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Abstract

Sea turtles are increasingly regarded as indicators of coastal ecosystem health, as their clini-
cal condition and disease profiles reflect prolonged exposure to environmental pressures in
impacted marine habitats. Wildlife rehabilitation facilities play an important role in sea
turtle conservation, although risk factors associated with mortality during rehabilitation
are not well defined. This retrospective study evaluated clinical and infectious risk factors
for death in 108 stranded sea turtles (including 70 green turtles, 19 olive ridley turtles,
16 hawksbill turtles, 2 loggerhead turtles, and 1 leatherback turtle) admitted to the rehabili-
tation facility at the National Museum of Marine Biology and Aquarium between 2018 and
2024. Data on buoyancy disorder, spirorchiid fluke infection, fibropapillomatosis and final
disposition were analysed using univariate and multivariable logistic regression. Buoyancy
disorder (adjusted OR = 9.96) and spirorchiid fluke infection (adjusted OR = 3.33) were
associated with increased mortality, highlighting the need for careful monitoring and early
detection of these conditions during rehabilitation. However, the retrospective design may
inherently limit causal inference.

Keywords: buoyancy disorder; spirorchiid; fibropapillomatosis; risk factors; sea turtles
rehabilitation

1. Introduction
Wildlife rehabilitation can contribute to species conservation by releasing healthy

individuals back into the wild. For example, sea turtle rehabilitation facilities that treat
injured turtles have been reported worldwide [1–4]. These facilities improve the welfare of
individual animals and provide unique opportunities to collect clinical and epidemiological
data on endangered sea turtle populations. Previous studies have identified several prog-
nostic factors associated with the survival of sea turtles during rehabilitation. For example,
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sea turtle species, body size, nutritional status, trauma, entanglement, hook ingestion,
hematologic abnormalities, and summarized health index (SHI) have been recognized as
predictors of rehabilitation success [1–5].

Buoyancy disorders, which are characterised by turtles being unable to submerge
and instead floating at the surface, are a common clinical issue in the rehabilitation of sea
turtles [6]. In a long-term retrospective study of stranded loggerhead turtles in the Canary
Islands, buoyancy disorders were recorded as a primary cause of admission, although
case numbers were relatively low and outcomes were reported only descriptively [3].
In Queensland, Australia, Flint et al. (2017) found that 13% of all turtles admitted to
rehabilitation had buoyancy disorder as their sole presenting problem, and all of these
turtles were released alive, although many subsequently restranded [4]. While these studies
highlight buoyancy disorder as a common condition in rehabilitation centres, its role as an
independent risk factor for mortality during rehabilitation remains unclear. In addition
to descriptive analyses of admission causes and outcomes, few studies have proposed
objective tools to predict prognosis in rehabilitated sea turtles. Previously, we developed
a summarised health index (SHI) based on clinical and clinicopathological parameters to
predict survival in stranded turtles, demonstrating that quantitative health scores can assist
triage and case management [5].

Spirorchiidiasis is widespread among marine turtles and affects sea turtle popula-
tions globally, as blood flukes of the family Spirorchiidae are near-cosmopolitan in their
distribution and are recognised as important disease agents in these species [7,8]. Jerdy
et al. (2023) described 16 juvenile green turtles from southeastern Brazil with massive,
extremely severe spirorchiidiasis-associated lesions, without other detectable diseases [8].
The infection caused pulmonary alveolar collapse, cerebral compression, thyroid atrophy,
and splenic lymphoid depletion, highlighting spirorchiidiasis as a potential cause of death
in stranded green turtles.

In sea turtle rehabilitation facilities, fibropapillomatosis (FP) is a major concern, as
it is a common condition in sea turtles and has been associated with reduced survival
during rehabilitation [9]. FP can severely compromise the health of affected turtles. Tumor
growth may interfere with feeding and swimming, impair vision, and in some cases result
in failure of internal organs [9]. However, the influence of specific clinical syndromes and
infectious conditions, such as FP, buoyancy disorder and spirorchiid fluke infection, on
mortality during rehabilitation has not been fully evaluated, particularly in Taiwanese sea
turtle rehabilitation facilities. These conditions were selected because they are commonly
encountered during rehabilitation and have been previously linked to poor health status or
mortality. Therefore, the aim of this brief report was to investigate potential risk factors for
death during rehabilitation in sea turtles admitted to a rehabilitation centre in Taiwan, with
a particular focus on buoyancy disorder and spirorchiid fluke infection, using univariate
and multivariable logistic regression analyses.

2. Materials and Methods
Data Collection
A retrospective study was conducted using stranding and medical records of

108 sea turtles admitted to the sea turtle rehabilitation facility at the National Mu-
seum of Marine Biology and Aquarium (NMMBA) in Checheng Township, Pingtung
County, Taiwan, from April 2018 to May 2024, including 70 green turtles (C. mydas,
64.8%) (juvenile = 62; sub-adult = 5; adult = 3), 19 olive ridley turtles (L. olivacea, 17.6%)
(juvenile = 15; sub-adult = 4), 16 hawksbill turtles (E. imbricata, 14.8%) (juvenile = 16;),
2 loggerhead turtles (C. caretta, 1.9%) (juvenile = 1; adult = 1), and 1 leatherback turtle
(D. coriacea, 0.9%) (adult = 1). All turtles were grouped into life stages based on carapace
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length, using CCL (curved carapace length) for most species and SCL (straight carapace
length) for loggerhead turtles, as follows: green turtles: juvenile (<65 cm CCL), subadult
(65–86 cm CCL), and adult (>86 cm CCL); olive ridley turtles: juvenile (<62 cm CCL),
subadult (62–70 cm CCL), and adult (>71 cm CCL); hawksbill turtles: juvenile (<55 cm
CCL), subadult (55–70 cm CCL), and adult (>70 cm CCL); loggerhead turtles: juvenile
(≤66.0 cm SCL), subadult (66.1–82.1 cm SCL), and adult (≥82.2 cm SCL); leatherback turtles:
juvenile (<50 cm CCL), subadult (50–70 cm CCL), and adult (>70 cm CCL) [10,11]. The
median rehabilitation duration was 135 days (range 0–1389 days; mean 191 days). Of the
108 sea turtles included in the study, 77 (71.3%) survived to release and 31 (28.7%) died
during rehabilitation. No turtles were transferred to other facilities. Among the 31 non-
surviving sea turtles, one turtle with boat-strike trauma was humanely euthanized because
of a poor prognosis for survival and for animal welfare reasons. This euthanasia decision
was made after clinical evaluation by two veterinarians. The epidemiological data collected
included body condition index (BCI), leech parasitism, ingestion of fishing hooks, fluke
(spirorchiid) infection, fibropapillomatosis (FP), buoyancy disorder, and final disposition,
including the date of death or release. Diagnostic criteria for spirorchiid infection, FP, and
buoyancy disorder in this study were defined as follows: (1) spirorchiid infection, based on
the morphology of spirorchiid eggs identified by copro-microscopy; (2) FP, diagnosed by
visual examination revealing characteristic cutaneous fibropapillomas; and (3) Buoyancy
disorder was diagnosed by attending veterinarians based on repeated clinical observation
of persistent abnormal buoyancy during rehabilitation, supported by physical examination
and diagnostic imaging where available. Most turtles were screened for spirorchiid infec-
tion; however, four individuals could not be tested because fecal samples were insufficient
for examination.

Data analysis
Statistical analyses were performed using SPSS software, version 28.0 (IBM Corp.,

Armonk, NY, USA). Chi-square or Fisher’s exact tests were used to assess differences in
proportions between groups. Predictor variables were selected a priori based on clinical
relevance and previous literature, and their associations with mortality were initially ex-
plored using univariable analyses. These variables were then entered into multivariable
logistic regression models to estimate adjusted effects and to account for potential con-
founding. For analyses involving spirorchiid infection, turtles without copro-microscopy
results (n = 4) had missing values for this variable and were therefore excluded from the
corresponding chi-square tests and logistic regression models, as part of a complete-case
analysis. Goodness of fit for the multivariable logistic regression model was assessed using
the Hosmer–Lemeshow (HL) goodness-of-fit test. We also examined deviance residuals
and influence statistics (standardized residuals and Cook’s distance) to identify poten-
tial outliers or influential observations. Following commonly used recommendations,
observations with an absolute standardized residual greater than 3 or a Cook’s distance
greater than 1 were identified as potentially influential. A p-value < 0.05 was considered
statistically significant.

Ethics Statement
The sea turtle rehabilitation program at NMMBA is conducted under the authorization

of the Ocean Conservation Administration, Taiwan. All information used in this retrospec-
tive study was obtained from existing stranding and medical records of sea turtles admitted
to the sea turtle rehabilitation facility at NMMBA. No sea turtles were captured from the
wild specifically for this study; therefore, additional ethical approval was not required.
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3. Results
Of the 108 sea turtles included in the study, 77 (71.3%) survived to release and 31

(28.7%) died during rehabilitation. By univariate analysis, the presence of buoyancy dis-
order was a significant risk factor associated with death during rehabilitation (OR: 5.45;
95% confidence interval: 2.01–14.77). In addition, fluke (spirorchiid) infection was more
frequent in the non-surviving group than in the surviving group (40.7% vs. 23.4%; OR:
2.25; 95% CI: 0.88–5.72), although this association did not reach statistical significance.
Non-surviving turtles also had a higher proportion of fibropapillomatosis than surviving
turtles (OR: 1.70; 95% CI: 0.27–10.71). BCI, leech parasitism, and ingestion of fishing hooks
were not significantly associated with death in sea turtles (all p > 0.05) (Supplementary
Table S1). Therefore, variables showing associations with mortality identified in the univari-
ate analysis were included in the multivariable model for further analysis. Furthermore,
FP was retained in the multivariable model because it is a well-recognized contributor
to mortality in sea turtles [9], even though its univariate association with death was not
statistically significant (OR: 1.70; 95% CI: 0.27–10.71). The data were analysed using a
multivariable logistic regression model, and as shown in Table 1, buoyancy disorder and
fluke (spirorchiid) infection were associated with higher odds of death in sea turtles.

Table 1. Risk factors for death during rehabilitation in 108 sea turtle patients by multivariable logistic
regression analysis c.

Factors OR a (95% CI b) p

Buoyancy disorder (yes vs. no) 9.96 (3.21–30.85) <0.001
Fluke (spirorchiid) infection (yes vs. no) 3.33 (1.09–10.18) 0.035

Fibropapillomatosis (FP) (yes vs. no) 2.05 (0.28–15.00) 0.479
a OR: odds ratio. b CI: confidence interval. c Model based on 104 turtles with complete data.

In exploratory analyses, species was evaluated in two ways. First, we included all
species categories in a χ2 test of association with mortality, and no significant associa-
tion was detected (p = 0.211). The corresponding mortality rates were 100.0% (1/1) for
leatherback turtles, 50.0% (1/2) for loggerhead turtles, 32.9% (23/70) for green turtles, 18.8%
(3/16) for hawksbill turtles, and 15.8% (3/19) for olive ridley turtles. Second, turtles were
grouped as green versus non-green, and this dichotomization was also not significantly
associated with mortality (p = 0.195). The mortality rates in this comparison were 32.9%
(23/70) for green turtles and 21.1% (8/38) for non-green turtles. In the multivariable logistic
regression, species was entered as a categorical predictor with non-green turtles as the
reference category. Species remained non-significant in the model (p = 0.224), and the
adjusted odds ratios for buoyancy disorder and spirorchiid infection changed only slightly.
To reduce the risk of overfitting and for parsimony, species was therefore excluded from the
final multivariable model. The multivariable logistic regression model showed adequate fit
(HL test, χ2 = 4.71, df = 3, p = 0.194), and inspection of standardized residuals and Cook’s
distance did not identify any outliers or influential observations with strong impact on the
model estimates.

Furthermore, pairwise associations among the explanatory variables were examined
using 2 × 2 contingency tables with chi-square and Fisher’s exact tests. No significant
associations were detected between buoyancy disorder and spirorchiid infection (Pearson’s
chi-square p = 0.253) or between buoyancy disorder and fibropapillomatosis (Fisher’s exact
p = 0.581). In addition, all variance inflation factor (VIF) values for these variables were
close to 1, indicating no evidence of problematic multicollinearity.
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4. Discussion
This is the first study to suggest that both buoyancy disorder and fluke (spirorchiid)

infection may be risk factors for death in sea turtles undergoing rehabilitation in Taiwan,
after controlling for potential confounders using multivariable analysis.

As in previous studies, this study demonstrated that buoyancy disorder was strongly
and negatively associated with survival in marine turtles [5,6,12]. Respiratory syndromes
often lead to buoyancy disorders in sea turtles [13,14], preventing them from submerging
and increasing the risk of injury or death from boat collisions or entanglement in fishing
gear. According to Li et al. (2015) [5], sea turtles with buoyancy disorders had significantly
higher levels of aspartate aminotransferase (AST) and uric acid (UA) than turtles without
buoyancy disorders. Elevated AST and UA concentrations suggest that sea turtles with
buoyancy disorders may be suffering from dehydration, reduced kidney function, liver
damage, or skeletal muscle injury [15–18].

Spirorchiidiasis is widespread among marine turtles, affecting sea turtle populations
globally. This is because members of the family Spirorchiidae are nearly cosmopolitan
in their distribution [7,8]. In our study, fluke (spirorchiid) infection was associated with
higher odds of death in sea turtles undergoing rehabilitation, after adjustment for other
potential confounders. In Taiwan, Chen et al. (2012) reported a high prevalence (70%)
of spirorchiid fluke infections and widespread vascular and systemic lesions in stranded
green turtles, suggesting that spirorchiidiasis may contribute to sea turtle strandings and
mortality in this region [19]. However, in that study, no infections were found in the two
loggerhead turtles examined. Furthermore, in our data, spirorchiid fluke infections were
significantly more common in green turtles (40.6%) than in other species combined (5.6%
in olive ridley turtles, 0.0% in hawksbill and loggerhead turtles; p < 0.001, chi-square test).
Interpretation of species-specific prevalence should be cautious because of the limited
sample size for several species. These findings suggest that green turtles have a higher
infection prevalence in our study population, although confirmation in larger samples and
additional populations is needed. In contrast, the overall prevalence of spirorchiid fluke
infection in our turtles was 28%, which appears lower than the 70% reported by Chen et al.
(2012); however, this difference may reflect differences in case sources and study design,
because all turtles examined by Chen et al. (2012) were dead stranded turtles, and this
difference therefore does not necessarily indicate a true temporal decline in spirorchiidiasis
in sea turtles in Taiwan [19]. Nevertheless, our multivariable model included 104 sea turtles
with complete data, among whom 27 deaths occurred, corresponding to approximately
9 events per predictor parameter, which lies at the lower end of commonly suggested
thresholds [20]; therefore, the adjusted odds ratios and the identified risk factors should
be interpreted with caution and confirmed in larger studies. Another limitation is that
spirorchiid infection in our study was diagnosed only by fecal examination, which has
limited sensitivity and may underestimate infection prevalence. In our study, the status of
spirorchiid infection was determined from the first faecal sample collected after admission,
rather than from repeated faecal examinations, which may have further reduced diagnostic
sensitivity. In addition, species was explored as a potential confounder; however, low
sample sizes in several species limited statistical power, so the non-significant species effect
should be interpreted cautiously.

This study has several limitations inherent to its retrospective design. First, because
cases were limited to sea turtles admitted to our rehabilitation facility, it is possible that
selection bias occurred, meaning that our findings may not be fully applicable to all stranded
sea turtles in the region. Second, although we adjusted for key clinical variables, residual
confounding by unmeasured factors (such as underlying comorbidities or differences
in treatment decisions) cannot be ruled out. Finally, a small number of turtles lacked
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diagnostic data for spirorchiid infection and were excluded from the relevant analyses,
which may have reduced statistical power and introduced additional uncertainty into
the estimates.

5. Conclusions
As sea turtles are increasingly recognized as sentinels of coastal ecosystem health,

their clinical status and disease burden integrate exposure to environmental stressors
in contaminated coastal habitats [21–23]. This study showed that buoyancy disorder
and fluke (spirorchiid) infection were independently associated with increased odds of
mortality in this cohort of sea turtles undergoing rehabilitation, after adjustment for other
potential confounders. These findings provide useful clinical information for the medical
management of sea turtles in rehabilitation facilities and may assist marine veterinarians in
health evaluation and decision-making for sea turtles in wildlife rehabilitation facilities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse14131215/s1, Table S1: Univariate analysis of risk factors for
death during the treatment period in 108 sea turtle patients.
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