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Abstract

Despite facing threat of extirpation in the eastern Pacific, the critically
endangered leatherback turtle (Dermochelys coriacea) appears to be thriving in the
Atlantic. The purpose of my dissertation was to establish a baseline of biological data for
the leatherback at the northern limit of its nesting range in the northwestern Atlantic
(Florida) to inform management. From six years of empirical field data collected on
nesting female leatherbacks, I addressed four major objectives of the Federal (US)
Recovery Plan for the east coast of Florida. 1) I determined the rate of increase in
observed nest numbers since standardized nest surveys began in 1979. From these data
collected at 70 beaches and using a multilevel modeling approach, I found a dramatic
increase of 11.3 + 1.9% each year in the number of nests. 2) By tagging and recapturing
individual females as well as marking nests for inventories at one high-density nesting
beach, I determined several critical population parameters. The annual survival rate was
95.6% for nesting females and the yearly nesting population size was 71 + 23 turtles at
my Juno Beach study site (19.4 km); statewide the estimate will be higher. The average
remigration interval was 2.2 +/- 0.5 years, clutch frequency was 4.1 +/- 0.9 nests/season,
and the average clutch size was 69.0 +/- 18.2 eggs/female. 3) I used novel GPS tags and
conventional tag returns to discover the full nesting range and true clutch frequency of

individual turtles. Leatherbacks in Florida exhibit weak nest site fidelity by nesting at

iv



broad spatial scales, distributing at least five nests within a single season up to 139.8 km
from first encounter. 4) Finally, I used microsatellites and mtDNA to determine the
relatedness of leatherbacks in Florida and found few family groupings, indicating that
this rookery has been established through immigration and not through a founding
event, as there is no evidence of a genetic bottleneck. Although the Florida population is
relatively small compared to other Caribbean mainland rookeries, it has the potential to
contribute to further increases of leatherbacks in the Atlantic as well as contributing

genetic variation, thereby achieving objectives of the US Recovery Plan.
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Introduction

The distribution and abundance of organisms has long been of interest to
biogeographers, ecologists, and evolutionary biologists. Range boundaries are especially
important when considering the fate of declining populations (MacCall, 1990) such as
endangered species. If a species has specific habitat requirements (i.e. minimum area),
the probability of extinction may increase if its range is restricted due to either natural or
anthropogenic causes (Morris and Doak, 2002). Declining populations first show
declining geographical ranges in many cases (MacCall, 1990), contracting into the core of
the range with the best available habitat. MacCall (1990) proposed a hypothesis
suggesting that a population’s range acts much like a basin full of liquid, and that the
area of habitat used (sides of basin) will expand and contract with changes in the overall
abundance of the species (MacCall, 1990). Many plant and animal species do indeed
display a pattern of higher density toward the center of their distribution (Brown, 1984),
and the extent of their range may be directly related to population size (Simpson and
Walsh, 2004).

The most common range expansions are precipitated by human activity; either
through the accidental release of exotic species into a new habitat (Kolar and Lodge,
2002), the introduction of a species thought to be beneficial (i.e. pest control; Courchamp

et al.,, 2003) or by altering habitats/niches such that they can be exploited by the invader.
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A natural range expansion may occur if a population is increasing, and density-
dependent effects may force some individuals to exploit marginal habitats found at the
geographic extremes of the range. At larger temporal scales, climate change may also
contribute to range expansion (Crozier, 2004). Species with a high propensity for
dispersal are the most successful at range expansion, and their spread can be rapid
(Travis and Dytham, 2002). On the edges of the expanded home range, population
density is expected to be low at first (Travis and Dytham, 2002), and many factors affect
how quickly the expansion progresses.

The leatherback turtle (Dermochelys coriacea) has excellent dispersal capabilities,
and migrates long distances between foraging and nesting grounds. Theoretically, natal
homing and nest site fidelity should limit dispersal and the subsequent colonization of
new nesting habitat. But the genetic history and current global distribution of this turtle
suggest that the ability to expand its home range is a mechanism that the leatherback has
used successfully in the past. Dutton et al. (1999) suggested that leatherbacks went
through a bottleneck approximately 12,000 years ago, during the Pleistocene glaciation.
During that time, they may have been restricted to the warm waters in southern
latitudes in the South Pacific or Indian Ocean (Dutton et al., 1999). Presently,
leatherbacks enjoy a cosmopolitan distribution in the Atlantic, Pacific and Indian

Oceans. This is because individuals were successful in exploiting new habitats and



establishing new rookeries. Leatherbacks may also have evolved to disperse because of
the ephemeral nature of suitable nesting beaches over short time scales.

Leatherbacks are classified as critically endangered worldwide by the World
Conservation Union (IUCN, 2004). Globally, there are many important leatherback
rookeries, and many are considered to be in decline. Eastern Pacific leatherback nesting
populations are severely threatened with extirpation in the foreseeable future (Spotila et
al., 2000; Spotila, 2004), having declined dramatically in recent years (Sarti et al., 1996;
Spotila et al., 2000; Spotila, 2004). In the Atlantic, the most significant nesting beaches are
found in French Guiana and Suriname (Pritchard and Trebbau, 1984; Girondot and
Fretey, 1996; Hilterman and Goverse, 2005), Trinidad (Eckert, 2006) and along the
western coast of Africa (Fretey et al., 2007), with possibly the largest nesting population
in the world in Gabon (Fretey et al., 2007). Leatherbacks also nest widely throughout the
Caribbean (Tucker and Frazer, 1991; Meylan et al., 1995; Boulon et al., 1996; Troéng et al.,
2004; Dutton et al., 2005). The most recent stock assessment for leatherbacks in the
Atlantic suggests that most nesting populations are stable or have increased over the
past decade (TEWG, 2007).

Recently, the leatherback may have expanded its nesting range in the Atlantic
Ocean. New nesting areas have been documented in southern Brazil (Soto, et al., 1997;

Thomé et al., 2007) and these areas are showing encouraging increases in the number of



nests recorded there each year (~20% per year). In the northern hemisphere, an
increasing number of leatherback nests have been recorded in Florida since 1979 (see Ch.
1). The earliest nests documented in Florida were discovered in the 1940s and 1950s
(Carr, 1952), but the number of nests there has been growing exponentially since then.
Florida represents the northern limit of nesting for leatherbacks in the western Atlantic
(apart from a few nests each year to North Carolina; Rabon et al., 2003). Florida is one of
three main leatherback rookeries under the jurisdiction of the USA and all three are
discussed in the Federal Recovery Plan developed by the US Fish and Wildlife Service
(USFWS) and the National Marine Fisheries Service (NMFS; NMFS and USFWS, 1992).
Culebra (Puerto Rico) and St. Croix (USVI) are also named in the Plan as important
leatherback nesting areas.

The purpose of my dissertation was to investigate the population biology of the
leatherback turtle in Florida, as an example of a population on the edge of its nesting
range in the northwestern Atlantic. I have established a baseline of biological data that
can be used to inform management and thus meet the objectives laid out in the Federal
(US) Recovery Plan. Determining this baseline information is critical to our
understanding of life history features specific to the leatherback and necessary for

effective conservation and management decisions.



The original recovery plan laid out several general objectives, which helped form
the framework for my studies. I had four goals directly related to those recovery plan

objectives.

1. Determine the rate of increase in nest numbers along the east coast of Florida. One of
the main recovery plan objectives states that if the leatherback increases by the year 2017
at the three US nesting rookeries, it can be considered for delisting (see below each goal

for the corresponding recovery plan objective).

USFWS/NMEFS Recovery Plan Objective A: The US population of leatherbacks can be
considered for delisting if the following conditions are met: 1) The adult female population
increases over the next 25 years, as evidenced by a statistically significant trend in the number

of nests at Culebra, Puerto Rico, St. Croix, USVI, and along the east coast of Florida.

2. a) Define important population parameters like annual survival rate and remigration
interval; also derive a total population size for the Florida rookery. b) Define various
clutch parameters such clutch size, incubation duration, hatchling and emergence

success and hatchling production. These population parameters are necessary for



evaluating the success of the rookery and current management plans. They will also be

useful in population modeling exercises for use in future recovery plans.

USFWS/NMES Recovery Plan Objective 2. Protect and manage population.
211. Monitor nesting activity trends on important nesting beaches with standardized surveys.
212. Evaluate nest success and implement appropriate nest protection measures. 2113.

Determine growth rates, age of sexual maturity and life stage survivorship rates.

3. Assess site fidelity for individual turtles and define the limits of the nesting rookery in
Florida. For an animal that makes long distance migrations and exploits several habitats
over the course of its lifetime, it is important to understand the full range of their habitat
use. I was interested in delineating the boundaries of this nesting assemblage and in
defining the extent of habitat use by individual turtles within and between nesting

seasons.

USFWS/NMEFS Recovery Plan Objective 2. Protect and manage population.
2212. Determine migratory pathways, distribution and internesting seasonal movements.

Mechanisms which allow turtles to navigate over great distances and to exhibit nesting beach



fidelity are poorly understood. Research is needed to determine the migratory pathways of sea

turtles, and habitat use and internesting seasonal movements.

4. Determine the relatedness (using mtDNA and nuclear DNA analyses) of individual
nesting turtles in Florida to determine whether the rookery was founded by a few
individuals or whether there is ongoing immigration to the population from other
Caribbean rookeries. The recovery plan called for the genetic relationship of Caribbean
leatherbacks to be determined so that all populations may be properly managed. If a
turtle is only protected in one part of its range, and the population declines in
unprotected areas, some of the important genetic variation that has allowed these turtles
to persist for so long may be lost. Genetic analyses can be used to examine historical
events for which there is no record of species presence or absence in a geographical area.

The frequency of allele changes over time may reveal a population’s history.

USFWS/NMEFS Recovery Plan Objective 2. Protect and manage population.

219. Determine genetic relationship of US Caribbean populations to other major nesting
populations. The degree of relatedness, perhaps an indicator of gene flow, is essential for defining
management units and evaluating recovery objectives, and assessing the viability of US

Caribbean populations.



This work has direct conservation implications because so little is known about
this endangered species nesting in the continental United States. Empirical information
on life history parameters from this work will be provided to the appropriate agencies
(USFWS, NMES) for incorporation into management and recovery plans. The data
gathered will contribute directly to addressing these objectives, by adding empirical
data that can be used in updating stock assessments.

It is a unique opportunity to study an endangered species population at the
limits of its range and one that happens to be rapidly increasing in size. The leatherback
in the Caribbean could even be expanding its range further and understanding the
mechanisms of this expansion and the population dynamics that result will be crucial to
our understanding of how colonization occurs and may give insights into how we can

better manage other threatened populations.



Chapter 1: Exponential increase in leatherback
(Dermochelys coriacea) nesting in Florida;

conservation success or changing ocean climate?



Introduction

Under the protective legislation provided by the United States Endangered
Species Act (ESA), some endangered species populations have stabilized or increased
(Male and Bean, 2005). However, many more species are candidates for listing under the
1973 Act (Pennisi, 2007). The reasons for population decline and collapse vary, but have
included habitat degradation or loss (USFWS, 1990), hunting, harvesting, overfishing, or
changes to the environment (either anthropogenic or natural). Recovery plans, when
well developed, soundly managed, and well executed can be successful (Glick, 2005;
Male and Bean, 2005) but there have been dismal failures as well (Dusky Seaside
Sparrow in Florida; USFWS, 1990). However, the ESA has been profoundly successful
for many species. Following 13 years of being officially protected, only 35% of species
listed under the ESA continue to decline (Male and Bean, 2005).

At present, six sea turtle species are listed as endangered or critically endangered
by the World Conservation Union (IUCN, 2004) and the US ESA (ESA, 1973). The
Kemp’s ridley turtle, once considered the most endangered sea turtle species, has
experienced resurgence in nesting numbers, in large part because of nesting beach
protection of females and hatchlings and because fisheries-related mortality has been
reduced as a result of the implementation of Turtle Excluder Devices (TEDs) in US and

Mexican trawl fisheries (Heppell et al., 2005). But, generalities about the global status for
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many sea turtle species are not possible to make because there are regional differences in
population status (increasing, decreasing, stable, or unknown) and threats vary
worldwide (Broderick et al., 2006).

The leatherback turtle (Dermochelys coriacea) is the largest extant turtle species
and has a circum-global distribution, generally nesting on tropical beaches and foraging
at high latitudes (James et al., 2006). The major nesting grounds for this species remained
undiscovered by scientists until the 1950s and many other rookeries remained a mystery
until the 1960s and 1970s (Pritchard, 1997). Large populations of leatherbacks nest in
French Guiana, Suriname and Guyana as well as Trinidad in the western Atlantic
(Pritchard and Trebbau, 1984; Girondot and Fretey, 1996; Hilterman and Goverse, 2005;
Eckert, 2006), while the single largest colony worldwide is found in Gabon in the eastern
Atlantic (Billes and Fretey, 2004; Fretey et al., 2007). Unlike historical records that exist
for formerly abundant green turtles of the Caribbean (Jackson, 1997), the leatherback
appears to have escaped unnoticed (at least by science) apart from irregular and
remarkable sightings. Today nesting is widespread and fairly common throughout the
Caribbean on both islands and mainland nesting beaches. Unfortunately, populations in
the eastern Pacific are in desperate shape, with rookeries at serious risk of disappearing
(Spotila et al., 2000, Spotila, 2004), possibly within the next generation. In the continental

USA, the leatherback has been protected by the ESA since 1970.
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Historical (pre-1950) nesting records for leatherbacks in the US are scarce; in-
water and recreational fisheries accounts are more common. Catesby (1754) wrote that
leatherbacks were present in southeastern US waters, but they were scarce relative to the
other marine turtle species. Garman (1883) reported that loggerheads, trunk-backs
(leatherbacks), greens, hawksbills and the “Bastard Turtle” (Kemp’s ridley) were
numerous in all waters off Florida. It was reported to him that trunk-backs mated and
laid eggs in December, January and February (Garman, 1883) however this seems
unlikely if Garman’s sources were referring to Florida beaches (not clear from the text).
Accounts from Audubon’s days in Florida claimed that the leatherback nested in the
Keys (Audubon, 1926). Audubon (1926) described the Dry Tortugas as the place for
wreckers and turtlers, where men would come to collect eggs and turtles. Leatherbacks
reportedly laid 2 clutches there late in the season (after June). Recently, three leatherback
nests have been documented in the Dry Tortugas (FWRI, 2007) and so perhaps they did
nest there historically, although the reported nesting season (late summer) differs from
the current nesting season in Florida (March — June; Ernst et al., 1994).

Turtle hunting was once a popular pastime as well as a livelihood in Florida.
Turtles were so plentiful that South Florida was described as the best turtling grounds in
the world. Ample hunting could be done on the nesting beach and from boats in the

harbors and lagoons (Murphy, 1890) and hunters could make a hundred dollars or more

12



in a day by turtling (Murphy, 1890) at the turn of the 20" century. Mostly green turtles
were hunted, and although leatherbacks were reported in Florida waters, their meat was
not sought after because it was considered unwholesome, if not poisonous (Murphy,
1890). In the 1920’s, leatherbacks were considered a great curiosity at sea, and an article
from that time described the excitement of harpooning a large leatherback off Miami
(Adams, 1924).

The first documentation of a nesting leatherback in the continental US was made
by local turtle hunters one June evening in 1947 (Carr, 1952), near Flagler Beach, Florida.
After taking photographs and collecting eggs, the hunters took the turtle to Marineland
(Carr, 1952), where she soon died (Pritchard, pers. comm.). This was the first confirmed
nest in the continental US and the first photos taken of a nesting leatherback anywhere
(Carr, 1952). The second nest on record happened in 1955 on Hutchinson Island
(Caldwell et al., 1955); apparently two or three nests were noted there that summer, and
leatherback hatchlings were found on Miami Beach that year as well (Allen and Neill,
1957). Then in 1957, Caldwell (1959) reported 11 new records. Yerger (1965) wrote about
leatherback hatchlings being found on the beach along the north Gulf coast in September
1962 and Pritchard (1976) reported that leatherbacks were seasonally abundant in the

waters off Panama City, Florida.
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Leatherback nesting is now considered common in Florida. The nesting season
begins in late February to early March (Meylan et al., 1995), peaks in mid to late May
and drops off quickly during the first week of June each year. Nesting north of Florida
has been sporadic, with only about 17 confirmed nests recorded north of the
Florida/Georgia border (Rabon et al., 2003) until 2003. But in 2007, there were at least 10
additional confirmed leatherback nests in North Carolina (M. Godfrey, pers. comm.), so
previous nest totals are likely to be an underestimate because most monitoring
programs target loggerhead turtles (Caretta caretta) and do not begin until April or May,
due to the later nesting habits of that species (Meylan et al., 1995).

In Florida, there are two sea turtle nesting survey programs designed and
coordinated by the Florida Fish and Wildlife Conservation Commission (FWC, FWRI).
The Statewide Nesting Beach Survey (SNBS) began in 1979 through an agreement
between FWC and the US Fish and Wildlife Service. Surveys begin on 1 March and end
on 31 October annually, and the abundance, distribution, and seasonality of three
species of sea turtle (loggerhead, green, and leatherback) are documented by hundreds
of trained volunteers on many beaches. The Index Nesting Beach Survey (INBS) operates
within the SNBS program but has shorter survey duration, beginning each year on 15

May. Each beach jurisdiction that participates in these surveys is responsible for
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collecting the nesting data (under a special state permit), while FWC staff compiles data
for the state.

The purpose of my study was to produce a precise estimate of the increase in
leatherback nest numbers for Florida. I also propose hypotheses for increases in nesting
being observed throughout the Caribbean. Conservation may have played a role in the
increase in nest numbers in the Atlantic. Also, it is possible that we could be seeing

effects of a changing ocean climate on these sea turtle populations.

Materials and Method's

Assessment of nesting survey data and effort

No long-term data sets for the total number of females nesting in Florida exist, so
I chose the statewide nest count data to estimate the growth rate in the numbers of nests
per year. Although the Index Nesting Beach Survey program was designed to be used
for analysis of changes through time (trends) in nesting data, the starting date coincides
with the end of the leatherback nesting season and as such, earlier season leatherback
nests are not counted within the standardized framework. For this reason, I used the
Statewide Nesting Beach Survey data to analyze nesting trends for leatherbacks as that

survey begins just as leatherbacks are arriving to nest in Florida each year (1 March).
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The SNBS data allow for a more accurate picture of the leatherback nesting season
duration and total nest counts for the state.

I began with every record within the complete Statewide Nesting Beach Survey
dataset for my analyses (1979-2005). For each year, county, and beach, the following data
were available: beach boundaries, survey distance, number of days surveyed per week,
survey start and end dates, number of leatherback nests and false crawls, and dates of
first and last nests.

All records were first sorted by county and year to determine county nesting
averages. The most recent five years of survey data for each county were chosen for
analysis. The number of nests for each year was determined and the average number of
nests in the five year period was then calculated for each county.

For each year, the total number of nests was tabulated from individual beach
records to compile statewide nesting totals. These data were not adjusted for effort
because it was not possible to do so. Although the length of beach surveyed is available
in the records, the surveys do not include enough information on local sampling effort
to construct a “nests per survey km day” or other per unit effort metric that would be
consistent across all beach surveys. Individual beaches may not have been surveyed

daily, not every beach was surveyed every year, and those beaches that were surveyed
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daily or yearly may not have started or ended their surveys on the same day each year.

Therefore a trend analysis was not possible for this data set.

Modeling approach

To gain a more comprehensive estimate of growth and incorporate as much
nesting data as possible, I used a multilevel linear modeling approach to estimate
growth in the number of nests over time for all of Florida’s surveyed beaches. Each of
the parameters collected for each beach (km surveyed, number of days surveyed per
week, and the number of days surveyed each year), were treated as predictor variables.

Each nest count y, for each beachiin year j was modeled with a multilevel

generalized linear model. I assumed that the nest counts followed a Poisson distribution

with mean count z; and related the log of the mean count to unit-level and beach-level

predictors. Differences in survey effort between beaches was accounted for by including
unit-level effort predictors: a continuous fixed effects length (km) of beach surveyed xi,
number of days per week surveyed xsij and number of days surveyed per year xsij. To
estimate the temporal trend at each beach, I included a continuous fixed effect term for

year xij. Beaches were assumed to vary both in terms of their intercepts «; and their

trend across years f3,; . There may be additional variation even after controlling for the
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fixed and random effects and Poisson variation. I accounted for overdispersion of the

data by including a beach-year random effect ¢, in the model.

The first level of the model is thus,

Yy ~ Poisson(u;;)

1)
log(,uij) =a, + ﬁlixlij + ﬂ2x2ij + ﬂ3x3ij + ﬂ4x4ij +é&;

where &, ~ N(0, o). If ¢ is greater than zero, this implies that there are

unknown factors that influence beach counts. With the log-link function, the linear
temporal trend across years for beach i in (1) translates into a percentage change in nest

count per year using the function: exp(f,, —1)x100.
At the second level of the model, two formulations of ¢, and S, were

considered:
Model 1. The model assumed no spatial pattern in beach intercepts and trends. I

treated o, and S, as random effects drawn from normal distributions with means equal
to the average intercept y, and slope J, of the beaches and the variances equal to
o’ and 0'2 respectively. The estimated beach trends are therefore smoothed towards the

overall average. Thus:

a; ~ N(]/O,O'i)
B~ N(é‘o,af})
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Model 2. The model assumed intercepts and slopes were similar between
neighboring beaches. Results from Model 1 indicated that (1) there was a quadratic
relationship between latitude and beach trends and (2) intercepts were higher and more

variable between beaches south of Cape Canaveral than north of the Cape. I modeled

the spatial patterns by including a quadratic fixed effect for latitude, u, and u_, as a
beach-level predictor for the £, ’s and an indicator variable zii as a beach-level predictor

for the &, ’s; zii = 1 if beach i was south of Cape Canaveral and 0 otherwise. Thus

a; ~ Ny, +7,02) if z, =0
a, ~N(75:02,) if 2, =1
B; ~ N(6, + 6, +52”i230'2)

In this model, estimated beach trends S, were smoothed towards what would be

expected given the latitude of the beach 8, + &,u, + 5,u; .

I took a Bayesian estimation approach and fitted the models using Markov chain
Monte Carlo (MCMC) simulations in Winbugs. The unknown parameters in the model

were given vague prior values. Specifically, 6,,0,,7,,7,,5,, 55, B, were assumed to

have normal distributions with a mean = zero and variance 1000 and

0,,04,0,,0,,0,, were assumed to have uniform distributions bounded between 0

al?
and 100. All fixed effect terms were centered about their means to reduce the correlation

between the regression coefficients and to speed MCMC convergence. Results are based
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on samples from the MCMC chain after discarding the first 10,000 iterations (the burn-
in) to ensure the chain had converged. I ran the chain for a further 250,000 iterations and
retained 1 in every 10 samples to ensure autocorrelation among samples was close to
zero. Parameter estimates were then based on 25,000 samples; the mean and Bayesian

95% credible interval of these samples are presented in the results.

Results

Prior to standardized nesting beach surveys, low-level leatherback nesting was
recorded in Florida, although patrols were usually short (~ a month). Table 1.1 provides
a summary of all nesting activity and selected in-water observations for leatherbacks in
Florida prior to 1979. In 1971, six leatherback nests were laid between 17 May and 30
June on Hutchinson Island. These nests were recorded during surveys done from 3 May
to 10 September that year (Gallagher et al., 1972). In 1973 on Hutchinson Island, two
more leatherback nests were recorded (Worth and Smith, 1976) and three leatherback
crawls (two nests) were found at Hobe Sound National Wildlife Refuge in 1975 (Lee,
1975). By 1995, it was estimated that Florida was visited by perhaps 16-31 nesting

females each year (Meylan et al., 1995).
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Table 1.1: Published records of leatherback observations in the USA prior to
the inception of the Statewide Nesting Beach Survey Program in 1979, and selected in-

water records.

Date  Observation Type Reference

1883  in-water (FL) Garman, 1883

1890  in-water (FL) Murphy, 1890

1924 in-water capture (harpoon) off Miami, FL. Adams, 1924

1926  nests (Dry Tortugas, FL) Audubon, 1926

1947 1t US nesting turtle (Flagler Beach, FL) Carr, 1952

1952 in-water incidental capture (5C) Schwartz, 1954

1954 nesting turtle (Ft. Pierce, FL) Caldwell, 1959

1955  hatchlings on Miami Beach Allen and Neill, 1957
1955 nest (Hutchinson Island, FL) Caldwell et al., 1955
1956  nest (Hutchinson Island, FL) Caldwell, 1959

1957 1 crawl (Indian River County, FL) Caldwell, 1959

1957 1 crawl, 1 nest (Jupiter Island, FL) Caldwell, 1959

1957 2 nesting turtles (Juno Beach, FL) Caldwell, 1959

1957 2 nesting turtles (Martin County, FL) Caldwell, 1959

1957 3 crawls, 1 nesting turtle (Ft. Pierce, FL) Caldwell, 1959

1962 hatchlings on the beach (N. Gulf coast) Yerger, 1965

1962  several in-water accounts (Gulf coast) Yerger, 1965

1971  nesting turtle (Hutchinson Island, FL) Gallagher et al., 1972
1973  nesting turtle (Hutchinson Island, FL) Worth and Smith, 1976
1975  crawl and nest (Hobe Sound NWR, FL) Lee, 1975

1975  nest (St. Lucie State Park, FL) Lee, 1975

Leatherback nesting has been recorded in 16 of 34 coastal counties in Florida

(Fig. 1.1); however the vast majority of nesting occurs along the eastern coast, on a

segment of beach approximately 200 km long. The counties with the highest number of

nests per year (five year averages) are St. Lucie, Martin, and Palm Beach Counties (Fig.

1.1). These three counties alone account for 83.4% of all nesting that has been recorded in
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the state since 1979. Palm Beach County accounts for the highest amount at 39.9% of all

nesting, followed by Martin County with 30.7% and St. Lucie with 12.8%.
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Figure 1.1: Leatherback nesting in Florida. Nesting has been recorded in 16 of
34 coastal Florida counties, but the highest numbers of nests each year are found in St.
Lucie, Martin and Palm Beach Counties. Nest numbers shown are averages for the
years 2001-2005.

All leatherback nests recorded in Florida from 1979 to 2005 are shown in Fig. 1.2.
This is simply an illustration of the nest counts for each year. Although it was not

possible to calculate a trend for this data set, the graph still shows the general increase of
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nest numbers through time. From an average of 63 nests per year in the 1980s, nest
counts rose to 263 nests per year in the 1990s, and then to over 680 nests per year for the
2000s (even with only 6 years of data in that decade). The distance surveyed has also
increased over time, but much of this recent survey effort is along beaches which are not

typically used by leatherbacks for nesting.
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Figure 1.2: Florida’s nest counts. Yearly number of nests (bars) from 1979 to
2005 for all beaches surveyed in Florida. The distance (km) surveyed each year is
indicated by the line; after 1988 there was more consistent coverage for all beaches.
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Each variable modeled had an effect on the rate of change at each beach (Table
1.2). Days per week was the most significant predictor variable that had an impact on
nest counts followed by the distance surveyed (km). Latitude was also a significant

predictor variable (Table 1.3).

Table 1.2: Changes in nest count by unit-level predictors. Percentage change in
beach count (number of nests) for a unit change in the predictor variable while
holding all other predictors at constant values.

Predictor Coefficient Mean  95% credible interval
Distance (km)  exp(f, —1)x100  5.343 2.933, 7.669
Days per week  exp(f, —1)x100  10.87 0.02565, 23.11
Days per year  exp(f, —1)x100 0.6354 0.2783, 0.9903

Table 1.3: Changes in nest count with latitude. The latitude effect on beach
slope (trend) was significant. The average intercepts also differed significantly
between beaches that were north and south of Cape Canaveral.

Predictor Coefficient Mean 95% credible interval
Latitude 0, 0.03732 0.01868, 0.05562
Latitude o, -0.02312 -0.034, -0.01162
South of Cape Yo 0.1908 -0.2033, 0.5837
North of Cape Yo + 71 -1.366 -1.882, -0.8606
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Results of the trends at each beach ordered from south to north are in Table 1.4.
The average rate of change (% change per year) for all beaches is significant at 11.3 +
1.9%. This analysis takes into account 99.6% of all leatherback nesting ever recorded in

Florida. All beaches showed a positive (increasing) trend.

Table 1.4: Nesting beach trends. Results of nest count trends (% change per
year) based on a multi-level linear model at each beach in Florida since 1979 with 95%
confidence intervals. Beaches are listed from south to north (continued next page).

Beach Lower Upper

Beach Latitude trend 95%CI 95% CI
Miami Beaches 25.789 5.85 0.8563 11.58
Golden Beach 25.957 6.23 -0.1195 13.76
Hollywood Beaches 25.996 5.54 -0.8731 12.65
Broward County Beaches 26.058 6.24 -0.1157 13.44
JU Lloyd State Park 26.075 4.62 -0.8327 10.15
Ft. Lauderdale Beach 26.128 7.03 0.9412 13.81
Lauderdale by the sea 26.204 6.78 0.8131 13.05
Deerfield/Hillsboro Beaches 26.307 5.43 -0.6523 10.98
Boca Raton Beach South 26.342 8.10 0.9952 15.78
Boca Raton Beaches 26.374 6.20 2.282 10.1
Highland Beach 26.416 5.19 1.029 9.397
Delray Beach 26.461 10.35 5.474 15.67
Gulfstream 26.493 6.20 0.8998 11.07
Gulfstream Park 26.504 8.22 1.08 15.16
Boynton Beach 26.536 12.07 6.87 18.03
Ocean Inlet Park 26.543 8.85 1.657 15.78
Manalapan 26.580 11.78 6.214 18.18
Lantana 26.583 9.63 3.045 16.38
South Palm Beach 26.588 11.26 5.081 18.24
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Table 1.4: (continued)

Beach Lower Upper

Beach Latitude trend 95%CI 95% CI
Kreusler Park 26.616 10.73 4127 17.91
Par III to Kreusler 26.616 10.28 3.769 17.17
Lake Worth Beach 26.617 8.75 1.366 15.74
Phipps/Par 111 26.636 10.37 3.168 18.03
Phipps Ocean Park 26.639 10.07 2.624 17.48
Sloans Curve 26.648 10.32 3.647 17.3
Palm Beaches 26.685 11.47 4.379 19.22
Boca Beach Club 26.699 10.20 2.907 17.45
Midtown Palm Beach 26.701 13.25 7.261 20.44
Breakers 26.715 11.17 4.379 18.42
Palm Beach, North end 26.738 11.79 4.959 19.27
Lake Worth Inlet (S. side) 26.762 11.57 5.193 18.31
Palm Beach Shores 26.775 7.68 2.839 12.37
Singer Island 26.798 10.11 3.965 15.94
Ocean Reef Park 26.800 13.04 6.73 20.43
MacArthur Beach State Park 26.825 8.00 3.751 12.14
Juno/Jupiter 26.887 11.13 7.57 14.77
Jupiter Inlet Colony 26.949 14.91 8.581 22.62
Tequesta Beaches 26.958 11.28 4.944 17.52
Coral Cove Park 26.963 11.15 4.747 17.39
Hobe Sound NWR 27.027 17.32 13.17 21.9
Blowing Rocks Preserve 27.066 12.91 5.362 20.59
Jupiter Island 27.071 13.26 9.173 17.52
St. Lucie Inlet State Park 27.147 15.02 10.05 20.46
Hutchinson Island (Martin) 27.248 14.51 10.98 18.16
Hutchinson Island (St. Lucie)  27.386 13.14 9.584 16.62
N. St. Lucie Co. Beaches 27.509 17.35 11.23 244
S. Indian River Co. Beaches 27.612 14.46 6.665 21.93
Vero Beach 27.637 18.72 12.32 26.61
Indian River Shores 27.690 16.06 8.763 23.81
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Table 1.4: (continued)

Beach Lower Upper
Beach Latitude trend 95%CI 95% CI
Indian River Shores N. 27.710 14.83 7.029 22.4
Baytree/Sea Oaks 27.735 15.41 7.542 23.38
Wabasso Beach S. 27.748 13.55 5.399 20.73
Wabasso Beach 27.840 14.98 8.647 21.07
Sebastian Inlet State Park 27.856 16.58 10.62 22.95
S. Brevard Beaches 27.964 18.10 12.97 23.73
Patrick Air Force Base 28.242 16.16 9.14 23.26
Merritt Island NWR 28.335 18.03 11.7 25.25
Cape Canaveral AFS 28.423 18.09 12.26 24.63
Canaveral NS (Brevard) 28.590 19.77 13.9 26.78
Canaveral NS (Volusia) 28.907 16.04 10.28 22.39
New Smyrna Beach 29.033 13.44 6.667 20.17
Volusia Co. Beaches 29.073 12.04 5.574 18.28
North Peninsula State Park 29.408 10.17 2.549 17.26
S. Flagler Co. Beaches 29.454 12.65 5.434 20.39
Flagler Beach 29.481 11.45 4.001 19.06
Flagler County Beaches 29.557 11.01 4.605 17.7
N. Flagler County Beaches 29.627 11.46 3.991 19.49
St. George Island 29.637 10.81 3.594 18.4
Guana River State Park 30.074 6.20 -1.871 14.52
Ponte Vedra South 30.228 4.50 -3.08 12.43

Discussion

There has been a dramatic increase in nesting by leatherbacks in Florida over the
past 27 years. I estimated a statewide increase of 11.3 + 1.9% per year in the number of

nests at 70 beaches (99.6% of all nesting). Perhaps the more interesting question is not
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whether there has been an increase but what are the reasons for such a dramatic increase
in such a short period of time.

The population status at other rookeries in the Atlantic basin may yield some
clues. A leatherback stock assessment was recently completed for the Atlantic basin and
of the 11 rookeries analyzed, 9 populations were found to have increased in recent years
(3-24% per year), one was found to have remained stable, and only one was found to be
decreasing slightly (Troéng et al., 2004; TEWG, 2007). For nearly every nesting beach in
the wider Caribbean, either 2000 or 2001 was an outstanding nesting year with more
leatherbacks nesting than previously documented. While leatherback nesting had
followed a general bimodal pattern, with high numbers one year followed by lower
numbers the next, clearly something extraordinary had occurred to make the 2000/2001
season such an excellent year for many rookeries in the western Atlantic. Since the
2000/2001 boom, nesting has settled back into the general bimodal pattern but the new
average number of nests each year remains significantly higher than pre-2000 averages
(TEWG, 2007). The overwhelming conclusion of the TEWG report was that leatherbacks
are significantly increasing in number at many nesting beaches in the Atlantic (TEWG,
2007).

For example, at St. Croix, USVI, where leatherbacks have been monitored

intensively and protected for 26 years, there has been a 13% increase in the number of
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females nesting there each year and the number of hatchlings released has increased from
2,000 in early years to over 49,000 annually (Dutton et al., 2005). This incredible increase
in females and hatchlings has been attributed to protection of nesting females which
have a high annual survival rate there (89.3%; Dutton et al., 2005) and also to the practice
of relocating nests in danger of being washed away by the tide (Dutton et al., 2005).
Genetic analyses underway for the St. Croix rookery shows that individuals are quite
closely related and females may be grouped into family units, with full sibling or
mother-daughter pairs being identified (Dutton et al., 2005). In French Guiana, the
demographic scenario was examined for nesting leatherbacks (Rivalan et al., 2006); the
population there has increased dramatically since the 1950s. The authors sought to
examine whether this increase was the result of cyclic variation which is typical for sea
turtle nest numbers. Using microsatellite DNA to look for evidence of a bottleneck in
recent times, which would indicate a colonization event, the authors concluded that the
increase in the number of nesting females was not likely the result of cyclic variation.
They found that it was not likely the result of a colonization event either, but instead
suggested that the increase may be due to massive immigration from other rookeries in
the Caribbean, although the source populations were not identified.

If leatherbacks are increasing in number nearly everywhere throughout the

Caribbean, where have they all come from? The underlying causes of this phenomenal
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increase remain unclear but here I consider two hypotheses for the increase of

leatherbacks in the Atlantic.

Conservation success

Are leatherbacks experiencing better protection (legally or practically) than they
did 27 years ago? In Florida and St. Croix, the Endangered Species Act (1973) has legally
protected leatherbacks for 34 years. It doesn’t appear that adult leatherbacks were ever
targeted or harvested by humans on a large scale on the nesting beach at either of these
places, but nest protection has improved in a practical way. At St. Croix, by moving
nests in danger of washing away, the production of hatchlings has increased 25-fold
since 1980 (Dutton et al., 2005). This represents a significant contribution to the number
of younger age classes in the water and could substantially increase the number of
adults recruiting to the nesting beach if mortality rates remained stable. In Florida,
increased monitoring and individual nest care may have increased the number of
hatchlings that ultimately make it into the water. But nest protection may not be the
major reason for the other increases observed in the Atlantic. Florida and St. Croix are
both small populations and are therefore much easier to manage than a rookery with
thousands of nesting females. In Trinidad and the Guianas, nests number in the tens of
thousands (Girondot and Fretey, 1996; Hilterman and Goverse, 2005; Eckert, 2006) but

there is an unknown level of slaughter of nesting turtles and eggs are still collected in
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many places. At these rookeries, there are simply too many nests to protect along
hundreds of kilometers of unmonitored beach. In addition, doomed nests (nests laid
below the high tide line) are often left where they are laid, because moving them is labor
intensive and many monitoring programs lack these significant resources. Conservation
and improved nest monitoring and protection may be part of the answer to the increase

observed in the Atlantic, but it may not be the only reason.

Changing ocean climate

Every animal must allocate their energy budget toward a number of activities
(e.g. migration, maintenance, reproduction) and the proportion allocated is constrained
by many factors including the availability of food resources, the animal’s physiology,
and other life history tradeoffs (Stearns, 1992). In times of low food availability, animals
may delay or even skip reproduction (Drent and Daan, 1980; Stearns, 1992). As capital
breeders, leatherback turtles must meet their energy requirements for migration and
maintenance and then devote surplus energy to building fat reserves (Hays, 2000) that
will allow them to be reproductively active every second or third year (Pritchard, 1971;
Hirth, 1980; van Buskirk and Crowder, 1994). The frequency of nesting cycles is
therefore linked to resource availability (the more fat a turtle can store, the more often
she can return to the nesting beach; Stearns, 1992). Leatherback turtles forage almost

exclusively on gelatinous plankton (Bjorndal, 1997; James and Herman, 2001; Desjardin,
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2005), mainly in northern latitudes (James and Herman, 2001; James et al., 2006), but also
in coastal areas (Leary, 1957; Ernst and Gilroy, 1979; Grant et al., 1996).

Recently, increases in jellyfish abundance have been documented in areas once
dominated by robust fisheries (Mills, 2001; Brodeur et al., 2002; Frank et al., 2005). The
removal of top predators has initiated oceanic food web changes in many areas such as
the Black Sea and the northwest Atlantic (Daskalov, 2002; Worm and Myers, 2003), and
Brodeur et al. (2002) hypothesized that increases in jellyfish biomass in the Bering Sea
was linked to the release of competition from small forage fish. These changes may serve
to enhance jellyfish populations as jellyfish take advantage of primary production that
previously was incorporated into fish biomass (Mills, 2001). Areas where fisheries have
collapsed, or where eutrophication is a concern may be especially vulnerable to blooms
(Graham, 2001) because jellyfish have exceptionally high consumption rates during a
bloom (Purcell, 1992). Whether top-down (Daskalov, 2002; Worm and Myers, 2003;
Myers et al., 2007) or bottom-up (Ware and Thomson, 2005) mechanisms are responsible
for changes in food webs, the resulting effect appears the same; an increase in
abundance of lower food web organisms (shrimp, crabs, jellyfish, small elasmobranchs;
Daskalov, 2002; Worm and Myers, 2003; Frank et al., 2005; Myers et al., 2007). This
means that the availability of jellyfish may no longer be a limitation faced by

leatherbacks and as a consequence, they may be able to store fat reserves more quickly
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than in previous times. If reproductive rates are indeed soaring and leatherbacks are
able to return to nest after only one or two years at the foraging grounds, we should
expect to see a dramatic rise in the number of nests. Additionally, the removal of top
predators (Myers et al., 2007) and the collapse of shark populations in the northwest
Atlantic (Baum et al., 2003) may decrease at-sea mortality rates for juvenile and subadult
leatherbacks, increasing the overall population even more than the effects of the release
from food limitation alone.

Beyond the phenomenon of “fishing down the food web” (Pauly et al., 1998), the
global oceans appear to be undergoing great changes at large scales. Climate change is
the reason offered for a multitude of anomalies that we are seeing in our natural
environment, from an increase in the intensity of hurricanes (Keim et al., 2004; Elsner,
2006), to changes in species ranges (Truong et al., 2007), to an increase in the number of
invasive species experiencing success in new habitats (Kinlan and Hastings, 2005).
Climate change and variability may also be affecting the abundance of leatherback prey;
North Sea jellyfish abundance has been linked to the North Atlantic Oscillation (Lynam
et al., 2004). At eastern Pacific nesting beaches in Mexico and Costa Rica which once
hosted thousands of female leatherbacks per year, extirpation may be imminent as
populations have plummeted in recent decades (Eckert and Sarti, 1997; Spotila et al.,

2000, Spotila, 2004). Wallace et al. (2006) found that leatherbacks in the eastern Pacific
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are likely to be severely constrained by resource limitation, taking longer intervals at sea
between nesting years (3.7 years; Reina et al., 2002) than their counterparts in the
Atlantic. Wallace et al. (2006) proposed that even though North Atlantic leatherbacks
have higher absolute energy costs than eastern Pacific turtles, they have a more
consistent foraging environment in the Atlantic basin. The productivity of the Pacific
Ocean is much more variable and unpredictable due to large-scale phenomena such as
the El Nino Southern Oscillation (ENSO; Chavez et al., 2003). Saba et al. (2007)
demonstrated that ENSO did indeed have significant effects on the remigration intervals
of nesting females of the eastern Pacific rookery of Playa Grande, Costa Rica, through
the effects of sea surface temperature (SST) variability.

Regardless of what the underlying cause of the population increase might be,
there are more leatherback turtles in the Atlantic now than in recent decades. The
Florida nesting population represents an encouraging example of an endangered sea
turtle population that can increase in size at fairly short time scales. Effective legislation
on both land and at sea combined with an enormous volunteer force protecting nesting
beaches may be just part of the answer to the puzzle of the increase in leatherback nest
numbers in the Atlantic. Climate variability coupled with ecosystem trophic cascades
may well be responsible for the increase in leatherback prey in the Atlantic, allowing

populations to surge upward. In coming years, Florida may significantly contribute to
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recovery objectives (NMFS, USFWS, 1992) set out for the leatherback in the Atlantic
because there is good nesting beach protection and monitoring in place there, lighting

ordinances at nearly all urbanized nesting beaches, and high hatchling production.
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Chapter 2: Population demographics for an
exponentially increasing sea turtle rookery: the

leatherback in Florida.
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Introduction

For sea turtles, all listed under the US Endangered Species Act (ESA, 1973), it has
been difficult to collect life history population parameters because sea turtles have
complex life histories that require separate habitats for various life stages and they
exhibit extensive ranges. Because they are long-lived and migrate long distances, fully
understanding the life history and then planning for recovery can be problematic.
Recovery plans are extremely useful tools in the management of threatened species
because measurable goals can be established and even if they change or need to be
updated they still provide the framework under which to focus effort and funding.

The leatherback turtle (Dermochelys coriacea) is the largest turtle in the world and
nests globally on subtropical and tropical beaches. Considered critically endangered
worldwide by the World Conservation Union (IUCN, 2004), these turtles face potential
risks to survival during all life stages. It is therefore critical to determine nesting trends,
evaluate threats and estimate population parameters such as survival rates and
population sizes to manage this species effectively. In the eastern Pacific, the leatherback
faces a population crisis and it is only because long-term studies have been done that it
has been possible to study population dynamics and to derive estimates for critical
parameters, unfortunately even if the purpose is to document declining populations

there. In the Atlantic basin, the leatherback is experiencing a quite different reality, with
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most small populations increasing rapidly and large populations maintaining their size
or increasing slightly (TEWG, 2007).

The need to establish baseline life history data for leatherbacks in the USA was
first specifically outlined in a National Marine Fisheries Service (NMFS) stock
assessment report (NMFS-SEFSC, 2001) and again recently in a 2007 report (TEWG,
2007). Specific objectives for each population at three rookeries (Culebra, PR; St. Croix,
USVT; east coast of Florida) were described. Initially, the NMFS was only able to
complete a preliminary stock assessment of leatherback turtles in US waters because
they lacked the appropriate data (survival rates, remigration interval, internesting
interval, population size) to create population models required for an adequate
assessment. The report concluded that the required data simply did not exist for
leatherbacks nesting in the United States. Since the recovery plan was written (NMFS
and USFWS, 1992), excellent information has been published on two rookeries
considered to be important under US jurisdiction, St. Croix (USVI) and Puerto Rico’s
nesting beaches. Both of these locations have had long term monitoring of leatherback
nesting and individual turtle identification; St. Croix is perhaps one of the best studied
leatherback populations worldwide. Information of this type has been completely
lacking for Florida, except for nest count numbers and some rough estimates of

population size based on nest counts.
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To evaluate success measured in terms of an increase by a certain date (2017 for
the current recovery plan) in the number of nesting females or the number of nests, it
first must be established what the current status or count is, and efforts to determine
population size have been hampered by the difficulty in counting individuals within
populations. Assessing stocks on nesting beaches has been constrained by the very
nature of sea turtle life history; they exhibit extreme variability in the regularity with
which they nest and setting up research in remote locations has proven difficult.

The number of leatherbacks nesting in Florida is unknown. Previous population
size estimates based on nest numbers and clutch frequency information ranged from 10-
15 turtles (Carr, 1952) to 16-31 individuals (Meylan et al., 1995), to 40 turtles nesting each
year (Spotila, 2004). Leatherback nesting has been recorded in 16 of 34 coastal counties,
although the densest nesting occurs in three counties (Palm Beach, Martin, and St. Lucie)
along ~200 km of the Atlantic coast. These counties have received 83.4% of all nesting
ever recorded in the state (Stewart, Ch. 1). Palm Beach County has the heaviest nesting
(39.9%) followed by Martin County (30.7%); St. Lucie County has 12.8% of all nests ever
recorded (Stewart, Ch. 1). Some nesting also occurs along the panhandle (FWRI, 2007),
and sporadic nesting has been documented along the beaches of Georgia, South

Carolina, and North Carolina (Rabon et al., 2003). Leatherback nest counts have
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increased dramatically at 11.3 + 1.9% per year over the past 27 years in Florida (Stewart,
Ch. 1).

The purpose of this study was to estimate a nesting population size for Florida
by sampling a portion of the coastline in Florida where leatherbacks regularly nest.
Determining population size is an objective stated as an important goal of the recovery
plan for leatherbacks in the US, and to date, demographic parameters for the Florida
rookery are lacking. In order to evaluate the current recovery plan as well as to develop
a new plan for the leatherback in Florida, there are several parameters that must be
estimated from the best data available. I developed empirical estimates for life history
parameters such as remigration interval, internesting interval, clutches/season, and
emergence success of nests. Because sea turtles generally are long-lived, iteroparous and
have long reproductive lives, I tested the hypothesis that leatherbacks nesting in Florida
have high average annual survival rates; this has been shown for leatherbacks at other

rookeries in the Caribbean (i.e. 89.3% for St. Croix, USVI; Dutton et al., 2005).

Materials and Method's

Leatherback turtles and nest parameters

Leatherback turtles were sighted during nightly (2100 h to 0600 h) patrols from

19 March to 4 July each year from 2001-2006. Using all-terrain vehicles (ATVs), the team
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surveyed a 19.4 km segment of Florida’s east coast at Juno Beach (Fig. 2.1) from Jupiter
Inlet (26°56'36” N, 80°04'15” W) south to Lake Worth Inlet (26°46'24” N, 80°01'53” W).
Nesting turtles were approached after egg deposition had begun and all flippers were
inspected for existing metal or plastic tags or tagging scars. Turtles without flipper tags
were also thoroughly examined using a Passive Integrated Transponder (PIT) tag reader
(Destron Fearing Pocket Reader-EX) passed over each flipper and the neck. Then, if the
turtle had no identifying characters, it was marked for subsequent identification. First,
chlorohexidene solution was applied to tagging sites before metal tags (Inconel style 681;
National Band and Tag Co., Newport, KY) were applied with tagging pliers to both rear
flippers. A PIT tag (125 kHz; Digital Angel Corporation, St. Paul, MN)) was injected into
the right front shoulder muscle of each turtle. Triple tagging (2 flipper tags and a PIT
tag) ensured redundant identification methods for unique individuals. Upon re-sighting
of an individual, each turtle’s tags were carefully checked and recorded, and then
compared to a master list while in the field. Any tag problems at this time could be
immediately identified, but since we spent up to an hour with each turtle, the chance of
misidentification of an individual was virtually zero. I wanted to minimize any error
due to tag loss or failure because this can have serious consequences for parameter
calculation (Rivalan et al., 2005). There were no instances of complete loss of all three

tags on any turtle because no turtles were observed with tag scars on both rear flippers
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and the lack of a PIT tag. Occasionally, a turtle may have lost one or both flipper tags,

but still retained its PIT tag. If turtles had lost one or more flipper tags, the tags were

replaced.
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Figure 2.1: Juno Beach study area. Map showing the study area of Juno Beach,
FL, bounded to the north by Jupiter Inlet and to the south by Lake Worth Inlet. Inset
shows Florida within the southeastern USA.
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Remigration interval was calculated for each female by counting the total
number of years since the turtle was first encountered, and then dividing by the number

of yearly observations since the turtle was first tagged. For example, if a turtle was
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tagged in 2001, observed again in 2003 and 2005, her remigration interval would be =2
years (6 years since first observation/3 observations).

For each individual turtle, curved carapace length and width were measured
according to procedures outlined in Bolten (1999). Any distinguishing marks or injuries
were recorded as well. Every nest location was recorded using a Trimble Pro XL
differential global positioning system (DGPS) with sub-meter accuracy. Additionally, all
clutches were marked using wooden stakes; one placed near the egg chamber and one
placed directly landward at the vegetated dune line. After first emergence of the
hatchlings or 90 days after deposition (if emergence date was not noted), all marked
nests were excavated to determine clutch size for each individual turtle as well as
hatching and emergence success for all nests. Incubation duration was calculated by

subtracting the date of first emergence from the nest deposition date.

Mark-recapture analysis (Open robust design multi-strata)

For each individual female an encounter history was derived for the six year
period. I structured my sampling according to the Open Robust Design Multi-Strata
option (ORD-MS; Kendall and Bjorkland, 2001; Kendall and Nichols, 2002) which was
initially a combination of mark-recapture designs by Schwarz and Stobo (1997) and
Kendall et al. (1997). This modeling approach assumes Markovian (non-random)

breeding probability and also relaxes some assumptions about the population closure
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within primary sampling periods. The model allows turtles to enter and exit the
population once during a primary sampling session (breeding season =1 year) but
assumes that there is no death or new recruitment within that season. The ORD-MS
model is especially appropriate for nesting sea turtle populations because these turtles
generally skip one or more years following nesting before they can return to the nesting
beach (Miller, 1997). For the period of time when they are gone, they are not available
for capture. Within the first of two strata described in the model are the turtles that are
nesting females at the breeding ground. In the second stratum, which is unobservable, a
female may be an adult breeding turtle and still be part of the breeding population, but
she may not be present on the breeding grounds. The survival rate of the individuals
that are skipping one or more years after nesting is assumed to be the same as the
survival rate for the nesting turtles, because in the unobservable state, parameters
cannot be estimated because the turtles are never seen.

Leatherback nesting season in Florida typically runs from 1 March through late
June, with the peak of nesting occurring during the last two weeks of May (Meylan et
al., 1995). Under the ORD-MS, each discrete nesting season that I surveyed represented a
primary sampling session (n = 6). I divided each nesting season (primary sampling
session) into 12 secondary sampling periods of nine days each. Leatherbacks nest

approximately every nine to 10 days (Miller, 1997) but because many of the females at
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Juno Beach nested at nine day intervals, it was appropriate to structure the yearly
encounter histories for nine day segments. This maximized the number of encounters
that I could use for each individual’s capture history. Each individual female had an
encounter history with 72 encounter sessions of nine days each, over six years.

I fitted the most general model using the program ORDSURVIV

(http://www.mbr-pwrc.usgs.gov/software.html) to test for goodness of fit and then I
constructed models to test biologically relevant hypotheses as well as more general
models about survival and breeding probabilities. I used Program MARK 4.3 (White and
Burnham, 1999) to run the ORD-MS model. From individual turtle capture histories I
derived estimates for average annual survival, breeding probability (probability that a
turtle will become a nester in any particular year), probability of a turtle remaining at
the study site throughout the season, and capture probability. From all models tested,
the most appropriate one that fit the data was selected based on Akaike’s Information
Criterion (AICc). Derived estimates of annual nesting population size and residence

time (i.e. number of nests per season per individual) were also calculated.
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Results

Leatherback turtles and nest parameters

A total of 201 individual turtles were identified and marked over six nesting
seasons (primary sampling sessions). For each year, the proportion of newly captured
turtles and the proportion of recaptured turtles are listed in Table 2.1. Over the period
2001-2006, the proportion of recaptures has increased at the site from just 23.1%
recaptures in 2003 to over 50% recaptures in 2006. Of the 201 individuals, 65.7%
(132/201) have only been seen one time. But this number includes 63 turtles tagged for
the first time in 2005 or 2006, and they would not generally be expected back until at
least 2007. Two turtles tagged in 2005 returned to nest again in 2006, after only one year
away. Only six turtles since 2003 have nested in two consecutive years. Of the remaining
138 turtles tagged between 2001 and 2004 that might have been expected to return, just
over half (71 individuals) have only been seen once. The average remigration interval
calculated for all 2001-2005 turtles (n = 182) was 2.9 + 1.2 years with a mode of 2 years
and a range of 1-6 years. When individuals seen only once were removed from analysis,
the resulting remigration interval was 2.2 + 0.5 years (n = 69) with a range of 1-3 years

(Table 2.2).
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Table 2.1: Leatherback recapture statistics. For each year of the survey (nesting
season), the number of individual turtles encountered, the proportion of those which
were newly captured, and the proportion that were recaptured individuals. A total of

201 individuals were identified over the period.

Leatherback turtles 2001 2002 2003 2004 2005 2006

total # captured 23 44 65 33 76 43
% new captures 100.0 100.0 76.9 63.6 57.9 44.2
% recaptures 0.0 0.0 23.1 36.4 42.1 55.8

Table 2.2: Leatherback population parameters. A summary of population
parameters for the Florida nesting population of leatherback turtles.

Parameter Estimate + SD n Reference
remigration interval 2.2 4/- 0.5 years 69 this study
clutch size 69.0 +/-18.2 140 this study
average size CCL 151.8 £ 6.6 cm 174 Stewart et al., 2007
average size CCW 109.2 +5.0 cm 174 Stewart et al., 2007

observed clutch frequency 1.8 +1.2nests/yr 277 Stewart, Ch. 3
estimated clutch frequency 4.2 +/- 1.7 nests/yr 134 Stewart, Ch. 3

internesting period 10.1 +1.2 days 131 Stewart, Ch. 3

incubation duration 66.9 +7.8 177 Stewart and Johnson, 2006
hatching success 67.0 +24.7% 208 Stewart and Johnson, 2006
hatchlings emerged/nest  46.1 +22.8 208 Stewart and Johnson, 2006

estimated clutch frequency 4.1 +/- 0.9 nests/yr 140 this study

Average clutch size for individual turtles within one nesting season at Juno
Beach was 69.0 +/- 18.2 eggs (n = 140 turtles). The mean size of individual females for this
rookery has been published previously (151.8 + 6.63 cm CCL, 109.2 + 5.0 cm CCW;
Stewart et al., 2007). Values for observed clutch frequency (1.8 + 1.2 nests/year),

estimated clutch frequency (4.2 + 1.7 nests/year) and observed internesting period (10.1 +
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1.2 days) can be found in Stewart (Ch. 3). Incubation duration was 66.9 + 7.8 days,
hatching success was 67.0 + 24.7% and average hatchling emergence success was 46.1 +

22.8 hatchlings per nest (Stewart and Johnson, 2006; Table 2.2).

Mark-recapture analysis (Open robust design multi-strata)

From the models tested using the open robust design multi-strata option in
MARK 4.3, the most appropriate one based on Akaike’s Information Criterion (AICc) for
the 201 turtle encounter histories was Model O (Table 2.3). There was virtually no
support for any of the other models tested, except Model Q. Specific parameter estimates
of Model O are given in Table 2.4. Average annual survival was constant over the period
at 95.6 + 5.1%. The probability that a turtle would transition from being a nester in one
year to a non-nester the following year (y’’) varied over time and ranged from 87.8% in
2004 to 100% in 2001 and 2002; the average transition probability was 95.4%. Breeding
probability for a turtle that had skipped nesting in one year to become a nesting turtle
the next year also varied by time (y’) and ranged from 36.5% to 100% (average = 54.8%).
The probability of a turtle remaining at the study site between secondary periods (3)
was time dependent and was very high during the early season, dropping off quickly
after secondary period nine (39). This period corresponds with dates between 30 May
and 6 June which immediately follows peak nesting in Florida. The probability of

encountering an individual female (p) was constant at 28.5 +2.1%.
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Table 2.3: Model testing results. Model O was the only model supported by the empirical data.

Model Model AICc Model Number of
ID Structure AICc AAICc Weight Likelihood Parameters Deviance
O D*(L) v (t) v/ (t) D(tt) B(.t) p(..) 2933.18 0.00 0.744 1.000 56 2807.34
Q D*(t) v (t) V' (t) D(tt) B(-t) p(..) 2935.35 2.17 0.252 0.339 57 2806.98
S D*() Y7 () V' () D(tt) B(-t) p(..) 2944.15 10.97 0.003 0.004 52 2828.30
M D*() Y (t) Y (1) D(tt) B(tt) p(..) 2946.46 13.27 0.001 0.001 79 2759.60
L D*(t) v (t) V' (t) D(..) p(tt) p(..) 2947.89 14.71 0.000 0.001 20 2906.20
R O*() V() Y () P(tt) B(.t) p(..) 2952.99 19.81 0.000 0.000 51 2839.61
K D*() Y (b) Y (t) D(..) B(tt) p(..) 2954.48 21.30 0.000 0.000 18 2917.11
T D*(L) Y7 (t) Y/ (t) D(.t) B(-t) p(..) 2956.92  23.74 0.000 0.000 26 2902.06
U DO*() Y (t) V' (1) D(tt) B(-t) p(.t) 2974.07  40.89 0.000 0.000 74 2801.02
F D*(.) Y (t) Y (t) D(tt) B(tt) p(-t) 297414  40.96 0.000 0.000 90 2755.78
G D¥(t) v (t) Y'(t) D(tt) B(tt) p(.t) 2988.15 54.97 0.000 0.000 96 2751.91
P D*() Y (b) V' (t) D(tt) B(..) p(..) 3023.73 90.55 0.000 0.000 45 2924.96
I D*(.) Y7 (t) V' (t) D(tt) B(tt) p(tt) 3032.73 99.55 0.000 0.000 124 2705.85
H D*(t) v (t) Y'(t) D(tt) B(tt) p(tt) 3033.29 100.10 0.000 0.000 124 2706.41
N D*() Y (t) Y (1) D(tt) B(t.) p(..) 3034.92 101.74 0.000 0.000 52 2919.07
E D*(.) Y7 (t) Y (t) D(..) B(..) p(.) 3266.50 333.32 0.000 0.000 7 3252.29
D O*) v’ () Y'() D) B.) p() 3465.09 531.91 0.000 0.000 4 3457.02

Note: O* = survival, y"’ = breeding probability for nesters, y’ = breeding probability for non-nesting adult females, O = entry
probability, B = probability of remaining at the study site, p = capture probability (after Kendall and Bjorkland, 2001).



Table 2.4: Parameter estimates from Model O: annual survival (®*), breeding
probabilities for nesting turtles (y”’) and turtles that skipped nesting (y’), probability
of remaining from one secondary sampling period to the next (B), and capture

probability (p).
Standard Lower Upper
Parameter Estimate Error Estimate Estimate
O* 0.956 0.051 0.672 0.996
Y0 1.000 0.000 1.000 1.000
Y02 1.000 0.000 0.000 1.000
Y03 0.934 0.038 0.810 0.979
Y o 0.878 0.068 0.674 0.961
Y05 0.959 0.029 0.846 0.990
Y o1 0.500 0.000 0.500 0.500
Y 02 1.000 0.000 1.000 1.000
Y03 0.365 0.120 0.172 0.614
Y o4 0.450 0.099 0.272 0.642
Y05 0.424 0.134 0.200 0.683
1 0.842 0.145 0.388 0.978
(32 1.000 0.000 1.000 1.000
(s 0.857 0.099 0.552 0.967
Pa 0.858 0.096 0.565 0.965
Ps 0.841 0.093 0.574 0.954
Pe 0.907 0.093 0.528 0.988
7 1.000 0.001 0.000 1.000
s 0.869 0.108 0.509 0.977
(39 0.474 0.090 0.308 0.646
o 0.256 0.094 0.116 0.474
Pu 0.000 0.000 0.000 0.999
p 0.285 0.021 0.245 0.329

Derived estimates of Model O included annual nesting population size and
residence time (i.e. number of nests per season per individual); these are listed in Table

2.5. The average annual nesting population at Juno Beach averaged 71 + 23 turtles from
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2001-2006. The average residence time was 4.1 + 0.9 secondary sampling periods which

corresponds to individual clutch frequency.

Table 2.5: Derived parameter estimates from Model O in MARK (open robust
design multi-strata option) for annual number of turtles (N*), and residence time (i.e.
number of nests per individual or estimated clutch frequency).

Standard Lower Upper
Parameter Estimate Error Estimate  Estimate
N~ 2001 46 4.645 36 55
N”* 2002 68 4.063 60 75
N 2003 95 4.847 85 104
N~ 2004 50 4.035 42 58
N~ 2005 102 4.594 93 111
N 2006 64 4.838 55 74
Residence (2001) 25 0.4 1.8 3.2
Residence (2002) 3.7 04 3.0 44
Residence (2003) 44 0.4 3.7 52
Residence (2004) 4.3 0.5 3.2 5.3
Residence (2005) 52 0.5 4.3 6.1
Residence (2006) 4.5 0.5 34 5.6

For each year of the study, Fig. 2.2 shows the observed number of females, and
the annual number of females estimated by MARK (which incorporates the capture

probability).
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Figure 2.2: Annual leatherback population size for Juno Beach, Florida. The
number of turtles that were observed nesting each year and the number of turtles
estimated nesting each year are shown.

Discussion

The purpose of this study was to provide important parameters for management
and to answer questions about the biology of this turtle at the northern limits of its
nesting range in the western hemisphere. Now for the first time, important population
parameters based on empirical field data from nesting females have been estimated for

this population. Florida represents the sole continental US nesting population, although
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other important US rookeries exist at St. Croix, USVI and in Puerto Rico and
surrounding islands (Culebra and Vieques).

The number of individual leatherbacks nesting in Florida at Juno Beach is far
greater than previous estimates for the entire state of Florida. This is evident from both
tagging information and results from this new population analysis. With an average of
71 + 23 females nesting annually at Juno Beach alone, total population size for Florida
should be significantly greater, as the Juno Beach study area is only ~ 10% of the total
nesting habitat used regularly by leatherbacks in Florida. But it would not be
appropriate to multiply this population size by some factor to derive the size of the
entire Florida nesting population. Leatherbacks nesting in Florida appear to have fairly
low site fidelity to a particular beach and may nest at broad spatial scales (Stewart, Ch.
3). Within one season, turtles have been found nesting up to 139.8 km away from their
initial nesting or tagging site (Stewart, Ch. 3). The probability of encountering an
individual at Juno Beach is actually quite low (28.5%); quite different than encounter
probability estimates for leatherbacks at St. Croix (100%; Dutton et al., 2005) and for
hawksbill turtles at Jumby Bay, Antigua (100%; Kendall and Bjorkland, 2001). However,
considering the weaker site fidelity of the leatherback in Florida (Stewart, Ch. 3), this
may well account for the low encounter probability since the study area is surveyed

thoroughly and very few turtles are missed each season. However, these estimates
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establish an important baseline for population size against which to measure future
increases or declines in the number of leatherbacks nesting at this rookery in Florida.

Of particular interest is the finding that adult female survival rate was so high at
Juno Beach (95.6%). This rate is substantially higher than what was recently found for
the population nesting at St. Croix (89.3%; Dutton et al., 2005). That study has been
operating for over 20 years and so it has a more precise estimate of survival (i.e. smaller
confidence interval). With additional years of data added to the Florida population
study, the standard error of the survival rate should decrease.

The remigration interval for turtles nesting in Florida (2.2 years) is similar to that
seen for St. Croix (mode = 2 years; Dutton et al., 2005) and not particularly surprising
given the high breeding probability for turtles making the transition from the non-
nesting to the nesting state (Table 2.4). Nesting turtles may not always skip a year or two
before nesting again; 3% of turtles tagged at Juno Beach returned in consecutive years to
nest. The potential is therefore quite good for these turtles to have high reproductive
output over fairly short periods of time. At St. Croix, USVI], due to the relocation of nests
that would have been lost to erosion and an exponentially increasing number of nesting
females, the hatchling production has risen from 2,000 to over 49,000 since the project
began in the 1980s. The remigration rates at these two Atlantic leatherback rookeries

contrast starkly with remigration intervals seen at Playa Grande, Costa Rica. There,
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turtles return on average every 3.7 years (Wallace et al., 2006) and their reproductive
output is much lower (Reina et al., 2002). Eastern Pacific turtles however, are facing
different environmental conditions than turtles in the Atlantic so meaningful
comparisons are difficult to make.

At Juno Beach, the probability of a turtle remaining at the study site from one
secondary sampling period (9 day interval) to the next was high until the 9" sampling
period (30 May to 6 June). This indicates that once a turtle arrives at the nesting beach,
she is likely to remain in the area for the duration of the nesting season, and is probably
laying many clutches during that time. Corroborating previous estimates of clutch
frequency calculated solely from nesting dates of tagged turtles (4.2 +/- 1.7 nests/year;
Stewart, Ch. 3), the derived estimates of residence time (i.e. clutches laid per female)
from the most parsimonious model (Model O) confirm that turtles may only be observed
once or twice a season, but in fact are remaining in the area for much longer (average 4.1
+/- 0.9 nests/year).

Importantly, this study addresses critical research needed for immediate
management. The Turtle Expert Working Group outlined several research needs in a
recent stock assessment (TEWG, 2007). It was suggested that average annual nesting
population size, as well as total population size and other population parameters such as

survival rate, remigration interval and hatchling production be determined for all
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rookeries. This study directly answers those research questions for the East coast of
Florida and is the first study to do so based on empirical data collected from nesting
females.

The use of emerging and sophisticated models tailored for specific animals that
take into account the biology of the animal are incredibly useful and valuable. Choosing
the right analytical design helps minimize bias and reduces error of parameters that are
being estimated. The ORD-MS design (Kendall and Bjorkland, 2001) seems appropriate
for future population studies of turtles on nesting beaches to avoid biases in survival
rate and other parameters because of the nature of sea turtle reproductive biology (i.e.
skipping a year following nesting).

To continue to refine population parameters for the leatherback under US
jurisdiction, I recommend continuing the long-term studies at St. Croix and in Florida. In
addition, a similar summary from the other major nesting beaches in US jurisdiction
(Culebra and Fajardo, Puerto Rico) would be most useful and informative. Long-term
studies such as these are critical tools for detecting changes in populations and can
provide real estimates of parameters that can inform management decisions and refine
population models. For long-lived species like sea turtles this information is vitally

important because their complex life history makes it difficult to assess all life stages.
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Chapter 3: Spreading risk: nest site fidelity and
nesting range of leatherback turtles (Dermochelys

coriacea) in Florida.
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Introduction

Long-lived, slow maturing animals with high adult survival tend to be
iteroparous (Stearns, 1992). Iteroparity is particularly beneficial in unpredictable
environments because it enhances an individual’s ability to spread reproductive risk
through time and space. Choosing a high-quality location for reproduction and the
development of offspring is one of the critical elements of success, but the quality of a
specific site may not be very predictable in a particular year. Many taxa use a strategy of
natal homing or increased nesting site fidelity to enhance reproductive fitness. Natal
homing is the return of an individual to its place of birth while breeding site or nesting
site fidelity refers to the tendency of an individual to return to an area previously used
for breeding or nesting (Baker et al., 1995).

Natal homing may have evolved because it allows for individuals to return to a
location that successfully produced progeny in a previous generation (Reinhold, 1998,
Freedberg and Wade, 2001) and because movement to an unknown location of unknown
quality may present an individual with increased risk of failed reproduction (Danchin
and Cam, 2002). This becomes especially important to animals that make long distance
migrations between foraging and breeding areas because travel costs are high (Kinnison

et al., 2001). Precise natal homing should be favored by selection when the suitability of
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an environment is locally predictable and also when nesting or breeding site location
produces variation in fitness (Freedberg et al., 2005).

Once a mature animal has returned to its natal rookery (generally defined
through genetic analyses), a suitable nesting or breeding site must be chosen at a finer
scale. Many birds, mammals, and reptiles exhibit strong nesting or breeding site fidelity
(hereafter referred to as site fidelity) within their natal region. Factors affecting the
precision of site fidelity are numerous but may include previous success at that site,
local density dependent factors caused by population growth, availability of mates, lack
of predators, or the quality and extent of the habitat. For example, many bird species
show strong site fidelity (to a territory or nest) based on their success in producing
fledglings during the previous breeding season (Johannesen et al., 2002; Catlin et al.,
2005).

Marine turtles provide an interesting model for studying degrees of site fidelity
in a species with limited parental care. They are long-lived, late maturing, and have high
adult survival with low offspring survival rates (Heppell et al., 1999). To maximize their
reproductive fitness and improve the chances that some hatchlings survive to maturity,
females must lay thousands of eggs over the course of many breeding seasons. This
strategy reflects the variability and uncertainty that exists in both hatchling survival and

nest environment stability. Sea turtles do however, exhibit natal homing. Genetic
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analyses of the maternally inherited mitochondrial DNA (mtDNA) show regional
population structure and support the theory of natal homing for green turtles (Chelonia
mydas; Bowen et al., 1992; Allard et al., 1994), loggerheads (Caretta caretta; Schierwater
and Schroth, 1996; Encalada et al., 1998; Bowen et al., 2005) and hawksbill turtles
(Eretmochelys imbricata; Bass et al., 1996), although natal homing has not yet been
identified in ridley turtles (Lepidochelys spp; Bowen et al., 1998; Shanker et al., 2004) or
flatback turtles (Natator depressus). For leatherbacks (Dermochelys coriacea), there is
evidence of population structure and therefore provisional support for natal homing
(Dutton et al., 1999; TEWG, 2007). But nesting regions that are in close proximity have
been difficult to distinguish from one another genetically (Dutton et al., 1999) and
therefore natal rookeries of leatherback turtles have been harder to define.

Despite genetic evidence for natal homing in sea turtles, Eckert et al. (1989) noted
that the level of site fidelity (specific nest site location) within rookeries differed among
sea turtle species with most species switching nesting beaches during a single season.
They recognized that the proportion straying to other beaches probably varied among
species but small sample sizes made this difficult to quantify (Eckert et al., 1989). For
green turtles, nesting site fidelity is reportedly quite strong, with short distances
between successive nests within a single year; 1.4 km at Tortuguero, Costa Rica (Carr

and Carr, 1972) and within less than 2.7 km at Ascension Island (Mortimer and Portier,
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1989). Leatherbacks lie at the opposite end of the spectrum and appear to have weaker
site fidelity to a particular beach than other sea turtle species (Pritchard, 1979; Dutton et
al., 1999), perhaps even choosing a type of nesting habitat (high energy, steeply sloped
beach with quick access to deep water) rather than a particular location (Pritchard, 1979).
In the northwestern Atlantic, leatherbacks nest extensively throughout the
Caribbean on islands (Tucker and Frazer, 1991; Boulon et al., 1996) and on mainland
beaches from South America (Girondot and Fretey, 1996) to Costa Rica (Troéng et al.,
2004). Florida represents the northern limit of the nesting range (Weishampel et al.,
2003), apart from a few nests each year distributed from Georgia to North Carolina, USA
(Pete and Winn, 1998; Rabon et al., 2003). Florida’s beaches are extensive (> 500 km on
the East coast) and provide critical nesting habitat for loggerhead, green, and
leatherback turtles each nesting season. Leatherbacks deposit their eggs on open, dark
beaches, generally but not always above the high tide mark (Mrosovsky, 1983; Whitmore
and Dutton, 1985; Kamel and Mrosovsky, 2004). They nest approximately every nine to
10 days within a season (Miller, 1997) and on average, nest every two to three years
(Miller, 1997). Depending on the population, they may lay up to 14 nests each during a
single nesting season (Girondot and Fretey, 1996) but the average is generally thought to

be five or six nests per year (van Buskirk and Crowder, 1994).
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Observed clutch frequency and estimated clutch frequency are often calculated
using flipper tag returns and Passive Integrated Transponder (PIT) tag returns during
nightly patrols. There appear to be striking differences in nest frequency values based on
whether leatherbacks are observed nesting on islands or at mainland beaches (Table 3.1).
Because clutch frequencies are so low at mainland beaches, it has been suggested that a
large proportion of female leatherbacks may only nest once per season at these locations
(Hughes, 1982; Steyermark et al., 1996) or that leatherbacks may not home to individual
beaches on a mainland (Dutton et al., 1999).

Research on leatherbacks nesting on an intensively monitored mainland beach in
Florida has revealed very low clutch frequency (personal observation), suggesting that
turtles are nesting outside the primary survey area. The purpose of my study was to test
this hypothesis and to determine if turtles observed nesting only once at the study site
were nesting additional times elsewhere. My goal was to define the limits of distance
that an individual leatherback will travel in spreading reproductive risk and how
extensively leatherbacks use the beaches in Florida. Defining the extent of an animal’s
breeding range has important implications for management and protection, especially
for species that are threatened or endangered. Species that have evolved strategies of
bet-hedging over temporal and spatial scales should not be shortchanged because of our

failure to protect entire breeding ranges.
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Materials and Method's

My study site at Juno Beach, FL, extends from Jupiter Inlet (Fig. 3.1; 26°56'36” N,
80°04'15” W) south to Lake Worth Inlet (26°46'24” N, 80°01'53” W), a distance of 19.4
km. This segment of the Florida coastline has the highest density of leatherback nests in
the state (average ~7 nests/km/year). I encountered nesting leatherbacks during nightly
patrols of an ongoing mark-recapture study, conducting surveys yearly (2001-2006) from
19 March to 4 July (2100 hours to 0600 hours). Each nesting turtle was examined for tags
as marks of identification. I applied flipper tags (Inconel style 681; National Band and
Tag Co., Newport, KY) to both hind flippers of untagged individuals and injected a
Passive Integrated Transponder (PIT) tag (125 kHz; Digital Angel Corporation, St. Paul,
MN) into each turtle’s right front shoulder. I recorded the location of each nesting event
using a Trimble Pro XL differential global positioning system (DGPS) or comparable
unit with sub-meter accuracy. I also received reports of tagged leatherbacks observed on
nesting beaches outside the survey area. When I encountered turtles carrying tags that I
had not applied, I contacted the Cooperative Marine Turtle Tagging Program (CMTTP)
of the Archie Carr Center for Sea Turtle Research (ACCSTR, University of Florida) and
requested the original tagging data. I then contacted the research group responsible and

requested the GPS position of the original tagging location. Opportunistic leatherback
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sightings were also made during the course of another study at Hutchinson Island, and
an extensive effort at the Archie Carr National Wildlife Refuge (ACNWR) encountered

as many females as possible. Tagged turtles at these locations were reported to me by

colleagues.
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the southeastern USA.
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Because one goal of the project was to account for all nesting events for each
individual, I attempted to encounter leatherbacks that had just arrived at the nesting
grounds. By capturing these early turtles I had the highest probability of recording
multiple clutches for an individual as they typically nest every 10 days for the three
month nesting season (March through June). I randomly chose five individual females to
carry a self-releasing harness (Eckert and Eckert, 1986; Eckert, 2006) equipped with a
Platform Transmitter Terminal (PTT), Global Positioning System (GPS) receiver and
Very High Frequency (VHF) radio transmitter unit (Model # TGM-3980; Telonics, Inc.,
Mesa, AZ). I attached the harness during oviposition and then secured the tracking
device to the harness. Each GPS tag was programmed to collect precise location
information every two hours when the turtle was at the water’s surface or on the nesting
beach. Each PTT was programmed to transmit the information recorded by the GPS
twice daily to polar orbiting satellites (Argos Inc., Largo, MD) and the VHF was used in
combination with positions obtained from the PTTs to retrieve the transmitters from the
turtles at the end of the season. GPS tags were deployed on 30 March, 2 April, 3 April, 6
April and 20 April, 2005. I calculated location error distances for each GPS tag by placing
the units at a known location on land until a fix was recorded, and then compared the

location data recorded by the GPS to reference data that I collected at the same location
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using the Trimble DGPS unit. The error distance for each of the three GPS tags from
which I received data from is as follows: GPS1 — 1.97 m; GPS2 — 14.49 m; GPS3 — 35.97 m.

Although I equipped five turtles with harnesses and transmitters, I received GPS
location data from only three of the turtles. Of the three turtles that carried their harness
and transmitters for the full season, I retrieved the equipment at season’s end from two;
the other turtle left Florida waters in mid-May and I received data for several more
months. The two turtles that I harnessed but did not get data from included one turtle
that lost her transmitter at sea; I did observe her nesting 56 days later at Juno Beach
(without harness or transmitter). I removed the harness from the remaining fifth turtle
just 10 days after deployment because the transmitter needed repairs.

Precise DGPS (Trimble Pro XL or similar) locations were recorded for each nest
laid by leatherbacks within the study site as well as for locations of tagged turtles that
were observed outside the sampling area. I mapped these nest locations (ArcMap 9.1;
ESRI, Redlands, CA) and then calculated the straight-line distance between each
individual’s nests using Hawth’s Distance Analysis tool (Beyer, 2004) to determine how
faithful individual turtles were to Juno Beach. An average distance was calculated for

turtles observed both within and outside the study area.
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Observed clutch frequency was the number of nests I observed per female
during one nesting season (eggs confirmed for each clutch) at Juno Beach, and the
average was calculated for the six year study period. Because observed clutch frequency
depends on both effort and distance covered, I also calculated the estimated clutch
frequency using methods similar to Reina et al. (2002) for turtles observed more than
once on dates that were more than one nesting interval apart. I took the final nesting
date for an individual, calculated the number of days since her first nest, divided that by

her average observed internesting period and added one for the first nest.

Results

I observed 277 individual turtles nesting at Juno Beach from 2001-2006. Of these,
52% (144/277) were seen only once in a nesting season, 27% (75/277) were seen twice and
21% (58/277) were observed nesting more than twice. Mean observed clutch frequency
was 1.8 £ 1.2 (range = 1-7 nests/season) and the estimated clutch frequency was 4.2 +1.7
nests/season (Table 3.1). The average observed internesting period was 10.1 + 1.2 days (n
=131). Despite efforts to observe every turtle nesting, I observed ~85% of all nesting
events (based on day-time nest counts following my surveys) in the 19.4 km study area,

so observed clutch frequency may be slightly underestimated.
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Table 3.1: Dermochelys coriacea observed and estimated clutch frequencies for Atlantic basin populations. Also noted is whether
the rookery is an island or a mainland beach and the distance surveyed (km) at each location. na = not available. nr = not

89

reported.

Observed clutch Estimated clutch Island/ Distance
Location frequency frequency mainland (km) Reference
St. Croix 5.26 +/-0.73 na island 3 Boulon et al., 1996
Culebra 5.6 +/ 2.7 (neophytes) 6.2 +/- 3.0 island 2.25 Tucker & Frazer, 1991
Culebra 7.0 +/ 2.3 (remigrants) 7.8+/-2.4 island 2.25 Tucker & Frazer, 1991
French Guiana na 7.52 (1988) mainland nr Girondot & Fretey, 1996
French Guiana na 1.48 (1987) mainland nr Fretey & Girondot, 1998
Gandoca, CR 2.5 na mainland 7.4 Chaverri, 1999
Suriname 1.6+/-1.0 41+/-1.8 mainland ~14 Hilterman & Goverse, 2005
Florida 1.8+4/-1.2 42 +/-1.7 mainland 194 this study




Leatherback nests are distributed mainly along the Atlantic coast of Florida, but
are most highly concentrated in an area approximately 200 km long (Fig. 3.2A). The
average distance between nests within the Juno Beach study area by the same turtle was
4.5+ 3.6 km (n =97). For turtles that were initially observed at Juno Beach and then
observed nesting outside the study area (n = 15), the average distance between those
nests was 49.8 + 34.0 km, but the maximum distance for conventionally-tagged turtles
was 125.0 km away from Juno Beach.

The GPS equipped turtles nested only once at Juno Beach, but each turtle laid at
least five clutches over the course of the season; this was verified by observing the turtle
and/or nest location. Nest locations for each of the GPS turtles as well as the distances
between nests are illustrated in Fig. 3.2B-D. Although I am confident that each turtle laid
five clutches, they may have nested prior to initial capture or after I removed the
tracking harness and therefore the five clutches can be considered a minimum for each
female. Not only did these turtles nest additional times outside the study area, but the
maximum distance between consecutive nests for GPS-equipped turtles was up to 139.8

km apart.
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Discussion

My results indicate that individual leatherbacks may nest at broad spatial scales
and exhibit weak site fidelity for a particular beach at this mainland nesting rookery in
Florida. Because many individuals (52%) were observed only once along the surveyed
beach during the nesting season, I suspected that these turtles were nesting additional
times outside the 19.4 km study area. Tag returns from distant Florida beaches
confirmed this; the average distance between nests for turtles seen at Juno Beach and
then elsewhere was 49.8 + 34.0 km.

Even though some individuals did choose to nest more than once at Juno Beach,
the majority of the turtles observed (52%) nested only once on that beach. For the
multiple nesters, the mean observed clutch frequency at Juno Beach (1.8 +1.2
nests/season) is extremely low relative to what is predicted for a turtle of this size and
iteroparous life history (van Buskirk and Crowder, 1994) and low when compared to
clutch frequencies observed at other beaches, especially on islands (Table 3.1). For
example, on the island of St. Croix (USVI), the average observed clutch frequency was
5.3 nests per year over fifteen years (Boulon et al., 1996), and at Culebra (Puerto Rico) it
ranged from 5.2 to 7.0 nests per year over four years (Tucker and Frazer, 1991). In

contrast, on the mainland beach of Babunsanti, Suriname, observed clutch frequency
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was 1.6 + 1.0 nests per year (Hilterman and Goverse, 2005), although their survey effort
and the distance covered were less than in this study.

By using a novel GPS tag (albeit with a small sample size), I've shown that at
least some of the apparent one-time nesters in Florida are laying more than one clutch
per season (Fig. 3.2B-D). The use of GPS tags on marine animals is relatively new and
only a few studies have been attempted (monk seals: Sisak, 1998; hawksbill and green
turtles: Yasuda and Arai, 2005; B. Schroeder, pers. comm.). Using these tags allowed me
to calculate a more accurate estimate of clutch frequency for turtles that I would have
normally observed only once during the season at Juno Beach. My results demonstrated
multiple nestings on multiple beaches; the three turtles carrying GPS tags nested at least
five times each, even though I only observed them nesting at Juno Beach at initial tag
deployment. Of 15 flipper-tagged turtles found nesting outside Juno Beach, 14 of those
had nested only once within the survey area; one had nested twice. If these turtles had
not been observed elsewhere, I might have concluded that they had only nested one
time that season, when in fact they were nesting repeatedly, but at broader spatial scales
than my survey limits. The usefulness of GPS tag deployments in combination with a
flipper tagging program for determining the actual clutch frequency for a nesting colony

is demonstrated.
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GPS tags can also be used to verify estimated clutch frequency calculations for
deriving nesting female population size (Reina et al., 2002, this study) and answer
questions about home ranges (Godley et al., 2003). Clutch frequencies calculated from
tag returns alone will always be underestimated because it is difficult and costly to
monitor all of the appropriate coastline habitat at night, total saturation tagging where
no turtles are missed is highly unlikely, and in some areas, tag loss can be a concern
(Rivalan et al., 2005). My study provides the first confirmation that low clutch
frequencies on mainland beaches are most likely due to lack of complete coverage of the
typical nesting home range of this species. I conclude that studies based on nocturnal
patrols and tag returns suggesting that mainland nesters lay fewer nests than island
nesters are incorrect. At Juno Beach, the full extent of an individual’s nest site choices
along this extensive nesting habitat is not being surveyed. Underestimating clutch
frequency leads to an overestimate of nesting female population size when the number
of females is extrapolated from nest counts alone. This may lead to an overly optimistic
view of population status and recovery (TEWG, 2007).

The question remains as to why site fidelity to a particular beach appears to be
weak at mainland rookeries (like Florida) and stronger at insular rookeries like St. Croix.
My finding that > 50% of Juno Beach individuals are observed only once over 19.4 km

contrasts with only 8.8% one-time nesters over 2.25 km on the island of Culebra, Puerto
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Rico (Tucker and Frazer, 1991) and brings up the question of sampling scale. At Juno
Beach, I patrol approximately 10% of the nesting habitat most used by leatherbacks in
Florida which is about 200 km long (Fig. 3.2A) and the majority of turtles are seen just
once per nesting season. If a leatherback can easily distribute nests over long distances
(~200 km) why do turtles nesting on islands remain faithful to one small beach? Females
tagged at St. Croix have never been found nesting on a mainland beach anywhere in the
Caribbean, and there is only 7% exchange in the same season with nearby islands like
Culebra and Vieques, Puerto Rico (Eckert et al., 1989). These islands are ~100 km from
St. Croix. In contrast, turtles from Caribbean Costa Rica have nested as far away as
Grenada, Colombia, Honduras, and Panama both within and between nesting seasons
(Chaverri, 1999; Troéng et al., 2004; Troéng pers. comm.). In the Guianas, there is
occasional documented exchange of nesting females from nesting beaches in eastern
French Guiana, western French Guiana/eastern Suriname, and central Suriname, a
distance of ~150 km (Schulz, 1975; Girondot and Fretey, 1996; Hilterman and Goverse,
2003). By definition, leatherback nesting habitat at mainland beaches is dynamic, highly
erosional, and may shift entirely over the course of short- and long-term time scales
(Bacon, 1970; Pritchard, 1971; Mrosovsky, 1983; Eckert, 1987). Pritchard (1979) even
suggested that leatherbacks choose a beach type rather than a particular location. Islands

though, are discrete entities and their location generally remains the same through time.
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Dutton et al. (1999) suggested that because islands are discrete, leatherbacks may be
required to navigate there more precisely. He suggested that imprinting cues for
leatherbacks at mainland beaches may not be sufficient to navigate to one individual
beach. This seems unlikely as it is known that sea turtles possess excellent navigational
abilities (Lohmann et al., 1997). Instead these results suggest that my sampling frame
was too small to adequately assess the actual clutch frequency of this population and
this may be true of mainland nesting beaches elsewhere. Sampling frames at mainland
beaches may be only a small proportion of the available nesting habitat. On islands,
although the sampled area is smaller, a higher proportion of the available nesting
habitat is surveyed, and therefore individual leatherbacks are seen more frequently on
islands.

Leatherbacks appear to have weaker site fidelity than the hard-shelled turtles.
For example, green turtles are reported to be highly nesting site specific (Carr and Carr,
1972; Mortimer and Portier, 1989). Some insights about the levels of site fidelity for the
two families of sea turtles may be revealed by looking at their general life history
characteristics. The hard-shelled turtles (Cheloniids) are slow growing (Chaloupka and
Musick, 1997), smaller in size, and are restricted to tropical and temperate waters. In
contrast, because of their large body size, apparent quick growth (Zug and Parham,

1996), counter-current circulation, and possibly thermogenic tissues (Paladino et al.,
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1990), leatherbacks (Dermochelyids) maximize the habitat they can exploit by foraging
in extreme northern and southern latitudes, and then migrating to nest on tropical and
subtropical beaches. Because they range widely, a component of their successful life
history may be to colonize new nesting beaches either near their natal rookery or far
beyond its margins. Indeed, using phylogeographic data, Dutton et al. (1999) proposed
that the distribution of this once globally distributed species became restricted during
the Pleistocene to a refugium in the Indian-Pacific Ocean. From there, Dutton et al.
(1999) proposed that leatherbacks re-radiated out relatively quickly to occupy their
current nesting range. They also suggested that this recent re-colonization may explain
why rookeries in close proximity are difficult to distinguish genetically. Leatherbacks
have evolved to cope with shifting beaches, changing landscapes and dynamic
coastlines by mere circumstance of their evolutionary age. Having persisted for so long,
flexibility in nesting site choice and colonization of new habitat must have been an
integral part of their strategy for survival. Although Dermochelyids (leatherbacks) are
older than Cheloniids (hard-shelled turtles), genetic evidence shows that their radiation
and subsequent population structuring has occurred more recently than for the
Cheloniids (Dutton et al., 1999). Possibly, the apparent weak site fidelity observed for
leatherbacks at this Florida rookery may indicate that a colonization event is in progress.

Perhaps the individuals that make up the Florida population are comprised of
76



individuals from other colonies that struck out in search of new nesting habitat. Genetic
analysis of this population would reveal whether this rookery has resulted from a
founding event or if there is regular migration from other Caribbean rookeries. Florida
may represent a unique and extensive unexploited habitat at the northern edge of the
leatherback nesting range and the continued study of individual behaviors associated
with nest site fidelity is worthwhile.

Understanding the patterns of movement and site fidelity of wide-ranging taxa is
crucial to the conservation of many species. Understanding how and why animals
choose particular reproductive sites allows us to protect habitat that is necessary for
successful reproduction and maintenance of stable populations and this protection
should be a priority for managers. The leatherback illustrates how an animal may make
a variety of settlement choices and if we only protect part of the nesting range for the
leatherback at mainland nesting beaches or on islands, we may be shortchanging the
strategies that the leatherback has evolved through its iteroparous reproductive strategy.
Although leatherbacks appear to have strategies that allow for colonization of new
habitat more easily than other sea turtle species, they may still be vulnerable to habitat
loss or degradation. However, their ability to disperse, colonize and spread reproductive

risk over a wide area gives them an advantage. With these characteristics, they may be
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more resilient to catastrophic events, local extinctions and perhaps increasingly
important, sea level rise.

In conclusion, I found that leatherbacks nesting on Florida mainland beaches
exhibited extensive use of available habitat by depositing their nests over long distances,
and that upon arrival at the nesting rookery (Florida) they may not choose the same
particular beach for subsequent nests. Additionally the value of flipper tagging is
demonstrated, as several reports of tagged leatherbacks came to me from distant
beachgoers. GPS tags are useful in correcting estimates of clutch frequency and for
calculating the extent of nesting habitat and range for an individual turtle during one
nesting season. Weak site fidelity in Florida leatherbacks combined with the extensive
habitat available enhances their ability to spread reproductive risk, and may therefore

increase their fitness.
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Chapter 4: Microsatellites and mtDNA of leatherback
turtles in Florida reveal ongoing immigration from

Caribbean rookeries.
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Introduction

The increasing application of molecular techniques to answer ecological and
biological questions about animal populations has greatly expanded our knowledge of
the biology of those species (Taylor et al., 1997) and has helped to inform management
decisions in many cases (Whitehouse and Harley, 2001). Molecular markers are
increasingly important tools for assessing the viability and recovery potential for many
endangered species. Both mitochondrial DNA (mtDNA) and microsatellite markers
have been used to resolve mating systems in gorillas (Bradley et al., 2005), assess genetic
distinctiveness and diversity in bottlenose whale populations (Dalebout et al., 2006), to
assess whether a species has undergone a reduction in genetic diversity because of a
bottleneck (Luikart et al., 1999; Rooney et al., 1999; Whitehouse and Harley, 2001; Kuo
and Janzen, 2004; Rivalan et al., 2006) and to look at familial relationships within
populations (Blouin et al., 1996; Taylor et al., 1997).

All sea turtle species that occur in US waters are listed as threatened or
endangered by the Endangered Species Act (ESA) and as such require protection and
official plans for recovery (ESA, 1973). The management of sea turtles and the
achievement of recovery plan objectives have been assisted tremendously by the
application of genetic analyses. It has been possible to determine stock structure (Bowen

et al.,, 1992; Encalada et al., 1998), to assign foraging populations to source nesting
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aggregations (Bass et al., 1998; Lahanas et al., 1998), to examine patterns of migration
(Bowen et al., 1995), to assess species designations (Karl and Bowen, 1999) and to test
hypotheses about natal homing (Allard et al., 1994; Dutton et al., 1999). Most sea turtle
species do exhibit natal homing and much of the evidence for this behavior comes from
studying maternally inherited mitochondrial DNA (mtDNA). For cheloniid turtles, there
is regional population structure and therefore evidence for natal homing in green turtles
(Chelonia mydas; Bowen et al., 1992; Allard et al., 1994), loggerheads (Caretta caretta;
Schierwater and Schroth, 1996; Encalada et al., 1998; Bowen et al., 2005), and hawksbills
(Eretmochelys imbricata; Bass et al., 1996). Unique among the sea turtle species, the
leatherback (Dermochelys coriacea; Vandelli, 1761) is listed as critically endangered
globally (IUCN, 2004) and is the only extant member of its family, the Dermochelyidae.
For leatherbacks, Dutton et al. (1999) found some evidence of global population
structure and therefore provisional support for natal homing. However, they conceded
that stock boundaries have been much harder to define because populations in close
proximity were difficult to distinguish from one another genetically and unlike the
cheloniid turtles, there appears to be fairly low levels of genetic differentiation among
female leatherback breeding stocks within oceanic basins (Dutton et al., 1999) based on
mtDNA analyses alone. Defining stock structure is a critical element for the successful

management and recovery of an endangered species because it allows evolutionarily
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significant units to be assigned and conservation priorities to be set (Karl and Bowen,
1999).

The Turtle Expert Working Group (TEWG) recently completed a leatherback
stock assessment for the Atlantic basin (TEWG, 2007). Based on mtDNA and nuclear
data (microsatellites; Dutton et al., in prep), seven distinct leatherback stocks in the
Atlantic were identified; four of these were in the Western North Atlantic (WNA). The
four stocks identified in the WNA were Florida, the Northern Caribbean, the Western
Caribbean and the Southern Caribbean/Guyana Shield/Trinidad (Dutton et al.,
unpublished in TEWG, 2007). Previously it had not been possible to distinguish the
Florida stock from the Southern Caribbean stock based on mtDNA alone. But work now
in progress using microsatellite markers has the potential to resolve these stock
designations and to assign meaningful management units (Dutton et al., 2003; Dutton et
al., in prep).

The eastern coast of Florida represents the furthest north in the Caribbean where
leatherbacks regularly nest (apart from scattered nests to NC; Rabon et al., 2003). This
population is unique because although it is at the northern limits of the species nesting
range, and nesting has only been documented there since 1947 (Carr, 1952), it appears to
be growing at an exponential rate. Since 1979, when standardized surveys were

implemented statewide (Meylan et al., 1995), the number of nests has increased by 11.3 +
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1.9% per year (Stewart, Ch. 1). This phenomenal rate of increase has rarely been
documented for any species except perhaps exotic invasive species once they have
become established in new habitats (Kinlan and Hastings, 2005). Although the Florida
rookery is a fairly small population (Stewart, Ch. 2) it could well contribute to the
successful recovery of leatherbacks in the US and the Caribbean because adult female
survival is very high (95.6%; Stewart, Ch. 2) nesting habitat is abundant, there is low
predation of nests and good hatching success rates (Stewart and Johnson, 2006). Florida
mirrors the current status of most leatherback rookeries throughout the Caribbean, with
increasing trends at many of the major rookeries (TEWG, 2007; Stewart, Ch. 1).

As there are a growing number of leatherback nests in Florida each year
(Stewart, Ch. 1) and presumably an increase in the number of adult females as well, I
sought to determine how the population originated. There are two possible
explanations. First, the Florida rookery may have been established by a small number of
founding females that nested successfully and their hatchlings have now reached
maturity and are returning to their natal beaches. Second, the increasing Florida rookery
may represent an extended colonization event in progress, with adult female recruits
arriving continuously from elsewhere in the Caribbean. My hypothesis was that the
Florida rookery was founded by a small number of females since 1947, and the

population has grown exponentially since then.
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My objective was first to determine the inter-relatedness of leatherbacks in
Florida and to assign kinship using microsatellite markers. Genotype fingerprints
derived from multiple microsatellite markers provide a unique way to examine familial
relationships within a population, because microsatellites can be used to assess
similarities in genotypes. I expected to see a high degree of relatedness within the
population and only a small number of family groupings if the population had been
founded by a few females. To confirm family groupings, I resolved the number of
maternal lineages (haplotypes) through mtDNA analysis. I expected to see only one
lineage (haplotype Dcl-A) based on previous mtDNA work for Florida (Dutton et al.,
1999). Second, because a founder event will leave a genetic signature in the population,
exhibited by an excess of heterozygosity in allelic diversity (Cornuet and Luikart, 1996),
I also used the microsatellite data to look for a bottleneck in the recent history of the

population, which might indicate a founding event.

Materials and Method's

Leatherback genetic samples

Female leatherbacks nesting in Florida, USA (Fig. 4.1) were encountered during
nightly patrols conducted from 19 March - 4 July yearly (2001 to 2006). Each turtle was

identified using flipper tags on both rear flippers and a PIT tag injected into the right
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front shoulder. By triple tagging each individual, I minimized the chance of sampling an
individual twice and I am confident that tag loss (for all three tags) was negligible.

I followed the procedures for obtaining genetic samples outlined in Dutton
(1996). From each turtle (n=159) a skin sample was collected from the trailing edge of the
rear flipper using an Acu-Punch 6 mm disposable biopsy tool (Acuderm Inc., Fort
Lauderdale, FL 33309, USA) and then stored in a saturated salt (NaCl) solution
containing 20% dimethyl sulfoxide (DMSO). Genomic DNA was extracted from the
samples using the X-tractor Gene (Corbett Robotics, San Francisco, CA, USA) according

to the manufacturer’s protocols.
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Figure 4.1: A map of the study area (Jupiter Inlet to Lake Worth Inlet), where
leatherback samples were collected over six years. Inset shows Florida in the
Southeastern USA.

Mitochondrial DNA (mtDNA)

The mitochondrial control region (D-loop; 496 bp) was amplified using
Polymerase Chain Reaction (PCR) (Innis et al., 1990) in a 25 pl total reaction volume
which contained 1 pl extracted genomic DNA, 2.5 ul 10x buffer (5 mM KCl, 1 mM Tris-
HCI (pH 8.3), 0.2 mM MgClz), 150 uM each dNTP, 0.3 uM each of forward and reverse

mtDNA primer (LCM15382 and H950g; Abreu-Grobois, 2006), and 0.05 U/ul of Taq
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polymerase. Both positive and negative controls were run with each batch to ensure that
there was no contamination of the DNA samples. PCR reactions were performed in a
Perkin Elmer-Cetus thermal cycler with the following schedule: denaturing DNA at
94°C for 30 s; primer annealing at 53°C for 60 s; and primer extension at 72°C for 2 min.
Following PCR, products were checked for amplification using ethidium bromide
staining with 2% agarose gels (Maniatis et al., 1982) and then purified using a Quiagen
purification kit. Cycle sequencing was performed using 1 uM LCM15382 and H950g and
v3.1 Big Dye (ABI). Following cycle sequencing, products were loaded into an ABI Prism
3100 and 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
Sequencher (Gene Codes Corp., Ann Arbor, MI) was used to align the sequences, and
double checked by using SeqScape v2.5 (Applied Biosystems, Foster City, CA, USA).
Each sequence was also manually checked for any errors made by the analysis

programs.

Microsatellite markers

Microsatellites are loci with small tandem repeats of nucleotide base pairs
derived from genomic DNA (found in the nucleus of somatic cells); this DNA is
biparentally inherited. Microsatellites are useful markers for genotyping individuals
because they are expected to be neutral (not subject to selection), and being highly

variable, they are subject to higher rates of mutation and recombination (Frankham et
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al.,, 2002). These qualities make microsatellites very informative genetic markers for the
demographic investigation of populations.

Genomic DNA from each turtle was amplified using PCR in a 25 pl reaction as
described above substituting microsatellite primers for the mtDNA primers (both
forward and reverse). Microsatellite amplification was performed in 25 ul total volume,
1 ul DNA extract, 1X Invitrogen PCR buffer, 2 mM MgClz, 100 uM each dNTP, 0.3 uM
each primer, and 0.05 U/ul Taq polymerase. All DNA samples were examined at 16
polymorphic loci using markers designed specifically for leatherback turtles (Dutton,
1995; Dutton et al., 1996; Dutton, unpublished data). PCR protocols for each primer are
listed in Table 4.1. Products from the PCR reactions were analyzed using an ABI Prism

3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
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Table 4.1: Polymerase chain reaction protocols for 16 leatherback microsatellite

markers. All final extensions were five minutes in length at 72°C.

Initial denature Annealing
Primer (time & °C) Temperature Cycles  Length (s)
LB125 3 min/94°C 60-45°C/55°C 30/30 30/30
LB157 3 min/94°C 50°C 50 10
C102 5 min/94°C 58°C 35 40
N32 3 min/94°C 55°C 50 10
D1 5 min/94°C 56°C 35 40
LB143 3 min/94°C 60-45°C/55°C 30/30 30/30
LB128 3 min/94°C 55°C 50 10
LB133 3 min/94°C 55°C 50 10
DC99 3 min/94°C 55°C 50 10
DC110 3 min/94°C 47/52°C 10/45 10/10
D107 5 min/94°C 58°C 35 40
14-5 3 min/94°C 53°C 50 10
LB123 3 min/94°C 51°C 45 30
LB141 3 min/94°C 55°C 50 10
LB145 3 min/94°C 55°C 50 10
LB142 3 min/94°C 55°C 50 10
Statistical analysis

To assess deviation from Hardy-Weinberg equilibrium (i.e. random mating) in
the genotype frequencies, I used Fisher’s exact test accessed through the program
GENEPOP (Raymond and Rousset, 1995). To estimate the significance value of the test, I
included a Markov chain analysis (1000 dememorization steps, 500 batches and 1000
iterations). I examined levels of polymorphism and generated allele frequencies for the

population using the LINKDOS program (Garnier-Gere and Dillmann, 1992). Linkage
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disequilibrium tests were also conducted using GENEPOP (Raymond and Rousset,

1995) to determine if genotypes were independent between loci.

Kinship

To examine the familial structure of the leatherback population in Florida, I
developed a DNA fingerprint for each nesting female from 16 polymorphic loci and then
using the program KINSHIP 1.3.1 (Goodnight and Queller, 1999) I assessed the
coefficient of relatedness between individuals (n=159). The maximum likelihood
estimator was used to construct a matrix of relatedness values (r). To assign individuals
to family groupings, I used MEGA (Molecular Evolutionary Genetic Analysis; Kumar et
al., 2004) with the Un-weighted Pair-Group Method (UPGMA). Following the
assignment of individuals to families using microsatellite fingerprints, I then assigned
putative family groupings by confirming that each member of each immediate family
shared mtDNA haplotypes. Because mtDNA is clonally inherited from maternal lines, it
represents matrilineal lineages. I would expect each immediate family grouping
determined by microsatellite fingerprints to share a haplotype. For example, if a pair of
turtles is assigned as full siblings or as a mother-daughter group using microsatellites,

they should also share mtDNA haplotypes.
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Founder effect

The recent demographic history of a population can be determined by looking at
the genetic signature that is left by any perturbation in the population (Cornuet and
Luikart, 1996), and these changes can be detected by investigating allelic diversity. For a
population that has recently undergone a reduction or an expansion in size, allelic
diversity will show an excess or a deficiency respectively (Cornuet and Luikart, 1996).
Because I wanted to test if the Florida leatherback population had been established by a
small number of females, I used the microsatellite data to test for a founder effect (i.e.
evidence of excessive genetic diversity) using the program BOTTLENECK (Cornuet and
Luikart, 1996). Microsatellites are most appropriate for this kind of investigation because
they are selectively neutral and any deviation from the mutation-drift equilibrium can
be detected in allele number and frequency distributions of the population in question
(Cornuet and Luikart, 1996). An excess of heterozygosity in the population reveals that it
has recently gone through a bottleneck (Luikart and Cornuet, 1998). Key assumptions of
the test are that there is no substructure to the population and no immigration (Piry et
al.,, 1999). Within BOTTLENECK, three mutation models can be tested (Piry et al., 1999).
Both the single stepwise mutation model (SMM) and the infinite allele model (IAM) are
considered extreme mutation models and are not likely to be suitable for sea turtle

studies (Hoekert et al., 2002; Rivalan, 2006). Instead the two-phase mutation model
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(TPM) has been shown to be more appropriate for many microsatellites (Di Rienzo et al.,
1994) so I chose the TPM for my analysis. Further assumptions of the TPM are that loci
are independent (no linkage disequilibrium) and that there are no null-alleles (Cornuet
and Luikart, 1996). I tested the allelic diversity in the Florida population with the
Wilcoxon's test within the TPM because it has higher power than the sign test (Cornuet
and Luikart, 1996; Piry et al., 1999), setting single-step mutations to 95%, multiple-step
mutations to 5% and variance to 12 following recommendations in Piry et al., (1999), and

in Rivalan et al. (2006).

Results

Genetic diversity analysis

There were 3 distinct haplotypes found in my analysis of mtDNA from 157
turtles. Haplotype Dcl-A was found for 94% of samples (n = 147), nine turtles were
haplotype Dc3-C (6%) and I also found a novel haplotype Dc-17 (Dutton et al., in prep)
in one individual.

For the nuclear DNA, the 16 microsatellite loci that I tested showed moderate
levels of polymorphism, having between 2 and 14 alleles each. Most loci had 2-6 alleles,
while only 1 locus (D1 - a tetranucleotide repeat) had 14 alleles. Allele frequencies for all

16 loci are shown in Figs. 4.2 and 4.3.
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Figure 4.2: Allele frequencies for 8 polymorphic loci for leatherback turtles
nesting in Florida (n = 159).
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Hardy-Weinberg equilibrium

Of the 16 microsatellite loci tested, 13 were in agreement with Hardy-Weinberg
Equilibrium (HWE; random mating). Only three loci (DC99, DC110, LB125) were found
to have a significant deficit of heterozygotes (Table 4.2). However, considering that some
of the individuals in this population are very closely related and there are likely to be
mother-daughter or full-sibling pairs, it is expected that a few loci may not be in HWE
(Bradley et al., 2005) in this situation. Unfortunately because it is not possible to detect
which pairs are definitively mother-daughter pairs, it is not possible to correct for the
three loci being out of HWE using the method suggested by Bourgain et al. (2004) by
identifying parental genotypes. Genotyping errors may also have been made, but are
expected to be low because some duplicate samples were run and even when the three
loci not in HWE were removed from the dataset, I still found significant heterozygosity
deficiency in the bottleneck analysis (see below). With a large sample size (n=159) and a
large number of polymorphic loci tested (n=16), any type I error associated with

genotyping errors is unlikely to have a significant effect on the results.
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Table 4.2: Hardy-Weinberg summary statistics for 16 polymorphic loci for
leatherback turtles from Florida, USA. Three loci were found to be out of HWE (**).

Sample  Allele Probability
Locus Size Number H.? H.’ test (HWE)
LB125** 159 3 0.201  0.266 0.000
LB157 157 4 0.166 0.156 1
C102 159 3 0415  0.402 0.983
N32 159 4 0.629  0.660 0.055
D1 159 14 0.893  0.886 0.076
LB143 156 4 0.244  0.243 0.665
LB128 158 3 0.557  0.576 0.229
LB133 158 7 0.538  0.529 0.253
DC99** 158 7 0.614  0.621 0.019
DC110** 157 3 0204  0.295 0.000
D107 159 2 0.182  0.187 0.674
14-5 159 7 0.409 0.422 0.298
LB123 159 4 0472  0.483 0.936
LB141 159 6 0.522  0.589 0.434
LB145 159 9 0.767  0.740 0.868
LB142 159 5 0572  0.589 0.729

Linkage disequilibrium

I found only 17 of 120 possible loci pairs were significantly linked (Table 4.3).This
is not more than expected by chance alone, so the loci in the population appear to be
segregating fairly independently. This low level of linkage disequilibrium may be the
result of the presence of offspring/parent pairs of turtles within the population. Similar
results and conclusions were reached by Bradley et al. (2005) when genotyping a gorilla

population with some related individuals.
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Table 4.3: Linkage disequilibrium statistics for 16 polymorphic loci for
leatherback turtles nesting in Florida, USA.

Locusa Locusb p SE Locusa Locusb p SE

N32 DC99 0.369 0.013 | 14-5 LB145 0.117 0.012
N32 14-5 0.050 0.006 | DC110 LB145 0.020 0.003
DC99 14-5 0.112 0.011 | LB128 LB145 0.308 0.011
N32 DC110 0.850 0.004 | LB141 LB145 0.186  0.014
DC99 DC110 0.322 0.010 | LB142 LB145 0.739 0.016
14-5 DC110 0.459 0.011 | LB143 LB145 0.794 0.012
N32 LB128 0.034 0.002 | N32 LB133 0.698 0.012
DC99 LB128 0.276  0.010 | DC99 LB133 0916 0.009
14-5 LB128 0.024 0.003 | 14-5 LB133 0.063  0.008
DC110 LB128 0.746  0.004 [ DC110 LB133 0.694  0.009
N32 LB141 0.668 0.011 | LB128 LB133 0.759  0.009
DC99 LB141 0.773 0.014 | LB141 LB133 0.249 0.014
14-5 LB141 0.005  0.002 | LB142 LB133 0.692 0.016
DC110 LB141 0.140 0.006 |LB143 LB133 0.822 0.010
LB128 LB141 0.125 0.006 | LB145 LB133 0.981 0.005
N32 LB142 0.151 0.010 | N32 LB123 0.075 0.004
DC99 LB142 0.014 0.004 [ DC99 LB123 0.046  0.006
14-5 LB142 0.144 0.013 | 14-5 LB123 0.167 0.010
DC110 LB142 0.349 0.011 | DC110 LB123 0.186 0.006
LB128 LB142 0.021 0.003 | LB128 LB123 0.594  0.007
LB141 LB142 0.063 0.007 | LB141 LB123 0.877  0.007
N32 LB143 0.982 0.002 | LB142 LB123 0.434 0.014
DC99 LB143 0.417 0.014 | LB143 LB123 0.227  0.008
14-5 LB143 0.889 0.009 | LB145 LB123 0.098 0.008
DC110 LB143 0.737 0.006 | LB133 LB123 0.837 0.010
LB128 LB143 0.301 0.007 | N32 LB125 0.492 0.010
LB141 LB143 0.277 0.011 | DC99 LB125 0.542 0.015
LB142 LB143 0.073  0.007 | 14-5 LB125 0.001  0.001
N32 LB145 0.047 0.005 | DC110 LB125 0.403  0.008
DC99 LB145 0.868 0.012 | LB128 LB125 0.731 0.006
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Table 4.3: (continued)

Locusa Locusb p SE Locusa Locusb p SE

LB141 LB125 0.802 0.009 [ LB157 C102 0.026 0.002
LB142 LB125 0.860 0.009 | N32 D1 0.147 0.012
LB143 LB125 0.522 0.011 | DC99 D1 0.715 0.018
LB145 LB125 0.424 0.016 | 14-5 D1 0.001 0.001
LB133 LB125 0.632 0.014 | DC110 D1 0.021  0.003
LB123 LB125 0.000 0.000 |LB128 D1 0.453 0.014
N32 LB157 0.124 0.004 | LB141 D1 0.290 0.017
DC99 LB157 0976 0.003 | LB142 D1 0.002 0.002
14-5 LB157 0.700 0.011 | LB143 D1 0.035 0.006
DC110 LB157 0.753 0.004 | LB145 D1 0.134 0.014
LB128 LB157 0.487 0.005 | LB133 D1 0.095 0.012
LB141 LB157 0.604 0.009 | LB123 D1 0.032 0.005
LB142 LB157 0.561 0.011 | LB125 D1 0.007 0.003
LB143 LB157 0.759 0.006 | LB157 D1 0.484 0.015
LB145 LB157 0.325 0.012 | C102 D1 0.077  0.009
LB133 LB157 0.194 0.009 | N32 D107 0.185 0.005
LB123 LB157 0.014 0.002 | DC99 D107 0.304 0.009
LB125 LB157 0.449 0.008 | 14-5 D107 0.034 0.003
N32 C102 0.705 0.008 | DC110 D107 0.123  0.003
DC99 C102 0.814 0.010 | LB128 D107 0.073 0.002
14-5 C102 0.195 0.011 | LB141 D107 0.051 0.003
DC110 C102 0902 0.003 | LB142 D107 0.673 0.008
LB128 C102 0.002 0.000 | LB143 D107 1.000 0.000
LB141 C102 0.383 0.011 | LB145 D107 0.851 0.006
LB142 C102 0.508 0.013 | LB133 D107 0.421 0.009
LB143 C102 0.052 0.004 | LB123 D107 0.260 0.005
LB145 C102 0.755 0.011 | LB125 D107 0.071 0.003
LB133 C102 0.392 0.013 | LB157 D107 0.593 0.004
LB123 C102 0.421 0.009 | C102 D107 0.104 0.003
LB125 C102 0.538 0.009 | D1 D107 0.399 0.013
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Kinship

I obtained a matrix of relatedness coefficients (r) for each turtle pair. The overall
relatedness coefficient for the population (n = 159) was 0.08. For each pair of turtles, a
relatedness coefficient that is > 0.5 indicates that the two individuals are full siblings,
half-siblings (maternal side), or this may represent a mother-daughter pair. Values
between 0.25 and 0.49 indicate second order relatives (cousins). Values < 0.24 indicate a
degree of relatedness, but the relationship is not clear. From the relatedness matrix, a
family tree (phylogeny) was derived using MEGA (Kumar et al., 2004). A portion of the
tree is illustrated in Figure 4.4 (full results of the tree are available upon request). A total
of 40 second order relative groups (cousins) were identified and 156 turtles were
accounted for in this assignment. The remaining 3 turtles were distantly related to these
cousin groups. Thirty-six first order relative groups were identified and accounted for
just 89 of the turtles. The remaining turtles (70) were either cousins or more distantly

related.
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Founder effect

I found no evidence of a founder effect for the Florida population using
BOTTLENECK because under the two-phase mutation model (TPM) I did not find an
excess of heterozygosity in the population (one-tailed test for He excess - Wilcoxon’s test;
p =0.989). However, I did find a significant heterozygosity deficit under the TPM for
this population (one-tailed test for He deficiency - Wilcoxon’s test; p = 0.012). To be sure
that my results were not spurious because of the three loci not in HWE, I ran the
bottleneck analysis without these three loci and still found a significant heterozygosity

deficit in the population (one-tailed test for He deficiency - Wilcoxon’s test; p = 0.040).

Discussion

Microsatellite markers were instrumental in determining family relationships
and in testing for a founder effect in the Florida leatherback population. Combined with
mtDNA haplotype analysis, a clear picture of the demography of this endangered turtle
population has emerged. With far more immediate family groupings identified than
expected, no evidence of a recent bottleneck in allelic diversity that would indicate a
founder effect, and three distinct maternal lineages identified through mtDNA analysis,
I can only conclude that this increasing population is not the sole result of population
growth but may be due in part to immigration of turtles to the Florida coastline from

elsewhere in the Caribbean. We may be witnessing the rapid colonization of new nesting
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habitat in Florida as the number of leatherback nests is increasing there each year by 11.3
+1.9% (Stewart, Ch. 1) and Florida appears to be benefiting from increases in population
size at leatherback rookeries throughout the Caribbean (TEWG, 2007). Estimates of
increases elsewhere range from 3% at large rookeries to 24% at smaller rookeries
(TEWG, 2007).

The history of leatherback nesting in Florida is brief; the first nest was
documented in 1947 (Carr, 1952). If the Florida population had been founded by only a
few females on one occasion, I would have expected to see a high relatedness value (r
coefficient) overall in the population. Instead there was a low overall relatedness
coefficient, few immediate family groupings, and many individuals that did not appear
to be related at all to others at the rookery. If individuals here are not closely related to
each other, where did they come from?

The critical next step in the continued study of this population would be to
determine the source rookery or rookeries of these migrants. First, the three haplotypes
identified in this population represent three distinct maternal lineages. Haplotype Dc1-A
is widely found throughout the Caribbean, and even as far away as South Africa and the
Solomon Islands (Dutton et al., 1999). Haplotype Dc3-C is found in Trinidad, Costa Rica,
and St. Croix (Dutton et al., 1999). The novel haplotype found in this study (Dc-17;

Dutton et al., in prep) makes Florida the only known location where this maternal line
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exists, but discovering other rookeries where Dc-17 is present is possible with ongoing
sampling at most major rookeries. Because of the shallow mtDNA phylogeny in
leatherbacks, even globally (Dutton et al., 1999), it will not be possible to identify
Florida’s source based on mtDNA alone. This determination will have to be made on the
basis of microsatellite markers, which already have shown great promise in determining
putative stock structure (Dutton et al., 2003; Dutton et al., in prep), and for assigning
foraging animals to probable nesting assemblages (Dutton et al., 2000). I suggest that the
likely source of Florida’s leatherbacks is one or more of the mainland nesting beaches of
the Caribbean. Suriname, French Guiana and Costa Rica are all large assemblages that
have the potential (presence of haplotypes seen in Florida) to contribute colonizing
animals. But this hypothesis remains to be tested empirically.

If Florida is indeed being colonized by leatherbacks, this nesting assemblage may
be part of a larger metapopulation of leatherbacks in the northwestern Atlantic. A
metapopulation hypothesis was offered by Rivalan et al. (2006) after they studied the
demography of leatherbacks in French Guiana. Through microsatellite analysis, they
found that the increasing leatherback population there was also likely due to
immigration, even suggesting Florida as a source. Dutton et al. (2003) found that
although there is some level of natal homing for many leatherback rookeries, there is

also male-mediated gene flow occurring at least between rookeries that are in close
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proximity to one another, keeping those populations closely linked. If Caribbean
leatherback stocks indeed represent a metapopulation, a priority for conservation would
be to identify the main populations and to ensure adequate protection of all populations,
even the smaller rookeries. This would require evaluating the protection afforded to
small populations like Florida and St. Croix as they have individual animals that
represent unique maternal lineages which contribute to overall genetic diversity and
should be conserved.

The colonization of new habitat by leatherbacks may not be outside the realm of
what is possible for a turtle highly evolved for long-range dispersal. Having powerful
long front flippers, a large body size, and the ability to withstand a wide range of water
temperatures, the leatherback regularly migrates long distances between foraging and
nesting grounds. Theoretically, natal homing and nest site fidelity for sea turtles should
limit dispersal and the subsequent colonization of new nesting areas. But the genetic
history and current global distribution of the leatherback suggest that the ability to
expand its home range is a mechanism that it has used successfully in the past. Dutton et
al. (1999) suggested that global leatherbacks went through a bottleneck approximately
12,000 years ago, during the Pleistocene glaciation. During that time, they may have
been restricted to the warm waters in southern latitudes in the South Pacific or Indian

Ocean (Dutton et al., 1999). Presumably, they were successful in exploiting new habitats,
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and establishing new rookeries as evidenced by their current global distribution, even
though most of the major leatherback nesting rookery locations remained a mystery
until the 1960s and 1970s (Pritchard, 1997).

Leatherbacks may also have the inclination to disperse because of the ephemeral
nature of suitable nesting beaches over short time scales (Augustinus, 2004).
Contemporary evidence of dispersal, at least for some individuals at some rookeries,
comes from field observations that leatherbacks are not as precise as hard shelled turtles
in terms of choosing a nesting site (Rivalan et al., 2006), and from empirical studies that
have shown that leatherbacks can distribute nests up to 139.8 km from their initial
nesting site within one season (Stewart, Ch. 3). Occasionally individual leatherbacks
have been found to stray far beyond where they are regularly seen nesting (Caribbean
Costa Rica), showing up to nest in Grenada, Colombia, Honduras and Panama
(Chaverri, 1999; Troéng et al., 2004). The colonization of Florida by leatherback turtles,
combined with recently documented leatherback nests in Brazil, further south than any
known rookeries (Soto et al., 1997, Thomé et al., 2007) may indicate that leatherbacks are
expanding their range in both the North and South Atlantic. The underlying reasons for
these expansions remain to be determined.

In conclusion, microsatellite and mtDNA analyses have revealed that the Florida

leatherback nesting rookery may be attributed to immigration and colonization. The
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nesting beach origin of these turtles is expected to be found among the rookeries of the
Caribbean. Identifying the source of these migrants and resolving the status of these
assemblages as a metapopulation should become a high priority for management of
leatherbacks in the Atlantic and Caribbean. Because leatherbacks nest across many
jurisdictional boundaries, and the possibility that these rookeries are linked (by male-
mediated gene flow or migration), international collaboration could assist the recovery
efforts and subsequent protection of all leatherback rookeries (small and large) in this

region.
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Conclusions

Although the leatherback turtle (Dermochelys coriacea) nests throughout the
Caribbean on tropical and subtropical beaches, Florida represents the furthest north in
the northwest Atlantic where they regularly nest. The goal of my dissertation was to
establish parameters related to various aspects of the population biology of this species
in the continental US with the intention of providing empirical data to address
objectives within the Federal (US) Recovery Plan. I sought to determine the rate of
increase in the number of nests here, and to estimate important population parameters
such as average annual survival and remigration interval. I also assessed nesting site
fidelity for this population to assist in defining the full nesting range for turtles in
Florida, and defined the family relationships among nesting females for the purpose of
determining if this rookery is the result of founder females or if it represents a
continuing colonization of available habitat. Now for the first time for leatherbacks
nesting in the continental US, we have parameters that should be useful in building a
robust updated recovery plan and expand our knowledge of the life history
characteristics of this species.

First, I determined the precise rate of increase in nest numbers since
standardized nesting surveys began in 1979. From data collected at 70 beaches along

Florida’s coastline, and using a multilevel modeling approach, I found an exponential
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growth rate of 11.3 + 1.9% each year in the number of nests documented. Then, based on
mark recapture data gathered from nesting turtles over six years at one high-density
beach, I determined the adult female average annual survival rate was 95.6%. The
average nesting population size for this beach was 71 + 23 individuals each season.
Statewide the estimate should be higher, as this beach represents ~ 10% of available high
quality nesting habitat. The average remigration interval for turtles here was 2.2 +/- 0.5
years, clutch frequency was 4.1 +/- 0.9 nests/season and the average clutch size was 69.0
+/- 18.2 eggs/female.

I used novel GPS tags and conventional tag returns to discover the full nesting
range of individual female leatherbacks along their nesting habitat in Florida and found
that some leatherbacks here exhibit weak nest site fidelity. They may nest at least five
times/season at broad spatial scales up to 139.8 km from where they were first
encountered. Finally by using microsatellites and mtDNA, I determined family
groupings of nesting leatherbacks. Overall relatedness values were extremely low, many
immediate family groupings emerged, and many individuals were not related to others
in the population. I confirmed putative family groupings using mtDNA haplotypes.
Three distinct haplotypes were identified in Florida; one of these is a unique global
leatherback haplotype (Dc-17). Then using the microsatellite data, I detected a significant

heterozygosity deficiency in the population, which indicates population expansion or
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the influx of individuals with rare alleles. I conclude that this population is the result of
ongoing immigration (likely from mainland Caribbean beaches) and not the result of a
one-time founding event.

Florida represents one of the smaller nesting assemblages in the Caribbean, but if
population growth continues at the current pace, this population has the potential to
become more important regionally and may contribute to an increase in overall
population size in the Atlantic. The dramatic rate of increase raises many questions
about the causes of nesting beach increases that have been documented Caribbean-wide.
Increased protection of leatherbacks since the species was listed under the Endangered
Species Act in 1970 and added to the IUCN Red List in 1982 may have significantly
bolstered populations by reducing mortality rates for hatchlings on the nesting beach
and for all age classes at sea. Additionally, a changing ocean climate may be positively
affecting leatherback prey abundance, thereby increasing growth rates, survival, or
frequency of reproduction. It is possible that release from food limitation for adult
leatherbacks with the concomitant effects of predator reduction and changing ocean
conditions has contributed to the increase of leatherbacks in the Atlantic basin.

Whatever the causes are for the increases in the number of leatherbacks in the
Atlantic, we may be witnessing a range expansion and colonization event in Florida. As

Florida is at the northern limits of the nesting range for leatherbacks in the Atlantic, this
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habitat could well be the margins of the basin that MacCall (1990) proposed. Because
leatherbacks are increasing at nearly all rookeries studied (TEWG, 2007), especially near
the core of their nesting range in the Southern Caribbean, it is conceivable that
populations at the edges of the leatherback’s nesting range will also increase. The results
of my genetic work showing that the Florida rookery is the result of ongoing
immigration appear to support this basin hypothesis (MacCall, 1990), and represents one
of my most important findings.

In conclusion, it is my hope that this work has contributed to our knowledge
about the biology of the leatherback turtle and that it will also contribute to the sound

management of the species.
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