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The recent finding of gas embolism (GE) and decompression sickness (DCS) in
loggerhead sea turtles (Caretta caretta) in the Mediterranean Sea challenged the
conventional understanding of marine vertebrate diving physiology. Additionally, it
brought to light a previously unknown source of mortality associated with fisheries
bycatch for this vulnerable species. In this paper, we use ultrasonography to describe GE
in a leatherback sea turtle (Dermochelys coriacea), a green sea turtle (Chelonia mydas),
and an olive ridley sea turtle (Lepidochelys olivacea) from accidental capture in a gillnet,
bottom trawl, and pair-bottom trawl, respectively. This is the first description of this
condition in these three species worldwide. These cases of GE suggest that this may
be a threat faced by all sea turtle species globally.

Keywords: sea turtle, gas embolism, decompression sickness, fisheries, bycatch

INTRODUCTION

The incidental capture of sea turtles by fisheries, referred to as bycatch, is recognized as the
greatest threat for the conservation of the species within this group worldwide (Wallace et al.,
2010). Currently, six out the seven sea turtle species are listed by the International Union for
Conservation of Nature as vulnerable, endangered, or critically endangered' (accessed 28 April
2020). Despite this, accurate assessment of the global effects of bycatch is extremely challenging
(Lewison et al., 2004). The size of global fishing fleet is too numerous to be monitored effectively,
especially considering that much fishing occurs in international waters and many undocumented
boats (Lewison et al., 2014). To address the issue of sea turtle bycatch therefore requires research
and collaborative efforts among scientist, conservationists, industry, and managers (Lewison et al.,
2004). The annual average number of sea turtle bycatch reported globally between 1990 and 2008
was 4722 turtles, but estimations of true total bycatch numbers are of two orders of magnitude
higher given that only 1% of fleets report these data (Wallace et al., 2010).

A review of sea turtle bycatch in the Mediterranean Sea estimated over 132,000 captures and
44,000 mortalities per year (Casale, 2011). The fishing gear that caused the most captures was
pelagic longline, followed by bottom trawl, setnets (single netting wall set stationary on the bottom),
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and gillnets (single, double, or triple walls near the surface,
in midwater or on the bottom mounted together on the same
frame ropes; FAO, 2001), and demersal longline, but set nets
and gillnet resulted in higher mortalities than bottom trawlers
(Casale, 2011). In the Atlantic Ocean, the trawl fishery industry in
Gabon is responsible for an estimated annual bycatch of around
1026 olive ridley turtles with an estimated mortality ranging
from 63 to 794 turtles per year, endangering the local breeding
population (Casale et al., 2017). In the Pacific Ocean, mortalities
of leatherback sea turtles by swordfish gillnet fisheries in Chile
and Peru have contributed to the collapse of the Mexican Pacific
coast breeding colony (Oravetz, 1999; Spolita et al., 2000).

In a global assessment of sea turtle bycatch in different gear,
mortality rates were significantly higher in nets and trawls than
longlines, emphasizing the need to mitigate bycatch impact
by this gear (Wallace et al,, 2013). Gear fixed to the bottom
had higher mortality rates, although not statistically significant,
when compared to gear used closer to the surface (Wallace
et al,, 2013). Some regions of the planet such as the southwest
Atlantic Ocean and the Mediterranean Sea have been identify
as “hotspots of bycatch intensity” for sea turtles (Lewison et al.,
2014), although the authors highlight the widespread lack of data
(Wallace et al., 2013).

It has traditionally been accepted that bycaught sea turtles
either suffer from drowning and/or lesions caused by fishing
gear (Casale, 2011). Recent research, however, has demonstrated
that loggerhead sea turtles (Caretta caretta) caught by trawl-
and gillnets have a high prevalence of intravascular gas or gas
embolism (GE) (Garcia-Parraga et al., 2014). Additionally, some
of them presented clinical signs consistent with decompression
sickness (DCS) (Garcia-Parraga et al., 2014), a syndrome caused
by the formation of intra- and extra-vascular gas bubbles when
the summation of total dissolved gas exceeds local absolute
pressure (Vann et al., 2011). In human hyperbaric medicine,
Doppler flow transducers or two-dimensional echocardiography
are the most common techniques used to detect intravascular
gas bubbles (Mollerlokken et al., 2016). Although the detection
of GE is not diagnostic of DCS, large bubble loads correlate
with the probability of DCS (Evans et al, 1972; Neuman
et al., 1976; Spencer, 1976; Gardette, 1979; Sawatzky, 1991),
hence detection of GE by Doppler flow transducers or
two-dimensional echocardiography are used as indicators of
decompression stress (Pollock, 2007; Mollerlokken et al., 2016).
The prevalence of GE in turtles caught accidentally in the
waters of southern Brazil has recently been assessed onboard
with surprising data on the development of intravascular
gas in 100% of the individuals evaluated by ultrasonography
(Parga et al., 2020).

In vitro studies of the vasoactive characteristics of the
pulmonary and systemic arteries of loggerhead sea turtles suggest
that nitrogen might accumulate and form gas bubbles as a result
of an elevation of the sympathetic tone during the entanglement
that, in turn, increases pulmonary blood flow and nitrogen
uptake (Garcia-Pdrraga et al., 2018). As this condition may affect
post-release survivorship, this means the conventional estimates
of bycatch mortality rates are underestimates. Thus, knowing
the prevalence of GE and DCS in fisheries around the world is

essential to quantify the true impact of fisheries bycatch on sea
turtles worldwide.

To date, GE has mainly been recorded in loggerhead turtles in
the Mediterranean yet there considering that sea turtle bycatch
is a global problem for all sea turtle species, we postulate that
this issue may be more widespread than currently thought.
Here, we describe the diagnosis of GE in three sea turtle
species, leatherback sea turtle (Dermochelys coriacea), green sea
turtle (Chelonia mydas), and olive ridley (Lepidochelys olivacea)
for which this has never been described before. This variety
on species together with the new description outside of the
Mediterranean Sea highlights the relevance for its consideration
in the assessment of the effects of bycatch on all sea turtles and
management plans worldwide.

MATERIALS AND METHODS

In October 2015, a bottom trawler fishing boat caught a
live leatherback sea turtle (Figure 1A) along the Spanish
Mediterranean coast (Castell6 de la Plana, 39°5859.99”N,
0°1'59.99"E). In May 2016, a coastal gillnet caught a live
green turtle (Figure 1C) off the Spanish Mediterranean coast
(Perellonet, 39°1826.068" "N, 0°17'47.049""W). Both animals
received health examinations under the authorization of the
“Conselleria d’Agricultura, Desenvolupament Rural, Emergeéncia
Climatica i Transicié Ecologica” to the Oceanografic Aquarium
of the City of Arts and Sciences of Valencia for coordinating
veterinary stranding response. The leatherback turtle was
evaluated onboard once the fishing boat reached the harbor
and then released back in the open ocean. The green turtle
was transported and examined at the veterinary facilities of the
Oceanografic aquarium. Additionally, in January 2017, a pair-
bottom trawler in the Southern Atlantic Ocean (off the coast of
Southern Brazil), caught a live olive ridley turtle (Figure 1E). This
animal received a health examination on deck as part of a study
carried out specifically to assess the prevalence and immediate
evolution of DCS in incidentally captured turtles under the
permits 15962-6 and 15962-7 from the Brazilian government
(Parga et al., 2020).

For each turtle, we measured minimum curved carapace
length (CCLmin) from the nuchal notch to the posterior tip
of the caudal scute (Wyneken, 2001) or peduncle (Robinson
etal., 2017). Veterinary evaluation included routine physical and
neurological examinations, blood analyses, and imaging studies
(Garcia-Pdrraga et al., 2014). A portable ultrasound machine
[General Electric Logiq E Vet ultrasound (GE Medical Systems)]
with commercial 4C-RS (convex) for large individuals and 8C-
RS (microconvex) and 12L-RS (linear) probes for small and
medium size was used to evaluate kidney area (Figure 1A),
cardiac chambers, major vessels at the base of the heart and
liver in smaller animals where the ultrasound beam had enough
penetration. A convex probe was placed in the prefemoral
acoustic window of the inguinal area in the leatherback turtle
with a penetration depth of 20 cm to reach kidney and adjacent
vessels. A linear probe was used for kidney in the green turtle
and olive ridley (4-6 cm penetration depth) and a microconvex
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FIGURE 1 | Leatherback turtle (A), green turtle (C), and olive ridley (E) on the deck of the fishing boats. Kidney (k) ultrasound in the leatherback (B), green (D), and
olive ridley (F) turtles showing the presence of gas as a hyperechoic (white) artifacts. Asterisks mark intravascular (B) or intra-parenchymal (D,F) gas seen as small
hyperechogenic spots (small bubbles). Larger accumulations of gas usually produce comet tail artifacts on ultrasound examination (arrowhead).
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probe to reach liver, heart, and great vessels in the green turtle
(8-10 cm of penetration depth). In the three animals, the degree
of GE was evaluated through ultrasound following the protocols
outlined in Garcia-Parraga et al. (2014). Based on the amount of
gas detected in blood vessels and the distribution in the different
organs, each turtle was categorized as: (1) mild embolism—a
small amount of gas in kidneys, mainly small hyperecogenic spots
moving through renal vessels and/or in renal parenchyma, few
comet tail artifacts; (2) moderate embolism—a larger amount
of gas in kidneys, with clear aggregation of gas in some vessels
areas and evident comet tail artifacts, and presence of gas
in liver and cardiac chambers; (3) severe embolism—a large
amount of gas present in tissues hampering the ultrasound
examination. Additionally to the ultrasound, the green turtle
was also evaluated through radiography as described in Garcia-
Parraga et al. (2014). Severity of the embolism was determined
for the olive ridley on necropsy as the animal died onboard 2 h
after surfacing.

RESULTS
Leatherback Sea Turtle

The CCLmin of this turtle was 136 cm, corresponding to a
subadult (Stewart et al., 2007). The accidental capture occurred
during the 2.5 h trawl at 37 m deep. Physical examination was
conducted on board about 4 h after surfacing, revealing mild
bleeding abrasions on front flippers and dorsal keels, but no
other significant lesions or scars were found. The animal was
in good body condition, with evident fat accumulation on the
neck, pectoral, and inguinal fossa, and was well hydrated. No
abnormal behavioral responses were observed during physical or
neurological examinations. Prefemoral ultrasound examination
revealed hyperechogenic spots and comet tail artifacts in renal
vessels and portal-renal vein compatible with intravascular gas
bubbles (Figure 1B) (Crespo-Picazo, 2019a). At the neck region,
the dorso-cervical sinus did not show evidence of gas bubbles.
No other internal structures were accessible due to the large size
of the animal and limited penetration of the ultrasound. Based
on the limited amount of intravascular gas present on accessible
regions, it was presumed to be a mild GE case.

Green Turtle

The CCLmin of this turtle was 43 cm, corresponding to a
juvenile (Limpus and Walter, 1980). The gillnet where the
turtle was captured was set at 5 m deep for 12 h. Physical
examination conducted 4 h after surfacing did not show any
clinical signs or external lesions. Body condition was good.
Ultrasound examination revealed circulating bubbles in the
right atrium and renal adjacent vessels. The renal parenchyma
also presented hyperechogenic spots with comet tail artifacts
(Figure 1D) (Crespo-Picazo, 2019b). Conventional radiographs
also revealed small amounts of gas in the kidney region. Based
on these findings, it was classified as a mild GE case. The
turtle remained in the rescue center facilities until complete
rehabilitation and was released 6 weeks after admission.

Olive Ridley Turtle

The CCLmin of this turtle was 71.9 cm, corresponding to an
adult (Zug et al,, 1998). Trawl conditions when captured were
19 m deep for 4.5 h. Physical examination revealed several
fresh superficial wounds caused by net entanglement, a ray sting
embedded in the skin immediately lateral to the tail and a recent
cloacal prolapse. Body condition was good. Hyperechogenic spots
compatible with intravascular gas bubbles were evident in renal
and neck vessels on the first ultrasound scan taken when the
animal arrived on deck (Figures 1F, 2A) (Crespo-Picazo and
Parga, 2019). In a second scan, 30 min later, gas bubbles were
even more clearly detectable in the renal parenchyma and vessels
(Figure 2B). One hour later, the amount of gas was so severe
that it hampered the renal ultrasound examination (Figure 2C).
Based on the amount of gas present, the animal was classified as
a severe GE case. GE severity was confirmed during necropsy
as the turtle died 2 h after surfacing. Main findings included
abundant gas inside cardiac chambers, senus venosus, mesenteric
veins, kidneys, spleen, and most of the vasculature of all other
internal organs (Figure 3). Macroscopic lesions associated with
circulatory failure due to impediment of regular blood flow were
also detected in several organs and tissues including the intestinal
tract (segmental congestion of the intestinal mucosa), kidneys
(marked congestion in extensive areas of renal parenchyma),
and lungs (congestion and hemorrhage in lung parenchyma),
confirming not just the presence of GE but also DCS diagnosis.
Necropsy was performed within 12 h post-mortem, which it
was also confirmed that the turtle was an adult female with
well-developed and apparently functional oviducts.

DISCUSSION

Gas embolism and DCS was originally described in loggerhead
sea turtles recovered as bycatch from trawlers and gillnets of
local fisheries off the east coast of Spain (Garcia-Pdrraga et al.,
2014). Here, we demonstrate that green, leatherback, and olive
ridley turtles are also susceptible to GE after fisheries interactions.
Despite only having a single representative from each of these
new species, we postulate that this provides evidence that all
sea turtle species may, in fact, be susceptible to GE, especially
when forcibly submerged for prolonged periods of time. This
conclusion is further supported by recent findings that have
showed the high prevalence of GE in loggerhead turtles in the
southern Atlantic (Parga et al., 2020). Overall, we therefore think
that GE may be a severely underestimated form of mortality
associated with interactions between fisheries and sea turtles.
If true, global estimates of sea turtle mortality associated with
fisheries bycatch (e.g., Lewison et al., 2004) may be far higher than
initially predicted.

Leatherbacks are the deepest diving sea turtle species, and
therefore are the most adapted to deal with the associated effects
of decompression after diving (Davenport et al.,, 2009; Fossette
et al,, 2010; Murphy et al,, 2012). Yet, we still found evidence
that this species is also affected by GE when forcibly submerged.
Furthermore, this occurred when this individual was caught as
a relatively shallow depth (37 m), which is shallower than the

Frontiers in Marine Science | www.frontiersin.org

June 2020 | Volume 7 | Article 442


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Crespo-Picazo et al. Gas Embolism in Sea Turtles

FIGURE 2 | Sequence of ultrasound images of the renal area of the olive ridley turtle, within 30-40 min intervals. A clear increase in the presence of gas in vessels
and renal parenchyma is observed. (A) Mild gas embolism. Initial ultrasound after approximately 20 min of being surfaced. (B) Moderate gas embolism: The amount
and distribution of gas increase in blood vessels and renal parenchyma. (C) Severe gas embolism. Massive amount of gas preventing ultrasound penetration and
tissue visualization.

FIGURE 3 | Selected images from the olive ridley turtle necropsy affected with severe GE and DCS. (A) Opening of the pericardium, abundant gas bubbles are
observed in the right atrium (arrowheads). (B) Large presence of gas in the venous sinus (arrowheads). (C) Presence of gas bubbles (asterisks) in mesenteric veins.
(D) Marked congestion (dotted line area) of the renal parenchyma.

mean dive depth for this species (Robinson and Paladino, 2015).  species of sea turtle may be vulnerable to GE. Alteration of the
If leatherback turtles, a species that has been recorded dive to  physiologic mechanism to minimize nitrogen absorption during
depths over 1200 m (Houghton et al., 2008), are affected by GE  dives (bradycardia, intracardiac shunting, pulmonary sphincters)
when retained at such shallow depths, it might suggest that all  is considered the main physio-pathological explanation driving
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GE formation (Garcia-Pdarraga et al.,, 2018). These anatomical,
physiological, and behavioral mechanisms have been identified
and developed to a different degree in several sea turtles species
(Sapsford, 1978; Garcia-Parraga et al., 2017). Although most work
until now has been based on loggerheads as they are the most
common bycaught species in the western Mediterranean, based
on the present work, we cannot exclude all other species of sea
turtles for being potentially affected from decompression under
entanglement conditions at depth.

All three species described here appeared to suffer GE, but
only the olive ridley was confirmed to have symptoms and lesions
of DCS. As these symptoms and lesions were identical to those
found in loggerhead turtles (Garcia-Parraga et al., 2014), this
provides further support that GE might be a common threat
to all sea turtle species. Nevertheless, further research is still
needed to confirm if this is the case and the real risk for the
detected intravascular gas bubbles to lead to actual DCS and
potential subsequent death in all other species. Perhaps some
sea turtle species are able to manage any GE and thus inhibit
the occurrence of any pathological events. Identifying more cases
over time in different species and under different fisheries and
environmental conditions will help clarify clinical implications
and susceptibility to disease in the different species of sea turtles.
Additionally, further investigations should also determine the
role of concurrent and cumulative deleterious effects of other
metabolic disorders observed in accidentally and direct capture
of sea turtles (Harms et al., 2003; Innis et al., 2010, 2014;
Phillips et al., 2015).

Conservation Implications

Mortality due to fishery interaction can be divided into direct and
delayed mortality (Parga et al., 2017). The former is relatively easy
to ascertain as it can be observed directly, given that it happens
at the time of incidental capture or immediately after, with
the animal still on board the fishing vessel. Delayed mortality,
however, is far more difficult to assess, as it may occur within
hours, days, or even months after the release of the animal.
Mortality rates are commonly calculated based on two scenarios:
(a) the total number of caught turtles found dead in fishery gear
(all comatose turtles are assumed to survive) and (b) the total
number of caught turtles found dead or comatose (assuming
eventual death) in fishery gear (Casale et al., 2017).

Despite little data being currently available on post-release
survivorship (Swimmer et al., 2006; Maxwell et al., 2018; Parga
et al., 2020), the IUCN sea turtle specialist group recommends
that live and moving sea turtles should be released from the boat
and reintroduced into the sea (Oravetz, 1999). As these animals
are active on release, they are therefore not typically accounted
for when calculating bycatch mortality rates. Our finding as
well as those of previous studies, however, suggest some those
turtles may die within hours or days post-release (Garcia-Parraga
etal,, 2014; Parga et al., 2020). Further knowledge on post-release
survival is therefore essential to develop a more accurate measure
of fisheries associated mortality in sea turtles.

It has been shown that the likelihood of fatal decompression
in loggerhead sea turtles increases with gear depth; an average
trawl depth of 65 m resulted in 50% estimated mortality under

particular conditions (Fahlman et al., 2017). This finding is
in agreement with previous global mortality bycatch estimates,
which suggested that gears fixed to the bottom had higher
mortality rates than shallower gear (Wallace et al., 2013), except
if those gears are at depths out of the normal sea turtle diving
range. As such, within the sea turtle diving range, reducing gear
deployment depth (when possible) and soak time might be a
mitigation measure worth taking into consideration and thus
merits further investigation. On the other hand, by deploying
gear at depths that exceed the typical diving ranges of sea turtles
would also minimize the probability of sea turtle capture.

CONCLUSION

We found evidence that at least four sea turtle species are
susceptible to GE and/or DCS because of bycatch in gillnets and
trawlers at different geographical locations. As this condition can
lead to reduce survivorship, there is a vital need for further studies
to assess the prevalence of DCS in sea turtles for all fisheries
and all sea turtle species worldwide. In turn, this knowledge will
help both improve estimates of fisheries associated mortality in
sea turtles and guide conservation management actions (Lewison
etal.,, 2004). Research into effective mitigation measures and their
implementation should continue with particular consideration
of fishing gears types, deployment depths, soaking times, and
locations that are more likely to result in bycaught sea turtles
remaining forcibly submerged and developing GE and/or DCS.
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