returned to the same nest site (Almany et al. 2007). However, mark recapture studies on 

small turtles, such as the bog turtle, are difficult because researchers have no well established 

and permanent way to mark hatchlings and females exhibit delayed sexual maturity (ca. 10 

years, Whitlock 2002). An alternate method to mark recapture is to measure the relatedness of 

nesting females because if natal homing is occurring, then closely related females should nest 

close together. Since natal homing for nesting (as opposed to spawning/mating) is an exclusively 

female behavior, often mitochondrial DNA markers (i.e., genetic material passed on through 

maternal lineages) are used to evaluate natal homing in turtles (Allard et al. 1994, Freedberg et 

al. 2005, Meylan et al. 1990). However, Amato et al. (1997) and Rosenbaum et al. (2007) 

revealed remarkably low levels of mitochondrial DNA variability within bog turtles considering 

the small populations sizes and low dispersal capacity of this species. Therefore, mitochondrial 

DNA may not provide sufficient variation to determine relatedness within a bog turtle 

population.  

Other studies have used microsatellite regions, or short tandem repeats of a specific 

sequence of base pairs (Ellegren 2004), to investigate natal homing (Thorrold et al. 2001, Neville 

et al. 2006). Microsatellites are highly variable (Weber 1990, Ellegren 2004) and, therefore, may 

be more useful than mitochondrial DNA to determine population genetic structure and 



  23 

relatedness (Freedberg et al. 2005). Freedberg et al. (2005) tested whether mitochondrial DNA 

analysis or microsatellite DNA analysis better describes the relatedness of nesting Mississippi 

map turtles (Graptemys kohnii). They found seven different haplotypes using mitochondrial 

DNA and over 200 different genotypes using microsatellites. Based on the higher gene diversity 

of microsatellites, Freedberg et al. (2005) suggested that microsatellite data, not mitochondrial 

DNA, are better at determining genetic structure within nesting females. Therefore, for this 

study, I used microsatellite data to investigate natal homing in bog turtles. 

 

Laboratory methods 

I extracted genomic DNA from 202 blood samples using DNeasy 96-well plate extraction 

kits (Qiagen, Valencia, CA) if the sample was preserved in lysis buffer or using FTA® extraction 

solution (Whatman, Pittsburg, PA) if the sample was preserved on FTA® cards. I prepared the 

extraction products for polymerase chain reaction (PCR) using 15 previously tested and 

described microsatellite loci for bog turtles (King and Julian 2004, Shoemaker and Gibbs 2013). 

I analyzed PCR products using fluorescently labeled microsatellite primers using an ABI 3730 

DNA Analyzer (Applied Biosystems, Grand Island, NY) at the Sackler Institute of Comparative 

Genomics at the American Museum of Natural History (New York, NY). I genotyped the 

ABI3730 data by visualizing electropherograms and determined allele sizes via GENEMAPPER 

v.4.0 (Applied Biosystems, Grand Island, NY). I added the resulting genetic data to the genetic 

data collected and analyzed by Shoemaker (2011) at the DNA Analysis Facility at Yale 

University. I verified results across laboratory institutes by re-extracting the DNA and 

reanalyzing the PCR products from 10% of the blood samples in the Shoemaker (2011) study. 
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Population genetics analyses 

I tested for potential genotyping errors using MICRO-CHECKER (Van Oosterhout et al. 

2004). I tested for deviations from Hardy-Weinberg expectations with GENEPOP v.4.0 

(Raymond and Rousset 1995) and linkage disequilibrium using Markov-chain exact tests. I used 

GenAlEx (Peakall and Smouse 2012) to determine descriptive statistics and calculated F-

statistics for each locus across all sites/populations as well as across all loci at each 

site/population. Genetic differentiation of sites/populations was determined by evaluation of an 

AMOVA (9,999 permutations) of pairwise site FST values. I examined isolation by distance using 

a Mantel test (9,999 permutations) of site level FST values and their respective distances away 

from each other. Results of these analyses are provided in Appendix B.  

 

Relatedness versus distance 

I determined maximum likelihood estimation of pairwise relatedness (r) (reviewed in 

Blouin 2003) using ML-RELATE (Kalinowski et al. 2006). Since ML-RELATE estimates of 

relatedness assume a closed population (i.e., no immigration or emigration) and since a previous 

study determined gene flow between sites within 2 km of each other (Shoemaker and Gibbs 

2013), I ran ML-RELATE analyses on all genotyped individuals (i.e., males, females, juveniles) 

at the habitat complex level (grouping all sites within 2 km of each other) to incorporate the 

allelic diversity and null allele information of the entire complex population. Because I was 

interested in nesting females to address the question of natal homing, I created a subset of the 

ML-RELATE pairwise relatedness to include only nesting females at each site. With this subset 

of relatedness data, I performed a Mantel test (9,999 permutations) using GenAlEx to compare 

the pairwise difference between the relatedness coefficients between each nesting female within 
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a population and the distance between their respective nests within a site. When females nested 

multiple years, I used the most recently recorded nest location in the pairwise geographic 

distance matrix for the Mantel test. I did not perform a Mantel test if a site had fewer than four 

nests with known GPS coordinates and maternity and the site could not be incorporated into the 

analysis of adjacent sites (< 1 km away; sites SHA and JEF).  

 

Relatedness within nesting groups 

I also measured the relatedness of nesting females by examining whether groups of 

mothers with nests clustered together within a site (‘nesting group’) had greater relatedness 

compared to overall relatedness of all nesting females within the site. For this analysis, I 

clustered females into nesting groups by creating 20 m buffers around any known nest included 

in the natal homing study (i.e., any nest in which I had genotyped maternity information). I 

merged any buffers that overlapped with buffers from other females’ nests and any females’ 

nests found within these merged buffers were considered part of the same nesting group. For this 

analysis, I used a 20 m buffer because the 10 m buffer method as described in the fidelity 

analysis had too few genotyped females within nesting groups to compare to other groups within 

the site. I calculated the within nesting groups’ relatedness to among group relatedness with 

GenAlEx. 

In 1997, Whitlock (2002) recorded nest locations of known (notched) females at two 

Massachusetts sites (SCH and JEF). In 2011, I genotyped some of the nesting females Whitlock 

had observed nesting in 1997. Because the 1997 data set did not have specific GPS coordinates, 

but, instead, had anecdotal comparative distance between the nests (A. Whitlock, USFWS—pers. 

comm.), I could not perform a Mantel test based on exact distances between the nests, but 
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instead used the nesting group relatedness comparison method.  

Nesting patterns of first-degree relatives 

To investigate relationships (i.e., unrelated, half-siblings, full-siblings, parent-offspring) 

between pairs of individuals, I used the relationship function of ML-RELATE. I considered pairs 

of females to have a strong kin relationship (i.e., first degree relatives: full sibling or parent-

offspring) if the log-likelihood of relatedness was at least two log units greater than the log-

likelihood of the pair being unrelated (Kalinowski et al. 2006). I ran a Fisher’s Exact test 

(‘fisher.test’) to determine if the observed frequency of first-degree relative pairs nesting in the 

same nesting group (as their first-degree relative) varied from the expected frequency.  

 

RESULTS 

Nest-site fidelity 

At the five sites for which multiple-year data were available, I recorded two years of nest 

locations for eight individuals. The second observed nests of any one female ranged from 3–14 

m away from the original observed nest location (mean distance = 8 m ± 5 S.D.). One female at 

WFP (identified as ‘2 WFP’; Fig. 1) had three recorded nests (2009, 2010, and 2011). This 

female nested 5 m away from her 2009 nest in 2010 and 86 m away from her 2009 nest in 2011.  

 

Fidelity within a nest-site area (fine-scale nest-site fidelity) 

Comparing the observed distance between an individual’s inter-nest distances to the 

random distances within the nest-site area (overlapped 10 m buffers) where the first observed 

nest was found, six of the eight of the second observed nests were found closer to their first 

observed nest location than would be expected by chance (Fig. 1). Exceptions include the one 
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female at CFP who nested further than expected by chance within the only nesting area in that 

site (Fig. 1), and female ‘1 SHR’ who nested within the expected range of the confidence 

intervals of random distances (Fig. 1, observed distance = 14 m, random distance 95% C.I.: 13–

15 m). Although 75% of females individually displayed fine-scale nest-site fidelity, when I 

considered fine-scale nest-site fidelity among all females, six of eight females was not a 

significant proportion of females displaying fidelity within a nest site (‘fisher.test’, p = 0.30). 

 

Fidelity to a nest-site area (coarse-scale nest-site fidelity) 

Based on the bootstrapping analysis, all individual turtles showed fidelity to the nest-site 

area in which their first nest was recorded, with the exception of the inter-year variation of 

fidelity to a nest-site area of the female 2 WFP’s third nest (Fig. 1). When analyzing coarse-scale 

nest-site fidelity among females, bog turtles displayed fidelity between their first and second 

observed nests to a nest-site area (‘fisher.test’, p = 0.03). I also ran a separate Fisher Exact test 

that included the third nest of ‘2 WFP’ (the female whose nests were 5 m apart between the first 

and second year and 86 m apart between the second and third year) and found fidelity to a nest-

site area among all females no longer reached significance (‘fisher.test’, p = 0.06). 

 

Genetic Analysis 

The MICRO-CHECKER analyses showed no evidence for allelic dropout (i.e., when one 

or more allelic copies of a loci fail to amplify). I observed no difference in the genotyping of our 

samples analyzed at both laboratory facilities, and, therefore, assumed no genotyping errors from 

differences in equipment or researcher. Allelic frequencies at both the site and complex level met 

Hardy-Weinberg expectations, and, across sites/complexes, no pairs of loci were designated as 
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‘highly significant’ when testing for linkage disequilibrium using Markov-chain exact tests. 

Therefore, I included all 15 microsatellite loci in the remaining analyses. Descriptive statistics, 

including F-statistics for these loci are in Appendix B (Table B1). A table with the number of 

samples collected and the genetic descriptive statistics at each site/complex are summarized in 

Appendix B (Tables B2 and B3). Results from the Mantel test testing isolation by distance of 

these sites are found in Appendix B (Figure B1).  

 

Natal homing 

Relatedness versus distance 

Based on Mantel tests, I report low and non-significant R2 values of the relatedness and 

distance between nests within each site (Table 2, Fig. 2), meaning that closely related individuals 

did not nest closer together (as compared to more distantly related individuals).  

 

Relatedness within nesting groups 

When examining mean relatedness of nesting groups (as compared to the relatedness 

across the all females), sites WFP, SHR, SCH, and JEF each had two nesting groups. At WFP, 

the mean relatedness (r = 0.25) within the northern most nesting group (WFP 1) was greater than 

expected by chance (Fig. 3). The mean relatedness of the WFP 2 nesting group did not differ 

significantly from relatedness across all nesting females. At SHR, SCH, and JEF, the mean 

relatedness of the nesting groups were no different than the relatedness across all nesting females 

within those sites. Additionally, the two nest groups at SCH and JEF in 1997 were also 

determined not to be different in relatedness versus across all nesting females within those sites.  
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Nesting patterns of first-degree relatives 

Considering only first-degree relatives (n = 10 pairs) (Table 2), I observed 70% of 

females nesting within the same nesting group as their first-degree relative. Within the TMR 

Complex sites of CFP, EFP, and WFP, two full-sibling relationship pairs were found, with one 

pair nesting within the same nesting group (WFP 1) and the other pair having one sister nesting 

in the WFP 2 nesting group and the other nesting at a different site within the complex (EFP), 

located approximately 320 m from the WFP 2 nesting group.  

At SHR, I found one full-sibling pair, and this pair nested in the same nesting group 

(SHR 1). Also in SHR, four mother-daughter pairs were found, three of which had both 

individuals of the pair found within the same nesting group (SHR 1); the remaining pair had one 

individual nesting in SHR 1 and one individual in SHR 2. When SHR was examined with CFP, 

EFP, and WFP at the complex level (TMR Complex), no additional first-degree relatives were 

observed between these sites (i.e., no evidence of migration of nesting first-degree relatives 

between SHR and other TMR Complex sites).  

In SHF, one full-sibling pair and one mother-daughter pair nested in the same nesting 

group. At the AMF Complex level (SHA and SHF together), I recorded one mother-daughter 

pair with one female nesting in a nesting group at SHA and the other nesting almost 1.5 km away 

in a nesting group at SHF. Of the sampled individuals at the remaining three sites (SMF, SCH, 

and JEF), I did not find the nests of any first-degree relative pairs.  

Overall, seven of 10 first-degree relative pairs had individuals nesting in the same nesting 

group as their first-degree relative (‘fisher.test’, p = 0.34). Three first-degree relative pairs had 
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individuals nesting in different nesting groups: two of those pairs having individuals nest at 

completely different sites within their site complex.  

 

DISCUSSION 

Nest-site fidelity 

 Bog turtles in southeastern New York and western Massachusetts displayed fidelity to 

nest-site areas (coarse-scale nest-site fidelity) as 100% of females returned to the same nest-site 

area the second year they were observed nesting. On a finer scale (fine-scale nest-site fidelity), 

75% of individuals selected nest locations closer than expected by chance but this percentage 

was not significant. I reported inter-year variation of fidelity of the one female observed nesting 

more than two years. This female expressed both fidelity to and within her nest-site area (both 

coarse and fine-scale nest-site fidelity) between 2009 and 2010. However, in 2011, she migrated 

to a different nest-site area (over 80 m away from her previous nest-site area). Although 

migration to a different nest-site area was observed in only one female during one year, this 

migration occurrence was an important observation. Because I had a small sample size and only 

two years of nesting data for all but one of the turtles, this one instance of migration 

demonstrates that movement to other nest-site areas does occur and nest-site fidelity is not 

absolute.  

  These results are congruent with the Whitlock (2002) study that observed four bog 

turtles laying their second observed nest within 5 m of the first observed nest, but observed one 

individual laying her second nest 293 m from the original nest location. Other species of 

freshwater turtles likewise demonstrated a general trend towards nest-site fidelity with some 

individuals migrating to new nesting areas (Walde 1998, Congdon et al. 1983, Joyal et al. 2001). 



  31 

Considering this study showed that bog turtles generally returned to the same nest-site areas, but 

there was inter-year variability of fidelity for one of the turtles is an important finding for 

managers. These results suggest that females exhibiting fidelity to their previous nest-site area 

may not often use newly created nesting habitats, but some individuals may migrate to the new 

areas. If nesting habitat is limited, these nest-site area migration events may be important for the 

viability of a population. 

 

Natal homing 

The observed fidelity to nest-site areas in bog turtles did not appear to be attributed to 

natal homing, as more closely related females did not lay their nests closer together within a site. 

Additionally, when examining natal homing by measuring the relatedness of females with nests 

found clustered together (nesting group relatedness), nesting groups were not more related than 

expected (with the exception of one nesting group at WFP). Lastly, seven of 10 first-degree 

relative pairs were found nesting within the same area as their relative. But, strikingly, two pairs 

of first-degree relatives not only nested in different nest-site areas, but the nest-site areas they 

selected were at different sites within the habitat complex. I should note that these migration 

events to different sites did not occur seasonally for the purposes of nesting (wherein a female 

would leave her original site and migrate to a different site to nest and then return to her original 

site). Instead, finding these first-degree relatives at different sites most likely reflects dispersal 

events of females establishing new home ranges in different sites. The timing or reason for these 

dispersal events is not known, but first-degree relative females occurring at different sites is 

especially interesting considering that, if natal homing were occurring, the homing behavior 

should be most obvious between mothers and daughters and full-siblings (first-degree relatives).  
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  I relied on the assumption that relatedness determined by microsatellites better represents 

the actual relatedness between female individuals as compared to mitochondrial DNA 

(Freedberg et al. 2005). I acknowledge that, because microsatellites are regions of genomic 

DNA, my relatedness data may be a reflection of shared paternal origin and small breeding 

population sizes—especially when comparing individuals with lower levels of relatedness 

(second-degree relatives: half-siblings, aunt/niece, grandmother/granddaughter). For this reason, 

I considered first-degree relatives separately, because these females had the greatest likelihood of 

actually being mother-daughter pairs or sisters with the same mother. If natal homing is 

occurring, I would expect at least these individuals to reliably nest close together, which I did not 

always observe (30% of females nested in different nesting groups than their first-degree 

relative).  

 Therefore, because (1) more closely related females did not nest closer to each other, (2) 

higher mean relatedness of nesting groups was only found in one nesting group of four sites with 

multiple nesting groups, and (3) first-degree relative pairs of females did not reliably nest in the 

same nesting area or site, I found no evidence supporting a pattern of natal homing at these sites. 

 

Conclusions and recommendations 

To the best of my knowledge, this is the only bog turtle nesting ecology study using 

genetic data; however, even with intensive surveying and sampling at these sites, I found few 

females repeatedly over multiple years and few instances of first-degree relative pairs. The few 

instances of first-degree relative pairs I observed may be a reflection of greater genetic 

variability than expected within these small populations (generally < 50 individuals) (Shoemaker 

and Gibbs 2013). For future nest-site fidelity studies, researchers could determine the amount of 
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inter-year variation in individual nest-site fidelity and the proportion of females that display 

inter-year variation for bog turtles with a study monitoring the same female for more than two 

years. Researchers might increase the success of finding the same female multiple years in a row 

by tracking females until the fall season, when turtles choose a hibernaculum, and then return to 

that same hibernaculum in the spring to capture the same female. I caution against keeping radio 

transmitters on the turtles over the winter months, as researchers have observed turtles with 

transmitters becoming trapped amongst root systems of their hibernaculum (J. Tesauro, Jason 

Tesauro Consulting, LLC—pers. comm.).  

 If females are not returning to their natal nesting areas and have inter-year variation in 

fidelity to nest-site areas, perhaps microhabitat characteristics are the primary drivers of nest-site 

selection in bog turtles. Females may be exhibiting fidelity to specific habitat conditions rather 

than geographic locations, as observed in spotted turtles (Clemmys guttata) (Rasmussen and 

Litzgus 2010). Therefore, if specific nesting habitat conditions within a site are limited, then 

females maybe returning to the same nest-site area based on this limited availability of suitable 

habitat versus fidelity to location (Loncke and Obbard 1977, Congdon et al. 1983, Morreale et 

al. 1984, Walde 1998). I observed females sharing nesting hummocks and, in some cases, 

kicking eggs out of another female’s nest to lay their own eggs, which supports the assertion that 

bog turtles may compete for limited nest-site areas within a habitat. If this is correct, and suitable 

nesting habitat is limited, managers should understand the specific microhabitat characteristics 

that females select for nesting within a wetland habitat.  

I found evidence for females displaying fidelity to a nest-site area on a coarse-scale level 

but no evidence supporting a pattern of natal homing. In addition, I found evidence of inter-year 

variation in fidelity to a nest-site area. Therefore, the creation or expansion of nesting habitats 
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within a site may be a valid conservation tool, as females occasionally use different nest-site 

areas. Indeed, preliminary observations from a nesting habitat expansion project at the SMF site 

confirm that female bog turtles nested in newly created open-canopy nesting habitat (J. Tesauro, 

Jason Tesauro Consulting, LLC—pers. comm.). With a better understanding of the mechanisms 

behind nest-site selection by female turtles, managers should be better able to prioritize habitat 

restoration actions within and across sites. 
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Table 1. Site-specific summaries of radio-tracked bog turtle females and nests in New York and 

Massachusetts by year. Site codes with boldface type were the sites (and corresponding year) 

used in nest-site fidelity analyses. Complex name codes are listed in italics above sites belonging 

to that complex. 

 
        

Year Complex/site 
code 

Tracked 
females 

Nests 
located 

2008 SCH 12 2 

2009 SCH 13 6 
TMR complex 

CFP 3 2 
EFP 2 2 
WFP 9 5 
SHR 9 6 

2010 TMR complex 
SHR 4 1 
WFP 9 4 

2011 SMF 5 4 
TMR complex 

CFP 1 1 
EFP 2 1 
WFP 8 4 
SHR 5 4 

2012 SMF 7 1 
AMF complex 

SHA 5 3 
SHF 11 8 

Total   105 54 
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Table 2. Site-specific summaries of bog turtle natal homing via pairwise comparisons of 

maximum likelihood relatedness and nest distances. Mantel tests performed with 9,999 

permutations. CFP, EFP, and WFP examined together because of the geographic proximity (< 1 

km) and because CFP and EFP had sample sizes too small to perform Mantel tests on at the site 

level. Number of first-degree relative pairs listed as determined by ML-RELATE maximum 

likelihood relationship determinations of parent-offspring or full-sibling pairs. One first-degree 

pair found split between the sites SHF and SHA in the AMF Complex is not listed in this table 

because SHA was dropped from the Mantel test analysis (see text for details). 

 
 
                

Site code # of 
nests 

Pairwise 
comparisons 

Relatedness 
range (r) 

Nest 
distance   

range (m) 

Mantel 
test (R2) p value 

# of 1st 
degree 
pairs 

CFP, EFP, WFP 2, 3, 9 91 0.00–0.73 2–355_  0.003 0.709 2 

WFP alone 9 36 0.00–0.40 2–175_ 0.045 0.060 1 

SHR 9 36 0.00–0.72 6–132_ 0.056 0.105 5 

SHF 8 27 0.00–0.50 < 1–127_ 0.005 0.392 2 

SMF 4 6 0.00–0.22 6–38_ 0.136 0.665 0 

SCH 7 21 0.00–0.26 1–300_ 0.029 0.258 0 
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Figure 1.  Nest-site fidelity of female bog turtles observed nesting multiple years (n = 8).  Grey 

bars represent the 95% C.I. (10,000-sample bootstrap) about the mean distance between a 

female’s first observed nest location and 100 random points within the same nest-site area (fine-

scale nest-site fidelity). Black bars represent the 95% C.I. about the mean distance between an 

individual’s first observed nest and all random points generated throughout the nest-site area in 

the site (100 random points per nest-site area) (coarse-scale nest-site fidelity). When the 

confidence interval does not straddle the actual distance from the first observed nest (black 

diamond), a significant difference from random is inferred. Site CFP does not have a confidence 

interval associated with all nest-site areas because CFP only had one nesting area. Female 2 

WFP’s first nest was observed in 2009, and the female was again observed nesting in 2010 and 

2011 (both years shown).  

 

 

  

      Distance from 1
st
 nest 

–––    95% C.I. within area 

–––  95% C.I. all areas 
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Figure 2. Pairwise nest distances (m) and genetic relatedness (r) of nesting bog turtle females at 

natal homing study sites—calculated via a Mantel test with 9,999 permutations. For Mantel tests, 

if natal homing were expected, then plots would display high relatedness at low geographic 

distances (negative slope of regression line). No Mantel test has a significant R2 value (see Table 

2 for summaries) suggesting closely related females are not nesting close together (i.e., no 

evidence for natal homing). Dashed lines are included for visualization purposes only—lines do 

not convey significant trends. 
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Figure 3. Mean relatedness (r) of bog turtle nesting groups in WFP and SHR sites. Nesting 

groups within each site are depicted by solid light grey areas and were created by 20 m buffers 

around known nests. Both WFP and SHR have two distinct nesting groups within the sites, 

labelled as ‘WFP 1’ and ‘WFP 2’; and ‘SHR 1’ and ‘SHR 2’. Plots include the mean relatedness 

(r) for each nesting group with grey bars representing the 95% C.I. about the null hypothesis of 

'No Difference' in relatedness across the nesting groups as determined by permutation (9,999). 

When the mean (diamond icon) falls above the boundaries of the grey bars (95% C.I.), higher 

relatedness within the designated nesting group compared to all females in the site is inferred.  
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CHAPTER 2 

Nest-site Selection in Bog Turtles: Microhabitat Characteristics and Nesting Area Scale  

 

ABSTRACT 

Context. The primary conservation action for the threatened bog turtle (Glyptemys muhlenbergii) 

is the preservation and restoration of habitat. For this conservation action to be successful, 

managers must understand the habitat requirements of the bog turtle, including its nesting habitat 

requirements. This study examined the nest-site selection of bog turtles in southeastern New 

York to better inform habitat management decisions.  

Aims. The objectives of this study were to (1) identify microhabitat characteristics selected by 

female bog turtles for nest sites, (2) determine the scale of nesting habitat selection within a bog 

turtle site, (3) evaluate whether bog turtle nesting habitat could be effectively monitored in the 

fall rather than the spring to avoid the potential for disturbing nests. 

Methods. From 2009–2012, I recorded data on microhabitat variables at nests and random points 

at three different scales: (1) located randomly within 5 m of a nest (1–5 m), (2) located within 20 

m of a nest (6–20 m), and (3) located at gridded locations throughout the entire site. For the 1–5 

m and 6–20 m scales, I collected microhabitat measurements in both the spring and fall at the 

same locations to address the effects of season on monitoring nesting habitat. I used random 

forest models to determine which microhabitat characteristics were most important to females 

when selecting nest sites. 

Key Results. Bog turtles nested in small (10 m diameter) nesting areas and selected microhabitats 

with low densities of woody stems, low percent cover of woody vegetation, forbs, and ferns, and 

in close proximity to water/saturated soil.  
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Conclusions. For bog turtle habitat restoration, managers should only remove small patches of 

woody vegetation in wet areas to preserve the heterogeneity of habitat types needed for bog 

turtles. Habitat surveys conducted in the fall sufficiently capture the microhabitat characteristics 

important to females selecting nest sites, and, therefore, managers should survey habitat in the 

fall to avoid disturbing nests. Using these recommendations, managers can create, improve, and 

effectively monitor nesting habitat within wetlands occupied by bog turtles.  

 

INTRODUCTION 

Habitat protection is the most frequently used conservation tool for most endangered 

species (Noss et al. 1997). However, without a strong understanding of appropriate habitat 

requirements (e.g., foraging, breeding, overwintering and nesting habitats) of the species of 

concern, conservation efforts may fail (Baldwin et al. 2006, Joyal et al. 2001, Sergio et al. 2003). 

To understand a species’ habitat requirements, conservation scientists should not only 

characterize the habitats used by the species but should also evaluate the species’ habitat 

selection: i.e., the non-random use of a habitat type relative to habitat availability (Johnson 1980, 

Litvaitis et al. 1994). For nest-site selection studies, most researchers compare used locations to 

unused locations within a habitat (e.g., Wilson 1998, Clark and Shutler 1999, Kolbe and Janzen 

2002), but the determination of the random unused locations in the habitat hinges on an 

understanding of the species’ spatial ecology (Wiens 1989, Orians and Wittenberger 1991, Oppel 

and Huettmann 2010).  

The bog turtle (Glyptemys muhlenbergii) is a semi-aquatic freshwater turtle listed as 

threatened under the U.S. Endangered Species Act of 1973 primarily because of the loss and 

degradation of its specialized wetland habitat (USFWS 2001). Unlike many other species of 
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freshwater turtles that migrate to distinct nesting habitat (e.g., dry, sunny patches of habitat 

upland from streams or ponds) separate from their normal activity range (Gibbs and Shriver 

2002, Ernst and Lovich 2009), bog turtles remain within their wetland habitat to nest (USFWS 

2001, Whitlock 2002). Therefore, managers must understand the nesting habitat requirements of 

females to ensure a managed wetland retains adequate nesting areas. However, few studies have 

attempted to define either nest-site microhabitat characteristics and or the scale or size of habitat 

females select for nesting (Myers 2011, Byer 2015). 

The specific wetland habitat-type that bog turtles depend upon varies (e.g., fens, bogs, 

wet-meadows, marshes) across its range (Massachusetts to Georgia) (USFWS 2001, Rosenbaum 

and Nelson 2010), but researchers agree that bog turtles require some portion of their wetland 

habitat to have an open-canopy, low-height (sedge/shrub) vegetation, and soft, saturated soils 

(Carter et al. 1999, Morrow et al. 2001, Tesauro and Ehrenfeld 2007, Ernst and Lovich 2009, 

Feaga et al. 2013).  

Most studies indicate that development pressures are the major threat to bog turtle 

habitats, but another threat is the large-scale invasion of competitively dominant plant species 

degrading the remaining habitat (Kiviat 1978, USFWS 2001, Tesauro and Ehrenfeld 2007, 

Zimmerman et al. 2008). Monocultures of tall-growing plants (e.g., purple loosestrife [Lythrum 

salicaria], common reed [Phragmites australis], and cattail [Typha spp.]) may reduce the 

amount of solar radiation needed for bog turtle basking and nest incubation (Kiviat 1978). 

Additionally, monocultures of plant species that do not grow tall in height (e.g., reed canary 

grass [Phalaris arundinacea]) may also be detrimental to bog turtles as these plants can create 

dense mats of vegetation covering the soft, saturated soils of otherwise usable bog turtle habitat 

(Tesauro and Ehrenfeld 2007). Bog turtles are often found submerged or partially submerged in 
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saturated soils, and the loss of this microhabitat characteristic may prevent turtles from avoiding 

predators and result in thermal stress and desiccation (Kiviat 1978, Tesauro and Ehrenfeld 2007). 

 Natural succession of woody plants may also degrade the remaining bog turtle habitat 

(USFWS 2001). The reduction of livestock grazing (Tesauro and Ehrenfeld 2007) and increases 

in nutrient inputs may hasten the rate of natural succession leading to closed-canopy shaded 

wetlands that are unsuitable for the thermal regulation requirements of bog turtles (Kiviat 1978, 

Zimmerman et al. 2008). Fragmentation of bog turtle habitats further exaggerates the effects of 

habitat degradation as bog turtles do not normally migrate long distances (< 2 km, Shoemaker 

and Gibbs 2013), and, therefore, may not be able to find new, suitable habitat when an isolated 

site becomes degraded (Kiviat 1978, Buhlmann et al. 1997).  

Because the loss of nesting habitat has contributed to the observed declines of other turtle 

populations (Sarti et al. 1996, Spotila et al. 1996), the loss of bog turtle nesting habitat may also 

be a limiting factor for bog turtle populations confined to small wetland habitats. The presence of 

adult bog turtles within a wetland site does not ensure that the site has adequate nesting habitat, 

as bog turtles are long-lived, and the loss of productive nesting habitat may go undetected 

without intensive research (Byer 2015). Managers, therefore, need to observe nesting behaviors 

and know what type of habitat females turtles select for in order to protect, maintain, or create 

adequate nesting habitat.  

In this study, I investigate bog turtle nest-site selection at multiple scales. Because habitat 

management often focuses on mitigating the effects of monocultures of competitively dominant 

plant species (both exotic and native) and woody vegetation encroachment, I selected vegetation 

microhabitat variables previously used in a bog turtle habitat management study (Zimmerman et 

al. 2008). I also collected data on variables relating to microhabitat structure and water 
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availability (Myers 2011). Even though bog turtles only nest once per year in the spring (May–

July) (Ernst and Lovich 2009, Whitlock 2002), I collected microhabitat data in both spring and 

fall, which enabled me to monitor changes in nesting habitat. Additionally, managers often 

survey bog turtle habitat in the fall, as to avoid disturbing nests. Therefore, information on 

microhabitat characteristics of nesting habitat in the fall may be more meaningful to managers.  

The objectives of this study were to (1) identify microhabitat characteristics selected by 

females for nest sites, (2) determine the scale of selection of nesting habitat within a site, and (3) 

evaluate whether managers could effectively survey or monitor nesting habitat in the fall rather 

than the spring. This study is the largest bog turtle nesting ecology study to date, in terms of the 

number of nests and sites, and the only study using random forest modeling to provide managers 

with detailed information on the microhabitats and scale of nest-site selection and 

recommendations on nesting habitat monitoring.  

 

METHODS 

Field methods 

Study area 

I conducted this study at nine known bog turtle sites in southeastern New York State over 

a span of four years (2009–2012). Because of the threat of the illegal collection of bog turtles, 

specific locations of these sites are not provided. However, site sizes and general habitat 

characteristics are presented in Appendix A. Each site is represented by a three-letter code 

matching previous studies at these sites (Shoemaker 2011, Shoemaker and Gibbs 2013).  
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Microhabitat of nests 

At each site, I hand-captured bog turtles opportunistically in the spring (April–May). On 

any adult female (> 9 yrs, Whitlock 2002) captured, I affixed a radio-transmitter (4.5 g; L.L. 

Electronics, Mahomet, IL) to a rear pleural scute using waterproof epoxy (PC-11, PC-Products, 

Allentown, PA). In May and June, I tracked females daily at dusk, when females often exhibit 

nesting behavior (Ernst and Lovich 2009), using a hand-held R-1000 telemetry receiver 

(Communications Specialists, Orange, CA). If I observed a female nesting (including females 

without transmitters), I returned the next day to verify whether the female had laid eggs and 

marked the location of any nests with vinyl flagging tape approximately 0.5 m from the nest. 

During the nesting season, I also examined other hummocks I encountered opportunistically at 

each site by gently probing them with my fingers to locate nests.  

Within a week of locating a nest, I collected data on 17 microhabitat variables within a 

0.5 x 0.5 m quadrat or 2 m radius surrounding each nest (n = 81) (modified from Zimmerman et 

al. 2008, Table 1). The Zimmerman et al. (2008) study is a nesting and basking habitat-

monitoring protocol written by experts affiliated with The Nature Conservancy and included 10 

bog turtle microhabitat variables (Zimmerman et al. 2008). Because these 10 microhabitat 

variables only pertained to vegetative characteristics of microhabitats, Myers (2011) and I added 

seven additional microhabitat variables (i.e., woody stem density, distance to water/saturated 

soil, percentage open water/saturated soils, percentage moss cover, hummock height, hummock 

density, and refugia availability) to describe additional aspects of the structure and moisture of 

the microhabitats. For the microhabitat variables, I collected percent cover classes, heights, and 

distances in ranks as described by Table 2. 
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Microhabitat of paired random points 

Following the methods of Myers (2011), I selected two random points corresponding to 

each nest for microhabitat comparison. Random point 1 (RP1) was a random distance (in 1-m 

increments) within 5 m of the nest at a randomly selected compass bearing. Random point 2 

(RP2) was selected in a similar fashion as RP1, but at a distance of 6–20 m from the nest (Fig. 

1). The 1–5 m random point category was defined as the habitat immediately available to a 

female (Myers 2011) based on the 1–3 m average net daily movement of bog turtles (Chase et al. 

1989, Lovich et al. 1992, Morrow et al. 2001). The 6–20 m random point category was based on 

results of the Carter et al. (2000) study that observed 75% of bog turtles remaining within 20 m 

of their previous tracking location. Although daily movements are generally short distances, 

presumably a female would have the opportunity to nest anywhere within a 20 m radius within a 

day (daily available habitat).  

I collected data on the same 17 microhabitat variables (Table 1) at both random points 

within a week of when the random points’ corresponding nest was laid—these measurements 

were considered ‘spring’ microhabitat characteristics. I repeated the microhabitat measurements 

at both the nest and the paired random point after all eggs had hatched for that year 

(approximately September, see Ch. 3 for nest incubation data) and considered these 

measurements the ‘fall’ microhabitat characteristics. All data collected from random points 

between 1–5 m from a nest were considered the ‘1–5 m scale’. All data collected from random 

points between 6–20 m from nest were considered the ‘6–20 m scale’. 
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Microhabitat survey of sites  

In fall 2010, I surveyed microhabitat characteristics throughout the open-canopy areas of 

seven of the nine sites (i.e., CFP, COL, EFP, SHF, SHR, SMF, WFP). Sites SHA and WDF were 

not included in these surveys as these sites were added in 2012. I performed microhabitat surveys 

after all eggs had hatched at all sites in 2010 to prevent possible trampling on active nests. 

Replicating the methods described in Zimmerman et al. (2008), I created baselines through the 

approximate center of each site with horizontal transects placed every 8 m. Along the horizontal 

transects, I collected the same microhabitat measurements as I collected for nests and paired 

random points (Table 1) at 8 m intervals along each transect (a total of 646 survey points across 

seven sites) (Fig. 2). The baselines and transect lines ceased at the edge of the open-canopy areas 

each site. All data collected from points throughout the entire site were considered the ‘8 m grid 

scale’ at the ‘site level’. 

 

Random forest analyses 

To compare used nest-site microhabitat to unused available microhabitat, I ran random 

forest models. As Cutler et al. (2007) described, random forest models can (1) incorporate many 

variables, (2) incorporate correlated variables with complex non-linear interactions, and (3) be 

more powerful and robust than other statistical classification tools. 

I used the ‘party’ package for the random forest analyses (Hothorn et al. 2006) for R (R 

Core Team 2014). I employed the ‘cforest’ function to assemble and summarize a large 

collection (a forest) of classification trees (n = 500) (unbiased by the number of categories within 

the variable) (Strobl et al. 2007). I ran random forest models on the microhabitat data collected 

for three different scales of nest-site selection: within 1–5 m (RP1); within 6–20 m (RP2); and 
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within the 8 m grid scale (Site 8 m). Because I collected data in both spring and fall for nests, 

RP1 (1–5 m scale), and RP2 (6–20 m scale), I also ran random forest models for those scales for 

both seasons, for a total of five random forest models. I performed a 10-fold cross-validation 

wherein the entire data set was randomly partitioned into 10 equal subsamples, and one of the 

subsamples was retained (termed hold-out samples) for validating the model trained with the 

other nine subsamples. This process was repeated 10 times during which each of the subsamples 

was used as the hold-out sample, and the results of each run were combined.  

For each of the six models, I calculated six model accuracy measures of these cross-

validation estimates (after Cutler et al. 2007): (1) overall percentage correctly classified (PCC), 

(2) percentage of nest presences correctly classified (sensitivity), (3) the percentage of absences 

correctly classified (specificity), (4) the measure of agreement between predicted nest presences 

and nest absences corrected for chance alone (kappa), (5) the area under the receiver operating 

characteristic (ROC) curve (AUC) for the hold-out samples, and (6) the AUC for the model 

building samples (real samples). The ROC curve is a plot of the sensitivity against the 

specificity. I considered any model with an AUC < 0.80 a ‘weak’ model, ≥ 0.80 a ‘fair’ model, 

and ≥ 0.90 a ‘good’ model (Swets 1988, Greiner et al. 2000). For any model with an AUC < 

0.80, no further analyses beyond accuracy measurements were completed. For models with an 

AUC ≥ 0.80, I calculated variable importance by using the ‘varimp’ function and the conditional 

permutation-importance measure to avoid artificially inflating the importance of correlated 

variables (Strobl et al. 2008). To visualize the predictive effect of each variable on the model, I 

created univariate partial dependence plots. To examine the interactive effects of variables on the 

model, I created bivariate partial dependence plots. 
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RESULTS 

In the spring, nest sites were characterized by microhabitats with 51–75% cover of sedges 

and other graminoids (OG) and moss (Moss), 26–50% cover of woody vegetation, forbs, and 

ferns (hereafter abbreviated in text as woody/forbs/ferns and WFF in figures and tables), 11–25% 

cover of open water/saturated soil (Water), 6–10% of vegetation > 1 m (Veg1m), and 1–5% 

cover of purple loosestrife (PL), cattail (CT), lake sedge (Carex lacustris) (LS), and shrubby 

cinquefoil (Dasiphora fruticosa) (SC) (mean rankings and ranges found in Table 1). Nest sites 

also were found within 0.5 m of water/saturated soil, and with the maximum height of 

woody/forbs/ferns < 1 m (Table 1). Nest sites had low densities of woody stems (WSD) within 

the 0.5 m plot and medium-sized hummocks (HH) found at an approximate 50% density (HD) 

within 2 m of a nest (Table 1).  

In the fall, mean values for these microhabitat characteristics remained the same for nest 

sites with the exception of an increase in percent cover of purple loosestrife (to 6–10% cover), an 

increase in the percent of vegetation > 1 m (to 11–25%), and an increase in the percent 

availability of water/saturated soil (to 26–50%) (Table 1). 

Of the 17 microhabitat variables (means and ranges of rank scores in Table 1), common 

reed and reed canary grass were not observed in any of the 81 nest plots in either the spring or 

fall. Common reed and reed canary grass, although present at some of the sites, were found in 

fewer than 10% of survey plots. 

 

Nest-site selection at multiple scales 

RP1 (1–5 m) scale 
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Besides the high sensitivity of the spring RP1 model, accuracy measurements for the 

spring RP1 and fall RP1 models were lower than for the other models. Because the 1–5 m scale 

models had AUCs < 0.80, I considered them weak and did not run additional analyses.  

 

RP2 (6–20 m) scale 

Both the spring and fall RP2 (6–20 m) models were considered ‘fair’ models (AUC > 

0.80), and the fall model performed slightly better than the spring model (Table 3). For both 

spring and fall, woody stem density was the most predictive microhabitat variable for nest sites 

(most important variable) (Fig. 3); more specifically, nest sites occurred in areas with lower 

densities of woody stems than random points (Fig. 4). Comparing between the next top four 

important variables for both spring and fall, the variable ‘distance to water/saturated soil’ was the 

only other shared important variable. For both spring and fall, the second most important 

variable pertains to water/saturated soil availability (Fig. 3). In the spring, females selected nest 

sites with water/saturated soil within 0.5 m of the nest; in the fall, these same nest sites were 

characterized as having greater availability of open water/saturated soil nearby (within 2 m 

radius) as compared to random (Fig. 4). In the spring, females selected for microhabitats with 

low woody stem density coinciding with low maximum height of vegetation and low percentage 

of vegetation > 1 m (Fig. 5). For the fall, these same nest sites were characterized by lower 

woody stem density coinciding with higher graminoid/sedge cover and higher moss cover than 

random points. 
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Site level (8 m grid) scale 

The random forest model at the 8 m grid scale at the site level was the best-performing 

model (had the highest accuracy measurements of all models with the exception of the sensitivity 

and kappa metrics; see Table 3). At the 8 m grid scale, percent combined cover of 

woody/forbs/ferns was the most important variable (Fig. 6). Nests were not likely to be found in 

areas with high percentage (76–100%) of woody/forbs/ferns cover (Fig. 7). The second most 

important microhabitat variable describing nest-site selection at this scale was nest distance to 

water/saturated soil (< 0.5 m, Fig. 7). Compared to the microhabitats available throughout the 

sites, nests were more commonly found in microhabitats with coinciding high (> 50%) percent 

cover of water/saturated soil, high (> 50%) moss cover, and short distances from water/saturated 

soil (< 0.5 m) (Fig. 8).  

In summary, when I compared the top five important variables across the spring and fall 

6–20 m scale models and the 8 m grid scale model, all three models included distance to 

water/saturated soil as a microhabitat characteristics associated with female bog turtle nest-site 

selection. In the fall (both at the 6–20 m scale and 8 m grid scale), a high percentage of available 

water/saturated soil was associated with nest sites (as compared to other locations within the 

site). Females avoided nesting in areas of high percent cover of woody/forbs/ferns (spring 6–20 

m scale and 8 m grid scale) and avoided areas with high woody stem density (spring and fall 6–

20 m scale model). Summarizing the interactive effects of microhabitat variables on predicting 

nest-site selection, females chose areas with low woody stem density—coinciding with low 

vegetation height, high availability of moss, sedges/other graminoids, and water/saturated soil. 
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DISCUSSION 

Nest-site selection 

Female bog turtles selected nest sites with low percent cover of woody/forbs/ferns and 

low densities of woody stems near areas of high percent availability of water/saturated soil 

coinciding with low vegetation height and high percent availability of moss, sedges/other 

graminoids.  

This study of nest-site selection is the largest (incorporating the greatest number of nests 

and sites) and first to use random forest models to characterize the selection of nesting 

microhabitat characteristics by the bog turtle. Myers (2011) performed a bog turtle nest-site 

selection study in 2009 at four of the same sites as in this study (CFP, EFP, SHR, and WFP). 

Using logistic regressions, Myers described nest-site habitat selection for areas of increased 

standing water and sedge cover and reduced woody stem density and shrubby cinquefoil cover at 

the 6–20 m scale. For this study, I incorporated Myers’ (2011 microhabitat data into my dataset, 

and using random forest models, I found females selecting for similar microhabitats with the 

exception of reduced shrubby cinquefoil cover not being an important variable describing nest-

site selection. My study, having a greater sample size and incorporating more sites, as compared 

to Myers (2011), may account for difference in the importance of shrubby cinquefoil for nest-site 

selection.  

Based on the methods used in both this and the Myers (2011) studies, Byer (2015) 

examined bog turtle nest-site selection at two sites in Maryland. Using generalized linear models, 

Byer (2015) evaluated nest-site selection at the 6–20 m scale. In Maryland, females select for 

areas with lower woody/forbs/ferns cover, higher sedges/other graminoid cover, and shorter 

distances to water than random locations. The similarity of the results of the Maryland and both 
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southeastern New York studies suggests that reduced woody/forbs/ferns, near proximity to 

water/saturated soil coinciding with high percent cover of sedges/other graminoids may be the 

nesting habitat characteristics most predictive of nesting habitat across the geographic range of 

the bog turtle.  

In interpreting these results, it is important to note that female bog turtles choosing nest 

sites may be selecting for conditions not specifically measured in this study (e.g., specific 

substrate types, consistent substrate moisture, appropriate substrate temperatures for incubation 

purposes) (Castellano 2008, Rasmussen and Litzgus 2010, Byer 2015). These microhabitat 

characteristics are more difficult to capture in habitat monitoring surveys, more difficult to 

specifically manage for in habitat restoration, and should be evaluated in future studies. 

However, vegetation structure and water availability could be reasonable proxies for these 

additional microhabitat characteristics (Janzen 1994, Janzen and Morjan 2001, Morjan 2003). 

For example, the observed selection of areas near water/saturated soil may be related to these 

conditions providing consistent moisture of the nesting substratum. This consistent moisture 

content may prevent egg desiccation and positively influence embryo and hatchling success 

(Packard et al. 1987, Brooks et al. 1991). Additionally, females may be selecting nest-site 

habitats near water/saturated soil to reduce predation pressures as proximity to water/saturated 

soils can provide refugia from predators for hatchlings and nesting females (Spencer and 

Thompson 2003). The low height of surrounding vegetation and low percent cover of 

woody/forbs/ferns may minimize shading of a nest. Reduced shading would allow for additional 

solar radiation to reach the nest, which could maintain incubation temperatures sufficiently warm 

for embryo development and increase hatchling body condition (Kolbe and Janzen 2002).  
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Scale of nest-site selection 

The best-performing model for this study was the site level 8 m grid scale model (AUC > 

0.90). This makes intuitive sense because, by sampling many points throughout the entire site, I 

would expect the most variation in microhabitats of the non-nest points as compared to the nest 

points. The important microhabitat variables (most notably reduced percent cover of 

woody/forbs/ferns) at this scale best describes nest-site selection within the entire site; however, 

females may be selecting habitat within a smaller scale than the site level.  

At the smaller scales of habitat observed in this study, the low AUCs for both the spring 

and fall RP1 models found no detectable difference between the microhabitats at nests and 

random points within 1–5 m (AUCs < 0.80). These results suggest that selected nest sites have at 

least a 5 m radius buffer of relatively homogenous habitat surrounding them throughout the nest 

incubation period (spring–fall, Chapter 3). The better performance of the RP2 (6–20 m) scale 

models (AUC > 0.80) suggests that the homogenous microhabitats of surrounding nesting areas 

did not extend to a 20 m radius of any one nest site, meaning nesting habitat patches within a site 

were relatively small (<40 m in diameter).  

 

Spring vs. fall microhabitats 

I presume that females select nest sites based on spring conditions, and, therefore, when 

discussing fall habitat characteristics, I cannot definitely conclude that fall model results are 

reflective of female selection of microhabitat characteristics. Nonetheless, because most 

microhabitat characteristics surrounding nests were consistent between the spring and fall (with 

the exception of observed increases in percent cover of purple loosestrife, percent vegetation > 1 

m, and percent available water/saturated soil), females appear to select nest sites in areas within 
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the site that have relatively stable conditions throughout the nest incubation period. For example, 

females appear to select for areas within that site that have wet soils throughout the entire nest 

incubation period.  

Even though females select nest sites in the spring, the fall model for RP2 performed 

slightly better (had a higher AUC) than the spring model. This slightly better model performance 

may be attributed to more variable microhabitats in the fall (e.g., greater variability in vegetation 

height), and, therefore, selected nest sites were more measurably different than the other 

available habitat. The ability of the fall model to distinguish between the microhabitats of actual 

nest sites and the microhabitats of random points suggests that managers can successfully 

characterize nesting habitat from surveys conducted in the fall. 

 

Management recommendations  

Female bog turtles select relatively small areas of habitat (at least 10 m in diameter) with 

low densities and percent cover (< 50%) of woody vegetation in areas with nearby (< 0.5 m) 

water/saturated soil for nesting habitat. However, adult bog turtles often select for habitat with 

higher shrub or woody cover as compared to available habitat (Pittman and Dorcas 2009, 

Shoemaker 2011). Woody vegetation (particularly the root systems of woody vegetation) creates 

possible refugia from predators and hibernacula for overwintering turtles (USFWS 2001, 

Whitlock 2002, Shoemaker 2011). Therefore, if managers intend on maintaining or increasing 

the amount of nesting habitat within a site, I do not suggest that managers completely remove all 

woody vegetation from large (> 40 m in diameter) areas.  Instead, I recommend that small 

nesting areas be interspersed with small areas containing woody vegetation. Additionally, 

because there is evidence of hibernacula fidelity (Ernst et al. 1989, Dominguez 2010, Feaga and 
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Haas 2015), I recommend that managers search for submerged turtles in the early spring or late 

fall to identify used hibernacula locations within the site before woody vegetation removal.  

Even though my data suggest that female nest-site selection was not negatively 

influenced by the presence of plant species such as purple loosestrife, cattail, common reed, and 

reed canary grass, managers should not conclude that these plant species do not negatively 

impact bog turtle habitats. Shoemaker (2011) and Rosenbaum and Nelson (2010) suggest, 

vegetation structure (e.g., height, density) may be more important for bog turtle habitat than 

particular species composition. Therefore, managers should still monitor the effect of any 

monoculture forming, tall-growing species (including purple loosestrife, cattail, common reed) 

that can shade nesting areas, as well as plant species that can create dense vegetative-mats and 

reduce the availability of exposed water/saturated soil (e.g., reed canary grass) (Tesauro and 

Ehrenfeld 2007).  

If habitat management focuses on maintaining or creating nesting habitat areas, managers 

need to be able to monitor the conditions of nesting habitat within a site. Because microhabitat 

characteristics collected in the fall can effectively predict nesting habitat, I recommend managers 

conduct nesting habitat surveys in the fall when they reduce the likelihood of damaging active 

nests.  

 

Conclusions 

Based on the results from Chapter 1, creation of new nesting areas may be a possible 

conservation tool because females do not appear to return to their natal nesting area, and 

although females do exhibit nest-site fidelity, this fidelity is not absolute (i.e., individuals do 

migrate to different nesting areas at times). This chapter provides managers with the 
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microhabitats characteristics and scale of nest-site selection by female bog turtles which can 

inform the maintenance and creation of new nesting habitats. But the increase in quantity of 

nesting habitat alone may not improve reproductive success of this imperiled species. In Chapter 

3, I explore the dynamics of nest success including predation pressure and evaluate the use of 

another conservation tool, nest predator excluder cages. 
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Table 1. Definition and scale of microhabitat variables measured at bog turtle nests and random 

points adapted from Zimmerman et al. (2008) and Myers (2011). Results of nest mean, standard 

deviation, and range of ranks are listed. See Table 2 for rank classes.  

        

Variable  Definition and scale of measurement 
Plot 
size 
(m)  

Spring 
mean rank 

& range 

Fall         
mean rank 

& range 

 
MaxHtWFF 

 
Maximum height of combined woody vegetation, 
forbs, and ferns  

 
0.5 

 
1.64 ± 0.80 

1–4 
2.14 ± 0.72 

1–3 
WFF  Percent cover of combined woody vegetation, forbs, 

and ferns  
0.5 4.01 ± 1.38 

0–6 
4.13 ± 0.89 

2–6 
CR  Percent cover of common reed (Phragmites 

australis)  
0.5 – – 

RC  Percent cover of reed canary grass               
(Phalaris arundinacea)  

0.5 – – 

LS  Percent cover of lake sedge (Carex lacustris) 0.5 0.51 ± 1.13 
0–4 

1.21 ± 1.5 
0–5 

CT  Percent cover of cattail (Typha spp.)  0.5 0.52 ± 0.99 
0–4 

0.90 ± 1.49 
0–5 

OG  Percent cover of other graminoids and sedges  0.5 5.15 ± 1.35 
1–6 

5.42 ± 0.84 
2–6 

PL  Percent cover of purple loosestrife               
(Lythrum salicaria)  

0.5 1.31 ± 1.32 
0–4 

1.93 ± 1.48 
0–5 

SC  Percent cover of shrubby cinquefoil           
(Dasiphora fruticosa)  

0.5 1.15 ± 1.47 
0–5 

1.21 ± 1.41 
0–5 

Moss  Percent cover of moss  0.5 4.89 ± 1.07 
1–6 

5.10 ± 0.96 
3–6 

WSD  Index of woody stem density:                                       
0 (no stems) to 5 (≥ 75% woody stems)  

0.5 0.95 ± 0.91 
0–4 

0.75 ± 0.73 
0–3 

Water  Percent standing water or soft saturated soil               
(sat. soil)  

2 3.26 ± 1.78 
0–6 

4.20 ± 1.48 
1–6 

Veg1m Percent vegetation greater than 1 m in height  2 1.68 ± 1.57 
0–6 

2.97 ± 1.75 
0–6 

HH Index of estimated average hummock height:             
0 (no hummocks) to 5 (hummocks height ≥ 30 cm) 

2 2.81 ± 1.04 
1–5 

3.00 ± 0.83 
2–5 

HD Index of estimated average hummock density:            
0 (no hummocks) to 5 (continuous ground cover) 

2 3.32 ± 0.76 
2–5 

2.80 ± 0.69  
1–4 

Ref Index of refugia* availability: 0 (no refugia) to 5 
(refugia available consistently throughout plot) 

2 3.58 ± 1.47 
0–5 

3.96 ± 1.38 
1–5 

DtWR  Ranked horizontal distance (m) from point to 
standing water or soft saturated soil (sat. soil) 

– 1.16 ± 0.70 
1–5 

1.15 ± 0.62 
0–5 

 
*Refugia defined as a location within the plot in which a bog turtle would be able to retreat under the 
substrate via a tunnel or submersion under water or saturated soil. Ranking in ~20% increases refugia 
availability.  
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Table 2. Height, percent cover, and distance rank classes* for bog turtle nest microhabitat 

variables (listed and defined in Table 1).  

 
        

 

Maximum 
vegetation 

height 

Percent 
cover Distance 

Rank class (m) (%) (m) 
0 No vegetation < 1 0.00 
1 0.01 ≤ 0.50  1 ≤ 5 0.01 ≤ 0.50 
2 0.60 ≤ 1.00 6 ≤ 10 0.51 ≤ 1.00 
3 1.01 ≤ 2.00 11 ≤ 25 1.01 ≤ 2.00 
4 > 2.00 26 ≤ 50 2.01 ≤ 5.00 
5 – 51 ≤ 75 5.01 ≤ 10.00 
6 – 76 ≤ 100 > 10.00 

*Rank classes modified from Zimmerman et al. (2008) and Myers (2011). 
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Table 3. Accuracy measurements for model performance predicting bog turtle nest locations 

based on data from 17 microhabitat variables. PCC is the percentage of all points correctly 

classified. Specificity is the percentage of non-nest points correctly classified. Sensitivity is the 

percentage of nest points correctly classified. Kappa is a measure of agreement between 

predicted and actual nest and non-nest points corrected for chance alone. AUC is reported as the 

area under the ROC curve (see text) for both hold-out samples and the model building (real) 

samples. The highest estimate for each accuracy metric is in bold face type. 

 
                

Random forest models 
1–5 m (RP1)   6–20 m (RP2)   Site 

Accuracy metric Spring Fall   Spring Fall   8 m 
PCC 67.9 70.9 78.4 78.7 93.5 
Specificity 39.5 62.9 70.4 64.6 97.4 
Sensitivity 96.3 78.8 86.4 91.5 57.7 
Kappa 0.36 0.42 0.57 0.57 0.60 
AUC (hold out) 0.64 0.74 0.80 0.85 0.92 
AUC (real) 0.89 0.89   0.92 0.93   0.97 
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Figure 1. Illustration of microhabitat sampling method for bog turtle nest locations and paired 

random points [RP1 (1–5 m) and RP2 (6–20 m)] modified from Myers (2011). For each 

nest/random point pair, a random number generator determined the number of meters (in meter 

increments) and the compass bearing (in degree increments) from the nest. For each point, a 0.5 

x 0.5 m quadrat was centered around the point perpendicular to North and a 2 m radius was 

estimated around the point using a 2 m length piece of PVC piping.  

 

 
 
 
 
 

 

 

0.5 m

2 m 

  

 

Nest  

RP2  

RP1  
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Figure 2. Illustration of the microhabitat survey method of a hypothetical bog turtle site 

modified from Zimmerman et al. (2008). Survey method entailed a centrally located baseline 

with perpendicular transects at 8 m intervals extending within the boundaries of the open-canopy 

portion of the site. Starting at the baseline and extending in both directions, sample points were 

created at 8 m intervals. For each sample point, a 0.5 x 0.5 m quadrat was centered around the 

point perpendicular to the transect and a 2 m radius was estimated around the point using a 2 m 

length piece of PVC piping.  
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Figure 3. The order of importance of variables predicting presence of a bog turtle nest in random 

forest models at the 6–20 m (RP2) scale in both spring and fall. Negative importance values 

represent when a variable is not important (i.e., when a random permutation of the values within 

that variable parameter better predicts nest presence than the actual recorded values).  

         Spring 6–20 m (RP2) 
 

 
                        Fall 6–20 m (RP2) 
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Figure 4. Univariate partial dependence plots of the two most important variables predicting bog 

turtle nest presence for the 6–20 m (RP2) spring and fall random forest models. The y-axis (fitted 

function) is the deviation from the global mean response value across the range of the variable on 

the x-axis (see Table 1 and 2). The higher the deviance, the more predictive (of nest presence) 

that variable is at that particular range. For detailed descriptions on plots see Culter et al. (2007). 

See Appendix C for more partial dependence plots. 

 
        Spring             Fall 
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Figure 5. Bivariate partial dependence (interaction) plots of the two most predictive pairs of 

variables for bog turtle nest presence at the 6–20 m (RP2) scale for both spring and fall. For 

detailed descriptions on interpreting plots, see Cutler et al. (2007). The y-axis is the prediction 

from the random forest model for the bivariate combination. The x-axis and z-axis represent the 

rank classes of the respective predictor variable (see Table 1 and 2). See Appendix D for more 

bivariate partial dependence plots. 

      Spring               Fall 

 

Veg1m 
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Figure 6. Order of importance of variables predicting presence of a bog turtle nest in random 

forest models at the 8 m grid site level scale. Negative importance values represent when a 

variable is not important (i.e., when a random permutation of the values within that variable 

parameter better predicts nest presence than the actual recorded values). 

 

 
      Site (8 m)  
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Figure 7. Univariate partial dependence plots of the two most important variables predicting bog 

turtle nest presence for the random forest model at the 8 m grid site level scale. The y-axis (fitted 

function) is the deviation from the global mean response value across the range of the variable on 

the x-axis (see Table 1 and 2). The higher the deviance, the more predictive (of nest presence) 

that variable is at that particular range. For detailed descriptions on interpreting plots, see Culter 

et al. (2007). See Appendix C for more partial dependence plots. 

                 Site (8 m)  
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Figure 8. Bivariate partial dependence (interaction) plots of the two most predictive pairs of 

variables for bog turtle nest presence at 8 m grid site level scale. For detailed descriptions on 

interpreting plots, see Cutler et al. (2007). The y-axis is the prediction from the random forest 

model for the bivariate combination. The x-axis and z-axis represent the rank classes of the 

respective predictor variable (see Table 1 and 2). See Appendix D for more bivariate partial 

dependence plots.  
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CHAPTER 3 

Bog Turtle Nesting Ecology and the Efficacy of Predator Excluders  

 

ABSTRACT 

Context. Nest predation is a conservation concern especially for species such as the bog turtle 

(Glyptemys muhlenbergii). However, little is known about either the basic nesting ecology of or 

nest predation pressures on this threatened freshwater turtle. One approach to bog turtle 

conservation is the placement of cages over nests to exclude nest predators. However, no 

published studies to date have evaluated the efficacy of nest predator excluders for the bog turtle.  

Aims and Predictions. To better understand nest success, this study examines bog turtle nesting 

ecology (e.g., clutch size, incubation periods, incubation temperatures, and nest success without 

predation pressures). I predict predator excluders are effective at reducing bog turtle nest 

predation. This study also investigates whether predator excluders affect natural conditions or 

nest success. 

Methods. I examined bog turtle nesting ecology during four years (2009–2012) and across nine 

sites in southeastern New York. To test predator excluder effectiveness, I deployed predator 

excluders on 53 nests and left 24 nests unprotected. I compared the predation of nests with and 

without predator excluders and analyzed potential effects predator excluders may have on 

success rates, temperatures, and incubation periods of bog turtle nests. 

Key results. Bog turtle clutch sizes ranged from 1–5 eggs with a mean of 3.3 eggs (± 0.92 S.D.). 

Nests protected with predator excluders lost, on average, one fewer egg to predation as compared 

to nests without predator excluders (a 39% reduction in nest predation). Nest success, nest 

temperatures, and incubation periods were not affected by the presence of predator excluders.  
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Conclusions. Predator excluders can be an effective conservation tool to reduce nest predation 

and do not appear to negatively affect natural nest conditions. Future research should determine 

whether or not a reduction in predation of bog turtle (a species with low reproductive output) 

nests improves recruitment or population size. 

 

INTRODUCTION 

Habitat destruction and degradation, primarily associated with human activity, is the 

leading cause of species endangerment throughout North America (Noss et al. 1997, Wilcove et 

al. 1998, Venter et al. 2006). For threatened turtles, habitat loss due to encroaching human land 

development and fragmentation of the landscape can also increase secondary threats, such as 

road mortality, collection for the pet trade, and predation from human-commensal species (i.e., 

predators subsidized with increases of food availability associated with human presence) 

(Mitchell and Klemens 2000, Gibbs and Shriver 2002, Fahrig 2003). Higher-densities of human-

commensal predators (e.g., northern raccoon [Procyon lotor] and striped skunk [Mephitis 

mephitis]) can lead to higher than natural rates of predation of turtles and their nests (Garber and 

Burger 1995, USFWS 2001, Engeman et al. 2005, Kurz et al. 2011). Habitat loss and 

fragmentation can also lead to increased efficacy of freshwater turtle nest predators because 

turtle nests may be at higher densities within smaller areas with increased amounts of edge 

habitat (Temple 1987, Kolbe and Janzen 2002, Marchand and Litvaitis 2004). 

Depending on the characteristics of a nesting habitat and the predators present within a 

landscape, turtle nest predation rates vary from site to site and even year to year (Congdon et al. 

1983, Brown and Macdonald 1995, Kolbe and Janzen 2002). For example, Kolbe and Janzen 

(2002) conducted a five-year study of painted turtle (Chrysemys picta) nest success; nest 
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predation rates varied from 20–76%. A 20% predation rate is relatively low for turtle nests, 

considering that, across turtle species, many researchers observe within population predation 

rates of > 50% (e.g., 63% in Blandings turtles [Emydoidea blandingi], Congdon et al. 1983; 75% 

in green turtles [Chelonia mydas], Brown and Macdonald 1995; 93% in Murray River turtles 

[Emydura macquarii], Spencer 2002; 95% in loggerhead [Carretta carreta], leatherback 

[Dermochelys coriacea], and green turtles [Chelonia mydas], Engeman et al. 2005). For 

threatened turtle species, these high predation rates can reduce recruitment and may eventually 

impact the size and viability of populations (Crouse et al. 1987, Marchand and Litvaitis 2004). 

To reduce the effects of nest predation, conservation managers may deploy predator 

excluders, which are sometimes described as protective coverings or predator excluder cages 

(Graham 1997, Ratnaswamy et al. 1997, Kurz et al. 2011, Riley and Litzgus 2013). However, 

predator excluders may have negative effects on a nest. For example, predator excluders can 

shade nests and reduce nest temperatures (Breckenridge 1960, Rahman and Burke 2010), which 

may lead to reduced nest success (Janzen 1993, Garrett et al. 2010). For predator excluders to be 

evaluated as a viable conservation tool, managers must first understand the nesting ecology of 

the species of interest (e.g., how and when to find nests, nest incubation periods and 

temperatures, natural success and predation rates) and then determine the efficacy and effect of 

predator excluders on nests.  

For the threatened bog turtle, habitat loss and fragmentation is the primary threat to its 

persistence, and conservation managers hypothesize that landscape changes have increased the 

predation rates from human-commensal predators (USFWS 2001, Van Dijk 2013). Buhlmann et 

al. (2008) and Ernst and Lovich (2009) summarize the predation events of adult bog turtles by  

human-commensal species such as northern raccoons, striped skunks, and red foxes (Vulpes 
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vulpes), but other nest predators include small rodents (Whitlock 2002, Zappalorti et al. 2004, 

Byer 2015), birds (Whitlock 2002, Byer 2015), and insects (Whitlock 2002, Byer 2015).  

Bog turtle nest predation rates vary by site and year. Zappalorti et al. (2004) reported egg 

predation rates varying from 12–57% in across five sites in Pennsylvania. Whitlock (2002) 

observed nest predation averaging 33% over three years in Massachusetts and Connecticut, with 

one year as high as 15 of 16 nests predated (94%). In Maryland, Byer (2015) studied predation 

over two years and observed approximately 40% of eggs predated at one site and as many as 

74% at another. Although these three studies have documented nest predation, no published 

study has compared predation of bog turtle nests with and without predator excluders.  

Because predator excluder studies rely on an understanding of the nesting ecology of the 

species, this study examines bog turtle clutch size, incubation periods, and nest success while 

considering nest temperatures and maternal condition. I performed a comparative study on the 

predation of nests with and without predator excluders and predicted that predator excluders 

reduce predation. Additionally, to address concerns that predator excluders may have deleterious 

effects on nests, I investigated the effect of predator excluders on nest temperature and nest 

success. 

 

METHODS 

Study species and study area 

In southeastern New York State, bog turtles are most commonly found in wet sedge-

meadows and spring-fed fens (Shoemaker 2011). The present study was conducted at nine sites 

in southeastern New York over a span of four years (2009–2012). Although I studied nesting at 

most of these sites for multiple years, only one site (SMF) was studied for all four years (Table 
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1). Specific location information of these sites is not provided because of illegal collection for 

the pet trade (USFWS 2001); however, the general habitat characteristics of these sites and 

relative distances between sites are described in Appendix A.  

 

Field methods 

Female morphometric data collection 

In the spring (late April – late May) of each year of this study, I surveyed and hand-

captured turtles in fens in southeastern New York known to be occupied by bog turtles. For any 

turtle found, I created a unique notch code (modified from Cagle 1939), if the turtle’s shell was 

previously unmarked, and determined sex by observing shell and tail characteristics (Ernst and 

Lovich 2009). Studying the nesting ecology of turtles often includes understanding the 

relationship between clutch size and maternal condition. For many species of turtle, larger or 

older females have higher reproductive output (clutch size) or higher nest success (Congdon and 

Gibbons 1985, Roosenburg 1996, Zuffi et al. 1999, Ernst and Lovich 2009). Therefore, when I 

captured a female, I measured morphometric characteristics including carapace length (mm) and 

mass (g) and estimated the age-class (i.e., juvenile, adult, old-adult) based on the size of the 

individuals (Ernst 1977), the number of distinct annuli found on the plastron scutes (modified 

from Sexton 1959), and the relative amount of wear on the annuli (Litzgus and Brooks 1998). 

For this study, I considered females < 9 years of age to be ‘juveniles’ as Whitlock (2002) noted 

female sexual maturity at as old as 10 years. ‘Adults’ included any female approximately 9 years 

or older, with distinct/countable annuli present on her shell. Fully-grown adults with smoothed 

carapaces and non-distinct (not countable) annuli characterized the ‘old-adult’ age-class. Upon 

initial capture, I assessed whether females were gravid by palpating the inguinal region for 
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shelled eggs (Congdon et al. 1983), and the presence of shelled eggs was monitored throughout 

the nesting season to confirm reproductive state of females and whether nesting had occurred. 

 

Nest data collection 

For any female > 9 years of age, I affixed a radio transmitter (4.5 g; L. L. Electronics, 

Mahomet, IL) to a rear pleural scute using waterproof PC-11 epoxy (PC-Products, Allentown, 

PA). Between the last week of May and the end of nesting season (mid–late June), I tracked 

females using a hand-held, R-1000 telemetry receiver (Communications Specialists, Orange, 

CA) approximately once per day at dusk—when bog turtles often exhibit nesting behavior (Ernst 

and Lovich 2009). After observing a female exhibiting nesting behaviors (e.g., excavating soil 

with hind legs), I returned the following day to the same location to establish if the female had 

laid eggs. Additionally, opportunistic nest discovery occurred either by observing females 

without transmitters nesting or by gently searching for nests by hand in hummocks that appeared 

disturbed.  

For any found nest, I noted the date, counted the number of eggs, and placed a Tidbit 

Hobo temperature logger (Onset, Bourne, MA)—set to record the temperature on the half hour—

within the nesting hummock. I did not place the temperature logger within the actual nest cavity 

so as to avoid disturbing or altering nest conditions. Instead, I created a secondary cavity within 

the nesting hummock being careful to completely cover and camouflage the temperature logger 

to avoid detection by predators.  

Because nest predators may be able to detect both visual and human-scent cues (Whelan 

et al. 1994, Burke et al. 2005, Rollinson and Brooks 2007), when monitoring nests, I took 

additional precautions to avoid predator detection. To dilute the human scent trail within a site, I 
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approached nests in a spiral manner and wore disposable gloves. Even though Burke et al. 

(2005) found no evidence of predators targeting marked nests, I nonetheless attempted to reduce 

visual cues for a predator by placing vinyl-flagging tape approximately 0.5 m away from the 

location of any unprotected nest and placing additional non-nest flags at the site.  

From late July–late September, nests were observed approximately once per week for egg 

conditions and signs of hatching. Because monitoring occurred on a weekly basis, nest hatch 

dates were not recorded as the day the first egg was observed hatching, but as the median day 

between the previous monitoring date and monitoring date hatching was observed. In October, 

any remaining eggs were deemed unsuccessful, and temperature loggers were collected. 

 

Predator excluder deployment 

Conservation managers have designed many different types of predator excluders for 

protecting turtle nests. Excluder designs may differ in construction materials (e.g., screens, wire 

mesh, wood) and placement (e.g., above-ground, below ground, partially submerged) (Riley and 

Litzgus 2013). In the past, managers have used predator excluders for bog turtle nests that were 

made with hardware cloth surrounding the nesting hummock (R. Zappalorti, Herpetological 

Associates, Inc., pers. comm.). These excluders were partially submerged below the substrate 

surface and were approximately a meter in height, with a closed top. I modified this excluder 

design for my study. Because some of my sites were within the view of roads or nature paths and 

I hoped to avoid unwanted human attention, I constructed small cubed-shaped (ca. 12 cm high x 

12 cm wide x 12 cm long) above-ground closed-topped predator excluder cages (ca. 12 cm high 

x 12 cm wide x 12 cm long) out of ∼ 64 mm mesh-size hardware cloth (wire mesh). Because bog 

turtles may use nesting hummocks multiple years in a row (Whitlock 2002), I did not counter-
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sink excluders below the surrounding substrate surface Instead, I secured them to nesting 

hummocks with 60 mm diameter wooden dowels, being careful not to disturb nest cavities. My 

goal was to avoid the possibility of compromising the quality and integrity of the hummocks and, 

possibly, reducing their suitability for future use.  

This study originally was designed as a two-year study. Therefore, in 2009, all study 

nests but one were protected, and, in 2010, no nests were protected. When I elected to continue 

this study after 2010, I protected approximately half of the nests in 2011 in a pair-wise manner 

per site. Based on preliminary assessments of predator excluder effectiveness, I protected all but 

one nest in 2012 (Table 1).  

Because nest monitoring only occurred once per week, I removed predator excluders 

from all nests at a site once hatching was detected in any of the nests at that particular site to 

avoid hatchlings being entrapped by the predator excluders. Removing predator excluders early 

created a period of time that nests designated as ‘protected by predator excluders’ were actually 

unprotected.  

 

Data analysis 

Nesting ecology 

Clutch size: Using generalized linear models (GLMs), I modeled variation in clutch size 

by year, site, and maternal morphometric measurements (glm function, Gaussian family; ‘stats’ 

package in R; R Core Team 2014). When running GLMs for this study, I started with saturated 

(full) models including up to five explanatory variables; for example, I modeled clutch size 

based on the maternal morphological variables of age-class, mass, carapace length (length), and 

body condition index (BCI). BCI was calculated as the difference of the observed mass 
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compared to the expected mass considering the size of a female via the methods described by 

Shoemaker (2011). After running the saturated model, I systematically removed explanatory 

variables and compared the different models based on their relative Akaike information criterion 

(AIC) scores and likelihood ratio tests (α = 0.05) (‘anova’ function, test = ‘Chi’; ‘stats’ package 

in R; see Crawley 2012). The model with the lowest AIC and statistically significant explanatory 

variables was considered the ‘best fit’ model (Crawley 2012). To avoid over-parameterization of 

models on small data sets, if a model could include over five explanatory variables, I divided the 

model into two or three different models and tested them separately. For example, when 

modeling clutch size, I tested the effects of year and site separately from the test of the four 

maternal morphometric measurements. These approaches to model simplification were used 

throughout the data analysis.  

 

Incubation period: Incubation periods were calculated for any nests in which lay date 

and hatch date were known. Based on the timing of deployment and the varying success of 

temperature loggers in the nests, I standardized the nest temperature data across years and sites 

by using only the 55-day period before the first nest in a particular year had signs of hatching. 

For this 55-day incubation period, I noted the overall mean, minimum (min), and maximum 

(max) temperatures, and I calculated the average of the daily min and daily max temperatures for 

a total of five temperature measurements per nest. To model differences in incubation periods, I 

ran a GLM on the effect of year and site and a GLM on the effect of the five temperature 

measurements (‘glm’ function, Gaussian family). 
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Nest success  

Definitions of success: Mayfield (1975) outlined different methods to calculate success 

including: (1) ‘nest success’: the successful hatch (successful emergence) of a least one hatchling 

from a nest; and (2) ‘hatching rate’: the proportion of eggs present at the time of hatching (non-

predated eggs) producing hatchlings. To determine nest success, I calculated the above two 

measures of success, along with ‘egg success’, the proportion of all eggs that produce hatchlings, 

because other nest success studies reported this metric (Whitlock 2002, Zappalorti et al. 2004, 

Byer 2015). I did not calculate success in terms of survival over time because I discovered nests 

at the time of laying (or very shortly thereafter), and I did not monitor the nests throughout the 

entire incubation period. Also, for the purposes of this study, the term ‘hatched’ refers to a 

successful hatching event in which the hatchling survives the hatching process and fully emerges 

from their shell. ‘Nest predation’ was defined as any occurrence of predation within a nest (when 

one or more egg was predated); ‘predation rate’ was the proportion of predated eggs to the 

number of eggs laid within a nest; and ‘egg predation’ was the proportion of number of all eggs 

predated to all eggs laid.  

Similar to the success calculations, I defined ‘unsuccessful nests’ as nests with any 

instance of an egg deemed unsuccessful. For the purposes of this study on the effectiveness of 

predator excluders, I did not consider nests or eggs destroyed by insects (Whitlock 2002) or 

plant-root activity (Feinberg and Burke 2003, pers. observ.) as ‘predated.’ In these cases, eggs 

were considered ‘unsuccessful’, as predator excluders did not prevent insect or plant intrusion 

into a nest. Other ‘unsuccessful’ eggs were those that were partially developed or infertile, those 

that had the hatchling die during emergence, or those that were physically destroyed (e.g., 

submerged under water, desiccated, trampled by livestock or wildlife). Because a nest could 
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contain a predated egg, hatched egg, and unsuccessful egg, a nest could simultaneously be 

described as ‘successful’, ‘predated’, and ‘unsuccessful’. 

When modeling success, I used GLMs (Shaffer 2004) and treated nest success and egg 

success as a binomial response (hatched or not hatched) and treated hatch rate as proportion 

data—proportion of non-predated eggs that hatched (binomial family; see Crawley 2012). If 

models of rates were over-dispersed (i.e., high residual deviance as related to degrees of 

freedom), I refit the model using the quasi-binomial family and no AIC was reported, because 

quasi-binomial GLMs do not yield AIC scores (Crawley 2012). These methods were also 

followed for testing for differences in predation and differences in unsuccessful nests and eggs.  

 

Nest success without predation: To establish natural levels of success (without 

predation as a factor), I first tested the effect of year and site on any nest with no egg loss due to 

predators. I removed data from study nests at sites CFP, COL, and EFP from the analysis 

because these sites had fewer than three nests with no predation. I then investigated the effect of 

temperature on success. Lastly, I modeled the effect of maternal morphometric measurements 

(i.e., age class, mass, length, BCI) to determine whether maternal size or condition influences 

nest success. These models were run for both nest success and hatching rate.  

 

Efficacy of predator excluders: I ran GLMs on the different measures of predation (nest 

and egg predation and rate of predation) based on the presence of predator excluders, the year, 

and the site. To determine whether variation in success was based on presence of predator 

excluders, years, or site, I ran GLMs on the different measures of success and unsuccessfulness 

for non-predated eggs. If a GLM best fit model demonstrated a significance of year or site, I also 
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ran generalized linear mixed models (GLMMs) with presence of predator excluders as the fixed 

variable and site and year as random effects (glmer function, binomial family; ‘lme4’ package in 

R; Bates et al. 2014). When I ran GLMMs on the response of egg success, I also incorporated the 

random effect of ‘nest’ to account for possible nest effects including maternal contribution 

differences and specific nest effects.  

  

Effect of predator excluders: To determine whether predator excluders influenced 

conditions within the nests, I ran a linear mixed model (LMM) (lmer function, ‘lme4’ package in 

R; Bates et al. 2014) with the fixed effect of the presence of predator excluders and the random 

effect of year and site on all five measures of temperature and length of incubation period.  

Throughout all of the above analyses, when appropriate, I tested for differences within 

significant groups by using a Tukey’s all-pair comparisons test (mcp function; ‘multcomp’ 

package in R; Hothorn et al. 2008). 

 

RESULTS 

Nesting ecology   

Clutch size 

Over the four-year study, a total of 77 nests were found and monitored across the nine 

sites (Table 1). Seven of these nests were found opportunistically, and the other 70 nests were 

observed being laid. Mean clutch size was 3.3 eggs ± 0.92 S.D. with clutch size ranging from 1–

5 eggs. Clutch size did not vary by site, but did vary by year with mean clutch sizes in 2009 = 

3.0 eggs ± 0.95 (n = 22); 2010 = 3.1 eggs ± 0.83 (n = 15); 2011 = 3.2 eggs ± 1.09 (n = 16); 2012 

= 3.8 eggs ± 0.68 (n = 24) (GLM; AIC = 211.52; p = 0.02) (Fig. 1). Of the 77 nests, 50 had 
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known maternity and maternal morphological measurements (i.e., age-class, mass, length, and 

BCI); only BCI had an effect on clutch size, with females with higher BCI having larger clutches 

(GLM; AIC = 129.37; p < 0.01) (Fig. 2). 

 

Incubation period 

Regardless of year, for the 70 nests with known lay dates, the earliest lay date was May 

29 (2012) and the latest was June 21 (2009). Twenty-eight of these 70 nests were observed 

hatching at six of the nine sites (Fig. 3). The earliest in a given year a nest had eggs hatch was on 

August 4 (2012) and the latest on September 7 (2009). Incubation periods ranged from 67–89 

days with a mean of 79.7 days ± 5.78 (median = 80 days). Incubation periods did not differ by 

year but did differ by site (GLM; AIC = 172.08, p = 0.03), with SHA nests (mean incubation = 

85.4 days ± 3.65; n = 5) having approximately 10 day longer incubation periods as compared to 

WDF nests (mean incubation = 74.3 days  ± 6.35; n = 3) (Fig. 3). Because temperature loggers 

were not deployed at WDF, I could not compare the difference in temperature between SHA and 

WDF nests. The nine nests with known incubation periods and successful temperature loggers 

had incubation periods ranging from 78–89 days. Nests with lower min temperatures during their 

incubation had longer incubation periods (GLM; AIC= 50.05; p = 0.01) (Fig. 4), whereas the 

analysis indicated that mean temperature, max temperature, average daily min temperature, and 

average daily max temperature did not influence incubation length. 

 

Nesting success 

Nest success without predation 
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Forty-two of the 77 monitored nests had no egg-predation events (55%)—predator 

excluders protected 33 of these 42 nests. Of these 42 non-predated nests, 27 nests had at least 

one egg hatch (i.e., nest success) indicating that any one nest has a 64% probability of success 

when predation does not occur. Nest success of the non-predated nests did not vary by year or 

site. The mean hatching rate of non-predated nests was 0.50 ± 0.42, with no significant 

difference by year or site.  

Twenty-four non-predated nests had temperature logger data, and nest success was best 

described by a GLM including overall mean temperatures, average daily min and average max 

temperatures (GLM; AIC = 31.44, p < 0.01). With increasing mean nest temperatures, nest 

success increased, and with increasing daily min and daily max temperatures, nest success 

decreased. The analysis suggested that mean hatch rate was not affected by any measure of 

temperature. For models of maternal morphometric measurements (n = 30), neither age class, 

mass, length, nor BCI affected nest success or hatch rate in nests. Because maternal 

morphometric measurements did not influence nest success of non-predated nests, these maternal 

measurements were not incorporated into models concerning the effects of predator excluders on 

success.  

 

Efficacy of predator excluders 

Predation: Of the 77 monitored nests, 53 were protected with predator excluders and 24 

were left unprotected (Table 1). Predator excluders reduced nest predation (any instance of an 

egg predated within nest), by 39% regardless of site or year (GLM; AIC = 106.01; p = 0.04). 

Specifically, 38% of protected (predator excluder present) nests were predated, while 62% of 

unprotected (predator excluder absent) nests were predated (Table 2). When examining the total 
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number of predated eggs as compared to the total number of eggs laid, over the four years and 

nine sites, predator excluders covered 177 of 257 eggs (Table 2) and predator excluders reduced 

egg predation by 52% (GLMM; AIC = 207.00; p < 0.001).  

Predation rates (proportion of predated eggs within a nest) were significantly less in nests 

with predator excluders with ~ 1 fewer egg predated in excluded nests than in non-protected 

nests, regardless of year and site (GLM quasi-bionomial; p < 0.01) (Fig. 5). Specifically, the 

presence of a predator excluder reduced predation rates by 56% (Table 2).  

Predator excluders did not fully prevent predation; for example, nine of the 22 fully predated 

nests (i.e., all eggs within the nest predated) were protected with excluders. These predation 

events in protected nests were most commonly attributed to burrowing predators digging up to 

the nest cavity, avoiding the predator excluder, or late season predation events after the predator 

excluder was removed for the hatching season. Of the 13 nests with all eggs predated that were 

not protected with predator excluders six were from one site (WFP) in 2010. An unknown 

predator(s) predated all six nests in the first week of July and, considering all nests were present 

the previous week and widely distributed throughout the site, I was concerned a mammalian or 

avian predator targeted nests based on scent or visual cues. Because nests were gently disturbed 

from the top of the hummock (e.g., no evidence of large mammal digging or burrowing predator) 

and all eggs were completely removed (with no obvious eggshell remains within the site), a 

secondary concern was the possibility of human poaching of nests for the illegal pet trade 

(USFWS 2001).  

Success: I found no evidence of a reduction in success of non-predated eggs protected 

with predator excluders. Overall, 61% percent of all nests (n = 77) had at least one egg hatch 

successfully (i.e., nest success) (Table 2). When investigating nest success of those nests not 
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fully predated (n = 55), nests with predator excluders had similar nest success as nests with no 

excluders (regardless of year or site). Similarly, when examining the hatching rates of these 55 

nests, hatch rates of non-predated eggs did not differ by predator excluder presence, year, or site 

(Table 2). When approaching success on the egg level, 35% of all laid eggs hatched, with 30% 

non-protected eggs hatching (Table 2). For non-predated eggs, 91 of 158 (58%) eggs hatched 

with no difference with the presence of a predator excluder. 

Unsuccessful nests and eggs: Overall, 34 of 77 nests (44%) had at least one 

unsuccessful egg (i.e., non-predated eggs that did not hatch) (Table 2). Considering only nests 

not fully predated, 35 of 55 (63%) of nests had unsuccessful eggs with no difference in the 

number of nests with unsuccessful eggs based on site or the presence of predator excluders. I 

found a difference of nests with unsuccessful eggs by year (GLM; AIC = 68.346; p < 0.01). In  

2009, 89% (17 of 19) of nests not fully predated had at least one unsuccessful egg. In 2010, only 

29% (2 of 7) of not fully predated nests had an unsuccessful egg (Tukey’s HSD; p = 0.03). The 

increased number of nests with unsuccessful eggs in 2009 may be related the fact that at least 

one site (COL) had unusually high water levels (related to increased beaver [Castor canadensis] 

activity), and all nests at this site were unsuccessful due to nests being flooded. 

 

Effects of predator excluders  

I investigated whether the presence of the predator excluder itself accounted for 

variations in temperature and found that the presence of predator excluders did not explain the 

variation in any of the five temperature measures. Additionally, the presence of predator 

excluders did not influence the incubation periods of nests. Considering predator excluders did 

not influence the hatch/unsuccessful rates of non-predated eggs and did not measurably alter the 
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temperature regimes or incubation periods of nests in this study, predator excluders do not 

appear to negatively affect natural nest conditions. 

 

DISCUSSION 

Nesting ecology 

Clutch size  

Mean clutch size of approximately 3.3 eggs in the present study is similar to that recorded 

in other bog turtle studies (Whitlock 2002, Ernst and Lovich 2009, Byer 2015). Clutch size 

varied by year and body condition (BCI); perhaps yearly conditions and resource availability 

attributed to body condition, and, therefore, clutch size (Gibbons et al. 1982). Whitlock (2002) 

observed variation in clutch size of 19 female bog turtles monitored multiple years, suggesting 

that there are yearly effects of resources on a female’s clutch size or perhaps reproductive output 

of one year influences the reproductive output of the female the following year (Shine 1980, 

Gibbons et al. 1982, Broderick et al. 2003, Litzgus et al. 2008). Considering that females have 

relatively small clutch sizes, may not nest every year (Whitlock 2002), and do not lay multiple 

clutches per year (Ernst and Lovich 2009), bog turtles have a relatively low reproductive output 

as compared to other turtle species (Gibbons et al. 1982). Predation of nests may be of greater 

concern for turtle species, such as bog turtles, with low annual reproductive output as compared 

to those with more robust reproductive outputs (Smith et al. 2013).  

 

Incubation period  

The nesting period of bog turtles ranged from approximately the last week in May to the 

third week in June. The hatching period was generally a four-week period from approximately 
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from mid-August to mid-September. Incubation periods ranged from 67–89 days with a mean of 

80 days; incubation periods shorter than the 74–103 day periods observed in Massachusetts and 

Connecticut (Whitlock 2002). Within my study, nest incubation periods varied by site, and nests 

with lower min temperatures (within a standardized incubation temperature period) had longer 

incubation periods. Therefore, because the sites in Massachusetts and Connecticut are closer to 

the northern extent of the bog turtles’ range, the longer incubation of nests at in may be related to 

cooler temperatures at their more northerly geographic location as compared to the southeastern 

New York sites (Bobyn and Brooks 1994).   

 

Nest success  

Nest success without predation 

If predators were absent, my results suggest that the nests in this study would have a 50% 

hatch rate. Thus, for every nest successfully protected from predators by excluders, the nest 

would have 50% egg mortality from infertility, incomplete development, or physical destruction 

(e.g., insect and plant root predation, flooding). Although no other bog turtle nesting ecology 

study records this measure of natural or background success rates without predation, Zappalorti 

et al. (2004) documented hatching rates from 40–100% of bog turtle nests artificially incubated 

in laboratory conditions without predation pressures, physical destruction, or temperature 

fluctuations. 

 

Efficacy of predator excluders 

 Predator excluders reduced predation events in nests by 39%, with a total 52% fewer 

eggs predated when protected with predator excluders (a predation rate of one fewer egg per nest 
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predated in excluded nests). Even with predator excluders, 38% of protected nests still 

experienced predation events. The majority of those predation events were suspected to be 

caused by small mammals (e.g., mice, voles, shrews) based on either the presence of small 

tunnels found leading from nest cavities and complete absence of eggs or the egg shell remains 

displaying evidence damage from small teeth (Whitlock 2002, Zappalorti et al. 2004, Byer 

2005). I observed relatively little evidence of nest predation pressure from human-commensal 

predators, such as northern raccoons and striped skunks, possibly suggesting these larger 

mammalian predators are in relatively low densities at these sites, or these predators do not target 

bog turtle nests as readily as other turtle species’ nests (e.g., diamond-backed terrapins 

[Malaclemys terrapin], Feinberg and Burke 2003; map turtles [Graptemys spp.], Geller 2012). 

Predation events occurring in 38% of nests protected by predator excluders may be 

artificially high in this study for two reasons: (1) the design of the predator excluders, and (2) the 

design of the monitoring schedule. As previously noted, the predator excluders were above-

ground and did not extend below the surface of the nesting hummock. This design of predator 

excluders, while it helped maintained the integrity of the hummock, did not protect nests from 

burrowing predators as I observed predator tunnels from the substrate up into nest cavities.  

Because study nests were only monitored once per week during the hatching period, the 

predator excluders were removed from all nests within a site as soon as any nest within that site 

showed evidence of hatching (to prevent entrapping hatchlings). Therefore, during the hatching 

season, nests deemed ‘protected by predator excluders’ might have had no protection for a period 

of a few days time or, in some cases, a few weeks. Although most species of freshwater turtles 

experience the highest nest predation pressure within the first week of being laid, when the 

olfactory cues from the maternal laying process are presumably the highest (Congdon et al. 



  104 

1983, Congdon et al. 1987, Tinkle et al. 1981, Butler et al. 2004), I frequently observed shell-

remain evidence of predation during the hatching period. Byer (2015) similarly noted late-season 

predation for bog turtles and cited Riley and Litzgus’s (2014) description of olfactory and 

auditory cues associated with nest hatching as a possible explanation for late-season predation.  

An additional issue with monitoring nests only once per week during the hatching period 

was the difficulty of interpreting the eggshell remains of nests. I deemed eggs hatched when 

either hatchings were observed or eggshell remains displayed hatching characteristics such as the 

clean-edged splitting of the eggshell into distinct parts (from hatchling egg-tooth) (Hamilton 

1940). If a nest with eggs at one monitoring event was found during the next monitoring event 

with no hatchlings and many indistinguishable eggshell pieces, sometimes appearing shredded, I 

would designate the nest as predated. However, these nests may not actually have been predated, 

but may have actually have hatched, as I observed similar eggshell remain patterns (as predated 

nests) after hatchlings spent time within nests, breaking up and distributing their eggshells 

throughout the hummock. I opted to conservatively estimate hatching, and, therefore, I 

considered nests predated when no hatchlings and scattered small eggshell remains were 

observed. This approach may have inflated the rates of predation late in the season. 

 

Effects of predator excluders  

Predator excluders did not alter the temperatures of nests, the length of incubation 

periods, or hatch rates of non-predated eggs, suggesting that the predator excluders are not 

detrimentally changing nest conditions. Although there was no evidence of negative impacts of 

excluders on nests, more research should be conducted on possible additional effects such as 



  105 

altered moisture conditions and reduced hatching fitness (Booth et al. 2004, Riley and Litzgus 

2013).  

 

Recommendations 

Based on my results, I conclude that managers should use predator excluders to reduce 

predation without measurably impacting the natural temperature, incubation periods, or inherit 

success of a nest. Because I still observed predation of protected nests (most commonly by 

burrowing predators), I recommend that researchers evaluate the decrease in predation when 

predator excluders extend below the surface. With these modifications to the predator excluder 

cages, I recommend that researchers measure the long-term effects that digging around 

hummocks may have on the nesting habitat. Monitoring of hatching should occur frequently 

throughout the hatching period to prolong protection of the predator excluders and to more 

accurately describe late-season predation. I caution managers that the time and costs of finding 

nests, deploying predator excluders, and monitoring hatching may not be cost-effective (Riley 

and Litzgus 2013) or yield measureable increases in recruitment (Crouse et al. 1987), especially 

if nest predation pressures within a site are relatively low (< 50%).  

Generally, managers should be more concerned about adult survivorship as populations 

of long-lived iteroparous species, such as turtles, are often more sensitive to changes in adult 

survival rates than egg or juvenile survival rates (Crouse et al. 1987, Jonsson and Ebenman 

2001). However, considering the low reproductive output of bog turtles, predator excluders may 

still be beneficial to populations especially if recruitment in populations is chronically low 

(Crowder et al. 1994, Reed et al. 2009). Although predator excluders did not eliminate predation 

in this study, a 56% reduction in predation rates in bog turtle nests may have a substantial effect 
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on increasing recruitment. I suggest researchers use these results on nest success rates (with and 

without predator excluders) in population viability models (Shoemaker et al. 2013) to describe 

the projected population trends when predator excluders are used as a conservation tool. 

 

Conclusions 

In terms of number of females, number of nests, and number of sites, this study is the 

largest known bog turtle nesting ecology study to date and the only study that examined both the 

efficacy and effects of predator excluders on nest success. The natural success rates regardless of 

predation, the predation rates, and the reduced predation rates with predator excluders derived 

from this study can inform managers interested in using predator excluders as a conservation tool 

and modeling population viabilities. Predator excluders reduce nest predation and do not 

negatively affect conditions or success within bog turtle nests and, therefore, can be considered 

as a viable conservation tool for this threatened species. 
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Table 1. Bog turtle nests with and without predator excluders by year and site. Sites are 

abbreviated by a three-letter code matching previous research in southeastern New York 

(Shoemaker and Gibbs 2013). Under each site column, the first number listed represents the 

number of nests protected with predator excluders. and the second number listed represents the 

number of nests without predator excluders. A dash (–) represents no nests monitored for a 

particular year or site. 

 

 
  Site Total Total 

Year CFP COL EFP SHA SHF SHR SMF WDF WFP nests (year) 
Excluder Y, N Y, N Y, N Y, N Y, N Y, N Y, N Y, N Y, N Y, N All 

2009 2, 0 2, 0 1, 0  – 2, 0 7, 1 3, 0 – 4, 0 21, 1 22 
2010 – – – – 0, 2 0, 3 0, 4 – 0, 6 0, 15 15 
2011 1, 0 – 0, 1 – – 3, 3 2, 2 – 3, 1 9, 7 16 
2012 – – – 7, 0 11, 1 – 2, 0 3, 0 – 23, 1 24 

Total nests 3, 0  2, 0 1, 1 7, 0 13, 3 10, 7 7, 6 3, 0 7, 7 53, 24   
Total (site) 3 2 2 7 14 17 13 3 14   77 
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Table 2. Bog turtle nest success with and without predator excluders. For nest and eggs, the 

number under the Y column represents the number of nests or eggs predated, successful, or 

unsuccessful, for each category [excluder yes (Y); excluder no (N)] (see text for definitions of 

success). Under the N column is the number of nests with no predation, success, or unsuccessful 

egg events. The percentages listed next to the numbers in the Y and N columns represents the 

percentage of nests or eggs within a category (with or without predator excluders). For the mean 

rates, the predation rate was calculated as the ratio of eggs predated to eggs laid within each 

nest—all rates were then averaged (± S.D.). For hatch rate and unsuccessful rate, the ratio of the 

number of eggs hatched or unsuccessful to the number of non-predated eggs remaining in each 

nest was averaged. For mean rates (for all categories), the number of nests in each category is 

also listed—note the reduction in the number nests in the hatch rate and unsuccessful rate 

accounting for the 22 nests that were fully predated. 

  
Nests Predated of total  Success of total  Unsuccessful of total Total 

  Y N Y N Y N   

  Excluder Y 20 (38%)* 33 (62%) 38 (72%) 15 (28%) 30 (57%) 23 (43%) 53 (69%) 

  Excluder N 15 (63%)* 9 (38%) 9  (38%) 15 (63%) 4 (17%) 20 (83%) 24 (31%) 

  Total 35 (45%) 42 (55%) 47 (61%) 30 (39%) 34 (44%) 43 (66%) 77 (100%) 

Eggs Predated of total Success of total Unsuccessful of total Total 

  Y N Y N Y N   

  Excluder Y 51 (29%)* 126 (71%) 67 (38%) 110 (62%) 59 (33%) 118 (66%) 177 (69%) 

  Excluder N 48 (60%)* 32 (40%) 24 (30%) 56 (70%) 8 (10%) 72 (90%) 80 (31%) 

  Total 99 (39%) 158 (61%) 91 (35%) 166 (65%) 67 (26%) 190 (74%) 257 (100%) 

Mean rates Predation rate of total Hatch rate of non-pred. Unsuccessful rate of non-pred.   
            
  Excluder Y 0.26 ± 0.40 (n = 53) * 0.48 ± 0.42 (n = 44) 0.52 ± 0.42 (n = 44)   

  Excluder N 0.59 ± 0.49 (n = 24) * 0.74 ± 0.40 (n = 11) 0.26 ± 0.40 (n = 11)   
* = Statistically significant comparisons of with and without excluder (see text for more details) 
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Figure 1. Mean clutch size for bog turtles by year (across nine study sites). Differences by year 

are significant (n = 77; p = 0.02) based on the comparison of the GLM including year as a 

variable to the GLM of the null (overall mean). Black bars represent median clutch size, white 

boxes represent the interquartile range, and whiskers represent the range of clutch sizes. In 2011, 

one nest had a clutch size of 1 egg; in 2012, one nest had a clutch size of 5 eggs. See text for 

clutch size means, standard deviations, and yearly nest sample sizes. 
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Figure 2. The effect of maternal body condition index (BCI) on bog turtle clutch size across 

years (2009–2012) and sites. Maternal BCI is a score derived from the observed mass/expected 

mass-at-length (see Shoemaker 2011). Females with higher BCI laid more eggs per clutch 

(GLM; n = 50; p < 0.01). 
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Figure 3. Bog turtle incubation periods by site (across 2009–2012). Incubation periods vary by 

site (GLM; n = 28; p = 0.03); specifically, site SHA had longer incubation periods (mean = 85.4 

days ± 3.67 S.D., n = 5) as compared to WDF (mean = 74.3 days ± 6.35, n = 3) (Tukey’s test: * p 

= 0.04). The site SHF had a mean incubation period of 79.1 days ± 5.87 (n = 7) with one nest 

having an incubation period of 68 days. Other site means are: SHR 78.0 days ± 1.41 (n = 3), 

SMF 77.2 days ± 5.74 (n = 6), and WFP 82.0 ± 3.83 days (n = 4). 

 
 

 

 

* * 
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Figure 4. Plot of incubation period versus minimum (min) temperature of nests. Based on the 

results of the GLM, nests that experienced a lower min temperature over their incubation period 

were more likely to have longer incubation periods (n = 9; p = 0.01). 
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Figure 5. Predation rates within bog turtle nests without predator excluders (unprotected) and 

nests with predator excluders (protected). Predation rates were lower in protected nests (GLM;   

n = 77; p < 0.01). The violin plot describes the median (grey point), the interquartile range (black 

box), and the kernel density estimations—the probability density of predation rates at different 

values. 
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APPENDIX A 

Site descriptions 

In New York, WDF is a 1.2 ha calcareous sloping wet-meadow with ground water seeps 

adjacent to a forested swamp. The site is actively grazed by cattle and has agricultural 

modifications including drainage swales and a cattle watering hole.  

Approximately 13 km to the north of WDF, the ‘TMR Complex’ contains 11 fens all 

within 2 km of each other. Within the TMR Complex, the four nesting study sites (CFP, EFP, 

WFP and SHR) are mineral-rich sloping fens composed primarily of calcareous wetland plant 

communities that are 0.2, 0.4, 0.8, and 4.1 ha, respectively, in size. These sites are discrete 

wetlands that are geographically distinct and separated by a matrix of coniferous and deciduous 

forests, steep embankments, and ridges; a low-traffic road separates CFP, EFP, and WFP from 

SHR. Because the habitats surrounding these study sites are not continuous wetlands, but bog 

turtle movement and gene flow occurs between these sites (Shoemaker and Gibbs 2013), I refer 

to this association of sites as a ‘habitat complex.’ The term ‘wetland complex’ refers to a 

singular continuous wetland with several wetland types, including fen habitat. I use the general 

term ‘complex’ when referring to either ‘habitat complex’ or ‘wetland complex’. 

Approximately 13 km north of the TMR Complex, the ‘AMF Complex’ is a habitat 

complex with six discrete fens within a 2 km area. The AMF Complex includes two study sites 

(SHF and SHA) separated by upland and wetland forest, cropland, pasture, and light residential/ 

commercial land use, including a road with moderate traffic. SHF has approximately 1.6 ha of 

mineral-rich sloping fen habitat with an intermittent drainage stream dividing the habitat into two 

sections. Approximately 1 km from SHF, the site SHA has approximately 0.6 ha of fen habitat 

with an unpaved farm access road bisecting the habitat into two distinct areas.  
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Four kilometers west of the AMF Complex is the site SMF. Found within a 110-ha 

continuous wetland complex, SMF has approximately 2.5 ha of habitat where bog turtles are 

found. This area of the wetland complex is characterized by red maple (Acer rubrum) swamps 

with seepage and shrub fens and an area of wet pasture primarily composed of reed canary grass 

(Phalaris arundinacea) that is actively grazed by cattle.  

Approximately 8 km northeast of SMF is COL, a 1.3 ha site with core bog turtle habitat 

within a 22-ha wetland complex. The core habitat of COL is comprised of graminoid fen, marsh, 

and hardwood swamp with a series of springs and surface drainage from nearby wetlands. In the 

past, management at this site has included herbicide treatment of large stands of common reed 

(Phragmites sp.) and light cattle grazing. A large portion of the site was recently (2009) altered 

by beaver (Castor canadensis) activity, flooding the habitat. 

Derived from site descriptions given in Sirois et al. (2014) (see Chapter 1 references), in 

Massachusetts, SCH is incorporated in an approximately 200-ha wetland complex within which 

bog turtles occur in approximately 5.0 ha. Over 10 km from SCH, JEF contains approximately 

4.0 ha of habitat in which bog turtles occur within an approximately 60-ha wetland complex. The 

habitat types of these two sites include red maple swamps with sloping seepage and shrub fens. 

JEF additionally has large areas of wet meadow and large stands of Phragmites sp. and has 

periodic flooding due to beaver activity. 
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APPENDIX B 

Table B1. Heterozygosity and F-statistics of 15 microsatellite loci from 202 bog turtles across 

nine populations studied in Chapter 1. Na = mean number of alleles; He = mean expected 

heterozygosity; Ho = mean observed heterozygosity; Ht = expected total heterozygosity; FIS =  

(Mean He - Mean Ho) / Mean He; FIT = (Ht- Mean Ho) / Ht); FST = (Ht - Mean He) / Ht. 

Standard deviations listed after means.  

 
Locus  Na He Ho           FIS          FIT          FST 
GmuA18 1.78 ± 0.15 0.13 ± 0.04 0.14 ± 0.05 -0.054 0.037 0.086 
GmuB08 1.44 ± 0.18 0.05 ± 0.03 0.05 ± 0.03 -0.091 -0.028 0.058 
GmuB67 2.78 ± 0.22 0.47 ± 0.04 0.58 ± 0.06 -0.246 -0.017 0.184 
GmuB91 2.00 ± 0.00 0.30 ± 0.05 0.35 ± 0.07 -0.183 -0.088 0.08 
GmuD107 6.89 ± 0.42 0.73 ± 0.03 0.79 ± 0.03 -0.08 0.022 0.095 
GmuD114 3.89 ± 0.42 0.58 ± 0.03 0.57 ± 0.02 0.024 0.129 0.108 
GmuD121 4.11 ± 0.31 0.54 ± 0.04 0.58 ± 0.05 -0.078 -0.011 0.062 
GmuD16 5.11 ± 0.51 0.61 ± 0.03 0.65 ± 0.05 -0.073 0.057 0.121 
GmuD40 6.11 ± 0.56 0.76 ± 0.02 0.79 ± 0.04 -0.043 0.032 0.072 
GmuD55 5.11 ± 0.61 0.62 ± 0.04 0.62 ± 0.03 0.001 0.095 0.095 
GmuD70 3.00 ± 0.29 0.49 ± 0.05 0.52 ± 0.06 -0.044 0.068 0.107 
GmuD79 2.11 ± 0.26 0.16 ± 0.06 0.11 ± 0.03 0.289 0.411 0.172 
GmuD87 6.11 ± 0.48 0.70 ± 0.02 0.68 ± 0.05 0.034 0.151 0.122 
GmuD89 3.11 ± 0.35 0.47 ± 0.07 0.46 ± 0.08 0.02 0.195 0.178 
GmuD90 2.56 ± 0.24 0.42 ± 0.07 0.48 ± 0.08 -0.132 -0.034 0.086 
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Table B2. Characteristics of blood samples collected from male, female, and juvenile bog turtles 

at the complex and site level used in the genetic study in Chapter 1 (n = 202). Sites JEF and SCH 

are found in Massachusetts, while the other sites are found in New York. Sites SMF, JEF, and 

SCH are the site codes of the areas containing bog turtles within larger wetland complexes. Sites 

listed below ‘TMR Complex’ and ‘AMF Complex’ are considered different sites within the same 

habitat complexes (sites surrounded by non-wetland habitat). Na = mean number of alleles; He = 

mean expected heterozygosity; Ho = mean observed heterozygosity; Private alleles = the number 

of unique alleles (across all loci) found only within that site. Standard deviations are listed after 

means. 

 
Complex/site 

code 
# of 

samples Na He Ho Private 
alleles 

TMR complex 100 4.5 ± 0.6 0.51 ± 0.07 0.50 ± 0.07 

CFP 5 2.9 ± 0.4 0.46 ± 0.06 0.51 ± 0.08 0 

EFP 15 2.8 ± 0.4 0.43 ± 0.06 0.49 ± 0.08 1 

WFP 32 4.2 ± 0.5 0.49 ± 0.06 0.47 ± 0.06 0 

SHR 48 4.1 ± 0.5 0.50 ± 0.07 0.51 ± 0.07 1 

AMF complex 28 4.7 ± 0.6 0.49 ± 0.06 0.50 ± 0.07 

SHA 10 3.0 ± 0.3 0.42 ± 0.06 0.47 ± 0.07 0 

SHF 18 4.3 ± 0.5 0.50 ± 0.06 0.51 ± 0.07 2 

SMF 21 4.3 ± 0.6 0.49 ± 0.07 0.53 ± 0.07 4 

JEF 25 4.2 ± 0.7 0.47 ± 0.08 0.49 ± 0.08 5 

SCH 28 3.9 ± 0.5 0.46 ± 0.06 0.44 ± 0.06 1 
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Table B3. Genetic differentiation of bog turtle sites studied in Chapter 1 via pairwise site 

comparisons of FST. The bottom triangular matrix contains the FST values of paired sites; the top 

triangular matrix contains P values from conducting an AMOVA with 9,999 permutations. 

Boldface typed values indicate FST values with a significant P value (α < 0.05) (i.e., sites 

genetically different from each other). Values were derived from 202 individuals across nine 

sites. 

 
Site code CFP EFP SHR WFP SHA SHF SMF JEF SCH 

CFP 0.065 0.015 0.141 < 0.001 0.005 0.007 0 0 
EFP 0.039 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
SHR 0.048 0.072 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
WFP 0.017 0.043 0.034 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
SHA 0.133 0.166 0.103 0.152 0.001 < 0.001 < 0.001 < 0.001 
SHF 0.066 0.117 0.058 0.074 0.063 < 0.001 < 0.001 < 0.001 
SMF 0.061 0.119 0.044 0.079 0.075 0.050 < 0.001 < 0.001 
JEF  0.119 0.144 0.116 0.139 0.119 0.080 0.126 < 0.001 
SCH 0.138 0.160 0.092 0.146 0.065 0.070 0.091 0.062   
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Figure B1. Isolation by distance of nine bog turtle sites having both nesting studies and genetic 

data (CFP, EFP, WFP, SHR, SHA, SHF, SMF, JEF and SCH)—calculated via a Mantel test with 

9,999 permutations (R2 = 0.448; p < 0.001). Genetic distance increases with increasing 

geographic distance. Values were derived from 202 individuals across nine sites (see Chapter 1). 
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APPENDIX C 
 

Figure C1. Univariate partial dependence plots of important variables not shown in Chapter 2 

Fig. 4 predicting bog turtle nest presence for the 6–20 m (RP2) spring random forest model. The 

y-axis (fitted function) is the deviation from the global mean response value across the range of 

the variable on the x-axis (see Chapter 2 Table 1 and 2). The higher the deviance, the more 

predictive of nest presence that variable is at that particular range. For detailed descriptions on 

plots see Culter et al. (2007).  

            Spring 

 
(Figure continued on next page) 
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Figure C1. Figure continued from previous page 
 

 
 
 

     Spring 
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Figure C2. Univariate partial dependence plots of important variables not shown in Chapter 2 

Fig. 4 predicting bog turtle nest presence for the 6–20 m (RP2) fall random forest model. The y-

axis (fitted function) is the deviation from the global mean response value across the range of the 

variable on the x-axis (see Chapter 2 Table 1 and 2). The higher the deviance, the more 

predictive of nest presence that variable is at that particular range. For detailed descriptions on 

plots see Culter et al. (2007). See Appendix C for more partial dependence plots.  

 
       Fall 

 
(Figure continued on next page) 
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Figure C2. Figure continued from previous page 
 

  Fall 
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Figure C3. Univariate partial dependence plots of important variables not shown in Chapter 2 

Fig. 7 predicting bog turtle nest presence for the site level (8 m grid) scale random forest model. 

The y-axis (fitted function) is the deviation from the global mean response value across the range 

of the variable on the x-axis (see Chapter 2 Table 1 and 2). The higher the deviance, the more 

predictive of nest presence that variable is at that particular range. For detailed descriptions on 

plots see Culter et al. (2007). See Appendix C for more partial dependence plots.  

      Site (8 m) 

 
(Figure continued on next page) 
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Figure C3. Figure continued from previous page 
 

        Site (8 m) 

 
 
 
 

 
 
 
 
 
 

(Figure continued on next page) 
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Figure C3. Figure continued from previous page 
 

        Site (8 m) 
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APPENDIX D 

Figure D1. Bivariate partial dependence (interaction) plots of the most bog turtle nest presence 

predictive pairs of variables not shown in Chapter 2 Fig. 5 for the spring 6–20 m (RP2) scale the 

random forest model. For detailed descriptions on interpreting plots, see Cutler et al. (2007). The 

y-axis is the prediction from the random forest model for the bivariate combination. The x-axis 

and z-axis represent the rank classes of the respective predictor variable (see Chapter 2 Table 1 

and 2).  

 
(Figure continued on next page) 

 Veg1m
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Figure D1. Figure continued from previous page 
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Figure D2. Bivariate partial dependence (interaction) plots of the most bog turtle nest presence 

predictive pairs of variables not shown in Chapter 2 Fig. 5 for the fall 6–20 m (RP2) scale the 

random forest model. For detailed descriptions on interpreting plots, see Cutler et al. (2007). The 

y-axis is the prediction from the random forest model for the bivariate combination. The x-axis 

and z-axis represent the rank classes of the respective predictor variable (see Chapter 2 Table 1 

and 2).  

 
(Figure continued on next page) 
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Figure D2. Figure continued from previous page  
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Figure D3. Bivariate partial dependence (interaction) plots of the most bog turtle nest presence 

predictive pairs of variables not shown in Chapter 2 Fig. 8 for the site level (8 m grid) scale 

random forest model. For detailed descriptions on interpreting plots, see Cutler et al. (2007). The 

y-axis is the prediction from the random forest model for the bivariate combination. The x-axis 

and z-axis represent the rank classes of the respective predictor variable (see Chapter 2 Table 1 

and 2).  

 
(Figure continued on next page) 
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Figure D3. Figure continued from previous page 
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The bog turtle (Glyptemys muhlenbergii) is listed as threatened under the U.S. 

Endangered Species Act primarily because of the loss and degradation of its specialized wetland 

habitat. Adequate nesting habitat may be a limiting factor for bog turtle recovery, and nesting 

habitat creation or expansion may be an effective conservation tool but only if managers 

understand nesting behaviors, habitat requirements, and threats to nest success. The objective of 

this study was to understand the nesting ecology of the bog turtle and to use this information to 

suggest improvements to bog turtle management. I used radio telemetry to locate nesting 

females. I then used nest location and maternal genetic microsatellite data to investigate nest-site 

fidelity and natal homing. I collected microhabitat data at each nest and random points in both 

spring and fall at three spatial scales to understand nest-site selection. I also studied nest success 

with and without predator excluder cages to determine if predator excluders reduced predation or 

altered nest conditions. I found evidence that females display nest-site fidelity to nest-site areas 

but no evidence for natal homing. Bog turtles nested in relatively small patches of habitat in 

close proximity to water or saturated soil with low densities of woody stems and low percent 

cover of woody vegetation, forbs, and ferns. Predator excluders reduced predation by ~40% 

while having no effect on nest temperatures, incubation periods, or underlying (disregarding 

predation) nest success. Given the results of this research, I conclude that the creation of new 



  

nesting areas could be a viable conservation tool, as females do not always return to the same 

nest-site area. Managers should create or maintain small patches of open-canopy habitat with 

reduced woody vegetation in areas that have consistent moisture from spring to fall. Increasing 

the availability of nesting areas may eventually lead to increases in recruitment, but if predation 

pressures are high, managers should also deploy predator excluders. This is the first study to 

examine the behavioral drivers of bog turtle nest-site selection and the efficacy of predator 

excluders on bog turtle nests. 
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