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ABSTRACT: Vessel collisions contribute to the anthropogenic mortality of several threatened marine
species including turtles, manatees, dugongs and whales, but scant data exist to inform the design of
optimal mitigation measures. We conducted a field experiment to evaluate behavioural responses of
green turtles Chelonia mydas to a research vessel approaching at slow, moderate or fast speed (4, 11
and 19 km h–1, respectively). Data were recorded for 1890 encounters with turtles sighted within 10 m
of the research vessel’s track. The proportion of turtles that fled to avoid the vessel decreased significantly as vessel speed increased, and turtles that fled from moderate and fast approaches did so at
significantly shorter distances from the vessel than turtles that fled from slow approaches. Our results
imply that vessel operators cannot rely on turtles to actively avoid being struck by the vessel if it
exceeds 4 km h–1. As most vessels travel much faster than 4 km h–1 in open waters, we infer that
mandatory speed restrictions will be necessary to reduce the cumulative risk of vessel strike to green
turtles in key habitats subject to frequent vessel traffic.
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Vessel collisions contribute to the mortality and morbidity of several marine taxa, notably turtles (Lutcavage et al. 1997, Environment Australia Marine Species
Section 2003, Hazel & Gyuris 2006), sirenians (Ackerman et al. 1995, Greenland & Limpus 2005, Laist &
Shaw 2006) and large cetaceans (Knowlton & Kraus
2001, Laist et al. 2001, Jensen & Silber 2003). Some
affected species are of significant conservation concern in various jurisdictions, as a result of the cumulative effects of human-induced and natural mortality,
habitat disturbance and low reproductive capacity,
(e.g. US Fish and Wildlife Service 2001, Environment
Australia Marine Species Section 2003, National
Marine Fisheries Service 2005).
Vessel traffic has severely affected North Atlantic
right whales Eubalaena glacialis, for which collisions
have been identified as a major source of mortality
(Knowlton & Kraus 2001), and Florida manatees
Trichechus manatus latirostris where 25% of all docu-

mented deaths have been caused by collisions
(Haubold et al. 2006). Stranding records for Queensland, Australia indicate that 7% of dead dugongs
Dugong dugon had been struck by vessels (Greenland
& Limpus 2006), as had 14% of dead sea turtles (Hazel
& Gyuris 2006). These records are largely from populated areas of the state and comprise an unknown
proportion of total mortality.
Management authorities have sought to mitigate
vessel-related injuries to wildlife by identifying locations of particular importance for vulnerable species.
Vessel operators are urged to increase vigilance
within these areas, where recommended or obligatory
routes and speed restrictions may apply. Other protective measures such as acoustic warning devices
have been proposed (e.g. Gerstein 2002) but their utility in the wild remains uncertain. Proposed mandatory speed regulations for large vessels in some offshore areas have raised serious concerns about
anticipated economic costs to shipping operators, who
emphasize that speed regulation has not been con-
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firmed as an effective measure for reducing ship–
whale collisions (World Shipping Council 2006). Furthermore, although speed restrictions in coastal
waterways have been in place since the mid- or late
1990s at many locations in Florida and a few locations
in Queensland, their intended role in reducing collisions between vessels and marine wildlife has not
been clearly demonstrated.
There is, however, preliminary evidence from Merritt Island, Florida, that suggests speed restrictions can
be effective in protecting manatees at some locations,
provided the restrictions are refined to match sitespecific conditions and provided compliance is assured
by effective enforcement (Laist & Shaw 2006). These
provisos appear difficult to achieve: variable levels of
compliance with speed restrictions have been reported
in many areas (e.g. Groom 2003, Gorzelany 2004,
Hodgson 2004) and only scant data exist to inform the
optimal design of speed restrictions.
Speed reduction strategies apparently derive from
the expectation that slower speed should afford greater
opportunity for both vessel operators and animals to
identify imminent collision risks and take avoidance
action. However, even the most vigilant vessel crews
are unable to see submerged animals (except at close
range in very clear water) and are unlikely to see
surface animals in rough seas or under low light conditions. Therefore, in practical terms, this rationale would
imply a high degree of reliance on animals to avoid
vessels. Yet the capacity of various species of marine
wildlife to detect and evade approaching vessels remains poorly understood, hampering the determination
of wildlife-safe maximum speeds for vessels travelling
in critical habitats.
Researchers have investigated behavioural responses to vessels by manatees
(Nowacek et al. 2004) and dugongs
(Hodgson 2004, Hodgson & Marsh 2007)
but systematic field data are lacking for
other species susceptible to collisions.
Our study evaluated the ability of green
turtles to avoid vessels and investigated
behavioural characteristics of turtles that
are potentially relevant to the reduction
of collision risk.

favourable foraging habitat for green turtles, and the
combination of clear water and a light-coloured sandy
substrate made it possible for an attentive observer on
a moving boat to detect benthic animals with a high
level of reliability.
Most turtles observed in the study area were positively identified as green turtles Chelonia mydas. A
few loggerhead turtles Caretta caretta may have been
present but undetected among submerged turtles
sighted very briefly. Loggerheads are known to share
habitat with green turtles in some parts of Moreton Bay
(Limpus et al. 1994) but no loggerheads were actually
identified during the entire study period. We assume
that few loggerheads (if any) are included in our data.
Experimental trials. A 6 m aluminium boat powered
by a 40 horsepower outboard motor was used to simulate transits of recreational boats travelling across the
study site. One person drove this research vessel while
a second person kept a safety lookout. A third person
(the observer), positioned at the bow, maintained a
continuous watch directly ahead and recorded all
encounters with turtles.
The driver steered by compass bearing and visual
reference to land features, and kept the vessel on a
steady course that was independent of the presence of
turtles. Animals below the sea surface were not visible
from the driver’s position at the rear of the vessel. Emergency stopping procedures were practised in advance
to ensure they could be employed immediately if the
observer or lookout person signalled danger. These
measures proved effective; no collisions occurred. To
avoid confounding effects, transits were temporarily
suspended when other vessels approached.

Study site
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MATERIALS AND METHODS
Study site and species. The study was
conducted in shallow water (< 5 m) along
the north-eastern margin of Moreton
Bay, Queensland, Australia during June
to August 2004. The study site (Fig. 1)
was selected because it provided

27.5ºS

AUSTRALIA
10 km

Fig. 1. The study site comprised an area of clear shallow water (< 5 m) on the
north-eastern margin of Moreton Bay, Queensland (Qld), Australia
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Transits were conducted alternately northbound and
southbound over a distance of approximately 5 km,
roughly parallel to the shoreline. Distance from the
shoreline (200 to 450 m) was varied from one transit to
the next in order to distribute spatial coverage evenly,
and to minimise the chance of sequential encounters
with individual turtles. Each transit continued at least
300 m beyond the last turtle sighted and was followed
by an interval (≥20 min) at anchor with the engine off.
All transits were conducted in water depths of 2 to
4 m. These limits were determined during preliminary
trials to ensure the research vessel could pass safely
over a grazing or resting turtle and the observer could
see the substrate clearly. Water clarity was consistently
good during the study period with vertical Secchi
depths of 12 to 13 m measured in deeper water immediately adjacent to the study site. Experimental trials
were restricted to 3 h before and after solar noon on
days with good atmospheric visibility (no precipitation,
predominantly clear sky) and calm or light wind
(≤15 km h–1). In addition, the observer re-evaluated
visibility conditions before each transit and only
allowed the trial to proceed if confident of detecting all
turtles within 20 m of the vessel. When that criterion
was not met, work was suspended temporarily (e.g. in
the case of passing cloud or glare) or abandoned for
the day (e.g. in the case of rising wind).
Three experimental speeds were chosen to reflect the
operation of vessels ≤ 20 m length in Moreton Bay. ‘Slow’
speed, 4 km h–1 (2 knots) approximated a lower limit for
maintaining steerage; ‘moderate’ speed, 11 km h–1
(6 knots), represented prudent operation near visible
obstacles; ‘fast’ speed, 19 km h–1 (10 knots), represented
the lower range of unrestricted travel in open water.
Many vessels in Moreton Bay routinely exceed 19 km
h–1, but safety and feasibility precluded experiments at
higher speeds. Our speed definitions were broadly generalised to cover the diverse types of recreational and
commercial vessels using Moreton Bay, and derive from
our unpublished data and long-term personal experience, as well as published work (Maitland et al. 2006).
The speed of the research vessel was held constant,
for the duration of each transit, by reference to a global
positioning system receiver (GPS model Garmin 12,
Garmin International). Accuracy of the receiver’s
velocity presentation was confirmed in separate
time–distance trials. One of the 3 experimental speeds
was assigned for each transit in an alternating pattern,
subject to ambient conditions. It was sometimes necessary to conduct a slow or moderate transit in place of a
fast transit, due to a minor increase in wind and sea
state. We accepted the resulting imbalance in total
encounters for the 3 speed categories as a necessary
compromise in a field experiment subject to weather
and time constraints.
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While our main goal was to determine whether vessel speed influences collision risk for turtles, we also
wanted to test a hypothesis (prompted by prior field
observations) that turtles may rely on vision, rather
than sound, to detect approaching vessels. For this
purpose, the alternating direction of transits served as
a proxy for manipulating underwater visibility. As the
study was conducted during the austral mid-winter,
the sun maintained a northerly azimuth at relatively
low elevation. Underwater objects were visible to a
diver at a greater distance when looking south (sun
behind) than when looking north (sun ahead). Thus
turtles were expected to have greater opportunity for
visually detecting a north-bound vessel (turtle looking
south, sun behind) than a south-bound vessel (turtle
looking north, sun ahead).
Data recording and analysis. During each transit the
observer recorded all encounters with turtles sighted
within 10 m of the vessel’s track. The 10 m limit was
adopted to standardise sighting conditions. Preliminary trials had established that benthic turtles were
detected by the observer at ≥20 m but that those
beyond 10 m very rarely fled from the vessel. Distances
were determined by visual estimates and must be
regarded as approximate, since calibration was not
feasible. To promote consistency, all observations were
made by the same observer (J. Hazel) and estimates
were constantly referenced against the known dimensions of the research vessel. Shorthand notation was
used to allow rapid data recording without compromising the continuity of observation.
For each encounter the observer recorded the turtle’s vertical position (benthic, in the water column or
at the sea surface) and estimated the lateral offset
distance between the turtle and the vessel’s track
(1 in Fig. 2a). The outcome of the encounter was
recorded as ‘Flee’ if the turtle abruptly commenced
swimming before the bow of the vessel (or a perpendicular line projected from the bow) passed the turtle’s initial position. If the turtle did not flee before
the vessel passed, the outcome was recorded as ‘No
Response’.
Additional information was recorded for each ‘Flee’
observation, comprising the forward distance at the
moment the turtle initiated its flight (2 in Fig. 2a) and
the direction of the turtle’s initial flight trajectory
(Fig. 2b–d). Forward distance and lateral offset distance were subsequently used to calculate the flight
initiation distance (FID), defined as the shortest distance between the turtle and the bow of the vessel at
the moment the turtle responded (3 in Fig. 2a).
At each encounter the turtle was classified as ‘large’
(estimated size range 85 to 110 cm curved carapace
length) or ‘small’ (estimated size range 65 to 75 cm
curved carapace length). Under the experimental con-
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whether flight initiation distances were independent of speed categories we used
the Mann-Whitney test, since data did not
meet underlying requirements of parametric tests (Zar 1999). We report test
results as significant at the 0.05 level.

d

RESULTS

Vessel track
3

1
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Fig. 2. Chelonia mydas. (a) For each vessel–turtle encounter the observer
estimated the lateral offset (1) of the turtle. If the turtle fled, the forward
distance at the moment of response was also recorded (2). These 2 distances
together allowed calculation of the flight initiation distance (3). For each flee
response the turtle’s initial flight trajectory was classified as (b) safe (c) in-track
or (d) cross-track

Benthic turtles
Proportion of flee responses

ditions, the 2 size categories could be differentiated
readily by an observer familiar with the size range of
the local green turtle population. It was deemed appropriate to analyse data separately by size category
because small turtles typically display greater agility in
their movements (noted during our related studies that
involve hand-capture of study turtles) and therefore
might evade vessels more readily than large turtles.
Some individuals were probably encountered several
times over the duration of the study. As there was no way
to identify individuals we did not use repeated measures
analyses. We used the chi square test to determine
whether the frequency of flee responses was independent of the experimental speed categories. To determine
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(141) (114) (92)
Slow

(217) (217) (139)

The experiment comprised 1890 encounters with turtles. The overwhelming majority (1876, 99%) were large turtles (estimated curved carapace length 85 to
110 cm). In most encounters (1832, 97%) the
turtle was foraging or resting on the substrate when sighted. These were dubbed
‘benthic turtles’. Our results refer to observations of large benthic turtles (n = 1819)
except where explicitly noted otherwise.

Effect of vessel speed on frequency of flee responses
Turtles fled frequently in encounters with a slow vessel (60% of observations at 4 km h–1) but infrequently in
encounters with a moderate vessel (22% of observations
at 11 km h–1) and only rarely in encounters with a fast
vessel (4% of observations at 19 km h–1). At all offset distances the proportion of flee responses decreased as
speed increased, most notably for close encounters
(Fig. 3). The relationship between frequency of flee
responses and vessel speed was statistically significant
for all except the widest offset category where it
approached significance (Fig. 3).
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Fig. 3. Chelonia mydas. The proportion of turtles that fled from the approaching research vessel diminished as vessel speed increased; *** p < 0.001. White bars: vessel speed 4 km h–1, grey bars: vessel speed 11 km h–1, black bars: vessel speed 19 km h–1.
Number above each bar indicates total encounters (Flee + No Response; for definitions see ‘Materials and methods: Data recording and analysis’). Offset value indicates lateral distance between turtle and vessel. Statistical data: offset 0 m: χ2 = 152.6, df = 2,
p < 0.001; offset 1–2 m: χ2 = 177.4, df = 2, p < 0.001, offset 3–4 m: χ2 = 111.4, df = 2, p < 0.001; offset 5–6 m: χ2 = 69.5, df = 2,
p < 0.001; offset 7–10 m: χ2 = 5.3, df = 2, p = 0.07
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Effect of vessel speed on flight initiation distance

Non-benthic turtles

Vessel speed influenced the distance at which turtles
initiated their response, if they responded at all. Turtles that fled in encounters with a slow vessel did so at
a significantly greater distance (median FID 4.1 m, n =
416) than those that fled in encounters with moderate
and fast vessels (median FID 2.2 m, n = 157, MannWhitney U = 18516.5, p < 0.001, Fig. 4a). Flee
responses were pooled for fast and moderate speeds
for this comparison as their flight initiation distances
were not significantly different for these speeds
(Mann-Whitney U = 1192, p = 0.221).

Encounters with non-benthic turtles (33 in the water
column, 24 at the surface) followed the same general
pattern as benthic turtles, showing reduced response
frequency at faster vessel speed (Fig. 4c). The small
sample sizes precluded further analysis.

During northbound transits turtles tended to flee
more frequently and at slightly greater distances than
during southbound transits. For all speed categories
combined, on northbound transits 307 fled (35%) in 875
observations, with a median FID of 4.0 m, while on
southbound transits 266 (28%) fled in 944 observations,
with a median FID of 3.8 m. At slow speed, northbound,
220 (66%) fled in 333 observations with median FID
4.1 m, compared with slow speed southbound where
196 (54%) fled in 361 observations, with a median FID
of 4.5 m. At slow speed, transit direction was associated
with a significant difference in response frequency (χ2 =
10.0, df = 1, p = 0.002, Fig. 4b) and a marginally significant difference in flight initiation distance (MannWhitney U = 19149, p = 0.049). At moderate and fast
speeds the differences were not statistically significant.
(416)
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Proportion of flee responses
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Small turtle observations comprised 13 benthic turtles
and 1 in the water column. Of the benthic turtles, 3 fled
in 6 encounters at slow speed, 3 fled in 5 encounters at
moderate speed, 1 fled in 2 encounters at fast speed. The
small sample sizes precluded further analysis.

Response characteristics
All benthic turtles that responded to the vessel
launched upwards at a shallow angle to the substrate
and began swimming. Thereafter, individual turtles
followed diverse trajectories, with 426 (74%) of the 573
that fled immediately moving away from the vessel’s
track, a ‘safe’ flee response as defined in Fig. 2b. However, 46 (8% of fleeing turtles) initially swam along the
vessel’s track (‘in-track’ response, Fig. 2c) and 101
(18% of fleeing turtles) crossed in front of the vessel
before moving away (‘cross-track’ response, Fig. 2d).
In-track responses were slightly less frequent at slow
speed (7%) than at moderate and fast speeds (both
10%). However, cross-track responses were more

(361)
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Fig. 4. Chelonia mydas. (a) Benthic turtles that fled in encounters with a slow vessel (4 km h–1) had a significantly greater median
flight initiation distance than those that fled in encounters with moderate (11 km h–1) and fast (19 km h–1) vessels, Mann-Whitney
U = 18516.5, p < 0.001. Box plots show median, inter-quartile range, outliers and extreme cases. (b) Benthic turtles fled from a
slow vessel more frequently when the vessel was heading north than when it was heading south (χ2 = 10.0, df = 1, p = 0.002).
Northbound transits were expected to afford slightly enhanced underwater visibility — see ‘Experimental trials’. (c) Turtles
encountered at the sea surface fled more frequently than those in the water column, but small sample sizes precluded analysis
by offset distances. White bars: vessel speed 4 km h–1, grey bars: vessel speed 11 km h–1, black bars: vessel speed 19 km h–1.
Number above each bar indicates total encounters (Flee + No Response). ** p < 0.01; *** p < 0.001
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frequent at slow speed (20%) than moderate and fast
speeds (11 and 10%, respectively). The majority of
cross track responses, 80 (79%) of 101, involved a
turtle that was initially located on the landward side of
the vessel moving towards deeper water.

DISCUSSION AND CONCLUSIONS
Greater vessel speed increased the probability that
turtles would fail to flee from the approaching vessel.
Failure to flee leaves a turtle vulnerable to collision
risk, unless adequate vertical distance between the
vessel and the turtle allows the vessel to pass safely
above the animal. Importantly, overwhelming failure
to flee occurred at speeds slower than typical travelling
speeds of contemporary vessels (see ‘The role of vessel
operators in avoiding collisions’) and, as our results
indicate, the majority of turtles cannot be relied upon
to avoid vessels travelling faster than 4 km h–1. Our
findings thus imply that changes in human activity will
be necessary to mitigate collision risks in areas where
vessels operate in important turtle habitat.

Constraints on turtles’ avoidance responses
The opportunity for an animal to respond appropriately to an approaching source of danger is necessarily
constrained by how soon the animal can detect the
danger. Contemporary knowledge of the sensory biology of marine turtles (Moein Bartol & Musick 2003)
indicates that sound and light offer the only potential
cues for detecting an approaching vessel. The ability of
marine turtles to hear underwater sound has been confirmed by measuring their auditory brainstem responses (Ketten & Bartol 2006) and by observations of
their behavioural responses to sound (O’Hara & Wilcox
1990, Moein et al. 1993). The relatively low frequency
range of turtle hearing (Ketten & Bartol 2006) lies well
within the broad frequency spectrum of noise produced by vessels (Richardson et al. 1995). Yet despite
turtles’ known auditory capacity, several factors mitigate against their reliance on sound cues.
The direction of an underwater sound source is difficult to identify precisely due to complex propagation
characteristics of sound underwater (Richardson et al.
1995). In addition, marine areas heavily used by
humans, such as Moreton Bay, are subject to noise
from numerous vessels as well as other anthropogenic
sources above and below the surface, which would
tend to mask individual sounds. We infer that sound
would have minimal utility for submerged turtles in
identifying a mobile threat and suspect that turtles
would tend to habituate to vessel sounds as back-

ground noise. Our results were consistent with this
proposition. If turtles relied primarily on sound cues
then higher response rates would be predicted for
faster approaches (louder engine noise at higher
speed), the converse of our results.
There appears to be no precedent in chelonian evolutionary experience for fast-moving noisy predators in
the water. However, marine turtles have co-existed for
millennia with swift, silent underwater predators.
Sharks remain important predators of turtles in nearpristine coastal areas (see Heithaus et al. 2005) and
early visual detection of an attacking shark would
enable a turtle to enhance its survival prospects. We
suggest that turtles depend similarly on timely visual
detection to evade approaching vessels.
Efficient turtle vision has been confirmed through
physiological and behavioural studies in the laboratory
and on nesting beaches. This research has established
that turtles see with sufficient visual acuity to discern
relatively small (prey-sized) objects, differentiate
between colours, and rely on vision for returning to the
sea after nesting (see Moein Bartol & Musick 2003 and
references therein). Retinal structures in turtles are
considered likely to confer visual advantage in the
marine environment (e.g. Oliver et al. 2000, Bartol &
Musick 2001, Mäthger et al. 2007). Anecdotal field
observations also attest to the apparent ability of turtles to detect danger by sight while underwater. For
example, when the research vessel was anchored
(with engine off) in the study area, green turtles were
frequently observed moving slowly towards the vessel
as they grazed on the substrate, but none passed close
by or under the vessel. Instead, each approaching turtle altered course to maintain a distance of 15 to 20 m
as it passed the silent vessel.
Underwater vision is limited in range because light
transmission is attenuated by organic and inorganic
matter in the water (Preisendorfer 1986). Consequently
a submerged turtle that relies on visual detection of an
oncoming vessel must be constrained by the prevailing
water clarity. For example, if turtles’ underwater vision
slightly exceeds that of humans, a maximum visual
detection limit of about 20 m would be likely in the
clearest parts of Moreton Bay, whereas a range of hundreds of metres would be expected for auditory detection of a vessel motor (as is routinely confirmed by
scuba divers), given that low frequency sounds propagate efficiently underwater (Richardson et al. 1995).
The flight initiation distances for turtles that responded
to our experimental vessel did not exceed 12 m
(Fig. 3b), a finding consistent with dependence on
visual cues rather than sound cues.
The difference in experimental response rates for
northbound vs. southbound transits was also consistent
with turtles’ dependence on vision and water clarity.
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Response rates were higher and flight initiation distances were slightly greater for northbound transits,
when underwater visibility was enhanced by the direction of solar illumination (see ‘Materials and methods’).
This differential response by transit direction cannot
be explained in terms of sound detection, since vessel
heading did not alter engine noise.
The low rate of flee responses during moderate and
fast experimental transits is consistent with physical
limitations of visual detection. Simple calculation (time
= distance/speed) shows that an optimistic scenario of
a vessel approaching at 19 km h–1 in waters allowing
15 m visibility would provide only 3 s (Fig. 5) for a perpetually vigilant turtle to see the vessel, determine its
trajectory and move out of its track. An even shorter
response opportunity would apply if a turtle scans for
danger only intermittently while it forages or rests, and
if visibility is reduced by turbidity or darkness. We propose that the extreme brevity of response opportunity
afforded to a vision-dependent turtle explains their
inability to evade fast vessels.

The role of vessel operators in avoiding collisions
The moderate and fast speeds used in our experiment were lower than the speeds of many types of
recreational and commercial vessels travelling across a
large embayment like Moreton Bay. In non-planing
displacement mode, small open water boats typically
20

Maximum response opportunity (s)

maintain 8 to 12 km h–1and larger craft can travel
correspondingly faster without planing. Planing vessels often exceed 20 km h–1 and many travel at 30 to
45 km h–1, some even faster (Maitland et al. 2006, J.
Hazel unpubl. data). Thus, most vessels travelling in
unrestricted coastal waters maintain speeds that preclude reliable avoidance responses by turtles, and
therefore collision avoidance must necessarily depend
on vessel operators.
Stringent measures were employed during our
experimental transits to ensure turtle safety: (1) a dedicated observer at the bow at all times, (2) travel
restricted to high visibility conditions, (3) relatively low
maximum speed, and (4) emergency stops when required. Comparable measures are seldom feasible for
commercial and recreational vessels during normal
operations. Choppy water and low light severely
reduce the chance of sighting a turtle at the surface,
while in turbid water even the most attentive observer
cannot see submerged turtles. Turtles spend most of
the time submerged — in our study 1866 out of 1890
encounters (99%) involved turtles below the surface —
meaning that vessel operators will rarely be able to
detect the close proximity of individual turtles. Even if
a turtle is spotted at close range in front of a vessel, an
immediate stop or abrupt course deviation will usually
be impossible. Speed reduction appears to be the only
way vessel operators can minimise collision risk when
operating in turtle habitat.

Management considerations
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Fig. 5. Chelonia mydas. The theoretical maximum response
opportunity time available to a perpetually vigilant turtle
decreases with increasing vessel speed (plotted here for the
3 experimental speeds used in this study) and with decreasing
detection distance

Our results strongly support the use of speed restrictions to prevent vessel injuries to turtles in shallow
waters. Given the diverse types of vessels that use
relatively shallow areas, a minimum safe depth cannot
be defined exactly but as a guiding principle, deeper
water can be expected to reduce — but not eliminate —
the risk of collisions. As demonstrated in our study, a
vessel can pass safely over a benthic turtle provided
there is sufficient clearance between the animal and
extremities of the vessel, with allowance for water
turbulence generated by hull movement and propeller
rotation. Additional clearance is essential for safety
because a turtle that detects the vessel only at the last
moment is likely to move upwards, in initiating a
belated flee response, just as the vessel passes over
it, behaviour often noted during the experimental
transits.
Our findings point to 2 situations where speed restrictions may be particularly valuable in protecting
turtles: (1) where vessels travel across shallow turtle
foraging habitat, and (2) where vessels use deeper
channels between shoal banks that offer foraging op-
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portunities for turtles. Deeper channels might be considered less risky on the criterion of depth alone. However, high volumes of vessel traffic adjacent to shallow
foraging habitat may be particularly dangerous for turtles because of turtles’ tendency to (1) flee towards
deeper water (see ‘Response characteristics’ above)
and (2) use deeper water to rest between foraging
bouts during the day as well as overnight (e.g. Bjorndal
1980, Brill et al. 1995, Makowski et al. 2006). The collision risk for turtles in all areas is likely to be further
exacerbated if water clarity is low and if vessel traffic
continues at night, since both turbid water and darkness would impede turtles’ visual detection of danger.
We note that optimal designation of speed restriction
zones is a potentially complex task, especially for areas
that host multiple vulnerable species. Some species
may benefit from other mitigation measures (e.g. Gerstein 2002 advocates acoustic deterrents for manatees)
and some sites may require a combination of speed
and route restrictions (see recommendations of Maitland et al. 2006 for dugongs at Burrum Heads, Queensland).
The trade-off between minimising potential inconvenience to vessel operators and optimal protection for
marine wildlife presents a challenge to managers, particularly as our results indicate that a very slow speed
(~4 km h–1) is necessary to assure a ‘turtle-safe’ transit
across shallow foraging sites. Considering that vessel
operators have long been accustomed to freedom of
movement in coastal waters, it seems unlikely that the
majority will voluntarily adopt substantially slower
speeds. We believe that effective speed reduction will
require mandatory measures backed by effective
enforcement. Nevertheless, public education would be
useful to raise awareness of the constraints on turtles’
ability to evade vessels and increase vessel operators’
understanding of collision mitigation measures.
If particular high-risk zones can be accurately identified, the most stringent enforceable speed constraint
will maximise turtle safety. Enforcing stringent limits
could provide further benefit by encouraging vessel
operators to choose unrestricted alternative routes in
deep water, where available. In addition to reducing
collision risk, such choices should also reduce potential
non-lethal disturbance of foraging and resting animals.
If vessels divert around speed-restricted zones, management measures should also address additional risks
that arise from vessels travelling at high speed close to
zone boundaries which follow the margins of a shallow
area (for example, Go-Slow zones in Moreton Bay are
nominally defined by the 2-m depth contour). In close
encounters near a shallow boundary, turtles are more
likely to flee across the vessel’s track towards adjacent
deeper water. This risk could be alleviated by ensuring
speed-restricted zones include broad safety margins

around the shallow expanses they are designed to protect. Such safety margins could also benefit other species vulnerable to vessel collisions, since deeper water
probably represents safe refuge for dugongs (Hodgson
& Marsh 2007), and manatees have been observed to
turn towards the nearest deep water when boats
approach (Nowacek et al. 2004).

Long term risk mitigation
Individual green turtles are known to maintain longterm fidelity to their coastal foraging areas, with only
brief absences during breeding migrations spaced several years apart (Limpus et al. 1992, 1994). Thus for
each individual turtle in a foraging area that receives
vessel traffic, the risk of collision persists over decades.
For turtles, the cumulative risk of collision is high and
the likely consequence, in the event of collision, is
severe injury or death. With vessel numbers likely to
increase over time, the risk for turtles must continue to
escalate in future unless vessel speed can be effectively reduced.
Our informal discussions with many local vessel
operators have established that operators seldom
assess cumulative risk and usually make operational
decisions in terms of immediate risk. They quite reasonably assume a very low probability of collision with
a turtle during a single voyage. Furthermore, they
anticipate no harm to personnel and little or no damage to the vessel from a collision with a turtle. Therefore, from a vessel operator’s perspective, there is no
self-interest in supporting voluntary speed reduction.
Consequently, we conclude that mitigation of risk for
turtles must depend on management intervention.
Compulsory speed limits, underpinned by effective
enforcement measures, appear essential if turtles are
to be protected in key habitats subject to vessel traffic.
Acknowledgements. Funding support was provided by CRC
Reef Research Centre, Sea World Rescue and Research Foundation, Tangalooma Marine Research and Education Foundation, and James Cook University. R. Groom, D. Bower, L. Ezzy,
K. Boeck, C. Schunter, K. Johns, N. Reed and B. Casimaty
provided much appreciated assistance with fieldwork. We
thank 3 anonymous reviewers for their insightful comments
and helpful suggestions. JCU Ethics Approval A898,
EPA/QPWS permit WISP01875804, and GBRMPA permit
G04/12217.1 covered this study.

LITERATURE CITED
Ackerman BB, Wright SD, Bonde RK, O’Dell DK, Banowetz
DJ (1995) Trends and patterns in mortality of manatees in
Florida, 1974–1992. In: O’Shea TJ, Ackerman BB, Percival
HF (eds) Population biology of the Florida manatee.
National Biological Service, Washington, DC, p 223–258

Hazel et al.: Risk of vessel collision for green turtles

113

Bartol SM, Musick JA (2001) Morphology and topographical
organization of the retina of juvenile loggerhead sea turtles (Caretta caretta). Copeia 2001(3):718–725
Bjorndal KA (1980) Nutrition and grazing behavior of the
green turtle Chelonia mydas. Mar Biol 56:147–154
Brill RW, Balazs GH, Holland KN, Chang RKC, Sullivan S,
George JC (1995) Daily movements, habitat use and submergence intervals of normal and tumor-bearing juvenile
green turtles (Chelonia mydas L) within a foraging area in
the Hawaiian islands. J Exp Mar Biol Ecol 185:203–218
Environment Australia Marine Species Section (2003)
Recovery plan for marine turtles in Australia. Environment
Australia, Canberra. Also available at: www.environment.
gov.au/coasts/publications
Gerstein ER (2002) Manatees, bioacoustics and boats. Am Sci
90(2):154–163
Gorzelany J (2004) Evaluation of boater compliance with
manatee speed zones along the Gulf Coast of Florida.
Coast Manage 32(3):215–226
Greenland JA, Limpus CJ (2005) Marine wildlife stranding
and mortality database annual report 2004:1. Dugongs.
Queensland Environmental Protection Agency, Brisbane.
Available at: www.epa.qld.gov.au/publications
Greenland JA, Limpus CJ (2006) Marine wildlife stranding
and mortality database annual report 2005:1. Dugongs.
Queensland Environmental Protection Agency, Brisbane.
Available at: www.epa.qld.gov.au/publications
Groom RA (2003) The efficacy of the voluntary vessel transit
lanes in Missionary Bay, Hinchinbrook Island, for dugong
conservation management. Honours thesis, James Cook
University, Townsville
Haubold EM, Deutsch C, Fonnesbeck C (2006) Final biological status review of the Florida manatee (Trichechus
manatus latirostris). Florida Fish and Wildlife Conservation Commission, St Petersburg, FL. Available at:
www.floridamarine.org
Hazel J, Gyuris E (2006) Vessel-related mortality of sea turtles
in Queensland, Australia. Wildl Res 33:149–154
Heithaus MR, Frid A, Wirsing AJ, Bejder L, Dill LM (2005)
Biology of sea turtles under risk from tiger sharks at a foraging ground. Mar Ecol Prog Ser 288:285–294
Hodgson A (2004) Dugong behaviour and responses to
human influences. PhD thesis, James Cook University,
Townsville. Also available at: http://eprints.jcu.edu.au/73/
Hodgson AJ, Marsh H (2007) Response of dugongs to boat
traffic: the risk of disturbance and displacement. J Exp
Mar Biol Ecol 340:50–61
Jensen AS, Silber GK (2003) Large whale ship strike database. US Department of Commerce, Washington, DC.
Also available at www.nmfs.noaa.gov
Ketten DR, Bartol SM (2006) Functional measures of sea turtle
hearing. Woods Hole Oceanographic Institution, Woods
Hole, MA. Also available at: www.ntis.gov
Knowlton AR, Kraus SD (2001) Mortality and serious injury of
northern right whales (Eubalaena glacialis) in the western
North Atlantic Ocean. J Cetacean Res Manage Spec Iss 2:
193–208
Laist DW, Knowlton AR, Mead JG, Collet AS, Podesta M
(2001) Collisions between ships and whales. Mar Mamm
Sci 17(1):35–75
Laist DW, Shaw C (2006) Preliminary evidence that boat

speed restrictions reduce deaths of Florida manatees. Mar
Mamm Sci 22(2):472–479
Limpus CJ, Miller JD, Parmenter CJ, Reimer D, McLachlan N,
Webb R (1992) Migration of green (Chelonia mydas) and
loggerhead (Caretta caretta) turtles to and from eastern
Australian rookeries. Wildl Res 19:347–358
Limpus CJ, Couper PJ, Read MA (1994) The green turtle,
Chelonia mydas, in Queensland: Population structure in a
warm temperate feeding area. Mem Queensl Mus 35(1):
139–154
Lutcavage ME, Plotkin P, Witherington B, Lutz PL (1997)
Human impacts on sea turtle survival. In: Lutz PL, Musick
JA (eds) The biology of sea turtles, Vol I. CRC Press,
Boca Raton, FL, p 387–409
Maitland R, Lawler IR, Sheppard JK (2006) Assessing the risk
of boat strike on dugongs (Dugong dugon) at Burrum
Heads, Queensland, Australia. Pac Conserv Biol 12:
321–327
Makowski C, Seminoff JA, Salmon M (2006) Home range and
habitat use of juvenile Atlantic green turtles (Chelonia
mydas L.) on shallow reef habitats in Palm Beach, Florida,
USA. Mar Biol 148:1167–1179
Mäthger LM, Litherland L, Fritsches KA, Quattro JM (2007)
An anatomical study of the visual capabilities of the green
turtle, Chelonia mydas. Copeia 2007(1):169–179
Moein Bartol S, Musick JA (2003) Sensory biology of sea turtles. In: Lutz PL, Musick JA, Wyneken J (eds) Biology of
sea turtles, Vol II. CRC Press, Boca Raton, FL, p 79–102
Moein S, Lenhardt M, Barnard D, Keinath JA, Musick J (1993)
Marine turtle auditory behavior. J Acoust Soc Am 93(3):
2378
National Marine Fisheries Service (2005) Recovery plan for
the North Atlantic right whale (Eubalaena glacialis).
National Marine Fisheries Service, Silver Spring, MD.
Also available at: www.nmfs.noaa.gov
Nowacek SM, Wells RS, Owen ECG, Speakman TR, Flamm
RO, Nowacek DP (2004) Florida manatees, Trichechus
manatus latirostris, respond to approaching vessels. Biol
Conserv 119:517–523
O’Hara J, Wilcox JR (1990) Avoidance responses of loggerhead turtles, Caretta caretta, to low frequency sound.
Copeia 1990(2):564–567
Oliver LJ, Salmon M, Wyneken J, Hueter RE, Cronin T (2000)
Retinal anatomy of hatchling sea turtles: anatomical specializations and behavioral correlates. Mar Freshw Behav
Physiol 33:233–248
Preisendorfer RW (1986) Secchi disk science: visual optics of
natural waters. Limnol Oceanogr 31(5):909–926
Richardson WJ, Greene CR Jr, Malme CI, Thomson DH (1995)
Marine mammals and noise. Academic Press, London
US Fish and Wildlife Service (2001) Florida manatee recovery
plan, (Trichechus manatus latirostris), Third revision. US
Fish and Wildlife Service, Atlanta, GA
World Shipping Council (2006) Comments of the World Shipping Council before the National Marine Fisheries Service
in the matter of proposed rule to implement speed restrictions to reduce the threat of ship collisions with North
Atlantic right whales. World Shipping Council, Washington, DC. Available at www.worldshipping.org
Zar JH (1999) Biostatistical analysis. Prentice Hall, Upper
Saddle River, NJ

Editorial responsibility: Brendan Godley (Editor-in-Chief),
University of Exeter, Cornwall Campus, UK

Submitted: February 28, 2007; Accepted: May 14, 2007
Proofs received from author(s): June 13, 2007

