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Abstract
Recent severe hurricanes in the Caribbean and south-east United States have had devastating socio-
economic effects, and there is a pressing need to learn how animals are impacted by such events. We
serendipitously deployed a multi-channel data logger onto a hawksbill turtle (Eretmochelys imbricata)
during the breeding season in 1998 and logged various aspects of her behaviour before, during and
after passage of hurricane Georges. As Georges passed by, the turtle made shorter dives, became more
active and spent less time at the surface between dives compared with its baseline, non-storm activity.
However, after passage of the hurricane the turtle quickly resumed its pre-hurricane behaviour and
nested successfully a few days later. These results show that, in this case, the hurricane had a minor
impact on the submerged animal presumably because of the dampening effect of depth on high winds
over water.
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Introduction

The responses of animals to their environment form the central foundation of many
ecological studies because these responses may play key roles in driving the fitness and
survival of individuals and hence the persistence of populations. Such studies also have
important applied aspects by helping to identify the key processes that may threaten species.
Set within this general framework, the literature is full of studies reporting behavioural
responses to various anthropogenic and natural factors. However, a potentially important
area that has received relatively little attention is the response of animals to massive storms
(Butler 2000). Such studies are scarce because of the logistical problems associated with
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recording behaviour during conditions that may threaten the survival of not only the study
animal but also of the researchers themselves!

Storms certainly appear important in structuring communities in a variety of marine and
freshwater systems (e.g. Spiller et al. 1998; Schoener et al. 2000; Calsbeek and Smith 2003;
Steinhart et al. 2005). The advent of sophisticated data loggers (e.g. Hays et al. 2004a;
Ropert-Coudert and Wilson 2005) that can record over extended periods means that it is
now, in theory, possible to record animal behaviours before, during and after storm events.
However, despite technological advances, such studies are still difficult to perform. Even
with targeted studies to investigate storm effects on behaviour, there may be a low
probability of getting these behavioural data because of the difficulties of predicting where
the storms will occur relative to the location of mobile, tagged animals. Hence, successful
studies will require a degree of serendipity. Nevertheless, there is a pressing need for such
studies since the severity of storm events is predicted to increase under scenarios of global
climate change (Bluestein 2005; Emanuel 2005).

In common with many marine vertebrate telemetry studies, it is often hard to initially
achieve a large sample size, and yet, even studies with a few individuals can have great value
(Hughes et al. 1998; James et al. 2005). Here, we report how passage of a major hurricane
in the Caribbean influenced the at-sea behaviour of a free-living hawksbill turtle
(Eretmochelys imbricata), and discuss the implications of this single data point for the
survival of this species if applied more generally to its behaviour.

Methods

Study site and data logger deployments

We equipped an adult female hawksbill sea turtle (Eretmochelys imbricata) with a multi-
channel data logger during the nesting season at Buck Island Reef National Monument
(64�370W, 17�470N), US Virgin Islands (subsequently referred to as Buck Island). This
protected, uninhabited island is 1.6 km long and 0.8 km wide, situated 2.7 km north-east of
the island of St. Croix in the Caribbean. It is one of the most important nesting areas for
hawksbill turtles within the US, and the recovery plan for hawksbill turtles in the US
Caribbean Sea, Atlantic Ocean and Gulf of Mexico identified Buck Island as an index beach
for the recovery of this species in the whole eastern Caribbean (National Marine Fisheries
Service and US Fish and Wildlife Service 1993).

The data logger (DK600, Driesen & Kern, Bad Bramsted, Germany) recorded
temperature, light intensity, depth and compass heading throughout an internesting
interval. Deployments of data loggers onto hawksbill turtles at this site are described in
detail by Storch et al. (2005). Data readings of all channels were taken at intervals of 15 s in
non-volatile 1MB memory. The compass data came from signals from two Hall sensors,
mounted on the outer shell of a miniature spherical ship-compass incorporated in the data
logger and gave a measure of turtle activity. The temperature was measured to an accuracy
of 0.1�C (�20 to þ80�C). Depth readings could be taken up to a maximum depth of 400m
at a resolution better than 1 cm and an accuracy approximately 20 cm. The logger was
approximately 12 cm in length, 6.5 cm in width, 3 cm in height and weighed less than 200 g
in air and was attached to the carapace of a hawksbill turtle with quick-setting epoxy just
after the turtle had completed nesting. The logger was then removed when the turtle
returned to nest 16 days later. Data were downloaded from the loggers to a PC using
Dklog200 (Driesen & Kern, Bad Bramsted, Germany). The data logger delivered data for
an entire internesting interval lasting from 12 to 27 September 1998.
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Hurricane Georges

Coincidentally, while the turtle was carrying the data logger, hurricane Georges passed
through the study area. Georges was a category IV hurricane that passed through the
Caribbean in September 1998 (http://www.nhc.noaa.gov/1998georges.html). The 602
direct deaths attributed to Georges made it, at that time, the 19th deadliest tropical cyclone
in the Atlantic basin that century. Georges passed over Buck Island and St. Croix on
21 September 1998.

Results and discussion

In the morning hours of 21 September, hurricane Georges arrived at Buck Island with
rainfall and wind gusts of 182 kmh�1 (98 kt) from a NNW (338�) direction. After the eye
had passed at noon, with a calm period of 30min, the wind switched to SSW (190�) with
maximum speeds of 150 kmh�1 (81 kt). The phases are schematically marked in
Figure 1(a) showing the satellite image of hurricane Georges 2 days before it reached
Buck Island. The phases of extreme winds started with northern winds between
approximately 9:00 and 12:00 h local time on 21 September 1998, followed by the passage
of the calm eye of the storm (12:00 to 12:30 h) and an extended phase of southern winds
from 12:30 to approximately 21:00 h.

The chronological data of light intensity, water temperature and dive depth are shown in
Figure 1(b) to give an overview of the complete internesting interval. A more detailed view
of the course of events during the storm is seen in Figure 1(c). The time span of extreme
winds (as experienced at site) is shaded grey in Figure 1(b). The overview of the light data
clearly documents the unusual condition of overcast skies, already apparent in the morning
hours of 21 September and lasting the complete day. The light was back to normal levels on
the following day. The amplitude of surface waves increased during the storm, the height of
the waves being apparent as fluctuations in the dive depth data during periods of unchanged
compass output, this latter indicating that the turtle was motionless at the time. Waves were
increased by the storm from less than 0.5m to �1.5m. The intensified wave action reached
the study site �12h before extreme winds were observed, which lasted through 22
September. With increasing wave action the water temperature at the turtle site started to
drop over the last few hours on 20 September, reaching the coldest measured temperature
of 28.6�C on 22 September between 11:40 and 22:30 h local time. The additional sharp
decreases of temperature recorded in the dark hours of the early and late 25 September are
derived from evaporative cooling due to the animal surfacing. The water temperature
remained lowered throughout the rest of the internesting interval, i.e. 6 days after the
hurricane passed.

Another comparison of the behaviour of the turtle during the hurricane and at other times
is provided in Figure 2, which shows data recorded over a 4-day period including passage of
the hurricane. This figure serves to illustrate the increase in wave action, beginning in the
afternoon before the hurricane passed the island, which is evident as increased fluctuations
in the dive depths during the bottom phases of dives.

Mean dive values for the day before the storm (20 September, 09:00 to 21:00) were
compared with values during the storm (21 September, 09:00 to 21:00). Mean dive
duration before the hurricane (57.3min, SD¼ 20.0min, n¼14 dives) was significantly
longer than mean dive duration during the hurricane (42.0min, SD¼ 24.6min, n¼ 19
dives) as was mean surface interval (1.4min vs. 0.7min, respectively) (t-tests, P50.05 and
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0.005, respectively). During the extreme winds the variability of the compass signal suggests
that the turtle either actively moved or was moved by wave action.

The hawksbill turtle (Figure 1d) is the subject of current high-profile interest due to the
possibility of resumed international trade in hawksbill shell (Mrosovsky 1997, 1998; Meylan
1998; Robinson and Thorbjarnarson 2000), which was historically used for making
jewellery. Hawksbill turtles in the Caribbean are a key focus of attention because the
harvesting of individuals in Cuba has been muted and discussed at length by CITES. In
addition to man’s direct impact on turtles (targeted capture, bycatch, etc.), it is generally
assumed that the role of natural environmental perturbations such as storms may be
considerable. However, their impact on sea turtles is unclear except for studies that have
documented storm damage to nesting beaches (Starbird and Hillis 1992; Milton et al. 1994;
Hillis 1995; Hillis and Phillips 1998). The effects of hurricane George on the turtle’s

Figure 1. (a) Satellite image of hurricane Georges taken on 19 September 1998 (National Climatic
Data Center). The line indicates the direction of travel of the storm. The coloured sections of the line
(fitted by eye and not to scale) represent the phases of extreme wind conditions with northern winds
(blue), a calm eye (green) and an extended phase of southerly winds (red). (b) Overview of parallel
data of light (top), water temperature (middle) and dive depth (bottom) measurements obtained from
the equipped turtle. The grey patches mark the time hurricane Georges passed over the study area.
The red line marks the mean temperature of 29.7�C calculated over all data points obtained before the
storm. (c) Chronological data of light intensity (top), depth (middle) and motion (bottom) recorded
during hurricane Georges. The phases of the storm, as defined by wind conditions (see text), are
coloured according to Figure 1(a) as northern winds (blue), calm eye (green) and southern winds
(red). (d) The hawksbill turtle (pictured feeding) was historically exploited so its shell could be turned
into jewellery. Photograph courtesy of David Sims.
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behaviour appear to be relatively minor and transitory. It is well known that undisturbed
hawksbill turtles routinely conduct long dives (van Dam and Diez 1997; Storch et al. 2005),
and this same behaviour is seen in other marine turtle species such as the green turtle
(Chelonia mydas) (Hays et al. 2002, 2004b). The shortened dive duration during the
hurricane can be interpreted as an indication of increased metabolism resulting from active
swimming behaviour. The short events of motionlessness during the second half of the
storm indicate that the turtle was lying on the bottom, probably in the shelter of some rigid
structure at a depth of 13.5m. This indicates the turtle remained in the shallow area around
Buck Island instead of moving over to the close drop-off to take shelter at great depth. It can
be speculated that either the conditions of the southern winds allowed this motionless
resting, contrasting the phase of northern winds with no such events, or that the turtle
adjusted its behaviour or position to the conditions of the hurricane after approximately
4 h of storm.

Adult hawksbill turtles live specifically in reef habitats, where they forage on sponges and
corals (Meylan 1988). It is known that hurricanes can have a range of effects on coral reef
systems, ranging from relatively minor short-term reef destruction to long-term impacts that
can change sponge and coral species (Woodley et al. 1981; Connell et al. 2004; Gardner
et al. 2005). Following reef destruction there is a general trend for fast-growing species to
replace long-lived slow-growing forms. However, the long-term impacts of such structural
changes to reef communities on the fitness of turtles remains unknown and may define how
turtles in general cope with any increasing hurricane frequency and severity. Concerns that
severe hurricanes may increase under scenarios of climate change (Bluestein 2005; Emanuel
2005) highlight the importance of this area of research.

Figure 2. Data recorded over a 4-day period including the time of the passage of hurricane Georges
(see Figure 1 for description of axes and colour codes).
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