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Abstract19

The Hawaiian population of green turtles (Chelonia mydas) has increased since Federal and20

State protections were implemented in the mid 1970s, and reported stranding events have21

also increased. This study analyzed Hawai‘i Island data: stranding location, date, size, sex,22

presence/absence of tumors, stranding status, as well as cause of stranding. A total of 75423

stranded green turtles were reported from 1983–2022: 379 stranded on the east (windward)24
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coast of Hawai‘i Island and 375 on the west (leeward) coast. Strandings peaked in 2011 and25

2018 and were highest from March to August. The most common known cause of stranding26

was hook-and-line fishing gear (21.4% of total strandings), followed by fibropapillomatosis27

(7.2% ), human take (4.4%), miscellaneous (3.7%), boat impact (3.3%), shark attack (3.2%),28

and net (2.1%); however, 54.8% of strandings had no known cause. Statistical modeling did29

not provide convincing evidence of temporal changes in the distribution of strandings across30

three consolidated cause categories: human-caused; predation, disease, and weather; and31

unknown. Stranded turtles on east Hawai‘i Island had a higher frequency of32

fibropapillomatosis, whereas west Hawai‘i stranded turtles showed higher incidence of shark33

attacks. These results provide the first comprehensive analyses of stranding data from34

Hawai‘i Island and provide information that can inform resource managers, policy makers,35

and the public about the various types and magnitudes of impacts, anthropogenic and natural,36

to green turtles so that mitigation measures can be put into practice. Our findings allow for37

comparison with other green turtle populations worldwide.38

Keywords: sea turtles; fishing gear entanglement; fibropapillomatosis; Hawaiian Islands;39

marine reptile mortality; Pacific Ocean40

1 Background41

Green turtles (Chelonia mydas) are the most abundant large marine herbivores found42

throughout the world and in the Hawaiian Islands. The Hawaiian population of green turtles43

that was once depleted has increased since its 1974 protection under Hawaiian Law and 197844

protection under the Endangered Species Act (Balazs and Chaloupka 2004). Green turtles45

migrate long distances during their lifetime, from nesting to foraging grounds (Balazs et al.46

2015). In the Hawaiian Islands, 96% of nesting occurs on the sand islets at French Frigate47

Shoals, located in the Northwestern Hawaiian Islands (Marine Turtle Biology and48

Assessment Program 2022). Migration patterns and complicated life history patterns cause49

green turtles to occupy many habitats during their lifespans including pelagic environments50

during their early years and during migrations, as well coastal areas in their later years51

Note to publisher: The Hawaiian letter ‘okina is typeset in this manuscript as an open quote, e.g. Hawai‘i, O‘ahu,
Miloli‘i. In electronic publication, it should be rendered as unicode U+02BB MODIFIER LETTER TURNED
COMMA.
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(Balazs 1980; Bolten 2003). Therefore, green turtles are susceptible to threats in both52

offshore and coastal environments (Bolten 2003).53

Green turtles have experienced a long history of exploitation. The species was used for meat54

by indigenous coastal people around the world, as well as by European royals in the 18th and55

19th centuries (Witzell 1994). Hawaiian green turtles have been additionally impacted by56

hunting at foraging grounds, by harvesting of both eggs and females at nesting grounds, and57

by the destruction of their nesting habitat. Since protection began under the Endangered58

Species Act, a reduction in such exploitation has been observed (Balazs and Chaloupka59

2004). However, large marine vertebrates, including green turtles, face other threats, and are60

often victims of bycatch, becoming accidentally entangled or hooked by commercial or61

recreational fisheries activities targeting other species (Lewison et al. 2004). Bycatch is62

harmful to green turtles because it can cause drowning, and internal/external injuries from63

hooks and line entanglements.64

Fibropapillomatosis (FP) is another major threat to sea turtle populations. FP is a debilitating65

neoplastic disease associated with a herpesvirus found in turtles worldwide (Jacobson et al.66

1991; Herbst 1994). The disease was first described in green turtles in the Florida Keys in67

1938 and affects mostly immature turtles (Herbst 1994). FP is indicated by the presence of68

internal, external, and oral tumors. Oral tumors are unique to Hawaiian green turtles and are69

often found in the glottis, making survival difficult (Work et al. 2004). The presence of these70

tumors can impact the turtles’ ability to breathe, swim, dive, forage, and see (Perrault et al.71

2021). On O‘ahu, Maui, and Kauai from 1982-2003, FP was the most common cause of72

stranding, defined as a turtle that has been found dead, injured, or exhibits ill health or73

abnormal behavior (Chaloupka et al. 2008).74

A variety of factors, both natural and anthropogenic, can cause sea turtle strandings. The75

majority of strandings involve sea turtles that died at sea and washed ashore; however, most76

stranded turtles show no cause of death (Hart et al. 2006). An unknown number of deceased77

turtles never reach shore. They are eaten by scavengers, sink, and/or decompose while in78

currents or eddies (Crowder et al. 1995; Hart et al. 2006). Therefore, the number of sea turtle79

strandings that is recorded is likely a minimal estimate (Hart et al. 2006). Stranding response80

programs can provide important insight into the health, welfare, and conservation status of81

sea turtle populations. Analyses of the data collected by these programs provide valuable82

information on mortality patterns and can aid regulatory managers (Crowder et al. 1995).83
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Although Chaloupka et al. (2008) mentioned that 6% of statewide strandings occurred on84

Hawai‘i Island from 1982–2003, long-term stranding data specifically from Hawai‘i Island85

have not been thoroughly analyzed previously. Hawai‘i Island merits additional scientific86

scrutiny of its green turtle stranding patterns with the most up-to-date, inclusive data87

available because of the island’s large size (over half of total Hawaiian land area),88

southernmost location in the archipelago, lowest human population density, and important89

turtle foraging and resting areas—recently proposed as critical habitat by the US Fish and90

Wildlife Service and the National Oceanic and Atmospheric Administration (Endangered and91

Threatened Wildlife and Plants: Designation of Critical Habitat for Green Sea Turtle 2023;92

Endangered and Threatened Wildlife and Plants: Proposed Rule To Designate Marine93

Critical Habitat for Six Distinct Population Segments of Green Sea Turtles 2023).94

The knowledge gained from stranding patterns can be used to establish mitigation measures95

to reduce strandings and maintain healthy green turtle populations.96

In the present study, a comprehensive analysis of 39 years of Hawai‘i Island green turtle97

strandings is presented to (1) identify the causes of strandings affecting green turtles around98

Hawai‘i Island, (2) assess trends in strandings, and (3) identify differences and similarities99

between strandings in west and east Hawai‘i Island.100

2 Materials and Methods101

2.1 Data Collection102

Data were collected on turtles stranded on Hawai‘i Island (19.5439 N, 155.6659 W, land area103

10,430 km2 with coastal circumference of 428 km) from 1983–2022 by members of the104

Pacific Islands Fisheries Science Center under the US National Marine Fisheries Service, the105

University of Hawai‘i at Hilo Sea Turtle Stranding Response Team, and the Hawai‘i106

Preparatory Academy Sea Turtle Research Program. The database used in this study was107

compiled from records available at108

https://georgehbalazs.com/field-notebooks-by-george-h-balazs/hawaii/. The west and east109

coasts of Hawai‘i Island are different in terms of climate (the windward east coast receives110

much more rainfall than the leeward west coast), terrain, currents, and population, so the data111

used in this study were analyzed for the island as a whole, as well as by west and east coast.112

West Hawai‘i included locations from Miloli‘i north to Kawaihae, and east Hawai‘i included113

locations from South Point north to Hawi (Figure 1).114
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For each stranded turtle, the following information was collected: date of stranding,115

stranding location, stranding status (alive/dead), and cause of stranding. Data on species, sex,116

straight carapace length (SCL), curved carapace length (CCL), and the presence or absence117

of tumors indicative of fibropapillomatosis were also recorded. SCL was used in size118

analyses because it was reported more frequently than CCL. In cases where CCL was119

recorded, but not SCL, CCL was converted to SCL using the following linear regression120

function: SCL = 1.245+0.913 ·CCL (Chaloupka et al. 2008). Determination of size classes121

of turtles followed Balazs (1980): juvenile–post hatchling to 65 cm SCL; subadult–from 65122

to 81 cm SCL; adult–greater than 81 cm SCL.123

The primary cause of stranding was based on direct observation and/or necropsy when124

available. Causes of stranding were classified into eight categories used previously by125

Chaloupka et al. (2008): fibropapillomatosis (FP), hook-and-line fishing gear, net and gillnet126

fishing gear, boat impact, shark attack, human-take, miscellaneous, and unknown. FP127

strandings were turtles that had gross evidence of external tumors. Fishing gear strandings128

were identified by obvious signs of an interaction or entanglement with the particular gear129

(hook-and-line or net) (Boulon 2000; Chaloupka et al. 2008). Boat impact strandings were130

recognized by the presence of a crushed carapace or deep cuts originating from propellers or131

hulls of boats (Boulon 2000; Guimarães et al. 2021). Shark attack strandings included turtles132

with deep incisions or removal of soft tissue or body parts (Stacy et al. 2021). Human-take133

(take is defined under the Endangered Species Act as “to harass, harm, pursue, hunt, shoot,134

wound, kill, trap, capture, or collect, or to attempt to engage in any such conduct”) strandings135

were turtles with obvious evidence of having been butchered or poached, often accompanied136

with spear wounds (Boulon 2000). Miscellaneous strandings included turtles with natural,137

non-anthropogenic causes not fitting in any of the other categories (e.g., natural disasters,138

including weather and tsunami events; and internal diseases confirmed by necropsy), and139

unknown strandings were those for which no cause could be determined (Chaloupka et al.140

2008).141

2.2 Statistical methods142

Chi-square goodness of fit tests were used to determine if there were equal proportions143

among months of stranding, stranding status, causes of stranding, and sex of stranded turtles144

for all of Hawai‘i Island. When comparing west and east Hawai‘i, contingency tables and145
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chi-square tests of independence were used. All analyses were performed using the statistical146

software R version 4.2 (R Core Team 2022). Statistical significance was accepted at p < 0.05.147

It is reasonable to model the occurrence of turtle stranding events as a Poisson process with a148

rate λ that potentially changes through time and space. If strandings are classified into149

groups, then there are two equivalent ways of modelling this: each class as an independent150

Poisson process with its own rate λi, or as a single overall process at rate λ that generates an151

event at time T , and this event is then distributed to a class by a categorical random draw152

from some class distribution π that potentially also depends on time T .153

Of particular interest is the case where the categorical distribution π does not change with154

time, which is equivalent to saying that the ratios between the class rates λi are also constant.155

Probabilistically, the class is independent of the rate of the Poisson process. While the overall156

rate λ at which turtle strandings are observed depends on population size and human157

reporting patterns, this model allows us to investigate potential changes in the cause158

distribution π over time.159

To this end, multinomial linear models with Poisson error structures were fit using the nnet160

package (Venables and Ripley 2002) and model selection was carried out using Akaike161

Information Criterion (Akaike 1974). These models produce a prediction function which162

may be interpreted as the class distribution π(t), allowing us to compare models with and163

without a dependence on time.164

3 Results165

A total of 754 green turtles stranded on Hawai‘i Island from June 1983 to June 2022. Of166

those strandings, 375 (49.7%) were located on the leeward or west coast of Hawai‘i Island,167

while 379 (50.3%) were located on the windward side or east coast of Hawai‘i Island (Figure168

1, Table 2).169

[Figure 1 about here.]170

[Table 1 about here.]171

Of the 754 stranded turtles in the records, slightly over half had no discernable cause that172

could be determined (the “unknown” cause). The most common known cause of stranding173

was hook-and-line fishing gear, accounting for about 1 in 5 strandings. The distribution of174

causes is significantly different between the east and west coasts of the island (Chi-square175
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test, X7 = 69.5, p < 10−10), with the effect being driven most strongly by the FP and176

Miscellaneous categories (Table 1).177

3.1 Temporal trends178

The number of strandings on Hawai‘i Island has fluctuated over the years but shows an overall179

increase over time (Figure 2). Across both sides of the island, strandings were less frequent in180

winter, November–February, than in other months (Table 2). The highest totals were observed181

between March and August. Raw counts of hook-and-line fishing gear strandings have182

steadily increased over the years, and while strandings with FP as the chief cause of stranding183

have remained overall low, the number of FP-caused strandings was higher after 2000 (Figure184

3). The second most common known cause of stranding in west Hawai‘i was miscellaneous,185

a category that includes a significant number of strandings associated with the 2011 Tōhoku186

tsunami, while in east Hawai‘i FP is the second leading cause (Table 1, Figure 3).187

[Figure 2 about here.]188

[Table 2 about here.]189

[Figure 3 about here.]190

[Figure 4 about here.]191

To investigate changes in the relative rates of stranding causes, multinomial log-linear192

models were fit using date of record as a predictor. To reduce the variance of the fitted model193

parameters, the causes as recorded were consolidated into 3 categories: Human-caused194

(hook-and-line, boat impact, human take, and net); predation, disease and weather (shark195

attack, FP, and Misc.); and the original unknown category. The 2011 Tōhoku tsunami-related196

strandings, as well as the records prior to 1985 were excluded from the model fit. The Akaike197

Information Criterion (AIC) is used to compare a series models of models using natural198

splines based on date of standing with increasing degrees of freedom. The AIC increases199

going from a null model (AIC 1300.9) with no dependence on year to a predictor function200

with 2 degrees of freedom (AIC 1304.7), and then slightly decreases again, so that a 4 degree201

of freedom model (AIC 1299.7) has an AIC 1.2 smaller than the null model. Figure 4202

displays a 3-degree of freedom model (AIC 1301), with confidence bands constructed using203

the bootstrap. The null model is represented by dotted white lines, and apparently fits within204

the confidence bands of the model that includes dependence on year. These results show a205
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lack of evidence that the date of stranding provides significant information about the relative206

rates of stranding among the three consolidated cause categories.207

3.2 Size and gender208

Stranded turtles in the records ranged from 19.8 cm to 99 cm straight carapace length (SCL),209

with a mean of 54.8 cm, across 381 juveniles, 88 subadults, and 19 adults. No carapace210

length measurement was recorded in 266 of the case reports. Turtles stranding in east211

Hawai‘i (µ ±SE = 58.7±1 cm SCL, n = 227) were significantly larger (t-test, t378 = 6.29,212

p = 9×10−10) than those in west Hawai‘i (µ ±SE = 51.3±0.6 cm SCL, n = 261) Figure 5213

shows SCL distributions for each cause, and while the distribution of SCL is not independent214

of cause (ANOVA, F(7,480) = 3.41, p = 0.0014), the differences between the groups are215

small compared to the within-group variances. The records contain 154 female, 145 male,216

and 455 gender undetermined cases, also with marginally different distributions between217

sides of the island (Chi-square, X2 = 6.4, p = 0.042).218

[Figure 5 about here.]219

3.3 FP tumor presence/absence220

[Table 3 about here.]221

As shown in Table 3, 460 records indicated the absence of FP tumors, 150 records presence222

of a tumor, and 144 records are missing this observation. Note that the presence of a FP223

tumor does not necessarily mean that the primary cause of stranding was recorded as FP.224

Tumor presence/absence is significantly associated with side of the island, with turtles225

stranding in east Hawai‘i more likely to have tumors than those in west Hawai‘i (Chi-square226

test, X2 = 197, p < 10−10).227

3.4 Stranding status228

[Table 4 about here.]229

[Table 5 about here.]230

Of all the stranded turtles, 359 stranded alive, 381 stranded dead, and 14 turtles had no231

stranding status reported. Stranding status was found to be significantly associated with232

cause (Chi-square test, X7 = 93, p < 10−10). More turtles stranded alive than dead because of233

FP, hook-and-line, and miscellaneous, while boat impact, human take, shark attack, and234

unknown were causes more likely to result in dead stranded turtles. Net fishing gear235
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strandings showed equal numbers of turtles that stranded alive and dead (Table 4). More236

turtles stranded alive than dead in the months of November–March, while more turtles237

stranded dead than alive in the months of April–October (Table 5). Stranding status was also238

found to be significantly associated with stranding location (Chi-square test, X1 = 21.5,239

p = 3.5×10−6). West Hawai‘i had 146 turtles strand alive and 221 strand dead, while east240

Hawai‘i had 213 turtles strand alive and 160 strand dead.241

4 Discussion242

Seven hundred and fifty-four green turtles were recorded stranded on Hawai‘i Island in the243

period 1983-2022, which represents an unknown fraction of total strandings on Hawaiian244

shores in that time. Stranding programs rely on reports from the public, and are therefore245

dependent on the density of human activity at the shoreline as well as public knowledge of246

the reporting procedures. However, if a location is regularly accessed by more than a few247

people, a stranding is likely to be reported, and it is reasonable to believe that this will248

happen independently of the variables observed in these records.249

Strandings on Hawai‘i Island showed an overall increase in rate between 1983 and 2022.250

Green turtle strandings have also increased on the other main Hawaiian Islands since 1982251

(Chaloupka et al. 2008). One important reason for this increase is a positive one: Green turtle252

populations in the Hawaiian Islands have recovered significantly since their 1974 protection253

by the State of Hawai‘i under Regulation 36 and their 1978 protection under the Endangered254

Species Act (Balazs and Chaloupka 2004; Bennett and Keuper-Bennett 2008). The increase255

in turtle population size will directly lead to additional observed stranding events, even if the256

risk to an individual turtle remains constant over time (Boulon 2000). Additionally, the257

human population increase on Hawai‘i Island and the rise in numbers of visitors at the258

shoreline increase the chance of encountering and reporting a stranding. In general, the259

locations of strandings shown in Figure 1 reflect beaches and other shoreline areas with easy260

public access. Increased public awareness of strandings and response programs and the261

greater use of cell phones and the internet probably have led to more reporting over time.262

However, the increase in reported strandings appears to slow in the early 2000s (Figure 2),263

stabilizing at approximately 25–30 per year. This trend was also noticed in studies covering264

the other main Hawaiian Islands (Chaloupka et al. 2008). In a turtle carcass drifter experiment265

along the shores of the Mississippi, public reporting of stranded carcasses was unexpectedly266

low: on popular mainland beaches, only 50% of the stranded turtles were reported; on267
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accessible, but more remote barrier islands, only 11.1% of stranded carcasses were reported268

by citizens, and 0% of turtle carcasses that drifted into marshes were reported (Cook et al.269

2021). These results send a strong message that remoteness of and public accessibility to270

stranding areas greatly influence the discovery of turtles, and that even ”structured stranding271

networks with established reporting mechanisms” may be overestimating the rate of reporting272

by the public, which influences the conclusions that can be drawn from citizen-derived data.273

There are two years post 2005 which show an unusually large number of green turtle274

strandings: 2011 and 2018. The peak in 2011 is associated with the March 2011 magnitude275

9.0 Tōhoku earthquake off the coast of Japan and the subsequent tsunami, large waves, and276

hazardous currents that it caused around Hawai‘i Island, and particularly its western shoreline277

(Cheung et al. 2013). The waves and currents associated with tsunamis bring marine life278

onshore with them and can wash turtles inland. Two hawksbill turtles were reported stranded279

in Hawai‘i as a result of the 2011 earthquake (Brunson et al. 2022), and a 2009 tsunami in280

Samoa similarly led to 52 turtles stranding on land (Bell et al. 2011). The apparent downward281

trend of strandings after 2018 is probably not because fewer turtles stranded, but is rather due282

to human behavioral changes caused by the COVID-19 pandemic. Throughout the pandemic,283

people in general spent much less time in public locations, and for some periods, Hawai‘i284

County and State beach parks were closed for recreational use by executive decree (County of285

Hawai‘i, Office of the Mayor 2020; State of Hawai‘i, Office of the Governor 2020). Similarly,286

tourism to the island and state was heavily restricted. All of these factors lead to a sharp drop287

in the number of people visiting Hawai‘i Island coasts, and subsequent reports of strandings.288

The highest rates of green turtle strandings occurred during the Hawaiian spring and summer289

months, from March–August. This is similar to the findings on O‘ahu where green turtle290

strandings were highest from March–June (Chaloupka et al. 2008), and for adult hawksbills291

in the Hawaiian Archipelago where strandings were highest from June–September (Brunson292

et al. 2022). Similarly, strandings of loggerhead, green, and leatherback turtles in Brazil were293

highest during the austral spring and summer seasons (Monteiro et al. 2016). Peak sea turtle294

stranding months during 2010-2019 in the Gulf of Mexico were also in the spring to summer295

(March to August) (Cook et al. 2021; Howell et al. 2021). Strandings on Hawai‘i Island were296

lowest during the months of September, November, and December, but a secondary peak in297

the month of October was seen. This same peak was observed in the 2022 green turtle298

strandings on Maui (Cutt et al. 2023) and O‘ahu showed a similar secondary peak of299
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strandings in September (Chaloupka et al. 2008). Although the major Hawaiian green turtle300

nesting season is mid-April to September/October in the Northwestern Hawaiian Islands301

(Niethammer et al. 1997), no seasonal variation in green turtle abundance within localized302

coastal Hawaiian foraging grounds has been documented (Balazs unpublished). The higher303

spring/summer stranding patterns seen on Hawai‘i Island may reflect seasonal differences in304

water temperature which affects carcass decomposition rates (Cook et al. 2021), periodic305

shifts in shoreline human activity and stranding reporting, or cyclical changes in surf, currents,306

and winds that can push carcasses to shore. In the Hawaiian Islands, northeasterly trade winds307

are the most common weather pattern, especially in the summer; however, other weather308

patterns could influence turtle carcass drift, including migratory mid-latitude low pressure309

systems that are common October to April with about nine fronts passing over Hawai‘i Island310

in a season, during which winds shift from southwesterly to northerly; Kona Storms or311

cold-core lows, November to April, although rare with unpredictable paths, that can cause312

waterspouts, torrential rain, and high surf; tropical cyclones from June to mid-November, that313

can bring high surf, storm surge, and strong onshore winds to Hawai‘i Island (Longman et al.314

2021b; Nullet 2023); in addition, El Niño Southern Oscillation events that sporadically315

impact the Hawaiian Islands can cause weakened trade winds, less rainfall, and warmer316

ocean temperatures (El Niño phase) between November to April or stronger trade winds,317

greater rainfall, and cooler ocean temperatures (La Niña phase) (Longman et al. 2021a).318

Hook-and-line fishing gear was the most common known cause of stranding of green turtles319

on Hawai‘i Island as a whole. Fishing gear strandings show a similar qualitative pattern to the320

overall time series (Figure 3), increasing from 1983 to the mid 2000s and then apparently321

leveling off. Chaloupka et al. (2008) found a similar increase of hook-and-line fishing gear322

strandings since 1982. It is difficult to untangle the effects of the increased population of323

Hawaiian green turtles from the risk of hazard from fishing activity and gear, as both factors324

directly affect the rate of strandings observed.325

Hawaiian green turtles are frequently reported with hooks intact and line entangled around326

their flippers and body. These interactions are often a result of lost and/or discarded fishing327

gear or fishers cutting the line when accidental hooking occurred, which illustrates the need328

for stronger management and preventatives (Nitta and Henderson 1993). Hook-and-line329

fishing gear strandings were also prevalent on O‘ahu, Maui, and Kauai, making up the second330

most common cause of stranding of green turtles (Chaloupka et al. 2008). Similar to the331
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findings of the present study, fishing gear was the foremost cause of stranding for green turtles332

on Maui in 2022, with 81% of the total strandings showing interactions (Cutt et al. 2023).333

The number of hook-and-line strandings may be even greater than estimated. Work et al.334

(2015) performed necropsies (postmortem autopsies) on stranded turtles throughout the335

Pacific and found that 48% of foreign body ingestion cases (mostly all associated with336

fishing gear) showed no external sign of fishing line interactions. Green turtle strandings337

resulting from interactions with fishing gear are prevalent around the world, including the338

U.S. Virgin Islands (Boulon 2000), Brazil (Guimarães et al. 2021), Taiwan (Cheng et al.339

2019), New Caledonia (Read et al. 2023), and Greece (Panagopoulos et al. 2003). However,340

unlike the line/hook entanglements on Hawai‘i Island, in Taiwan, pond nets were the most341

common fishing gear causing turtle strandings over 23 years (Cheng et al. 2019). In contrast,342

at Samandağ Beach on the eastern Mediterranean coast of southern Türkiye (Turkey), from343

2002-2017, fishing activities caused only 7% of the green turtle standings, while marine344

pollution accounted for 56% of strandings (Sönmez 2018). Fibropapillomatosis was the345

second most common cause of stranding on Hawai‘i Island, whereas Chaloupka et al. (2008)346

found FP to be the main cause of stranding in green turtles in O‘ahu, Maui, and Kauai.347

The relative rates of strandings by cause over time is of particular interest for managers and348

conservationists because it can indicate particular sources of danger to turtle populations.349

The overall rate of observation depends on population size and human reporting behavior in a350

complex way that is difficult to disentangle, but by looking at the distribution of causes over351

time we may be able to identify structural changes in the cause of strandings. Although352

slightly over half of the stranded green turtles in this study were listed with “unknown” cause353

of mortality, these turtles still provide valuable temporal, geographic, and biological data. We354

share this predicament of unknown cause with others studying sea turtle strandings. For355

example, 50% of strandings in New Caledonia were unknown, defined as “no necropsies356

were done and no apparent cause of death by external examination” (Read et al. 2023).357

Chaloupka et al. (2008) also had high rates of strandings with unknown causes. In our study358

and others, given the circumstances of discovery (time, weather patterns, location, retrieval),359

condition of the animal (undetermined health and behavior prior to stranding, unspecified360

time of death, decomposition, or scavenging), and limited resources for extensive diagnostic361

procedures (necropsies, histopathology, toxicology, and microbiology), many stranded turtles362

remain forever in the category of unknown causes of mortality. However, the goal should be363
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to increase reporting of strandings by the public, to encourage detailed observations at time364

of discovery, and develop systematic survey programs by scientists to detect stranded turtles365

even in areas not frequented by the public, because robust understanding of stranding366

patterns and causes of mortality is key to the survival of green turtles in Hawai‘i.367

In this study, the record collection process kept eight categories of stranding cause, however,368

for modelling purposes we reduced these to three broad categories: direct intentional and369

accidental human causes, such as boat impacts and fishing and hunting related injuries;370

natural events, predation, and disease; and unknown causes. The distribution of these three371

consolidated causes has been relatively stable since the early 1990s (Figure 4), providing372

unconvincing evidence of any major shifts between the relative risks between direct human373

causes and the other categories. One way of interpreting this result is that the increased374

numbers of strandings over time can be explained entirely by the growth in turtle populations375

and increases in reporting by the public. While keeping the proportion of human-caused376

strandings constant over time may be regarded as a minor conservation success story, given377

the significant growth in human population and coastal activity over the same time period,378

humans remain a significant source of danger to turtles. There remains much room for379

improvement, in particular with regards to hook-and-line injuries.380

The current study found that different sides of Hawai‘i Island had different distributions of381

stranding cause. West Hawai‘i Island had a higher proportion of shark attack and boat impact382

strandings, while east Hawai‘i had more FP and human take strandings. Increased shark383

attack strandings on west Hawai‘i may be because of the larger population of tiger sharks384

found along the west coast (Meyer et al. 2009). Tiger sharks are well-known predators of sea385

turtles, and green turtles are found regularly in their stomach contents (Witzell 1987; Lowe386

et al. 1996). West Hawai‘i also has a large tourism industry, with many snorkel, diving, and387

manta ray and marine mammal watching tours operating in the same coastal waters that388

green turtles occupy. These tours, as well as commercial vessels, frequent the many shallow389

bays located in west Hawai‘i that are important foraging habitats for green turtles. Increased390

boat presence accompanied with high vessel speeds, varying water depth, and times of poor391

visibility can all factor into a higher proportion of boat impact strandings on the west side of392

the island (Fuentes et al. 2021).393

The majority of green turtles that stranded on Hawai‘i Island were juveniles. Similarly,394

juveniles predominated the stranded green and hawksbill turtles throughout the Hawaiian395
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Islands (Chaloupka et al. 2008; Brunson et al. 2022). Juvenile green turtles were also the396

most common size class stranded in New Caledonia (Read et al. 2023), Australia (Flint et al.397

2015), and Brazil (Monteiro et al. 2016). However, in Türkiye and Taiwan, most green turtle398

strandings involved sub-adult and juvenile turtles (Sönmez 2018; Cheng et al. 2019). The399

high proportion of juveniles stranding may be a result of increased nesting populations at400

French Frigate Shoals in the Northwestern Hawaiian Islands leading to an increase in401

juveniles moving from nesting to foraging areas (Balazs and Chaloupka 2004). Juvenile402

turtles may be more immunologically naı̈ve and susceptible to environmental stressors that403

could contribute to stranding (Flint et al. 2015).404

Larger turtles stranded on east Hawai‘i Island than on west Hawai‘i, despite the fact that405

stranded turtles with the highest SCL values were the result of shark attacks. Bornatowski406

et al. (2012) found that the probability that a green turtle in Brazil stranded with a shark bite407

increased with size, and Chaloupka et al. (2008) reported the same trend for green turtles in408

the main Hawaiian Islands. Smaller green turtles are also frequently attacked by sharks, but409

may be completely consumed and thus do not wash ashore after such event. A spatial trend in410

size-classes was also reported by Chaloupka et al. (2008): larger turtles stranded on Maui and411

Kauai than on O‘ahu.412

There was no gender-bias of stranded green turtles on Hawai‘i Island: male and female413

strandings occurred with a 1:1.06 ratio. The lack of a gender-bias for green turtles was also414

shown in the main Hawaiian Islands (Work et al. 2004; Chaloupka et al. 2008). The present415

and prior studies are consistent with the 1:1 sex ratio of Hawaiian green turtles found by416

Wibbels et al. (1993). Unlike in the Hawaiian Islands, many green turtle populations around417

the world appear to have more females than males (Flint et al. 2010; Cheng et al. 2019; Read418

et al. 2023). Clutches of sea turtles are sensitive to temperature change, and an increase in the419

temperature during incubation can drastically change sex ratios of nests, leading to clutches420

of all females. As temperatures continue to rise as a result of climate change, the Hawaiian421

population of green turtles may eventually see the same skew seen in other locations around422

the world (Hawkes et al. 2009).423

More than 60% of the stranded turtles on Hawai‘i Island had no tumors indicative of FP. No424

cases of internal FP tumors have been reported without the presence of external tumors425

(Work et al. 2004). A decline in FP prevalence has been documented previously in Hawaiian426

green turtles. Twenty-one of 66 turtles observed with tumors in one summer on Maui were427
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seen later with no tumors (Bennett et al. 2000), indicating regression of the FP. The low428

number of stranded turtles with FP on Hawai‘i Island is consistent with the 2022 stranding429

report for green turtles on Maui, in which only one case of FP was reported (Cutt et al. 2023).430

Turtles were more likely to have FP on east Hawai‘i, whereas FP was very rare on green431

turtles that stranded on west Hawai‘i. The west (Kona) coast of Hawai‘i Island had no432

diagnosed cases of FP for many of the years that FP was prevalent in the other Hawaiian433

Islands (Balazs 1991; Aguirre and Balazs 2000; Work et al. 2001). In Florida, turtles with434

tumors are more likely to become entangled in fishing line, thus the higher percentage of435

hook-and-line strandings that occurred on east Hawai‘i may be a result of higher FP presence436

(Foley et al. 2005). However, Chaloupka et al. (2008) found no correlation between FP and437

fishing gear strandings in the other main Hawaiian Islands. Similar to the spatial variation in438

FP infection on Hawai‘i Island, FP was more often found in O‘ahu and Maui than on Kauai439

(Chaloupka et al. 2008). Green turtles that stranded on the western (Gulf) coast of Florida440

(51.9%) were more likely to have tumors than turtles that stranded on the eastern (Atlantic)441

coast (11.9%) (Foley et al. 2005). In Australia, FP varied in prevalence from 0 to 11.6% at 15442

sites all along the Queensland coast (Jones et al. 2022).443

A variety of factors have been hypothesized for the varying prevalence of FP in different444

locations and may be the reason for the contrasting FP abundance on west and east Hawai‘i445

Island. For example, FP in Florida was greatest in areas with the greatest habitat degradation446

and pollution, most shallow water areas, and lowest wave-energy level, indicating that one or447

more of these conditions may affect FP (Foley et al. 2005). In Brazil, highly urbanized areas448

have a higher FP prevalence than lightly urbanized areas (Bastos et al. 2022). Additionally,449

FP may be related to water temperature, with higher water temperatures correlated with450

greater FP prevalence (Manes et al. 2022). An important factor that could contribute to the451

absence of FP on west Hawai‘i is the precipitation pattern on the leeward side of the island.452

The windward (east) side, experiences abundant, consistent rainfall and has large rivers and453

many streams (Juvik et al. 1998). Heavy rain may bring more land-based pollutants to rivers,454

and the discharge from these rivers located in urbanized areas may disrupt the immune455

system of green turtles, making them more susceptible to FP (Manes et al. 2022). Despite the456

low rainfall and lack of flowing surface water in west Hawai‘i, coastal waters can experience457

nutrient pollution via submarine groundwater discharge, which could impact green turtle458

health (Abaya et al. 2018a,b; Panelo et al. 2022).459
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The relatively even distribution of turtles that stranded alive (359) versus dead 381 on460

Hawai‘i Island in the present study is markedly different from other research on O’ahu, Maui,461

and Kauai where approximately 75% of green turtles stranded dead (Chaloupka et al. 2008)462

and on Taiwan where 80% of stranded turtles were deceased (Cheng et al. 2019). In the463

present study, stranding status was found to vary temporally, by cause, and spatially. Green464

turtles were more likely to strand alive in the winter months (November–March), and dead in465

the summer months (April–October). Additionally, more turtles stranded dead than alive466

because of boat impacts, human take, and shark attacks, similar to other Hawaiian Islands,467

where boat impact and shark attack were the hazards most likely to result in a dead turtle468

(Chaloupka et al. 2008). Shark attacks often cause the loss of appendages and boat impacts469

usually cause damage to the head, appendages, and/or the carapace, all serious injuries that470

lead to significant mortality. The present study found that turtles that stranded as a result of471

FP were more likely to strand alive than dead, unlike findings of Chaloupka et al. (2008).472

More turtles stranded dead than alive on west Hawai‘iand more turtles stranded alive than473

dead on east Hawai‘i, probably because shark attacks and boat impacts are more common on474

west Hawai‘i, while FP is reported almost exclusively on eastern shores. Chaloupka et al.475

(2008) found that the probability of mortality in a stranding decreased with turtle size, and476

this pattern is also observed in this data across the two sides of Hawai‘i Island.477

5 Conclusions478

Despite the large percentage of unknown causes of stranding, this long-term data set provides479

important information on Hawai‘i Island green turtle strandings. The considerable480

contribution of hook-and-line fishing gear to strandings emphasizes the need for additional481

mitigation efforts, such as barbless hooks and effective line removal techniques482

(https://dlnr.hawaii.gov/dobor/marineanimalhotline/). In Hawai‘i, the public has a high level483

of awareness of sea turtles, but we have an imperative to increase the availability of484

information on what a person should do if a hooked, entangled, injured or stranded turtle is485

found. Continued monitoring of turtle strandings and careful data collection on stranded486

individuals are critical to the conservation of green turtles.487
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Figure 1 Stranding locations and the division into eastern (windward) and western (leeward)
sides of Hawai‘i island. Coastline map courtesy of United States Geological Service (USGS)
and Hawai‘i Statewide GIS Program.
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Figure 2 Number of strandings from 1983–2022 for Hawai‘i island, separated into east and
west sides. Data for 2020 and beyond are incomplete due to COVID-19 disruptions to data
collection.
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Figure 3 Number of strandings from each cause, separated into east and west sides. Fibropa-
pillomatosis is abbreviated FP. Data for 2020 and beyond are incomplete due to COVID-19
disruptions to data collection.
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Figure 4 A multinomial regression fit using natural splines with 3 degrees of freedom. 95%
confidence bands are constructed by bootstrapping. Records from years with asterisks (*) are
excluded from the model. The dotted white lines correspond to a model with no dependence
on year.
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Figure 5 Straight carapace length (SCL) was measured in 488 records, and plotted for each
stranding cause. Fibropapillomatosis is abbreviated FP. Boxplot outliers begin at 1.5 times the
inter-quartile distance.
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Table 1 Raw counts and proportions of
stranding cause from 1983–2022 for Hawai‘i
island, separated into east and west sides.
Fibropapillomatosis is abbreviated FP.

East West Total

Cause n % n % n %

Boat impact 9 2.4 16 4.3 25 3.3
FP 53 14.0 1 0.3 54 7.2
Hook/line 85 22.4 76 20.3 161 21.4
Human take 19 5.0 14 3.7 33 4.4
Misc. 5 1.3 23 6.1 28 3.7
Net 7 1.8 9 2.4 16 2.1
Shark attack 8 2.1 16 4.3 24 3.2
Unknown 193 50.9 220 58.7 413 54.8
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Table 2 Strandings in each month for Hawai‘i island, separated into east and
west sides.

Coast Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

East 29 31 32 38 33 42 37 30 25 33 25 24 379
West 24 27 45 36 42 40 42 39 16 30 16 18 375

Total 53 58 77 74 75 82 79 69 41 63 41 42 754

32



Table 3 Fibropapillomatosis tumor
presence in stranded turtles by side of
Hawai‘i island.

Tumor

Coast Present None Not Recorded

East 141 143 95
West 9 317 49

Total 150 460 144
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Table 4 Survival status of stranded turtles
by cause. Fibropapillomatosis is
abbreviated FP.

Cause Alive Dead Not Recorded

Boat impact 12 13 0
FP 38 16 0
Hook/line 115 45 1
Human take 6 27 0
Misc. 23 5 0
Net 8 8 0
Shark attack 8 16 0
Unknown 149 251 13

Total 359 381 14
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Table 5 Survival status of stranded
turtles by month.

Month Alive Dead Not Recorded

January 31 20 2
February 33 24 1
March 49 28 0
April 26 47 1
May 25 45 5
June 38 44 0
July 35 43 1
August 29 40 0
September 17 23 1
October 27 36 0
November 24 17 0
December 25 14 3
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