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Optimal foraging models predict that large pre-
dators should concentrate on large prey in order
to maximize their net gain of energy intake.
Here, we show that the largest species of sea
turtle, Dermochelys coriacea, does not strictly
adhere to this general pattern. Field observations
combined with a theoretical model suggest that a
300 kg leatherback turtle would meet its energetic
requirements by feeding for 3-4h a day on 4¢g
jellyfish, but only if prey were aggregated in
high-density patches. Therefore, prey abundance
rather than prey size may, in some cases, be the
overriding parameter for foraging leatherbacks.
This is a classic example where the presence of
small prey in the diet of a large marine predator
may reflect profitable foraging decisions if
the relatively low energy intake per small individ-
ual prey is offset by high encounter rates and
minimal capture and handling costs. This study
provides, to our knowledge, the first quantitative
estimates of intake rate for this species.
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1. INTRODUCTION

Optimal foraging models predict that large predators
should concentrate on large prey in order to maximize
their net gain of energy intake [1]. Accordingly, a posi-
tive relationship between predator—prey body size is
found for both terrestrial and marine predators [2,3].
For example, small terrestrial mammalian carnivores
(less than 20 kg) feed mostly on prey that is less than
or equal to 45 per cent of their own mass, whereas
larger terrestrial mammalian carnivores (more than
20 kg) specialize in feeding on large prey nearly equal
to their own mass. Similarly, prey size generally

Electronic supplementary material is available at http://dx.doi.org/
10.1098/rsbl.2011.0965 or via http://rsbl.royalsocietypublishing.org.

Received 5 October 2011
Accepted 26 October 2011

increases with predator size in marine ecosystems [2],
even though a simple relationship between predator—
prey body size cannot usually be assumed without
taking prey behaviour and density into account.

In accordance with the prediction of optimal foraging
models, the giant leatherback sea turtle, Dermochelys cor-
tacea (adult body mass approx. 250-450 kg), is thought
to feed on large species of jellyfish, such as Rhizostoma sp.
(typical body mass: 2—20 kg), Chrysaora sp. (0.4—1 kg)
and Cyanea capillata (0.5-5kg) [4]. Virtually, all
feeding observations occurred at high-latitude forag-
ing grounds—vast distances from leatherback nesting
beaches in the tropics—where these large species of jelly-
fish are often common [4,5]. However, previous studies
have also suggested that female leatherbacks may feed
during the nesting season [6,7], although no direct
observations of such behaviour have been reported so far.

Here, we report on feeding dynamics of male
leatherback turtles that are novel for two reasons:
(i) the animals were directly observed foraging in
warm tropical waters, close to known nesting beaches
just prior to the peak of leatherback nesting in this
area, and (ii) they were feeding on an ultra-dense
aggregation of very small jellyfish. The novelty of
these direct observations broadens our understanding
of the feeding ecology of this large marine reptile,
but seems to contradict predictions of optimal foraging
models regarding predator—prey size relationships.

2. MATERIAL AND METHODS

(a) Field observations

Field observations took place on 30 November 2010, approximately
0.8 km east of Karujeu Island (8°37.674' S, 158°12.398' E), Western
Province, Solomon Islands (figure 1). A large aggregation (i.e.
approx. 1 km long, 10—15 m wide and 3 m thick) of jellyfish (Linuche
unguiculata, approx. 3 cm estimated diameter; approx. 4 g estimated
wet mass [8]) was observed at the site, from a small vessel. At 11.05
(Greenwich mean time (GMT) + 11), a male leatherback was seen
from the vessel and followed. During observations, it swam slowly
through the jellyfish aggregation while feeding. Another male leather-
back was spotted at 11.36 (GMT + 11) within 500 m of the first
turtle while behaving in a similar manner to the first individual.
Photographs and video footage of both the jellyfish aggregation
and the turtles were recorded by an underwater observer (A.R.L.)
equipped with standard SCUBA gear and a high-resolution (14.7
Megapixel) waterproofed digital camera (Canon PowerShot G10,
Canon, Inc.) (figure 1).

(b) Video analysis

Eight post-graduates from Swansea University watched the video
footage (total duration 39s, electronic supplementary material,
video S1) 10 times each, using REAL PLAYER, and reported the follow-
ing information for each review trial: (i) number, start and end time
of the feeding session(s), (ii) number of mouth-opening events
during each feeding session, and (iii) number of jellyfish ingested
during a mouth-opening event. A feeding session was considered
as finished when the turtle was not observed eating for greater
than or equal to 5 s. These data were used to determine the turtles’
feeding rate (i.e. jellyfish consumed per second) and estimates for
daily energy intake.

(¢) Photo analysis

Estimates for jellyfish density were determined from the underwater,
high-resolution photographs by analysis with the software TRACKER:
Video Analysis and Modelling Tool (v. 4.05, http://www.cabrillo.
edu/~dbrown/tracker/). Jellyfish in the bloom were of a very consist-
ent size estimated at 3 cm bell width. To provide a crude measure
of the jellyfish density, we first assumed that individuals appearing
as the same size (+10%) in the images were the same distance
from the camera, and then for such jellyfish we used their assumed
actual size (3 cm) to estimate their distance apart. In this way, the
separation distances of 17 pairs of jellyfish were measured, from
which the overall density was estimated.

This journal is © 2011 The Royal Society
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Figure 1. (@) The map shows the field site (black circle) where (b) two male leatherback turtles were observed feeding on (¢) an
ultra-dense aggregation of (d) Linuche unguiculata offshore Karujeu Island, Solomon Islands.

3. RESULTS

All video analysers recorded two feeding sessions (see
the electronic supplementary material, video S1).
The mean duration of the first and second feeding ses-
sions was 6.9 + 2.0sand 13.5+2.8s X +s.d.,n=8
video analysers), respectively, while the mean time
between feeding sessions was 8.4 + 3.4 s. The mean
number of mouth-opening events was 6.6 + 1.1 and
11.5 + 1.3 during the first and second feeding session
respectively, with one to three jellyfish ingested per
mouth-opening event. We calculated a minimum effec-
tive ingestion rate of one jellyfish every 2.3 s, based on
an average of 6.6 mouth-opening events between the
beginning of the first feeding session and the beginning
of the second one (i.e. in 15.3 s).

We built a theoretical model to determine if an adult
leatherback turtle (body mass = 300 kg) could meet its
minimum daily energy requirement (ER) by only feed-
ing on small jellyfish, such as L. unguiculata, based on
our video analysis and parameters available in the litera-
ture (see figure 2 for details about model parameters).
For comparison, Rhizostoma octopus was included in
the model as a large prey item.

Based on these data, we estimated a leatherback
would need to eat a 4 g L. unguiculata every 6s or a
5 kg R. octopus every 6300 s (105 min) to meet its mini-
mum ER (figure 2a,b). Furthermore, a leatherback
would need to eat a 4 g L. unguiculata approximately
every 1.6 s or a 5 kg R. octopus every 1680 s (28 min)
to meet its maximum ER. If a turtle eats a 4¢g
L. unguiculata every 2.3 s, as suggested by our empirical
results, it would need to feed for 9.5 hd ™! to meet its
minimum ER (figure 2¢). Assuming that a turtle
swims along a straight path at a cruising speed of
0.3ms ! [10], we can crudely estimate a required
patch density of at least one L. unguiculata every 0.7 m
to sustain an ingestion rate of one jellyfish every 2.3 s.
In addition, our video analysis shows that a turtle can
eat up to two to three jellyfish per mouth-opening
event, while foraging on an aggregation with an esti-
mated density of approximately 5832 jellyfishm >
In this case, and an effective ingestion rate of one

Biol. Lerr. (2012)

mouth-opening every 2.3s, a turtle would need
to ingest 52 or 76 jellyfish per minute for 4.75 or
3.25 hd ™!, respectively (i.e. approx. 14 820 4 g jellyfish
a day) to meet its minimum ER (figure 2d).

4. DISCUSSION

Prey size is a critical parameter of the foraging strategy
in both terrestrial and marine predators [2,3], with
large predators usually concentrating on large prey to
maximize their net energy gain [1]. However, our
results demonstrate that the largest marine turtle can
meet its daily ERs by foraging for only 3.25hd !
small prey, when those prey are encountered at high-
density. This suggests that small prey may be as
profitable as larger prey for a large marine predator,
as previously suggested in marine fishes [2], if the rela-
tively low energy intake per small individual prey is
offset by high encounter rates and minimal capture
and handling costs.

Other large marine animals, such as baleen whales,
whale sharks or manta rays also feed on high-density
aggregations of very small prey [12,13]. However,
these taxa are considered planktivores rather than pre-
dators, as they have adaptations for filter feeding and
are not capable of selecting individual prey items. By
contrast, leatherback turtles seem to be able to select
individual prey items and opportunistically switch
between large and small prey based on their respective
availability. This strategy is more analogous to the for-
aging strategies by such marine species as sharks, and
scrombrid fishes feeding on small schooling prey
[12], or bats feeding on small insects [14], and could
almost be considered as grazing in a jellyfish field.

Despite the low calorific value of jellyfish [9], their
high digestibility [15] may explain the adoption of this
specialized diet by the leatherback turtle. In addition,
this particular feeding strategy may be facilitated by the
relatively low metabolic rate of this marine reptile
[10,11] and the slow-moving nature of its prey (i.e.
negligible chasing costs).
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Figure 2. A leatherback turtle’s estimated hourly energy intake obtained by eating: (a) a 0.5-5 g jellyfish such a Linuche ungui-
culata [8] (gross energy (GE) density = 0.13 + 0.04 k] g wet mass™ ' [9]) every 0.5-20 s for 24 hd™!; (b) a 2.5—15 kg jellyfish
such as Rhizostoma octopus (GE density = 0.11 + 0.04 k] g wet mass™ ! [9]) every 10—420 min for 24 hd™!; (¢) a 4 g jellyfish
(GE density = 0.13 + 0.04 k] g wet mass ™~ ') every 0.5—20 s, over a period of 3.5-24 h each day; and (d) one, two or three 4 g
jellyfish (GE density = 0.13 + 0.04 k] g wet mass_ ') per mouth opening every 0.5—20 s, over a period of 9.5 h each day. The
horizontal red lines show the minimum and maximum hourly energy requirement for a 300 kg leatherback turtle (i.e. 259 kJ
h™! and 918 kTh™!, respectively, considering an assimilation efficiency of 80 per cent [10,11]). The vertical red line on
panels (¢) and (d) show the effective ingestion rate estimated from the video (i.e. one mouth-opening event every 2.3 s).
The minimum processing time was estimated to be 0.5 s for a small jellyfish (see §3), and 10 min for a large jellyfish [4].

The absolute calorific value of a 4 g L. unguiculata is
about three orders of magnitude less than a 5 kg R.
octopus and a leatherback turtle feeding on a R. octopus
bloom would certainly gain more energy than by
feeding on L. unguiculata. However, small jellyfish
aggregated in a patch can be procured and processed
more rapidly than larger jellyfish [16]. Leatherback
turtles are indeed able to ingest a new prey while still
processing and swallowing previous prey in the pos-
terior region of the buccal cavity [16]. This suggests
that for a leatherback turtle, prey abundance rather
than prey size may be critical for maximizing its net
energy gain [1]. Ultra-high jellyfish densities recorded
in this study are no rarity, but have been observed in
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other tropical sites [17]. Albeit leatherback turtles
appear to heavily rely on energy stores accrued at
high-latitude foraging grounds for successful reproduc-
tion, our data show that leatherbacks also actively feed
in warm, tropical waters and that they could surpass
their daily ERs by feeding more than 3.25hd ™' on
aggregations of small jellyfish. This foraging strategy
may afford leatherback turtles the chance to minimize
energy loss during the nesting season for successful
reproduction and for sustaining long-distance post-
nesting migrations. However, as our results are based
on a small sample size there is therefore a possibility
that leatherback turtles from other populations
behave differently. Accordingly, data from different
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populations are requisite; yet, observations of under-
water predation by free-living giant vertebrates are
challenging and still very rare.

All work conformed to the legal requirements of the country
in which it was carried out, and to all institutions (Swansea
University) guidelines.
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