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ABSTRACT OF THE DISSERTATION

The Sandy Bay West End Marine Reserve: Hawksbill Inhabitance and Reserve
Suitability

by
Marsha Wright
Doctor of Philosophy, Graduate Program in Biology
Loma Linda University, May 2020
Dr. Stephen G. Dunbar, Chairperson
The hawksbill (Eretmochelys imbricata) sea turtle has been classified as critically
endangered. Reductions in populations call for protective strategies, one being the
implementation of protected areas. However, as a highly migratory species, preservation
and restoration is difficult, as protection is required in nesting, foraging, and breeding
regions. To establish adequate protected areas to aid hawksbill survival, a clear
understanding of movement patterns between protected and unprotected regions is
required. A foraging aggregation of juvenile hawksbills resides off the coast of Roatan,
Honduras within the Sandy Bay West End Marine Reserve. The reserve is a protected
area, but also spans the coast of a popular tourist region. As tourism in the area continues
to increase, the use of boats continues to rise. Alteration of marine organism behavior,
injury and mortality are common results of increased boating pressure, but boating
activities in the reserve is increasing without assessment or the implementation of
additional regulations. I set out to estimate international connections between this
protected aggregation and international nesting rookeries, to assess the suitability of the
reserve as a recruitment zone, and to further assess the effect of boating pressure on

hawksbill distribution and behavior. Using mitochondrial DNA haplotypes, | evaluated

the genetic structure of this foraging aggregation and further estimated natal origins

Xiv



through mixed stock analysis. | assessed the suitability of the reserve using species
distribution modeling in MaxEnt and used resource, disturbance, and benthic
environmental values as predictor variables. Using a series of in-water behavioral
observations, | assessed the effect of boat traffic on hawksbill distribution and behavior.
Haplotype analysis suggested the presence of unique haplotypes not currently associated
with known nesting rookeries. Mixed stock analyses suggest that juveniles in the reserve
originated from rookeries in Colombia, Puerto Rico, and Costa Rica. MaxEnt outputs
suggested that the reserve is moderately to highly suitable for hawksbill inhabitance, with
resource environmental variables having the greatest influence on species distribution.
Although hawksbills remain at risk of boat strikes, increased boating pressure did not
significantly affect in-water behavior. Since the reserve is an important local foraging
area for juvenile hawksbills, measures to maintain and increase suitability should be

implemented.
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CHAPTER ONE
INTRODUCTION

According to the International Union for Conservation of Nature (IUCN), over
28,000 animal species are currently threatened. Whether classified as vulnerable,
endangered, critically endangered, or extinct, several factors related to human activities
have led to species decline. In addition to commercial development, human intrusion and
disturbance, pollution, habitat shifting, and harvesting are some anthropogenic factors
that negatively influence species survival (IUCN 2020). Apart from collecting general
information on endangered species, laboratory and observational studies have taken place
on threatened species to understand developmental processes, life histories, movement
patterns, and characteristics of their required habitats. Using the information garnered
from these studies, conservation strategies can be implemented to preserve species and
overall species diversity.

Although once abundant, six of the seven sea turtle species are now listed on the
IUCN Red List of Threatened Species as either vulnerable, threatened, endangered, or
critically endangered (IUCN 2020). The decline in sea turtle populations can, to some
extent, be attributed to anthropogenic activities, such as exploitation of eggs (Aguirre et
al. 2006, Mancini et al. 2011), incidental fisheries by-catch (Poiner et al. 1996, Witzell
1999, Gallo et al. 2006, Lewison et al. 2007), exposure to pathogens or pollutants
(Aguirre et al. 2006, Gallo et al. 2006), and the destruction of nests and foraging areas
due to coastal development and dredging (Jackson et al. 2001, Marcovaldi et al. 2007,

Finkbeiner et al. 2011, Gaos et al. 2012, Guimaré&es et al. 2017). Among these species,



the hawksbill (Eretmochelys imbricata) is currently classified as critically endangered,
worldwide.

In addition to the typical threats experienced by all sea turtle species, the
hawksbill has been specifically targeted for direct capture and trade. In the last decade,
hawksbill populations have diminished by approximately 80% due to trade and other
anthropogenic activities (Brautigam et al. 2006, Bowen et al. 2007, Mortimer et al. 2008).
Earliest records of commercial trade for hawksbill shells, frequently referred to as
“bekko” in Asian countries, began in the 19" and early 20™ centuries (Witzell 1983).
Unsustainable harvests persisted for hundreds of years as several European, Asian, and
Caribbean countries participated in the harvest and trade. Trade remained unregulated
until 1977 when the Convention on International Trade of Endangered Species of Wild
Fauna and Flora (CITES) banned international trade between attesting countries. Prior to
joining CITES in 1980, Japan was the largest importer of sea turtle products, importing a
minimum of 2,250,000 sea turtles, of which 40 tons per year were hawksbills (Canin
1991). An active market in bekko existed in the Caribbean in countries such as Honduras,
Nicaragua, Panama, and the Cayman Islands (Cruz et al. 1987, Milliken et al. 1987,
Canin 1989) where thousands of hawksbill were captured each year. Current global
estimates suggest that well over 4 million hawksbills have been killed and traded in the
past 150 years (Miller et al. 2019).

To preserve threatened species and replenish their populations, protected areas
have been established to conserve and maintain biological diversity, and natural and
cultural resources (Phillips et al. 2002). However, since the hawksbill is highly migratory

throughout ontogeny, preservation and restoration of this diminishing species can be



difficult, as protection is required in nesting, internesting, foraging, and breeding regions.
Applied nesting conservation measures have increased nesting events and hatchling
production (Hays 2004, Dutton et al. 2005, Troéng et al. 2005, Mortimer et al. 2011).
However, in the remaining stages of ontogeny, few protected areas have been established
with the sole intent of protecting sea turtles and their essential habitats. Instead, sea
turtles traverse and settle into previously established protected areas that were
implemented with management goals unrelated to sea turtle species. (Dobbs et al. 2007,
Gaos et al. 2012, Hart et al. 2012, Gorham et al. 2014). Yet, in some cases, researchers
have utilized data collected through telemetry to lobby for the extension of protected
areas to include sea turtle internesting areas and foraging home ranges (Schofield et al.
2013, Hays et al. 2014, Dawson et al. 2017, Fuentes et al. 2018). While direct-take and
other destructive practices by the public are prohibited and enforced in these protected
areas, recreational activities and their effects on presence and distribution of threatened
species are often overlooked (Hilborn 2015, Hayes et al. 2017, Gabriella et al. 2019).
Boating is a popular, often unregulated activity in marine protected areas. As
tourism in coastal regions continues to grow, recreational activities requiring the use of
boats and marine vessels continue to increase (McCarthy 2004). Studies have shown that
boating alters the presence and behavior of several marine species. Vessel presence at
assorted densities has been shown to negatively impact feeding, socializing, and resting
behaviors in numerous species including Mediterranean damselfish (Chromis chromis)
(Bracciali et al. 2012), bottlenose dolphins (Tursiops truncatus) (Bas et al. 2015),
manatees (Trichechus manatus) (Miksis-Olds et al. 2007), and killer whales (Orcinus

orca) (Lusseau et al. 2009). In addition to behavioral alteration, unregulated boating has



led to injury and death in several aquatic species, such as the Atlantic sturgeon
(Acipenser ocyrinchus ocyrinchus) (Brown et al. 2010), dugongs (Dugong dugon)
(Greenland et al. 2007), and Spectacled Caiman crocodiles (Caiman crocodilus fuscus).
During their neritic near-shore stage, hawksbills inhabit shallow reefs. During this period,
their close proximity to shore increases the overlap of their core use areas with boating
activities. Several reports of sea turtle injuries, deaths, and strandings have resulted from
boat collisions (Or6s et al. 2005, Casale et al. 2010, Denkinger et al. 2013). Previous
studies have assessed the ability of sea turtles to avoid incoming vessel traffic, their
diving capabilities in response to passing traffic, and the implementation of management
strategies to reduce encounters (Hazel 2009), but few have assessed the influence of boat
traffic on in-water behaviors and overall sea turtle distribution in neritic zones (Tyson et
al. 2017).

In addition to the absence of regulations for recreational activities in protected
areas, there is a paucity of data on benthic environments and overall suitability of
protected areas for hawksbill residence. Habitat modeling and species mapping have
become essential tools in predicting species distributions and identifying suitable regions
for inhabitance (Hooker et al. 2011). Regression methods have been used to interpret
habitat suitability from species occurrence records, however, these methods require
systematic collection of both presence and absence occurrence points (Elith et al. 2011).
MaxEnt (Phillips et al. 2017), a machine learning method, has been implemented to
identify complex interactions within ecological systems when presence-only occurrence

records are the only records available (Phillips et al. 2008). Using this method, the



suitability of a protected area can be assessed for the inhabitance of endangered species,
such as the hawksbill sea turtle.

Although efforts have been made to implement protected areas to safeguard
various sea turtle populations and aggregations, a clear understanding of regional and
international migration patterns throughout ontogeny and the connections between
populations and aggregations is still relatively scarce. In order to establish adequate
marine protected areas to aid hawksbill survival, a clear understanding of migration
patterns between protected and unprotected areas is required. Studies have shown that
foraging populations are composed of multiple nesting stocks, creating various
relationships among remote populations (Bass 1999). Molecular methods have been
employed to confirm mixed stock composition and estimate sea turtle movement patterns
between these regions. According to a review by Lee (2008), one of the most widely
used markers in sea turtle research is the maternally inherited mitochondrial DNA
(mtDNA) haplotype. Using haplotypes, distinct nesting populations have been defined
throughout sea turtle ranges (Browne et al. 2010, Leroux et al. 2012, Hill et al. 2018).
With these distinctions, several nesting populations in the Caribbean (Troeng et al. 2005,
Blumenthal et al. 2009), the Atlantic (Monzon-Arguello et al. 2011, Proietti et al. 2014),
and the Pacific (Gaos et al. 2017, Zufiiga-Marroquin et al. 2017, Gaos et al. 2018) have
been linked to both proximal (Bowen et al. 2007) and distal (Cazabon-Mannette et al.
2016) feeding aggregations.

A forging aggregation of juvenile hawksbill sea turtles has been reported off the
northwestern coast of Roatan, Honduras, within the boundaries of the Sandy Bay West

End Marine Reserve (SBWEMR) (Dunbar et al. 2016, Dunbar et al. 2017). Although



another region off the coast of Roatan, approximately 30 km from the SBWEMR, has
been suggested to be an important juvenile recruiting ground (Dunbar et al. 2008), studies
on juvenile hawksbills in the region of the SBWEMR are limited. To date, no previous
studies have linked hawksbill turtles foraging in Honduras to international nesting
beaches. The population structure and natal origins of hawksbills turtles found foraging

in the SBWEMR remain unknown. In addition, as a popular costal region known for
tourism, both visitor influx and boat traffic in the area are increasing without assessment
or the implementation of additional regulations (Ministry of Tourism, unpublished data).
With tourism rapidly growing in the area, the suitability of the SBWEMR for hawksbill
residence and future recruitment should be assessed. Hawksbills are essential contributors
to the tropical near-shore environment, since they are able to influence the composition
and distribution of species in coral reef ecosystems (Bjorndal et al. 2003). Effective
implementation of protective measures that ensure the stabilization and growth of
hawksbill populations will also assure the biodiversity and equilibrium of reef
ecosystems remains viable. Hawksbill sea turtles and the reefs they occupy are also vital
to the tourism industry. Without these creatures, the allure of the SBWEMR may
decrease, negatively impacting the adjacent communities that heavily rely on income

from the tourism sector.

Research Goals, Objectives and Hypotheses
The overarching goal of this dissertation was to estimate international connections

between this protected aggregation and international nesting rookeries, and assess the



suitability of the Sandy Bay West End Marine Reserve as a recruitment zone for foraging

juvenile hawksbills.

| specifically aimed to evaluate the genetic structure of the foraging aggregation
and estimate natal origins through mixed stock analysis (MSA), defining the
connection of juveniles in the SBWEMR to nesting rookeries in the wider
Caribbean. | aimed to suggest international migration routes and assess how
factors, such as rookery size and distance, and ocean surface currents, influence
rookery contributions.

o | hypothesized that the SBWEMR foraging aggregation would be a mixed
stock composed of individuals from various rookeries in the wider
Caribbean, as indicated by a haplotype diversity greater than the baseline
rookeries.

o | hypothesized that our aggregation would be comprised of juveniles from
distal rookeries, indicated by higher percent contributions from Barbados,
Antigua, and Tobago.

Secondly, using species distribution modeling | aimed to assess the habitat
suitability of the SBWEMR, combining hawksbill occurrence data with
environmental variables likely influencing hawksbill distribution in the reserve.
With MaxEnt, | aimed to evaluate habitat suitability using presence-only
hawksbill occurrence points and three environmental variables: boat traffic
intensities, prey item distributions, and benthic characterizations. | aimed to

evaluate which environmental variables had the greatest effect on hawksbill



distribution and which regions of the SBWEMR were most suitable for hawksbill
use.

o | hypothesized that regions of high prey item count and percent cover
within the SBWEMR would be more suitable for hawksbill inhabitance
than those of low prey item count and percent cover.

o | hypothesized high suitability in regions of low boat traffic intensity and
high prey item distribution.

e Lastly, I aimed to evaluate the effect of boat traffic on the presence, distribution,
and behavior of juvenile hawksbills found foraging within the reserve.

o | hypothesized that boat traffic intensity in the SBWEMR would differ
depending on the location and time of day. Specifically, | hypothesized
that boat traffic intensity would be greatest in West End and West Bay,
and during the afternoon time period.

o | hypothesized that hawksbill distribution would be influenced by boat
traffic intensity, with hawksbill presence greatest in regions of lower boat
traffic intensity.

o | hypothesized that hawksbills would spend less time foraging, eating, and
surfacing in regions of high boat traffic intensity, compared to regions of

low boat traffic intensity.
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Abstract

Hawksbill sea turtles are classified as a critically endangered species worldwide.
They reside in tropical and subtropical regions of the world and their nesting populations
and foraging aggregations can be found within the Indo-Pacific, Pacific, Caribbean,
Atlantic, and Mediterranean regions. To estimate hawksbill movement patterns between
nesting populations and foraging aggregations, molecular markers have been used to
define relationships between the two. Specifically, mitochondrial DNA (mtDNA)
markers have been utilized to estimate the contributions of source rookeries to a single
mixed stock foraging aggregation through mixed stock analysis (MSA). The Sandy Bay
West End Marine Reserve (SBWEMR) is a marine reserve off the coast of Roatan,
Honduras. Presently, an uncharacterized aggregation of juvenile hawksbill turtles has
been found foraging within the reserve. We used mtDNA haplotypes to analyze the
population structure of this juvenile hawksbill foraging aggregation and estimated natal
origins through MSA. MtDNA from 35 individual juvenile hawksbills indicated the
presence of 14 haplotypes within the SBWEMR foraging aggregation. Bayesian mixed
stock analysis with equal and weighted priors suggested greatest rookery contributions
from Colombia (33 %), Costa Rica (17 %), and Puerto Rico (15 %). The trajectories of
two prevalent ocean surface currents within the Caribbean helped strengthen these
suggestions. Although Colombia, Costa Rica, and Puerto Rico were the highest
estimated contributors of the entire baseline stock, the presence of several unique
haplotypes within the SBWEMR foraging aggregation suggests the need for additional
rookery data. The SBWEMR remains an important recruiting zone for juvenile

hawksbills from both known and unknown rookeries of the wider Caribbean. Measures
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should be taken to ensure this valuable location remains viable for future juvenile

recruitment.

Keywords: mtDNA, mixed stock analysis, foraging aggregation, Roatén,
Honduras, Eretmochelys imbricata, Caribbean, population genetics, marine protected

areas

Introduction

The hawksbill is a critically endangered sea turtle species that utilizes tropical and
subtropical regions of the world. Various hawksbill populations can be found in the
Indo-Pacific (Nishizawa et al. 2012), Pacific (Gaos et al. 2017), Caribbean (Bass et al.
1996, Bjorndal et al. 2003), Atlantic (Ferreira et al. 2018), and Mediterranean (Camifias
et al. 2004) oceans. Over the past several decades, hawksbill populations have
diminished by approximately 80% due to anthropogenic activities that have decimated
and destroyed regions important to hawksbill development and maturation (Meylan 1998,
Meylan et al. 1999, Bowen et al. 2007, Mortimer et al. 2008). Similar to most sea turtle
species, the hawksbill’s “critically endangered” classification (IUCN 2020) can
specifically be attributed to anthropogenic activities, such as exploitation of eggs
(Wallace et al. 2011), exposure to pathogens or pollutants (Sarmiento-Ramirez et al.
2014), accidental by-catch (Jackson et al. 2001, Finkbeiner et al. 2011, Guimaré&es et al.
2017), coastal development, and dredging (Dickerson et al. 2007). In addition, the
popularity of hawksbill shell as a commercial trade item has made this species a target for

direct capture and trade (Witzell 1983, Meylan 1998, Harrison et al. 2017).
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Hawksbill sea turtles are known to migrate throughout ontogeny, potentially
spending their hatchling, post-hatchling, juvenile, and adult stages in separate regions.
Adequate beaches are essential for adult females to nest and lay new clutches of
hatchlings, while the pelagic and neritic zones of the ocean are also of great importance
as hatchlings disperse through the open sea, develop into juveniles, and settle in near
shore reefs to forage and continue development. As they reach maturity, adult sea turtles
may transition to new foraging grounds before migrating to breeding grounds in the
vicinity of their nesting region of choice (Meylan 1999, Spotila 2004, Reich et al. 2007).
Since the hawksbill is a highly migratory species, preservation and restoration of
declining populations may be difficult. Population loss due to the exploitation or damage
of essential habitats in one region may negatively affect other distant, yet connected,
populations and aggregations. Therefore, hawksbill preservation requires a clear
understanding of regional movement patterns, the preservation of life during each stage,
and the protection of habitats in which hawksbills spend each life stage. Understanding
the connectivity between nesting, foraging, and breeding grounds is essential for accurate
measures of sea turtle survivability and the implementation of management strategies.

Numerous methods have been employed to estimate movements of sea turtles and
suggest connections between various populations. Massive capture-mark-recapture
projects of tagged turtles have been used in the Caribbean to uniquely identify sea turtles
and record their sightings and locations over time (Meylan 1999). However, tag loss is
an important factor of concern in tagging projects (Limpus 1992). Since capture-mark-
recapture methods of tagged turtles can be cumbersome and require years of

opportunistic reoccurring captures to build connections among populations and
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aggregations (Blumenthal et al. 2009), acoustic (Carrion-Cortez et al. 2013), radio
(Berube et al. 2012), and satellite telemetry (Godley et al. 2008) have also been employed
as additional means to track turtle movements. However, using telemetry to analyze the
movements of migratory animals can be difficult, expensive, and time consuming. To
complement tagging projects, researchers have employed molecular markers to establish
connections among sea turtle populations. The ability of molecular markers to identify
and differentiate between populations has led researchers to use molecular markers in
conservation research (Lee 2008).

Molecular markers have been used to estimate sea turtle movements and establish
connections between nesting rookeries and foraging aggregations (Bass et al. 1996).
Individual molecular markers and several combinations of molecular markers, such as
microsatellites, single nucleotide polymorphisms (SNPs), restriction fragment length
polymorphisms (RFLPs), and mitochondrial DNA (mtDNA) haplotypes have been used
to asses genetic diversity (Bowen et al. 2007), estimate stock structure and population
groupings (Karl et al. 1992), map evolutionary relationships (Naro-Maciel et al. 2008),
evaluate bottleneck events (Natoli et al. 2017), and determine dispersal and recruitment
patterns (Putman et al. 2014). Each of these molecular markers have various
characteristics that enable them to reveal genetic variations between individuals and
populations. However, according to Lee (2008), one of the most widely used molecular
markers in sea turtle research is the mitochondrial DNA haplotype. Mitochondrial DNA
(mtDNA) has become a popular marker due to its high variability and elevated mutation
rate, and its strict clonal maternal inheritance (Galtier et al. 2009). Initial mtDNA studies

used sequences of relatively short lengths averaging only about 300 — 500 bp in length
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(Norman et al. 1994, Lahanas et al. 1998, Bowen et al. 2007, Blumenthal et al. 2009).
Since longer sequences averaging about 800 bps in length are able to detect greater
variation, many recent studies combine genetic analysis of shorter sequences with those
of longer sequences, leading to enhanced differentiation among populations (Leroux et al.
2012). Using genetic markers, the contributions of source rookeries to a single mixed
stock can be calculated through mixed stock analysis (Pella et al. 2001, Manel et al. 2005,
Bolker et al. 2007).

Presently, an uncharacterized foraging aggregation of juvenile hawksbill sea
turtles resides off the northwestern coast of Roatan, Honduras (Dunbar et al. 2016,
Dunbar et al. 2017). The genetic compositions of numerous foraging aggregations in the
Caribbean and around the world have been analyzed and connected with natal rookeries
(Bass et al. 1996, Bowen et al. 1996, Bass 1999, Blumenthal et al. 2009, Leroux et al.
2012, Gorham et al. 2014, Cazabon-Mannette et al. 2016), yet the genetic structure of the
foraging aggregation within the Sandy Bay West End Marine Reserve (SBWEMR)
remains unknown. The goal of this study was to use mtDNA haplotype analysis to
evaluate the genetic structure of the juvenile hawksbill aggregation foraging in the
SBWEMR, and genetically characterize and estimate natal origins through mixed stock
analysis (MSA). Using these data, our goal was to define the connection of juveniles in
the SBWEMR to nesting rookeries in the wider Caribbean and assess how factors, such

as rookery size and ocean surface currents, influence rookery contributions.
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Methods

Study Site

Roatan is the largest and most populated of the three Bay Islands of Honduras,
and is located about 55 km north of mainland Honduras (16°21° 44”° N, 86°25” 06> W).
Situated in the western Caribbean Sea as part of the Mesoamerican Barrier Reef system,
Roatan is surrounded by barrier, fringing, patch, and sloping reefs that range in depths
from 5 - 40 m. Roatén is approximately 60 km long and 8 km wide. Although several
protected areas have been established off the coast of Honduras, the SBWEMR is located
off the northwestern coast of Roatan. The reserve was established in 1988 to aid in
reducing the impacts of deleterious human activities on inshore reef areas. Currently, the
SBWEMR encompasses approximately 13 km of Roatan’s coastline, stretching from the
western tip of the island at West Bay along the northern shore to Sandy Bay (RMP

2015)(Figure 1).

In-water Surveys and Turtle Captures
Using SCUBA, in-water surveys were performed during dives in the morning
(8:30 — 10:30) and afternoon (14:30 — 16:30) time periods. Dives were completed in a
strip transect pattern at established dive sites within the SBWEMR, as described by
Baumbach et al. (2019). When able, swimming or resting hawksbill turtles were gently

captured by hand and brought to the surface.
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Turtle Measurements and Identification

Captured turtles were transferred to the Roatan Dive Center for individual work-
up and sample collection. Standard measurements (curved carapace length (CCLin),
curved carapace width (CCW) and weight were recorded for each turtle following
methods by Dunbar et al. (2008) and Berube et al. (2012). For positive in-water
identification, each turtle was tagged in the front right flipper using a unique Inconel style
681 metal tag (National Band and Tag Co.). Dorsal and lateral views of the head were
photographed for each turtle and uploaded to the HotSpotter database for photo

identification purposes (Dunbar et al. 2017).

Tissue Sample Collection and Storage

Once captured, measured, and tagged, blood samples were collected from each
turtle. Using a 5 mL syringe and a 22-gauge needle inserted approximately 1 cm beneath
the skin, approximately 3 - 4 mL of blood was collected from the dorsal cervical sinus
(ProTECTOR 2015). While in the field, approximately 3 drops of whole blood were
stored in 1.5 mL of cell lysis buffer and subsequently frozen. Once transferred to the
laboratory, approximately 500 pL of each sample was relocated into new microcentrifuge
tubes and placed in a -20 °C freezer. The remainder of each sample was stored in the

refrigerator until ready for use.
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Laboratory Analysis
DNA Extraction and Polymerase Chain Reaction (PCR)

DNA was extracted using the standard extraction protocol for reptilian blood as
amended by Duran et al. (2015). A 10-uL portion of the extraction sample was used to
check initial nucleic acid concentration and purity on a NanoDrop (Thermo Scientific
NanoDrop 2000 spectrophotometer, Delaware, USA). Extraction products greater than
1pug in concentration were diluted 1, 2, or 3-fold prior to PCR. A segment of the
mitochondrial control region (d-loop), approximately 900 bps in length, was amplified
through PCR using LCM15382 forward primer and H950 reverse primer (see appendix
for primer sequences) (Vargas et al. 2015, Gaos et al. 2016, Rees et al. 2017). PCR
reaction mixtures (50ul) included 25 pL of PCR master mix, 1 pL of 100 uM forward
primer, 1 puL of 100 uM reverse primer, 22 pL of nuclease-free water, and 1 pL of ~ 400
ng genomic DNA (Thermo Scientific Maxima Hot Start PCR Master Mix kit, Delaware,
USA). Positive and negative controls were used to check for contamination and primer
efficiency. PCR was performed using the following thermocycler conditions: 4 minutes
at 95 °C, followed by 30 cycles of 30 seconds at 95 °C, 30 seconds at 52 °C, and 60
seconds at 72 °C, and a final extension step at 72 °C for 5 minutes. Amplified products
were checked for quality and contamination by electrophoresis in a 1.2 % agarose gel

(Vargas et al. 2015).
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Figure 1. The Sandy Bay West End Marine Reserve (SBWEMR) - The SBWEMR

encompasses approximately 13 km of Roatan’s coastline, stretching from the western tip
of the island at West Bay along the northern shore to Sandy Bay.
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Sequencing and Characterization of Haplotypes

All purification and sequencing reactions were completed by Eton Bioscience, Inc
(California, USA). Amplified PCR samples were purified and treated with EXoSAP-it
(Eton Bioscience Inc., California, USA) according to the Eton Bioscience Inc. standard
PCR purification protocol. Forward and reverse sequencing reactions were performed
using LCM15382 and H950 as the forward and reverse primers, respectively. To ensure
sequencing quality of the 3” end, we used an additional forward primer, EIIFP91, during
sequencing reactions. PCR samples and primers were combined with BigDye Terminator
(DNA Polymerase, dNTPs, ddNTPs) and run on a PCR Thermocycler. After sequencing,
samples were purified using magnetic beads and ethanol washes. All procedures were
performed on an ABI 3730xI DNA Sequencers. Sequences obtained using LCM15382
forward primer and EIIFP91 internal forward primers were combined and trimmed
accordingly to form whole consensus sequences 736 bp in length. Using Geneious
11.0.2., we then aligned consensus sequences and named them according to haplotype

matches made with published hawksbill haplotypes.

Data Analysis
Genetic Diversity and Rookery Contribution
Haplotype frequencies of 14 nesting rookeries were obtained from literature and
personal communication for: Antigua (Levasseur et al. 2019), Barbados (Browne et al.
2010), Colombia (Trujillo-Arias et al. 2014), Costa Rica (Leroux et al. 2012), Cuba
(Diaz-Fernandez et al. 1999), Dominican Republic, Guadeloupe, Mexico, Nicaragua

(Leroux et al. 2012), Puerto Rico (Velez-Zuazo et al. 2008), Tobago (Cazabon-Mannette
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et al. 2016), and the US Virgin Islands (Leroux et al. 2012). Using Arlequin 3.5.2.2., we
calculated genetic diversity of the SBWEMR foraging aggregation and each potential
contributing rookery and reported haplotype diversity, nucleotide diversity, and F
values. Rookery contributions were estimated using BAYES program. Markov Chain
Monte Carlo (MCMC) analysis was conducted with equal weighted priors and weighted
priors for rookery size and rookery distance. MCMC analyses were conducted using 14
chains, one for each baseline stock. In each analysis, MCMC runs for each chain were
50,000 steps in length and the starting value of stock proportions was 0.95 for the
baseline sample corresponding with the chain analyzed, while the value of stock
proportions for the remaining 14 baseline samples were 0.00385. Gelman and Rubin
shrink factor was calculated for each analysis to assess convergence of the chains to the
desired posterior density. Mixed-stock composition was estimated for each analysis from
the mean of all fourteen chains after 25,000 burn-in steps. Dirichlet prior of stock
proportions varied depending on the type of analysis; equal weighted priors, weighted

priors for rookery size, or weighted priors for rookery distance (Table 1).

Buoy Dispersion — Drifter Analysis

To estimate the influence of surface ocean currents on hatchling dispersal, we
identified surface currents leading to Honduras and the region of the SBWEMR. Data
were acquired from drifter buoys placed by the National Oceanic and Atmospheric
Administration (NOAA) as part of the Global Drifter Program (deployed drifter buoys
continually record and transmit location data (accuracy 0.1 — 2.0 km) via satellite, which

is then used to calculate ocean current direction and velocity) (NOAA, USA). A full
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database search (see appendix for link to database) was completed to identify drifter
buoys within the Caribbean basin from 2012 — 2017. A fine-scale search identified buoys
that drifted within the Mesoamerican Reef system and within 100 km of Honduras and
the SBWEMR (Roatéan) (See Appendix for buoy information). In addition, surface
current patterns were assessed through time using the Ocean Surface Current Analyses
Real-time (OSCAR) global surface current database. Surface current patterns within the
Caribbean basin were evaluated for changes in surface current speed and direction from
2012 — 2017.
Results
Haplotype Composition and Genetic Diversity

We successfully extracted, amplified, and sequenced mtDNA from 35 individual
juvenile hawksbills. Using 17 polymorphic sites, a total of 14 mtDNA control region
haplotypes were identified within the SBWEMR foraging aggregation (see appendix for
haplotype sequences). The following ten haplotype sequences identified within the
SBWEMR foraging aggregation have been previously characterized and are associated
with Atlantic/Caribbean rookeries: EiA01, EiA02, EiAQ9, EiAll, EiA20, EiA41, EiA43,
EiA47, EiA63, EIA83. The four remaining haplotype sequences (EiA24, EiA42, EiA80,
and EiA95) although present in the hawksbill haplotype database, have not yet been

associated with specific rookeries (Table 2).
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Table 1. Dirichlet Priors of Stock Proportions. Prior values used for mixed
stock analysis for the equal weight model and models weighted for rookery
size and distance. Values were scaled among rookeries, with larger and
more distal rookeries receiving larger Dirichlet values.

Rookery Equal Priors Weighte.d Priors - Weigh.ted Priors -

Size Distance

AJB 0.07143 0.02873 0.10543
BBL 0.07143 0.21228 0.11729
BBW 0.07143 0.02123 0.11729
ccv 0.07143 0.01274 0.06347
CRT 0.07143 0.00354 0.0384
CDL 0.07143 0.08732 0.03821
DRS 0.07143 0.00212 0.06923
GMG 0.07143 0.02137 0.10718
MXY 0.07143 0.36796 0.02707
NPC 0.07143 0.02901 0.02519
PMI 0.07143 0.10473 0.08568
TOB 0.07143 0.01585 0.11262
UBI 0.07143 0.02236 0.09293
uspP 0.07143 0.07076 0.09293

Note: AJB = Antigua —Jumby Bay; BBL = Barbados — Leeward; BBW = Barbados —
Windward; CCV = Colombia — Cabo de la Vela; CRT = Costa Rica — Tortugero; CDL = Cuba —
Doce Leugas; DRS = Dominican Republic — Saona Island; GMG = Guadeloupe — Marine
Galante; MXY = Mexico — Yucatan; NPC = Nicaragua — Pearl Cays; PMI = Puerto Rico —
Mona Island; TOB = Tobago UBI = USVI — Buck Island; USP = USVI — Sandy Point.
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Previously characterized haplotypes EiA01, EiA11l, and EiA20 were the most abundant
haplotypes found within the SBWEMR foraging population and accounted for 28 %, 25
%, and 8 % of the sampled population, respectively. The calculated haplotype (h) and
nucleotide (r) diversities for the SBWEMR foraging aggregation were 0.862 (+/- 0.039
SD) and 0.008 (+/- 0.004 SD), respectively. Our study aggregation showed the greatest
haplotype diversity when compared to the baseline stocks (Table 3). Ten haplotypes
were present in both the SBWEMR foraging aggregation and the baseline stocks. An
additional four haplotypes found within the SBWER foraging aggregation were not
included in the contribution analyses since they were absent from the baseline stocks.
Nucleotide diversity of the SBWEMR population (0.008 +/- 0.004 SD) was also greater
than each of the rookeries in the baseline. Fixation index (Fs) comparison generated by
an AMOVA test indicated significant variation in genetic composition between our
aggregation and the baseline stocks (Fst = 0.549). Fscomparison between each baseline
stock indicated significant genetic variation among all baseline rookeries included in the
analyses (Table 4). Gelman and Rubin shrink factor for each chain was less than 1.2,

indicating sufficient convergence.
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Table 2. Haplotype frequencies of baseline stocks and the SBWEMR foraging aggregation. Fourteen different rookeries were used as the baseline for the analysis. Fourteen different haplotypes were found within the SBWEMR foraging aggregation. Of
the fourteen haplotypes, four (bolded) were unique to the SBWEMR, not associated with published rookeries.

N [Eino1|Eia02|Eiao3|Einog|Eia11]Eia12| Eia13]Eia18]Eia20| Eia21|Eia22| EiA23| Eia24| Eia28| Eia29| EiA30| EiA41| Eina2| Eind3| Eind7| Eias2| Ein63| Eine5| EiaBo| EiAs3| EiAB4| EiA9s| Reference

Jumby Bay, Antigua 250 155 89 3 2 1 Levasseur - unpublished
Barbados Leeward 54 54 Browne et al. 2010
Barbados Windward 30 3 6 21 Browne et al. 2010

Cabo de la Vela, Columbia 29 12 1 2 13 1 Trujillo-Arias et al. 2014
Tortuguero, Costa Rica 60 11 3 33 5 1 6 1 LeRoux et al. 2012

Doce Leguas, Cuba 70 62 1 5 1 1 Diaz-Fernandez et al. 1999
Saona Island, Dominican Republic 33 3 22 2 6 Carreras et al. 2013
Marie-Galante, Guadeloupe 72 2 69 1 LeRoux et al. 2012
Yucatan, Mexico 20 2 16 1 1 LeRoux et al. 2012

Pearl Cays, Nicaragua 95 19 54 16 1 5 LeRoux et al. 2012

Mona Island, Puerto Rico 109 3 2 60 1 34 6 3 Velez-Zuazo et al. 2008
Tobago 39 24 2 9 3 1 Cazabon-Mannette et al. 2016
Buck Island, USVI 67 8 2 2 50 4 1 LeRoux et al. 2012

Sandy Point, St. Crois, USVI 41 33 1 7 LeRoux et al. 2012
SBWEMR 35 10 1 2 9 3 1 1 1 1 2 1 1 2 1 Wright - unpublished

TOTAL: 1004 369 31 93 88 282 6 5 3 49 6 2 17 1 3 1 2 2 1 22 8 1 2 1 1 3 5 1




Table 3. Haplotype and Nucleotide Diversities. Haplotype and nucleotide diversities of the
SBWEMR foraging aggregation and each baseline rookery sampled in the wider caribbean,
sample size (n), number of haplotypes (H), and haplotype (h) and nucleotide (r) diversities

with respective SD.

Foraging Aggregation n H h SD+/- T SD+/-
SBWEMR 36 14 0.862  0.039 0.008 0.004
Rookery n H h SD+/- T SD+/-
Jumby Bay, Antigua 250 5 0.491 0.019 0.007 0.004
Barbados (Leeward) 54 1 0.000 0.000 0.000 0.000
Barbados (Windward) 30 3 0.476  0.091 0.003 0.002
Cabo de la Vela, Columbia 29 5 0.643 0.054 0.008 0.004
Tortuguero, Costa Rica 60 6 0.656  0.057 0.007 0.004
Doce Leguas, Cuba 70 5 0.213 0.064 0.003 0.002
Y ucatan, Mexico 20 4 0.363 0.131 0.001 0.001
Pearl Cays, Nicaragua 95 4 0.552 0.044 0.005 0.003
Sandy Point, USVI 41 3 0.331  0.082 0.005 0.003
Buck Island, USVI 67 6 0.430 0.072 0.004 0.002
Galet, Guadeloupe 72 3 0.082 0.044  0.001 0.001
Tobago 39 5 0.574 0.074  0.007 0.004
Mona Island, Puerto Rico 109 7 0.600 0.035 0.003 0.002
Sanoa Island, Dominican Republic 33 4 0.527  0.089 0.003 0.002
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Mixed Stock Analysis - Rookery Contributions

Bayesian estimates of rookery contributions with equal weighted priors and
weighted priors for rookery size and distance indicated relatively low contributions from
baseline rookeries. Bayesian mixed stock analysis with equal weighted priors estimated
greatest contributions from Colombia — Cabo de la Vela (mean = 0.33, CI =0-0.38),
Costa Rica - Tortugero (mean = 0.17, Cl =0 - 0.4), and Puerto Rico — Mona Island
(mean = 0.15, Cl =0 - 0.4) (Figure 2A). Using weighted priors for rookery size,
Bayesian mixed stock analysis suggested greatest contributions from Colombia — Cabo
de la Vela (mean = 0.44, Cl = 0 —0.82), Puerto Rico — Mona Island (mean = 0.19, CI =0
—0.43), and Costa Rica - Tortugero (mean = 0.12, Cl = 0 - 0.37) (Figure 2B). When we
used weighted priors for rookery distance, Bayesian mixed stock analysis indicated
greatest contributions from Colombia — Cabo de la Vela (mean = 0.26, Cl =0 — 0.68),
Costa Rica - Tortugero (mean = 0.17, Cl = 0 — 0.40), and Puerto Rico — Mona Island

(mean =0.16, Cl =0 - 0.41) (Figure 2C).

Buoy Dispersion — Drifter Analysis
A total of 70 drifters were located within the Caribbean between 2004 — 2017. Of
these seventy, ten were associated within the Mesoamerican Reef basin, but only three
were present in the Mesoamerican Reef basin within 100 km of Roatan, Honduras
between 2012 — 2017 (see appendix for drifter data). The first drifter buoy (WMO ID
43560) was found approximately 100 km west of Roatan and indicated a southern drift
along the coast of Belize towards mainland Honduras. The current then shifted northeast

sending the drifter buoy towards Roatan (Figure 3A & 3B). The second (WMO ID
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42552) and third (WMO ID 42557) drifter buoys, indicated the same current pattern.
Both buoys approached Roatan from the southeast and then shifted northeast towards
Roatan (Figure 3C & 3D). Several other drifters were deployed directly into the
Mesoamerican Reef system, but were removed after only approximately 30 days of
drifting and were repositioned in other regions where they remained for several years.
All buoys deployed in the Mesoamerican reef system remained relatively close to their
initial deployment points for the entire duration of their individual drift periods.
However, overall final movements of drifters indicated a slight northeastern drift within
the Mesoamerican Reef basin (Figure 3). The paucity of drifting data collected from
these buoys required us to undertake additional surface current assessments using
OSCAR. OSCAR-simulated data suggested the presence of a westerly current sweeping
south of Puerto Rico towards Central America (Figure 4A) and the presence of a circular
current off the coast of Colombia, Panama, and Costa Rica (Figure 4B, C, D, & F).
However, over time, the strength of this current dissipates, and the trajectory shifts north

towards Honduras (Figure 4E).
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Table 4. Fixation (Fst) index estimates. Values greater than 0.2 indicate population isolation and differentiation. All values were significant (p < 0.005). AJB = Antigua — Jumby Bay; BBL = Barbados —
Leeward; BBW = Barbados — Windward; CCV = Colombia — Cabo de la Vela; CRT = Costa Rica — Tortugero; CDL = Cuba — Doce Leugas; DRS = Dominican Republic — Saona Island; GMG = Guadeloupe —

Marine Galante; MXY = Mexico — Yucatan; NPC = Nicaragua — Pearl Cays; PMI = Puerto Rico — Mona Island; TOB = Tobago UBI = USVI — Buck Island; USP = USVI — Sandy Point.

AlB BBL BBW CRT MXY NPC uspP UBI GMG TOB DRS ccv cDL PMI
AJB 0.0000 - - - - - - - - - - - - -
BBL 0.6500 0.0000 - - - - - - - - - - - -
BBW 0.5137 0.8198 0.0000 - - - - - - - - - - -
CRT 0.4509 0.6611 0.4213 0.0000 - - - - - - - - - -
MXY 0.4626 0.7547 0.4413 0.3507 0.0000 - - - - - - - - -
% NPC 0.5421 0.8958 0.5734 0.4547 0.4829 0.0000 - - - - - - - -
uspP 0.4857 0.6718 0.4763 0.4020 0.4136 0.5089 0.0000 - - - - - - -
UBI 0.5565 0.8546 0.6041 0.4917 0.5287 0.6571 0.5344 0.0000 - - - - - -
GMG 0.5303 0.7670 0.5524 0.4611 0.4858 0.5922 0.5038 0.6123 0.0000 - - - - -
TOB 0.4831 0.7492 0.4720 0.3825 0.3941 0.5124 0.4396 0.5498 0.5086 0.0000 - - - -
DRS 0.4986 0.7887 0.4982 0.4015 0.4171 0.5431 0.4580 0.5780 0.5312 0.4490 0.0000 - - -
ccv 0.6403 0.9535 0.7872 0.6494 0.7280 0.8472 0.6614 0.8227 0.7491 0.7273 0.7608 0.0000 - -
cDL 0.6005 0.8812 0.6937 0.5766 0.6311 0.7445 0.6019 0.7401 0.6804 0.6411 0.6696 0.8535 0.0000 -
PMI 0.4648 0.6339 0.4452 0.3759 0.3836 0.4762 0.4233 0.5025 0.4750 0.4104 0.4276 0.6250 0.5688 0.0000
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Figure 2. Rookery contributions (Equal Weight) (A), Rookery contributions (Weighted
Size) (B), Rookery contributions (Weighted Distance) (C) — AJB = Antigua — Jumby
Bay; BBL = Barbados — Leeward; BBW = Barbados — Windward; CCV = Colombia —
Cabo de la Vela; CRT = Costa Rica — Tortugero; CDL = Cuba — Doce Leugas; DRS =
Dominican Republic — Saona Island; GMG = Guadeloupe — Marine Galante; MXY =
Mexico — Yucatan; NPC = Nicaragua — Pearl Cays; PMI = Puerto Rico — Mona Island;
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TOB = Tobago UBI = USVI — Buck Island; USP = USVI — Sandy Point.
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Figure 3. Drifter Buoy Trajectories — Drifter buoys, present between 2012 — 2017,
indicated two trajectories located north of mainland Honduras. The direction of
movement is indicated by arrows and the end of each buoy’s trajectory is denoted with a
filled circle. The first buoy (WMO ID 43560) drifted south along the coast of Belize
towards mainland Honduras, then shifted northeast towards Roatan (A). A closer view of
Figure 3a (B). The remaining two drifters (WMO ID 42252 and 42257) approached
Roatan from the southeast and then shifted trajectories heading northeast (C). A closer
view of figure 3b (D). Red stars indicate the general location of Roatan, Bay Island,
Honduras.
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Figure 4. OSCAR Global Surface Currents — Arrow and current color depict strength of
current in m/s, increasing from blue to red (blue — Om/s; green — 0.3 m/s; yellow — 0.55
m/s; orange — 0.7 m/s; red — 1 m/s). Arrow size depicts the strength of the current, while
arrow direction represents the direction of the surface current. The presence of a westerly
current sweeping south of Puerto Rico (PR) further into the Caribbean (A). The formation
and presence of a circular current off the coast of Colombia (CO), Panama (PA), and
Costa Rica (CR) (B-E). No distinct currents lead directly to the Honduran coast (A - F).
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Discussion

An uncharacterized foraging aggregation of juvenile hawksbill sea turtles resides
off the northwestern coast of Roatan, Honduras, within the SBWEMR (Dunbar et al.
2016). The current study is the first to characterize a Honduran foraging aggregation and
suggest juvenile recruitment patterns based on rookery contribution estimates. MtDNA
analyses suggested the presence of fourteen 736-bp haplotypes within the SBWEMR
juvenile aggregation.

Typical of foraging aggregations, the presence of various haplotypes suggests the
SBWEMR aggregation is of mixed stock composition, as has been found elsewhere in the
wider Caribbean (Bass 1999). Elevated haplotype diversity of our foraging aggregation in
comparison to baseline stocks, suggested that our aggregation contained a greater number
of haplotypes than each of the baseline rookeries. Four haplotypes (EiA24, EiA42,
EiA80, EiA95) unique to our foraging aggregation, have yet to be associated with
specific nesting rookeries. However, haplotype EiA24 has been associated with foraging
aggregations in the Cayman Islands (Blumenthal et al. 2009), but foraging aggregations
associated with haplotypes EiA42, EiA80, and EiA95 have not yet been published.
Initially haplotype EiA83 was only associated with foraging aggregations in Florida and
Tobago (Wood et al. 2013, Gorham et al. 2014, Cazabon-Mannette et al. 2016).
However, due to an expansion in sample size of nesting turtles, this haplotype was
recently associated with a nesting rookery in Antigua (Levasseur et al. 2019). These
results suggest the presence of additional uncharacterized rookeries that may contribute

to the SBWEMR aggregation.
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Fixation estimates among individual nesting rookeries indicated significant
genetic variation among nesting sites. Although genetic variation between Costa Rica and
both Tobago and Puerto Rico were relatively low, due to substantial geographic distance,
all three rookeries were considered distinct and separate (Gonzalez-Garza et al. 2015).

Bayesian mixed stock analysis estimated rookery contributions using equal
weighted priors and priors weighted for rookery size. Bayesian mixed stock analysis with
equal weighted priors estimated rookery contributions from Colombia, Costa Rica, and
Puerto Rico. Bayesian mixed stock analysis with priors weighted for rookery size, also
estimated rookery contributions from Colombia, Costa Rica, and Puerto Rico, but with
smaller confidence intervals, as seen with several other studies conducted in the
Caribbean (Bass et al. 2004, Naro-Maciel et al. 2007). Relatively large confidence
intervals have been difficult to avoid, since haplotype data from several potential source
rookeries remain unavailable, and several haplotypes are broadly shared among distant
rookeries (Putman et al. 2013). Although large confidence intervals are typical of mixed
stock analyses, since wide-ranging confidence intervals are present (Blumenthal et al.
2009, Monzon-Arguello et al. 2010, Monzén-Argliello et al. 2011, Proietti et al. 2014),
additional information is required to corroborate mixed stock analysis interpretations. As
seen in studies by Putman et al. (2013) and Blumenthal et al. (2009), the inclusion of
ocean surface current data may provide clearer interpretations of hatchling dispersals and
rookery contributions.

Long distance dispersals of hatchlings by ocean surface currents have been
documented (Browne et al. 2010, Mansfield et al. 2014, Cazabon-Mannette et al. 2016) .

The results of our study also suggest that long distance dispersal may be influenced by
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existing surface currents. There are a number of well-known ocean currents that flow
through the Atlantic and Caribbean. However, once within the Caribbean, the fine-scale
movements of ocean surface currents are highly specific within our region of study. For
our study, simulated surface current data acquired from the OSCAR database indicated a
direct current south of Puerto Rico moving west towards Central America. Although this
current begins to dissipate before reaching the coasts of Central America, a slight
northerly current may aid in the continued drift of post-hatchlings towards the
Mesoamerican Reef basin (Figure 4A). In addition, larger juveniles nearing the age of
neritic recruitment may shift from drift dispersal behavior to active swimming prior to
settling into neritic foraging grounds. Putman et al. (2013) suggest that with larger body
size, swimming becomes a larger component of net velocity in dispersal, and juvenile
turtles are able to move more independently of currents. This behavioral change may aid
in the recruitment of juveniles from Puerto Rico to the SBWEMR as the westerly current
declines. While some post-hatchlings have been known to migrate long distances to
foraging grounds (Bowen et al. 2007, Grossman et al. 2007), some juveniles have settled
into neritic foraging habitats closer to their beaches of estimated origin (Browne et al.
2010, Cazabon-Mannette et al. 2016). The close proximity of the SBWEMR to Colombia
and Costa Rica, and the presence of currents leading from these regions towards the
SBWEMR provide some support for our results, suggesting relatively short distance post-
hatchling dispersals from Colombia and Costa Rica. OSCAR simulated data suggest the
presence of a circular current off the coast of Colombia, Panama, and Costa Rica (Figure

4B, C, D, & F)). However, over time, the current shifts northward towards Honduras.
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Drift patterns of post-hatchlings carried by this current could possibly transport turtles
towards Honduran waters and towards the SBWEMR.

Time period of dispersal may also influence rookery contributions and haplotype
frequencies. As currents leading towards the Mesoamerican Reef vary over time,
dispersal of post-hatchlings and genetic characterization of the SBWEMR foraging
aggregation may likewise vary. A study by Bjorndal et al. (2008) of green turtles in the
Bahamas over a 12-year period indicated that haplotype frequencies of foraging
aggregations changed over time. These changes were attributed to the shifting of ocean
currents during the oceanic stage, leading to recruitment of post-hatchlings and juveniles
from different rookies. Although temporal shifts in haplotype frequencies were not
observed with hawksbills in a study by Velez-Zuazo et al. (2008) in Puerto Rico, their
results were likely due to both a shorter 3-year study period and small sample size.
Understanding the consequences of changes through time on dispersal of post-hatchlings
is important to effectively estimate all contributions from various regions, and to develop
meaningful management strategies.

Although Colombia, Costa Rica, and Puerto Rico have the highest estimated
contributions of the entire baseline stock, the overall contribution from the baseline stock
to the SBWEMR juvenile aggregation remains relatively small. Several haplotypes found
within the SBWEMR aggregation were removed from the analysis due to their absence
from the baseline stock. Our preliminary results suggest the need for additional rookery
data. Several accounts of regular nesting populations have been reported on Utila and
Guanaja (Dunbar et al. 2019), and mainland Honduras (Meylan 1999), although these

nesting rookeries have not yet been genetically characterized. Recent tagging reports in
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2019 from work on Utila (Dunbar pers. comm.), suggest that several turtles nesting on
Utila were at one-point forging juveniles within the SBWEMR. These additional reports
pose the idea of Utila as a potential contributor to the SBWEMR foraging aggregation.
However, until additional information can be collected, implementation of management
units that include the SBWEMR foraging aggregation remains difficult. Although
foraging aggregations, such as that in the SBWEMR, have distant rookery contributions,
several potential contributing rookeries remain uncharacterized. However, with
information garnered from this study, protection of rookeries in Colombia, Costa Rica,
and Puerto Rico may be essential for continued recruitment of juvenile foraging turtles

into this area of the Western Caribbean.
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Abstract

Marine protected areas (MPAS) have been established to decrease the negative
impacts of human activities. Several sea turtle species reside within MPAs, however,
habitat suitability for sea turtles within many MPAs remains unknown. Habitat modeling
and species mapping have become essential tools in determining areas suitable for
species inhabitance. MaxEnt is a popular machine-learning program that uses presence-
only occurrence data and is considered to be the best modeling method in discriminating
between suitable and unsuitable habitats. Using MaxEnt, we created species distribution
models (SDM) from presence-only occurrence points of juvenile hawksbills and three
environmental variables: boat traffic intensities, prey item distributions, and benthic
characterizations, within the Sandy Bay West End Marine Reserve (SBWEMR) in
Roatan, Honduras. Area under the receiving operator curve (AUC) values indicated high
model accuracy. Jackknife evaluations indicated algal prey items Dictyota spp. and K.
limminghei had the greatest influence on species distribution, followed by boat traffic
intensity, G. neptuni sponge counts, and lastly benthic characterizations. Areas of
suitability shifted based on time of day and ranged from a low probability of presence
(0.0) to a high probability of presence (0.8). Regardless of time of day, the SBWEMR is
mainly classified as moderately suitable, with least suitable habitat prevalent in the most
northeastern region of the reserve and the southwestern tip of the reserve. High suitability
was evident within the mid-region of the reserve. Although the reserve overall is at most
moderately suitable, the SBWEMR remains an important local recruitment and foraging
ground for juvenile hawksbills. Hawksbills have been considered resilient, continually

functioning beneath their operational limits. However, with continued depletion of
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essential habitats over time, areas of habitat suitable for hawksbill inhabitance may

decrease below levels sufficient for continued hawksbill presence.

Keywords: species distribution model, MaxEnt, Eretmochelys imbricata, SBWEMR, Bay

Islands of Honduras

Introduction

Sea turtles are marine reptiles that can be found in tropical and subtropical regions
of the world. They utilize wide areas of the ocean, spanning over 110 countries and
territories (Bjorndal et al. 2003). According to the International Union for Conservation
of Nature (IUCN), although all species of sea turtles were once abundant, all seven
species are currently classified as either data deficient, vulnerable, endangered, or
critically endangered (www.iucnredlist.org). Declines in sea turtle populations can be
attributed to anthropogenic activities, such as exploitation of eggs, accidental by-catch,
exposure to pathogens or pollutants, and the destruction or alteration of nesting beaches
and foraging areas (Jackson et al. 2001, Marcovaldi et al. 2007, Finkbeiner et al. 2011,
Gaos et al. 2012, Guimaraes et al. 2017). Currently, the hawksbill sea turtle
(Eretmochelys imbricata) is classified as critically endangered (IUCN 2020). Over the
past several decades, hawksbill populations have decreased approximately 80% due to
threats specific to hawksbills (Bowen et al. 2007, Mortimer et al. 2008). In addition to the
typical threats to sea turtles, hawksbills are victims of turtle harvesting, specifically
targeted for the tortoiseshell trade. Trade of hawksbill products have been prohibited by

the Convention on International Trade in Endangered Species of Wild Fauna and Flora
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(CITES) since 1977. However, the hawksbill carapace, frequently referred to as “bekko”
in Asia, has been a popular trade product used to create decorative items (Canin 1989).
Due to the unsustainable harvest of hawksbills, estimates suggest that more than 4 million
turtles have been killed globally within the past 150 years (Miller et al. 2019). In order to
replenish populations numbers, conservation strategies require the adequate protection of
this critically endangered species, and the habitat in which individuals reside.

Whether they be terrestrial or aquatic, protected areas have been implemented to
reduce the negative impacts of human activities on species survival, to preserve
remaining individuals, and to ultimately replenish and restore populations (Wang 2019).
Specifically, marine protected areas (MPAS) have been implemented to decrease the
negative impacts of human-driven activities on marine life (Lubchenco et al. 2003).
Effective management of MPAs requires consistent observation and monitoring of human
pressure (Geldmann et al. 2014) and species presence (Sanchez-Carnero et al. 2016). Sea
turtle presence has been recorded within the bounds of several protected areas (Rouphael
et al. 2013, Gorham et al. 2014, Herren et al. 2018, Selby et al. 2019), however, current
management practices of few protected areas have been assessed or reformed to ensure
policies benefit sea turtles and their vital habitats (Fernandes et al. 2017, Hayes et al.
2017). Typically, assessments of sea turtle use in protected areas are limited to nesting
regions (Witt et al. 2008, Christianen et al. 2014) or corridors used during internesting
periods (Witt et al. 2008). Few studies assess both sea turtle distribution and suitability
of foraging areas located within protected zones. Several studies suggest the
establishment of new MPAs or the extension of existing MPAs due to sea turtle presence

(Hays et al. 2014, Lea et al. 2016, Dawson et al. 2017, Fuentes et al. 2018), but do not
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further assess essential habitat characteristics and the suitability of existing areas, nor do
they suggest a reformation of management strategies to ensure these habitat qualities are
maintained.

Habitat modeling and species mapping have become essential tools in predicting
species distributions and identifying suitable regions for species inhabitance (Hooker et
al. 2011). Species distribution models (SDM) utilize species occurrence data and
corresponding environmental variables to make applications in ecology and conservation.
Environmental variables can be divided into three categories: regulators, which control
species ecophysiology; disturbances, which are any disruptions that affect the
environmental system; and resources, which are compounds that provide energy (Guisan
et al. 2000, Guisan et al. 2005). SDMs have been used to predict the influx of invasive
species (Gasso et al. 2012), to identify spatial patterns of species diversity (de la Estrella
et al. 2012), to estimate global distribution of species (Yesson et al. 2012), to map the
geographical range shifts of species (Gotelli et al. 2015), and to predict the impact of
climate change on species distributions (Briscoe et al. 2016). Overall, SDMs can be used
to estimate suitability of various regions for species inhabitance, and to predict and map
the extent of a species across either terrestrial or aquatic landscapes. Within marine
environments, SDMs have been used to identify critical habitats of migratory species,
such as fin whales (Balaenoptera physalus), striped dolphins (Stenella coeruleoalba)
(Panigada et al. 2008), harbour porpoises (Phocoena phocoena) (Embling et al. 2010),
bottlenose dolphins (Tursiops truncatus), grey seals (Halichoerus grypus), and harbour
seals (Phoca vitulina) (Bailey et al. 2009). However, studies utilizing SDMs to assess

suitability of foraging areas for sea turtles in existing marine protected areas are lacking.
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The Sandy Bay West End Marine Reserve (SBWEMR) is a marine protected area
off the northwestern coast of Roatan, Honduras. The reserve was initially created to
protect the reef and its inhabitants from destructive human practices (RMP 2015).
However, as human population density, tourism, and aquatic-based activities in the
region increase (Ministry of Tourism, unpublished data), continued restructuring of
management practices with respect to sea turtle survivability has not taken place. Using
species distribution modeling, we aimed to assess the suitability of the SBWEMR by
combining hawksbill occurrence data with environmental variables likely influencing
hawksbill distribution throughout the reserve. With MaxEnt, we sought to create our
model from presence-only hawksbill occurrence points and three environmental
categories; resource, regulator and disturbance. Specifically, we endeavored to asses
three different environmental variables within the SBWEMR: boat traffic intensities, prey
item distributions, and benthic characterizations. We also aimed to evaluate which
environmental variables have the greatest effect on hawksbill distribution and assess

which regions of the SBWEMR are most suitable for hawksbill use.

Methods
Study Site
Roatan is a Bay Island of Honduras located approximately 55 km north of
mainland Honduras. The SBWEMR is a marine protected area located off the
northwestern coast of the island (16°21° 44°> N, 86°25° 06°> W) (Figure 1). The reserve
lies within the Mesoamerican Barrier Reef and is made up of barrier, fringing, patch, and

sloping reefs ranging in depths of approximately 5 — 40 m (Gonzalez 2013).
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Figure 1. The Sandy Bay West End Marine Reserve (SBWEMR). The protected area is

located off the Northwestern coast of Roatdn, Honduras and spans 13 km of coastline,
extending 1 km from shore.
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The reserve encompasses 13 km of Roatdn’s coastline, stretching from the
westernmost tip of the island in West Bay through West End to Sandy Bay, extending
approximately 1 km offshore (RMP 2015). A detailed description of the benthic
environment in the SBWEMR is provided in Hayes et al. (2017) and Baumbach et al.

(2019).

Species Distribution Model

MaxEnt is a popular machine-learning program used to create species distribution
models and map habitat suitability of regions varying in area from worldwide to entire
continents, countries, and smaller regions (de la Estrella et al. 2012, Santos et al. 2013,
Coxen et al. 2017, dos Santos et al. 2017). Since MaxEnt allows the use of presence-only
occurrence data, continuous and categorical environmental variables, and is considered to
be the best modeling method in discriminating between suitable and unsuitable habitats,
it was the program chosen for this study (Merow et al. 2013). The model was created
using presence-only occurrence points of juvenile hawksbills and three environmental
variable predictors: boat traffic intensities, prey item distributions, and benthic
characterizations. Boat traffic has been shown to alter activity patterns, increase stress,
and lead to physical injury in various marine animals and was chosen as a disturbance
variable (Bracciali et al. 2012, Niemi et al. 2014, Shimada et al. 2017). Prey item
distribution was chosen as a resource variable since prey item abundance and distribution
influences species presence and distribution (Pyke 1984). Benthic composition was
chosen as a regulator variable since sea turtle presence can be associated with various

benthic habitat types (Wood et al. 2013, Walcott et al. 2014). Hawksbill occurrence
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records were acquired from in-water turtle surveys, and environmental variables were

sampled via in-water habitat surveys, boat traffic surveys, and remote sensing.

Species Occurrence Data

Sea Turtle Surveys

Hawksbill occurrence data were collected through a series of in-water surveys
while SCUBA diving. Surveys took place throughout the SBWEMR from June to
September 2016 — 2018. In-water surveys lasted approximately one hour and were
undertaken randomly in approximately 0.9 km? area blocks of the 13 km? reserve.
Surveys were completed in each block in the morning (8:30 — 10:30) and afternoon
(14:30 — 16:30) time periods, where 2 — 5 divers traversed the area in a transect pattern,
similar to the strip transect method described by Baumbach et al. (2019). Upon sighting
of a hawksbill turtle, the location was recorded based on the dive site latitude and
longitude. Upon sighting of a hawksbill turtle, the location was recorded based on the

dive site latitude and longitude (Garmin — GPSMAP 64s).

Environmental Data
Boat Traffic Assessment
Boat traffic throughout the SBWEMR was quantified through a series of boat
count surveys, conducted from the shore similar to those performed by La Manna et al.
(2010). Surveys were completed throughout the entire SBWEMR, along approximately
13 km of coastline, and were conducted 2 — 3 times per week from July to September

2016 —2018. We conducted counts for 20 minutes during the morning (8:30 — 10:30) and

60



afternoon (14:30 — 16:30) time periods, indicating the number of boats that remained
stationary or traveled through an ~ 1 km? area. We termed the number of boats traveling
through a region in one hour ‘boat intensity’ and calculated boat intensity by the
equation:

(By — By) x 3 =boats/, (1)
where B,, equals the number of boats that moved through an ~ 1 km?area in the twenty-
minute period and B, equals the number of boats that remained stationary in the same
twenty-minute period. Since the difference of moving and stationary boats was calculated

during a twenty-minute observation period, the difference was multiplied by three to

estimate the number of boats moving through an ~ 1km? area per hour.

Prey Item Distribution

In order to characterize prey item distributions, we utilized area and line transect
surveys. Area transects were used to estimate percent cover of potential algal prey items
Dictyota spp., Halimeda opuntia, Lobophora variegate, and Kallymenia limminghei, and
line surveys were used specifically to quantify presence of the sponge Geodia neptuni.
For area transects, a 30 m transect line was placed randomly along the reef and 6, 1 m?
quadrats were placed consecutively along the transect line every 5 m, with the quadrat
centered on the transect line. Photographs of each quadrat were taken, edited, and
transferred to the Coral Point Count with Excel extensions (CPCe, Ver. 4.1, National
Coral Reef Institute, Fort Lauderdale, FL)(Kohler et al. 2006). To calculate the percent
cover of potential algal prey items, a simple area analysis was completed using CPCe’s

tracing function to outline all occurrences of each algal species in the quadrat photograph.
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In order to quantify G. neptuni presence throughout the SBWEMR, in-water G. neptuni

sponge counts were conducted by line transects, as described by Baumbach et al. (2019).

Remote Sensing Benthic Data
Image Capture

A 4-band (B, G, R, NIR) multispectral scene of QuickBird satellite data with 2.44
m spatial resolution was obtained from Satellite Imaging Corporation (formerly known as
Digital Globe Inc., Colorado, USA). The image was captured by the satellite on 15 March
2004. The satellite data was radiometrically and geometrically corrected by the vendor to
remove radiometric noise and geometric distortions. The georectification was performed

with a nearest-neighbor interpolation which resulted in a RMSE error of + 1 pixel.

Image Processing - Atmospheric Correction

Raw digital numbers (DNs) or pixel values were converted to top-of-atmosphere
(TOA) radiance using QuickBird provided calibration coefficients. The land areas were
masked using a near-infrared (NIR) band-based binary mask. Cloud cover and cloud
shadows were also removed using a different binary mask. The image was processed
through a first-order single scattering albedo atmospheric correction to remove Rayleigh
and aerosol scattering. Aerosol scattering component was derived from an optically deep-
water area covering 50 x 50 pixels window. Band-specific Rayleigh and aerosol
scattering components were subtracted from the TOA radiance which subsequently
converted to remote sensing reflectance (Rys). The details of the atmospheric correction

procedure can be found in Mishra et al. (2005).
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Benthic Habitat Mapping

Lyzenga (1978) bathymetric model was recalibrated using in situ and principal
component (PC) transformed QuickBird R data (PC1) representing a uniform
reflectance bottom type (i.e., seagrass substrate type) in this study. The bathymetric map
was used in Lee et al. (1994)’s radiative transfer model which decomposes total Ry t0 Rys
by water column and Rs by benthic substrate. Water column inherent optical properties
(i.e. band-wise absorption and backscattering coefficients) were derived from the
optically deep-water window using empirical models proposed by Lee et al. (1998).
Finally, water depth, absorption, and backscattering parameters were used to derive the
bottom albedo or benthic reflectance image. The benthic reflectance image was clustered
to classify the benthic habitat types using the Iterative Self Organizing Data (ISODATA)
algorithm to derive 100 clusters. The 100 clusters were grouped into five bottom types
(seagrass with sand, dense seagrass, coral, coral with sand, and sand) for accuracy
assessment. The details of the water column correction and benthic habitat mapping

procedure can be found in Mishra et al. (2006).

Model and Map Compilation
Environmental Layer Creation
We used ArcGIS Pro (ESRI, Redlands, CA) to create 12 spatial data layers for
insertion into MaxEnt; 11 environmental spatial data layers (Table 1) and a single
background layer, depicting the area of the study site. Benthic environmental data
acquired from remote sensing (dense seagrass, seagrass with sand, sand, coral with sand,

coral) were imported into ArcGIS Pro in raster format and converted to American
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Standard Code for Information Interchange (ASCII). Environmental data collected from
field surveys (boat traffic intensity, Dictyota spp., L. variegate, K. limminghei, H.
opuntia, G. neptuni) were imported into ArcGIS in table format and joined to a vector
layer of the SBWEMR. Each individual environmental variable vector layer was
transformed to raster with identical coordinate projections, extent, and spatial resolution
(Table 2). Multicollinearity tests were performed in ArcGIS Pro using band collection
statistics spatial analyst tool. Correlation coefficients values for H. opuntia and L.
variegata prey item variables were > £ 0.85, indicating multicollinearity. Therefore, the

corresponding layers were excluded from the model (Table 3).
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Table 1. Environmental Variable Layers. Eleven environmental variables were assessed for use in our
study. Nine (bolded) variables selected through a correlation test, were used to create a model
corresponding to the morning and afternoon time periods. Relative percent (%) contribution of each
variable to the MaxEnt model creation is provided.

%
9 tributi
Environmental Variable Unit % Cl\(/;:r:il:nu on Contribution
g Afternoon

Dense Seagrass 0 (absent); 1 (present) 6.7 2.7
Seagrass with Sand 0 (absent); 1 (present) 1.4 4.3
Sand 0 (absent); 1 (present) 23.9 4.2
Coral with Sand 0 (absent); 1 (present) 3.3 4.1
Coral 0 (absent); 1 (present) 5.6 5.2
Boat Traffic Intensity boats/hr. 4.8 18.5
Dictyota spp. %/m? 355 39.1
Lobophora variegate %/m? - -
Kallymenia limminghei %/m® 2.6 1.6
Halimeda opuntia %/m? - -
Geodia neptuni #lkm’ 16.3 20.3
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Table 2. ArcGIS Layer Descriptions. The characteristics of each environmental
variable layer were identical. Each layer had the same extent, geographic and
projected coordinate system, projection and spatial resolution.

Extent Top -----==--=-mm-- 1807495.9877 m
Bottom  ---=-==-=------- 1798510.7877 m

Right =--=-s=eeeeeneem- 548154.8243 m

Left --------m-m-mmm-- 542157.2243 m

Geographic Coordinate System GCS Clarke 1866
Projected Coordinate System UTM Zone 16 Northern Hemisphere
Projection Transvers Mercator
Spatial Resolution 2.8 m
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Table 3. Environmental Variable Correlation Matrix. Correlation values calculated using Band Collection Statistics in ArcGIS. "DS' is dense seagrass, "CS" is coral with
sand, "SS" is seagrass with sand, "CL" is coral, "SN™ is sand, "KM" is Kallymenia, "LB" is Lobophora, "HM" is Halimeda, "GN" is Geodia, "DT" is Dictyota, "BTM" is
boat traffic intensity in the morning, "BTA" is boat traffic intensity in the afternoon.

L9

DS CS SS CL SN KM LB HM GN DT BTM BTA

DS 1

CS -0.127 1

SS -0.083 -0.139 1

CL -0.139 -0.099 -0.116 1

SN -0.158 -0.172 -0.153 -0.231 1

KM 0.009 0.127 -0.081 0.069 *-0.002 1

LB 0.005 0.133 -0.080 0.067 -0.016 0.981 1

HM -0.006 0.131 -0.065 0.050 -0.048 0.743 0.858 1

GN -0.012 0.091 -0.018 0.026 -0.065 0.300 0.469 0.815 1

DT -0.005 0.133 -0.070 0.052 -0.044 0.785 0.888 0.996 0.758 1
BTM -0.036 -0.278 0.079 -0.190  **-0.002 -0.439 -0.469 -0.466 -0.345 -0.468 1
BTA -0.022 -0.266 0.082 -0.184 -0.016 -0.395 -0.421 -0.418 -0.275 -0.425 0.971

Note : If two variables had >+ 0.85, only one varible was selected for the model. All correlations were significant at the 0.01 level, unless otherwise stated (*correlation is
significant at the 0.05 level; ** correlation is not significant).



MaxEnt Conditions and Model Creation

To create species distribution models and map habitat suitability within the
SBWEMR, we used MaxEnt version 3.4.1. In-water turtle surveys provided 94
occurrence points in the morning and 81 in the afternoon, 75 % of which were used for
model training and 25 % as test data. To avoid overfitting the model, the regularization
value was kept as 0.5 for both morning and afternoon models. To reduce the effects of
spatial autocorrelation, bootstrapping replication run type was used for 10 replicate runs,
and iterations were fixed at 1,000. Remotely sensed environmental variable layers were
classified as categorical, while the remaining environmental variables were classified as
continuous. All other programmable values were kept at default. Linear, quadratic,
product, threshold, and hinge features were used to generate both the morning and
afternoon models. The threshold value was chosen using the minimum training presence.
Area under the receiving operator curve (AUC) values were used to assess model
accuracy and predictability, and jackknifing method was used to indicate the importance
of each environmental variable on species distribution via gain. Probability of hawksbill
presence (PHP) in relation to each predictor variable was indicated with response curves
for continuous variables and response bar graphs for categorical variables. PHP was
classified as low (0.0 — 0.2), slightly moderate (0.2 — 0.4), moderate (0.4 — 0.6), and high
(0.6 —1.0). We imported final outputs of both the morning and afternoon models into
ArcGIS Pro and clipped each output to display the suitability of geographic region within
the SBWEMR. Suitability of habitat within the SBWEMR was classified as unsuitable
(0.0 - 0.2), moderately suitable (0.2 — 0.4), suitable (0.4 — 0.6), and highly suitable (0.6 —

1.0).
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Results
Model Performance and Variable Input
Models created to predict species distribution in both the morning and afternoon
exhibited high accuracy. Area under the receiving operator curve (AUC) values were
0.84 in the morning and 0.79 in the afternoon. Overall percent contribution of each
environmental variable to the model’s creation varied between the morning and afternoon
(Table 1). In the morning model, jackknife evaluation of regularized training gain
indicated Dictyota spp. percent cover had the greatest influence on species distribution,
followed by G. neptuni sponge count, boat traffic intensity, K. limminghei percent cover,
and lastly benthic characterization (Figure 2A). Estimates of testing gain in the morning
model implied that Dictyota spp. percent cover had the greatest influence on species
distribution, followed by the benthic variable sand, boat traffic intensity, G. neptuni
sponge count, and lastly the remaining benthic variables. However, dense seagrass
presented a negative gain, suggesting that this benthic variable is a poor choice for further
prediction of species distribution (Figure 2B). Estimates of regularized training gain in
the afternoon suggested that boat traffic had the greatest influence on species distribution,
followed by G. neptuni sponge count, Dictyota spp. percent cover, K. limminghei percent
cover, and lastly benthic characterization (Figure 3A). In the afternoon model,
jackknifing estimates of test gain revealed that boat traffic intensity had the greatest
influence on species distribution, followed by Dictyota spp. percent cover, G. neptuni

sponge count, K. limminghei percent cover, and lastly benthic makeup (Figure 3B).
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Figure 2. Jackknifing estimates depicting variable importance on hawksbill distribution
in the morning. Jackknife of regularized training gain (A), Jackknife of test gain (B).
Teal bars represent testing gain when variable is omitted, dark blue bars represent testing
gain of variable when used in isolation, and red bars represent testing gain with all

variables present.
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However, specific variables, such as coral with sand and coral, presented a negative gain,
suggesting that these benthic variables are poor predictor of species distribution (Figure
3B). Response curves for PHP based on boat traffic intensity indicated an increase in the
PHP as boat traffic intensity increased in both the morning and afternoon. However, in
the morning, PHP decreased and plateaued after reaching an intensity of 50 boats/hour
(Figure 4A & 4B). Response curves for PHP based on Dictyota spp. (Figure 5A & B) and
K. limminghei (Figure 6A & B) percent cover indicated a decrease in the PHP as percent
cover increased in both the morning and afternoon. In contrast, response curves for PHP
based on sponge count indicated an increase in the probability of hawksbill presence as
G. neptuni sponge count increased in both the morning (Figure 7A) and afternoon (Figure
7B). Unlike response curves for continuous variables, general trends of response bar
graphs for categorical variables varied depending on the time of day. In the morning
model, an increase in occurrence potential was evident in the presence of coral, dense
seagrass, and sand, while a decrease in occurrence potential was evident in the presence
of seagrass with sand, and coral with sand (Figure 8A). However, regardless of the
presence or absence of benthic variables, the morning model suggested slightly moderate
to high PHP when associated with all categorical environmental variables. In the
afternoon model, an increase in occurrence potential was evident in the presence of all
variables, except coral and sand (Figure 8B). However, regardless of the presence or
absence of benthic variables, the afternoon model also suggested a slightly moderate to

high PHP when associated with all categorical environmental variables.
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Figure 4. Response curves of probability of hawksbill presence (PHP) in relation to boat
traffic intensity in the morning (A) and afternoon (B). Response curves indicate the
dependence of predicted suitability on boat traffic intensity. In both figures, boat traffic
intensity (boats/hour) is depicted on the x-axis and logistic output (probability of
presence) is depicted on the y-axis. Grey outline indicates one standard deviation.
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Figure 5. Response curves for probability of hawksbill presence (PHP) in relation to
potential prey item, Dictyota spp. in the morning (A) and afternoon (B). Response curves
indicate the dependence of predicted suitability on Dictyota spp. percent cover. In both
figures, Dictyota spp. percent cover is depicted on the x-axis and logistic output
(probability of presence) is depicted on the y-axis. Grey outline indicates one standard
deviation.
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Figure 6. Response curves for probability of hawksbill presence (PHP) in relation to
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deviation.
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Figure 7. Response curves of hawksbill probability of presence (PHP) in relation to
potential prey item, G. neptuni in the morning (A) and afternoon (B). Response curves
indicate the dependence of predicted suitability on G. neptuni count per squared
kilometer. In both figures G. neptuni count per squared kilometer is depicted on the x-
axis and logistic output (probability of presence) is depicted on the y-axis. Grey outline
indicates one standard deviation.
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Hawksbill Distribution Model

Using the environmental parameters associated with hawksbill occurrence data,
MaxEnt logistic output indicated regions of varying suitability within the SBWEMR in
both the morning and afternoon. Areas of suitability shifted based on time of day and
ranged from unsuitable (0.0) to highly suitable (0.8). Regardless of time of day, the
majority of the SBWEMR can be classified as moderately suitable at best, with least
suitable habitat most evident in the northeastern most region of the reserve. High
suitability was evident within a small area of the mid-region of the reserve in both the

morning (Figure 9) and afternoon simulations (Figure 10).
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Figure 9. Predicted habitat suitability of the SBWEMR in the morning. MaxEnt logistic
output depicted varying suitability throughout the SBWEMR. Suitability was classified
as either unsuitable (0 — 0.2), moderately suitable (0.2 — 0.4), suitable (0.4 — 0.6), or
highly suitable (0.6 —1).
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Figure 10. Predicted habitat suitability of the SBWEMR in the afternoon. MaxEnt
logistic output depicted varying suitability throughout the SBWEMR. Suitability was
classified as either unsuitable (0 — 0.2), moderately suitable (0.2 — 0.4), suitable (0.4 —
0.6), or highly suitable (0.6 — 1).
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Discussion

Species distribution models (SDMs) have previously been used in sea turtle
conservation efforts (Duncan 2012, Guo 2014, Varo- Cruz et al. 2016). However, aside
from Hart et al. (2013) and Selby et al. (2019), few models assess hawksbill distributions
in association with several environmental factors in marine protected areas. Furthermore,
the suitability of a protected area for hawksbill inhabitance is often overlooked. Our study
is the first to assess the distribution of foraging juvenile hawksbills in Caribbean
Honduras and to use MaxEnt to evaluate the suitability of an MPA for continued
hawksbill presence, although several models have focused on the suitability of nesting
sites (Lichstein et al. 2002, Santos et al. 2006, Pike et al. 2013).

In our model, prey item predictors, G. neptuni, K. limminghei and Dictyota spp.,
had the greatest influence on suitability. However, with respect to algal prey item percent
cover (K. limminghei and Dictyota spp.), we noted a negative correlation, with PHP
decreasing as percent cover of K. limminghei and Dictyota spp. increased. Although algal
prey items are a potential source of nutrients and are found in the diets of hawksbills
foraging off the coast of other regions, such as Australia (Bell 2013) and Costa Rica
(Santoro et al. 2015), our results suggest that hawksbills foraging within the reserve may
not be heavily reliant on these algal species to obtain nutritional requirements. Initial
focal follows of foraging hawksbills, in the SBWEMR by Baumbach et al. (2015),
suggested hawksbill diet was composed of the algal species Dictyota spp., H. opuntia, L.
variegate, and K. limminghei. However, further work by Baumbach et al. (unpublished
data) suggested that ingestion of other algal species was incidental during attempts to

ingest K. limminghei, and that K. limminghei, although present in hawksbill diets, makes
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up only a small proportion of their diet. Algae has been found in the diet of some
hawksbills foraging off the coasts of the Dominican Republic (Ledn et al. 2002), Puerto
Rico (Van Dam et al. 1997), and other regions of Roatan (Berube et al. 2012), yet our
model suggests that algae may not be a large component of hawksbill diets in the
SBWEMR. This conclusion aligns well with the established, mainly spongivorous
foraging ecology of hawksbills in the Caribbean (Leon et al. 2002, Blumenthal et al.
2009). Studies in the Pacific and Indian oceans have shown that hawksbill diets can be
comprised mainly of algae (Limpus et al. 2009, Bell 2013) and hard corals (Obura et al.
2010), however, shifts to primarily algal diets were likely due to the decimation of
sponge prey items within the foraging ranges of hawksbills. According to the optimal
foraging theory, prey item selectivity and foraging patterns may vary based on prey item
availability (Pyke 1984). Still, according to Rincon-Diaz et al. (2011), hawksbill prey
item selection is not always associated with abundance. In some cases, selectivity may be
strong for rare items. This may be indicative of higher PHP in regions of low algal
percent cover in the SBWEMR.

In our models, sponge counts of G. neptuni had the second greatest positive
influence on suitability. Unlike algal prey item percent cover, PHP positively correlated
with G. neptuni distribution. Since increasing presence of G. neptuni in the reserve
indicated increasing PHP, our findings continue to support the positive influence of
sponge availability on hawksbill presence and distribution. With respect to resource
environmental variables, the model output suggests that regions of high G. neptuni counts
and low K. limminghei and Dictyota spp. are considered regions of moderate to high

suitability for hawksbill presence within the SBWEMR. We suggest that PHP was higher
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in regions of high G. neptuni count and low K. limminghei and Dictyota spp, since home
range and core use areas are influenced by prey item availability and preference. In-water
observations, esophageal lavage, and stable isotope analyses performed by Baumbach et
al. (unpublished data) indicated that hawksbill diets within the SBWEMR are
predominantly comprised of Geodia neptuni (68.8 %) when compared to the alga K.
limminghei (18.8%), supporting the results of our model.

In addition to prey item availability, the presence of predators and other
disturbances may influence home range extent and species distributions, limiting habitat
use, species ranges and abundance (Heithaus et al. 2002, Wood et al. 2017). Our model
indicated that increasing boat traffic intensity positively correlated with an increase in
PHP. Furthermore, our model outputs suggested regions with higher boat traffic
intensities were “suitable” habitats within the reserve. These results contradict the general
theory of predator avoidance. However, rather than a positive effect on sea turtle
presence, we suggest that boating has a no effect on sea turtle distribution, and rather that
the influence of prey item distribution dictates hawksbill presence independent of boat
traffic intensity. Recent underwater auditory studies performed by Tyson et al. (2017),
indicated that in-water hawksbill behavior does not appear to be affected by sounds
emitted from boat traffic. Other studies suggest that when nonintrusive, turtles become
accustomed to disturbances, unaware of their potential threats (von Brandis et al. 2010,
Nanninga et al. 2017). These results are supported by recent studies in Roatan by Wright
et al. (in prep), where hawksbills remained undisturbed and showed no obvious stress
response to boats passing overhead during feeding events. Although boats do not pose a

consumptive risk to aquatic species, Frid et al. (2002) proposed that any human-caused
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disturbance stimulus may be considered a form of predation. Since antipredatory
behavior can be exhibited as a response to loud noises and fast approaching objects, boat
presence could be considered a form of predation. Foraging behaviors and distribution of
fishes (Payne et al. 2015, Magnhagen et al. 2017, lvanova et al. 2018), humpback whales
(Megaptera novaeangliae)(Blair et al. 2016), and dolphins (Pirotta et al. 2015) have all
been reported to be altered by boat presence. However, our results help demonstrate the
ability of hawksbills to coexist with boat traffic, seemingly undisturbed by increasing
boat traffic intensity.

While our model was able to predict habitat suitability, there were nevertheless,
several limitations and assumptions to the model. SDMs are limited, since they are
unable to analyze compounding effects and ecological processes that define the
relationship between a species and the environmental variables (Elith et al. 2009). In
addition, the small spatial extent of our study site also limited the number and type of
environmental variables that could be applied to the model. The range of spatial
resolution and extent of coverage for many available layers are broad, with a single
resolution unit equivalent to approximately 1°(Yesson et al. 2012), 25 km (Ferrier et al.
2002), or other similar resolutions that are greater than the spatial scale of the SBWEMR
in its entirety. Although spatial resolution could be resampled to fit the scope of our study
site, the small degree in change of these environmental variables would render the layer
insignificant in our small study area. Studies by Lowen et al. (2016) also indicated that
model performance does not increase by resampling spatial resolution. In any case, our
model outputs may be used to identify regions of ecological importance within the

SBWEMR. In addition, AUC values obtained in our study were greater than 0.75,
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indicating each model contained useful information (Elith et al. 2006) and were able to
predict habitat suitability greater than chance (AUC = 0.5).

According to our model outputs, regions of low suitability are clustered mainly in
the northeastern region of the reserve. Based on the relationship of resource variables
with hawksbill presence in the reserve, strategies to improve suitability should focus on
resource replenishment. Competition for space is typical between sponge and algal
species. In spatially limited regions, competitors affect growth capabilities of sponges
(Gonzélez-Rivero et al. 2011, Singh et al. 2016). In the presence of increased
anthropogenic nutrients, sponge and algal cover has increased in coral reefs. However,
elevated nutrients levels are only beneficial for sponges in the absence of contact with
algae. In the presence of elevated nutrient concentrations, algae competitively inhibit
sponge growth (Easson et al. 2014). Therefore, management of anthropogenic nutrients
within the SBWEMR is essential.

Although testing gain data suggested our model had a poor ability to estimate
suitability if extrapolated and used to test other regions, training data were able to assess
suitability within the SBWEMR. If fine-tuned further by the addition of subsequent
environmental variables and more precise occurrence points, a model with sufficient
extrapolation capability may potentially map hawksbill distribution and habitat suitability
along the entire coast of Roatan. With the information garnered from further model
manipulations, we may be able to identify regions that require implementation of habitat
rehabilitation strategies. Hawksbills have been considered a resilient species, with some
studies suggesting they continually function beneath their operational limits with respect

to routine foraging activities (von Brandis et al. 2010). Although hawksbills have also
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been known to supplement their diets with additional prey items (Berube et al. 2012),
continued depletion of suitable habitat overtime may reduce resource items below
sustainable levels for hawksbill inhabitance. To ensure adequate supply of potential
resource items, specifically sponges, hawksbill foraging areas should be monitored for
anthropogenic runoff and other pollutants that may potentially inhibit the growth of
important resource items. Furthermore, MPAs in the wider Caribbean that are adjacent to
coastal developments and increasing human populations should be monitored for

pollutants, and eutrophying outputs, and should be managed accordingly.
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Abstract

Marine protected areas (MPAS) have been implemented to reduce disturbances
and negative impacts of human activities on marine life. However, many marine
protected areas do not address specific threats, particularly those of boat traffic and the
behavioral alterations and physical injury to marine organisms that may result. Studies
have shown that boating pressure can alter activity patterns, increase stress, and lead to
physical injury in various aquatic animals. The Sandy Bay West End Marine Reserve
(SBWEMRY), a marine protected area in Roatan, Honduras, has been identified as a
recruiting ground and foraging area for the critically endangered hawksbill sea turtle.
While direct capture by the public is forbidden, managing increasing boat traffic and its
effect on hawksbill distribution and behavior are not addressed in the reserve’s
management plans. We aimed to quantify the amount of boat traffic moving throughout
the SBWEMR and evaluate the effect of boat traffic on the presence, distribution, and
behavior of juvenile hawksbills. For the purpose of this study, we divided the SBWEMR
into 3 zones corresponding to three major coastal towns: West Bay, West End, and Sandy
Bay. Boat traffic throughout each zone was quantified through a series of above-water
and in-water surveys, while hawksbill behavior and presence in each zone were evaluated
through in-water surveys using SCUBA. Spearman correlation suggested a significant
positive correlation between boat intensity and hawksbill presence, although no
significant correlation was evident between boat intensity and behavior. Although data
suggest that boat traffic may not disrupt or negatively alter in-water behavior, hawksbills

are prone to the additional hazards of boat collisions and propeller strikes. In order to
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reduce the risks of injury and mortality, efforts should be made to continually monitor,

regulate, and enforce vessel speeds in MPAs where hawksbills reside.

Keywords: sea turtles, vessel traffic, Sandy Bay West End Marine Reserve, Eretmochelys

imbricata

Introduction

Human activities have disturbed marine organisms for centuries. Populations of
numerous marine species have declined due to varying anthropogenic activities, resulting
in pollution, habitat destruction, accidental bycatch, and direct take (Lercari et al. 2007,
Mortimer et al. 2008). Marine protected areas (MPAS) have been implemented to
decrease the negative impacts of these human activities on marine life (Lubchenco et al.
2003). Approximately 16,924 MPAs have been created around the world to promote the
goal of long-term conservation of marine life UNEP-WCMC and IUCN (2020).
However, the protective significance of many established MPAs is often less than
intended, as they lack sufficient funding, governance, enforcement, and proper resources
to achieve their specified conservation goals. These parks may provide a false sense of
protection and are, at times, referred to as ‘paper parks’(Rife et al. 2013). In some cases,
MPAs have been established simply to meet quotas or political agendas (Jameson et al.
2002). Although there is evidence to suggest many MPAs are lacking in effectiveness,
properly managed MPAs have shown great improvement in protecting aquatic animals
from threats of extractive and destructive human activities, such as overfishing

(Bohnsack 1998), bottom trawling (Lindholm et al. 2004), poison fishing (Barber et al.

99



1998, Neuwinger 2004), and dynamite fishing (Guard et al. 1997). However, many
management strategies solely address the threat of overfishing or other forms of direct
take by regulating catch limits or implementing no-take zones. Many protected areas do
not address the threat of boat traffic. Additionally, several MPAs overlook behavioral
alterations and physical injuries that occur to organisms within areas of unregulated
boating (Hilborn 2015).

Studies have shown that boating activities can alter activity patterns, increase
stress, and lead to physical injury in various aquatic animals. Bracciali et al. (2012)
discovered that foraging behavior of the Mediterranean damselfish (Chromis chromis)
was significantly altered by boat presence, with feeding frequencies reduced and escape
reaction time increased in the presence of boat noise. Haulout patterns of ringed seals
(Phoca hispida saimensis) during molting seasons were also altered in the presence of
boat traffic. Niemi et al. (2014) found that rather than remaining on land, as they
typically do during the molting process, ringed seals (Phoca hispida saimensis) in
Finland were more likely to retreat to the water in the presence of boats. In the case of
dolphins, Pirotta et al. (2015) concluded that foraging behaviors of Atlantic bottlenose
dolphins (Tursiops truncatus) were altered not only by the sound of boats, but also by the
physical presence of boats. In addition to behavioral changes, boat traffic can also lead to
physical injury. Aquatic reptiles, such as crocodiles and turtles, are susceptible to
injurious boat strikes that may potentially be fatal (Oros et al. 2005, Grant et al. 2010,
Shimada et al. 2017). In regions where boat traffic and boat speeds are regulated,

disruption of, and collisions with, marine organisms have decreased (Grant et al. 2010).

100



However, many marine protected areas still do not address the potential issues of
unregulated boat traffic (Bulté et al. 2010, Thurstan et al. 2012).

The Sandy Bay West End Marine Reserve (SBWEMR) was established in 1989 to
protect the fringing reefs and their inhabitants from excessive hunting practices,
development projects, degradation by sand and coral mining, and other practices that
contributed to the depletion of local marine life (Colwell 1999). Not long before the
establishment of the reserve, Central American governments began promoting tourism as
an avenue of economic development. The Honduran government established certain
incentives to attract foreign investors to begin tourism development in the region (Stonich
1998). Tourism has now grown to supply approximately 16% of the nation’s gross
domestic product (Turner 2015). However, certain consequences can be paired with the
growth of tourism, including consequences of ecological concern. According to the
National Marine Manufacturers Association (NMMA), an increase in boating led to the
exportation of over 400 million dollars” worth of recreational boats and marine engines
from the United States to the Caribbean region, in 2011 alone (NMMA 2011).

In the SBWEMR, popular tourist attractions and activities include diving, fishing,
and recreational sports, which require the use of boats and other motorized transportation
(Stonich 1998). In addition to its location within a tourist destination, the SBWEMR has
also been identified as a foraging ground for the critically endangered hawksbill sea turtle
(Dunbar et al. 2014, Hayes et al. 2016, Baumbach et al. 2019). Although some hawksbill
foraging aggregations are comprised of both adult and juvenile turtles (Limpus 1992,
Zuiiga-Marroquin et al. 2017, Bell et al. 2018), the SBWEMR appears to be an important

foraging ground mostly for juvenile hawksbills. While direct turtle capture by the public
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is prohibited, the effect of boat traffic on hawksbills and the need for management of
increasing boat traffic has not been addressed within the reserve. As a result of economic
development in Roatan and subsequent income from tourism, the coastline of the
SBWEMR is now highly developed and is comprised of multiple dive centers, hotels, and
marinas, all of which produce boat traffic. A study by Hayes et al. (2016) in the
SBWEMR suggested that increased pressure from turtle-diver interactions during
SCUBA diving activities, may negatively impact hawksbill behavior, yet neither the
effect of boating pressure on hawksbill distribution and presence, nor the effect of
boating pressure on hawksbill behavior have been assessed.

Critically endangered species, such as the hawksbill sea turtle, require active
implementation and enforcement of effective conservation strategies. To restore
hawksbill population numbers, efforts must be made to understand how human activities,
such as boating, might alter hawksbill presence and behavior. Multiple studies have
taken place on hawksbills in the Caribbean, yet few studies focus on the influence of boat
traffic on hawksbill distribution and behavior. We aimed to quantify the amount of boat
traffic moving throughout the SBWEMR and evaluate the effect of boat traffic on the
presence, distribution, and behavior of juvenile hawksbills within the SBWEMR foraging

aggregation.

Methods
Study Site
Roatan is a Bay Island of Honduras and is located approximately 55 km north of

mainland Honduras. The Sandy Bay West End Marine Reserve (SBWEMR) is a marine
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protected area located off the northwestern coast of the island (16°21”° 44°° N, 86°25° 06’
W) (Figure 1). The reserve lies within the Mesoamerican Barrier Reef and is made up of
barrier, fringing, patch, and sloping reefs, ranging in depths of approximately 5—40 m
(Gonzalez 2013). The reserve has been referred to as an “Entrepreneurial MPA,” since it
was initially established in 1989 by a single dive resort and, at the time, was supported by
a sole monetary contributor (Colwell 1998, Forest 1998). At the time of its initial
establishment, the reserve only encompassed 6 km of Roatan’s coastline, primarily in the
Sandy Bay area. Over the years, the boundaries of the marine reserve have been
extended to include 13 km of the coastline, stretching from the westernmost tip of the
island in West Bay, to Sandy Bay, and extends approximately 1 km offshore (RMP
2015). For the sake of this study, we divided the SBWEMR into three zones
corresponding with the three major coastal towns bordering the reserve: West Bay, West
End, and Sandy Bay (Figure 1). The three zones of the SBWEMR were further divided
into fourteen sectors. The West Bay zone was divided into four sectors, while both the
West End and Sandy Bay zones were divided into five sectors each. Each sector was

approximately 0.9 km? (Figure 1).

Boat Traffic Assessment
Boat traffic in the SBWEMR was quantified through a series of above-water and
in-water boat count surveys. Boat count surveys were conducted above water and took
place 2 — 3 times per week from July to September 2016 — 2018. The number of boats
that passed through a sector and the number of boats that remained stationary in the

sector were counted.
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Figure 1. Study Site. The Sandy Bay-West End Marine Reserve (SBWEMR) is located
on the west side of the island. The park extends 1 km from the shore and encompasses 13
km of coastline, containing the coasts of three main towns: West Bay, West End, and
Sandy Bay. The reserve was divided into 3 zones: West Bay, West End, and Sandy Bay.
Each zone was then divided into additional sectors: West Bay, indicated by a yellow
boundary (sectors 1-4); West End, indicated by a green boundary (sectors 5-9); Sandy
Bay indicated by a blue boundary (sectors 10-14).
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We termed the number of boats traveling through a sector in one hour ‘boat intensity’ and

calculated boat intensity by the equation:

(By — By) x 3 =boats/, (1)
where B,, equals the number of boats that moved through the sector in the twenty-minute
period and B, equals the number of boats that remained stationary in the same twenty-
minute period. Since the difference of moving and stationary boats was calculated during
a twenty-minute observation period, the difference was multiplied by three to estimate
the number of boats moving through a sector during a sixty-minute period.

In-water boat counts took place during in-water surveys. During approximately one-
hour-long in-water surveys, the number of boats heard during the dive was recorded.
Although type and size were not recorded, we calculated boat intensity for each sector
where surveys were completed. Boat traffic intensities calculated at the sector level were

then averaged to calculate boat traffic intensity at the zone level.

Hawksbill Presence and Distribution (In-Water Surveys)

Hawksbill presence in the SBWEMR was evaluated from June to September 2016
— 2018 through in-water surveys using SCUBA. In-water surveys and boat counts were
conducted simultaneously by two groups; however, in-water surveys lasted
approximately one hour and were performed in-water in the morning (8:30 — 10:30) and
afternoon (14:30 — 16:30). During each survey, 2 — 5 divers traversed each sector in a
transect pattern, similar to the strip transect method described by Baumbach et al. (2019).
Upon sighting a turtle, the location, depth, behavior at sighting, and tag number were

noted. When possible, each hawksbill was photographed for photo-identification
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purposes (Dunbar et al. 2017, Dunbar et al. 2017) and captured for individual work-up.

Standard measurements (curved carapace length (CCL), curved carapace width (CCW),
and weight were recorded for each turtle following methods by Dunbar et al. (2008) and
Berube et al. (2012). Hawksbill sighting values used for data analyses were indicated as

sightings per effort.

Behavioral Observations

During in-water surveys, hawksbill behaviors were recorded using a Canon G16
camera in a Fantasea Line FG16 underwater housing. Once in sight, divers remained at
least 4.5 m from each turtle to ensure behaviors were not additionally altered by diver
presence (Meadows 2004, Hayes et al. 2016). Hawksbill behaviors were recorded for as
long as possible, usually 10 minutes or more. Using Jwatcher (Blumstein et al. 2006),
hawksbill behaviors were reviewed to calculate the duration of five behaviors:
swimming, resting, surfacing, investigating, and eating. We acquired behavior
definitions from Dunbar et al. (2008) and Stimmelmayr et al. (2010). Briefly, swimming
was characterized as constant movement through the water column, and resting was
characterized as the cessation of movement, remaining stationary on the seafloor (reef,
sand, rubble, etc.) without investigating or eating. Surfacing was characterized as
floating at the water’s surface, which typically included breathing events. Investigating
was characterized as frequent pauses to examine nearby material, and eating was
characterized as biting, chewing, and/or ingesting prey while stationary or suspended in

the water column.
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Data Analysis

One-way analysis of variance (ANOVA) was used to assess the variation in
hawksbill sightings and boat traffic intensities among the three years, three zones, and
two time periods. Pairwise t-tests were used to further indicate significance in hawksbill
sightings between the morning and afternoon and among the three years, once adjusted
for year and zone. Using Spearman correlation, the relationship between boat traffic
intensity and hawksbill sightings was assessed overall and for each year. A separate one-
way ANOVA was used to measure variation in behavioral states across time, and a
separate Spearman correlation was used to estimate the relationship between boat traffic
intensity and time spent in each behavior. Spearman correlation was also used to assess

the relationship between duration of each behavioral state and size: CCL and weight.

Results
Boat Traffic Assessment

Boat traffic was quantified in the SBWEMR over a period of ten weeks from June
to September in 2016 — 2018. During above-water surveys, a total of 6,999 boats were
counted over the span of the three-year period. However, total boat counts varied from
year to year. In 2016, taxi boats had the highest counts (43 %), followed by dive boats
(35 %), recreational boats (17 %), and non-motorized boats (5 %). In both 2017 and
2018, dive boats had the highest counts (40 %; 36 %), followed by taxi boats (33 %; 32
%), recreational boats (21 %; 24 %), and non-motorized boats (6 %; 7 %). Although boat
traffic intensity was highest in 2016, followed by 2017 and 2018, results demonstrated

that boat traffic intensity was not significantly different among all three years (F = 2.54,
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df =2, p=0.085). However, boat traffic intensity was significantly higher in 2016 when
compared to 2017 (t = -3.08, p = 0.002), when we adjusted for zone. Boat traffic
intensity in 2018 was not significantly different from boat traffic intensities in both 2016
(t=-1.43, p =0.155) and 2017 (t = 1.64, p = 0.103). When analyzed by zone, boat traffic
intensity was significantly different among the three zones (F = 33.26, df = 2, p < 0.0001)
(Table 1). The overall mean of boat traffic intensity was significantly higher in West Bay
and West End compared to Sandy Bay (Table 1 and Figure 2A). In all three years, there
was also no significant difference in boat traffic intensity between the morning and
afternoon time periods (F = 2.091, df =1, p > 0.01).

During in-water surveys, a total of 1,203 boats were counted. Results showed that
boat traffic intensity was not significantly different among all three years (F = 0.32, df =
2, p=0.726). In all three years, there was no significant difference in boat traffic
intensity between the morning and afternoon time periods (F = 2.29, df = 1, p = 0.141).
Boat traffic intensity was significantly different among the three zones (F = 6.468, df = 2,
p = 0.005) and the overall mean of boat traffic intensity was significantly higher in West

Bay and West End compared to Sandy Bay (Table 2 and Figure 2B).

Hawksbill Presence and Distribution (In-Water Surveys)
A total of 242 in-water surveys were completed from June to September 2016 —
2018 (Table 3). During these surveys, a total of 180 juvenile hawksbill sightings were
recorded (Table 4). One-way ANOVA demonstrated that hawksbill sightings were
significantly different among the three zones (F= 5.57, df = 2, p = 0.005) and the three

years (F = 3.48, df = 2, p = 0.036). Hawksbill sightings in West Bay and West End were
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significantly greater than Sandy Bay. However, hawksbill sightings were not
significantly different between morning and afternoon time periods (F = 3.328,df =1, p
=0.072). Once adjusted for year and zone, hawksbill presence in the afternoon was
significantly lower than in the morning (t = -2, p = 0.049). Hawksbill presence in 2016
was significantly lower than hawksbill presence in 2017 (t = 2.1, p =0.033) and 2018 (t =
2.69, p = 0.0089), adjusting for year and zone. Spearman correlation results indicated a
significant positive correlation between boat intensity and hawksbill presence (rho =
0.31, p = 0.0038) (Figure 3). However, when each year was assessed separately, a
significantly positive correlation between boat intensity and hawksbill presence was
evident only in 2016 (rho = 0.64, p <0.001) (Figure 4). In-water boat traffic intensity
and hawksbill presence were also significantly positively correlated (rho = 0.947, p <

0.0001) (Figure 5).

Behavioral Observation

A total of 557 minutes of hawksbill (n = 37) behaviors were recorded during in-
water surveys from June to September 2017 — 2018. Since ‘resting’ observations were
absent, only four behavioral states were used for analysis: swimming, foraging, eating,
and surfacing. Hawksbills spent the most time swimming (160 minutes; 33.4 %),
followed by investigating (158 minutes; 33 %), eating (141 minutes, 29.5 %), and at the
surface (20 minutes, 4.1 %). Overall, time spent in each behavior was significantly
different (f = 17.46, df = 3, p < 0.001). There was a moderately positive association
between time spent eating and CCL (rho = 0.64, p = 0.001) and weight (rho = 0.53, p =

0.01) (Figure 6A & B).
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Table 1: One-way ANOVA of Boat Intensity by zone for

above-water counts.
Variable Means S.E Df F-Value P-Value

Sandy Bay 8.87 262 2 3326  P<0.0001

West End 33.27 2.62
WestBay 37.67 2.92
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Table 2: One-Way ANOVA of Boat Intensity by zone for in-water Counts.

Variable Means DF F-Value P-Value
West Bay 6.5 2 6.468 0.005
West End 8.7

Sandy Bay 4.2
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Figure 2. Mean Boat Traffic Intensity. A) Above-water boat count surveys were used to
estimate boat traffic intensity (boats/hour) in West Bay, West End, and Sandy Bay. Mean
boat traffic intensities from 2016, 2017, and 2018 are displayed side by side. Average
boat traffic intensity from all three years combined is displayed last for each zone. B) In-
water boat count surveys were used to estimate boat traffic intensity (boats/hour) in West
Bay, West End, and Sandy Bay. Mean boat traffic intensities from 2016, 2017, and 2018
are displayed side by side. Average boat traffic intensity from all three years combined is

displayed last in each zone.
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Table 3. In-Water Observation Surveys (2016-2018). In-water
observations surveys were conducted in the morning and
afternoon in the Sandy Bay, West End, and West Bay zones. The
total number or surveys completed in each zone in the morning
and afternoon during the entire study is shown. The total number
of surveys completed in each zone is also shown.

West Bay  West End Sandy Bay
Morning 49 45 21
Afternoon 53 58 16
Total 102 103 37
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Table 4. In-water sightings (2016-2018). In-water
hawksbill sighting were recorded in the morning and
afternoon in the Sandy Bay, West End, and West
Bay zones. The total number of hawksbills observed
in each zone in the morning and afternoon during the
entire study is shown. The total number of
hawksbills observed in each zone is also shown.

West Bay WestEnd  Sandy Bay

Morning 39 39 16
Afternoon 39 42 5
Total 78 81 21
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Figure 3. Spearman Correlation - Overall. Spearman correlation between boat traffic
intensity and hawksbill sightings in all three study years. Although moderate, overall, a
positive correlation between boat traffic intensity and hawksbill presence is evident (rho
=0.31; p =0.0038).
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Figure 4. Spearman Correlation — Individual Years. Spearman correlation between boat
traffic intensity and hawksbill sightings in 2016, 2017, and 2018, displayed individually.
A positive correlation between boat traffic intensity and hawksbill presence is evident in
each year, however, a significantly positive correlation between boat intensity and
hawksbill presence is evident only in 2016 (P<0.001).
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Figure 5. Spearman Correlation — In-water Boat Traffic. Spearman correlation between
boat traffic intensity and hawksbill sightings in all years combined. A significantly
positive correlation between in-water boat intensity and hawksbill presence is evident (P
<0.001).
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Figure 6. Duration of Hawksbill Eating Behavior. A) Time spent eating according to
curved carapace length (CCL). A moderately positive association between time spent
eating and CCL is evident (rho = 0.64; p = 0.001). Time spent eating increases with CCL.
B) Time spent eating according to weight (kg). a moderately positive association between
time spent eating and weight (rho = 0.53; p = 0.01). Time spent eating increases with
weight.
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Spearman correlation indicated a non-significant negative relationship between boat
intensity and time spent in each behavior for each zone; swimming (rho = -0.15, p =
0.41), eating (rho = 0.05, p = 0.77), surfacing (rho = -0.34, p = 0.07), and foraging (rho =
-0.28, p = 0.12) (Table 5). Although occurrences of boat dodges by hawksbills were not

captured with the Canon G16, three instances were counted during personal observations.
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Table 5: Correaltion between behavior and time.
Spearman correlation suggested there was no
significant correlation between boat intensity and
time spent in each behavior.

Variable Rho P-Value
Swimming -0.2 0.41
Eating 0.05 0.77
Surfacing*Surfaced -0.3 0.07
Investigating/Foraging -0.3 0.12
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Discussion

One purpose of marine protected areas (MPAS) is to decrease the negative
influences of human activities on marine life and the marine environment. Although
many MPAs have imposed fishing quotas and have established no-entry zones (Christie
et al. 2007, McCook et al. 2010, Thurstan et al. 2012, Hilborn 2015), few regulate boat
traffic where it is permitted (Ashe et al. 2010). The SBWEMR was established to protect
the local reef from detrimental human activities, yet, to date, the reserve has no
regulations on boat traffic or vessel speeds (RMP 2015). With the steadily increasing
influx of visitors and the increasing economic incentives for tourism in Roatan,
development on the island has progressed at a rapid pace. Over the years, the number of
tourists visiting the island has increased from 900 in 1969 to over 1 million in 2014
(Ministry of Tourism, unpublished data). Appealing to tourists in the region, businesses
and individuals in the tourism industry have increased access to water sports,
transportation, and other recreational activities all within the marine environment. As
human activities continue to develop in coastal areas, boat numbers will continue to rise
in coastal habitats (McCarthy 2004, Halpern et al. 2008), such as the SBWEMR.
Constant movement of boat traffic throughout the reserve potentially disrupts the quality
of life for the critically endangered hawksbill, which forages within the reserve. We
sought to quantify boat traffic within the reserve and assess if boat presence alters
hawksbill presence, distribution, or behavior.

Calculated boat traffic intensity was highest in zones associated with densely
populated towns. The West Bay and West End zones correspond to the towns of West

Bay and West End, which are popular destinations for tourists. Numerous hotels, hostels,

121



rental properties, dive shops, restaurants, bars, shops, and other attractions are located in
these towns. In contrast, Sandy Bay is sparsely populated by tourists and in 2015, only
two dive centers were located in the area (Ministry of Tourism, unpublished data). Boat
traffic intensity by boat type also varied depending on location. Although a taxi boat
system runs throughout the entire SBWEMR, fewer taxi boats travel to Sandy Bay
compared to West Bay and West End. These results may also be attributed to the lower
popularity of the Sandy Bay region among tourists and visitors (MKW, pers. ob.). In
Sandy Bay, there are fewer popular attractions and less popular beaches, several of which
are characterized by muddy substrate and abundant sea grass shallows. High dive boat
and taxi boat intensities were evident in West Bay and West End zones and can likely be
best attributed to an abundance of dive centers in these areas and the numbers of tourists
traveling to and from West End to West Bay. As of 2015, approximately 24 dive centers
were located in West End and West Bay combined (Ministry of Tourism, unpublished
data), which together consists of only approximately 8.5 km of coastline. In addition to
differences in boat types, boat traffic intensity also varied according to year. Tourism is a
large contributor to economic development in this region and the amount of boat traffic in
the SBWEMR may be directly affected by the number of tourists traveling to Roatan and,
more specifically, the western side of the island, each year. Since a fluctuation in the
number of tourists visiting Roatan each year has been evident in previous tourism surveys
(Ministry of Tourism, unpublished data), the same variation in visitation could explain
the fluctuations in boat traffic during our years of study. The same has been seen in other

coastal areas around the world, including Norway (Madsen et al. 2009), Australia’s Great
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Barrier Reef (Harriott 2002), and Tanzania (Masalu 2000), where an increase in tourism
has been linked to an increase in boating activities.

Behavioral responses to variation in boat traffic intensity were also assessed in
hawksbills foraging in the SBWEMR. Similar to studies by von Brandis et al. (2010) and
Van Dam et al. (1997) where hawksbills spent less time at the surface than in other
activities, hawksbills foraging in the reserve also spent less time at the surface than
foraging, swimming and eating. In a previous study on hawksbill behavior in Roatan, but
outside the SBWEMR, Dunbar et al. (2008) indicated that hawksbills spent more time
swimming and foraging than eating. The same behavioral comparison was evident in
juvenile hawksbills foraging in the SBWEMR, confirming that hawksbills often initiate
exploratory activities, as also seen in studies by Wood et al. (2017). Taken
independently, the similarity of these behavioral comparisons of SBWEMR hawksbills to
those of other foraging aggregations suggests that hawksbill behaviors within the reserve
are similar to typical sea turtle behaviors. However, when behavioral durations were
correlated to boat traffic intensity, although not statistically significant, a negative
correlation of swimming, surfacing, and foraging was apparent in relation to elevated
boat traffic intensity. Similar results were evident in the study by Hayes et al. (2016),
where the duration of in-water behaviors, such as swimming, eating, and foraging
decreased in the presence of an unnatural pressure, such as diver interaction. A threat to
the duration of foraging due to unnatural pressures could negatively impact hawksbill
survivability, decreasing detection and access to needed nutrients. However, in
nutritionally favorable habitats, a threat to foraging durations may not negatively impact

hawksbill survivability, since foraging efforts have been recorded to decrease, while
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somatic growth rates increase (Van Dam et al. 1997, Diez et al. 2002). These results
suggest that turtles are able to locate adequate food faster, spending more time eating and
less time searching (Schoener et al. 1971). However, in unfavorable habitats, a reduction
in time spent foraging could hinder prey acquisition and decrease somatic growth rates
(Diez et al. 2002, Bjorndal et al. 2016). In addition, a decrease in surfacing activity was
unique to our study, indicating that boat traffic intensity may impose an additional
hindrance to hawksbill behavior at the surface.

According to Frid et al. (2002), any human-caused disturbance stimuli should be
considered a form of predation. Prey initiate anti-predator behavioral changes to
generalized threat stimuli, ranging from loud noises to fast approaching objects.
Therefore, although not consumptive, boats may potentially be considered a type of
predator. However, studies by Hammerschlag et al. (2015) suggest that hawksbills lack
anti-predator responses in the presence of predators, specifically consumptive predators.
A study by Hammerschlag et al. (2015) assessing predator-prey interactions between
tiger sharks (Galeocerdo cuvier) and loggerhead turtles (Caretta caretta) across an open
environment, suggests that, although the preferred habitat of sea turtles off the coast of
Florida largely overlaps with the home range of sharks in the area, sea turtles do not
initiate risk avoidance behaviors in response to predator presence. A subsequent study by
Hammerschlag et al. (2016) assessing the predator-prey relationship between tiger sharks
(Galeocerdo cuvier) and green turtles (Chelonia mydas) in Australia support the findings
of Hammerschlag et al. (2015) in Florida. Again, in Australian waters, sea turtles did not
exhibit anti-predatorial responses to increased predator presence. In addition, according

to a study by Foley et al. (2007), although the overlap of shark and sea turtle home ranges
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increased during nesting seasons, sea turtles did not commence predator avoidance
behaviors. Instead, increased predator presence resulted in increased sea turtle mortality,
since sea turtle consumption by sharks increased as the number of sharks in the area
increased (Foley et al. 2007).

The absence of behavioral changes in the presence of predators, such as sharks,
may be due to the inability of turtles to predict predation risk, since predation is not
consistent throughout spatial and temporal scales (Kauffman 2010). In addition, turtles
have been known to become accustomed to nonintrusive disturbances (von Brandis et al.
2010, Nanninga et al. 2017). Hawksbills within the SBWEMR remained undisturbed and
demonstrated no visible physical response to boats passing overhead during feeding
events. Although fine-scale behavioral responses were not assessed, our results of in-
water hawksbill behaviors in response to boat presence are supported by recent
underwater auditory studies performed by Tyson et al. (2017), in which in-water
behaviors of free swimming green turtles (Chelonia mydas) classified as pitch, roll, and
heading, were unaffected by sound emitted from passing boat traffic. However, previous
encounters with stressors, such as boat strikes or near misses, may elicit a learned
avoidance response.

In response to destructive disturbances, such as boat strikes, turtles may adjust
behaviors prior to surfacing events. After releasing captured juvenile hawksbills in a
non-protected area off eastern Roatan, Dunbar et al. (2008) recorded an alteration in
surfacing behavior. During surfacing events, turtles slowed their ascent speed and
remained in the water column approximately 1 m below the surface before rapidly

reaching the surface, quickly respiring, and immediately descending from the surface.
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von Brandis et al. (2010) also noted a change in behavior in hawksbills in a non-protected
area, as turtles seemed “wary” prior to breaking the surface. This behavioral mechanism
may allow turtles to scan prior to reaching the surface, and has been suggested as a
method of predator or threat avoidance (Van Dam et al. 1997, Nowacek et al. 2001,
Martin 2003). However, once at the surface, turtles are scarcely able to detect the
direction of approaching threats and, depending on approach speed, may be unable to
quickly submerge in sufficient time to avoid injury (Hazel et al. 2007).

Often unable to detect approaching boats and retreat in a timely manner, sea
turtles are victims of boat collisions and propeller strikes. As a result, several instances
of injury and mortality have been recorded in sea turtle species, more so in regions of
unregulated boating (Lutcavage et al. 1997, Oros et al. 2005, Deem et al. 2006,
Chaloupka et al. 2008, Casale et al. 2010, Phu et al. 2019). Although within a protected
area, several instances of boat collision injuries and reoccurring strikes have been
documented off the coast of Mabul Island (Phu et al. 2019). Apart from the
implementing of boating regulations in unprotected areas, the restructuring of current
management strategies to include boating regulations are important to ensure quality of
life for sea turtles. Although instance of boat strikes were not directly addressed in our
study, most incidences of boat strikes are recorded in areas that are in close proximity to
commercial and tourism ports, or characterized by dense motorized boat operations
(Davenport et al. 2006, Denkinger et al. 2013). Hazel et al. (2007) showed that
regulation of vessel speed within a reserve is necessary to avoid collisions with sea
turtles. According to Thurstan et al. (2012), boat traffic is a high impact risk factor for

wildlife and habitats within marine reserves. If unregulated and unmonitored,
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inappropriate boating without restrictions can reduce the ability of animals to avoid boat
collisions. Activities involving boat traffic can only be characterized as low impact
factors if carefully controlled.

Although our results suggest that boat traffic does not directly disrupt the
behaviors of hawksbill foraging in the SBWEMR, the potential for boat strikes remains
evident. Further analysis of boat strike prevalence in the SBWEMR and subsequent
altered hawksbill behavior is needed. Efforts should be made to continually monitor and
regulate vessel speeds throughout the SBWEMR for conservation of the critically
endangered hawksbills in the area to be effective. Furthermore, to avoid injury and
potential mortality, boat traffic quantity and speed should be regulated in MPAs where

sea turtles are present.
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CHAPTER FIVE
CONCLUSIONS

The Sandy Bay West End Marine Reserve (SBWEMR) is a protected area that
lies off the northwestern coast of Roatan, Honduras. An aggregation of juvenile
hawksbills has been found foraging within the reserve. In this dissertation, | sought to
estimate connections between this protected aggregation and international nesting
rookeries, to assess the suitability of the SBWEMR as a recruitment zone for foraging
juvenile hawksbills, and to further assess the influence of boat traffic on hawksbill
distribution and behavior. My work is the first to assess population genetics of foraging
hawksbills in Honduras. It is also the first to assess the suitability of a marine protected
area in Honduras, evaluating the influence of three environmental variable predictors:
boat traffic intensity, prey item distribution, and benthic classification, on foraging
hawksbill inhabitance.

In Chapter 1, the extent of hawksbill decline, and the importance of effective
protected areas were reviewed. | discussed the challenge of establishing protected areas
for a migratory species, and explained how molecular markers and species distribution
models can be used to connect populations and pinpoint essential characteristics of
suitability. I also briefly explained how protected areas are often established without
limits on recreational activities. In return, unregulated activities, such as boating, have
negatively influenced behavior and have caused injury and mortality of several marine
species.

In Chapter 2, | report the use of mitochondrial DNA (mtDNA) haplotype analysis

to estimate the contributions of several wider Caribbean rookeries to the SBWEMR
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foraging aggregation. Since longer haplotypes allow greater genetic differentiation, | used
haplotypes 736 bps in length. Fourteen different haplotypes were identified from our
sampling within the foraging aggregation, indicating a mixed stock with several potential
rookery contributions. Through mixed stock analysis, | was able to apply weighted priors
for rookery size and distance to assess percent contribution of wider Caribbean rookeries.
Mixed stock analyses showed greatest contributions from Colombia, Puerto Rico, and
Costa Rica, regardless of rookery size or distance. Haplotype composition of baseline
rookeries lacked several unique haplotypes present within the SBWEMR aggregation,
indicating the need for further rookery characterizations. Buoy dispersal and surface
current analyses were used to support contribution estimates and indicated general
potential dispersal patterns of juveniles to the reserve. Due to the paucity of buoy drifter
data, I relied on surface current assessment data from the Ocean Surface Current Analysis
Real-time (OSCAR) global surface current database. Simulated surface currents
presented two distinct currents that may contribute to post-hatchling dispersal patterns.
The first suggested the presence of a westerly current sweeping south of Puerto Rico
towards Central America, and the second suggested the presence of a circular current that
cyclically formed and dissipated off the coast of Colombia, Panama, and Costa Rica.
Together, these two patterns support dispersal patterns from Colombia, Costa Rica, and
Puerto Rico, as indicated by mixed stock analyses.

In Chapter 3, with a better understanding of the origins of this foraging
aggregation, | set out to assess the suitability of the reserve for continued hawksbill
inhabitance. I assessed the suitability of the SBWEMR, combining hawksbill occurrence

data and three environmental predictor variables: boat traffic intensity, prey item
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distribution, and benthic characterization. Using MaxEnt, | evaluated which
environmental factors had the greatest effect on hawksbill distribution within the reserve,
and which regions of the reserve were most suitable for hawksbill use. The presence or
absence of benthic variables alone (sand, dense seagrass, seagrass with sand, coral, and
coral with sand) did not appear to influence overall habitat suitability. Instead, resource
environmental variables (G. neptuni, K. limminghei, and Dictyota spp.) had the greatest
influence on probability of hawksbill presence and subsequently habitat suitability,
followed by the disturbance variable, boat traffic intensity. When assessed individually,
G. neptuni was the only resource variable that had a positive influence on habitat
suitability. The disturbance environmental variable (boat traffic intensity) had the second
greatest influence on habitat suitability. Contrary to my hypothesis, the model indicated
that increasing boat traffic intensity positively correlated with an increase in probability
of hawksbill presence. Furthermore, model outputs suggested that regions of higher boat
traffic intensities were “suitable” habitat within the reserve. However, due to additional
analyses reported in Chapter 4, | suggested that boating has a neutral effect on sea turtle
distribution and that the influence of prey item distribution dictates hawksbill presence.
According to the model output, the SBWEMR is mostly classified as moderately to
highly suitable, with regions of low suitability clustered mainly in the northernmost
region of the reserve.

In Chapter 4, | further assessed boat traffic and its effect on the presence,
distribution, and behavior of hawksbills foraging within the SBWEMR. Through a series
of in-water and above-water boat counts, boat traffic intensity within the SBWEMR was

calculated and correlated to hawksbill presence. Through in-water observation, | assessed
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and categorized hawksbill activities into four different behaviors: swimming, surfacing,
investigating, and eating. Variation in time spent in each behavior was correlated with
boat traffic intensity. | found boat traffic intensity significantly higher in West Bay and
West End, compared to Sandy Bay. In addition, hawksbill sightings were significantly
greater in West Bay and West End, compared to Sandy Bay. Spearman correlation
indicated a positive correlation between boat traffic intensity and hawksbill presence.
However, in-water behavioral analyses suggested that hawksbill behavior was not
affected by increased boat traffic intensity. A negative, although non-significant,
correlation between boat traffic intensity and behavior durations was apparent. However,
several personal in-water observations during feeding events, demonstrated hawksbills
were behaviorally indifferent to passing boats.

The SBWEMR is essential neritic habitat for juvenile hawksbills who utilize the
region for foraging needs. Results of this dissertation indicated that the reserve is an
important local foraging location for juveniles originating from Colombia, Costa Rica,
and Puerto Rico. Suitability of the reserve for hawksbill inhabitance is greatly impacted
by resource variables within the region. Therefore, to increase suitability in the
northernmost region of the reserve, a decrease in anthropogenic runoff contributing to
excessive algal growth is needed. Although boating may not negatively influence
hawksbill presence or alter in-water behavior, impending threats of boat collisions and
propeller strikes pose a continuous risk to individuals of the foraging aggregation when
surfacing to breathe. Since hawksbills within the reserve are found at greater numbers in
areas of high boat traffic, | recommend that boating within the reserve be monitored, and

vessel speed be carefully regulated.
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Future Work

For future work, | suggest small adjustments to the current work and several
additional studies. Together this information will bolster my conclusions and further
provide valuable information in regard to the origins of the reserve’s inhabitants and its
suitability, and provide further support for the importance of the Sandy Bay West End
Marine Reserve. Supplemental studies will work to revise genetic analysis methods, to
evaluate functional changes of hawksbills in response to stimuli, and to inform future
conservation and management strategies.

To further assess and confirm natal origins, I suggest increasing the sample size
used for analysis. Since the degree of differentiation between some contributing stocks
varied around an F value of 0.35, | would suggest increasing the sample size of the
foraging aggregation to 90 — 100 individuals. Increasing the sample size will ensure a
more accurate estimation of stock contribution.

I would also suggest the completion of mixed stock analysis using shorter
haplotype sequences (~ 400 — 500 bp in length). Although differentiation between stocks
is not as apparent using these shorter sequences, several additional rookeries have been
characterized using shorter sequences. Using these shorter haplotypes, the potential
contributions of additional rookeries could be assessed.

Since the nesting rookery in Utila may be contributing to our foraging
aggregation, | suggest genetic characterization of this rookery be undertaken and its
inclusion in the baseline for mixed stock analysis. The analysis of this rookery may

reveal the origin of unique haplotypes present in the SBWEMR foraging aggregation.
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Although mtDNA haplotypes have been used wildly in sea turtle genetics, |
would suggest a re-evaluation of this method of choice. Since evidence of recombination,
paternal leakage, and introgression have been evident in humans, mammals, and some
reptilian species, | would recommend an in-depth analysis on the precision of this
molecular marker. Evidence of genetic alteration may indicate erroneous results from
previous analyses.

To further assess the suitability of the SBWEMR, | propose the inclusion of
several additional environmental predictor variables. Since the spatial resolution of most
published variables were too large for the scope of the reserve, | suggest in situ analyses
of habitat complexity, bottom current velocity, depth, slope, rugosity, and measures of
species diversity. In addition, | suggest the implementation of more precise occurrence
points in further suitability tests. Analysis of this additional information will help to
further pinpoint potential habitat.

To further assess the influence of boat traffic intensity on sea turtle behavior, |
suggest additional in-water observations, increasing the number of individuals sampled
and the total minutes of observed behavior. With a larger sample size, supplementary
analyses assessing changes in behavioral durations in response to boat traffic intensity
could be controlled for size and weight to assess if responses vary based on maturity. In
addition, I suggest instances of boat dodges be assessed and tallied during further in-
water observations. This information can be used to inform conservations strategists of
the imposing threat of boat traffic on hawksbills and greens in the reserve. In addition, |
would suggest further utilizing citizen-scientists by creating a database using their logs of

scarred or injured turtles. To further assess behavioral changes due to a boat collision or
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“near misses”, | suggest work to evaluate the depth at which turtles retreat after a dodge
and a strike, the duration until the next surfacing interval, and changes in behavioral
bouts.

To further assess habituation in sea turtles, | suggest efforts to evaluate hawksbill
conditioning to a stimulus, such as boat traffic. Whether habituation becomes evident by
a certain age, over a certain amount of time, or after a certain number of exposures is
currently unknown.

The information garnered from these additional studies can be used to further the
application of effective management strategies in SBWEMR. This information will be
useful not only in SBWEMR, but in all coastal regions of sea turtle inhabitance around

the world.
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APPENDIX

Primer Data
LCM15382

5’-GCTTAACCCTAAGCATTGG-3°

H950

5’-GTCTCGGATTTAGGGGTTT-3’

EIFPI1

5’ -AGGCACATCGAATTGGTAAA-3’
Haplotype Data
EIA0L

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTACTATTGTACATCTACTTATTTACCACTAGCATATGACCAGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTTACATAAACTGTTTAAACTACATGACTATTATACAGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATCGTCACAGTAATGGGTTA
TTTCTTAGTTCAGCTCATCACGAGAAATAAGCAATCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGC
CCATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATTGAATTGGTA
AAGTTCATTCATCTCTTTTTAAGAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATA
AGGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGC
CGAATTAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTA
ATGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATA
CTTTTTAGTTAAACCCCCCCACCC)

EIA02

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTACTATTGTACATCTACTTATTTACCACTAGCATATGACCAGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTTACATAAACTGTTTAAACTACATGACTATTATACAGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATCGTCACAGTAATGGGTTA
TTTCTTAGTTCAGCTCATCACGAGAAATAAGCAATCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGC
CCATTAATCTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATTGAATTGGTA
AAGTTCATTCATCTCTTTTTAAGAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATA
AGGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGC
CGAATTAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTA
ATGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATA
CTTTTTAGTTAAACCCCCCCACCC
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EIA09

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCACTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACGGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCGAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
CGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATCAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTA
ATGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATA
CTTTTTAGTTAAACCCCCCCACCC

EIALl

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCGCTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACGGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCGAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
CGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATCAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTA
ATGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATA
CTTTTTAGTTAAACCCCCCCACCC

EIA20

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCGCTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACGGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCAAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
CGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATCAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTA
ATGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATA
CTTTTTAGTTAAACCCCCCCACCCCCAT
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EIA24

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCGCTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACAGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCGAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
GGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATTAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTAA
TGCTTGAAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATACT
TTTTAGTTAAACCCCCCCACCCCCAT

EIA41

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCACTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACAGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCGAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
GGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATTAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTAA
TGCTTGAAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATACT
TTTTAGTTAAACCCCCCCACCCCCAT

EIA42

NNNNNNNNNNNNNNNGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATAT
CCGCAACACTTACCTATGTATTATTGTACATCTACTTATTTACCGCTAGCATATGACCGGTAGTACTGCTGA
TTAATCTGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACAGGTA
ATAAGAATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATG
GGTTATTTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTT
CAGGCCCATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCGAA
TTGGTAAAGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCT
GGCATAAGGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGAT
ACCTGCCGAATTAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTAT
TTAATTAATGCTTGGAAGACATATATTTTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACA
ACTATACTTTTTAGTTAAACCCCCCC
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EIA43

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCGCTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACAGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCGAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
CGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATCAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTA
ATGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATA
CTTTTTAGTTAAACCCCCCCACCCCCAT

EAI47

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCGCTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACAGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCAAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
CGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATCAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTA
ATGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATA
CTTTTTAGTTAAACCCCCCCACCC

EIAG3

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCGCTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACGGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCGAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
CGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATCGATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTA
ATGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATA
CTTTTTAGTTAAACCCCCCCACCCCCAT
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EIA80

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCGCTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTTACATAAACTGTTTAAACTACATGACTATTATACGGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCGAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
CGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATCGATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTA
ATGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATA
CTTTTTAGTTAAACCCCCCCACCC

EIA83

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCGCTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACAGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCGAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
GGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATTAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTAA
TGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATACT
TTTTAGTTAAACCCCCCCACCCCCAT

EIA95

ACGCAGAATAAGCGCCAACACATAAACTTACCTATATCCTCTACCGTGCCCAGCAGACCAATATCCGCAA
CACTTACCTATGTATTATTGTACATCTACTTATTTACCGCTAGCATATGACCGGTAGTACTGCTGATTAATC
TGACCTAAAACATAAAATTATTGGTTTCACATAAACTGTTTAAACTACATGACTATTATACAGGTAATAAG
AATGAAATGGTATAGGACATAATATTAAGTAATTATTCTCAAACATGAATATTGTCACAGTAATGGGTTAT
TTCTTAGTTCAGCTCATCACGAGAAATAAGCAACCCTTGTTAGTAAGATACAACATTACCAGTTTCAGGCC
CATTAATTTATGGCGTACATAACTGATCTATTCTGGCCTCTGGTTGTTTTTTCAGGCACATCGAATTGGTAA
AGTTCATTCATCTCTTTTTAAAAGGCCTCTGGTTAAATGAGTTCTATACATTAAATTTATAACCTGGCATAA
GGTGGTTTTACTTGCATATAGTAGTCTTTTTTTTCTCTTTGTGTTCTCAGGCCCACATAACTGATACCTGCC
GAATTAATGAAACTGAACCTACGTTTAAGATGATTGGTCGTGCAAGATAATCAATGGTATTATTTAATTAA
TGCTTGGAAGACATATATTCTTATAAAAACTCACAACAGTTATTTACAAGCCTAACCTATTACAACTATACT
TTTTAGTTAAACCCCCCCACCCCCAT

Buoy Data
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Buoy Drifter data was acquired from National Oceanic and Atmospheric Administration
(NOAA) as part of the Global Drifter Program at
http://osmc.noaa.gov/Monitor/OSMC/OSMC.html.

Seventy drifters were located within the Caribbean between 2004 — 2017. Of these
seventy, ten were associated within the Mesoamerican Reef basin (bold), but only three
were present in the Mesoamerican Reef basin within 100 km of Roatan, Honduras
between 2012 — 2017 (bold and underlined). The WMO ID of all drifter buoys are
provided below.

13523 42564 43571 4101740
13581 42653 43572 4101741
13650 43502 3101514 4101746
15647 43516 1501581 4131581
41574 43551 1501605 4200520
41606 43552 1501609 4201525
41608 43553 3101532 4201583
41624 43555 3301528 4201584
41679 43558 4100678 4201588
41681 43559 4100679 4201590
41682 43560 4100682 5102559
41683 43561 4100683 5201639
41684 43563 4100684 5201640
41686 43564 4100685

41708 43565 4100686

42502 43566 4100708

42520 43567 4101580

42552 43569 4101600
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