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ABSTRACT

The Northwest Atlantic population of loggerhead sea turtles (Caretta caretta),
listed as threatened on the US Endangered Species List, may be susceptible to climatic
changes and monthly variation due to their slow generation time, temperature dependent
sex determination, natal homing, and anthropogenic impacts. In order to investigate how
environmental conditions impact loggerhead sea turtles, we compared sea turtle nesting
data collected on three distinct and unique beaches on Edisto Island, South Carolina
(Edisto Beach State Park, Edisto Town Beach, Botany Bay Plantation) between 2009 and
2016 to environmental data downloaded from NASA Giovanni and NOAA. We found
that incubation period was negatively correlated with average air temperature across the
time of incubation (p<0.0001). Incubation period was positively related to cumulative
precipitation (p<0.0001) and percent cloud cover (p<0.001) on all three beaches;
however, these factors account for only a small proportion of the variation in incubation
period. Our results also indicated that over the course of the nesting season incubation
period followed a quadratic pattern (p<0.0001) and average clutch size decreased linearly
(p<0.0001). Although percent mortality did not show a strong relationship with air
temperature, personal observation and previous studies suggest that loggerheads with
shorter incubation periods are weaker and slower than those with longer incubation
periods. It is important to further investigate the environmental impacts on loggerhead
sea turtles, in order to evaluate and potentially mitigate the effects of climate change on
this ecologically important resource.
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FOREWORD

I chose this project because I have been a volunteer on sea turtle patrol with the South
Carolina Department of Natural Resources on Edisto Island the past four summers and
have dedicated countless hours to saving sea turtles. Therefore, it is a subject that I am
very passionate about and interested in. Working in the field, I also noticed trends that I
wanted to further explore by analyzing the data that I have helped collect.

v

TABLE OF CONTENTS

LIST OF FIGURES

vii

INTRODUCTION

1

Distribution and Reproductive Biology

1

Ecological Relevance

3

Conservation Status

4

Climate Change

5

Study Site

6

Objectives

7

METHODS

8

Sea Turtle Nesting Data

8

Environmental Data

11

Data Analysis

12

RESULTS

16

Annual Trends

16

Sea Turtle Nesting Trends

18

Environmental Data

25

Combined Nesting and Environmental Data

29

DISCUSSION

36

Nesting Trends

36

Implications

45

CONCLUSION

51

REFERENCES

55

APPENDICES

58

Appendix I: Nesting Data

59

Appendix II: Spatial Trends

64

Appendix III: Precipitation

66

Appendix IV: Cloud Cover

68

AUTHOR’S BIOGRAPHY

69

vi

LIST OF FIGURES

Figure 1 ................................................................................................................... 6
Figure 2 ................................................................................................................... 8
Figure 3 ................................................................................................................... 9
Figure 4 ................................................................................................................... 10
Figure 5 ................................................................................................................... 11
Figure 6 ................................................................................................................... 12
Table 1 .................................................................................................................... 16
Figure 7 ................................................................................................................... 17
Table 2 .................................................................................................................... 18
Figure 8 ................................................................................................................... 19
Figure 9 ................................................................................................................... 21
Figure 10 ................................................................................................................. 22
Figure 11 ................................................................................................................. 23
Figure 12 ................................................................................................................. 24
Figure 13 ................................................................................................................. 26
Figure 14 ................................................................................................................. 27
Figure 15 ................................................................................................................. 27
Figure 16 ................................................................................................................. 29
Figure 17 ................................................................................................................. 31
Figure 18 ................................................................................................................. 31
Figure 19 ................................................................................................................. 33
Figure 20 ................................................................................................................. 35

vii

INTRODUCTION

Distribution and Reproductive Biology
Loggerhead sea turtles, Caretta caretta, have a wide global distribution and are
commonly found in the waters of the Atlantic, Indian, and Pacific Oceans (Dodd, 1988).
Adults weigh between 77 and 159kg, with the females normally on the larger end of the
spectrum (Gulko & Eckert, 2004). Their exact age of sexual maturity is unknown, and it
is thought to vary between populations due to genetic, sexual, or environmental factors
(Heppell et al., 2003 cited by Casale et al, 2011); estimates for age of sexual maturity for
loggerheads range between 23 and 42 years (e.g., Casale et al., 2011; Avens et al., 2015).
Little is known about their length of fecundity or their life span.
Loggerhead sea turtles’ primary nesting grounds are located in warm temperate
and subtropical regions on continental beaches although they can nest on island beaches
as well (Dodd, 1988). In the United States, the primary nesting grounds of loggerhead sea
turtles are on the coast of Florida, Georgia, South Carolina, and North Carolina (Dodd,
1988). Loggerhead turtles typically nest every two to four years, and they have been
known to nest up to seven times in one nesting season (with approximately 14 day
intervals) (Dodd, 1988; Schroeder et al., 2003).
Loggerheads use natal homing, meaning they lay eggs in the vicinity of the beach
in which they were born (their natal beach)(Lohmann et al., 2013; Kobayashi et al.,
2017). The particular site a nest is laid can be very important to its overall hatch success
due to unique microenvironments (e.g., Dodd, 1988; Kobayashi et al., 2017). There are a
number of factors (e.g., sand temperature, moisture, elevation, sand composure, distance
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from sea, presence of humans) that could influence a female’s choice to nest in a
particular location; however, female loggerheads’ nest site selection process is still poorly
understood (e.g., Stoneburner & Richardson, 1981; Dodd, 1988; Miller et al., 2003;
Kobayashi et al., 2017).
Between the hours of dusk and dawn, loggerheads ascend the beach to lay their
eggs; this process can last anywhere from one to two hours (Miller et al., 2003). During
ascension, the mothers search for a location to lay their eggs; however, they are very
susceptible to disturbances during this time. After picking a location, the mother digs an
egg pit using her front flippers to clear debris and her rear flippers to dig down into the
sand using a series of alternating strokes. The mother deposits her eggs into the egg pit
and covers them up, packing the sand using her rear flippers (Dodd, 1988; Miller et al.,
2003). Afterwards, the mother returns to the ocean, and she may repeat this process again
in a few weeks.
After the eggs have incubated for approximately 49-62 days (Caldwell, 1959 cited
by Dodd, 1988), the hatching process, which is considered socially facilitated, begins
(Demmer, 1981). This process involves the turtles breaking out of their eggshell
(pipping), and then resting/waiting for their carapaces to straighten while internalizing the
remaining yolk (Miller et al., 2003). As a group, hatchlings move to the surface in a
frenzied outburst, which increases locomotion efficiency and reduces their energetic
output (Demmer, 1981; Dodd, 1988; Rusli et al, 2016). It typically takes between four
and seven days for hatchlings to emerge after pipping (Godfrey & Mrosovsky, 1997).
This time in between hatching and emergence is dependent on the nest depth and sand
composition/compaction (Miller et al., 2003). Simultaneous emergence typically occurs
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at night, when the temperature has decreased (their cue for emergence), although some
stragglers may emerge in the subsequent nights (Demmer, 1981; Miller et al., 2003).
All sea turtle species, including loggerheads, lack sex chromosomes and therefore
exhibit temperature dependent sex determination (TSD) (e.g., Hanson et al., 1998; Carthy
et al., 2003; Hamann et al., 2013; Fisher et al., 2014; Wyneken & Lolavar, 2015). This
means that sex is determined by environmental conditions (temperature in the case of
turtles) rather than by genetics (the more common type of sex determination) (Fisher et
al., 2014). The sex of the hatchling is determined during the thermosensitive period, the
middle third of the incubation period for loggerhead sea turtles (Reneker & Kamel,
2016). Le Blanc et al. (2011) determined the pivotal temperature of loggerheads in
Georgia to be 28.96°C. Higher temperatures produce more females, while cooler
temperatures produce more males (Ackerman, 1997; Hamann et al., 2013; Wyneken and
Lolavar, 2015).
Ecological Relevance
Loggerhead sea turtles are an important part of the ecosystems they occupy
including nesting beaches and oceanic and neritic habitats (Bjorndal, 2003; Heithaus,
2013; Mansfield and Putman, 2013). As embryos, they are a common prey source for
species such as fire ants, coyotes, raccoons, and ghost crabs; as hatchlings they become
prey for birds, small sharks, and teleosts; as adults (although not a common prey source),
they are consumed by large sharks (e.g., great white sharks and tiger sharks) and killer
whales. Loggerheads are also predators that consume both vegetation and other
organisms including coelenterates, barnacles, crabs, salps, snails, and other benthic
invertebrate species (while in neritic zones) (Bjorndal, 2003; Jones and Seminoff, 2013;
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Heithaus, 2013). Therefore, studies to improve knowledge about loggerheads and how
the environment affects them are important for the ocean ecosystem as a whole.
Conservation Status
All populations of loggerhead sea turtles are listed as either endangered or
threatened on the US Endangered Species List. The Northwest Atlantic Ocean Distinct
Population Segment (the population that we most likely evaluated) is currently listed as
threatened (NOAA Fisheries, 2015). Additionally, all loggerhead sea turtles, which are a
migratory species, are also listed under CITES (Convention on International Trade in
Endangered Species of Wild Fauna and Flora) Appendix 1 (prohibition on commercial
trade) (NOAA Fisheries, 2015).
Sea turtles have become endangered and threatened mainly due to anthropogenic
causes such as exposure to persistent organic pollutants, marine debris (i.e., effects of
entanglement and ingestion), oil spills, and coastal development (Lewison et al., 2013).
However, the largest anthropogenic impact on loggerhead sea turtle populations is fishery
bycatch (Lewison et al., 2013). Loggerhead turtles are particularly vulnerable to fishery
bycatch due to their foraging behavior, migratory patterns, distribution in the water
column, and aggregations for reproductive behavior (Lewison et al., 2013). Loggerheads
have not been directly targeted by fisheries on the industrial scale as many other turtles
have because their eggs taste badly; however, egg poaching was common until the 1970s
in the United States when this activity was banned by state and federal laws
(Witherington, 2003). Loggerhead turtles also experience late maturation (23-42 years;
Casale et al., 2011; Avens et al., 2015) and high mortality as hatchlings and juveniles,
therefore their potential population growth rate is low, and it may be more difficult for
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the population to rebound from human or environmental impacts (Bjorndal, 2003;
Witherington, 2003; Hamann et al., 2013).
Climate Change
Marine turtles, including loggerheads, are sensitive to environmental changes
such as increasing ocean and air temperatures, decreasing ocean pH, rising sea levels,
changing circulatory patterns, and an increasing number of major hurricane events
(Hamann et al. 2013). Although sea turtles have been able to adapt to survive climate
change events in the past, they may be at a greater risk now due to increased
anthropogenic impacts paired with diminished population numbers (Hamann et al.,
2013). Loggerheads are particularly vulnerable to changing temperatures because they
are ectotherms, seasonal breeders, have TSD, and nest on land (Carthy et al., 2003;
Heithaus, 2013; Reneker & Kamel, 2016).
Over the past decade (the focus of this study), average global temperatures have
increased by approximately 0.3°C (Figure 1) (NASA GISS and NOAA NCEI, 2016),
while global temperatures have risen 0.9°C since 1975 (Shaftel & Callery, 2018). The
most detectable impacts to loggerhead sea turtles from increasing temperature thus far
have been related to reproduction and nesting; in contrast, relatively little is known about
the potential impacts of climate change on marine turtle populations as a whole
(Heithaus, 2013). Increasing temperatures shorten the incubation period of a nest and
may affect hatchling survival and performance (e.g., Booth & Astill, 2001; Fisher et al.,
2014; Kobayashi et al., 2017). Increasing temperatures also increase the number of
female hatchlings (e.g., Hanson et al., 1998; Le Blanc et al., 2012; Kobayashi et al.,
2017). Changes in precipitation patterns may alter the microenvironment of the nest by
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altering gas transport and the temperature inside the nest (Carthy et al., 2003). Large
storm/hurricane events can result in complete mortality or loss of a nest and can
completely alter the physical properties of the shoreline (Heithaus, 2013). Lastly, rising
sea levels may reduce the potential nesting area on a beach and alter the nesting
conditions (Heithaus, 2013).

Figure 1: NASA global average monthly temperatures compared to early industrial baseline (1881-1910)
for the years 2010, 2014, 2015, and 2016. Retrieved from:
http://www.climatecentral.org/gallery/graphics/2016-was-the-hottest-year-on-record

Study Site
Edisto Island (260 sq km) is a sea island in the Atlantic Ocean off the
southeastern coast of South Carolina, located centrally in the typical loggerhead nesting
region in the United States (Figure 2) (Helicon, 2016). South Carolina Department of
Natural Resources (SCDNR) has two of Edisto Island’s beaches as sea turtle nesting
index beaches (of six total in the state) used since 1982 (SCDNR, 2013b). These sites in
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addition to others on the island are a popular nesting ground for loggerheads. Although
Edisto Island’s coastline is not large, sites across the island vary greatly in their amount
of tourism, infrastructure, and physical characteristics; this enables us to get an idea of
how these different characteristics may affect the same population of nesting turtles.
Botany Bay Plantation (BBP) is a wildlife preserve owned by SCDNR with no
beachfront infrastructure and little artificial light; it is a relatively wide beach containing
many trees, driftwood, and shells. Edisto Beach State Park (SP) is a SCDNR index beach
and is owned by the state of South Carolina; parts of the beach line a salt marsh while
other parts line the state park campground (SCDNR, 2017). Edisto Town Beach (EDB),
another index beach, is a much more populated area during the summer nesting months.
Houses, families, and streetlights surround EDB, and its sand composition is similar to
that of SP.
Objectives
Here we use data collected from these three sites on Edisto Island, SC between
2009 and 2016 in order to assess (1) the effects of temperature, cloud cover, and
precipitation on the incubation period and percent mortality of loggerhead sea turtle
nests, (2) spatial patterns and nest site selection, and (3) annual and monthly
environmental and sea turtle nesting trends. Ultimately, this study allows for a better
understanding of the potential impact of climate change on this threatened population of
loggerhead sea turtles.
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METHODS

Edisto
Island

Edisto Town Beach
Edisto Beach State Park
Botany Bay Plantation

Figure 2: This map created using Google Earth serves to indicate the location of loggerhead sea turtle
nests laid on Edisto Town Beach (EDB), Edisto Beach State Park (SP), and Botany Bay Plantation
(BBP) between 2009 and 2016. Some points represent more than one nest due to overlap in nest sites.

Sea Turtle Nesting Data
Data used in this study were collected and provided by SCDNR. The data
encompass eight years of loggerhead sea turtle nesting data collected between 2009 and
2016 (inclusive) from three different beaches on Edisto Island in South Carolina: SP,
BBP, and EDB (Figure 2). Data were collected by turtle patrol members, comprised of
groups of volunteers (including myself), interns, and hired SCDNR staff, who monitor
sea turtle nests and conduct education, research, and management activities.
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Figure 3: Loggerhead sea turtle tracks (image on the left) and disturbed area or body pit (image on right)
found during dawn patrol on Edisto Town Beach in 2016. Photos by: Faythe Goins.

Methods of data collection and nest protection varied slightly among the surveyed
beaches and patrol members but followed this general protocol. In general, turtle patrol
members traversed the beach daily looking for turtle tracks and body pits (Figure 3);
these indicated the location of a potential nest. Body pits were carefully probed with a
metal or wooden probing device in order to determine the exact location of the eggs.
Once “the prober” (turtle patrol member operating the probe) found an area of soft sand
(potentially caused by the creation of a nest cavity), they dug down to attempt to locate
the eggs. Turtle tracks with no nests represented false crawls, which often occur due to
lights, poor terrain, noise or some other type of disturbance. If the eggs were located, one
egg was removed. The removed egg was broken and the yolk was washed out to exclude
the hatchling DNA (interior) from mother DNA (the shell); the shell was then placed in a
tube containing 95% ethanol and stored in a dark cabinet for future DNA analysis. Any
broken eggs (from either human or natural causes) were removed, counted, and recorded.
9

Nests above the high tide line were marked or surrounded with protective cages
depending on beach protocol. Nests below the high tide line were relocated above it to an
area with similar terrain. Relocation of nests involved carefully (to avoid human
disturbance as much as possible) moving all the eggs from the original nest cavity into a
man-made hole approximately 45-60 centimeters deep and 15-23 centimeters in diameter.
Relocated nests were marked or protected as described for in situ nests. Emergency
relocations occurred in situations in which eggs began to wash away due to increasing
tidal heights or sand erosion.
Nests were monitored for wash-overs, predation, disturbances, and hatching
activity. Data collected during nest monitoring include latitude and longitude of nest, date
laid, beach identification, relocation information, and number of eggs (only counted if
relocated). Each nest was also assigned a unique
identification number. After 45 days of
incubation, nests were checked daily. At this 45
day mark, nests on EDB were set up with mesh
netting on the back and sides to try to eliminate
hatchling disorientation and misdirection due to
artificial light from streetlights or houses (Figure
4). Three days following the first recorded
hatching, nests were inventoried to free any live
Figure 4: Mesh netting placed around a
nest to help prevent hatchling
disorientation from artificial light and to
direct hatchlings towards the ocean. Photo
by: Faythe Goins.

turtles trapped in the nest and to collect data on
hatch success. For relocated nests (total clutch
count had already been determined during
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relocation), inventories involved counting the unhatched eggs (whole or rotten eggs),
dead hatchlings, and live hatchlings found in the nest cavity. Inventories of in situ nests
also included counting the total number of hatched eggs (i.e., eggshells greater than 50%)
and estimating total clutch count as the sum of the hatched and unhatched eggs. We
acknowledge the potential for error in this estimate; however, due to the manner in which
sea turtles break out of their eggs it is suspected to be a close estimation.
Environmental Data
Data for average daily maximum/minimum air temperature and average daily
precipitation were downloaded from the National Oceanic and Atmospheric
Administration (NOAA) station
USC00382735 on Edisto Island. This
station is located at 32.6064°N,
-80.3267°W, with an elevation of 3.7
meters above sea level (Figure 5). Data
for average daily percentage of cloud
Figure 5: Location of NOAA Station USC00382735
on Edisto Island, SC. Retrieved from
https://www.ncdc.noaa.gov

cover (i.e., cloud fraction:
daytime/ascending) on Edisto Island

were downloaded from NASA Giovanni. Here, cloud fraction was defined as the portion
of the sky covered by all cloud types. A rectangular shaped area (shown in Figure 6)
covering Edisto Island was selected in the NASA Giovani program to yield the cloud
fraction for that area.
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Figure 6: Rectangular area selected on NASA Giovanni to yield data for cloud fraction (area
encompasses all three surveyed beaches). Retrieved from
https://giovanni.gsfc.nasa.gov/giovanni/#service=TmAvMp&starttime=&endtime=&variableFacets=dat
aFieldMeasurement%3ACloud%20Fraction%3B

Data Analysis
The incubation period of a nest was calculated using the formula:
𝐼𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 𝑃𝑒𝑟𝑖𝑜𝑑 = 𝐷𝑎𝑡𝑒 𝐿𝑎𝑖𝑑 − 𝐷𝑎𝑡𝑒 𝐻𝑎𝑡𝑐ℎ𝑒𝑑 + 1
Trends in incubation period across each nesting season between 2009 and 2016
(inclusive) were evaluated by fitting second-degree polynomial lines (because the trends
appeared quadratic) to the data in JMP v13, and assessing fit using both the square of the
correlation coefficient (R2) and analysis of variance (ANOVA). In this case, R2 estimated
the percentage of variation in incubation period that can be explained by the day of year
the nest was laid. In general, R2 values show how well the data fit on the line of best fit.
The ANOVA tests for a significant difference between the fitted model and a null model
of average incubation period across the nesting season.
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Percent Mortality was calculated using the formula:
%𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 =

#𝑑𝑒𝑎𝑑 ℎ𝑎𝑡𝑐ℎ𝑙𝑖𝑛𝑔𝑠 + # 𝑢𝑛ℎ𝑎𝑡𝑐ℎ𝑒𝑑 𝑒𝑔𝑔𝑠
∗ 100
𝐶𝑙𝑢𝑡𝑐ℎ 𝐶𝑜𝑢𝑛𝑡 − 1

Clutch count was defined as the total number of eggs in the nest minus one (to account
for the egg taken for DNA analysis prior to incubation). Total clutch count was
determined in one of two ways depending on if the nest was relocated or not (as
described above). Percent mortality was selected for analysis instead of hatch success in
order to account for any dead hatchlings found in the nest during inventory. The
relationship between incubation period and percent mortality was evaluated using linear
regression, R2, and ANOVA in JMP v13. This analysis tested the hypothesis that length
of incubation period affects percent mortality, although we also acknowledge and test (as
described above) that incubation period may be related to date laid.
The cumulative precipitation, average precipitation, average temperature
(calculated by averaging the daily maximum and minimum temperatures), and average
percent cloud cover were calculated across the incubation period of each nest using a
custom script in R, written by Dr. Kristina Cammen. The potential effects of each of
these environmental conditions on incubation period and percent mortality were
evaluated using linear regression, R2, and ANOVA in JMP v13.
Nest locations were mapped in Google Earth, based on their given latitude and
longitude (Figure 2). Nest locations for SP and BBP were further evaluated using only
their latitude location (since these are linear beaches) in order to investigate the potential
effects of location on percent mortality and incubation period (differences could be
potentially caused by differences in substrates, obstacles, shading, wind, and runoff).
EDB could not be evaluated in the manner, as it is not linear (seen in Figure 2).
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Annual trends in both organismal and environmental variables were assessed over
the period of the nesting season (indicated in Table 1) on each individual beach for each
year with the exception of 2009 due to missing data. For almost all variables, the nesting
season was defined as the time between the day the first nest was laid and the last day a
nest hatched on a particular beach. Using the unique nesting season defined by each
beach’s annual sea turtle activity, rather than a standard nesting season defined by date
across all beaches, we looked at the specific environmental conditions that may have
affected nests in that particular year. With this approach, we exclude data not directly
relevant to sea turtle outcomes. Annual trends that were evaluated in this way included
average incubation period, average clutch count, average percent mortality, number of
total nests, percentage of days with precipitation, average temperature, and average
percent cloud cover.
It was necessary to use a standard length nesting season across all years to assess
annual cumulative precipitation because it is directly related to the number of days per
nesting season; this method enabled us to account for large storm events (i.e., hurricanes)
that often cause loss of nests and incomplete data sets. A standard length nesting season
was also used to calculate average annual precipitation, so that it could be compared
directly to cumulative precipitation. For these calculations, we defined the nesting season
as May 1 to October 31 for all years. These dates are used across almost all beaches in
South Carolina to define the sea turtle nesting season during which certain regulations
(i.e., light restrictions) are in place.
Lastly, certain variables were assessed on a monthly basis, including clutch
counts, number of nests laid, percent cloud cover, and daily temperature, in order to
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evaluate within-season trends across the three beaches and eight-year period.
Precipitation was not analyzed on a monthly basis since no variation in precipitation over
the course of the summer was anticipated, and any difference in those monthly averages
was accounted for in the cumulative and average precipitation across the incubation
period of a nest. Neither incubation period nor percent mortality was assessed on a
monthly basis as this information is already displayed in a more detailed manner by
graphs including individual nest data. Monthly averages of percent cloud cover and air
temperature were calculated across the entire duration of each month (independent of
unique nesting seasons). Percentages of total nests laid in each month were calculated by
adding up the total number of nests in a particular month and dividing by the number of
nests laid across the entire nesting season at that beach in that year. Differences in
monthly and annual averages of these organismal and environmental variables were
assessed statistically using one-way ANOVAs in Jmp v13.
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RESULTS

This section includes an analysis of sea turtle data followed by an analysis of
environmental data. Organismal and environmental data are then synthesized to provide
an assessment of our selected environmental factors and their relationship with sea turtle
nesting.
Table 1: Length of nesting season for Botany Bay Plantation (BBP), Edisto Beach State Park (SP), and
Edisto Town Beach (EDB) between 2009-2016. Nesting season is defined as the period from the day
the first nest was laid in a particular year to the day the last nest hatched in that year. Number of days in
2009 cannot be determined (CBD) due to missing data at the end of the nesting season across all three
beaches.

Year
2016
2015
2014
2013
2012
2011
2010
2009

BBP
5/10-9/15
5/12-9/22
5/15-9/25
5/15-10/8
5/2-9/24
5/9-9/22
5/15-9/11
5/18-

# days
129
134
134
147
146
137
120
CBD

SP
5/7-9/15
5/16-9/20
5/20-9/24
5/23-9/26
5/9-10/7
5/18-10/2
5/21-10/15
5/13-

# days
132
128
128
127
152
138
148
CBD

EDB
5/12-9/20
5/7-9/21
5/18-9/17
5/22-9/28
5/8-9/27
5/15-9/14
5/20-9/16
5/22-

# days
132
138
123
130
143
123
120
CBD

Annual Trends
Annual trends, calculated across the length of each unique nesting season for each
beach (as noted in Table 1), were assessed visually in order to compare the relationships
between organismal and environmental data (Figure 16). However, we found few clear
trends in the individual factors we explored, so we have chosen looked at these variables
in more depth on a smaller time scale (described in the subsequent sections). It was also
difficult to determine the relationships between the different variables when assessed in
this way; therefore, other methods of investigation for the synthesis of environmental and
organismal data were needed.

16

a.

e.

Incubation period

35%

61

30%

56
51

137

20…

20…

20…

20…

20…

20…

2016

2015

2014

2013

2012

2011

2010

2009

f.

Clutch Count

Temperature

Average Temp (°C)

29.5

117

27.5

97

25.5

2016

2015

2014

2013

2012
Cloud

65%
55%
45%
35%
25%
15%
5%
2016

2015

2014

2016

2015

2014

2013

2012

2011

2010

2009

0

2013

100

2012

200

2011

# total nests

%Cloud Cover

300

2011

g
.

Number of Total Nests

c. 400

23.5
2010

2016

2015

2014

2013

2012

2011

2010

2009

77

2010

Average Clutch Count (#eggs)

20%

20…

25%

46

b.

Precipitation

40%

% days with precipitation

Incubation Period (Days)

66

d.
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Plantation (blue); Edisto Beach State Park
(red); Edisto Town Beach (green)) across
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Sea Turtle Nesting Trends
Incubation Period
Average annual incubation period differed significantly between years (𝐹B =
61.9396; p<0.0001). In 2012, there were slightly elevated annual average incubation
periods across all three beaches, while 2010, 2011, and 2016, had slightly shorter
incubation periods on average (Figure 7a).
We also found significant differences in average incubation period between the
three beaches during our investigated time period (F2 = 265.8661; p<0.0001). BBP had
the highest annual average incubation period across all eight years, and EDB had the
lowest (Table 2 and Figure 7a).
Table 2: The range and average (with standard deviation) incubation periods for
Edisto Town Beach (EDB), Edisto Beach State Park (SP), and Botany Bay Plantation
(BBP) between 2009 and 2016.

Beach

Average

Range

51.6

Standard
Deviation
4.133

EDB
SP

53.67

4.108

44-73

BBP

56.41

5.267

41-76

35-83

Incubation period was significantly related (p<0.0001) to day of year laid on all
beaches when data from 2009 to 2016 were assessed together; 𝑅 I values ranged from
0.215 to 0.341. Over the course of the nesting season (May to October), incubation period
generally followed a quadratic pattern across all beaches. Incubation periods were
greatest for nests laid in May and lowest for nests laid in late June and early July.
Incubation period increased slightly for subsequent nests laid as the season progressed
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into the end of July and early August (Figure 8). These trends remained true for almost
all individual years at each beach (Appendix I). The relationship between incubation
period and date laid was significant (p<0.0001) across all three beaches in 2011, 2012,
2013, 2015, and 2016. This relationship was also significant (p<0.05) during all eight
years at SP (Appendix I).

Edisto Town
I
Beach 𝑅 = 0.327908
p<0.0001*

State Park 𝑅I = 0.340698
p<0.0001*

I

= 0.214628
Botany Bay 𝑅p<0.0001*

Figure 8: Incubation period of a nest versus the day of year (from April 30 to August 18) the
nest was laid between 2009 and 2016. * indicates a significant p-value.
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Percent Mortality
Although differences in percent mortality between the beaches were statistically
significant (𝐹I = 4.9722; p = 0.0070), all three beaches followed the same general
pattern in terms of annual average percent mortality, and they exhibited relatively large
variation around the mean. The difference between annual percent mortality among years
was significant (𝐹B = 24.8501; p<0.0001). Following high percent mortalities in 2009
(the highest annual average across all eight years) at all three beaches (SP: 39.62%, sd:
33.07; BBP: 41.61%, sd: 33.29 ; EDB: 41.77%, sd: 30.53), percent mortalities decreased
until 2012, and then increased in the subsequent seasons (Figure 7d). 2012 had the lowest
average percent mortality across all three beaches (SP: 15.14%, sd: 13.54; BBP: 18.44%,
sd: 18.59; EDB: 21.94%, sd: 20.81).
Percent mortality had a weak and inconsistent relationship with incubation period
across different years and beaches (Figure 9 and Appendix I). In certain years, such as in
2011 on EDB, there was a significant inverse relationship (p=0.0246), such that as
incubation period increased, percent mortality decreased. In contrast, in 2009 on EDB,
there was a significant positive relationship (p=0.0372), such that as incubation period
increased, percent mortality increased (Figure 9). Neither BBP nor SP showed any
consistent trends across years either, even though some results showed statistical
significance (Appendix I).
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Figure 9: Percent mortality of a nest versus the incubation period for that nest on Edisto Town
Beach (EDB) between 2009 and 2016. Data for other beaches can be found in Appendix I. *
indicates a significant p-value.
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Nest laying Trends
Over the nesting seasons between 2009 and 2016, the number of total nests laid
on Edisto Island has increased slightly (2014 is the anomaly)(Figure 7c). On a much
larger scale, total loggerhead sea turtle nests counts in South Carolina have increased
since 2005; between 1982 and 2005, total nests counts remained relatively steady (Figure
10).

Figure 10: SCDNR graph showing annual loggerhead sea turtle nest counts on index beaches in South
Carolina between 1982 and 2012. Retrieved from http://www.dnr.sc.gov/seaturtle/ibs.htm

BBP had the highest number of nests laid during the evaluated period when
compared to SP and EDB (Figure 7c). The average number of nests laid on each beach
during the eight year period were BBP: 230.75 (sd: 73.61), EDB: 98.25 (sd: 49.29), SP:
128.25 (sd: 66.91). The majority of nests were laid in the months of June and July each
year at all three beaches, with June having the highest percentage of nests in almost all
cases (exception: SP 2013). Very few, if any, nests were laid in August (Figure 11).
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Figure 11: Percentage of total nests laid per month for each beach on Edisto Island,
SC.
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The average clutch counts of all three beaches varied little between the different
years during the evaluated period (𝐹B = 1.5310; 𝑝 = 0.1519) and had very high standard
deviations (Figure 7b). Average annual clutch counts between 2009 and 2016 were as
follows: SP: 114.22 (sd: 22.98); BBP: 112.66 (sd: 23.49); EDB: 113.28 (sd: 24.85).
Average monthly clutch count decreased significantly (𝐹Q = 82.1851; p<0.0001) from
May to July, on all beaches and all years between 2009 and 2016 (Figure 12).
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Figure 12: Average clutch count for each month the nest was laid on
Edisto Island, SC. August was excluded due to low nest numbers.
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Location
The latitude at which nests were laid was significantly different between years
(BBP: 𝐹B = 3.8365, 𝑝 = 0.0004; SP: 𝐹B = 6.9893; 𝑝 < 0.0001). There were also some
areas on the beaches with a higher density of nests than others. Incubation period was
significantly related to latitude on BBP (p=0.0057), but this relationship was weak (𝑅 I =
0.0054). Percent mortality was also weakly significantly related to location on BBP
(p=0.0019, 𝑅 I = 0.0089) such that as latitude increased, percent mortality decreased.
However, SP did not show a significant relationship between location and percent
mortality (p=0.3440) or incubation period (p=0.2771) (Appendix II).
Environmental Data
Air Temperature
Average air temperatures from May 1 to October 31 between 2009 and 2016 were
statistically different between years (𝐹B = 3.4339; 𝑝 = 0.0012). The average annual
temperature of unique nesting seasons (defined in Table 1) was highest in 2010, 2011 and
lowest in 2013 (Figure 7f). The range of average annual temperatures across the unique
nesting seasons was 2.08°C.
Differences between monthly average air temperatures were also significant (𝐹T =
425.7355; 𝑝 < 0.0001). The average monthly temperatures across the eight-year nesting
period were: May: 23.7°C (sd: 2.86); June: 27.57°C (sd: 2.11); July: 28.63°C (sd: 1.75);
August: 28.07°C (sd: 1.59); September: 25.64°C (sd: 2.22); October: 20.46°C (sd: 3.32).
June, July, and August were the three hottest months across the length of the nesting
season (May 1 to October 31) in terms of average daily air temperatures recorded by
NOAA (Figure 13).
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Figure 13: The average monthly temperatures throughout the nesting season (May 1-October
31) calculated using the average of the daily maximum and daily minimum between 2009 and
2016. Error bars indicate the standard deviations of these monthly averages.

Percent Cloud Cover
Average percent cloud cover varied significantly between years (𝐹B =
5.3169; 𝑝 < 0.0001) (Figure 7g). Annual average percent cloud cover ranged from
32.3% (SP 2010) to 45.71% (SP 2013). Average monthly percent cloud cover also varied
greatly between years (𝐹T = 9.9028; 𝑝 < 0.0001); however, no visible trends were
identified between months or years (Appendix IV).
Average percent cloud cover across the incubation period was significantly
related (p<0.0001) to both average daily temperature and average precipitation across the
incubation period for SP, EDB, and BBP between 2009 and 2016 (Figure 14 and 15).
Temperature was negatively related to cloud cover (Figure 14); whereas, precipitation
was positively related (Figure 15).
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Figure 14: Average daily temperature versus
average percent cloud cover (both are
averaged across the incubation period of a
nest) between 2009 and 2016. * indicates a
significant p-value.

Figure 15: Average cumulative versus average
percent cloud cover (both are averaged across
the incubation period of a nest) between 2009
and 2016. * indicates a significant p-value.
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Precipitation
There were no significant differences found between annual average precipitation
values across the loggerhead nesting season (May 1-October 31) between 2009 and 2016
(𝐹B = 0.8057; 𝑝 = 0.5825) and no trends were identified (Appendix III and Figure 16).
However, cumulative precipitation has increased since 2013; between 2014 and 2016,
there was greater than 900mm of cumulative precipitation each nesting season. Prior to
2014, the greatest amount of cumulative precipitation was in 2009, with 758.4mm of
precipitation over the course of the nesting season (Figure 16).
High cumulative precipitation is largely driven by single day events (e.g.,
hurricanes). For example, the weather record includes 2 days over 100 mm of
precipitation in 2014 and 2016, and 1 day over 100 mm in 2011, 2012 and 2015. In fact,
one of those days in both 2015 and 2016 exceeded 200 mm.
Looking at the percentage of days with precipitation across the nesting season for
each beach, 2011 has the lowest percentage of days with precipitation for all three
beaches (BBP: 23.36%; EDB: 22.764%; SP: 26.087%). The highest percentage of
precipitation for both SP and EDB was observed in 2013 (SP: 37.008%; EDB: 36.154%)
(Figure 7e).
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Figure 16: Average (and standard deviation) (blue) and cumulative (green) precipitation over the
course of the nesting season (May 1-October 31) between 2009 and 2016. Error bars indicate the
standard deviations of these yearly averages.

Combined Nesting and Environmental Data
Daily Air Temperature vs. Incubation Period & Percent Mortality
The average air temperature across the duration of incubation of a nest was
significantly related to the incubation period (p<0.001) for all three beaches when all
years between 2009 and 2016 were assessed together. 𝑅 I values ranged between 0.33694
and 0.40648. Air temperature and incubation period were inversely related such that as
the temperature across the incubation period increased, the incubation period decreased
(Figure 17). Not all individual years showed this clear trend (as when all years were
combined), most likely due to the sample size.
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Average air temperatures across the incubation period were also statistically
significantly related to percent mortality (p<0.05) across all three beaches when all years
between 2009 and 2016 were assessed together. However, the 𝑅 I values were not as high
as those for incubation period and temperature, ranging between 0.00464 and 0.02415.
For both EDB and SP, temperature was positively related to percent mortality
(p<0.0001). However, BBP showed that percent mortality slightly decreased (p=0.0331)
as the temperature across the incubation period increased (Figure 18).
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Figure 18: Percent mortality versus the average
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incubation period for each beach between 2009
and 2016.
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versus the average of the daily air temperatures
throughout that incubation period for each
beach between 2009 and 2016.
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Cloud Cover vs. Incubation Period
Average percent cloud cover was significantly related to incubation period
(p<0.05) on EDB, SP, and BBP between 2009 and 2016 when all years were assessed
together; however, this was a weak relationship (𝑅 I ranged between 0.01524 and
0.09701). As percent cloud cover increased, incubation period increased (Figure 19).
We have chosen not to evaluate percent cloud cover versus mortality because
cloud cover is significantly negatively related to temperature with 𝑅 I values from
0.24505 to 0.34991 (Figure 14). Since air temperature did have a strong relationship with
percent mortality, we decided not to repeat this investigation.
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Precipitation vs. Incubation Period & Percent Mortality
The average amount of precipitation across the incubation period was not
significantly related to either incubation period or percent mortality (Appendix III).
Cumulative precipitation had a weak statistical relationship with incubation period
(p<0.0001) for all three beaches between 2009 and 2016; 𝑅 I values ranged between
0.032 and 0.041 (Figure 20). As cumulative precipitation across the incubation period
increased, the incubation period increased for all three beaches. Cumulative precipitation
was not significantly related to percent mortality for any beach (Appendix III).
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DISCUSSION

In the present study, environmental factors (precipitation, percent cloud cover,
and temperature) and sea turtle nest data (incubation period, percent mortality, nest laying
trends, and location) were investigated and compared. We found that air temperature was
inversely linearly related to incubation period, consistent with previous studies on the
effects of temperature on loggerhead sea turtles (e.g., Ackermann, 1997; Dodd 1988;
Matsuzawa et al., 2001). However, variation in percent mortality was more difficult to
attribute to trends in our evaluated environmental factors. In the subsequent sections, I
will interpret my results both quantitatively and qualitatively (using my experience and
observations to fill in gaps in those factors that we were unable to measure) in order to
explain relationships between environmental, biological, and spatial data.
Nesting Trends
Annual Trends
Originally I had expected to see clear annual trends due to climatic changes over
the past eight years; however, after initial investigation, it was clear this temporal scale
was masking potentially interesting trends within years (Figure 7). Therefore, monthly
and daily trends were evaluated more closely than annual trends, which showed high
standard deviations due to the significant differences found between months. These
trends are further evaluated and discussed in the subsequent sections.
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Incubation Period
Incubation period over the course of the nesting season follows a quadratic pattern
(Figure 8), which can be largely explained by the linear relationship found between air
temperature and incubation period (Figure 17) and the significant differences observed in
the average monthly air temperatures (Figure 13). May has some of the coolest
temperatures across the nesting period, so nests laid in the beginning of May are
incubated at lower temperatures and thus have longer incubation periods. Whereas nests
incubating in late June and July have the highest incubation temperatures, so they have
the lowest incubation periods. Incubation period increased again for nests laid in late July
and early August since they are incubating in the cooler August and September
temperatures. The inverse relationship between air temperature and incubation period
could be due to biological characteristics that speed up the rate of embryonic
development at warmer temperatures.
Here, we use air temperatures as a proxy of sand temperature due to the
unavailability of sand temperature data. Sand temperatures are a more exact measurement
of the incubation temperature since incubation occurs in the sand, and the heating of the
sand varies based on a number of factors such as solar absorption and color (Hamann et
al., 2013). However, sand temperature has been related to air temperature by several
studies (e.g., Matsuzawa et al., 2001; Katselidis et al., 2012). Measuring sand
temperatures would require placement of temperature data loggers in nests laid on these
beaches to track both the interior and exterior temperature of the clutch over the duration
of incubation (Hanson et al.,1998; Matsuzawa et al., 2001). Clutches are expected to
experience greater heat on the interior of the nest due to metabolic heating as well as
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differences in gas exchange with the surrounding sand (Matsuzawa et al., 2001). My
personal observations align with this expectation; I noticed that during nest inventories
(where I dug into the nest), the interior of the nest was much warmer than the outer air
temperature. Although we saw a clear trend between air temperature and incubation
period, some of the unexplained variation may be due to our use of this proxy.
Given that cloud cover was significantly related to temperature (Figure 14), I was
surprised not to see a stronger relationship between incubation period and cloud cover
(Figure 19). Cloud cover affects the amount of sunlight being reflected into space; thus
decreased cloud cover leads to greater absorption of light energy into the sand and
increased sand temperatures (Balcerak, 2013). However, studies have shown that from
April to October, the amount of cloud cover only affects the daily maximum temperature
and does not significantly affect the daily minimum temperature (Balcerak, 2013). Since
we used daily minimum temperatures in our calculations for average daily temperature,
this may explain the weak relationship between cloud cover and incubation period
(Figure 19) as well as the large variation in average monthly (Appendix IV) and annual
cloud cover (Figure 7g) in comparison to air temperature (which showed strong
relationships and predictable trends).
We similarly observed a weak positive relationship between cumulative
precipitation and incubation period, though no significant relationship was found between
average precipitation and incubation period (Appendix III and Figure 20). The additive
effect of total rainfall may have a greater impact because an increase in precipitation
leads to an increase in the evaporative cooling of a nest (Yin et al., 2014). Average
precipitation on the other hand accounts for the large number of days with no rainfall,
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reducing the average (Figure 15). These findings confirm our hypothesis that increased
precipitation plays a role in higher incubation periods due to cooling of the sand (Hamann
et al., 2013).
Though air temperature appears to be the strongest predictor of the length of
incubation, both cloud cover and cumulative precipitation may aid in cooling the sand
thus leading to longer incubation periods than if incubation period was dependent on
temperature alone. Therefore, both cloud cover and cumulative precipitation can be used
to explain some of the variation found in the relationship between incubation period and
air temperature, and they are important variables to assess when investigating nesting
conditions.
Percent Mortality
Our trends in percent mortality were similar to trends seen in prior studies of
hatch success, which showed no seasonal trends or changes with increasing incubation
temperatures (e.g., Matsuzawa et al., 2001; Fisher et al., 2014). In our study, we found
that percent mortality was significantly related to temperature and incubation period;
however, this relationship was weak and inconsistent (Figure 9, Figure 18, and Appendix
I). This finding was different than what I expected based on my extensive, personal
observations in the field. On the hottest summers and for those nests incubating during
the hottest times of the summer, I noticed that the turtles in nests with the shortest
incubation periods came out of the nest much weaker and slower than those with longer
incubation periods. Although this was not necessarily the case for all nests with short
incubation periods (some turtles that came out of these nests did seem healthier than
others), it was a general trend that I observed from monitoring hatching activity. I also
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noticed a greater proportion of these short incubation period turtles were paler in color or
had deformities, such as flippers that did not operate correctly or carapaces that were not
straight. Although our project does not quantify these visual signs of lower fitness levels,
they have been recorded, observed, and quantified by other researchers (e.g., Fisher et al.,
2014; Kobayashi et al., 2017).
Previous studies have shown that temperature of incubation affects size, mass,
and amount of yolk converted into hatchling tissue (Fisher et al., 2014). There have also
been studies showing the effects of incubation temperatures on locomotor performances
showing that increasing temperatures reduce locomotor performance (Fisher et al., 2014;
Kobayashi et al., 2017). Increased motor skills are advantageous as they can aid in
predator avoidance and thus could increase survival after hatching and improve lifetime
fitness (Fisher et al., 2017). Incubation period may also affect the size of the hatchlings;
eggs incubated at the extremes of viable range were smaller than those that were
incubated in the middle (Fisher et al., 2014). Larger sizes are beneficial as they may have
higher fitness levels, and they may grow faster through the critical period in which they
are extremely susceptible to predation (Kobayashi et al., 2017). It should be noted that
these prior studies were often limited by either small sample sizes or the use of constant
laboratory conditions, and more research on this topic needs to be completed, particularly
in populations in their natural environment.
Studies have also shown that as temperature increased, the number of dead
hatchlings found in the nest increased (Matsuzawa et al., 2001). We have tried to mitigate
this in our conservation techniques by inventorying the nest three days after first
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emergence as a way to try to save any hatchlings trapped in the nest; therefore, it was not
surprising that we did not see this as a reoccurring trend across years in our data analysis.
Neither cumulative precipitation nor average precipitation were significantly
related to percent mortality (Appendix III), though prior studies suggest that moist sand
could potentially harm the eggs by altering gas transport, and therefore, result in greater
mortality (Miller et al., 2003; Hamann et al., 2013). In our particular location, there may
not have been enough precipitation in the area to affect gas transport or for us to see the
potential negative impacts of precipitation on percent mortality. Additionally, I did not
observe any measurable effects of hurricanes; however, this could be due to missing data
from the washing away of nests. We were not able to collect data on nests after major
hurricane events due to evacuation and the inability to re-locate the nests. However,
given that these major storm events may increase in the near future due to climate
change, a key area for future research is on the effect of hurricanes on nesting patterns
(e.g., when and where turtles lay their eggs), hatch success, and incubation period.
Fortunately, hurricane season only overlaps the end of the loggerhead nesting season, and
if the loggerhead nesting season shortens in response to climate changes and increasing
global temperatures, as has been suggested by prior research, hurricanes may have
minimal impacts on the population (Pike & Stiner, 2007).
Clutch Count
Prior studies on clutch size have reported varying results, calling for further
research (Frazer & Richardson, 1985). Here, we found that the average number of eggs in
a clutch decreased over the nesting season (Figure 11). One explanation for the
decreasing trend may be due to the fact that females lay multiple clutches during a
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nesting season (up to seven clutches have been reported in a single nesting season) (e.g.,
Dodd, 1988; Schroeder et al., 2003). Therefore, females may have to try to conserve
energy as they lay their subsequent nests. Additionally, foraging areas are often far away
from breeding and nesting areas so turtles may not have access to an energy source
throughout the breeding and nesting process. However, our ability to assess these
hypotheses was limited by our study evaluating nest survey data; therefore, clutch count
trends need to be further investigated.
Location
We observed that some areas of the beach had a higher density of nests laid than
others (Appendix II), perhaps because certain areas of the beach were more favored as
nesting grounds. In this case, not only are the three beaches different physically, the
microenvironments on each beach may vary in ways we do not understand.
Evolutionarily, since loggerhead sea turtles have existed since the Jurassic, there has to
be a reason behind popular nesting grounds and exact nesting sites in terms of survival
(Hamann et al., 2013). Therefore, the poorly understood loggerhead turtle nest site
selection is an area for interesting future research.
In order to better understand the effects of these different microenvironments and
the varying topographies across each beach, we examined both incubation period and
percent mortality across each nests’ latitudinal position. We expected to find a difference
in these trends because some areas may be more shaded due to the presence of trees or
houses, and some areas may have different sediment types or composition. However,
these trends were difficult to fully assess using the locations taken by SCDNR, as there
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was insufficient resolution in GPS coordinates resulting in a lot of overlap between data
points.
Although there were no clear spatial trends noted in terms of either percent
mortality or incubation period in our dataset, I have observed that proximity to plants can
increase mortality due to growth of roots through the eggs. Areas of the beach that have a
particularly high shell content may also have increased mortality rates as shells can
puncture the eggs when they are dropped into the nest by the mother. I have not noted
any differences in incubation period in terms of where the nest was laid; however,
increased natural shading as a conservation strategy has been shown to result in
decreased nest temperatures (Wood et al., 2014; Jourdan & Fuentes, 2015), which we
have shown above can affect length of incubation period.
Although the three evaluated beaches are within a 15 km area on the same island,
they have several differences in terms of substrate type, human traffic, amount of
artificial light, and beach environment. Despite these differences, we generally observed
similar annual trends across all three beaches for sea turtle nesting data (incubation
period, mortality rate, clutch count, and number of nests laid), suggesting that
temperature or other environmental factors acting at a broader spatial scale play a larger
role in these components of sea turtle nesting than physical characteristics of the beach.
There were only a few exceptions where I observed statistical differences between the
three beaches for some of these trends.
The number of total nests showed the largest difference between beaches. Total
lengths of beaches in which turtles had availability to nest also varied between the three
sites (EDB: 6.95km; SP: 2.17km; BBP: 4.24km); BBP, which has the highest nest counts,
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does not have the greatest length of shoreline. However, BBP does have wide beaches
and potentially other physical characteristics that may lead to an increase in nesting
activity at this site as suggested by Dodd (1998). BBP is also the only beach that is closed
to the public at night, suggesting that proximity to infrastructure or anthropogenic
disturbance may play a role in nesting beach selection. SP, which has no houses and is
more secluded (e.g., less anthropogenic factors such as light and noise) than EDB, has
slightly higher nest counts than EDB. It is likely that a combination of anthropogenic
disturbance and physical and environmental characteristics that influences nest location
(Stoneburner & Richardson, 1981; Dodd, 1998; Miller et al., 2003; Reneker & Kamel,
2016; Kobayashi et al., 2017). BBP is also characterized by numerous shells and
driftwood (characteristics that may make it more difficult to dig the nest), suggesting that
in this case anthropogenic disturbance and artificial light might play a more important
role than physical characteristics.
Differences in incubation period and percent mortality were significant between
the three beaches; BBP had the highest average incubation period and lowest percent
mortality while EDB had the lowest average incubation period and highest percent
mortality (Table 1; Figure 7d). Differences in beach traits such as substrate type,
composition and color, amount of shading, and amount of solar absorption may factor
into the observed differences (e.g., Hamann et al., 2013; Reneker & Kamel, 2016).
However, differences in data collection, human error, and the amount of missing data
may also play a role in these differences, so further study is needed.
Clutch counts were not significantly different between beaches; this result was
expected, as it is maternal characteristics (not environmental) that determine the clutch
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count. Additionally, mothers, which use natal homing, may still nest on multiple different
beaches throughout the nesting season, and they have been shown to have varied nest site
selection within the same general area (Dodd, 1998; Miller et al., 2003).
Implications
Increasing global temperatures and climate change
There is a strong known relationship between environmental conditions and sea
turtle reproduction because turtles have TSD, their embryonic development is dependent
on the temperature, water content, and gas exchange in the nest (Ackerman, 1997, Miller
et al., 2003), and temperature directly affects the length of incubation period (as shown in
our study) and may affect hatchling health (observed in the field). Additionally, marine
turtles utilize natal homing and nest on beaches that are being eroded away by
anthropogenic impacts and washed away by an increasing number of hurricanes and
major storm events (e.g., Lohmann et al., 2013; Kobayashi et al., 2017; Miller et al.,
2003). Therefore, the rapidly changing climate poses a threat to previously depleted
populations of marine turtle species. Lastly, we observed that loggerhead sea turtles laid
the greatest percentage of their nests in the month of June (Figure 11). This means that
the majority of the nests laid each year is incubating during the warmest months and thus
have the shortest incubation periods, which could be harmful to overall hatchling health.
However, it is still uncertain if loggerheads will be able to alter their nesting patterns in
response to increasing global temperatures.
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Sex Ratio
Sea turtle reproduction and the population structure of marine turtles are
especially sensitive to temperature changes due to TSD (Hamann et al., 2013). Increased
temperatures leads to an increased number of female hatchlings (e.g., Hamann et al.,
2013; Wyneken & Lolavar, 2015). On some beaches in Florida, hatchling sex ratio has
been reported to be 100% female (Hanson et al., 1998). Small changes of temperature can
have dramatic effects on hatchling sex ratio as the transitional range between the sexes
has been found to be as small as 1°C (Reneker & Kamel, 2016). Additionally,
temperatures within a single nest chamber differ (by approximately 0.4 to 0.9°C) due to
metabolic heating and gas exchange; this may affect the sex ratios within each individual
nest (Hanson et al.,1998; Matsuzawa et al., 2001). Ultimately, climate change may lead
to an increase in feminization (Reneker & Kamel, 2016). This could positively affect the
population by increasing the number of nesting females. It could also negatively affect
population dynamics by altering the population sex ratio. The proportion of females a sea
turtle population can sustain as well as the long-term effects on the adult population are
still unknown (Hamann et al., 2013).
In our present study, we were unable to evaluate sex ratios due to the difficulty in
determining the sex of hatchlings, which lack externally dimorphic characteristics.
However, this is a very crucial part to understanding the effects of climate change on
chelonian species. Estimates for hatchling sex ratio can be made based off of incubation
period (in accordance to Godley et al., 2001 protocol); however, this may not be the most
accurate tool. Studies estimating sex-ratio in both natural and laboratory settings often
involve very small sample sizes due to the need for dissection of hatchlings to determine
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sex (Hanson et al., 1998; Le Blanc et al., 2012; Kobayashi et al., 2017). Therefore, more
studies on gender estimates of loggerhead hatchlings in South Carolina and in the entire
adult population are needed to better understand the sex ratio of the species. Additionally,
more information is needed on number of females the population of loggerheads is able
to sustain.
Nesting on land
Because sea turtles nest on land, they are potentially more vulnerable to climate
change and other anthropogenic impacts than some other marine species. Temperature
increases occur faster on land than in the ocean due to the higher heat capacity of water.
On land, turtles are also affected by anthropogenic factors such as poaching, artificial
lighting, degradation of nesting habitat, and nesting disturbances from increased tourism
and infrastructure (Miller et al., 2013).
Beach erosion, which is a common problem on Edisto Island, has the potential to
significantly impact sea turtle nesting success. With increased tidal levels and sea level
rise (a potential impact of climate change), erosion may become a greater issue for sea
turtle nesting site selection in the future. An increasing number of hurricanes and large
storm events may also amplify the effects of erosion. Erosion affects the amount of beach
available for nesting sites and the likelihood, frequency, and degree of nest wash-overs.
Nests with four or more wash-overs were shown to have lower hatch success on average
(Coll, 2010). However, there have been varying results on the impacts of wash-overs and
relocations on sea turtle nesting (e.g., Miller et al., 2013; Brig, 2014). In fact, wash-overs
may also have beneficial cooling effects that reduce the nest temperature and increase
incubation period.
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SCDNR currently attempts to address the risk of wash-overs through relocation.
Although we did not look at the effects of relocation or wash-overs on nest success or
incubation period, other studies on South Carolina beaches have shown that relocation
within the first 12 hours after being laid does not significantly alter hatch success on the
majority of beaches (including SP) (Coll, 2010). In order to address lingering concerns
regarding relocation, volunteers were instructed, in the 2017 nesting season, to only
relocate nests if they were prominently below the high tide line as an experimental
method to try to increase the incubation periods of nests as well as the overall health of
the hatchlings. This experiment was motivated by the idea that turtles may be laying nests
below the high tide line, in order to use the cooling effects of wash-overs to reduce
incubation temperature. Further research on this method needs to be done to see if this
could be a natural conservation method by sea turtles.
Effects of Temperature and Precipitation on Embryonic Development
Changes to precipitation patterns may also occur with climate change; thus the
nest microenvironment could be altered, affecting embryonic development. For instance,
in our study we showed increasing cumulative precipitation across the duration of
incubation led to an increase in incubation period (Figure 20). Precipitation can also
impact sex determination through evaporative cooling and cooling from rain temperature
water (Lolavar & Wyneken, 2017).
Temperature also plays an important role in embryonic development and has been
linearly related to incubation period (Figure 17). Mortality may also increase with
increasing temperatures as laboratory studies have shown that the upper thermal limit for
embryo survival (when eggs are incubated at constant temperature) is approximately

48

34°C (Matsuzawa et al., 2001). However, the relationship between percent
mortality/hatch success and temperature has not been fully characterized in natural
studies although correlations have been observed between increasing nest temperature
and decreased locomotor performance (Ackerman, 1997; Fisher et al., 2014; Kobayashi
et al., 2017).
Recovery
All populations of loggerhead sea turtles are listed as either endangered or
threatened on the Endangered Species List (NOAA Fisheries, 2015). Furthermore, marine
turtles, such as loggerheads, have very slow recovery times due to long maturation
period, lack of parental care, and high mortality rates as eggs and in pre-adult stages of
life (e.g. Davenport 1997; Brig, 2014). Therefore, these already reduced populations may
have difficulty recovering when experiencing rapid climatic changes paired with
anthropogenic threats (Hamann et al., 2013).
Because populations of sea turtles are hard to estimate, nesting activity provides
our closest estimation of population size (Plotkin, 1995). Observations that the number of
nests in South Carolina has increased over the years (Figure 10 and 7c) may mean that
the population of loggerhead sea turtles is recovering. This increase follows
implementation of the Endangered Species Act, a concerted effort at public media for sea
turtle conservation, as well as the implementation of a Recovery Plan for the Northwest
Atlantic Population of the Loggerhead Sea Turtle, which was put into place in 1984 and
revised in 1991 and 2008. In this case, changing anthropogenic activity may in fact aid in
the survival of marine turtle species. However, the increase we have observed in the
number of nests laid (Figure 10 and 7c) may also mean that the population structure has
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shifted due to an increase in the number of female hatchlings, which could be a result of
increasing global temperatures. More female hatchlings may mean more nesting females
and thus more nests. Therefore, nesting activity may not be our best method for
population estimations any longer, and we need to study the adult population of
loggerheads in order to effectively track recovery efforts.
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CONCLUSION

Loggerheads are an important species to the state of South Carolina, so much so
that in 1978 they were named the state reptile in hopes to bring more attention to the
species in order to improve conservation methods (SCDNR, 2013c). We may not be able
to predict with certainty what will happen to loggerhead sea tur
tles with climate change; however, through both natural and laboratory studies,
we can better understand the potential effects of climate change and come up with a
conservation plan to aid in the survival of this threatened species.
By studying nesting conditions that occur in the wild over a period of time, we are
able to look at the potential long-term effects of climate change through the evaluation of
both annual and seasonal trends. Studies such as ours are important because they are
financially feasible, effectively convey natural conditions, and have large sample sizes
since they are based on nest survey data collected by volunteers; this is much different
than previous small-scale laboratory studies that have been completed (due in part to the
status of loggerhead sea turtles on the Endangered Species List).
Through our investigation of BBP, SP, and EDB (which differed greatly in their
amount of tourism, infrastructure, and physical characteristics), we were able to compare
the environmental impacts on loggerhead sea turtles all on one island. We found that
temperature plays a large role in the incubation period and hatchling health of
loggerheads, and that precipitation and cloud cover may play a minor role in the length of
incubation period; therefore, this species may be particularly vulnerable to global
temperature rise.
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The increasing number of loggerhead sea turtle nests may mean that the
population in South Carolina is recovering due to conservation efforts or that the adult
population is experiencing feminization due to increasing global temperatures. Therefore,
this ecologically important species is still at risk of extinction due to its vulnerability to
climate change paired with anthropogenic threats and already low population numbers.
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APPENDIX I: NESTING DATA
2009

2010
𝑅I = 0.131226
p=0.0014*

𝑅I = 0.572353
p<0.0001*

2011

2012

𝑅I = 0.581722
p<0.0001*

𝑅I
= 0.62516
p<0.0001*

2013

2014
I

𝑅 = 0.312535
p<0.0001*

2015

𝑅I
= 0.20266
p=0.0135*

2016

𝑅I
= 0.28711
p<0.0001*

𝑅I
= 0.55019
p<0.0001*

Figure 1: Incubation period of a nest versus date the nest was laid for Edisto Beach State Park.
* indicates a significant p value.
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2009

2010

𝑅I = 0.007899
p=0.7945

𝑅I
= 0.019979
p=0.5086

2011

2012

𝑅I
= 0.582638
p<0.0001*

𝑅I
= 0.704337
p<0.0001*

2014

2013

𝑅I
= 0.251366
p<0.0001*

𝑅I = 0.0912393
p=0.1869

2015

2016

𝑅I
= 0.570307
p<0.0001*

𝑅I
= 0.548714
p<0.0001*

Figure 2: Incubation period of a nest versus date the nest was laid for Edisto Town Beach. * indicates a
significant p-value
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2009

𝑅I = 0.034076
p=0.2972

2010

2011

𝑅I = 0.403557
p<0.0001*

2012

2014

2013

𝑅I = 0.312941
p<0.0001*

𝑅I = 0.648094
p<0.0001*

𝑅I = 0.122628
p=0.0069*

𝑅I = 0.134911
p<0.0001*

2015

2016
I

𝑅 = 0.122892
p<0.0001*

𝑅I = 0.393361
p<0.0001*

Figure 3: Incubation period of a nest versus date the nest was laid for Botany Bay Plantation. * indicates a
significant p-value
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Figure 4: Percent mortality of a nest versus the incubation period for that nest on Botany Bay
Plantation between 2009 and 2016. * indicates a significant p-value
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Figure 5: Percent mortality for each nest versus the incubation period for that nest on Edisto
Beach State Park between 2009 and 2016. * indicates a significant p-value
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APPENDIX II: SPATIAL TRENDS
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Figure 1: Incubation period of a nest versus the latitude of that nest’s location between
2009 and 2016.
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Figure 2: Percent mortality of a nest versus the latitude of that nest’s location between 2009 and 2016.
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APPENDIX III: PRECIPITATION
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Figure 1: Percent mortality versus cumulative precipitation throughout the
incubation period for each beach between 2009 and 2016.
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Figure 3: Percent mortality of a nest versus the
average daily precipitation throughout the
incubation period for each of the three beaches
between 2009 and 2016.

Figure 2: Incubation period of a nest versus the
average daily precipitation throughout the
incubation period for each of the three beaches
between 2009 and 2016.
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APPENDIX IV: CLOUD COVER
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Figure 1: Average monthly cloud cover per month between 2009 and 2016.
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