a' frontiers ‘ Frontiers in Cell and Developmental Biology

’ @ Check for updates

OPEN ACCESS

EDITED BY
Daniel Loic Pouliquen,
Inserm UMR 1307 (CRCI2NA), ICO., France

REVIEWED BY
Fernando Alberto Mufioz,

Autonomous University of San Luis Potosi,
Mexico

Ricardo Lucena,

Federal University of Paraiba, Brazil

*CORRESPONDENCE
David J. Duffy,
duffy@whitney.ufl.edu

These authors have contributed equally to
this work

RECEIVED 07 June 2024
ACCEPTED 08 August 2024
PUBLISHED 22 August 2024

CITATION

Whilde J, Mashkour N, Koda SA, Eastman CB,
Thompson D, Burkhalter B, Frandsen HR,
Page A, Blackburn NB, Jones K, Ariel E,
Dupont SM, Wood L and Duffy DJ (2024)
International overview of sea turtle
fibropapillomatosis: a survey of expert opinions
and trends.

Front. Cell Dev. Biol. 12:1445438.

doi: 10.3389/fcell.2024.1445438

COPYRIGHT

© 2024 Whilde, Mashkour, Koda, Eastman,
Thompson, Burkhalter, Frandsen, Page,
Blackburn, Jones, Ariel, Dupont, Wood and
Duffy. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Cell and Developmental Biology

TvpE Original Research
PUBLISHED 22 August 2024
Dol 10.3389/fcell.2024.1445438

International overview of sea
turtle fibropapillomatosis: a
survey of expert opinions and
trends

Jenny Whilde'!, Narges Mashkour®, Samantha A. Koda?,
Catherine B. Eastman?, Drew Thompson?, Brooke Burkhalter?,
Hilary R. Frandsen?, Annie Page?, Nicholas B. Blackburn?,
Karina Jones>, Ellen Ariel®, Sophie M. Dupont”?,

Lawrence Wood® and David J. Duffy*°*

'Whitney Laboratory for Marine Bioscience and Sea Turtle Hospital, University of Florida, St Augustine, FL,
United States, ?National Park Service, Division of Sea Turtle Science and Recovery, Padre Island National
Seashore, Corpus Christi, TX, United States, *Harbor Branch Oceanographic Institute, Florida Atlantic
University, Fort Pierce, FL, United States, “Menzies Institute for Medical Research, University of Tasmania,
Hobart, TAS, Australia, *School of Veterinary Medicine, Murdoch University, Perth, WA, Australia, °College
of Public Health, Medical and Veterinary Sciences, James Cook University, Townsville, QLD, Australia,
’BOREA Research Unit, Laboratoire de Biologie des Organismes et des Ecosystemes Aquatiques, UMR
8067, MNHN, CNRS, SU, IRD 207, UCN, UA, Station de Recherche Marine de Martinique, Les Anses
d'Arlet, France, ®Littoral Environnement et Sociétés (LIENSs), UMR 7266, CNRS, La Rochelle Université, La
Rochelle, France, °Florida Hawksbill Project, National Save The Sea Turtle Foundation, Ft. Lauderdale, FL,
United States, *°’Department of Biology, College of Liberal Arts and Sciences, University of Florida,
Gainesuville, FL, United States

Introduction: Marine environments offer a wealth of opportunities to improve
understanding and treatment options for cancers, through insights into a range of
fields from drug discovery to mechanistic insights. By applying One Health
principles the knowledge obtained can benefit both human and animal
populations, including marine species suffering from cancer. One such
species is green sea turtles (Chelonia mydas), which are under threat from
fibropapillomatosis (FP), an epizootic tumor disease (animal epidemic) that
continues to spread and increase in prevalence globally. In order to effectively
address this epizootic, a more thorough understanding is required of the
prevalence of the disease and the approaches to treating afflicted turtles.

Methods: To identify knowledge gaps and assess future needs, we conducted a
survey of sea turtle FP experts. The survey consisted of 47 questions designed to
assess general perceptions of FP, the areas where more information is needed,
local FP trends, the disease status, and mitigation needs, and was voluntarily
completed by 44 experts across a broad geographic range.

Results: Over 70% of respondents both recognized FP as a cancerous panzootic
disease, and reported that FP is increasing in prevalence. They report several
factors contributing to this increase. Nearly all of the respondents reported that
FP research, patient treatment and rehabilitation required more funding in their
area, and reported inadequate facilities and capacity for dealing with FP patients.
Treatment approaches varied: just over 70% of the medical experts that
responded surgically remove FP tumors, either using laser or scalpel. Just
under half of respondents use anti-cancer drugs in their treatment of FP.
Internal tumors were reported as justification for euthanasia by 61.5% of
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respondents, and 30.8% reported severe external tumors to be sufficient grounds
for euthanasia. Most medical respondents (93.3%) routinely perform necropsy on
deceased or euthanized FP-afflicted turtles. Over 80% of respondents considered
large-scale multidisciplinary collaboration ‘extremely important’ for advancing the

field of FP research.

Discussion: The survey responses provide a valuable insight into the current status
of FP in sea turtles, FP treatment, rehabilitation and research, and help to identify
critical FP-related areas most in need of attention.

KEYWORDS

One Health, marine cancer, international survey, pathogen induced cancer, environmental
tumor drivers, conservation biology, sea turtle rehabilitation

Introduction

The ocean can provide novel anti-cancer therapeutics, insights
into naturally occurring cancers, and understanding of the complex
interplay between environmental and viral triggers of tumor
development (Duffy and Martindale, 2019; Saboti¢ et al., 2024).
Taking a One Health perspective can simultaneously increase our
understanding of and ability to treat both human and animal
cancers (Zinsstag, 2012; Whilde et al,, 2017; Luki¢ Bilela et al.,
2023). One Health ‘recognizes that the health of humans, animals
and ecosystems is intimately connected and involves a coordinated,
collaborative, interdisciplinary and cross-sectoral approach to
addressing a wide range of risks at the animal-human-ecosystem
interface’ (Zinsstag, 2012). Sea turtles are long-lived vertebrates
exposed to multiple oceanic habitats, so they offer valuable
insights into marine exposures and mechanisms promoting
tumorigenesis  (Duffy and Martindale, 2019; Duffy and
Burkhalter, 2020). Sea turtles are categorized by the ITUCN on a
spectrum of vulnerable to critically endangered (IUCN, 2021), and
are subject to multiple anthropogenic and environmental pressures
(Casale et al., 2010; Casale et al., 2015; Duncan et al., 2017; Aguilera
et al., 2018; Wilcox et al., 2018; Mashkour et al., 2020; Yaghmour,
2020). Moreover, in some regions there is an extra challenge to their
survival: the neoplastic disease fibropapillomatosis (FP). FP is a
debilitating disease that afflicts all seven species of sea turtles (Jones
et al, 2016), with a higher prevalence in green turtles (Chelonia
mydas) (Dujon et al, 2021a). The disease has reached epizootic
status in some populations of green turtles (e.g., Florida,
United States) (Yetsko et al., 2020) and continues to spread to
regions where it has not been reported before (Reséndiz et al., 2016;
Martins et al., 2020; Frandsen et al., 2021; Loganathan et al., 2021;
Gattamorta et al., 2022; Roost et al., 2022; Robben et al., 2023).

Fibroepithelial FP tumors are formed on the soft external tissues
and occasionally on the carapaces and plastrons (upper and lower
shell) of sea turtles. External tumors can vary in size and distribution
(Figure 1A). Higher burdens of tumors can significantly impede
locomotion, foraging ability, vision, and predator evasion (Jones
et al,, 2016). When they occur internally, fibroma FP tumors affect
the vital functions and survival of sea turtles. Internal tumors are
frequently observed in lungs, kidneys, and livers, and, to a lesser
extent, bladders, mouths and bones (Herbst, 1994; Herbst et al,,
1999; Farrell et al.,, 2021; Yetsko et al., 2021).

Juvenile turtles are at higher risk of developing FP when they
enter neritic foraging areas after completing their pelagic life stage
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(Patricio et al., 2016; Page-Karjian et al, 2021), due to the
infectious nature of the disease, dietary shifts associated with
this life-stage change, and/or proximity to near-shore
contaminants from anthropogenic activity. To date, at least one
virus, chelonid alphaherpesvirus 5 (ChHV5), has been strongly
associated with FP while other viruses such as C. mydas
papillomavirus 1 (CmPV1), retrovirus and sea turtle tornovirus
1 (STTV1) have been found in tumor tissues of green turtles with
no clear association to disease development, pattern, and severity
(Casey et al., 1997; Lackovich et al., 1999; Lu et al., 2000; Ariel et al.,
2017; Mashkour et al., 2018; Morrison et al., 2018; Mejia-Radillo
et al, 2019; Page-Karjian et al., 2020; Mashkour et al,, 2021;
Whitmore et al, 2021; 2021).

manifestation is likely to be multifactorial, as the presence of

Zamana et al, Disease
ChHV5 alone is not linked with tumor formation, and recovery
and regression are possible in some cases (Hirama and Ehrhart,
2007; Guimardes et al., 2013; Patricio et al., 2016; Duffy et al., 2018;
Blackburn et al, 2021; Farrell et al, 2021). Anthropogenic
stressors, environmental pollutants, immunosuppression and
genetic predisposition are suggested as co-factors in tumor
growth and disease prevalence (Jones et al., 2016; Yetsko et al,
2021). Researchers have focused on various aspects of FP, from
causal agents and prevention to rehabilitation and population
dynamics after release (Jones et al, 2016; Chaves et al.,, 2017;
Dujon et al.,, 2021a; Frandsen et al., 2021; Mashkour et al., 2021;
Whitmore et al., 2021; Jones et al., 2022; Roost et al., 2022). The use
of novel oncology techniques has also been reported in combatting
FP (Brunner et al., 2014; Duffy et al.,, 2018; Donnelly et al., 2019;
Blackburn et al.,, 2021; Oria et al., 2021).

Overall, the complexity of the disease puts pressure on
conservation efforts. In some areas, stranded turtles are treated
with laser surgery to excise external tumors. If the tumor burden is
high, or internal tumors are detected, the animal will be euthanized.
Currently, euthanasia is commonly utilized for sea turtles with
internal tumors. The hard outer shell of sea turtles prevents
surgical access, and, as no other treatments exist yet, internal
There is
international policy for determining when to operate on turtles

tumors are generally inoperable. no universal
with FP, and decisions are made by local veterinarians on a case-by-
case basis depending on the FP burden of the turtle. Existing FP
tumor scoring systems have been suggested to be utilized to aid
treatment decisions (Page-Karjian et al., 2019; Stacy et al., 2019). As
the disease continues to emerge in new regions, questions of risk and

management remain largely unanswered.
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Sea turtle expertise:
= Sea turtle researcher
* Sea turtle conservationist
* Program of Facility manager
u Veterinary or husbandry
* Public awareness or engagement

@ Widespread
© Few occurrences
@ Extent not recorded

Cc Which of the following options best reflect your expertise related to FP?
Respondents could select more than one option, i.e. all that apply

= Sea turtle researcher
= Program or facility manager

= Public awareness or engagement
= Sea turtle conservationist

Veterinary or Husbandry

FIGURE 1
(A) Left: FP-afflicted green sea turtle patient at the University of Florida Whitney Laboratory for Marine Bioscience and Sea Turtle Hospital. Patient

stranded with monofilament entanglement and severe FP tumor burden, including advanced eye tumors. Center: The lungs of a deceased green sea
turtle patient at the UF Whitney Lab Sea Turtle Hospital, with multiple internal tumors present in both lobes. Right: FP-afflicted sea turtle on a beach in
Maui, Hawai'i. Image: Matt Belonick, 2022. (B) Global map of the geographic location of respondents. Pie charts indicate the location and sea turtle

expertise area of respondents. Chart sizes are proportional in size to the number of respondents from that location. Inset map: locations where sea turtle
FP has been reported, data from CABI: https://www.cabi.org/isc/datasheet/82638#toDistributionMaps. CABl map is licensed under a Creative Commons
Attribution-NonCommercial-ShareAlike 3.0 Unported License. (C) Pie chart showing the self-reported sea turtle expertise area of each respondent.
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In October 2021, a 2-day international symposium on sea
turtle FP research was hosted virtually via Zoom by the
University of Florida Whitney Laboratory for Marine
Bioscience and Sea Turtle Hospital in St. Augustine, Florida.
In total, 148 researchers, veterinarians, rehabilitation facility
managers, conservationists and stakeholders attended the
symposium over the 2-day period. Twenty experts presented
their findings orally and shared their knowledge with the
audience on different aspects of FP in sea turtles. To further
inform the scientific community we conducted an FP-focused
online survey which was voluntarily completed by symposium
attendees who self-identified as FP experts. The responses to the
survey questions were analyzed and are reported here in hopes of
identifying FP trends and defining the critical FP-related research

and rehabilitation areas most in need of attention.

Methods

A total of 47 questions were formulated to assess general
perceptions of FP and the areas where more information is
needed. The questionnaire was designed based on published
literature and discussions with experts in the field. The questions
encompassed current local FP trends, the possibility of updating the
disease status, and mitigation needs. Sixteen questions were
designed exclusively for veterinarians, veterinary technicians and
assistants, husbandry staff, and rehabilitation managers to collect
information on the various approaches to FP treatment.

The questions were presented online via the Survey Monkey
platform and the symposium
attendees received Mailchimp notifications with a link to

(www.surveymonkey.com)

respond to the questions after they consented to participate.
Attendees were informed of the project goals and the
participation conditions during the symposium via both oral
and written communication.

Responses were collected anonymously; however, to be informed
of regional opinions and decisions, the respondents were asked to
voluntarily identify their countries and regions. Their area of expertise
or their field was also requested. When possible, the questions were
open-ended to avoid funneling responses towards a particular answer.
To deter any bias introduced by the question format, a comment
section was provided in case the given numerical values or multiple-
choice answers to the questions were not suitable or applicable.
Respondents could also leave answers blank if they were not
applicable.

The first section of the survey aimed to obtain information on
the current incidences of FP and the treatment, management, and
conservation options that are implemented in the respondents’
areas. Respondents were asked to define the species present in
their area and whether they had encountered turtles afflicted
with FP. They were then asked to rate the known threats to sea
turtles and to specifically rank the severity of the threat of FP to sea
turtle conservation. The co-factors of FP which have been reported
or suggested in the scientific FP literature were presented to the
respondents to investigate their opinion of the relevance of these co-
factors. The second survey section focused on research priorities and
the impediments to achieving important FP research goals. The
third section of the survey gathered information on FP treatments,
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rehabilitation, and research activities that are currently taking place
in respondents’ facilities or institutions in their regions. Finally, the
fourth section was available exclusively for veterinary, rehabilitation,
rescue and husbandry experts, as this section focused on
respondents’ opinions on rehabilitation and treatment
procedures. Respondents with medical expertise were asked
questions about their rehabilitation facilities, treatment plans,
equipment, recovery rates, and decision-making processes for

releasing or euthanizing FP-afflicted turtles.

Results
Respondent profile

Of the 148 symposium participants, 44 experts voluntarily
participated in this survey. The response rate varied by question
and ranged from 84% to 97%. Participation was circum-global,
representing the majority of the locations where FP has been
reported in sea turtles (Figure 1B). Respondents categorized
themselves as researchers (72.1%), conservationists (34.9%),
(20.9%),
husbandry staff (25.6%) and public awareness or engagement
professionals (23.3%) (Figure 1C). Note that the total percentage
is 176.8% as respondents could select all descriptions that applied to

program or facility managers veterinarians and

them (e.g., a respondent could be both a veterinarian and a
researcher).

of 44
United States, with 40% of respondents working in Florida,

Twenty-four out respondents were from the
United States. This was expected, as the symposium was hosted
in Florida, which is a hotspot for FP (Jones et al., 2016; Yetsko et al.,
2021). The first reported case of FP in the scientific literature was in
the Florida Keys in 1938 (Smith and Coates, 1938), with anecdotal
reports of FP occurring at low prevalence in Florida from the early
1800s (Cruz, 1985). The countries and regions where respondents
stated they work/research are, in alphabetical order, Australia,
Bahamas, Costa Rica, France, Kenya, Malaysia, Maldives, Mexico,
Nicaragua, Panama, Philippines, Saint Barthelemy and Saint
Martin, United States of America, All Bermuda Parishes, All of
Maldives, Baja California Sur, Bermuda, Bocas Del Toro,
Florida,

Territories, Guam, Gulf of Mexico, Hawaii, Kimberley, La Paz -

Caribbean coast, Florida North, France Overseas
Baja California Sur, Malindi, Mississippi, Northeastern Gulf of
Mexico, Oceania and China Regions, Oman, Philippines - the
whole country, (main focus Region 4,5 and 7), Queensland, Sabah,
Seychelles, Shark Bay - north through Pilbara, Sinaloa, South
Carolina, Southern Kenya, Texas, Tortuguero, Veracruz,
Watamu, Western Australia, and “Work in multiple countries”.
The most abundant species in the areas where the respondents
work are green turtles, followed by loggerheads (Caretta caretta)
and  hawksbills 2A).
Fibropapillomatosis was observed by respondents in all species
of sea turtles except flatback turtles (Natator depressus), with 100%
of respondents reporting observations of green turtles with FP

(Eretmochelys  imbricata)  (Figure

tumors (Figure 2B). Observations of FP in all seven sea turtle
species have been reported in the scientific literature, but green
turtles are the most frequently afflicted and reported (Hargrove
et al., 2016; Jones et al., 2016).
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Sea turtle species present in B Sea turtle species that respondents have
respondent’s location personally observed with FP tumors
Green turtles (C. mydas) | Green turtles (C. mydas) |
Loggerhead (C. caretta) ] Loggerhead (C. caretta) NN
Hawksbill (E. imbricata) ] Kemp’s ridley (L. kempii) [N
Leatherback (D. coriacea) ] Olive ridley (L. olivacea) N
Kemp’s ridley (L. kempii) ] Hawksbill (E. imbricata) I
Olive ridley (L. olivacea) ] Leatherback (D. coriacea) J]
Flatback (N. depressus) T Flatback (N. depressus)
0.00% 20.00% 40.00% 60.00% 80.00% 100.00% 0.00% 20.00% 40.00% 60.00% 80.00% 100.00%
C In your opinion, how great of a threat to

sea turtle conservation is FP?

40%

35%
30%
25%
20%
15%
10%

5%

0%

No threat Slight Moderate  Strong A major

Percentage

threat threat threat threat
D How would you rate each of the other following potential threats to sea turtle
conservation?

Marine pollution

Climate change

Fisheries by-catch

C.A.N.B.D*

FP

Plastic ingestion

Human harvest

Vessel strikes

Disease (non-FP)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

Ono threat @slight threat O moderate threat Ostrong threat @major threat

*C.A.N.B.D: Coastal armoring and nesting beach development

FIGURE 2

(A) Percentage of respondents reporting the presence of each sea turtle species present in their location. (B) Percentage of respondents that
reported personally observing FP tumors in each sea turtle species. (C) Percentage of respondents that consider FP to be no threat, slight threat,
moderate threat, strong threat or a major threat to sea turtle conservation. (D) Proportion of respondents that consider potential threats to sea turtle
conservation to be no threat, slight threat, moderate threat, strong threat or a major threat.
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A B
Do you consider FP to be a panzootic The prevalence (population level) of FP
or epizootic disease event? in your region is:

4.65%
Decreasing

= Other = Increasing

= Staying the same

= Epizootic i
= Decreasing

= Panzootic

Estimate of the percentage of each turtle species afflicted with FP in respondents’ region

Green turtle
Flatback
Percentage of population
Olive ridley FP-afflicted (range):
K s ridl m0-25%
emp’s ridley 526-50%
Hawksbill 051-75%
. )
Leatherback w76-100%
Loggerhead
0% 20% 40% 60% 80% 100%
Percentage of respondents selecting each option
D The FP tumor burden per E Inyour opinion, in your area FP-afflicted sea
individual in your region is: turtles should be:

80% 73.81%

w B o (=2} ~
L 8 8 8 2
R R R RR

= Increasing
19.05%
20%

-

Rehabilitated No action taken Culled

= Decreasing
= Staying the same

Percentage of respondents

2.38%

FIGURE 3

(A) Percentage of respondents that consider FP to be a panzootic or epizootic disease event. (B) Percentage of respondents that consider the
prevalence of FP in their region to be increasing, staying the same, or decreasing. (C) Estimated percentage of each sea turtle species afflicted with FP in
the respondent's region. (D) Percentage of respondents that consider the FP tumor burden per individual in their area to be increasing, staying the same,
or decreasing. (E) Percentage of respondents that think that FP-afflicted sea turtle should be rehabilitated, culled or no action taken.

The threat of FP to sea turtle conservation major threat (the highest threat level option) (Figure 2C). Of the
nine threats to sea turtle conservation that were assessed, three were

All expert respondents believed that FP poses a threat to sea  identified as major threats by over 50% of respondents (Figure 2D).
turtle conservation, with 34.9% of respondents considering ittobea  These three threats in order of most severe were: Marine Pollution,
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A B

Do you consider FP to be cancerous?

=Yes
® No

Do you consider the following to be important

factors in FP tumor formation?

95.45%

95.24%

100%

BYes BNo

80%

60%

40%

20%

Percentage of respondents

0%

Virus Host immune status Host genetics

Do you believe that the environmental driver of FP in your area is:

(could select more than one)

Ultraviolet light exposure

Toxic phytoplanktonic blooms
Other (please specify)

The presence of mechanical vectors
Sea surface temperature

Eutrophication (nutrient run-off)

Pollution (run-off, wastewater, leeching,
disposal at sea etc.)

13.95%

16.28%

“Other”:

-Not yet known

-Increasing population numbers
-Stress / food availability
-Combination of factors
-Reduced connection/circulation

27.91% : -
-Human in-water activity

37.21%
46.51%
51.16%

81.40%

0%

10% 20% 30% 40% 50% 60% 70% 80% 90%

Percentage of respondents selecting each option

FIGURE 4

(A) Percentage of respondents that consider FP to be cancerous or non-cancerous. (B) Percentage of respondents that consider viruses, host
immune status and host genetics to be important factors in FP tumor formation. (C) Factors that respondents believe are environmental drivers of FP in

their area.

Climate Change and Fisheries By-catch. A further three threats were
considered to be major threats by over a third of respondents:
Coastal Armoring and Nesting Beach Development, FP, and Plastic
Ingestion (Figure 2D). These threats are not mutually exclusive but
can be interrelated or have additive, or even negatively synergistic
effects. For example, climate change and marine pollution are
believed to exacerbate human and wildlife disease, likely
including FP which has environmental co-triggers.

Over 74% of expert respondents consider FP to be a panzootic
(Figure 3A) - an animal pandemic that occurs in a widespread outbreak
among a large number of animals, usually affecting more than one
species. Seventy-two percent of respondents reported FP to be
increasing in their region, with only 5% reporting a decrease and
23% remaining steady (Figure 3B). Reflecting the current literature, only
green turtles were reported to have more than 25% FP prevalence in any
region (Figure 3C). Nearly 12% of respondents reported that 51%-75%
of the green turtles were afflicted by FP in their region, while 9.5% of
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respondents reported that over 76% of green turtles in their region were
FP-afflicted (Figure 3C). These estimates were primarily derived from
Stranding Data, In-water Data and Personal Observation, with each
respondent citing a mixture of data sources (Supplementary Figure
S1A). In the majority of regions, the prevalence of FP at the population
level was reported as increasing (Figure 3B), as was the tumor burden
experienced by each individual turtle (52.4%) (Figure 3D). Only 2.4% of
respondents reported a decrease in individual tumor burdens, while
45.2% reported static tumor burdens.

Given the general increasing trend of FP in green turtles, we next
assessed regional differences in FP management. Over half (58.5%) of
respondents reported that, in their region, rehabilitation of FP-afflicted
sea turtles was carried out, 34.2% reported that currently no action is
taken in relation to FP turtles, and 7.3% reported that sea turtles
stranded with FP are culled. The course of action that respondents
believed to be optimal for FP-afflicted sea turtles closely mirrored the
reported strategies currently in place in their region: 73.8% of
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A The primary source of FP research funding in your area is:
60%
‘g 48.72%
o . o
3 50%
c
8- 40%
m ‘0
o
s 30% 25.64%
[
=]
g 20%
12.82%
8 : 10.26%
5 10%
o 2.56%

0% i I
Government Charities (e.g. Other Public Philanthropy
support (e.g. grants, donations

grants ) donations)

Rank the following FP research priorities according to how much benefit you believe
each type of research will have on advancing the FP field

Behaviorstudies [ [ T I [ Onot a priority / no advancement
Histopathology studies [T I [ @slight priority / slight advancement
Cell culture/model organism studies | Gmoderate priority / moderate
Pollution/contaminant studies [T I | | advancement
Ostrong priority / strong
Veterinary treatment studies I | | advancement
. . . BEmajor priority / significant
Host genetic/genomic studies I | | advancement
Virology studies | | E—— Additional areas suggested:
. . . . -Immunology studies
Epidemiological studies || - A -
P 9 ! -Physiological studies
Transmission studies I | | -Establishing Koch's Postulates

-Bone tumors/tumor regression
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FIGURE 5
(A) Percentage of respondents that receive FP funding research from government support, charities, public donations, philanthropy or other source.

(B) Amount of benefit that respondents believe each type of research will have on advancing the FP field. (C) Amount of benefit that each type of
population-level information is considered to be for FP management practices

respondents believed rehabilitation should be conducted, 19.1%
believed that no action was necessary, and 7.1% believed animals
should be culled (Figure 3E). While rehabilitation was reported as

the most common response to FP, a further 36.9% of experts in regions
where rehabilitation is not conducted (an additional 15% of total
respondents) believe that rehabilitation should be applied.
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Causative factors of FP

The next set of questions focused on canvasing respondent’s
opinions on the nature of FP and its causative factors. The majority
of respondents (70%) consider FP to be a cancerous disease
(Figure 4A). Much of the historical FP literature mainly refers to
FP as a tumor disease, and prior to that as warts, but recent advances
in FP genomics and transcriptomics have shown that FP shares gene
expression changes and mutational profiles with human cancers,
with sea turtle FP oncogenic signaling being strikingly similar to
human pan-cancer oncogenic signalling (Duffy et al., 2018; Yetsko
et al., 2020; Blackburn et al., 2021; Yetsko et al., 2021). The
respondents’ understanding of FP reflects these recent advances
in FP research.

Respondents consider viral (95.2%), host immune status (95.5%)
and host genetic factors (67.5%) to be important for FP tumor
formation (Figure 4B). The majority of respondents (81.4%) believe
that pollution is the environmental driver of FP in their area,
followed by eutrophication (nutrient run-off, 51.1%) (Figure 4C).
Interestingly, all of the available options were selected by one or
more respondents, highlighting the current lack of definitive causal
of the disease’s

evidence and the multi-factorial nature

environmental cofactors (Figure 4C).

FP research, rehabilitation and
management: funding status and future
priorities

For 75.9% of respondents, the largest impediment to conducting
FP-related research is a lack of available funding. Regulatory
requirements, permits, low recapture rates, infrastructure and
training were also cited as impediments. When queried directly
whether FP research in their area received adequate funding, 94.9%
of experts reported that more funding is required, 5.1% reported
research funding levels to be adequate, and 0% reported that FP
research should receive less funding. Nearly half of respondents
(48.7%) reported that governmental support was the primary source
of FP funding in their area (Figure 5A). There were similar responses
from responders from low- and high-income countries, with 90.1%
and 84.4%, respectively stating that FP research requires
more funding.

For rehabilitation, funding was reported as an impediment by
only 21% of responders. Instead, a lack of facilities (non-existent or
inadequate capacity) or limited expertise was cited as an impediment
by 69.6% of respondents. However, when asked directly, 79.0% of
expert respondents reported that FP rehabilitation and treatment in
their area required more funding, with 15.8% reporting that it was
adequately funded and 5.3% reporting that it should receive less
funding. When responses were separated by low- and high-income
countries, 90.1% of respondents from low-income countries stated
that FP treatment and rehabilitation in their area requires more
funding. For high-income countries, this figure was 62.5%. The
primary defined source of rehabilitation funding is Philanthropy
(26.3%), followed closely by Public Donations (23.7%), and 15.8%
their
remaining 34.2%  of

reporting Governmental sources as
S1B). The

respondents selected Other, but over half of this number

primary funder

(Supplementary  Figure
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constituted respondents that reported no funding availability
in their area.

In the majority of respondents’ areas (78.4%) there is inadequate
capacity for FP rehabilitation and rescue. Only 13.5% of respondents
reported adequate capacity, while 8.1% reported their capacity as
being too high. Rates varied based on location: 90.1% of respondents
from low-income countries and 59.4% from high-income countries
stated that FP-specialized sea turtle rehabilitation and rescue
facilities in their area have too low capacity. On average, facilities
can accommodate and care for an average of nine turtles at any one
time (range = 0-50). A respondent from the Philippines reported
that no dedicated sea turtle medical facility exists in their area and
that rehabilitation is currently performed in private homes, in
government offices or gardens, or at dive centers, and expressed
concern about the inability to have rigorous biosecurity or safe
treatment under these conditions. Another respondent reported
dedicated facilities,

conjunction with local veterinary clinics. In general, 67% of sea

zero capacity at instead working in
turtle rehabilitation/rescue facilities reported that their capacity was
too low (90.1% for low-income countries; 50% for high-income
countries), 24.6% of respondents reported their general sea turtle
facilities had adequate capacity and 7.7% reported that their facility
capacity was too high.

Respondents cited insufficient knowledge as the main
FP-related  population
management strategies. This included basic knowledge about

impediment  to  implementing
the disease and its spread, and a lack of knowledge on the
overall FP status of local populations. The majority of
respondents believe that all research priority areas they were
asked about would be beneficial and advance the FP field of
study (Figure 5B). Of all research areas listed, transmission
studies were ranked as the area that should be a major priority
as it would provide significant advancement (47.5% of respondents
highest 5B).
Epidemiological, virology and host genetic/genomic studies all

assigned this the priority ranking, Figure
tied second place in terms of ranked importance to the field of
FP research (40% of respondents assigned these the highest
priority ranking, Figure 5B). Respondents considered “FP
incidence reporting” would have the highest utility for
population-level FP management practice (45% of respondents
assigned this the highest priority ranking, Figure 5C), followed
closely by “Longitudinal studies of progression, relapse and

mortality of individual turtles” (40%, Figure 5C).

Clinical care of FP-afflicted sea turtles

The majority of the 14 respondents with medical expertise
(71.4%) reported that FP tumors are surgically removed in their
location, with 28.6% reporting no surgery is conducted. Of those that
conduct surgery, 70% excise FP tumors by laser surgery, while 30%
of respondents use a scalpel. Three drugs were reported as being in
use for FP treatment: acyclovir (anti-viral), 5-fluorouracil (5-FU,
anti-cancer) and bleomycin (anti-cancer), each of which has been
reported in the literature (Brunner et al., 2014; Duffy et al,, 2018;
Donnelly et al., 2019; Orid et al., 2021). Over half of respondents do
not use anti-cancer drugs in their treatment of FP (57.1%), while
42.9% do use them.
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100% regrowth rates.
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had spontaneous tumor regression (i.e. tumor regression confirmed by absence of
tumors in previously FP-afflicted individuals)?
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FIGURE 6

(A) Percentage of turtles exhibiting post-treatment regrowth of FP tumors. (B) Percentage of FP-afflicted free-ranging turtles exhibiting

spontaneous tumor regression.

The criteria for making a euthanasia decision varied between
respondent regions. Internal tumors were reported as justification
for euthanasia by 61.5% of respondents, 21.3% cited the presence of
ocular tumors, and 15.4% said that euthanasia would only be
justified in the case of bilateral visual defects. Nearly one-third
(30.8%) reported severe external tumors as being sufficient grounds
for euthanasia, while in more remote locations in Western Australia
it was reported that FP-afflicted animals are euthanized if no
rehabilitation facilities are available. One respondent reported
that euthanasia of FP-afflicted turtles is never authorized in their
country because they are a protected wildlife species. Another
respondent reported that in their region FP-afflicted turtles are
not euthanized but are released after the maximum amount of
veterinary care available has been provided. Most medical
respondents (93.3%) routinely perform necropsy on deceased or
euthanized FP-afflicted turtles.
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Over seventy percent (71.4%) of respondents had access to CT
scans and x-rays for their patients (either at their facility or at a provider
they could use), while 28.6% did not. The number of respondents with
access to CT scans closely mirrored the number of respondents that
assess for internal tumors; 78.6% of medical respondents assess for
internal tumors, while 21.4% do not. Post-treatment FP regrowth rates
at the facilities holding sea turtles after treatment is unknown in 50% of
cases, while 21.4% of respondents reported regrowth rates in 0%-25%
of patients (Figure 6A). An equal number of respondents (14.3% in
both) reported that 26%-50% of patients exhibit regrowth and 51%-
75% of patients had regrowth (Figure 6A). This indicates that in the
holding period during rehabilitation and post-treatment, regrowth rates
are relatively low, vary by facility location, and are still a barrier to
recovery for some individual turtles.

The majority of medical respondents (78.6%) reported not knowing
the percentage of all confirmed FP-afflicted free-ranging turtles in their
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area that have had spontaneous tumor regression (i.e., tumor regression
confirmed by absence of tumors in previously FP-afflicted individuals,
not estimates based solely on tumor phenotype) (Figure 6B), indicating
an important knowledge-gap. For the medical respondents who
reported regression in free-ranging FP-afflicted turtles, 14.3%
reported a spontaneous regression rate ranging between 0% and
25%, while 7.1% of respondents reported a spontaneous regression
rate in free-ranging turtles of 26%-50% (Figure 6B).

Most medical respondents (92.9%) can identify a turtle that re-
strands after previously being released (e.g., from identification
tags). Nearly a third of respondents (28.6%) have released FP-
free turtles (never had FP or recovered from FP after treatment)
that were FP-positive when they later re-stranded, while an identical
percentage of respondents (28.6%) never had a released FP-free
turtle re-strand with FP tumors. The remaining medical respondents
(42.7%) did not know the answer to this question for their facility.
21.4% of medical respondents were aware of previously released sea
turtles that were treated for FP and were subsequently documented
to have successfully nested. Between two and ten individual turtles
were reported by each respondent to be known to have subsequently
nested. Of the medical respondents that did not have documented
35.7% reported that FP
rehabilitation had not been occurring for long enough in their

evidence of subsequent nesting,

area for treated FP-afflicted juveniles to mature to nesting age,
while 35.7% reported that it was because adequate records of release
or nesting were not available. The remaining respondents reported
that, in their area, either FP was not present, FP monitoring was not
conducted, or FP response strategies were not yet in place (i.e., no FP
treatments).

The theme of research (and stakeholder) collaboration was
raised in a number of responses. This was mirrored in the
response to a direct question on this topic, with 82.9% of
respondents considering large-scale multidisciplinary
collaboration “extremely important” for advancing the field of FP
research, and only 2.4% of respondents consider it of no importance
(Supplementary Figure S1C). Smaller targeted research teams were
also considered important, but 2.4 times more respondents reported
that

(Supplementary Figure S1C).

collaborative  efforts are  “extremely  important”

Discussion

The last major reviews of the scientific literature on FP were
conducted in 2015 (Hargrove et al., 2016; Jones et al., 2016). In the
intervening years between those reviews and this survey, FP has
spread to new geographic locations, and is now found further from
the equator than before (Aguirre and Lutz, 2004; Foley et al., 2007;
Duarte et al., 2012; Page-Karjian et al., 2014; Hargrove et al., 2016;
Jones et al., 2016; Reséndiz et al., 2016; CAB, 2019; Martins et al.,
20205 Saladin, 2021; Frandsen et al., 2021; Loganathan et al., 2021;
Gattamorta et al., 2022; Roost et al., 2022; Robben et al., 2023).
Simultaneously, FP rates continue to increase in many affected
locations (Loureiro and Matos, 2009; Foley et al., 2015; Hargrove
et al., 2016; Reséndiz et al., 2016; Shaver et al., 2019; da Silva-Junior
et al,, 2019; Stacy et al., 2019; Alvarez-Varas et al., 2019; Saladin,
20215 James et al., 2021). Worryingly, tumor burdens of afflicted
individuals and the rate of internal tumor occurrence is also
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anecdotally on the rise in some locations (personal
communication, Bette Zirkelbach and Dr. Brooke Burkhalter).
Alarmingly, the results of this survey suggest a further

deterioration of the global FP situation, with the majority of
respondents (74.4%) considering FP to now be a panzootic
(animal pandemic) event. Most respondents report FP prevalence
to be increasing in their area, with only 4.7% of respondents seeing a
decrease in disease prevalence. Over half of respondents reported
that FP tumor burdens on individual turtles are increasing, with only
2.4% reporting decreases in their area. Taken together, respondents’
perception is that FP represents a growing threat to sea turtle
survival and conservation, particularly to green turtles, with
62.8% of respondents classifying FP as a strong or major threat.
Of all threats listed in the survey, marine pollution, climate change
and fisheries bycatch were all ranked as major threats by
approximately half of respondents. It is well recognized that sea
turtle species face myriad threats to their survival (Rees et al., 2016;
Aguilera et al., 2018; Eastman et al., 2020; Mashkour et al., 2020).

In addition to considering FP a panzootic, the vast majority of
respondents consider the disease to be cancerous, a progression from
earlier thinking on the disease. This aligns with recent transcriptomic
and genomic analyses, which have revealed that FP shares many
oncological molecular and mutational similarities with human
cancers (Duffy et al, 2018; Yetsko et al, 2020; Blackburn et al,
2021; Yetsko et al., 2021). The similarities with human cancers have
allowed human anti-cancer treatments to be applied to sea turtles that
are afflicted with FP, thus harnessing readily available drugs and
facilitating more effective treatment (Brunner et al., 2014; Duffy et al,,
2018; Donnelly et al,, 2019). However, the question regarding whether
all FP tumors are benign neoplasms or cancers has yet to be fully
settled, with conflicting histological and molecular evidence.
Histopathologically the accepted classification of FP is a benign
neoplasm because it fulfills the pathological criteria that classify
tumors into papillomas, fibropapillomas, myxiofibromas and
fibromas (Norton et al., 1990; Work et al, 2004; Jones et al.,
2016). However, FP fibrosarcomas of low-grade malignancy have
been reported in heart and bone tumors (Work et al., 2004; Aguirre
et al, 2005). Additionally, sea turtle FP displays six of the ten
hallmarks of cancer (Sustaining proliferative signaling, Resisting
cell death, Inducing angiogenesis, Evading growth suppressors,
Evading immune and Genome instability and
mutation), and are data deficient in regards to the other four
hallmarks (Work et al., 2004; Hanahan and Weinberg, 2011; Jones
et al., 2016; Duffy et al., 2018; Yetsko et al., 2020; Blackburn et al.,
2021; Yetsko et al, 2021). More research, particularly combining

destruction,

histology and genomics of the same tumors is required. Spatial
genomics approaches are likely to prove highly informative for
viral, mutational and structural elucidation of FP tumors (Marx,
2021; Lomakin et al., 2022; Vandereyken et al., 2023). Additionally,
studies that histologically, mutationally and phylogenomically assess
multiple tumors from the same individual are required. Particular
focus should be placed on bone FP tumors, which anecdotally are
thought to be increasing in frequency (personal communication Dr.
Brooke Burkhalter), or at least the ability to detect them is improving.
Anecdotally, from gross examination some bone FP tumors appear to
infiltrate surrounding tissues (Supplementary Figure S2).

Basic FP monitoring, organization and infrastructure is
lacking in many areas, perhaps due to the continued spread of
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this disease to new geographic areas. Incidence recording and
longitudinal studies were highlighted by respondents as the most
beneficial population-level information for FP management.
Even in areas with robust monitoring of FP prevalence in
stranded turtles, such as Florida, Hawai’i, Texas and Brazil
(Foley et al., 2015; Hargrove et al., 2016; Rossi et al., 2019;
Shaver et al., 2019; da Silva-Junior et al., 2019), there is a lack
of centralized, readily accessible data on in-water FP rates, and a
paucity of longitudinal surveillance of progression, relapse and
mortality rates of individual turtles.

Sea turtle FP has benefited from a recognition that human and
wildlife disease share similar drivers, and that health and disease must
be considered holistically, including an individual’s (human or animal)
environmental quality and exposures. One Health highlights the
intimate interconnectedness of the health of individuals and the
ecosystems they inhabit, and the wide-range of interplays (Zinsstag,
2012; Whilde et al., 2017; Luki¢ Bilela et al., 2023). In many ways, FP
exemplifies the importance of viewing disease through a One Health
prism, as it is thought to arise due to complex interplays between
environmental, pathogen and host factors (Jones et al., 2016). The
ability to respond to fibropapillomatosis has also benefited from closer
integration with current human oncological best practices, from the
utilization of laser surgery for tumor removal, to the use of next-
generation  sequencing  approaches to identify  effective
chemotherapeutics (Whilde et al, 2017; Duffy et al, 2018; Duffy
and Martindale, 2019; Duffy and Burkhalter, 2020). Given the
complex multi-factorial nature and long temporal dynamics of this
disease, more research is required to home in on the treatment and
mitigation efforts most likely to produce the largest conservation gains.
While there was a general consensus among participants that viral, host
and environmental factors contribute to the disease, more research is
required to elucidate the specific role of the ChHV5 and
CmPV1 viruses, and to determine FP’s specific environmental co-
trigger(s). Participant responses largely corroborated the current
opinions in the scientific literature about FP’s cofactors (Hargrove
et al,, 2016; Jones et al,, 2016; Duffy and Martindale, 2019). While
pollution and eutrophication are correlated to FP prevalence (Jones
et al, 2016) (scientific literature and survey results), it has not yet been
established whether general habitat degradation or sea turtle debilitation
are driving factors, or whether it is specific carcinogens, diet changes or
immune suppressors that primarily contribute to the FP panzootic.
Additionally, seasonality and temperature have been linked to FP tumor
growth (Herbst et al.,, 1995; Jones et al.,, 2016), and 46.5% of respondents
considered sea surface temperature to be a driver of FP in their area.
However, causal relationships between temperature and FP viral activity
or host cancer cell growth rates have not been formally established,
although some other classes of viruses are known to be temperature
sensitive (Koda, 2021). Going forward, it will be vital to establish well-
funded interdisciplinary One Health-informed studies examining
triggering factors across scales. This view is supported by over 80%
of respondents considering large multidisciplinary collaboration
extremely important for advancing the field of FP research.

While the survey results illuminate the urgent need for
continued and novel FP research, they also highlight that a lack
of adequate funding is creating a bottleneck to conducting FP
research, which is slowing progress on understanding, combating
and mitigating this disease. Other impediments to FP research
include onerous regulatory requirements, low recapture rates and
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limited infrastructure and training. A cross-stakeholder approach
from permitting agencies to funders to education providers,
conservationists and communities is therefore required to address
these bottlenecks and enable FP research to advance more rapidly.

As with FP research, FP rehabilitation was broadly reported to
be under-funded with insufficient capacity globally. Given the
continued spread of the disease, there is a critical need to train
not just more researchers, but also more veterinary and husbandry
staff to specifically house and treat FP-afflicted sea turtles. Some
respondents highlighted the complete lack of facilities capable of
catering to FP-afflicted sea turtles in their areas, and some
respondents even reported a complete absence of dedicated
general sea turtle rehabilitation facilities. While there is some
heterogeneity in capacity, infrastructure, FP medical expertise,
and euthanasia decisions, the modes of assessment, diagnosis,
surgery and drug treatment for FP were more homogeneous
(from respondents in areas with facilities to accommodate FP
patients). The survey highlighted knowledge gaps in relation to
tumor regrowth rates and post-release outcomes, as well as a paucity
of centralized, readily accessible, comprehensive patient progression
and outcome data. Gaps in record-keeping of basic disease statistics
that can inform research and clinical decision-making likely arise as
a consequence of underfunding in the FP rehabilitation sector, and
the voluntary ad hoc nature of sea turtle rehabilitation, in which each
facility has its own practices and data recording priorities.

This survey provides an informative overview of global FP
research and FP trends, as well as baseline data which can be
had an
intentionally low financial barrier to participation (ie., not

built upon. Because the conference was virtual,
limited to those with funds to travel), and the survey was
conducted online and open to all self-reported FP experts, the
survey was equitable and inclusive, capturing FP information and
leading opinions from a wide range of geographic areas. While the
survey achieved a wide global spread of respondents, and a
proportionally high number of respondents, given that sea turtle
FP research is still a relatively niche field, there is scope to increase
the respondent number and achieve a more global distribution of
respondents, especially from emerging disease locations. This survey
should be utilized as a basis for a recurring (tri-annual) overview of
sea turtle FP status, trends and research. Future surveys can build on
this foundation and baseline data, and the survey can potentially be
offered in more languages (especially prioritizing languages from
regions with high FP occurrence) to help facilitate responses from
non-English speakers.

The ocean is the cradle of multicellular life. As such it can teach
us much about biological processes, including oncogenesis. Marine
species are currently underutilized as natural models of cancer and
as sources of novel drug discovery. In addition to marine microbial-
based drug discovery, long-lived multi-cellular marine species with
wide ranging environmental and pathogen exposures, such as sea
turtles, have much to teach us about the processes driving
oncological transformation (Garden et al, 2018; Duffy and
Martindale, 2019; Duffy and Burkhalter, 2020; Dujon et al.,
2021b). Sea turtles normally have robust tumor defenses, and
understanding these and how they have been overcome in the
case of FP will likely prove to be highly informative for human
oncology. Such novel insights will not only benefit humans but will
have return benefits to wildlife species. For example, host oncogenic
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signaling occurring in human cancer are mirrored in sea turtle FP
(ICGC/TCGA of Whole
Consortium, 2020; Yetsko et al., 2021), and human anti-cancer

Pan-Cancer  Analysis Genomes
medications have been shown to be effective for treating sea turtle FP
tumors. Any new anti-cancer compounds derived from marine
species are likely to have an equal chance of being beneficial for

humans, sea turtles and other cancer-afflicted marine species.

Summary and recommendations

Taken together, the results of this sea turtle FP survey
highlight that this panzootic disease poses a serious and
worsening conservation challenge. While sea turtles face a
worrying array of threats, all of which require action, the
nature of FP is different to the other principle threats, which
tend to be abiotic. As a multifactorial disease, FP requires a
different approach, including development of specific FP-focused
expertise and capacity, for research, rehabilitation and
mitigation. The scale and severity of the FP threat requires
concerted collaborative efforts to tackle the disease, from local
stakeholders,

governmental

responders, and medical professionals, to

responses and international training and
research initiatives. To effectively tackle this disease, improved
financial support for rehabilitation capacity and hospital, lab and
field-based research inquiry is required. Major knowledge gaps
identified by the respondents that would benefit from increased
focus are tumor regrowth, regression and mortality rates,
transmission mechanisms and coordinated incidence recording.

Immediate needs highlighted by the survey respondents include
improved surveillance of the disease, rapid and equitable data access,
rehabilitation,

resourcing. Short-term goals include establishing care facilities

advanced training, research and mitigation
where they are lacking, increasing facility capacity in areas with
rising FP prevalence, and research to improve treatment options and
causatively identify the viral and environmental triggers. Medium-
term goals to improve understanding of the disease causes and
consequences should then be translated into the enactment of
evidence-based population level mitigation measures. Admirable
and dedicated management, rehabilitation and research efforts have
occurred over recent decades. However, as the threat of FP spreads,
more collaborative and inclusive endeavors will maximize tangible
progress in the field and translate advances into measurable gains in

sea turtle conservation.
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