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ABSTRACT
Mating system and dispersal patterns in
the diamondback terrapin (Malaclemys terrapin)
Claire Sheridan
Harold W. Avery, co-Supervisor, Ph.D.
James R. Spotila, co-Supervisor, Ph.D.
Long-term demographic studies of the diamondback terrapin (Malaclemys
terrapin) indicate high habitat fidelity and low dispersal distances, but population
genetic studies indicate high levels of gene flow between populations. In addition to
conflicting data between direct and indirect measurements of dispersal in the terrapin,
data are currently lacking on how habitat fragmentation affects the dispersal and
mating system of the terrapin. Dispersal and mating systems are important to
understand because they can affect the level of genetic diversity in a population, and
therefore influence its long-term sustainability of a population. In this study, I
examined the mating system and fine-scale dispersal patterns of diamondback
terrapins in Barnegat Bay, New Jersey. Using both capture-mark-recapture and
molecular genetic methods, I compared dispersal patterns of juvenile, male, and
female terrapins in Barnegat Bay, NJ. While capture-mark-recapture over a four year
study period indicated that all individuals have relatively small dispersal distances
(<2 km), mean genetic assignment indices, first generation migrant tests, and spatial
autocorrelation indicated that mature males exhibited sex-biased dispersal and mature
females exhibited natal philopatry to nesting beaches. To determine how habitat
fragmentation affects dispersal and gene flow in the terrapin, I used a landscape
genetic approach. Landscape genetic models indicated that estuarine emergent
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wetland was a landscape feature necessary for effective dispersal and therefore
necessary to maintain genetic diversity in the terrapin. Because mating systems can
also affect the level of genetic diversity, I also analyzed paternity in 174 nests from
five nesting beaches. Multiple paternity was common in nests, the degree of multiple
paternity differed significantly among locations, ranging from 12.5 to 45.7 % of
clutches, and exhibited a significant non-linear correlation with population sex ratio.
Population sex ratios were likely altered by differential mortality of nesting females
on roads or of males in commercial crab pots. I confirmed the use of sperm storage
both within and between seasons, but found no data to support long-distance
movements of individuals to mating aggregations. Utilization of genetic methods has
yielded important information regarding terrapin dispersal and mating behaviors that
is particularly important in developing conservation and management plans. The data
indicate that protection of estuarine emergent wetland and natal nesting beaches is
necessary for species survival, and that differential mortality, resulting in skewed sex
ratios, can have significant impacts on the mating system of Malaclemys terrapin.
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CHAPTER 1: Introduction

1.1 Habitat fragmentation decreases biodiversity
Habitat alteration represents the primary driving force in the loss of biological
diversity worldwide (Vitousek et al. 1997). Anthropogenic habitat alteration and
degradation are estimated to have altered 39-50% of land on earth (Daily 1995;
Vitousek et al. 1986). However, these values underestimate the impact of habitat
transformation because they do not include the habitat that becomes fragmented when
surrounding habitat has been altered (Vitousek et al. 1997). The effects of habitat
fragmentation on animal populations have been documented extensively (Fahrig
2003; Laurance & Bierregaard 1997; Prugha et al. 2008; Whitcomb et al. 1981).
Habitat fragmentation can increase the rate of population extinction through genetic
(Saccheri et al. 1998) and demographic factors (Boudjemadi et al. 1997). However,
the effects of habitat fragmentation on an animal’s behavior, such as dispersal and
mating, are not as well understood (Stow & Sunnucks 2004a, b; Stow et al. 2001).
Habitat fragmentation may restrict dispersal and reduce social neighborhood sizes;
these changes may influence the mating system (Cale 2003; Stow & Sunnucks
2004b). For example, if habitat fragmentation leads to delayed or impeded dispersal,
then this change in dispersal could lead to increased competition, elevated philopatry,
and disruption of adaptive kin structures and breeding opportunities (Bjørnstad et al.
1998; Boudjemadi et al. 1997; Peacock & Smith 1997a; Stow et al. 2001).
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1.2 Estuaries as important ecosystems
Estuaries are among the most productive ecosystems in the world and they
provide critical resources for birds, fish, and other wildlife (McLusky & Elliot 2004).
One such estuary is Barnegat Bay, a 70 km long estuary located along the central
coast of New Jersey. Barnegat Bay is ecologically threatened by changes in water
quality and quantity, habitat loss and alteration, fisheries decline, and other induced
changes. The region has experienced anthropogenic changes for at least 350 years,
since the first Europeans settled in the mid 17th century (BBNEP 2002). Over
450,000 people live within the watershed, but land and water use doubles during the
summer vacation months (BBNEP 2002). At least 45 percent of the shoreline is
bulkheaded and nearly 70 percent of the shoreline buffer zone is either developed or
altered (BBNEP 2002).
The United States Environmental Protection Agency listed Barnegat Bay as an
estuary of national significance and developed a Comprehensive Conservation and
Management Plan (CCMP) for the region. The CCMP outlined priority problems and
solutions needed to restore and protect the ecological health of the estuary (BBNEP
2002). The CCMP was divided into the following four major action plans (and further
subdivided into action items): 1. Water Quality/Water Supply (25 Action Items), 2.
Habitat and Living Resources (12 Action Items), 3. Human Activities and Competing
Resources (10 Action Items), 4. Public Participation and Education (20 Action Items;
(BBNEP 2002).
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One action item (Action Item 6.2 under the Action plan: Habitat and Living
Resources) outlined in the BNEP-CCMP was to conduct a Barnegat Bay ecosystem
restoration feasibility study (BBNEP 2002). This feasibility study considered the
following areas for restoration to improve habitats for numerous species of plants and
animals: fresh-water wetlands, salt marshes, abandoned lagoons, and submerged
aquatic vegetation (BBNEP 2002). The feasibility study was conducted as a joint
investigation between the United States Army Corps of Engineers and the New Jersey
Department of Environmental Protection and was completed in 2003 (United States
Army Corps of Engineers 2003). Six priority sites were chosen for immediate
evaluation (United States Army Corps of Engineers 2003). Restoration of several of
these sites has the potential to improve both aquatic habitat and terrestrial habitat of
Malaclemys terrapin. For example, one tidal marsh site at the northernmost part of
Barnegat Bay, named the F and L abandoned lagoons, will be restored in part by
filling in the previously dredged lagoons to create a maximum water depth of 1.83
meters (6 feet) and in part by improving circulation by adding a new tidal connection.
Both restoration plans would allow for the growth of submerged aquatic vegetation
(SAV) and improved water quality, increasing habitat for fish, benthic invertebrates,
and Malaclemys terrapin. In addition, sandy piles within this site will be cleared and
flattened to provide nesting habitat for Malaclemys terrapin (United States Army
Corps of Engineers 2003).
In the 2003 Monitoring Program Plan, the Barnegat Bay National Estuary
Program established a series of environmental and programmatic indicators to
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evaluate the progress of the action items in the CCMP (BBNEP 2003). Nine primary
indicators and twenty-one secondary indicators were chosen. Indicators were
discussed in relation to habitat, water resources, and human use. Primary indicators fit
three criteria: 1. public acceptability, 2. availability of data from existing monitoring
efforts, 3. relevance to the goals and objectives of the CCMP. Signature species are
listed as one of the nine primary indictors. Signature species are those that the public
identifies with the Barnegat Bay watershed. Signature species were selected by
choosing species which represent the range of habitats that comprise the Barnegat
Bay system. These habitats include terrestrial, freshwater, and estuarine habitats. By
tracking a signature species in each of the these habitats, BBNEP determines which
habitats are in need of restoration and which habitats are benefiting from the
improvements that have already been made (BBNEP 2003). Although, the BBNEP
derived the list of signature species from avian species, anuran species, finfish
species, estuarine macroinvertebrates, and terrestrial plant species (BBNEP 2003),
reptilian species should also be considered.

1.3 The diamondback terrapin as a model vertebrate
The diamondback terrapin, Malaclemys terrapin, can be used as an indicator
of the ecological function of the estuary. The diamondback terrapin is a species found
locally within the salt marshes of the eastern and Gulf coasts of the United States
(Ernst et al. 1994). Of over 310 extant species of turtles, Malaclemys terrapin is the
only species whose habitat is confined to coastal brackish waters (Rhodin et al.
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2009). Diamondback terrapins are euryhaline and can tolerate a wide range of water
salinities from 0 to 34 ppt (Robinson & Dunson 1976). Although terrapins have salt
glands, after an extended period of time in salinities above 21 ppt they require some
source of freshwater (Dunson & Mazzotti 1989). The diamondback terrapin occupies
a high trophic level and consumes polychaetes, shrimp, littorinid gastropods,
bivalves, fish, and crabs (Carr 1952; Coker 1906; Davenport et al. 1992; Hurd et al.
1979; Petrochic 2009; Tucker et al. 1995). The diamondback terrapin may exert topdown control on the grazer density of the periwinkle snail, Littoraria irrorata, which
grazes upon salt marsh cordgrasses such as Spartina alterniflora (Levesque 2000;
Silliman & Bertness 2002) or it may help maintain higher species diversity by
consuming large quantities of various species and not allowing any one species to
dominate (Petrochic 2009). Furthermore, due to its high trophic level,
bioaccumulation of mercury in the liver tissue of the diamondback terrapin inhabiting
Barnegat Bay, NJ is sufficiently high enough to cause sublethal effects on scavengers
(Burger 2002). The diamondback terrapin is a habitat generalist that utilizes both the
terrestrial and aquatic habitat of an estuary for foraging, mating, and nesting. Because
this species is a food (Petrochic 2009) and habitat generalist, it can be used as an
indicator of the ecological function of the estuary, particularly in response to
anthropogenic impacts on both land and in the water. These impacts may include
dredging and filling of marsh habitat, human development on terrestrial nesting
habitat, bulkheading along the edges of terrestrial nesting and marsh habitat, and boat
traffic in aquatic habitats.
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1.4 Background on the diamondback terrapin
Diamondback terrapins are small turtles that exhibit strong sexual size
dimorphism, with females significantly larger than males at reproductive maturity.
Mean plastron length of male M. terrapin is 10.2 cm and of females is 14.8 cm
(Lovich & Gibbons 1990; Seigel 1984; Tucker et al. 1995). Both males and females
have life spans of greater than 20 years, but males mature earlier than females. Males
are recruited into the adult population at approximately 4 to 7 years of age while
females reach maturity between 8 to 13 years of age (Roosenburg 1990). Because
male and female terrapins reach different sizes at sexual maturity, adult male and
female feeding niches have minimal overlap (Tucker et al. 1995). Males and small
females tend to choose smaller prey items, such as the salt marsh periwinkle
(Littorina irrorata). Large females feed on larger prey items such as the fiddler crab
(Uca pugnax) and the blue crab (Callinectes sapidus; (Levesque 2000; Tucker et al.
1995).
The annual activity cycle of the terrapin varies among areas due to its wide
latitudinal distribution (Ernst et al. 1994; Hildebrand 1928; Yearicks et al. 1981). In
the winter, terrapins hibernate individually or in groups buried in creek banks and
bottoms (Yearicks et al. 1981). Terrapins can briefly emerge from hibernation on
warm winter days (Yearicks et al. 1981), but it is not known whether feeding occurs
during this period. In New Jersey, the terrapin (subspecies M. terrapin terrapin)
hibernates from November to March and is typically active from April to October,
with nesting occurring from late May-mid July (Wood & Herlands 1997).
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The diamondback terrapin has a type III survival pattern (sensu Iverson 1991)
with low juvenile survival followed by high adult survivorship. Therefore, in terms of
population viability, adult survival and fitness are extremely important in maintaining
a population. Many anthropogenic actions lower survival rates or fitness of adult
terrapins causing populations to decline. Diamondback terrapins were a delicacy in
the late 1800s and early 1900s (Carr 1952) and populations were severely depleted.
Besides exploitation as a food source, diamondback terrapins also face other
anthropogenic threats: loss of nesting locations (Szerlag & McRobert 2006; Wood &
Herlands 1997), incidental capture and mortality in crab pots (Bishop 1983;
Roosenburg et al. 1997; Seigel 1983; Tucker et al. 2001; Wood 1997), degradation or
loss of aquatic habitat (Wood & Herlands 1997), and mortality on roads (Szerlag &
McRobert 2006; Wood & Herlands 1997). In addition, many states list the protection
or game status of this species differently. The listings range from no official listing,
game listing, Species of Special Concern, Threatened, to Endangered (Watters 2004).
New Jersey lists the terrapin as a Species of Special Concern, but also as a game
species (N.J.A.C. 1981). New Jersey lists species under the title Species of Special
Concern if there is some indication of population decline or indication of
vulnerability due to habitat degradation or modification that might lead to the
population being listed as Threatened in the future. In addition, a species may also be
listed under this title if there is not enough information about its current population
status. In New Jersey, terrapins may be caught between November 1 to March 31 if
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they are over 5 inches (152 mm) in length, but no person is allowed to take or destroy
eggs of any terrapin (N.J.A.C. 1981)

1.5 Terrapin dispersal patterns measured by direct analysis
Nesting ecology and population dynamic studies have documented that
terrapins exhibit high fidelity to nesting sites (Auger 1989; Mitro 2003; Roosenburg
1996) and to specific creeks or sections of a river (Gibbons et al. 2001; Hurd et al.
1979; Roosenburg et al. 1999; Spivey 1998). Male and female terrapins stay within a
few meters of their original capture locations for up to three years (Lovich & Gibbons
1990); similar results were seen after 16 years (Gibbons et al. 2001). In New Jersey,
female terrapins often return to nest year after year to the same dune area in Little
Beach, NJ (Burger 1977). Another study in Tuckerton, New Jersey (Szerlag &
McRobert 2007) found that 33-40% of females were found within 50 m of the
original site over two nesting seasons (includes multiple clutching and multiple
seasons). As a consequence of high fidelity, it is believed that rates of exchange
among subpopulations are unlikely to lead to the reestablishment of adjacent
populations that are extirpated (Tucker et al. 2001).
Some studies have recorded occurrences of longer distance movements of
terrapins. Butler (unpublished) tracked the movements of three females located on a
nesting beach and found that they traveled between 4.8 and 9.98 km to marsh areas,
but then spent the rest of the year in these locations. Gibbons et al. (2001) reported a
round-trip distance of 5.5 km for one female from a creek to a nesting site and back.
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Although nesting female terrapins are occasionally reported to travel long distances to
nesting beaches, these events seem to be rare rather than the norm.
Home range analysis of radio-transmittered terrapins revealed mean home
ranges of 0.54 km2 in northeastern Florida (n=8) and 3.05 km2 in North Carolina
(n=10; both values represent Minimum Convex Polygon, 95% isopleths; Butler
unpublished; Spivey 1998, respectively), with home ranges including frequently
flooded low marsh (Spivey 1998). Spivey (1998) suggested that over 700 km of
artificial ditching may have expanded terrapin home ranges in South Carolina by
allowing longer straight-line movements, connecting foraging centers and increasing
the number of activity centers, or causing some areas to be suboptimal and requiring
larger home ranges to meet terrapins’ needs.

1.6 Terrapin dispersal patterns measured by genetic analysis
Studies utilizing mitochondrial DNA (mtDNA) found low levels of genotypic
diversity along the range of Malaclemys terrapin (Hauswaldt 2004; Lamb & Avise
1992) indicating the possibility of high levels of gene flow facilitated by dispersal.
One pattern that was consistent among both studies of mtDNA was that terrapins
sampled from Texas to Cape Canaveral, Florida were distinguished from terrapins
north of Cape Canaveral, regardless of whether the mtDNA was analyzed with
restriction fragment length polymorphism (Lamb & Avise 1992) or by sequencing
(Hauswaldt 2004).
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Microsatellite DNA generally reveals greater diversity than many other
molecular techniques for measuring genetic diversity because of the high mutation
rate and co-dominant inheritance of microsatellite DNA. Microsatellites have a higher
mutation rate, 10-3 to 10-4 per locus per replication, compared to the frequency of
point mutations, 10-9 to 10-10 (Lowe et al. 2004). Consequently, they can exhibit high
number of alleles per locus, which allows for calculation of high exclusion
probabilities and the potential for identifying private alleles (Lowe et al. 2004). Using
six highly polymorphic microsatellite loci, Hauswaldt (2004) calculated Wright’s
fixation index, FST, (Wright 1978) a widely used measure of genetic differences
among populations. Utilizing qualitative guidelines established by Wright (1978),
Hauswaldt (2004) found no data for genetic differentiation within seven sampling
locations in the Charleston Estuary (SC), with maximum distances between sampling
sites up to 30 km (N=130). Hauswaldt (2004) suggested that this lack of genetic
structure may be caused by different life history events that are not typically recorded
in nesting or habitat utilization studies: 1. male and female terrapins moving to
mating aggregations during the spring, but afterwards return to their home sites or 2.
juvenile dispersal.
In 2005, Hart hypothesized that gene flow among populations would be low due
to high site fidelity. Hart (2005) measured pair-wise genetic distance values (DCE) and
Wright’s fixation index (FST) in terrapins from 31 sites along the entire range of the
terrapin from Massachusetts to Texas using twelve polymorphic microsatellite
markers. Genetic distance values are greatest between the two extremes of the
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Atlantic portion of the range [DCE =0.71 and FST = 0.476 between Barnstable, MA
(N=19) and Nest Key, FL (N=13), geographic distance=2,244 km; Hart 2005].
Genetic distance values are lowest when comparing locations sampled within the
same estuary (eg. DCE =0.09 and FST = 0.001 Big Sable Creek, FL (geographic
distance =1 km, N=101, N=133) but moderate when comparing those within a region
(eg. DCE =0.24 and FST =0 .016 between Sandy Hook, NJ (N=22) and Cape May, NJ
(N=29), geographic distance=169 km). When comparing genetic distance values with
actual distance between the sample locations, the pattern follows an isolation-bydistance model of population structure (Hart 2005). Using the genetic distance values
in a neighbor-joining phenogram, there was evidence for a high degree of regional
differentiation among the sampled locations (Hart 2005). This allows establishment
of six genetically-based management units. Each management unit is composed of
one regional location: Gulf Coast, South Florida, Coastal Carolina, Chesapeake Bay,
Coastal Mid-Atlantic, and Northeast Atlantic. Gene flow in the Florida Everglades
and North Carolina (study locations consisted of continuous, undeveloped salt marsh
coastline; Hart, personal communication) is due to movement of males (Hart 2005),
which is called male-biased dispersal (based on Mean Assignment Indices). However,
movement of males to an extirpated area will not allow for recolonization of that area,
unless females also move into that area. Hart (2005) concluded that genetic
differentiation and population genetic structure exists at all hierarchical levels.
Although strong evidence for site fidelity in exists in demography studies (Gibbons et
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al. 2001), lowered genetic differentiation within regional locations suggests
significant gene flow within regional locations (Hart 2005).

1.7 Effects of habitat fragmentation on mating behavior
Habitat fragmentation in some species reduces dispersal and causes loss of
genetic diversity within habitat patches and an increase in differentiation among
habitat patches (Sarre et al. 1990). The effects of habitat fragmentation on an
animal’s behavior and genetics within a habitat patch have not been well studied
(Stow et al. 2001). For example, habitat fragmentation could affect mating systems
(Peacock & Smith 1997a, b; Stow & Sunnucks 2004a, b; Stow et al. 2001). Smaller
habitat patches or suboptimal habitats may reduce population densities or alter sex
ratios due to differential mortality caused by human interactions (e.g. crab pot
mortality and road mortality). Changes in population density and sex ratios may
affect the occurrence of monogamy, polyandry, and polygyny by altering the density
of mating aggregations and/or strength of competition for mates (Kamler et al. 2004;
Mobley & Jones 2007; Soucy & Travis 2003; Westneat & Sherman 1997). The
availability of acceptable mates may also decrease the mating system’s effective
population size (Ne; Sugg & Chesser 1994). The effective size of a population, Ne, is
the size of an ideal population that would maintain genetic variability, due to random
processes, at the same level as the actual population (Lande & Barrowclough 1987;
Wright 1931). An ideal population is characterized by random mating, constant
population size, no variance in reproductive success, and equal numbers of males and
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females (Hartl 1988). In an ideal population, Ne is equal to N, the census population
size (Hartl 1988). In actual populations, Ne is almost always less than N, and this
difference may be due to several causes, including reproductive success, the mating
system, or population sex ratios (Hartl 1988).
Mating systems in which a female mates with more than one male, polyandry,
can increase the Ne above the Ne of mating systems with only monogamy or polygyny
(Olsson et al. 1994; Sugg & Chesser 1994). Therefore, polyandry has been suggested
to decrease inbreeding (Hoske & Blanckenhorn 1999; Petrie & Kempenares 1998;
Tregenza & Wedell 2000). Both inbreeding and mate limitation can increase a
population’s risk for extinction because they reduce the Ne and decrease population
fitness (Keller & Waller 2002; Saccheri et al. 1998; Young et al. 2000).

1.8 Diamondback terrapin mating behavior
To date, few researchers have intensively studied mating in the terrapin in
either its natural environment (Hauswaldt 2004) or in captivity (Hildebrand 1928).
Courtship and mating are thought to occur in early spring, shortly after emergence
from hibernation, and are followed by nesting in late spring (Seigel 1980;
Zimmerman 1989). Mating aggregations have been documented, in which 6-75 male
and female turtles were observed (Seigel 1980). However, mating behavior and
success are difficult to observe because mating aggregations occur in the murky,
turbid waters of the marsh. More recently with the use of bi-parentally inherited
DNA, researchers may determine the outcome of the mating behaviors of the terrapin
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without the need for visual observation. Previous studies have documented that
terrapins in captivity have the ability to produce a high percentage of fertile eggs for
at least two years without recopulation (Hildebrand 1928), implying that they have
sperm storage capabilities. In addition, terrapins are thought to engage in a
polygamous mating system, which may complicate investigations of operational vs.
apparent sex ratios (Roosenburg et al. 1997). While apparent sex ratios often vary
among different study populations, such as Merritt Island, Florida 5:1 female biased
(Seigel 1984) and Kiawah Island, South Carolina, 1:1.78 male biased (Lovich &
Gibbons 1990), the sex ratio necessary to produce 90% fertility in eggs in captivity
appears to be about one male to five females (Hildebrand 1928). Despite the fact that
mating systems are likely to vary over space and time (Jones et al. 2001), the mating
system of the diamondback terrapin has only involved one example population during
one nesting season. Hauswaldt (2004) estimated that polyandry, the occurrence of
multiple mating in females, occurred in 18% of clutches in Oyster Bay of Long
Island, New York. However, polygyny was not documented, indicating the possibility
of a large breeding population (Hauswaldt 2004). Hauswaldt’s study population had a
sex ratio of one to one (Hauswaldt 2004).

1.9 Research questions and dissertation structure
There are many gaps in our knowledge of the dispersal behaviors and mating
system of the terrapin. Furthermore, current data provide little information on the
consequences of various human impacts on dispersal and mating behavior in the
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terrapin. The overall aim of this study is to address the consequences of various
human activities on the dispersal and mating behavior of the terrapin in order to
provide information for conservation managers to maintain or enhance populations of
diamondback terrapins. The major research questions addressed in this dissertation
are as follows:
1) How does habitat fragmentation affect the dispersal of the diamondback
terrapin?
2) What sex is primarily responsible for gene flow between localities?
3) How do the mating system and reproductive behaviors of the terrapin
affect population-wide patterns of genetic diversity and gene flow and
does sex ratio affect the mating system?
In Chapter Two, I used genetic datasets collected from six locations along the
central coast of New Jersey, to explore the relationship between genetic distance and
straight-line geographical distance as well as measures of effective geographical
distance, using a landscape genetic approach. This chapter is currently in preparation
for Plos Biology as:
Sheridan CM, Scribner KT, Spotila JR, Bien WF, Avery HW.
(In prep). Landscape Genetic Structure in a Highly Fragmented
Ecosystem.
In Chapter Three, I used capture-mark-recapture and genetic datasets to
investigate dispersal differences between males and females and to determine if
nesting females are philopatric to natal nesting beaches. This chapter is currently in
review in Molecular Ecology as:
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Sheridan CM, Spotila JR, Bien WF, Avery HW. (In review).
Sex-biased dispersal, natal philopatry, and home range size of
the diamondback terrapin, Malaclemys terrapin. Molecular
Ecology.
In Chapter Four, I investigated the genetic mating system of four
diamondback terrapin nesting beaches in Barnegat Bay and one nesting beach in the
Chesapeake Bay. Specifically, I determined the frequency of clutches with multiple
paternity at each nesting beach and assessed whether there were any direct initial
reproductive advantages to multiple paternity. I also determined whether frequency of
multiple paternity was correlated with population sex ratio and if females dispersed
outside of their home ranges for mating. This chapter is currently in review in
Molecular Ecology as:
Sheridan CM, Spotila JR, Roosenburg WM, Bien WF, Avery
HW. (In review.) Inter-population variation of multiple paternity
in the diamondback terrapin (Malaclemys terrapin). Molecular
Ecology.
In Chapter Five, I examined the relationship between female size and
reproductive output. I also examined the latitudinal reproductive variation in the
terrapin. Although, the analyses in chapter five were not specifically designed to
investigate factors influencing genetic diversity in the terrapin, they revealed
important insights into the reproductive ecology of the terrapin and insights about
limits and variation in female reproductive output. Although multiple paternity can
decrease coancestry among offspring, variation in reproductive output can increase
the coancestry of offspring compared to populations in which there is no variance in
female reproductive output (Scribner et al. 1993). Thus, populations with high
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variance in reproductive output could be at higher risk for inbreeding. This chapter is
currently in preparation for the journal Oikos as:
Sheridan CM, Wnek JW, Spotila JR, Bien WF, Avery HW. (In
Prep). Constraints on egg size, optimal egg size theory, and
latitudinal reproductive variation in the diamondback terrapin
(Malaclemys terrapin).
Lastly, Chapter Six provides a synthesis of the main findings of the
dissertation, future directions for research, as well as broad implications for
diamondback terrapin conservation. There is some unavoidable repetition in the
introduction and methods sections of each chapter because this dissertation is written
as a series of individual manuscripts. Each chapter includes an introduction with
specific aims and hypotheses, as well as a discussion, which covers important aspects
of the empirical data presented and places the results in the context of existing work
and conservation implications.
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CHAPTER 2: Landscape genetic structure of the diamondback terrapin
(Malaclemys terrapin) in a highly fragmented ecosystem

2.1 Abstract
Habitat loss and fragmentation are the primary driving forces for loss of
biological diversity worldwide. Habitat fragmentation can reduce effective dispersal
of plant and animal populations and can affect species genetic diversity and long-term
viability. Understanding how human altered landscapes affect gene flow between
populations can provide conservation managers with valuable information to
determine dispersal corridors. Coastal ecosystems are among the most highly
fragmented ecosystems in the world and are continually threatened with further
human development and future climate change. We used a landscape genetics
approach to determine how habitat fragmentation due to human development in a
highly impacted estuarine ecosystem affects gene flow in a model estuarine species,
the diamondback terrapin (Malaclemys terrapin). Despite the low levels of spatial
genetic structure (FST = 0.002) over a relatively large area (182 km2), our landscape
genetic approach was useful in identifying estuarine emergent wetland as a landscape
feature necessary for effective dispersal of M. terrapin. Because historical losses of
estuarine emergent wetland occurred from 1940-1970 and our model species is longlived, we demonstrated that a landscape genetics approach can be used to determine
the effects of landscape changes over ecologically relevant time scales. Our data also
demonstrated that aquatic connectivity of habitats does not necessarily equate to
genetic connectivity, even in an estuarine species such as the M. terrapin. The data
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also suggested that direct measurements of dispersal in other semi-aquatic species
may incorrectly attribute connectivity to the landscape features not ultimately
necessary for gene flow.

2.2 Introduction
Habitat alteration represents the primary driving force for the loss of
biological diversity worldwide (Vitousek et al. 1997). Anthropogenic habitat
alteration and degradation has altered 39 to 50% of land on earth (Daily 1995;
Vitousek et al. 1986). However, these values underestimate the impact of habitat
transformation because it does not include the habitat that becomes fragmented when
surrounding habitat has been altered (Vitousek et al. 1997). The effects of habitat
fragmentation on animal populations have been documented extensively (Andren
1995; Fahrig 2003; Fahrig & Merriam 1994; Laurance & Bierregaard 1997; Prugha et
al. 2008; Whitcomb et al. 1981; Wilcox & Murphy 1985). Habitat fragmentation can
increase the rate of population extinction through genetic factors (Saccheri et al.
1998) and demographic factors (Boudjemadi et al. 1997). Effective dispersal (gene
flow) affects probabilities of population viability and the ability of a population to
adapt by reducing rates of loss of genetic diversity due to genetic drift, especially in
small fragmented populations (Lynch & Lande 1998). Gene flow between
populations is influenced by intrinsic factors such as innate dispersal ability and the
breeding system of the species and extrinsic factors such as heterogeneity in
landscape features or other environmental factors (Lowe et al. 2004; With et al.
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1997). Understanding the effects of human activities on gene flow between animal
populations can provide valuable information for conservation (Crandell et al. 2000;
Crooks & Sanjayan 2006).
The discipline of landscape genetics i.e., the integration of the field of
population genetics and landscape ecology, provides the ability to quantitatively
determine the effects of landscape features, both natural and anthropogenic, on spatial
genetic structure (Manel et al. 2003; Storfer et al. 2007). The incorporation of
geographical information systems (GIS) and statistics into population genetics studies
provides the ability to visualize and quantify the effects of natural and anthropogenic
landscape features on spatial genetic structure in many species, including mammals,
amphibians and reptiles (Arens et al. 2007; Blanchong et al. 2008; Clark et al. 2007;
Emaresi et al. 2009; Funk et al. 2005; Piertney et al. 1998; Scribner et al. 2005; Spear
et al. 2005; Stevens et al. 2006; Wang 2009). Several landscape genetics studies have
shown that least-cost paths, incorporating landscape features with different costs, are
better predictors of rates of gene flow than is straight-line (Euclidian) distance (e.g.
Cushman et al. 2006; Lee-Yaw et al. 2009; Perez-Espona et al. 2008; Spear & Storfer
2008). The cost generally reflects some understanding of resistance or propensity to
disperse through a landscape feature for a species (McRae 2006), but other factors
such as thermal stress, predation risk, and energy expenditure can also contribute to
the cost of traversing a landscape (Wang et al. 2009).
Coastal ecosystems are among the most productive ecosystems in the world,
yet they are also among those at risk to multiple stressors including human
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development and global climate change (Scavia et al. 2002). The United States coast,
similar to other coasts around the world, has a long history of human development
pressure (Walker 1990). While coastal zones only encompass 8% of the earth’s land
area, over 60% of the world’s population and 53% of the U.S. population lives in a
coastal zone (Culliton et al. 1990). Although development in coastal zones has been
restrained by a variety of local, state, and federal laws, the pressure of human uses
continues to grow (Bartlett et al. 2000). The northeast corridor of the United States
(Washington, D.C. to Boston, MA) has the highest population density in the United
States (Pulsipher & Pulsipher 2005). Within the northeast corridor, New Jersey has
the highest population density, making the central coast of New Jersey an excellent
location for studying the impacts of human development on highly altered coastal
ecosystems.
One species that serves as an excellent example for addressing the effects of
habitat fragmentation on coastal ecosystems is the diamondback terrapin, Malaclemys
terrapin. The terrapin inhabits the coastal brackish estuaries and marshes along the
Atlantic and Gulf coasts of the United States, from Corpus Christi, Texas to
Wellfleet, Massachusetts (Iverson 1992). The diamondback terrapin is a habitat
generalist that utilizes both the terrestrial and aquatic habitat of an estuary for
foraging, mating, nesting and hibernation, thus, making it an excellent model
organism for understanding change in estuaries comprised of both terrestrial and
aquatic habitat.
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Nesting ecology and population studies have documented that terrapins
exhibit nest site fidelity (Auger 1989; Mitro 2003; Roosenburg 1996) and high
fidelity to specific creeks (Gibbons et al. 2001) or sections of a river (Roosenburg et
al. 1999). Male and female terrapins are typically recaptured within a few meters of
their original capture location for up to three years (Lovich & Gibbons 1990), and
similar results are seen after 16 years (Gibbons et al. 2001). Female terrapins often
return to nest year after year in the same area (Burger 1977; Szerlag & McRobert
2007). Although strong data for site fidelity exists in demography studies, low to no
genetic differentiation within eastern North Carolina (Hart 2005), southwestern
Florida (Hart 2005), and South Carolina (Hauswaldt & Glenn 2005) suggests
significant gene flow. Direct methods of measuring dispersal, such as mark-recapture
or radio-tracking, may fail to detect long-distance or infrequent dispersal (Slatkin
1985) and only measure the ability of an organism to disperse, rather than the ability
of an organism to disperse and successfully reproduce. Indirect methods of measuring
of gene flow in the terrapin document sex-biased dispersal, with males as the primary
disperser throughout the species range (Hart 2005; Chapter 3).
The Barnegat Bay Estuary is a 182-km2 shallow lagoon-type estuary located
along the central coast of New Jersey. Barnegat Bay is ecologically threatened by
changes in water quality and quantity, habitat loss and alteration, fisheries declines,
and other anthropogenic activities that have been ongoing since the first Europeans
settled in the mid 17th century (BBNEP 2002). Currently, over 450,000 people live
within the watershed, but land and water use doubles during the summer vacation
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months (BBNEP 2002). In Barnegat Bay, 71% of the shoreline has been developed or
altered by humans and has led to the loss of 28% of the historical estuarine emergent
wetland (Lathrop et al. 1999). Most of this loss occurred from 1940-1970, prior to the
Coastal Wetlands Law of 1970. From 1970-1995, an additional 1.5% was lost to
development. The majority of estuarine wetland loss has occurred in the northern end
of Barnegat Bay. The wetland loss is both spatially heterogeneous and has occurred
over ecologically relevant times scales, especially for a turtle species that has a long
generation time of approximately 10-40 years (generation time in closely related
species: 10 years (Chrysemys picta; Wilbur 1975) to 37 years (Emydoidea blandingii;
Congdon et al. 1993). In addition, over 63% of the developed shoreline is bulkheaded
(Lathrop 1999), which could limit the ability of terrapins to move out of the water and
onto land for nesting, foraging, or basking. Furthermore, road mortality is known to
cause deaths of nesting females (Hoden & Able 2003; Szerlag & McRobert 2006).
Habitat alteration in Barnegat Bay estuary also occurs in the open water. The
bay is dredged along the Intercoastal Waterway to maintain a depth of 2-4 m for
navigation purposes. Boating traffic in the waterways is high from May-August (US
Department of Homeland Security et al. 2009) and these months coincide with the
active season of the diamondback terrapin (Yearicks et al. 1981). Diamondback
terrapins are known to sustain injuries from boat propeller encounters (Gibbons et al.
2001; Tucker et al. 2001), but injury rates likely underestimate total boat encounters.
Terrapins with major injuries from boat encounters have lower survivorship than
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uninjured terrapins (Cecala et al. 2008), and thus major injuries could limit the ability
of terrapins to disperse.
In this study, we used bi-parentally inherited microsatellite loci to assess the
spatial genetic structure and the effects of landscape features on diamondback
terrapin gene flow along the central coast of New Jersey. We used GIS techniques
combined with population genetics and geographical statistics to assess the influence
of several natural and anthropogenic landscape features on diamondback terrapin
gene flow. We hypothesized that dispersal through some landscape features will
involve higher costs, and therefore we expected that lower levels of gene flow would
occur between areas separated by human impacted landscapes relative to natural
areas. We expected that natural landscape features, such as areas with estuarine
emergent wetland and open water (particularly shallow water), would promote
diamondback terrapin gene flow and that anthropogenic landscape features, such as
areas with deep water channels, roads, development, and bulkheading, would be a
barrier to diamondback terrapin gene flow. Data will inform conservation decisions
for diamondback terrapins by providing measures of population responses to current
anthropogenic disturbance that may be extended spatially to other regions across the
species’ range, and temporally to predict the consequences of future events.
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2.3 Methods
Study site and field sampling methods
In Barnegat Bay, the distribution of terrapins is heterogeneous and thus we
could not sample individuals in a systematic grid-like manner (Epperson 1990).
Individuals are found in habitat patches (estuarine emergent wetland surrounded by
shallow water) that have been protected from development by local, state, and federal
parks, refuges, and reserves. We chose six sampling locations based on the presence
of nesting females, males, and juveniles within these protected habitat patches and
our ability to capture at least 20 individuals at each location. However, sample sizes
of 50-100 individuals are often considered minimal (Anderson et al. In Review )
especially when gene flow is predicted to be high, so we sampled >100 individuals
when possible. Based on mark-recapture, telemetry studies, and prior gene flow
estimates of the terrapin, we expected that our sampling extent was large enough that
the influence of gene flow from populations outside the study would not overwhelm
the signature of landscape effects in the study area (sensu Anderson et al. In Review).
The Barnegat Bay Estuary study site (Figure 2-1) had several estuarine
wetland areas (terrestrial habitat of Spartina sp., mud, and shallow water at high tide)
that are protected from further development. These sites included Great Bay
Boulevard Wildlife Management Area (GBWMA), the Edwin B. Forsythe National
Wildlife Refuge (EBFNWR), Island Beach State Park (IBSP), and Cattus Island
County Park (CI; from south to north). We divided samples from EBFNWR into
North Forsythe and South Forsythe using Gunning River (300 m wide) as a boundary
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because during the study period individuals captured were never captured on both
sides of the river. In addition to blood samples collected within these four protected
areas, we also collected samples from a site south of Barnegat Bay in Margate, NJ
located within Brigantine Bay. The average straight-line distance between the mean
center of sampling points was 35.45 km (minimum and maximum distances of 4.05
and 86.25 km, respectively).
We sampled terrapins between June-September in 2006-2008. We did not
expect changes in genetic structure over this 3 year period because genetic structure is
integrated over longer time scales, especially in this species with a >10 year
generation time. We trapped terrapins using hoop nets, fyke nets, dip nets, and hand
capture. We individually marked turtles by notching the marginal scutes of the
carapace (Cagle 1939) and determined sex on the basis of carapace length, tail
thickness, and cloacal positioning (Tucker et al. 2001). In total, we collected blood,
tissue, or scute samples from 1558 individuals (482 males, 982 females, and 28
juveniles; see Figure 2-1 for sample size by location). We extracted blood samples via
the subcarapacial sinus (Hernandez-Divers et al. 2002) or the brachial artery (Avery
& Vitt 1984). We also collected samples of tail tissue or scutes from dead animals.
We recorded GPS locations for each animal.

DNA laboratory procedures
We preserved blood samples for individual turtles on FTA® cards. Cards
were stored at ambient temperature away from direct heat, moisture, and UV
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exposure. We placed a sub-sample (1.2 mm disc (Harris Micro-Punch) from each
card) in a PCR micro-centrifuge amplification tube. We rinsed samples once with 50
ul of 70% ethyl alcohol for 5 minutes, twice with 50 ul of FTA® purification reagent
for 5 minutes, and twice with 50 ul of TE buffer (10mM Tris-HCl, 1mM EDTA, pH
8.0) for 5 minutes. We dried sample discs for approximately 10-15 minutes on a
heating block at 50oC. We conducted PCR within 3 hours of disc washing.
We froze tissue or scute samples at -20oC. We rinsed tissue samples twice
with 200 ul of 1x Phosphate Buffer Saline Solution (1x, pH 7.4, 11.9mM Phosphates,
137mM Sodium Chloride, and 2.7 mM Potassium Chloride) prior to extraction. We
extracted genomic DNA with the DNeasy Tissue Kit, following the manufacturer’s
instructions (QIAGEN).
We designed a 6-microsatellite loci protocol for polymerase chain reaction
(PCR) and multiplexing. We selected loci from 16 microsatellite loci that were
originally developed for the bog turtle (Glyptemys muhlenbergii; King & Julian 2004)
and that successfully amplified and exhibited moderate to high levels of
polymorphism in Malaclemys terrapin. Using allele frequencies of individuals
sampled in Cape May, NJ and Sandy Hook, NJ (Hart 2005), we selected 6
microsatellite loci for this study based on levels of levels of polymorphism and
heterozygosity. Selected primers were run in two multiplex PCR reactions (Plex 1:
GmuB08, GmuD121, and GmuD62; Plex 2: GmuD87, GmuD114, and GmuD90). The
forward primer was 5’ modified with FAM, NED, or HEX fluorescent labels. Each 20
L PCR reaction contained 5-15 ng of DNA or a 1.2 mm FTA blood punch, 0.3175
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mM dNTPs, 1x GoTaq Flexi Buffer (Promega), 3.75 mM MgCl2, 0.2-0.25 M of
each primer, and 0.5 units of GoTaq polymerase (Promega). After PCR cycling (Hart
2005), we ran multiplex PCR products on an ABI 3100 capillary sequencer (Applied
Biosystems) together with the internal size standard GENESCAN 500 ROX (Applied
Biosystems). We conducted fragment analysis using the software Peak Scanner
version 1.0 (Applied Biosystems).

Genetic diversity analyses
We used MICROCHECKER 2.2.3 (Oosterhout et al. 2004) to detect any
genotyping errors, extreme stuttering, and null alleles. We calculated null alleles
using a Monte Carlo simulation with bootstrapping to generate expected homozygote
and heterozygote allele size difference frequencies which were then compared to the
expected Hardy-Weinberg frequencies. We calculated genetic diversity measurements
such as mean number of alleles per locus, allele frequencies, and gene diversity (Nei
1987) using FSTAT 2.9.3 (Goudet 2001). We used the program GenALex (Peakall &
Smouse 2006) to calculated observed, HO, and expected, HE, heterozygosities. We
tested for significant deviations from Hardy-Weinberg equilibrium and the presence
of linkage disequilibrium using FSTAT 2.9.3 (Goudet 2001), with strict Bonferroni
correction applied to adjust nominal alpha levels to account for multiple comparisons
(Rice 1989).
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Spatial genetic differentiation analyses
To estimate the extent of gene flow, we measured the level of genetic
differentiation among a priori defined populations using traditional F-statistics
(Wright 1978). We calculated F-statistics between pairs of populations using the
multilocus estimator of FST (Weir & Cockerham 1984) implemented in GENEPOP
3.4 (Raymond & Rousset 1995). We obtained significance values over all loci using a
Fisher’s exact test in CHIFISH (Ryman 2006) which was estimated without bias
using a Markov chain algorithm (Raymond & Rousset 1995) with 10,000 iterations.
Microsatellites often have high allelic diversity and as a consequence the upper bound
of FST is often <1 (Hedrick 2005). The G’ST is a standardized measure of genetic
distance based on Weir and Cockerham’s (1984) adjustment of FST that divides the
estimated FST by its upper limit. After we calculated the upper limit of FST for all
population pairs (Meirmans 2006), we calculated G’ST for all population pairs
(Hedrick 2005).

Effects of landscape features on diamondback terrapin population structure
To test our null hypothesis that genetic differentiation was a function of
straight-line or shoreline distance, we estimated the correlation coefficient between
pairwise FST and straight-line geographical distance and between pairwise FST and
shoreline distance with 1,000 bootstrap randomizations. To quantify the effects of
several natural and anthropogenic landscape features on diamondback terrapin gene
flow, we combined GIS techniques that quantified the matrix of available habitat
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between sampling locales with measures of spatial genetic structure. We calculated
the mean centers for each of the 6 sampling sites in ARCMAP version 9.3 (ESRI)
using ARCMAP spatial statistic tools and geographical coordinates for each
individual sampling location. We assessed the following landscape features for their
influence on diamondback terrapin gene flow: open water, shallow water, deep water
channels, development, estuarine emergent wetland (terrestrial habitat of Spartina sp.,
mud, and shallow water at high tide), roads, and bulkheading. We obtained digitized
maps for each of these landscape features from various sources and processed the
maps for our analysis as described below. We converted all maps to a 30 m grid cell
resolution because further resolution significantly slowed our processor’s
computational ability.
We obtained road maps (TIGER) from the NJDEP Digital Data Downloads.
The maps contain 2000 road information at the NJ state level and were in ArcView
Shape file format. We converted the shapefiles for Atlantic (NJDEP et al. 2003a) and
Ocean counties (NJDEP et al. 2003b) to raster format in 30 m resolution and we
added the rasters together to form a single map layer.
We obtained the 2001 Land Cover Classification Map of New Jersey in
Arc/Info raster grid format (CRSSA 2004a). The 30 m resolution map was classified
by CRSSA from satellite imagery processed by the U.S. Geological Survey EROS
Data Center and contains 11-class land cover types, including open water,
development (>25% impervious surface), estuarine emergent wetland, and other land
types.
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We obtained a bottom type map in Arc/Info raster grid format and 1 m
resolution based on imagery from 2003 (CRSSA 2004b). The map contains 8-class
types, including shallow water (<1.5-2.0m) and deep water channels (>1.5-2.0m). We
converted the maps to 30 m resolution.
The digital line graphs of bulkheading were originally derived by CRSSA
from a 1: 24,000 scale USGS hydrography digital line graph data set (CRSSA 1999).
To assess the influence of bulkheading on gene flow, we converted the digital line
graph to a raster data set with 30 m resolution and we reclassified the individual
bulkheads into one bulkhead class. Both the bottom type and bulkheading maps did
not include spatial data south of the Great Bay sampling location and as a result
spatial analyses using features obtained from these maps excluded the Margate, NJ
sampling location.
Dispersal models were created using a least-cost path analysis. Because there
is a lack of information as to which landscape features facilitate or act as barriers to
diamondback terrapin dispersal and of the relative costs for diamondback terrapins to
cross different landscape features, we used a relatively new method (Perez-Espona et
al. 2008) to assess the effects of each landscape feature on diamondback terrapin gene
flow. Each of the 7 landscape features were analyzed separately in a least-cost path
analysis. Using spatial analyst in ARCMAP (ESRI), we created a cost raster by
considering each map as a grid and assigning to each cell (30 X 30 m) on the grid a
cost. We assigned all cells a cost = 1, except those containing the landscape feature of
interest. We gave the feature of interest a range of 18 arbitrary cell cost values

32

(0.00003, 0.0001, 0.0003, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 3, 10, 30, 100, 300,
1,000, 3,000, 10,000, and 30,000). We choose the values so that the logarithm of the
cost values increased in uniform steps. We then created a cost weighted distance
raster for each sampling site. In the raster we assigned each cell a value that is the
least accumulative cost of moving to the mean center of the sampling site. We
calculated the least cost path between each of the sampling sites using the cost
weighted distance raster. We recorded the total accumulative cost of the path, i.e.
sensu stricto the least-cost distance, in a matrix for each combination of landscape
feature/arbitrary cost value.
Using the resulting 126 matrices, we determined which of the landscape
features/arbitrary cost value combinations better described diamondback terrapin
gene flow. We performed correlation analyses between the population pairwise FST
and each of the resulting 126 (7 features X 18 cost values) least-cost distance
matrices. We obtained p-values from correlation analyses after 1,000 bootstrap
permutations. We also obtained p-values from Mantel tests with 1,000 permutations
(results were similar to correlation analyses and are not provided). For each of the 7
landscape features, we produced a set of 18 correlation coefficients. The values
represent the correlation between the measured genetic differentiation and each of the
18 cost functions of the landscape feature. We assumed that the cost value with the
highest correlation coefficient was the one that maximized the relationship between
genetic differentiation and the landscape feature of interest. When the cost value for
the feature of interest was <1 and there was a positive correlation between the genetic
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differentiation and least-cost distance, we assumed that the feature of interest
facilitated gene flow. When the cost value for the feature of interest was >1 and there
was a positive correlation between genetic differentiation and least-cost distance, we
assumed that the feature of interest was a barrier to gene flow.
To determine whether the models significantly explained the genetic variation
better than the straight-line distance or shoreline distance models, we used a
parsimonious framework for model comparison that aimed to rank the candidate
models (Burnham & Anderson 2002) in order to select the most likely model of
landscape influence on genetic structure in the terrapin. Our approach was based on
the calculated value of Akaike’s information criterion (AIC; Akaike 1974) as a
measure of the fit of the model (Burnham & Anderson 2002). Because our sample
size was low, we calculated AICc, which includes a bias adjustment for small sample
sizes (Hurvich & Tsai 1989). We calculated the probability that any given model was
the best fit out of those tested using the Akaike weight of each model (wAIC;
Anderson et al. 2001). We used a cut-off point for model selection of Akaike weights
that were within 10% of the model with the highest weight (Royall 1997).
For the model that best fit the data, we calculated the total distance traversed
through each landscape type for each least-cost path in the model. For example, in the
land cover map we determined the proportion of the least-cost path that crossed open
water, development, forest, grassland and other landscape types when the model
maximized movement through estuarine emergent wetland. To calculate the
proportion, we converted the least-cost path to a raster with 10 m resolution and
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reclassified all cells within the line to a value of 1. We added the least-cost path raster
to the landscape raster, in which each landscape type had a different value. We
recorded the attribute table from the resulting raster. We calculated the proportion of
each landscape feature that accounted for the feature not tested in the model (in this
example estuarine emergent wetland), to determine which features contributed the
most to the increased cost-distance between sampling sites.
Finally, using the best-fit model (based on AIC) that described the single
landscape feature shaping gene flow in the terrapin (e.g. estuarine emergent wetland),
we assessed several least-cost models incorporating the single landscape feature
shaping gene flow as well as the predominate landscape features that contributed to
the increased cost-distance between sampling sites. In these mixed landscape feature
models, we used the same cost value for the single landscape feature as in the best-fit
single landscape feature model, but varied the cost of the predominate landscape
features that contributed to the increased cost-distance between sampling sites. With
these mixed models, we attempted to refine our best-fit single landscape feature
model with a model incorporating a realistic approach that several landscape features,
each with relatively different costs, likely influence terrapin gene flow. We assumed
that the mixed model with the highest correlation coefficient was the one that
maximized the relationship between genetic differentiation and the multiple
landscape features of interest. We assessed whether the mixed model with the highest
correlation coefficient had better overall support than the single landscape feature
models, using AIC (Akaike 1974).
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2.4 Results
Genetic diversity analyses
The number of alleles per locus ranged from 10 (GmuD114 and GmuD90) to
17 (GmuD121), with a mean of 12.33 alleles per locus. Mean expected heterozygosity
(HE) and observed heterozygosity (HO) per locus across the study area were 0.808
(range: 0.677-0.876) and 0.825 (range: 0.696- 0.875), respectively. Allelic richness
per locus (scaled to 22 individuals) ranged from 6.8 (GmuD114) to 11.5 (GmuD121).
Gene diversity per locus ranged from 0.727 (GmuD114) to 0.891 (GmuD121). Mean
number of alleles per locus at each sampling location was 10.36 (SE 0.57, range: 812). Mean HO of sampling locations was 0.82 (SE 0.009, range 0.780-0.843). Mean
allelic richness of sampling locations was 8.44 (SE 0.09, range 8.0-8.65). Null alleles
were not detected for any locus (a = 0.05). No departures from Hardy-Weinberg
equilibrium were detected within any of the sampling sites at any loci, within any of
the sampling sites over all loci, or over all loci and all sampling sites. No linkage
disequilibrium was detected for any pair of loci at any sampling site after Bonferroni
correction (a = 0.05, k = 90, p < 0.001; Rice 1989).

Population differentiation analyses
Population differentiation across the whole study area was low (FST = 0.002),
but significantly different from zero (Fisher exact test, p < 0.001). Pairwise FST values
ranged from 0 (GB-MAR) to a maximum value of 0.0074 between CAT-IBSP (Table
2-1). Using Fisher’s exact tests, the number of significant pairwise comparisons was
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8 out of 15 (Table 2-1). High heterozygosity reduced the maximal FST value to far
less than 1 (maximum range: 0.180-0.195). Standardizing these values yielded a G’ST
of 0.011 across the whole study area and a range of 0 to 0.038 for pairwise
comparisons (Table 2-1). G’ST and FST were highly correlated (r = 0.99, p < 0.001).

Effects of landscape features on diamondback terrapin population structure
The correlation between straight-line geographical distance and genetic
differentiation (FST) was not significant (r = 0.18, p = 0.26; Table 2-2). The
correlation between shoreline distance and genetic differentiation (FST) was not
significant (r = 0.12, p = 0.30; Table 2-2).
We chose to use FST values for the correlation between the genetic distances
and landscape least cost-distances (Table 2-1), but since FST and G’ST were highly
correlated, similar correlation coefficients and trends were obtained with G’ST (not
shown). Several features did not have significant correlation coefficients for any of
the cost values: open water, development, roads, deep water channels, and
bulkheading (Table 2-2). The optimal cell cost for estuarine emergent wetland was
0.003 and it had a significant positive correlation (r = 0.652, p = 0.006) between leastcost distance and genetic differentiation (Figure 2-2). Since the optimal cell cost was
<1 and the correlation was positive, estuarine emergent wetland can be identified as a
landscape feature that facilitated diamondback terrapin gene flow. The optimal cell
cost for shallow water was 1,000, in which there was a marginally non-significant
negative correlation (r = -0.551, p = 0.08). Although the optimal cell cost was >1, the
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relationship was negative. Therefore shallow water was identified as a landscape
feature that may facilitate diamondback terrapin gene flow.
The estuarine emergent wetland model in which estuarine emergent wetland
was given a cost value of 0.003, exceeded all other models (Table 2-2). This model
had the highest significant regression coefficient (0.652) and the wAIC values
excluded all other single landscape models as candidate models (Table 2-3).
In the estuarine emergent wetland model where estuarine emergent wetland
had a cell cost of 0.003, the average proportion of each least-cost path in the model
that passed through cells with a cost of 1 (i.e. not estuarine emergent wetland) was
0.16 (0.10-0.23, 95% confidence interval). Open water and development accounted
for the majority of cells with a cost of 1 in the least-cost paths (0.46 [0.33-0.58; 95%
confidence interval] and 0.33 [0.19-0.46; 95% confidence interval], respectively).
This indicated that when estuarine emergent wetland has a cell cost of 0.003 and all
other landscape types have a cost of 1, open water and development were the primary
contributors of increasing cost.
Our mixed model analysis included estuarine emergent wetland with a cell
cost of 0.003, development with a cell cost ranging from 1 to 0.2, and open water
with a cell cost ranging from 1 to 0.2. Among the mixed models, we found that the
model in which development was given a cell cost of 0.5 and open water was given a
cell cost of 1 (MIXED6) was the model with the highest correlation coefficient (r =
0.672; Table 2-4). While the AIC for MIXED6 (Figure 2-3) was lower (-192.2) than
the AIC for the single landscape feature model of estuarine emergent wetland (-
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190.8), both models wAIC values were within 10% of one another and thus they were
both supported.

2.5 Discussion
Diamondback terrapins spend their active season primarily in aquatic habitats
and similar to other aquatic turtles are thought to leave the water only to bask, nest, or
occasionally migrate to a new aquatic habitat (Stephens & Wiens 2003). Few studies
of aquatic turtles have used a landscape genetics approach to assess the impact of
landscape features on gene flow and there are no studies implementing least-cost
distances or resistance surfaces in aquatic turtles (Alacs et al. 2007). In some
population genetic studies of aquatic turtles, higher rates of gene flow occur between
contiguous or aquatically connected lake and riverine habitats than aquatic habitats
separated by upland terrestrial habitat (Trachemys scripta; Scribner et al. 1986). Gene
flow in other aquatic turtle species indicates that genetic structuring occurs according
to the hierarchical system of rivers and streams within drainages and that limited gene
flow occurs between different drainages (H. maximiliani; Souza et al. 2002,
Podocnemis unifilis: Escalona et al. 2009, Macrochelys temminckii; Echelle et al.
2009). Thus, data for many aquatic turtle species suggest that effective dispersal
occurs primarily via aquatic habitats. Additional studies indicate that gene flow is
primarily a function of distance rather than watershed (Emydoidea blandingi;
Mockford et al. 2005) or that dispersal occurs both aquatically and terrestrially
(Glyptemys insculpta; Castellano et al. 2009). Our study is novel because it is the first
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fine-scale study of an aquatic or semi-aquatic turtle that demonstrates that gene flow
occurs primarily in estuarine emergent wetland (terrestrial habitat of Spartina sp.,
mud, and shallow water at high tide). Maximum tidal range on spring tides in
Barnegat Bay was approximately 0.16 m. Thus, the majority of estuarine emergent
wetland was not submerged during high tides.
In our study, straight-line geographical distance between populations did not
explain the spatial genetic structure of terrapins across the study area, despite the fact
that all populations are aquatically connected. Furthermore, contrary to our
expectation that terrapins dispersed primarily in open water, our individual landscape
models did not identify open water as a landscape feature that facilitated gene flow
(Table 2-2). This suggested that terrapins did not utilize open water for effective
dispersal. Even when accounting for the depth of the water to include the possibility
that boat traffic could alter terrapin dispersal ability, neither deep water nor shallow
water channels significantly explained the spatial genetic structure (Table 2-2).
Although, our mixed model analysis (Table 2-4) indicated that open water was one of
the primary landscape features that reduced gene flow. The landscape genetic data are
supported by radio tracking data of terrapins. Diamondback terrapins tend to spend
more time on the salt marsh rather than in open water of creek channels in South
Carolina (Harden et al. 2007) and terrapins in a North Carolina spent more time in
low marsh habitat than in other available habitat (Spivey 1998)
Hatchling and juvenile terrapins utilize terrestrial habitats as a strategy to deal
with high osmotic stress in the high salinity environments (Kinneary 2008). However,
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shoreline geographical distances between populations did not explain the spatial
genetic structure of terrapins across the study area. Shoreline can consist of many
landscape types (e.g. forest, unconsolidated shoreline, emergent wetland, and
developed land). Thus shoreline may not have explained the spatial genetic structure
because it did not accurately describe the landscape types necessary for terrapin
physiology. Terrapins rely on estuarine emergent wetland for many biological
functions including: thermoregulation, osmoregulation, and foraging. Terrapins
thermoregulate on mud flats at the edges of wetlands (personal observation). Radio
telemetry combined with temperature profiles of terrapins documents that they
thermoregulate on emergent wetland comprising of Spartina grasses (Harden et al.
2007). Terrapins utilize the buildup of fresh water from rainfall in wetland pools or
on Spartina grasses for behavioral osmoregulation (Davenport & Macedo 1990).
Terrapins also feed on marsh snails (Littorina irrorata), fiddler crabs (Uca pugnax),
marsh crabs (Sesarma reticulatum), marsh clams (Polynesoda caroliniana), small
barnacles (Balanus), and blue crabs (Callinectes sapidus; Tucker et al. 1995), many
of which are found only on the marsh surface or at the tidal interface. Indeed,
estuarine emergent wetland landscape models (both in the single landscape feature
model and the mixed models) predicted that the degree of wetland connectivity
between populations significantly explained the variation in spatial genetic structure
better than any other model (Tables 2-2 and 2-3). Therefore, we identified estuarine
emergent wetland as the primary landscape feature that facilitated gene flow in M.
terrapin. Indirect estimates of gene flow predict that males are the individuals
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primarily responsible for gene flow (Hart 2005; Chapter 3), thus we can conclude that
estuarine emergent wetland is necessary to maintain gene flow via males in the
diamondback terrapin. We expect that across this species’ range estuarine emergent
wetland will remain a feature that facilitates dispersal.
Our study clearly identifies the importance of estuarine emergent wetland as a
landscape feature that maintains gene flow in the diamondback terrapin and points to
the need to conserve this natural feature to maintain connectivity between
populations. Furthermore, findings from this investigation highlights that aquatic
connectivity does not equate to genetic connectivity between populations in
euryhaline species, such as the diamondback terrapin. This contradicts conventional
wisdom; and such misconceptions could undermine efforts to maintain gene flow and
genetic diversity of populations. Landscape genetic studies should be used to
determine the relative importance of estuarine emergent wetland for dispersal in other
semi-aquatic estuarine species such as saltmarsh water snakes (Nerodia clarkia),
fiddler crabs (Uca spp.), marsh crabs (Sesarma reticulatum), saltmarsh pulmonate
gastropods (Melampus and Ovatella spp.), muskrats (Ondatra zibethicus), saltmarsh
periwinkles (Littoraria irrorata), and a variety of euryhaline plant species (such as
Spartina spp. and Salicornia spp.).
Several landscape features, such as roads and bulkheading, failed to explain
the variation in spatial genetic structure in our study. Roads (or bulkheading) are
primarily factors encountered by females during the nesting season when females
search for a suitable nesting area (Szerlag & McRobert 2006). It is possible that these
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features do not affect gene flow because females may not be responsible for gene
flow in the terrapin. Alternatively, males and juveniles occasionally encounter roads
and can be affected by vehicle strikes (Hoden & Able 2003). Many roads (or
bulkheading) that traverse or block access to estuarine wetland are relatively new
features (e.g. Great Bay Boulevard circa 1990; Avissar 2006), compared to estuarine
wetland loss (circa 1940- 1970; Lathrop 1999). Lag time in spatial genetic structuring
in response to reduced gene flow (Anderson et al. In Review) could result in the
inability of our landscape models to explain gene flow responses to relatively newer
landscape features. Because spatial genetic structure is affected by both gene flow
and genetic drift, large population sizes could result in longer lag times (Anderson et
al. In Review). Furthermore, roads do not always have high levels of traffic and some
individuals may disperse across the roads during these times. Bulkheading may
contain breaks that are large enough for terrapins to occasionally disperse around
them. While our data suggest that these features are not responsible for the current
measured level of gene flow in the terrapin, these features may affect the measured
levels of gene flow in the future.
Currently the objectives of most landscape genetic studies, including this
study, are to identify landscape features that influence genetic connectivity, but
landscape genetics studies can also be developed to predict the impacts of future
environmental change on connectivity for a species (Spear et al. In Review). For
example, sea level rise, due to global climate change, is projected to cause major
losses of estuarine emergent wetland, especially in areas where shoreline
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development will further impinge the landward migration process (Cooper et al.
2005; Kana et al. 1988). In Barnegat Bay, approximately 29% of potential tidal marsh
retreat area is limited by developed features and roads (Lathrop Jr. & Love 2007).
Limited retreat areas occur in the northern portion of the bay and along the backsides
of the barrier islands, whereas southern Barnegat Bay has comparatively more
unrestricted retreat zones due to federal and state wildlife refuges protecting coastal
wetlands and uplands (Lathrop Jr. & Love 2007). Habitat models in relation to
predicted sea level rise in Barnegat Bay have been developed (Strange et al. 2008).
Our future studies will involve utilization of these sea level rise models to determine
specific areas where sea level rise will threaten future population connectivity of the
diamondback terrapin. It is clear from this study that there is a need to conserve tidal
marsh retreat areas by limiting new development that would impede the landward
migration process of tidal wetlands in order to prevent further reductions in gene flow
in M. terrapin in Barnegat Bay as well as along the entire species range along the
Atlantic and Gulf coasts.
The spatial genetic structure of M. terrapin was generally low (FST = 0.002,
G’ST = 0.011), over a relatively large area (182 km2). The degree of genetic
differentiation found in this study was comparable to that found for the diamondback
terrapin in other study sites (South Florida, FST = 0.006; North Carolina 0.005; Hart
2005) and (South Carolina, FST = 0.001; Hauswaldt & Glenn 2005). Even with
correction for high allelic diversity, genetic differentiation (G’ST) in this study
indicated little genetic differentiation (< 0.05; Wright 1978). Because genetic
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differentiation is affected by both gene flow and genetic drift, low levels of genetic
differentiation can be due to several factors other than high levels of gene flow,
especially in iteroparous species with large effective population sizes, overlapping
populations, long generation times, and multiple paternity. Despite low levels of
genetic differentiation, our landscape genetic approach was useful in identifying
estuarine emergent wetland as an important landscape feature necessary for effective
dispersal in M. terrapin and thus demonstrated the power of a landscape genetics
approach to determine how anthropogenic landscape changes are affecting species
over ecologically relevant time scales (max. of 7 generations in M. terrapin).
Typically, management plans of aquatic organisms, such as frogs,
salamanders and turtles include a buffer around individual wetlands because these
organisms migrate annually between aquatic and terrestrial habitats to forage,
reproduce, and overwinter (Semlitsch & Bodie 2003). These organisms are generally
thought to be philopatric to individual wetlands and thus recommended buffer zones
generally only include core habitats (Semlitsch & Bodie 2003), but ultimately
conservation and management plans must consider both local and landscape
dynamics (Semlitsch 2000). Since juveniles and males are the primary dispersers in
amphibians and reptiles (Berven & Grudzien. 1990; Breden 1987; Gill 1978;
Morreale et al. 1984; Parker 1984), management plans need to consider how
landscape features affect dispersal in these individuals. Management plans based on
movements measured in individuals not responsible for gene flow may fail to protect
the habitat needed to maintain gene flow and could lead to reduced genetic diversity.
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Our results reveal that the methods implemented in this study can be used to
determine habitat features needed for effective gene flow and these methods can be
utilized regardless of the knowledge of the stage or sex that disperses.
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CHAPTER 3: Sex-biased dispersal, natal philopatry, and home range
movements of the diamondback terrapin, Malaclemys terrapin

3.1 Abstract
Nesting ecology and population studies indicate that diamondback terrapins
(Malaclemys terrapin) exhibit nest site and habitat fidelity. However, genetic studies
indicate high levels of gene flow. Because dispersal affects the genetics and
population dynamics of a species, we used six highly polymorphic microsatellite
markers to investigate sex-biased dispersal and natal philopatry of M. terrapin in
Barnegat Bay, NJ. We compared results of spatial autocorrelation analysis,
assignment methods, and Wright’s FST estimators to movements measured via
capture-mark-recapture analysis. Capture-mark-recapture analysis indicated that most
individuals have relatively small home ranges (<2 km), with mature females having
greater movements within home ranges than males. Mean assignment indices and first
generation migrant tests indicated that mature males were more prone to disperse than
mature females, but per capita there are more female than male dispersers. Thus the
relative importance of males and females on gene flow in this species may change
with population sex ratios. Spatial autocorrelation analysis indicated that mature
females exhibited natal philopatry to nesting beaches, but first generation migrant
tests indicated that some females failed to nest on natal beaches. Finally, we discuss
the important conservation implications of male-biased dispersal and natal philopatry
in the diamondback terrapin.
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3.2 Introduction
Dispersal affects the genetics and population dynamics of a species. One
important type of dispersal pattern is sex-biased dispersal, in which one sex is
philopatric while the other sex disperses away from its natal area (Pusey 1987). Sexbiased dispersal can be measured using either direct or indirect methods (Slatkin
1985). Direct methods, such as mark-recapture or radio-tracking, have been used for
many years and have been useful in identifying the movements of many vertebrates.
However, they may fail to detect long-distance or infrequent dispersal (Slatkin 1985)
and frequently measure movements within home ranges rather than true dispersal.
Direct measurements of disperal also do not always reflect the movement of genes.
Dispersal and gene flow are only synonomous if the migrant reproduces effectively in
the location to where it dispersed (Whitlock & McCauley 1999).
Indirect methods are primarily based on genetic differences in populations and
can provide a more complete analysis of sex-biased dispersal. Indirect estimates of
effective dispersal (reviewed in Goudet et al. 2002; Manel et al. 2005; Prugnolle & de
Meeus 2002; Slatkin 1985) include measures of genetic differentiation using biparentally inherited markers and uniparentally inherited markers. Differences in
levels of genetic differentiation as measured by genetic markers with different modes
of inheritance, such as sex-specific and autosomal nuclear markers, can indicate sexbiased dispersal (Prugnolle & de Meeus 2002). Conclusions based on this method
need to be interpreted carefully because differences in mutation rates (Balloux et al.
2000) and effective population sizes (Chesser & Baker 1996), can lead to differences
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in the amount of genetic differentiation, rather than differences in dispersal of the
sexes.
Indirect methods that use bi-parentally inherited markers include assignment
methods, relatedness with respect to geographic distance (e.g., Mantel tests or spatial
autocorrelation), and comparison of Wright’s FST estimators computed both for males
and females. The F-statistic estimates (such as FST) mostly reflect historical dispersal
behavior (Bossart & Prowell 1998), while individual-based statistical techniques such
as assignment indices and spatial autocorrelation analyses are more useful for
detecting current dispersal behavior (Double et al. 2005; Paetkau et al. 2004; Peakall
et al. 2003).
Positive local spatial genetic structure, in which relatedness between
individuals declines with increasing geographical distance, results from restricted
dispersal within populations (Peakall et al. 2003). The presence of positive local
spatial genetic structure can be measured using Mantel tests (Smouse et al. 1986) and
spatial autocorrelation analysis (Epperson & Li 1996). The combination of
microsatellite markers and multivariate spatial autocorrelation methods such as the
multilocus, multiallele method of Smouse & Peakall (1999) are very sensitive in
detecting unexpected fine-scale genetic structure. Spatial autocorrelation analysis has
also been used to detect sex differences in dispersal in males and females in such
diverse species as the chinook salmon (Oncorhynchus tshawytscha; Neville et al.
2006), the superb fairy-wren (Malurus cyaneus; Double et al. 2005), the whitebreasted thrasher (Ramphocinclus brachyurus; Temple et al. 2006), Cunningham’s

56

skink (Egernia cunninghami; Stow et al. 2001), and the slatey-grey snake (Stegonotus
cucullatus; Dubey et al. 2008). In contrast, a lack of sex differences in dispersal has
been shown in white-winged choughs (Corcorax melanorhamphos; Beck et al. 2008)
and the tuatara (Sphenodon punctatus; Moore et al. 2008).
We used a multivariate and multilocus form of spatial autocorrelation analysis
(Smouse & Peakall 1999) to investigate sex-biased dispersal and natal philopatry in
the diamondback terrapin (Malaclemys terrapin). We compared results from spatial
autocorrelation analyses with assignment methods and Wright’s FST estimators
computed both for males and females. Additionally we compared results of indirect
measurements of dispersal with the direct method of measuring movements through
capture-mark-recapture.
The diamondback terrapin is a sexually dimorphic turtle species that inhabits
the coastal brackish estuaries and marshes along the Atlantic and Gulf coasts of the
United States, from Corpus Christi, Texas to Wellfleet, Massachusetts (Iverson 1992).
Nesting ecology and population studies indicate that terrapins exhibit nest site fidelity
(Auger 1989; Mitro 2003; Roosenburg 1996) and high fidelity to specific creeks
(Gibbons et al. 2001) or sections of a river (Roosenburg et al. 1999). Capture-markrecapture studies show male and female terrapins occupying areas within a few
meters of their original capture location for up to 16 years (Gibbons et al. 2001;
Lovich & Gibbons 1990), which is presumed to represent the total lifetime adult
movement in terrapins (>80 mm plastron length, >3 years old). The generation time is
unknown for this species but related species have a generation time of 10 years
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(Chrysemys picta; (Wilbur 1975) and 37 years (Emydoidea blandingii; (Congdon et
al. 1993).
Average yearly home ranges vary from 0.54 km2 to 3.05 km2 (Butler
unpublished; Spivey 1998) and average movement is 750.6 m over a period of six
days (range 440-1160 m; Harden et al. 2007). Nesting ecology studies indicate that
nesting female terrapins return to the same dune area to nest (Burger 1977) and nest
within 203 m of their original nest site over two nesting seasons (Szerlag & McRobert
2007). There are a few occurrences of longer distance movements in which nesting
female terrapins moved roundtrip from marsh areas to nesting areas (roundtrip 4-10
km; Butler unpublished; Gibbons et al. 2001). No studies have documented females
nesting on their natal beaches. Although strong data for site fidelity exist in
demography studies, low to no genetic differentiation within eastern North Carolina
(Hart 2005), southwestern Florida (Hart 2005), South Carolina (Hauswaldt & Glenn
2005), and central New Jersey (Chapter 2) suggest significant gene flow. The
objective of this study was to (1) determine if sex-biased dispersal occurs in the
diamondback terrapin, (2) determine if natal philopatry occurs in the diamondback
terrapin, and (3) compare indirect methods of measuring dispersal with direct
methods of measuring movements within home ranges and dispersal between study
sites within a four year period.
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3.3 Methods
Study site and field sampling methods
The study site, the Barnegat Bay Estuary, is a 70 km long estuary located
along the central coast of New Jersey. Barnegat Bay is ecologically threatened by
changes in water quality and quantity, habitat loss and alteration, and fisheries decline
from anthropogenic activities (BBNEP 2002). We trapped terrapins between JuneSeptember in 2006-2009 at several locations (Figure 3-1). At Island Beach State Park
(IBSP), we trapped individuals of both sexes in a tidal creek and nesting females on
Sedge Island (SI) during the nesting season. At the Lighthouse Center (LHC), we
trapped individuals of both sexes in man-made tidal canals and nesting females along
a dirt path adjacent to the canals. At North Forsythe (NF), we trapped individuals of
both sexes in approximately nine tidal creeks and nesting females on Conklin Island
(CI) during the nesting season. In South Forsythe (SF), we trapped individuals of both
sexes in several tidal creeks. At West Creek (WC), we captured nesting females along
the dirt embankment alongside a road running adjacent to the tidal creek. Finally, at
Great Bay (GB) we trapped individuals of both sexes in the tidal creeks adjacent to a
road spanning through the marsh complex and nesting females along the dirt
embankment alongside the road during the nesting season. We trapped terrapins using
hoop nets, fyke nets, dip nets, and hand capture. We individually marked turtles by
notching the shell (Cagle 1939) and sexed them (Tucker et al. 2001). We took blood
samples via the subcarapacial sinus (Hernandez-Divers et al. 2002) or the brachial
artery (Avery & Vitt 1984). We collected some samples from dead animals from tail
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tissue or scutes. These samples were from females killed on the road during the
nesting season at GB and were collected within 24 hours and several meters vehicle
encounter. We recorded additional information such as GPS location, mass, straight
carapace length, width, height, and plastron length.

Direct analyses of movement and dispersal
We used capture data from the North Forsythe (NF) study area exclusively for
the analysis of movement because it was the only site that was trapped consecutively
for four years (2006-2009), contained a large area (~9 km2), and was trapped
consistently each year from June-September. We briefly compared NF movements to
those reported in the longest reported mark-recapture analysis for the terrapin
(Gibbons et al. 2001) and to a smaller dataset of individuals recaptured in the SF
study area.
To evaluate differences in movements between male and female terrapins, we
calculated each measure of movement for males and females separately. Because
individuals often disperse at the onset of sexual maturity (Handley & Perrin 2007),
we classified individuals into 4 maturity/sex classes: sexually mature males (MM),
sexually mature females (MF), juvenile males (JM), and juvenile females (JF). We
determined sex on the basis of carapace length, tail thickness, and cloacal positioning
(Tucker et al. 2001). We considered sexually mature females to be females with a
straight carapace length of 140 mm or more, based on minimum sizes of gravid
females at our study site. We considered sexually mature males to be those greater
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than 300 g (Roosenburg 1990). All other individuals that were below these minimum
values were considered as juveniles.
Before applying any analyses to the mark-recapture data set in NF, we
assessed how well the capture histories met the following necessary assumptions of
the classic Cormack-Jolly-Seber (CJS) open population model. (1) Every animal has
the same probability of recapture. (2) Every marked animal has an equal probability
of survival. (3) No marks are lost or overlooked. (4) Sampling is instantaneous and all
individuals are released immediately after sampling. Assumption 3 was met because
our method of marking turtles with shell notches provides a permanent and
unambiguous mark (Cagle 1939). In the four years of study we did not observe any
wear around the notches that would cause them to be misread. Marks were further
verified because mature females were notched and also injected with a passively
induced transponder (PIT) tag (Biomark). We did not record any instance where a
recaptured female’s PIT tag did not match her assigned notch code. Assumption 4
was met because we released all individuals at the location of capture within 24
hours.
We used goodness of fit testing to determine whether assumptions 3 and 4
were met. We used the program RELEASE (Burnham et al. 1987) within the program
MARK (White & Burnham 1999) for the NF study area. RELEASE implements
goodness of fit testing (Burnham et al. 1987) to test for homogeneity in survival and
recapture rates (TEST3) and independence of captures (TEST2). Generally TEST2 is
indicative of a “trap effect” or other natural phenomena that mimic genuine trap
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dependence (Pradel 1993). By testing for different probabilities of subsequent
recapture between new individuals and previously identified individuals captured in
the same sampling period, TEST3 is indicative of the effects of transients (Burnham
et al. 1987; Pradel et al. 1997). First, we analyzed the capture data from NF (20062009) without separating the data into maturity/sex classes. If the data failed the
overall goodness of fit tests, we proceeded to separate the data into groups on the
basis of sex and subsequently into groups based on maturity. We paid particular
attention to TEST3.SR because it compares for each occasion in succession the fates
(seen gain or not seen again) of animals entering the experiment (on a given occasion)
with those of the animals previously captured. This test is the most applicable test in
RELEASE for the detection of transients or individuals that dispersed from the study
site (Pradel et al. 1997).
We calculated the average and maximum distances moved by each individual
between 2006-2009. We used an ANOVA to determine if the average distance
between recaptures was significantly greater for one maturity/sex class. Any
difference in the average distance from the original capture site and recapture sites
might be due to a tendency for one sex to have larger home ranges, rather than
genuine dispersal. To assess whether individuals were dispersing further away from
their original capture site over time, we tested if the distance between an individual’s
original capture and its recapture site(s) significantly increased with the number of
days between capture events (sensu Dubey et al. 2008).
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In the NF study area we also compared the sex ratio of unmarked individuals
captured in 2009 with the sex ratio of individuals captured from 2006-2008 to
determine whether one maturity/sex class over-represented the new captures in 2009.
We assume that unmarked individuals are of potentially mixed origin (i.e. they may
reside in the NF study area but were not captured or they could be immigrants, either
permanent or transient, from another area outside of the NF). Any sex bias in
dispersal might be reflected in the composition of the sample from 2009. For
example, if dispersal is primarily by males, then we should find relatively larger
numbers of unmarked males in the study area (Dubey et al. 2008) in 2009 because
dispersing males from outside the study area would be more likely to be found inside
the study area than non-dispersing females.

DNA laboratory procedures
We preserved blood samples on FTA® cards (Whatman, Part of GE
Healthcare) at room temperature away from direct heat, moisture, and UV exposure.
We followed standard manufacturer’s instructions for disc removal and modified
procedures for FTA purification (Whatman). We punched a 1.2 mm disc (Harris
Micro-Punch) from each card using a cutting mat. To prevent cross contamination
between punches, we rinsed the cutting mat with ethanol between each sample. We
also punched a disc from an unused FTA® card between each sample to prevent cross
contamination on the micro punch. We placed the sample disc in a PCR amplification
tube. We rinsed samples once with 50 l of 70% ethyl alcohol for 5 minutes, twice
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with 50 l of FTA® purification reagent for 5 minutes, and twice with 50 l of TE
buffer (10mM Tris-HCl, 1mM EDTA, pH 8.0) for 5 minutes. We dried sample discs
for approximately 10-15 minutes on a heating block at 50oC. We conducted PCR
analysis within 3 hours of disc washing.
We froze tissue or scute samples at -20oC. We rinsed tissue samples twice
with 200 l of 1x Phosphate Buffer Saline Solution (1x, pH 7.4, 11.9mM Phosphates,
137mM Sodium Chloride, and 2.7 mM Potassium Chloride) prior to extraction. We
extracted genomic DNA with the DNeasy Tissue Kit, following the manufacturer’s
instructions (QIAGEN).
We designed a 6-microsatellite loci protocol for polymerase chain reaction
(PCR) and sequencer load multiplexing. We selected loci from the 27 microsatellite
loci that were originally developed for the bog turtle (Glyptemys muhlenbergii; King
& Julian 2004). King and Julian (2004) screened the 27 loci in Malaclemys terrapin
and found that 23 successfully amplify and 16 exhibit moderate to high
polymorphism. Hart (2005) further screened the 16 loci and chose 12 based on levels
of polymorphism and ease of use. Using allele frequencies at each of the 12 loci
sampled in Cape May, NJ and Sandy Hook, NJ (Hart 2005), we selected 6
microsatellite loci for this study based on levels of polymorphism, PI, and PIsib (Waits
et al. 2001). Selected primers and details of the multiplex PCR reaction are shown in
Table 3-1. We ran multiplex PCR products on an ABI 3100 capillary sequencer
(Applied Biosystems) together with the internal size standard GENESCAN 500 ROX
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(Applied Biosystems). We conducted fragment analysis using the software Peak
Scanner version 1.0 (Applied Biosystems).
Genetic diversity analyses were conducted using all DNA samples collected
from all six study locations (Figure 3-1). We used MICROCHECKER 2.2.3
(Oosterhout et al. 2004) to detect any genotyping errors, extreme stuttering, and null
alleles. We calculated null alleles using a Monte Carlo simulation with bootstrap
method to generate expected homozygote and heterozygote allele size difference
frequencies which were then compared to the expected Hardy-Weinberg frequencies.
We calculated genetic diversity measurements such as mean number of alleles per
locus, allele frequencies, and gene diversity (Nei 1987) using FSTAT 2.9.3 (Goudet
2001). We used GenALex (Peakall & Smouse 2006) to calculated observed, HO, and
expected, HE, heterozygosities. We tested for significant deviations from HardyWeinberg equilibrium and the presence of linkage disequilibrium using FSTAT 2.9.3
(Goudet 2001), with strict Bonferroni correction applied for multiple comparisons
(Rice 1989). We used GenALex (Peakall & Smouse 2006) to calculate probability of
identity, PI, an estimate of the average probability that two unrelated individuals will
by chance have the same multilocus genotype and PIsibs, a probability of identity that
takes into account the genetic similarity among siblings (Waits et al. 2001).

Genetic analyses
Because direct measurements of movement and dispersal do not necessarily
indicate gene flow, we conducted seven indirect (i.e. genetic) tests for biased
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dispersal using subpopulations groupings IBSP, NF, and SF. These three locations
included adequate DNA sampling of each maturity/sex class (Table 3-2). The
distance between these sites is 9.6 km (IBSP-NF), 13.6 km (IBSP-SF), and 4.1 km
(NF-SF). We choose these three populations because we genotyped sufficient
numbers of individuals of each maturity/sex class for comparison. We did not utilize
LHC, WC, and GB for this analysis since sampling at these locations was biased
towards nesting females and thus resulted in low sample sizes for the remaining three
maturity/sex classes. The seven indirect tests for biased dispersal included: (i) mean
corrected assignment index (mAIc), (ii) variance of assignment index (vAIc), (iii) FIS,
a measure of inbreeding within subpopulations relative to the total, (Weir &
Cockerham 1984), (iv) FST, genetic differentiation among subpopulations (Weir &
Cockerham 1984), (v) average pairwise relatedness (r), (vi) first generation migrant
tests, and (vii) spatial autocorrelation.
We calculated mAIc, vAIc, FIS, FST, and average relatedness in FSTAT 2.9.3
(Goudet 1995). We determined statistical significance by comparing actual values to
randomized values for 10,000 permutations. Assignment indices followed methods of
Paetkau et al. (1995) which were later modified by Favre et al. (1997) to calculate
corrected assignment values (AIc). We expected individuals of the dispersing sex to
have a lower mAIc, because immigrants have lower AIc values than residents. We
expected individuals of the dispersing sex to have a higher vAIC because members of
the dispersing sex have both immigrants and residents (Goudet et al. 2002). The FIS
statistic measures how well the genotype frequencies fit Hardy-Weinberg
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expectations (Hartl & Clark 1997). We expected individuals of the dispersing sex to
have a higher FIS (heterozygote deficit) than the philopatric sex because of the
Wahlund effect (Goudet et al. 2002). The FST statistic describes the proportion of the
total genetic variance found among populations (Hartl & Clark 1997). We expected
individuals of the philopatric sex to have a higher FST than the dispersing sex because
allele frequencies between subpopulations for individuals of the dispersing sex should
be more similar due to effective dispersal (Goudet et al. 2002). Average relatedness
can be calculated from FST and FIT through a simple equation [r = 2 FST /(1+ FIT);
Queller & Goodnight 1989 estimator implemented in FSTAT 2.9.3]. We expected
individuals of the dispersing sex to have a lower average relatedness within locations
when compared to the philopatric sex (Prugnolle & de Meeus 2002). We ran analyses
with males and females regardless of maturity, mature males and females, and
juvenile males and females with three population groupings (IBSP, NF and SF).
First generation (F0) migrant tests (GENECLASS 2.0; Piry et al. 2004) were
used to determine F0 migrants among mature individuals sampled in IBSP, NF, and
SF. For migrant detection, we used a likelihood computation with a default frequency
for missing alleles of 0.01 and L = L home, the likelihood of the individual genotype
within the population where the individual has been sampled (Paetkau et al. 1995).
This method performs better than others if some potential source populations were
not sampled (Piry et al. 2004). The likelihood computation mirrored the calculations
used in our assignment tests in FSTAT 2.9.3, with the exception that rather than only
reporting the mean (mAIc) or variance (vAIc) of likelihood values for each sex,
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GENECLASS 2.0 reports individual likelihood values. We computed the probability
that an individual is a resident by using a Monte Carlo resampling algorithm (Paetkau
et al. 2004) with 10,000 simulated individuals and Type I error rate of 0.05. We
tested for differences in the total number and the proportion of male and female F0
migrants.
We used the program GENALEX version 6.2 (Peakall & Smouse 2006) to
estimate the spatial extent and magnitude of positive correlation among individual
multilocus genotypes across the landscape. GENALEX calculates the multilocus
autocorrelation coefficient r among individual genotypes falling within various
distance classes. We calculated the r correlation coefficient using two pairwise
matrices, one using geographic distances and the other using squared genetic
distances (Smouse & Peakall 1999). The r correlation coefficient is similar to
Moran’s I coefficient, ranges from -1 to +1, and provides a measure of genetic
similarity between pairs of individuals falling within each distance class (Peakall et
al. 2003). To test whether the r correlation coefficient was significantly different from
the null hypothesis of no spatial genetic structure, we performed 1,000 random
permutations to determine upper and lower confidence intervals for the null
hypothesis (Peakall et al. 2003).
We presented the correlation coefficient r and associated confidence interval
about r = 0 as correlograms, which displayed r in relation to distance. We divided
distance on the correlogram into user specified bins. We used bin sizes which
represented both the spatial resolution within sampling locations (500, 1000, and
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2000 m) and the spatial resolution between sampling locations (4000, 8000, 14000 m)
for the dataset comprised of IBSP, NF, and SF individuals. Within a given
correlogram, we also present the number of pairwise comparisons used at each
distance class and the p-values for the one-tailed probabilities of positive and negative
spatial genetic structure. We determined distances where the one-tailed probabilities
of no spatial genetic structure indicated a significance of P <0.05.
To evaluate whether natal philopatry of nesting females occurred, we
estimated r (as a function of distance) for nesting females (N=132) from 5 nesting
areas (GB, n=84; WC, n=9; SI, n=33; CI, n=12; LHC, n=5). For some nesting
females we had exact GPS coordinates of the location where the nest was deposited.
For females captured on a nesting beach prior to nesting, we assumed that the female
would nest at the capture location. We used distance classes which represented both
the spatial resolution within sampling locations (5, 500, 1000, and 5000 m) and the
spatial resolution between sampling locations (10,000, 20,000, 36,000 m) for the
dataset comprised of GB, WC, SI, CI, and LHC nesting females.
The spatial extent of significant autocorrelation may change when evaluating
different distance classes, because the observed patterns are the composite of the true
spatial extent and the number of individuals that are evaluated at each distance class
(Peakall et al. 2003). Therefore, we also evaluated composite graphs containing the
results from the first distance bin by using different bin sizes. This method evaluated
how data pooling affected autocorrelation and allowed us to assess the true extent of
detectable positive autocorrelation (Double et al. 2005).
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3.4 Results
Direct analyses of movement and dispersal
We marked and released a total of 1277 diamondback terrapins over the four
year study period (2006-2009) in North Forsythe (JF = 231; MF = 579; JM = 313;
MM = 136; and juvenile/no sex, N = 18). Recapture rates were relatively low
between years, with 147 individuals recaptured at least once, 18 individuals
recaptured at least twice, and 1 individual recaptured three times. The percent of
individuals recaptured at least once in a later year was 11.5%. There were no terrapins
initially marked within NF captured at other study locations, however there were two
mature females marked several years prior at the SI nesting location that were
recaptured in NF in 2009. The first female was marked and captured nesting three
consecutive years on SI from early June-mid July as part of another study in 2002,
2003, and 2004 (Wnek, personal communication) and was then recaptured non-gravid
in a fyke net 8.5 km away in NF in early July of 2009. The second female was
captured nesting on SI in early June of 2002, 2005, and 2007 and then captured
gravid in a hoop trap 8.1 km away in NF in early July of 2009.
Output from program RELEASE indicated the goodness of fit tests (TEST2 +
TEST3, combined) were significant when the data was pooled for all maturity/sex
classes (P = 0.0013), indicating heterogeneity in survival and capture probabilities
(Burnham et al. 1987). Further examination of the results indicated that TEST2 (P =
0.4291) and TEST3.SM (P =1.0) were not significant, but TEST3.SR failed the
goodness of fit test (P < 0.001). When the data were grouped according to sexes, the

70

overall goodness of fit test (TEST2 + TEST3, combined) was not significant for
females (P = 0.21), but males failed the overall goodness of fit test (P = 0.012).
Further examination of the results for males indicated that TEST2 (P = 0.68) and
TEST3.SM (P = 0.79) were not significant, but males significantly failed TEST3.SR
(P < 0.01). Because the data set included four trapping occasions (2006-2009), two
occasions could be analyzed for TEST3.SR. On occasion 2 (i.e. 2007), males did not
fail TEST3.SR (P = 0.33). On occasion 3 (i.e. 2008), males significantly failed
TEST3.SR (P < 0.001). The contingency table for this test indicated fewer
individuals that were caught, newly marked, and released on this occasion were seen
again (4.8%) when compared to individuals that were caught on this occasion,
marked before, released, and seen again in a subsequent occasion (30%). This
implicates the possibility that some males marked on this occasion were transient
individuals. When the male dataset was grouped according to maturity, the overall
goodness of fit test for mature males was not significant (P = 0.334) nor were any of
the subtests significant (P > 0.12). The overall goodness of fit test for juvenile males
was marginally non-significant (P = 0.08). TEST2, TEST3.SM2 and TEST3.SR
occasion 2 were not significant (P > 0.73). However, the contingency table for TEST
3.SR occasion 3 (P = 0.004) significantly indicated that that fewer individuals that
were caught, newly marked, and released on this occasion were seen again (4.5%)
when compared to individuals that were caught, marked before, and released on this
occasion (33%). Thus, implicating that male transients were likely juvenile
individuals.
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The maximum distance a terrapin moved was 1984 m by a mature female
(Table 3-3); excluding the data from the two mature females marked on SI in 2002
and recaptured in NF in 2009 because they appeared to be rare dispersal events. We
found significant differences in average movements between immature and mature
males and females (ANOVA, F3,143 = 8.67, P < 0.001). Post-hoc Tukey-Kramer tests
detected that mature females had moved greater distances than juvenile males and
mature males and that juvenile females moved greater distances than mature males (at
the 0.05 level of significance). The distance between the original capture site and all
subsequent capture sites did not increase with time (days) for any maturity/sex class
(MF: F1,63 = 2.93, P =0.09; MM: F1,47 = 0.001, P = 0.98, JF: F1,60 = 0.38, P = 0.54, JM:
F1,81 =1.29, P = 0.26).
In the SF sampling location, we captured 169 individuals over the three year
trapping period (2007-2009). Twenty individuals were recaptured once and five
individuals were recaptured twice. Trapping efforts in SF typically occurred from the
last week in July to the first week in September, and therefore missed any movements
associated with activities occurring in June and early July, such as nesting. Sample
sizes of some maturity/sex classes were low (JF = 8, JM = 1, MF = 14, MM = 2),
therefore we pooled the data to determine average movement (21 m) and maximum
movement (227 m). Distance between sampling locations did not increase as a
function of time (F1,33 = 0.25, P = 0.62).
Females comprised most of the 247 new captures (53%) in 2009. Juvenile
females, juvenile males, and mature males comprised 17%, 20%, and 10%
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(respectively) of the new captures in 2009. New captures in 2009 made up 18% of
total captures of adult males, 22% of total adult females, 16% of total juvenile males,
and 18% of total juvenile females. New captures in 2009 did not account for a larger
proportion of any one maturity/age class (χ2 = 6.02, d.f. = 3, P = 0.11). New captures
can consist of both unmarked residents and immigrants and it is likely that our
resident population in NF is quite large (>4,000 Sheridan and Avery, unpublished
data). Even when a large majority of the resident population has been captured, it
might be difficult to distinguish whether differences in sex ratios of new captures are
due to environmental sex determination (ESD; Jeyasuria et al. 1994), increased
mortality, or sex-biased dispersal unless hatchling sex ratio and mortality rates are
also estimated.

Genetic analysis
We found 74 different alleles in the 1558 individual males, females and
juveniles that were genotyped (DNA samples collected 2006-2008 from all trapping
locations). Across the six targeted loci, the number of alleles per locus ranged from
10 (GmuD114 and GmuD90) to 17 (GmuD121), with a mean of 12.33 alleles per
locus. Mean expected heterozygosity (HE) and observed heterozygosity (HO) across
the study area were 0.808 and 0.825, respectively. There was a low probability of
individuals sharing an identical genotype (PI = 1.4 x 10-08 and PIsibs= 1.9 x 10-03).
After strict Bonferroni correction (Rice 1989), no departures from Hardy-Weinberg
equilibrium were detected at any loci (within study sites and over all study sites).
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Possible null alleles were detected for locus GmuD121, however, this only held true
for the site GB and not for other sampling sites, or across all sites. The null allele
frequency at the GmuD121 locus in GB samples was 0.041 (Chakraborty et al. 1992)
and 0.037 (Brookfield 1996). The lack of departures from Hardy-Weinberg
equilibrium indicated the effect of possible null alleles in GmuD121 was limited.
Therefore, we included all loci in our data set. No linkage disequilibrium was
detected for any pair of loci at any sampling site after strict Bonferroni correction [a =
0.05, k = 90, p < 0.001; (Rice 1989)].
When testing for sex-biased dispersal among all males and females genotyped
in NF, SF, and IBSP, we found no significant sex-biased dispersal (Table 3-4a). Mean
assignment index, variance of assignment index, FST, FIS and average pairwise
relatedness were similar in males and females (Table 3-4a). However, we did see
evidence for some male-biased dispersal when we limited the analysis to mature
males and mature females (Table 3-4b), as the mean assignment index was lower for
males than females (Table 3-4b). The variance of assignment index, FST, FIS and
average pairwise relatedness, however, did not differ in mature males and females
(Table 3-4b). Finally, there was no sex-biased dispersal among juvenile males and
juvenile females (Table 3-4c).
First generation assignment tests ( = 0.05; GENECLASS 2.0) of mature
individuals identified a total of 32 individuals as F0 migrants (10 MM and 22 MF).
Ten F0 migrants were captured in IBSP (6.7% of 150 captures), six of which were
assigned to NF, two to SF, and two were home-assigned. A home-assigned migrant
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indicates that this individual was genetically closer to its population of capture than to
other sampled populations and that it may have been assigned to another population if
we had collected data from additional populations. Individuals can be home-assigned
Eighteen F0 migrants were captured in NF (3.5% of 512 captures), eight of which
were assigned to SF, three to IBSP, and seven were home-assigned. Four F0 migrants
were captured in SF (6.5% of 62 captures), three of which were assigned to NF and
one was home-assigned. Overall, 4.4% (32 of 724 captures) were identified as F0
migrants. The proportion of individuals assigned as F0 migrants did not differ
between the three trapping locations (2=3.39, df=2, P=0.18). Overall, a larger
number of MF were identified as F0 migrants when compared to MM (2=4.5, df=1,
P=0.034). Although our ability to determine the overall tendency for one sex to
disperse more than another could be affected by the larger number of MF (604 vs.
119 MM, P< 0.001). When the larger proportion of MF compared to MM was taken
into account, the proportion of immigrants vs. residents was significantly greater for
MM (8.4%) than MF (3.6%; 2=5.33, df=1, P=0.021).
Spatial autocorrelation analysis of all individuals genotyped from IBSP,
NFOR, SFOR (N = 1300) showed significantly positive r values within the 1,0002,000 m distance class and significantly negative r values within the 8,000-14,000 m
distance class (Figure 3-2a). Near-identical results were found when the analyses
were restricted to mature females (Figure 3-2b). The differences were that, for mature
females only, the r value for the 1,000-2,000 m distance class was >2x larger (0.0023
vs. 0.0009), the r value for the 8,000-14,000 m distance class was ~ 2x smaller (-
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0.0017 vs. -0.0008), and there was a significantly positive r value at the 500-1,000 m
distance class. When evaluating the effect of bin size, mature females showed
significantly positive r values for the 0-2000, 0-5000, and 0-7500 m distance class
sizes, but not for the 0-10000 m bin size. For those three bin sizes, the x-intercepts
were from 3,415, 7,267, and 10,201 m. In contrast, when analyses were restricted to
mature males only (Figure 3-2c), juvenile males only (not shown), and juvenile
females only (not shown), the spatial autocorrelation analysis showed no significant
positive autocorrelation. For mature males, a significantly negative r value was found
within the 1,000-2,000 m distance class (Figure 3-2c). For juvenile males, no
significant values were found within any of the distance classes (not shown). For
juvenile females, a significantly negative r value occurred within the 500-1,000 m
distance class (not shown).
Spatial autocorrelation analysis of all nesting females (N = 143) showed
significantly positive r values within the 0-50 m distance class (Figure 3-2d). When
evaluating the effect of bin size, nesting females had significantly positive r values
for the 0-5 (r = 0.013), 0-10 (r = 0.013), 0-50 (r = 0.015), 0-100 (r = 0.012), and 0150 m (r = 0.014) bin sizes and the x-intercepts were 19, 57, 67, 183, 201 m
(respectively).

3.5 Discussion
The contrast in movements and dispersal measured via direct measures and
dispersal measured via indirect genetic measures in males in this study highlights the
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limitations of detecting long-distance or infrequent dispersal using direct methods
(Slatkin 1985). Our direct observational method of measuring movement indicated
that all individuals have moved relatively small distances (<2000 m; Table 3-3, with
the exception of 2 MF dispersing greater than 8km). The distances are similar to
studies that show high fidelity of terrapins to marsh areas (Gibbons et al. 2001;
Harden et al. 2007; Roosenburg et al. 1999) and with small home ranges (Butler
unpublished; Spivey 1998). Furthermore, the direct methods indicated that within
these sampling locations, mature females moved greater distances than males (Table
3-3). Because distance moved was not correlated with time in any of the maturity/sex
classes, we conclude that direct measurements of movement indicate simply that
females simply have greater home range sizes than males (sensu Dubey et al. 2008).
Finally, our goodness of fit analysis of our mark-recapture study indicated that some
juvenile males were likely transient individuals dispersing through the NF location,
even though we had no records of these individuals captured in another sampling
location. Other the other hand, our mark recapture documented the dispersal of two
nesting females from the Sedge Island sampling location to North Forsythe.
There was no significant positive autocorrelation for mature males at any
distance class, inconsistent with the maximum movements measured by direct
methods (< 800 m; Table 3-3). Genetic autocorrelation suggested the possibility that
mature females were randomly dispersing from 0-500 m but then aggregating at
distances 500-2,000m. Although significantly different from zero the r values were
very low (≤0.0023) and thus may not indicate any biological significance. The
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number of pairwise comparisons (n> 20,000) was quite high and increased the
possibility that any deviation from r = 0 would be significant. On the other hand, for
nesting females we detected significantly positive genetic autocorrelation (r = 0.015)
from 0-50 m (maximum spatial extent 201 m) with a smaller number of pairwise
comparisons (n = 636). The spatial autocorrelation of nesting females indicates that
females are exhibiting natal philopatry to nesting beaches and the data are in
agreement with a mark-recapture study that document average distances between a
female’s nests sites of 203 m (Szerlag & McRobert 2007).
Although, r was more than 6x higher for nesting females (r = 0.01), the
correlation coefficient was still quite low considering full-siblings are expected to
have a relatedness of 0.50. Several factors could play a role in slowing the
accumulation of relatedness between philopatric females on a section of a nesting
beach including: breeding group size, mean and variance in the number of successful
progeny produced with each mating, mating system, and effective movement of
individuals between nesting locations (Scribner & Chesser 2001). Average
coancestriesChesser 1991) of individuals on a nesting area can be affected by the
number of nesting females and the number of successful offspring produced by each
female. Given the large number of individuals captured (and low recapture rate), our
nesting populations could potentially produce a large number of successful clutches
each year; thereby slowing the accumulation of coancestry within nesting areas.
Multiple paternity within clutches can also reduce the level of relatedness within
clutches to that of half-siblings (r = 0.25) compared to clutches with single paternity
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(r = 0.50). Multiple paternity is common in M. terrapin, with 19.0% to 31.4% of
clutches from nesting beaches in Barnegat Bay, NJ exhibiting multiple paternity
(Chapter 4). Lastly, if males effectively disperse between nesting populations, if
females with home ranges extending into adjacent populations effectively mate with
males from adjacent populations, or if some females do not exhibit strict natal site
philopatry, then the accumulation of coancestry on natal beaches could be reduced.
Both our mAIc and F0 migrant tests indicated dispersal is male-biased, but
that per capita there are more female than male dispersers in these populations with
female-biased sex ratios. Potentially some female F0 migrants may be foraging or
mating in the area where they were captured and they may seasonally return to their
natal beach to lay eggs (rather than nesting in the location where they were captured).
Researchers have documented roundtrip movements of nesting females from marsh
areas to nesting areas (roundtrip 4-10 km; Butler unpublished; Gibbons et al. 2001)
and with documentation of nesting site fidelity (Auger 1989; Burger 1977; Mitro
2003; Roosenburg 1996). Female natal homing was also recently documented in the
closely related freshwater turtle species, Graptemys kohnii (Freedberg et al. 2005).
The majority of G. kohnii females returned to nesting locations within 160 m of their
initial nesting location and females readily returned to their original nesting area even
after being transplanted up to 6 km away (Freedberg et al. 2005). Despite
documentation of nest site fidelity and natal philopatry, we cannot exclude the
possibility that some F0 females are nesting on non-natal beaches. Indeed, three of the
33 SI nesting females included in the GENECLASS migrant tests were considered F0
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migrants. Two of the females appeared to exhibit nesting site fidelity, while the third
was only captured one time. The first was documented nesting on SI in four separate
years (2002, 2004, 2006, and 2007) and the other was documented nesting two years
(2006 and 2007). It is unknown whether these females failed to nest in the years when
they were not detected on SI, if they nested elsewhere, or if they nested on SI but
were not detected.
Despite the low natal philopatry in a handful of the females sampled, our
spatial autocorrelation analysis indicates that many females are philopatric to natal
beaches. Female natal philopatry might be favored by selection because it ensures
that a female nests at a location that successfully hatched offspring in the previous
generation, thereby increasing lifetime fitness (Freedberg & Wade 2001; Reinhold
1998). In addition, natal philopatry in reptiles with environmental sex determination
(ESD) may explain why sex ratios are biased towards females (Freedberg & Wade
2001). The Freedberg and Wade’s (2001) model of ESD coupled with natal
philopatry demonstrates that when a nesting area is inherited maternally, a maternal
lineage that produces an excess of daughters will be favored over maternal lineages
producing an excess of sons.
In our study, the mAIc test detected the presence of sex-biased gene flow in
mature males, while FST, FIS, vAIc, and average pairwise relatedness (r) did not detect
any sex-biased gene flow. Mathematical simulations show that these tests differ in
their sensitivity in relation to various parameters, such as dispersal rate, bias intensity,
number of individuals sampled, and number of loci sampled (Goudet et al. 2002). The
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FIS statistic has very low sensitivity in all cases (<70%; Goudet et al. 2002). The FST
statistic (and the associated average pairwise relatedness) performs best at higher
dispersal rates (>10%), vAIc performs best at low dispersal rates (<10%), and mAIc is
intermediate between the two tests (Goudet et al. 2002). It is important to note that
vAIc and FST also performed poorly in detecting sex-biased dispersal in terrapins from
Carteret County, North Carolina, but mAIc significantly detected male-biased
dispersal (Hart 2005). Both mAIc and vAIc detected male biased dispersal in the
Florida Everglades where there was a male biased sex ratio was 1.0:1.2 (Hart 2005).
Given that the mAIc test detected sex-biased gene flow, we suggest that the inability
of FST, FIS, vAIc, and average pairwise relatedness (r) to detect sex-biased gene flow
may be due to several parameters (e.g. small number of loci sampled and bias
intensity) rather than a true lack of sex-biased gene flow.
Our comparisons of tests of sex-biased dispersal between male-female (all
size classes combined), mature male-mature female, and juvenile male-juvenile
female, highlight the importance of analyzing cohorts (or life stages) separately
(Lawson Handley & Perrin 2007). Analyzing all males and females, regardless of
sexual maturity, can reduce the ability of the tests to detect sex-biased dispersal
(Prugnolle & de Meeus 2002). Some juveniles were likely the offspring of philopatric
females and immigrant males or females mating with males when temporally
dispersing into neighboring populations prior to return to natal areas to nest. Since our
genetic markers were biparental, alleles were independently assorted in the offspring
(Handley & Perrin 2007) and the signature of sex-biased dispersal was removed.
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Conservation Implications
Male-biased dispersal and female natal philopatry occurred in the
diamondback terrapin. These data have important implications for both females and
males. First, loss of nesting beaches could have significant negative impacts on
females that attempt to return to non-existent or altered nesting beaches. For example,
females attempting to nest in an area that has been recently developed may encounter
human activities, such as boat traffic, vehicles, and bulkheading. If females are
persistent to nest in these areas they could suffer injury by vehicles (Hoden & Able
2003; Szerlag & McRobert 2006; Wood & Herlands 1997) and motorboats (Gibbons
et al. 2001; Tucker et al. 2001; Avery unpublished), or nest failure. Female terrapins
continue return to nest in Margate, NJ, a barrier island with most of its bay front lined
with bulkheading, and are usually unsuccessful (Scott, personal communication).
Second, if females cannot find alternative nest locations, then dystocia (eggbinding) may occur. The lack of suitable habitat for nesting often causes female
turtles to retain eggs in the oviducts until the environment becomes suitable, both in
captivity (Cagle & Tihen 1948; Jackson et al. 1971; Miller 1932; Risley 1933) and
under natural conditions (Buhlmann et al. 1995; Galbraith et al. 1988). In some cases,
egg retention leads to the movement of eggs into the abdominal cavity via holes
eroded in the walls of the oviduct (Cagle & Tihen 1948) or reverse peristalsis
(Jackson et al. 1971; Risley 1933). Eggs in the abdominal cavity often are infected
with bacteria, cause inflammatory reactions (Jackson et al. 1971) and could lead to
death.
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Third, females remaining philopatric to degraded nesting beaches could lay
nests with reduced hatching success. Overall, the alteration or loss of nesting beaches
could lead to a reduction in the reproductive success, changes in population sexratios, and long-term viability of terrapin populations.
Fourth, since males are more prone to disperse than females it is important to
reduce threats to males particularly when individuals disperse. Threats to males
include boat mortality (Cecala et al. 2008; Tucker et al. 2001), road mortality (Hoden
& Able 2003), crab pot mortality (Bishop 1983; Dorcas et al. 2007; Roosenburg et al.
1997), pollution (Burger 2002; Basile 2010), and predation (Cecala et al. 2008).
Maintaining gene flow via males will be particularly important for the conservation of
this species, especially in populations with male-biased sex ratios (e.g. Kiawah
Island, South Carolina, 1:1.78 male biased; Lovich & Gibbons 1990). Furthermore, it
is important to note in areas where extirpation has occurred, males alone cannot
reestablish a population (Tucker et al. 2001). Thus, although females are less prone to
disperse between populations, protection of females during movements to nesting
beaches should also be included in conservation plans.
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CHAPTER 4: Inter-population variation of multiple paternity in the
diamondback terrapin, Malaclemys terrapin
4.1 Abstract
Molecular studies have shown that multiple paternity is common among
turtles and that the frequency of multiple paternity varies between species and
between populations of the same species. We used nuclear microsatellite markers to
compare frequencies of multiple paternity within five nesting locations of the
diamondback terrapin (Malaclemys terrapin). Using 6 highly polymorphic
microsatellite markers, we tested 23 to 46 clutches from five nesting locations and
found that the frequency of multiple paternity differed significantly among locations,
ranging from 12.5 to 45.7%. Clutches with multiple paternity did not differ from
clutches with single paternity with respect to female size, clutch size, egg size,
hatchling size, or hatching success, suggesting that multiple paternity may not
provide immediate benefits to offspring survivorship. Male and females mated within
their home ranges and thus mating events are not responsible for the high levels of
gene flow documented in this species. This study also confirmed sperm storage both
within and between seasons. The use of stored sperm may play a role in the frequency
of multiple paternity. The incidence of multiple paternity exhibited a significant nonlinear correlation with population sex ratio, suggesting that it is also likely related to
frequency of mating encounters and mate competition, in addition to sperm storage.
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4.2 Introduction
Mating systems can affect the level of inbreeding, effective population sizes,
and genetic diversity within and among populations. Sperm storage and multiple
paternity can increase effective population sizes and genetic variability (Pearse &
Anderson 2009; Sugg & Chesser 1994). Advances in molecular techniques,
particularly in highly variable microsatellite loci, have made it possible to address
sperm storage and mating system strategies in turtles (Alacs et al. 2007; FitzSimmons
& Hart 2007; Pearse & Avise 2001) whose mating behaviors are extremely difficult
to observe in nature. Molecular techniques can identify maternal and paternal
components of offspring genotypes and, thus, identify mating behaviors and
determine effective population sizes that are critical for conservation and
management (Alacs et al. 2007), especially in turtle species that are in decline as a
result of habitat alteration and fragmentation among other human impacts (Gibbons et
al. 2000).
Female turtles can store sperm in storage tubules embedded in the oviduct
(Gist & Congdon 1998; Gist & Jones 1989) and sperm can be utilized for up to 4
years (fertility declining rapidly after 2 years; Hildebrand 1928). Sperm storage is an
important reproductive mechanism that allows females to fertilize consecutive
clutches with a single mating event (Fitzsimmons 1998; Kichler et al. 1999; Roques
et al. 2004). Other factors that may select for sperm storage include: asynchronous
reproductive cycles of males and females (Birkhead & Moller 1993), an additional
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opportunity for mate choice (Eberhard 1998), and an enhanced opportunity for sperm
competition in the presence of multiple mating (Olsson et al. 1994; Ross 2001).
Multiple paternity can provide an indirect benefit of increasing genetic
variation among offspring within a clutch, but direct reproductive advantages (e.g.,
increased hatching success) of multiple paternity remain unclear (Roques et al. 2006).
Hypotheses for the advantage of multiple paternity in turtles include the ability to
fertilize large clutches and the assurance of male fertility (Olsson et al. 1996).
However, hatching success generally does not differ between singly and multiply
sired clutches (Pearse et al. 2002; but see McTaggert 2000; Moon et al. 2006). Total
egg production in Chrysemys picta is larger in clutches with multiple paternity,
suggesting that larger females are preferred as mates because they produce larger
clutches (Pearse et al. 2002). In Gopherus polyphemus smaller females lay more
clutches with multiple paternity (Moon et al. 2006) suggesting that multiple mating
may not be beneficial to females, but instead results from females giving in to male
harassment (Lee & Hays 2004). Inconsistencies indicate that more studies are needed
to broaden our understanding of the direct reproductive advantages of multiple
paternity.
The density and sex ratio of turtles at breeding sites may affect male
competition (Jensen et al. 2006). Jensen et al. (2006) hypothesized that high
population densities with female biased sex ratios could allow for a “mating frenzy”
where males easily encounter females and competition for copulation is decreased
(Jensen et al. 2006). This hypothesis is supported by a positive correlation between
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population size and the proportion of clutches with multiple paternity in the genus
Lepidochelys but may not be universally applicable to all turtle genera (Jensen et al.
2006). To our knowledge, the effect of sex ratio on frequency of multiple paternity
has not been addressed for any turtle species.
The purpose of our study was to examine the genetic mating system of the
diamondback terrapin (Malaclemys terrapin; Emydidae). Terrapins live within salt
marshes of the eastern and Gulf coasts of the United States (Ernst et al. 1994). The
terrapin is in decline in many states and as a result, its conservation status ranges from
no official listing or game species to species of special concern, threatened, or
endangered in different states (Lester 2007). Terrapin nesting ecology and population
dynamic studies document nest site fidelity (Auger 1989; Mitro 2003; Roosenburg
1996) and high fidelity to specific creeks or river sections (Gibbons et al. 2001;
Roosenburg et al. 1999). Terrapin mating aggregations occur in the early spring
(Seigel 1979) and fall (Estep 2005) and high levels of gene flow were hypothesized to
be the result of male and female terrapins moving substantial distances to mating
aggregations, but returning to their home ranges after mating (Hauswaldt & Glenn
2005). However, genetic methods indicate that male-biased dispersal occurs (Hart
2005; Chapter 3) and thus it is possible that gene flow in terrapins is not a result of
males and females dispersing long distances to mating aggregations.
The objectives of our study were: (1) to determine the proportion of clutches
with multiple paternity at four nesting locations within Barnegat Bay, NJ, and one
nesting location within the Chesapeake Bay, MD, (2) to compare female size, clutch
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size, egg size, hatchling size, and hatching success between clutches with single and
multiple paternity, (3) to determine if sperm storage and remating occurs within and
between nesting seasons, (4) to determine if males and females move to mating
aggregations outside of their home ranges and (5) to determine if multiple paternity is
correlated with population sex ratios.

4.3 Methods
Collection of females and clutches
Sampling techniques and effort varied among sampling locations due to
logistical constraints. We sampled clutches from four locations in Barnegat Bay, NJ,
and from Poplar Island in Chesapeake Bay, MD, from 2006-2008. In Barnegat Bay
we collected 52 naturally laid clutches on Sedge Island. We identified over 90% of
the nesting females and collected blood from 16 of them. Clutches were also sampled
at Spizzle Creek (N = 30), North Forsythe (N = 27), and Great Bay Boulevard (N =
47) by inducing gravid females that we hand caught on land or trapped in hoop or
fyke nets. We used x-radiography with gravid females to determine total clutch size
and then induced egg-laying via interperotineal injection with 10-30 IU/kg Oxytocin
(Ewert & Legler 1978). We obtained blood samples from these gravid females. We
incubated clutches from Spizzle Creek, North Forsythe, and Great Bay in a hatchery.
We sampled natural nests on Poplar Island (N = 32) for which the females’ identities
were unknown.
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We protected all nests with predator excluder cages. Mesh size (13 mm) of
predator excluder cages prevented hatchlings from escaping. Upon emergence, we
recorded hatchling carapace length, width, and height, plastron length, and mass. We
marked hatchlings with unique cohort codes on their marginal scutes. We stored
tissue clippings from marginal scutes and/or the tail in ethanol at -20oC. We stored
blood samples from nesting females on FTA® nucleic acid cards (Whatman). We
released adult females after inducing egg laying and released hatchlings at the
original site of the nest or the site of the mother’s capture. We also obtained blood
samples from males, additional females, and juveniles in Barnegat Bay (N = 1,558).
No additional blood samples were collected at Poplar Island in the Chesapeake Bay.

DNA extraction and amplification of microsatellites
We followed manufacturer’s instructions for disc removal and modified
procedures for FTA purification (Whatman). We punched a 1.2 mm disc (Harris
Micro-Punch) from each card. To prevent cross contamination between punches, we
rinsed the cutting mat with ethanol between each sample. We also punched a disc
from an un-used FTA® card (Whatman) between each sample to prevent cross
contamination on the micro punch. We placed the disc in a PCR amplification tube
and then rinsed it once with 50 l of 70% ethyl alcohol for 5 min, twice with 50 l of
FTA® purification reagent for 5 min, and twice with 50 l of TE buffer (10mM TrisHCl, 1mM EDTA, pH 8.0) for 5 min. We dried the discs for approximately 10 min on
a heating block at 50oC. We conducted PCR analysis within 3 hr of disc washing.
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We froze tissue or scute samples at -20oC. We rinsed tissue samples twice
with 200 l of 1x Phosphate Buffer Saline Solution (1x, pH 7.4, 11.9mM Phosphates,
137mM Sodium Chloride, and 2.7 mM Potassium Chloride). We extracted genomic
DNA with the DNeasy Tissue Kit following the manufacturer’s instructions
(QIAGEN).
We designed a 6-microsatellite loci protocol for polymerase chain reaction
(PCR) and sequencer load multiplexing. We selected loci from the 27 microsatellite
loci that were originally developed for the bog turtle (Glyptemys muhlenbergii; King
& Julian 2004). Hart (2005) screened 16 loci of these loci and chose 12 based on
levels of polymorphism and ease of use. Using allele frequencies at each of the 12
loci from terrapins sampled in Cape May, NJ, and Sandy Hook, NJ, (Hart 2005), we
selected 6 microsatellite loci (Table 4-1) for this study based on levels of
polymorphism, P(ID)sib , and P(ID)unbiased (Waits et al. 2001). We ran multiplex PCR
products on an ABI 3100 capillary sequencer (Applied Biosystems) together with the
internal size standard GENESCAN 500 ROX (Applied Biosystems). We conducted
fragment analysis using the software Peak Scanner version 1.0 (Applied Biosystems).
The six loci used in this study did not exhibit null alleles, did not deviate from
Hardy-Weinberg equilibrium, and did not exhibit linkage disequilibrium. The six loci
combined exhibited high parentage exclusion (P > 0.985) and low probabilities of
identity, even among siblings (P ≤ 1.9 x 10-3). We analyzed 188 clutches for the
present study. The mean number of eggs per clutch was 11.6 (range 6-19), based on
total egg count from x-rays of induced females and of clutches from naturally laid
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nests. Mean number of offspring genotyped per clutch was 8.6 (range 1-19).
Altogether, we genotyped 3,166 individuals, including 1,558 adults and 1,608
hatchlings.

Paternity analysis
We determined the frequency of multiple paternity by analyzing clutches in
which we could successfully genotype at least 3 hatchlings/embryos. We used
GERUD 2.0 to determine the minimum number of fathers in a clutch using a
multilocus approach to determine the minimum number of fathers necessary to
explain the progeny array (Jones 2005). If there were multiple possible solutions,
each solution was assigned a probability score, based on Mendelian segregation
(Jones 2005). GERUD 2.0 also provides estimates of the number of offspring sired by
each father. GERUD 2.0 can perform with or without the maternal genotype. Since
GERUD 2.0 cannot identify mutations, we carefully inspected the results for each
clutch to determine if a mutation at a single locus resulted in an additional mother or
father. Because the probability of simultaneous mutations at independent loci is
extremely low, multiple paternity was rejected only when there was no support from
multiple loci. A chi-square test for goodness of fit tested the null hypothesis that
fathers contributed equally to multiply sired clutches.
It is important to note that the lack of a known maternal genotype has almost
no effect on the ability of GERUD 2.0 to determine the correct number of sires in
large samples (>20 offspring) with multiple loci (2-4) genotyped (Jones 2005). To
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determine if the lack of a known maternal genotype had an effect on our ability to
detect multiple paternity in our smaller samples (<20) we utilized two approaches.
First, we simulated progeny arrays based on population allele frequencies in
GERUDsim2.0 (Jones 2005) to determine the proportion of progeny arrays in which
the minimum number of fathers based on the multi-locus data was the same as the
actual number of fathers used to create the progeny array. We determined the effect
of the following: knowledge of maternal contribution, number of offspring analyzed,
and number of loci analyzed. In each simulation (1,000 iterations), we assumed that
progeny arrays had two fathers with equal contributions. Second, to determine the
effect that maternal genotype had on actual progeny arrays, we analyzed clutches
from Spizzle Creek, North Forsythe, and Great Bay (in which all the maternal
genotypes were known) with and without the maternal genotype in GERUD 2.0.
We used a generalized linear mixed model (GLMM) to determine whether the
presence of multiple paternity could be predicted by fixed effects such as female
carapace length, female mass, total clutch size, mean egg mass, mean egg width,
mean hatchling carapace length, mean hatchling mass, and hatching success. We also
formally added the number of hatchlings genotyped per clutch in the GLMM to
determine whether the number of hatchlings genotyped per clutch influenced our
ability to detect multiple paternity. Data on mean female carapace length, female
mass, and mean egg width were not available from Poplar Island nests. Data on mean
hatchling carapace length, mean hatchling mass, and hatching success from Sedge
Island were removed from the analysis because clutches were placed in experimental
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treatment plots that significantly altered success of nests (Wnek, 2010). In our
GLMM we used both random and fixed effects to determine their affect on the
responsible variable. The random component arose because there was repeated
sampling within and across years of some female’s clutches. Year and female identity
were therefore fitted as random effects. We used a logit link function because the
response variable was binary (single paternity vs. multiple paternity). The
significance of the explanatory terms (i.e. the fixed effects) was assessed by their
Wald statistics for each term. Analysis was performed in R version 2.11.0 (R
Development Core Team 2010) using the lme4 package with restricted maximum
likelihood estimation of variance components (Bates & Maechler 2010).
We used the multi-locus paternity genotypes from the GERUD 2.0 analysis to
search for multi-locus genotype matches among all captured males genotyped in
Barnegat Bay. Matches were determined using the multi-locus match function of
GENALEX 6 (Peakall & Smouse 2006). This function automates the detection of
repeated genotypes within a dataset. In cases where more than one multi-locus
paternal solution was probable in GERUD 2.0, we attempted to find matches for the
paternal solutions with the highest probability scores (≤10 paternal solutions). When a
match was found we calculated the multi-locus genotype probability, the probability
of a random match to a given specific genotype in GENALEX 6 (Peakall & Smouse
2006).
Although we attempted to sample the majority of hatchlings in each clutch,
retained eggs from induced females, undeveloped eggs, and poor sample quality of
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deceased embryos lowered our ability to fully sample all clutches. Any incomplete
sample can potentially reduce the power to detect multiple paternity compared to
complete sampling (Pearse et al. 2002). We corrected estimates of the overall
frequency of multiple paternity by using subsets of the assayed clutches, grouped
according to how many hatchlings were sampled. This method provided an empirical
evaluation of the proportion of multiply sired clutches as a function of sample size.
We compared the frequency of multiple paternity using GERUD 2.0 to the
frequency of multiple paternity (fmm) for all nesting locations using the computer
program FMM (Neff et al. 2002). We used two computer programs to compare the
frequency of multiple paternity based on the recommendations of Jones et al. (2010).
The program FMM is based on Bayesian statistics and uses a single-sex model that
incorporates information on the (i) number of loci, (ii) number of alleles and their
frequencies, (iii) number of clutches, (iv) number of offspring analyzed from each
nest, (v) number of fathers and the reproductive skew among them, and (vi) prior
probability of multiple paternity (Neff et al. 2002). We calculated the mean and 95%
confidence intervals of fmm for all locations using seven different combinations of the
number of fathers and reproductive skew: two fathers contributing equally (50:50)
and skewed (90:10 and 95:5); three fathers contributing equally (33.3:33.3:33.3) and
skewed (60:30:10, 50:40:10, and 50:45:5). We assumed a uniform distribution for the
probability distribution of multiple paternity (Neff et al. 2002; Neff et al. 2001).
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Multiple paternity and sex ratio
To test whether the frequency of multiple paternity was correlated with sex
ratio, we determined the sex ratio of each of the populations, except Sedge Island
because capture methods were 100% biased towards nesting females. We determined
the sex ratio at Spizzle Creek by counts of males and females captured in hoop traps
and on land from June-September (2006-2007). We determined the sex of all
captured individuals on the basis of carapace length, tail thickness, and cloacal
positioning (Tucker et al. 2001). We determined sex ratio at North Forsythe by counts
of males and females captured in hoop traps, fyke nets, and on land from JuneSeptember (2006-2008). We did not directly estimate sex ratio at Great Bay, but a
mark-recapture study in 2001 gave a female sex bias of 2:1 (Avissar 2006). This ratio
was a decrease from a female biased sex ratio (~ 4:1) measured 13 years earlier
(Rountree et al. 1992) before the construction of a paved road adjacent to the creek in
the early 1990s. Approximately, 10-50% of the nesting females crossing the road are
killed by vehicles (Hoden & Able 2003; Szerlag & McRobert 2006). Given that our
sampling of clutches occurred 8 years since the last survey and no measures have
been taken to prevent female road mortality, we estimated that the sex ratio is now
close to 1:1. Finally, we determined sex ratio within the Poplar Island archipelago by
counts of males and females captured in fyke nets, in crab pots, and on land from
May-August 2009.
We searched the literature for turtle populations in which both the frequency
of multiple paternity and sex ratios were available. We recorded the species, study
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location, number of clutches sampled, frequency of multiple paternity, number of
males and females captured, sampling methods, and years sampled. We attempted to
determine sex ratios within the year(s) that clutches were sampled for multiple
paternity, but in some cases these data were not available so we utilized data from
different years and assumed that the sex ratio did not change over time. We excluded
data from studies in which collections were completely biased towards one sex, such
as road patrols for aquatic turtles during the nesting season. Although, multiple
paternity has been studied in a number of sea turtle species and populations, we
excluded these data because accurate estimates of adult sex ratios are difficult to
obtain (Lovich 1996).

4.4 Results
The frequency of multiple paternity differed among sampling sites and ranged
from 12.5 to 45.7% (Table 4-2). We rejected the null hypothesis that the observed
frequency of multiple paternity was independent of sampling site (= 12.08, df = 4,
P = 0.017; Table 4-2). When using model-based population estimates of fmm, which
estimates the frequency of multiple paternity assuming different paternity skews, the
frequency of multiple paternity continued to differ among sampling sites (Table 4-2).
This suggested that even if all clutches had high paternity skews our sample sizes
were large enough to find differences in the frequency of multiple paternity between
sites. Using post-hoc chi-square analysis (= 0.04 based on Bonferroni correction),
we found that the difference in the observed frequency of multiple paternity was
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driven by differences between Sedge Island and Great Bay (= 5.52, P = 0.02) and
Sedge Island and Poplar Island (= 9.55, P = 0.002).
Simulations in GERUDsim2.0 indicated no effect of maternal sampling on our
ability to infer multiple paternity (Figure 4-1). Due to computational limitations, we
could not analyze the effect when genotyping >4 loci. We can assume a power of 1
when 6 loci and ≥6 offspring were genotyped and a power >0.8 when 6 loci and >4
offspring were genotyped (regardless of maternal sampling) because the proportion of
runs inferring correct number of sires approaches 1 when 3 loci and ≥6 offspring were
genotyped (Figure 4-1). We also found no effect on sampling the maternal genotype
in actual progeny arrays from Spizzle Creek, North Forsythe, and Great Bay. All
nests in which we determined multiple paternity when making use of the known
maternal genotype, also indicated multiple paternity when we excluded the maternal
genotype from the analysis. Thus, the frequency of multiple paternity at Spizzle
Creek, North Forsythe, and Great Bay did not change between analyses (with and
without the maternal genotype) and we can confidently assume that the observed
frequency of multiple paternity at Poplar Island and Sedge Island were not biased
because of a lack of known maternal genotypes.
We genotyped at least 3 hatchlings from 174 of the 188 clutches analyzed.
Overall frequency of multiple paternity was 28.7% (50 of 174 clutches; Table 4-3).
When we limited the analyses to clutches in which we sampled at least 6 hatchlings
the frequency of multiple paternity was 27.9% and when we limited the analyses to
clutches in which we sampled at least 9 hatchlings the frequency of multiple paternity
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was 28.4% (Table 4-3). Limiting the analysis to clutches sampled more extensively
did not affect the estimated frequency of multiple paternity ( = 0.06, P = 0.97). The
smallest mean value of the model-based population estimate of fmm (Table 4-2) was
16.7% (95% CI: 12-28%), assuming 3 fathers contributed equally to the clutches. The
maximum mean value of the model-based population estimate of fmm (Table 4-2) was
66.9% (45-88%), assuming that two fathers had a reproductive skew of 95% and 5%.
For clutches with double paternity (N = 41), fathers contributed equally in 34 of the
clutches and skewed in 7 of the clutches. For clutches with triple paternity (N = 9),
fathers contributed equally in 7 of the clutches and skewed in 2 of the clutches.
Paternal contributions departed significantly from equality (2 test for goodness of fit
P < 0.05) in 17.1% of the cases of double paternity and in 22.2% of the cases of triple
paternity. Overall, only 18% of the clutches with more than one father differed from
equality, suggesting that the true frequency of multiple paternity was likely closest to
the model-based population estimate of fmm where we assumed fathers contributed
equally to clutches (i.e. 50:50 and 33:33:33).
When an extra allele in a clutch occurred at a single locus, we considered it to
be the result of de novo mutation, rather than an additional father. A total of 29 scored
alleles indicated mutation events. Eight of these arose in the paternal germ line, 16 in
the maternal germ line, and 5 were ambiguous. Twenty-nine mutations in ca. 19,296
allelic transmissions (1,608 hatchlings X 2 alleles X 6 loci) was equivalent to 1
mutation for every 665 meiotic events, which was a typical rate (1.5 X 10-3) reported
for microsatellite loci (Ellegren 2000).
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We were able to match 7 reconstructed paternal genotypes to male genotypes
among 142 clutches assayed from Barnegat Bay. The expected frequencies of the 7
genotypes in the population (based on Hardy-Weinberg equilibrium) were sufficiently
low enough to indicate that the true sire had actually been identified (Table 4-4). All
identified fathers and their clutches originated from North Forsythe, the most
intensively sampled site. The mean distance between the location where the gravid
female and the sire of her clutch were captured was 224.2 m (range: 0 -724.2; Table
4-4). Although, captured locations of gravid females and sires did not exclusively
indicate the location of the mating event, the locations did indicate that both females
and sires were utilizing the same area as part of their home range.
Data from multiple clutches within a season or between seasons indicated the
use of stored sperm both within seasons and between seasons or remating with the
same individual. Analyses of paternal alleles in successive clutches of females within
a season (N = 3) indicated that the same male’s sperm fertilized these successive
clutches. We analyzed two successive clutches from one female in which one father
sired both clutches, three successive clutches from one female in which one father
sired all three clutches, and two successive clutches from one female in which three
fathers sired both clutches. In the last example, the dominant father changed between
clutches (1:1:7 and 1:7:3; sire 1, 2, and 3 respectively in the first and second clutch).
Analyses of paternal alleles in successive clutches of females between nesting
seasons (N = 2) indicated that the same male’s sperm fertilized these successive
clutches. Paternal alleles from both females’ clutches in 2007 and 2008 indicated that
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the second year clutches were fertilized by the first year male. None of the successive
clutches, either within or between seasons, were sired by additional fathers (i.e.
remating between clutches). Therefore, we were unable to compare whether stored
sperm or sperm from a recent mating event differentially affected hatching success,
hatchling mass, or hatchling size. Finally, no paternal genotypes were found in
clutches from more than one female among the 142 clutches assayed in Barnegat Bay
and the 32 clutches assayed in the Chesapeake Bay.
Our generalized linear mixed model (GLMM) indicated that the presence of
multiple paternity could be significantly predicted by any of the tested fixed effect
(female carapace length, female mass, total clutch size, mean egg mass, mean egg
width, mean hatchling carapace length, mean hatchling mass, and hatching success).
Furthermore, the number of hatchlings genotyped in each clutch did not significantly
influence our ability to detect multiple paternity (Table 4-5).
Sex ratio varied greatly among trapping locations. In Barnegat Bay, Spizzle
Creek had female biased sex ratio of 1.4:1 based on trapping data from 2006-2007
(Table 4-6). North Forsythe had a female biased sex ratio of 1.6:1 from 2006-2008
(Table 4-6). In Chesapeake Bay, Poplar Island had a female biased sex ratio of 9:1 in
2009 (Table 4-6). Within the M. terrapin populations we sampled, a polynomial
relationship between sex ratio and frequency of multiple paternity (r2 = 0.99, F2,2 =
119.9, P = 0.008, Figure 4-2) suggested that multiple paternity decreased as sex ratio
bias in either direction increased. Furthermore, when we included data available from
other turtle species (Table 4-6), a polynomial regression continued to explain the
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relationship between sex ratio and frequency of multiple paternity (r2 = 0.88, F2,9 =
32.5 P <0.0001, Figure 4-2). Although we initially excluded two populations of
captive raised turtles from the analysis, inclusion did not alter the relationship (r2 =
0.76, F 2,11 = 17.5, P < 0.001, Figure 4-2). If the sex ratio of at Poplar Island is
considered to be an outlier data point, then the relationship between sex ratio and
frequency of multiple paternity remains significant, but is a positive linear fit rather
than polynomial (r2 = 0.688, F 1,11 = 24.3, P < 0.001). This relationship suggests that
multiple paternity increases as the female biased sex ratio increases.

4.5 Discussion
The frequencies of multiple paternity differed between sampling sites, ranging
from 12.5 to 45.7% (Table 4-2). Overall frequency of multiple paternity in our study
was 28.7%. The majority of clutches in which we detected multiple paternity had 2
fathers with no paternity skew (68% of 50 clutches). This suggested that the true
frequency of multiple paternity was probably closer to statistical estimates based on 2
fathers with 50:50 paternity skew (Table 4-2). Our occurrence of multiple paternity
(9.5 to 48.8 %, Table 4-2, 50:50 paternity skew) was within the range reported in 12
studies of 9 other turtle species [Caretta caretta (Bollmer et al. 1999; Harry &
Briscoe 1988; Moore & Ball 2002), Chelonia mydas (Parker et al. 1996), Chrysemys
picta (Pearse et al. 2002), Dermochelys coriacea (Crim et al. 2002), Emys orbicularis
(Roques et al. 2006), Gopherus polyphemus (Moon et al. 2006), Lepidochelys
olivacae (Hoekert et al. 2002; Jensen et al. 2006), Testudo graeca (Roques et al.
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2004), Testudo horsfieldii (Johnston et al. 2006)]. Despite the moderate occurrence of
multiple paternity, we did not find that any difference between clutches with multiple
vs. single paternity in female size, clutch sizes, hatching success, egg size, or
offspring size, suggesting that multiple paternity did not provide direct immediate
benefits to offspring.
Three females either utilized stored sperm for consecutive clutches within
nesting seasons or mated with the same male more than once. Two females showed
the same pattern between consecutive nesting seasons. Sperm storage is a more likely
explanation than multiple matings with the same male. In M. terrapin, male
spermatogenesis peaks in the fall and spermatozoa can be found within the
epididymides until late spring (Lee 2003). Female testosterone levels peak in April
and females ovulate follicles and produce multiple clutches throughout the summer
(Lee 2003). This suggests that mating occurs in the spring and possibly in the fall
(Lee 2003). Asynchronous reproductive cycles of males and females support the use
of stored sperm within a nesting season, but do not explain why some females utilized
stored sperm rather than remating between consecutive nesting seasons. Both females
were from Sedge Island, where the frequency of multiple paternity was the highest.
Although we do not have sex ratio data from this location, our polynomial regression
(Figure 4-2) suggests a female biased sex ratio of 3.1:1 at this location. Usage of
stored sperm over consecutive nesting seasons may be common because females may
not always encounter a male during the mating season.
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In one of the females with two consecutive clutches within a nesting season,
the same three fathers sired hatchlings from both clutches but the dominant father
changed between clutches (7:1:1 and 3:7:1; sire 1,2, and 3 respectively in the first and
second clutch). This suggested that the female utilized stored sperm. Paternity skew
also changed between consecutive clutches in a season in Oyster Bay, New York
terrapin clutches (Hauswaldt 2004). A female laid two clutches in a single nesting
season with paternity skew ratios of 2:5:0 and 2:0:9 (Hauswaldt 2004). Interestingly,
despite the usage of stored sperm of sire #1 in both clutches, sire #2 was not
implicated as the father in any hatchlings in clutch #2. If indeed sperm was stored
from sire #2, but not utilized, it is possible that the use of stored sperm changes as a
function of the number of eggs produced in each oviduct or the location in which the
sperm is stored in the oviducts. Another possibility is that female turtles have the
ability to innately select whether sperm from particular males is stored in the oviduct.
The current study documented a mean distance between mating pairs of 224.2
m (range: 0 -724.2 m; Table 4-5). The data suggest that males and females do not
move significant distances to mating aggregations, rather mating aggregations occur
within their home range. Thus, the hypothesized long distance movement of males
and females to mating aggregations (Hauswaldt & Glenn 2005) likely does not occur
at our sites and thus may not be responsible for the high levels of gene flow
documented in this species.
Female biased sex ratios increased the frequency of multiple paternity in
freshwater, estuarine, and terrestrial turtle species (Table 4-6, Figure 4-2).
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Furthermore, we found a maximum frequency of multiple paternity at a female biased
sex ratio of 4.7:1 (inflection point). We propose that the initial increased frequency of
multiple paternity (from male bias to female bias) could be caused by decreased male
competition and increased frequency of multi-male sperm storage by females. When
sex ratios are male-biased or equal, male competition may be high due to limited
numbers of females (Emlen & Oring 1977). In M. terrapin, male competition may
occur in mating aggregations where single males are often observed next to mounted
pairs (Estep 2005). When sex ratios are male-biased, females may select a single
mate of the highest quality. In addition, since females can store sperm, it allows them
the choice of not remating within or between reproductive seasons if they have mated
with a high quality male (Pearse & Avise 2001). When sex ratios change from male
biased or equal to female biased, direct male competition and/or sexual selection is
relaxed (Emlen & Oring 1977). Because of the reduction in sexual selection, males
can easily encounter females and females are less likely to reject mating attempts. In
populations with female biased sex ratios, females may use sperm storage more
frequently because the chances of mating with another male might be low. Sperm
storage may also be more common because it allows for sperm competition to occur
and thus indirect male competition could occur. Some females that store sperm within
and between years may in fact encounter males again, and thus polyandry could be
elevated in female biased populations as a result of temporal polyandry and sperm
storage. However, as female biased sex ratios become even larger (>4.7:1), females
encounter males less frequently. Males in mating aggregations may quickly become
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depleted of sperm stored in the epididymides, reducing the possibility of multiple
paternity. It is possible that by the time the female encounters another male for
mating in future years, stored sperm within her oviduct is less robust. Other studies
suggest that the quality of stored sperm decreases through subsequent reproductive
seasons and as a result hatching success, hatchling mass, and hatchling size are
reduced (Roques et al. 2006). Thus, when females mate again, last male precedence
takes place because the newest sperm outcompetes the oldest sperm, leading to lower
levels of multiple paternity in clutches, regardless of multiple mating in the lifetime
of the female.

Conclusions and Conservation Implications
In the current study, genetic parentage analyses on several populations of
nesting diamondback terrapins in Barnegat Bay and in the Chesapeake Bay indicated
that, (1) the frequency of multiple paternity was significantly different between
nesting locations, (2) overall frequency of multiple paternity is 12.5 to 45.7%, (3)
sperm storage occurs both within and between nesting seasons and with sperm from
single and multiple males, (4) changes in paternity skew between clutches from a
single female may be the result of changes in the use of stored sperm, (5) males and
females mate with individuals found within their home ranges, (6) the frequency of
multiple paternity was not correlated with female size, clutch size, egg size, hatchling
size, or hatching success, (7) a non-linear increase in the frequency of multiple
paternity is correlated with changes from male biased sex ratios to female biased sex
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ratios, with the maximum frequency of multiple paternity occurring at a female
biased sex ratio of 4.7:1.
Understanding the mating system of species is particularly important for small
or declining populations (Anthony & Blumstein 2000). Multiple paternity typically
causes increases in the effective population size and decreases the variance in
effective population size per generation and thus significantly improves the
maintenance of genetic diversity in a conservation context (Fiumera et al. 2004).
When populations are extremely small the effects of within clutch multiple paternity
and sperm storage (females could utilize sperm from males no longer in the
population) on increasing the effective population size has a much greater influence
on the maintenance of genetic diversity than when populations contain thousands of
males and females in a mating system with temporal (e.g., between years) polyandry
(Pearse & Anderson 2009).
The diamondback terrapin has undergone significant declines in population
size throughout its entire range in the past due to overharvesting (Conant 1964) and
some populations are again experiencing declines (Seigel & Gibbons 1995;
Roosenburg et al. 1997). Current declines in population size are due to a variety of
human induced threats (reviewed in Seigel & Gibbons 1995). Some threats that
differentially affect males and females include boat strikes (Roosenburg 1990),
vehicle strikes (Wood & Herlands 1997), and commercial style crab pots deaths
(Bishop 1983; Roosenburg et al. 1997). Boat strikes (Cecala et al. 2008) and vehicles
strikes (Wood & Herlands 1997) primarily affect adult females while males are
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primarily affected by drowning in crab pots (Roosenburg et al. 1997). Our data
demonstrate that highly biased female populations (>4.7: 1 females: males) and malebiased populations reduce the frequency of multiple paternity within clutches. In
addition to reduced multiple paternity within clutches, temporal multiple paternity
likely occurs at a lower rate in extremely female biased populations due to Allee
effects caused by low densities of males (Stephens & Sutherland 1999). Thus
populations that are declining and are experiencing extremely biased female sex
ratios will likely suffer the most from significant declines in effective population size
and genetic diversity over time. Furthermore, diamondback terrapins exhibit a pattern
of temperature dependent sex determination (TSD) in which high incubation
temperatures produce females and low incubation temperatures produce males
(Jeyasuria et al. 1994). Species with this pattern of TSD are assumed to be highly
sensitive to global climate change (Walther et al. 2002) because rapid changes in
environmental conditions might lead to large female biases in offspring sex ratio
(Hulin et al. 2009). Management and recovery plans for populations experiencing
population declines leading to female-biased sex ratios should focus on removing the
threats causing population decline and should consider utilizing nest protection, headstarting, and breeding programs to reduce variability in reproductive success, increase
the population size, and reduce the extremely biased female sex ratio of the
population.
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CHAPTER 5: Constraints on egg size, optimal egg size theory, and latitudinal
reproductive variation in the diamondback terrapin (Malaclemys terrapin)

5.1 Abstract
Optimal egg size (OES) theory predicts that in a given environment females
will divide investment per offspring to produce offspring of an optimal size that will
maximize maternal fitness. However, egg size is often correlated with female body
size. Furthermore, egg size and clutch size often vary with latitude. Morphological
constraints, such as pelvic aperture width, on egg size have been hypothesized to
account for the correlation between egg size and female body size. We use data from
several nesting populations of the diamondback terrapin, Malaclemys terrapin, in
Barnegat Bay, New Jersey to evaluate optimal egg size theory and morphological
constraints on egg size in M. terrapin. We also evaluate the latitudinal variation in
female body size and in clutch characteristics using data from this study and other
previously published investigations. We find a correlation between female body size
and egg size suggesting a constraint on egg size in M. terrapin. However, pelvic
aperture width does not increase at the same rate as egg width on female body size,
suggesting that pelvic aperture width is not the proximate cause of egg width
constraint. Furthermore, we find a trade-off between clutch size and egg size in M.
terrapin supporting OES theory, but our data also supports optimization of clutch size
rather than egg size in M. terrapin of Barnegat Bay, NJ. Latitudinal variation in
clutch size and egg size suggest that egg size is optimized in southern latitudes, while
clutch size is optimized in northern latitudes.
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5.2 Introduction
Optimal egg size theory (OES) predicts that in a given environment females
will divide the energy available for reproduction into eggs of an optimal size (Smith
& Fretwell 1974). It is generally assumed that larger eggs contain more energy that
can be used to produce larger or better provisioned offspring (Long & Rose 1989;
Wilkinson & Gibbons 2005) and that a female’s total reproductive output is limited
by resources (Smith & Fretwell 1974) or maternal reproductive capacity (Wilkinson
& Gibbons 2005). Thus, OES predicts that females will produce the largest eggs
possible until further increases in egg size compromise the female’s fitness by
reducing the number of offspring (Brockelmam 1975; Smith & Fretwell 1974). In
OES, variation in reproductive output in a population should result primarily in
variation of the number of offspring produced and secondarily in variation of
offspring size (Brockelmam 1975; Smith & Fretwell 1974).
Some research studies support the OES theory (Einum & Fleming 2000),
however, others document variation in investment per offspring among females and
within populations (Hendry et al. 2001; McGinley et al. 1987; Roosenburg &
Dunham 1997). Variation in investment per offspring is often correlated with
maternal body size (reviewed in Roff 1992). Because the OES predicts that
investment per offspring should be relatively conserved among individuals in a
population and that the variation in energy available for reproduction should be
expressed primarily in terms of offspring number, other hypotheses have been
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suggested to account for the variation in investment per offspring especially in
relation to its correlation with maternal body size.
The constraint hypothesis postulates that in some populations egg size might
be constrained by certain morphological features of female body size, and that egg
size increases with female body size until females are large enough to produce eggs
of an optimal size (Congdon & Gibbons 1987; Congdon et al. 1983; Ford & Seigel
1989; Long & Rose 1989; Sinervo et al. 1992; Sinervo & Licht 1991b). Some reptile
species, especially smaller bodied turtles, have egg widths that are constrained by
either the pelvic aperture (Congdon & Gibbons 1987; Kratochvil & Frynta 2006) or
the caudal gap (Clark et al. 2001). Pelvic aperture, a structure that eggs must pass
through during oviposition, may be adaptively compromised. Although a larger pelvic
aperture might allow for larger, wider eggs it can negatively affect locomotor
performance (Congdon & Gibbons 1987). Beyond female morphological features,
egg size could also be physiologically constrained by hormonal levels. One study
found that elevated testosterone in younger females of Chrysemys picta reduced egg
size (Bowden et al. 2004).
If there are morphological constraints on egg width, females could potentially
increase egg mass by increasing egg length rather than width. However, there may be
functional constraints on egg elongation (Ji et al. 2006; Sinervo & Licht 1991a). One
constraint might be that spherical eggs are more resistant to desiccation than
elongated eggs due to their lower surface area to volume ratio (Long & Rose 1989).
Elongated eggs have reduced packing efficiency when compared to spherical eggs,
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and thus increased egg elongation could also potentially limit available space in the
oviduct and potentially reduce clutch size (Long & Rose 1989).
Complicating the study of OES theory, which typically is studied in one
selective environment, is that many species’ ranges extend along a latitudinal
gradient. For example, intraspecific latitudinal trends in body size have been found
species such as common musk turtles (Sternotherus odoratus, Tinkle 1961) and
painted turtles (Chrysemys picta, Moll 1973). Latitudinal trends in clutch size, such
that northern populations lay relatively larger clutches, have also been documented in
freshwater turtles (Cagle 1954; Christiansen & Moll 1973; Moll 1973; Powell 1967;
Tinkle 1961). Latitudinal trends in clutch size have been explained by the balanced
mortality hypothesis (Fretwell 1969). The hypothesis predicts that large clutch sizes
have a selective advantage in northern latitudes because they compensate for greater
mortality rates in unpredictable environments (Price 1974; Tinkle 1961). In southern
latitudes resources may be limited due to increased competition or harsh
environmental conditions and selection may favor a decrease in clutch size (Cody
1966) and individuals may produce fewer but more competitively able offspring
(Moll & Legler 1971). In contrast to latitudinal trends in clutch size and female body
size, no latitudinal trends were found between latitude and body-size adjusted annual
clutch mass (which represents total parental investment in a species with no parental
care) in a meta-analysis of 146 turtle species (Iverson et al. 1993). This suggests that
latitude does not affect total parental investment, but rather that increases in clutch
size are represented as a tradeoff resulting in decreases in egg size.
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The purpose of this study is to evaluate egg size constraints, OES theory, and
assess latitudinal trends in reproductive output in the diamondback terrapin,
Malaclemys terrapin. To evaluate OES theory and the pelvic constraint hypothesis we
utilize clutch size data collected as part of a larger study (Chapter 4, Wnek 2010) of
M. terrapin in Barnegat Bay, NJ. To assess latitudinal trends in reproductive output
we utilized literature reported values of female size and clutch size characteristics in
M. terrapin.

5.3 Methods
Study species
The diamondback terrapin, M. terrapin, inhabits the coastal brackish estuaries
and marshes along the Atlantic and Gulf coasts of the United States, from Corpus
Christi, Texas to Wellfleet, Massachusetts (Iverson 1992). This species is a habitat
generalist that utilizes both the terrestrial and aquatic habitat of an estuary for
foraging, mating, nesting and hibernation. Many populations are in decline primarily
due to loss of habitat, road mortality (Szerlag & McRobert 2006), crab pot mortality
(Roosenburg et al. 1997; Wood & Herlands 1997), and harvesting for food trade
(Roosenburg et al. 2008).
In the New Jersey, the nesting season extends from late May/early June to late
July (Burger & Montevecchi 1975; Szerlag & McRobert 2007; Wood & Herlands
1997). Females prefer to nest in areas with sandy soils, little vegetation, and higher
elevation (Burger & Montevecchi 1975; Butler et al. 2004). These areas can be found
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on dunes behind barrier islands, on upland marshes, and along roadsides. In New
Jersey reported clutches range in size from 4 to 18 eggs (Montevecchi & Burger
1975) and multiple clutches within a reproductive season have been observed
(Szerlag & McRobert 2007).
Across their range, terrapins exhibit a large range of adult female body sizes
(101-220 mm PL; reviewed in Brennessel 2006). Among North American turtles,
adult diamondback terrapins have the greatest size disparity between males and
females (Carr 1952). Adult males average about a third the size of females. Sexual
dimorphism in body size of the terrapin may have been favored by natural selection to
increase clutch size and pelvic aperture width of females. However, different studies
have reported different relationship between female size, clutch size, clutch mass, egg
size, and pelvic aperture width (Table 5-1); making it difficult ascertain whether
terrapins fit the models of OES and egg size constraint. Clutch size is positively
correlated with female body size in most terrapin studies (Table 5-1). However, these
studies also documented a lack of correlation between female size and any measure of
egg size and female pelvic aperture width and egg size (Table 5-1), suggesting that
egg size is not constrained in M. terrapin. Furthermore, inconsistent with OES, clutch
size and egg size tradeoffs have not been documented (Table 5-1), but larger
coefficients of variation in clutch size compared to variation in egg size are consistent
with OES (Roosenburg & Dunham 1997).
A cline in M. terrapin egg mass and length was proposed (Seigel 1980) and
later confirmed by others (Table 5-2). A cline in egg width was documented
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(Zimmerman 1989) but was later refuted (Table 5-2), suggesting that egg mass was
greater in southern populations due to increases in egg length, but not egg width
(Allman 2006). These results point to a possible constraint on egg width in M.
terrapin. A clinal variation in clutch size was also proposed (Seigel 1980) and later
confirmed by others (Table 5-2). However, inconsistent results in tests of a clinal
variation in female body size and total clutch mass (Table 5-2) complicate
interpretation. Furthermore, most studies included data from only two to five
populations and the data were statistically analyzed using ANOVA or t-tests rather
than regressions between latitude and female or clutch characteristics.

Field sites
Our field sites were located within Barnegat Bay (39oN) along New Jersey’s
central coastline and included sites within Island Beach State Park (IBSP), the Edwin
B. Forsythe National Wildlife Refuge (EBFNWR), and the Great Bay Wildlife
Management Area (GBWMA). IBSP is a preserved 3000 acre barrier island located
on the Barnegat Peninsula that contains dense maritime forests, rolling sand dunes,
and tidal marshes. Collection sites within IBSP included Spizzle Creek (SC) and
Sedge Island (SI). SC is a tidal marsh creek located on the western side of the
Southern Natural Area of IBSP. SI is a small 22-acre island located approximately
1.25 km west of the SC. EBFNWR contains more than 46,000 acres of protected
coastal habitats; sampling occurred within the Barnegat Division of the refuge near or
on Conklin Island, located in central Barnegat Bay. The area is comprised of salt
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marshes and tidal creeks, with some sandy upland areas. GMWMA is a relatively
pristine tidal salt marsh of the 5,500 acre peninsula located in at the southern end of
Barnegat Bay. Sampling occurred along an 8.1 km paved road that runs through
GMWMA and is utilized by nesting diamondback terrapins (Szerlag & McRobert
2006).

Field sampling and data analyses
Adult females were captured by hand on nesting areas or trapped using hoop
or fyke nets during the reproductive seasons of 2006 (EBFNWR, SI), 2007
(EBFNWR, SC, and SI), and 2008 (EBFNWR, SI, and GBWMA). Carapace length,
width, and height, plastron length and mass were recorded for all females sampled.
Females were permanently marked by shell notching (Cagle 1939) and injected with a
passive integrated transponder (PIT) tag. The reproductive status of female turtles
was determined by palpation. X-radiographs were taken from many gravid females at
EBFNWR, SC, and GBWMA (N = 67). Turtles were X-rayed at a 60 kV peak for
0.02 seconds from 0.5 m using a MinXray portable x-ray system. Some females were
induced to oviposit as they were part of a paternity study (Chapter 4). These females
were induced via interperotineal injection with 10-30 IU/kg Oxytocin (Ewert &
Legler 1978). Other females naturally laid eggs in nests. Eggs mass, width, and length
of all eggs laid were individually measured and recorded to the nearest 0.1 g and 0.1
mm. Because females did not always lay the entire clutch when induced with
oxytocin, total clutch mass was determined by multiplying the total clutch size (as
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determined by x-ray analysis (Gibbons & Greene 1979) by the mean mass of all eggs
collected. Nests obtained by induction via oxytocin were incubated in a hatchery at
the Lighthouse Center for Natural Resource Education in Waretown, NJ. All nests
were protected with predator excluder cages. Mesh size of predator excluder cages
prevented emerging hatchlings from escaping. Upon emergence, clutch success was
recorded as the total number of hatchlings alive after the emergence of at least one
hatchling divided by the total number of eggs incubated. Clutch success at Sedge
Island was not calculated for this study because incubation conditions were
experimentally manipulated (Wnek 2010). The remaining gravid females that were
not induced were released at the point of capture after x-rays were taken. X-rays were
analyzed to determine width of eggs and width of the pelvic aperture (Wilkinson &
Gibbons 2005). Each egg width was measured to the nearest 0.1 mm using digital
calipers. Pelvic aperture was measured as the shortest distance between the ilia
(Wilkinson & Gibbons 2005) and recorded at the nearest 0.1 mm.

Statistical analyses of field data
We investigated within-clutch variation in egg mass to determine if our
calculation of total clutch mass (mean egg mass multiplied by total number of eggs as
determined by x-ray) was appropriate. We compared mean within-clutch variation in
egg mass to variation in egg mass within all eggs sampled in all sites and years
combined to determine if egg mass variation in the population was greater than egg
mass variation within clutches. For all further analyzes we use mean clutch values of
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egg mass, egg width, egg width, and egg sphericity. We combined all available data
(all years and sites) within Barnegat Bay and determined if there were any significant
linear correlations between the following variables: female carapace length, clutch
size, egg mass, egg width, egg length, clutch mass, egg sphericity, pelvic width, and
clutch success.
We tested for constraints on egg size several ways. First, we tested whether a
quadratic function or a linear function better described the relationship between egg
sphericity and female carapace length. Under the constraint hypothesis, we expected
that a concave quadratic function to best describe the relationship because egg
sphericity should increase with body size until the constraint is relaxed (Rollinson &
Brooks 2008). Second, we tested whether linear and quadratic slopes better described
the relationship between mean 1) egg width and female carapace length and 2) mean
egg length and female carapace length. We standardized the data to use ANCOVA to
compare the linear slopes of mean egg width and mean egg length as a function of
female carapace length. Under the constraint hypothesis, we expected that the slope
of egg width over body size should be greater than the slope of egg length over body
size because egg width is likely the measure of egg size that is constrained (Congdon
et al. 1983). Third, we tested whether pelvic width constrains egg width. We
compared the slopes of mean clutch egg width and carapace length and pelvic width
and carapace length using ANCOVA. We expected that if pelvic width constrains egg
width, then the slopes would not differ (Wilkinson & Gibbons 2005). Fourth, we
tested whether a reduction in egg sphericity would constrain clutch size. Because
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female body size affects both clutch size and egg sphericity, we controlled for female
carapace length using standardized residuals of the regression of clutch size and
carapace length and of the regression of egg size and carapace length. We expected
that if increased egg sphericity allows for increased packing efficiency, then there
should be a positive relationship between egg sphericity and clutch size, after
controlling for female carapace length.
We tested whether egg size was optimized in several ways. First, we
compared the coefficient of variation for clutch size and egg mass. If the data are
consistent with OES then we expected that the coefficient of variation would be
greater for clutch size (Roosenburg & Dunham 1997). Second, we compared egg
mass, clutch size, clutch mass, egg width, egg length, and female carapace length
within sites between years and among sites within the same year using ANOVA and
Tukey HSD tests. If the data are consistent with OES, we expected that any
differences in reproductive output between years within sites would be due to changes
in clutch size and not egg mass. If egg size is optimized in Barnegat Bay, then we
expected that any differences in reproductive output within years between sites would
be due to differences in clutch size rather than in measurements of egg size, except if
there are constraints on egg size and the mean female size differs between sites.
Third, we tested whether a quadratic or a linear function better described the
relationship between egg mass and female carapace length. We expected under OES
that egg mass would be described by a concave quadratic function because egg mass
should increase with body size until the optimum egg mass is achieved (Rollinson &
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Brooks 2008). Fourth, we tested whether a quadratic or a linear function better
described the relationship between clutch size and female carapace length. Under
OES, we predicted that clutch size would be best described as a linear function of
female carapace length because when females optimize egg size, larger females
should invest increased reproductive potential into producing more eggs not larger
eggs. Fifth, we tested whether there was a significant tradeoff in clutch size and egg
size. Because female body size affects both clutch size and egg size, we controlled for
female carapace length using standardized residuals of the regression of clutch size
and carapace length and of the regression of egg size and carapace length. Under
OES, we expected a significant clutch size-egg size tradeoff.

Literature Survey
We surveyed the literature for available data on mean population female body
size, clutch size, egg length, egg width, egg mass, and total clutch. We recorded
standard deviations, standard errors, and ranges if available. We used female plastron
length in our analysis of latitudinal variation in female body size, because it was the
measure of female size most consistently reported. In some cases, means were
estimated from graphs when actual values were not given. In one case, raw data on
female plastron length were reported in tables (Roosenburg et al. 2009; Roosenburg
et al. 2007; Roosenburg & Sullivan 2006) and we calculated the mean and standard
deviation from these tables. Mean size of females reported in the literature are
complicated by the fact that some are means of only nesting or gravid females (e.g.
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Montevecchi & Burger 1975) while others are means of all females captured,
including those of non-reproductive size (e.g Gibbons et al. 2001). When data was
reported on both female sizes (including juveniles) and nesting female sizes, we
recorded the latter. To test for the effects of latitude on mean population female
plastron length, clutch size, egg mass, egg width, egg length, and total clutch mass we
used regression analysis. Because clutch size, egg mass, egg width, egg length, and
total clutch mass can also be affected by female body size, we also performed
regression analyses for the effects of latitude using the standardized residuals of each
variable on mean female population plastron length to provide body-size adjusted
estimates of each variable. Finally, we tested for a tradeoff between mean population
clutch size and egg size, after controlling for mean population female plastron length.

5.4 Results
Field study
The coefficient of variation of egg mass within clutches was smaller than the
coefficient of variation for all eggs sampled within all sites (Table 5-3). Mean egg
mass differed significantly between clutches within sites when eggs were weighed
individually (EBFNWR: ANOVA, F27,261=26.72, P<0.001; GBWMA: ANOVA,
F52,465=83.244, P<0.001; SC: ANOVA, F31,343=49.66, P<0.001, SI: ANOVA, F86,
995=36.73,

P<0.001). Since the data support the inference that egg mass varied little

within-clutches, we proceeded to use mean egg mass within a clutch to calculate total
clutch mass. In clutches where all eggs were weighed (N = 40, as indicated by x-ray),
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there was a significant correlation between the sum total of all eggs measured
individually and the calculated total clutch mass (mean egg mass multiplied by total
eggs indicated on x-ray; P<0.001).
Within all clutches sampled, we found positive correlations between female
carapace length and 1) clutch size, 2) egg mass, 3) egg width, 4) clutch mass, 5) egg
sphericity, and 6) female pelvic width (Table 5-4). We found positive correlations
between clutch size and 1) clutch mass, 2) egg sphericity, and 3) pelvic width (Table
5-4). We found positive correlations between egg mass and 1) egg width, 2) egg
length, 3) clutch mass and 4) pelvic width (Table 5-4). We found positive correlations
between egg width and 2) egg length, 3) clutch mass, 4) egg sphericity, and 5) female
pelvic width (Table 5-4). We also found positive correlations between egg length and
1) clutch mass, 2) clutch mass, and 3) egg sphericity; we found positive correlations
between clutch mass and pelvic width and between egg sphericity and pelvic width
(Table 5-4). Negative relationships were found between egg length and 1) egg
sphericity and 2) clutch size (Table 5-4). We found no relationship between clutch
success and any clutch characteristic (Table 5-4).
A quadratic function did not better describe the relationship between female
carapace length and mean clutch egg sphericity (F2,190 = 2.05, P = 0.13). A quadratic
function did not better describe the relationship between female carapace length and
mean clutch egg width (Figure 5-1a; F2,190 = 0.80, P = 0.45). Neither a linear (P =
0.63) nor a quadratic function (P = 0.12) significantly described the relationship
between female carapace length and mean clutch egg length (Figure 5-1b). The linear
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slope of female carapace length and mean clutch egg width was greater than the linear
slope of female carapace length and mean clutch egg length (ANCOVA, F1,383= 26.8,
P< 0.001). The slope of female carapace length and pelvic width was greater than the
slope of female carapace length and mean clutch egg width (ANCOVA, F1,257 =
10.37, P =0.0014). There was no relationship between egg sphericity and clutch size
when we controlled for female body size (F1,155 = 1.08, P = 0.30).
Comparisons of the coefficient of variation for clutch size and egg mass
indicated that clutch size varied about twice as much as egg mass for the majority of
sites within years, except for EBFNWR in 2007 and SI in 2007 and 2008. Within
EBFNWR, female carapace length, mean clutch egg mass, mean clutch egg length,
and mean clutch egg width did not differ, but total clutch mass and clutch size were
significantly smaller in 2008 (Table 5-5). On average clutch size was smaller by 2
eggs and clutch mass was 24 g less in 2008 (Table 5-5). Within SI, female carapace
length, average clutch egg mass, total clutch mass, and clutch size did not differ, but
eggs were shorter in length in 2008 and greater in width in 2006 (Table 5-6).
Within 2007, clutch size and female size did not differ between sampling
locations (EBFNWR, SI, and SC), but females at EBFNWR had greater mean clutch
egg mass, total clutch mass, mean clutch egg length, and mean clutch egg width
(Table 5-7). Within 2008, mean clutch egg mass was not different between
EBFNWR, SI, and GBWMA (Table 5-8). Females at GBWMA were smaller and had
lower mean clutch egg width than females from EBFNWR. Females at GBWMA
were smaller and had lower total clutch mass, smaller clutch sizes, but longer mean
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clutch egg length when compared with females at SI (Table 5-8). Whereas, females at
EBFNWR had smaller clutches with longer mean clutch egg length than females at SI
(Table 5-8).
A quadratic function did not better describe the relationship between mean
clutch egg mass and female carapace length (F2,193 = 1.53, P = 0.22; Figure 5-2a). A
quadratic function did not better describe the relationship between clutch size and
female carapace length (F2,180 = 1.82, P = 0.16; Figure 5-2b). We found a significant
negative relationship between clutch size and egg size when we controlled for female
body size (F1,157 = 34.6, P < 0.001; Figure 5-3).

Literature Survey
Data collected in the literature survey is summarized in Table 5-9. We found
significant positive correlations between 1) population latitude and population mean
clutch size and 2) population latitude and clutch mass (Table 5-10). We found
significant negative correlations between population latitude and 1) population mean
egg mass, 2) egg width, and 3) egg length (Table 5-10). There was no effect of
latitude on population mean female plastron length (Table 5-10). When we performed
analyses using body size adjusted estimates we found that there was no longer a
relationship between population latitude and population mean clutch mass, but the
relationships held between population latitude and population 1) clutch size, 2) mean
egg mass, 3) egg width, and 4) egg length (Table 5-10). Furthermore, we found a
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negative trade-off between population mean body size adjusted clutch size and
population mean body size adjusted egg mass (F1,4 = 26.1, P = 0.007, r = 0.93).

5.5 Discussion
Our findings provide some support for body size specific constraints on egg
shape and size in our nesting populations, but little support that maximum optimal
egg size has been attained in larger females. First, we found that egg sphericity
continued to increase with female body size. We did, however, find that the slope of
egg width over carapace length increased at a faster rate than egg length over
carapace length (Figures 5-1a and 5-1b), suggesting that egg width rather than egg
length is constrained by female body size. However, the data did not support the
inference that pelvic width constrains egg width because pelvic width over carapace
length increased at a faster rate when compared to maximum egg width over carapace
length. The data also did not support the inference that egg sphericity constrains
clutch size. Egg width may be constrained by other morphological features, such as
caudal gap (Clark et al 2001) or oviduct size and shape (Rose et al. 1996) and
reduced egg sphericity may be constrained by the amount of calcium deposition
required or enhanced water loss under desiccating conditions (Rose et al. 1996),
which were not addressed in this study.
Our findings provide mixed support for OES in M. terrapin in Barnegat Bay,
NJ. First, we expected and found that the coefficient of variation was generally twice
as large for clutch size, but with some exceptions. We found that within sites between
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years, differences in reproductive output (total clutch mass) were due to differences in
clutch size but not egg mass, supporting OES (Tables 5-4 and 5-5). Differences in
average clutch size and egg mass between sites within years did not follow a general
trend and may be due to several factors such as differences in average female size and
resource availability. Between sites within 2007, we found that differences in
reproductive output (total clutch mass) were due to differences in egg mass, rather
than differences in clutch size, which would not be expected under OES theory. In
2008, we found that differences in reproductive output between sites were due to
differences in clutch size but not egg mass, supporting OES theory.
M. terrapin females in Barnegat Bay have not yet reached an optimum egg
mass; mean egg mass increases with body size, but it does not do so at a decreasing
rate (Figure 5-2a). M. terrapin females in Barnegat Bay have also not yet reached an
optimum clutch size (Figure 5-2b) because clutch size does not increase with body
size at a decreasing rate. Lastly, as predicted from OES, we found a negative
relationship between clutch size and egg mass (Figure 5-3).
Our latitudinal analysis provides increased support for prior conclusions that
females in the northern latitudes produce larger clutches with greater total clutch mass
and that females in the southern latitudes produce eggs of larger mass, length, and
width (Table 5-10). Although female body size did not vary with latitude, when we
used body size adjusted clutch mass, clutch mass no longer varied with latitude
(Table 5-10). The data indicate that the latitudinal variation in clutch mass was due to
variation in female body size. Thus total reproductive output is determined by female
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size not latitude and the characteristics of that output (clutch size and egg size) is
determined by latitude and a negative tradeoff between clutch size and egg size.
Regardless of mean population female body size, females in the south on
average produce smaller clutches with eggs of greater mass, width, and length. At
least two scenarios in relationship to constraints on egg size are possible. In scenario
1, relationships between pelvic aperture width (or other features constraining egg
size) and female body size are the same for northern and southern females and thus
females in the north (an our population) do not have constraints on egg mass because
females in the south are capable of producing larger eggs even though females are not
larger. This is further supported by the fact that in Barnegat Bay, NJ the mean
difference between female pelvic aperture width and maximum egg width is 4.6 mm
(range 1.2-8.9, SD 1.6). In our population the mean egg width is 20.68 mm, while the
largest recorded population mean egg width of 23.9 mm was measured in Comfort
Island, Louisiana (Table 5-9), a difference of 3.2 mm. In Scenario (2) selection for
larger pelvic aperture width (or other features constraining egg size) in the south
might lead to a different relationship between the morphological feature constraining
egg size and female body size than what was measured in Barnegat Bay. Thus egg
size could be constrained by body size in both northern and southern females. The
mean difference between maximum egg width and female pelvic aperture width in
Barnegat Bay, NJ (4.6 mm) might reflect the space needed for soft tissue structures
within the pelvic canal. Selection pressures favoring the development and passage of
larger eggs in females of Gopherus berlandieri, Kinosternon flavescens, and
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Terrapene ornate has lead proportionally larger pelvic canals in females than in males
(Long & Rose 1989). Similarly, selection pressures could lead to proportionally
larger pelvic canals of M. terrapin females from southern populations than in females
from northern populations. Comparison of pelvic aperture width in females from
southern and northern populations might resolve whether the relationship between
pelvic aperture width and female size differs with latitudinal change. Experimental
conditions in which females from southern and northern populations are raised in
both southern and northern population conditions could elucidate whether northern
females are capable of producing larger eggs and southern females of producing
larger clutches. Alternatively, experimental manipulation of egg size in both northern
and southern females might be possible through “allometric engineering” (Sinervo et
al. 1992). In this process removal of some early stage follicles could decrease clutch
size and should increase egg size because we would expect that the energy that would
have normally been distributed equally among the entire clutch would then be
distributed among the remaining follicles. Proper care should be taken when using
“allometric engineering” because if there are indeed constraints on egg size, female
with larger eggs could become eggbound or produce eggs at break during oviposition
(Sinervo & Licht 1991b).
In conclusion, our data suggest that females in the north, including the
Barnegat Bay population studied herein, are moving towards an optimal clutch size,
while females south are likely optimizing egg size. Environmental variation between
northern populations and southern populations might cause M. terrapin to vary
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offspring size. Environmental variation is known to cause variation in parental
investment (Congdon 1989; Congdon & Tinkle 1982; McGinley et al. 1987; Schultz
1991; Sinervo 1990). Females can alter parental investment by either producing many
offspring by reducing offspring size or producing larger offspring by reducing clutch
size. Larger, higher quality hatchling turtles might have increased survival rates
(Congdon 1989). In M. terrapin hatchlings in southern populations have higher
maintenance metabolism and utilize residual lipid stores at a faster rate than those in
northern populations (Allman 2006). When reared in southern population conditions,
hatchlings from small eggs have a lower survivorship than hatchlings from large
eggs, but when reared in northern population conditions there is no difference in
survivorship of hatchlings from small and large eggs (Allman 2006). Thus females in
southern populations likely produce larger eggs to increase hatchling survivorship
(Allman 2006). Females in northern populations may produce larger clutches rather
than larger eggs to increase fecundity. The balanced mortality hypothesis (Fretwell
1969) predicts that larger clutch sizes in northern latitudes are a result of selection
compensating for greater mortality rates in unpredictable environments (Price 1974;
Tinkle 1961). Comparisons of hatching success and hatchling mortality rates along a
longitudinal gradient might provide additional insight as to why northern females
produce larger clutches in northern latitudes.
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Table 5-1. Literature Review of relationships between female body
size, clutch size, clutch mass, egg size, and pelvic aperture width in
Malaclemys terrapin. Sources are as follows (1) Montevecchi and
Burger 1975, (2) Seigel 1980, (3) Zimmerman 1989, (4) Goodwin
1994, (5) Roosenburg and Dunham 1997, and (6) Allman 2006.
Relationship
Female PL X Clutch Size
Female PL X Clutch Mass
Female PL X Egg Mass
Female PL X Egg Length
Female PL X Egg Width
Female PL X Nest Depth
Female PL X Nest Success
Female PL X Pelvic Aperture Width
Clutch Size X Clutch Mass
Clutch Size X Egg Mass
Clutch Size X Egg Length
Clutch Size X Egg Width
Clutch Size X Egg Elongation
Clutch Mass X Egg Mass
Egg Mass X Egg Length
Egg Mass X Egg Width
Egg Length X Egg Width
Pelvic Aperture Width X Egg Width

+ Correlation No Correlation
1,2,4,5
3
1
1,2,5
1,2
1,2,3
1,4
4
3
1,3
1,2,5
1,2
1,2
1
1
3,6
3,6
1,3
3

Table 5-2. Latitudinal trends in female size, clutch size, and egg size characteristics in Malaclemys terrapin .
Measurement
Latitudinal Trend
Statistical Test
# Populations Author
Female plastron
not significant
ANOVA
3
Zimmerman 1989
length
suggested larger in north
none
3
Goodwin 1994
not significant
ANOVA
3
Zimmerman 1989
Total clutch mass
significantly less in the south
not given
3
Allman 2006
larger in north
no test given
5
Seigel 1980
significantly larger in north
ANOVA, Tukey Post Hoc 3
Zimmerman 1989
Clutch Size
suggested larger in north
none
3
Goodwin 1994
significantly larger in north
ANOVA
3
Allman 2006
significantly larger in south
t-test
4
Seigel 1980
significant increase from north to south ANOVA, Tukey Post Hoc 3
Zimmerman 1989
Egg length
suggested increase from north to south none
3
Goodwin 1994
significantly larger in south
ANOVA
3
Allman 2006
suggested increase from north to south none
3
Goodwin 1994
Egg width
significantly smaller in north
ANOVA, Tukey Post Hoc 3
Zimmerman 1989
egg width did not vary
ANOVA
3
Allman 2006
significantly larger in south
t-test
2
Seigel 1980
Egg Mass
signficant increase from north to south ANOVA, Tukey Post Hoc 3
Zimmerman 1989
significantly larger in south
ANOVA
3
Allman 2006
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Table 5-3. Summary statistics of egg-mass variation within clutches
and among all diamondback terrapin eggs categorized by site in
Barnegat Bay, NJ.
Source
All Sites
EBFNWR
Within
GBWMA
clutches
SC
SI
All sites
EBFNWR
Among all
GBWMA
eggs
SC
SI

n
200
28
53
32
87
2264
289
518
375
1082

Mean
egg mass
7.99
8.73
7.89
7.72
7.91
7.97
8.72
7.89
7.69
7.90

SD
0.48
0.65
0.33
0.42
0.54
1.21
1.30
1.08
0.98
1.24

CV
0.06
0.07
0.04
0.05
0.07
0.15
0.15
0.14
0.13
0.16

Table 5-4. Linear correlations of female and clutch characteristics for all nests studied in Barnegat Bay, NJ (2006-2008). All significant correlation (P < 0.05) are in
bold. Negative r values indicate a negative relationship.
Egg
Clutch
Egg
Carapace Clutch
Sphericity
Mass
Egg Mass Egg Width Length
Size
Length
range
STD
X
n
r = 0.463 r = 0.431 r = 0.526 r = 0.035 r = 0.689 r = 0.390
Carapace
p < 0.001 p < 0.001 p < 0.001 p = 0.63 p < 0.001 p < 0.001
-145-220
14.33
184.39
224
Length
r = -0.101 r = 0.009 r = -0.287 r = 0.797 r = 0.202
Clutch
p = 0.195 p = 0.911 p < 0.001 p < 0.001 p = 0.009
--5-19
2.76
12.06
191
Size
r = 0.741 r = 0.562 r = 0.506 r = 0.06
Mean Egg
p < 0.001 p < 0.001 p < 0.001 p = 0.397
---5.9-11.3
1.09
7.99
201
Mass (g)
r = 0.398 r = 0.460 r = 0.421
Mean
p < 0.001 p < 0.001 p < 0.001
----18.5-24.8
1.22
20.85
201
Clutch Egg
r = 0.187 r = -0.661
Mean
p = 0.016 p < 0.001
-----24.6-36.5
2.15
31.22
201
Clutch Egg
r = 0.18
Clutch
p = 0.02
------23.55 28.5-147.4
98.23
166
Mass (g)
Mean
-------0.56-0.80
0.05
0.67
201
Clutch Egg
Pelvic
-------23.5-33
2.22
27.62
67
Width
Clutch
-------0-100
31.5
70
116
Success
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Table 5-5. Variation in female carapace length, egg mass, clutch mass, clutch size, egg
length, and egg width from M. terrapin nests among years at the Edwin B. Forsythe
National Wildlife Refuge (EBFNWR). Clutch size was determined by x-radiographs.
Clutch mass was calculated as average egg mass multiplied by total clutch size. Average
egg mass, width, and length were utilized from each clutch. Values given are mean,
standard error (SE), coefficient of variation (CV), and total number of females or nests
sampled (N). Results of ANOVA are given. Results from 2006 nests were not used in
the analysis because of low sample size (N = 2).
measurement year
mean
SE
CV
N
ANOVA
Female carapace 2007
193.94
2.91
0.06
17
P = 0.45
length (mm)
2008
190.27
3.92
0.07
11
Average Clutch 2007
8.95
0.27
0.12
17
P = 0.21
Egg Mass (g)
2008
8.40
0.33
0.13
11
Total Clutch
2007
116.51
4.55
0.14
13
P = 0.019
Mass (g)
2008
92.88
8.80
0.30
10
2007
13.08
0.51
0.14
13
Clutch Size
P = 0.056
2008
11.00
0.97
0.28
10
Average Clutch 2007
32.64
0.35
0.04
17
P = 0.46
Egg Length (mm) 2008
33.06
0.43
0.04
11
Average Clutch 2007
21.77
0.24
0.05
17
P = 0.12
Egg width (mm) 2008
21.16
0.29
0.05
11

147

148

149

150

151

152

153

154

155

CHAPTER 6: Dissertation summary and applications
6.1 Introduction
This dissertation examined the dispersal, mating system, and reproductive
output of the diamondback terrapin (Malaclemys terrapin) and how they affect
population genetic diversity and how they are affected by anthropogenic activities.
Combining spatial, mark-recapture, and genetic analyses, this dissertation has
provided the most complete picture of the dispersal and mating system of the terrapin
to date. I have provided information on the demographic (i.e. sex ratio) and ecological
(landscape features) factors affecting the diamondback terrapin in Barnegat Bay as
well as characterized the spatial structure and mating system. I addressed fundamental
questions that are relevant to terrapin conservation and have laid the groundwork for
future research on landscape genetics, sex-biased dispersal, natal philopatry, mating
systems, sexual selection, and sperm storage in the terrapin. This dissertation sheds
new light on the dispersal and mating behavior of these reptiles endemic to estuarine
habitats and advances the current knowledge of mating behaviors in relation to
population sex ratios.

6.2 Summary of major findings
The major findings from the previous four chapters are briefly summarized as
follows:
1) CHAPTER 2: Landscape genetic structure of the diamondback
terrapin (Malaclemys terrapin) in a highly fragmented ecosystem

156

Diamondback terrapins on the central coast of New Jersey exhibit low,
yet significant levels of fine-scale spatial genetic structure. Isolation by
distance was not evident. Fine-scale genetic structuring appears to be
affected by habitat fragmentation, despite the aquatic connectivity
between sampling locales and the semi-aquatic lifestyle of the terrapin.
Estuarine emergent wetland was identified as the primary landscape
feature affecting gene flow. Other landscape features may currently affect
dispersal, but lag times in genetic signatures due to large population sizes
and long generation times could mask their influence on terrapin
dispersal.

2) CHAPTER 3: Sex-biased dispersal, natal philopatry, and home range
movements of the diamondback terrapin, Malaclemys terrapin
Capture-mark-recapture analysis indicated that all individuals have
relatively small dispersal distances (<2 km), with mature females
dispersing greater distances than males, both immature and mature, but
not further than immature females. Mean assignment indices, spatial
autocorrelation, and first-generation migrant tests indicated that mature
males exhibited sex-biased dispersal and mature females exhibited natal
philopatry to nesting beaches. When compared to males, a larger number
of females were identified as first-generation migrants. However, males
had a greater tendency to disperse in our female-biased populations.
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Although capture-mark-recapture studies (including ours) indicate high
fidelity for both males and females, we reconcile our results by noting the
temporal and spatial restrictions of capture-mark-recapture studies. In
particular, smaller individuals are often not captured in these studies and
thus it is possible that some males disperse away from their natal area (or
into the study area) before capture-mark-recapture studies have marked
them. In otherwords, the individuals might only be captured after they
have already dispersed away from their natal area and after they have
established small home ranges.

3) CHAPTER 4: Inter-population variation of multiple paternity in the
diamondback terrapin, Malaclemys terrapin
Frequency of multiple paternity differed significantly among locations,
ranging from 12.5 to 45.7%. Clutches with multiple paternity did not
differ from clutches with single paternity with respect to female size,
clutch size, egg size, hatchling size, or hatching success, suggesting that
multiple paternity may not provide initial benefits to offspring
survivorship. Male and females mated within their home ranges and thus
mating events are not responsible for the high levels of gene flow
documented in this species. Terrapins stored sperm storage both within
and between seasons. Frequency of multiple paternity exhibited a
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significant non-linear correlation with population sex ratio and may be
related to sexual selection, availability of mates, and sperm storage.

4) CHAPTER 5: Constraints on egg size, optimal egg size theory, and
latitudinal reproductive variation in the diamondback terrapin
(Malaclemys terrapin)
Female body size and egg size were correlated suggesting a constraint on
egg size in M. terrapin. However, pelvic aperture width did not increase
at the same rate as egg width on female body size, suggesting that pelvic
aperture width is not the main cause of egg width constraint. There was a
trade-off between clutch size and egg size in M. terrapin supporting
optimal egg size theory, but the data also supports optimization of clutch
size not egg size in M. terrapin of Barnegat Bay, NJ. Latitudinal variation
in clutch size and egg size indicate that clutch size is optimized in
northern latitudes, and egg size is optimized in southern latitudes. Clutch
size variation within sites increases with latitude. Variation in
reproductive output on nesting beaches in northern latitudes could
significantly increase gene correlations on a nestings beaches in northern
latitudes in comparison to nesting beaches in southern latitudes,
especially when there is also high variation in hatching success (due to
predation, flooding, etc.) and natal philopatry.
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6.3 Conservation Implications
The behavioral and genetic results of this dissertation can be applied toward
conservation management of the terrapin in many ways. My landscape genetic
analysis (Chapter 2) identified estuarine emergent wetland (Figure 2-2) as a feature
necessary for gene flow and the least-cost path which best explained dispersal paths
for terrapins can be used to inform managers in developing conservation plans. The
utilization of least-cost models from genetic data can significantly improve the
quality of and confidence in models of dispersal, migration and connectivity and such
models have been employed world-wide to plan landscape-scale conservation
strategies and design reserves (Epps et al. 2007). The least-cost paths developed in
this dissertation can be used to identify corridors that are necessary for dispersal and
can inform managers as to the best locations to maintain habitat, enhance habitat, or
prevent further habitat destruction, especially along the estuarine shoreline.
A corridor is a strip of land intended to allow passage by a particular wildlife
species between two or more wildland areas (Beier et al. 2008). Corridor design
generally follows three basic steps. First, researchers indentify the landscape and
focal species to define their biological goals (Beier et al. 2008). Second, the
resistance or costs of different landscape types are determined for that species (Beier
et al. 2008). Finally, the researcher determines which strips of land provide the lowest
cost between wildlands to determine the corridor design for the focal species (Beier et
al. 2008). Beir et al. (2008) promote the use of linkage design (connective land
intended to promote movement of multiple focal species) over corridor developed for
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a single species. Linkage designs that combine the corridor designs of multiple and
diverse focal species are more likely to encompass the true least-cost corridor of each
focal species despite uncertainty and they are also more likely to serve other species
sharing traits with the suite of focal species (Beir et al. 2009). Thus, it should be a
high priority to develop corridor designs for other focal species inhabiting the
Barnegat Bay Estuary in order to develop linkage designs between the local, state,
and federally protected habitats (e.g. Edwin B. Forsythe Wildlife Refuge and the
Great Bay Wildlife Management Area).
National, state, and local organizations and programs such as the Nature
Conservancy, the Trust for Public Land, NJ Natural Lands Trust, NJDEP Green
Acres Program, Garden State Preservation Trust, The Land Conservancy of NJ,
Ocean County Natural Lands Trust Program, and the Barnegat Bay National Estuary
Program could make use of my landscape model to help determine priority parcels of
land to protect in order to prevent further destruction of estuarine emergent wetland.
Although not an exhaustive list, the following provide examples of barriers to
terrapin movement identified by the best-fit least-cost landscape model (Chapter 2,
Fig 2-2):
1. Beach Haven West: a privately owned residential community with
extensive man-made channelization but lacking estuarine emergent
wetland along the shoreline.
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2. Seaside Heights, Seaside Park, and Lavallette: privately owned
residential communities with extensive development but lacking estuarine
emergent wetland along the shoreline (Figure 6-2).
3. Sunrise Beach: a privately owned residential community with extensive
man-made channelization but lacking estuarine emergent wetland along
the shoreline.
4. Lanoka Harbor: a privately owned residential community with extensive
man-made channelization but lacking estuarine emergent wetland along
the shoreline.
5. Island Beach State Park: protected state lands located on a barrier island,
but lacking emergent wetland in some areas along the shoreline (Figure 62).
6. Big Creek, Tuckerton: intersection of protected county (Ocean County
Natural Lands Trust Program), state (Great Bay Wildlife Management
Area), and federal lands (Edwin B. Forsythe National Wildlife Refuge).
The intersection of these protected lands is a small area with estuarine
emergent wetland, but special emphasis is needed to maintain the habitat
and possibly to expand the size of the area. The Ocean County Natural
Lands Trust Program has just recently approved the acquisition of Osborn
Island, 96 acres of maritime forest directly southwest of the Big Creek.
Simple real estate searches on the web indicate additional acres of land are
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for sale in this area and many are already NJDEP approved for
development.
7. Dock Street to Seameadow Lane, Parkertown: property in public
ownership sandwiched between lands protected in the Edwin B. Forsythe
Wildlife Refuge, many of which are currently for sale and possess NJDEP
approval for development.

Protecting both males and females during dispersal events is key to
maintaining gene flow (Chapter 3). Because the mixed model analysis (Chapter 2)
identified open water and development as the primary landscape features impeding
gene flow (Figure 2-3), it would be beneficial to manage protected land and adjacent
waterways by methods that would prevent injury or mortality to males and females
when they are utilizing these habitats. Several known threats include interactions with
commercial style crab pots, boats, and motor vehicles.
Male and females terrapins often encounter commercial style crab pots in
shallow and deeper water habitats. Crab pots often become lost or abandoned (“ghost
pots”). These pots can continue to catch terrapins long after they have been lost. At or
above 20o C terrapins drown in 2 to 4 hours (Roosenburg et al. 1997). Pots are
typically only checked once within a 24 hour period, resulting in the drowning death
of many terrapins (Roosenburg et al. 1997). In New Jersey, pots in waterways less
than 150 feet wide, require terrapin excluders devices (TEDs) of 5 by 15 cm (Watters
2004). Although, TEDs of this size are extremely useful in preventing large female
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terrapins from entering the pots, males and small females are still able to enter
(personal observation, see Figure 6-3). Within the Barnegat Bay system, there have
not been any studies implemented to determine the number of abandoned crab pots or
the total impact of these abandoned pots on the terrapin population. However, during
our 2006-2009 capture-mark-recapture efforts in Barnegat Bay over 50 abandoned
crab pots were removed from the North Forsythe study area. Approximately 30
terrapins (males and females) were removed from the abandoned pots and over half
of them had drowned (Avery, unpublished). Furthermore, in 2007 one mature female
that was equipped with radio-telemetry equipment was recovered washed up along
the shoreline of Gunning River between the intersection of North Forsythe and South
Forsythe. The female’s physiological condition indicated that her cause of death was
drowning. Gunning River is popular deep water (4-5 meters) location for recreational
and commercial crab fishermen, thus making it possible the mature female drowned
in a crab pot and washed ashore after being removed from a pot that was currently in
use (Walters, unpublished). Extensive studies conducted in other estuarine
ecosystems often find that commercial style crabpots have a catch rate of 0.027 to
0.49 terrapins pot-1 d-1 (Bishop 1983). Because the landscape genetic data (Chapter
2) indicates that open water is a feature that impedes gene flow of the terrapin and
crab pots represent a specific threat to terrapins in open water, several actions should
be taken in order to prevent deaths of males and females in crab pots. First, all crab
pots should be required to have TEDs, not just those placed in waterways less than
150 feet wide since derelict pots can eventually end up in these areas (personal
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observation, Figure 6-3). Second, surveys should be undertaken in Barnegat Bay to
estimate their total impact on the terrapin population and to remove abandoned pots.
Some states have adopted this measure. For example, in Chesapeake Bay, Virginia
they removed 635 crab traps over a 33.5 km2 survey using 600 kHz side scan sonar
images (Havens et al. 2009).
Another particular threat to terrapins in the open water of Barnegat Bay, NJ is
motor boats in Barnegat Bay. Incidences of injuries to the carapace or plastron of a
terrapin due to boat strikes have been estimated to be between 1-4 % in North
Forsythe and 5-11 % in South Forsythe from 2006-2009 (Lester, unpublished). It is
presumed that boat propeller strikes can also kill terrapins on impact and thus injury
rates likely underestimate the impact of motor boats on the terrapin population.
Research is currently underway to determine the impact of boat encounters and boat
engine sounds on the behavior of the terrapin in Barnegat Bay (Lester, unpublished
and Harrison, unpublished). Because the landscape genetic data (Chapter 2) indicates
that open water is a feature that impedes gene flow of the terrapin and that boats
represent a threat to terrapins in the open water, management plans should aim to
limit or reduce the use of motor boats and personal watercraft in waterways
surrounding estuarine emergent wetland.
Road mortality is also plays a significant impact on the terrapin population in
Barnegat Bay. In particular, at Great Bay Boulevard road mortality is known to cause
deaths of nesting females (Hoden & Able 2003; Szerlag & McRobert 2006). In the
2004 nesting season, 600 nesting female occurrences were recorded and 53 nesting
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females suffered road mortality (8.8%; Szerlag & McRobert 2006). Females often
nest along roadsides after the destruction of historical nesting beaches because the
sandy soils are the only suitable habitat available for nesting. Females continue to
suffer road mortality at Great Bay Boulevard and along other roads, such as Cedar
Run Dock Road and on Dock Road next to West Creek, in Barnegat Bay, NJ
(personal observation). Roads leading to increased direct mortality are known to have
several possible genetic consequences that can increase a species extinction
probability (Balkenhol & Waits 2009). The genetic consequences can include:
reduced effective population sizes, reduced gene flow, increased genetic structure,
and decreased genetic diversity (Balkenhol & Waits 2009). Because landscape
genetic data (Chapter 2) indicates that development is a feature that impedes gene
flow of the terrapin and road mortality is a specific threat to female terrapins in
upland areas that are developed, management plans should aim to prevent road
mortality of females. These plans should include signs along the roadside to warn
drivers that terrapins may be on the road, use of barriers to prevent females from
entering the road, and the reestablishment of lost nesting habitats. Conservation plans
that involve erecting roadside barriers should consider whether the barriers (although
aimed to reduce mortality) will ultimately prevent gene flow. If natural corridors are
no longer present (e.g. creeks passing under a bridge or the road), it may be necessary
to create artificial corridors to maintain gene flow. Long-term research studies,
utilizing multiple research approaches (e.g. molecular, telemetry, capture-markrecapture) should be implemented to compare differences between areas with and
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without roads to those areas in which conservation actions were aimed at mitigating
the effects of roads (Balkenhol & Waits 2009).
The data presented in this dissertation demonstrate females are philopatric to
natal beaches (Chapter 3) and consequently that beach protection should be addressed
in conservation management plans. Although more work needs to be completed to
determine how females would behaviorally respond to the loss of a natal nesting
beach (research currently planned for the 2010 nesting season), nesting beaches
should be protected in several ways. First, nesting beaches should be protected from
conversion into developed areas or from blocked access due to bulkheading (Figure
6-4). Habitat restoration using dredge materials is being considered a potentially
viable solution in areas where beaches have been destroyed by humans or natural
erosion (U.S. Army Corps of Engineers 2008). However, studies have indicated lower
rates of hatching success in dredged material when compared to natural sandy soils
due to the high salt concentrations in dredge material influencing water potential of
the soils (Wnek 2010). Beaches made from dredge materials have the potential to
contain higher levels of persistent organic pollutants than natural nesting beaches and
consequently may result in higher levels of transfer of these pollutants to eggs
incubated in dredge soils. Persistent organic pollutants measured in terrapin tissues
have been associated with disruptions in their physiological systems (Basile 2010).
Thus, dredge materials may need to be properly treated prior to their use as material
for nesting beach restoration. Second, human activities should be kept to a minimum
on known nesting beaches and in the water surrounding the beach, particularly during
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the nesting season. Increases in human activity on nesting beaches may cause
terrapins to nest on beaches where less human disturbance occurs (Roosenburg 1994).
Some turtles alter nesting behavior when disturbed or when they perceive danger
(Iverson and Smith 1993; Spencer 2002; Spencer and Thompson 2003). Human
activities could potentially affect both the decision of a female to emerge from the
water to nest and habitat selection (Bowen & Janzen 2008). Turtles may also abandon
nesting attempts as the result of direct human activities (Bowen & Janzen 2008).
Currently, anecdotal information suggests nesting females in Barnegat Bay are less
likely to nest on beaches when human activities are ongoing (John Wnek, personal
communication). On the other hand, females may become habituated to human
disturbance (Whittaker & Knight 1998). Even if human activities do not stop females
from nesting, the actions of individual humans, such as removing nesting turtles via
pet trade and road mortality, can still have detrimental efforts to a population (Bowen
& Janzen 2008). Lastly, in addition to the protection of females, females’ clutches
should also be protected, especially in nesting areas where the both number of nesting
females and hatching success rates are low. Protection of clutches from a large
number of females will help to 1) reduce genetic correlations of individuals on a
nesting beach and thus reduce the rate of loss of genetic diversity and 2) boost
population sizes, especially those facing population declines as a result of human
impacts.
The data presented in this dissertation also demonstrated that multiple
paternity in the diamondback terrapin was influenced by the sex ratio of the
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population (Chapter 4, Figure 4-2) and consequently anthropogenic alterations to
population sex ratios should be minimized. Thus conservation management plans
should include measures to eliminate threats that differentially affect males and
females. These threats include: boat strikes (Cecala et al. 2008), vehicles strikes
(Wood & Herlands 1997), and crab pot mortality (Roosenburg et al. 1997).
Conservation management plans should also continually monitor the mating system
and genetic diversity terrapin populations, especially in populations with extremely
biased sex ratios and declining population sizes.

6.4 Directions for future research
This dissertation has answered many questions regarding the mating system,
dispersal, and genetics of the terrapin, but throughout the course of this research,
many new questions have arisen. The groundwork has now been laid for more
complex and advanced questions that may expand on the work presented in this
dissertation. Although not a complete list of research questions, the following list
provides an example of the additional topics that could be explored:
1) Will additional sampling locations throughout Barnegat Bay and New
Jersey further resolve landscape genetic features affecting gene flow in the
terrapin? Can the models be extended to predict the impacts of sea level
rise due to global warming?
2) Can the landscape model in this study be extended to terrapins found in
other areas throughout its range? In particular, will the model change
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based on estuary depth, tidal height, and other habitat features (e.g.
mangrove vs. Spartina saltmarsh)?
3) Why is estuarine emergent wetland responsible for shaping spatial genetic
structure in the terrapin? For which life stage(s) of the terrapin is
emergent wetland a critical habitat? This research should include
analyses of physiology (e.g. osmoregulation and thermoregulation),
feeding ecology, and dispersal ability of different sexes and size classes.
4) Female terrapins exhibit natal philopatry; if preferred nesting beaches are
unavailable how do female terrapins behaviorally respond? This research
could include tracking studies in which females are blocked access to
beaches. Are there any consequences to the female’s lifetime fitness?
5) When and how does imprinting of nesting beach occur? This could include
tracking experiments where gravid females are transplanted away from
the nesting beach where they were captured. It would also be useful to
perform a longitudinal tracking study of females that are transplanted
away from nesting beaches at different life stages (e.g. as embryos,
hatchlings, or juveniles) to determine the stage at which natal nesting
beach imprinting occurs.
6) How does population density in combination with sex ratio affect the
frequency of multiple mating and sperm storage?
7) Do females from female biased populations utilize stored sperm more
frequently? This research would require multiple years of obtaining nests
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from the same females for several years in populations with different sex
ratios.
8) What factors affect sperm competition in the terrapin? In particular, does
the paternity (and paternity skew in multiple paternity clutches) accurately
reflect the sperm stored in the oviduct? Are some sperm from males more
numerous in the oviduct, but less successfully represented in the clutch? Is
there any difference in morphology of the successful sperm? Does success
of stored sperm change over time, even if females do not mate again?
9) Does sexual selection occur and if so what characteristics are males or
females selecting? This will require an extensive sampling of successful
males fathering females clutches.
10) Do terrapins form groups or social bonds? For example, are multi-year
clutches in which the same father sired the offspring of a single female
truly the result of stored sperm or are females mating with the same male
multiple times over several years?
11) Are terrapins in Barnegat Bay capable of laying larger eggs? If so, what
is the advantage to terrapins in the northern part of their range in laying
smaller eggs with larger clutches rather than smaller clutches with larger
eggs? In particular, it would be interesting to manipulate egg size of
females from southern and northern populations and then randomly
incubate and rear them in southern and northern climate conditions.
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