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ABSTRACT OF THE DISSERTATION

Marine megafauna in environmental extremes: 

distribution and oceanic dispersal of polar and tropical tetrapods

by

Geoffrey Gearheart

Doctor of Philosophy in Oceanography

University of California San Diego, 2014

Gerald L. Kooyman, Chair

Early autumn visual surveys carried out in the Ross Sea in February-March 2013 

reveal Emperor penguins congregate and feed in migratory “hubs” located in stable pack 

ice of the eastern Ross Sea, close to the Antarctic Slope Front. From there, based on 

their annual cycle, they travel to the marginal ice zone, or the eastern and western Ross 

Sea colonies. We hypothesize that Adélie penguins migrate with the expanding pack ice 

from breeding colonies in the western Ross Sea to lower latitudes with sufficient light to 

forage. This movement appears synchronous, as evidenced by the gradual increase in the 

relative abundance of this species along our survey transect, and the large concentration 

of birds in the eastern Ross Sea, beyond the shelf break. The Antarctic Slope Front 

is a hotspot for Weddell and crabeater seals, the former remaining in pack ice on the 

continental shelf, the latter being more numerous beyond the shelf break, possibly due to 

higher concentrations of krill. 

Acoustic tracking and Lagrangian drifters enabled us to build a model for the first 

month of dispersal of leatherback hatchlings from Papua, Indonesia. This “critical period” 

corresponds to the duration of the yolk reserves, the limit beyond which turtles need to be 
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in productive waters to survive. We show that hatchlings’ movements strongly influence 

their trajectories, especially in flows not opposed to their swim direction. Offshore the 

Bird’s Head Peninsula, the seasonally reversing New Guinea Coastal Current (NGCC) 

entrains hatchlings born in summer into the oligotrophic North Equatorial Counter 

Current (NECC). This process starts within the first hours of dispersal. In October-

December, when predominant winds shift, causing the reversal of the NGCC, hatchlings 

deviate from prevailing currents, reaching after 30 days waters similarly unproductive as 

the NECC’s. Winter dispersal is mediated by the southeastward NGCC. River outflow 

and upwelling are responsible for the productive areas traversed by hatchlings; the turbid 

waters potentially shielding turtles from predators. We suggest that local oceanography 

prevailing when turtles disperse mediates survival, with winter hatchlings having the best 

chances of overcoming the critical dispersal period.



1

1

General Introduction
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1.1	 MARINE MEGAFAUNA IN ENVIRONMENTAL EXTREMES

The study of the distribution of animals in the ocean poses some fundamental 

challenges. The connectedness of water masses has a “diffusing” effect on habitat 

boundaries. Where on land the distribution of animals (excluding birds) is spatially 

determined by sharp edges, such as roads, riverbanks or the rim of a forest, movements of 

marine fauna aren’t as restricted. Boundaries do exist though. Two of the most significant, 

water temperature and currents (Wares et al., 2001), play a key role in the distribution of 

marine megafauna. 

Despite two millennia of scientific endeavors marked with milestones such as 

Aristotle’s description of tides, the Challenger expedition, the invention of SCUBA 

and remotely operated instruments, we have only scratched the surface of our ocean 

knowledge. Many facets of the life history of the largest marine tetrapods remain 

unstudied, despite their apparent conspicuity. For my thesis, I will focus on how the 

physical environment in two very different parts of our planet -Antarctica and New 

Guinea- mediates the movements and spatial distribution of these large animals. 

1.1.1	 Leatherback sea turtle hatchling dispersal

	 The question of where sea turtle hatchlings go after entering the water for the 

first time during the “lost year(s)” has puzzled sea turtle biologists for decades (Carr, 

1984; Witherington, 2002). Some advances have been made with loggerheads (Caretta 

caretta) (Witherington, 2002), but nothing is known of the fate of leatherback hatchlings 

(Dermochelys coriacea) (Fig. 1.1). The first part of my thesis used a combination of 

Lagrangian surface drifters and behavioral data collected using a specially adapted 

tracking method, to model the oceanic migration of leatherback hatchlings departing 

their natal beaches of West Papua (Indonesia). I limited my study to the first 30 days 

of dispersal, the “critical dispersal period”, as that is the approximate extent of the 
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leatherback hatchling’s yolk reserves (Jones et al., 2007). Beyond that timeframe 

hatchlings need to be in productive waters to feed and survive. The influence of currents 

at different spatial scales as well as the turtles’ swimming behavior are included in the 

model. By integrating chlorophyll-a data, a proxy for primary productivity, the model 

would enable the assessment of the oceanic conditions the turtles will face during and at 

the end of the critical period.

1.1.2	 Distribution of Antarctic megafauna

An oceanographic cruise aboard the R/V N.B. Palmer provided a unique 

opportunity to carry out observations of megafauna in the Ross Sea. The timeframe 

of the cruise, early austral autumn, corresponds to a period of rapid flux in light levels 

and biological productivity. Only one other study has taken place in the Ross Sea in 

late autumn when most of the 24 hr day is experiencing total darkness (Van Dam & 

Kooyman, 2003). During this period the cold intensifies, the sun sets for days to months, 

sea ice forms, and penguins, seals and whales move to the north. A hitherto unseen 

mass-migration of Adélie penguins as well as of emperor penguins is described, and 

the abundance and distribution of other megafauna species (seals, volant sea birds and 

whales) is put in the context of the rapid expansion of sea ice. 

1.2	 STUDY AREAS

1.2.1	 The Bird’s Head Peninsula

	 The first study area is the Bird’s Head Peninsula, West Papua, Indonesia. 

This is the location of the two main West Pacific leatherback sea turtle rookeries: 

Jamursba Medi and Wermon (Fig. 1.2).  Tracking experiments and Lagrangian drifter 

deployments were carried out at both sites, during the months of July-August 2010-2012 

and November 2012-February 2013 (deployments only).
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1.2.2	 The Ross Sea

	 The second study area is the Ross Sea of Antarctica, considered the 

anthropogenically least-affected stretch of ocean remaining on Earth (Ballard et al., 2012) 

(Fig. 1.3). We conducted continuous daytime visual surveys of marine megafauna along 

the entire route of the R/V N.B. Palmer, in February-March 2013. 

1.3	 RESEARCH QUESTIONS

1.3.1	 Leatherback sea turtle hatchling dispersal

	 “Where do Papuan leatherback hatchlings end up after 30 days of travel and what 

can we say about the factors influencing dispersal and the characteristics of the marine 

environments they traverse?”

1.3.2	 Distribution of Antarctic megafauna

	 “How does sea-ice in early autumn control the migratory behavior and 

distribution of Antarctic megafauna?” 

1.4	 OUTLINE OF DISSERTATION 

The second chapter of my thesis describes a method to efficiently track 

leatherback hatchlings at sea. In the following chapter I expand the scope of my study to 

include sea surface currents (measured with Lagrangian drifters) in order to build a series 

of models showing the seasonal dispersal pathways taken by leatherback hatchlings. The 

fourth chapter consists in a description of a hitherto unseen phenomenon: a migration 

front of emperor penguins traveling from the eastern to the western Ross Sea. The final 

chapter focuses on the abundance of seals, sea birds and whales throughout the Ross Sea, 

and how it relates to environmental variables. 
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Figure 1.1:   Adult leatherback sea turtle off the Kei Islands, Indonesia. Photo courtesy of 

Jason Idley, Scubazoo. 
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Figure 1.2:   Leatherback nesting sites of the Bird’s Head Peninsula, West Papua, 

Indonesia
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Figure 1.3:   Ross Sea, Antarctica. Megafauna surveys were carried out along the ship’s 

track, indicated in black. Abbreviations: BoW=Bay of Whales, CC=Cape Colbeck
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Tracking Leatherback (Dermochelys coriacea) Hatchlings at Sea 
Using Radio and Acoustic Tags

Geoffrey Gearheart1, Adi Maturbongs2, Peter H. Dutton3, Janet Sprintall1, 
Gerald L. Kooyman1, Ricardo F. Tapilatu2 & Elizabeth Johnstone1

1Scripps Institution Of Oceanography, 9500 Gilman Dr., La Jolla CA 92093, USA (E-mail: ggearhea@ucsd.edu); 2Marine Laboratory, 
State University of Papua (UNIPA) Manokwari, 98314 Papua Barat, Indonesia; 3NOAA-National Marine Fisheries Service, Marine 

Turtle Research Program, Southwest Fisheries Science Center, 8604 La Jolla Shores Dr. La Jolla, CA 92037, USA

For leatherback turtles relatively little is known about the “lost 
year(s)” – the time elapsed between a hatchling’s first contact with 
the ocean and the moment it is sighted again as a juvenile in neritic 
foraging grounds (Carr 1987) – and the factors that might drive 
the oceanic dispersal during this phase. Although floating particle 
models have been used to predict dispersal pathways of sea turtle 
hatchlings (Blumenthal et al. 2009), on the near-shore scale, where 
remotely sensed current data are unavailable, the trajectories taken 
by hatchlings are more difficult to predict. Frenzied swimming 
and strong coastal currents may distort the predictions of these 
“passive drifter” models. This justifies the need to study the actual 
movements of neonates as well as the near-shore processes that 
influence them. Tracking hatchlings can be challenging. Due to the 
animals’ small size, the technological options are limited: satellite-
based transmitters are (still) too large and heavy so tracking efforts 
need to be carried out entirely in-situ with lighter tags. Neonate 
sea turtles have been tracked successfully with miniaturized radio 
transmitters that were either fitted directly onto the hatchlings’ 
carapace (leatherbacks: Liew & Chan 1995) or tethered to a float or 
“bobber” (green turtles: Okuyama et al. 2009). These efforts were 
limited to tracking a small number of turtles and typically used 

radio signals as a secondary cue, i.e. as backup in case the tracker(s) 
would lose sight of the turtle. Thus, the need to keep within visual 
range of the hatchlings makes it almost impossible to track more 
than one individual at a time. Interestingly, the use of active acoustic 
telemetry has been largely dismissed, despite the availability of 
very small tags (<5 g weight out of water) and the advantage of 
uninterrupted transmissions (unlike VHF signals that stop when 
a hatchling is diving). As part of a multi-year effort to study the 
oceanic dispersal of West-Pacific leatherback hatchlings departing 
the beaches of Papua’s Bird’s Head Peninsula (Indonesia, Fig. 1), a 
pilot study was carried out in July-August 2010 to determine the best 
tracking methods to use.  We tested both acoustic and VHF (radio) 
tags in the field using stationary buoys and live hatchlings in order 
to evaluate tag performance and the practicality of each method. 

Experiment 1: Overall performance of sonic vs. VHF 
transmitters. For this experiment, we hung one Sonotronics (www.
sonotronics.com) acoustic tag (IBT 96-2-E, w = 4.9 g out of water, 
transmitting at 68 KHz) from a mooring buoy at a depth z = 0.8 m. 
We attached an ATS (www.atstrack.com) VHF tag (R1655, w = 1.1 
g out of water, 149.102 MHz) to the upper (dry) part of the buoy, 
so that the antenna was at ~20-25 cm above sea surface, the same 

If age structure of the population was significantly altered by the 
oil spill or dispersants, Kemp’s ridley recovery could be delayed 
(Crowder and Heppell 2011), by reducing population momentum 
and altering reproductive value of the population (Heppell et al. 
2007; Caillouet 2010).  Continued cooperation and collaboration 
among research groups in universities, government agencies, and 
non-government organizations in assessing and comparing (pre- 
and post-spill) annual size distributions and age structure will be 
essential to evaluating impacts of the oil spill.  Investigators should 
provide public access to collected data, to encourage and facilitate 
independent assessments.  
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Table 1. Results of transmitter range, directionality and optimum depth tests (Experiments 1 and 2). †: IBT = Sonotronics 
IBT96 acoustic tag, VHF = ATS R1655 radio tag, EMT = Sonotronics EMT01-3 acoustic tag.  * In Experiment 2, receivers 
were set at maximum gain from d = 100-1500m. ** In experiment 1, maximum gain was used for both the acoustic and 
VHF receivers at d ≥ 800 m.

Meters from 
moored buoy

Buoy 
location

Tag 
type†

Transmitter 
frequency

Z (m from 
sea surface)

Directionality 
(arc length in 

degrees)

Max signal 
strength 

(1-5 scale)

100

Exp 1 Surface
VHF 149.102 MHz 0.2 50 5
IBT 68 KHz -0.8 8 5

Exp 2

Surface VHF 149.280 MHz 0.2 50 5*
Surface IBT 72 KHz -1.0 6 5*
Submerged IBT 78 KHz -3.0 7 5
Submerged EMT 75 KHz -3.0 6 5

200

Exp 1 Surface
VHF 149.102 MHz 0.2 70 5
IBT 68 KHz -0.8 10 5

Exp 2

Surface VHF 149.280 MHz 0.2 65 5
Surface IBT 72 KHz -1.0 10 5
Submerged IBT 78 KHz -3.0 10 5
Submerged EMT 75 KHz -3.0 10 5

500

Exp 1 Surface
VHF 149.102 MHz 0.2 70 3
IBT 68 KHz -0.8 10 4

Exp 2

Surface VHF 149.280 MHz 0.2 70 4
Surface IBT 72 KHz -1.0 10 4
Submerged IBT 78 KHz -3.0 10 4
Submerged EMT 75 KHz -3.0 10 5

800

Exp 1 Surface
VHF 149.102 MHz 0.2 65 3**
IBT 68 KHz -0.8 10 4**

Exp 2

Surface VHF 149.280 MHz 0.2 75 2
Surface IBT 72 KHz -1.0 12 2
Submerged IBT 78 KHz -3.0 10 2
Submerged EMT 75 KHz -3.0 10 4

1200

Exp 1 Surface
VHF 149.102 MHz 0.2 Irreg. 2
IBT 68 KHz -0.8 10 2

Exp 2

Surface VHF 149.280 MHz 0.2 Irreg. 1
Surface IBT 72 KHz -1.0 10 1
Submerged IBT 78 KHz -3.0 10 1
Submerged EMT 75 KHz -3.0 10 3

1500

Exp 1 Surface
VHF 149.102 MHz 0.2 Irreg. 1
IBT 68 KHz -0.8 10 1

Exp 2

Surface VHF 149.280 MHz 0.2 Irreg. 1
Surface IBT 72 KHz -1.0 10 1
Submerged IBT 78 KHz -3.0 10 1
Submerged EMT 75 KHz -3.0 10 2

height as when affixed to a fishing bobber tethered to a hatchling 
(following the method of Okuyama et al. (2009)). We stopped the 
boat at distances of 100, 200, 500, 800, 1200 and 1500 m from the 
buoy to measure the maximum strength and directionality of the 
signals emitted by both transmitters. We used a 3-element VHF Yagi 
antenna and scanning receiver (ATS R410) to detect radio signals 
from the ATS tag, and a directional hydrophone (Sonotronics DH-4) 

with an ultrasonic receiver (Sonotronics USR-08) to detect “pings” 
from the sonic tag. We evaluated two parameters. The “maximum 
signal strength” received at each station and given on a qualitative 
scale of 1 to 5 (1 being weakest and 5 strongest) with the reference 
maximum strength (5) measured at 1 m from the transmitter. The 
second parameter we evaluated at each listening station was the 
“directionality”, defined here as the arc length (in degrees) obtained 



14

Marine Turtle Newsletter No. 130, 2011 - Page 4

by rotating the hydrophone or Yagi antenna while receiving signals 
of maximum strength. We measured the arc length using a digital 
compass (Garmin Oregon 450t) affixed to either the hydrophone pole 
or the handle of the Yagi antenna. We carried out this experiment 
during “calm (glassy)” sea state, following the World Meteorological 
Organization’s Douglas sea scale  (http://www.wmo.int/pages/prog/
amp/mmop/faq.html). 

Experiment 2: Optimum transmitting depth of sonic tag. 
The aim of the second experiment was to determine the optimal 
depth of the sonic tag when attached to the fishing bobber. It also 
provided an opportunity to repeat the radio tracking trial in order to 
see whether or not the results yielded during Experiment 1 were due 
to a malfunctioning VHF tag (Table 1).  We used two buoys in an 
area where the water depth was 4 m, one floating at the surface and 
one consisting in a polystyrene disc floating in the water column at 
2 m from the sea bottom. We tethered an IBT 96 tag (transmitting 
at 72 KHz) to the surface buoy so that it hung 1 m below the water 
surface (z=1m). We attached a new VHF tag (149.280 MHz) to the 
buoy as in Experiment 1.  We hung an IBT 96 tag (78 KHz) 1m 
underneath the polystyrene disc (z=3m). We also attached a more 
powerful Sonotronics acoustic tag (Equipment Marking Transmitter 
EMT 01-3, transmitting at 75 KHz) to the disc at the same depth 
to assess the effect of higher transmission power on directionality 
and tracking range (signal strength). We used the same detection 
equipment and distances as in Experiment 1 and carried out the 
tracking during “calm (rippled)” sea conditions, with wavelets in 
the 0 to 0.1 m range.

Experiment 3: live trials with VHF tag. We tethered the VHF 
transmitter and bobber unit with a 2.5 m long strand of fishing line 
(0.13 mm, 2.7 kg strength) attached with a small hook to a pygal 
scute of a hatchling (Okuyama et al. 2009, see Fig. 2). A 1.9 cm 
plastic bobber (6.49 cm3, weight out of water: 2.5 g) was tethered 

For this experiment, we fitted a hatchling with a 2.5 m strand of 
fishing line and one bobber (following the method employed in 
Experiment 3) to which we attached an IBT 96 tag (72 KHz) at 
z=0.8 m. We tethered another IBT 96 tag (78 KHz) to a second 
hatchling, using the same methods, but adding a bobber 2 m from 
the hook. We attached the tag to the second (distal) bobber, at 2.5 
m from the hook and at z=0.8m (Fig. 3). We used two bobbers in 
order to facilitate spotting the hatchling, as previous experiments 
with the VHF tags showed a hatchling easily drags down one 6.49 
cm3 bobber during its frequent dives. The other advantage was that 
the alignment of the bobbers indicates the heading taken by the 
hatchling. We tracked both hatchlings simultaneously, in “smooth” 
sea conditions, and using the lap system of Experiment 3.

Superiority of acoustic tracking. The results given in Table 
1 show that up to 200 m from the surface buoys (Experiments 1 
& 2) the maximum signal strength of both the acoustic (sonic) 
and VHF tags was similar for up to 200 m from the surface buoys 
(Experiments 1 & 2). However, we found that the directionality 

Figure 1. Leatherback nesting sites of Jamursba Medi and Wermon, on 
West-Papua’s Bird’s Head Peninsula (BHP).

Figure 2. Bobber and VHF tag attached to a leatherback 
hatchling.

at the other end of the line. We glued a VHF tag 
onto the bobber so its antenna would rise 20 cm 
(its outstretched length) above the water line (Fig. 
2). To contrast the dimensions of the tracking unit 
with the turtles, the reported average weights of 
Pacific leatherback hatchlings range from 40.5 g 
(East-Pacific: Jones et al. 2007) to 44.4 g (West-
Pacific: Simkiss 1962). We painted the upper 
half of the bobber with fluorescent orange paint 
to facilitate spotting. We released a hatchling 
fitted with the bobber and VHF tag 250 m from 
shore during “smooth” sea state (wavelets in 
the 0.1-0.5m range) and tracked as follows: we 
recorded its initial position using a hand-held 
GPS unit (Garmin Oregon 450t) and then let 
it swim away for 10 min. The position of the 
hatchling was then tracked back using the Yagi 
antenna. After its new position was recorded we 
stopped the boat’s engine and gave the hatchling 
a 20 min. head start before attempting to relocate 
it. Each subsequent lap was 10 min. longer than 
the previous one. We recorded 3 different laps, 
with the final one lasting 30 min.  We repeated the 
experiment a second time with another hatchling 
and transmitter. 

Experiment 4: live trials with acoustic tag. 
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Table 5. Mean incubation periods (days) per beach in 
Laganas Bay from 2003-2009. Values with the same letter 
were not significantly different (p>0.05). *Weighted per 
beach contribution to total nestingof the VHF transmitter was 50˚, versus 8˚ for the sonic tag. At 

subsequent distances we found that the directionality of VHF was 
never less than 65˚ arc length whereas we picked up the signal of 
the sonic tags within an arc length of 10-12˚ at all listening stations. 
At the 1200 m and 1500 m listening stations the directionality of the 
VHF tag was inconsistent: repeated sweeps with the Yagi antenna 
would each yield different arc length readings (Fig. 4). Both the 
IBT and VHF tags had similar signal strength decay throughout the 
testing range (Fig. 5). By enhancing the gain of the receivers, signals 
were still audible up to a distance of 1,500 m. There was no apparent 
difference in directionality and signal strength between IBT tags 
placed at z=0.8 m (Experiment 1), z=1 m and z=3m (Experiment 2). 
However, the more powerful EMT transmitter (which weighs 223 
g and can by no means be used to track hatchlings) outperformed 
the smaller IBTs in signal strength, but had the same directionality 
(Experiment 2). The two live trials with VHF tags both failed within 
the first hour. The first two tracking laps (10 and 20 min) where 
successful with hatchlings traveling a total distance of 395 and 420 
m. At the end of the third lap (30 min interval) we were unable to 
relocate the turtles. We interrupted the simultaneous tracking of two 
hatchlings using Sonotronics IBT tags after 60 min., since we were 
able to seamlessly relocate the hatchlings at the end of the first 3 
laps using on average 3 listening stations.

First tracks of leatherback hatchlings. To validate the 

1500 m, the irregular directionality is likely caused by the signal’s 
range limit. The limitations of VHF tags were further illustrated 
during the two live trials, which we carried out in slightly rougher 
sea conditions. Failure to locate the hatchlings was likely the result 
of the compounded effect of poor directionality, intermittent diving 
and wave height possibly shielding VHF signals (waves occasionally 
taller than antenna). The outcomes of Experiments 1-3 show the 
inadequacy of using VHF signals as primary cue when tracking 
hatchlings. Conversely, the directionality of the sonic tags remained 
more than sufficient to move the boat to a closer listening station 
and consistently obtain a stronger and more spatially accurate 
signal. During the live trial (simultaneous tracking of 2 hatchlings) 
we only needed an average of 3 listening stops to move the boat 
close enough to sight the hatchling and record its exact position. 
The small arc length of the signal’s reception area therefore reduces 
the chance of the tracker moving out of range of the signal, an 
important feature when tracking small organisms at sea, and even 
more so when taller waves make it difficult to spot the hatchling and/

So
no

tr
on

ic
s

2.0 meters

0.5 meters

0.8 meters

sea surface

small �shing hook attached 
to pygal scute of hatchling

ø 0.13 mm �shing line

Sonotronics IBT-96
acoustic tag

6.49 cm3 plastic bobbers 

Figure 3. Acoustic tag with two bobbers tethered to a 
leatherback hatchling.

Figure 4. Transmitter directionality (Experiments 1&2). The 
NaN value represents the inconsistent arc length readings at 
d=1200 and 1500m.

Figure 5. Transmitting range of acoustic and VHF tags (Experiments 1&2).

acoustic method, 20 hatchlings were tracked 
in July-August 2010.  The main results of this 
preliminary study (to be published in the near 
future), were: (1) none of the tracked turtles 
were predated, (2) the presence of a near-shore 
tidal current deflecting hatchlings towards the 
West, (3) all turtles swam North to Northeast, (4) 
the effect of hydrodynamic drag of the tracking 
unit on the turtles’ swimming behavior was less 
important than a) the effect of this West-flowing 
surface current, b) the level of fitness of the 
hatchlings and c) the state of the tide.

Conclusions and future directions. Tracking 
of VHF radio signals proved difficult even in 
calm sea conditions. The directionality was 
insufficient to easily find the correct bearing of 
the signal’s source. A good level of directionality 
(small arc length) is especially important as the 
hatchlings’ small size make them hard to spot 
at distances of over 40 m, even when dragging 
an orange bobber. At the distances of 1200 and 
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or the bobber. An additional advantage of acoustic telemetry is that 
the ultrasonic receiver is tuned to the specific frequency of the tag. 
The hydrophone picks up a limited amount of background noise, 
enabling to track without turning off the boat’s engine. The more 
powerful EMT only surpasses the miniature IBTs in transmitting 
range, further supporting the suitability of the IBTs. The results 
of the four experiments enabled us to determine the type of tag 
and the basic setup to track Papuan leatherback hatchlings. Future 
improvements include reducing drag by using one larger bobber 
instead of two and fitting a small LED inside the bobber, allowing 
to track at least two hatchlings simultaneously at night.  The first 
series of live trials using acoustic tags suggests that in the specific 
case of the Bird’s Head Peninsula (Fig.1), predation at sea is limited. 
The presence of a surface current deflecting hatchlings towards the 
West shows the importance of resolving the oceanography on the 
near-shore scale in order to determine how and where hatchlings 
get entrained in larger scale features such as the New Guinea 
Coastal Current (NGCC), which reverses its direction seasonally 
(Ueki et al. 2003). The NGCC might therefore act as a “conveyor 
belt” distributing hatchlings either into the North or the South 
Pacific. Future work will focus on connecting the different spatial 
and temporal scales through a dispersal model that merges in-situ 
tracking data, Lagrangian drifters and remote-sensing data. This 
will provide a useful tool to validate existing “passive drift” models 
for hatchlings such as the one developed by Hamann et al. (2011). 
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Four of the seven known species of marine turtles are found in 
Indian waters; the leatherback (Dermochelys coriacea), hawksbill 
(Eretmochelys imbricata), green (Chelonia mydas) and olive ridley 
(Lepidochelys olivacea) turtles. Status surveys and studies show 
that the Andaman and Nicobar Islands have the largest nesting 
populations of leatherback, hawksbill and green turtles in India 
(Andrews et al. 2006a; Bhaskar 1979a, 1979b, 1993; Kar & Bhaskar 
1982). They are also known to have important feeding grounds for 
hawksbill and green turtles (Andrews et al. 2006a; Bhaskar 1993). 
The leatherback nesting population in the Nicobar Islands is the 
largest in the south Asian region (Shanker & Andrews 2002). Green 
turtles are widely distributed throughout the islands (Bhaskar 1979a, 
1993, 1995). Hawksbill turtles also nest in small numbers throughout 
the islands (Bhaskar 1993, 1996). 

Olive ridley turtles nest in large numbers on the east coast of 
India, with mass nesting sites in Orissa. Genetic studies have shown 

that the population on the east coast of India is the evolutionary 
source for global olive ridley populations (Shanker et al. 2004).  
In the Andaman Islands, sporadic nesting of olive ridleys occurs at 
many sites (Andrews et al. 2001; Bhaskar 1993), with mini arribadas 
reported from a few beaches (Bhaskar, 1994). 

This study was initiated to monitor the nesting of sea turtles in the 
Andaman and Nicobar Islands. During the study, threats to marine 
turtles were also documented. In this paper, we compile and analyze 
nesting data from 2001 to 2006 at Cuthbert Bay nesting beach in the 
Middle Andaman Islands. We also provide brief comments on the 
conservation of marine turtles in the Andaman and Nicobar Islands. 

Study area. The Andaman and Nicobar Island are a group of 
islands in the Bay of Bengal. They extend from  6°45´ - 13°41´ N 
(740 km) to 92°12´ - 93°57´E (190 km). The archipelago consists 
of >345 islands, islets and outcrops. Cuthbert Bay is located on the 
northeastern part of Middle Andaman Island (12.7°N, 92.96° E). The 

	 This work (Chapter 2), in full, is presented as published in the Marine Turtle 

Newsletter (130, 2-6) with the following co-authors: Adi Maturbongs, Peter H. Dutton, 

Janet Sprintall, Gerald L. Kooyman, Ricardo F. Tapilatu, and Elizabeth Johnstone.  The 

dissertation author was the primary investigator and author of this paper.
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Leatherback (Dermochelys coriacea) 
hatchlings during the critical dispersal 
period: how local oceanography and 
swimming behavior can mediate survival
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3.1	 ABSTRACT

	 Acoustic tracking and Lagrangian drifter data are used to build a model for the 

first month of dispersal of leatherback hatchlings from West Papua, Indonesia.  This 

“critical dispersal period” is the approximate duration of the yolk reserves, beyond 

which leatherbacks need to be in productive waters to feed and survive.  Our model, the 

first to include observed swim behavior and near-shore currents, shows that hatchlings’ 

directed movements strongly influence their trajectories.  This finding contradicts the 

“passive drift” paradigm for sea turtle hatchling dispersal.  Near-shore oceanography, 

often overlooked or inaccurately rendered by numerical models, plays a key role in 

early dispersal.  The seasonally reversing New Guinea Coastal Current (NGCC) entrains 

hatchlings born in boreal summer into oligotrophic waters of the North Equatorial 

Counter Current (NECC).  This process starts within the first hours of dispersal. During 

the monsoon transition (October-December), when the NGCC gradually reverses, 

hatchlings are able to deviate significantly from prevailing but weak near-shore currents. 

At the end of the critical dispersal period they reach waters similarly oligotrophic to the 

NECC.  Winter dispersal is determined by the strong southeastward NGCC. Hatchlings 

reach chlorophyll-a rich waters within 2 weeks, and end in the Bismarck Sea.  Outflow 

from New Guinea’s rivers and seasonal upwelling result in highly productive areas 

traversed by hatchlings; the turbid waters potentially shielding them from predatory fish. 

Local oceanographic conditions prevailing at the time of dispersal thus play a crucial 

role in the probability of survival, with hatchlings born in winter having better chances 

of completing the initial stage of their oceanic migration.  This result has implications 

for conservation of this critically endangered population.  In a more general sense, future 

sea turtle hatchling dispersal studies could be improved if, as a preliminary step, they 

addressed the critical dispersal period.



19

3.2	 INTRODUCTION

Leatherback sea turtles are listed as vulnerable globally and critically endangered 

in the Pacific (IUCN, 2013). The eastern Pacific population in Mexico and Central 

America has collapsed (Sarti Martinez et al., 2007; Spotila et al., 2000) and the West 

Pacific leatherback is depleted and declining, with the last remaining sizeable population 

nesting in West Papua’s Bird’s Head Peninsula, Indonesia (Tapilatu et al., 2013).

Despite their geographic proximity, the two Bird’s Head rookeries of Jamursba 

Medi and Wermon (Fig. 3.1) have distinct “peak seasons” of higher nesting activity.  

At Wermon, turtles nest year round with a main peak in January during the northwest 

monsoon (boreal winter), and a secondary peak in June during the southeast trades 

season (boreal summer).  At Jamursba Medi the nesting season occurs in summer, in 

May-September, and peaks in July (Hitipeuw et al., 2007; Tapilatu et al., 2013).  Physical 

processes likely play an important role in these seasonal nesting trends, as the distinct 

coastal orientation of both nesting sites exposes them to the opposing prevailing winds 

and their associated oceanographic conditions.  This is translated by a cycle of beach 

erosion (unfavorable to nesting) and accretion (favorable), which alternates between 

Jamursba Medi and Wermon (Hitipeuw et al. 2007) and the effect is stronger at the 

former than at the latter.  In addition, the adult nesting population that uses the beaches 

of Jamursba Medi appears to be demographically independent from the population that 

primarily nests at Wermon: satellite telemetry showed that the Jamursba Medi summer 

nesting females migrate to foraging areas dispersed across the northern Pacific, while 

the Wermon winter nesters migrate mainly to the southwest Pacific (Benson et al., 2007; 

Benson et al., 2011).  These divergent post-nesting migratory pathways are all the more 

remarkable given the close geographic proximity of the two nesting sites (approximately 

40 km). 

Very little is known of leatherback hatchlings and post-hatchlings, as they are 
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essentially cryptic at sea. Only one study has addressed juvenile dispersal of West 

Pacific leatherbacks (Gaspar et al., 2012), so the question of the “lost years”, defined as 

the fate of hatchlings after they have departed their natal beaches (Carr, 1952), remains 

unanswered. 

When hatchlings enter the water for the first time they rely completely on the 

energy contained in their yolk sacks which fuels their initial “frenzied” swimming (Carr, 

1962; Wyneken & Salmon, 1992). After 24 hours, turtles enter a state of post-frenzy 

with slower, and in the case of leatherbacks, sustained swimming (Wyneken & Salmon, 

1992). Hatchlings’ energetic expenditure during the first weeks varies greatly among sea 

turtle species. In leatherbacks, the yolk provides enough energy to sustain swimming 

for 3 weeks. This is complemented by feeding, which starts approximately 8 days after 

emergence, so the yolk reserves are extended to 4-6 weeks (Jones et al., 2007). Setting 

the “critical dispersal period” at 30 days, beyond which leatherbacks rely completely 

on external sources of food, the compelling question is whether or not hatchlings are 

capable of reaching productive areas of the ocean within this timeframe (Jones et al., 

2007; Putman et al., 2010). Information on this critical dispersal period is paramount to 

understanding the natural history and conservation needs of leatherbacks. 

Coastal currents strongly influence the distribution of emergent leatherback 

hatchlings in the eastern Pacific (Shillinger et al., 2012).  A prominent oceanic feature 

along the coast of New Guinea is the New Guinea Coastal Current (NGCC) (Kuroda, 

2000; Wyrtki, 1961), which is driven by seasonal wind forcing.  Southeast trade winds 

during the summer cause the NGCC to flow equatorward, while the northwest monsoon 

drives the poleward flow of NGCC during winter (Kashino et al., 2007; Lukas et al., 

1996; Ueki et al., 2003).  The dramatic seasonal reversal of this large-scale boundary 

current likely affects the dispersal of hatchlings from the Bird’s Head Peninsula 

(Gearheart et al., 2011). Hatchlings produced during the winter at Wermon could 
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initially be transported in the opposite direction by the prevailing currents to those born 

in summer at Jamursba Medi. Yet, the details of how the near-shore circulation (within 

~10-20 km of the coastline) connects with these large-scale currents remains poorly 

understood, hampered by the low in situ data coverage in this remote region and the 

inability of satellite data to resolve the near-shore and the shorter-time scales. 

Numerical models that treat hatchlings as “passive drifters” following ocean 

currents have been used to predict their dispersal pathways and end destinations 

(Blumenthal et al., 2009; Hamann et al., 2011; Okuyama et al., 2011; Polovina et al., 

2004; Reich et al., 2007; Revelles et al., 2007).  Scott et al. (2012) were the first to 

include hatchling behavior into a dispersal model and showed that a limited amount of 

directed swimming can have a strong impact on their trajectories, even in strong flows 

such as the Gulf Stream.  Shillinger et al. (2012), although not factoring in hatchling 

swimming behavior into their model (no data were available at that time for Pacific 

leatherbacks), suggest that east Pacific leatherback hatchlings departing nesting sites that 

are closely located to each other may have very different dispersal pathways and end 

destinations. Divergence in their trajectories may start in the near-shore zone, but models 

that rely mostly on remote sensing data do not resolve this scale.  The dispersal model 

of West Pacific leatherback hatchlings and juveniles built by Gaspar et al. (2012), uses 

as a baseline NEMO, a numerical ocean model (www.nemo-ocean.eu/). In their study, 

different pulses of virtual hatchlings are released randomly from a 0.25° X 0.25° quadrant 

centered 40 km perpendicularly offshore from the nesting beaches. The assumption is 

that near-shore (<40 km) currents do not cause turtles to be deflected sideways (i.e., 

East or West from the Bird’s Head nesting beaches), as this could distort predictions, 

especially in a region known for its complex and highly variable oceanography (Gordon 

et al., 2010).  Additionally, in the same model, turtles are considered passive drifters 

during their first year at sea.  However, in the Gulf Stream, hatchling swimming behavior 
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was shown to greatly affect dispersal trajectories (Scott et al., 2012), and so the same 

assumption could be made for hatchlings entrained in a more variable oceanographic 

setting such as the one encountered off New Guinea.  Thus, the inclusion of site-specific 

behavioral parameters would improve the predictive power of future dispersal models. 

In this paper we construct dispersal models for hatchling leatherback turtles 

from Bird’s Head nesting beaches.  Our first step was to carry out tracking experiments 

of hatchlings while simultaneously measuring the currents in which they are entrained.  

The resulting information on the direction and speed of their dispersal in calm waters 

and in currents with different characteristics is used to parameterize our models.  As we 

employed a novel tracking technique (Gearheart et al., 2011), we also assessed the impact 

of the tracking hardware on the dispersal parameters.  Our second step was to map the 

near-to-far shore circulation off the two nesting beaches in West Papua, using Lagrangian 

surface drifters.

In the last part of this paper we present a drifter track-based model for the initial 

30 days of dispersal of leatherback hatchlings, parameterized with site-specific behavioral 

data and overlaid with chlorophyll-a imagery. We use this model to examine seasonal 

dispersal scenarios and their significance in the context of the critical dispersal period. 

3.3	 METHODS

3.3.1	 Tracking hatchlings using active acoustic telemetry

3.3.1.1	Swim behavior experiments

Technological constraints preclude the use of satellite transmitters, which are 

still too bulky to be fitted on hatchlings (Gearheart et al., 2011; Thums et al., 2013). 

Arrays of submerged hydrophones have been used to track small aquatic organisms 

equipped with sonic tags, such as juvenile salmonids (Clements et al., 2005) and, more 

recently, a “cloud” of sea turtle hatchlings (Thums et al., 2013).  As the detection range 
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of these stationary arrays is limited (typically, less than 1000 m), they are only suitable 

for small- scale studies.  Therefore, to date the only technique capable of effectively 

tracking hatchlings beyond the first few hours of dispersal is active acoustics, where a 

“listening” vessel follows a small number of turtles equipped with miniature pingers 

(for a full description, see: Gearheart et al., 2011).  The goal of our first series of tests 

was to gather information on the performance of this tracking method and the physical/

biological factors influencing hatchling dispersal.  To this effect, we carried out tracking 

experiments in July-August of 2010 and 2011, off the central beach of the Jamursba Medi 

rookery (Fig. 3.1).  We tracked turtles that were collected by local conservation staff 

from the surface of nests that hatched naturally, plus turtles found at the bottom of nests, 

which had failed to crawl out (“stragglers”).  The approximate time since collection was 

noted for each hatchling and they were tracked as soon as possible thereafter. Some of 

the hatchlings, born on a beach located far from the central camp, were brought to us one 

day after collection. We tracked those individuals during the next round of experiments 

(<36 hrs after collection). At the beginning of each tracking day, we randomly selected 

a hatchling, attached an acoustic pinger, and let it crawl down the beach and reach the 

water. We helped the animal get past the waves by holding the line and tracking unit 

slack.  We then followed the hatchling with our inflatable boat, remaining at all times 3-5 

m behind the turtle, so as to not influence its swimming behavior (Okuyama et al., 2009; 

Salmon & Lohmann, 1989). Whenever visual contact was lost we used a directional 

hydrophone to locate the acoustic tag tethered to the animal. GPS position of the vessel 

was recorded automatically every five minutes using a Garmin Oregon 450t GPS unit 

(Garmin Ltd., Olathe, KS, USA).  As the main objective of these first experiments was to 

measure the influence of the tracking unit on the turtle’s behavior in different currents, we 

tried to track each animal for as long as possible. At the end of each track, we detached 

the tracking unit from the turtle before releasing it.  We then followed the untethered 
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animal for as long as possible to compare natural behavior and behavior when dragging 

the unit. As we relied completely on visual cues for this final part of the experiment, our 

success depended mostly on sea state. Swimming direction (heading) was recorded using 

a digital compass every 5 minutes with the tracking unit attached, and every minute when 

the turtle was swimming freely. Due to the variable precision of these heading estimates, 

the recorded values were categorized a posteriori into 45-degree bins, on a 360-degree 

scale, where 0º=N, 90º=E, 180º=S, -90º=W (Fig. 3.2). Whenever we could track more 

than one animal a day, we would return to shore and repeat the entire protocol. 

3.3.1.2	Model parameters calculated from tracks and simultaneous current 

measurements

In July-August 2012 our tracking experiments at Jamursba Medi were aimed at 

measuring the change in dispersal direction and speed of turtles subjected to different 

current regimes (i.e., in still water and in currents with different speeds and directions). 

Our methodology was as follows: prior to tracking the first turtle we deployed a 

Microstar Lagrangian surface drifter (Pacific Gyre Inc. Oceanside, CA, USA), which was 

programmed to record its GPS position every 10 minutes, and transmit this data in near 

real-time via the Iridium network.  A corner-radar-reflector-type drogue, located 1.5 m 

below the surface, allowed the Microstars to adequately follow the portion of the water 

column where hatchlings are located most of the time during dispersal (Salmon et al., 

2004; Wyneken & Salmon, 1992).  With a half-life of 7 days on full-transmission mode, 

Microstars are useful for repetitive sampling of flows with short time and/or small spatial 

scales and are widely used in oceanographic research (Ohlmann, 2011). 

Following the release of the drifter, we would track turtles using the same 

methodology as described above but the duration of each experiment was reduced to 15 

minutes. This enabled us to sample a wide range of current scenarios while still obtaining 
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high-resolution data (the GPS recorded position every minute, yielding 15 coordinate 

pairs per track).  Because of the shorter experiments, we would typically bring a group 

of ten turtles of known age, collected from the same nest. They were allowed to crawl 

down the beach before being recovered and transported in a dark container pending 

their use in offshore experiments.  At the end of each 15-minute track, we detached the 

tracking unit from the turtle and let it go. We then returned to the drifter’s position and 

repeated the procedure with another hatchling.  The goal of the experiments was to obtain 

a combination of drifter tracks with simultaneous turtle dispersal trajectories, allowing us 

to calculate the velocity vector characteristics (direction and speed) of both the currents 

and the hatchlings while they deviated from the drifter’s path. These parameters could 

then be integrated into the algorithm of the drifter track-based model. 

Leatherback hatchling’s swimming speed during the swimming frenzy ranges 

from 0.25 m.s-1 (measured in a laboratory setting by Davenport, 1987) to 0.3 m.s-1 (in the 

ocean, but with no simultaneous current measurements; Wyneken, 1997). We calculated 

the swimming speed of our hatchlings from tracks that were in currents flowing less 

than 0.03 m.s-1 (“weak currents”). This value is adapted from B. Witherington’s work on 

loggerheads, where weak currents are defined as flowing at less than 12% of a hatchling’s 

swimming speed (Witherington, 1991).

3.3.1.3	Permanent drifter deployments

In order to map the near-shore to large-scale circulation off the Bird’s Head 

Peninsula and obtain a baseline for our model, we deployed five Microstar drifters at 

Jamursba Medi in July-August 2012 (corresponding to the summer nesting season), and 

five from Wermon in November 2012-February 2013, during the winter nesting season. 

These drifters, which were separate to the ones used in the turtle tracking experiments 

described above, allowed us to sample the near-shore to large-scale circulation during 
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the opposing nesting seasons.  The Microstars were released approximately 1000 m off-

shore and their sampling rate was set to 10 minutes in the near-shore zone, then gradually 

increased to 24 hours towards the end of their tracks in order to maximize battery life.  

The interval between each drifter deployment at Jamursba Medi was approximately 7 

days.  Social unrest in the Wermon area caused us to cancel part of the winter field season 

of 2012-2013, so that drifter deployments were less regular than at Jamursba Medi (Table 

3.1). 

3.3.2	 Data analysis

3.3.2.1	Swimming behavior experiments without Lagrangian drifter deployments: 

impact of currents, age and tracking unit-induced drag

The hatchling dispersal speed, dv (a compound value of swimming speed and 

the unknown current speed, expressed in m.s-1), was analyzed in a Generalized Additive 

Modeling framework (GAM) (Hastie & Tibshirani, 1990). GAMs are linear models in which 

the predictors depend linearly on unknown smooth functions or some predictor variables, 

and interest focuses on inference about these smoothers. We used the MGCV package 

1.7-27, developed by Wood (2001) for the R software environment (R Development Core 

Team, 2010).  

Field observations of sudden changes in drift direction of the boat combined 

with the analysis of the individual tracks, i.e., a turtle’s trajectory that did not follow its 

swimming direction, suggested the presence of a westward current flowing approximately 

1 km offshore Jamursba Medi (Fig. 3.2). In the absence of local tidal data for 2010 and 

2011 (the oceanographic station at Manokwari started measuring tides in mid-2011), we 

included in our GAM a tide-related continuous variable, hrs, hours elapsed since the most 

recent full or new moon, to assess the effect of near-shore tidal currents on the dependent 

variable dv. It was further smoothed using a spline-fit algorithm with variable degrees 
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of freedom. The smoothing function was represented using penalized regression splines, 

estimated by penalized iterative least squares.  The time elapsed since collection of the 

hatchlings was given as age and consisted of three categories: (1) turtles tracked less than 

24 hrs after collection, (2) turtles tracked 24 to 36 hrs after collection, and (3) stragglers. 

We included the categorical variable tet  (presence/absence of the tracking unit) to measure 

the effect of the hydrodynamic drag of the bobber and tag on dispersal speed.  The full 

linear predictor was as follows:

 

log(E[dv]) = f(hrs, n) + d(tet) + d(age) + (d[age] * d[tet])  (1)

Where:

E= expected value of the dependent variable dv

d= parameter value for each categorical variable tet and age 

f= a spline fit to the continuous variable hrs, with n degrees of freedom

(d[age]•d[tet])= an interaction term between categorical variables age and tet

Step-wise backfitting regression models were built by adding and subtracting 

explanatory variables to minimize the Akaike Information Criterion (AIC) (Burnham 

et al., 2011). AIC provides a parsimonious balance between model predictive power 

and complexity, the preferred model being the one with the minimum AIC value. The 

AIC is: AIC=2 k – 2 ln (L), where k is the number of parameters in the model and L is 

the maximized value of the likelihood function for the estimated model. We used ∆i, 

the change in AIC between competing models, to select the most parsimonious GAM 

(Burnham & Anderson, 2002 ).  When two models were within two AIC units from 

each other (∆i≤2), the simplest (i.e. the one with the smallest number of parameters) 

was chosen as the best model and reported alongside the competing model(s) (Richards, 

2008).
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Results are reported as means ± standard error, unless stated otherwise.

3.3.2.2	Drifter, turtle trajectories and model algorithm

	 Lagrangian drifter data was processed in ArcGIS 9.3 (ESRI, 2011). We removed 

outliers and spikes from the raw data and used the cosine-haversine formula (Ruppel 

et al., 2013) to compute distance and bearing between coordinate pairs. The baseline 

for our turtle dispersal model consisted of “a mean current trajectory”, calculated from 

different sets of drifter trajectories. We provide a detailed description of the procedure for 

this calculation in the results section of this paper. Ocean surface current analysis—real 

time (OSCAR) 5-day gridded velocity vector fields (monthly means at 1/3° resolution), 

derived from satellite altimeter, scatterometer and SST (Bonjean & Lagerloef, 2002), 

were plotted with the drifter track-based models. This provided a three-dimensional (i.e., 

including time) representation of the surface circulation during the modeled periods. 

MODIS-A Chlorophyll data (monthly means at 0.1° resolution for corresponding 

modeled periods) were downloaded from NASA’s Earth Observations (NEO) portal 

(http://neo.sci.gsfc.nasa.gov/) and used as proxy for primary productivity (Ware & 

Thomson, 2005).

3.4	 RESULTS

3.4.1	 Factors influencing near-shore dispersal of leatherback hatchlings

3.4.1.1	Overall trends 

A total of 26 leatherback hatchlings were tracked in July-August 2010-2011, 

totaling 149 hours at sea. Of these, 8 were stragglers, 9 were of age<24 hrs and 9 of age 

24-36 hrs.  Track length ranged between 239 and 7,311 m (mean=3,358 m, median=2,834 

m). Twelve turtles were tracked both while tethered and untethered to the tracking unit.  

The untethered sections of these tracks, which could last more than one hour and 1,000 

m in length, appeared to always be within the observed current (Fig. 3.2, red lines).  
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The 14 remaining tracks were of tethered turtles only. None of the hatchlings suffered 

predation, although on two occasions we had to fend off attacks by a white-bellied sea 

eagle (Haliaeetus leucogaster) on hatchlings that were swimming through the surf zone.  

The swim directions were consistently perpendicular to the coastline, ranging from NW 

to ENE. The mean swim direction was -45° to 0° (northwest to north) (Fig. 3.2). 

3.4.1.2	Factors affecting dispersal speed

Of the set of candidate models for dispersal speed, dv, M1 had the lowest 

AIC score (Table 3.2). It included the proxy for tidal flow, f(hrs), and the interaction 

term between the age of the hatchlings and the presence/absence of the tracking unit 

(d[age]•d[tet]). Model M2, which included both parameters age and tet separately, had a 

∆i=2.84.  Therefore, M1 is the best model for dispersal speed that can be inferred from 

the dataset.  The smooth function f(hrs) is given in Figure 3.3 (right panel).  Dispersal 

speed fluctuated in the 14-day window between both moon phases, with peaks at around 

75 hrs and 200 hrs after the last full or new moon.  This suggests a tidal influence on 

turtle dispersal speed.  The divergence between the dispersal trajectories and the swim 

directions of the turtles, given in Figure 3.2, shows that turtles are deflected towards 

the west, at a distance starting approximately 1000 m from shore.  Comparisons of 

categorical variables age and tet in the baseline GAM model, log (dv) ~ f(hrs) + 

(age=<24 * untethered), show there was no significant difference in dispersal speed of 

turtles of age 24-36 hrs and age<24 hrs (two sample t-test with a=0.05; t (8.93)=-0.18, 

p=0.84) and between stragglers and turtles of age <24hrs (t (8.93)=0.10, p=0.92).  The 

effect of the tracking unit, tet, on the dispersal speed was highly significant however 

(t (8.93)=-11.97, p=<2e-16).  The mean dispersal speed for a turtle of age<24 hrs, when 

untethered, was 0.51 m.s-1 (±0.02) while a turtle of the same age that was tethered to the 

tracking unit had a mean dispersal speed of 0.29 m.s-1 (± 0.01), a 43 % decrease (Fig. 
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3.3).  The interaction between the tracking unit and the age of hatchlings was significant 

only for the straggler category (t (8.93)=2.1, p=0.003), while turtles tracked 24-36 hrs 

after collection were not significantly more affected by the tracking unit than turtles that 

were less than 24 hours old (t (8.93)=-0.99, p=0.32) (Fig. 3.3). 

3.4.2	 Large-scale regional currents

3.4.2.1	Jamursba Medi summer drifter trajectories

The five drifters released during the summer at Jamursba Medi followed a near-

shore trajectory consistent with the turtle trajectories that also suggest a westward current 

flowing along the Bird’s Head Peninsula (Fig. 3.4). The mean current speed calculated 

from the five drifter trajectories, within a 15 km-wide band stretching from 132.5ºE 

(Jamursba Medi) to 132.2ºE, was 0.294 m.s-1 (± 0.004).  Variation in current speed was 

strongest during the month of July.  Within the same 15 km-band, the mean speed of 

drifters 68 and 70 increased from 0.198 (± 0.005) to 0.346 m.s-1 (± 0.015), over a period 

of 7 days.  The mean speed of the remaining summer drifters ranged from 0.301 (drifter 

71) to 0.387 m.s-1 (drifter 69).  There appears a gradual strengthening of the west-

flowing current over the summer months.  Drifter 68 (deployed in July) followed the 

coastline for some 20 km then took a meandering, northerly path until approximately 

0º where it veered west.  Subsequent drifters all followed a similar western trajectory 

until 131.5ºE, where they deflected northwest, avoiding the Dampier Strait (Fig. 3.4).  

The last drifter deployed (69) took a somewhat different route: it remained within a 

distance of approximately 25 km from the coast, traveling at speeds of up to 0.76 m.s-1 

until reaching an area with slower currents (range=0-0.5 m.s-1) at 131.8ºE.  At less than 

1 km from the coast it was deflected, possibly by an eddy, towards the northeast, then 

took a meandering path until approximately 0º where it followed a track similar to the 

previously deployed drifters.  Drifters 68 and 69 stopped transmitting in the Ayau area 
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(Table 3.1), while drifter 72 veered due north until it was deflected to the northeast within 

the lower limb of the Halmahera Eddy.  It stopped transmitting shortly afterwards (Fig. 

3.5). Between 132ºE and the lower limb of the Halmahera Eddy (~2ºN), the mean current 

speed was 0.523 m.s-1 (± 0.009). Drifters 70 and 71 had the longest tracks (2,712 km and 

2,265, respectively; Table 3.1).  They took a clockwise path around the Halmahera Eddy, 

where the mean current speed increased to 0.779 m.s-1 (±0.045).  The drifters exited the 

Halmahera Eddy at around 131º E, and became entrained in a series of smaller eddies or 

inertial currents (131º E-133º E) where the mean current speed was 0.402 m.s-1 (±0.033).  

At 133º E, the drifters followed a meandering path along the North Equatorial Counter 

Current (NECC; Fig. 3.5), at a mean speed of 0.726 m.s-1 (±0.061).

3.4.2.2	Wermon winter drifter trajectories

The drifters released off Wermon during the winter months of November 

2012-February 2013 followed a poleward (i.e., southeastward) trajectory, remaining 

within 100 km of the Bird’s Head Peninsula (132º E -134º E). The mean speed of drifters 

73 and 74, released in November 2012, was 0.162 m.s-1 (±0.022) north of the Bird’s Head 

Peninsula (Fig. 3.6), and 3 months later, the mean current speed had almost doubled 

to 0.311 m.s-1 (±0.071).  Drifters 74 and 76, intercepted by fishermen, did not pass 

Manokwari (134º E), while drifters 73, 75 and 77 continued their way along the NGCC 

(Fig. 3.7). From 137º E to 144.5º E, they drifted within 100 to 200 km off the coast of 

New Guinea (Fig. 3.7).  At 144.5º E, drifter 73 bifurcated towards the northeast, and went 

north of New Ireland on February 15th, 2013 (150.5º E).  The mean speed of drifter 73, 

from 134º E to 152º E, was 0.542 m.s-1 (±0.004).   The other two drifters, which were 

deployed 4 days from each other in February 2013 (Table 3.1), followed the NGCC from 

134º E to 147.5º E, at a mean speed of 0.844 m.s-1 (±0.002), while remaining within 100 

km off the coastline.  Their trajectories diverged at the entrance of the Bismarck Sea 
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(147.5º E): while drifter 77 traveled counter-clockwise at 0.33 m.s-1 (±0.041), drifter 75 

turned clockwise, following the New Ireland-New Britain arc at a mean speed of 0.377 

m.s-1 (±0.028). 

3.4.2.3	Mean drifter tracks

Mean drifter tracks, representing the baselines for our dispersal models, where 

computed as follows: for Jamursba Medi one mean track was calculated from the 5 

drifters deployed during the summer, while for Wermon we determined two mean 

tracks to account for (1) the winter monsoon “transition period” with weak currents off 

the Bird’s Head Peninsula (November-December; drifters 73 and 74) and (2) the fully 

developed NGCC, in February-March (drifters 75-77).  As these sets represented different 

time-series of geographical coordinates (i.e. drifters had the same spatial starting point 

but were deployed on different dates), we plotted individual tracks over arc length, using 

the equation:

			                  (2)

where: x = longitude; y = latitude.

	 This provided us with a common reference point, starting at arc length=0, to 

calculate the mean current tracks representative of the summer, transition and winter 

seasons.  These length-referenced tracks were subsequently re-parameterized by 

interpolation (i.e., we reassigned values of latitude, longitude and time interval for each 

track), then smoothed with a moving average smoother to eliminate random variations 

such as abrupt direction changes.  Finally, the mean tracks were reduced in length to 

include only the first 30 days of drift, corresponding to the time frame of the critical 

dispersal period for leatherback hatchlings. 
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3.4.3	 Turtle tracking and simultaneous current measurements

3.4.3.1	Overall results

For the simultaneous current and hatchling trajectory experiments, we tracked a 

total of 79 turtles, all within 36 hours after collection, while simultaneously measuring 

the currents in which they were entrained.  Seventeen hatchlings were tracked in near-

shore, “weak” currents, where their swimming speed ranged from 0.12 to 0.24 m.s-1, with 

mean of 0.15 m.s-1 (± 0.01), and their swimming direction was -45° to 0°.  Corrected for 

the effect of drag of the tracking unit (a 43 % decrease in dispersal speed when tethered 

to the bobber and tag) the mean swimming speed was 0.29 m.s-1 (± 0.02).

3.4.3.2	Model parameters: current scenarios and calculation of turtle dispersal vectors

Each 15-minute hatchling track was paired to its corresponding section of the 

drifter track.  We assigned four drifter data points (40 minutes of drift) to each 15-min 

turtle track (Fig. 3.8).  For each of these “track pairs” we calculated the mean speed 

and direction of the current, then categorized all the track pairs into “current scenarios”, 

consisting of a specific current speed class (Vc) and current direction class (Bc).  This 

classification allowed us to determine the turtle vector characteristics for different 

current scenarios (Table 3.3).  As we did not track turtles in currents with bearing south 

to southwest (Bc 5) we combined the data of Bc 4 and Bc 6 for that category.  Similarly, 

because of the lack of tracks in currents flowing east to south we pooled the data from Bc 

3 and Bc 4 into one direction category (Bc 3-Bc 4). 

Turtle dispersal speed 

Current speeds of the mean drifter tracks ranged from 0.001 m.s-1 to 1.81 m.s-1, 

while our tracking experiments with simultaneous drifter deployments were made in 
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currents flowing at a maximum of 0.43 m.s-1. Therefore, the turtle vector parameters for 

the dispersal model (based on the mean drifter tracks) had to be extrapolated from the 

near-shore data. In order to achieve this, we first determined the relationship between the 

turtle dispersal speed vt and current speed vc, by plotting    ,  (the mean vt , taken from 

each 15-minute turtle track) and     (the mean vc, calculated for each corresponding 

40-minute drifter trajectory; Fig. 3.8).  The equation of the least squares fit, 

 	 	 (3)

gives 

€ 

v t  for current speeds outside the range measured during the tracking experiments 

(Fig. 3.9). 

Turtle dispersal direction

The second vector characteristic, the mean dispersal direction,  , was calculated 

similarly: we plotted Ft  against vt of all the turtle tracks in each current direction category 

Bc. This relationship shows the change in dispersal direction with increasing dispersal 

speed, for current direction classes Bc 1 to Bc 8 (Fig. 3.10).  To extrapolate  for current 

speeds beyond those measured in the near-shore experiments, we plugged in the values of   

 obtained through eq. (3) into the least squares equation of the  Ft /vt  relationship:

                                    (4)    

The turtle dispersal vector parameters were then calculated for 64 current scenarios and 

are given in Table 3.3. 

The difference between the number of values used in the turtle dispersal speed 

and dispersal direction calculations (Figs. 3.9 & 3.10) is due to the fact that for dispersal 

speed, we used means calculated from the 4 drifter positions and 15 turtle positions 

representing each track pair (i.e., yielding one value of speed per turtle and one value of 

current speed for that specific section of the drifter track; Fig. 3.8), while for the direction 

calculations we plotted the turtle data only. This data was categorized in the different 
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current scenarios the turtles were tracked in, so that in this case we had 15 values of 

speed and direction for each tracked turtle. 

3.4.4	 Drifter track-based model

3.4.4.1	Model algorithm

Turtle dispersal is simulated by concurrently releasing, in silico, a cloud of 

virtual hatchlings at the initial location of the mean drifter (current) track, at time t0.  At 

each subsequent time step, the virtual hatchlings take a random step based on the mean 

and standard deviation of both turtle speed and turtle direction given by the current 

flow condition.  Turtle speed and direction statistics at each time step are based on the 

mean current track.  For instance, if at t1, the current in which the turtle is entrained has 

characteristics Bc 6/Vc 2 (Table 3.3), then the turtle’s dispersal speed, Vt , is computed as 

follows:

Vt (t1) = mean turtle speed at Bc 6/Vc 2  + random number generator [0-1]  * standard 

deviation of turtle speed at Bc 6/Vc 2

The turtle’s dispersal direction, 

€ 

Ft, at t1 is similarly computed.  This procedure 

is repeated 500 times at each time step, yielding an uncertainty range in the turtle 

trajectories.  The virtual turtles use the characteristics of the mean current at each time 

step to compute their corresponding trajectories. This allows the 500 virtual hatchling 

tracks to become spatially independent from the mean drifter track. 

3.4.4.2	Model assumptions

We have made the following model assumptions:

1. In weak currents (   <0.03 m.s-1), during the first 24 hours of dispersal, the dispersal 

vectors parameters were (1) the corrected mean swimming speed and (2) the mean 



36

dispersal direction (-45° to 0°).  

2. As all near-shore measurements were made with hatchlings less than 36 hours old, 

our data is biased towards speeds representative of faster and more sustained “frenzied” 

swimming.  Therefore, we consider the uncorrected dispersal speeds calculated during 

our experiments (i.e. with turtles in frenzy but submitted to the hydrodynamic drag force 

of the tracking unit) as a best approximation of the slower mean dispersal speed expected 

of turtles in post-frenzy state (i.e. slower/intermittent swimming).  For the first 24 hours 

of dispersal our model applies a correction factor of 1.76 to the values given in Table 3.3.  

Determined during our first series of experiments without drifters, this correction factor 

(a 76 % increase in dispersal speed when a turtle is untethered) cancels out the effect of 

drag of the tracking unit on dispersal speed values.  For the next 29 days, we used the 

(uncorrected) turtle dispersal vectors presented in Table 3.3, as a best approximation of 

their post-frenzy behavior.  

3. We parameterized diel swimming activity following Wyneken & Salmon (1992): non-

stop swimming during the first 24 hours, then 65% of the time during the remaining 29 

days (post-frenzy/intermittent swimming). 

4. We kept hatchlings underneath a layer of moist sand prior to tracking, which restrained 

their energetic expenditure.  The moment of contact with the ocean was therefore 

considered the start of the swim frenzy.

5. We did not carry out tracking experiments at Wermon, but given the similar orientation 

of the nesting beach as well as its geographic proximity to Jamursba Medi we used the 

same turtle dispersal vector parameters in our winter dispersal models (Table 3.3).  

6. Hatchlings maintain the same swimming direction (-45° to 0°) throughout the critical 

dispersal period. This seems reasonable as changes in swimming direction, triggered 

mainly by changes in the magnetic intensity and inclination fields seem to occur on a 

scale of several months rather than days of dispersal (Lohmann et al., 2001; Scott et al., 
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2012).  

7. We assumed that the total current field covered by the dispersal model behaves 

similarly, at any point, to the current given by the mean drifter track.  This much simpler 

oceanographic representation of the surface circulation off New Guinea has the advantage 

of being based entirely on direct GPS measurements many concurrent with turtle tracking 

in the nearshore environment.

3.4.4.3	Summer dispersal model

Virtual hatchlings departing Jamursba Medi in summer (Fig. 3.11) are able to 

deviate from the mean current’s path while the direction of flow is within the -135º to 

45º -range (Fig. 3.9, scenarios Bc 6-Bc 7 and Bc 8-Bc 1) and near-shore currents are 

relatively weak.  As the current speed increases and the direction changes to a more 

northerly bearing (Fig. 3.9, scenario Bc 8-Bc 1) turtles drift along the NGCC, in close 

formation.  The NGCC primarily determines the eastward path taken by hatchlings 

inside the Halmahera Eddy, as its high speed and a northeast to east direction of flow 

counteracts the hatchling’s swimming (Fig. 3.9, scenarios Bc 2 and Bc 3-Bc 5).  In those 

conditions, the model sets the turtle vectors equal to the current, so virtual hatchlings 

become entirely passive. At the end of the first 30 days of dispersal, the turtles have left 

the Halmahera Eddy and entered the NECC.  The chlorophyll-a concentration coincident 

with this period is in the 0.01 to 0.02 mg.m-3 - range.  The OSCAR current vectors (mean 

of August 15th-September 15th, 2012) agree with the model and the mean drifter track 

(Fig. 3.11). 

3.4.4.4	Monsoon transition period

Virtual hatchlings released in our model during the monsoon transition period 

(Fig. 3.12) disperse from Wermon in slow moving currents.  In these weak flows, the 
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variability in dispersal direction and speed, given by the 95% confidence intervals in 

Figure 3.9, cause the cloud of virtual hatchlings to diffuse in the near-shore zone.  Three 

weeks into their dispersal they get entrained by the poleward-flowing NGCC and deviate 

eastward.  The distance traveled at the end of the 30-day period is approximately 350 km 

and chlorophyll-a concentration is similar to that encountered by hatchlings dispersing 

from Jamursba Medi in summer. The model is coherent with the offshore OSCAR current 

vectors (mean of November 15th-December 15th, 2012).

3.4.4.5	Winter 

Dispersal from Wermon during the height of the northwest monsoon in February 

is essentially determined by the fully developed, poleward-flowing NGCC.  Virtual 

hatchlings remain in a tight formation while traveling at speeds close to 1 m.s-1.  This 

current scenario (Bc 3-Bc 4) was the most common along the NGCC’s mean trajectory 

and was opposed to the turtles’ swimming direction.  At current speeds > 0.2m.s-1 (Vc 

2-Vc 8), hatchlings are incapable of deviating from the current’s trajectory so the turtle 

dispersal vectors were equal to the current vectors (Fig. 3.9, Table 3.3).  Twelve days 

after departing Wermon, hatchlings reached the Mamberamo watershed (Fig. 3.13), 

characterized by a spike in chlorophyll-a. Further along the coast, the trajectory of the 

hatchlings followed a “plume” of high chlorophyll-a waters, and reached the Bismarck 

Sea at the end of the 30-day drift.  The Sepik river watershed (Fig. 3.13), characterized 

by chlorophyll-a values similar to the Mamberamo river, is reached approximately on the 

25th day of dispersal. The model is coherent with the OSCAR current vectors (mean of 

February 15th-March 15th, 2013) further offshore (Fig. 3.13). 	
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3.5	 DISCUSSION

3.5.1	 Tracking experiments

The tracking unit significantly affects hatchling dispersal behavior. The interaction 

effect between age after collection and presence/absence of the tracking unit suggests 

that turtles that were found at the bottom of nests (“stragglers”) were more affected by 

the drag of the bobber and tag.  Although there is no direct evidence that these turtles 

were less fit than turtles that emerged independently, stragglers are known to have a 

higher mortality rate (Hilterman & Goverse, 2003).  This motivated our decision to use 

only turtles less than 36 hours old for our tracking experiments with drifters.  The lunar 

signal detected in the dispersal speed data indicates that the observed westward deflection 

in the near-shore tracks is caused or amplified by tides.  In the absence of simultaneous 

current measurements, we were not able to quantify this effect. Nonetheless, this result 

shows that current-mediated dispersal at Jamursba Medi starts less than 2 km from 

shore, emphasizing the need to consider the near-shore oceanographic processes when 

predicting hatchling dispersal. The only existing hatchling dispersal model for the 

region, by Gaspar et al. (2012), does not take into account this westward drift as the 

pulses of virtual, passive hatchlings are released 40 km due north of the Bird’s Head 

nesting beaches.  It must also be considered that this westward flow may also change 

seasonally.  Once passed the breakers, turtles typically follow offshore trajectories (Lutz 

et al., 2002), with geomagnetic cues playing a major role in their orientation at sea 

(Lohmann & Lohmann, 1993; Lohmann & Lohmann, 1996).  For the north facing nesting 

beaches of the Bird’s Head Peninsula, the -45° to 0° bearing taken by our hatchlings is 

the most direct path away from the coast.  This part of our study confirmed the efficiency 

of the tracking method and enabled us to quantify the influence of the tracking unit’s 

hydrodynamic drag on hatchling dispersal.  Our results suggest near-shore oceanography 

plays a key role in early dispersal.  The subsequent tracking experiments with current 
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measurements confirm the remarkable swimming abilities of leatherback hatchlings, as 

even on short time-scales they are able deflect from the path of currents flowing faster 

than their own swimming speed.  The angle and magnitude of this deflection, which 

varies with the current’s direction and speed, is estimated here for the first time.  This 

provides strong evidence that hatchlings should not be considered as purely passive 

drifters.

3.5.2	 Boreal summer surface circulation

The trajectories of the five drifters deployed in July-August show that the 

near-shore currents flowed consistently alongshore and towards the west.  The mean 

near-shore current speed of 0.29 m.s-1 corresponds to the mean swimming speed of 

hatchlings during the swim-frenzy.  Therefore, hatchlings that disperse during the boreal 

summer from Jamursba Medi face their first significant oceanic “conveyor belt” within 

a few hours after immersion.  The distance from Jamursba Medi to Wermon being 

approximately 40 km, it is reasonable to assume that turtles born during the boreal 

summer at Wermon get entrained in the same westward flow.  Our data shows variation 

in the current, with a gradual increase in speed and a more westward trajectory as the 

season progresses.  On the larger scale, all drifters traveled north of the Island of Waigeo, 

circumventing the Dampier Strait (Fig. 3.4).  This finding is in contrast to Gaspar et al. 

(2012), who predicted a significant number of Jamursba hatchlings disperse to the Indian 

Ocean via the Dampier Strait and through the Halmahera Sea.  Our dataset is limited and 

gives no information about the variability of regional currents over seasonal time scales, 

variability which might be rendered by the NEMO model. However, the spatial resolution 

of NEMO (0.25° in longitude, corresponding to approximately 28 km at the equator) is 

not fine enough to characterize the flows near the coast and through the straits that are 

of the order of 1-10 km.  A further analysis of the total 274 Surface Velocity Program 
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(Lumpkin & Pazos, 2007; Sybrandy et al., 1991) drifter tracks of 2000-2013 for our 

study region, shows that none entered the Dampier Strait while only one drifter entered 

and remained in the Halmahera Sea (Fig. 3.14).  This suggests that in the surface layer, 

the Dampier and Halmahera Straits are very unlikely dispersal routes for Bird’s Head 

leatherback hatchlings during any season.

3.5.3	 Transition and winter surface circulation

Winter deployments at Wermon spanned 91 days while at Jamursba Medi all 

drifters were released within 38 days.  This allowed us to sample currents for a longer 

period during the northwest monsoon season.  The trajectories of drifters 73-77 show 

the gradual strengthening of NGCC off the north coast of the Bird’s Head Peninsula, 

with speeds increasing from 0.16 m.s-1 to 0.31 m.s-1 between November and February 

(Fig. 3.6).  As winter advances, the NGCC increases to a mean speed of 0.844 m.s-1, a 

value close to the 1 m.s-1 measured 50 km offshore at 142ºE by Kashino et al. (2007).  

These speeds are well above the swimming capabilities of leatherback hatchlings (0.29 

m.s-1, in frenzy).  Moreover, the current direction is opposed to the swimming direction 

for most of the sampled period (Fig. 3.7), making it unlikely neonate leatherbacks have 

any influence on their dispersal while entrained in the NGCC during the boreal winter.  

Surface currents flow year-round from the southeast to the northwest through Vitiaz 

Strait, at speeds in excess of 0.5 m.s-1 (Cresswell, 2000; Hristova & Kessler, 2012).  This 

acts as a barrier that hatchlings from the Bird’s Head Peninsula are unlikely to be able to 

break through to reach the South Pacific (Fig. 3.14). The end locations of drifters 75 and 

77 are in gyres in the Bismarck Sea.  Hatchlings caught in these gyres may exit through 

the narrow Saint Georges Channel, between New Ireland and New Britain (there are 

few data available, and only one SVP drifter that traveled this route went southward) or 

around the western tip of New Ireland.
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  The most likely period for exit of the Bismarck Sea is at the beginning of the 

boreal winter (Hristova & Kessler, 2012), possibly before the northwest monsoon has 

fully developed.  This is illustrated by the trajectory of drifter 73 (Fig. 3.7).  During the 

transition period of October-December predominant southeast trade winds are gradually 

replaced by the northwest monsoon.  Our results suggest that hatchlings born during 

this period are likely to bypass the Bismarck Sea and enter the large-scale circulation 

(i.e., the South Equatorial Counter Current) within the same season (Fig. 3.7, drifter 73). 

Hatchlings born during mid-winter, in December-February, as shown by the trajectories 

of drifters 75 & 77 (Fig. 3.7) may get held up in the Bismarck Sea until the westward 

currents flowing off New Ireland have abated (Hristova & Kessler, 2012).  

3.5.4	 Modeling dispersal

The trajectories of virtual turtles released during the southeast trade winds season 

(summer), when the NGCC flows equatorward, is determined in its initial phase by 

swimming behavior.  Near-shore currents flowing west to northwest act as conveyor 

belts from which hatchlings are able to deviate.  Doing so, they instill a more northerly 

trajectory to their dispersal.  Once entrained in the strong flows prevailing inside the 

Halmahera Eddy swimming behavior can no longer influence their trajectory. This is 

especially so when the current direction veers towards the east and so is opposed to the 

turtle’s swimming direction, causing the modeled trajectories to approach the track of 

the mean current. Our simulation suggests hatchlings, despite their ability to deviate 

from passive drift, remain in a “close order formation”.  At the end of the 30-day period, 

once inside the NECC, hatchlings are in oligotrophic waters.  Although we cannot say 

if conditions are unfavorable to the point of causing starvation, productivity in the West 

Pacific Warm Pool is known to be variable in space and time, and is linked to ENSO 
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cycles (Lehodey et al., 1997; Messie & Radenac, 2006).  So, over longer time scales 

than considered here, starvation-induced mortality might be offset by periods of higher 

productivity that are more favorable to feeding.  The fact that Jamursba Medi has a 

significant nesting population provides evidence that hatchlings entrained along this route 

are able to survive, as females later return to their natal breeding grounds (Dutton et al., 

1999). 

The transition and winter dispersal models (Figs. 3.12 & 3.13) show two very 

distinct pathways with potential implications for survival.  While in relatively slow 

moving waters flowing in the general direction of swimming, the hatchlings’ own 

swimming behavior can, to a great extent, influence their dispersal trajectories.  The 

route taken by Wermon hatchlings during the transition period is an example of this 

phenomenon. Largely unaffected by the weak NGCC, they travel due north until, three 

weeks into their dispersal, they are deflected eastward by the strengthening NGCC.  

Their end-location, after 30 days of travel, is some 220 km northeast of the Bird’s Head 

Peninsula, in oligotrophic waters (Fig. 3.12).  Conversely, hatchlings born 3 months later, 

towards the end of winter, enter the NGCC within a few kilometers from shore (Figs. 

3.12 & 3.13).  Our model shows that the combination of high current speeds and bearing 

opposed to the hatchling’s swimming direction causes them to drift passively along the 

NGCC. Precipitation off the north coast of New Guinea peaks during the winter monsoon 

(Marshall & Beehler, 2007), driving a discharge of sediments from the island’s largest 

rivers comparable to that of the Amazon basin (Nittrouer & Brunskill, 1994). Combined 

with coastal upwelling during the northwest monsoon (Cresswell, 2000; Hasegawa 

et al., 2010), the waters off the north coast of New Guinea are highly productive.  

Phytoplankton concentrations peak within the surface freshwater plumes of the 

Mamberamo and Sepik Rivers (Higgins et al., 2006; Muchtar, 2004) creating potentially 

favorable feeding conditions for hatchlings.  The first of these productive areas, the 
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Mamberamo rivershed, is reached within the second week of dispersal (Fig. 3.13), which 

corresponds to the period during which leatherbacks start feeding independently (Jones 

et al., 2007).  This gives an interesting example of how geological processes (i.e., erosion 

and sediment discharge) can impact higher vertebrates. As hatchlings continue their drift 

along the coast and into the Bismarck Sea, they remain in highly productive waters. 

The Sepik River outflow (Fig. 3.13) during the northwest monsoon is characterized by 

a turbid layer of fresh water reaching 60 km from its mouth in all directions (Higgins et 

al., 2006). Although hatchlings might not pass through this plume, the modeled trajectory 

being more than 130 km away from the mouth of the Sepik, they likely traverse the 

turbid waters of the Mamberamo River, which is only 40 km away from their path.  This 

passage through low-visibility waters might offer added protection against predatory fish 

(Gyuris, 1994).  Our drifter trajectories show that beyond the 30-day period, the NGCC 

feeds directly into a pair of opposing circulating gyres in the Bismarck Sea (Figs. 3.7 & 

3.13).  Primary productivity levels in the Bismarck Sea are markedly higher than in the 

West Pacific Warm Pool (Le Borgne et al., 2002), and possibly linked to seasonal influx 

of nutrient-rich fresh water from as far north as the Mamberamo rivershed (Higgins 

et al., 2006).  Hatchlings with exhausted yolk reserves would find a more favorable 

environment in the Bismarck Sea than hatchlings that dispersed during summer or during 

the transition period and ended up in unproductive seas.

The dispersal scenarios presented here suggest different outcomes in terms of the 

likelihood of finding sufficient food during and at the end of the critical dispersal period.  

The prevailing oceanography off the Birds’ Head Peninsula may be of crucial importance 

for the early-life stages of leatherbacks and, therefore, plays a role in determining who 

returns later in life.  On a seasonal timescale the outlook for survival could change 

drastically in function of when hatchlings disperse.  We show the possible pathways to 

the large-scale circulation in a simple schematic (Fig. 3.15).
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	 This finding sheds new light on the processes that affect the West Pacific 

leatherback metapopulation (Dutton et al., 2007). Surveys at Jamursba Medi and Wermon 

show a long-term decline in nesting at both beaches.  Particularly impacted is Jamursba 

Medi, with a reduction of as much as 78% of the number of nests between 1984 and 

2011; while Wermon (which hasn’t been surveyed for as long) has seen a decline of over 

62% between 2002 and 2011 (Tapilatu et al., 2013).  Potential causes include widespread 

egg harvesting until the mid-1990’s (Betz & Welch, 1992), industrial fisheries by-catch 

(Bailey et al., 2012) and a decrease in hatchling production due to predation and/or 

adverse physical conditions causing nests to fail (Tapilatu & Tiwari, 2007; Tiwari et al., 

2011).  If hatchlings born in winter have a higher rate of survival due to their dispersal 

into more productive waters, as suggested by our results, long-term conservation 

measures aimed at enhancing hatchling production at Wermon (Tiwari et al., 2011) would 

boost the number of returning adult turtles.

  

3.6	 CONCLUSIONS

	 Our dispersal model predicts the trajectories of hatchlings from their first 

immersion until their inclusion into the large-scale circulation.  The hatchlings’ own 

swimming behavior, which is integrated for the first time in a dispersal model, is shown 

to be an important determinant in their trajectories, especially in currents that do not 

flow against the turtles’ own swimming direction.  Hatchlings therefore should not 

be considered as merely passive drifters. If their yolk energy reserve runs out after 

approximately 30 days, turtles are also swimming against the clock: the deviation they 

cause with respect to passive drift, and the consequent gain, or loss of time, determines 

when they reach areas favorable to feeding.  More important, perhaps, is the timing of 

hatching, as off the Bird’s Head Peninsula the seasonal oceanographic conditions may 

play a crucial role in the chances of surviving the critical first month at sea.  
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We suggest that investigating the critical dispersal period of sea turtles may 

improve subsequent predictions made over larger temporal and spatial scales.  Beyond 

the realm of sea turtles, a multi-scale approach that includes key (critical) life-history 

stages and their corresponding interactions with the physical environment, would yield 

more realistic predictions of the movements of a given species.

	 Our study of the question of the “lost years” of West Papuan leatherbacks will 

hopefully motivate further research. Of particular interest is the behavioral response of 

Bird’s Head hatchlings when crossing geomagnetic boundaries. Identifying these changes 

by, for instance, replicating in situ the experiments of Lohmann et al. (2001), which show 

post-hatchlings adjust their swimming direction when exposed to different magnetic 

fields, and quantifying diel swimming activity and speed in post-hatchlings, would help 

build more accurate dispersal models that combine near-shore drifter-based trajectories 

with large-scale numerical simulation systems. Finally, the potential effects of different 

global warming scenarios on hatchling dispersal and survivorship (e.g., through changes 

in the wind and current circulation off the Bird’s Head Peninsula, impacts on primary 

productivity, etc.) also deserve to be investigated. 
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Table 3.3: Results of near-shore tracking experiments with simultaneous drifter 

deployments. 15-minute turtle tracks (n) were classified according to the current direction 

(Bc) and current speed class (Vc) they were in. Mean dispersal speed,   (with tracking 

unit on) and direction,  , are given. ±95% CI = lower and upper 95% confidence 

bounds. Model vector parameters  and   are computed using the least squares 

equations given in Figs 9 and 10, respectively, for current direction classes Bc1 to Bc 8 

and speed classes Vc 1 to Vc 8. The median of each speed class range is used to calculate  

 (Eq.3), which is then plugged into the least squares equation for the  versus    

relationship (Eq.4) to determine  . In our model, we used the mean swimming speed 

and swimming direction for currents <0.03 m.s-1.  We applied a correction factor of 1.76 

to the dispersal speed vectors for t=0 to t=24 hours, in currents >0.03 m.s-1, to account 

for faster swimming during the initial swimming frenzy (i.e. we canceled out the effect 

of drag of the tracking unit). Zeroes in the table occurred in currents flowing in opposite 

direction of hatchling’s swimming direction, so that    ≤ 0. In these cases, the turtle 

dispersal vectors were set equal to the corresponding current vectors (passive drift).



58

	
  

   C
ur

re
nt

 
sp

ee
d 

 
(m

.s-1
) 

C
ur

re
nt

 
di

re
ct

io
n 

cl
as

s 

B
c 

1 

 

   
   

   
   

 

B
c 

2 

 

   
   

   
   

 

B
c 

3-
B

c 
4  

   
   

   
   

 

B
c 

5 

 

   
   

   
   

 

B
c 

6 

 

   
   

   
   

 

B
c 

7 

 

   
   

   
   

 

B
c 

8 

 

   
   

   
   

 

s 
 

 
 

 
 

 
 

 
 

cl
as

s 
R

an
ge

 
(m

ed
ia

n)
 

n 
5 

2 
11

 
10

 
11

 
3 

11
 

11
 

43
 

8 
43

 
37

 
5 

3 

m
ea

n 
0.

21
 

-1
.6

7 
0.

12
 

35
.5

2 
0.

09
 

59
.2

6 
0.

09
 

1.
87

 
0.

21
 

-5
4.

88
 

0.
21

 
-2

9.
29

 
0.

21
 

-1
.3

1 
V

c 
1 

.0
3-

.2
 

(.1
15

) 
±9

5%
 C

I 
0.

37
 

0.
05

 
26

.4
8 

-5
9.

1 
0.

2 
0.

05
 

46
.9

8 
24

.0
5 

0.
3 

0.
02

 
93

.8
1 

24
.7

 
0.

3 
0.

02
 

18
.5

4 
-1

4.
8 

0.
29

 
0.

13
 

-3
7.

88
 

-7
1.

87
 

0.
29

 
0.

13
 

-2
0.

48
 

-3
8.

09
 

0.
37

 
0.

05
 

41
.7

8 
-4

4.
41

 
m

ea
n 

0.
27

 
-6

.5
2 

0.
08

 
37

.1
1 

0 
0 

0 
0 

0.
28

 
-5

6.
64

 
0.

28
 

-3
2.

09
 

0.
27

 
-1

2.
5 

V
c 

2 
.2

-.3
  

(.2
5)

 
±9

5%
 C

I 
0.

49
 

0.
04

 
26

.2
9 

-6
6.

87
 

0.
19

 
0.

01
 

47
.1

6 
27

.0
6 

--
 

--
 

--
 

--
 

0.
29

 
0.

18
 

-3
7.

58
 

-7
5.

68
 

0.
29

 
0.

18
 

-2
2.

05
 

-4
2.

12
 

0.
49

 
0.

04
 

35
.8

9 
-6

0.
92

 
m

ea
n 

0.
33

 
-1

1.
38

 
0.

04
 

38
.7

1 
0 

0 
0 

0 
0.

37
 

-5
8.

89
 

0.
37

 
-3

5.
69

 
0.

33
 

-2
3.

70
 

V
c 

3 
.3

0-
.4

7 
(.3

9)
 

±9
5%

 C
I 

0.
62

 
0.

04
 

26
.1

0 
-7

4.
67

 
0.

19
 

0.
00

8 
47

.3
5 

33
.0

8 
--

 
--

 
--

 
--

 
0.

50
 

0.
23

 
-3

7.
20

 
-8

0.
57

 
0.

50
 

0.
23

 
-2

4.
07

 
-4

7.
30

 
0.

62
 

0.
04

 
30

 
-7

7.
42

 
m

ea
n 

0.
39

 
-1

6.
23

 
0*

 
0 

0 
0 

0 
0 

0.
45

 
-6

0.
9 

0.
45

 
-3

8.
89

 
0.

39
 

-3
4.

89
 

V
c 

4 
.4

7-
.6

 
(.5

35
) 

±9
5%

 C
I 

0.
75

 
0.

03
 

25
.9

1 
-8

2.
47

 
--

 
--

 
--

 
--

 
--

 
--

 
0.

62
 

0.
28

 
-3

6.
86

 
-8

4.
92

 
0.

62
 

0.
28

 
-2

5.
86

 
-5

1.
91

 
0.

75
 

0.
03

 
24

.1
1 

-9
3.

93
 

m
ea

n 
0.

44
 

-2
0.

27
 

0 
0 

0 
0 

0 
0 

0.
52

 
-6

2.
65

 
0.

52
 

-4
1.

69
 

0.
44

 
-4

4.
22

 
V

c 
5 

.6
-.7

2 
 

(.6
6)

 
±9

5%
 C

I 
0.

87
 

0.
02

 
25

.7
5 

-8
8.

97
 

--
 

--
 

--
 

--
 

--
 

--
 

0.
72

 
0.

33
 

-3
6.

56
 

-8
8.

73
 

0.
72

 
0.

33
 

-2
7.

43
 

-5
5.

94
 

0.
87

 
0.

02
 

19
.2

 
-1

07
.7

 
m

ea
n 

0.
49

 
-2

4.
32

 
0 

0 
0 

0 
0 

0 
0.

58
 

-6
4.

15
 

0.
58

 
-4

4.
09

 
0.

49
 

-5
3.

55
 

V
c 

6 
.7

2-
.8

  

(.7
6)

 
±9

5%
 C

I 
0.

97
 

0.
01

 
25

.5
9 

-9
5.

47
 

--
 

--
 

--
 

--
 

--
 

--
 

0.
79

 
0.

36
 

-3
6.

30
 

-9
1.

99
 

0.
79

 
0.

36
 

-2
8.

78
 

-5
9.

39
 

0.
97

 
0.

01
 

14
.2

9 
-1

21
.4

 
m

ea
n 

0.
52

 
-2

6.
74

 
0 

0 
0 

0 
0 

0 
0.

62
 

-6
5.

16
 

0.
62

 
-4

5.
69

 
0.

52
 

-5
9.

15
 

V
c 

7 
.8

-.8
7 

(.8
35

) 
±9

5%
 C

I 
1.

03
 

0.
01

 
25

.5
 

-9
9.

37
 

--
 

--
 

--
 

--
 

--
 

--
 

0.
86

 
0.

39
 

-3
6.

13
 

-9
4.

17
 

0.
86

 
0.

39
 

-2
9.

68
 

-6
1.

7 
1.

03
 

0.
01

 
11

.3
5 

-1
29

.7
 

m
ea

n 
0.

67
 

-3
8.

87
 

0 
0 

0 
0 

0 
0 

0.
83

 
-7

0.
42

 
0.

83
 

-5
4.

1 
0.

67
 

-8
7.

14
 

V
c 

8 
.8

7-
1.

5 
(1

.1
85

) 
±9

5%
 C

I 
1.

35
 

0.
00

1 
25

.0
2 

-1
18

.8
7 

--
 

--
 

--
 

--
 

--
 

--
 

1.
14

 
0.

52
 

-3
5.

24
 

-1
05

.5
9 

1.
14

 
0.

52
 

-3
4.

39
 

-7
3.

79
 

1.
35

 
0.

00
1 

-3
.3

8 
-1

70
.9

 

0

- 9
0

90

+/
-1
80

0

-9
0

90

+/
-1
80

0

-9
0

90

+/
-1
80

0

- 9
0

90

+/
-1
80

0

- 9
0

90

+/
-1
80

0

- 9
0

90

+/
-1
80

0

- 9
0

90

+
/-
18

0

  

!
 

! "
 t

  

!
 

! v t
  

!
 

! v t
  

!
 

! "
 t

  

!
 

! v t
  

!
 

! "
 t

  

!
 

! "
 t

  

!
 

! v t
  

!
 

! "
 t

  

!
 

! v t
  

!
 

! "
 t

  

!
 

! v t
  

!
 

! "
 t

  

!
 

! v t



59

Figure 3.1:  West Papua’s Bird’s Head Peninsula (top right) and leatherback nesting sites 

of Jamursba Medi and Wermon with individual beaches. 
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Figure 3.2:  Trajectories of 26 leatherback hatchlings tracked in July-August 2010-2011 

at Jamursba Medi. Divergence between the mean direction of swimming for each track, 

given by the rosette, and the direction of the track suggests the existence of a westward 

surface current. Tracks that were affected by this current are indicated in red. Tracks 

where mean direction of the track and mean swimming direction were similar (tracks not 

affected by the current) are indicated in green. Full lines indicate portions of the tracks 

where turtles were dragging the tracking unit, while dashed lines indicate the portion of 

the tracks where turtles were swimming freely.  
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Figure 3.3:  Left panel shows boxplots (median, quartiles, data range and outliers) of the 

interaction term (age)•(tet) of model M1. Only the combinations that were significantly 

different (p<0.05) from the baseline model (age<24h• untethered) are given. Note the 

76% increase in dispersal speed, dv, of turtles of age<24 hrs when they were untethered 

from the tracking unit. Right panel shows the estimated smooth term for hrs, hours past 

the full or new moon. Data locations are given by the black bars. Values of f(hrs) are 

given in the linear predictor scale (i.e. in log[dv]). Note the increase in dv at around 75 

and 200 hrs, suggesting the influence of a tidal current on dispersal speed.



64

U
nt

et
he

rd
*A

ge
<2

4h
Th

et
he

re
d

*A
ge

<2
4h

0.00.20.40.60.81.0

Te
th

er
ed

*A
ge

=s
tra

g.

dv (m.s-1)

In
te

ra
ct

io
n

50
10

0
15

0
20

0
25

0
30

0
-0.4-0.20.00.20.40.6

ho
ur

s 
pa

st
 fu

ll/
ne

w
 m

oo
n

s(hrs,8.93)



65

Figure 3.4:   Meso-scale tracks of five Microstar Lagrangian surface drifters, deployed 

in July-August 2012 at Jamursba Medi. Current speed in the vicinity of the coast of 

the Bird’s Head Peninsula (<15 km) did not exceed 0.5 m.s-1. Drifters did not enter the 

Dampier Strait but took a NW route toward the shallow waters of Ayau, where drifter 68 

was picked up, probably by a local fisherman.
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Figure 3.5:   Large-scale tracks of five Microstar Lagrangian drifters, deployed in July-

August 2012 at Jamursba Medi (JM), on West Papua’s Bird’s Head Peninsula (BHP). 

The approximate trajectory of the summer equatorward flow of the New Guinea Coastal 

Current (NGCC) is given according to Kashino et al. (2007) and Kawabe et al. (2008). 

The Halmahera Eddy (HE) is fully developed during the southeast trade-winds season. 

The highest velocities were recorded within the HE by drifters 70 and 71.
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Figure 3.6:   Near-shore and meso-scale tracks of the drifters deployed from Wermon 

(WM), in November 2012-February 2013. The gradual strengthening of the NGCC is 

noticeable from the trajectories of drifters 73 and 74 versus drifters 75-77, the former 

group lingered several weeks in the near-shore zone then, during the month of December, 

took a meandering eastward path, with drifter 74 traveling west before getting entrained 

in the NGCC (on 12/12/2012). The group deployed in February got caught in the NGCC 

at approximately 20 km from shore, traveling eastward at velocities > 0.6 m.s-1.
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Figure 3.7:  Large-scale tracks of drifters deployed from Wermon, in November 

2012-February 2013. Drifters 74 and 76 stopped transmitting off Manokwari when 

picked up by fishermen. An early deployment (drifter 73), during the transition phase of 

the NGCC, yielded a more northerly track that circumvented the Bismarck Sea. Current 

velocities sampled by this drifter were less than for drifters 75 and 77, illustrating the 

development of the NGCC during the course of the winter monsoon. Abbreviations: 

NB=New Britain, NI=New Ireland, MI=Manus Island, MKW=Manokwari.
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Figure 3.8:  Hatchling tracking and simultaneous drifter deployments were carried 

out offshore Jamursba Medi in July-August 2012. The turtle tracks (circles) were 15 

minutes long and position was recorded every minute. The Microstar drifter recorded 

position every 10 minutes (stars). White frames show the classification scheme of the 

data, yielding “track pairs” consisting of 15 turtle data points and 4 drifter data points. 

Current direction (Bc) and current speed (Vc), were determined for each track pair. Note 

that: (1) the drifters confirm the existence of a near-shore westward current flowing at 

approximately 0.3 m.s-1, (2) hatchlings were able to deviate from this current’s track 

within a very short time, (3) only a sample of the all the tracks is given here.
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Figure 3.9:  Relationship between the mean dispersal speed and mean current speed      

(m.s-1), obtained during near-shore tracking experiments, for different current direction 

classes, Bc. The least squares and 95% confidence interval lines are given in grey (full 

and dashed, respectively). We used the least squares equations to calculate the dispersal 

speed vector  (±95% CI) for current velocities beyond those measured during our 

experiments. Note the decrease in dispersal speed as current direction classes approaches 

values opposed to the mean NW-N (-45º to 0º) swimming direction (Bc 2 to Bc 5). In 

current flowing in the general direction of swimming (Bc 6 to Bc 1), the relationship is 

positive.
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Figure 3.10:  Relationship between hatchling dispersal speed, vt , and dispersal direction 

Ft, obtained by plotting all the turtle track data (15 data points per turtle track) 

categorized into the different current scenario (Vc/Bc) they were in. The least squares and 

95% confidence interval lines are given in grey (full and dashed, respectively). We see 

here that for current bearings that were not opposed to the NW-N (-45º to 0º) swimming 

direction (Bc 6-Bc 2) the turtles were able to keep a reasonably constant bearing, even 

as their dispersal speed increased (i.e., the current in which they were entrained had a 

higher speed), whereas for current directions Bc 3-Bc 5, the dispersal direction rapidly 

approached that of the current. Future work would enable to improve the dataset by 

increasing the sample size, especially in the Bc 8, Bc 3-Bc 4 and Bc 5 classes. 
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Figure 3.11:  Summer dispersal model showing, in yellow, the tracks of 500 virtual 

hatchlings released simultaneously from Jamursba Medi on August 15th, 2012. The 

mean current track, calculated from drifters 68-72 is given in black. The turtles are able 

to deviate from the mean current’s track at the initial stage of dispersal, then become 

entrained in the fast flows of the Halmahera Eddy. Exit is in chlorophyll-a poor waters 

at the western end of the NECC. The OSCAR near-surface currents, indicated by the 

black vectors, agree with our model. We used OSCAR data for the period August 15th-

September 15th, 2012, which corresponds to the end point of the critical dispersal period. 

Note the absence of OSCAR data within 200 km of the coastline. Chlorophyll data is 

MODIS-A, monthly mean for September 2012, at 0.1° resolution (http://neo.sci.gsfc.

nasa.gov/). White areas are data-deficient. Basemap: GEBCO (http://www.gebco.net/

data_and_products/).
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Figure 3.12:  Dispersal model for the winter monsoon transition period showing, in 

yellow, the tracks of 500 virtual hatchlings released simultaneously from Wermon, on 

November 22nd, 2012. The mean current track, calculated from drifters 73 and 74 is given 

in red. The turtles, under their own swimming are able to strongly deviate from the mean 

current’s track until the third week, when the strengthening NGCC entrains them towards 

the east. Turtles are not able to reach the productive waters along the north coast of New 

Guinea, shown here at ~138°E, off the mouth of the Mamberamo river (GRDC, 2014). 

MODIS-A and OSCAR data are for the period November 15th to December 15th, 2012, 

which corresponds to the end point of the critical dispersal period. The offshore OSCAR 

current vector field is coherent with our model.



81

.0
1

3
1

.3
60

.0
3

10
Ch

l-a       
 

(m
g.

m
-3
)

20
0 

0 
Km

 
10

0 
0.

5 
m

.s
-1

1°
S0

2°
N 2°
S

1°
N

1°
S

02°
N

2°
S

1°
N

13
8°

E
13

4°
E

13
6°

E
13

2°
E

13
8°

E
13

4°
E

13
6°

E
13

2°
E

M
on

so
on

  tr
an

sit
io

n

N



82

Figure 3.13:  Winter dispersal model. The tracks of 500 virtual hatchlings, released 

simultaneously from Wermon, on February 22nd, 2012, are given by the red lines. The 

mean current track, calculated from drifters 75-77, is given by the black line. Within a 

few kilometers from shore, the turtles become entrained into the fully developed NGCC. 

They are not able to deviate from its trajectory due to the combined effect of high 

current velocities (>0.8 m.s-1) and bearing opposed to their swimming direction. The 

NGCC carries hatchlings into productive waters (indicated by the high chlorophyll-a 

concentration values) within the second week of dispersal (i.e., Mamberamo rivershed). 

This suggests that turtles born in winter may have better chances of finding food during 

and after the critical dispersal period. Major rivers, indicated in white (GRDC, 2014), 

drain sediments and nutrients from the central highlands, into the waters off the coast 

of New Guinea. Note the coherence between the offshore OSCAR current field and our 

model.  
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Figure 3.14:  Tracks of 274 Global Drifter Program (GDP) Surface Velocity Drifters, 

during the period January 2000 to June 2013 (all seasons are included), at a 6 hour 

sampling rate. Note: (1) the absence of tracks around the Birds’Head Peninsula, (2) no 

drifters traveled through the Dampier Strait (DS), (3) only one entered the Halmahera 

Sea (HS), (4) from a total of 35 drifters that crossed Vitiaz Strait (VS), none traveled 

southward. Mean velocity through VS was >0.5 m.s-1 (Hristova & Kessler, 2012), 

suggesting that Vitiaz Strait is an unlikely conduit for hatchlings to reach the South 

Pacific. Bathymetry data: Smith & Sandwell (1997). 
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3.15:  Summary schematic of potential dispersal pathways to the large-scale circulation. 

The colored arrows indicate dispersal from Bird’s Head nesting beaches (departure 

from Jamursba Medi during the boreal summer and from Wermon during the monsoon 

transition and winter). The dashed arrow indicates exit from the Bismarck Sea of winter 

hatchlings after westward currents have abated, in early spring. The white stars indicate 

the location of turtles at the end of the critical dispersal period. NECC=north equatorial 

counter current; SEC=south equatorial current.
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Abstract The moult is arguably the most critical period

in the life of emperor penguins (Aptenodytes forsteri).

Birds from western Ross Sea colonies travel yearly to and

from the pack ice of the eastern Ross Sea to moult. Despite

the suspected large numbers of penguins involved, this

migration had never been directly observed. Here, we

provide the first description of a migratory front of pen-

guins travelling east to west between their moulting habitat

and to the breeding colonies. Early autumn ship-bound

visual surveys showed density of birds increased signifi-

cantly as we approached the eastern Ross Sea and was not

related to ice type, per cent ice cover or primary produc-

tivity. This supports the hypothesis of a dense ‘‘source’’ of

post-moult birds in the eastern Ross Sea migrating in near-

synchrony and gradually dispersing towards breeding col-

onies in the southwest and northwest Ross Sea. Emperor

penguins travelled alone or in small groups of up to 8

individuals, concentrating around narrow leads or isolated

water holes, and were occasionally seen far from open

water, suggesting they move primarily by swimming,

complemented by tobogganing. Their new coats indicated

they had completed the moult. Aggregations of birds and

guano stains suggested they were feeding while migrating.

Keywords Post-moult migration � Moult � Emperor

penguin � Penguin migration � Ross Sea � Sea ice �
Antarctica

Introduction

Emperor penguins remain within the bounds of Antarctica’s

Seas and adjust well to the continent’s extreme winter

conditions (Wilson 1907; Prévost 1963). The yearly moult is

perhaps the most dangerous and least understood period of

their lifecycle. Lasting *35 days, it takes place during the

warmer months of January and February (Kooyman et al.

2000), when sea ice is receding around the continental coast

(Cavalieri and Parkinson 2008). Due to their reduced ther-

mal insulation and waterproofing, birds do not enter the

water to forage; the ensuing fast can cause the loss of up to

half of their pre-moult body mass (Groscolas 1978). The

need to stay dry makes them dependent on floes that remain

intact for at least one month, precluding most areas near

breeding colonies in the western Ross Sea (WRS) as these

become ice-free during summer. When finished moulting,

the penguins, weakened from starvation, must resume

feeding. Abundant prey in the immediate vicinity of the

moult area is key to their survival (Kooyman et al. 2004).

The Ross Sea harbours seven emperor penguin colonies,

six of which lie on its western shores (Fig. 1). Satellite

telemetry showed that birds from four WRS colonies travel

at least 1,200 km to moult in dense pack ice in the eastern

Ross Sea (ERS; Kooyman et al. 2000). Kooyman et al.

(2004) later confirmed post-moult penguins tagged in the

ERS went back to WRS colonies (Fig. 1). This highlights

the importance of the consistent heavy pack ice field of the

ERS and Amundsen Sea as moulting habitat for emperor

penguins.
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Arrival synchrony at breeding sites, a known trait in

pygoscelid and emperor penguins (Prévost 1963; Lynch

et al. 2012), implies concurrent departure and travel from

the moulting areas (Battley 2006). This phenomenon has

never been observed for emperor penguins in the ERS,

despite the presence of large numbers of moulting birds

(Kooyman et al. 2004), as it occurs at a time when most

researchers have left Antarctica. Here, we report what we

believe is the first sighting of a migration front of penguins

travelling from ERS moulting floes back to their breeding

colonies.

Materials and methods

Visual surveys were carried out aboard the icebreaker N.B

Palmer during an early autumn cruise throughout the Ross

Sea. This period corresponds to the end of the moulting

season when birds in the ERS are travelling back to their

colonies through reforming ice. The surveys consisted in

uninterrupted daytime (‘‘on-effort’’) counts of emperor

penguins along a 450-km-long straight-line transect. This

transect consisted in three on-effort sections following the

76.5�S parallel from 168�E to 171�W (Fig. 2), representing

a longitudinal gradient from the breeding colonies to the

ERS pack ice. The transect was characterized by a uniform

seascape, precluding any edge effects on animal distribu-

tion (Buckland et al. 2001), and was within the known

migration corridor of satellite-tracked penguins (Fig. 1).

Transect width was 1000 m, beyond which penguins could

not reliably be identified. An ipad 2 (Apple, Inc., Cuper-

tino, CA, USA) with Bento (Filemaker, Inc., Santa Clara,

CA, USA), a database application with an automatic geo-

referencing function, was used to record data. GPS data

were fed into Bento by a BadElf Pro GPS unit (BadElf,

West Hartford, CT, USA) with accuracy of 2.5 m. Each

observation was referenced with a location and UTC time.

Data on ice type and per cent ice cover (following the

classification given by Smith 2007), sea state and weather

were recorded when they changed. Information on behav-

iour (prior to the animals being flushed by the ship), life

stage (juvenile/adult) and physiology (moulting/not mo-

ulting) was added whenever possible. Count data from on-

effort sections were pooled a posteriori into 10-km bins to

enable spatial comparisons and compute the mean density

of penguins (sightings/kilometre along the transect, or the

number of sightings in each bin divided by ten). Count data

were analysed using stepwise generalized linear modelling

(GLM) in R (R Development Core Team 2010), with

‘‘sightings/bin’’ as dependent variable and a quasi-Poisson

model to account for overdispersion and excess zeroes.

Location (latitude/longitude), ice type and percent ice

cover, whose effect on the distribution of Antarctic birds is

well documented (Ainley et al. 1984; Ballard et al. 2012),

and chlorophyll-a (measured by underway fluorometry)

were factored in the GLM as explanatory variables. QAIC

Fig. 1 Transect of the 2013

NBP cruise (yellow) and

migratory routes (grey) of two

penguins satellite-tracked in

2000 (data: Kooyman et al.

2004). Migratory routes

coincide in space and time with

the observed migration front.

Sea ice concentration on March,

8th, 2013 (AMSR2, 6.25-km

grid; Spreen et al. 2008) shows

extensive pack ice coverage of

the Ross Sea, including the

transit section with only a few

open areas in the WRS.

Breeding colonies: CR Cape

Roget, CI Coulman Isl., CW

Cape Washington, FI Franklin

Isl., BI Beaufort Isl., CCR Cape

Crozier, CC Cape Colbeck.

(Color figure online)
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was used to select the best model (Richards 2008). Results

are presented as mean ± standard error.

Results

From March 9 to 12, 2013, after completing the scientific

agenda of other teams aboard the ship, the N.B Palmer

transited from the WRS to ERS through a landscape of new

ice (\25 cm thick) interspersed with small floes and

90–100 % ice cover. A total of 90 emperor penguins were

observed, all of which had new coats, suggesting they had

completed the moult. Chlorophyll-a concentration ranged

from 0.04 to 1.44 mg m3.

In Sect. 1 (164�W–173�W; Fig. 2), eight penguins

(0.047 birds km-1, ±0.024) were observed. Birds were

standing upright or hauled out next to small leads or holes

in the ice. They were either alone (n = 2) or clustered in 2

groups of 3 individuals. Most of this section was through

new ice.

The density in Sect. 2 (March 10–11th) was 0.13

birds km-1 (±0.05), significantly higher than in Sect. 1

(Wilcoxon rank-sum test (WRSP), P = 0.036). From a

total of 12 birds, one lone individual was seen standing

with no open water in sight; the remaining birds were along

narrow leads or next to isolated open water holes. Penguins

were standing upright or hauled out on new ice or small

floes in slightly larger groups of up to 5 individuals.

As the ship progressed along the 76.5�S line in Sect. 3

(March 11–12th), these aggregations became larger, with

clusters of up to 8 birds (Fig. 3). The density of penguins

along Sect. 3 was 0.38 birds km-1 (±0.1); three times that

of Sect. 2 (WRSP, P = 0.021). All 70 penguins counted in

this section were standing or hauled out next to leads and

water holes. Large, dark-coloured guano stains were fre-

quently observed, especially along leads.

The most parsimonious GLM model included only

longitude, a proxy for distance to the ERS pack ice

(Table 1).

Discussion

The environmental constraints of finding an area of stable

pack ice with abundant food may force emperor penguins

to travel yearly to the same region in the ERS. As 6 of the 7

breeding colonies of the Ross Sea are located on its western

shores, the conditions are met for a synchronous flux of a

large number of birds entering and leaving the ERS pack

ice through a relatively narrow corridor. The return routes

of two post-moult penguins satellite-tracked in 2000 were

south of 75.5�S during the months of February and March

(Kooyman et al. 2004), roughly the same latitudinal section

and timeline as our cruise (Fig. 1).

One of the striking aspects of our surveys (confirmed by

the most parsimonious GLM model, which included only

the covariate longitude) was the gradual increase in the

number of penguins as the ship approached the ERS: from

a lone individual 40 km SE of Franklin Island, the location

of a breeding colony, the sightings of small groups of birds

became more frequent as the ship travelled eastward. As it

was not possible to survey during the night, the gaps

between 173.5�E–176.0�E and 178.6�W–176.6�W were

not filled (Fig. 2). However, this trend of increasing density

of penguins is likely to hold true for the entire transect,

with the highest concentrations of birds close to the source

(ERS pack ice, Fig. 1), and a gradual decrease towards the

West as birds had yet to reach the most western areas, then

74°S

76°S

78°S

170°W 180° 170°E

Fig. 2 West- to eastern Ross Sea transect along the 76.5�S parallel.

‘‘On’’ and ‘‘off-effort’’ (daytime and nighttime) portions given by the

solid and dashed red line, respectively, with sects. 1–3 (S1–S3)

totaling 450 km of on-effort surveys. Emperor penguin sightings

(yellow circles) increase from west to east, suggesting birds are

migrating back to breeding colonies. (Color figure online)

Fig. 3 Group of 8 emperor penguins aggregated around a water hole

at 76.5�S, 171.5�E
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diverging to their respective colonies of the NW and SW

Ross Sea (Fig. 1).

Swells open up the pack ice in the central Ross Sea even

during winter, so the observed scarcity in leads may have

been due to a period of calm weather (Langhorne et al.

1998). Not surprisingly, in a seascape covered by a uniform

sheet of new ice, most sightings were of individuals

standing or hauled out next to isolated holes or narrow

leads. During such days of reduced access to open water,

penguins may toboggan and swim from lead to lead.

In contrast to Adélie penguins (Pygoscelis adeliae),

which also winter in Antarctica but don’t breed until

spring, emperors need to gain a maximum weight before

the breeding fast (Le Maho 1977). Because of the thin ice,

it was not possible to weigh birds or attach transmitters.

Thus, from their aggregated position around leads and

holes as well as from the presence of guano, we conclude

they were feeding while travelling, possibly on Pleura-

gramma antarcticum, a common prey above the conti-

nental shelf (Kooyman et al. 2004). This behaviour was

also apparent in the zigzagging trajectories of the birds

tracked by Kooyman et al. (2004) and consistent with the

body mass of over 30 kg of 20 individuals we weighed

shortly after this survey at and around Cape Colbeck

(Fig. 1). The gradual increase in the number of birds when

approaching the ERS, as well the direction of travel of the

post-moult birds tracked by Kooyman et al. (2004; Fig. 1),

suggests the birds observed during the surveys were trav-

elling from east to west.

GLM modeling showed that ice type, per cent ice cover

and chlorophyll-a were non-significant predictors of pen-

guin counts. The lack of variability in ice characteristics

along the survey transect is the likely cause of this result.

However, it does not rule out the possibility that birds may

initially have migrated along a route through open water

(low percent ice cover), favourable to travel and feeding,

but due to sudden changes in weather they found them-

selves encased in new ice, biasing our observations and

subsequent analysis. The absence of relationship between

chlorophyll-a concentration and emperor penguin density

in our best model is in line with Ballard et al. (2012), who

found that among a suite of environmental covariates,

chlorophyll concentration has the weakest predictive power

for emperor penguin distribution. Again, the time frame

and environmental conditions under which our survey was

made make comparisons with other studies, carried out

mostly during the austral summer, tentative.

This report sheds light on behavioural aspects of the post-

moult migration of emperor penguins, a life stage that had

hitherto never been directly observed. It includes: (1) the

formation of a migratory front composed of small clusters of

birds moving west, (2) the aggregation of penguins around

ice holes maintained by bird activity, allowing them access

to food and (3) the occasional sighting of birds far from open

water suggesting they travel over-ice to distant leads.
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Autumn distribution of seabirds, seals 
and whales in the Ross Sea, Antarctica: 
the “St. Tropez” effect.
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5.1	 ABSTRACT

Early autumn visual surveys reveal hitherto undescribed distribution patterns and 

behavior of Antarctic megafauna, which are influenced by the rapidly expanding sea-

ice. Emperor penguins congregate and feed in migratory “hubs” located in stable pack 

ice of the eastern Ross Sea, close to the Antarctic Slope Front. From there, based on 

their annual cycle, they travel to the marginal ice zone, or the eastern and western Ross 

Sea colonies. Generalized linear modeling (GLM) shows that movement to the latter is 

characterized by a “migratory front” composed of clusters of ≤ 8 birds traveling west and 

feeding en route. We hypothesize that Adélie penguins migrate with the expanding pack 

ice from breeding colonies in the western Ross Sea to lower latitudes with sufficient light 

to forage. This movement appears synchronous, as evidenced by the gradual increase 

in the relative abundance of this species along our transect, and the large concentration 

of birds in the eastern Ross Sea, beyond the shelf break. GLM results suggest this area, 

close to the Antarctic Slope Front, is a hotspot for Weddell and crabeater seals, the former 

remaining in pack ice on the continental shelf, the latter being more numerous beyond 

the shelf break, possibly due to higher concentrations of krill. Killer whales were most 

abundant above the shelf, their distribution tied to that of Weddell seals. We provide 

a new perspective on Antarctic megafauna distribution studies and stress the need to 

consider seasonal fluctuations in species abundance rather than base estimates solely on 

data collected in summer. 
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5.2	 INTRODUCTION

	 As the southernmost navigable body of water, the Ross Sea intrudes deep into the 

Antarctic continent. At these high latitudes, the seasonal expansion and contraction of 

pack ice determines the spatial and temporal distribution of marine megafauna (penguins, 

volant sea birds, seals, and whales). Migratory movements of these animals have been 

documented for Adélie, Pygocelis adeliae (Davis et al. 2001), emperor penguins, 

Aptenodytes forsteri (Kooyman et al. 2000, Kooyman & Ponganis 2007, Kooyman et al.  

2004), and Weddell seals, Leptonychotes weddelli (Burns et al. 1999). 

Of the true Antarctic seal species, only adult Weddell seals overwinter in the 

Ross Sea, with a large concentration of animals residing on the fast ice of McMurdo 

Sound (Testa & Siniff 1987). At the end of the summer breeding season, juvenile and 

adult Weddell seals leave their near-shore colonies. While juveniles tend to remain 

close to the coast, potentially competing with emperor penguins for resources (Burns 

& Kooyman 2001), adults migrate in late summer, after the moult, to forage in areas of 

pack ice in the central Ross Sea (Ackley et al.  2003, Burns & Kooyman 2001, Hill 1987, 

Testa 1994). Pinnipeds that are not closely associated with fast ice have a more diffuse 

distribution, which complicates the study of their migratory behavior (Bengtson et al.  

2011, Southwell et al.  2003, Southwell & Low 2009). As a consequence, little is known 

about the movement patterns of crabeater (Lobodon carcinophaga), leopard (Hydrurga 

leptonyx) and Ross seals (Ommatophoca rossii), although surveys and satellite tracking 

studies suggest they move seasonally to remain in areas of pack ice that offer the best 

combination of foraging and haul-out habitats (Nordøy & Blix 2009, Blix & Nordøy 

2007, Bengtson et al. 2011). Even less is known of the movements of the two most 

common whales of the Ross Sea, the minke (Balaenoptera bonaerensis) and killer whale 

(Orcinus orca).

Six of the seven Ross Sea emperor penguin colonies occur around its western 
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boundaries (Cape Crozier, Beaufort Isl., Franklin Isl., Cape Washington, Coulman Isl., 

Cape Roget) while the seventh, Cape Colbeck, is located at the Eastern end of the Ross 

Ice Shelf (Kooyman 1993, Kooyman 2002). Satellite telemetry has shown that at the end 

of the chick-rearing season (mid-December), when sea-ice is receding at the colonies, 

emperor penguins travel over 1,200 km to the pack ice of the eastern Ross Sea (ERS) 

(Kooyman et al. 2000). There, stable ice floes provide support during the approximately 

35 days of the moult, a period during which the birds cannot enter the water to forage. 

The energetic cost of the moulting fast results in a decrease in body mass of up to 50% 

which needs to be offset before the birds migrate back to the western Ross Sea (WRS) 

colonies. Prey in the vicinity of the moulting floes may limit survival of the weakened 

birds. Where the non-breeders go after the moult is unknown, although there is some 

evidence that they travel beyond the marginal ice zone (Kooyman et al. 2004, Goetz et al.  

unpubl. data). Later, during the winter incubation period (June-August), female emperor 

penguins leave their WRS colonies to forage in areas yet to be discovered. 

Adélie penguin colonies occur along the western shores of the Ross Sea, which 

as a whole harbors up to 38% of the world’s summer population of this species (Smith et 

al. 2007). After reproduction in November and fledging in January, most adults moult in 

the pack-ice in March (Davis & Miller 1992, Kerry et al. 1996). After the moult, Adélie 

penguins leave the Ross Sea, it is believed to follow the northern limit of the pack ice, 

where there is sufficient light to forage during the winter months (Wilson et al. 1993). 

The abundance of prey species such as krill (crystal krill, Euphausia 

crystallorophias; Antarctic krill, E. superba) and fish (primarily Antarctic silverfish, 

Pleuragramma antarcticum) is driven by seasonal diatom and cryophilic algae blooms, 

which in turn are tightly coupled with ice cover (Smith et al. 2007). The delicate timing 

between ice conditions (coverage and structure) and the presence of prey must strongly 

influence the distribution of penguins and seals in the Ross Sea. 
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Past surveys have generally taken place during the Austral summer, when high 

primary productivity supports marine tetrapods distributed throughout the Ross Sea 

(Ainley 1985, Ainley et al. 1984). There have been no megafauna surveys during late-

summer and early autumn, a period when most marine research in the Ross Sea has 

concluded; while one survey has occurred in late autumn (van Dam & Kooyman 2003). 

Here we present the results of a visual sighting survey of seabirds and mammals 

in the Ross Sea during the months of February and March 2013. This trip provided 

an opportunity to carry out qualitative visual surveys of all these megafauna from the 

western to the eastern Ross Sea as we cruised from the vicinity of the Drygalski polynya 

to the deserted Cape Colbeck emperor penguin colony (Fig. 5.1). In addition, we recorded 

for the first time the transformation of the open water center of the Ross Sea to pack ice 

and the fauna associated with this rapid change. 

5.3	 METHODS

5.3.1	 Visual surveys

	 The icebreaker R/V Nathaniel B. Palmer departed from McMurdo station, 

Antarctica, on Feb. 12th, 2013, and arrived at Punta Arenas, Chile, on April 5th. Four 

observers alternated in the ship’s ice tower (approx. 24 m above the water line), to 

carry out uninterrupted daytime (“on-effort”) surveys throughout the Ross Sea basin 

(Fig. 5.1). A single observer covered 180 degrees during a 3-hour shift. Sightings of 

volant sea birds, penguins, seals and whales were recorded with an estimate of group 

size, when applicable. Angle (deg.) from the front of the ship to the animal(s) was 

recorded using an angle board (to the nearest 15°) and distance (m) was measured using 

binoculars with reticles (when the horizon was visible) or a “best estimate” based on a 

known distance (ice-tower to bow of the ship). Animals were identified to species level 

whenever possible. High- powered binoculars (18x50 Canon with stabilizers) enabled 
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the identification of animals up to a distance of approximately 1000 m during clear 

days, a distance chosen as our transect width. The survey was interrupted (“off effort”) 

when: (i) low visibility due to weather or low light prevented animal identification, (ii) 

we were transiting through open water, (iii) when the ship was stationary or traveling 

at slow speed (<4 kn) while conducting oceanographic experiments. In the latter case 

we still carried out “off-effort” watches, to record any megafauna sightings. An ipad 2 

(Apple, Inc., Cupertino, CA, USA) with Bento (version 4; Filemaker, Inc., Santa Clara, 

CA, USA), a database application with an automatic geo-referencing function, were used 

to record data. A BadElf Pro GPS unit (BadElf, West Hartford, CT, USA) with accuracy 

of 2.5 m was interfaced with the Bento app to record GPS data. As a result, location 

and UTC time was recorded for each observation. Data on ice type and percent cover 

(following the classification scheme given by Smith [2007]), sea state and weather, were 

recorded whenever they changed. For seals, whales and penguins, we indicated whether 

sightings were in water or on ice. For volant sea birds, sightings were “in the air”, unless 

indicated otherwise. When possible, we added information on behavior (prior to the 

animals being flushed by the ship), life stage (juvenile/adult) and physiological state 

(moulting/not moulting), as well as guano color, which is an indicator of diet in penguins 

(Kooyman et al. 2004). While transiting through pack ice with abundant wildlife, an 

additional observer helped the primary observer spot and record sightings. 

5.3.2	 Chlorophyll-a concentration

Underway fluorometry data, part of the Research Vessel Data Acquisition 

System (RVDAS), was collected with a “WETStar” flow-through fluorometer (Wet 

Labs, Philomath, Oregon, USA). Output was in mV and the following conversion, 

based on factory calibrations provided by Wet Labs, was used to obtain chlorophyll-a 

concentration (Chl-a):
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Chl-a (mg.m-3) = scale factor * [output – clean water offset]

Where:  scale factor = 0.0054 µg/l/mV and clean water offset = 86 mV

5.3.3	 Data analysis

The dataset was divided into 4 geographical sections: western Ross Sea (WRS), 

transit (TR), eastern Ross Sea (ERS) and east of shelf (ES; Fig. 5.1). The latter section, 

although not within the limits of the Ross Sea (defined here as the area delimited by the 

continental shelf), was included in our analysis as it represents an ecological transition 

zone. The upwelling of modified circumpolar deep water, occurring above the continental 

shelf break (indicated by the -1000 m isobath in all figures), enriches surface waters with 

a resulting change in krill and fish species composition (Jacobs & Comiso 1989, La Mesa 

et al. 2004, Smith et al. 2007). This, in turn, causes changes in the feeding behavior and 

distribution of marine birds and mammals (Ainley & Jacobs 1981, Ainley et al. 1984, 

Cherel & Kooyman 1998). Sightings data from on-effort sections were pooled a posteriori 

into 10-km transect bins (sightings per 10 km along the transect) to allow for spatial 

comparisons between sections and to compute the mean “animal density” (defined as 

sightings per kilometer along the transect and obtained by dividing the number of sightings 

in each bin by ten). The different killer whale ecotypes were identified following Pitman 

and Ensor (2003).

We analyzed the survey data using Generalized Linear Modeling (GLM) in R (R 

Development Core Team, 2010) with “animal density” as dependent variable and a quasi-

Poisson error distribution model to account for over-dispersion and excess zeroes in the 

survey data. Location of the ship (latitude/longitude), ice type (i.e. the 13 “sea ice form” 

categories described by Smith [2007]) and ice cover (percentage of ice cover estimated 

by eye, using the ten ice concentration categories described by Smith [2007]) whose 

effect on the distribution of Antarctic birds is well documented (Ainley et al. 1984), and 
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chlorophyll-a (calculated from underway fluorometry measurements) were factored in 

the GLMs as explanatory variables using an “all-subset approach” to model selection (a 

justification for this method, suited for behavioral ecology studies, is given by Symonds 

& Moussalli [2011]). Sightings “in water” and “on ice” were lumped together for our 

seals, penguins and whales analyses. Pair-wise comparisons of mean density (sightings.

km-1) between sections were established, for each species, using Wilcoxon Rank Sum 

Tests (hereafter abbreviated as WRST) with continuity correction, in R. ArcGIS 10 (ESRI 

2011) was used for spatial representation of the data. Results (which cover only the “on-

effort” parts of our survey) are given as means +/- standard error.

5.3.4	 Model selection

The full model is given as follows:

sp. ~ latitude + longitude + ice cover + ice type + chlorophyll-a 

Where: “sp.” is the species’ density. We used the quasilikelihood Akaike Information 

Criterion, QAIC, to select the most parsimonious GLM model (Burnham & Anderson 

2002). When two models were within two QAIC units from each other (∆ QAIC ≤2), 

the simplest (i.e. the one with the smallest number of parameters) was chosen as the best 

model and reported alongside the competing model(s) (Richards 2008). 

5.4	 RESULTS

5.4.1	 Physical and biological setting

On-effort surveys in all sections were conducted outside polynyas. In the WRS 

section (February 13th-March 9th), the mean ice cover was 50-60% consisting primarily 

of pancake and new ice (Fig 5.1.A). New ice less than 25 cm thick with “medium” size 

floes (100-500 m across) covered 90-100% of the TR section (March 10th-13th; Fig 5.1.B). 

When approaching the Bay of Whales, at the end of the TR section (March 13th), we 
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encountered “medium” to “big” size floes (500 m-2000 m across) along with wider leads. 

At the eastern end of the Ross Ice Shelf polynya, en route to Cape Colbeck (ERS section, 

March 13th-March 18th), the seascape was a mix of new and brash ice (5 % cover) with 

small icebergs (15-60 m across; Fig. 5.1 B). Close to Cape Colbeck, which we reached 

on March 13th, we came across small to medium icebergs (61-122 m) scattered in a dense 

cover (90-100 %) of brash and new ice. We left Cape Colbeck on March 16th and took 

a northern route. During the first few hours, the new ice cover was sparse (5-10%) and 

mottled with “small” floes. This changed rapidly into a seascape of “giant” floes (>10km) 

with high relief and covered in sastrugi. As the ice became too thick to break through, 

the ship turned around to seek a northwestern route out of the pack (March 17th- 18th). 

On March 18th, the new ice (90-100% cover) gave way to a pack consisting of “medium” 

to “big” floes (80-90% cover), through which our progress was slow. We crossed the 

continental shelf break that same day and, on March 19th, veered northeast through the 

heavy pack to head to Punta Arenas, Chile. This marked the beginning of the ES section 

(Fig. 5.1 B). The seascape through the last part of our survey (March 19th-21st) was “big” 

to “vast” floes (2-10 km across) with almost 100% cover. We reached open water at 71°S 

on March 22nd.

Mean chlorophyll-a concentrations were 2.21 mg.m-3 (±0.09) in the WRS 

(range=0.14-5.94 mg.m-3, the highest values were measured during a phytoplankton 

bloom in the Drygalski polynya); 0.89 mg.m-3 (±0.05) in the TR (range=0.04-1.44 

mg.m-3); 1.12 mg.m-3 (±0.07) in the ERS (range=0.11-1.89 mg.m-3) and 1.45 mg.m-3 

(±0.08) in the ES sections (range=0.39-1.93 mg.m-3). Above the Antarctic Slope Front, 

the mean chlorophyll-a concentration was 1.54 mg.m-3 (±0.08), almost twice the value of 

the TR section (Fig. 5.2). 
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5.4.2	 Emperor penguins

We counted a total of 1315 emperor penguins in all four sections (0.41 birds.km-1 

± 0.08). Except for one individual in the WRS section that was still moulting, all birds 

had new coats. Emperor penguins were, with few exceptions, located close to leads or 

holes in the ice. Most birds were lying or standing at the edge of floes, or swimming. 

We observed in the TR and ERS sections large patches of dark guano stains 

around the edges of leads and ice holes where emperor penguins were congregated, an 

indication of feeding. With 896 birds, representing almost 70% of all sightings, the ERS 

section had by far the highest density of emperor penguins: 1.7 birds.km-1 (± 0.39). This 

is significantly more than in the TR section (WRST; W=2330.5, P<0.001), where we 

counted 196 birds (0.33 birds.km-1 ± 0.17), the ES section (WRST; W=1592, P<0.001) 

with 133 emperor penguins (0.32 birds.km-1 ± 0.09) and the WRS section (WRST; 

W=7561, P<0.001), where we sighted only 90 birds (0.05 birds.km-1 ± 0.02; Table 5.1, 

Figs. 5.3.A & 5.4.A). In the ERS section emperor penguins were seen in large groups of 

up to 30 individuals around Cape Colbeck and up to 100 birds at the end of the section, 

close to the continental shelf break (Fig. 5.4 A). There was a clear reduction in density of 

emperor penguins once we passed that point and were transiting northeast (ES section, 

starting on March 19th). Group size in the WRS and TR sections was smaller, with 

clusters of no more than 8 birds, standing or hauled out at the edge of ice floes along 

leads. In the WRS section, the main areas where emperor penguins were sighted were 

between the Drygalski Ice Tongue and Cape Washington, and South of Coulman Island 

(Fig. 5.4 A). 

Ice cover was a significant predictor of density of emperor penguins as it was 

included in the most parsimonious GLMs for all sections, with birds preferring areas 

with >80% cover. It is not clear whether this is due to the increased visibility of birds 

when hauled out on the ice or the effect of the animals selecting areas with high ice 
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concentration. The best GLM for the TR section only included longitude (Table 5.2). 

Predictor variables latitude and icetype, along with ice-cover and chlorophyll a were 

included in the most parsimonious GLMs for the ERS and ES sections, with density 

increasing from 1.6 birds.km-1 (± 0.45) to 2.57 birds.km-1 (± 0.76) as we approached 

the continental shelf break at 76.5º S and 74.5º S (Fig. 5.4 A). These locations were 

amongst the most productive in the eastern half of the Ross Sea (Fig. 5.2), which explains 

the positive relationship between the explanatory variable chlorophyll-a and emperor 

penguin density in the GLMs for the ERS and ES sections. The highest densities of 

emperor penguins were also associated with “giant” floes with >80% cover. 

5.4.3	 Adélie penguins

With 5332 individuals, Adélie penguins were four times more abundant than 

emperor penguins, the second most sighted species of our survey (Table 5.1). We counted 

4448 birds in the ES section alone (10.8 birds.km-1 ± 2.13), representing almost 85% of 

the total number of Adélie penguins sighted during the cruise, significantly more than the 

ERS section, which had the second highest density with 0.53 birds.km-1 ± 0.29 (WRST; 

W=1521.5, P<0.001) (Fig. 5.3 A & 5.4 B). Many birds were still moulting, especially 

in the WRS section (84 moulting individuals). Due to the frequency of sightings and 

large group sizes in the ES section, we did not have enough time to reliably distinguish 

moulting from non-moulting birds. However, the general trend throughout the entire 

survey was that moulting birds tended to aggregate farther from the edges of floes, 

seeking shelter under pressure ridges when these were present, whereas non-moulting 

birds were sighted closer to leads and ice holes where they were often seen swimming 

and diving. The largest groups of Adélie penguins were encountered above and beyond 

the continental shelf break (ES section; Fig. 5.4 B), with numbers ranging from 85 to 200 

individuals per group (our largest single-day tally, of 1653 Adélie penguins, occurred 
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on March 18th-19th). In this section, large patches of pink guano (indicative of a krill-

dominated diet) were spotted at the edge of leads, along with numerous Adélie penguin 

tracks (discernible from emperor penguins by the smaller footprints) running from lead 

to lead or crossing over areas with little to no open water (ice cover of 90-100%). These 

tracks frequently extended beyond our sight. The most parsimonious GLM for the ES 

section included all variables but chlorophyll-a (Table 5.2). As this section consisted 

overwhelmingly of “giant” floes with >80% ice coverage of thick, multi-year pack, 

it is not surprising to find a relationship between density of Adélie penguins and ice-

related parameters. The more notable effect was the sharp latitudinal effect on density 

as we traveled from South to North. In the first two ES “on-effort” transects (Fig. 5.4 

B) the density was 16.21 birds.km-1 (± 2.89), whereas in the third and last transect, at 

the northern limit of the pack ice, density was only 0.28 birds.km-1 (± 0.08). The most 

parsimonious GLM for the ERS section, included all the tested parameters (Table 5.2). 

Similar to the ES section, the effect of position (longitude/latitude) was illustrated by 

the increase in density, from 0.43 (± 0.17) to 8.95 (± 1.88) birds.km-1 as we approached 

the continental shelf break. The high density of birds in this section coincided with 

the highest values of chlorophyll-a (> 1.12 mg.m-3). As in the ES section, the sea was 

uniformly covered in “giant” floes (>80% ice concentration) with birds remaining at the 

edge of narrow leads or water holes. Besides the large aggregations of Adélie penguins in 

the ES section, the only significant differences in density were between the WRS section 

(0.34 birds.km-1 ± 0.06, with a total count of 575 birds) and the TR section (WRST, 

W=5851, P<0.05), which had a total of 30 birds, or 0.05 birds.km-1 (± 0.01). 

5.4.4	 Volant sea birds

We observed throughout our surveys three different species of volant sea birds: 

snow petrels (Pagodroma nivea nivea), south polar skuas (Catharacta maccormicki) and 
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Antarctic petrels (Thalassoica antarctica). 

From McMurdo station to the end of the ES section, snow petrels were a constant 

presence. We counted a total of 310 birds (Table 5.1). Seen frequently in pairs or in 

groups of up to 20 individuals (mean group size was 1.9 birds), snow petrels would 

typically circle the ship a few times at close range before continuing. 

GLM modeling showed that ice cover and ice type best explained the density 

of snow petrels in the WRS section with birds preferring areas with 20-60% ice cover 

and “small” to “medium” size floes. In these areas, characterized by numerous leads, 

the density for this species was 0.16 birds.km-1 (± 0.04). In a more open seascape (<20 

% cover) composed mainly of pancake ice we sighted fewer birds (0.03 birds.km-1 [± 

0.004]). In areas with where leads were scarce (>80 % cover), the density was 0.06 birds.

km-1 (± 0.007). For the ERS and ES sections, the most parsimonious GLMs comprised 

location variables latitude and longitude, and either ice type or ice cover. The relationship 

between sightings and ice characteristics should be taken with caution as both sections 

were almost entirely covered in pack ice (>80 % cover), which was uniform in structure, 

except for a small swath of open water with medium size bergs North of Cape Colbeck 

(Table 5.3). 

Pair-wise comparisons showed that the WRS section, with 0.13 

birds.km-1 (± 0.03), had a significantly higher density of snow petrels than the TR section 

(0.007 birds.km-1 [± 0.004]; WRST; W=6564.5 P<0.001) and the ES section (0.06 birds.

km-1 [± 0.03]; WRST; W=3931 P<0.05). It was, however, not significantly different from 

the ERS section (0.1 birds.km-1 [± 0.03]). The density of snow petrels in the latter section 

was, in turn, not significantly different from the ES section but higher than the TR section 

(WRST; W=2028.5 P<0.001; Fig. 5.3 B).

The second most abundant bird (186 individuals) was the Antarctic petrel. It was 

seen everywhere except the WRS section (Figs. 5.3.B & 5.5). In a single sighting, on 
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Mar. 12th (TR section), we counted 120 birds, which were aggregated on the steep incline 

of a medium size berg. 

The most parsimonious GLMs for the Antarctic petrel density data in the TR 

and ES sections included ice type and chlorophyll-a, with birds preferring new ice with 

“small” to “medium” size floes. For the ERS section, a GLM with only chlorophyll-a 

best explained the density of Antarctic petrels (Table 5.3). In the vicinity of the Antarctic 

Slope Front, where the highest concentrations of chlorophyll-a were measured (Fig. 

5.2), the number of sightings of Antarctic petrels was an order of magnitude larger than 

above the continental shelf (0.48 [± 0.19] and 0.046 [± 0.03] birds.km-1, respectively). 

Pair-wise comparisons between sections showed that the density of Antarctic petrels in 

the ERS section (0.13 birds.km-1 [± 0.04]) was significantly higher than in the TR section 

(0.18 birds.km-1 [± 0.17]; WRST; W=1924, P<0.001) and the ES section (0.04 birds.

km-1 [±0.02]; WRST; W=1261.5, P<0.05), despite the large group of birds seen in the TR 

section (Fig. 5.5).

South polar skuas, with 116 birds, were not observed in the ES section (Table 5.1; 

Figs. 5.3.B & 5.5). With a few exceptions, skuas were seen alone or in company of 2 to 3 

other birds. In one occasion we counted 12 skuas in a single sighting, in the WRS section.

The most parsimonious GLMs for the south polar skua data included, for both the 

WRS and the TR sections (the ERS, with only 3 birds, was discarded from the analysis), 

the variables ice cover and ice type. The highest densities were recorded in areas with 

wide leads, in new ice with 50-60% cover. A competing model for the TR section 

included chlorophyll-a (Table 5.3). There was no significant difference in density of skuas 

between the WRS and TR sections.

5.4.5	 Whales

Antarctic minke whales and killer whales were the only cetaceans encountered 
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during our cruise (64 and 62 animals, respectively; Table 5.1). 

The eastern sections (ERS and ES) accounted for 71% of all our minke whale 

sightings (45 individuals; Figs. 5.3.C & 5.6.A). Minke whales were generally seen alone 

or in pairs. Larger groups of 4 to 7 whales were seen traveling along narrow leads in the 

ES section, in dense multi-year pack ice (90-100% cover). During a weeklong stop at the 

Drygalski polynya (WRS section; Fig. 5.1 B) two minke whales were seen circling the 

ship. 

Killer whales were most frequently observed in the WRS section (43 individuals, 

or 70% of all sightings), followed by the TR (13 whales) and ERS (6 whales) sections 

and no sightings in the ES section (Table 5.1; Figs. 5.3.C & 5.6.A). On Mar. 7th, we 

observed a group of 20-30 B-type killer whales in the WRS section (Fig. 5.6 A). The 

group was scattered into 3 to 4 subgroups over a large area (at least 1 km at either 

side of the ship) composed of pancake ice (50-60% ice cover) and “small” floes (20-

100 m across). While one or more individuals checked the surface of a given floe by 

spyhopping, others circled it. This behavior was repeated many times until all floes in 

the vicinity had been inspected. We did not witness any predation event. Due to low 

sample sizes, we refrained from modeling the data or establishing comparisons of density 

of cetaceans between survey sections. Further along our survey, in the TR and ERS 

sections, killer whales were seen in dense pack ice (new ice and “big”- to “giant” floes, 

with 80-100% cover), spyhopping intermittently while traveling along leads. Overall, the 

density of minke and killer whales was 0.02 (± 0.004) and 0.02 (± 0.01) animals.km-1, 

respectively (Table 5.1).

5.4.6	 Seals

During our surveys we observed Weddell, crabeater and leopard seals, with only 

two sightings of the latter species (in the TR and the ERS sections; Fig. 5.6 B). Weddell 



109

seals were the most frequently observed pinniped: a total of 230 animals in the WRS, TR 

and ERS sections (88, 68 and 74 seals, respectively), but no sightings in the ES section 

(Fig. 5.6 B). There was no significant difference in the density of Weddell seals between 

the other three sections (Fig. 5.3 D). The overall mean density was 0.07 seals.km-1 (± 

0.01; Table 5.1). All Weddell seals we observed were hauled out, either alone or in small 

clusters of up to 5 animals. They were most frequently encountered in areas of new ice 

(30% of sightings) or “small” floes (21% of sightings) with 90-100% cover, and always 

near a lead or ice hole.

The GLM model that best explained the density of Weddell seals in the WRS 

section included latitude and chlorophyll-a, with most animals sighted in and nearby 

Terra Nova Bay (Fig. 5.6 B), a focal point for the other science teams due to the high 

levels of primary productivity; whereas for the TR and the ERS sections, the most 

parsimonious GLMs included all explanatory variables, except chlorophyll-a (Table 5.4). 

The highest densities of Weddell seals (0.17 seals.km-1 [± 0.04]) were found in areas with 

ice cover >80% and “big” to “giant” floes.

We counted 129 crabeater seals, divided as follows: 23 sightings in the WRS 

(0.01 seals.km-1 [± 0.04]); 2 in the TR (0.003 seals.km-1 [± 0.002]); 56 in the ERS (0.1 

seals.km-1 [± 0.03]) and 48 in the ES sections (0.1 seals.km-1 [± 0.08]). The density of 

crabeaters was significantly higher in the ERS than in the ES (WRST; W=1281, P<0.05), 

TR (WRST; W=1933, P<0.001) and WRS (WRST; W=5338, P<0.001) sections, and 

there was no significant difference between those three less dense sections (Table 5.1; 

Fig. 5.3 D).  Mean group sizes varied from 1 individual in the TR and WRS sections to 

1.7 and 3.4 individuals in the ERS and ES sections, respectively. We observed groups of 

10 to 17 seals in the ES section, in dense pack ice with 90-100% cover (Fig. 5.6 B). 

The best GLM model for the crabeater sightings data in the WRS included 

latitude, longitude and ice type; whereas the most parsimonious GLM for the ERS section 
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contained latitude, ice cover and ice type. For the ES section, the best model contained 

ice cover and ice-type (Table 5.4). For both seal species, the relationship between ice-

related parameters and density may be an artifact of increased visibility of the animals 

when hauled out, rather than active selection for specific ice type and/or ice cover. Due 

to the small sample size (n=2) we did not model data from the TR section. Crabeater 

seals were not seen as frequently as Weddell seals throughout our survey. However, they 

aggregated in larger groups of up to 17 animals (ES section), with several seals huddling 

within these groups (Fig. 5.6 B). 

5.5	 DISCUSSION

5.5.1	 Overall route

Our surveys in the WRS were influenced by the scientific agenda of other 

researchers aboard R/V NB Palmer. As a result, many days were spent in waters where 

plankton blooms were occurring, skewing our data towards sightings in high chlorophyll-a 

areas. During the second part of the cruise, which included our transit to the eastern Ross 

Sea for work at Cape Colbeck, the ship traveled in a straight line through a relatively 

uniform seascape (same ice type and ice cover). This reduced boundary effects, giving, 

we believe, a realistic impression of the density of animals along the transect line. Further 

east (ERS and ES section), the ship traveled through heavy pack ice, seeking open water 

wherever possible. As animals tend to concentrate along ice edges, our survey violated a 

basic assumption of distance sampling that requires transect lines be selected randomly 

relative to the distribution of animals (Buckland 2001). For this reason we have refrained 

from making any inference of abundance of animals beyond the bounds of our transect, 

although we have no reason to suspect that the concentration of the various species would 

be dissimilar for a broad swath beyond the transect line. However, here we present a 

primarily qualitative description of the distribution of marine megafauna along the ship’s 
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route, the intrinsic value of which lies in the novelty of the information. Our diurnal survey 

schedule coincided with the daytime foraging habits of penguins and seals (Lake et al. 

1997, Bengtson et al. 2011). This may have caused us to miss individuals that were diving 

and thus invisible from the ship, resulting in an underestimation of the actual density of 

animals.

5.5.2	 Emperor penguins

While most studies of emperor penguins have focused on behavior, ecology and 

physiology, there have been few attempts to describe the distribution of penguins away 

from high concentration areas, such as known colonies (Figs. 5.4.A & 5.4.B). Surveys 

carried out in the 1980’s by Ainley, during or shortly after the chick-rearing season in 

December-January (Ainley 1985, Ainley & Jacobs 1981, Ainley et al. 1984), show the 

highest concentrations of birds is in the WRS, close to breeding colonies. Our survey, 

which began in late summer, paints a different picture, as it took place when chicks 

had fledged and adults have left the colonies to moult. Indeed, the WRS had the lowest 

density of emperor penguins, even in the vicinity of large colonies (we came within 26 

km of Coulman Island and 3.5 km from Cape Washington; Fig. 5.4 A). While Kooyman 

et al. (2000, 2004) determined pre- and post-moult migration routes using satellite 

telemetry, prior to our study there had been no visual evidence of these movements in 

the Ross Sea. Although we were are not able to determine if our crossing of the Ross 

Sea occurred during a period of “peak flux” of emperor penguins migrating back from 

the ERS, our data and most parsimonious GLM for the TR section show that density 

increased and was significantly related to longitude as we traveled eastward. This 

suggests the existence of a migration front of birds traveling back from ERS moulting 

floes to breeding colonies located in the northwest and southwest Ross Sea. We give a 

detailed account on this section of our survey in a separate paper (Gearheart et al. 2014). 
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In the ERS, not far from Cape Colbeck and near a seasonally abandoned colony (Fig. 

5.4 A), we found the highest concentrations of emperor penguins. As further north, in 

the ES section, the density was lower, we hypothesize we observed a “pre-migratory” 

aggregation of post-moult birds, or the early stages of a migratory front away from the 

ERS and bound for either the Cape Colbeck and WRS breeding colonies (breeding birds) 

or areas at the marginal ice zone where non-breeders and juveniles can forage throughout 

the winter twilight. The largest groups of birds (>100 individuals) were found at or in 

the vicinity of the continental shelf break. Coincident with these large aggregations of 

emperor penguins was an increase in our Adélie penguin sightings (the highest density 

for this species was recorded in the ES section). Large patches of red-colored guano, 

indicative of a krill-dominated diet (Kooyman et al. 2004), were seen along leads where 

Adélie penguins congregated. This is in contrast with the dark guano observed around 

emperor penguins above the continental shelf, in the TR and ERS sections, suggesting the 

main prey there is the Antarctic silverfish (Cherel & Kooyman 1998). The shift from a 

food-web dominated by Antarctic silverfish and crystal krill to one composed primarily of 

Antarctic krill occurs at the Antarctic Slope Front, which is located above the continental 

shelf break and characterized by high levels of primary productivity (Jacobs 1991, La 

Mesa et al. 2004). Our most parsimonious GLMs for the density of emperor and Adélie 

penguins in the ERS and the ES sections included the predictor variable chlorophyll-a, a 

proxy of primary productivity. At the Antarctic Slope Front, chlorophyll-a concentration 

was 1.54 mg.m-3 (±0.08), considerably higher than above the continental shelf (0.89 

mg.m-3 [±0.05] in the TR section; Fig. 5.2). Hence, the high densities of birds recorded 

in the ERS, in the vicinity of the Antarctic Slope Front, may be the result of emperor 

penguins aggregating in high productivity areas to refuel before migrating either to 

breeding colonies in the WRS or northward to the marginal ice zone (Kooyman 2002). 

This area may thus serve as a “migratory hub” that offers sufficient amounts of prey 
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for emperor penguins to regain part, if not all, the weight lost during the moulting fast 

(Groscolas & Cherel 1992, Groscolas & Robin 2001, Kooyman et al. 2004). The lower 

density of emperor penguins beyond the Antarctic Slope Front (ES section) may be due 

to the fact that, compared to the numbers seen in the “hubs”, a smaller proportion of birds 

migrate northward (i.e., non-breeders and juveniles).

 

5.5.3	 Adélie penguins

The movement of Adélie penguins both above the continental shelf (ERS section) 

and beyond the Antarctic Slope Front (ES section), is related to primary productivity and 

follows a geographic pattern, i.e. away from the continent (latitude and longitude were 

significant predictor variables, along with chlorophyll-a). In the Ross Sea, all known 

colonies of Adélie penguins, an ice-obligate species that nests on land (Wilson et al. 

2001), are located along the coast of Victoria Land and Ross Island (Taylor et al. 1990); 

see Fig. 5.4 B for the locations of main Ross Sea colonies). Thus, the high concentration 

of Adélie penguins observed in the ES section may be the result of birds from WRS 

colonies having crossed the central Ross Sea synchronously with the expanding sea ice 

(Figs. 5.1.A & 5.1.B). With no breeding sites in the vicinity of the Ross Ice Shelf and few 

in Marie Byrd Land, this migration front of Adélie penguins bypasses the ERS section. 

It could also be that during the summer months the melting pack ice concentrates Adélie 

penguin populations, grouping animals that were distributed throughout the eastern half 

of the Ross Sea into “pockets” of decreasing size. Once sea-ice starts reforming in late 

February, these pockets would become the starting points of their migration. Then, en 

route to winter feeding-grounds, they aggregate along leads where they can feed. The 

absence of sightings of Adélie penguins beyond 162ºW (March 21st, Fig. 5.4 B), while 

still in pack ice with 90% cover, suggests the pace of their migration is slower than the 

expansion rate of sea ice. 
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5.5.4	 Volant sea birds

As seabirds seemed attracted by our ship, our observations may not give an 

adequate representation of their natural distribution (for example, behavioral traits such as 

their preference for certain pack ice habitats or tendency to fly above the center of leads, 

as reported by (Ainley et al. 1984), might have been influenced by our vessel). Rather, 

we assume that the attracted birds came from a relatively well-mixed assemblage, giving 

us a representation of the overall species composition in each of the four sections. In this 

context, it is not surprising that the least frequently sighted bird, the skua, is also the most 

uncommon of the three (Ainley et al. 1984). Ainley & Jacobs (1981) describe the rich 

avifauna associated with the Antarctic Slope Front. Our data does not show this trend, as 

in the ERS and ES sections petrels and skuas were not significantly more abundant than 

in the TR and WRS sections. This difference might be due to one or a combination of the 

following: (1) changes in primary productivity, (2) the thickening of the pack ice over 

the Antarctic Slope Front during February-March (Figs. 5.1.A & 5.1.B) making prey less 

accessible, (3) the tendency for birds to remain above leads and along ice edges (Ainley 

et al. 1984), which were more prevalent in the WRS. The potential effect of the onset 

of winter on the Ross Sea bird community is illustrated by changes in species diversity: 

while Ainley et al. (1984) recorded 18 species of volant sea birds during his summer 

surveys (spanning from December 15th to February 21st), we only saw 3 species during 

our February-March cruise. We propose the term “Saint Tropez effect” (in reference to 

the annual summer migration of north European tourists to the Mediterranean coastline) 

to describe this seasonal change in species diversity and abundance. 

5.5.5	 Seals

In the Amundsen and eastern Ross Seas, Weddell seals were 1-2 orders of 
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magnitude more abundant in fast ice than in pack ice (Bengtson et al. 2011). Our 

survey, which largely bypassed areas of fast-ice (we steamed along the Ross Ice-shelf 

for less than 24 hours, on Mar. 13th), showed Weddell seals were the most abundant 

pinniped. Satellite telemetry shows Weddell seals breed and moult during the summer 

in continental fast-ice, and then disperse in late summer throughout the Ross Sea (K. 

Goetz, unpubl. data). The main determining factor for their distribution is thought to 

be a combination of suitable haul-out habitat and the availability of prey. We observed 

Weddell seals in a range of pack-ice habitats, from 10-20% cover and “small” floes (in 

the WRS) to individuals hauled out near isolated cracks on “giant” floes (in the ERS). 

The animals could have been adults that just finished moulting and dispersed throughout 

the Ross Sea, possibly converging towards suitable foraging areas, or immature or non-

breeding animals that remained in the pack ice during the summer. Additionally, the 

seasonal cycle of melting and freezing, which contracts and expands the area of pack 

ice, may act as a concentrator of seals (Bengtson 2011). This, combined with the higher 

levels of chlorophyll-a measured in the vicinity of the Antarctic Slope Front (Fig. 5.2), 

may explain the higher densities of Weddell and crabeater seals in the stable pack ice of 

the eastern Ross Sea section. Crabeater seals were more abundant on the northern edges 

of the continental shelf and over the continental slope (ERS and ES sections; Fig. 5.6 B), 

a pattern similar to that found by Bengtson et al. (2011) in the Amundsen and eastern 

Ross Seas, and possibly caused by the higher densities of Antarctic krill found in these 

areas (the most parsimonious GLMs included ice characteristics and chlorophyll-a). The 

average group size of 3.4 individuals was larger than that reported by Bengtson et al. 

(2011) for the Amundsen and eastern Ross Seas (1.67 individuals). Groups of 10 to 17 

individuals along leads may indicate local primary productivity hotspots as beyond the 

slope front and above deep waters crabeater seals may not rely on the prey concentrating 

effect caused by an irregular, shallow bathymetry characteristic of the continental shelf 
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(Burns et al. 2004). 

5.5.6	 Whales

	 In contrast to most cetaceans that forage in Antarctic waters and migrate to lower 

latitudes in autumn, part of the minke and killer whale populations overwinter in the 

pack ice of Antarctica (Friedlaender et al. 2009, Gill & Thiele 1997, Pitman & Ensor 

2003, Thiele et al. 2004). Ecotype-B killer whales, which feed primarily on seals, are 

the most common form of killer whale in the pack ice of the Ross Sea (Pitman & Ensor 

2003). This is in line with our observations, as 45 of a total of 62 animals were positively 

identified as B-types. The behavior of the largest group of whales, 20 to 30 individuals we 

observed in the WRS section, was consistent with seal hunting (Pitman & Ensor 2003), 

with Weddell seals being the most abundant in that section. Pitman & Durban (2010) 

described that, off the western Antarctic Peninsula, B-type killer whales (and possibly 

A-types) consume gentoo (Pygocelis papua) and chinstrap (Pygocelis antarctica) 

penguins, in addition to seals. B-types have also been tracked to WRS emperor penguin 

colonies during the breeding season (Andrews et al. 2008). However, despite speculation 

that (A-type) killer whales may be responsible for the decline of entire emperor penguin 

colonies (Ainley et al. 2007), there have been no direct observations of killer whales 

eating, or killing emperor penguins. Prévost (1961) states “one has found an entire 

emperor penguin in the stomach of a killer whale [of unspecified ecotype]”, but in a later 

publication that statement is replaced by: “orcas probably consume a certain number of 

adult emperor penguins” (Prévost & Sapin-Jaloustre 1965). Supporting this hypothesis, 

Gerald Kooyman, who spent over 10 seasons at the Cape Washington colony, describes 

how the higher-than-normal leaps made by penguins upon exiting the water are a telltale 

sign of killer whales swimming nearby (G. Kooyman, pers. comm.). Interestingly, in 

McMurdo Sound, where killer whales are predominantly of the fish-eating C-ecotype, 
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emperor penguins do not display fear in their presence (G. Kooyman, pers. comm.). A 

dedicated study is needed to confirm whether or not emperor penguins are prey to killer 

whales. Adélie penguins do not seem to be a common prey item for B-type killer whales, 

despite reports of whales harassing or attacking them close to colonies (Lauriano et al. 

2007, Pitman & Durban 2010). A hotspot for migrating Adélie penguins, the ES section 

also had the second highest density of crabeater seals, but neither Weddell seals nor 

killer whales were observed there. This may be an indication that Weddell seals are the 

preferred prey species, so that the distribution of B-type killer whales in the Ross Sea 

follows that of Weddell seals rather than crabeater seals (Smith et al. 1981, Visser et al. 

2008). Again, the limited spatiotemporal coverage of our survey may have caused us to 

miss killer whales in the ES section. The high density of minke whales in the ES section 

may be due to the presence of Antarctic krill, its main prey off the continental shelf. 

5.6	 CONCLUSIONS

Our survey reveals a very different picture of the Ross Sea from the more 

common “summer” perspective. To illustrate the need to consider the seasonal effect 

of the Antarctic climate on the distribution and habitat use of megafauna species, we 

give the example of Ballard et al.’s (2012) work on the spatial distribution of nine 

mesopredators in the Ross Sea. The goal of this study was to inform the designation 

of Marine Protected Areas (MPAs). In their emperor penguin distribution model, the 

weakest contributing variable was chlorophyll a. Our GLM analyses suggests otherwise, 

especially in the vicinity of the continental shelf. The discrepancy may originate from 

the fact that the historical data used by the authors was exclusively collected during 

the summer, when emperors are congregated at the colonies tending to their chicks. In 

this case, breeding site philopatry is the determining factor for their distribution rather 

than the nearby presence of high levels of productivity; hence the weak relationship 
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found by Ballard et al. A few months later, in early March, emperor penguins are in 

the eastern Ross Sea, finishing their moult. Weakened by a long fast, they need to 

gain weight quickly. The availability of abundant prey nearby the molting floes is of 

crucial importance (Kooyman et al., 2004) as the animals are too weak to carry out 

long foraging trips. It is therefore not surprising we found chlorophyll-a as being a 

significant predictor variable.  When considering the need of protecting the Ross Sea, and 

therewith designating adequate MPA boundaries, one can easily see the implications of an 

incomplete understanding of the seasonal distribution patterns of its fauna.
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Figure 5.1:  Part A: Advanced Microwave Scanning Radiometer (AMSR 2) satellite 

image of sea ice concentration taken on 02/14/2013 (Spreen et al. 2008), when surveys 

were carried out in the western Ross Sea (WRS) section, delimited by the white frame. 

This period corresponds to the minimum ice extent in the Ross Sea. The stable pack ice 

in the eastern Ross Sea remains well developed. Part B: AMSR 2 sea ice image taken 

one month later (03/14/2013), when surveys were carried out in the transit (TR), eastern 

Ross Sea (ERS) and east of shelf (ES) sections. Note the rapid expansion of sea ice, 

marking the onset of winter. The “on-effort” survey lines are given along with the ship’s 

track. Abbreviations: TNB=Terra Nova Bay, CW=Cape Washington, CI=Coulman Island, 

DIT=Drygalski Ice Tongue, DP=Drygalski polynya, CC=Cape Colbeck, BoW=Bay of 

Whales.
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Figure 5.2: Chlorophyll-a (Chl-a) concentration (mg.m-3) measured on the on-effort 

survey lines by the ship’s flow-trough fluorometer. A clear increase in Chl-a was 

measured above the continental shelf break, indicated by the -1000 m isobath, at the end 

of the ERS section. The ES section, maintained these higher values up to approximately 

72°S, possibly the end of the Antarctic Slope Front. The high Chl-a concentrations 

measured in the WRS section are caused by phytoplankton blooms in Terra Nova Bay 

and the Drygalski polynya.
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Figure 5.3:  Density, expressed as the number of animals per kilometer along the transect 

line, of: A) emperor (emp) and Adélie (ade) penguins; B) South Polar skua (sku), snow 

petrel (spe) and Antarctic petrel (ape); C) killer (kil) and minke (min) whales; and D) 

crabeater (cra) and Weddell (wed) seals, for the western Ross Sea (WRS), transit (TR), 

eastern Ross Sea (ERS) and east of shelf (ES) sections. Error bars are ± SE. 
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Figure 5.4:  On-effort sightings of penguins in the four survey sections. Part A: the 

highest abundance of emperor penguins was in the ERS section, above the continental 

shelf break (-1000 m isobath) and beyond, in the Antarctic Slope Front. Ross Sea 

breeding colonies are indicated: Cape Colbeck, Cape Crozier, Beaufort Island (BI), 

Franklin Island (FI), Cape Washington (CW) and Coulman Island (CI). The seventh, 

Cape Roget, is shown in part b. Part B:  Sightings of Adélie penguins in the ES section 

outnumbered that of all other animals by one order of magnitude. Main Adélie penguin 

breeding colonies (50,000-200,000 breeding pairs) as shown by Taylor et al. (1990), 

are indicated: CH=Cape Hallett, PI=Possession Isl.; CA=Cape Adare, FI=Franklin Isl. 

BI=Beaufort Isl. CC=Cape Crozier. Cape Roget (CR) is an emperor penguin colony.
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Figure 5.5:  On-effort sightings of volant sea birds in the four survey sections. 

Abbreviations are: sku=South Polar skua, ape=Antarctic petrel, spe=snow petrel. Snow 

petrels were seen in all sections, while skuas were absent in the ES section. Antarctic 

petrels were seen everywhere except in the WRS section.
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Figure 5.6:  Part A: On-effort sightings of minke and killer whales in the four survey 

sections. Killer whales were most abundant in the WRS and were not observed in the ES 

section, while minke whales were more abundant in the ES section.

Part B: On-effort sightings of seals in the four survey sections. Note the absence of 

Weddell seal sightings in the ES section. Crabeater seals were seen in all sections but 

were most abundant at the end of the ERS and in the ES sections, possibly due to higher 

concentrations of krill near the Antarctic Slope Front. Abbreviations are: wed=Weddell 

seal, cra=crabeater seal, leo=leopard seal.
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