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I N T R O D U C T I O N

This report provides a brief overview of the activities of the Protective Turtle Ecology Center for 

Training, Outreach, and Research, Inc. (ProTECTOR, Inc.) over the 2022 research season from June 4 

to July 5, 2022. We present brief results of individual projects. We undertook all research under 

national permits issued by the Honduras government through the departments of Fisheries 

(DIGEPESCA) and the Department of Forestry Conservation (ICF). 

The research area for the brief 2022 research season was focused on Caribbean Honduras (Fig. 1A), 

with sites in the Sandy Bay West End Marine Reserve (SBWEMR) on the island of Roatan (Fig. 1B), 

and nesting beaches of Guanaja (Fig. 1C). Roatán is the largest of the three Bay Islands sitting 

approximately 48 Km north of mainland Honduras, and is 77 Km long and 8 Km wide, while Guanaja 

is the eastern most island in the group and is also approximately 48 km from mainland Honduras, 

but is a mere 16 km long and 6 Km wide. 

We carried out research efforts on Roatán with direct assistance from Splash Inn Dive Resort, and 

the Secretary of State from the Office of the President, Snr. Rodolfo Pastor de Maria y Campos. On 

Guanaja, our work was assisted by the Green Island Challenge Initiative, and undertaken by Mr. 

Anuar Romero. Mr. Romero was assisted by the Guanaja Municipal Environmental Unit, the 

Berkshire High School, and the Guanaja Hotel.

Once again, there were major delays and setbacks during the permitting process in which our 2019 

application for a research permit through the previous national government, was not issued as a 

result of a lack of coordinated oversight on the part of the prior governance of the Institute for 

Forestry Conservation (ICF), which both issues the permit, as well as oversees the management of 

the marine protected area of the Bay Islands. The lack of clear directives from both the national and 

regional offices of ICF resulted in much confusion and misunderstanding among ICF offices, delaying 

for more than 30 months the issuing of the permit with three areas of major restrictions on the 

research efforts. This led ProTECTOR, Inc. to reject the issued permit, and to submit rebuttals to the 

restrictions, and an immediate reconsideration of these restrictions, based on scientific evidence for 

the need to undertake methods which had been restricted by the regional offices of ICF in Roatan 

and La Ceiba in January, 2022. 
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I N T R O D U C T I O N

The newly elected Castro Administration of the Central Government of Honduras, immediately 

undertook efforts to work through ICF to have the permit reissued with all restrictions on research 

methods removed from the permit. Through the efforts of the Secretary of State from the Office of 

the President, Snr. Rodolfo Pastor de Maria y Campos, the unrestricted ICF permit was issued on 

March 17, 2022. There remains a strong need for a streamlined and standardized mechanism for the 

application for national research permits to be issued in an effective and timely manner if 

environmental and conservation research is to be continued in the country.

As a result of the studies reported here, we have increased our bank of blood, skin, and scute 

samples for genetic haplotype, heavy metal, and blood parasite analyses to more than 540.  

Additionally, we have been able to track the growth rates of juvenile hawksbills within the SBWEMR 

over the past 6 years. These studies meet the research objectives of ProTECTOR, Inc. by providing 

ongoing monitoring data that can assist marine area habitat managers in understanding the 

population dynamics of sea turtles within and outside of marine protected areas, and provide 

specific recommendations for ongoing and additional studies to answer questions of the origins of 

turtles that recruit to, and nest in the Bay islands. Answers to many of these questions will require 

further ongoing studies, as well as undertaking new studies. 
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I N T R O D U C T I O N
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Fig. 1. A map of the regional view of the north coast of Honduras (A) with the main research sites on Roatán (B) and Guanaja (C), Bay
Islands, Honduras. The target area of investigation for Roatan was the Sandy Bay West End Marine Reserve (SBWEMR) (B), while the
areas of research in Guanaja (C) were several nesting beaches around the island.
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During the 2022 research season, we were again able to facilitate several ProTECTOR, Inc. Interns 

(assisting for more than one month), and Volunteers (assisting for less than one month). All 

ProTECTOR, Inc. Volunteers and Interns were placed at the main 2022 research site in the SBWEMR  

in Roatán on various projects undertaken there. In all, we hosted four ProTECTOR, Inc. Interns, and 

three ProTECTOR, Inc. Volunteers through the one-month period of our research efforts in Roatan. 

The number of Interns and Volunteers recruited to the program was again slightly compromised by 

the uncertainty of the issuance of the permit prior to the Castro Administration taking office in late 

January. Once the permit was finally issued in mid-March, we then set about to recruit Interns and 

Volunteers for the ProTECTOR, Inc. research projects in Honduras. However, by this time, many 

potential Interns and Volunteers from North America and Europe had already received Internship 

placements and were unavailable to join the ProTECTOR, Inc. Internship and Volunteer program. 

Additionally, international travel restrictions for some countries due to the Covid-19 pandemic, 

continued to restrict some potential Interns and Volunteers from participating again this year. Despite 

these setbacks, we were nevertheless able to continue important data collection on the juvenile 

population of hawksbill and green sea turtles in the SBWEMR through the 2022 research season. 

Our ProTECTOR, Inc. Interns and Volunteers for the 2022 season once again, came mainly from 

Canada and the United States, but this year also included a Volunteer from Chile. Our ProTECTOR, Inc. 

Volunteers included: Dominic and Voicu Tulai (repeat Volunteers from 2019), and Carolina Germakova 

(who witnessed our ProTECTOR, Inc. research at Splash Inn in 2019, and requested to return to work 

with us for two weeks as a ProTECTOR, Inc. Volunteer in 2022). Interns included: Dawson Pan, Ben 

Streit, Treson Thompson, and Jayden Wilson (see Fig. 2).

Interns undertook data collection on symbiosis of sea turtles with other marine invertebrates by 

observing and recording in-water interactions of sea turtles with marine organisms, especially in 

relation to turtle feeding events. Other Volunteers and Interns assisted with the collection and 

preservation of invertebrate epibionts from juvenile hawksbill turtles as part of an ongoing 

assessment of epibiotic symbionts associated with resident turtles within the SBWEMR. This study 

has implications for understanding the long-term association of different suites of epibionts that may 

be unique to a specific habitat in which turtles reside. Additionally, Volunteers and Interns assisted  

I N T E R N   T R A I N I N G
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I N T E R N   T R A I N I N G

Fig. 2. As in previous years, ProTECTOR, Inc. Volunteers and Interns are an essential part of the functioning of the 
organization, and assist with data collection, education outreach, and project development. ProTECTOR, Inc. Interns and 
Volunteers also help provide funding support of the organization. From top left to bottom right, 2022 ProTECTOR, Inc. 
Interns and Volunteers were: (Interns) Treson Thompson, Ben Streit, Dawson Pan, Jayden Wilson, (Volunteers) Dominic 
Tulai, Voicu Tulai, and Carolina Germakova. 



in the collection and recording of morphometric data for both recaptured and newly captured 

individual green and hawksbill turtles from within the SBWEMR. As part of the Internship, Interns 

were required to analyze the data collected and to present a write-up of the data as a brief report. 

The opportunity to develop these reports provides each Intern with an opportunity not only to 

experience the fieldwork related to endangered species conservation research, but also to bring 

together the background knowledge and current research information regarding the topic of their 

project. These written reports, at times, also lead to individual ProTECTOR, Inc. Interns submitting 

abstracts to present their findings at the International Sea Turtle Symposium (ISTS). As a result of this 

year’s efforts by Interns, three abstracts were submitted and have been accepted for presentations at 

the 41st ISTS in Colombia in March, 2023 (for a list of submitted abstracts to the 41st ISTS, see the 

abstract list, pg. 23). These results highlight the success and importance of the goals of the 

ProTECTOR, Inc. Interns and Volunteer Program in demonstrating that ProTECTOR, Inc. Interns and 

Volunteers are obtaining unique experiences in hands-on endangered species conservation research, 

and applying their field experiences to the larger context of wildlife conservation. This context 

includes interactions with other students, researchers, local NGOs, government officials, and local 

community members, as stakeholders in the conservation of national biodiversity resources.

ProTECTOR, Inc. continues to seek to develop opportunities for Honduran students, government 

officials, and members of local NGOs to partner with ProTECTOR, Inc. to also gain valuable experience 

in undertaking research that can guide conservation decision-making within the country. Such 

experiences will continue to develop local capacity for the management of natural resources within 

the country of Honduras. With assistance from the new Castro Administration, and specifically from 

the Office of the Secretary of State from the Office of the President, Snr. Rodolfo Pastor de Maria y 

Campos, we have identified potential funding streams through the Central Government of Honduras, 

that will not only assist in capacity building for Honduran students and government agents, but also 

for expanding the conservation research of ProTECTOR, Inc. throughout the country.

These funds will facilitate national citizens of Honduras to receive real-world training in conservation 

fieldwork and laboratory investigations that will expand the potential for Hondurans to assume 

leadership roles in national conservation efforts for both marine and terrestrial habitats. Basic field 

and laboratory training will be applicable to other projects dealing with habitats or species of  

conservation concern within the country.  

I N T E R N   T R A I N I N G
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The Guanaja Nesting Recovery Project was established on June 28, 2018 at the request of 

community land owners who have watched the devastation of nests and nesting turtles over the 

past decade on the island of Guanaja. Through the 2019 season, monitoring of the nesting beaches 

around Guanaja continued with the oversight of the Green Island Challenge (GIC) initiative, a highly 

competent conservation research partner with ProTECTOR, Inc. However, during the onset of the 

Corona Virus pandemic in March, 2020, and through 2020 and 2021, much of the work of the GNRP 

was forced to come to a standstill due to restrictions of movement of community members.

The potential for light pollution on nesting beaches in Guanaja due to increasing housing and hotel 

development (as is currently taking place on Utila), continues to be of great concern to ProTECTOR, 

Inc. and the GIC. Previous studies (Witherington, 1991; Witherington and Martin, 2000; Salmon, 

2003) have demonstrated disorientation in hatchlings during sea-finding due to beach lighting. For 

nesting recovery efforts to be successful, an evaluation of both beach house lighting, and of turtle 

orientation to light of different colors and wavelengths, is critically important. Prior lack of clarity in 

the research permit issued by ICF to ProTECTOR, Inc. in 2019 resulted in BICA-Guanaja resisting our 

ability to undertake research efforts and the collection of critically important nesting activities data. 

These interferences resulted in a complete shut-down of this important study taking place on the 

island of Guanaja in 2019. 

During the ensuing 2020 and 2021 nesting seasons, Covid-19 lockdowns on Guanaja also reduced 

the ability to have consistent beach monitoring. However, in 2022, the project was running once 

again, including the flipper tagging of new nesting females, and the collection of data from the main 

nesting sites around the island. Active and intense nest monitoring was resumed and overseen by 

Anuar Romero of the GIC. The work by GIC has continued to provide critical information on the 

number of nests laid around Guanaja by hawksbills (Eretmochelys imbricata), green (Chelonia 

mydas), and loggerhead (Caretta caretta) sea turtles. From data collected by Romero and his team, it 

appears that there were 20 hawksbill nests, 20 green, and up to 5 loggerhead nests laid in the 2022 

season.

Guanaja Nesting Recovery Project (GNRP)
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Guanaja Nesting Recovery Project
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Nesting female numbers appear to be on a slightly increasing trend (Fig. 3), and may continue to 

increase as Guanaja potentially attracts nesting turtles who may no longer utilize the increasingly 

developed Pumpkin Hill nesting beach on Utila. Continuing flipper tagging of all nesting turtles from 

both Utila and Guanaja is needed in order to track the nesting trends of individuals in both locations. 

We plan to continue training of GIC personnel for flipper tagging and data collection, and to join with 

GIC in education outreach and opportunities to students on Guanaja.

Although we were unable to collect blood samples from nesting and hatching turtles in the 2022 

season, we plan to again develop a project in which regular blood collections will be taken from both 

nesting and hatching turtles for the purposes of health and parasite analyses, and the genetic 

haplotyping of nesting and hatching turtles. These project will provide much-needed insights into 

both individual nesting trends, and nesting population trends, allowing us to predict if populations 

are on the rise, or are in decline. 

Because of the importance of this study in providing best-practice guidance to land and business 

owners who are undertaking the private or commercial development of nesting beach areas on all 

Bay Islands, as well as to local ecosystem managers for the management of nesting habitats around 

the islands, we plan to resurrect this study in Guanaja again in the 2023 or 2024 research seasons to 

help us understand the complexities of turtle hatchling success in the Bay Islands, and how best to 

manage the resources critical to the recovery of nesting and hatchling success in this region. 
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Fig. 3. Number of nests by species per year since the start of the Guanaja Nesting Recovery Project in 2018. 
Potential sampling bias due to annual fluctuations in monitoring efforts and reporting. 



In 2022, we continued to sample juvenile sea turtles in the SBWEMR from June 4 – July 5. 

Unfortunately, we were hindered over some days due to boat and motor problems, which reduced 

our ability to dive and capture/recapture turtles in the reserve for approximately five days within 

our short research period. These five days resulted in the loss of some data collection. However, 

despite the loss of these five working days, we were nevertheless able to conduct in-water surveys, 

undertaking observations of turtle feeding, and captures of both untagged and tagged hawksbills 

and greens.

In all, we captured 17 juvenile turtles (16 hawksbills and 1 green) over the research period. Of 

these, three hawksbills and the single green were untagged. From the tagged turtles re-captured, 

we were able to remeasure and reweigh all turtles except two, which were captured while we had 

technical difficulties with our weighing scale. This issue was quickly remedied, and weighing of all 

subsequent turtles took place unhindered. 

Data collected in 2022 and compared with prior data, demonstrated large increases in size (CCL and 

CCW), as well as in weight, in turtles recaptured over the past six years of the current research 

efforts in the SBWEMR. These data, along with reports by Baumbach, et al (2022), and Wright, et al 

(2022) on food choices and prey abundances in the SBWEMR, support the suggestion that the 

marine habitat is currently sufficient to support the rapid growth of the relatively small population 

of juvenile hawksbill and green turtles that reside in the reserve.

In addition to weighing and measuring captured turtles, we also collected blood and scute samples 

for continuing genetic haplotype and heavy metal investigations (neither of which can be 

predicted), as well as epibionts from beneath overlapping scutes. Epibionts were preserved in 70% 

EtOH, and analysis of genera and species will be done.  An additional study included the in-water 

observation of hawksbills while foraging, to determine the species of fishes with which turtles 

interact, and to assess the nature of those interactions. This study has been taking place since 2016, 

and has finally resulted in sufficient data to analyze and report. 

Roatán Turtle Sampling in the SBWEMR
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Results of growth rate studies on juvenile E. imbricata and C. mydas have demonstrated that 

juvenile turtles within the SBWEMR are growing at relatively rapid rates. Data collected and 

compared with previous data by ProTECTOR, Inc. Intern, Dawson Pan, have shown that over the 

past 3 – 6 years, juvenile hawksbills have increased in minimum Curved Carapace Length (CCLmin) 

at rates from 0.05 cm/yr - 4.8 cm/yr. (Table 1). These results demonstrate the importance of flipper 

tagging individual turtles within the Bay Islands, and support the results of studies by Baumbach et 

al (2022) and Wright, et al (2022) that suggest that the habitat of the SBWEMR (especially the 

southern areas of West End and west Bay) contain sufficient prey items to facilitate rapid rates of 

growth for juvenile E. imbricata. 

It will be important to continue monitoring of this population, not only to establish continuing 

growth rates and their relationship with habitat changes due to habitat contamination and global 

climate change, but to also assess whether the population is increasing, or is in decline.    

Roatán Turtle Sampling in the SBWEMR
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Turtle Tag 
Number

CCLmin (cm) 
T1(date) –
Tc(date)

Calculated 
Growth Rate/yr
(cm)

Weight (Kg) T1 -
Tc

Calculated 
Growth Rate/yr
(kg)

MMT777* 62.3 (9/7/2018) –
62.5 (6/10/2022)

0.05 26.0 - ?? ??

BBQ344 31.5 (8/2/2016) –
58.4 (6/14/2022)

4.5 6.8 – 21.0 2.4

BBQ235 27.0 (8/24/2016) 
– 56.0 

(6/19/2022)

4.8 5.91 – 21.0 2.52

BBQ310* 57.6 (8/24/2017) 
– 61.5 

(6/20/2022)

0.8 21.2 – 28.6 1.48

MMT568 39.0 (9/5/2018) –
54.9 (6/24/2022)

3.98 6.9 – 17.4 2.65

BBQ157 48.2 (8/20/2017) 
– 63.8 

(6/26/2022)

3.12 12.2  - 28.8 3.32

BBQ303 39.2 (8/31/2017) 
– 59.3 (7/4/2022)

4.02 6.4  – 20.8 2.88

* Suspected sub-adults at time of first measurements (T1).

Table 1. Examples of calculated growth rates of individual flipper-tagged E. imbricata. CCLmin = Curved 
carapace length minimum; T1 =  date of first measurements at Time 1; Tc = date of current measurement.  
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Photo ID (PID) studies began in 2014 (Dunbar and Ito, 2014; Dunbar, et al, 2016; Dunbar, et al, 2021) 

in the SBWEMR, and continued in 2022 with the ongoing collection of digital photographs of 

individual sea turtles (both tagged and untagged) taken during SCUBA diving or during sea turtle 

work-ups (Fig. 4). These photos were submitted to a computer database for a computerized 

matching process that provides six potential matches. These matches can then be manually 

compared by viewing the test photo to the resulting match photos, and verified by eye.

Although we were unable to be in the field throughout the 2020 and 2021 seasons, due to Covid-19 

travel restrictions, we were, nevertheless able to continue to submit new images to the growing PID 

database, due to the dedicated work of Mr. Ted Anger (Scuba Ted) (Dunbar, et al, 2021), who 

continued submitting new face and head photos of E. imbricata to our hawksbill PID database.

During the 2022 season, we continued to collect both in-water, and out-of-water images of all 

captured, and uncaptured turtles we observed in close enough proximity to photograph. These 

images have now been submitted to the ProTECTOR, Inc. PID database, and bring the total number 

of images to more than 3,144 photos of hawksbill individuals. We continue to analyze the dynamics 

of the foraging populations of juvenile hawksbill and green turtles in the SBWEMR to seek 

understanding of the general dynamics of these populations (Baumbach, et al, 2019; Baumbach, et 

al, 2019; Baumbach, et al, 2022; Wright, et al, 2022).   

Photo Identification (PID) in the SBWEMR



From tests carried out after the 2019 season, we were able to correctly match new images to 

individuals in the database, up to 96.3% of the time. These studies, as well as recommendations for 

increasing the number of images captured and submitted to our database by citizen-scientists, are 

reported in the Journal of Experimental Marine Biology and Ecology (Dunbar, et al, 2021).

Photo Identification in the SBWEMR
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Fig. 4. Face and head photos of  hawksbill (E. imbricata) (A, B),  and green (C. mydas) (C, D) turtles taken during diving 
observations and during turtle work-ups for use in the computerized photo ID (PID) matching system. The 
computerized system allows the identification of individuals residing in the SBWEMR over time, and will eventually 
assist in modelling resident population changes within the marine reserve. Both in-water, and out-of-water images 
can be used in the automated database system. 
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Throughout the 2022 research season, we were able to hand capture and flipper tag E. imbricata and 

C. mydas individuals. From each of these turtles, we collected tissue samples (Fig. 5) for additional 

studies undertaken at Loma Linda University, including continuing work on genetic haplotype 

diversity, heavy metal contamination, and stable isotope analyses. Due to the support and efforts of 

both the Secretary of State from the Office of the President, Snr. Rodolfo Pastor de Maria y Campos, 

and the ProTECTOR, Inc. Country Director, Ms. Lidia Salinas, we have been issued the CITES Export 

permit from Honduras. The United States Fish and Wildlife Service (USFWS) CITES Import permit has 

been issued, allowing us to retrieve the sample in early 2023 for import back to the United States, 

where the samples will undergo analyses at Loma Linda University. These studies are linked in 

providing a variety of information for the same population of juvenile hawksbills in the SBWEMR, 

allowing us to evaluate genetic links between these individuals, their natal beaches, and their 

maternal foraging grounds.  

Tissue Sampling of Turtles in the SBWEMR
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Fig. 5. ProTECTOR, Inc. Volunteers and Interns assist with the measuring and sampling of a captured hawksbill turtle. Hands-
on experiences with sea turtles through the ProTECTOR, Inc. Intern and Volunteer Program facilitate connections with 
marine habitats and organisms that will stimulate the support of marine protected areas in Honduras and around the 
world. A) Dominic and Voicu Tulai on dive monitoring. B) From L to R, Ben Streit, Dominic Tulai, Voicu Tulai, and Dawson 
Pan. C) Dawson Pan releases a hawksbill back to sea. D) L to R, Jayden Wilson, Dawson Pan, Treson Thompson, and Carolina 
Germakova assist with collecting data on each turtle. 
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This year, the visit by the Secretary of State from the Office of the President, Snr. Rodolfo Pastor de 

Maria y Campos, during June 22 and 23, significantly altered the ability of ProTECTOR, Inc. to 

continue and expand our work in Honduras, without the delays in permitting, and lack of 

government interest and support that have especially plagued our efforts since 2014. Snr. Pastor 

arrived on Roatan on Wed. June 22 and met with Dr. Stephen Dunbar, Lidia Salinas, and 

representatives from the Roatan Marine Park, to discuss the situation of turtle research continuing 

and advancing in Roatan, and Honduras, in general. There was discussion of some of the issues that 

ProTECTOR, Inc. has faced while working in Roatan from local offices of ICF in Roatan and La Ceiba, 

as well as prior lack of interest in collaborations by local environmental NGOs. However, the 

emphasis was on the opportunities that lay ahead to make real changes in the way research is 

supported from the Central Government down to local NGOs.

On June 23, Snr. Pastor spent the afternoon diving with the ProTECTOR, Inc. team (Fig. 6A) to 

observe the process of a turtle capture and work up at our makeshift laboratory space at our 

partner/supporter, Splash Inn Dive Resort. After the capture of a turtle, we brought the turtle back to 

the facility at Splash Inn, and measured, weighed, and cleaned the turtle, then took blood and scute 

samples, as well as collected epibionts, and photographs (Fig. 6B and C) before taking the turtle out 

of the causeway to release the turtle back into the water. Snr. Pastor accompanied the ProTECTOR, 

Inc. team, and personally participated in the release of the turtle. 

As a result of this experience, Snr. Pastor assured the ProTECTOR, Inc. team that both he and 

President Castro were fully supportive of the work of ProTECTOR, Inc. on sea turtle and marine 

habitat research, and that they wanted to encourage the organization to, once again, expand our 

research across the country. 

We are currently working with the Castro Administration and the Ministries of the Central 

Government to stabilize the work of ProTECTOR, Inc. through funding support identified by the 

government Ministries. These funds will provide foundational support to the ongoing development 

of scientific protocols for assessing the status of endangered sea turtles and their habitats 

throughout the waters of Honduras.

Governmental Support
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Education Outreach 

Fig. 6. Secretary of State from the Office of the President of Honduras, Snr. Rodolfo Pastor de Maria y Campos, spent two 
days with the ProTECTOR, Inc project in the Sandy Bay West End Marine Reserve. A) Snr. Pastor (right) diving with 
ProTECTOR, Inc. Intern, Jayden Wilson (center), and ProTECTOR, Inc. Volunteer, Carolina Germakova (left) on a turtle 
monitoring dive. B) Pastor assists with the turtle ‘work-up,’ including weighing, measuring, and sampling the turtle. C) Part of
the ProTECTOR, Inc. research team with Snr. Pastor, just before release of the turtle back into the SBWEMR. 
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Although we applied for continuing research permits during the 2019 research season, we were 

unable to secure permits through the prior administration due to an number of factors (for more on 

these, Dunbar & Salinas, 2021). It was not until the Castro Administration took power at the end of 

January, 2022, that the Secretary of State from the Office of the President, Snr. Rodolfo Pastor de 

Maria y Campos, became involved with ensuring the permits would be issued and that ProTECTOR 

Inc. (one of the very few long-term research entities in the country) would be able to continue the 

work of investigating the status and plight of all five species of sea turtles within the waters of 

Honduras. Permits were finally issued, under direct intervention by Snr. Pastor, in mid-March of 2022. 

With the permit finally in place, ProTECTOR, Inc. was able to begin the process of planning our 

research efforts and recruitment of Interns and Volunteers in early April. Although this recruitment 

effort was late in beginning, we nevertheless attracted several Interns and Volunteers to work with 

ProTECTOR, Inc. to undertake various projects in the SBWEMR. Our 2022 ProTECTOR, Inc. Interns and 

Volunteers were highly successful in assisting in collecting in-water, as well as nesting beach 

information that continue to clarify the plight and status of sea turtles in the country of Honduras. 

ProTECTOR, Inc. is seeking to expand our Intern and Volunteer programs through increasing web and 

social media presence, and has extended invitations to national students, academic faculty, and 

government agents in Honduras to become involved in sea turtle conservation research through our 

efforts.

Both national students and academic faculty at UNAH have demonstrated intense interest in 

partnering with ProTECTOR, Inc. in carrying out research efforts for sea turtles and other marine 

organisms. We continue to seek ways to facilitate these students and faculty, recognizing the 

importance of capacity building for national students and research faculty. In addition to facilitating 

these experiences for Honduran citizens, we are also seeking ways to assist UNAH faculty in securing 

national and international funding support for such vital training activities. 

In addition, because up until late January we were unsure if we would continue our efforts in 

Honduras, we made plans to initiate work in another area of the Caribbean, and committed to being 

on site in that country by mid-August. This meant that our time for research efforts was limited to 

just one month this season, limiting the amount of research that could be accomplished in that brief 

time period.

C O N C L U S I O N S
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We continue to emphasize to all agencies of the government of Honduras the critical importance of 

the research and conservation efforts being carried out by ProTECTOR, Inc. It continues to be 

evident that there is need for a national program of well-developed sea turtle research if turtle and 

marine habitat conservation efforts are to succeed at a national scale. Despite many efforts by 

national government agencies and non-governmental organizations (NGOs) to undertake 

conservation measures (beach hatcheries, nesting beach monitoring, efforts to reduce illegal trade 

of turtle products), these efforts are likely to continue unsuccessfully without rigorous scientific 

evaluation of their impacts. These evaluations must be done through targeted and ongoing research 

efforts. 

The ongoing nesting beach studies on Guanaja were again able to continue after two prior years of 

Covid-19 lockdowns impacting the monitoring that could take place. These efforts have been 

coordinated by our ProTECTOR, Inc. partners at the Green Island Challenge (GIC), under the field 

direction of Mr. Anuar Romero, with assistance from Ms. Crystal Vance. Without their efforts in 

rallying the local communities of Guanaja, and the support of community members, the project 

would have come to a standstill, making it much more difficult to resurrect after the relaxation of 

Covid lockdowns. This project continues to facilitate opportunities to assess potential nesting 

beaches and the threats associated with turtle nesting, as well as to provide direct capacity building 

and environmental education outreach to multi-generational community members of island 

residents.

Studies on Roatan in the SBWEMR continued with observations of feeding turtle and fish 

interactions, and regular captures of both tagged and untagged individual juvenile hawksbill and 

green turtles. Although having a reduced time for the research in this 2022 season, and being 

plagued by boat and motor problems, we nevertheless were able to conduct significant research, 

and were able to again demonstrate growth rates of individuals that have been recaptured over the 

past 4 – 5 years, and yet remain in the marine reserve during their juvenile growing years. 

Continuing and more intensive studies will provide information on the time to maturity of 

individuals residing in the marine reserve, as well as clues to links between the SBWEMR, and the 

adult foraging grounds maturing individuals migrate to from the SBWEMR. Genetic studies may also 

provide life cycle links to the nesting beaches on Utila and Guanaja in the near future.  
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In 2019, we continued to undertake projects in the Sandy Bay West End Marine Reserve (SBWEMR). 

These included the collection of habitat data throughout the marine reserve and investigating the 

relationship of boat traffic to sea turtle behavior at and below the surface, as well as the connection 

of boat traffic to incidents of boat strikes. Thus far, we have found little evidence for a relationship 

between boat traffic and boat strike injuries to turtles. We also have seen little response by turtles 

below the surface to boat activity.

We were also able to continue to identify individual turtles through our computerized photo-ID 

system. This system will allow us to continue to track the growth and movements of juveniles within 

the SBWEMR over time.

ProTECTOR, Inc. Research was disseminated through research publications in peer-reviewed 

scientific journals, as well as in the development of seven abstracts for presentations at the 41st

International Sea Turtle Symposium to be held in Cartagena, Colombia, 18 – 25 March, 2023.

Peer-reviewed publications resulting from our research efforts in Honduras are:
Wright, M. K., Pompe, L., Mishra, D. R., Baumbach, D. S., Salinas, L., and Dunbar, S. G. 2022. 
Hawksbill presence and habitat suitability of a marine reserve in Honduras. Ocean and Coastal 
Management, 225: https://doi.org/10.1016/j.ocecoaman.2022.106204

Baumbach, D. S.,  Renwu Zhang, Christian T. Hayes, Marsha K. Wright, Stephen G. Dunbar. 2022. 
Strategic foraging: Understanding hawksbill (Eretmochelys imbricata) prey item energy values and 
distribution within a marine protected area. Marine Ecology 43(1): e12703. 
https://doi.org/10.1111/maec.12703

Dunbar, S. G., Anger, E. C., Parham, J. R., Kingen, C., Wright, M. K., Hayes, C.T., Safi, S., Holmberg, J., 
Salinas, L., Baumbach, D. S. 2021. HotSpotter computer-driven photo-ID for in-water and out-of-
water identification of sea turtles. Journal of Experimental Marine Biology and Ecology. 535: 
151490.  https://doi.org/10.1016/j.jembe.2020.151490

Wright, M. K., Baumbach, D. S., Collado, N., Safi, S. B., and Dunbar, S. G. 2020. Influence of boat 
traffic on distribution and behavior of juvenile hawksbills foraging in a marine protected area in 
Roatán, Honduras. Marine and Coastal Management. 198: 105379. 
https://doi.org/10.1016/j.ocecoaman.2020.105379

Dunbar, S. G., Baumbach, D. S. 2020. Sea Turtles of Pacific Honduras. Marine Turtle Newsletter. 160: 
Cover, 1 - 4.

Baumbach, D. S., Anger, E. C., Collado, N. A., Dunbar, S. G. 2019 Identifying sea turtle home ranges 
utilizing data from novel web-based and smartphone GIS applications. Chelonian Conservation and 
Biology. 18(2): 133 – 144. 
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ProTECTOR, Inc. research abstracts resulting from 2019 and 2022 research seasons are:
Dunbar, S. G., Daochai, C., Smithiwong, S., Haetrakul, T., Srisiri, S., Na Ayudhya, S. K., Keschumras, N., 

Satapoomin, U., Chansue, N. First results of the Rapid Nesting and Threats Assessment for the recovery 
of hawksbill nesting in the Gulf of Thailand. 41st International Sea Turtle Symposium, 18 – 24 March,
2023

Salinas, L and Dunbar, S. G. Scientific research and government processes: paradigm shifts in the 
conservation of sea turtles in Honduras. 41st International Sea Turtle Symposium, 18 – 24 March, 2023

Romero, A., Vance, C., Salinas, L. and Dunbar, S. G. Recent trends in the Guanaja Nesting Recovery Project, 
Guanaja, Honduras. 41st International Sea Turtle Symposium, 18 – 24 March, 2023

Hyatt, E., Hayes, W., and Dunbar, S. G. Gross and quantitative comparative analyses of epibiotic Chelonibia
SPP. Barnacles suggest separation of morphotypes independent of host. 41st International Sea Turtle 
Symposium, 18 – 24 March, 2023

Gammariello, R., Ebanks, C., Anderson, E.,8 Green, C. and Dunbar, S. G. Detection thresholds for green 
and orange light in Eretmochelys imbricata hatchlings. 41st International Sea Turtle Symposium, 18 – 24 
March, 2023

Pan, D. and Dunbar, S. G.  Growth dynamics of juvenile hawksbills in a marine protected area in Roatan, 
Honduras. 41st International Sea Turtle Symposium, 18 – 24 March, 2023

Streit, M. B. Aguila, Z., Lewis, A., Morrow, A., Salinas, L., and Dunbar, S. G. Feeding interactions between 
hawksbill turtles and reef fishes in the Sandy Bay West End Marine Reserve, Roatan, Honduras. 41st

International Sea Turtle Symposium, 18 – 24 March, 2023

Baumbach, D.S., Zhang, R., Hayes, C.T., Wright, M.K., Safi, S., Dunbar, S.G. 2020. Energy composition of 
hawksbill food items in the sandy bay west end marine reserve, Roatán, Honduras. 40th International 
Sea Turtle Symposium. 14 – 20 March 2020. Cartagena, Colombia.

Baumbach, D.S., Kirkwood, J., Kelln, W., Hayes, W.K., Dunbar, S.G. 2020. Does sex influence foraging 
strategy? Investigating dietary differences between male and female juvenile hawksbills. 40th 
International Sea Turtle Symposium. 14 – 16 March 2020. Cartagena, Colombia.

Covert, N., Richards, S., Dunbar, S.G. 2020. A survey of macroepibionts of juvenile hawksbill and green 
turtles in Roatán, Honduras. 40th International Sea Turtle Symposium. 14 – 16 March 2020. Cartagena, 
Colombia.

Dunbar, S.G., Daochai, C., Smithiwong, S., Haetrakul, T., Satapoomin, U., Chansue, N. 2020. First year 
results of the rapid nesting and threats assessment for the recovery of hawksbill nesting in the Gulf of 
Thailand. 40th International Sea Turtle Symposium. 14 – 16 March 2020. Cartagena, Colombia.

Wright, M., Baumbach, D., Pompe, L., Mishra, D., Salinas, L., Dunbar, S.G. 2020. Hawksbill utilization and 
habitat suitability of a marine reserve in Roatán, Honduras. 40th International Sea Turtle Symposium. 
14 – 16 March 2020. Cartagena, Colombia.

Wright, M., Baumbach, D., Salinas, L., Dunbar, S.G. 2020. Reanalysis of natal contributions to a juvenile 
hawksbill foraging aggregation in a marine protected area in Roatán, Honduras. 40th International Sea 
Turtle Symposium. 14 – 16 March 2020. Cartagena, Colombia.

Wright, M., Baumbach, D., Salinas, L., Dunbar, S.G. 2019. Natal origins and genetic variations of juvenile 
hawksbill turtles foraging in a marine protected area in Roatan, Honduras. 39th International Sea Turtle 
Symposium. 2-8 February 2019. Charleston, SC.
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ProTECTOR, Inc. research abstracts Continued
Morrow, A., Lewis, A.L., Salinas, L., Dunbar, S.G. 2019. Hawksbill sea turtle-fish interactions: more 

than foraging friends? 39th International Sea Turtle Symposium. 2-8 February 2019. Charleston, 
SC. USA

Hyatt, E., Gammariello, R., Gerke, C., Salinas, L., Dunbar, S.G. 2019. Community-based evidence 
accrual for characterization of Guanaja, Honduras as an active nesting site for Caribbean sea 
turtle populations. 39th International Sea Turtle Symposium. 2-8 February 2019. Charleston, SC. 
USA

Gammariello, R., Gerke, C., Salinas, L., Dunbar, S.G. 2019. Color preferences of Eretmochelys 
imbricata hatchlings. 39th International Sea Turtle Symposium. 2-8 February 2019. Charleston, 
SC. USA

Baumbach, D.S., Wright, M.K., Seminoff, J.A., Lemons, G.E., Rützler, K., Wysor, B., Saunders, G.W., 
Estevez, D., Salinas, L., Dunbar, S.G. 2019. Foraging ecology of hawksbills in Roatán, Honduras: 
insights from in-water observations and stable isotope analysis. 39th International Sea Turtle 
Symposium. 2-8 February 2019. Charleston, SC. USA

Baumbach, D.S., Anger, E.C., Dunbar, S.G. 2019. Sea turtles as an animal model for determining 
home range using citizen-science sightings. 39th International Sea Turtle Symposium. 2-8 
February 2019. Charleston, SC. USA
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The following are recommendations to the Honduras government and managing directors for the 

Bay Islands marine protected areas (MPAs):

1. To avoid the loss of important research and data collection throughout the year, research 

permits should be provided to legitimate research organizations (national or international) 

with proven track records in research and conservation, within the stated legal period of 2 

months after the receipt of the research permit application.  

2. Government agencies responsible for research permitting should have open and clear lines of 

consistent communications among national and local offices, and among local NGOs to ensure 

critical research on natural resources is maintained without interruption from local 

environmental organizations. This should be done in consultation with the research 

organization at regular intervals. Without such changes to the permitting process, conservation 

research which guides management processes will not be accomplished on an ongoing basis.

3. MPA managers should fully cooperate and collaborate with research organizations in 

conducting research and implementing conservation strategies based on annual results of 

research efforts, and to comply with the national strategy for the conservation of sea turtles 

developed by Honduras. There is need to collect additional data on the number and locations 

of turtle boat strikes. Results of the recent study by ProTECTOR, Inc. regarding turtle-

powerboat interactions, should be implemented, including posted boat speed signs 

throughout the SBWEMR, and enforcement of speed regulations within the reserve. 

4. Local community entities, such as the Patrinatos organizations, should be informed of the 

research activities by the regional ICF government offices at least 2 months prior to the 

initiation of research work. Meetings with such groups should be arranged by regional ICF 

offices just prior to the initiation of the research efforts, allowing local community members 

opportunities to discuss the projects with researchers directly. These discussions should, 

however, not interfere with scheduled and approved research activities. 
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The following are recommendations to the Honduras government and managing directors for the 

Bay Islands marine protected areas (MPAs):

5. In collaboration with the National Autonomous University of Honduras (UNAH), the central 

government of Honduras should establish a funding mechanism for student internships with 

ProTECTOR, Inc. that provide undergraduate students in Honduras opportunities to participate 

in research efforts on sea turtles throughout the country in conjunction with ProTECTOR, Inc. 

The training and capacity building of Honduran students will greatly improve natural resources 

leadership and decision-making at the national level, both now and in the immediate future. 

These opportunities will also provide additional data to be collected on nesting beaches 

throughout Honduras, since turtle nesting often begins prior to our arrival in Honduras, and

continues after our fieldwork has concluded. 
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The following are published papers resulting from ongoing ProTECTOR, Inc. studies in Honduras. 
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Hawksbill presence and habitat suitability of a marine reserve in Honduras 

Marsha K. Wright a,b,c,*, Lance R. Pompe c,d, Deepak R. Mishra e, Dustin S. Baumbach a,b,c, 
Lidia Salinas f, Stephen G. Dunbar a,b,c,f 
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A R T I C L E  I N F O   
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A B S T R A C T   

Marine protected areas (MPAs) have been established to decrease the negative impacts of human activities on 
important marine habitats. Several sea turtle species reside within MPAs; however, analyses of habitat suitability 
for sea turtles within many MPAs is typically lacking. 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 the best modeling method in discrimi-
nating between suitable and unsuitable habitats. Using MaxEnt, we created species distribution models (SDMs) 
from presence-only occurrence points for 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 Roatán, Honduras. Area under the receiving operator curve (AUC) values were greater 
than 0.75, indicating high model accuracy. Jackknife evaluations indicated algal prey item Dictyota spp., boat 
traffic intensity, and Geodia neptuni sponge abundance had the greatest influence on species distribution. Areas of 
suitability shifted based on time of day and ranged from a low probability of hawksbill presence (0.0) to a high 
probability of hawksbill presence (0.8). Regardless of time of day, the SBWEMR is classified as at least moder-
ately suitable (>0.2–0.4), with least suitable habitat (0–0.2) prevalent in the most northeastern region of the 
reserve. The greatest suitability (>0.6–1) was evident within the mid-region and southern most regions of the 
reserve. Probability of hawksbill presence increased in accordance with increasing boat traffic, although there 
was no clear causative relationship between the two. Although the reserve overall is mostly 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 global depletion of essential habitats over time and lack of effective MPA management, areas of 
habitat suitable for hawksbill inhabitance may decrease below levels sufficient for hawksbill presence in pro-
tected areas of the Western Caribbean.   

1. 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 and Jackson, 
2003). According to the International Union for Conservation of Nature 
(IUCN), all seven species are currently classified as either data deficient, 
vulnerable, endangered, or critically endangered. 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; Gaos et al., 2012; Marcovaldi et al., 
2007; Finkbeiner et al., 2011; Guimarães 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 
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to hawksbills (Bowen et al., 2007; Mortimer and Donnelly, 2008), which 
are victims of turtle harvesting, specifically targeted for the tortoiseshell 
trade (Canin, 1989, Nahill et al., 2020). 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). To 
replenish population numbers, conservation strategies require the 
adequate protection of this critically endangered species, and the habi-
tats in which individuals reside. 

Terrestrial and 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). Effec-
tive management of MPAs requires consistent observation and moni-
toring of human pressure (Geldmann et al., 2014) and species presence 
(Sánchez-Carnero et al., 2016). Sea turtle presence has been recorded 
within the bounds of several protected areas (Selby et al., 2019; Herren 
et al., 2018; Gorham et al., 2014; Rouphael et al., 2013); however, 
current management practices of few protected areas have been assessed 
or reformed to ensure policies benefit sea turtles and their vital habitats 
(Hayes et al., 2017; Fernandes et al., 2017). Typically, assessments of sea 
turtle habitat use in protected areas are limited to nesting regions 
(Christianen et al., 2014; Witt et al., 2008) 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 (Cuevas et al., 2007; Schofield et al., 2010; Rincon-Diaz et al., 
2011a, 2011b). Several studies suggest the establishment of new MPAs 
or the extension of existing MPAs due to sea turtle presence (Fuentes 
et al., 2018; Dawson et al., 2017; Hays et al., 2014; Lea et al., 2016), yet 
do not 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 
(SDMs) utilize species occurrence data and corresponding environ-
mental variables to make applications in ecology and conservation. 
Environmental variables can be divided into three categories: distur-
bances, which are any disruptions that affect the environmental system; 
resources, which are compounds that provide energy; and regulators, 
which control species ecophysiology (Guisan and Thuiller, 2005; Guisan 
and Zimmermann, 2000). SDMs have been used to estimate global dis-
tributions of species (Yesson et al., 2012), to map the geographical range 
shifts of species (Gotelli and Stanton-Geddes, 2015), and to predict the 
impact of climate change on species distributions (Briscoe et al., 2016). 
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), harbor 
porpoises (Phocoena phocoena) (Embling et al., 2010), bottlenose dol-
phins (Tursiops truncatus), grey seals (Halichoerus grypus), and harbor 
seals (Phoca vitulina) (Bailey and Thompson, 2009). Generally, SDMs 
utilize climate data, such as temperature and precipitation, as environ-
mental variables (Soria-Auza et al., 2010; Gardner et al., 2019), and 
analyze species distribution at a global scale (Fournier et al., 2017). 
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 
wide-ranging terrestrial or aquatic landscapes (Alatawi et al., 2020; 
Rickbeil et al., 2014; Biber et al., 2020). However, few studies have 
utilized SDMs to determine habitat suitability and species distributions 
on smaller local scales (Gogol-Prokurat, 2011), while still fewer have 
been used to assess the distribution of foraging sea turtles (Hart et al., 
2018; Duncan, 2012). However, most SDM’s relating to sea turtles have 
focused on nesting studies utilizing these types of environmental data 
(Santos et al., 2006; Lichstein et al., 2002; Pike, 2013). Ultimately, none 
have yet assessed the suitability of foraging areas for sea turtles in 

existing marine protected areas. 
MaxEnt is a popular machine-learning program used to create SDMs 

and map habitat suitability of regions varying in scale from worldwide 
to entire continents, countries, and smaller regions (Coxen et al., 2017; 
De La Estrella et al., 2012; Dos Santos et al., 2017; Santos et al., 2013). 
MaxEnt facilitates 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 (Merow et al., 2013). 

Many SDMs utilize only climate data as the environmental variables 
(Austin and Van Niel, 2011), but additional environmental variables, 
such as disturbance, resource, and regulator variables, have been 
introduced. Disturbance variables are described as natural or 
human-induced factors that lead to animal anxiety or uneasiness (Gui-
san and Thuiller, 2005). Boat traffic has been shown to alter activity 
patterns, increase stress, and lead to physical injury in various marine 
animals and is therefore categorized as a disturbance variable (Bracciali 
et al., 2012; Niemi et al., 2014; Shimada et al., 2017). Prey item dis-
tribution has been categorized as a resource variable since prey items 
can be assimilated by organisms (Guisan and Thuiller, 2005). In addi-
tion, prey item abundance and distribution have been shown to influ-
ence species presence and distribution (Pyke, 1984). Lastly, since sea 
turtle presence can be associated with various benthic habitat types 
(Wood et al., 2013; Walcott et al., 2014), benthic characterization has 
been described as a regulator variable, a limiting factor controlling 
species presence (Guisan and Thuiller, 2005). 

The Sandy Bay West End Marine Reserve (SBWEMR) is a small ma-
rine protected area off the northwestern coast of Roatán, Honduras. The 
reserve was initially created to protect the reef and its inhabitants from 
destructive human practices (RMP, 2015, Doiron and Weissenberger, 
2014). However, although human population density, tourism, and 
aquatic-based activities in the region have increased (900 visitors in 
1969 to > 1 million visitors in 2014; Ministry of Tourism, unpubl. data), 
reflective restructuring of management practices with respect to sea 
turtle survivability has not been undertaken in any area of the Bay 
Islands (Forest, 1998). Using species distribution modeling, we aimed to 
assess the suitability of the SBWEMR by combining hawksbill occur-
rence data with environmental variables likely influencing hawksbill 
distribution throughout the reserve. We also aimed to evaluate which 
environmental variables have the greatest effect on hawksbill distribu-
tion, assess which regions of the SBWEMR are most suitable for 
hawksbill use, and subsequently provide recommendations for MPA 
management to maintain or increase suitability. 

2. Methods 

2.1. Study site 

Roatán is one of the Bay Islands of Honduras located approximately 
55 km from the north coast of mainland Honduras. The SBWEMR is an 
MPA located off the northwestern coast of the island (16◦21′ 44′′ N, 
86◦25′ 06′′ W) (Fig. 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 en-
compasses 13 km of Roatán’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, Gonzalez, 2013). More 
detailed descriptions of the benthic environment in the SBWEMR is 
provided in Hayes et al. (2017) and Baumbach et al. (2019). 

2.2. Species occurrence data 

2.2.1. 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 
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approximately 1 h and were undertaken randomly in approximately 0.9 
km2 area blocks of the 13 km2 reserve. We completed surveys 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 hawksbill turtles, locations were recorded based 
on the dive site latitude and longitude using a handheld GPS (Garmin – 
GPSMAP 64s). 

2.3. Environmental data 

2.3.1. Boat traffic assessment 
Boat traffic throughout the SBWEMR was quantified through a series 

of boat count surveys. 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 min during the morning (8:30–10:30) and afternoon 
(14:30–16:30) time periods, indicating the number of boats that 
remained stationary or traveled through an ~ 1 km2 area. We termed the 
number of boats traveling through a region in 1 h ‘boat intensity’ and 
calculated boat intensity by the equation: 

(BM − BA) × 3= boats × hour− 1 (1)  

where BM equals the number of boats that moved through an ~ 1 km2 

area in the 20-min period and BA equals the number of boats that 
remained stationary in the same 20-min period. Since the difference of 
moving and stationary boats was calculated during a 20-min observation 
period, the difference was multiplied by three to estimate the number of 
boats moving through an ~ 1 km2 area per hour. For further details on 
this method, refer to Wright et al. (2020). 

2.3.2. Prey item distribution 
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 
variegata, and Kallymenia limminghii, and line surveys were used specif-
ically to quantify presence of the sponge, Geodia neptuni. These prey 
items were selected because they are known to be common prey for 
hawksbills in the area of Roatán (Berube et al., 2012; Baumbach et al., 
2022). For area transects, a 30 m transect line was placed randomly 
along the reef and six, 1 m2 quadrats were placed consecutively along 
the transect line every 5 m, with the quadrat centered on the transect 
line. Transects were located near dive site buoys, as dive sites are rela-
tively evenly spaced throughout the marine reserve (see Wright et al., 
2020 for details of dive sites within the reserve). Photographs of each 
quadrat were taken, edited, and transferred to Coral Point Count with 
Excel extensions (CPCe, Ver. 4.1, National Coral Reef Institute, Fort 
Lauderdale, FL) (Kohler and Gill, 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. In order to quantify G. neptuni abundance 
throughout the SBWEMR, in-water G. neptuni sponge counts were con-
ducted by line transects, as described by Baumbach et al. (2019). 

2.4. Remote sensing benthic data 

2.4.1. Image capture 
A 4-band (Blue, Green, Red, Near Infrared) 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 QuickBird satellite 
on 15 March 2004. Although some short-term, small-scale changes are 
inevitable, a visual comparison with Allen Coral Atlas (Atlas (2020) does 
not show any significant large-scale changes since 2004. Satellite data 
were radiometrically and geometrically corrected by the vendor to 
remove radiometric noise and geometric distortions. The georectifica-
tion was performed with a nearest-neighbor interpolation which resul-
ted in a root mean square error (RMSE) of ±1 pixel. 

2.4.2. Image processing - atmospheric correction 
We converted raw digital numbers (DNs) or pixel values to top-of- 

atmosphere (TOA) radiance using QuickBird provided calibration co-
efficients. Land areas were masked using a near-infrared (NIR) band- 
based binary mask. Cloud cover and cloud shadows were also 
removed using a NIR-Red combined binary mask (Mishra et al., 2005). 
The image was processed through a first-order single scattering albedo 
atmospheric correction to remove Rayleigh and aerosol scattering. The 
aerosol scattering component was derived from an optically deep-water 
area covering a 50 × 50 pixel window. Band-specific Rayleigh and 
aerosol scattering components were subtracted from the TOA radiance 
which subsequently converted to remote sensing reflectance (Rrs). De-
tails of the atmospheric correction procedure can be found in Mishra 
et al. (2005). 

2.4.3. Benthic habitat mapping 
In this study, we recalibrated the Lyzenga (1978) bathymetric model 

using in situ and principal component (PC) transformed QuickBird Rrs 
data (PC1) representing a uniform reflectance bottom type (i.e., seagrass 
substrate type). The bathymetric map was used in the radiative transfer 
model by Lee et al. (1994), which decomposes total Rrs to Rrs by water 
column, and Rrs 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, we used water depth, 
absorption, and backscattering parameters to derive the bottom albedo 
or benthic reflectance image. We clustered the benthic reflectance image 
to classify the benthic habitat types using the Iterative Self Organizing 

Fig. 1. The Sandy Bay West End Marine Reserve (SBWEMR). The protected 
area is located off the Northwestern coast of Roatán, Honduras and spans 13 km 
of coastline, extending 1 km from the shore. 
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Data (ISODATA) algorithm to derive 100 clusters. We then grouped 
these 100 clusters into five bottom types (seagrass with sand, dense 
seagrass, coral, coral with sand, and sand) for accuracy assessments 
(supplemental Figure1). Details of the water column correction and 
benthic habitat mapping procedure can be found in Mishra et al. (2006). 

2.5. Model and map compilation 

2.5.1. 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 
and a single background layer, depicting the area of the study site. We 
used a spatial resolution of 2.8 m for these environmental data layers. 
More detailed aspects of layer descriptions are as indicated in Supple-
mental Table 1. 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 Standard Code for Information Interchange (ASCII). Envi-
ronmental data collected from field surveys (boat traffic intensity, Dic-
tyota spp., L. variegata, K. limminghii, H. opuntia, G. neptuni) were 
imported into ArcGIS in table format and joined to a vector layer of the 
SBWEMR. We transformed all environmental variable vector layers to 
raster layers with identical coordinate projections, extent, and spatial 
resolutions. Multicollinearity tests were performed in ArcGIS Pro using 
band collection statistics spatial analyst tool. We excluded H. opuntia 
and L. variegata prey item layers from the model due to multicollinearity. 

2.5.2. MaxEnt conditions and model creation 
To create SDMs and map habitat suitability within the SBWEMR, we 

used the MaxEnt interface version 3.4.1. In-water turtle surveys pro-
vided 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 auto-
correlation, 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. We kept all other 
programable values at their defaults. Linear, quadratic, product, 
threshold, and hinge features were used to generate both the morning 
and afternoon models. The threshold value was chosen using the mini-
mum training presence (Pearson, 2007). Area under the receiving 
operator curve (AUC) values were used to assess model accuracy and 
predictability, and the jackknifing method was used to indicate the 
importance of each environmental variable on species distribution via 
gain. We indicated probability of hawksbill presence (PHP) in relation to 
each predictor variable with response curves for continuous variables 
and response bar graphs for categorical variables. We classified PHP 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 the 
geographic region of 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). Addi-
tionally, using ArcGIS Pro, we inserted hawksbill occurrence points and 
estimated kernel density using the kernel density spatial analyst tool. 
Occurrence points and kernel density estimates were used to indicate 
actual hawksbill presence and density in relation to suitable and un-
suitable habitats. On our resulting maps, we used a range of colors from 
light purple to indicate estimates of very low hawksbill kernel density, to 
dark purple to indicate very high hawksbill kernel density. 

Additionally, to provide confirmation of our results we input our 
habitat characteristics and presence/absence data into an automated 
kuenm (R package, Cobos et al. (2019)) protocol and compared the re-
sults of both the kuenm models and the MaxEnt models for all features 

and the probability of hawksbill sightings throughout the SBWEMR. 

3. Results 

3.1. Sea turtle surveys 

We completed 243 in-water surveys for sea turtles from June–Sep-
tember 2016–2018. Of these, 115 surveys were completed in the 
morning, and another 128 surveys were completed during the after-
noon. A total of 180 juvenile hawksbill sightings were recorded. 

3.2. Boat traffic assessment 

Boat traffic assessment within the SBWEMR took place for ten weeks 
from June to September for three years (2016–2018). During the 
observation periods, we counted 6,999 boats. The overall mean of boat 
traffic intensity was significantly higher in southern regions of the 
reserve when compared to the northern region of the reserve (F = 33.26, 
df = 2, P < 0.0001. There was no significant difference in boat traffic 
intensity between the morning and afternoon time periods (F = 2.091, 
df = 1, p < 0.01). 

3.3. Prey item distribution 

To characterize prey item distribution in the SBWEMR, we con-
ducted 143 transect line surveys, and photographed and assessed 839 
habitat quadrats. We also completed sponge counts throughout the 
reserve. Transect surveys and quadrat assessments indicated that mac-
roalgae accounted for 26.87% of the area assessed in the southernmost 
region of the reserve, 33.46% in the mid-region, and 48.98% of the area 
assessed in the northernmost region of the reserve. However, Kallymenia 
specifically, was not evident in transect surveys. Sponge counts indi-
cated that 43% of Geodia sponge counted within the reserve was found 
in the southernmost region of the reserve, while 51% was found in the 
mid-region, and 7% was found in the northernmost region. 

3.4. Model performance and variable input 

Models created to predict species distribution in both the morning 
and afternoon exhibited high accuracy. Area under the receiving oper-
ator curve (AUC) values were 0.96 in the morning and 0.95 in the 

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.  

Environmental 
Variable 

Unit % Contribution 
Morning 

% Contribution 
Afternoon 

Dense Seagrass 0 (absent); 1 
(present) 

3.4 0.8 

Seagrass with 
Sand 

0 (absent); 1 
(present) 

1.4 2.2 

Sand 0 (absent); 1 
(present) 

5.4 1.2 

Coral with Sand 0 (absent); 1 
(present) 

1.4 2 

Coral 0 (absent); 1 
(present) 

2.1 4.7 

Boat Traffic 
Intensity 

boats/hr. 64.1 50.7 

Dictyota spp. %/m2 3.3 11.6 
Lobophora variegate %/m2 – – 
Kallymenia 

limminghei 
%/m2 2.7 0.5 

Halimeda opuntia %/m2 – – 
Geodia neptuni #/km2 16.3 26.5  
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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 in-
fluence on species distribution, followed by G. neptuni sponge count, 
boat traffic intensity, sand, K. limminghii percent cover, and lastly the 
remaining benthic characterizations (Fig. 2A). Jackknife estimates of 
testing gain in the morning model implied that boat traffic intensity had 
the greatest influence on species distribution, followed closely by Dic-
tyota spp. percent cover and G. neptuni sponge count. The remaining 
benthic variables had the least influence on species distribution in the 
morning (Fig. 2B). 

Jackknife estimates of regularized training gain in the afternoon 
suggested that boat traffic had the greatest influence on species distri-
bution, followed by G. neptuni sponge abundances, Dictyota spp. percent 
cover, coral, seagrass with sand, followed by K. limminghii percent cover, 
and the remaining benthic characterization (Fig. 3A). In the afternoon 
model, jackknifing estimates of test gain revealed that boat traffic in-
tensity had the greatest influence on species distribution, followed by 
Dictyota spp. percent cover, G. neptuni sponge count, coral, seagrass with 
sand, followed by K. limminghii percent cover, and the remaining benthic 
makeup (Fig. 3B). Response curves for the probability of hawksbill 
presence (PHP) based on boat traffic intensity indicated an increase in 
the PHP as boat traffic intensity increased in both the morning and af-
ternoon (Fig. 4A & B). However, in the morning, PHP plateaued and 
decreased after reaching an intensity of 50 boats/hour (Fig. 4A). 
Response curves for PHP based on Dictyota spp. (Fig. 5A and B) and 
K. limminghii (Fig. 5C and D) 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 counts indicated an 
increase in the PHP as G. neptuni sponge counts increased in both the 
morning (Fig. 6A) and afternoon (Fig. 6B). Unlike response curves for 
continuous variables, general trends of categorical variables were indi-
cated using bar graphs. In the morning model, an increase in PHP was 
evident in the presence of all environmental variables, the greatest being 
dense seagrass (Fig. 7A). In the afternoon model, an increase in PHP was 
also evident in the presence of all variables, however, the greatest being 

coral in the afternoon (Fig. 7B). Still, regardless of the presence or 
absence of benthic variables, the morning and afternoon models sug-
gested moderate to high PHP when associated with all categorical 
environmental variables. 

3.5. 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 un-
suitable (0.0) to highly suitable (0.8). Regardless of time of day, the 
majority of the SBWEMR can be classified as at least moderately suitable 
(>0.2–0.4), with least suitable habitat (0.0–0.2) most evident in the 
northeastern most region of the reserve. High suitability (>0.6–1.0) was 
evident within the mid-region and southern most regions of the reserve 
in both the morning (Fig. 8A) and afternoon simulations (Fig. 8B). 
Kernel density estimates also indicated greater hawksbill density in the 
southwestern region of the SBWEMR in both the morning (Fig. 8C) and 
afternoon (Fig. 8D), corresponding to more suitable habitat. However, 
higher hawksbill density is more concentrated in the afternoon when 
compared to the morning time period (Fig. 8C and D). 

3.6. Confirmation model 

Results from the kuenm automated protocol produced essentially 
identical results as those provided by MaxEnt, using the parameters we 
placed in the protocol. Therefore, we do not report the details of the 
kuenm models, and instead have reported only those results from our 
main modeling program, MaxEnt. 

4. Discussion 

SDMs have previously been used in sea turtle conservation efforts 
(Duncan, 2012; Guo, 2014; Varo-Cruz et al., 2016; Pike, 2013). How-
ever, aside from Hart et al. (2013) and Selby et al. (2019), few models 
assess hawksbill distributions in association with several environmental 

Fig. 2. Jackknifing estimates depicting variable importance on hawksbill dis-
tribution 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. 

Fig. 3. Jackknifing estimates depicting variable importance on hawksbill dis-
tribution in the afternoon. 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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Fig. 4. Response curves of probability of hawksbill presence 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. Black outline indicates one 
standard deviation. 

Fig. 5. Response curves for probability of hawksbill 
presence (PHP) in relation to potential prey items, 
Dictyota spp. in the morning (A) and afternoon (B), 
and K. limminghii in the morning (C) and afternoon 
(D). Response curves indicate the dependence of 
predicted suitability on Dictyota spp. and K. limminghii 
percent cover. In both figures, percent cover is 
depicted on the x-axis and logistic output (probability 
of presence) is depicted on the y-axis. Black outline 
indicates one standard deviation.   

Fig. 6. Response curves of hawksbill probability of presence 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. Black outline indicates one standard deviation. 
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factors in MPAs. Furthermore, the suitability of protected areas for 
hawksbill presence is often overlooked and management strategies may 
remain unadjusted to account for population growth at regional scales 
(Santos et al., 2021). Several models have focused on evaluating the 
suitability of nesting sites (Santos et al., 2006; Lichstein et al., 2002; 
Pike, 2013), meanwhile foraging regions remain overlooked. Our study 
is one of the few to evaluate the suitability of an MPA for the continued 
presence of foraging hawksbills, and the first to use MaxEnt to assess the 
distribution of foraging juvenile hawksbills in the Western Caribbean. 

Using MaxEnt, we deviated from the typical environmental pre-
dictors, such as climate data, and sought to create our model from 
presence-only hawksbill occurrence points and three environmental 
categories: disturbance (boat traffic), resource (prey items), and regu-
lator variables (benthic makeup). In our model, resource predictors, 
G. neptuni and Dictyota spp., had the greatest influence on suitability. 
However, with respect to algal prey item percent cover (K. limminghii 
and Dictyota spp.), we noted a negative correlation with PHP decreasing 
as percent cover of K. limminghii 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 PHP is not reliant on the presence of these algal species, and 
that hawksbills foraging within the reserve may not be heavily reliant on 
these algae to obtain nutritional requirements. 

Initial individual observations (i.e. 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. variegata, and K. limminghii. However, recent work by 
Baumbach et al. (2022) suggested that ingestion of other algal species 
was incidental during attempts to ingest K. limminghii, and that 

K. limminghii, although present in hawksbill diets, makes up only a small 
proportion of their diet, although this proportion may be nutritionally 
important. The small proportion consumed by SBWEMR hawksbills 
may, in part, be due to the cryptic nature of K. limminghii, which grows 
on the undersides of coral and rocky outcrops, and is therefore difficult 
to detect during habitat surveys, as well as by foraging hawksbills. Algae 
has been found in the diet of some hawskbills foraging off the coasts of 
the Dominican Republic (León and Bjorndal, 2002), Puerto Rico (Van 
Dam and Diez, 1997), and other regions of Roatán (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 (León and Bjorndal, 2002; Blumenthal et al., 2009). Never-
theless, studies in the Pacific and Indian oceans have shown that 
hawksbill diets can be comprised mainly of algae (Bell, 2013; Limpus 
and Fien, 2009) 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 in those studies. Ac-
cording to 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. (2011b), hawksbill prey item selection is 
not always associated with abundance. In some cases, selectivity may be 
strong for rare items. In the current study, we found Kallymenia may 
appear rare in benthic surveys because of its tendency to grow on the 
undersides of rock and coral overhangs. Therefore, hawksbills may 
spend increased time (and therefore demonstrate increased PHP) during 
foraging efforts for this particular algal species. The fact that sponge 
prey is highly abundant may also influence PHP. 

In our models, sponge abundance of G. neptuni had the second 
greatest positive influence on suitability. Unlike algal prey item percent 

Fig. 7. Response bar graphs of hawksbill probability of presence in relation to benthic makeup in the Morning (A) and Afternoon (B). Benthic type is depicted on the 
X-axis, while probability of hawksbill presence in relation to the benthic type is depicted on the Y-axis. Error bars are depicted in red. 
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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 re-
gions of high G. neptuni abundance and low K. limminghii (again, most 
likely due to their cryptic distribution, and therefore rarely detected 
through the type of transect surveys we undertook) and Dictyota spp. 
abundance are considered regions of moderate to high suitability for 
hawksbill presence within the SBWEMR. We suggest that PHP was 
higher in regions of high G. neptuni count and low K. limminghii and 
Dictyota spp, since home range and core use areas are influenced by prey 
item availability and preference. In-water observations, esophageal la-
vages, and stable isotope analyses performed by Baumbach (2020) 
indicated that hawksbill diets within the SBWEMR are predominantly 
comprised of G. neptuni (68.8%) when compared to the alga K. limminghii 
(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 dis-
tributions, limiting habitat use, species ranges, and abundance (Wood 
et al., 2017; Heithaus et al., 2002). 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 re-
sults contradict the general theory of predator avoidance. However, 
rather than a positive effect on sea turtle presence, we suggest that 
boating has no effect on sea turtle distribution, and rather that the in-
fluence of prey item distribution dictates hawksbill presence indepen-
dent of boat traffic intensity. Recent underwater auditory studies 
performed by Tyson et al. (2017), indicated that in-water hawksbill 
behavior did 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 Roatán by Wright et al. (2020), where hawksbills 
remained undisturbed and showed no obvious stress response to boats 
passing overhead during feeding events. While Hayes et al. (2017) found 
that small groups of non-threatening SCUBA divers approaching juve-
nile hawksbills in the SBWEMR reduced times turtles spent feeding, 
searching, and breathing at the surface, those authors found no evidence 
that diver presence was impacting hawksbill abundance in the reserve. 

Overall, greater hawksbill distribution and density corresponded to 
the southwestern regions of the SBWEMR more than in the northern 
areas of the reserve. In these southwestern regions, G. neptuni was more 

Fig. 8. Predicted habitat suitability of the SBWEMR 
in the morning (A) and afternoon (B). MaxEnt logistic 
output depicted varying suitability throughout the 
SBWEMR. Suitability was classified as either unsuit-
able (0–0.2), moderately suitable (>0.2–0.4), suitable 
(>0.4–0.6), or highly suitable (>0.6–1). Hawksbill 
occurrence and kernel density in the morning (C) and 
afternoon (D). Instances of hawksbill sightings are 
signified by lime green crosses, while hawksbill den-
sity is indicated by the varying shades of purple.   
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abundant, algal cover was less wide-spread, and there were higher boat 
traffic intensities. While our model was able to predict habitat suit-
ability, there were nevertheless, several limitations and assumptions to 
the model. SDMs are limited, since they are unable to analyze com-
pounding effects and ecological processes that define the relationship 
between a species and the environmental variables (Elith and Leath-
wick, 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. 
We found the MaxEnt model was confirmed by running our parameters 
in the kuenm protocol, and that model results were essentially indis-
tinguishable between the two systems. Therefore, we remain confident 
that 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, indicating each model contained 
useful information (Elith et al., 2006), and was able to predict habitat 
suitability greater than chance (AUC = 0.5). 

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 
occurrence points which are more precise, a model with sufficient 
extrapolation capability may potentially map hawksbill distribution and 
habitat suitability along the entire coast of Roatán. 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 hawks-
bills have also been known to supplement their diets with additional 
prey items (Berube et al., 2012; Bell, 2013; Carrion-Cortez et al., 2013), 
continued depletion of suitable habitats over time may reduce resource 
items below sustainable levels for hawksbill inhabitance. Once suitable 
habitats are depleted, juvenile hawksbills may need to expand their 
range, shifting their spatial distribution (Matley et al., 2019). 

Management of changing protected areas is important for continued 
hawksbill inhabitance. Based on the relationship of resource variables 
with hawksbill presence in the SBWEMR, we recommend that strategies 
to improve suitability should focus on resource replenishment. To 
ensure adequate supplies of potential resource items (specifically 
sponges), we further recommend that hawksbill foraging areas in the 
SBWEMR should be monitored for anthropogenic runoff and other 
pollutants that may potentially inhibit the growth of important resource 
items. Additionally, although hawksbills were able to coexist with boat 
traffic (the disturbance variable in this study), boat traffic and other 
potential disturbance activities may pose a threat to hawksbill survival 
and should be managed accordingly. 

Although MPAs are designed to exclude deleterious human activities, 
global tourism and human presence within and near to MPAs are 
increasing (Milazzo et al., 2002; Mccarthy, 2004; Halpern et al., 2008). 
In the current study, however, we found that although human activity in 
the reserve is increasing over time, these activities are not, yet, resulting 
in the loss of juvenile hawksbill abundance. However, continuing 
degradation of the reserve may negatively impact the abundance and 
distribution of key prey items, resulting in the possibility of reduced 
turtle presence in the future. 
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Abstract
Anthropogenic	disturbances	affect	the	health	of	coral	reefs	worldwide	and	may	also	
impact	hawksbill	(Eretmochelys imbricata)	foraging	areas,	potentially	decreasing	sponge	
numbers,	while	increasing	macroalgae.	Few	studies	have	been	conducted	to	under-
stand	energy	content	of	hawksbill	prey.	We	investigated	observed	(Geodia neptuni and 
Kallymenia limminghii)	and	potential	(Xestospongia muta and Halimeda opuntia)	hawks-
bill prey abundances and their energy contents in the Sandy Bay West End Marine 
Reserve,	 and	 related	prey	distribution	 to	 hawksbill	 distribution	within	 the	 reserve.	
We	analysed	prey	abundances	by	conducting	in-	water	habitat	transects	followed	by	
point	count	analyses.	In-	water	hawksbill	observations	were	recorded	to	provide	total	
times turtles foraged on prey. We then measured energy content of prey types using 
microbomb	 calorimetry.	 Habitat	 assessments	 indicated	 sponges	 were	 most	 abun-
dant	in	West	Bay	and	West	End,	whereas	macroalgae	were	most	abundant	in	West	
End.	Foraging	observations	indicated	juvenile	hawksbills	spent	more	time	foraging	on	
G. neptuni	(x ̅	=	236.5	s)	than	K. limminghii	(x ̅	=	98.0	s)	and	no	time	foraging	on	either	
X. muta or H. opuntia. Energy content was higher for G. neptuni	(4.09	kJ	g−1)	and	K. lim-
minghii	(12.88	kJ	g−1)	than	X. muta	(2.48	kJ	g−1)	and	H. opuntia	(1.27	kJ	g−1).	Hawksbills	
were frequently observed feeding in West Bay where sponges were abundant and 
were also observed foraging on K. limminghii	throughout	this	area.	Fewer	hawksbills	
were	observed	 in	West	End	and	Sandy	Bay	than	 in	West	Bay,	and	these	areas	had	
fewer	 sponges	 compared	with	West	 Bay.	Hawksbills	 benefit	 from	 foraging	 on	 the	
abundant	observed	sponge	and	macroalgae	within	their	home	ranges,	allowing	them	
to conserve energy and increase potential net energy gains from high energy prey.
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1  |  INTRODUC TION

Coral reefs are rapidly being degraded due to global climate change 
and	 anthropogenic	 influences	 (Carpenter	 et	 al.,	 2008;	 Hoegh-	
Guldberg	 et	 al.,	 2007),	 leading	 to	 declining	 biodiversity	 and	 the	
destruction of important foraging habitats for marine organisms 
(Hoegh-	Guldberg	et	al.,	2007).	Several	methods	for	evaluating	coral	
reef cover have demonstrated varying advantages and disadvan-
tages	(Dodge	et	al.,	1982),	yet	Tabugo	et	al.	(2016)	found	photo	line	
transects coupled with random point counts using Coral Point Count 
with	Excel	extensions	(CPCe)	to	be	the	most	efficient	and	accurate	
method.	 Burt	 et	 al.	 (2013)	 used	 random	 point	 counts	 with	 CPCe	
to assess the health of a coral reef in Bahrain and determined that 
live coral cover was low as a result of increased sea surface tem-
peratures. Studies have shown that when corals are stressed and 
eventually	bleach,	sponge	biodiversity	increases	due	to	the	lack	of	
competition	 for	 space	 (Carballo	 et	 al.,	 2013;	 Rützler,	 2002).	 Still,	
these same disturbances may also lead to an abundance of macroal-
gae	on	degrading	reefs	(McManus	&	Polsenberg,	2004),	competing	
with	sponges	for	space	and	sunlight,	thereby	affecting	the	vertical	
growth	 of	 sponges	 (González-	Rivero	 et	 al.,	 2012).	 Nevertheless,	
the abundance of sponges on degraded coral reefs may be advan-
tageous	 for	 some	 reef	 organisms	 (Dunlap	 &	 Pawlik,	 1998;	Wulff,	
2006),	including	some	species	of	marine	turtles.

Hawksbill	 sea	 turtles	 (Eretmochelys imbricata)	 can	 be	 observed	
foraging	on	 sponges	within	near-	shore	 coral	 reefs	 throughout	 the	
tropics,	where	 they	 contribute	 to	 reef	 health	 by	 reducing	 sponge	
biomass,	thereby	decreasing	competition	for	space	with	corals	(León	
&	Bjorndal,	2002).	Hawksbills	were	originally	 thought	 to	be	solely	
spongivorous	throughout	their	range	(Meylan,	1988)	but	were	later	
discovered	to	be	omnivorous,	feeding	on	sponges,	zoanthids,	algae,	
and	small	crustaceans	(Berube	et	al.,	2012;	Hart	et	al.,	2013;	León	&	
Bjorndal,	2002;	Van	Dam	&	Diez,	1997).	In	contrast	to	a	mostly	spon-
givorous	diet,	Bell	 (2013)	discovered	 that	hawksbills	were	exhibit-
ing	 a	 primarily	 algivorous	 diet	 in	 the	 northern	Great	Barrier	 Reef.	
He	further	proposed	that	an	algivorous	diet	may	impart	necessary	
nutrients to increase energy gains and offset energy expenditures 
of	 foraging	 in	 turbulent	conditions.	However,	Bell	 (2013)	also	sug-
gested that this dietary shift may be advantageous as coral reefs 
degrade	due	to	climate	change.	Although	hawksbills	primarily	focus	
on	sponges,	not	all	sponge	contents	can	be	digested	and	converted	
to	usable	metabolic	energy	(Auer	et	al.,	2015).

Many	of	the	sponges	that	have	been	identified	in	hawksbill	diets	
contain	siliceous	spicules	(Chanas	&	Pawlik,	1995)	that	are	indigest-
ible.	However,	sponges	also	contain	varying	amounts	of	protein	 in	
the form of spongin and collagen fibrils that contribute nutrients to 
hawksbills	 (Meylan,	1985).	The	breakdown	of	 these	nutrients	pro-
vides	energy	for	normal	metabolic	functions,	where	energy	is	typ-
ically measured by quantifying standard metabolic rates for fasting 
or	inactive	ectothermic	animals.	Nevertheless,	the	more	appropriate	
measurement of energy used in metabolic processes should be de-
termined by quantifying routine or active metabolic rates (Wallace 
&	 Jones,	 2008).	 The	 classical	method	 to	measure	 energy	 content	

in	prey	is	the	use	of	bomb	calorimetry	due	to	its	simplicity,	conve-
nience,	and	accuracy.	While	bomb	calorimetry	is	still	recognized	in	
research and industry as the most efficient method for determining 
food	energy,	it	has	nevertheless	been	used	in	only	a	few	sea	turtle	
studies	 to	analyse	prey	energy	 (Doyle	et	al.,	2007;	Meylan,	1990).	
As	suggested	by	McClintock	 (1986),	bomb	calorimetry	can	also	be	
an	 accurate	method	 of	 calculating	 prey	 energy	 values,	 as	 long	 as	
energy from indigestible products is subtracted from total energy. 
Therefore,	bomb	calorimetry	 is	still	widely	used	to	calculate	avail-
able	energy	from	a	wide	range	of	foods	for	many	animals,	including	
lizards	 (Levy	 et	 al.,	 2017;	McConnachie	&	Alexander,	 2004),	 birds	
(Liang	et	al.,	2015;	Sechley	et	al.,	2015;	Weathers	&	Sullivan,	1991),	
dolphins	 (Benoit-	Bird,	2004;	McCluskey	et	 al.,	 2016),	 fish	 (Boucek	
et	al.,	2016;	Forzono	et	al.,	2017;	Zoufal	&	Taborsky,	1991),	and	sea	
turtles	 (Bjorndal,	1979;	Doyle	et	al.,	2007;	McDermid	et	al.,	2018;	
Meylan,	1990;	Wine,	2016).

Few	studies	have	been	conducted	on	measuring	energy	values	
of sea turtle prey items and those that have are primarily limited 
to	 leatherback	 (Dermochelys coriacea),	 green	 (Chelonia mydas),	 and	
hawksbill	sea	turtles,	limiting	the	scope	of	knowledge	on	nutritional	
requirements	for	sea	turtles	as	a	group	(Bjorndal,	1985).	The	leath-
erback	sea	turtle	feeds	primarily	on	jellyfish	that	consist	mostly	of	
gelatinous	material	with	 low	 energy	 values,	 yet	 leatherbacks	may	
ingest	up	to	200	kg	per	day,	suggesting	that	quantity	is	more	import-
ant	 than	quality	 for	 this	 largest	of	 sea	 turtles	 (Doyle	et	al.,	2007).	
In	 contrast,	 green	 turtles	 are	 mainly	 herbivores,	 foraging	 on	 an	
abundance	of	nutritionally	low-	quality	sea	grasses	(Bjorndal,	1980)	
throughout	the	species'	distribution.	Still,	green	turtles	have	special	
gut microflora that aid in digestion and production of volatile fatty 
acids that help in extracting more energy than would otherwise 
be	available	(Bjorndal,	1979).	These	macroalgae	and,	 in	rare	occur-
rences,	 sponges	 (Bjorndal,	 1990)	 do	 not	 provide	 adequate	 energy	
or nutritional value to facilitate rapid somatic growth rates in green 
turtles yet may be consumed for their essential vitamins and miner-
als	(McDermid	et	al.,	2007).

In	contrast	to	green	turtles,	hawksbills	are	omnivorous,	primarily	
feeding on low energy sponges that may contain siliceous spicules 
with proportionally less organic material than other food sources 
(Meylan,	 1990).	 Although	 data	 on	 Caribbean	 sponge	 energy	 con-
tent	exist	(Ferguson	&	Davis,	2008;	Freeman	&	Gleason,	2010),	few	
results have been published on the energetic benefits of sponges 
(Chanas	&	Pawlik,	1995;	Meylan,	1990)	or	algae	for	hawksbills.	Still,	
fewer studies have been conducted relating energy content of prey 
items	and	hawksbill	distributions	 in	marine	protected	areas	 (MPA).	
Foraging	on	low	energy	sponges	appears	to	contradict	the	optimal	
diet	 theory	 (McClintock,	 1986),	 which	 states	 that	 animals	 spend	
more time foraging on high energy food items and less or no time 
on	low	energy	food	items	to	maximize	fitness	(Svanbáck	&	Bolnick,	
2005).

Prior studies suggest the importance of abundant prey spe-
cies within healthy reef habitats as vital to the conservation of 
critically	endangered	hawksbills	throughout	their	ranges	(Berube	
et	 al.,	 2012;	 Rincon-	Diaz	 et	 al.,	 2011).	 In	 addition,	 measuring	
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energy	 values	 and	 abundances	 of	 prey	 species	 is	 likely	 to	 con-
tribute	 to	 our	 understanding	 of	 hawksbill	 foraging	 habits.	 Thus,	
the purposes of this study were to investigate energy content for 
observed (Geodia neptuni and Kallymenia limminghii)	and	potential	
(Xestospongia muta and Halimeda opuntia)	hawksbill	prey	items,	to	
determine	whether	prey	item	abundances	affect	what	hawksbills	
ingest,	and	to	relate	prey	energy	and	distribution	to	sea	turtle	hab-
itat	use.	We	hypothesized	that	hawksbills	ingest	high	energy	prey	
over	 low	energy	prey	 in	order	 to	maximize	energy	 intake	during	
foraging,	and	that	hawksbills	are	observed	in	areas	where	sponges	
are	 abundant	 to	 maximize	 energy	 intake	 and	 minimize	 energy	
spent searching for prey.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

The	island	of	Roatán	is	the	largest	of	three	islands	that	make	up	the	
Bay	Islands	and	is	located	approximately	57	km	from	the	north	coast	
of	mainland	Honduras.	 The	 Sandy	Bay	West	 End	Marine	 Reserve	
(SBWEMR)	(16°	16.05′	N,	86°	36.12′	W;	16°	20.08′	N,	86°	33.55′	W)	
encompasses	approximately	13	km2	on	the	western	end	of	Roatán	
that,	 for	study	purposes,	we	divided	 into	the	three	zones	of	West	
Bay	(Zone	1)	at	the	western	tip	of	the	island,	West	End	(Zone	2),	and	
Sandy	Bay	(Zone	3)	up	to	the	northern	boundary	(Baumbach	et	al.,	
2019;	Wright	et	al.,	2020)	(Figure	1).	Zones	were	determined	by	di-
viding	the	reserve	into	three	equal	areas	of	approximately	4.5	km2. 
The SBWEMR attracts dive tourists from around the world due to 
the high biodiversity of organisms located within barrier and fring-
ing reefs throughout the reserve. These reefs begin immediately 
offshore and extend approximately 700 m towards the open ocean 
(Gonzalez,	2013).	Coral	reefs	in	West	Bay	and	West	End	are	classi-
fied	as	having	a	highly	diverse	back	reef	and	a	fore	reef	that	primarily	
consists	of	sand,	sponges,	and	gorgonians	 (Mehrtens	et	al.,	2001).	
Coral	variability	is	high	in	the	reserve	with	approximately	52	species	
of	 stony	corals	present	along	 the	 reef	crest	 (Maeder	et	al.,	2002).	
However,	many	of	these	corals	succumb	to	bleaching	and	black	band	
disease	events	(Maeder	et	al.,	2002),	thus	providing	settlement	sub-
strate for both sponges and macroalgae.

2.2  |  Hawksbill foraging observations

We	 conducted	 in-	water	 juvenile	 hawksbill	 foraging	 observations	
while	 SCUBA	 diving	 from	 2015	 to	 2017	 and	 recorded	 the	 length	
of	time	hawksbills	spent	foraging	on	each	prey	item	on	underwater	
paper clipped to a standard clipboard. Observations were conducted 
at	a	distance	of	approximately	2–	3	m,	and	time	was	recorded	using	
a	standard	waterproof	watch	(Expedition	T4005;	Timex	Group	USA	
Inc.).	Prey	were	visually	identified	in situ	after	hawksbills	left	the	for-
aging	site,	and	small	samples	of	prey	items	were	collected	and	identi-
fied by sponge and algae specialists. We collected sponge samples 

from the pinacocyte through to the choanocyte layer to prevent col-
lection bias.

2.3  |  Habitat assessment

We	 conducted	 habitat	 transects	 within	 the	West	 Bay,	West	 End,	
and	Sandy	Bay	zones	from	June	to	September	from	2014	to	2017	
and	 2019	 at	 depths	 from	 7	 to	 24	m	 to	 determine	 hawksbill	 prey	
item	abundances.	Habitat	 transects	were	conducted	over	 the	reef	
in random directions extending from a mooring line by laying out 
a	 30-	m	 transect	 line	 divided	 into	 six,	 5-	m	 sections.	 A	 diver	 then	
held	a	1-	m2 quadrat at the start of each labeled section while an-
other	 swam	 overhead	 to	 capture	 images	 of	 each	 quadrat	 (Figure	
S1).	We	 conducted	 an	 average	of	 six	 transects	 in	 each	of	23	dive	
sites	where	 turtles	were	observed	 foraging,	 to	gather	 representa-
tive habitat samples. We then imported quadrat photographs into 
Adobe	 Photoshop	 CS6	 (ver.	 13,	 San	 Jose,	 CA)	 to	 crop	 areas	 that	
were outside of the quadrat and to correct for color. These edited 
photographs	were	then	imported	to	CPCe	(Ver.	4.1,	National	Coral	
Reef	Institute,	Fort	Lauderdale,	FL)	for	analysis	using	random	point	
counts	as	described	by	Kohler	and	Gill	(2006).

Once	photographs	were	 imported	 into	CPCe,	we	 assigned	 the	
program to place 81 random points within each quadrat photograph 
(Figure	2),	based	on	three	equal	rows	and	three	equal	columns.	We	
then	 identified	 points	 by	 habitat	 categories	 of	 “coral,”	 “sponge,”	
“macroalgae,”	“gorgonian,”	and	“zoanthid”	labeling	them	to	the	low-
est	 taxonomic	 level	using	Human	and	Deloach	 (2013)	 and	Human	
et	al.	 (2013),	when	possible.	 In	some	cases,	points	were	 identified	
with	 the	 categories	 of	 “dead	 coral	 with	 algae,”	 “diseased	 corals,”	
“coral	 rubble,”	 “sand,”	 “wand”	 (quadrat),	 and	 “tape”	 (transect).	 For	
points	that	were	on	top	of	unknown	objects	or	in	shadows,	we	as-
signed	a	label	of	“unknown”	or	“shadow”	in	these	cases,	respectively.	
We then grouped all raw quadrat point data to calculate the mean 
and standard deviation for the stated habitat categories for each 
transect.	Prey	that	were	 located	underneath	coral	 reef	structures,	
such as K. limminghii,	were	not	included	in	analyses.

2.4  |  Bomb calorimetry

We	collected	approximately	5-	cm	samples	of	the	sponge,	G. nep-
tuni,	and	10	blades	per	individual	of	the	alga,	Kallymenia limminghii,	
that	were	previously	identified	as	hawksbill	food	items	during	in-	
water	 foraging	observations	 (Baumbach	et	 al.,	 2015),	 along	with	
5-	cm	samples	of	 the	sponge,	Xestospongia muta,	and	15	–		20	 in-
terconnected	blades	per	 individual	of	the	alga,	Halimeda opuntia,	
that were used for energy content comparisons. These samples 
were preserved in standard table salt and stored at room tem-
perature in the laboratory. We chose to analyse sponge and algal 
samples	from	a	total	of	15	dive	sites,	with	five	dive	sites	equally	
spread	across	each	of	the	three	zones	within	the	SBWEMR.	Each	
sample	was	washed	with	 deionized	water	 for	 10	min	 to	 remove	
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salt	and	epibiota,	then	dried	in	a	benchtop	freeze	dryer	(Labconco	
FreeZone	2.5,	Kansas	City,	MO)	 for	approximately	12	h,	or	until	
brittle. We placed individual dried samples separated by dive site 
into	 a	KitchenAid™	coffee	grinder	 and	ground	each	 for	 approxi-
mately	5	min	or	until	ground	to	a	fine	powder.	Sample	powder	was	
funneled into separate vials for storage.

We carried out all calorimetry experiments using similar meth-
ods	to	Meylan	(1990).	We	calculated	a	calibration	value	(C)	in	kJ	°C−1 
using	standard	benzoic	acid	(Fisher	Scientific,	Hampton	NH)	at	the	

start of each day before experimental trials. Powdered samples of 
H. opuntia,	G. neptuni,	and	X. muta were weighed and combined with 
benzoic	acid	in	an	80:20%	wt	mixture	with	a	total	weight	of	150	mg,	
whereas finely ground blades of K. limminghii were mixed with ben-
zoic	acid	in	a	40:60%	wt	mixture	with	a	total	weight	of	50	mg.	We	
combined	our	 habitat	 samples	with	 benzoic	 acid	 to	 improve	 com-
pression	and	ignition	of	each	sample,	as	well	as	to	ensure	the	com-
plete combustion of the sample in order to obtain the full energy 
content within.

F I G U R E  1 Maps	depicting	(a)	regional	view	of	Honduras,	(b)	the	locations	of	the	Bay	Islands	of	Honduras,	and	the	(c)	Sandy	Bay	West	End	
Marine	Reserve	with	the	three	Zones	of	West	Bay	(Zone	1),	West	End	(Zone	2),	and	Sandy	Bay	(Zone	3)	on	the	western	end	of	Roatán
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We	 prepared	 each	 pellet	 by	 first	 inserting	 a	 10-	cm	 nickel–	
chromium	fuse	wire	into	a	Parr	pellet	press,	then	poured	in	the	pow-
der	mixture	and	compressed	it	into	a	pellet	of	approximately	150	mg	
for	sponge	and	50	mg	for	algae.	We	then	attached	the	fuse	wires	to	
the	 leads	of	an	1109	Semimicro	Oxygen	Bomb	 (Parr)	and	pumped	
in	approximately	32	–		35	atm	of	oxygen	into	the	bomb	(Figure	S2a).	
The	bomb	was	then	placed	inside	a	dewar	bucket	covered	with	a	sty-
rofoam	lid	for	thermal	insulation,	and	the	bucket	filled	with	200	ml	of	
water for heat absorption. The above set up along with a tempera-
ture	sensor,	stir	bar,	and	an	attachment	from	the	bomb	to	the	igni-
tion	switch	was	enclosed	in	a	modified	plain	jacket	calorimeter	for	
further	thermal	isolation.	After	closing	the	lid	of	the	calorimeter,	we	
attached a rubber band from the top of the stir bar to a small motor 
to	keep	the	stir	bar	in	motion	for	heat	transmission	throughout	the	
water	in	the	dewar	bucket	during	the	experiment.	We	also	attached	
the other end of the thermometer to the Pasco computer inter-
face to digitally monitor temperature throughout the experiment 
using	 the	software	program	DataStudio	 (Ver.	1.9,	Pasco,	Roseville,	
CA)	(Figure	S2b),	making	sure	to	obtain	a	stable	temperature	base-
line before the bomb was ignited. The experiment concluded once 
temperature	reached	an	asymptote	(for	example,	see	Figure	S3),	at	
which time we removed the bomb and measured the amount of un-
burnt wire and ash left over from either silica in sponge or calcium 
carbonate in H. opuntia.	Before	each	measurement,	the	calorimeter	
was	calibrated	with	a	standard	sample	of	benzoic	acid	(BA),	with	the	
combustion	heat	value	of	26.41	kJ	g−1. The combustion heat of the 

compressed	 pellet	with	 dried	 sample,	 BA,	 and	wire	was	 obtained	
through	comparison	with	the	standard	BA	value.	Hence,	we	calcu-
lated total energy released by the sample by subtracting the energy 
emitted	from	BA	and	portion	of	wire	that	burned,	from	the	total	en-
ergy value. We then used the following equation to determine dry 
weight	organic	energy	per	mass	of	the	sample	in	kJ	g−1 based on the 
standard protocol for calculating the energy content for sea turtle 
prey items:

where Qsample	 is	 the	amount	of	energy	output	 from	the	sample,	and	
dry weight is the mass of the prey item before burn. We conducted 
four replicate analyses for each sponge and algal sample from each of 
the	five	dive	sites	spread	equally	throughout	each	SBWEMR	zone	to	
obtain	representative	samples,	then	calculated	a	mean	and	standard	
error	for	energy	content	for	each	of	the	three	zones.	We	have	seen	
hawksbills	foraging	at	each	dive	site	in	each	of	the	three	zones,	which	
initially prompted us to choose these dive sites.

2.5  |  Statistics

Data from transects revealed that habitat categories always summed 
to	100%,	thus	prompting	us	to	perform	compositional	analysis	using	

OrganicEnergy =

QSample

dry weight

F I G U R E  2 A	representative	quadrat	
showing point count analyses within Coral 
Point	Count	with	Excel	extensions	(CPCe)	
with	81	randomly	generated	points	(white)	
over	our	1-	m2	quadrat.	Appropriate	
identification codes were selected for 
each	point	down	to	genus	and	species,	
when possible. Some points were hidden 
in shadowy areas of quadrats and were 
labeled	as	“shadow”
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a	multivariate	 analysis	 of	 variance	 (MANOVA)	with	 a	 discriminant	
function	analysis	(DFA)	post	hoc	test.	We	first	calculated	center	log	
ratios	 (CLR)	 from	 the	 habitat	 percentages,	 adjusting	 for	 the	 pres-
ence	 of	 zeros	 when	 necessary	 (Martín-	Fernández	 et	 al.,	 2003),	
then	 rank	 transformed	 these	CLRs	 to	 correct	 for	heteroscedastic-
ity and bimodal distributions. We noted the presence of one outlier 
for diseased coral habitat and removed it from analyses. We also 
conducted percent abundance comparisons between sponge and 
macroalgae to determine whether there was significantly more of 
one prey item in transects when compared to the other. Descriptive 
statistics revealed that assumptions of heteroscedasticity were not 
met,	 although	we	corrected	 for	 this	by	 rank	 transforming	percent	
abundance values. We compared abundance between sponge and 
macroalgae by conducting a 2 × 3 (prey group ×zone)	 repeated-	
measures	 analysis	 of	 variance	 (ANOVA),	 since	 abundance	 values	
were	paired	within	transects.	Linear	regression	was	conducted	using	
Statistical	Analysis	Software	(SAS,	V.9.4,	Cary,	NC)	to	compare	the	
amount	of	time	hawksbills	spent	foraging	on	sponge	and	macroalgae.

Descriptive statistics for bomb calorimetry data revealed that 
assumptions of normality and homoscedasticity for energy values 
were	 not	met,	 although	we	were	 able	 to	 correct	 for	 this	 by	 rank	
transforming these values. We then conducted comparisons of 
potential	 and	observed	hawksbill	 prey	 item	energy	 values	 using	 a	
nested 2 × 2 × 3 (prey group × species ×	zone)	ANOVA,	where	spe-
cies	was	nested	within	prey	group	(sponge	vs.	algae).	We	also	tested	
differences between species within a prey group with separate 2 
× 3 (species ×	 zone)	ANOVAs.	Relative	statistical	error	was	calcu-
lated	 for	 each	 benzoic	 acid:sample	 ratio,	 using	 standard	 naphtha-
lene	(Fisher	Scientific)	in	place	of	the	unknown	sample	to	determine	
the	precision	of	our	method.	Finally,	we	conducted	a	3	× 3 (species 
with ash content ×	zone)	ANOVA	to	test	for	ash	content	differences	
among	three	of	the	four	potential	prey	items	followed	by	the	Tukey's	
test	for	species	ash	content	by	zone.	We	excluded	K. limminghii from 
ash	content	analyses	due	to	complete	combustion	and	therefore	lack	
of variance within this species. Statistical analyses were conducted 
with	SPSS	(IBM,	2019)	and	SAS	with	alpha	set	to	0.05.

3  |  RESULTS

We	 conducted	 in-	water	 foraging	 observations	 of	 31	 juvenile	
hawksbills	 throughout	 the	 three	 zones	of	 the	SBWEMR,	of	which	

16	hawksbills	had	two	or	more	foraging	observations	from	2015	to	
2017. Prey items were identified as the sponge Geodia neptuni and 
the alga Kallymenia limminghii.	Our	results	showed	hawksbills	spent	
significantly more time foraging on sponge when compared to mac-
roalgae	(Table	1).	We	recorded	51	individual	foraging	observations	
during	which	 hawksbills	were	 foraging	 on	 sponges,	 and	 identified	
G. neptuni	as	the	target	prey	in	all	three	zones	in	85%	of	these	obser-
vations.	Specifically,	hawksbills	were	observed	foraging	on	G. nep-
tuni	 in	17	observations	in	West	Bay,	22	observations	in	West	End,	
and	5	observations	 in	Sandy	Bay.	 In	comparison,	20	 individual	ob-
servations	were	recorded	during	which	hawksbills	were	foraging	on	
macroalgae where K. limminghii was identified as the target prey in 
all	three	zones	in	65%	of	these	observations	(Figure	3).	Specifically,	
hawksbills	 were	 observed	 foraging	 on	K. limminghii in 2 observa-
tions	in	West	Bay,	8	observations	in	West	End,	and	3	observations	
in Sandy Bay.

We	conducted	a	total	of	143	transects	with	839	quadrats	over	
23	 dive	 sites	 throughout	 the	 SBWEMR.	MANOVA	 results	 from	
reef transects revealed that relative abundances of reef com-
ponents	varied	significantly	by	zone	 (F	 (8,16)	=	6.99,	p =<	 .001)	
and dive site (F	 (8,160)	=	 2.82,	 p =<	 .001)	 nested	within	 zone.	
We	obtained	 two	 functions	 from	 the	post	 hoc	DFA.	Function	1	
(66.6%	of	variance,	canonical	correlation	=0.87)	was	positively	as-
sociated	with	sponges,	with	more	sponges	occurring	in	the	West	
Bay	Zone	when	compared	to	West	End	and	Sandy	Bay	(Figure	4).	
Function	2	(33.4%	of	variance,	canonical	correlation	=1.53)	pos-
itively	 associated	with	 dead	 coral	 with	 algae,	 where	 Sandy	 Bay	
had more dead coral with algae than either West Bay or West 
End	 (Figure	 4).	Wilks’ λ for canonical discriminant functions re-
vealed that group mean values were statistically different among 
functions (χ2(16)	=	 95.7,	p =<	 .001).	Additionally,	we	 found	 sig-
nificant differences in abundance between sponge and algae 
(F(1,20)	 =	 110.41,	 p <	 .001)	 and	 among	 zones	 (F(1,20)	 =	 6.59,	
p =	 .006).	 On	 average,	 macroalgae	 (mean	 =	 32.3%)	 was	 more	
abundant in transects when compared to sponge (mean =	2.5%).	
Specifically,	West	End	had	the	highest	abundance	of	macroalgae	
(mean =	36.0%)	when	compared	to	West	Bay	and	Sandy	Bay,	and	
West Bay had the highest abundance of sponge (mean =	3.59%)	
when	compared	to	West	End	and	Sandy	Bay	(Figure	5).	For	a	more	
detailed	view	of	reef	components,	we	present	a	stacked	bar	plot	
showing mean reef component percentages among dive sites 
throughout	the	SBWEMR	(Figure	6).

Prey type N
Back- transformed 
mean (sec)

95% Confidence 
interval

p- valueLower Upper

Type

Macroalgae 20 98.0 60.9 157.7 <.001

Sponge 51 236.5 171.3 326.5

Note: Macroalgal prey identified during foraging observations consisted of specimens in the genus 
Kallymenia and sponge prey identified during foraging observations consisted of specimens in the 
genus Geodia.

TA B L E  1 Time	juvenile	hawksbills	were	
observed foraging on macroalgae and 
sponge	during	in-	water	observations



    |  7 of 13BAUMBACH et Al.

We	conducted	 a	 total	 of	 240	 individual	 sample	 analyses	 in	 the	
microbomb calorimeter with each sponge and algal species hav-
ing	60	 individual	 data	 points	 across	 all	 three	 SBWEMR	 zones.	The	

nested	 ANOVA	 revealed	 that	 species	 within	 each	 prey	 group	 (F 
(2,48)	=	 321.12,	p <	 .001)	 differed	 significantly	 in	 energy	 content.	
On	average,	G. neptuni	 (4.09	kJ	g−1)	had	more	energy	 than	X. muta 
(2.48	kJ	g−1)	and	K. limminghii	 (12.88	kJ	g−1)	had	more	energy	than	
H. opuntia	 (1.27	 kJ	 g−1)	 (Figure	 7).	 Additionally,	 among	 the	 three	
zones,	 there	was	no	difference	 in	energy	content	for	any	of	the	 in-
dividual species (F	 (1,48)	<	0.001,	p =	1.00),	as	evidenced	from	the	
nonsignificant	main	effect	of	zone	(F	(2,48)	=	0.43,	p =	.66),	and	non-
significant	interactions	between	prey	group	and	zone	(F	(2,48)	=	3.14,	
p =	 .05)	and	species	and	zone	(F	(4,48)	=	2.05,	p =	 .10).	A	separate	
ANOVA	for	comparisons	of	sponges	 indicated	that	the	two	species	
significantly differed in energy content (F	 (1,24)	=	38.29,	p <	 .001),	
yet	 did	 not	 differ,	 respectively,	 in	 energy	 content	 among	 zones	 (F 
(2,24)	=	2.32,	p =	.12)	or	have	interactions	for	zones	(F	(2,24)	=	2.67,	
p =	 .09)	 (Table	2).	A	 separate	ANOVA	 for	 comparisons	of	 algae	 in-
dicated that the two species were significantly different in energy 
content (F	(1,24)	=	762.87,	p <	.001),	yet	did	not	differ,	respectively,	
among (F	 (2,24)	=	0.95,	p =	 .40)	or	have	 interaction	with	the	three	
zones	(F	(2,24)	=	1.09,	p =	.35)	(Table	2).

F I G U R E  3 Photograph	of	hawksbill	ingesting	K. limminghii 
growing under coral. This photograph depicts the intentional nature 
of	hawksbills	foraging	for	this	alga

F I G U R E  4 Discriminant	function	
analysis	plot	showing	the	two	functions,	
sponges	(Function	1)	and	dead	coral	
with	algae	(Function	2).	Circles	represent	
sponges	and	dead	coral	with	algae,	within	
their	respective	functions	by	Zone,	
whereas squares represent the group 
centroid	for	each	of	the	three	zones

F I G U R E  5 Mean	sponge	and	
macroalgae percent abundances across 
the	three	zones	of	the	Sandy	Bay	West	
End Marine Reserve. Standard errors 
range	from	0.002	to	0.004	for	sponge	and	
0.02	to	0.06	for	macroalgae	and	are	thus,	
too small to be shown
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We	found	that	ash	content	differed	among	species,	with	the	two	
sponge species and one alga yielding substantial ash content fol-
lowing combustion and the second alga (K. limminghii)	yielding	none	

(Table	 3).	 Comparisons	 of	 ash	 content	 among	 species	 and	 zones	
revealed	a	significant	effect	of	species,	with	the	sponge	G. neptuni 
having	a	lower	ash	content	than	either	the	sponge,	X. muta,	or	the	

F I G U R E  6 A	stacked	bar	plot	showing	
variation of mean reef component 
percentages among dive sites within the 
Sandy Bay West End Marine Reserve. 
Dive sites are arranged from west to 
northeast and were divided into three 
equal	areas	(Zones)	of	approximately	
4.5	km2

F I G U R E  7 Mean	energy	content	with	
±0.7 SE bars for two sponges and one alga 
compared	across	the	three	zones	of	the	
Sandy Bay West End Marine Reserve

Zone

Observed prey Potential prey

Geodia neptuni 
ranked mean

Kallymenia 
liminghii ranked 
mean

Xestospongia muta 
ranked mean

Halimeda 
opuntia ranked 
mean

Zone	1 40.4 53.6 23.8 6.8

Zone	2 30.4 52.8 24.4 11.2

Zone	3 39.6 52.6 24.4 6.0

Mean ± SE 36.8	± 3.2 53.0	± 0.31 24.2	± 0.2 8.0 ±	1.62

N 60 60 60 60

TA B L E  2 Ranked	mean	±3 SE of 
energy content for both observed and 
potential	hawksbill	prey	among	zones
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algae H. opuntia (F	 (2,36)	=	43.06,	p =<	 .001).	An	 interaction	also	
existed	between	the	three	species	and	three	zones	(F	(4,36)	=	5.25,	
p =	.002),	resulting	largely	from	differences	in	ash	content	of	G. nep-
tuni	among	the	three	zones	(Figure	8).

4  |  DISCUSSION

In	this	study,	we	provide	the	relative	abundances	and	energy	con-
tents of sponge and macroalgal prey items observed to be consumed 
by	hawksbills.	We	generalized	sponge	and	algal	abundances	 to	 in-
clude any species present along shallow areas of the reef shelf in the 
reserve.	We	also	noted	that	the	alga,	K. limminghii,	was	not	 identi-
fied in most quadrats during point count analyses due to its typical 
growth	on	the	underside	of	rock	and	coral	heads.	Nevertheless,	our	
results show that macroalgae are relatively more abundant in West 
End	and	Sandy	Bay,	which	may	be	due	to	either	dive	pressure	in	the	
case	 of	West	 End	 (Hayes	 et	 al.,	 2017),	 or	 eutrophication	 through	
possible nutrient runoff within the Sandy Bay region. We observed 
a decrease in water clarity and an increase in algal cover in eastern 
portions	of	West	End	and	throughout	Sandy	Bay	(DB	and	SGD,	pers	
obs).	Maeder	et	al.	(2002)	measured	macroalgae	percent	cover	to	be	
between	18.4%	and	56.6%	in	the	SBWEMR,	potentially	negatively	
impacting local reef areas.

Macroalgae has been reported as an overall threat to corals 
throughout	the	Mesoamerican	Reef,	as	coral	health	continues	to	de-
grade	and	algae	begin	to	outcompete	corals	for	space.	As	of	2015,	
Kramer	et	al.	(2015)	indicated	a	reef	health	index	of	“good”	for	the	
SBWEMR,	noting	critical	levels	of	fleshy	macroalgae	in	the	reserve	
when compared to other areas of the Mesoamerican Barrier Reef 
system.	 Subsequently,	 however,	 McField	 et	 al.	 (2018)	 indicated	 a	
decrease	 in	 the	 reef	health	 index	since	 the	2015	study,	 labeling	 it	
“fair”	due	to	 increasing	critical	 levels	of	macroalgae,	an	 increase	 in	
sea	surface	temperatures	causing	coral	bleaching,	and	the	presence	
of	sewage	pollution	affecting	coral	health.	Kramer	et	al.	(2015)	also	
noted that fleshy macroalgae was pervasive throughout the reef and 
suggested the primary reason may have been from overfishing of 
herbivorous	 fish,	 leaving	 macroalgal	 growth	 unchecked.	 Previous	
studies elsewhere in the Caribbean also attribute high abundances 

of	 macroalgae	 to	 overfishing	 (Hughes,	 1994;	Williams	 &	 Polunin,	
2001),	yet	Eisemann	et	al.	 (2019)	and	Suchley	et	al.	 (2016)	argued	
that macroalgal abundances along the Mesoamerican Barrier Reef 
have little to do with overfishing and more to do with how coral reef 
areas are managed. Both studies suggest that an increase in eutro-
phication of neritic waters provides resources for continued growth 
of macroalgae.

Eutrophication may also be a leading factor for high energy con-
tent of sponges. We suggest that excess nutrients within the water 
column	provide	an	abundance	of	food	to	sponges,	although	Pawlik	
and	 McMurray	 (2020)	 stated	 that	 eutrophication	 may	 also	 inflict	
negative health effects on sponges by both overwhelming selec-
tive	 feeding	 and	 clogging	 sponge	 filtering	 systems.	 Nevertheless,	
Baumbach,	Wright,	et	al.	 (2019)	observed	hawksbills	 ingesting	 the	
sponge G. neptuni	 very	often	 and	 for	 long	 time	periods	during	 in-	
water observations within the SBWEMR. Geodia neptuni is abundant 
throughout	 the	West	 Bay	 and	West	 End	 Zones	 of	 the	 SBWEMR	
(Baumbach,	Anger,	et	al.,	2019)	and	may	possibly	facilitate	minimal	
energy	expenditure	by	hawksbills	as	they	forage.	In	contrast,	K. lim-
minghii was difficult to find since it is a small alga that primarily grows 
underneath coral heads and thus may not be optimal as the sole prey 
item	for	hawksbill	diets.	Instead,	we	suggest	that	hawksbills	may	op-
portunistically feed on K. limminghii when it is found.

It	 has	been	 suggested	 that	hawksbills	may	be	 ingesting	K. lim-
minghii for its lipopolysaccharide mucus content to protect against 
damage	of	the	gastro-	intestinal	tract	by	sponge	spicules	(Wulff	pers.	
comm.).	However,	Meylan	(1988)	suggested	damage	to	the	gastro-	
intestinal	tract	was	not	occurring	in	hawksbills.	Nevertheless,	brown	
and green algae have higher lipid and polysaccharide content (Bayu 
&	Handayani,	 2018;	 Kraan,	 2012)	 when	 generally	 compared	 with	
red	algae,	suggesting	that	hawksbills	should	ingest	brown	or	green	
algae	if	they	are	mainly	seeking	the	lubrication	properties	contained	
in	 algae.	However,	 hawksbills	within	 the	 SBWEMR	do	 not	 appear	
to	 prefer	 brown	 or	 green	 algae,	 since	we	 did	 not	 observe	 turtles	
consuming	 these	 items	during	 foraging	observations.	Still,	 nothing	
is	currently	known	about	the	lipid	or	polysaccharide	content	within	
targeted	hawksbill	prey.

Although	 nutrient	 analyses	 for	 lipids,	 proteins,	 and	 carbohy-
drates	were	beyond	the	scope	of	the	current	study,	we	nevertheless	

Prey species
Compared prey 
species

Mean differences 
(%) p- value 95% CI

Geodia neptuni Xestospongia muta –	10.53 <.001 –	13.52,	–	7.54

Halimeda opuntia – 8.91 <.001 –	11.90,	–	5.92

Xestospongia muta Geodia neptuni 10.53 <.001 7.54,	13.52

Halimeda opuntia 1.62 .39 –	1.36,	4.61

Halimeda opuntia Geodia neptuni 8.91 <.001 5.92,	11.90

Xestospongia muta –	1.62 .39 –	4.61,	1.36

Note: Mean differences are calculated from mean ash content of the compared prey species 
subtracted from the mean ash content of the prey species and are represented in percentages. 
p-	values	indicate	significant	differences	between	the	prey	species	and	the	compared	prey	species.	
Kallymenia limminghii is not reported in this table since it burned completely.

TA B L E  3 Mean	ash	content	
comparisons among species along with 
95%	confidence	intervals
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hypothesized	that	sponge	prey	 items	we	observed	hawksbills	con-
suming may contain nutrients that are unavailable in nonsponge 
prey.	Specifically,	protein	content	may	be	higher	in	sponges	(Chanas	
&	Pawlik,	1995;	Meylan,	1990)	compared	with	macroalgae.	Still,	not	
all	Caribbean	sponge	species	are	ingested	by	hawksbills.

We discovered a significant difference in energy content be-
tween G. neptuni and X. muta that we attributed to higher ash con-
tent in X. muta,	 which	 directly	 supports	 our	 original	 hypothesis.	
Spicule	content	may	play	a	role	in	why	hawksbills	ingested	G. neptuni 
as opposed to X. muta,	although	X. muta is larger and more apparent 
along coral reefs. We suggest that G. neptuni may have a relatively 
lower spicule content resulting in a lower ash content compared with 
X. muta. Spicule content in the mesohyl layer between the pinaco-
cyte and choanocyte layers of sponges may also affect the amount 
of	 energy	 that	 can	 be	 obtained	 from	 the	 prey	 (Chanas	 &	 Pawlik,	
1995),	 although	 we	 attempted	 to	 alleviate	 collection	 bias	 in	 this	
study	by	gathering	 similarly	 sized	sponge	samples	with	both	pina-
cocyte	and	choanocyte	layers	present.	Similarly,	the	alga	H. opuntia 
contains more calcium carbonate compared with K. limminghii,	sig-
nificantly decreasing energy content provided by organic molecules. 
Still,	little	is	known	about	the	energy	content	of	hawksbill	prey	items	
throughout the world.

We	 suggest	 hawksbills	may	 be	 present	 in	 areas	where	 high	 en-
ergy	prey	are	abundant,	decreasing	the	amount	of	energy	expended	
to	search	for	food.	A	previous	study	conducted	by	Baumbach,	Anger,	
et	al.	(2019)	found	hawksbills	within	the	SBWEMR	established	home	
ranges	in	the	northeastern	area	of	the	West	Bay	zone,	where	sponge	
prey	were	most	 abundant.	 In	 comparison,	 those	 authors	 found	 few	
sponges	 in	West	End	and	Sandy	Bay	 zones	where	hawksbills	 either	
had	 large	 home	 ranges	 that	 extended	 back	 into	West	 Bay	 or	were	
not	observed	at	all.	We	therefore	suggest	hawksbills	establish	home	
ranges where high energy sponge prey are abundant and reduce en-
ergy	expenditure	while	foraging.	Additionally,	we	found	K. limminghii 
occurred	under	coral	heads	and	along	coral	walls,	which	explains	why	
this alga was not found during habitat transects and may be more 
abundant	 than	 our	 results	 suggest.	 Still,	 our	 in-	water	 observations	

show	juvenile	hawksbills	spent	more	time	foraging	on	sponge	when	
compared	 to	 algae,	which	may	 be	 due	 to	 the	 ease	 in	 finding	 large	
sponges.	Although	K. limminghii	 provides	 very	 high	 energy	 content,	
this	prey	 likely	 requires	more	energy	 for	hawksbills	 to	 seek	out	and	
would require turtles to ingest large volumes of the alga due to its 
small	blades.	Nevertheless,	hawksbills	have	been	previously	observed	
foraging on K. limminghii within their home ranges within the West 
End	zone	 (Baumbach,	Anger,	et	al.,	2019),	which	benefits	 turtles	by	
providing a high energy prey when compared to sponges.

Our	results	also	point	out	that,	although	energy	content	between	
respective	 sponge	 and	 algae	 species	 differed	 significantly,	 energy	
content for each of the individual species did not differ among the 
three	 zones	and	 therefore	have	 the	 same	 respective	energy	content.	
Nevertheless,	the	abundance	of	observed	prey	is	different	among	the	
zones.	Therefore,	hawksbills	are	likely	to	benefit	energetically	by	estab-
lishing	home	ranges	in	zones	in	which	both	G. neptuni and K. limminghii 
are abundant. Prey abundance and energy content may explain why ju-
venile	hawksbills	more	often	established	home	ranges	within	the	West	
Bay	and	West	End	zones	and	essentially	excluded	the	Sandy	Bay	zone.

As	 a	 result	 of	 this	 study,	 we	 present	 new	 energy	 content	 in-
formation	 for	 specific	 hawksbill	 prey	 items	 and	 relate	 distribution	
of	 prey	 species	 and	 energy	 content	 to	 hawksbill	 home	 ranges.	
Information on energy content for each prey species may assist us in 
understanding	why	hawksbills	ingest	certain	prey	items.	Hawksbills	
provide a unique service to coral reefs by decreasing sponge bio-
mass and therefore decreasing spatial competition of sponges with 
corals	 (León	 &	 Bjorndal,	 2002).	 However,	 global	 climate	 change	
and anthropogenic disturbance may alter prey item distribution 
and	 abundances	 as	 coral	 reefs	 degrade	 (Carpenter	 et	 al.,	 2008;	
Norström	et	al.,	2009;	Richmond,	1993)	and	therefore	may	also	alter	
distribution	of	 local	hawkbill	populations.	Our	study	highlights	the	
need for continued coral reef health assessments in the SBWEMR. 
Additionally,	our	study	may	be	used	as	a	method	to	aid	conservation	
managers in monitoring coral reef conditions and maintaining areas 
with	balanced	growth	of	hawksbill	prey	items	that	support	foraging	
marine turtle populations.

F I G U R E  8 Mean	with	±3 SE bars for 
ash content in grams for two sponges 
and one alga compared across the three 
zones	of	the	Sandy	Bay	West	End	Marine	
Reserve
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A B S T R A C T   

Photo identification (PID) in animal studies has been a widely used method for identifying individuals of many 
species based on unique natural markings and patterns. The use of PID has facilitated investigations in which 
residency, home ranges, and growth rates have been assessed. However, many PID studies in the past have relied 
heavily on manual photo matching. More recently, computer-assisted PID programs have been used to identify 
individuals of different sea turtle species, and reduced time investment in identifying individuals within specific 
populations. Still, some computer-based PID programs require significant time investment in ensuring photos are 
captured at consistent angles and lighting conditions, pre-processing image manipulations, and post-processing 
manual matching confirmation of potential matches provided by the program. For PID to be an effective time and 
money saving mechanism for wildlife research and conservation, these common drawbacks need to be addressed 
with a computer-assisted PID program that reduces manipulation and time investment burden, and consistently 
provides accurate and reliable results. In this study, we evaluated the accuracy of matching individual face 
images using the HotSpotter (HS) PID program by building a database of 2136 images of hawksbill (Eretmochelys 
imbricata) turtles, then querying the database with 158 new images to find matches for individual turtles. 
Overall, we found that with almost no pre-processing manipulation, and with images from highly variable un-
derwater conditions, qualities, and angles, HS correctly matched individuals in the first choice 80% of the time, 
increasing to 91% in the first six choices. When assessing in-water images only, accuracy for matching increased 
from 84% in the first choice, to 94% by the sixth choice. We suggest that the integration of HS technology into a 
global, web-based PID system will increase the ability to remotely identify individual marine organisms on a 
global scale, and improve usability for community scientists who may have little to no technical training.   

1. Introduction 

The use of photo-identification (PID) in animal research is well 
established and has been demonstrated to provide valuable information 
on individual animal movements, growth rates, and species population 
status (Riley et al., 2010). This is because natural markings and color 
patterns may both be stable over several life history stages (Carpentier 

et al., 2016; Van Horn et al., 2014), and unique to individual animals 
within a population (Gardiner et al., 2014; Vaissi et al., 2018), unlike 
physical tags or marks placed on individual animals by researchers. As a 
result, various PID techniques have been used to re-identify and track 
individual animals over time, including manual visual comparisons of 
photographs, and the use of a number of computer-assisted PID pro-
grams and processes. Several studies have used one or more of these 
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techniques in work with terrestrial species, such as reptiles (Gardiner 
et al., 2014; Knox et al., 2013; Sacchi et al., 2010; Sreekar et al., 2013), 
felids (McClintock et al., 2013), ursids (Anderson et al., 2010; Anderson 
et al., 2007), African equids (Rubenstein et al., 2018), and rhinocerids 
(Jewell et al., 2001), as well as dozens of marine species, such as whale 
sharks (Graham and Roberts, 2007; Holmberg et al., 2008; Holmberg 
et al., 2009; Riley et al., 2010), sharks (Towner et al., 2013), whales 
(Blackmer et al., 2000; Frasier et al., 2009), seals (Karlsson et al., 2005), 
seadragons (Martin-Smith, 2011), lionfish (Chaves et al., 2016), and 
several marine invertebrates (Gallardo-Escarate et al., 2007; Gosselin 
et al., 2007; Raj, 1998). 

PID in sea turtle research is relatively new and has only recently been 
reported as a useful tool for the identification and conservation of sea 
turtle species. Possibly the first use of PID in sea turtle research was 
reported in 1996 by McDonald and Dutton (1996) on matching unique 
pineal spots on the heads of leatherback turtles (Dermochelys coriacia). In 
1998, Richardson et al. (2000) reported manually matching videos of 
green turtles (Chelonia mydas) in Hawaii with a small number (n = 93) of 
facial scale photographs. Recently, several sea turtle studies have also 

used manual visual matching of photographs to understand nesting fe-
male remigration patterns (Chew et al., 2015; Valdés et al., 2014), 
examine population sex ratios (Su et al., 2015) and long-term differences 
in intersexual survival rates (Schofield et al., 2020), investigate hatch-
ling scale pattern stability over time (Carpentier et al., 2016; Chew et al., 
2015), identify individual turtles in their foraging grounds over time 
(Dunbar et al., 2014; Lloyd et al., 2012; Schofield et al., 2008; Su et al., 
2015), and estimate flipper tag loss (Reisser et al., 2008). However, for 
PID investigations using manual methods, both the time and financial 
commitment to retrieve, assess, and determine positive matches through 
manual visual comparisons becomes prohibitive as the number of pho-
tographs in a database increases (Dunbar et al., 2014; Jean et al., 2010). 
Recent advances in computer algorithms have facilitated partial auto-
mation of PID in sea turtle research, allowing for ease in identification of 
individual sea turtles over time within a single study area (Carter et al., 
2014; Chassagneux et al., 2013; Dunbar and Ito, 2015; Dunbar et al., 
2014; Jean et al., 2010), identification of dead turtles (Long, 2016), and 
the identification of scale-less leatherback turtles during nesting 
(McDonald and Dutton, 1996; Pauwels et al., 2008). 

Fig. 1. Map of study area in the Sandy Bay West End Marine Reserve (SBWEMR), Bay Islands, Honduras. The black line indicates the approximate area of the 
SBWEMR and the inset shows the regional location of Roatán. 
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There are, however, consistent drawbacks in the use of computer- 
assisted PID across animal studies. Several authors have suggested 
that automated matching can be hindered by the use of low-quality 
photographs in the computer database. For example, in her study of 
cheetahs over a 25-year period, Kelly (2001) found that up to 33% of 
matches were unreported, and also discovered matching accuracy 
decreased when poor quality images were used. Long (2016) found that 
while using the NaturePatternMatch (NPM) pattern recognition soft-
ware (Stoddard et al., 2014), poor-quality underwater photos of sea 
turtles often resulted in no matches. Therefore, these results necessitated 
that new photos be manually compared with all other photos to deter-
mine if the animals had a match in the database. Likewise, Carter et al. 
(2014) and Calmanovici et al. (2018) suggested that using images with 
excessive blur, lighting changes, angle differences, and low visibility can 
hinder the association of images within computer PID software. Another 
drawback of several computerized PID programs is the requirement to 
utilize photographs taken from consistent angles and distances relative 
to the subject. For example, Chaves et al. (2016) reported that only 
photos of lionfish (Pterois volitans) taken consistently at right angles to 
the flank of the animals were used for identification with I3S Pattern PID 
software (Den Hartog and Reijns, 2014), and that matching accuracy 
could be affected by photo angle variations. Similarly, Calmanovici et al. 
(2018) found that photos taken of turtles underwater at different angles, 
distances, and in different light conditions reduced the accuracy of 
matches using I3S Pattern. Likewise, Long and Azmi (2017) were able to 
more successfully identify individual turtles through NPM if photos were 
taken at horizontal and vertical angles <45◦ from where face scales were 
visible. In a more recent study, Steinmetz et al. (2018) also found pho-
tographs taken at high vertical or horizontal angles usually resulted in 
poorer potential matches among photographs of nesting hawksbill 
(Eretmochelys imbricata) turtles on Mahé Island in the Seychelles. The 
difficulty of consistently photographing marine animals with little 
variation from a perpendicular angle is increased due to highly variable 
marine conditions at both temporal and spatial scales during diving or 
snorkeling. 

As an additional challenge, Carter et al. (2014) described adequate 
software and computing power as potential limitations because of the 
need to analyze many thousands of photograph pixels, especially if 
assessing color patterns is important in providing matches. The fact that 
many computer-assisted PID programs require laborious preprocessing 
manipulations of each photograph before new photographs can be 
queried or matched against the photo database (Calmanovici et al., 
2018; Carter et al., 2014; Chaves et al., 2016; Dunbar et al., 2014; Jean 
et al., 2010; Pauwels et al., 2008) means that both manual input time 
and expense to identify individuals increase correspondingly with 
increased photo entry requirements. 

If PID software is to be both effective at matching individual animals, 
and useful for general utility by both trained scientists and community 
scientists, it would be best to effectively reduce or eliminate the factors 
that are consistently reported as drawbacks in PID studies. Reducing or 
eliminating these drawbacks may help decrease manipulation time and 
requirements for extensive user training, as well as increase tolerance to 
low quality data that includes varied viewpoints and photographic 
conditions, ultimately improving PID software for analyzing low-quality 
photos from a variety of angles and lighting regimes. These features are 
especially important if animals are to be photographed within a marine 
environment in which it may be nearly impossible to repeatedly 
photograph the animal in similar light conditions and from the same 
angle. 

The purpose of this study was to evaluate the accuracy of the 
computerized PID program, HotSpotter (HS) (Crall et al., 2013) that 
requires almost no photographic manipulations (Dunbar et al., 2017). 
HS works by localizing and matching Scale-Invariant Feature Transform 
(SIFT) (Lowe, 2004) keypoints using the Local Naïve Bayes Nearest 
Neighbor (McCann and Lowe, 2012) search algorithm. We aimed to 
determine if turtles within an open population of juvenile hawksbills in a 

marine protected area could consistently be identified over a period of 
years from photographs taken with different photographic devices, and 
in variable in-, and out-of-water conditions, including lighting, angle, 
and annual differences. 

2. Methods and materials 

2.1. Study site 

Our study site was within the boundaries of the Sandy Bay West End 
Marine Reserve (SBWEMR) on the western end of the island of Roatán, 
Honduras (16◦20′24′′N, 86◦19′48′′W). Roatán is the largest of the three 
Bay Islands with a straight-distance length of approximately 46 km, and 
is located approximately 52 km north of mainland Honduras (Fig. 1). 
The SBWEMR is a locally governed marine protected area (MPA) 
covering approximately 13 km of coral reefs and mangroves between the 
towns of West Bay and Sandy Bay. Specific details on benthic habitat in 
the SBWEMR are provided in Hayes et al. (2017) and Baumbach et al. 
(2019). 

2.2. Turtle measurements and photo collection 

From June to September over 2014–2019, we conducted daily in- 
water observations of hawksbills in the SBWEMR using SCUBA, and 
by following and photographing turtles during as much of each dive as 
possible. During in-water surveys, we collected photographs of left and 
right facial scale patterns, dorsal head scale patterns, and general full- 
body photographs of hawksbill turtles at 49 dive sites using a variety 
of underwater cameras (see Supplementary Table 1). All underwater 
photos were captured in different visibility conditions, and at random 
angles to turtles at a distance of 1–6 m. These methods are further 
detailed in Dunbar et al. (2008) and Hayes et al. (2017). Photographs 
collected by researchers during 2006–2011 and 2014–2018 were used to 
establish the photographic database with HS, while photographs 
collected by a collaborator during 2016–2019 were added to the data-
base and used to test if matching photographs existed. During 
2016–2019, out-of-water photographs of turtles were also taken after 
they were hand captured, during the process of measuring and weigh-
ing. Appropriate out-of-water photographs of the left and right sides of 
the face and dorsal surface of the head, were also used to populate and 
initialize the HS database. Photographs from all years were taken of 
juvenile hawksbills (with the exception of one sub-adult male in 2017) 
found within the boundaries of the SBWEMR. Furthermore, several 
hundred photographs were submitted by community scientists through 
an openly available web-based GIS mapping system (Baumbach and 
Dunbar, 2017), and were likewise used to establish the photo-database. 

To further aid in our identification of hand captured turtles, we 
applied uniquely coded Inconel (681 Style; Archie Carr Center for Sea 
Turtle Research, Gainesville, FL, USA) flipper tags to the large proximal 
scale located on the front right flipper of each hand-captured juvenile 
hawksbill within the SBWEMR from 2016 to 2019. In addition, we also 
collected morphometric data for each turtle, including curved carapace 
length (CCL), curved carapace width (CCW), and weight. For those 
turtles that were not hand-captured, we collected in-water photographs 
during focal follows using SCUBA. Photographs were taken of the dorsal 
head surface and both sides of the face from as many angles as possible, 
as well as flipper tags, if present. Tag numbers were kept in a flipper tag 
database that could be cross-referenced with matched turtle photo-
graphs from HS. 

2.3. Using HotSpotter 

To standardize photo names within the HS database, we labeled 
photographs with the code L (Left), R (Right), and T (Top) for the left 
side of the face, right side of the face, and dorsal surface of the head, 
respectively. We initially labeled all photographs of the same animal 
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with that animal’s unique Turtle Identification Number (TIN) with the 
additional identifier of L, R, or T. These photographs were selected to be 
placed in a HotSpotter Turtles (HST) file folder. On opening the HS 
program, we selected the HST folder for the program to reference and 
upload all photographs in the HST folder. To create and add to the initial 
HS database queue, each photograph was individually selected from 
within HS and a chip made to select the area of the photograph the 
computer was to view (Fig. 2). This chip was made by adding two digital 
spots in horizontally and vertically opposing positions on the photo-
graph, which were then automatically converted by the program to an 
‘area of interest’ box, with all other information outside of this box 
ignored by HS. The majority of these chips required no manual manip-
ulation, with the exception of occasionally orienting photographs to 
standardize head or face position within the chip. However, this entire 
chip creation and annotation process has recently been automated 
(Parham et al., 2018) through the implementation of HS into the 
Wildbook open source platform (Berger-Wolf et al., 2017). 

Once chips were created for each image in the database, we ran 
queries to compare the selected image against all other photographs to 
determine if a match existed for an individual’s top, left, or right side, 
thus building a series of photographs of the same animal. If multiple L, R, 
or T photographs were queried through HS, we labeled them with 
consecutive numbers (i.e. TIN035_R1; TIN035_R2, etc.). These photo-
graphs helped HS to analyze and recognize unique features of individual 
turtles from multiple angles and with photographs from different cam-
eras, distances, underwater lighting, and visibility conditions. 

When new photographs of turtles were acquired, we ran a query to 
determine if a match existed to an individual already within the data-
base. A match score for each query image is computed by summing the 
similarity scores for each of its extracted Scale-Invariant Feature 

Transformed (SIFT) features against its nearest neighbor matched from 
the database. HS aggregates all closest matches for each annotation by 
performing a random sample consensus (RANSAC)-based spatial veri-
fication algorithm to filter out poor correspondences, then re-ranks the 
results. 

2.4. Photo conditions for HotSpotter analysis 

We conducted a subjective assessment of HS using a variety of 
hawksbill image angles and qualities to provide a description of suc-
cessful match conditions. To assess image angles, we randomly selected 
images of two individual hawksbills (RMP T047 and RMP T110) from 
the test database that were taken of either the right or left side of the 
head and successfully matched to previous images already present in HS. 
We then selected two additional images of the same two individuals that 
presented large variations in angles of the right or left sides of the head 
(relative to the test photo) that had previously resulted in successful 
matches. It was beyond the scope of our study to assess specific angles 
between the camera and hawksbill, or between the test image and 
database image. To assess photo quality, we searched HS to find low- 
quality chips that were either blurry with little to no facial scute defi-
nition, and at the same time did not successfully match to any images in 
the database (RMP T050), or were semi-blurry with some definition, yet 
successfully matched images (RMP T054 and RMP T055). We then 
compared low-quality chips (presented at 72 dpi) to high-quality chips 
(presented at 180 or 350 dpi) of the same individual that were able to 
produce successful matches. 

Fig. 2. An example of a “chip” made by placing digital spots on the image to the upper right and lower left of the area of interest in the image. This chip directs HS to 
ignore all aspects of the image that lie outside the area of interest. 
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2.5. HotSpotter vs flipper tag matching tests 

To evaluate the accuracy of HS, we conducted a two-way blind test 
by sending photos of the R, L, and T of tagged turtles among authors. 
Only the sending author knew the tag numbers of photographed turtles, 
which were then verified by the receiving authors by choosing the best 
match from six HS result choices. As a default, HS is programmed to 
display only the six choices most likely to match the photo being 
queried. A report of queried turtle tag numbers was then provided to the 
sending author for confirmation of turtle identification. 

2.6. Statistical analyses 

All statistical analyses were done in SAS 9.4 (SAS Institute, Cary NC) 
and R 3.5 (R Core Team, 2018). Frequencies and percentages of correct 
matches were calculated for each of the default six potential matches 
provided by HS. Stratified frequencies and percentages of correct 
matches were also calculated for potential matches within in-water, out- 
of-water, and side of the turtle (i.e. right, left, and dorsal side) cate-
gories. Descriptive statistics (mean and standard deviation) were also 
computed for the calculated scores of all potential matches. The calcu-
lated scores for all potential matches were provided by HS and were 
analyzed to determine if a consistent cut-off score could be calculated for 
a true first choice match. Identifications provided by HS for each indi-
vidual were evaluated for sensitivity and specificity by comparison to 
the positive ID made through the flipper tag associated with each turtle. 

The flipper tag number was then matched to the ID provided by HS in 
the first six matches. To calculate the cut-off score based on the first- 
choice match, we assessed sensitivity and specificity of test photo 
matches at each potential cut-off score, and selected the score that 
maximized sensitivity and specificity. 

3. Results 

In its default output, HS returns a panel of six potential matches 
ranked from the most likely (highest score) to the least likely (lowest 
score) positive match (Fig. 3). Scores are calculated based on both the 
number of similar features and the degree of similarity between the test 
photo and the database photos. Lines between the two photographs 
indicate matched features according to the similarity of that feature in 
both photographs. A color scale is provided with each output to show the 
similarity strength of each feature (Fig. 4). 

We queried a total of 158 hawksbill images from within the SBWEMR 
against 2136 target hawksbill images in our HS photo database. Of 
these, 86.1% were in-water photographs, while 13.9% were out-of- 
water photographs. Table 1 provides the overall number of right, left, 
and top (dorsal) photos presented for matching, as well as the main 
matching results. When all 54 test photos of the right side (including in- 
water and out-of-water) were combined, HS accurately matched test 
photos 81.5% of the time in the first choice, increasing in cumulative 
accuracy to 96.3% by the sixth choice. We found left side matches were 
slightly less accurate (Table 1). When all left side test photos (including 

Fig. 3. The best six results of individual matches provided by HS after a query photo is run against the photo database. Match scores are used to rank the potential 
matches from first position (highest score = highest ranked match) to sixth position (lowest score = lowest ranked match) in descending order. Photos are queried by 
assigning the photo a chip identification (cid) and then querying that cid (qcid) against other cids already stored in the database. Note that in this example, the first 
five match choices are annotated with a ‘*TRUE*’ label, as well as a green box around the matched image from the database, while the sixth choice is annotated with 
a ‘*FALSE*’ label and a red box around the potential matched image from the database. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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in-water and out-of-water) were combined, HS increased cumulative 
accuracy from 77.4% in the first choice to 88.7% by the sixth choice. Of 
the 51 dorsal head photos tested, 90.2% were in-water, with 9.8% out- 
of-water. Correct matches by HS increased cumulatively from 80.3% in 
the first choice to 88.2% by the sixth choice. 

When evaluating HS only with in-water photos (n = 136), we found a 
high degree of match accuracy, from 83.8% in the first choice, to 94.1% 
by choice number six. Matching accuracy was lower when HS was 
evaluated with the 22 out-of-water photographs. Matching accuracy 
started at only 54.6% with the first choice, and increased to only 72.7% 

Fig. 4. A high score, first-choice match showing line indications of similarly matched features between the query image (top) and the matched image from the 
database (bottom). Line colors from dark red to bright yellow (in the color score bar to the right of the images) indicate increasing similarity strength scores (from 
100 to 300 in this example) of each matched feature. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
The number of test photos of each side of the head along with the percentage of 
photos that were taken in-water or out-of-water. First-choice percentage rep-
resents the percentage of photos that were correctly matched in the first results 
and sixth choice represents a correct match in any of the six results.  

Side n In-Water 
(%) 

Out-of-Water 
(%) 

First Choice 
(%) 

Sixth Choice 
(%) 

Right 54 83.3 16.7 81.5 96.3 
Left 53 84.9 15.1 77.4 88.7 
Top 51 90.2 9.8 80.3 88.2  

Table 2 
The numbers and percentages of matches and non-matches within a stepwise 
choice selection for six possible choices.  

Choice number n (%)  

Match Not matched 

Only first choice match 126 (79.8%) 32 (20.3%) 
First two choice matches 136 (88.1%) 22 (13.9%) 
First three choice matches 139 (88.0%) 19 (12.0%) 
First four choice matches 140 (88.6%) 18 (11.4%) 
First five choice matches 143 (90.5%) 15 (9.5%) 
First six choice matches 144 (91.1%) 14 (8.9%)  
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by the sixth match choice. 
Overall, when we considered the cumulative match percentages 

across all images (face views, head views, and in- and out-of-water), HS 
was able to correctly match test photos 79.8% of times in the first choice 
and up to 91.1% of times within the first 6 choices presented to the user. 
Table 2 provides cumulative stepwise matches for the six choices, 
ranging from first choice only, to all six choices. 

Our qualitative analyses of image angle variances demonstrated that 
HS was capable of consistently identifying individual turtles even when 
substantial differences in both horizontal and vertical angles exist 
among captured images (Fig. 5). Matching power is known to decline 
with severity of the angular difference according to the limitations of the 
underlying Scale-Invariant Feature Transformed (SIFT) algorithm, 
which is roughly estimated at 50% match probability loss at 50 degrees 
(Lowe, 2004). This is sufficient tolerance for our real-world application. 
In Fig. 6, we present two variations of low-quality (blurry, 72 dpi) verses 
high-quality (clear, 180 or 350 dpi) images that were tested in HS. We 
found that only the lowest-quality, blurry images in which individual 
scutes were indistinguishable were unable to be matched by HS. In 
contrast, HS was able to correctly match moderately blurry images 
(Fig. 6). 

On analyzing the match scores for all six HS choices (which ranged 
from 0 to 51,009), the average scores ranged from 5438.3 (first choice) 
to 575.6 (sixth choice) (Fig. 7). A cut-off value of 1850 (lower than the 
average score) for the first-choice match provided the most optimal 
accuracy (84.2%), sensitivity (84.1%), and specificity (87.5%) values. 
As the cut-off value decreased from the mean score, sensitivity increased 
from 31.0 to 86.5%, while specificity decreased from 100 to 78.1% 

(Fig. 8). 

4. Discussion 

The HotSpotter photo ID software has a configurable number of 
matches it will return for a query. In this study, we used the default 
output of only six potential matches. We found the limited number of the 
default output of this program to be a distinct advantage over other 
programs, such as I3S that provide tens to hundreds of possible match 
outcomes that potentially require further manual verification or rejec-
tion (Calmanovici et al., 2018; Dunbar et al., 2014; Sacchi et al., 2010). 
In a recent study on face recognition of 118 in-water photos of 32 greens 
and 1 hawksbill by Calmanovici et al. (2018) they found I3S Pattern 
correctly matched 86% of images within the top 20 ranked photos, with 
48% (n = 56) of these matched in the first position. In comparison, we 
found HotSpotter to have a higher correct matching result of 94% for in- 
water test images within the 6 matches of the default output, with 84% 
of these matches in the first-choice position. 

Results appear to be similarly accurate for left, right, and top images, 
although left images had slightly lower cumulative match percentages in 
the first choice. These differences in match scores are likely due to small 
differences in image viewpoints, due to data variance. 

We found matching accuracy was lower with photos taken out-of- 
water than in-water. In contrast, Dunbar et al. (2014) found good 
matching results using I3S Classic for a small set of turtle tests using out- 
of-water photos, but stated that the program was reliant on photos taken 
from similar angles and in similar light and distance conditions. Those 
authors also used a relatively small database of approximately 600 

Fig. 5. Examples of photo angle variations for the 
turtles RMP T047 and RMP T110. In both cases, 
photo 1 was the test photo for both RMP T047 and 
RMP 110, respectively. Photos 2 and 3 are previously 
captured photos that show wide variances in vertical 
and horizontal angles that resulted in successful 
matches when queried respectively. Additionally, we 
note the variation in brightness, color, and conditions 
among photos that nevertheless resulted in successful 
matches of the right side for RMP T047, and the left 
side for RMP T110.   
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photographs and only tested images of two turtles. Likewise, several 
studies report that matching accuracy of I3S decreased, or was likely to 
decrease when variability in photo angle, light, and distance (typical 
variability of in-water conditions) were factors (Calmanovici et al., 
2018; Chaves et al., 2016; Sacchi et al., 2010). We found HS able to 
consistently match images that had relatively wide variations in indi-
vidual or combined horizontal and vertical angles. Additionally, HS was 
able to take advantage of even low-quality, blurry images to make 
successful matches of individual turtles, although we found very low- 
quality images which do not provide any scute definition are unable 
to be accurately matched. These features provide valuable advantages of 
HS over other PID processing software in that images collected during 
highly variable in-water conditions (including pitch and roll of both the 
photographer and the turtle) are useful for both populating the database, 
as well as reducing limitations on correctly matching individuals. 

In contrast to results by Calmanovici et al. (2018), our current results 
show greater accuracy with the highly variable conditions of photos 
taken in-water than those taken out-of-water. It is highly likely that with 
an increased number of out-of-water photos taken in variable angle, 
light, and distance conditions, accuracy of out-of-water matching would 

greatly improve. Crall et al. (2013) also found that HS matching accu-
racy improved when numbers of photos per individual zebra increased. 

Match scores provided by HS represent a sense of visual similarity 
between the query image and the background image. In general, the 
scores for a match will be higher when: 1) there are few but very similar 
features between the two images and/or 2) there are very many, but 
weakly similar features. Both conditions could signify a potential match. 
The advantage of these scores is that they can be used to calculate a cut- 
off value for the first choice match (score of 1850), above which the 
accuracy is 84% that the first-choice is a true match. Although we sought 
a cut-off value only for the first-choice match to be able to minimize the 
need to review all other potential matches, users may be able to calcu-
late cut-off scores for any match choice position available. 

4.1. Conclusion 

In this study we have demonstrated the highly accurate matching of 
hawksbill photos in both in-water and out-of-water conditions with the 
nearly fully automated HotSpotter PID program. HotSpotter is based on 
proven feature extractors that are robust to scale, illumination, and in 

Fig. 6. Examples of photo quality and resolution. Photo quality varied widely, from slight to extreme blurriness. Only extremely blurry photos (RMP T050) were not 
able to be matched in HotSpotter. Photo resolution varied from 72 to 350 dpi. Although match success was higher with high-quality photos, HotSpotter was also able 
to match low-quality photos with minimal individual facial scute definition. 
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some cases, mild distortions, and variations in quality and photo angle, 
making it an ideal candidate for finding high-quality matches. Addi-
tionally, HotSpotter, unlike some computer-based PID programs, bene-
fits from a suite of post-processing algorithms to reduce obvious false 
matches, reduce the importance of background textures not belonging to 
an animal, and intelligently rank the best matches for the user to review. 
This is an obvious and important advantage if photos are to be gathered 
by community scientists who contribute their images to research pro-
jects, or if photos are harvested from Internet sources. The integration of 
HS into the Wildbook-based Internet of Turtles1 (Berger-Wolf et al., 

2017; Leslie et al., 2015) is likely to increase the potential for remotely 
identifying individuals of all marine turtle species on a global scale. As a 
result, these technologies are likely to spawn new mechanisms for 
tracking individuals, furthering our understanding of sea turtle move-
ments and habits, gathering information on population dynamics, and 
highlighting population hotspots for future investigations. 

Some investigators have recognized the potential limitations of 
computing power to analyze PID datasets (Carter et al., 2014). We also 
concede there are additional factors to be considered when running PID 
programs on different forms of hardware. However, we suggested that 
while challenges to computing hardware power are likely to be resolved 
in the near future, the more systemic challenge both now and in the 
future, will be the development of more robust algorithms that are able 
to maintain matching accuracy while assessing very large photo data-
bases (i.e. >100,000 images). Nevertheless, with additional advances in 
computer processing and software-specific developments, there will 
doubtless be new developments in the application of computer-driven 
PID for ever-widening suites of marine taxa. 
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Fig. 7. Boxplots showing the minimum and maximum HS match scores along 
with the median and interquartile range for the top 6 match choices. 

Fig. 8. A plot of sensitivity and specificity values used to identify optimal cut- 
off values for first choice match scores. 

1 https://iot.wildbook.org 
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Chaves, L.C.T., Hall, J., Feitosa, J.L.L., Côté, I.M., 2016. Photo-identification as a simple 
tool for studying invasive lionfish Pterois volitans populations. J. Fish Biol. 88, 
800–804. https://doi.org/10.1111/jfb.12857. 

Chew, V.Y.-C., Liew, H.-C., Joseph, J., 2015. Photographic identification of green turtles 
(Chelonia mydas) at Redang Island, Malaysia. Mar. Turt. Newsl. 146, 1–6. 

Crall, J.P., Stewart, C.V., Berger-Wolf, T.Y., Rubenstein, D.I., Sundaresan, S.R., 2013. 
HotSpotter – Patterned species instance recognition. In: 2013 IEEE Workshop on 
Applications of Computer Vision (WACV), Florida, pp. 230–237. 

Den Hartog, J., Reijns, R., 2014. I3S Pattern manual – Interactive Individual 
Identification System. www.reijns.com/i3s/downloads/I3S%20Pattern.pdf. 

Dunbar, S.G., Ito, H.E., 2015. Picture perfect: Photography for hands-off turtle 
monitoring. In: The State of the World’s Sea Turtles (SWOT), 10, pp. 10–11. 

Dunbar, S.G., Salinas, L., Stevenson, L., 2008. In-water observations of recently-released 
juvenile hawksbills (Eretmochelys imbricata). Mar. Turt. Newsl. 121, 5–9. 

Dunbar, S.G., Ito, H.E., K, B., Dehom, S., Salinas, L., 2014. Recognition of juvenile 
hawksbills Eretmochelys imbricata through face scale digitization and automated 
searching. Endanger. Species Res. 26, 137–146. https://doi.org/10.3354/esr00637. 

Dunbar, S.G., Baumbach, D.S., Wright, M.K., Hayes, C.T., Holmberg, J., Crall, J.P., 
Berger-Wolf, T.Y., Stewart, C.V., 2017. HotSpotter: less manipulating, more learning, 
and better vision for turtle photo identification. In: 37th Annual Symposium on Sea 
Turtle Biology and Conservation, Nevada, p. 77. 

Frasier, T.R., Hamilton, P.K., Brown, M.W., Kraus, S.D., White, B.N., 2009. Sources and 
rates of errors in methods of individual identification for North Atlantic Right 
Whales. J. Mammal. 90, 1246–1255. https://doi.org/10.1644/08-MAMM-A-328.1. 

Gallardo-Escarate, C., Goldstein-Vasquez, J., Thiel, M., 2007. Individual identification of 
decapod crustaceans I: color patterns in rock shrimp (Rhynchocinetes typus). 
J. Crustac. Biol. 27, 393–398. https://doi.org/10.1651/S-2773.1. 

Gardiner, R.Z., Doran, E., Strickland, K., Carpenter-Bundhoo, L., Frère, C., 2014. A face in 
the crowd: a non-invasive and cost effective photo-identification methodology to 
understand the fine scale movement of eastern water dragons. PLoS One 9, e96992. 
https://doi.org/10.1371/journal.pone.0096992. 

Gosselin, T., Sainte-Marie, B., Sevigny, J.M., 2007. Individual identification of decapod 
crustaceans II: natural and genetic markers in snow crab (Chionoecetes opilio). 
J. Crustac. Biol. 27, 399–403. https://doi.org/10.1651/S-2771.1. 

Graham, R.T., Roberts, C.M., 2007. Assessing the size, growth rate and structure of a 
seasonal population of whale sharks (Rhincodon typus Smith 1828) using 
conventional tagging and photo identification. Fish. Res. 84 (1), 71–80. https://doi. 
org/10.1016/j.fishres.2006.11.026. 

Hayes, C.T., Baumbach, D.S., Juma, D., Dunbar, S.G., 2017. Impacts of recreational 
diving on hawksbill sea turtle (Eretmochelys imbricata) behaviour in a marine 
protected area. J. Sustain. Tour. 25, 1–17. https://doi.org/10.1080/ 
09669582.2016.1174246. 

Holmberg, J., Norman, B., Arzoumanian, Z., 2008. Robust, comparable population 
metrics through collaborative photo-monitoring of whale sharks Rhincodon typus. 
Ecol. Appl. 18, 222–233. https://doi.org/10.1890/07-0315.1. 

Holmberg, J., Norman, B., Arzoumanian, Z., 2009. Estimating population size, structure, 
and residency time for whale sharks Rhincodon typus through collaborative photo- 
identification. Endanger. Species Res. 7, 39–53. https://doi.org/10.3354/esr00186. 

Jean, C., Ciccione, S., Talma, E., Ballorain, K., Bourjea, J., 2010. Photo-identification 
method for green and hawksbill turtles - first results from Reunion. Indian Ocean 
Turtle Newsl. 11, 8–13. 

Jewell, Z.C., Alibhai, S.K., Law, P.R., 2001. Censusing and monitoring black rhino 
(Diceros bicornis) using an objective spoor (footprint) identification technique. 
J. Zool. 254 (1), 1–16. https://doi.org/10.1017/S0952836901000516. 

Karlsson, O., Hiby, L., Lundberg, T., Jüssi, M., Jüssi, I., Helander, B., 2005. Photo- 
identification, site fidelity, and movement of female gray seals (Halichoerus grypus) 
between haul-outs in the Baltic Sea. AMBIO 34, 628–634. https://doi.org/10.1579/ 
0044-7447-34.8.628. 

Kelly, M.J., 2001. Computer-aided photograph matching in studies using individual 
identification: an example from Serengeti cheetahs. J. Mammal. 82 (2), 440–449. 
https://doi.org/10.1644/1545-1542(2001)082<0440:CAPMIS>2.0.CO;2. 

Knox, C.D., Cree, A., Seddon, P.J., 2013. Accurate identification of individual geckos 
(Naultinus gemmeus) through dorsal pattern differentiation. N. Z. J. Ecol. 37, 60–66. 

Leslie, A., Hof, C., Amoraocho, D., Berger-Wolf, T.Y., Holmberg, J., Stewart, C.V., 
Dunbar, S.G., Jean, C., 2015. The Internet of Turtles. The State of the World’s Sea 
Turtles (SWOT), 11, pp. 12–13. 

Lloyd, J.R., Maldanado, M.A., Stafford, R., 2012. Methods of developing user-friendly 
keys to identify Green Sea turtles (Chelonia mydas L.) from photographs. Int. J. Zool. 
2012, 1–7. https://doi.org/10.1155/2012/317568. 

Long, S.L., 2016. Identification of a dead green turtle (Chelonia mydas) using 
photographic identification. Mar. Turt. Newsl. 150, 4–6. 

Long, S.L., Azmi, N.A., 2017. Using photographic identification to monitor sea turtle 
populations at Perhentian Islands Marine Park in Malaysia. Herpetol. Conserv. Biol. 
12, 350–366. 

Lowe, D.G., 2004. Distinctive image features from scale-invariant keypoints. Int. J. 
Comput. Vis. 60 (2), 91–110. https://doi.org/10.1023/b: 
visi.0000029664.99615.94. 

Martin-Smith, K.M., 2011. Photo-identification of individual weedy seadragons 
Phyllopteryx taeniolatus and its application in estimating population dynamics. J. Fish 
Biol. 78, 1757–1768. https://doi.org/10.1111/j.1095-8649.2011.02966.x. 

McCann, S., Lowe, D.G., 2012. Local Naive Bayes Nearest Neighbor for image 
classification. In: 2012 IEEE Conference on Computer Vision and Pattern 
Recognition, Rhode Island, pp. 3650–3656. 

McClintock, B.T., Conn, P.B., Alonso, R.S., Crooks, K.R., 2013. Integrated modeling of 
bilateral photo-identification data in mark–recapture analyses. Ecology 94, 
1464–1471. https://doi.org/10.1890/12-1613.1. 

McDonald, D.L., Dutton, P.H., 1996. Use of PIT tags and photoidentification to revise 
remigration estimates of leatherback turtles (Dermochelys coriacea) nesting in St. 
Croix, U.S. Virgin Islands, 1979-1995. Chelonian Conserv. Biol. 2, 148–152. 

Parham, J., Crall, J., Rubenstein, D., Holmberg, J., Berger-Wolf, T., Stewart, C., 2018. An 
animal detection pipeline for identification. In: 2018 IEEE Winter Conference on 
Applications of Computer Vision (WACV), California, pp. 1–9. 

Pauwels, E.J., de Zeeuw, P.M., Bounantony, D.M., 2008. Leatherbacks matching by 
automated image recognition. In: Perner, P. (Ed.), Advances in Data Mining. Medical 
Applications, E-Commerce, Marketing, and Theoretical Aspects. Springer, Berlin, 
Heidelberg, pp. 417–425. 

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria.  

Raj, L., 1998. Photo-identification of Stichopus mollis. SPC Beche-de mer Inf. Bull. 10, 
29–31. 

Reisser, J., Proietti, M., Kinas, P., Sazima, I., 2008. Photographic identification of sea 
turtles: method description and validation, with an estimation of tag loss. Endanger. 
Species Res. 5, 73–82. https://doi.org/10.3354/esr00113. 

Richardson, A., Herbst, L.H., Bennett, P.A., Bennett, U.K., 2000. Photo-identification of 
Hawaiian green sea turtles. In: Eighteenth International Sea Turtle Symposium. 
National Marine Fisheries Service, Sinaloa, México, p. 316. 
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A B S T R A C T   

Marine protected areas (MPAs) have been implemented to reduce negative impacts of human activities on marine 
life. However, many MPAs do not address boat traffic and the behavioral alterations and physical injury to 
marine organisms that may result. Boating activities can alter activity patterns, increase stress, and lead to 
physical injury in various aquatic animals. The Sandy Bay West End Marine Reserve (SBWEMR) is a marine 
protected area in Roatán, Honduras, and a foraging area for the critically endangered hawksbill sea turtle 
(Eretmochelys imbricata). While direct capture by the public is forbidden, managing both 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. Boat traffic throughout the reserve was 
quantified through a series of above-water and in-water surveys, while hawksbill behavior and presence were 
evaluated through in-water surveys using SCUBA. Spearman correlation suggested a moderate, but significant, 
positive correlation between boat intensity and hawksbill presence. Yet, a nonsignificant negative 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. To reduce the risks of injury and mortality, efforts should be made to continually monitor, regulate, and 
enforce vessel speeds in MPAs where hawksbills reside.   

1. 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 and Chavez, 2007; Mortimer 
and Donnelly, 2008). Marine protected areas (MPAs) have been imple-
mented 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 con-
servation 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 and Pratt, 1998; Neu-
winger, 2004), and dynamite fishing (Guard and Masaiganah, 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 
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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 Medi-
terranean 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 bot-
tlenose 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 (Orós et al., 2005; Grant and Lewis, 
2010; Shimada et al., 2017). In regions where boat traffic and boat 
speeds are regulated, disruption of, and collisions with, marine organ-
isms have decreased (Grant and Lewis, 2010). 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 estab-
lished 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. Ac-
cording 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 iden-
tified 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, Zuñiga-Marroquin and Espi-
nosa De Los Monteros, 2017; Bell and Jensen, 2018), the SBWEMR ap-
pears to be an important foraging ground mostly for juvenile hawksbills. 
While direct turtle capture by the public is prohibited, the effect of boat 
traffic on hawksbills and the need for management of increasing boat 
traffic have not been addressed within the reserve. As a result of eco-
nomic development in Roatán 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 conserva-
tion 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 quan-
tify 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. 

2. Methods 

2.1. Study Site 

Roatán 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 protected area located off the north-
western coast of the island (16◦21′ 44′′ N, 86◦25′ 06′′ W) (Fig. 1). The 
reserve lies within the Mesoamerican Barrier Reef and is made up of 
barrier, fringing, patch, and sloping reefs, ranging in depths of approx-
imately 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 Roatán’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 corre-
sponding with the three major coastal towns bordering the reserve: West 
Bay, West End, and Sandy Bay (Fig. 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 
km2 (Fig. 1). 

2.2. 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 con-
ducted above water and took place 2–3 times per week from July to 
September 2016–2018. We conducted boat counts for 20 min in the 
morning (8:30–10:30) and afternoon (14:30–16:30), and classified boats 
according to type (dive, taxi, recreational, non-motorized) and esti-
mated size (small (<6 m), medium (6–10 m), or large (>10 m)). The 
number of boats that passed through a sector and the number of boats 
that remained stationary in the sector were counted. We termed the 
number of boats traveling through a sector in 1 h ‘boat intensity’ and 
calculated boat intensity by the equation: 

(BM − BA) × 3= boats/hour (1)  

where BM equals the number of boats that moved through the sector in 
the 20-min period and BA equals the number of boats that remained 
stationary in the same 20-min period. Since the difference of moving and 
stationary boats was calculated during a 20-min observation period, the 
difference was multiplied by three to estimate the number of boats 
moving through a sector during a 60-min period. 

In-water boat counts took place during in-water surveys. During 
approximately 1-h-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. 

2.3. 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 
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surveys and boat counts were conducted simultaneously by two groups; 
however, in-water surveys lasted approximately 1 h 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 during 
sighting, and tag number were noted. When possible, each hawksbill 
was photographed for photo-identification purposes (Dunbar et al. 
2017a, 2017b) and captured for individual work-up. Standard mea-
surements (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). 

2.4. Behavioral observation 

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 be-
haviors were not additionally altered by diver presence (Meadows, 
2004; Hayes et al., 2016). Hawksbill behaviors were recorded for as long 
as possible, usually 10 min 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 Stim-
melmayr 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 char-
acterized 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. 

2.5. Data analysis 

One-way analysis of variance (ANOVA) was used to assess the vari-
ation 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 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 among years, zones, and time, and a separate Spearman correla-
tion was used to estimate the relationship between boat traffic intensity 

Fig. 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, indi-
cated by a green boundary (sectors 5–9); Sandy Bay 
indicated by a blue boundary (sectors 10–14). (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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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). 

3. Results 

3.1. 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 6999 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, df = 2, p = 0.085). However, boat traffic intensity was signifi-
cantly 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). The overall mean of boat traffic 

Fig. 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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intensity was significantly higher in West Bay and West End compared to 
Sandy Bay (Fig. 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 1203 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 
(Fig. 2B). 

3.2. Hawksbill presence and distribution (in-water surveys) 

A total of 242 in-water surveys were completed from June to 
September 2016–2018 (Table 1). During these surveys, a total of 180 
juvenile hawksbill sightings were recorded (Table 2). 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 significantly greater than Sandy Bay. However, hawksbill 
sightings were not significantly different between morning and after-
noon 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 moderate, but significant, 
positive correlation between boat intensity and hawksbill presence (rho 
= 0.31, p = 0.0038) (Fig. 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) (Fig. 4). In-water boat traffic intensity and hawksbill presence 
were also significantly positively correlated (rho = 0.947, p < 0.0001) 
(Fig. 5). 

3.3. Behavioral observation 

A total of 557 min 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 min; 33.4%), followed by investi-
gating (158 min; 33%), eating (141 min, 29.5%), and at the surface (20 
min, 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) (Fig. 6A and B). 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). Although occurrences of 

boat dodges by hawksbills were not captured with the Canon G16, three 
instances were counted during personal observations. 

4. 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 and White, 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 reef from detrimental human activities and 
tourists are not permitted to feed or interact (touch, chase) the turtles, 
aside from approaching them to take photographs, 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 eco-
nomic incentives for tourism in Roatán, 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, unpubl. 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, 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, 
unpubl. 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 popu-
larity 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, unpubl. data), which together 
consists of only approximately 8.5 km of coastline. In addition to dif-
ferences 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 

Table 1 
In-Water Observation Surveys (2016–2018). In-water observation surveys were 
conducted in the morning and afternoon in the West Bay, West End, and Sandy 
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  

Table 2 
In-water sightings (2016–2018). In-water hawksbill sightings were recorded in 
the morning and afternoon in the West Bay, West End, and Sandy 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 West End Sandy Bay 

Morning 39 39 16 
Afternoon 39 42 5 
Total 78 81 21  
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affected by the number of tourists traveling to Roatán and, more spe-
cifically, the western side of the island, each year. Since a fluctuation in 
the number of tourists visiting Roatán each year has been evident in 
previous tourism surveys (Ministry of Tourism, unpubl. 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 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 and Diez (1997b) 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. A previous study on hawksbill behav-
iors in Roatán, but outside of the SBWEMR, indicated that hawksbills 
spent more time swimming and foraging than eating (Dunbar et al., 
2008). 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 com-
parisons 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 of, 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 somatic 
growth rates increase (Van Dam and Diez, 1997a, Diez and Van Dam, 
2002). These results suggest that turtles are able to locate adequate food 
faster, spending more time eating and less time searching (Schoener, 
1971). However, in unfavorable habitats, a reduction in time spent 
foraging could hinder prey acquisition and decrease somatic growth 
rates (Diez and Van Dam, 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 and Dill (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) assess-
ing 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), 

Fig. 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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although the overlap of shark and sea turtle home ranges increased 
during nesting seasons, sea turtles did not commence predator avoid-
ance 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, 

Fig. 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 be-
tween boat intensity and hawksbill presence is evident only in 2016 (P < 0.001). 

Fig. 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). 

M.K. Wright et al.                                                                                                                                                                                                                              



Ocean and Coastal Management 198 (2020) 105379

8

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 un-
disturbed and demonstrated no visible physical response to boats pass-
ing 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 audi-
tory studies performed by Tyson et al. (2017), in which in-water be-
haviors 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 Roatán, 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. 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 and Diez, 1997c; 
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; Orós et al., 2005; Deem et al., 2006; Chaloupka et al., 2008; 
Casale et al., 2010; Phu and Palaniappan, 2019). Although within a 
protected area, several instances of boat collision injuries and reoccur-
ring strikes have been documented off the coast of Mabul Island (Phu 
and Palaniappan, 2019). Apart from the implementation of boating 
regulations in unmanaged areas, the restructuring of current manage-
ment strategies to include boating regulations is important to ensure 
quality of life for sea turtles. Although instances 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 
and Davenport, 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, inappropriate boating 
without restrictions can reduce the ability of animals to avoid boat 
collisions. Activities involving boat traffic can be characterized as low 
impact factors only if they are carefully controlled. 

Although our results suggest that boat traffic does not directly 
disrupt the behaviors of hawksbills foraging in the SBWEMR, the po-
tential 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 the conservation of 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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Marine Turtle Species of Pacific Honduras

Stephen G. Dunbar1,2,3, Lidia Salinas2,3 & Dustin S. Baumbach1,2 
1Marine Research Group, Department of Earth and Biological Sciences, Loma Linda University, Loma Linda, CA 92350 USA 

(E-mail: sdunbar@llu.edu; dbaumbach@llu.edu); 2Protective Turtle Ecology Center for Training, Outreach, and Research, Inc. 
(ProTECTOR, Inc.), Colton, CA 92324 USA (lidiamerica@hotmail.com); 3Protective Turtle Ecology center for Training, 

Outreach, and Research, Inc. - Honduras (ProTECTOR, Inc. - Honduras), Tegucigalpa, Honduras.

Understanding the distribution of marine turtles is key to the 
establishment of management measures that account for population 
size, direct conservation efforts, and increase public awareness. 
Without updated and accurate information on species presence at 
specific localities, an understanding of how species composition 
and relative abundances are changing may be greatly hampered.

Previous efforts have been made to describe the turtle species 
that inhabit the Gulf of Fonseca (GOF) along the coasts of El 
Salvador (Carr 1952; Hasbún & Vásquez 1999; Liles et al. 2011), 
and Nicaragua (Gaos et al. 2011; Gaos et al. 2012). However, in the 
country of Honduras, little information on the distribution of marine 
turtles has been documented in unpublished government reports, 
with even less in the published literature. Most of those studies 
have been undertaken in the Bay Islands of Honduras (Dunbar et al. 
2008; Hayes et al. 2016; Baumbach et al. 2019) and along the north 
coast of the mainland (Dunbar et al. 2013). Efforts along the south 
coast of the country in the GOF have been minimal, mostly focused 
on the olive ridley (Lepidochelys olivacea) sea turtle, and mainly 
concentrating on tagging (Dunbar & Salinas 2008, 2013), genetics 
analyses of nesting turtles (Duran et al. 2014), and hatchery impact 
studies on hatchling behavior and condition (Duran & Dunbar 2015).

In this paper, we use visual observations to confirm the presence 
of sea turtles in the GOF along the Pacific coast of Honduras. We also 
discuss anecdotal reports that suggest which additional species may 
be found in that area, yet whose presence remains to be confirmed.

The GOF is a shallow inlet of the Eastern Pacific covering 
approximately 3,200 km2 and surrounded by the coastal zones of El 
Salvador to the north, Honduras, and Nicaragua to the south (Fig. 1). 
Honduras presents the largest span of coastline (153 km), followed 
by Nicaragua (47 km) and El Salvador (29 km). Several islands are 
distributed throughout the Honduran portion of the Gulf, including 
Zacate Grande, San Carlos, and Amapala (Isla del Tigre). Coastal 
zones in this area consist of extensive estuaries, lagoon systems, 
mangrove forests, and long stretches of sand beaches.

Olive ridley (Lepidochelys olivacea). After visiting “Isla 
Ratones” (now, Punta Ratón) in the GOF, Carr (1948) was the 
first to report nesting by Lepidochelys olivacea on the beaches of 
Pacific Honduras. Essentially all of the turtles he observed nesting 
in the area were L. olivacea. In 1975, the Honduran government 
established the first ‘veda’ (prohibited period) restricting the personal 
collection of eggs for sale to public market vendors, and instead 
required all L. olivacea eggs collected during the first 25 days of 
September to be relocated into community managed hatcheries, as 
a means to promote conservation of the species. Cruz et al. (1987) 
visited the same area some 38 years after Carr and found this species 
continuing to nest on the beaches of the GOF from July to December. 
Several recent studies have documented regional increases in nests 
and nesting females (Dunbar & Salinas 2008; Dunbar et al. 2010, 
2011, 2015), and suggested that the high degree of multiple paternity 

typical of large nesting populations, but found in this small nesting 
group, may indicate that L. olivacea nesting in the GOF may actually 
be part of the wider Eastern Pacific population (Duran et al. 2014).

The olive ridley is the most abundant sea turtle species both 
within the waters of the GOF and on the nesting beaches of the 
south coast of Honduras. It is unclear whether this species is 
locally abundant throughout the Gulf as a foraging population, or 
if individuals simply pass through these waters on their way to and 
from other, more prominent nesting grounds. Local fishers rarely 
report seeing or capturing L. olivacea throughout the year, although 
the species is anecdotally reported to nest to some extent throughout 
much of the year, from May to February.

Olive ridleys found along the GOF are within the size range 
of nesting females reported elsewhere along their East Pacific 
geographical range. During early nesting studies of L. olivacea 
on these beaches, Dunbar & Salinas (2008) found mean CCL = 
65.9 cm ±0.5 SEM while mean CCW was 70.3 cm ±0.4 SEM 
(range CCL: 61.4-70.5 cm; n = 30; range CCW: 66.0-75.0 cm; n 
= 30). These measurements agree well with Carr (1986), who also 
noted that curved carapace measures for L. olivacea were greater 
in width than length. Despite both the harvest of essentially every 
nest throughout 340 days of the year (Dunbar & Salinas 2008), 
and a hatchery system during the ‘veda’ period that is essentially 
unguided by data collection and analysis (Duran 2015), L. olivacea 
nesting persists along the Honduran coast of the GOF. Untagged 
(mainly new) individuals continue to appear on the beaches of the 
region year after year, to which Dunbar et al. (2010, 2011) report 
applying new flipper tags. 

Hawksbill (Eretmochelys imbricata). Hawksbills were at one 
time reported along the Eastern Pacific coast. However, much of this 
historical evidence was anecdotal with few personal observations 
(Carr 1952; Hasbún & Vásquez 1999) leading some to conclude that 
hawksbills had been extirpated from the Eastern Pacific. Recently, 
hawksbills have been found nesting in both Costa Rica (Gaos et al. 
2006) and El Salvador (Gaos et al. 2011). Some El Salvador nesters 
were then satellite tracked to foraging areas within mangroves 
in other areas of El Salvador and the GOF where the authors 
hypothesized these turtles feed within mangrove areas (Gaos et al. 
2010). Corresponding evidence was previously presented by Carr 
(1952) who found red mangrove fruit within the digestive tract of 
two dissected specimens. Gaos et al. (2012) used satellite data to 
confirm that post-nesting females moved into mangrove estuaries 
within the GOF where they established inshore or nearshore foraging 
home ranges. Dunbar et al. (2012) and Duran et al. (2016) were 
able to confirm the movement pattern reported by Gaos et al. (2012) 
through the direct observations of both juvenile and adult hawksbills 
within the Honduran portion of the GOF.

We confirmed the presence of juvenile hawksbills in the GOF 
during July 2011 when local fishermen presented us with a dead 
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turtle that was then frozen until a necropsy could be conducted, and 
another which was alive and in good health, with large barnacles and 
a layer of red algae on the carapace (CCLmin = 36.2 cm; CCLmax = 
38.5 cm). We conducted surveys to determine where fishermen had 
seen these turtles, yet were unsuccessful in sighting any others until 
9 September 2013, when local fishermen from El Venado brought us 
another juvenile that had been captured from the El Muerto estuary. 
In June 2015, seven more juveniles were collected by fishers in 
the San Lorenzo estuaries located in the northern part of the GOF 
(Duran et al. 2016). The following summer, fishers collected ten 
juveniles and one adult female. The female turtle had already been 
tagged on each front flipper while nesting in Estero Padre Ramos, 
Nicaragua. This adult female confirms the findings of Gaos et al. 
(2011) that E. imbricata nest in other countries, then navigate back 
to foraging areas within Honduran estuaries in the GOF. 

Although many E. imbricata sightings were reported in our initial 
surveys, we found local fishermen readily confused large, adult C. 
mydas agassizii with E. imbricata. The potential for more and larger 
hawksbill adults in the estuaries, as found by Duran et al. (2016), 
may be the reason why fishermen confuse large Chelonia mydas 
agassiziii with E. imbricata. In El Salvador, Hasbún & Vásquez 
(1999) also found fishers confused E. imbricata with both L. 
olivacea and the freshwater turtle, Trachemys scripta grayii. These 
observations suggest that local fishers may not represent sources 
of reliable information on the abundance and distribution of these 
marine turtle species. 

Hawksbill Hybrids. Hawksbill hybrids have been previously 
detailed by Seminoff et al. (2003), although no reliable observations 
had been documented from the GOF. We observed two hawksbill 
x green turtle hybrids in 2013: one presented to us after capture by 
fishermen near the Nicaraguan portion of the GOF in July (CCLmin 
= 45.5 cm; CCW = 37.5 cm) and the other captured by fishers in 
an estuary near the town of Guapiñol in November (CCLmin = 42.2 
cm; approximate CCW = 31 cm). We determined that these were 
hybrid turtles from the presence of only two prefrontal scutes and 
a greater number of facial scales typically characteristic of green 

turtles. Seminoff et al. (2003) suggested that hybridization may 
occur because of the scarcity of hawksbill males along the Eastern 
Pacific, thus inducing hawksbill females to more readily accept 
heterospecific males during the breeding season. 

Green (Chelonia mydas) and Black (Chelonia mydas agassizii). 
On visiting “Isla Ratones” in the GOF in 1947, Carr was surprised 
to find no nesting C. mydas, and that all of the nesting turtles he 
observed were L. olivacea (Carr 1948). Despite the lack of nesting 
green turtles, Carr noted that fishermen of the Gulf caught this 
species between January and June, but that none of the captured 
female turtles he examined were found to be with eggs at any 
advanced state of maturity (Carr 1952). Carr (1952) further noted 
that many local residents in the GOF readily confused the green 
turtle with L. olivacea. Although historically there has been some 
confusion as to whether the species in this area is C. mydas or C. m. 
agassizii (Carr 1952), both Carr (1952) and Pritchard et al. (1983) 
confirm that specimens they observed were C. m. agassizii. While 
black turtles have more recently been confirmed in the El Salvador 
portion of the GOF (Hasbún & Vásquez 1999), Cruz et al. (1987) 
have provided the only published report confirming that C. m. 
agassizii nested in Pacific Honduras. Our observations between 2009 
and 2015 at nesting beaches and in coastal and estuary waterways 
around both Punta Ratón and El Venado confirm that low numbers of 
black turtles persist in feeding habitats along Pacific Honduras, but 
there is no documented nesting along this coast at the present time.

We confirmed the presence of a foraging black turtle in May 
2013, when local fishers led us to an estuary opening at El Muerto 
where they had trapped a turtle they reported as E. imbricata, which 
we immediately recognized as C. m. agassizii based on its scute 
morphology, shell pattern, and color. Additionally, the size of the 
turtle (CCLmin = 80.4 cm, CCW = 67.7 cm) was characteristic of 
black turtles previously reported by Cruz et al. (1987) in the GOF 
area. On one other occasion (28 August 2013), local fishers brought 
us two black turtles from sites near the marine border between 
Honduras and Nicaragua. In both instances, fishers believed the 
turtles to be hawksbills. On inspection, we confirmed both were 
black turtles of CCLmin 45.5 cm and 81.5 cm, respectively and CCW 
37.5 cm and 77.8 cm, respectively. 

Additionally, there has been some history of confusion between 
the olive ridley (L. olivacea) and black (C. m. agassizii) turtles 
(Carr 1948, 1952). Commenting on field observations of turtles 
reported as C. m. agassizii during a 1984 nesting season on San 
Sabastian Island, El Salvador, just outside the GOF, Hasbún & 
Vásquez (1999) suggested that measurements of turtles reported 
as C. m. agassizii were more consistent with measurements of L. 
olivacea. Additionally, we have noted confusion persists among 
local community members on differences between C. m. agassizii 
and E. imbricata (Dunbar, pers. obs.). 

Leatherback (Dermochelys coriacea). Although Hasbún & 
Vásquez (1993) report that sporadic nesting of leatherback turtles 
takes place in El Salvador between November and February, 
there are no published reports of leatherbacks either foraging or 
nesting along the south coast of Honduras. Descriptions of large, 
black turtles with different shells than other species of turtles have 
been provided by local fishers. However, a clear description of D. 
coriacea in this area has never, to our knowledge, been provided. 
Thus, we cannot confirm the presence or absence of leatherbacks 
along the south coast of Honduras at this time.
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Figure 1. Map of the Gulf of Fonseca with coastal areas of 
El Salvador, Honduras, and Nicaragua. Inset map is of the 
Central America region showing the location of the Gulf of 
Fonseca.
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Loggerhead (Caretta caretta). While Benitez (1985) reports the 
presence and nesting of C. caretta in El Salvador, both Marquez 
(1990) and Hasbún & Vásquez (1999) are skeptical that there is 
good evidence to support that claim, and suggest that what Benitez 
reported were more likely to be olive ridley, rather than loggerhead 
turtles. Such misidentifications between C. caretta and L. olivacea 
have, according to Carr (1952) and Frazier (1985), had a long-
standing history throughout the East Pacific region. Although it is 
possible that there is an occasional nesting event by this species 
along the Pacific coast of Honduras, to date, there is no historical or 
current evidence that C. caretta forages or nests in the GOF region. 

Conclusion. We provide the first inventory report of sea turtle 
species on the south coast of Honduras along the Gulf of Fonseca. 
This report is of value as a benchmark for the species of turtles that 
have been confirmed in the area, as well as for those that have not, 
yet have been anecdotally reported. Additionally, we have provided 
substantial evidence that local fishers providing anecdotal reports 
have often misidentified sea turtle species, suggesting the need for 
ongoing capacity building in GOF communities to improve both 
species identification and proper conservation management. Finally, 
this work lends further support to the species inventories described 
in previous publications provided by local naturalists, as well as 
researchers in other countries of the GOF. 
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ABSTRACT. – Animals are tracked using a wide range of methods. Some researchers track animals
by manually recording global positioning system locations while others combine manually
recorded locations with sophisticated mapping software. Individuals of the public regularly come
in contact with animals and, as citizen-scientists, may represent a relatively constant source of
data for researchers through written forms, web maps, or smartphone applications. We collected
hawksbill (Eretmochelys imbricata) sightings from citizen-scientists using a new geographic
information systems web map and smartphone application, and then calculated home ranges of
individual turtles to gain insights into hawksbill movements within a marine protected area in
Roatán, Honduras. We found that 3 of 4 individual turtles had home ranges of less than 1 km2

within the West Bay and West End zones of the marine protected area, whereas the fourth turtle
had a home range of 1.44 km2 that extended from West Bay to Sandy Bay. We also found
significantly more prey sponge in the West Bay and West End zones than in the Sandy Bay zone
and suggest the small home ranges of hawksbills in our study may be due to the abundance of prey
sponges within the Sandy Bay West End Marine Reserve. This study is the first to use citizen-
science data collected via web-based and smartphone geographic information systems software to
identify sea turtle home ranges. Our results correspond well to prior home range estimations
derived using very high frequency radio telemetry. Although we analyzed small-scale home ranges
for hawksbill sea turtles using citizen-based data, this method may potentially be applied around
the world to any animals with home ranges.

KEY WORDS. – conservation management; dive tourist mapping; nature applications; hawksbills

Individual animals do not necessarily exhibit large-

scale movements (to the extent of their occurrence) on a

regular basis, but instead constrain their movements to

smaller areas where they forage, rest, and avoid predators

(Powell 2000). These smaller areas are considered home

ranges (Burt 1943) and are a fundamental aspect of spatial

biology. Understanding animal home ranges can help

researchers develop conservation methods (Safi et al.

2007), understand individual movements (van Dam and

Diez 1998), locate invasive species (Harrington and

Macdonald 2008), and protect populations (Kramer and

Chapman 1999). Deriving robust estimates of home ranges

typically require animal sightings or locations that are

usually obtained via biotelemetry (Gubbins 2002; Cooke

2008). These telemetry data are usually collected directly

by scientists; however, some researchers have used citizen-

scientists (individuals of the public who are opportunis-

tically involved in scientific data collection [Bonney et al.

2009; Silverton 2009]) to help log animal sightings

(Aguilar-Perera et al. 2012).

Animal sightings collected by citizen-scientists may

help researchers understand the geographic extent of

invasive species or assist in spatial decision-making

processes for the protection of animal habitats. Whereas

some studies have utilized hand-written global positioning

system (GPS) coordinates (Lunney et al. 2000; Aguilar-

Perera et al. 2012), other studies such as those by Azzurro

et al. (2013) and van der Wal et al. (2015) utilized web-

based data collection methods, allowing citizen-scientists

to upload their own information on animal sightings.

These studies have, for example, helped researchers

understand how to manage invasive species and increase

conservation efforts (Knapp and Owens 2005; Cooke

2008; Anderson et al. 2017). Web-based interactive maps

allow users to query layers and are useful sources for

gathering information from citizen-scientists for use in

wildlife management decision-making. In another project,

researchers devised a method for identifying individual sea

turtles over periods of months and years through a web

map of citizen-based sea turtle sightings data (Baumbach



and Dunbar 2017). This trend of collecting data online or

through smartphone devices is quickly becoming a popular

method of data gathering that facilitates public contribu-

tions to scientific endeavors and, at the same time,

educates the public about the importance of ongoing

research (Newman et al. 2012; Land-Zandstra et al. 2016).

Few studies provide tourists with the opportunity to

directly record animal sightings into a geographic

information system (GIS). This is largely due to the

public’s lack of knowledge about how to work with GIS

technologies used by researchers and conservation man-

agers to map data and reveal spatial patterns (Rodgers and

Carr 1998). Additionally, the process of analyzing data for

spatial analyses can be complex and further complicated

by postcollection processes such as data storage, quality

control, and deciding which analysis methods to imple-

ment (Urbano et al. 2010). Although generally unknown to

the public at large, several GIS analytical tools are

available (Rodgers and Carr 1998; Calenge 2006; Halpin

et al. 2009; Fortin et al. 2012; Fujioka et al. 2014), yet

these often require high-cost software and/or significant

training, which preclude their use by nonscientists.

Nevertheless, researchers have requested aid from the

public to gather animal sightings on a more continual

basis. Public involvement in field research is a growing

opportunity to collect information on animals when

researchers are unable to be present in the field.

Recently, researchers have been engaging citizen-

scientists to help collect data using smartphones (Teacher

et al. 2013). Yet of the thousands of software applications

available from both major application vendors (Apple

AppStore� and Google Play Store�), as of 2015 only 33

were designed for nature-related, citizen-based data

collection (Jepson and Ladle 2015). Such applications

use built-in GPS capabilities in smartphones (despite low

accuracy) to record approximate sightings locations, which

are then uploaded to the cloud or a server for storage.

Citizen-science projects using smartphones can provide

data that are useful for projects such as mapping marine

litter (Jambeck and Johnsen 2015), mapping invasive

species (Adriaens et al. 2015; Wallace et al. 2016), and

tracking animal sightings (Sequeira et al. 2014; Stelle and

King 2014). Such studies utilize both web maps and

smartphone applications to maximize the number of

methods through which citizen-scientists can upload data.

Several sea turtle species provide opportunities to

identify home ranges using citizen-based sightings due to

their fidelity to specific foraging sites that are accessible to

snorkelers and self-contained underwater breathing appa-

ratus (SCUBA) divers (León and Diez 1999; Schofield et

al. 2010). Sea turtles have been reported in almost every

ocean and sea around the globe. Until biotelemetric

advances in animal tracking, sea turtles were difficult to

track unless flipper-tagged at nesting beaches and visually

sighted by fishermen or community members in distant

locations (Carr 1984). Examples of biotelemetric tech-

niques include, but are not limited to, the use of satellite

(Schofield et al. 2010; Hawkes et al. 2011; Gaos et al.

2012), acoustic (Taquet et al. 2006; Fuentes et al. 2019),

and radiotracking (Berube et al. 2012).

Gaos et al. (2012) elucidated internesting movements

and foraging home ranges using satellite telemetry for

critically endangered eastern Pacific hawksbills (Eret-
mochelys imbricata). Schofield et al. (2010) and Hawkes

et al. (2011) used satellite telemetry to monitor loggerhead

(Caretta caretta) foraging home ranges over multiple

seasons and years to determine how habitat use changed

over these temporal scales. However, Cuevas et al. (2008)

determined that satellite telemetry may not be the most

appropriate method to determine small-scale movements

and should be replaced with radiotelemetry to more

accurately determine home range sizes. Acoustic tracking

to monitor sea turtles at small spatial scales, typically of

less than 1–2 km2, has successfully been used in several

studies (van Dam and Diez 1998; Scales et al. 2011;

Carrión-Cortez et al. 2013). In contrast, in a study using

both sonic and radio transmitters applied to green turtles in

the Gulf of California, Mexico, Seminoff et al. (2002)

found when food items are less concentrated in regions

where resident turtles are found, home ranges may be

larger because turtles travel greater distances to obtain

preferred food items than when these items are highly

abundant. In the case of hawksbills, sponge distribution

has been found to influence home range sizes (van Dam

and Diez 1998; Scales et al. 2011) and, therefore,

investigating abundance of preferred sponge prey species

within an area may improve our understanding of habitat

use within home ranges. Using radio transmitters alone to

analyze the home ranges of juvenile hawksbills in the Port

Royal region of Roatán, Honduras, Berube et al. (2012)

found that these turtles had a home range of less than 1

km2 and likewise suggested abundant sponge prey was

likely to influence home range size.

In many areas, sea turtles use habitats that overlap

areas used by tourists (Marcovaldi and Dei Marcovaldi

1999; Campbell and Smith 2006; Hayes et al. 2016),

offering excellent opportunities to harness citizen-based

sea turtle information. Baumbach and Dunbar (2017) used

a web map to aid citizen-scientist dive tourists in logging

sea turtle sightings data along with photographs and dive

log information through their web-based map of the island

of Roatán, Honduras. However, they recognized that not

all dive tourists have access to computers immediately

after diving, which hindered their involvement with data

provision. In response, the authors created a smartphone

application to facilitate logging post dive sea turtle

sightings, an advancement that has helped increase

citizen-based data provision.

Here we describe the development of a web-based

map system with smartphone data inputs, and we interpret

data generated from citizen-scientists to estimate sea turtle

home ranges. We used hawksbill sea turtles as a case study

to evaluate whether sightings collected by citizen-scien-

tists during a 3-yr period could provide comparable home
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ranges to previous studies. We also investigated whether

the abundance of sponge prey species influenced hawksbill

home range sizes within a marine protected area (MPA).

Through this study we promote new methods for citizen-

scientists to log data and upload photos of sea turtles using

GIS mapping and smartphone technologies.

METHODS

Study Site. — The island of Roatán lies approximately

60 km north of mainland Honduras with the protected

Sandy Bay West End Marine Reserve (SBWEMR),

located along 13 km of coastline on the western end of

the island. In an ongoing study, the SBWEMR has been

divided into the 3 general zones of West Bay (2.97 km2),

West End (2.99 km2), and Sandy Bay (2.83 km2) (Wright

et al. 2017; Fig. 1) and is surrounded by a barrier reef

immediately offshore that extends out approximately 92 m

to the reef crest at a depth of approximately 18 m.

Following the reef crest is a gradual descent for 2.2 km

before an abrupt drop to depths greater than 130 m (Hayes

et al. 2016). However, benthic variability exists in specific

areas of the West Bay and West End zones where sandy

areas lacking coral shelf and crest, slope to an abrupt drop-

off. The reef crest comprises a wide variety of substrates,

including hard corals, soft corals, and sponges, which host

a wide variety of marine life. This abundant biodiversity

attracts divers from around the world, with most dive

tourism occurring in the West Bay and West End zones

primarily from January to April and reaching peak dive

tourism in March (Hayes et al. 2016).

In-Water Sponge Counts. — We conducted in-water

transects to determine the abundance of barrel sponges

(Geodia neptuni) during approximately 70-min dives in

each of the 3 zones within the SBWEMR from June to

September of 2017 and from June to July of 2019. On

reaching the reef crest, the dive team, consisting of 2–4

divers, spread out in a line perpendicular to the reef slope.

Divers then swam in a straight line parallel to the slope

line (Fig. 2). During the first half of each dive (on the

outbound portion), 1 of 3 researchers counted each

sighting of G. neptuni along a straight-line, unmarked

Figure 1. Roatán is located approximately 57 km from the northern coast of Honduras and is the largest island within the Bay Islands
(inset map). The Sandy Bay West End Marine Reserve (SBWEMR) is located along the western portion of Roatán with the curved line
showing the entire 13 km length of the marine protected area.
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swim transect to the farthest extent of each dive. We chose

to survey this sponge because it is a main diet item for

juvenile hawksbills in the area of Roatán (Berube et al.

2012; Baumbach et al. 2015). To prevent double counts,

we did not count sponges during the inbound portion of

the dive. In some cases, sites had multiple counts done

over multiple dives, although swim line (position of the

counter in the dive line) and extent of swim transects were

random. We averaged sponge counts from sites with

multiple dives to provide an estimation of the number of

sponges for that dive site. Depths of transects were

variable depending on dive direction and bathymetry.

Final counts were tallied in Microsoft Excel (v. 16.11.1).

Zone areas in square kilometers were calculated in

ArcMap by measuring along the boundaries of each zone.

Web-Based Map Development and Application. —

We worked with 12 dive shops in Roatán that offer dive

expeditions for tourists multiple times each day, providing

many opportunities for sighting resident juvenile green

(Chelonia mydas) and hawksbill turtles due to their

residence within the SBWEMR. We provided sightings,

species ID, web map, and smartphone app training to dive

instructors who then, in turn, assisted dive tourists in

identifying sea turtle species and recording sightings.

Tourists could also receive additional species information

within our interactive web map. We previously designed a

web-based map for the island of Roatán (https://arcg.is/

1CamGy) during the summer of 2015 with the aim of

collecting sea turtle sightings from citizen-scientist dive

tourists from each of the 12 participating dive shops

(Baumbach and Dunbar 2017). A more detailed descrip-

tion of both the development and data input fields of the

Roatán web-based map can be found in Baumbach and

Dunbar (2017). Briefly, these include name, sea turtle

species, dive site, and depth sighted (for a full list see

Table 1). To input data immediately after diving, citizen-

scientists were asked to open the map hosted on the

Protective Turtle Ecology Center for Training, Outreach,

and Research, Inc. (ProTECTOR, Inc.) web site (www.

turtleprotector.org), scroll to the dive site they visited,

Figure 2. A depiction of an aerial view of the dive line during sponge transects. The sponge counter randomly selected a dive position,
then followed the reef slope, counting sponges on either the reef crest or reef slope relative to position within the dive line.

Table 1. A comparison of data fields between the Roatán web
map and the TURT smartphone application.

Web map TURT

Name Name
E-mail E-mail
Turtle species Turtle species
Turtle gender Turtle gender
Approximate size Approximate size
Depth Depth
Time of day Time of day
Weather conditions Weather conditions
Visibility Visibility
Date Date
Dive site Dive site
Beach name Beach name
Brief notes Brief notes
Photos country

Turtle record type
Turtle product photos
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choose the turtle species, and place an icon at the dive site

where the turtle was sighted. Once the turtle icon was

placed, a pop-up box appeared asking for metadata such as

name, e-mail, date, weather conditions, and turtle gender.

We specified how to upload photos in the instructions on

the map and explained that photos were required for us to

verify turtle species. To determine an average distance

error for citizen-based turtle sightings, we also measured

the straight-line distance between 20 different dive sites

within the West Bay and West End zones and calculated a

mean and standard deviation.

Smartphone Application Development. — We devel-

oped a smartphone application, called Turtles Uniting

Researchers and Tourists (TURT), using Esri’s AppStudio

for Desktop (ver. 3.3.110), accompanied by Qt Creator (v.

5.12.1) to provide citizen-scientists access to a global map

on which they are able to log sea turtle sightings anywhere

in the world. In collaboration with the AppStudio for

ArcGIS developer team, we created a quick report

application on the AppStudio for ArcGIS web site that

provided the basic layout and structure of the application,

and then we imported it into AppStudio for Desktop.

TURT opens to a welcome page that prompts citizen-

scientists to log a new turtle sighting and then goes

through a series of pages where citizen-scientists select the

species of turtle seen as indicated by different colored sea

turtle icons, upload multiple photos or videos of a single

turtle, choose the dive site location where they saw the

turtle, and enter data into specific data fields. Fields for

name, e-mail, turtle record type (in-water sighting or turtle

product), country, date, and photo are required before

citizen-scientists are able to upload the turtle sighting

record. For citizen-scientists who may be logging sightings

in remote locations, we developed TURT to save reports in

an offline mode which can then be uploaded once

connected to Wi-Fi or satellites. TURT also has an

information button where citizen-scientists can view

sample photos of sea turtles for identification as well as

providing specifications about what data to upload within

the application. We custom-coded TURT with Qt Creator

to provide links in the confirmation page where citizen-

scientists view all currently logged turtle sightings based

on record type.

Sea Turtle Identification and Home Range Analy-
sis. — We collected sea turtle sightings from the Roatán

web-based map and TURT for individual turtles in the

SBWEMR that had 10 or more sightings. This minimum

number is appropriate as a low sighting number when

working with endangered species (Muths 2003; Silva et al.

2008). Individual turtles were previously tagged with

Inconel flipper tags (Style 681, National Brand and Tag

Company, USA), which were then used along with photo

ID to positively identify hawksbills (Dunbar et al. 2014).

Photos and scute patterns were analyzed in a computerized

photo identification program as described in Dunbar et al.

(2017) to identify individual turtles from a collection of

photos in the feature layers of each map. We then plotted

sightings data in ArcGIS Online on individual web

mapping applications, with each individual hawksbill

identified by its flipper-tag numbers. Individual hawksbill

sightings were then plotted on the map in 2-wk intervals

from July 2014 to December 2017 to determine distribu-

tion by dive site in the SBWEMR over time. Time series

maps of each turtle may be viewed at https://arcg.is/zvTqe

(BBQ150), https://arcg.is/09nWGe (BBQ260), https://

arcg.is/055fyK (BBQ205), and https://arcg.is/8yq9n

(BBQ346).

We used ArcMap (ver. 10.5) to map the same

individual turtles at different dive sites within the

SBWEMR, and then measured the distance between the

two farthest sightings along with the area of sightings for

each turtle. Maximum distance (km) between the two

farthest sightings was determined with the standard

measure tool in ArcMap. Home range area (km2) for each

hawksbill was calculated using minimum bounding

geometry with convex hull in ArcGIS Pro (ver. 2.1, Esri,

Redlands, CA). When home range area covered portions

of land, vertices were manually moved away from land

and followed the shoreline to more adequately depict a

potential area where hawksbills may be sighted. Finally,

we overlaid all individual home ranges to determine if

there was any overlap among turtles. We exported home

range maps in a JPEG format.

Statistical Analyses. — Because of sample distribu-

tion and nonnormal data, we analyzed sponge counts in the

SBWEMR using a Kruskal-Wallis H test in SPSS (IBM

2015) to determine if the number of sponges differed

among the West Bay, West End, and Sandy Bay sampling

areas. We then used a Mann-Whitney U-test for post hoc

pairwise comparisons. Additionally, we conducted Spear-

man correlations to determine if there were any significant

associations between home range size and several

variables such as sponge numbers, sea turtle size and

weight, and total data collection duration. Finally, we used

Wilcoxon signed rank tests to determine if there was any

significant variation among individual hawksbills in both

size and weight. Values are presented as means 6

standard deviations (SD).

RESULTS

We conducted a total of 42 transect sponge count

dives across all 3 zones (see Table 2 for dive counts per

zone). Zones were approximately equal to each other in

area (Table 2). We calculated the average distance error

between dive sites to be 170 6 88 m. Sponge counts

differed significantly among the 3 areas sampled

(v2
2 = 10.16, p = 0.006, g2 = 0.25). Counts during indi-

vidual transects yielded from 3 to 66 sponges for West Bay

(n = 15; 36 6 19), 1 to 65 sponges for West End (n = 19;

24 6 19), and 2 to 23 sponges for Sandy Bay (n = 8;

9 6 7) (Table 2). Post hoc pairwise comparisons showed

that West Bay (v2
1 = 9.04, p = 0.003, g2 = 0.41) and

West End (v2
1 = 4.30, p = 0.038, g2 = 0.17) had signif-
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icantly higher sponge counts compared with Sandy Bay,

although West Bay and West End did not differ

significantly from each other (v2
1 = 2.89, p = 0.089,

g2 = 0.088).

We identified 4 individual hawksbills (RMP T047,

RMP T048, RMP T077, RMP T078) that fit our mapping

criteria of 10 or more sightings from 2014 to 2017. No

turtle sightings were recorded in 2015. Turtle RMP T077

had 10 sightings records, meeting the minimum require-

ment for this study, whereas RMP T047 had the most

individual sightings with 20 records. RMP T048 and RMP

T078 fell between these values with 13 and 19 records,

respectively (Table 3; Fig. 3). Turtles within our study

ranged in size from 48.9 to 62.4 cm minimum curved

carapace length (CCLmin) and weights ranged from 14.2

to 28.6 kg (Table 3). Wilcoxon signed tests showed that

there was no difference in size or weight among

hawksbills (CCLmin = 57.68 6 6.35 cm, p = 0.12;

weight = 22.18 6 7.38 kg, p = 0.12).

Of the 4 turtle home ranges analyzed using citizen-

based sea turtle sightings, RMP T047 had the longest

maximum distance and largest area (max distance = 6.90

km, area = 1.44 km2), whereas RMP T048 showed the

shortest maximum distance (max distance = 1.87 km)

among all reported turtles. Although RMP T047 was

sighted at both ends of the SBWEMR, all other turtles had

a maximum sighting distance of less than 3.5 km. Home

ranges calculated from minimum bounding convex hulls

Table 2. Sponge counts of Geodia for the 3 zones within the Sandy Bay West End Marine Reserve. There are significantly more Geodia
within the West Bay and West End zones than in the Sandy Bay zone. A Mann-Whitney U-test was used to calculate p-values for
differences in sponge counts among the 3 zones.

Zones (area, km2) SBWEMR zone Dive site
Geodia

sponge count

Sponge counts
for each zone
(mean 6 SD)

Zone comparison
p-value

Z1 (2.97) West Bay Alice’s Wonderland 66
Black Rock 17
Blue Moonshine 44
Butchers Bank 23
Chloe’s Coral 16
Jumping Jack 50
Mandy’s Eel Garden 42
Punchers Paradise 29
Sea Quest 45
Sondra’s Surprise 3
Tabyana’s 10
Three Brothers 39
Turtle Crossing 44
West End Wall 65
Willie’s Wonder 66 36 6 19 0.089a

Z2 (2.99) West End Barman’s Choice 59
Bikini Bottom 22
Blue Channel 4
Canyon Reef 27
Dixie’s Place 50
El Aquario 15
Fish Den 18
Grape Escape 20
Halfmoon Bay Wall 65
Haller Deep 19
Happily Ever After 34
Hole In The Wall 27
Jolly Roger 6
Lighthouse 2
Ocean Grove 1
Overheat Reef 12
Robin’s Nest 7
The Wife 21
Vern’s Dropoff 52 24 6 19 0.003b

Z3 (2.83) Sandy Bay Bears Den 14
Déjà Vu 4
Four Sponges 4
Hole In The Wallet 23
Peter’s Place 5
Pillar Coral 11
Spooky Channel 5
Zach’s Patch 5 9 6 7 0.038c

a Value comparison between Z1 and Z2.
b Comparison between Z1 and Z3.
c Comparison between Z2 and Z3.
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ranged from 0.22 km2 (RMP T048) to 1.44 km2 (RMP

T047) with a mean of 0.68 6 0.55 km2 (Table 3; Fig. 3).

Spearman correlation showed no difference between home

range size and sponge numbers within each hawksbill’s

home range (q = 0.9, p = 0.083). Similarly, Spearman

rank tests showed no significant differences between home

range size and hawksbill size and weight (q = 0.8,

p = 0.33; q = 0.6, p = 0.41). Turtle sightings occurred

Table 3. A comparison of the maximum distance traveled and home range calculated through multiple convex hull for 4 individual
hawksbills within the Sandy Bay West End Marine Reserve. These data were calculated using turtle sightings uploaded by citizen-
scientists to either the Roatán web map or through the TURT smartphone application. CCLmin = minimum curved carapace length.

Turtle ID CCLmin (cm) Weight (kg) Tag no. n
Maximum distance

traveled (km) Home range (km2)a

RMP T048 57.1 17.6 BBQ260 13 1.87 0.22
RMP T077 48.9 14.2 BBQ346 10 2.33 0.34
RMP T078 62.3 28.6 BBQ205 19 3.46 0.70
RMP T047 62.4 28.3 BBQ150 20 6.90 1.44

a Home range was calculated using minimum bounding convex hulls.

Figure 3. Multiple convex hull home ranges for the hawksbills RMP T047 (A), RMP T078 (B), RMP T048 (C), and RMP T077 (D)
within the West Bay, West End, and Sandy Bay zones of the Sandy Bay West End Marine Reserve (SBWEMR).
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over periods ranging from 450 to 1123 d (Appendix 1), yet

Spearman correlation showed no difference between home

range size and total data collection duration (q = 0.6,

p = 0.41). Our analyses showed that all hawksbill home

ranges overlapped with each other (Fig. 4), with RMP

T047’s home range encompassing all other home ranges

and extending into the Sandy Bay zone. Therefore, RMP

T047 represented the largest percent overlap (100%) with

other turtles, whereas RMP T048 represented the smallest

percent overlap (15%) compared with RMP T047.

DISCUSSION

In this study, we demonstrated the successful use of

both web map and smartphone applications to estimate

hawksbill home ranges using citizen-based sightings data.

Our results indicated that hawksbills in the SBWEMR

typically had home ranges of less than 1 km2, with the

exception of one turtle that was seen once outside of the

West Bay and West End zones. These results are

consistent with previous studies that also found hawksbill

home ranges to be confined spatially (van Dam and Diez

1998; Scales et al. 2011; Berube et al. 2012). The current

study demonstrates that SBWEMR boundaries are suffi-

cient for the protection of the individual turtles studied.

However, we suggest some caution in the interpretation of

these results because dive tourists do not typically dive

outside the SBWEMR and, thus, are less likely to provide

turtle sightings from outside the protected area. This

conclusion is supported by similar studies in marine

protected areas, such as those by van Dam and Diez (1998)

and Scales et al. (2011), which identified juvenile

hawksbill home ranges that were within marine protected

areas. In contrast, an established marine protected area at

Punta Coyote, Costa Rica, was found to be insufficient by

not encompassing the entire extent of hawksbill home

ranges, which typically covered 0.6 km2 in that study

(Carrión-Cortez et al. 2013). Further population level

home range analyses may demonstrate either the suffi-

ciency or insufficiency of the SBWEMR for hawksbill

protection. If insufficient, marine reserve boundaries may

need to be reassessed by reserve conservation managers.

Similarly, Carrión-Cortez et al. (2013) recommended that

the protected area in Punta Coyote either be extended to

Figure 4. Hawksbill home range overlap analyzed with minimum bounding geometry convex hulls along with total sponge counts for
each zone within the Sandy Bay West End Marine Reserve (SBWEMR).
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cover the reef areas where hawksbills aggregated or that a

new marine protected area be created that encompassed the

identified home ranges for those turtles.

We discovered that the 4 hawksbill home ranges

within our study overlapped with each other to varying

extents within Zones 1 and 2 within the SBWEMR. This

overlap among individual hawksbills provides evidence

that the West Bay and West End zones provide abundant

and adequate sponge food items to accommodate shared

resources among hawksbills. RMP T047 utilized Zone 3 as

a part of its home range, yet no other hawksbill home

ranges overlapped within Zone 3, which may in part be

due to a lower abundance of adequate sponges in this area

of the reserve. Although utilizing different data collection

and analysis tools, several studies have also previously

reported a high degree of overlap in hawksbill home

ranges at each study site (van Dam and Diez 1998; Scales

et al. 2011; Berube et al. 2012; Carrión-Cortez et al. 2013),

suggesting that these sites have adequate food items and

are able to accommodate relatively large populations of

developing juvenile hawksbills (Scales et al. 2011). Our

results suggest that the small home ranges of hawksbills

concentrated within the West Bay and West End zones of

Roatán may likewise be due to a high relative abundance

of sponge food items in these zones, providing agreement

with previous investigations. Juvenile hawksbills in the

SBWEMR are resident (evidenced by resightings over

time as shown in Appendix 1) and, thus, may be restricting

their home ranges to areas with abundant quantities of

sponge in order to reduce foraging energy expenditure and

increase growth.

We found significant differences in the abundance of

sponge prey between West Bay and Sandy Bay as well as

between West End and Sandy Bay. The greater

abundance of sponges in West Bay and West End may

help explain the concentration of hawksbill home ranges

within Zones 1 and 2. However, there was no significant

difference between individual hawksbill home ranges and

sponge numbers within each home range throughout the

SBWEMR, although sponge numbers differed by zones

when analyzed independently. Even though hawksbills

with larger home ranges had access to more sponges

within their range, most of these sponges occurred within

West End and West Bay, with very few being counted in

Sandy Bay. Yet, hawksbills with smaller home ranges

still had access to large numbers of sponge within a

smaller area, suggesting that West Bay and West End

zones may provide optimal foraging conditions. In

contrast, RMP T047 was seen once in Sandy Bay where

there are few Geodia sponges and, thus, it is possible this

individual turtle had a larger home range than hawksbills

not seen utilizing the Sandy Bay zone in order to obtain

adequate food items. We find some agreement for this

conclusion in the study by Seminoff et al. (2002), who

used multiple convex polygons to demonstrate that green

turtles in Bahı́a de los Angeles, Mexico had large mean

home ranges of 16 km2 because algal patches were less

abundant, requiring turtles to move greater distances

among foraging patches.

Results from the current study suggest citizen-based

sea turtle sightings may be a useful method to estimate

home range areas. For example, juvenile hawksbills within

the SBWEMR have home ranges that spanned from 0.22

to 1.44 km2 and are similar, yet slightly larger, compared

with juvenile hawksbills along the southeastern end of

Roatán, which ranged from 0.15 to 0.55 km2 (Berube et al.

2012). This pattern of relatively small juvenile hawksbill

home ranges has also been noted elsewhere in the

Caribbean such as in Puerto Rico (van Dam and Diez

1998) and Belize (Scales et al. 2011). These studies

suggested that these small home ranges may have been due

to an abundance of high-quality food items in their study

sites. In agreement, we also suggest that small home

ranges within our study site may be due to an abundance

of high-quality food items, which may reduce foraging

competition between individuals and allow hawksbill

home ranges to overlap.

Data collected from citizen-scientists represent an

untapped source of sea turtle sightings. The SBWEMR is

visited by many dive tourists who typically write or

digitally store their dive information from their dive

computers and then date photographs of wildlife seen

during dives. From these citizen-based sightings we were

able to estimate the approximate home ranges of individual

hawksbills that could later be verified through more-

precise biotelemetry tracking techniques, or vice versa.

Some scientists have expressed concerns about the quality

of data uploaded by citizen-scientists, stating that citizen-

scientists are untrained and lack the knowledge to upload

data of similar quality to that of trained scientists (Alabri

and Hunter 2010). However, Williams et al. (2015) found

information from tourist dive logs to be useful and reliable,

as did Goffredo et al. (2010), who found data logged by

dive tourists were as adequate as those of a trained marine

biologist. In this study, we relied on citizen-scientists to

log sea turtle sightings within an average of 170 6 88 m

of the dive site buoy. Adequate and reliable data collected

from citizen-scientists, such as simple sightings and

location data, can provide information over multiple years,

especially when scientists are unable to be in the field.

Nevertheless, the design of web maps or smartphone

applications to facilitate citizen-based data uploads should

be educational and simple to use (Newman et al. 2010).

We have integrated this approach by providing the

necessary fields for citizen-scientists to populate, along

with the presence of an information button that provides

links to assist in identifying turtle species on both the

smartphone application and web map.

Although we have applied a user-friendly approach to

logging citizen-based sightings data, as suggested by

Newman et al. (2010), user frequency for logging sea

turtle sightings on the web map and smartphone

application remains relatively low. One way to address

this is to perhaps display banners with quick response
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(QR) codes in supporting dive shops that describe the

uploading process to encourage more visitors to use TURT

and our Roatán web map. Dive tourists are able to take

photos of these banners and later log sea turtle sightings at

their convenience. However, the drawback in this

approach is the introduction of recollection error and, as

with many citizen-based input processes, the potential for

loss of interest to participate with increasing time after the

sighting event.

GIS can provide citizen-scientists with the ability to

aid researchers in logging data to identify movement

patterns from any animal at local and international scales

in order to improve conservation efforts (Lunney et al.

2000; Lee et al. 2006; Newman et al. 2010; Wood et al.

2011; Catlin-Groves 2012). Thus, GIS remains a powerful

tool that can be used to identify a variety of patterns to

help wildlife managers understand how to better manage

protected areas locally and work internationally in cases of

highly migratory species (Blumenthal et al. 2006).

Although other studies have used similar approaches with

whale sharks (Rhincodon typus) (Holmberg et al. 2009),

manta rays (Manta alfredi) (Jaine et al. 2012), and sharks

(Carcharhinus amblyrhynchos) (Vianna et al. 2014), to

our knowledge, this is the first study to develop a citizen-

science approach for identifying home ranges of sea

turtles. We recommend citizen-based data can be integrat-

ed with new GIS technologies as a beneficial method for

determining animal movements and home range sizes that

may be applied in any location around the globe.
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Appendix 1. Date distribution between citizen-based sightings for each of the 4 hawksbills analyzed in this study.

Turtle RMP T048 Turtle RMP T077 Turtle RMP T078 Turtle RMP T047

Date
(mo/d/yr)

Date
(mo/d/yr)

No. of
days

Date
(mo/d/yr)

Date
(mo/d/yr)

No. of
days

Date
(mo/d/yr)

Date
(mo/d/yr)

No. of
days

Date
(mo/d/yr)

Date
(mo/d/yr)

No. of
days

8/4/14 8/27/14 23 6/29/16 7/24/16 26 9/1/14 7/5/16 674 7/30/14 7/30/14 0
8/27/14 6/30/16 674 7/24/16 9/24/16 63 7/5/16 7/22/16 18 7/30/14 7/30/14 0
6/30/16 7/14/16 15 9/24/16 10/6/16 13 7/22/16 7/24/16 2 7/30/14 6/29/16 701
7/14/16 8/26/16 44 10/6//16 2/18/17 136 7/24/16 8/23/16 31 6/29/16 7/5/16 7
8/26/16 8/30/16 4 2/18/17 2/19/17 1 8/23/16 9/12/16 21 7/5/16 7/28/16 24
8/30/16 9/20/16 22 2/19/17 3/23/17 33 9/12/16 9/13/16 1 7/28/16 8/7/16 11
9/20/16 11/1/16 43 3/23/17 6/26/17 96 9/13/16 9/26/16 14 8/7/16 8/10/16 3
11/1/16 1/26/17 87 6/26/17 6/30/17 4 9/26/16 10/21/16 26 8/10/16 8/14/16 4
1/26/17 2/15/17 21 6/30/17 9/15/17 78 10/21/16 12/17/16 58 8/14/16 8/29/16 16
2/15/17 2/19/17 4 12/17/16 12/22/16 6 8/29/16 9/13/16 16
2/19/17 3/29/17 39 12/22/16 12/24/16 2 9/13/16 9/19/16 6
3/29/17 7/14/17 108 12/24/16 12/26/16 2 9/19/16 11/1/16 44

12/26/16 12/29/16 3 11/1/16 11/2/16 1
12/29/16 1/6/17 9 11/2/16 12/27/16 56
1/6/17 1/15/17 10 12/27/16 1/20/17 35

1/15/17 2/16/17 33 1/20/17 2/4/17 16
2/16/17 6/25/17 130 2/4/17 3/27/17 52
6/25/17 9/15/17 83 3/27/17 3/29/17 2

3/29/17 7/17/17 111
Total 1084 450 1123 1105
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