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EVALUATING THE BIOLOGY AND ECOLOGY OF SEA TURTLES IN THE
CONTEXT OF ANTHROPOGENIC CLIMATE CHANGE

ELIZABETH MICHELLE BEVAN
BIOLOGY
ABSTRACT
This dissertation addresses several key gaps in our knowledge of how long-term threats,
like climate change, impact the survival and reproduction of thermally-sensitive
endangered sea turtles. Many aspects of the sea turtle life history, such as sex
determination in hatchlings, are directly affected by environmental temperatures, making
sea turtles crucial sentinels for monitoring the impacts of ecosystem variability. Chapter
1 re-evaluates the historic size of the Kemp’s ridley sea turtle population in the context of
current nesting trends at its primary nesting habitat in the western Gulf of Mexico to
address recovery targets and the conservation status for this species. In Chapter 2, | use
drone technology to investigate the rarely-observed courtship and mating behaviors of
adult green sea turtles at offshore breeding habitat at Rancho Nuevo, Mexico in the Gulf
of Mexico. Chapter 3 includes a comparison of sea turtle, crocodile, and shorebird
behavioral responses to drones, which is critical information in establishing ethical and
effective drone-use protocols for scientific research. Chapter 4 compares sand
temperatures across much of the historic nesting range of the Kemp’s ridley to examine
the potential of these beaches to provide viable nesting habitat considering near-future
climate change. The final chapter evaluates rising nesting beach temperatures as a factor
driving a feminizing trend in hatchling sex ratios for the Kemp’s ridley. Environmental
temperatures influence the timing of important events for other life stages of sea turtles

like reproductive activities for adults. Thus, my Ph.D. research is not only demonstrating



the ability of novel technology to enhance sea turtle conservation, but is providing key
insight into critical aspects of sea turtle life histories that occur at in-water habitats where
sea turtles spend about 99% of their lives. Given an uncertain future, this research is
generating pivotal information for the conservation and protection of the most
endangered, data-limited, and geographically restricted species of endangered sea turtles

in the world.

Keywords: Sea turtle, Kemp’s ridley, drone, unmanned aircraft, climate change,
temperature-dependent sex determination (TSD)
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INTRODUCTION

Humans have a profound impact on the environment. Anthropogenic activity has
been the leading cause of increasing carbon and greenhouse gas emissions due to our
reliance upon fossil fuels, which exerts a cascade of impacts on the marine environment
(Hansen et al. 2005). Rising concentrations of carbon dioxide (COz2) in the atmosphere
warms our global air and ocean temperatures by trapping heat, leading to sea level rise,
greater levels of precipitation, and increased intensity of storms (Pachauri et al. 2014).
High concentrations of atmospheric CO2 concurrently increase the rate at which CO2
dissolves into water, which disassociates into carbonic acid, and ultimately leads to
increasingly acidic oceans. A more acidic ocean can negatively affect the health and
survival of a number of organisms, particularly species that form shells or are comprised
of calcium carbonate (Kroeker et al. 2010). Rising sea surface temperatures can cause
shifts in habitats for cold and warm-water species (Walther et al. 2002, Perry et al. 2005,
Pachauri et al. 2014), affect migratory routes for a number of species, and result in
changes in resource distribution. One of the more concerning factors contributing to the
issue of climate change, is the rate at which these changes are happening. Ice cores and
other long-term climate records reveal evidence of a climate that has gone through
periods of warming in the past. However, human activities have exacerbated the rate of
climate change such that it may be difficult or impossible for many species and

ecosystems to adapt to these rapid changes (Clark et al. 2008). These symptoms of a



rapidly warming and acidifying ocean, are particularly troubling for the marine
environment, not in the least because of the implications for a variety of marine life,
including long-lived sea turtles.

Many aspects of the biology and physiology of all sea turtles, such as
reproductive timing, metabolism, and sex determination, are temperature-dependent
(Lutz et al. 2002). Therefore, climate change can be a potent factor influencing the
survival and reproduction of all sea turtles, yet the long-generation time for sea turtles
makes it unlikely that these species will be able to adapt to the impacts of future climate
change (Poloczanska et al. 2009, Fuentes and Hawkes 2011). The Kemp’s ridley sea
turtle (Lepidochelys kempii) is an example of an excellent indicator for monitoring the
impacts of increasing environmental temperatures on the biology and ecology of sea
turtles due to its geographically restricted distribution relative to other sea turtle species.
The Kemp’s ridley was once abundant in the Gulf of Mexico. In the mid 1900’s,
immature Kemp’s ridleys were frequently encountered in the Gulf of Mexico, but
information on adults was scarce. At that time, there was no documentation on nesting in
this species. This prompted some fishermen to develop the misconstrued notion that the
Kemp’s ridley was a hybrid of two other sea turtle species, such as the loggerhead
(Caretta caretta) and the hawksbill (Eretmochelys coriacea), the loggerhead and the
green (Chelonia mydas), or the green and the hawksbill, earning the Kemp’s ridley the
nickname “bastard turtle” (Garman 1880, Carr 1942, Carr 1952, Braun-McNeill et al.
2007). The “riddle of the ridley” was finally revealed to the scientific community in
1963 when Hildebrand discovered a historic film showing a mass nesting of Kemp’s

ridleys on a remote beach in the western Gulf of Mexico near Rancho Nuevo,



Tamaulipas, Mexico (Hildebrand 1963). That film had been recorded by Andres Herrera
in June of 1947 and showed an estimated 40,000 Kemp’s ridley females nesting during a
single “arribada” (mass nesting event) (Hildebrand 1963). The arribada in the Herrera
film provided a historic benchmark for evaluating the potential impacts of a variety of
stressors such as fishing-related mortality, changes in food resources, and the impacts of
climate change on the Gulf of Mexico ecosystem. Unfortunately, the astonishing
abundance of turtles in the Herrera film was no longer evident when scientists began
surveying the beach at Rancho Nuevo in the 1960’s (Adams 1966, Chavez et al. 1968,
Chévez et al. 1968b, Marquez 1994). The ridley population had declined dramatically
since the 1947 Herrera film, and continued this trend for the next two decades. By the
mid 1980’s, the numbers of nesting females had dwindled to less than 300 females for an
entire nesting season (Heppell et al. 2007).

The drastic decline of the ridley resulted from a variety of threats. Historically
there was intense exploitation of eggs on the primary nesting beach during and prior to
the 1960’s (Hildebrand 1963, Adams 1966). Additionally, since Kemp’s ridleys feed
primarily on benthic crustaceans, there has been a high rate of mortality from incidental
capture in shrimp trawls that has significantly hindered the recovery of this species
(Marquez 1994). Ridleys were also captured in large gill nets along the northern Gulf of
Mexico, along with green turtles off the western coast of Florida up through the 1950’s,
and were frequently caught on hook and line in both recreational and commercial fishing
activities (Braun-McNeill et al. 2007). The drastic decline of the Kemp’s ridley
population prompted intense conservation efforts which started in the mid 1960’s and

have continued to the present. In 1966, a Kemp’s ridley conservation program was



initiated by the Mexican government that included the protection of nesting females,
banning the harvest of eggs, and movement of nests to protected egg hatcheries or “egg
corrals” (Chavez et al. 1968 a, b; Marquez 1994). In 1978 the conservation program was
expanded to a binational collaboration between the United States and Mexico due to the
continued decline of the Kemp’s ridley and the growing knowledge that a majority of
their life history in foraging grounds and developmental habitats is spent in U.S. Gulf
coastal waters (Marquez 1984, Fontaine et al. 1989, Woody 1989). The binational
collaboration resulted in enhanced protection of nesting females, nests, and hatchlings at
Rancho Nuevo, and eventually led to the implementation of turtle excluder devices
(TEDs) in the shrimping industry in the Gulf of Mexico (Carr 1942, Renaud and Center
1990, Crowder et al. 1995, Lewison et al. 2003).

In addition to those major efforts, an experimental attempt to start a second
nesting colony for ridleys on the Padre Island National Seashore in Texas was conducted
from 1978 to 1988 (Shaver and Wibbels 2007). Up to 2,000 eggs were transported yearly
to Padre Island for “imprinting” and incubation, since Padre Island had been suggested to
be the northern extreme of the natural nesting range of the Kemp’s ridley (Werler 1951).
Hatchlings from Padre Island were then reared or “headstarted” at the NMFS laboratory
in Galveston, Texas until almost a year old, then released into the Gulf of Mexico. Due to
the high mortality rates of sea turtles in the Gulf of Mexico prior to the implementation of
turtle excluder devices on shrimp nets, data on the effectiveness of imprinting and
headstarting remained inconclusive (Adams 1966, Ogren 1989, Allen 1990, Wibbels
1992), although there have been numerous nests of headstarted ridleys documented on

Padre Island (Shaver and Wibbels 2007). Imprinting efforts were ended in 1988 and



starting in 1989 all hatchlings remained in Mexican sand during incubation before a
subset was sent to Texas for headstarting. This protocol was continued with Kemps ridley
hatchlings until the program’s end in 1992 (Shaver and Wibbels 2007).

Although the Kemp’s ridley was on the brink of extinction by the mid 1980’s, the
comprehensive conservation efforts initiated a gradual recovery of this species from the
mid 1990’s through 2009 (Figure 1). However, beginning in 2010, the species deviated
from the upward trajectory seen in the previous 2 decades, possibly due to a variety of
factors, including the Deep Water Horizon Oil Spill and cold stunning events that
occurred in 2010. Since 2010, the annual number of nests has fluctuated between
approximately 13,000 to over 27,000 (Burchfield, pers. comm), but has not returned to
the exponential recovery observed in the previous two decades and the reasons for the

lack of recovery are unknown (Caillouet 2011, 2014).
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Figure 1. Annual Kemp’s ridley nests, the estimated benchmark in 1947 (black) from
Bevan et al. 2016 and observed nesting from 1978-2017 (blue) (Pefia, pers. comm.).



Biology and Ecology

As adults, the grey-colored Kemp’s ridley is the smallest of all sea turtle species
and nesting females have straight carapace lengths of approximately 60 to 75 cm, and
weigh approximately 40 to 50 kg (Chavez et al. 1968, Chavez et al. 1968b, Pritchard and
Marquez 1973) The Kemp’s ridley is an opportunistic feeder, feeding primarily on
tunicates and crustaceans, particularly shrimp and crabs (Marquez 1994, Witzell and
Schmid 2005). Though there may be differences in diet between life history stages,
Kemp’s ridleys show a strong preference for benthic crabs (primarily spider (Libinia sp.),
purse (Persephona sp.), calico (Hepatus sp.) or blue (Callinectes sp.) crabs) and generally
feed in waters less than 50 meters deep (Ogren 1989). The Kemp’s ridley is generally
thought to reach sexual maturity at a relatively early age due to its high protein diet of
crustaceans and high metabolic rate (Marquez 1994). A variable range of 10-17 years has
been accepted for age to maturity in the Kemp’s ridley, though estimates of 10-13 years
predominate in most studies (Marquez 1994). However, growth rate, activity levels, and
age to maturity estimates vary and may reflect the particular habitat of the turtle and such
factors as environmental temperature (Pritchard and Marquez 1973, Schmid and Witzell
1997, Snover et al. 2007), which makes the Kemp’s ridley in the Gulf of Mexico
particularly vulnerable to increasing water temperatures due to global climate change.
The swimming speed and behavior of the Kemp’s ridley are affected by temperature,
which partially determine its geographic distribution (O'Hara 1980) and could contribute
to the improbability of the Kemp’s ridley adapting to warming ocean and beach
temperatures. Since the majority of the species nests in the western Gulf of Mexico, it is

unlikely that enough of the species could shift to nesting on significantly cooler beaches



(e.g. on beaches in the northern Gulf of Mexico, along temperate regions of the Atlantic

coast, etc.) in only a few generations.

Distribution and Nesting Range

Unlike other sea turtle species, almost all Kemp’s ridley nesting occurs in the
western Gulf of Mexico from Texas to Campeche with the majority centered on a single,
30.2 km stretch of beach at Rancho Nuevo, in the state of Tamaulipas, Mexico (Marquez
1994). The nesting season occurs from approximately late March through July (Marquez
1994). Subadult Kemp’s ridleys inhabit nearshore waters in the Gulf of Mexico and
along the Atlantic coast of the U.S. (Chavez et al. 1968b, Marquez 1994), while adults
remain mainly in the Gulf of Mexico (Marquez 1994). Hatchlings swimming offshore
from the nesting beach ride the gyres of the Gulf of Mexico’s currents, possibly
associated with mats of seagrasses, until they reach approximately 1 to 2 years of age.
Recent particle dispersion modeling supports the area off Tamaulipas, Mexico as a
critical area for Kemp’s ridleys as they move away from shore and into nearshore
currents, thus beginning the pelagic stage of their life history (Putman et al. 2013).
Putman et al. (2013) also suggests that there is significant variation in hatchling dispersal
as well as later dispersal of juvenile Kemp’s ridleys due to seasonal and annual variation
in ocean currents (Putman et al. 2013). For example, some juveniles are periodically
swept out through the Straits of Florida, into the Gulfstream, and up to New England,
which is generally the northernmost extent of their range (Bleakney 1965). Ocean
circulation generally favors the distribution of juvenile Kemp’s ridleys to the northern

Gulf, the eastern Gulf, and the western Atlantic, but dispersal to the south into the Bay of



Campeche, Mexico, may be less frequent (Putman et al. 2013). However, it is possible
that climate change could alter ocean currents (Walther et al. 2002) and thus change the
dispersal patterns of post-hatchling sea turtles. Historically, nearshore habitats,
particularly areas associated with major river systems, have been documented as primary
foraging areas for Kemp’s ridleys, including Florida Bay, the Mississippi river region,
and Campeche Sound (Marquez 1994). In particular, the northern Gulf of Mexico
(NGOM) is rich with shrimp and portunid crabs associated with the Mississippi Delta and
has been historically reported as a major foraging and developmental habitat for ridleys
(Pritchard and Marquez 1973, Hildebrand 1982, Ackerman et al. 1985, Marquez 1994).
The crustacean-rich feeding grounds of the NGOM also provide an important migratory
corridor and foraging areas for adult Kemp’s ridleys (Ackerman and Prange 1972,
Putman et al. 2013). However, long-term environmental temperature changes in the Gulf
of Mexico ecosystem can have a cascading effect, impacting the distribution of food
resources, foraging habitat, and ultimate the distribution of larger marine megafauna

(Perry et al. 2005, Parmesan 2006).

Arribada Nesting Behavior
Lepidochelys is the only genus known to exhibit synchronized nesting events
termed “arribadas”, involving hundreds to thousands of turtles nesting in a relatively
short period of time (i.e. several hours to several days) and over a spatially restricted
section of beach, although some turtles may nest alone (Pritchard and Marquez 1973,
Eckrich and Owens 1995). These events average approximately 25 days apart, but this

timing can be unpredictable (Bernardo and Plotkin 2007). The density of each arribada is



also variable. As the Kemp’s ridley neared extinction in the mid-1980s, arribadas
involved relatively small numbers of turtles (tens to hundreds of nesting turtles) nesting
over a wide stretch of beach (i.e. 20 km or more). With the gradual recovery of the
species, periodic, large arribadas of much higher nesting density (i.e. thousands of nesting
turtles distributed over only several hundred meters of beach) now occur in addition to
low nesting density arribadas. Though various physiological and environmental factors
have been suggested as possible factors cueing an arribada, such as strong winds, tidal
cycles, (Chavez et al. 1967, Pritchard and Marquez 1973, Witzell et al. 2005) or small
changes in water temperature (Aguilar 1987), the exact stimuli controlling this
phenomenon remain unknown (Pritchard and Marquez 1973, Bernardo and Plotkin
2007). With changes in the severity and occurrence of these environmental conditions
due to climate change, it is possible that the cues that female turtles use to coordinate
arribadas could also change.

Synchronized nesting in ridleys is thought to be an adaptive response to this
pressure in which predators are satiated by an overwhelming abundance of prey in a short
period of time, termed the “predator satiation hypothesis” (PSH) (Hendrickson 1980,
Eckrich and Owens 1995, Bernardo and Plotkin 2007). The combined odors of many
females and nests at the same time make singling out any one particular nest more
difficult than locating a nest from only a few solitary nesting females. A greater
percentage of nests should therefore be discovered for solitary nesting females than if
nesting is synchronized. Though the smell of eggs would be much stronger during an
arribada, thus attracting more predators to the area, the success of those predators in

locating nests would be lower due to the massive numbers of turtles nesting on the beach
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at one time (Eckrich and Owens 1995). This correlates to a greater survival rate for eggs
laid in an arribada than by solitary nesting females (Eckrich and Owens 1995).

The arribada behavior in the Kemp’s ridley could be affected by a variety of
factors including social facilitation. For example, Lepidochelys is the only genus of
marine turtle to possess inframarginal pores, called “Rathke glands” that secrete
substances (e.g. pheromones) that potentially aid in the coordination of arribadas
(Pritchard 1969, Ackerman 1977, Pritchard and Trebbau 1984, Marquez 1990, Bernardo
and Plotkin 2007). Further, the use of a single primary nesting beach could contribute to
the arribada behavior, enhancing the ability of Kemp’s ridleys to congregate for the mass
nesting event.

Though solitary female Kemp’s ridleys have nested on a variety of locations
along the Gulf of Mexico and Atlantic coast of the U.S., there is no historical indication
of any other major arribada nesting beaches for the Kemp’s ridley other than the beaches
near Rancho Nuevo (Marquez 1994). This unique characteristic of the Kemp’s ridley
makes this species ideally suited for studying the effects of long-term environmental
changes on nearly an entire species, yet also increases its vulnerability to the impacts of
climate change. All sea turtles return to approximately their natal coastal region as adults
to reproduce (Lutz et al. 2002). For the Kemp’s ridley, the vast majority of the species
will continue to return to their natal nesting beaches even if these beaches become
unsuitable for successful hatchling production in the near future as beach temperatures
rise to potentially lethal levels and nesting habitat throughout the Gulf of Mexico is lost

due to sea level rise and increased rates of erosion (Fuentes and Hawkes 2011).
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The Kemp’s ridley is the only sea turtle that habitually nests during the daytime
(Pritchard and Marquez 1973, Marquez 1994). Spending only 50-60 minutes on the
nesting process, Kemp’s ridleys lay the shallowest (35-40 cm deep) and the smallest nests
of all marine turtles. Unique to the Kemp’s ridley, they use lateral blows of their
characteristically round and depressed bodies to compact sand over freshly-laid nests
(Marquez 1994). Every 1.8 (Rostal and Plotkin 2007) to 2.0 years (TEWG 2000) females
migrate back to the nesting beach to lay their nests. The clutch frequency for female
Kemp’s ridleys has been estimated by several previous studies and results range from a
minimum of approximately 1.88 nests per female (Marquez 1994) from tagging studies,
to a maximum frequency of 3.075 nests per female from physiological and ultrasound
studies (Rostal et al. 1990, 1997). Each nest has an average of 94-95 eggs that incubate

for approximately 45-58 days before hatching (Marquez 1994, Rostal and Plotkin 2007).

Temperature-Dependent Sex Determination (TSD)

Secondary sexual characteristics in sea turtles are not exhibited until reaching the
subadult or adult stage, by which point the males have generally developed long muscular
tails and more pronounced claws on their pectoral flippers in comparison to females (Carr
1952). Without these secondary sex characteristics, the sex of immature turtles can be
determined by viewing internal features using laparoscopy on live individuals or
dissection in the case of dead turtles (Wibbels et al. 2000). The endangered status of sea
turtles prevents the sacrifice of large sample sizes for sex ratio estimations for most sea
turtle populations. Other, non-invasive methods have also been used to distinguish

between males and females, such as measuring blood hormone levels. Several studies
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have effectively used circulating serum testosterone levels to determine the sex of
immature sea turtles (Owens et al. 1978, Wibbels et al. 2000). In adults, testosterone
affects the reproductive physiology of both sexes (Wibbels et al. 1991), but serum
testosterone levels increase in males before females in preparation for seasonal breeding
and courtship (Wibbels et al. 2000, Geis et al. 2003).

Sea turtles are one of many reptiles to exhibit temperature-dependent sex
determination (TSD) where the sex of the embryo is determined by the incubation
temperature of the nest. Thus, environmental temperatures can have a profound impact on
the reproductive output and success of temperature-dependent species. In sea turtles,
cooler nest temperatures produce males while warmer temperatures result in females. The
range over which 100% male hatchling production shifts to 100% female is termed the
“transitional range of temperatures” (TRT), with the temperature resulting in a 1:1 ratio
known as the “pivotal temperature” (Yntema and Mrosovsky 1979). These parameters are
determined by incubating groups of eggs at different temperatures, then verifying the sex
ratio of each group through histological examination of hatchling gonads. However, a
major drawback to this method is the required killing of hatchlings of an endangered
species and non-lethal methods of sex ratio determination are preferred. If the pivotal
temperature and transitional range for a sea turtle population is known, this information
can be used to predict the sex ratio of hatchlings from individual nests (Hanson et al.
1998, Wibbels et al. 1998, Valenzuela 2001). Previous data suggest that the TRT for sea
turtles is rather narrow (1-3°C), indicating that a change of only a few degrees could
significantly shift the sex ratios of nests if ambient temperatures are close to pivotal

(Wibbels 2003). Given that IPCC models project an approximate 0.3 to 4.8°C increase in
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global temperatures by 2100 (Pachauri et al. 2014), sea turtles are particularly vulnerable
to the impacts of environmental changes on their population sex ratios and hatchling
survival. Shaver et al. (1988) studied the effects of temperature on sex ratios for nests
between 1982 and 1987 from Kemp’s ridleys nesting at Padre Island National Seashore
(PAIS) in Texas, and determined the pivotal temperature for the Kemp’s ridley
population to be approximately 30.2°C. Data from 2006 - 2008 from PAIS was analyzed
using curve fitting models and indicated a pivotal temperature of approximately 30.0°C
and a transitional range of temperatures from approximately 29.0 to 32.5°C (LeBlanc et
al. 2012).

From an evolutionary perspective, a 1:1 sex ratio would be predicted for a
population in which parental investment in both sexes is equal (Fisher 1930). However,
given the capacity of TSD to result in a wide range of sex ratios, studies on this aspect of
sea turtle biology may have profound implications on conservation management and our
understanding of the species. A population’s sex ratio is an important aspect of sea turtle
ecology since it can have a significant influence on the reproductive success of a
population. Hatchling sex ratios often do not adhere to the expected 1:1 value, including
many produced on the Kemp’s ridley nesting beach at Rancho Nuevo (Wibbels 2003,
Shaver and Wibbels 2007). A female bias has been reported for many marine turtle
populations and for these endangered species a greater percentage of female hatchlings
should facilitate the population’s recovery through greater egg production in the future
(Wibbels 2003). From an evolutionary viewpoint, a variety of hypotheses have been
proposed to explain why a biased sex ratio might be selected for in nature (Shine 1999).

TSD could therefore be a potentially advantageous mechanism for enhancing the
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recovery of endangered populations (Wibbels 2003, Witzell et al. 2005, Coyne et al.
2007). Alternatively, TSD could also offer a mechanism by which to mitigate the impacts
of long-term increases in environmental temperatures (Fuentes and Hawkes 2011).

Several issues are confronted when attempting to analyze the sex ratio of a sea
turtle population. One must decide which life history stage of a population to analyze
(e.g. adult, immature, or hatchling). Ideally, all life history stages should be studied to
evaluate the temporal dynamics in the population sex ratio. However, some life history
stages can be influenced by certain factors that can confound sex ratio analyses. For
example, hatchling sex ratios can vary considerably depending on the location and timing
of nesting since they possess TSD. Adult sex ratios are susceptible to sampling error
since they exhibit sex-specific migratory behavior (Ackerman and Prange 1972, LeBlanc
etal. 2012). Alternatively, the immature portion of a population is not affected by sex-
specific migrations and represents a collection of many years of hatchling production.
Thus, analyzing the immature portion of a population presents several advantages in
evaluating sex ratios within a sea turtle population.

Considering that most nests at Rancho Nuevo have been moved to egg corrals,
studies since 1998 have shown that egg corrals are typically warmer than natural beach
temperatures (Geis et al. 2001, Geis 2004, Park 2006, Eich 2009, Bevan 2013). This trend
can serve a critical role in evaluating the impact of recovery programs on the sex ratios of
a species, especially as the goal of a recovery program should be to leave more nests to
incubate in situ as the population recovers. A shift in the management strategy for the

Kemp’s ridley, from using egg hatcheries to leaving nests on the natural nesting beach,
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could potentially alter the recovery rate of this population, yet a lower female percentage
may reflect a more natural sex ratio for this species (Eich 2009, Bevan 2013).

Sex ratios predicted for the majority of nests moved to the egg hatchery at Rancho
Nuevo for the 2007 - 2013 nesting seasons ranged from approximately 75.6 to 80.6%
female (Eich 2009, Bevan 2013). Hypothetically, had these nests been left in situ on the
natural nesting beach, the predicted sex ratios would range from 50.9 to 56.1% female.
Collectively, these data suggest that significantly female-biased sex ratios are produced
from the Rancho Nuevo hatcheries (Geis et al. 2001, Eich 2009, Bevan 2013). Previous
data suggest nests moved to egg hatcheries in the Kemp’s Ridley Recovery Program
could produce more female hatchlings than nests that remain on the nesting beach.
However, those left on the nesting beach may still produce a female bias (Eich 2009,

Bevan 2013).

A Model Organism for Evaluating Climate Change

Many aspects of the biology and ecology of sea turtles are thermally sensitive. In
addition to the sex determination of hatchlings, other aspects of sea turtle life history,
such as reproductive timing (e.g. the timing of reproductive migrations, mating and
nesting) are also temperature sensitive (Weishampel et al. 2004, Weishampel et al. 2010).
However, several factors contribute to the greater vulnerability of the Kemp’s ridley to
thermal changes in its critical habitat than for other species of sea turtle. In contrast to all
other sea turtles, the distribution of this species is primarily restricted to the Gulf of
Mexico with a single primary nesting beach in the western Gulf of Mexico. Hence,

Kemp’s ridleys of all life stages, including incubating nests, are exposed to a more
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limited variation in thermal environment across critical habitats than other species of sea
turtle. The topography of the primary nesting beach exhibits relatively limited variation
in beach and consequently temperature profile. Another factor restricting the variation in
temperatures experienced by Kemp’s ridley nests is the arribada (mass nesting) nesting
behavior of this species, which can temporally and spatially concentrate the distribution
of and further reduce any variation in the thermal environment of nests. Therefore, the
entire species is exposed to a limited range of temperatures that may influence life history
factors such as growth rates, foraging, and seasonal and reproductive migrations. Lastly,
in addition to affecting hatchling sex ratios, the incubation temperature in nests has also
been shown to affect the fitness of hatchling sea turtles (Mickelson and Downie 2010).
Collectively, these factors result in a more thermally-sensitive physiology and ecology
for the Kemp’s ridley relative to other sea turtles and make this species an important
indicator by which to monitor the impacts of climate change on the Gulf of Mexico
ecosystem.

Even conservative IPCC end-of-century projections in global surface
temperatures (e.g. an increase of ~1°C) could potentially result in significant impacts on a
variety of aspects of the biology of the Kemp’s ridley including sex ratios, hatchling
fitness, and reproductive timing (Poloczanska et al. 2009). Thus, this species can serve as
an important model by which to develop plans for mitigating the impacts of climate

change on other sea turtle species.
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Unmanned Aerial Systems (UAS) for Conservation

Evaluating the impacts of large-scale environmental changes emphasizes the
necessity for and value of long-term data. The recent availability of unmanned aerial
technology, or “drones”, has introduced a novel tool for enhancing the collection of long-
term data (such as population abundance surveys) that can enhance our assessment of
environmental changes. The use of drones has become a widespread methodology used in
a variety of wildlife studies (Jones et al. 2006, Hodgson 2007, Hodgson and Marsh 2007,
Hodgson et al. 2013). Drones can offer an unprecedented opportunity to address many
fundamental aspects of the biology and ecology of terrestrial, marine and aquatic species.
They can provide a methodology for surveying habitats that are too remote or logistically
challenging to access (Bevan et al. 2015, Bevan et al. 2016), provide more accurate
species and population counts (Hodgson et al. 2016, Hodgson et al. 2017), increase
survey efficiency (Chabot and Bird 2015, Rees et al. 2018), and minimize or eliminate
the influence of observer presence on behavioral studies (Acevedo-Whitehouse et al.
2010, Bevan et al. 2015, Vas et al. 2015). Despite the rapid advances in the field of
unmanned technology, there is limited information regarding the impact that drones have
on wildlife and at what distances a given species can be approached by a drone without
being disturbed (Smith et al. 2016). Factors that determine the level of disturbance
introduced by a drone include the ability of a given species to detect the auditory and
visual disturbance of a drone, the specific sound signature emitted by the drone, and the
level of background noise of a particular habitat. Seeking to understand these factors can
help elucidate the impact of drones on wildlife and provide critical information for

governing the use of drones in research activities.
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Drones have been used to study a variety of marine species, including sea turtles
at both nesting beach and in-water environments. These studies have demonstrated that
drones can provide a stable platform for recording high-quality video of sea turtles in
their natural habitat to study behavior, quantify turtle abundance and movements, and all
from an advantageous aerial perspective (Bevan et al. 2016, Schofield et al. 20173,
Schofield et al. 2017b). Recent studies at the primary nesting beach of the Kemp’s ridley
at Rancho Nuevo have specifically demonstrated the use of drones for enhancing sea
turtle conservation efforts (Bevan et al. 2015). These studies can provide insight into sea
turtle behaviors and their evolutionary significance. Collectively, the rapidly advancing
field of unmanned aerial technology can provide new avenues for research that can
enhance and expand our understanding of the ecology and evolution of these endangered
species in light of a changing environment, while enhancing the definition and

designation of their critical habitats for optimal conservation management.
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CHAPTER 1

ESTIMATING THE HISTORIC SIZE AND CURRENT STATUS OF THE KEMP’S
RIDLEY SEA TURTLE (LEPIDOCHELYS KEMPII) POPULATION

ABSTRACT

This study is a quantitative evaluation of historic nesting levels of the Kemp’s
ridley sea turtle (Lepidochelys kempii) in 1947 based on (1) the Herrera film of a 1947
arribada, (2) Hildebrand’s 1963 report regarding the 1947 arribada shown in the Herrera
film, (3) historic documentation regarding the Herrera film, and (4) current nesting
characteristics related to arribada size relative to total nests for a season. Using this
information in a quantitative approach, we estimate a total of approximately 26,916 nests
during the 1947 arribada recorded by Herrera. Based on current nesting trends, we also
predict that this would equate to approximately 121,517 total nests for the 1947 season
(range of 82,514-209,953), which would represent approximately 48,607 nesting females
(range of 33 006-83 981). This suggests that during and prior to the 1947 nesting season
a relatively robust population of Kemp’s ridleys existed, which could support arribadas
consisting of at least 26,916 females. The results of the current study indicate that from
1947 through 1985 (the lowest point in the decline of Kemp’s ridley nesting) the Kemp’s
ridley population underwent a 99.4% decline (range of 99.2-99.7%) from an estimated
121,517 nests per season in 1947 to 702 nests per season in 1985. Although the Kemp’s

ridley population has been recovering since the 1985 season, it has deviated from its
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exponential recovery rate and has declined in recent years. The current levels of nesting
(12,053 nests in 2014) are still relatively low at 9.9% (range of 5.7-14.6%) of the total
estimated nests that occurred in 1947. It is currently not clear whether this population will
recover to historic levels considering recent nesting trends and due to a variety of threats

that may hinder its recovery.

INTRODUCTION

A common problem encountered when trying to assess the survival status of an
endangered sea turtle population is the estimation of historic numbers of nests that
occurred prior to a population’s decline. Benchmarks estimating historic population sizes
are usually not available. Nesting beach surveys often do not occur until after a
population’s survival becomes tenuous. A classic example of this is the Kemp’s ridley, in
which the first organized beach surveys were conducted in 1966 by the Mexican federal
fisheries amid concern that the population had significantly declined and its future
survival was in jeopardy (Chavez et al. 1968). The 1966 survey of the nesting beach at
Rancho Nuevo, Mexico, recorded nesting between 3 May and 25 June, with four
arribadas of approximately 200 turtles or more, the largest of which occurred on 31 May
with 1,317 nests. It was subsequently reported that during the 1970 and 1971 nesting
seasons, the largest arribadas were composed of approximately 2,000-2,500 turtles
(Pritchard and Marquez 1973). Marquez (1994) provides a summary of data from 1966
through the early 1990s indicating a maximum number of approximately 5,000 recorded
nests during the 1966 nesting season, with the number of nests continually decreasing to

approximately 900 per nesting season by the late 1970s. Several factors contributed to the
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precipitous decline of the Kemp’s ridley between 1966 and the early 1990s. Local
exploitation of eggs at Rancho Nuevo had grown exponentially during the 1950s and
early 1960s due to commercialized harvesting (Hildebrand 1963, Adams 1966, Chavez et
al. 1968, Marquez 1994). This was occurring at the same time that the shrimping industry
was expanding in the Gulf of Mexico (Nance 1992), resulting in the increased incidental
capture of juvenile and adult Kemp’s ridleys (Magnuson et al. 1990). Combined with
natural sources of mortality, such as predation of eggs and hatchlings, these factors led to
the near extinction of this species. Although more than a decade of initial surveys
documented that the Kemp’s ridley population was declining, the historic levels of
nesting prior to 1966 were unknown, and the magnitude of decline could have remained a
mystery. Fortunately, a nesting event at Rancho Nuevo was filmed by Andres Herrera in
1947. In the classic publication from 1963, Hildebrand described the massive arribada
that Herrera recorded on 18 June 1947 and estimated that it consisted of approximately
40,000 turtles (Hildebrand 1963). Subsequently, Carr (1963) supported Hildebrand’s
estimation of 40,000 turtles in the arribada after reviewing the Herrera film.

The Herrera film is clearly informative in regard to documenting a historic arribada, but it
can also be used for estimating the historic population size during the 1947 nesting
season at Rancho Nuevo prior to the near collapse of the species. In contrast to the
situation for most endangered species, the Herrera film provides a benchmark for
estimating the size of the historic Kemp’s ridley population. However, using the Herrera
film for such an estimate requires an accurate estimation of the number of nests in that
historic 1947 arribada and how that arribada size relates to the total number of nests for

that season. To address the first aspect of this prediction requires an accurate assessment
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of the number of turtles in that 1947 arribada. Hildebrand (1963) indicates that based on
the numbers of turtles in the film and discussions with Herrera, he estimated that at least
10,000 turtles were on the beach at a given time, and that approximately 40,000 turtles
nested on that day in 1947. However, Hildebrand did not include the methodology by
which he derived his estimate for the size of that arribada. Therefore, part of the current
study is to provide an independent evaluation of the number of turtles in the 1947
arribada based on the Herrera film and historic documentation regarding that event.

The second part of this study is to provide a prediction of the total number of nests for the
1947 nesting season based on that arribada to provide insight on the historic population
size. In 1963 it was not possible to address this question because little was known about
the Kemp’s ridley or its nesting biology. Fortunately, the Kemp’s ridley has recovered to
some extent, and its current nesting biology provides clues to the historic level of nesting
back in 1947.

The ability to estimate the historic population size of an endangered species has
significant implications for evaluating its current status. For example, one of the listing
criteria used by the International Union for the Conservation of Nature (IUCN) in their
Red List Assessment takes into account the percent decline of a species over multiple
generations. In the case of the Kemp’s ridley, the species came close to extinction in the
mid-1980s. Due to intense, binational (Mexico and Unites States) conservation efforts,
the species began to rebound in the 1990s and acquired an exponential recovery rate. This
recovery rate was anticipated to continue, but since 2009, the annual number of nests has
declined, with a low of approximately 13,000 nests in 2014, but the causal basis for the

decline is unclear (Burchfield 2014, Caillouet 2014; Wibbels and Bevan 2016).



24

Therefore, understanding the historic population size is critical for evaluating the current

conservation status and recent decline of the Kemp’s ridley.

METHODS
Herrera Film and Quantification of Turtle Density

Three digitized copies of the Herrera film were obtained for analysis. During June
2014, the original Herrera film, as well as a DVD copy of the original film, were obtained
from the Herrera family. A second digitized copy was then commercially produced from
the original Herrera film. Additionally, a third digital copy was made from a U-m atic
copy that was dubbed from the original Herrera film by KUHT public television during
the 1981 production of the Heartbreak Turtle (Heartbreak Turtle Documentary, 1981,
KUHT Public Television, Houston, TX, USA). All three copies of the Herrera film were
initially evaluated and the film with the greatest clarity (i.e., the DVD copy obtained from
the Herrera family) was used for quantitative analysis of turtle density.

The film was viewed in its entirety, and all aspects of the film were initially
evaluated based on their relevance for quantification. Of the entire film, two panoramic
views of the beach were the most informative. Each panoramic view was digitally
stitched together into a single composite image for quantification. The first image was a
wide pan of the beach starting at the northernmost extent of the field of view and

extending to the southernmost field of view which included Herrera’s plane (Figure 1).
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Figure 1. A composite image from a wide panoramic view of the June 18, 1947 arribada
at Rancho Nuevo, Mexico filmed by Andres Herrera. This represents the widest
panoramic view of the arribada shown in the film. The analysis of nesting density is
shown in Table 1. Note: From “Estimating the historic size and current status of the
Kemp’s ridley sea turtle (Lepidochelys kempii) population” by Bevan, E., T. Wibbels,
B.M.Z. Najera, L. Sarti, F.l. Martinez, J.M. Cuevas, B.J. Gallaway, L.J. Pefia, and P.M.
Burchfield, 2016, Ecosphere, 7(3): €01244. Copyright 2016 by Bevan et al. Reprinted
with permission.

This figure was used to evaluate variability in nesting density over a wide section
of beach. This was the same view that was previously evaluated by Dickerson and
Dickerson (2006). The second image was a scene in which Herrera was standing
approximately midway between the surf and the dune, and panned the camera from the

surf to the dune with his airplane positioned at the southern boundary of the arribada

(Figure 2).

Figure 2. A composite image from the June 18, 1947 arribada at Rancho Nuevo, Mexico
filmed by Andres Herrera. This image represents the best panoramic view from the film
that includes all sections of the beach, ranging from the surf up through the dune. The
analysis of nesting density is shown in Table 1. Note: From “Estimating the historic size
and current status of the Kemp’s ridley sea turtle (Lepidochelys kempii) population” by
Bevan, E., T. Wibbels, B.M.Z. Najera, L. Sarti, F.l. Martinez, J.M. Cuevas, B.J.
Gallaway, L.J. Pefia, and P.M. Burchfield, 2016, Ecosphere, 7(3): e01244. Copyright
2016 by Bevan et al. Reprinted with permission.

This composite photo was used to quantify the total number of turtles on the

beach, including those on the dune where the majority of nesting is known to occur.
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Since turtles were abundant throughout each of the composite photos, the relative
lengths of the turtles were used as a metric for estimating the distance of beach analyzed
in each of the photos. Adult female Kemp’s ridleys have a relatively narrow range of
carapace lengths, and a carapace length to width ratio of nearly 1:1, thus the carapace is
nearly as wide as it is long in comparison to most other sea turtles (Pritchard and
Marquez 1973, Marquez 1994, Epperly and Teas 1999). These two factors enhanced the
accuracy of using the turtles in the photos as a metric for estimating distances in the
photos.

We adopted two novel methods for estimating relative distances on the beach
using carapace sizes of the turtles. In the first approach the relative carapace lengths of
the turtles in the photos were directly used to estimate distances. This method was
optimal for Figure 1 since it included relatively large numbers of turtles spread over a
wide expanse of beach that included various camera angles. The panoramic view was
divided into eight equal segments and turtle lengths were analyzed throughout each
segment on the beach flat adjacent to the tidal interface. The segment length was then
divided by the average turtle carapace length for each segment, which converted the
lengths of each segment into a specific number of “turtle carapace equivalents” (TCES).
Considering the turtles were oriented in a variety of directions in Figure 1, we used a
general estimate of 65 cm for a single TCE, based on the average carapace lengths and
widths reported for nesting females (Pritchard and Marquez 1973, Marquez 1994).

In the second method, turtle carapace lengths were used to generate relative
carapace length ratios (CLRs) at various distances from an observation point (i.e.,

camera). Sixty-five-centimeter pieces of one-half-inch PVC pipe were used to represent
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the straight carapace length of nesting ridleys. Segments were placed at 10-m intervals
from 5 to 360 m and photographs were taken. Relative lengths of the pipes at various
distances in the photographs were measured using ImageJ software. A series of ratios
were generated by comparing those lengths at various distances. In similar fashion,
ImageJ software was used to determine the relative lengths of the turtle carapaces at
various distances from the camera in the composite images. Those lengths were then used
to generate ratios that were then compared to the experimental ratios to estimate
distances. The second method was optimal for estimating distances in Figure 2 due to the
camera perspective from the middle of the beach pointed directly south towards Herrera’s
airplane and with most turtles oriented perpendicular to the camera. In the case of Figure
2, the carapace lengths of the three closest turtles were compared to the carapace lengths
of six turtles near the southern border of the arribada immediately in front of Herrera’s
airplane. The ratio of those carapace lengths were then compared to those in the
experiment to estimate the distance from the camera to the airplane. As an independent
validation, the TCE method was also applied to Figure 2 with similar results. Further, the
CLR method described above was also applied to Figure 1 with similar estimates to those

produced by the TCE method.

Beach Topography
The nesting beach at Rancho Nuevo is a relatively broad sand beach, bordered by
a well- defined and vegetated dune area, as described by Pritchard and Marquez (1973),

which often includes two berms separated by a trough (Marquez 1994). Marquez (1994)
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further partitions the beach into zones defined as, (1) beach flat, (2) the front (base) of the
primary dune, (3) the seaward face of the primary dune, and

(4) the top of the primary dune.

Quantification and Location of Nesting

Figure 2 was optimal for quantifying the total number of turtles on a portion of
the beach since it included all areas that were occupied by turtles ranging from the water
up through the top of the primary dune. The number of turtles in the image was
independently estimated by 26 individuals using photo editing software (e.g., Paint, etc.)
that allowed for enlarging the image and marking the turtles. We partitioned these
estimates into the number of turtles on the beach flat (zone one, as indicated by Marquez
(1994)) vs. the number of turtles located in the area at the base of the dune and up
through the top of the primary dune. In contrast to Figure 2, the camera perspective in
Figure 1 does not facilitate the accurate quantification of turtles at the base of the dune
and on the dune. Therefore, the percentage of turtles at the base of the dune and on the
dune in Figure 2, was used to estimate the number of turtles at the base of the dune and
on the dune in Figure 1 based on the number of turtles quantified on the beach flat in
Figure 1. For the purposes of the current study, we defined the base of the dune as the
area within approximately 3 m directly in front of the primary dune, up to the seaward
facing slope of the primary dune, which corresponds to zone two as described in Marquez
(1994). Marquez (1994) reported that 47.64% of Kemp’s ridley nesting occurred in zone
three (i.e., the seaward facing slope of the primary dune), followed by 24.11% of nesting

in zone two, and 17.77% of nesting in zone four. The value we obtained for zones 2 and 3
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from Figure 2 (35.8%) may be conservative, since we also calculated this value
hypothetically based on previously reported data on the timing of nesting events on the
beach (e.g., emerging from the surf, crawling up the beach, nesting, and return to the
water). Previously reported data indicate that Kemp’s ridleys spend approximately 15
min moving onto the beach and selecting a nesting area, approximately 30 min for the
nesting process, and approximately 5 min or less to return (Pritchard 1969, Pritchard and
Marquez 1973, Marquez 1994). Although the dynamics of arribada nesting have not been
well quantified, if the main portion of an arribada represents a steady state in which the
same number of turtles are moving onto as well as off of the beach, then we could predict
that during this portion of the arribada, approximately 60% would be engaged in the
nesting process and 30% would be in transit moving up the beach preparing to nest or
returning to the sea. Based on current nesting trends, the majority of nesting at Rancho
Nuevo occurs in the area at the base of the dune or on the dune, with 10% or less of
nesting occurring on the beach flat (J. Pefia, personal communication). The turtle density
in Figure 2 was calculated for the entire portion of beach shown by dividing the total
number of turtles quantified by the length of beach estimated using the CLR method. For
comparison, we performed a similar analysis on an image from a recent arribada from a

similar camera perspective in June of 2011 (Figure 3).
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Figure 3. An example of a recent, relatively large Kemp’s ridley arribada on June 5, 2011
at Rancho Nuevo, Mexico. In this image of the arribada, an estimated 313 turtles were
quantified on approximately 50 m of beach for a turtle density of 6.3 turtles/meter. It is
estimated that a total of 7000 turtles nested over approximately 200 m of beach or less
from approximately 3 pm until 9 pm. (Photo Credit: Toni Torres, Gladys Porter Zoo).
Note: From “Estimating the historic size and current status of the Kemp’s ridley sea turtle
(Lepidochelys kempii) population” by Bevan, E., T. Wibbels, B.M.Z. Najera, L. Sarti, F.I.
Martinez, J.M. Cuevas, B.J. Gallaway, L.J. Pefia, and P.M. Burchfield, 2016, Ecosphere,
7(3): e01244. Copyright 2016 by Bevan et al. Reprinted with permission.

The camera perspective (i.e., from the top of the dune) used in Figure 1 did not
provide a full view of all sections that were occupied by turtles and therefore a complete
count of turtles was not possible. Specifically, due to the camera perspective, the seaward
portion of the dune along with any turtles nesting in that region were not visible towards
the northern and southern portions of the image. Additionally, due to the relatively large
distance shown in the image, it becomes increasingly difficult to quantify turtles near the
northern and southern extremes of the composite image. Therefore, we focused on
quantifying turtles on the beach flat, which were more accurately distinguishable

throughout this image, and used those data to evaluate variation in turtle density. The

number of turtles in Figure 1 was independently estimated by eight individuals using
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photo editing software (e.g., Paint, etc.) that allowed for enlarging the image and marking
the turtles.

Figure 1 was arbitrarily divided into eight equal segments to calculate turtle
density. As indicated above, only turtles on the beach flat area were counted (i.e., turtles
on the dune were excluded). The turtle density for each segment was calculated by
dividing the total number of turtles on the beach flat in each segment by the estimated
length of each segment (length calculations are described above). In Figure 2, all turtles
were counted and the density was calculated by dividing the total number of turtles by the

estimated distance from the camera to the turtles directly in front of Herrera’s plane.

Historic Information and Documentation Regarding the Herrera Film

In addition to reviewing Hildebrand’s 1963 publication, research was conducted
to compile pertinent information regarding the 1947 arribada recorded by Herrera. This
included (1) information and personal correspondence from Andres Herrera that was
obtained from the Herrera family, (2) correspondence and information compiled by
Henry Hildebrand that was obtained from USFWS/NPS, (3) video interviews from the
Heartbreak Turtle recorded by KUHT public television (Heartbreak Turtle Documentary,
1981, KUHT Public Television, Houston, TX, USA), (4) video discussions with the
family of Andres Herrera including his wife, Evelina Herrera and long-t ime residents of
Rancho Nuevo, and (5) relevant information from other publications that address the
1947 arribada (e.g., Carr 1963, 1967, Phillips 1989, etc.). This information was reviewed

with the intention of refining the 1947 arribada, including (1) the duration of the arribada,
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(2) the length of beach over which the arribada occurred, and (3) the density of nesting.

Each of these parameters is discussed in more detail below.

Percentage of Total Seasonal Nesting Represented by Large Arribadas

Considering the only historic data we have from 1947 is the Herrera film, we
propose a novel method for estimating the total number of nests for the 1947 nesting
season based on recent nesting trends and the relative size of arribadas. For more than
two decades, the Binational Kemp’s Ridley Recovery Program has conducted multiple
surveys daily of the beach at Rancho Nuevo over the nesting season. Multiple personnel
are mobilized to monitor and translocate the nests to the egg corrals during an arribada,
and the beach is monitored after an arribada to evaluate predation and emergence of any
nests that were not moved to the egg corrals. This has provided a robust database for
evaluating total nests per season as well as relative arribada size. It is plausible that
during an arribada some nests may be undetected, and as such, the arribada nest counts
should be considered a minimum. Specifically, we have evaluated the percentage of the
total nests per season that are represented in the largest arribada for each year during
eight recent nesting seasons (2006—2013). These years were chosen since each nesting
season included a relatively large arribada of approximately 1,000—7,000 nests. We then
used this information to predict the total the number of nests during the 1947 nesting

season based on the arribada recorded in the Herrera film.
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RESULTS
Nesting Density Estimates
A total of 26 individuals counted the number of turtles in Figure 2 from the 1947

Herrera film to yield an average of 286.0 and 43.5 SD turtles (Table 1).

Table 1. Quantification of turtles on the beach in Figure 2 from the June 18, 1947
arribada filmed by Andres Herrera at Rancho Nuevo, Mexico.

Turtles Total Number
Turtleson Counted  of Turtles Percent
the Beach  on the Counted in  of Turtles

Individual Flat Duneft Fig. 2 in Dunet
1 189 121 310 39.0
2 203 82 285 28.8
3 212 137 349 39.3
4 181 104 285 36.5
5 271 161 432 37.3
6 174 101 275 36.7
7 180 95 275 34.5
8 175 89 264 33.7
9 177 108 285 37.9
10 176 133 309 43.0
11 149 76 225 33.8
12 186 91 277 32.9
13 228 93 321 29.0
14 169 72 241 29.9
15 215 93 308 30.2
16 159 92 251 36.7
17 183 117 300 39.0
18 160 104 264 394
19 156 132 288 45.8
20 152 84 236 35.6
21 185 80 265 30.2
22 127 107 234 45.7
23 246 90 336 26.8
24 163 95 258 36.8
25 155 97 252 38.5
26 202 109 311 35.0
Average 184 102 286 35.8
Standard 31 21 44 4.9

Deviation

+ Dune represents beach zones two (i.e., the base of the primary dune), three (i.e., the seaward facing slope of
the dune), and four (i.e., on top of the primary dune), as described in Marquez (1994).
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Note: From “Estimating the historic size and current status of the Kemp’s ridley sea turtle
(Lepidochelys kempii) population” by Bevan, E., T. Wibbels, B.M.Z. Najera, L. Sarti, F.I.
Martinez, J.M. Cuevas, B.J. Gallaway, L.J. Pefia, and P.M. Burchfield, 2016, Ecosphere,
7(3): e01244. Copyright 2016 by Bevan et al. Reprinted with permission.

Results indicated that approximately 35.8% and 4.9% SD of turtles occurred in
the dunes. Based on the CLR method using the relative carapace lengths of the closest vs.
the farthest turtles in Figure 2, it was estimated that the turtles in the composite image

were on approximately 60 m of beach, yielding a density of 4.8 turtles per meter of beach

(Table 2).

Table 2. Evaluation of nesting density in Figs. 1 and 2 from the June 18, 1947 arribada
filmed by Andres Herrera at Rancho Nuevo, Mexico.

Predicted
Estimated Number of Predicted

Length of Turtles Turtle Total Turtles for Number of
Beach Section Beach Section Counted on Density on  Turtlesin  Number of Total Turtle 2 km of Turtles Over
Analyzed (meters)  Beach Flat Beach Flatt Dune Turtles Densityt Beach 4 hi
Fig. 1- Section 1 72.0 74.0 1.0 41.38 115.3 1.6 3204.9 15383.7
Fig. 1- Section 2 36.0 99.0 2.7 55.2§ 154.2 4.3 8512.9  40861.9
Fig. 1- Section 3 31.0 80.0 25 44.68 124.6 4.0 7928.1  38054.7
Fig. 1- Section 4 22.0 58.0 2.6 32.38 90.3 4.1 8152.9  39134.0
Fig. 1- Section 5 22.0 44.0 2.0 24.58 68.5 31 6153.0 295344
Fig. 1- Section 6 29.0 54.0 1.9 30.18 84.1 29 5889.8  28271.2
Fig. 1- Section 7 36.0 89.0 25 49.68 138.6 3.9 77425  37164.1
Fig. 1- Section 8 73.0 79.0 11 44.18 123.1 17 3385.4 16249.7
Entire Fig. 1 321.0 578.0 1.8 322.38 900.3 2.8 5607.6  26916.7
Entire Fig. 2 60.0 183.6 31 102.41 286.0 4.8 9533.3  45760.0
t  Represents one meter of beach length extending from the surf through the dune.
1 Based on 4 h of high- density nesting over 2 km of beach with an average time spent on the beach of 50 min

per turtle.

§  Hypothetical based on 35.8% of total turtles located in the dune, as per analysis of Figure 2.
9 Actual number counted in dune.

Note: From “Estimating the historic size and current status of the Kemp’s ridley sea turtle
(Lepidochelys kempii) population” by Bevan, E., T. Wibbels, B.M.Z. Najera, L. Sarti, F.I.
Martinez, J.M. Cuevas, B.J. Gallaway, L.J. Pefia, and P.M. Burchfield, 2016, Ecosphere,
7(3): e01244. Copyright 2016 by Bevan et al. Reprinted with permission.
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The lengths for each of the eight segments in Figure 1 were calculated using the
TCE method and the results are shown in Table 2. The number of turtles on the beach flat
and the resulting turtle density for the beach flat is shown for each segment in Table 2.
Additionally, the hypothetical number of turtles in the dune is also shown in Table 2 for
each segment based on intrinsic data from Figure 2, as described in Methods. The data
from Figure 2 indicated that 35.8% and 4.9% SD of the total turtles on the beach were
located on the dune, and 64.2% were located on the beach flat. The total length of the
beach in Figure 1, calculated by the TCE method, was estimated to be 321 m with a total
of 578 turtles counted on the beach flat and an estimated 322 turtles in the dune, for a

total of 900 turtles and a density of 2.8 turtles per meter.

Duration of the Arribada

Hildebrand (1963) estimated that, based on reports provided by Herrera, the
duration of the 1947 arribada was approximately 4 h lasting from nine am until about one
pm. Hildebrand therefore used a duration of 4 h in his calculations for the total number of
turtles in the 1947 arribada. This was supported in a letter from Andres Herrera to
Hildebrand in which Herrera states that arribadas occur from 9 in the morning to 12 or 1
in the afternoon. In addition to discussions with Herrera, Hildebrand also interviewed
local residents of Rancho Nuevo, who corroborated that 4 h is a reasonable estimate for
the duration of an arribada. Using this information, our initial estimates are based on a 4-
h duration for the arribada. However, there are several lines of evidence that suggest the
arribada could have been longer than 4 h and these points are addressed below in the

discussion.
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Temporal and Spatial Dynamics in Arribada Nesting Density

The temporal dynamics of nesting density for arribadas is not well documented in
any study of arribada nesting in ridleys. The time required to reach high-density nesting
and subsequently the time required for nesting to decrease at the end of the arribada has
also not been quantified. Data from studies from olive ridleys as well as recent data from
Kemp’s ridleys indicate that high nesting density during arribadas can last for multiple
hours. There is anecdotal evidence that heavy nesting density can be reached relatively
quickly. As an example, Cornelius (1986) indicates that the transition from low level
nesting to high density nesting in olive ridleys can occur rapidly “in less than an hour”,
followed by many hours of high- density nesting. In the case of the 1947 Herrera
arribada, Hildebrand (1963) indicates that high- density nesting occurred over at least a 4-
h period, based on discussions with Herrera and local residents of Rancho Nuevo.
Further, Herrera indicated that high density nesting was occurring at the time when he
left the beach after recording the film. Therefore, as a conservative estimate, we are only
using the 4-h value that represents the period of high-d ensity nesting as indicated by
Hildebrand and Herrera and does not reflect the time periods prior to and after the high-
density nesting levels.

During the period of high-density nesting in the arribada, there appears to be both
spatial and temporal variation in nesting density, as evident in Figures 1 and 2, and listed
in Table 2. The highest density of turtles recorded is shown in Figure 2 with five turtles
per meter. Interestingly, this same area appears to show a lower density of turtles in
Figure 2, which suggests temporal diversity in turtle density during the arribada and

Table 2 exemplifies the spatial diversity in turtle density during the arribada. These
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factors are taken into consideration in the estimates below in the calculations for

predicting the total number of turtles in the arribada.

Length of Beach Over Which Nesting Occurred

The Herrera film does not appear to document the entire length of beach occupied
by the arribada. The widest pan of the camera in the Herrera film shows several hundred
meters of beach with relatively high-density nesting. The high- density nesting extends
to, and potentially beyond, the northernmost field of view that was recorded in the pan of
the beach and to the south, the high- density nesting extends to Herrera’s airplane.
However, the southern border of the arribada may have expanded while Herrera was on
the beach, since he noted that he had to push his airplane to the south to take off because
turtles were moving under it (“to the degree that when | came back to my plane I could
not take off because they were passing below it”, stated in Hildebrand (1963), and stated
in a letter from Herrera to Hildebrand dated 20 May 1961). Although the entire length of
beach was not documented in the film, Herrera is quoted on the subject. Hildebrand
(1963) quotes Herrera who indicated that more than 1 mile of beach was totally covered
with turtles (“tenia una extension de mas de una milla totalmente llena de tortugas™). The
observation of “more than a mile of beach” was also specifically stated in two of
Herrera’s letters to Hildebrand (letters dated February 10, 1961 and May 20, 1961). In a
video interview of Herrera in the 1981 documentary “The Heartbreak Turtle”, Herrera
states “possiblemente dos milos”, possibly 2 miles of beach covered with turtles
(Heartbreak Turtle Documentary, 1981, KUHT Public Television, Houston, Texas,

USA). Hildebrand (1963) reports that he verified these observations with Juan Gonzales
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Galvan, a local resident of Rancho Nuevo who had been observing arribadas for 25 years,
and who had learned details of previous arribadas by word of mouth from local residents
and indicated that the observations reported by Herrera are certainly not exaggerated.
Hildebrand also states that based on his discussions with Herrera and local residents,
arribadas usually cover approximately 2 km or less of beach. Based on this information,
we chose 2 km as the length of beach used in the calculations below. Two kilometers was
also the estimate used by Dickerson and Dickerson (2006) in their evaluation of the 18

June arribada.

Average Time Spent on the Beach by a Nesting Turtle

No comprehensive studies have directly addressed the average time required by a
Kemp’s ridley to complete the nesting process, yet a variety of anecdotal information
does exist and suggests approximately 45 min to 1 h. Pritchard (1969) meticulously
documented the entire nesting process from emergence to return to the water and reported
approximately 50 min. Marquez (1994) reported that the nesting process takes
approximately 50-60 min. Based on direct observations, Pritchard and Marquez (1973)
reports that the total time from emergence to return to the sea was approximately 50 min,
which was confirmed in discussions with local residents of Rancho Nuevo. Biologists
currently conducting the conservation project at Rancho Nuevo indicate that 50 min
appears to be a reasonable estimate for the time spent by a Kemp’s ridley on the nesting
beach. Based on these anecdotes, we used 50 min as the value for the average time spent

on the entire nesting process.
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Predicting Total Number of Turtles in the 18 June 1947 Arribada

Based on the material reviewed above, we chose the following values for our
initial estimate of the total number of nests in the 1947 arribada: (1) Duration of high
density nesting was 4 h, (2) Average time spent on the beach by a nesting turtle was 50
min, (3) Length of the beach occupied by the arribada was 2 km. Considering the spatial
and temporal diversity in turtle density observed in the Herrera film, we used two
methods of estimating the total number of turtles in the arribada. Based on Figure 1, an
estimate of 578 turtles were counted on the beach flat, which represents 64.2% of the
estimated total number of turtles on the beach. Combining this number with the predicted
35.8% of turtles on the dune would result in an estimate of 900 turtles on the beach over
the 321 m. Using this density in the equation below results in an estimate of 26,916
turtles for the 4 h of high density nesting during the 1947 arribada.

Estimated total number of nests in Figure 1 = [density (900 turtles per 321 m of
beach) X length of beach (2,000 m/321 m)] x [duration of the arribada (4 h)/amount of
time needed for nesting (50 min)] = 26,916 turtles.

Based on Figure 2, which represented the highest nesting density zone evaluated,
a total of 286 turtles were estimated over 60 m of beach, including both the beach flat and
dune area. Using this nesting density in the equation above results in a total of 45,760
turtles during 4 h of high- density nesting in the 1947 arribada.

We provide a detailed discussion below of underlying assumptions and potential sources

of error that could confound this prediction.
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Estimating Total Seasonal Nesting Represented by Large Arribadas

The largest Kemp’s ridley arribada each year for the 2006—2013 nesting seasons
at Rancho Nuevo is shown in Table 3. The 2006-2013 nesting seasons included two to
four relatively large arribadas (greater than approximately 750 nests or more per
arribada). The number of nests in the largest arribada of each nesting season ranged from
a minimum of 1797 nests out of 14,018 total recorded nests in 2010, to a maximum of
7,000 nests of 21,462 total recorded nests in 2011. The largest arribada of each nesting
season accounted for a minimum of 12.82% in 2010, to a maximum of 32.62% in 2011
(mean 22.15%) of the total number of nests recorded during each respective nesting
season. We have attempted to be conservative in our approach to prevent overestimating
the total number of nests in the 1947 nesting season by (1) only using the largest arribada
each year and (2) by providing a range of predictions that reflect the variability seen in
arribadas from recent nesting seasons. Further, we provide a detailed discussion below of
underlying assumptions and potential sources of error that could confound these
predictions. If these percentages are applied to our estimates of 26,916 total nests in the
1947 Herrera arribada (as described above), it results in a predicted range of total nests
for the season of approximately 82,514-209,953 total nests (using recently observed
large arribadas that range from 12.82% to 32.62% of total nesting for the season). If the
June 18, 1947 arribada represented the mean percentage of total nesting for the season
(22.15%), then the estimate for the total number of nests in the 1947 nesting season

becomes approximately 121,517 nests.
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Table 3. Largest Kemp’s ridley arribada each year from 2006 to 2014. The total number
of seasonal nests reflects those reported from the entire state of Tamaulipas, including
Rancho Nuevo, Texas, and Tecolutla, Veracruz.

Largest Arribada of the  Percent of Total

Total Number of Nesting Season Seasonal Nests
Recorded Nests For  Largest Arribada of the ~ Approximate Number Represented by
Year Nesting Season Nesting Season (Date) of Nests Largest Arribada
2014 12053 4/30/2014 2000 16.6
2013 17359 6/6/2013 3100 17.9
2012 22818 5/16/2012 6600 28.9
2011 21462 6/5/2011 7000 32.6
2010 14018 6/3/2010 1797 12.8
2009 22012 5/17/2009 5023 22.8
2008 18867 4/12/2008 2558 13.6
2007 15567 5/20-24/2007 5000 32.1
2006 12629 5/11/2006 2085 16.5

Note: From “Estimating the historic size and current status of the Kemp’s ridley sea turtle
(Lepidochelys kempii) population” by Bevan, E., T. Wibbels, B.M.Z. Najera, L. Sarti, F.I.
Martinez, J.M. Cuevas, B.J. Gallaway, L.J. Pefia, and P.M. Burchfield, 2016, Ecosphere,
7(3): e01244. Copyright 2016 by Bevan et al. Reprinted with permission.

Based on a value of 2.5 clutches per nesting female per season (TEWG 2000), our
predictions suggest a range of 33,006-83,981 (mean 48 607) females nested during the
1947 nesting season.

It is important to note that our analysis of Figures 1 and 2 indicates that nesting
density was higher on the same approximate portion of the beach during the time when

Figure 2 was taken. This suggests that the overall nesting density could have been greater

over the area of beach shown in Figure 1 during some portions of the arribada.

Estimating Total Nesting in 1947 Using Hildebrand’s Estimate for the 18 June Arribada
and Current Nesting Trends
We can also apply the percentage of total nesting represented by the largest
arribadas in recent years to the Hildebrand (1963) estimate of 40,000 turtles for the 18

June arribada to estimate total nesting for 1947 as a comparison to our estimate for total
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nesting derived from the analysis of Figures 1 and 2. Assuming that Hildebrand’s
estimate (1963) of 40,000 turtles represented an average of 22.15% (range of 12.82 and
32.62%) of total nesting in 1947, then the predicted total nests for the season would be an

average of 180,587 (range of 122,624— 312,013) (Figure 4).

DISCUSSION

This study is an independent evaluation of historic nesting levels of the Kemp’s
ridley sea turtle (Lepidochelys kempii) in 1947 based on (1) the Herrera film of a 1947
arribada, (2) Hildebrand’s 1963 report regarding the 1947 arribada shown in the Herrera
film, (3) historic documentation regarding the Herrera film, and (4) current nesting
characteristics related to arribada size relative to total nests for a season. Using this
information, we estimate a total of approximately 26,916 nests during the 1947 arribada
recorded by Herrera. Based on current nesting trends, we also predict that this would
equate to approximately 121,517 total nests during the 1947 season (range of 82,514—
209,953), which would represent approximately 48,607 nesting females (range of
33,006-83,981).

In the initial scientific evaluation of the Herrera film, Hildebrand (1963) estimates
that the arribada filmed on June 18, 1947 had approximately 40,000 turtles on the beach.
Based on the 1947 film and discussions with Herrera, Hildebrand estimated that “there
were at least 10,000 turtles on the beach at a given time and that probably 40,000
individuals nested on that day”. In the 1963 publication, he did not clearly indicate the
methodology by which he estimated the 10,000 turtles on the beach. However, it appears

that Hildebrand used a 4- h duration and 1- h time period spent by each turtle on the
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beach in his calculations of the arribada size, and 1.6-2 km as the length of beach
occupied by the arribada, based on discussions with Herrera and information gathered
from local residents from Rancho Nuevo. In evaluating Hildebrand’s office documents, it
appears that he counted turtles on a section of beach and extrapolated this value over the
entire length of beach occupied by the arribada. However, the exact portion of the film
and Hildebrand’s specific method of calculation was not clearly indicated. In the current
study, we used quantitative methodology and estimate 26,916 turtles for the June 18,
1947 arribada, but as discussed below, the nesting densities varied (see Table 1) and
some could extrapolate to values that equate or exceed the estimate by Hildebrand
(1963). During the current evaluation, we have also identified potential sources of error
that could be associated with this estimate (see discussion below).

In a separate evaluation of the 1947 Herrera film, Dickerson and Dickerson
(2006) estimated an average of 6,000 turtles for the 4-h duration of the 18 June arribada.
That study was pivotal in addressing the need for quantitative methodology to assess the
size of the 1947 Herrera arribada. They adopted a logical approach of quantifying turtles
in a wide pan of the beach and extrapolated that number to include a total of 2 km of
beach over a 4- h arribada. They generated a composite image of the widest pan in the
Herrera film, based on a VHS copy of a film that was dubbed from a Umatic dub of the
original film made by KUHT Public Television (Houston, TX) for the Heartbreak Turtle
documentary (1981) (VHS copy obtained by Dena Dickerson from Dave Owens, D.
Dickerson, personal communication). The total number of turtles in that composite image
was independently estimated by 39 individuals and the length of the beach surveyed was

subjectively estimated by the volunteers to be 650 m, with an average number of 475
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turtles counted on that stretch of beach. This was then extrapolated out to 2 km for the
length of the beach over which the arribada occurred and was multiplied by four to
account for the 4-h duration of the arribada. In keeping with Hildebrand’s methodology,
Dickerson and Dickerson (2006) used a 1-h duration for the average time spent on the
beach by a nesting turtle.

The estimate by Dickerson and Dickerson (2006) clearly differs from those in the
current study. However, there are several factors that account for these differences. Of
particular interest, the current study uses recent information and resources that were not
available during the previous study. First, we were able to obtain a high resolution DVD
copy of the film from the Herrera family which enhanced our ability to quantify turtles on
the beach. Although the composite image used by Dickerson and Dickerson (2006) and
Figure 1 in the current study are from the same portion of the film, we included a wider
pan of the beach in our composite image. We only counted turtles on the beach flat and
obtained an average of 578 turtles, whereas volunteers in the Dickerson and Dickerson
(2006) study obtained an average of 475 turtles for both beach flat and any dune areas
that were visible. Additionally, we used a novel approach to estimate the length of the
beach in the composite image based on turtle carapace lengths throughout the image. The
results indicated an approximate 321- m stretch of beach, in contrast to the 650 m of
beach from the subjective volunteer estimates in the Dickerson and Dickerson (2006)
study. Further, based on information from recent arribadas at Rancho Nuevo, a large
proportion of the turtles on the beach during an arribada are located at the base of the
dune, or on the dune. Due to the camera perspective in the composite image used by

Dickerson and Dickerson (2006) as well as Figure 1 in the current study, a large portion



46

of the dune is not visible towards the northern and southern extremes of the image.
Therefore, in the current study we objectively evaluated the percentage of turtles in the
dune area vs. turtles on the beach flat using the full beach perspective in Figure 2,
resulting in an estimate of 35.8% of the turtles occurring in the dune. As indicated in the
results, considering the chronology of events during the nesting process, this may
represent a conservative estimate. We then used this value to estimate the total number of
turtles on the beach in Figure 1 based on the number that we counted on the beach flat
alone, resulting in a total value of 900 turtles over the 321 m of beach. Finally, based on
historic and current nesting data we estimated that a turtle spends approximately 50 min
on the beach during the nesting process in contrast to the 1 h that Dickerson and
Dickerson (2006) used to stay consistent with the Hildebrand methodology. Collectively,
these factors account for the difference in the estimate obtained in the current study vs.
the estimate from the Dickerson and Dickerson (2006) study.

As indicated above, our analysis estimates a total of 26,916 turtles in the 1947
Herrera arribada. However, there are a variety of factors that could represent sources of
error in such an estimate. An obvious factor that could affect the predicted total number
of nests in the arribada is the spatial and temporal variation in nesting density. This is
exemplified by the nesting densities that were quantified in Figure 1 and 2 and,
depending on the portion of the beach would extrapolate out to a range of 15,384-45,760
total turtles for the entire arribada (see Table 2).

Although Hildebrand (1963) suggests that the arribada occurred over
approximately 2 km, our largest and most informative pan in the Herrera film (shown in

Figure 1) only represents 23% of the full length of beach occupied by the arribada (i.e.,
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321 m of beach). However, information from Herrera that was reported by Hildebrand in
1963, personal correspondence from Herrera to Hildebrand (letters dated 10 February and
20 May 1961), and Herrera’s interviews in the Heartbreak Turtle documentary and the
Great Ridley Rescue book (Phillips 1989), suggest that nesting densities observed on the
area of beach in the Herrera film were consistent throughout the entire range of the
arribada. It is not clear why Herrera chose the portion of the arribada shown in the film,
but it is plausible the area of the arribada filmed related to the logistics of where he could
land the plane (i.e., at the southern border of the arribada in an area of low-density
nesting). For example, Hildebrand (1963) clearly indicated that based on discussions with
Herrera and local residents, nesting density was relatively high for at least 4 h over more
than a mile of beach, resulting in a beach that was inundated with turtles to the extent that
turtles were crawling over one other and frequently dug up the nests that other individuals
had deposited, leaving the beach completely saturated with nests. Similar comments were
made by Herrera in the 1981 documentary, the Heartbreak Turtle. His comments
indicated that he observed the arribada from the air and flew the length of the arribada
before landing and only landed once the arribada was underway. When he landed, the
arribada had already reached a high level of nesting density that extended for over a mile
of beach. It is important to note that Herrera’s estimate of more than a mile of high-
density nesting was not simply a ground- based estimation, but was also based on his
aerial surveys of the arribada.

Based on Hildebrand’s discussion with Herrera and with local residents, several
generalizations regarding characteristics of historic arribadas are suggested in his 1963

publication; (1) the typical duration of arribadas is approximately 4 h, and (2) covers



48

approximately 2 km of beach or less. Additionally, Hildebrand indicated that a typical
nesting season includes three large arribadas per year. It is possible that these
generalizations influenced the Hildebrand (1963) estimate of 40,000 turtles in the 1947
arribada. Of particular interest is the length of the 1947 arribada, for which 4 h has been
used in all of the estimates, yet it has clearly been stated that when Herrera landed, the
arribada was already underway and it is assumed that he determined the time when the
arribada started from the locals on the beach. When Herrera left the beach, the arribada
had expanded to the south and he had to push his plane further south past the turtles to
take off. This suggests that the arribada could have lasted for longer than 4 h, which
would suggest that all of the previous estimates may represent conservative values.
Arribadas during recent years can also provide insight on predictions regarding
the 1947 arribada in regard to nesting density, duration, and total number of turtles. As an
example, an arribada during June 2011 (Figure 3) occurred over approximately 200 m of
beach or less, lasting from approximately three pm until nine pm. Based on a photo from
that arribada, we quantified approximately 313 turtles on 50 m of beach, similar to the
density of nesting on portions of the beach shown in the Herrera film (see Figure 2) and
the nesting density in the 2011 arribada remained high for over 4 h. Data from recent
years indicate that some arribadas can include high-density nesting for longer than 4 h
periods. It was estimated that there was a total of 7000 turtles over approximately 200 m
of beach or less in the 2011 arribada. Extrapolating that level of high- density nesting out
to the 2 km of beach estimated for the 1947 arribada would have resulted in a total
number of nests consistent with the Hildebrand (1963) estimate as well as the estimate

from the high- density nesting areas in the current study.
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Estimating the Total Number of Nests for the 1947 Nesting Season

The population estimates in this study are based on comprehensive surveys being
collected by the Binational Kemp’s Ridley Recovery Program. However, the accuracy of
the predictions is also dependent upon a number of assumptions which could represent
potential sources of error. As indicated above, the predictions are based upon the
assumption that the percentage of total nests per season represented in large arribadas in
recent years is similar to that from 1947. It is currently unknown if or how this value
might change relative to population size and the decline and recovery of this species.
However, the reappearance of relatively large arribadas in recent years attests to the
instinctive nature of arribada nesting behavior in the Kemp’s ridley. Further, recent
nesting seasons typically include two to three large arribadas, similar to the historic,
seasonal occurrence of arribadas described by Hildebrand based on conversations with
locals of Rancho Nuevo and information that had been passed on through multiple
generations. Although anecdotal, this suggests that recent nesting behavior is consistent
with historic nesting behavior prior to the collapse of the population. To be conservative
we have used a range of values reflecting the variability in the size of the largest
arribadas in recent years. Furthermore, our estimates are based upon the assumption that
the arribada in the Herrera film was one of the largest arribadas of the 1947 season. If
not, then our predictions could represent underestimates. Hildebrand indicated that
Herrera witnessed two other arribadas, one earlier that season on 26 April, and one the
following year on 30 April, but there was no indication or comparison of the relative size

of the arribadas. Hildebrand’s interview with people from Rancho Nuevo in the early
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1960s indicated that arribadas could occur from April through June or even into July. In
recent years it is not uncommon to have two or three relatively large arribadas, and some
large arribadas have occurred during early June. However, evaluation of nesting in recent
years suggests that the largest arribadas of the season are typically observed in April and
May. Therefore, it is plausible that the arribada witnessed by Herrera on June 18, 1947
may not have been the largest arribada of the season.

The results from this study predict that approximately 48,607 females nested
during the 1947 nesting season with a total of 121,517 predicted nests for the season. A
previous study using an independent method (back- calculation of seasonal nesting
numbers using linear regression) estimated 177,478 total nests for the season (Caillouet
2006). However, as Caillouet (2006) indicates, back-calculating static rates of decline for
1947-1966 based on the rates of decline from 1966 to 1977, cannot be tested. Regardless,
the estimate from Caillouet (2006) is of the same order of magnitude as in the current
study. The results of this study indicate that from 1947 through 1985 (the lowest point in
the decline of Kemp’s ridley nesting) the Kemp’s ridley population underwent a 99.4%
decline (range of 99.2-99.7%) from an estimated 121,517 nests per season in 1947 to 702
nests per season in 1985. Although the Kemp’s ridley population has been recovering
since the 1985 season, current levels of nesting (12,053 nests in 2014) (Burchfield 2014)
are still relatively low at 9.9% (range of 5.7-14.6%) of the total estimated nests that
occurred in 1947 based on the current analysis of Figures. 1 and 2 (see Figure 4). As a
comparison, if we use the same methodology with the Hildebrand (1963) estimate of
40,000 turtles in the June 18, 1947 arribada, a total of 180,587 total nests would be

predicted for the 1947 season. Using this estimate, the 12,053 nests in 2014 would
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represent 6.7% (range of 3.9-9.8%) of the total nesting in 1947. Thus, our current
estimate as well as that by Hildebrand (1963) suggest that the size of the current
population is a relatively small percentage of the historic population.

Collectively, the results of this study suggest that during and prior to the 1947
nesting season a relatively robust population of Kemp’s ridleys existed, which could
support arribadas of at least 26,916 females. The Kemp’s ridley population has shown a
strong recovery over the past several decades following its collapse, however, the current
status of the population appears to be a small percentage (approximately 9.9%) of the
historic 1947 population based on the Herrera arribada and current nesting trends.
Further, in the last 5 yr, the Kemp’s ridley has deviated from the previous exponential
recovery rate and has declined. It is currently not clear whether this population will
recover to the point of historic levels. As indicated in the most recent recovery plan, the
Kemp’s ridley faces a variety of threats that could hinder its recovery, such as impacts
from fisheries, pollution, climate change, and predation (NMFS et al. 2011). It is
plausible that these as well as other factors could be impacting the Kemp’s ridley and its
habitat (Gallaway et al. 2016 a, b), thus limiting the species’ ability to recover to historic

levels.
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CHAPTER 2
USING UNMANNED AERIAL VEHICLE (UAV) TECHNOLOGY FOR LOCATING,
IDENTIFYING, AND MONITORING COURTSHIP AND

MATING BEHAVIOR IN THE GREEN TURTLE (CHELONIA MYDAS)

The rapidly advancing field of unmanned aerial vehicle (UAV) technology is
currently being used to address a wide variety of subjects regarding wildlife biology and
conservation (Jones et al. 2006; Koh and Wich 2012; Hodgson et al. 2013). This
technology is a highly applicable platform for identifying and monitoring sea turtles in
their in-water habitat (Bevan et al. 2015) and is particularly useful for studying courtship
and mating activities in sea turtles. These behaviors are often observed in nearshore areas
adjacent to nesting beaches, near or at the water’s surface, and can occur over prolonged
periods of time (e.g., mating behavior in Green Turtles can last over multiple hours;
Wood and Wood 1980). Additionally, surveys using UAV technology can be used for
identifying critical habitat and areas used for courtship and mating activities in
endangered sea turtles, while reducing the overall time, effort, and cost that has
traditionally been required to conduct manned boat- and airplane-based surveys. A
variety of both fixed-wing and rotorcraft UAV designs are currently available and each
offers distinct capabilities that should be considered when deciding on which aircraft to
use in a specific project. As an example, fixed-wing aircraft typically have longer flight
durations, but do not have the ability to stop and hover above an area of interest. In

contrast to traditional airplane and boat-based surveys, as well as fixed-wing UAVS, a
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rotorcraft UAV provides a stable, stationary video platform that can hover directly above
the behavior of interest. Therefore, upon locating sea turtles, a rotorcraft UAV can be
used to hover, follow, and record video footage of their behaviors. The current study
provides an evaluation of the applicability of UAVs for studying sea turtle courting and
mating behavior in nearshore waters.

In the current study, we evaluated the use of the DJI Inspire 1™ (DJI, Shenzhen,
China) rotorcraft quadcopter (Figure 1) for studying sea turtle courtship and mating
behavior off a major sea turtle rookery in the Gulf of Mexico near Rancho Nuevo,
Tamaulipas, Mexico (Figure 2). The DJI Inspire 1™ is a relatively small, relatively low-
cost, and commercially available UAV capable of traveling at least 2 km away from the
handheld controller. The aircraft is controlled through the GO app from DJI™ that runs
on a tablet; we used the NVIDIA Shield ™ (NVIDIA Corporation, Santa Clara,
California) that displays a live high-definition video feed from the aircraft as well as real-
time readings for altitude, vertical and horizontal speed, and distance from the controller.
Each UAV battery allows for approximately 20 minutes of total flight time (using the DJI
TBA48 battery which provides the longest flight time). This UAV model includes a camera
capable of recording up to 4K quality video. In the current study, all surveys were
recorded in 1080p video quality at 30 frames per second. The camera is attached to a
three-axis gimbal system that stabilizes the video in flight and allows the operator to
remotely control multiple aspects of the camera angle. The aircraft has a GPS stabilized

flight control system and is stable in relatively windy conditions (e.g., 57 m/sec).
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Figure 1. In the current study, we used the DJI Inspire 1™ rotorcraft UAV platform for
monitoring sea turtles in nearshore waters at Rancho Nuevo, Mexico. This UAV is
equipped with a camera capable of up to 4K quality video. It provides a live, high-
definition video feed up to 2 km from the operator. The controller interfaces with a tablet
(NVIDIA Shield™ shown in the inset) running the DJI GO App™ to operate the aircraft.
Note: From “Using unmanned aerial vehicle (UAV) technology for locating, identifying,
and monitoring courtship and mating behavior in the green turtle (Chelonia mydas)” by
E. Bevan, T. Wibbels, E. Navarro, M. Rosas, B.M.Z. Najera, L. Sarti, F.l. Martinez, J.M.
Cuevas, L.J. Pefia, and P.M. Burchfield, 2016, Herpetological Review, 47(1), p. 27-32.
Copyright 2016 by the Society for the Study of Amphibians and Reptiles. Reprinted with
permission.



59

Cooglc earth

QP,H'.'H el Carnzo

: Barra San Vicente

Barra Calabazas' @
p . June 6. 2015

= - june 6, 2015
Rancho Nuevo Main Camp © X
> July 2472015

2

I
| July 142015

' .
Barra del§Tordo |
. 4 June 6! 2015

Figure 2. UAV surveys were conducted in the western Gulf of Mexico, in the State of
Tamaulipas, Mexico (study area indicated by the red rectangle on inset map). The
landmarks shown in the figure represent mouths of seasonal rivers (barras) and are
represented as white markers. Surveys were conducted at approximately 5-km intervals
between Barra del Tordo and Barra el Carrizo. Reproductive behaviors between
individual Green Turtles were observed on multiple occasions as shown in the figure.
Shapes indicate the location and date when reproductive behaviors were observed. Blue
stars represent instances when a mating pair was observed. Blue stars represent instances
when a mating pair was observed, the orange diamond represents courtship behavior, the
green square represents a mated pair that was accompanied by an escort male, and the red
triangle indicates an observed interaction between two male turtles. Note: From “Using
unmanned aerial vehicle (UAV) technology for locating, identifying, and monitoring
courtship and mating behavior in the green turtle (Chelonia mydas)” by E. Bevan, T.
Wibbels, E. Navarro, M. Rosas, B.M.Z. Najera, L. Sarti, F.I. Martinez, J.M. Cuevas, L.J.
Pefia, and P.M. Burchfield, 2016, Herpetological Review, 47(1), p. 27-32. Copyright
2016 by the Society for the Study of Amphibians and Reptiles. Reprinted with
permission.

The nearshore waters adjacent to the Rancho Nuevo nesting beach were surveyed
over an approximate four-month period at 2—-3-week intervals. A typical set of surveys

was conducted over a two-day period and over the entire nesting season a total of nine
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sets of surveys were conducted. A set of surveys consisted of seven surveys over an
approximate 30-km stretch of nearshore water at approximately 5-km intervals, ranging
from Barra del Tordo to Barra el Carrizo (Figure 2). At each survey location, transects of
approximately 2 km in length, parallel to the shore, were run at 0.5 and 1.0 km offshore
(Figure 3). Thus, each survey included 4 km of transects parallel to shore, but also
included an additional 4 km perpendicular to shore as the aircraft was flying to and from
transect lines (see Figure 3). An entire survey at each location typically required
approximately 30-40 minutes of flight time. Therefore, each survey was conducted as
two separate flights, each with a fully-charged battery, one flight surveying to the north
and one to the south of the operator. The order in which the north and south segments
were flown was randomized or selected based on local weather conditions (i.e., the
aircraft was not flown in the direction of impending rain). All surveys were conducted
between 0800 and 1800 h and we were able to identify turtles in videos throughout this
range of sampling times. Collectively, the surveys over the entire study period generated
approximately 40-50 h of video footage, all of which was directly viewed during
analysis. The ability to identify turtles in the video feed and recording was affected by
water clarity, sea conditions, wind, sun glare, and combinations of these factors. We
attempted to address sun glare by using a polarizing filter and adjusting the angle of the
camera between straight down (i.e. 90°) and 45° forward. Typically, we experienced less

glare when the sun was near or at its zenith.
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Figure 3. Example of a typical survey using the UAV during the current study. Each
location surveyed included 2 transects that were 2 km in length and parallel to shore.
These transects were conducted at 0.5 and 1.0 km from shore. The operator’s location is
indicated by the “H”. Two flights were required to complete the transects at each
location, one to the north of the operator and one to the south of the operator as indicated
by the arrows in the figure. These surveys were conducted at approximately 5-km
intervals over a 30-km stretch of beach at Rancho Nuevo, Mexico. Note: From “Using
unmanned aerial vehicle (UAV) technology for locating, identifying, and monitoring
courtship and mating behavior in the green turtle (Chelonia mydas)” by E. Bevan, T.
Wibbels, E. Navarro, M. Rosas, B.M.Z. Najera, L. Sarti, F.I. Martinez, J.M. Cuevas, L.J.
Pefia, and P.M. Burchfield, 2016, Herpetological Review, 47(1), p. 27-32. Copyright
2016 by the Society for the Study of Amphibians and Reptiles. Reprinted with
permission.

As part of an ongoing study, we were surveying the pre-nesting and internesting
locations of Kemp’s Ridleys (Lepidochelys kempii) during their nesting season at their

primary nesting beach at Rancho Nuevo, Mexico. An unanticipated addition to our
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regular surveys for Kemp’s Ridleys was the observation of Green Turtles (Chelonia
mydas), including turtles engaged in various reproductive behaviors. In addition to being
the primary nesting beach for the Kemp’s Ridley, Rancho Nuevo also provides nesting
habitat for Green Turtles. The Green Turtle nesting season typically extends from June
through September with several thousand nests laid annually at Rancho Nuevo. This
provided the unique opportunity to evaluate UAV technology for recording and studying
this critical life-history stage in Green Turtles (i.e., courtship and mating). During these
encounters, the utility of the rotorcraft UAV used in the current study (in contrast to a
fixed-wing UAV) was demonstrated by its ability to hover and provide a stable video
platform during our observations of a wide variety of reproductive behaviors.

The logistical difficulties in observing sea turtle courtship and mating behaviors
have limited the information generated on this subject. Initial observations of courtship
and mating behavior were reported for wild Green Turtles by Booth and Peters (1972)
and Bustard (1972) and for captive Green Turtles at the Cayman Turtle Farm (Comuzzie
and Owens 1990). The last study led to the development of an ethogram that identified 11
specific behaviors associated with courtship and mating (Table 1) in captive Green
Turtles (Comuzzie and Owens 1990). The high-resolution video from the UAV surveys
in the current study allowed us to identify many of these behaviors in the wild (Table 1)
as well as previously undescribed behaviors associated with courtship and mating.
Further, the mobility and relatively wide observation window provided by UAVs
significantly increases the probability of chance encounters with sea turtles in contrast to
traditional boat-based observations. Although it was not possible to identify the sex of all

individual turtles observed during surveys, males were frequently identified based on tail
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length (Figure 4) and were observed on at least seven occasions. The ability to identify
the sex of turtles using UAVs could provide insight on when male turtles potentially
move into mating areas. Our observation of courting and mating behaviors and the
presence of male sea turtles in the current study also indicate that this region in the
western Gulf of Mexico is not only an important nesting ground, but a critical mating
habitat as well. Collectively, these attributes demonstrate the potential of UAV
technology to advance and enhance field-based studies of courtship and mating behavior

of sea turtles, as well as the identification of critical habitat.



Table 1. Courtship and mating behaviors that were observed in the current
study that had been previously reported for captive and wild Green
Turtles.

Behavior Observed Possibly
observed

Nuzzling* X

Biting neck and rear flippers?® X

Male chasing fleeing female!?2 X

Female circling and biting male?

Male circling and biting female?3 X
Female refusal position?

Gular rub® X
Cloacal check? X
Attempted mount®23 X

Successful mount*?3
Copulation interference/escorting-23 X

!Bustard 1972

2Booth and Peters 1972

$Comuzzie and Owens 1990

Note: From “Using unmanned aerial vehicle (UAV) technology for
locating, identifying, and monitoring courtship and mating behavior in
the green turtle (Chelonia mydas)” by E. Bevan, T. Wibbels, E. Navarro,
M. Rosas, B.M.Z. Najera, L. Sarti, F.I. Martinez, J.M. Cuevas, L.J. Pefia,
and P.M. Burchfield, 2016, Herpetological Review, 47(1), p. 27-32.

Copyright 2016 by the Society for the Study of Amphibians and Reptiles.

Reprinted with permission.
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Figure 4. Example of a male green sea turtle observed during the nesting season in
nearshore waters off the nesting beach at Rancho Nuevo, Mexico. Arrow shows the
distinct tail extending beyond the carapace. Note: From “Using unmanned aerial vehicle
(UAYV) technology for locating, identifying, and monitoring courtship and mating
behavior in the green turtle (Chelonia mydas)” by E. Bevan, T. Wibbels, E. Navarro, M.
Rosas, B.M.Z. Najera, L. Sarti, F.I. Martinez, J.M. Cuevas, L.J. Pefia, and P.M.
Burchfield, 2016, Herpetological Review, 47(1), p. 27-32. Copyright 2016 by the Society
for the Study of Amphibians and Reptiles. Reprinted with permission.

Among the various behaviors that were documented in the current study,
courtship behaviors between a male and female Green Turtle were observed, as shown in
Figure 5 (A—F). These behaviors included A) circling of the female by the male, B)

cloacal checks, C) gular (throat region) rubbing, D) possible biting, D) fleeing of the

female from the male, and F) attempted mounting. During circling behavior, a male
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approached the female from behind and the female then turned to face the male, thereby
forcing the male to circle in an apparent effort to mount the female from behind (Figure
5A). Circling behavior has been previously described for Green Turtles in the wild
(Booth and Peters 1972) and in captivity (Comuzzie and Owens 1990). In all of the
courtship interactions observed in the current study, the male approached the female from
behind and placed his head in the vicinity of the female’s tail and cloaca (Figure 5B).
Cloacal checks and subsequent “gular rubbing” by both male and female captive Green
Turtles have been described by Comuzzie and Owens (1990). That study also suggested
that cloacal checks could represent a method of chemosensory investigation of the
approximate readiness of a female for mating (Comuzzie and Owens 1990) and the
release of a pheromone from the cloaca of the freshwater turtle, Trachemys scripta, has
previously been hypothesized (Jackson and Davis 1972). Male turtles were also observed
biting the neck and both front and rear flipper areas of females and males (Figure 5D).
Bustard (1972) reported males biting the rear flippers of females in wild Green Turtles,
while Comuzzie and Owens (1990) reported biting of the front and rear flippers by both
male and female captive Green Turtles. Males were also observed positioning their gular
regions on top of the females’ heads (Figure 5C). Periodically during the courting
process, the female would quickly swim a relatively long distance away from the male,
then slow her pace and partially turn towards the male, causing the male to pursue her
(Figure 5E). Fleeing behavior by females, followed by pursuit behavior by males, has
been reported for Green Turtles in the wild (Booth and Peters 1972; Bustard 1972) and in
captivity (Comuzzie and Owens 1990). On several occasions, the male approached the

female from behind and attempted to position himself for mounting but was unsuccessful
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and slid off the side of her carapace (Figure 5F). Unsuccessful mounting has previously
been observed for both wild (Booth and Peters 1972; Bustard 1972) and captive Green

Turtles (Comuzzie and Owens 1990).
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Figure 5. Courtship behavior between a male and female Green turtle was recorded for
approximately 10 minutes by an UAV off Rancho Nuevo, Mexico from an altitude of
approximately 20 m. The courtship behavior involved A) circling of the female by the
male, B) cloacal checks, C) gular rubbing, D) possible biting, D) fleeing of the female
from the male, and F) attempted mounting. Note: From “Using unmanned aerial vehicle
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(UAV) technology for locating, identifying, and monitoring courtship and mating
behavior in the green turtle (Chelonia mydas)” by E. Bevan, T. Wibbels, E. Navarro, M.
Rosas, B.M.Z. Najera, L. Sarti, F.I. Martinez, J.M. Cuevas, L.J. Pefia, and P.M.
Burchfield, 2016, Herpetological Review, 47(1), p. 27-32. Copyright 2016 by the Society
for the Study of Amphibians and Reptiles. Reprinted with permission.

In addition to courtship behavior, mounted pairs of copulating Green Turtles were
observed on seven occasions. A mounted pair of Green Turtles that was recorded for an
approximate 10-minute period (due to limited battery life), initially at an altitude of 30 m
(Figure 6A) and later at an altitude as low as 6.2 m (Figure 6B). This observation was
typical of many of our encounters: once a mating pair was spotted from the standard 30-
m survey altitude, the remaining flight time based on battery life was used to hover and
observe the behavior. We often reduced the altitude of the aircraft to approximately 20 m
to enhance observations and on the occasion noted above, the aircraft was lowered to an
altitude of 6.2 m above the mating pair. We did not detect changes in turtle behavior that
appeared to result from the presence of the UAV during any of our observations.
Although seven mounted pairs were encountered, the initial mounting of the male onto
the female was not observed. In the case of mounted pairs, the males were observed to
use front and rear flippers as well as the tail to stay securely attached to the female
throughout the period observed. Due to limited flight time per battery (20 min or less),
we were unable to determine the full duration of mating, but in all of our encounters of
mating pairs, mating continued for the entire length of the observation (i.e.,

approximately 5-10 min). Observations in captivity and in the wild indicate that mating

can occur over prolonged periods of time, up to 119 h (Wood and Wood 1980).
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Figure 6. Examples of screen shots from an approximate 10-minute video of mounted green
sea turtles (Chelonia mydas) off the nesting beach at Rancho Nuevo, Mexico, observed at
altitudes of A) 30 m and B) 6.2 m. Note: From “Using unmanned aerial vehicle (UAV)
technology for locating, identifying, and monitoring courtship and mating behavior in the
green turtle (Chelonia mydas)” by E. Bevan, T. Wibbels, E. Navarro, M. Rosas, B.M.Z.
Najera, L. Sarti, F.I. Martinez, J.M. Cuevas, L.J. Pefia, and P.M. Burchfield, 2016,
Herpetological Review, 47(1), p. 27-32. Copyright 2016 by the Society for the Study of
Amphibians and Reptiles. Reprinted with permission.

We observed a copulating pair of Green Turtles with an “escort” male (Figure
7A). The occurrence of escort males with a mated pair has previously been reported for
Green Turtles in several studies (Booth and Peters 1972; Hendrickson 1958; Hirth 1971).
In the current study, the escort male appeared to exhibit interference behavior that
included attempting to disrupt the forward swimming of the female and positioning his
head along the sides of the mated pair to potentially dislodge the copulating male. This
group of turtles was recorded for approximately 10 min from an initial altitude of 30 m
and then at 20 m as shown in the panel of photos in Figure 7. During the time period
observed, the escort male was unsuccessful at separating the mated pair. In Figure 7 (B—
D), the escort male can be seen B) circling, C) attempting to interfere with the copulating

pair, and D) potentially engaging in cloacal checks and/or biting. In addition to the

behaviors described in the current study, Comuzzie and Owens (1990) also described an



71

additional interference behavior during which the escort male bit the tail and rear flippers

of the copulating male.

Figure 7. A copulating pair of Green turtles accompanied by an escort male was recorded
by UAV off Rancho Nuevo, Mexico from an altitude of 20 m for approximately 10 min.
In this panel, the escort male can be seen A) accompanying the mated pair, B) circling the
pair, C) attempting to interfere with the pair, and D) potentially engaging in cloacal
checks and/or biting. Note: From “Using unmanned aerial vehicle (UAV) technology for
locating, identifying, and monitoring courtship and mating behavior in the green turtle
(Chelonia mydas)” by E. Bevan, T. Wibbels, E. Navarro, M. Rosas, B.M.Z. Najera, L.
Sarti, F.l. Martinez, J.M. Cuevas, L.J. Pefia, and P.M. Burchfield, 2016, Herpetological
Review, 47(1), p. 27-32. Copyright 2016 by the Society for the Study of Amphibians and
Reptiles. Reprinted with permission.
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In addition to courtship and mating interactions between male and female turtles,
an interaction between two males was observed on 24 July 2015, with no female turtle
visible in the camera’s field of view. When initially encountered during the survey, the
two males were engaged in circling behavior and their interaction was observed for
approximately 8 min prior to the males departing from each other (Figure 8). During this
interaction, the males engaged in what appeared to be A) circling, B) cloacal checks, C)
possible biting, and D) attempted mounting, before E) the two turtles departed from one
another and left the vicinity. Based on these observations, this could represent mate-
recognition behavior. Alternatively, it is possible that this interaction could represent a
display of dominance between two males, as has been commonly documented in many
other reptilian taxa (Brattstrom 1974). Although the specific behaviors of circling, biting,
cloacal checks, and attempted mounting have been described for Green Turtles, the

interaction of two males followed by departure represents a new observation.



Figure 8. Interaction observed between two male Green Turtles observed on 24 July
2015. This interaction involved A) circling, B) cloacal checks, C) possible biting, D)
attempted mounting, and E) final departure from one another. Note: From “Using

unmanned aerial vehicle (UAV) technology for locating, identifying, and monitoring
courtship and mating behavior in the green turtle (Chelonia mydas)” by E. Bevan, T.

73
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Wibbels, E. Navarro, M. Rosas, B.M.Z. Najera, L. Sarti, F.l. Martinez, J.M. Cuevas, L.J.
Pefia, and P.M. Burchfield, 2016, Herpetological Review, 47(1), p. 27-32. Copyright
2016_by_ the Society for the Study of Amphibians and Reptiles. Reprinted with
permission.

The results of the current study document a variety of courtship and mating
behaviors in Green Turtles in the wild and indicate that the nearshore waters off the
nesting beach near Rancho Nuevo in the western Gulf of Mexico potentially represents
critical habitat for mating in Green Turtles. In addition, the observations from the current
study reveal the utility and applicability of UAV technology for documenting and
studying courtship and mating behaviors in sea turtles. The advantages of this technology
include a stable, high-resolution video platform located at an optimal angle of
observation, as well as the ability to maintain this viewpoint as turtles move in their
environment. However, the effectiveness of using UAVs for in-water sea turtle studies
will depend upon multiple factors, including water clarity and the depth of the turtles in
the water. Thus, the applicability of this technology may vary by location, species of
interest, and specific sea turtle population. Currently, the primary weakness inherent to
this type of UAV platform is limited flying time due to battery life. This is of particular
importance to studies of courtship and mating behavior in sea turtles since chance
encounters of mating in the wild may require a significant amount of time searching for
turtles. Additionally, these behaviors can occur over many hours (Comuzzie and Owens
1990), which limits the use of UAVSs for determining total mating duration. However,
although each flight in the current study was limited to approximately 20 min, the GO
app from DJI™ made it possible to return to specific locations where turtles were initially

recorded after returning to the operator for battery replacement. The results from the

current study indicate that the rapidly evolving UAV technology can significantly
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advance our ability to study sea turtle behavior in the natural environment. We detected
very few weaknesses using the rotorcraft UAV platform for this application. The primary
limitations were the flight time per battery (approximately 20 min or less) and the
maximum distance from the controller. However, even with these limitations, UAV
technology is useful for not only enhancing our understanding of sea turtle behaviors in
the natural environment, but also in identifying the location of critical habitat for

important life-history events, such as courtship and mating.
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CHAPTER 3

MEASURING BEHAVIORAL RESPONSES OF SEA TURTLES, SALTWATER
CROCODILES, AND CRESTED TERNS TO DRONE DISTURBANCE TO DEFINE
ETHICAL OPERATING THRESHOLDS

ABSTRACT

Drones are being increasingly used in innovative ways to enhance environmental
research and conservation. Despite their widespread use for wildlife studies, there are
few scientifically justified guidelines that provide minimum distances at which wildlife
can be approached to minimize visual and auditory disturbance. These distances are
essential to ensure that behavioral and survey data have no observer bias and form the
basis of requirements for animal ethics and scientific permit approvals. In the present
study, we documented the behaviors of three species of sea turtle (green turtles, Chelonia
mydas, flatback turtles, Natator depressus, hawksbill turtles, Eretmochelys imbricata),
saltwater crocodiles (Crocodylus porosus), and crested terns (Thalasseus bergii) in
response to a small commercially available (1.4 kg) multirotor drone flown in Northern
Territory and Western Australia. Sea turtles in nearshore waters off nesting beaches or in
foraging habitats exhibited no evasive behaviors (e.g. rapid diving) in response to the
drone at or above 20-30 m altitude, and at or above 10 m altitude for juvenile green and
hawksbill turtles foraging on shallow, algae-covered reefs. Adult female flatback sea
turtles were not deterred by drones flying forward or stationary at 10 m altitude when

crawling up the beach to nest or digging a body pit or egg chamber. In contrast, flyovers
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elicited a range of behaviors from crocodiles, including minor, lateral head movements,
fleeing, or complete submergence when a drone was present below 50 m altitude.
Similarly, a colony of crested terns resting on a sand-bank displayed disturbance
behaviors (e.g. flight response) when a drone was flown below 60 m altitude. The current
study demonstrates a variety of behavioral disturbance thresholds for diverse species and
should be considered when establishing operating conditions for drones in behavioral and

conservation studies.

INTRODUCTION

Unmanned aerial vehicles (i.e. UAVs or drones) have become widely-used as a
cost-effective tool in wildlife conservation, management, and research. Drones are an
efficient method for evaluating animal behavior, abundance and distribution [1-3];
enhancing animal photo 1D and photogrammetry [1, 4-6]; and increasing the accuracy of
data collection relative to traditional methods (e.g. surveys conducted on foot, by boat, or
by terrestrial vehicle) [6-8]. Additionally, a growing network of drone operators,
hobbyists, and commercial users is broadening access to an array of open source image
processing and operating platforms. A key benefit of using drones in wildlife studies is to
minimize the potential influence of observer presence. Many applications (e.g.
identifying the species, sex, and conducting population censuses, measuring abiotic and
biotic factors, and observing the behavior of one or a small group of distinct subjects or
densely aggregated individuals [9-12]) require the operation of drones (typically
multirotor) in close proximity to target species (e.g. <30 meters) to achieve sufficient

resolution. However, studies focusing on the effects of drones near wildlife are limited
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[4]. To evaluate the impact of drones on target species requires knowledge of: 1) the
capabilities of a target species to detect the drone, 2) the nature of disturbance introduced
by a specific model drone, and 3) background conditions of the habitat in which the study
is conducted (e.g. ambient noise levels). Only then can an attempt be made to understand
the broader implications of applying drone technology to behavioral and ecological
studies that enhance wildlife conservation, research, and management.

Drones have been used to study a suite of terrestrial [1, 12-17] and marine species
[3, 5, 8, 18, 19], including elephants [20, 21], cetaceans [18, 22, 23], and sea turtles [9,
10, 24, 25]. Despite the increasing applications for drones in wildlife biology [11, 26-30],
relatively few studies specifically focus on assessing the behavioral responses of taxa to
drones at low altitudes. Some key exceptions [5, 12, 15, 31, 32] highlight the complexity
of this endeavor.

A critical component for evaluating the level of behavioral disturbance imposed
by drones is to understand the spectrum of responses displayed by each species. Sea
turtles in shallow habitats (i.e. <1 m water depth) can detect and respond to a threatening
stimulus (e.g. humans walking towards them in shallow water) by swimming at high
speed towards deeper water, often generating a “bow wave” in front of the turtle (E.
Bevan, pers. obs.). In deeper water habitats (i.e. >1 m water depth) acoustic disturbances
to sea turtles (e.g. high-pressure air gun pulses and nearby vessels or objects) can elicit a
range of behavioral responses from head retraction, flipper movement, and changes in
swimming patterns and orientation [33], to diving [34-36]. A range of behavioral
responses to auditory disturbance have been reported in birds, including crested terns

(Thalasseus bergii), ranging from minor head-scanning to flushing [7, 37, 38]. Pomeroy
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et al. [5] examined two species of pinnipeds and found that behavioral responses (varying
from increased alertness to fleeing towards the water) varied depending on the type of
drone used, and age, sex, and in some cases, reproductive status of individuals. Such
studies suggest that future research using drones should consider these variables, in
addition to altitude when assessing threshold levels for behavioral responses to drones.

Evaluating drone detectability at different altitudes is multifaceted and involves
assessing the sensory abilities of target species to discern the drone or its shadow (visual
component) and detect the unique noise emission characteristics of each drone (auditory
component). Although limited, there are some data available on the auditory capabilities
of sea turtles, crocodilians, and shorebirds that provide a basis for understanding whether
these species can detect the sound emitted by drones and at what specific threshold. In
sea turtles (loggerhead (Caretta caretta) and C. mydas), peak auditory sensitivity in air
occurs between 300 and 400 Hz, and in water between 50 and 400 Hz [39, 40]. The
American alligator (Alligator mississipiensis) exhibits a range of auditory sensitivity in
water from 100 Hz to 2 kHz, and in air 100 Hz to 8 kHz, with peak sensitivities in water
at 800 Hz and in air at 1000 Hz [41]. Audiograms from 49 species of birds suggest that
birds generally exhibit an optimal auditory frequency range of 2-3 kHz [38]. By
comparison, the noise emitted by small, multirotor drones (sound levels reported at 57.8-
81 dB, and frequencies of 60 and 150 Hz [31, 32, 42]) is likely to be audible to many taxa
at low altitudes (between 5 and 10 m). However, the influence of altitude and ambient
noise levels on the detectability of drones for different species remains generally

understudied.
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In the current study, we tested a small, commercial drone (DJI Phantom 4 Pro®)
in wildlife surveys at field sites in tropical Australia: Bare Sand Island, Northern
Territory (NT), Cape Domett in Western Australia (WA), and at multiple reefs across
Camden Sound, WA.. Collectively, these locations provide prime nesting and/or foraging
habitat for sea turtles [43, 44], seabirds [45, 46], and saltwater crocodiles [47]. Yet
ecological studies in these habitats are often logistically challenging, and an overall
paucity of data exists regarding species in remote tropical locations of WA and the NT.
Thus, the focus of the current study was to provide preliminary information that can
guide the integration of drone-based studies into studies of wildlife and effective

conservation resource management.

MATERIALS AND METHODS

Field sites for the current study are presented in Table 1 to illustrate the types of
habitats and target species encounter during drone flight trials. A 1.4-kg DJI Phantom 4
Pro® (www.dji.com) drone was used for the current study. The drone can travel up to 5
km, and each high capacity battery (5870 mAh) provides a maximum of 30 min flight
time. The drone was operated using a tablet-based app (Litchi™, VC Technology Ltd.)
that displayed real-time drone telemetry information (e.g. drone altitude, speed, distance,
etc.). Flight records were automatically uploaded to Airdata.com. All flights were
compliant with CASA regulations and conducted as part of permitted research activities

by AusTurtle (NT) and Department of Biodiversity, Conservation and Attractions (WA).
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Table 1. Study locations, habitat type, and target species observed during drone flight
trials in Australia.

Study Location (Lat, | Habitat Type | Cb | Cs Tb [ Ts |BC

Site Long)

BSI -12.536173 Beach, Reef
130.420038 X X X

CD -14.802778 Beach,
128.413889 Nearshore X X X X

SC -15.540833 Nearshore X
124.410556

MR -15.948923 Reef X
124.204102

TR -16.272721 Reef X
123.892815

BSI, Bare Sand Island, NT, Australia; CD, Cape Domett in WA; SC, Sampson Cove in
Camden Sound, WA; MR, Montgomery Reef (Yawajaba Island) in Camden Sound, WA;
TR, Turtle Reef in Camden Sound, WA, Cb, crocodile basking on the beach or in the
surf; Cs, crocodile swimming in nearshore waters; Tb, turtle on the beach; Ts, turtle
swimming in nearshore waters; BC, bird colony. Note: From “Measuring behavioral
responses of sea turtles, saltwater crocodiles, and crested terns to drone disturbance to
define ethical operating thresholds” by Bevan E, Whiting S, Tucker T, Guinea M, Raith
A, Douglas R, 2018, PLoS ONE, 13(3): e0194460.
https://doi.org/10.1371/journal.pone.0194460. Copyright 2018 by Bevan et al. Reprinted
with permission.
Sea Turtles

The focus of surveys off CD, in the nearshore waters of SC, and over reef habitat
was to evaluate potential behavioral responses to the presence of a drone at various
altitudes between 15 and 30 m. All surveys were conducted at an initial altitude of 30 m
and a constant speed of approximately 6-8 m/s. If a turtle was encountered during a
survey, the behavioral response of the turtle was documented during this initial flyover at
30 m, and the drone was flown such that the aircraft did not stop and continued along the

original trajectory of the survey away from the turtle. Once the drone was approximately

100 m away from where the turtle was originally observed, the aircraft was stopped, the
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altitude was reduced to 20 m, and the drone was flown back to where the turtle was first
observed to conduct a second flyover at 20 m. If the turtle was still visible, this process
was conducted again for a third flyover at 15 m. If possible, a flyover at 30, 20, and 15 m
altitude was conducted for each turtle encountered, while documenting the behavioral
response of the turtle during each flyover, constituting a “flight trial”. After completing a
flyover at 15 m, or if the turtle was no longer visible during a flyover, the flight trial was
ended, and the aircraft resumed the standard survey. Since control data (sea turtle
behaviors documented when the drone was not present) was not available, behavioral
responses documented in the present study of sea turtles in nearshore and reef habitats
were evaluated relative to known startle responses documented in previous studies [33-

36].

Nearshore Habitat

Nine nearshore surveys were conducted off CD beach between 0730 and 1600 hrs
from 5-11 August 2017. Each drone survey consisted of two straight-line transects
parallel to the nesting beach, one 500 m, the other 1 km offshore. Additionally, a straight-
line transect was conducted perpendicular to the nesting beach out to 2 km offshore.
Nearshore surveys throughout SC were conducted on 15 August 2017, at approximately
1330 hr. Unlike surveys at CD, flights at SC were flown an altitude of 50-60 m to provide
a wider field of view from the drone to locate and avoid overflying humpback whales
(Megaptera novaeangliae) that are known to frequent the area during Austral winter.
Civil Aviation Safety Authority (CASA) regulations restrict the maximum altitude of

recreational drones to 120 m that conflicts with the required 500 m exclusion zone when
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flying near whales [48]. The flight paths at SC paralleled the coastline at approximately

300-500 m offshore.

Reef Habitat

An interconnected network of shallow, algae-covered rocky reefs extends
between the islands of Fog Bay in the NT, approximately 50 km west of Darwin [49].
Similar habitats comprise MR and TR. In the NT, two sites were surveyed between 26
June and 24 July, one south of BSI, and the other north of BSI. Thirteen surveys
following the edge of the reef were conducted between 1100 and 1500 hrs.

A total of 7 surveys were conducted on MR and TR on 16-17 August, and 18
August, respectively, including one survey of MR conducted at 15 m altitude to compare
the behavioral responses of sea turtles to a drone at 15 and 30 m altitude. Surveys
involved two types of transect paths, one that followed the edge of the reef between
exposed shallow portions of the reef and the slope, and the other traversing the region

from the slope of the reef into its interior.

Nesting Beaches

BSI and CD are important rookeries for the flatback sea turtle [43, 44, 50, 51].
Drone flights over turtles that emerged to nest during daylight were conducted at altitudes
between 10 and 30 m during stages of the nesting process at which Witherington [52] and
Guinea (unpub. data) indicate sea turtles are particularly susceptible to being deterred
from nesting: 1) initial emergence from the sea and progression towards the dune, 2)

digging a body pit, and 3) constructing an egg chamber. When a turtle was observed in
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any stage of the nesting process, the drone was launched from behind the primary dune
and at least 500 m away from the turtle. The drone was raised to an initial altitude of 30
m, and the aircraft was flown at regular survey speed (6-8 m/s) perpendicular to the
orientation of the turtle and out in front of its head to best achieve maximum visibility of
the drone to each turtle. Any change in behavior or visual signs of disturbance (i.e.
increased crawl speed, abrupt change in direction, abandonment of the excavated body pit
or egg chamber, or return to the sea) were documented following each flyover. Drone
flyovers were conducted according to the same protocols described for nearshore surveys
and flyovers of least 2 consecutive stages of the nesting process were conducted for each
turtle.
Saltwater Crocodiles

All survey transects were conducted according to the methods described for sea
turtle surveys, from an initial altitude of 30 m and a speed of approximately 6-8 m/s. If a
crocodile was encountered during a survey, the behavioral response of the crocodile to
the initial flyover at 30 m was documented. The previously described protocol for
conducting a flight trial during a nearshore survey was used to conduct a flight trial for
each crocodile, with flyovers at 30, 20, and if possible, 10 m, to evaluate potential
behavioral responses at each altitude. An additional flyover at 40 m altitude was
conducted following the initial flyover at 30 m during each flight trial to refine the upper

threshold drone altitude above which behavioral responses are not elicited.
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Nearshore Habitat

The abundance of saltwater crocodiles in nearshore waters was documented
during 8 drone-based surveys off CD between 0730 and 1600 hrs. Surveys occurred from
5-11 August, 2017. There is a lack of control data (behaviors of crocodiles in the absence
of the drone) for crocodiles in nearshore habitats and these data were therefore not

available in the current study.

Surf Zone

Drone transect surveys were conducted on BSI and on CD over saltwater
crocodiles that were resting on the beach or in the surf zone. On BSI, two drone flyovers
of a 2.4-meter crocodile (length measured using imagery from the drone) were conducted
on 26 and 28 June 2017 at 30 and 40 m altitude, as the crocodile was resting out of the
water on a sand spit. Eight transect surveys were flown parallel to the beach and over the
surf zone to document crocodiles at CD between 4 and 11 August 2017. Most drone
surveys were flown between 0530 and 0630 hrs when daylight was sufficient for optimal
visibility of beach tracks. On 4 August 2017 a survey was conducted at 1330 hrs.
Binoculars were used to observe crocodiles in the surf zone or on the beach immediately
prior to each drone flight and these observations were used to evaluate the behaviors
observed during each drone flight.

Nesting Birds

A sand-bank approximately 1 km in length is located southwest of BSI provided a

resting location for a colony of crested terns. Eight drone surveys were conducted

between 27 June and 24 July 2017, from 1200 to 1700 hrs, and at altitudes between 30
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and 70 m. Flyovers were limited to 2 per day to avoid the possibility of habituation to the
potential disturbance due to the drone. A flight trial began at the highest altitude being
tested (e.g. 70 m) and progressed lower (e.g. 60 m) if no flushing response was elicited. If
the colony took flight during flyovers, the trial was stopped. The drone was launched
approximately 1 km from the resting colony of crested terns. Once the drone was within
500 m of the sand island, the drone was flown at a speed of 3-5 m/s. Although the colony
of crested terns was observed using binoculars immediately prior to each drone flight
from the southwestern tip of BSI, the angle of observation was not sufficient to record a

quantitative description of the number of birds taking flight before the drone flight.

RESULTS

Sea Turtles
Nearshore Habitat

Two flatback (1 male and 1 female), 1 female green, and 1 sea turtle of unknown

species and sex, were observed during drone flights over nearshore waters off CD. At SC,
2 flatback sea turtles were observed by drone in nearshore waters. Although the turtles
encountered during flights spent relatively little time at the surface of the water (3-60 sec
at CD, 10-30 sec at SC), the turtles did not exhibit avoidance behaviors (i.e. rapid diving
or change in direction) in response to the presence of the drone or its shadow at or above
20 m altitude. Both sea turtles at SC submerged before drone flight trials could be

conducted (Fig 1).
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Figure 1. Male sea turtle observed from a drone off a nesting beach. Male flatback turtle
sea turtle (Natator depressus) observed from a drone at an altitude of 18.6 m approximately
2 km off the nesting beach at Cape Domett, Western Australia on 6 August, 2017. Note:
From “Measuring behavioral responses of sea turtles, saltwater crocodiles, and crested
terns to drone disturbance to define ethical operating thresholds” by Bevan E, Whiting S,
Tucker T, Guinea M, Raith A, Douglas R, 2018, PLoS ONE, 13(3): e0194460.
https://doi.org/10.1371/journal.pone.0194460. Copyright 2018 by Bevan et al. Reprinted
with permission.

Reef Habitat

We surveyed the behavioral responses of multiple green and hawksbill sea turtles
(>10 turtles/survey) to the drone while foraging on algae-covered rocky reef habitat at
BSI, MR, and TR (Fig 2). The turtles did not exhibit avoidance behaviors (e.g. a bow
wave generated by the rapid flight response) in response to the presence of the drone or
its shadow at either 15 or 30 m. Individuals were completely submerged, at the surface of
the water, or partially exposed while feeding (<1m water depth). The submerged sea

turtles were either stationary, potentially foraging on the reef, or slowly swimming along
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the bottom at approximately 2 m depth or less. Turtles at the surface were encountered

floating over the reef slope, or over deeper channels along the reef.

Figure 2. Sea turtles observed from a drone on shallow reef foraging habitat.

Sea turtles observed foraging on algae-covered reef habitat from a drone altitude of 30 m
at Turtle Reef, Camden Sound, Western Australia. Note: From “Measuring behavioral
responses of sea turtles, saltwater crocodiles, and crested terns to drone disturbance to
define ethical operating thresholds” by Bevan E, Whiting S, Tucker T, Guinea M, Raith
A, Douglas R, 2018, PLoS ONE, 13(3): e0194460.
https://doi.org/10.1371/journal.pone.0194460. Copyright 2018 by Bevan et al. Reprinted
with permission.

At TR and MR, the drone altitude for two flights was reduced from 30 m to 9 m
and 5 m, respectively. In both instances, sea turtles were foraging in less than 2 m of
water. At MR, the green sea turtle was in less than 0.5 m depth of water and displayed no
response to the presence of the drone, despite a shadow cast in front of the turtle (Fig 3).
At TR, a hawksbill sea turtle was observed slowly swimming over the reef in 1-2 m depth
of water. In the presence of the drone at 9 m altitude, the individual increased the force of
flipper strokes, potentially to accelerate to deeper water before slowing and turning

around. This behavior could be classified as a minor behavioral response to a drone
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flying at low altitude. However, rapid avoidance or major evasive responses were not

observed during this trial.

Figure 3. Sea turtle observed foraging on a shallow reef from a drone at low altitude.
Examples of a drone being lowered to approximately 5 m over a foraging green turtle
(Chelonia mydas) on Montgomery Reef, Camden Sound, Western Australia. Note: From
“Measuring behavioral responses of sea turtles, saltwater crocodiles, and crested terns to
drone disturbance to define ethical operating thresholds” by Bevan E, Whiting S, Tucker
T, Guinea M, Raith A, Douglas R, 2018, PLoS ONE, 13(3): e0194460.
https://doi.org/10.1371/journal.pone.0194460. Copyright 2018 by Bevan et al. Reprinted
with permission.

Nesting Beach

At BSI, a female flatback sea turtle emerged to nest on 25 July at 1900 hr. At CD,
5 female flatback sea turtles emerged to nest from 5 to 9 August between 1600 and 1700
hrs. No disruption or abandonment of the nesting attempt was observed for any of the
turtles encountered at any altitude. Collectively, the stages of nesting during which a
female turtle is likely to be disturbed, (i.e. emerging from the sea, and digging a body pit

and egg chamber) were examined for signs of drone disturbance at altitudes between 10

and 40 m (Fig 4).
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Figure 4. Behavioral response of a sea turtle during the nesting process observed from a
drone at low altitude. Testing the behavioral response of a flatback turtle (Natator
depressus) to the presence of a drone at 10 m altitude during the nesting process at Cape
Domett, Western Australia. Note: From “Measuring behavioral responses of sea turtles,
saltwater crocodiles, and crested terns to drone disturbance to define ethical operating
thresholds” by Bevan E, Whiting S, Tucker T, Guinea M, Raith A, Douglas R, 2018,
PL0oS ONE, 13(3): e0194460. https://doi.org/10.1371/journal.pone.0194460. Copyright
2018 by Bevan et al. Reprinted with permission.

Saltwater Crocodiles

Eleven drone surveys were conducted at BSI and CD, resulting in 31 crocodile
sightings. It is possible that the same individuals were observed on multiple surveys over
the study period, given the tendency of crocodiles to return to established core activity
areas [47]. However, individual identity could not be verified in the present study and

each crocodile observed was treated as a new sighting.

Nearshore Habitat

Eighteen of the 31 crocodile sightings in the present study were observed
swimming in nearshore habitat at CD. The crocodiles did not exhibit avoidance behaviors

(e.g. movement of the head or body) in response to the presence of the drone or its
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shadow at 30 m or above. Initial signs of disturbance were observed at a maximum drone
altitude of 30 m and involved one or more lateral movements of the head. Drone flight
trials conducted at 20 m altitude elicited more pronounced lateral head movements, and

flight trials conducted at 10 m altitude resulted in crocodile submergence.

Surf Zone

At BSI, one crocodile was observed basking on the sand during each survey. One
to 4 crocodiles were observed during each drone survey at CD. Signs of crocodile
disturbance from the drone when basking on the sand included minor to substantial
lateral head movements and/or retreat to deeper water. However, in contrast to BSI,
crocodiles at CD were only observed basking on the sand on the initial day of surveys (4
August), after which all crocodiles were observed resting in the surf or swimming in
nearshore waters. Crocodiles were observed basking motionless on the sand or in the surf
zone immediately prior to each drone flight.

Collectively, drone surveys of crocodiles at BSI and CD suggest that adult and
sub-adult crocodiles basking on the sand or swimming in nearshore waters are disturbed
by drones when flying below approximately 50 m in altitude (Figs 5 and 6). All trials
conducted at 10 m altitude caused rapid head movements, after which crocodiles either

submerged or retreated to deeper water.
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Crocodile Disturbance by Drones y =-22.879x+124.97
R*=0.9439
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Figure 5. Crocodiles disturbed by a drone at various altitudes. Percentage of crocodiles
(Crocodylus posorus) observed during drone-based surveys Bare Sand Island, Northern
Territory, and Cape Domett, Western Australia, that were disturbed by the presence of a
drone at various altitudes. Results are based on a total of 31 crocodile sightings over 10
surveys observed either resting on the beach, in the surf, or actively swimming on the
surface of nearshore waters between the surf and approximately 300 m off the nesting
beach. The numbers of total crocodiles sampled for each altitude are show in boxes above
the bars. Note: From “Measuring behavioral responses of sea turtles, saltwater crocodiles,
and crested terns to drone disturbance to define ethical operating thresholds” by Bevan E,
Whiting S, Tucker T, Guinea M, Raith A, Douglas R, 2018, PLoS ONE, 13(3): e0194460.
https://doi.org/10.1371/journal.pone.0194460. Copyright 2018 by Bevan et al. Reprinted

with permission.
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Figure 6. Drone disturbance to crocodiles by habitat. The percentage of crocodiles
(Crocodylus posorus) that were disturbed by the presence of a drone while resting on the
beach or in the surf (orange bars), or actively swimming in nearshore waters (blue bars)
at Bare Sand Island, Northern Territory, and Cape Domett, Western Australia. The
numbers of total crocodiles sampled for each altitude are show in boxes above the bars.
Note: From “Measuring behavioral responses of sea turtles, saltwater crocodiles, and
crested terns to drone disturbance to define ethical operating thresholds” by Bevan E,
Whiting S, Tucker T, Guinea M, Raith A, Douglas R, 2018, PLoS ONE, 13(3): e0194460.
https://doi.org/10.1371/journal.pone.0194460. Copyright 2018 by Bevan et al. Reprinted
with permission.

Nesting Birds

The mean size of the crested tern colony on the sand-bank throughout the 8 drone
surveys was 153 birds (range = 19 - 334 birds) (Table 2). Flight trials indicated that the
crested tern colony was generally disturbed by a drone flying below 60 m altitude (Fig 7).
Observed disturbance behaviors consisted of increased vigilance (i.e. raised wings and

multiple, lateral head movements) and flushing of one to many birds in the colony.

Table 2. Drone flight trials over a colony of crested terns on a sand-bank southwest of
BSI from 27 June to 24 July, 2017.

Date | Time | Altitude | Tide ifolﬁsnmt Torde. | Disturbed
3-Jul 1700 70 Falling 4 121 3.3%
27-Jun 1328 60 Falling 1 334 0.3%
28-Jun 1430 50 Falling 246 246 100.0%
4-Jul 1215 50 Rising 9 128 7.0%
6-Jul 1430 50 High 1 172 0.6%
9-Jul 1432 45 Rising 0 112 0.0%
24-Jul 1515 45 Rising 4 38 10.5%
6-Jul 1430 40 High 16 211 7.6%
24-Jul 1515 40 Rising 9 19 47.4%
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Note: From “Measuring behavioral responses of sea turtles, saltwater crocodiles, and
crested terns to drone disturbance to define ethical operating thresholds” by Bevan E,
Whiting S, Tucker T, Guinea M, Raith A, Douglas R, 2018, PLoS ONE, 13(3): e0194460.
https://doi.org/10.1371/journal.pone.0194460. Copyright 2018 by Bevan et al. Reprinted
with permission.
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Figure 7. Crested terns disturbed by a drone at various altitudes. The percentage of
crested terns (Thalasseus bergii) observed on the sand-bank to the southwest of Bare
Sand Island, NT that took flight as a drone passed overhead at various altitudes. Although
trials at altitudes lower than 40 m were possible ethical considerations and research
permits prevented flyovers at lower altitudes. Note: From “Measuring behavioral
responses of sea turtles, saltwater crocodiles, and crested terns to drone disturbance to
define ethical operating thresholds” by Bevan E, Whiting S, Tucker T, Guinea M, Raith
A, Douglas R, 2018, PLoS ONE, 13(3): e0194460.
https://doi.org/10.1371/journal.pone.0194460. Copyright 2018 by Bevan et al. Reprinted
with permission.

DISCUSSION
Collectively, the present approach threshold study demonstrates that the altitude
for eliciting disturbance when using a drone varies by taxa. Factors that contribute to the
specific disturbance threshold for a given species include the ability of a species to detect

the visual disturbance of drones and the unique sound signature of a particular drone, the
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degree to which drone disturbance is associated with a threatening stimulus (a predator),
and the ambient noise level of a given habitat. Although sound levels emitted by the DJI
Phantom 4 Pro® used in the current study have not been quantified, it is likely similar to
noise levels reported for other drones of the same size class used in previous studies
(57.8-81 dB, and frequencies of 60 and 150 Hz) [12, 31, 42]. Characterizing the noise
emitted by multirotor drones is challenging since sounds emitted by the aircraft change in
response to wind gusts while hovering, and to operator controls during flight [42]. At 30
m altitude, these sound levels may be lost against background noise, such as in a penguin
colony [32], or may be undetectable at 1 m below the surface of the water when the drone
is at approximately 10 m altitude [53]. Coupling these findings with known auditory
capabilities of several species of cetaceans, penguins and pinnipeds, it is likely these
marine species would be unable to detect small drones [31, 32]. Each unique sound
profile presents a distinct auditory stimulus to target species and can elicit different types
and intensities of animal behaviors in response.

Based on previous studies of sea turtles, the maximum range of auditory
sensitivity for C. mydas and C. caretta is from 100 to 1000 Hz in water, and although this
range can vary with taxa and age class, other species of sea turtle are likely to exhibit
similar capabilities [39, 40, 54]. Thus, it is possible sea turtles can detect the noise levels
reported in previous studies for small, commercial drones at altitudes between 5 and 10 m
(50 — 200 Hz, 57.8-80 dB; [12, 31, 32, 42]). This is especially likely without higher levels
of background noise, such as water rushing off the reef flat, to mask the sound from the
drone. One note of caution in our study is that 4 of the 6 sea turtles encountered in

nearshore waters exhibited relatively short surface intervals (3-60 seconds), which could
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be interpreted as a potential behavioral response to drone disturbance. However, the
degree to which sound levels emitted by commercial drones are influenced by higher
flight altitudes (e.g. 15 m or higher) and background noise remains largely undetermined
[31, 32].

The auditory capabilities of crocodiles are concentrated at low frequencies and
coupled to a diverse array of vocalizations that aid in group coordination, mating,
territorial defense, and maternal care [41, 55, 56]. Based on previously reported sound
levels for small, commercial drones at altitudes between 5 and 10 m, and our results from
the current study, it is possible crocodiles can visually detect and/or hear small drones at
low altitudes. Further, our preliminary findings suggest that specific activities (i.e.
basking on the beach, in the surf, or actively swimming in nearshore waters) may
influence the threshold altitude above which a drone can be used without eliciting
behavioral changes from crocodiles (Fig 6).

The results from the present study suggest that using drones to study colonies of
T. bergii requires a higher altitude approach (> 60 m) than the other species we
investigated to avoid disturbance. The auditory capabilities reported for birds (optimal
frequencies between 2-3 kHz), paired with the sound levels emitted by small commercial
drones (50 — 200 Hz, 57.8-80 dB), suggests that the noise emitted by drones may not be
audible to colonies of T. bergii, but that the disturbance may be due to other factors (e.g.
visual disturbance). A previous study supports our conclusion that this species is not
disturbed by the presence of a drone above 60 m altitude [6]. Nevertheless, studies are
needed that decouple the auditory and visual components of drone disturbance to evaluate

behavioral disturbance thresholds for birds.
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An additional concern when evaluating the potential for drone disturbance is
whether a given species is startled by visual detection of the drone and/or its shadow. If
sea turtles could visually detect and were disturbed by the drone at 15-30 m altitude, we
would have expected to see rapid avoidance behavior (e.g. submergence behavior,
swimming towards deeper water). For adult sea turtles at nearshore habitat and juveniles
foraging on reefs, our drone approached many of the individuals from either the front or
within the peripheral field of view of the sea turtle and cast a shadow that was potentially
visible to these individuals. However, no sea turtles exhibited evasive behaviors,
suggesting that individuals either are unable to visually detect a drone at 15-30 m
altitude, or did not perceive the drone/its shadow as a threat. Thus, it is possible that
drone shadows are not impacting the behavior of sea turtles. These results suggest that
altitudes above 15 m are adequate for providing high resolution imagery of sea turtles in
nearshore waters and shallow reef habitat and documenting natural sea turtle behaviors.
Further investigation is needed to characterize the behaviors of different sea turtle species
in response to the potential visual disturbance of a drone at low altitudes and/or its
shadow.

The current study supports the use of drone technology in studies of marine
species in a variety of habitats. Our findings indicate that operating a drone at or above
20 m altitude is a non-invasive protocol for studying sea turtles in nearshore waters off
nesting beaches. Likewise, operating a drone at or above 15 m altitude in shallow reef
habitats may be an optimal method for use in behavioral studies of sea turtles. At sea
turtle nesting habitats, the results from the current study were consistent across multiple

locations and populations and suggest that the nesting processes of flatback sea turtles are
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not disrupted by drones at or above 10 m altitude. If sea turtles can detect the noise
emitted from small drones at low altitudes (5-10m), the drone did not provide a perceived
threatening stimulus sufficient to change nesting behavior or cause abandonment of a
nesting attempt. Collectively, our findings suggest that drones can be used to study sea
turtles at low altitudes (from 10-30 m) without disturbing individuals, but that the
threshold for disturbance for each species depends on habitat and environmental
conditions. Drone technology may therefore be an optimal tool for eliminating human
observer presence, a known factor in sea turtle disturbance [52], while studying nesting
processes or monitoring nesting activity on beaches.

Drone surveys of saltwater crocodiles resting on sea turtle nesting beaches and
resting or swimming in nearshore waters suggests that operating a small drone at lower
altitudes (10-30 m) to study crocodile behaviors can cause behavioral disturbance.
Previous studies have used a variety of drones at altitudes of 100 to 300 m to study
crocodilians with no indication of disturbance to individuals [57-59]. However, these
altitudes may be insufficient for mapping or behavioral studies that require imagery in
greater detail and higher resolution, and therefore necessitate lower altitude surveys.
Collectively, video imagery from the current study suggests crocodiles can detect visual
and/or auditory disturbance from a small drone. However, studies evaluating the visual
and auditory capabilities of crocodilians, and quantifying the disturbance caused by
commonly-used drones are areas of need in conservation management research.

At Raine Island National Park (RINP), Queensland, preliminary data suggests that
other avian species are even more sensitive to drone disturbance than T. bergii [60].

Official guidance for drone use within RINP indicates that drone altitudes of 80 and 120
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m, respectively, are required to avoid disturbing brown booby (Sula leucogaster) and
common noddy (Anous stolidus) birds. These requirements suggest that drone
disturbance may be species-specific, and that different avian taxa exhibit different
behavioral disturbance threshold altitudes. Such thresholds for target species should be
determined prior to initiating drone-based biological studies. Future studies of T. bergii
should incorporate other factors, such as environmental conditions, time of day, and
reproductive status, to determine how these factors may influence behavioral reactions of
T. bergii to drones. Previous studies of crested tern flight patterns indicate that non-
breeding individuals regularly take flight while breeding individuals typically remained
grounded during the breeding season (March — July) [45, 61]. The flight trials in the
current study were conducted between June and July 2017, which falls within the known
breeding season for T. bergii in the NT [45]. Thus, despite the lack of control data
(number of individuals that take flight prior to a drone flight) for comparison in the
current study, flights when a large portion of individuals took flight could represent a
startle response due to the presence of the drone rather than normal flight movements.
However, breeding colonies in this region have been reported to number in the thousands
to hundreds of thousands, and the average colony size reported in the current study was a
few hundred individuals. It is possible that the group of T. bergii observed by drone on
the sand bank represents a relatively small portion of individuals from a nearby larger
breeding colony. A comparison of the behavioral disturbance thresholds of non-breeding
with breeding colonies could provide insights on whether reproductive status influences

behavioral responses to drones.
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An important consideration for the current study is that the results for species
observed in the water are representative of individuals located within the depth of
detection from the drone, which is directly influenced by water clarity. Therefore, it is
possible that some individuals could have been obscured by reduced water clarity at some
study sites. Additional studies and larger sample sizes are necessary to account for
individual variation in behavioral responses to drone disturbance, as well as the influence
of environmental factors such as water clarity and habitat type on results. A simple power
analysis suggests a larger sample size (>52 individual sightings) would provide the
ability to detect a medium effect of drone disturbance on the behavioral responses of a
given species as a factor of drone altitude. Future studies should also aim to obtain
behavioral control data for each species (behaviors displayed in the absence of a
potentially disturbing stimulus, such as the presence of a drone or human observer).
Collectively, future drone-based behavioral studies should incorporate these
considerations as factors in their experimental design.

We used the same drone coupled with consistent protocols to evaluate behavioral
responses of multiple species to drones throughout a range of habitats across
northwestern, tropical Australia. It is likely that different drones and flight patterns may
elicit different behavioral responses for the species evaluated. However, with drone type
and flight pattern held relatively constant, the differences in threshold altitude that elicits
disturbance behaviors are indicative of fundamental differences between the species. Of
note, these differences in behavioral responses to drones may be founded in the basic
ecology of each species and the level of response to drones may relate to the degree to

which each species associates drone disturbance with the threat of a predator [12].
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Regardless, the findings characterize important threshold altitudes above which the

behaviors of target species do not appear to change.

CONCLUSIONS

Drones are rapidly revolutionizing the observational and monitoring capabilities
of scientists working in remote habitats where survey locations are often logistically
challenging or dangerous to access. However, without first quantifying the impact of
drones on wildlife, the benefit of minimizing observer presence may be diminished. We
have demonstrated that a variety of disturbance thresholds exist for the suite of species
that may occur within a single habitat. In establishing optimal drone-use protocols,
resource managers are challenged with balancing the quality and type of data needed,
with the level of disturbance inflicted upon a variety of species. The current study
provides preliminary information to address these concerns and highlights promising

directions for future research in this advancing field.
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CHAPTER 4
COMPARISON OF BEACH TEMPERATURES IN THE NESTING RANGE OF THE
KEMP’S RIDLEY SEA TURTLE IN THE GULF OF MEXICO, MEXICO AND USA
ABSTRACT
Rising environmental temperatures associated with climate change can adversely
affect species like sea turtles whose hatchling sex determination is temperature
dependent. One hypothetical response of sea turtles to near-future elevated temperatures
is a shift in nesting distribution to maintain suitable thermal conditions. Assessing sea
turtle responses to climate warming involves evaluating: 1) how temperatures in a habitat
will be altered, 2) a species’ capacity to respond to these changes, and 3) whether the
response could ultimately mitigate the impacts of a warming environment. Our study
evaluated sand temperatures across primary nesting habitat of the critically endangered
Kemp’s ridley sea turtle, Lepidochelys kempii, in the western Gulf of Mexico. Most
nesting occurs on a 30-km stretch of beach in Tamaulipas, Mexico, but was historically
more widely distributed. Applying conservative climate projections, we assessed whether
a hypothetical shift in the epicenter of nesting to the northern extent of the present
distribution would maintain incubation temperatures suitable to produce a viable ratio of
hatchlings of both sexes. Coupling our temperature measurements with known impacts of
temperature on the reproductive physiology of the Kemp’s ridley, we predict that the

northernmost beaches will support the production of mixed sex ratios in the short-term.
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However, given the rapid rate of warming and long generation time for the Kemp’s
ridley, a northward shift in nesting distribution is unlikely to ultimately mitigate the
effects of elevated temperatures on hatchling sex ratios and mortality. Given its single,
primary nesting location, the Kemp’s ridley provides insights on developing strategies for

the survival of thermally-sensitive species in a warming world.

INTRODUCTION

Large-scale changes in climatic patterns influence an array of taxa across diverse
habitats and are driving observed changes in species phenology, behavior, and
distribution (Walther et al. 2002). Ectothermic species are particularly vulnerable to the
impacts of climate change and understanding historic and current responses of thermally-
sensitive species to environmental changes is key for anticipating how such species will
respond in the near-future (within the next 100 years), predicting extinction risk, and
ensuring that effective conservation management strategies are applied (Walther et al.
2002, Parmesan 2006, Williams et al. 2008, Telemeco et al. 2013, Keith et al. 2014).
Responses to climate change, however, often differ across taxa, confounding projections
of population trends and emphasizing the need for studies evaluating species-specific
responses at regional scales (Parmesan 2006, Weishampel et al. 2010, Pike 2014).
Contemporary climate change is anticipated to directly and indirectly affect various life
history stages of thermally-sensitive species. Sea turtles are especially vulnerable through
loss of nesting habitat due to rising sea levels and intensified beach erosion, skewed sex
ratios due to temperature-dependent sex determination (TSD), altered nesting phenology,

and increases in nest and hatchling mortality (Poloczanska et al. 1973, Hawkes et al.
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2007b, 2009, Fuentes & Hawkes 2011, Laloe et al. 2016). The ability to avoid stressful
thermal conditions in sea turtles is most restricted in ontogenetic stages where movement
is limited such as during embryonic development (Godley et al. 2001, Hawkes et al.
2007a, 2007b, Telemeco et al. 2009, 2013). Elevated incubation temperatures at nesting
beaches can impair embryonic development at a constant incubation temperature above
33-35°C (Ackerman 1997), and in studies when temperatures fluctuate above 35°C,
hatching success is reduced in some species (Howard et al. 2014). While exposure to
brief periods of temperatures above 35°C during incubation may not reduce hatching
success, the impacts of prolonged periods of incubation spent above 35°C are not well
understood and may reduce hatching success (Howard et al. 2014). However, these
specific findings are not based on an investigation of thermal limits for all sea turtle
species and interspecific differences in thermal tolerances are likely to exist (Howard et
al. 2014). In fact, relatively high hatching success (above 77%) has been reported for
Kemp’s ridley, Lepidochelys kempii, nests with incubation temperatures exceeding 35°C,
particularly during the last third of the incubation period when metabolic heat rises,
although incubation temperatures reaching 38.0-40.2°C have been associated with higher
rates of embryonic mortality (Shaver & Caillouet 2015, Shaver & Chaney 1989, Shaver
et al. 1988). The Kemp’s ridley may have a higher lethal temperature threshold due to a
shallow average nest depth, greater daily nest temperature fluctuation, and higher pivotal
temperature compared to other sea turtle species (Howard et al. 2014, Caillouet et al.
2015b, Shaver et al. 1988, Shaver & Chaney 1989). Thus, the relationship between

hatching success and duration of time during incubation spent above 35°C may not apply
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to Kemp’s ridleys considering the thermal tolerance of this species has yet to be
evaluated.

Sea turtles have experienced large-scale environmental changes in the past and
have responded with shifts in phenology, and changes in behavior and population
dynamics to maintain favorable thermal conditions in habitats that span their life history
(Weishampel et al. 2004, Hawkes et al. 2007b, Mazaris et al. 2008, Pike 2009). However,
given the rapidity of anthropogenic climate warming, whether sea turtles can adapt to
abrupt large-scale ecosystem changes remains unknown (Poloczanska et al. 1973,
Walther et al. 2002, Parmesan 2006, Fuentes & Hawkes 2011). As nest incubation
temperatures continue to rise they may soon approach conditions that ultimately become
unsuitable for successful hatchling production. If sea turtles lack the physiological or
behavioral plasticity to rapidly respond, wildlife resource managers will be faced with
identifying alternative strategies including active nest management (e.g. egg hatcheries,
shading nests, watering nests) and artificially shifting nest distributions to mitigate the
impacts of climate warming. To evaluate the plasticity of different species of sea turtles
to respond to climate warming, studies are especially needed in species with restricted
distributions, such as Kemp’s ridley, to better understand whether suitable nesting habitat
will remain available under predicted near-future climate change.

The Kemp’s ridley sea turtle is distributed throughout the Gulf of Mexico and
along the Atlantic coast of the United States (Pritchard and Marquez 1973, Marquez
1994). The species occurs in the coastal zone within approximately 20 km from the coast,
and at depths less than approximately 50 m (Chavez et al. 1968, Marquez 1994, Shaver et

al. 2016). Between 1990 and 2009, the Kemp’s ridley exhibited an exponential increase
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as it rebounded from near-extinction due to factors including human harvesting in the
mid 1980’s (Heppell et al. 2007, Gallaway et al. 2013, Caillouet 2014). In 2010, a drastic
decline and unexpected deviation from that recovery trajectory occurred and following
2010, the annual number of nests has fluctuated around 20,000 nests each nesting season
(Gallaway et al. 2013, 2015). The basis for this perturbation remains unclear (Caillouet
2011, 2014, Gallaway et al. 2013, Caillouet et al. 2015a). Approximately 96% of Kemp’s
ridley nesting occurs along a 196 km stretch of beach in Tamaulipas, Mexico, and about
60% of this nesting is concentrated at a single, roughly 30 km stretch of remote beach at
Rancho Nuevo, Tamaulipas, Mexico. Historic documentation suggests that the
geographic range of nesting in this species was once widely distributed throughout the
western Gulf of Mexico, prior to its near extinction in the mid 1980°s (Marquez 1994,
Shaver et al. 2016, TEWG 2000).

As air temperatures at current nesting beaches increase and nesting habitat is lost
due to climate change induced sea level rise and coastal erosion, one hypothesized
response of the Kemp’s ridley could be a range shift to exploit new, thermally suitable
nesting habitats, although a variety of factors may confound this option (Hawkes et al.
2009). The ability of sea turtles to adapt to changing environmental conditions may
depend on taxon specific variables, with species demonstrating lower site fidelity and
greater behavioral flexibility potentially reducing their extinction risk under conditions of
habitat loss (Pike & Stiner 2007, Kamel & Mrosovsky 2005, Mrosovsky 2006). Unique
among sea turtles, the Kemp’s ridley exhibits comparatively high fidelity to a single
region of beach in the western Gulf of Mexico (Pritchard and Marquez 1973, Marquez

1994, Burchfield 2014). This limited geographic distribution increases the vulnerability
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of this federally endangered species and reduces its options for adapting to the impacts of
rapid anthropogenic climate change.

A key concern regarding rapid climate warming and sea turtles is that warming
directly influences embryonic development through the process of temperature-dependent
sex determination (TSD), characterized by the sex of the embryo being determined by the
incubation temperature of the nest during the middle third of the incubation period
(Mrosovsky 1980, 1994, Wibbels 2003). Although many aspects of the sea turtle life
history are thermally-sensitive (e.g. timing of reproductive activities, foraging abilities,
metabolism), TSD can significantly influence reproductive output, reproductive success,
and ultimately, the recovery of a thermally-sensitive endangered species (Coyne 2000,
Wibbels 2007). Among sea turtles, cooler nest temperatures produce more males, while
warmer temperatures result in more females (Mrosovsky 1980). The range over which
100% male hatchling production shifts to 100% female is termed the transitional range of
temperatures (TRT), with the temperature resulting in a 1:1 M:F sex ratio known as the
pivotal temperature (Yntema & Mrosovsky 1979). For the Kemp’s ridley, specifically,
the TRT ranges from approximately 29.0 to 32.5°C, with a 1:1 M:F sex ratio estimated to
occur when the temperature during the middle third of the incubation period is
approximately 29.9-30.2°C (Shaver et al. 1988, Mrosovsky & Pieau 1991, Mrosovsky
1994, Godfrey & Mrosovsky 1999, LeBlanc et al. 2012). The TRT for sea turtles in
general is rather narrow (1-3°C) suggesting that relatively minor changes in global air
temperatures could significantly alter hatchling sex ratios. Climate models generated by
the Intergovernmental Panel on Climate Change (IPCC) project an increase in global

temperature of 0.3 to 4.8°C by the year 2100 (Pachauri et al. 2014). Rising global
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temperatures could lead to extreme female bias and male-limited populations (Wibbels
2003, Fuentes et al. 2010, Fuentes & Hawkes 2011, McNeill et al. 2016, Laloé et al.
2016, Marcovaldi et al. 2016).

Near-future anthropogenic climate change has implications for a variety of taxa
across diverse habitats and can alter the dynamics of entire ecosystems (Walther et al.
2002). In the process, the ability of thermally-sensitive species such as sea turtles to
demonstrate plasticity and ultimately adapt to rapid environmental changes through
behavioral and/or physiological responses remains uncertain. Thus, it is necessary to
identify potential strategies to mitigate the impacts of climate change and best avoid the
extinction of already endangered species. As highly migratory species, a possible
response of sea turtles to a warming environment is a shift in nesting range and
distribution. Studies are needed that evaluate the availability of alternative beaches that
could provide temperature-suitable nesting habitat for sea turtles to protect and manage
those future critical habitats.

The present study compares beach thermal profiles across most of the expanded
historic nesting range of the critically endangered Kemp’s ridley sea turtle to evaluate the
availability of thermally-suitable nesting habitat for this species under predicted near-
future environmental conditions. Although relatively minimal Kemp’s ridley nesting
occurs on beaches to the south of those included in the present study at Veracruz,
Mexico, beach temperatures from Veracruz were not included in the current analysis. The
single, primary nesting location in the western Gulf of Mexico, makes the Kemp’s ridley
a model species to evaluate the implications of near-future anthropogenic climate change

on the life history and survival of an entire, thermally-sensitive, endangered species.
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MATERIALS AND METHODS
Field Protocols

A total of 130-140 data loggers (Onset HOBO Pendant®) were buried at a depth
of 35 cm each year (2014-2017) on sandy beaches every 300 m at La Pesca (LP),
Tepehuajes (TEP), Rancho Nuevo (RN), Barra Del Tordo (BT), Altamira (A), and
Miramar (MIR) beaches in Tamaulipas, Mexico. Data loggers were buried at a depth of
35 cm each year (2014-2016) every 800 m at Padre Island National Seashore (PAIS) and
South Padre Island (SPI), Texas, (Figure 1). The depth of the loggers chosen coincides
with the mean nest depth of the Kemp ridley (Pritchard and Marquez 1973). Data loggers
had an accuracy of £0.3°C and each was calibrated prior to the beginning of a given
nesting season in the laboratory at the University of Alabama at Birmingham (UAB) for
deployment in Mexico or in the laboratory at PAIS for deployment in Texas. The timing
of when a given data logger was buried in the sand varied by the beach and year of the
study, but on average data loggers were placed prior to the beginning of the annual
nesting season for Kemp’s ridley (between March and April). Data loggers were removed
at the end of the season after all nests had emerged (August—-September). Two data
loggers each were buried along transects perpendicular to the beach. The positioning of
the two data loggers on each transect were such that one was buried between the base of
the dune and the seaward facing slope of the primary dune (the region where most
nesting occurred, position 3), and the other buried on the seaward beach in front of the
dune (position 2) (Marquez 1994). Only data loggers located in the zone where most
nesting occurred, position 3, were used for analysis. For comparative purposes, only data

from 11 April to 20 August in each of the years, 2014 — 2017 were analyzed, a time



119

period that was selected so as to encompass the primary peak nesting season for the

Kemp’s ridley (Pritchard & Marquez 1973).

‘North Padre Island, TX
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Figure 1. Study sites across Kemp’s ridley primary nesting habitat in the State of
Tamaulipas, Mexico, as well as Padre Island, Texas. Locations represent beaches on
which data loggers were buried to a depth of 35 cm to record sand temperatures
throughout the Kemp ridley nesting season for all locations in Mexico and Texas from
2014 — 2016, and for only locations in Mexico used in the present study for the 2017
nesting season.

Data Analysis
Data loggers were set to record ambient sand temperature every hour throughout
the duration of the 5-month nesting and hatching season. Following data logger recovery
and transportation to UAB or PAIS the data were downloaded to a computer. Hourly

sand temperatures for each data logger were averaged to generate a daily average (xSD)
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temperature. After testing the data for normality and identifying and removing
statistically significant outliers from the data set, daily sand temperatures from all data
loggers were analyzed using a repeated measures random effects model with “data
logger” as a random effect in the nlme package in R (Pinheiro et al. 2009). A post-HOC
Tukey HSD comparison test was used to compare daily and seasonal mean temperatures

among the different beaches and group the beaches according to similarity for each year.

RESULTS

Data analysis indicates that Kemp ridley mean nesting beach temperatures during
the period of the nesting season used in this study (11 April — 20 August) were
significantly different from each other in each of the three years where beaches in
Tamaulipas, Mexico and Padre Island, Texas, USA were examined (2014, 2015, 2016)
(ANOVA: 2014 — df = 7, F = 42.95, p<0.0001; 2015 — df = 8, F = 131.82, p < 0.0001;
2016 —df =7, F = 107.67, p < 0.0001). In the 2017 nesting season only temperatures at
beaches in Mexico were examined and results indicated that mean nesting beach
temperatures for the nesting season were significantly different from each other

(ANOVA, df = 5, F = 10.5, p < 0.0001) (Figure 1).
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Figure 2. Average daily sand temperatures (xSD) recorded at study locations throughout
the Kemp’s ridley nesting range in Tamaulipas, Mexico, and Padre Island, Texas during
a) 2014, b) 2015, ¢) 2016. Mean daily beach temperatures recorded only at study
locations in Mexico during the 2017 nesting season are represented in graph d. The
dashed line represents the pivotal temperature that results in an approximate 1F:1M
hatchling sex ratio in Lepidochelys kempii.

Comparing the mean nesting beach temperatures recorded during the nesting
season from 2014-2016 at study sites in Texas, USA, and Mexico, the largest difference
between the highest and lowest mean beach temperature was recorded during the 2015
nesting season at 2.16°C (Table 1). Comparing mean beach temperatures recorded at
study sites only in Mexico, the greatest difference between the maximum and minimum
mean beach temperature was 1.67°C during the 2015 nesting season. The highest mean
beach temperature for a nesting season observed during this study was 31.55+1.98°C

recorded at MIR beach in 2016 (Table 1).

Table 1. Minimum and maximum nesting season mean beach temperatures recorded at
study sites across the Kemp’s ridley, Lepidochelys kempii, nesting range in 2014—2016
when beach locations in the State of Tamaulipas, Mexico, and Padre Island, Texas, USA,
were examined. Minimum and maximum mean nesting beach temperatures in the 2017
nesting season are given for only beach locations in Mexico that were examined.
Northern Padre Island National Seashore (NPAIS), Rancho Nuevo (RN), Miramar
(MIR), La Pesca (LP), and Barra Del Tordo (BT).

Year Min Temp (Location) (°C) Max Temp (Location) Difference
) 49
2014 27.36+3.88°C (NPAIS) 29.2942.92°C (RN) 1.93°C
2015 | 29.30+2.65°C (NPAIS) 31.46+1.57°C (MIR) 2.16°C
2016 29.83+£2.44°C (NPAIS) 31.55£1.98°C (MIR) 1.72°C
2017 | 30.1918+1.85°C (LP) 31.4957+2.14°C (BT) 1.3°C
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Post-hoc Tukey HSD comparisons of mean beach temperatures at study locations
in Texas and Mexico during the 2014—2016 nesting seasons and at study locations only in
Mexico during the 2017 nesting season grouped mean beach temperatures into 2—4

temperature subsets depending on the year (Table 2).

Table 2. Tukey HSD comparisons of mean beach temperatures (£SD) recorded from 11-
April to 20-Aug from 20142016 at study sites throughout the Kemp’s ridley,
Lepidochelys kempii, nesting range in Tamaulipas, Mexico and Padre Island, Texas,
USA. Tukey HSD analysis of mean beach temperatures during the 2017 nesting season
represent temperatures recorded only at study sites in Mexico. Northern Padre Island
National Seashore (NPAIS), southern Padre Island National Seashore (SPAIS), South
Padre Island (SPI), La Pesca (LP), Barra Del Tordo (BT), Tepehuajes (TEP), Altamira
(A), and Rancho Nuevo (RN).

Year Beach  Cool Mid-Temp Mid-Temp Warm

NPAIS 27.36 (£3.88)
SPI 27.64 (£3.43)
SPAIS 28.11 (¥3.53) 28.11 (£3.53)

2014 LP 28.37 (¥2.83)  28.37 (£2.83) 28.37 (£2.83)
BT 28.99 (+£2.96) 28.99 (£2.96)
TEP 29.02 (x2.82) 29.02 (£2.82)
A 29.13 (£2.69) 29.13 (£2.69)
RN 29.28 (£2.92)
NPAIS 29.29 (+2.65)
SPI 29.39 (£2.52)
SPAIS  29.50 (£2.52)
LP 29.79 (£1.83)

2015 BT 29.96 (+1.82)
RN 30.00 (+1.76)

A 30.83 (+1.67)
TEP 31.30 (+2.04)
MIR 31.46 (+1.57)

NPAIS 29.83 (+2.44)
LP 29.96 (+2.12)  29.96 (+2.12)

2016



BT 30.04 (£2.16)  30.04 (+2.16)
RN 30.14 (£1.96)  30.14 (+1.96)
SPAIS  30.42 (+2.44)  30.42 (+2.44)
TEP 30.65 (+1.79)
A

MIR

LP 30.19 (+1.85)

RN 30.37 (+2.00)

o017 TEP 30.72 (1.79)
A 30.87 (+1.68)
MIR
BT
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30.42 (+2.44)

30.65 (+1.79)

30.99 (+1.77) 30.99 (+1.77)
31.55 (+1.98)

31.48 (+1.67)
3150 (+2.14)

Collectively, the results from the current study indicate that mean nesting beach

temperatures throughout Mexico and Texas were statistically different from each other

throughout the 2014-2016 nesting seasons. Similarly, mean nesting beach temperatures

at study sites in Mexico were statistically different from each other in the 2017 nesting

season. In all four years (2014-2017) of the present study MIR beach in Mexico was

consistently grouped among the nesting beaches with the highest mean beach

temperatures, while LP beach in Mexico and NPAIS in Texas, USA, were consistently

grouped among the lowest temperature nesting beaches in each year.

DISCUSSION

Our findings suggest that northern beaches in Texas and Mexico, such as LP, SPI,

and PAIS, could provide cooler natural incubation temperatures under a predicted near

future climate warming scenario than beaches to the south, where the majority of Kemp’s
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ridley nesting currently occurs. These northern beaches could therefore provide
alternative, suitable thermal nesting habitat for Kemp ridley sea turtles and should receive
priority when considering their conservation. Mean nesting beach temperatures observed
for the 11 April — 20 August period during each nesting season at the northern end of
PAIS and LP fell below the temperature producing a 1:1 M:F sex ratio, approximately
30°C, Wibbels (2003)) during some nesting seasons, though temperatures within nests
would be higher due to metabolic heating. It is important to note that the results in the
present study document the mean sand temperatures at 35 cm depth for these beaches
during the 11April — 20 August period. Nests laid in the early portion of this period will
experience incubation temperatures cooler than the mean, while nests laid later in the
warmer portion of this period will experience middle third temperatures that are higher
than the mean for that beach generated in our analyses. Though RN and BT had mean
beach temperatures that reached this cooler range during some years as well, applying a
conservative climate warming scenario of an increase in beach temperatures of 1-2°C by
the year 2100 (Pachauri et al. 2014), beach temperatures could increase to at least an
estimated mean of 30°C at PAIS. Under this scenario, temperatures on cooler beaches
(LP, SPI, and PAIS) could still favor the production of mixed hatchling sex ratios, with at

least some production of male hatchlings for the species.

The present study indicates that a relatively narrow range of nesting beach
temperatures occur over the nesting season throughout the nesting range of the Kemp’s
ridley sea turtle, yet critical biological events, such as the determination of hatchling sex
occur within this narrow thermal window (Wibbels 2003). This narrow biological range

could be disadvantageous to the ultimate survival of the Kemp’s ridley and other sea
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turtle species considering that conservative IPCC climate models project increases in
environmental temperatures of approximately 1°C (Pachauri et al. 2014). Though
increases in surface temperatures will not cause equivalent and simultaneous increases in
sand incubation temperatures, due to protection that incubation depth provides, even
small increases in incubation temperatures can skew hatchling sex ratios and potentially
lead to a severely male-limited population (Janzen 1994, Hawkes et al. 2007b). Minor
increases in environmental temperatures (~1°C) can also alter the timing of migration and
foraging activities in adults, and adversely impact the timing and success of Kemp’s
ridley hatchlings (Weishampel et al. 2004, Weishampel et al. 2010, Fuentes & Hawkes
2011). Further, these changes could disrupt the timing of linkages between the
movements of temperature-sensitive species and the availability of critical resources such
as prey (Walther et al. 2002, Parmesan 2006, Schwanz & Janzen 2008). Developing
effective management strategies to ensure the survival and continued recovery of an
endangered species in light of anthropogenic climate change necessitates a better
understanding of how that species will respond to these changes. The present study
demonstrates that the Kemp’s ridley provides a rare opportunity to investigate the
impacts of rapid thermal shifts on the biology and ecology of the species due to a
uniquely limited geographic nesting range and a temperature-sensitive reproductive
physiology. Our study also emphasizes that for some species opportunities to adapt to

long-term anthropogenic environmental changes may be limited.

One anticipated response of sea turtles to rapid climate change is a shift in their
geographic distribution to maintain a suitable thermal habitat (Walther et al. 2002). We

observed several distinct trends in nesting beach temperatures at primary nesting beaches
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for the Kemp’s ridley near RN, Mexico and beaches that currently experience relatively
minor nesting levels. Beaches in Mexico and Texas with fewer annual nests represent
some areas for potential range expansion for this species. Altamira and MIR beaches are
located closest to the equator among the beaches thermally monitored in this study
(latitude 22.494056° and 22.344267°, respectively). As such, A and MIR beaches are
among the warmest locations we examined given the strong inverse correlation between
latitude and rising environmental temperatures (Rind 1998, Hays et al. 2001). At the
northernmost extent of the beaches thermally monitored in this study, mean nesting beach
temperatures at LP (monitored from 2014 — 2017) and PAIS (monitored from 2014 —
2016) provide additional support for this pattern and were consistently the lowest of the
beaches monitored in the current study. However, certain beaches thermally monitored in
our study were inconsistent with a strict latitudinal gradient in sand temperatures. There
was no consistent latitudinal pattern in temperature for the beaches at RN, TEP, and BT
with respect to the other beaches in Mexico. These exceptions suggest that the patterns of
seasonal nesting temperatures recorded on these beaches are more influenced by local
factors such as weather (Nagy et al. 2016), topographical features (e.g. beach width, sand
albedo, Hays et al. (1995), Hays et al. (2003)), coastal ocean currents (Hawkes et al.
2009), or vegetation type and coverage, Morreale et al. (1982), than by latitude. It is also
possible that the geographic distances separating the beaches of TEP, RN, and BT are not
sufficient to allow detection of large-scale trends in beach temperature driven by latitude.
The maximum distance separating TEP and BT is only 50 km. In contrast, the beaches of
LP and MIR, separated by a distance nearly three times greater than TEP and BT, exhibit

mean beach temperatures consistent with a latitudinal gradient.
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Despite the potential of northern beaches to offer respite under a near-future
climate change scenario and support the production of at least some proportion of male
hatchlings for each nesting season, the lengthy age to maturity (approximately 11 years,
Caillouet et al. 2011) and fidelity of this species to southern beaches in its nesting range
diminishes the likelihood that a natural shift in nesting distribution will occur rapidly
enough to compensate for the impacts of anthropogenic climate change (Poloczanska et
al. 2009). A significant geographic shift in the concentration of nesting (only
approximately 10% of annual nesting currently occurs on northern beaches in Texas and
Mexico, Pefia pers. comm.) would need to occur to naturally compensate for increasing
nesting beach temperatures in the western Gulf of Mexico. Further, beaches in Texas are
farther removed from the current epicenter of nesting in this species. As such, an even
greater shift in primary nesting beaches would be necessary for this species to
significantly buffer the negative reproductive consequences of anthropogenic climate

warming and such a dramatic population level relocation seems unlikely.

Though unlikely, a shift in the current nesting distribution for the Kemps ridley
could mitigate or avoid potentially lethal temperatures for hatchling sea turtles on nesting
beaches. Although northern beaches in the Kemp’s ridley’s current nesting range could
provide short-term respite from the impacts of climate warming, most nesting
(approximately 90% of total annual nests) for this species currently occurs on warmer
beaches further south in Mexico, resulting in an overall female-biased hatchling sex ratio
(approximately 3.4F:1M) that has occurred since the initiation of Mexico-U.S. bi-national
conservation efforts in 1978 (Marquez, 1994; Geis et al 2002; Eich 2009; Bevan 2013). It

is possible that under recent and current climatic conditions, a female-biased hatchling
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sex ratio has facilitated the growth and recovery of the Kemp’s ridley sea turtle.
Population growth trajectory models indicate that a hatchling sex ratio of approximately
3F:1M is optimal for population recovery in sea turtles (Coyne 2000). Yet, under a
conservative near-future climate warming scenario, beach temperatures in Mexico
throughout the southern portion of the Kemp’s ridley’s nesting range may reach
temperatures that could be detrimental to hatching success, yield extreme female bias, or
even result in nearly all female hatchlings. Although the increase in female hatchlings
could initially result in greater reproductive output and population growth, decreasing
numbers of male turtles would eventually lead to an increase in infertility throughout the
population (Jensen et al. 2018). Elevated incubation temperatures could also result in
increased pre- and post-hatch mortality, as has been suggested in some species of sea
turtle (Fuentes & Porter 2013). As an example, mean sand temperatures at 35-cm depth
could increase to a high of approximately 34°C at MIR beach in Mexico, and this
temperature does not account for the additional increase in incubation temperatures due
to metabolic heating. These sand temperatures would approach the reported upper
thermal limit for embryonic development in some species, such as green and loggerhead
sea turtles (above approximately 33-35°C, reviewed by Howard et al. (2014)) without
accounting for metabolic heating that would further elevate temperatures within nests.
This scenario could result in reduced hatching success in nests (Ackerman 1997, Howard
et al. 2014), though the impacts of such higher temperatures on Kemp’s ridley nests have
not been evaluated (Howard et al. 2014). Additionally, it is important to note that the
mean nesting beach temperatures reported in the current study represent a range of

temperatures observed at each study location over a period that encompasses nearly the
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entire nesting and hatching season for each year. Thus, individual nest incubation periods
would occur over only a portion of the entire nesting and hatching period used in our
study. The temperatures experienced by eggs within nests with temperature-sensitive
periods of incubation that occur during the warmest portion of the nesting season could
experience prolonged exposure to the highest end of each temperature range (e.g. nests
could currently experience mean temperatures as high as approximately 36°C at MIR
beach), a situation that could be further exacerbated by metabolic heating leading into the
later third of incubation (Howard et al. 2014). With the additional metabolic heating, high
late-season sand temperatures could cause increased rates of pre- and post-hatch
mortality, yet the Kemp’s ridley may be more tolerant to the higher sand incubation
temperatures projected throughout most of its nesting range due to climate change, which
could help to mitigate the consequences of a warming environment. Regardless, though
many factors influence nesting beach temperatures, as incubation temperatures continue
to warm, nesting seasons that are cool enough to produce mixed sex ratios are likely to
become scarce and we can expect the yearly sex ratios generated at relatively cooler
northern beaches, such as LP and PAIS to become more female-biased under

conservative climate projections for the near future.

The IPCC has also generated climate models projecting greater increases in global
mean surface temperature of 2.6 to 4.8°C by the year 2100 (Pachauri et al. 2014), though
thermal energy attenuates with depth during transmission from air to sand which can
dampen extreme fluctuations in air temperatures (Hays et al. 2002). Thus, an extreme
increase in surface/air temperature of 4.8°C would not directly and immediately translate

to an increase in sand temperature at nest depth of the same magnitude. Yet, to provide
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insight on the impacts of an extreme increase in sand incubation temperatures, we
evaluated the results from the present study in the context of a hypothetical increase in
sand temperatures of approximately 4°C. An end-of-century increase in sand
temperatures of up to 4°C due to anthropogenic climate warming could increase mean
nesting beach temperatures on north PAIS to an estimated 31°C, which would favor the
overall production of nearly all female hatchlings given current physiological constraints.
It is possible that despite statistically different mean sand temperatures between Mexico
and Texas beaches, these differences are not great enough under an extreme warming
scenario to ultimately compensate for the impacts of rising sand and environmental
temperatures associated with a warming climate and could render the northern beaches in
our study area such as PAIS and LP beach no longer capable of supporting of the critical

production of at least some male hatchlings for the Kemp’s ridley.

Conservation strategies to address rapid anthropogenic environmental
warming throughout the nesting range for the Kemp’s ridley include identifying and
protecting future critical nesting habitat, as well as human intervention to manipulate nest
incubation conditions (Jourdan & Fuentes 2015). Possible strategies involving human
intervention range from relocating nests from suboptimal beaches to hatcheries or
artificial incubators such as polystyrene boxes, shading, sprinkling with water or using
shade from native vegetation to cool the sand incubation temperatures of in situ nests
(Kamel & Mrosovsky 2006, Fuentes et al. 2012). Although these procedures (shading
and watering) have been used successfully for decades to protect Kemp’s ridley eggs and
to form a secondary nesting colony (Shaver & Caillouet 2015), the effectiveness of these

approaches on mitigating the impacts of increasing sand temperatures on sea turtle nest
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incubation conditions has not been adequately quantified (Jourdan & Fuentes 2015).
Sprinkling water on sand at night has been shown to decrease sand temperature by
approximately 1-3°C for sand representative of the beaches near Townsville, Australia,
but the effectiveness of this strategy likely depends on the specific beach environment

(Jourdan & Fuentes 2015).

Nest management strategies currently used in Tamaulipas, Mexico involve
relocating most Kemp’s ridley nests to nearby hatcheries throughout the nesting season
and moderating nest incubation conditions by using mesh shading across the top of the
hatchery and sprinkling the sand with water (Pefia, pers. comm.). To protect nests from
predator or anthropogenic disturbance Kemp’s ridley nests laid at PAIS are relocated to
either egg hatcheries or facilities that allow optimal incubation conditions to be closely
monitored and maintained (LeBlanc et al. 2012). Since maintaining optimal hatchling sex
ratios and high hatching success at primary nesting beaches in Mexico and Texas also
currently necessitates the use of these protocols, it is possible that the efficacy of these
methods alone may be diminished given the higher sand temperatures anticipated by the

end of the century.

Considering alternative future strategies, annually relocating more than
approximately 24,000 Kemp’s ridley nests (24,591 total registered Kemp’s ridley nests in
the 2017 season, Pefia pers. comm.) from warmer beaches in the nesting range to
relatively cooler beaches may not be financially or logistically feasible or sustainable
through the end of the century (Fuentes & Hawkes 2011). However, it is possible that a
subset of nests could be relocated from beaches in Mexico to artificial incubation

facilities or reburied on thermally-suitable beaches at the northern extent of the Kemp’s
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ridley nesting range. Artificial incubation facilities, such as those currently used at PAIS,
can reliably result in hatching success rates that are comparable to and higher than those
for in situ nests (Shaver & Wibbels 2003; Shaver & Caillouet 2015) when movement-
induced mortality is not a factor (Eckert & Eckert, 1990). This approach would ensure the
survival of at least a portion of the total annual nests for the species and the continued
production of a portion of male hatchlings for the species under a near-future climate

change scenario.

Relocating Kemp’s ridley nests from beaches in Mexico to incubation facilities in
Texas is a method that has been previously used from 1978 — 1988 as part of the Kemp’s
Ridley Restoration and Enhancement Program (KRREP) (Shaver & Caillouet 2015). One
of the goals of the KRREP was to reintroduce the species to form a secondary Kemp’s
ridley nesting colony on PAIS (Caillouet et al. 2015b, Shaver & Caillouet 2015). Relying
on the natal homing instinct of all sea turtles, it was anticipated that the turtles would
eventually return to PAIS beaches to nest once reaching sexual maturity (Shaver &
Wibbels 2007). The KRREP enhanced the numbers of turtles nesting in Texas, but those
from the translocated eggs are only a small portion of the secondary nesting colony that is
expanding at PAIS, where 219 nests were recorded during 2017, which nears the number
found at some of the smaller Kemp’s ridley nesting beaches in Mexico (Shaver &
Caillouet Jr. 2015). However, relocating a portion of Kemp’s ridley nests from primary
beaches in Mexico to artificial incubation facilities or alternative nesting beaches in
Texas represents a reliable protocol that, if necessary, could be integrated into the larger

context of mitigating the impacts of a warming nesting range for this species.
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In summary, the range of collective temperatures experienced at beaches
throughout the nesting distribution for the Kemp’s ridley sea turtle are significantly
different from each other, with some beaches at the northernmost extent of this range
providing incubation temperatures that could proximally mitigate increasing
environmental temperatures due to end-of-century climate warming. However, these
beaches are unlikely to ultimately provide long-term temperature-suitable nesting sites
for the Kemp’s ridley given the behavioral, physiological, and evolutionary thermal
constraints of the species. Additionally, the differences in mean beach temperatures
across the nesting range may not be sufficient to support a healthy mixed hatchling sex
ratio for the Kemp’s ridley under extreme climate change scenarios. Considering nearly
the entire species nests in a relatively limited geographic range, the Kemp’s ridley
represents a species with limited options for adapting to climate change. As such, the
Kemp’s ridley is a sentinel species by which to evaluate the impacts of near-future,
anthropogenic climate change on the survival of a thermally-sensitive species of sea turtle

in the western Gulf of Mexico.
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CHAPTER 5
PREDICTED HATCHLING SEX RATIOS OF THE KEMP’S RIDLEY SEA TURTLE
AT RANCHO NUEVO, MEXICO: IMPACTS OF A WARMING NESTING HABITAT

ABSTRACT

Average global surface temperatures are projected to rise between 0.3 and 4.8°C

by the end of the century, and ectothermic species worldwide are particularly vulnerable
to such rapid and large-scale changes. In sea turtles, incubation temperature determines
the sex of hatchlings, with more females produced at warmer temperatures and more
males produced at cooler temperatures. As a result of this temperature-sensitive
characteristic, numerous studies have highlighted the consequences of potential
feminizing trends and increases in incubation temperatures for sea turtle populations. In
particular, the Kemp’s ridley (Lepidochelys kempii) faces unique challenges, namely the
species’ single, primary nesting beach (Rancho Nuevo, Gulf of Mexico) that could limit
its capacity to respond to rising environmental temperatures. This characteristic renders
the species a model for investigating the impacts of rapid anthropogenic climate change
on a thermally-sensitive species in the Gulf of Mexico. The present study evaluates long-
term trends in egg hatchery, nesting beach sand temperatures, and nesting chronology
then uses this information to make predictions about hatchling sex ratios for the Kemp’s
ridley at Rancho Nuevo. Although we did not detect a significant increase in mean sand

temperatures or hatchling sex ratios over an 18-year period, we did detect a significant
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shift in the mean date of nesting over a 36-year period. These findings provide insights
for the conservation and management of the Kemp’s ridley and should be considered
when developing strategies to ensure its survival and successful recovery in the face of

major environmental changes.

INTRODUCTION

As the world’s most endangered marine turtle, the Kemp’s ridley (Lepidochelys
kempii) is unique among sea turtles in that it has a single primary nesting beach located at
Rancho Nuevo, Tamaulipas, Mexico (Pritchard and Marquez 1973). Approximately 66%
of the nesting for the species occurs in this restricted 30 km stretch of beach and nearly
all (~97%) nesting occurs within the region of Tamaulipas, Mexico (Pritchard and
Marquez 1973, Marquez 1994, Pefia pers. comm). Due to the imminent extinction of this
species, the United States joined Mexico in a binational collaborative effort to save the
species in 1978 and initiated the Binational Kemp’s Ridley Recovery Program (KRRP)
(Woody 1989). The program expanded and enhanced efforts to transport all the Kemp’s
ridley nests to the protection of a single egg hatchery at Rancho Nuevo. This hatchery has
consistently been used in the same location each nesting season and has remained the

primary repository for up to 10,000 — 12,000 nests each year (Burchfield 2014).

Beginning in 1998, an integral component of the Kemp’s ridley conservation
efforts involved recording sand incubation temperatures in the main egg corral as a proxy
for monitoring the hatchling sex ratios produced each nesting season (Wibbels 2007,
Burchfield 2014). Sea turtles exhibit temperature-dependent sex determination (TSD),

where the temperature in the nest during the approximate middle third of incubation
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determines the sex of embryos (Mrosovsky 1994; Wibbels 2003, 2007). For the Kemp’s
ridley, temperatures above approximately 32.5°C produce 100% females and
temperatures below 28.0°C produce 100% males, while temperatures between these two
values result in mixed sex ratios (LeBlanc et al. 2012; Wibbels 2003). The temperature
when a 1:1 hatchling sex ratio of males to females is produced (termed the “pivotal”
temperature) is approximately 30.0°C for the Kemp’s ridley (LeBlanc et al. 2012). A
previous study based on Kemp’s ridley nesting trends modeled the effect of hatchling sex
ratios on population recovery and indicated a hatchling sex ratio of approximately 3
females to 1 male is optimal for promoting a faster population recovery (Coyne and
Landry 2007). Thus, the sand temperatures in the main egg corral at the Kemp’s ridley’s
primary nesting beach have been maintained to promote optimal hatchling sex ratios for
the recovery of the species due to TSD. Sand incubation temperatures provide a non-
invasive proxy for predicting hatchling sex ratios (Merchant-Larios et al. 1997). Though
other methods of determining the sex of sea turtles are used (laparoscopy, necropsy of
stranded turtles, testosterone assays), sand temperatures and histological analysis of
gonadal tissue from deceased hatchlings that remain in the nest after emergence are the
most feasible and accurate methods for predicting the sex ratio of hatchlings (Yntema and

Mrosovsky 1980; Wibbels 2003).

Species with TSD are particularly sensitive to changes in environmental
temperatures. Accordingly, rapid anthropogenic climate change can directly influence
hatchling sex ratios that in turn have significant implications for the recovery and
conservation of a species (Walther et al. 2002; Hulin et al. 2009). Increasing sand

temperatures on nesting beaches can lead to the feminization of hatchling sex ratios,



149

reduced hatchling survival and fitness, and potentially result in the lack of male sea
turtles in the population (Booth et al. 2004; Burgess et al. 2006; Booth and Evans 2011;
Micheli- Campbell et al. 2011; Jensen et al. 2018). If sea turtles lack the physiological or
behavioral plasticity to rapidly respond, wildlife resource managers may need to identify
alternative strategies including directly or indirectly manipulating incubation conditions
or relocating nests to more favorable nesting locations to mitigate the impacts of climate
warming. Studies are needed that provide insight on what options are available for
thermally-sensitive species to respond to predicted near-future climate change, in
addition to studies that establish current baselines for population sex ratios by which to
monitor the consequences of climate change on a given species. Furthermore, warming
environmental temperatures at breeding habitats can alter the timing of reproductive
migrations, breeding and nesting, and disrupt the distribution of prey available for sea

turtles at foraging habitats (Walther et al. 2002; Parmesan 2006).

In the present study, we evaluated sand temperatures in the primary egg hatchery
and on the natural nesting beach of the Kemp’s ridley over the last 18 years at Rancho
Nuevo, Mexico. Combining the daily number of nests laid at Rancho Nuevo and
relocated to the main egg hatchery with the mean temperature during the middle third of
incubation for all nests, we generated an 18-year dataset for hatchling sex ratios in the
binational KRRP. In addition, observed daily nesting data available since 1977 were

further evaluated for long-term trends in nesting chronology (Figure 1).
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The results from the present study provide a critical initial step in understanding how the
current nesting habitat may be changing in response to climate change and provides
insights on the ultimate impact these changes could have on the survival and conservation

status of the most critically endangered species of sea turtle in the world.

Annual Kemp's Ridley Nests
1947/1978-2017
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Figure 1. Annual Kemp’s ridley nests, the estimated benchmark in 1947 (black) from
Bevan et al. 2016 and observed nesting from 1978-2017 (blue) (Pefia, pers. comm.).

METHODS

A total of 5 — 10 data loggers (Onset HOBO Pendant®) were buried at a depth of
35 cm each year (1998 — 2016) in the sand of the primary egg hatchery at Rancho Nuevo,
Tamaulipas, Mexico. The data loggers were evenly positioned throughout the egg corral
to represent the variation in sand temperatures to which incubating nests would have been
exposed throughout the nesting season. The data logger depth represents the mean nest

depth for the Kemp’s ridley sea turtle (Pritchard and Marquez 1973). An additional 10 —
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36 data loggers, depending on year, were buried at the same depth along a 30 km stretch
of natural nesting beach at Rancho Nuevo, from Barra Carrizo at the northern end to
Barra Del Tordo at the south (Figure 2). One data logger was buried every 300 m along
the beach from 1998 — 2000, and two data loggers were buried along perpendicular
transects from 2001 — 2016. In years when two data loggers per transect were used, one
data logger was buried between the base of the dune and the seaward facing slope of the
primary dune (the region where most nesting occurred, termed “position 3”), and the
second was buried seaward in front of the face of the dune (termed “position 2”)
(Marquez 1994). Only data loggers located at position 3 where most nesting occurred
were used for this analysis. For comparative purposes, only data from a common period
in all years of the current study (2 May to 28 June) were analyzed. This time period is
coincident with the critical portion of embryonic incubation in the Kemps ridley during
which hatchling sex is determined in approximately the middle third of embryonic
development (Mrosovsky 1994, Wibbels 2003) for nests laid between 17 April and 29

May, which encompasses the peak nesting season (Pritchard and Marquez 1973).
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Figure 2. The location of the primary egg hatchery at Rancho Nuevo, Tamaulipas,
Mexico used throughout the nesting season each year by the Kemp’s Ridley Recovery
Program from 1978 to the present. Data loggers use in the present study were buried to a

depth of 35 cm to record sand temperatures in the primary egg hatchery and along a 30
km stretch of natural nesting beach from Barra Carrizo to Barra Del Tordo from 1998 —

2016.
The data loggers employed had a resolution of £0.3°C and each was calibrated in
the laboratory at the University of Alabama at Birmingham (UAB) prior to the beginning

of a given nesting season. The timing of when a given data logger was buried in the sand
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varied by the year of the study, but typically, data loggers were buried in place prior to
the beginning of the annual nesting season of the Kemp’s ridley (between March and
April). Data loggers were removed after the hatchlings had emerged from nests (August-

September).

Sex Ratio Predictions

Each data logger was set to record ambient sand temperature every hour
throughout the duration of the nesting and hatching season (April — August). Following
data logger retrieval and transportation to UAB, the data were downloaded to a computer.
Hourly sand temperatures for each data logger were averaged to generate a daily (24 h)
mean (xSD) temperature. After removing statistically significant outliers (temperature
recordings that were erroneous and biologically impossible on the nesting beach) from
the data set (using the outlier function in R, Komsta 2015), for each day of the nesting
season a 15-day mean temperature, offset from the original date of lay by 15 days, was
calculated to represent the average temperature during the middle third of the incubation
period for nests laid on that day. This calculation generated an offset 15-day mean
temperature profile for the nesting season that represented the average sand temperature
during the portion of incubation when hatchling sex is determined (the middle third of the
incubation period). The incubation period for Kemp’s ridleys (from the day of nest
deposition to the day of hatchling emergence) varies depending on incubation
temperature from 45 to 58 days with an average of 51 days (Pritchard and Marquez
1973). However, after hatching, hatchling sea turtles spend an average of 4-5 days in the

nest prior to emergence (Godfrey and Mrosovsky 1997). Therefore, we used an average
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incubation period of 45 days, resulting in a duration of 15-days for the middle third of
incubation.

The sex ratio for each nest relocated to the egg hatchery on a given day was
predicted by comparing the mean temperature during the middle third of incubation
(discussed above) to the thermal reaction norm of sex determination generated for the
Kemp’s ridley in LeBlanc et al. (2012). The sex ratio predicted for each nest based on
the thermal reaction norm was multiplied by the total number of eggs per nest to generate
the number of predicted male and female hatchlings in that nest. We assumed a total of
70 hatchlings per nest based on an approximate clutch size of 100 eggs per nest for the
Kemp’s ridley (Rostal and Plotkin 2007; Burchfield 2013) and an estimated 70%
hatching success (Burchfield 1998). After repeating this process for all nests relocated to
the main egg corral throughout the nesting season, the overall sex ratio for each nesting
season was calculated from the total number of male and female hatchlings predicted to
have been produced in the main egg corral. We used a random effects regression analysis
to analyze long-term trends in the hatchling sex ratios predicted for each nesting season
from 1998 — 2016 and fitted a linear trendline to the data. The total number of nests laid
on each day of the nesting season from 1998 — 2016 was provided by Comision National
Areas Naturales Protegidas (CONANP, pers comm.).

To simulate a conservative end of century climate warming scenario (Pachauri et
al. 2014), we added 1°C to the 15-day middle third average sand temperatures for each
day throughout the nesting season. This modified temperature profile was then used to

predict the total number of male and female hatchlings estimated for each nest and
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calculate the overall hatchling sex ratios for each year that would be expected given a

conservative increase in incubation conditions.

Nesting Phenology

Data on the number of Kemp’s ridley nests laid daily at Rancho Nuevo from 1998
— 2016 was provided by CONANP as part of the sex ratio analyses (discussed above) and
nesting data prior to 1998 obtained from archived data held by the Gladys Porter Zoo in
Brownsville, TX (Pritchard and Marquez 1973, Marquez 1994, CONANP, pers. comm).
These data were evaluated using two approaches in the present study, a regression
analysis of the weighted mean date of nesting and regression analyses of the dates by
which 20, 40, 60, and 80% of nesting was completed in each nesting season. These
percentages were chosen to evaluate the approximate timing of the first, second, and third
large mass nesting events of each nesting season and were based on the proportion of
total nesting for a season represented by recent mass nesting events at Rancho Nuevo
(20%-=first arribada, 40%=second arribada, 60%=third arribada, Burchfield 2014). The
80% of nesting metric was chosen to represent the final portion of nesting at the end of
the season. To standardize the survey period for each nesting season, only nesting data
between 1-April and 31-July of each nesting season were used in the present analysis.
This period represented the majority of all Kemp’s ridley nesting for each nesting season
(mean of 99.7% of nesting for each season). The mean date of nesting for each nesting
season was calculated after weighting each day by the total number of nests laid on that
day (Julian date x number of nests laid on that day). This dataset was then evaluated

using a linear regression analysis. This approach was used due to the pulsatile nature of
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Kemp’s ridley mass nesting involving hundreds to thousands of turtles nesting in
relatively restricted area of beach (a few hundred to several hundred meters of linear
beach) and over several hours for each mass nesting event. Approximately one mass
nesting event occurs each month of the peak nesting season from April through June for a
total of one to three events each nesting season with solitary, scattered nesting that occurs

between these events (Lutz et al. 2003).

RESULTS
Sand Temperatures

Our analyses did not detect a significant increase in annual mean sand
temperatures in the primary egg corral or on the natural nesting beach at Rancho Nuevo
from 1998 to 2016 (Corral: R2=0.18, F=3.70, df=18, P=0.07; Beach: R2 =0.04, F=0.71,
df=18, P=0.41) (Figure 3). However, trendlines for mean sand temperatures in the
primary egg corral and on the natural nesting beach (0.04 and 0.02°C per year,
respectively) indicate a potentially increasing trend in temperatures over time. A
comparison of sand temperatures in the egg corral and on the natural nesting beach
indicate that sand temperatures in the main egg corral are on average 0.87°C £ 0.23°C

(T=2.59, df=196, P=0.01) warmer than sand temperatures on the natural nesting beach.
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Figure 3. Mean sand temperatures in the primary egg hatchery (red) and on the natural
nesting beach (blue) between 2-May and 28-June each nesting season (1998 — 2016) at
Rancho Nuevo, Mexico.

Sex ratio predictions

We found no significant increase in the predicted female-bias of nests in the main

egg corral with the middle third of incubation between 2-May and 28-June from 1998 to

2016 (R2=0.22, F = 4.40, df = 17, P =0.05). The trendline for predicted hatchling sex

ratios in the main egg corral indicates a potential increase of 0.01% female bias over the

18-year study period (Figure 4). Using the average sand temperatures on the natural

nesting beach to predict hatchling sex ratios instead of the sand temperatures in the egg

hatchery, our analyses provide insight on the hatchling sex ratios that would have resulted

if nests had been left to incubate in situ on the natural nesting beach, instead of the nest

being relocated to the egg hatchery. Under this scenario, the consistently cooler

temperatures of the nesting beach compared to that of the egg hatchery in a given year

would likely have resulted in an overall reduced female-biased hatchling sex ratio
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(R2=0.522, F=37.07, df=34, P<0.0001) (Figure 4). However, our analyses of natural

nesting beach temperatures over the 18-year time period did not indicate a significant
increase in predicted hatchling sex ratios (R2=0.003, F=0.05, df=17, P=0.84) and the
trendline for these sex ratios showed nearly no change over the 18-year period of the

current study (an increase of 0.0016% female per year).

Predicted Hatchling Sex Ratios (1998 - 2016)
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Figure 4. Annual hatchling sex ratios predicted for nests laid in the main egg corral (red)
and sex ratios predicted for nests hypothetically left on the natural nesting beach (green)
to incubate from 1998 to 2016. Sex ratio predictions were based on mean sand
temperature during the middle third of incubation for nests laid on each day between 17-
April to 29-May.

Hypothetical Climate Change Scenario
Under current climate conditions, applying a conservative end-of-century increase
in environmental temperatures of ~1°C to the most recent year of sand temperatures
recorded during the present study (during 2016), the annual mean sand temperature
would increase to approximately 31.0°C on the natural nesting beach and approximately

32.6°C in the primary egg corral. Using these mean sand temperatures and the nesting
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trends observed in the 2016 nesting season, the predicted hatchling sex ratio for nests laid
between 17-April to 29-May and relocated to the primary egg corral would be 95.7 +
0.015% female. If the nests laid during the 2016 nesting season had remained in situ on
the natural nesting beach, then predicted hatchling sex ratios under a conservative end-of-

century temperature scenario would be 81.1 + 0.04% female.

Timing of Nesting

Our analyses of Kemp’s ridley nesting phenology at Rancho Nuevo indicate
several trends over the 1977 — 2016 period of the present study (Figure 5). The mean date
of nesting has shifted earlier by 16 days, from a mean of 22-May to 5-May with a
trendline slope of -0.423 days per year (R2=0.368, F=5.32, df=37, p<0.0001). Similarly,
the dates by which 20 (R2=0.298, F=15.27, df=37, p=0.0004, slope of trendline=-0.401),
40 (R2=0.394, F=23.37, df=37, p<0.0001, slope of trendline=-0.612), 60 (R2=0.339,
F=18.44, df=37, p=0.0001, slope of trendline=-0.587), and 80% (R2=0.151, F=6.38,
df=37, p=0.0161, slope of trendline=-0.368) of total nesting for each season have also

shifted earlier in the nesting season.
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Nesting Metrics
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Figure 5. Dates when 20, 40, 60, and 80 % of all Kemp’s ridley nests were laid at Rancho
Nuevo, Mexico, during each nesting season from 1977 — 2016. Completion of a
percentage of nesting was used to represent the episodic mass nesting events
(“arribadas”) characteristic of the genus Lepidochelys.

DISCUSSION

Intense conservation efforts such as relocating the majority of Kemps ridley nests
to protective egg hatcheries have been implemented since the beginning of the binational
KRRP in 1978 at Rancho Nuevo, Mexico. These actions have been an integral factor in
minimizing turtle mortality due to a variety of threats (i.e. natural predation, exploitation
for human consumption, mortality in fishing gear) ultimately preserving the species from
likely extinction (Pritchard and Marquez 1973). Our analyses of sand temperatures and
predicted hatchling sex ratios at the consistent location of the egg hatchery since the
beginning of the binational KRRP suggest that despite environmental changes projected
for Kemp’s ridley habitat, we may not yet be able to detect the impacts of these long-term

changes at the primary nesting beach. By relocating the majority of Kemp’s ridley nests



161

to the egg hatchery, the data generated by the binational KRRP conservation efforts and
used in the present study reflect decades of artificial manipulation of thermal incubation
conditions to promote an optimal recovery rate. Additionally, these data provide an
opportunity to evaluate the impacts of these management decisions on the survival of the

species in the context of a warming world.

The present study provides a critical initial step in understanding the potential
implications of past, current, and future environmental warming on the reproductive
biology and survival of the Kemp’s ridley sea turtle. This information is critical for
evaluating the efficacy of current conservation methodologies as well as developing
future strategies for mitigating the impacts of climate change and managing the survival
of this endangered species. Along with consistently moving all nests to the protection of
egg hatcheries at Rancho Nuevo, additional measures to cool incubation conditions (e.g.
shading the hatchery with mesh and sprinkling the sand with water) are currently being
implemented to maintain incubation conditions that are cool enough to produce a current
hatchling sex ratio of approximately 3 females to 1 male (Coyne and Landry 2007) and
prevent increases in hatchling mortality (Pefia, pers comm). These additional efforts
underway are indicative of sub-optimal temperatures at the nesting beach for this species
and suggest that egg hatcheries and recent techniques for modifying incubation
conditions alone are likely to be insufficient in the future to sustain ideal thermal

incubation conditions.

Collectively, long-term data on sand temperatures, hatchling sex ratios
(determined by histology, Wibbels 2007, Leblanc et al. 2012), and predicted near-future

hatchling sex ratios at Rancho Nuevo provide insights into the potential impact of near-
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future warming on population growth and recovery of the Kemp’s ridley. Using a
conservative estimate for a projected increase in egg hatchery sand temperature of ~1°C,
near-future hatchling sex ratios are predicted to be highly female-biased (~95% female
bias) by the end of the century. Although not significant in the current study, the upward
trends in observed sand temperatures and hatchling sex ratios could be indicative of more
gradual warming of beach habitats in the Gulf of Mexico region than in other regions,
including at higher latitudes (Walther et al. 2002, Ringot et al. 2008). This regional
heterogeneity in environmental warming could be contributing to the findings of the
current study and may suggest that thermally-sensitive species in the Gulf of Mexico
region could have more time to respond to environmental changes than species in regions
experiencing faster rates of environmental warming (Ringot et al. 2008). This highlights
the need to continue monitoring environmental conditions at critical habitat for the
Kemp’s ridley as a model species for observing impacts of climate change in the Gulf of

Mexico.

Conservation strategies must focus on mitigating the potentially detrimental
impacts of rapid climate change on the survival, fitness, and sex ratios of hatchlings, as
well as the timing of reproductive activities in adult sea turtles. Given the anticipated
increases in global environmental temperatures projected by the end of the century (0.3 —
4.8°C, Pachauri et al. 2014), and the potential impacts of these increases on hatchling sex
ratios that are already female-biased, it is possible that extreme female-biased sex ratios
could be observed by the end of the century. Under an extreme climate warming scenario
(Pachauri et al. 2014), hyper-feminized hatchling cohorts could ultimately result in a lack

of sufficient male sea turtles available to fertilize eggs and higher rates of infertile nests
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at the nesting beach (Laloé et al. 2016; Hays et al. 2017). Extreme temperatures at
Rancho Nuevo could also result in abnormal development and result in increased nest
mortality (Ackerman 1997; Howard et al. 2014). In addition to impacts on hatchlings,
environmental warming could impact the timing of reproductive migrations, breeding and

the nesting in adult sea turtles (Weishampel et al. 2004, 2010).

It should be noted that the hypothetical end-of-century climate warming scenarios
discussed above assume that the timing of nesting will be identical or a least similar at
Rancho Nuevo in the future. The results from the current study indicate that the timing of
Kemp’s ridley nesting is shifting earlier which could be an attempt to maintain optimal
thermal incubation conditions by nesting earlier during a relatively cooler portion of the
season (Weishampel et al. 2010). However, it is also possible that earlier nesting at
beaches is a result of earlier reproductive migrations from foraging areas that are cued in
part by ocean temperatures in these habitats (Poloczanska et al. 2009). The northern Gulf
of Mexico is primary foraging habitat for nearly 80% of adult Kemp’s ridleys (Shaver et
al. 2016) and it is possible that warming sea surface temperatures in this region could be
driving earlier reproductive migrations (Weishampel et al. 2004). Yet despite shifting the
timing of nesting to earlier in the season, whether this gradual response is rapid enough to
compensate for the rate of increase in environmental temperatures has not yet been
evaluated. It is possible that the longer time period used in the analysis of nesting
phenology (1977 — 2016) has confounded our analysis of trends in nesting phenology.
However, we feel that the significant shift in nesting date supports the concept that

environmental warming and hatchling feminization trends at Rancho Nuevo could be
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occurring more gradually than in other regions and may require a longer time period to

detect.

Although end-of-century predictions presented in the current study can be
concerning, the consequences of an increase in nesting beach temperatures may not be as
detrimental for the Kemp’s ridley as anticipated based on studies of other sea turtle
species (Howard et al. 2014). The Kemp’s ridley exhibits one of the highest pivotal
temperatures among sea turtles, and this may indicate a higher lethal temperature
threshold over embryonic development (Leblanc et al. 2012, Howard et al. 2014; Shaver
and Caillouet 2015). It has been suggested that up to some thermal maxima increases in
sand incubation temperatures could lead to an increase in the rate of population growth
through an increase in the number of breeding females (Hays et al. 2017). Despite a
reduction in the proportion of male hatchling produced under such a scenario, the ability
of male sea turtles to inseminate multiple females coupled with the annual breeding cycle
of male sea turtles compared to the 2-3-year breeding periodicity of female sea turtles
may help to offset the impacts of extreme female biases in sea turtle populations (Lasala
et al. 2013, Hays et al. 2010, 2014, 2017; Schofield et al. 2017). However, under extreme
climate warming projections (increases of approximately 4°C by end of century, Pachauri
et al. 2014), sand incubation conditions may become lethal for embryonic development in
some populations of sea turtles (Poloczanska et al. 2009; Laloé et al. 2016; Hays et al.
2017). Increases in hatchling mortality and reduced hatching success for sea turtle nests
have been reported to occur in some species held at constant incubation temperatures in
the range of 33-35°C, and above 35°C for species held under fluctuating incubation

temperatures (Ackerman 1997; Howard et al. 2014). However, these studies did not
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evaluate the upper thermal limits for embryonic development in all sea turtle species and
interspecific differences may occur (Howard et al. 2014). Therefore, it is important to
continue to evaluate how the Kemp’s ridley responds to large-scale environmental

changes to ensure that optimal management decisions are implemented in key habitats.

The survival of each individual species of sea turtle will depend on its unique life
history characteristics and inherent capacity to adapt to climate change. Multiple
responses of sea turtles to such large-scale environmental changes have been
hypothesized to maintain optimal thermal conditions including shifts in nesting
phenology and distribution, behavioral changes, and changes in population dynamics
(Weishampel et al. 2004; Hawkes et al. 2007; Mazaris et al. 2008; Pike 2009). Despite
the results from the present study suggesting that sea turtles in the Gulf of Mexico region
may have more time to adapt to warming environmental conditions, the facts remain that
sea turtles are long-lived, slow to mature, and each species exhibits some degree of site
fidelity to its natal nesting beaches (Lutz et al. 2002). These factors may hinder the ability
of sea turtles to respond rapidly enough to adequately compensate for the current and
projected rate of climate change (Walther et al. 2002; Fuentes and Hawkes 2011). As an
example, species demonstrating greater variation in nest site location could reduce nest
mortality and risk of species extinction under conditions of rising temperatures or beach
erosion and habitat loss associated with climate change (Kamel and Mrosovsky 2005;

Mrosovsky 2006; Pike and Stiner 2007).

There are a variety of strategies for possibly mitigating the impacts of climate
change on the Kemps ridley sea turtle. One approach would be to stop the use of egg

hatcheries and leave each season’s nests in situ on the natal nesting beach. This approach
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would offer short-term respite from sub-optimal sand temperatures in the egg corral as
sand temperatures on the nesting beach are on average 1.0°C cooler than the in the egg
hatcheries currently in use at Rancho Nuevo. This difference is primarily due to the egg
hatchery being constructed higher up on the slope of the beach, closer to the primary
dune and farther from mean water level to protect nests from inundation and erosion
(Pefa, pers. comm). Yet with higher elevation and greater distance to mean water level,
fluctuations in temperature, moisture, and salinity of the sand are greater (Wood and
Bjorndal 2000), thus average sand temperatures are warmer, and eggs are more prone to
desiccation in the egg hatchery in comparison to the natural nesting beach. However,
sand temperatures on the natural nesting beach may gradually increase and and thus
would no longer mitigate the impacts of warming. Additionally, it is possible that leaving
nests in situ on the natal nesting beach would increase nest and hatchling predation rates,
along with increases in other threats such as nest failure due to inundation and erosion
(Mrosovsky 2006). Although previous studies at Rancho Nuevo have shown that the
current predation rates on the natural nesting beach are minimal (Eich 2009; Bevan
2013), it is unknown how predator populations would respond to the greater availability

of prey (i.e. unprotected nests).

Additional strategies for mitigating the impacts of climate warming might include
relocating nests to alternative beaches that are cooler throughout the nesting range for the
Kemp’s ridley or developing artificial incubation facilities to ensure some portion of the
nests survive. However, each of these approaches entails its own unique set of challenges
and involves numerous implications for the biology and conservation of the Kemp’s

ridley. It is probably not logistically feasible to annually relocate more than 20,000 nests
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(approximately 27,000 nests registered in Tamaulipas, Mexico in 2017, Pefia, pers
comm.) from beaches in Mexico to either artificial incubation facilities or alternative
nesting beaches with thermally suitable incubation conditions. Relocating a portion of
Kemp’s ridley nests has previously been employed as a conservation method. This
relocation occurred during the first decade of the Kemp’s Ridley Recovery Program
(1978-1988), and those that implemented the plan demonstrated that this approach may
be useful as a component of a larger conservation strategy (Caillouet et al. 2015; Shaver
and Caillouet 2015). It is possible that beaches at the northern extent of the Kemp’s
ridley’s nesting range could support the production of mixed sex ratios under an end-of-
century climate warming scenario (Bevan et al. unpub. data). However, it is unlikely that
relocating nests to these northern beaches would instigate a larger scale shift in the
distribution of nesting for the Kemp’s ridley given the rapid rate of anthropogenic climate

change and the long age to maturity in sea turtles (Fuentes and Hawkes 2011).

Key components of mitigating the impacts of near-future anthropogenic climate
change on thermally-sensitive species are understanding how changes in environmental
conditions affect a given species and predicting the physiological and behavioral
responses. By monitoring trends in sea turtle nesting beach temperatures and predicted
hatchling sex ratios, the present study provides a crucial step in understanding how
climate change could impact the Kemp’s ridley sea turtle in its natal nesting habitat.
However, developing sound management strategies to ensure the survival of this species
necessitates continued evaluation of individual and population-level responses to
environmental changes. The present study suggests that the Kemp’s ridley may have

more time yet limited options for evolutionary adaption to anthropogenic climate change.
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Importantly, due to its restricted range, the Kemp’s ridley serves as a rare model for
evaluating the impacts of rapid environmental changes on the survival of a thermally-

sensitive species.
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SUMMARY

The impacts of anthropogenic climate change are already having wide-reaching
effects across multiple ecosystems. Thermally-sensitive taxa such as sea turtles are
particularly at risk (Fuentes and Hawkes 2011, Pachauri et al. 2014). Along with planning
for continued global warming, including the management of deeper cold fronts, sea level
rise, flooding rains, and more intense weather events, it is imperative that the scientific
focus be placed on understanding how long-term ecosystem fluctuations will affect the life
histories of thermally sensitive species, and the degree to which responses vary across taxa.
The research presented in this dissertation provides valuable insights into how changes in
environmental temperatures could impact a variety of aspects of the reproductive biology
and ultimately, recovery and sustained conservation of endangered sea turtle populations.
Re-evaluating the historic abundance of the Kemp’s ridley sea turtle in the context of
current nesting trends in the Gulf of Mexico demonstrates the importance of historic
benchmarks in establishing recovery goals and assessing the effectiveness of conservation
efforts. This re-assessment serves as a model for other sea turtle populations and could alter
our perspective on the status of endangered sea turtles, as well as reform strategies for the
recovery of additional species in future. Such information can also provide clues to the
historic health of an ecosystem and its past ability to support large populations of marine
megafauna (Gallaway et al. 2016a,b), which can frame our management decisions

regarding the current and future status of a given ecosystem. The more we understand how
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ecosystems have changed from the past to recent years, the better we can anticipate how
climate change will affect these habitats in the future.

Assessing how a given habitat is changing as a result of long-term environmental
variability and the impact of these changes often requires a habitat-wide perspective and
long-term data that is often not available for endangered species. A strength of the current
research is the 18-year dataset generated by the collaborative recovery program for the
Kemp’s ridley. These data provide the opportunity to assess the impact of climate change
on the temperature-sensitive physiology of this species and ultimately its recovery. By
extending our analysis of beach temperatures to the majority of the nesting habitat for the
Kemps ridley, we provide an assessment of potential responses to a warming environment.
This represents a critical step towards formulating optimal strategies for ensuring the
survival and recovery of this endangered species under future environmental variability.

As thermally-sensitive species worldwide face unprecedented challenges,
implementing novel methodologies to understand how ecosystems are changing has
become key for resource managers developing response strategies. The current dissertation
research capitalizes on the rapid advancement of drone technologies to advance the field
of sea turtle conservation and management. We demonstrate that drone technology
provides a powerful new tool to evaluate the behavioral activities of species within their
dynamic habitats, especially in light of climate change. The ability to observe sea turtles in
a variety of habitats and over geographic scales that have been traditionally difficult or
impossible to assess, has expanded our understanding of the extent and connectivity of
critical habitats including for example seasonal breeding and courtship areas adjacent to

sea turtle nesting beaches. The widespread integration of drone technology into studies of
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wildlife has occurred rapidly, and often without full consideration of its potential biases
and consequences. One key issue is that drones may alter the natural behaviors of a target
species. If behavior is altered by auditory or visual drone-induced disturbance, the data
collected will be biased. The current dissertation provides important baseline information
essential for assessing the potential impact of drone disturbance on multiple species
including sea birds, crocodiles, and sea turtles. These data will facilitate the development
of ethical protocols to best facilitate non-intrusive drone-based observation of wildlife in
future research studies.

Collectively, the research presented in this dissertation addresses topics regarding
the broad scope of how anthropogenic climate change can drive long-term changes in
ecosystems and the species that depend on these critical habitats. These results ultimately
contribute to the development of more resilient conservation programs and optimal
management strategies that can be used to shape the survival of endangered species
worldwide. In the process, my findings and those of my collaborators demonstrate the
successful use of novel methodologies to provide insight on species interactions and
dynamic habitats. As such, the present dissertation paves the way for understanding the
impacts of using drone technologies for marine wildlife and ecosystem studies, a giant step
forward that | believe will revolutionize the way we protect, manage, and study the marine

environment.
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