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[ Introduction]

Loggerhead turtle, Caretta caretta, is one of seven extant species of sea turtles, and their nesting grounds are
distributed throughout tropical and temperate regions. Declines of the populations due to human exploitation such as
bycatch and declines of spawning grounds have been reported. As of 2012, five out of seven species were listed as
either endangered or critically endangered species in the IUCN Red List of Threatened Species, and there has been
increasing concerns of conservation of sea turtles in worldwide. In June 2008, a female loggerhead turtle that lost half
of its both forelimbs (named ‘Yu’) was captured in a set net in Kii Channel, Japan. Considering difficulties to survive in
the wild without healthy forelimbs that are important for producing thrust for swimming and moving on the ground for
nesting, ‘Yu’ was transported to a closed salt-water lagoon and several artificial fins were equipped to investigate how
to recover its swimming ability. The swimming ability of an injured turtle, the right forelimb-lost sea turtle (named
‘Hikari’), and sea turtles under natural conditions were also investigated. In the present study, swimming behavior of
“Yu’, healthy turtles, and sea turtles under natural conditions were monitored by using data logger to examine the
swimming ability of ‘Yu’ with and without artificial fins, comparing with the healthy turtles and ‘Hikari’.

[ Materials and methods]

Data logger that was programmed to record swim speed and 2-3 axis accelerations were attached to observe
swimming behavior of ‘Yu’ (standard carapace length , SCL: 77.6 = 3.3 cm), healthy turtles (n =2, SCL: 77.1 £ 0.5 cm,
84.7 £ 0.2 cm), and turtles under natural conditions (n = 3, SCL: 72.8 - 78.8 cm), including Hikari (SCL: 76.0 cm). The
time-series data obtained from data loggers were analyzed with IGOR PRO (WaveMetrics, Inc., Lake Oswego, OR,
USA). In total, 26 versions of artificial fins had been developed by Kawamura Gishi Co., Ltd. and six versions of fins
were successfully attached to “Yu’. Data of ‘Yu’ with the six versions of fins were used for analysis. Dorso-ventral
acceleration was used to calculate stroke frequency. In order to extract stroke frequency in each second, acceleration
spectrogram was generated, using continuous Wavelet transformation with computer application, “Ethographer”
(Sakamoto et. al. 2009). Dominant stroke frequency of each turtle was also determined by a peak of the power spectral
density (PSD) of the entire acceleration dataset of each individual, calculated by a Fast Fourier Transformation.
Statistical models of swim speed with stroke frequency as explanatory variable were obtained using generalized linear
model (GLM). The swimming ability was evaluated by swim speed at dominant stroke frequency and at high stroke
frequency that is twice of dominant frequency. The distance travelled per stroke and relative lift coefficient, which
signifies efficiency of stroke, were also examined to evaluate swimming ability. Experiments for ‘Yu’ and the healthy
turtles in captivity were conducted in an artificial lagoon located on west side of the Kobe Airport Island or in a wave
tank of Suma Aqualife Park, Kobe City, from September 2009 to December 2012. The data of turtles under natural
conditions were obtained along with a coast of Iwate from 2006 to 2009. Forelimbs area of ‘Yu’ with and without fins
and those of healthy turtles (n = 32, SCL: 52.2 - 84.7 cm) were measured from pictures using PHOTOSHOP (Adobe
System, Inc., San Jose, CA, USA) and IGOR PRO, and the regression line of area of forelimbs and SCL was obtained.



[ Results and discussion]

A total of 22 data was obtained (14 from ‘Yu’, 5 from the healthy turtles in captivity, 1 each from sea turtles under
natural conditions). The swim speed at stroke frequency of 0.43 Hz, which was the average dominant stroke frequency
of “Yu’ and the healthy turtles in captivity, was compared. To evaluate swimming ability at high stroke frequency,
swim speed at stroke frequency of 0.86 Hz, which was twice of the average dominant frequency, was also compared.
For turtles under natural conditions, since all of them stroked at 0.31 Hz, the swim speed was compared at that
frequency. The forelimbs area of “Yu’ was about 60% of individuals with similar SCL. The swim speed of ‘Yu’ without
fins was 71% at 0.43 Hz and 58% at 0.86 Hz, comparing with the controls. The distance travelled by a stroke at
dominant frequency was 1.5 body length (BL), and it was smaller than that of the healthy turtles (1.9 - 2.1 BL). Thus, it
was suggested swimming ability of “Yu’ was lower than the healthy turtles due to reduced forelimbs area. The
dominant stroke frequency of “Yu’ without fins was 0.43 Hz, which was similar or lower than 0.43 Hz and 0.55 Hz of
the healthy turtles, which signifies that “Yu’ did not stroke faster to compensate decreased swim speed caused by
decreased forelimbs area. The relative lift coefficient of ‘Yu’ (treating the healthy turtle as 1) was 1.12, and it was
higher than the healthy turtle. In general, turtles do not use their hindlimbs unless they were used as steer because main
thrust is produced with forelimbs. However, ‘Yu’ was observed to use its hindlimbs while swimming. Thus, it was
assumed that relative lift coefficient became higher apparently by producing thrust from hindlimbs.

The swim speed and distance travelled per stroke of “Yu’ at beginning of artificial fin application were lower than
those of the healthy turtles (50 - 60%, 56 - 68%, respectively), and they were even lower than that of “Yu’ without fin.
Thus, improvement in swimming ability was not observed at the beginning of the applications of fin. While, after
long-term application (one to two months), swim speed of ‘“Yu’ increased to 71 - 75% of the healthy turtles. It was
higher than that of ‘Yu’ without fins especially at high stroke frequency. Distance travelled per stroke when using
artificial fin was also higher than “Yu’ without fins at high frequency (1.3 BL and 1.1 BL, respectively). Thus, it was
suggested that swimming ability of “Yu’ increased at high frequency after long-term application. It is possible that “Yu’
learned to swim efficiently by being adapted to use artificial fins throughout the long-term experiments.

Area of a left forelimb of ‘Hikari’ was 47% of total area of left and right forelimbs of healthy similar-seized turtle,
estimated from the regression line of forelimbs area and SCL. Swim speed of ‘Hikari’ was 71% of healthy turtles under
natural conditions. Moreover, since distance travelled per stroke was also 71% of the healthy turtles, it was suggested
the swimming ability of ‘Hikari’ was low due to the lost of right forelimb. However, the relative lift coefficient was
1.04, which was similar with the healthy turtle. It suggests that swim speed of ‘Hikari’ was declined because of the
reduced area of forelimb. Histogram of swim speed from the healthy turtle showed a peak at 0.68 m s™', which accords
with the optimal swim speed calculated based on a theoretical research (Sato et al. 2010). Although the healthy turtles
and ‘Hikari’ stroked at the same dominant stroke frequency, the histogram of ‘Hikari’ had a peak at 0.48 m s'. It
suggests that turtles adopt a strategy that maintains a particular stroke frequency to optimize cost of transport. Therefore,
the optimal swim speed of ‘Hikari’ decreased as a consequence of reduced area of forelimbs. It may be more important

for sea turtles to swim at optimal, rather than to swim fast.
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