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ABSTRACT: Swimming performance influences the dispersal success of sea turtle hatchlings
when they first enter the water and engage in a ‘swimming frenzy’ which moves them rapidly off-
shore. We simultaneously measured swim thrust (in millinewtons, mN) and metabolic rate (in mil-
liwatts, mW) of loggerhead Caretta caretta and flatback turtle Natator depressus hatchlings dur-
ing the first 18 h of the swimming frenzy and compared the results with previous data from green
turtle Chelonia mydas hatchlings. Metabolic rate was correlated with swim thrust in all species. In
all species, swim thrust decreased sharply during the first 2 h of swimming, continued to slowly
decrease until 12 h and remained constant at this lowest level until experiments ended at 18 h.
Metabolic rate had a similar pattern, with a steep drop during the first 2 h followed by a less steep
decrease before becoming relatively constant. Swim thrust and metabolic rate were highest in
green turtle hatchlings. Flatback hatchling metabolic rate was similar to green turtle hatchlings
but they weighed almost twice as much, while loggerhead hatchlings had the lowest metabolic
rate. Flatback hatchling swim thrust decreased the fastest, falling below that of green turtle hatch-
lings within the first hour of swimming and falling below loggerhead turtle hatchlings after 12 h
of swimming. These findings suggest that flatback hatchlings have a different dispersal behaviour
compared to green and loggerhead hatchlings. The shorter highly vigorous swimming period of
flatback turtles might be explained by the fact that they do not swim into off-shore oceanic dis-
persing currents, and managing their energy resources might be a strategic adaptation to survive
predators in a relatively constant environment.
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INTRODUCTION

After emerging from nests, sea turtle hatchlings
crawl to the sea and typically enter a ‘swimming
frenzy’ which quickly moves them into offshore
oceanic currents (Salmon & Wyneken 1987, Wyneken
& Salmon 1992, Hays et al. 2010). During the swim-
ming frenzy, hatchlings swim continuously for ap-
proximately 24 h (Salmon et al. 2009), living solely on
their yolk reserves (Wyneken & Salmon 1992, Wyne-
ken 1997). Typically, swimming shifts from using a
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primarily ‘powerstroking’ gait in which lift and drag-
based foreflipper movement is used to produce thrust,
to primarily a 'dogpaddling’ gait in which an alter-
nately 4-flipper movement is used to produce thrust
towards the end of the swimming frenzy (Salmon &
Wyneken 1987, Wyneken & Salmon 1992). During
this time, sea turtle hatchlings typically swim within
1 m of the surface, which not only reduces surface
drag (Hays et al. 2001) but also make hatchlings less
obvious to aerial predators (Witherington & Salmon
1992, Hays et al. 2001). Previous studies have demon-
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strated that the fastest powerstroke rates occur early
in the swimming frenzy (Salmon & Wyneken 1987,
Wyneken & Salmon 1992, Burgess et al. 2006, Booth
2009, Ischer et al. 2009) when the rate of oxygen con-
sumption (O,) is greatest (Wyneken 1991, Wyneken
1997, Booth 2009). From that point onwards, both
powerstroke rate and O, decrease. Nevertheless,
there are intraspecific (Wyneken et al. 2008) and in-
terspecific (Wyneken & Salmon 1992, Jones et al.
2003, 2007) differences in sea turtle hatchling swim-
ming behaviour. Although green turtle Chelonia my-
das (Linnaeus, 1758), loggerhead turtle Caretta
caretta (Linnaeus, 1758) and leatherback turtle Der-
mochelys coriacea (Vandelli 1761) are long-distance
migratory species, green hatchlings are reported to
have the largest aerobic scope (ratio of O, at rest to O,
during maximal swimming), loggerhead hatchlings
have an intermediate aerobic scope, and leatherback
hatchlings have the lowest aerobic scope (Wyneken
1997). During post-frenzy swimming, both the time
spent actively swimming and O, decrease significantly
in all 3 species (Wyneken 1997).

It has been hypothesized that sea turtle hatchling
swimming behaviour during dispersal off-shore has
been molded by selection to minimize predator
encounters (the ‘predation risk' hypothesis; Chung et
al. 2009a,b, Salmon et al. 2009). Predation pressure in
the near-shore environment and the distance be-
tween the nesting beaches and nearby oceanic cur-
rents appear to influence the vigour of the frenzy
swim, with hatchlings swimming more vigorously
when having to swim farther to reach offshore
oceanic currents (Wyneken et al. 2008, Chung et al.
2009a, Putman et al. 2010).

Very little is known about flatback turtle Natator
depressus (Garman, 1880) hatchling swimming be-
haviour (Wyneken 1997, Salmon et al. 2009). Flatback
turtle hatchlings are the second largest (Pritchard &
Mortimer 1999) and second heaviest (Miller 1997)
among sea turtles. Walker & Parmenter (1990) hy-
pothesized that flatback turtle hatchlings might have
a strong swimming ability because of their large size
and presumably larger yolk reserves. If this statement
is true, one would expect larger sea turtle hatchlings
to generate greater swim thrust. However, compara-
tive studies between loggerhead, green and leather-
back hatchlings indicate that the larger leatherback
hatchlings are slower swimmers, with slower flipper
movements compared to smaller green and logger-
head turtle hatchlings (Wyneken 1997).

Flatback turtles are confined to the Australian conti-
nental shelf (Limpus 2008b), and hatchlings are
thought not to disperse into mid-ocean currents

(Wyneken 1997). For this reason, it has been specu-
lated that this species has an abbreviated swimming
frenzy (Wyneken 1997), and, if so, this phase might be
less intense when compared to green and loggerhead
turtles that migrate to the mid-ocean. However, a re-
cent laboratory study reported that flatback turtle
hatchlings swim more or less continuously for several
days after entering the water (Salmon et al. 2009), but
there is no record of how vigorously they swim during
this time. Hence, in this study, we tested the hypothe-
sis that swimming behaviour and the energetics of
swimming differ among species of hatchling seas tur-
tles by measuring swimming performance (quantified
by swim thrust) and metabolic rate during the first 18 h
of the swimming frenzy. We also interpret patterns of
swimming effort and metabolic rate in light of what is
known about the dispersal strategy of these species.

MATERIALS AND METHODS
Study site

This study was conducted at Mon Repos Conserva-
tion Park (24°48'S, 152°27'E), Queensland, the big-
gest and best monitored turtle rookery on the east
coast of the Australian mainland (Pfaller 2008). Sev-
eral hundred loggerheads and about 10 flatbacks
nest at this site each year, and all females are tagged
(Limpus et al. 1984, Limpus & Limpus 2003, Limpus
2008a,b).

Evaluation of aerobic swimming performance

Swim thrust and metabolic rate were measured
in newly emerged loggerhead and flatback turtle
hatchlings between 5 January and 11 February 2010.
Nests were monitored for emergence throughout the
night, and when an emergence event occurred, a sin-
gle hatchling from a nest was randomly selected and
transported dry in a bucket to the laboratory, a pro-
cess that took between 10 and 15 min. During this
transport time, hatchlings crawled around inside the
bucket, a behaviour similar to a wild hatchling crawl-
ing down the beach towards the sea.

All hatchlings were weighed to 0.1 g on an
electronic balance (AND Model EK-1200A), and
straight carapace length (SCL), straight carapace
width (SCW), body thickness (BT) and right front flip-
per total length (RFFTL) were measured to 0.1 mm
with a calliper (Kincrome Stainless Hardened S07702)
before the swimming trial. Swim thrust (millinewtons,
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mN) and metabolic rate (milliwatts, mW) were mea-
sured simultaneously during the first 18 h of swimming
following the method of Booth (2009). Briefly, hatch-
lings were placed in a tank (34 cm long x 28 cm wide x
19 cm high) filled with 16 cm of 28°C water, the aver-
age offshore water temperature at Mon Repos (28 +
1°C, Bennett et al. 1986). The tank was painted black
except on 1 side, where a low intensity light was
placed to induce directional swimming. The tank was
sealed with a lid using vacuum grease. Three 2 mm
holes were drilled in the lid, 1 at the front corner to al-
low continuous air entrance, the second at the back
corner diagonally opposite to the air entrance where a
tube was attached to sample chamber air at a rate of 90
to 100 ml min~!, and the third in the middle on the lid
where a monofilament tether passed through connect-
ing a force transducer (MLT050 ADInstruments) to a
lycra harness that was fitted to the hatchling. The force
transducer was connected to a bridge amplifier
(ML112 ADInstruments) and the output of the bridge
amplifier recorded via a data acquisition system
(Power Lab 8/20 using LabChart v6.0 software, ADIn-
struments). The tether's length was adjusted so that
the hatchling could swim freely but could not touch
the walls or bottom of the tank. Water temperature in
the tank was monitored by a thermocouple converter
(SMCJ-T Omega.com, Omega Engineering). Air was
drawn from the air space above the water, passed
through a drierite® water absorber through a mass-
flow meter (FMA 0-100 ml min~' Omega.com, Omega
Engineering) and through an oxygen analyser (PA-1B
Sable Systems) and a pump before being vented to the
atmosphere. The oxygen analyser was calibrated be-
fore and after measurements with high purity nitrogen
and dried room air. The oxygen analyser had a heated
measurement cell with an inbuilt barometric pressure
compensator so that small changes in room tempera-
ture (24 to 29°C) and barometric pressure (101.2 to
101.4 kPa) did not cause the baseline to shift, and the
drift in span was always less than 0.02% during the
measurement period. We assumed a linear drift in the
span during this time to make a correction, but this
correction was always very small. Likewise, the force
transducer was calibrated before and after measure-
ment by suspending a known mass from the force
transducer. Signals from the oxygen analyser, flow-
meter and thermocouple were sampled every 30 s, and
the signal from the force transducer sampled at 40 Hz.

In order to apply an instantaneous correction to
metabolic rate (Bartholomew et al. 1981), the wash-
out characteristics of the respirometry system were
measured by flushing the system with nitrogen and
monitoring the rate at which the oxygen concentra-

tion changed when room air was drawn into the sys-
tem. These data were used to calculate the system's
effective volume. Metabolic rate (in mW) was deter-
mined by first calculating oxygen consumption using
Eq. 11.2 of Lighton (2008) assuming that the ratio of
CO, eliminated per O, consumed, i.e. respiratory
quotient (RQ) was 0.80 after the washout correction
was applied to fractional concentration of oxygen in
air entering the oxygen analyser (Foj0out):

Vo = 1.044 x FR x (0.2095 — Fo,0ut) 1)

where FR = flow rate of dry air exiting the chamber
and 1.044 = 1/[1 - 0.2095 x (1 — 0.8)].

Oxygen consumption was then converted to watts
assuming an RQ of 0.80 and using an oxy-joule equiv-
alent of 20.13 J ml™' O, (Lighton et al. 1987). As
pointed out by Koteja (1996), when converting oxy-
gen consumption into energy equivalents for meta-
bolic rate, if one assumes an RQ of 0.8 instead of the
actual RQ, the error introduced to the calculations is
less than 0.6 % over the entire physiological range of
RQ because errors caused by an incorrect assumption
of RQ are in opposite directions and essentially
cancel each other out. Thrust was calculated in mN
by using the unit conversion facility option in the
LabChart v6.0 software (ADInstruments). Mean
metabolic rate and thrust were calculated for each in-
dividual turtle hatchling every 10 min interval
throughout the entire 18 h period of swimming.

Statistical analysis

Data for green turtle hatchlings from a previous
study (Booth 2009) were included to enable compar-
isons across 3 species. Statistical significance was
assumed if p < 0.05. The relationship between swim
thrust and metabolic rate in hatchlings was estimated
by linear regression analysis. Interspecific differen-
ces in hatchlings mass, swim thrust and metabolic
rate during the first 10 min of swimming after enter-
ing the water, and swim thrust and metabolic rate
during the last 10 min of the swimming trial (i.e. after
17 h and 50 min of swimming) were performed using
a 2-way analysis of variance (ANOVA; species and
measurement time fixed factors). Further 1-way
ANOVA comparisons between hatchlings from the 3
species were performed for SCL, SCW, BT and
RFFTL. A crude measure of swimming efficiency
(thrust produced per rate of energy use; N W™!) was
calculated by dividing the thrust produced by the
metabolic rate for each 10 min interval throughout
the 18 h swimming period.
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RESULTS

In total, 28 hatchlings were sampled: 15 loggerheads
and 13 flatbacks. Data from 5 green turtle hatchlings
from Heron Island collected by Booth (2009) were
also included to allow interspecies comparisons.

Loggerhead hatchlings

Metabolic rate decreased rapidly from 96 to 50 mW
during the first 2 h of swimming, followed by a slower
decrease from 50 to 35 mW between 2 and 8 h
(Fig. 1A). From 8 to 18 h, the metabolic rate was rel-
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Fig. 1. Natator depressus, Caretta caretta and Chelonia
mydas. (A) Metabolic rate, (B) swim thrust and (C) swimming
efficiency during the first 18 h of frenzy swimming in flatback
and loggerhead turtle hatchlings from Mon Repos rookery
and green turtle hatchlings from Heron Island rookery. Each
point corresponds to the 10 min mean of each variable

atively constant, averaging 35 mW (Fig. 1A). Swim
thrust followed the metabolic rate pattern, decreas-
ing sharply from 23 to 17 mN within the first 2 h of
swimming, then decreased at a slower rate between
2 and 12 h of swimming (from 17 to 14 mN; Fig. 1B).
After 12 h of swimming, swim thrust remained rela-
tively constant, averaging 14 mN until the trial ended
at 18 h (Fig. 1B). Swimming efficiency increased
steadily for the first 8.5 h of swimming from 0.24 to
0.49 N W' and then decreased steadily to 0.35 N W~!
at 14.5 h (Fig. 1C). After 14.5 h, swimming efficiency
increased to another small peak at 16 h before de-
creasing again to 0.35 N W' after 18 h (Fig. 1C).
Swim thrust was positively correlated with metabolic
rate (Fig. 2).

Flatback hatchlings

In total, 13 hatchlings were sampled, but due to a
technical problem, swim thrust and metabolic rate
data from 1 hatchling were not recorded for the first
1.2 h. Both the metabolic rate and mean force de-
creased with increased swim time (Fig. 1A,B). Meta-
bolic rate decreased rapidly from 160 to 73 mW from
0 to 2 h, then decreased steadily from 73 to 45 mW
during 2 to 6 h and averaged 45 mW until the trial
ended at 18 h (Fig. 1A). Swim thrust also decreased
rapidly from 48 to 29 mN from 0 to 2 h, then de-
creased steadily from 29 to 11 mN from 2 to 18 h
(Fig. 1B). Swimming efficiency increased steadily
from 0.32 to 0.43 N W~! from 0 to 6.5 h, then de-
creased slowly to 0.37 N W' at 10 h before decreas-
ing sharply to 0.22 N W~! at 15.5 h where it remained
until the trial finished at 18 h (Fig. 1C). Swim thrust
was positively correlated with metabolic rate (Fig. 2).

Green hatchlings

As reported by Booth (2009), metabolic rate de-
creased rapidly from 177 to nearly 100 mW during
the first 2 h of swimming, followed by a slower
decrease from 100 to 55 mW between 2 and 12 h
(Fig. 1A). From 12 to 18 h, the metabolic rate was rel-
atively constant, averaging 55 mW (Fig. 1A). Swim
thrust followed the metabolic rate pattern, decreas-
ing sharply from 45 to 33 mN within the first 2 h of
swimming (Fig. 1B). Between 2 and 12 h, it decreased
slowly from 33 to 22 mN, and from 12 h onwards,
swim thrust remained constant at 22 mN (Fig. 1B).
Swimming efficiency increased steadily for the first
12.5 h of swimming from 0.25 to 0.43 N W' and



Pereira et al.: Swimming performance of sea turtle hatchlings 47

remained constant at that level until the end of the
trial, with only a slight decrease between 15.5 and
16.5 h (Fig. 1C). Swim thrust was positively corre-
lated with metabolic rate (Fig. 2).

Comparison among loggerhead, flatback
and green turtle hatchlings

After testing for normality and homoscedasticity,
ANOVAs were performed comparing variables
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Fig. 2. Natator depressus, Caretta caretta and Chelonia my-

das. Linear regression between metabolic rate and swim

thrust in flatback and loggerhead turtle hatchlings from

Mon Repos rookery and green turtle hatchlings from Heron

Island rookery. Each point corresponds to the mean of each

10 min interval, estimated for each parameter, throughout
the 18 h of swimming

among loggerhead, flatback and green turtle hatch-
lings. Significant interspecies differences were
found in hatchlings mass (F, 3, = 222.66, p < 0.001),
swim thrust during the first 10 min of swimming
(Fy,20 = 43.75, p < 0.001), swim thrust during the last
10 min of the 18 h swimming trial (F; 30 = 22.94, p <
0.001) and metabolic rate during the first 10 min of
swimming (F, 9 = 22.08, p < 0.001) but not in the
metabolic rate during the last 10 min of the 18 h
swimming trial (F 3 = 3.04, p = 0.063; Table 1). For
all species, swim thrust and metabolic rate were
greater during the first 10 min of swimming com-
pared to the last 10 min (p < 0.001 in all cases). Flat-
back turtle hatchlings had greater mass than green
turtle hatchlings, which were greater than logger-
head turtle hatchlings (Table 1). Flatback and green
turtle hatchlings produced greater swim thrust than
loggerhead turtles during the first 10 min of swim-
ming. After 18 h of swimming, green turtle hatch-
lings produced the greatest swim thrust, followed
by loggerhead hatchlings, which had swim thrusts
greater than flatback hatchlings (Table 1). Meta-
bolic rate during the first 10 min of swimming was
greatest in green turtles, intermediate in flatback
turtles and lowest in loggerhead turtles, but was
similar in all 3 species during the last 10 min of the
18 h swimming trial (Table 1).

Although the general pattern of declines in swim-
ming thrust and metabolic rate was similar in all 3
species (initial rapid decline, a period of slower de-
cline and then a period of no decline), there were
subtle interspecies differences, with flatback hatch-
lings being notably different from green and logger-
head hatchlings. All 3 species experienced the steep-
est decline in metabolic rate within the first 2 h of
swimming (Fig. 1A), with flatback hatchlings experi-
encing the greatest decrease (61 % decline), followed
by loggerhead hatchlings (55%) and green hatch-
lings (44 %). Green turtle hatchlings had the greatest
metabolic rate throughout the entire monitored pe-
riod. The period of steady decline was from 2to 8 h in
flatback and loggerhead hatchlings, but extended to
12 hin green hatchlings (Fig. 1A). Similarly, all 3 spe-
cies experienced the greatest decline in swim thrust
within the first 2 h of entering the water, with flat-
backs experiencing the greatest decline (40 %), and
green and loggerhead hatchling swim thrust falling
by 22% (Fig. 1B). Swim thrust of flatback hatchlings
continued to decline for the remaining 16 h, while
swim thrust of both green and loggerhead hatchlings
declined slowly until 12 h, but then remained con-
stant for the last 6 h of the 18 h swimming trial
(Fig. 1B).
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Table 1. Natator depressus, Chelonia mydas and Caretta caretta. Means + SE for hatchling variables and post hoc Fisher LSD
multiple comparisons test between flatback (F), green (G) and loggerhead (L) hatchlings. Data for green turtle hatchlings
taken from Booth (2009). SCL.: shell carapace length, SCW: shell carapace width, BT: body thickness, REFTL: right front flipper

total length

Variable Flatback (n = 13) Green (n = 9) Loggerhead (n = 15) Post hoc comparison
Mass (g) 41.44 £ 0.77 25.62 £ 0.76 19.59 + 0.71 F>G>L
SCL (cm) 5.99 £ 0.04 Not reported 4.32 +£0.03 F>L
SCW (cm) 4.78 £ 0.07 Not reported 3.50 £ 0.07 F>L
BT (cm) 1.99 £ 0.04 Not reported 1.63 £ 0.04 F>L
RFFTL (cm) 4.76 £ 0.05 Not reported 4.03 £0.04 F>L
Swim thrust during first 49.72 £2.2 44,40 £ 3.4 2344 +2.0 F=G>L

10 min of swimming (mN)
Swim thrust during last 924 +1.1 23.44 £ 1.92 14.06 £ 1.05 G>L>F

10 min of swimming (mN)
Metabolic rate during the 154.0 £ 8.7 186.9 + 13.5 97.6 + 7.8 G>F>L

first 10 min of swimming (mW)
Metabolic rate during the 46.3+4.4 54.5+7.1 36.4+4.1 F=G=L

last 10 min of swimming (mW)

DISCUSSION more vigorous swimmers than loggerhead and flat-

Morphological measurements of mass and size of
loggerhead, flatback and green hatchlings reported
here are similar to those previously reported in the
east Australian populations of these species (Limpus
2008a,b,c). The method used to assess the swim
thrust in our study has been used before and is a
good estimate of the free-swimming behaviour in
hatchlings (Wyneken 1997). The general pattern of
a decrease in swim thrust and metabolic rate as
swimming time proceeded, with the decreases
being greatest during the first 2 h of swimming, was
common to all 3 species examined. However, there
were subtle species-specific differences. These dif-
ferences can be related to the hypothesis posed in
the ‘Introduction’ that flatback hatchlings have a
different swimming strategy than green and logger-
head turtles.

Hatchling size might influence swimming thrust as
evidenced by the higher swim thrust of the larger
flatback hatchlings during the first 30 min of swim-
ming (Fig. 1B, Table 1). However, although flatback
hatchlings have the potential to produce greater
swim thrust than green and loggerhead turtles, as
swimming time increased, their swim thrust de-
creased at a faster rate than green and loggerhead
turtles so that after 30 min of swimming, their swim
thrust was less than green turtle hatchlings, and it
fell below that of loggerhead turtles after 11 h of
swimming (Fig. 1B). Green turtle hatchlings pro-
duced the highest swim thrust from 30 min onwards
(Fig. 1B) and also had the highest rate of oxygen
consumption (Fig. 1A), which suggests that they are

back hatchlings during this period. In our crude as-
sessment of swimming efficiency in terms of the rate
of thrust production per power consumed (Fig. 1C),
the temporal variation was different for each species,
and this variation might be related to swimming be-
haviour. All species showed an initial increase in
swimming efficiency during the first 6 h of swimming
(Fig. 1C), and this is probably due to a combination of
learning to stroke more efficiently and a decrease in
the powerstroke rate during this time (Booth 2009).
However, in flatback hatchlings, swimming effi-
ciency began declining slowly after the peak at 6 h
and decreased sharply from 10 h onward, whereas in
loggerhead turtles, the peak occurred at 8 h before
decreasing steadily (Fig. 1C). A possible explanation
for these apparent decreases in swim efficiently may
be that the proportion of time spent powerstroking,
dogpaddling and resting changes during these peri-
ods. Greater thrust is produced during powerstrok-
ing than during dogpaddling, and no thrust is pro-
duced during rest (Burgess et al. 2006, Booth 2009). If
after 6 h of swimming, the proportion of time spent
resting increases, there will be an apparent decrease
in swimming efficiency because no thrust is pro-
duced during these times, but metabolic rate does
not drop to 0 because metabolic rate needs to be
maintained at a resting rate above 0 in order to main-
tain body tissues during these periods.

Flatback hatchlings did not swim as vigorously as
green and loggerhead turtle hatchlings, suggesting
that flatback hatchlings might not use anaerobic
metabolism as extensively as green and loggerhead
hatchlings, particularly during the first hour of swim-
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ming. Previous studies have shown that during high
physical activity, sea turtles use both aerobic and
anaerobic metabolism (Dial 1987) and that lactate
accumulation, a by-product of anaerobic metabolism,
varies among species (Milton & Lutz 2003). Green
turtle hatchlings maintain high blood lactate levels
throughout their first hours of swimming (Baldwin et
al. 1989, Milton & Lutz 2003, Hamann et al. 2007),
and loggerhead turtle hatchlings also maintain ele-
vated blood lactate concentrations, but not as high as
green turtle hatchlings (Baldwin et al. 1989, Milton &
Lutz 2003). Leatherback hatchlings have even lower
blood lactate concentrations at this time, suggesting
they use anaerobic metabolism less extensively dur-
ing the frenzy swimming phase (Milton & Lutz 2003)
in the same manner that we suspect happens in flat-
back hatchlings.

The lower overall swim thrust production of flat-
back hatchlings compared to green and loggerhead
hatchlings after 12 h of swimming appears to contra-
dict the finding that flatback hatchling swimming
activity (as measured by the proportion of time swim-
ming or not swimming) remains high throughout the
first 4 d of swimming after entering the water,
although it decreases remarkably after the first day
in other sea turtle species (Salmon et al. 2009). In-
deed, Salmon et al. (2009) questioned how, from an
energetic point of view, flatback hatchlings could
swim continuously for 4 d without showing any signs
of interest in feeding. Our study indicates that this is
possible because, although flatback hatchlings ap-
pear to swim continuously (Salmon et al. 2009), they
put relative little effort into swimming during this
time, i.e. they swim less vigorously than green and
loggerhead turtle hatchlings during the swimming
frenzy. A lower swim effort is consistent with current
ideas on dispersal movement of flatback hatchlings.
Flatback turtles are mostly endemic to the Australian
continental shelf (Walker & Parmenter 1990), with a
restricted geographical distribution, although they
have been reported outside the Australian continen-
tal shelf in the coastal waters of Kei (eastern Indone-
sia; Limpus 2008b). It has long been speculated that
species that lack an oceanic phase in their life cycle,
such as the flatback (Limpus 2008b), should have an
abbreviated frenzy swimming phase (Wyneken
1997). If flatback turtle hatchlings do not swim long
distances to meet offshore oceanic currents, there is
no need for a vigorous swimming frenzy (Wyneken
1997). Although flatback hatchlings generally use a
low thrust swim, when motivated they can reach
higher speeds than green hatchlings, with the fastest
sea turtle hatchling swimming speeds recorded to

date coming from flatback hatchlings (Salmon et al.
2010).

The 'predation risk' hypothesis proposes that near-
shore predation pressure influences the swimming
strategies used by sea turtle hatchlings while swim-
ming offshore (Chung et al. 2009a,b, Salmon et al.
2009). In species such as green, loggerhead and
leatherback turtles, hatchlings are hypothesized to
engage in an energetically demanding swimming
frenzy immediately after entering the sea for the first
time in order to reduce the time spent in shallow
waters where there is a high density of predators
(Gyuris 1994, 2000, Booth et al. 2004, Whelan &
Wyneken 2007, Salmon et al. 2009). Hawksbill Eret-
mochelys imbricata hatchlings, however, show a
completely different dispersal strategy, remaining
inactive on the water surface drifting passively in
currents that take them away from the shore during
the first few days after entering the water (Chung et
al. 2009a,b). This strategy is believed to use mimicry
(resembling dead leaves and other flotsam surfacing
on the water) and crypsis (resembling the surround-
ing background, such as algal mats) to avoid attract-
ing predator attention (Chung et al. 2009a,b).

Recent studies report that differences in swimming
vigour also extend to populations within a species.
Wyneken et al. (2008) reported that loggerhead tur-
tle hatchlings derived from the southwestern coast of
Florida (USA) are more active swimmers than the
hatchlings from the southeastern coast of Florida,
despite being part of the same genetic population.
Likewise, Chung et al. (2009a) reported a 2 d swim-
ming frenzy in green turtle hatchlings from Malaysia
in contrast to the 1 d swimming frenzy of green turtle
hatchlings from Florida. Both findings have been in-
terpreted as adaptations to different ecological de-
mands of the post-hatching environment. In the first
case, the southwestern Florida population of hatch-
ling loggerhead turtles is hypothesized to comprise
more active swimmers because they must travel far-
ther to offshore dispersing currents than the south-
eastern population (Wyneken et al. 2008). In the sec-
ond case, it was hypothesized that higher predation
pressure in waters off Malaysia results in green turtle
hatchlings having a longer frenzy swim period com-
pared to the Florida population (Chung et al. 2009a).

Hence, both inter- and intraspecific differences in
hatchling swimming behaviour might be explained
by the interaction between different ecological con-
ditions such as near-shore predation rates, distance
to offshore oceanic dispersing currents (Wyneken et
al. 2008, Chung et al. 2009a,b, Salmon et al. 2009)
and anti-predator tactics of hatchlings. Predation rate
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of sea turtle hatchlings swimming off their natal
beaches varies widely and is dependent on the sub-
strate of fringing nesting beaches (Salmon et al.
2009). Beaches in which the offshore substrate is pri-
marily sand with turbid waters have much lower pre-
dation rates than beaches that are surrounded by
coral reefs and clear water because of differences in
the density of predator fish in these habitats (Salmon
et al. 2009). Differences in predator avoidance be-
haviour may also influence swimming tactics. For ex-
ample, green turtle hatchlings are reported to show
no evasive manoeuvres when approached by a pre-
dator, their only predator defence being swimming
as fast as possible to decrease the time they are
exposed to high near-shore predator density (Gyuris
1994). In contrast, flatback hatchlings appear to be
able to detect predators and take avoidance action
(Salmon et al. 2009), and thus may not need to swim
as vigorously. If the hypothesis that sea turtle hatch-
ling swim thrust within the first few hours of entering
the water is related to the predator density in the
near-shore waters of nesting beaches is true, this
may explain why we found green turtle hatchlings to
be more vigorous swimmers compared to loggerhead
and flatback turtle hatchlings. Mon Repos beach,
where our loggerhead and flatback turtles were sam-
pled, has a low predator density, sandy substrate and
turbid water, whereas Heron Island, where our green
turtles were sampled, has a coral reef substrate with
clear water. To test this hypothesis, the swim thrust
performance of loggerhead hatchlings that emerge
from nests laid on coral cays of the south eastern Aus-
tralian population would have to be measured and
compared to that of the hatchlings from Mon Repos
reported here. The expectations would be a more
vigorous swim frenzy in loggerhead hatchlings from
coral cays than those we sampled at the Mon Repos
rookery. A few green turtles nest at the Mon Repos
rookery, so it would also be predicted that green tur-
tle hatchlings from Mon Repos would have a less vig-
orous swimming frenzy than those from Heron
Island. This hypothesis cannot be tested in flatback
turtles because no coral cay rookery is known for this
species (Limpus 2008b).

All 3 species of sea turtle hatchlings that we exam-
ined produced their highest swim thrust during the
first 2 h of swimming, a strategy designed to move
the hatchlings quickly out of the shallow predator-
rich near-shore waters (Bustard 1972, Gyuris 1994,
2000). However, subtle interspecies differences in
swimming thrust were detected after the first 2 h.
These differences in swimming behaviour are proba-
bly a result of a complex interaction between near-

shore predator density, the distance that must be
swum to reach offshore oceanic disbursing currents
and hatchling anti-predator tactics.
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