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Plunge-diving is a specialised hunting tactic used by some avian predators to overcome the high buoyancy encountered
near the water surface and surprise prey. However, plunge-diving is effective only to a certain depth; to access deeper prey,
birds need to use an additional method of propulsion, e.g. wings or feet. We used miniature accelerometers to record the
details of the aerial and underwater phases of plunge dives by northern gannets Morus bassanus. Birds never reached
depths �11 m using the momentum of the aerial part of the plunge dive and had to flap their wings underwater to gain
additional depth. A biomechanical model demonstrates that little additional depth can be obtained from momentum
alone when initiating a plunge from heights �40 m. Thus, the additional energy required to attain greater starting
heights is not rewarded by reaching significantly greater depths. However, by using their wings underwater, gannets were
able to more than double the depth attained (up to 24 m). It appears that prey may be captured by surprise in the first
10 m of the water column, whereas wing-propelled pursuit is required to catch prey at deeper depths, a strategy likely to
be used only for prey of sufficient profitability to justify the cost of flapping the gannet’s large wings underwater. Our
study demonstrates the importance of understanding the constraints placed on predators by the physical environment
when interpreting predator-prey interactions.

Predators have evolved a wide variety of hunting techniques
to optimize prey detection, pursuit and capture (see Pfeffer
1989). Plunge-diving is an example of a highly specialised
hunting strategy, where animals spot their prey from an
elevated point and dive towards it at great speed to surprise
and capture it. The technique is restricted to a few avian
genera and plunge-diving species have evolved a series of
features that enhance prey detection, minimise drag in air
and water and provide protection from injury during rapid
deceleration on impact with water (Nelson 1978, Elliot
1992). Among terrestrial birds, only some raptors (hawks,
falcons, etc.) rely on aerial dives to capture their prey but
plunge-diving is more widespread in water birds, such as
gannets and boobies, terns, tropicbirds and kingfishers,
especially those species that feed on mobile prey such as
fish. Individuals plummet into the water from an elevated
perch or in flight, adopting an arrow-like shape to minimise
impact on entry (Ropert-Coudert et al. 2004a). This
technique is particularly relevant to highly buoyant birds
like gannets that are shaped for flight rather than under-
water swimming (Wilson et al. 1992). Plunging from the
air not only allows gannets to startle their prey (Nelson
1978), but also to travel efficiently through the first few

metres of the water column, where the effects of buoyancy
are greatest (Wilson et al. 1992).

Intuitively, plunging birds can be expected to respond to
a deeper distribution of prey by plunging from a higher
elevation. However, studies have shown that northern
gannets Morus bassanus, the deepest diving sulid species
(maximum recorded depth 35 m; Brierley and Fernandes
2001) sometimes use their wings underwater to pursue and
catch prey in addition to plunge-diving (Garthe et al. 2000,
Ropert-Coudert et al. 2004a). Garthe et al. (2000) classified
northern gannet dives into two categories based on their
depth profiles: short, shallow dives without wing flapping to
exploit prey near the surface, and longer, deeper dives with
wing assisted propulsion to target deeper prey. Northern
gannets may use wing flapping because it is a more
energetically efficient method than plunging for pursuing
prey at deeper depths. Alternatively it may be the only
method of attaining deeper depths if there is a physical limit
on depth attained from plunging alone. Quantifying the
details of the switch between these two different locomotory
modes is critically important in understanding the interac-
tions between gannets and their prey. However, the data-
loggers used by Garthe et al. (2000) did not have the
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temporal resolution (sampling frequency�6 s) required to
investigate this behavioural switch in detail.

Recent advances in animal-borne remote-sensing tech-
nology (see Ropert-Coudert and Wilson 2005) now allow
investigation of the precise mechanics of these brief events
(Ropert-Coudert et al. 2004a). Here, we use empirical data
on the fine scale structure of plunge-diving of northern
gannets (hereafter gannet), using miniature, bird-borne
accelerometers to: (1) determine the range of maximum
depth to which a gannet can dive when using plunge
momentum only, (2) explore the physical constraints
experienced by plunging gannets via a biomechanical
model, and (3) determine the range of hunting tactics
available to foraging gannets.

Materials and methods

The study was carried out during July�August 2003 at the
breeding colony of northern gannets on the Bass Rock (568
04?N, 028 38?W), south-east Scotland, under licence from
Scottish Natural Heritage (scientific licence 4350; consent
notice SIT/SSSI/Bass Rock/27).

The gannets’ activity was measured using a cylindrical,
four-channel data logger (M190-D2GT, 60�15 mm,
20 g, Little Leonardo, Tokyo, Japan), which simultaneously
monitored depth every second and acceleration along two
axes (sampling frequency 16 Hz on each axis): surging along
the longitudinal axis of the bird and heaving along the
dorso-ventral axis (see Ropert-Coudert et al. 2004a). The
logger had a 128 Mbit (16 Mb) flash memory into which
data were stored with 12 bit resolution. Depth was
measured by a piezoresistive pressure sensor (FPBS-82A,
Fujikura, Tokyo) up to 190 m, with a resolution of 0.05 m.
When tested under laboratory conditions, the time response
of the depth sensor was found to be B0.01 s and its
linearity error in accuracy was B1%. Acceleration was
measured along perpendicular axes by a capacitive accel-
erometer (ADXL202E, Analog devices) between 0 and
930 m s�2.

Twelve birds about to depart on a foraging trip were
captured using a noose on the end of a long pole. The
device was attached to the underside of 2�3 central tail
feathers using Tesa tape (Beiersdorf AG, Hamburg), and
the bird released. The procedure took B5 min., and the
birds departed from the colony in the normal manner. They
were not seen preening extensively around the area where
the logger was attached and they did not spend extended
periods of time sitting at the periphery of the colony before
departing. The loggers accounted for 0.8% of the bird’s
body mass, which is well below the 3% threshold beyond
which behavioural disruptions are likely to occur in flying
seabirds (Phillips et al. 2003). Moreover, the placement of
the logger underneath the tail maintains both the hydro-
and aerodynamic features of the gannets. The high
sampling frequency limited the memory capacity and so
birds were recaptured after one foraging trip and the logger
and tape were removed. Following recovery, data were
downloaded into a computer and analysed using Igor pro
(Wavemetrics, ver. 4.01). Because the logger records
simultaneously static (gravitational acceleration corrected
by the angle of the logger with the horizontal plane) and

dynamic accelerations (acceleration and deceleration result-
ing from the birds movements), we applied a low-pass filter
(IGOR procedures, IFDL ver. 4) to separate the high
frequency component (bird movements) from the low
frequency component (bird posture) of the surging accel-
eration (cf. Watanuki et al. 2003). Once the low frequency
component of the signal was substracted from the original
signal, wingbeats were clearly apparent as oscillating
patterns present simultaneously on both axes, with each
propulsive stroke recorded on the heaving axis, resulting in
a forward acceleration recorded on the surging axis. This
oscillating pattern has been previously identified as genu-
inely representing limb beating in several studies using
similar loggers on a variety of sulid species (e.g. Ropert-
Coudert et al. 2004a, b, Weimerskirch et al. 2005, 2006).

We defined a dive every time the depth data were
�0.5 m, i.e. 10 times the resolution of the logger. We
separated dives into three categories: (1) surface dives where
dives were initiated from the water surface with wingbeats
occurring during the underwater phase (Fig. 1a), (2) plunge
dives in which the birds entered the water at the end of an
aerial dive but where no wingbeats were recorded under-
water (Fig. 1b), and (3) wingbeat dives which were plunge
dives containing a period of underwater wingbeating
activity (i.e. at least one oscillating pattern clearly identified
on both axes, Fig. 1c). For each of the three dive categories,
the ascent to the water surface was passive, a feature
observed in several seabird species that use their positive
buoyancy to return to the surface at little energetic cost (e.g.
Ropert-Coudert et al. 2004a).

When feeding on discards from fishing boats or on small
fish such as lesser sandeels Ammodytes marinus at the sea
surface, gannets typically sit on the water and either peck at
prey items or making scooping movements with their bill
(Camphuysen 2005). Neither of these activities can be
identified in the acceleration signals recorded by the data-
logger since they involve mainly head movements. Accord-
ingly such behaviours could not be considered in our study.
To define the start and end of a foraging trip we used
changes in body angle (which indicates when a bird is on
land, in flight or sitting on the sea, see Fig. 1 in Ropert-
Coudert et al. 2004a) in conjunction with colony-based
observations of departure following logger deployment and
arrival prior to recapture.

In order to control for pseudoreplication comparisons of
parameters between dive types were conducted using
restricted maximum likelihood analyses (REML; Patterson
and Thompson 1971) with individual as a random effect
and dive type as fixed effect. Post hoc pairwise comparisons
between dive types were carried out; for each paired test
(surface vs plunge; surface vs wingbeat; plunge vs wingbeat),
differences in predicted values for mean depth divided by
the standard error of the difference in mean depths were
compared against the Z distribution. In wingbeat dives the
relationships between maximum depth and depth when
flapping commenced, and between depth gained and
number of flaps, were also examined using REML with
individual as a random effect. Statistical and numerical
analyses were conducted using Genstat Release 6.1 (Lawes
Agricultural Trust, Rothamsted Experimental Station), and
Mathematica ver. 5 (Wolfram Research), respectively.
Results are presented as means 9SD.
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Figure 1. Depth (top axes) and filtered acceleration (surging on middle axes and heaving on bottom axes) profiles during: (a) a surface
dive, (b) a plunge dive, and (c) a wingbeat dive (see Materials and methods for definition).
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Results

All 12 free-ranging birds carrying data-loggers were recap-
tured at their nest after a single foraging trip that lasted
on average 18.098.8 h (7.3�33.5 h). A total of 400 dives
�0.5 m was recorded. The most frequently recorded dive
type was plunge dives (81.6913.2% of the dives, range:
60.9�100%, n�12 birds). Wingbeat dives accounted for
13.1914.2% of dives (range: 0�39.1%, n�12 birds),
whereas 5.3910.7% of the dives were surface dives (range:
0�28.6%, n�12 birds). Among the 7 birds that made
wingbeat dives, they comprised 21.4913.1% of all dives
(range 5.6�39.1%). Plunge, wingbeat and surface dives
were observed in 100% (n�12 individuals), 58% (n�7),
and 33% (n�4) of the birds, respectively. Surface dives
(2.291.7 m, range: 0.6�6.0 m; 5.793.7 s, range: 1�12 s),
and plunge dives (4.593.1 m, range: 0.5�10.4 m; 4.79
2.8 s, range: 1�16 s), were significantly shallower and of
shorter duration than wingbeat dives (14.595.1 m, range:
6.0�26.4 m; 22.496.9 s, range: 10�40 s; REML on depth:
W�165.75, PB0.001; REML on duration: W�416.75,
PB0.001; post-hoc pairwise comparisons on depth: surface
vs plunge: Z�0.90; ns; surface vs wingbeat: Z�8.60, PB
0.01; plunge vs wingbeat: Z�18.16, PB0.01; post-hoc
pairwise comparisons on duration: surface vs plunge: Z�
1.91; ns; surface vs wingbeat: Z�10.70, PB0.01; plunge
vs wingbeat: Z�28.81, PB0.01).

The distribution of the maximum depth that birds
reached using plunge dives and the depth at which birds
started to flap their wings in wingbeat dives is shown in
Fig. 2. There was marked consistency in the depth at which
flapping commenced during wingbeat dives (mean 8.39
0.8 m; range: 7.0�9.3 m, n�7 birds). However, the final
depth attained was not related to the depth at which
flapping started (Fig. 3; REML, W�1.27, P�0.26). In
contrast, there was a significant positive relationship
between the number of underwater wingbeats during a
dive and the additional depth gained (Fig. 4; REML: W�
128.11, PB0.001).

A power spectral density analysis applied to the wingbeat
phase of the dive indicated that individuals flapped their
wings predominantly at a frequency of 1.6190.11 Hz (n�
7 birds). By so doing, they gained on average, an additional
5.894.8 m depth (maximum depth gained�19.3 m dur-
ing a 40 s dive to 26.4 m), and on average, extended dive
duration by 7.194.4 s (maximum extension�18 s). Mean
descent rate during the wingbeat phase was 0.819
0.36 m s�1. As the underwater part of the plunge phase
was very brief, lasting 1.390.5 s, we cannot give an
accurate figure for this descent rate. However, dividing
the depth gained during the underwater plunge by the
duration of this phase gives a descent rate in the order of
5.791.7 m s�1, which probably is a slight underestimate
since depth was sampled at 1 Hz.

Discussion

Gannets and boobies rely mainly on plunge-diving to
pursue and capture their prey, but we determined empiri-
cally that there is a physical limit to the depth birds can
attain using the momentum of the plunge only. They

Figure 2. Distribution of the maximum depth of plunge dives (grey bars), and the depths at which northern gannets started to flap their
wings during wingbeat dives (white bars).

Figure 3. Relationship between the depth at which gannets
commenced wing flapping and maximum depth attained by wing
flapping (Y�0.01�X�8.2, R2�0.004).
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require underwater wingbeats to reach greater depths.
Besides plunging, birds also occasionally dive from the
surface. Although surface diving and underwater wingbeat
diving were used less often than plunge-diving by the birds
in our study, they are potentially important tactics to
complement the main hunting strategy of this generalist
predator.

During dives initiated from the water surface birds
use wing propulsion to travel through the first few metres of
the water column. Such dives are associated either with the
presence of sinking prey discarded from fishing vessels or
the pursuit of small, slow moving prey (Camphuysen
2005). In contrast, plunge-diving birds rapidly penetrate
the first few metres (descent rate estimated to be ca. 5�
faster than surface dives) and are therefore potentially able
to target single, faster moving prey where the element of
surprise is important, or to close quickly onto a shoal
located within a few metres of the surface. However,
plunge-diving birds must take-off and gain sufficient height
in the air between each dive to repeat the plunge behaviour,
while surface diving birds could potentially dive repeatedly
much more rapidly. Interestingly, such repeated dives
initiated from the water surface were never observed in
our study.

To increase the depth penetrated using the momentum
of the dive, one might expect birds to increase the height
from which they dive. To the best of our knowledge, there
are only two published values of the height from which
gannets initiate their dives (Oliver 1930, Wodziscki and
Robertson 1955). These indicate that Australasian gannets
Morus serrator mainly dived from heights ranging between 5
and 6 m and 9�15 m respectively, whereas dive heights in

northern gannets ranged from 15�24 m (maximum 30 m,
anonymous source, cited in Wodzicki and Robertson
1955). We did not know the heights from which our study
birds dived, but our results indicate that the maximum
dive depths reached using plunge-diving only was 10�11 m
(Fig. 2). Several environmental factors could explain this
limitation, such as water turbidity or number of individuals
exploiting a fish school. However, since the data were
collected over several days from 12 different birds, the limit
appears to be independent of external conditions, and more
likely to be dictated by biomechanical factors associated
with the morphological characteristics of the species. We
explored these constraints using a biomechanical model
(full details in Appendix 1). When using the parameters
listed in table 1, the model shows that the depth birds can
reach using an aerial plunge increases with the height at
which they initiate the plunge, but only up to a certain
point beyond which the depth gain decreases rapidly as
plunge height increases (Fig. 5). For instance, with a drag
coefficient Cd of 0.06 (i.e. similar to that of a Gentoo
penguin Pygoscelis papua; Bannasch et al. 1994), birds
would only gain about 2 m penetration underwater for a
doubling of the height at which the dive was initiated from
20 to 40 m (Fig. 5). As the height at which the dive is
initiated increases, velocity on impact with the water surface
also increases as does the drag underwater (as a square
function of the velocity). While no exact value exists in the
literature, we assumed a Cd of 0.06 for gannets as we can
expect the bird to present a minimal resistance when they
enter the water as they adopt an arrow-like shape. At this
point, their Cd should be very close to that of the
streamlined body of a pure diver. Our model also accords
with Wilson et al. (1992), who predicted that gannets
would plunge-dive to 10 m to reach neutral buoyancy at
this depth. This reduced upthrust is the consequence of the
limited amount of air trapped in the feathers of this volant
seabird (0.37 m3 kg�1; Wilson et al. 1992).

When should gannets switch their hunting behaviour
from plunge-diving only to underwater wing flapping?
Obviously this occurs when prey is only found at depths
deeper than the plunge depth limit i.e. �10 m. In this
regard, the recent echosounding study of Skaret et al.
(2006) showed that pre-spawning herrings react to the
approach of a survey vessel by diving down to 15�30 m (cf.
Fig. 4 e�k in Skaret et al. 2006). It is plausible that herrings
(as well as any other fish) display a similar reaction to a
predatory attack from above. Thus, while all prey species of
gannets potentially occur within the depth band accessible
via plunge-diving, gannets may be required to extend their

Figure 4. Relationship between number of wing flaps and depth
gained (Y�0.62�X�1.89, R2�0.69).

Table 1. Values of the parameters used in the model.

Parameters Values Units Reference

Body mass, m 3.0 kg Nelson (1978)
G 9.81 m s�2

P 1.026�103 kg m�3 at 158 C, Fofonoff and Millard (1983)
Patm 1.01�105 Pa
VLS 1.61�10�4�m0.91 m3 Lasiewski and Calder (1971)
VFS 6.2�10�4�m m3 Wilson et al. (1992)
VT m/(0.92�103) m3 Wilson et al. (1992)
S* 0.014 m2

*S was calculated as an ellipse from thorax dorsal-ventral width and thorax circumference (thickest part of the body).
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vertical foraging range using wingbeats to attain dispersing
prey (see for instance the video of cape gannets flapping
their wings underwater to catch dispersed red-eyed sardins
Etrumeus teres, at http://www.earth-touch.com/result.php?
i�Gannets-steal-the-shoal). In this respect, gannets might
anticipate greater foraging depths by plunge-diving to 10 m
before switching to wing flapping. Alternatively, wing
flapping may not be anticipated, but might be initiated to
pursue prey which escape the initial plunge. Prolonging the
dive by wing-flapping clearly has a cost, which might
nonetheless be lower than the cost of taking-off from the sea
surface between repeated plunge-dives (Weimerskirch et al.
2000). Furthermore, wing flapping may provide a greater
opportunity for successful prey capture than repeating a
plunge, which allows more time for prey to escape.

It is possible that the observed bimodality in gannet dive
depth distribution is associated with escape responses of
prey. The escape speeds of at least some fish species targeted
by gannets exceed that attained by a wing-flapping bird. For
instance, the burst speed of a mackerel Scomber scombrus
ranges between 3.0�5.4 m s�1, and that of a herring Clupea
harengus reaches 1.74 m s�1 (Sambilay 1990). By compar-
ison, our wing flapping birds travelled down the water
column at only 0.81 m s�1. Despite this, underwater
pursuit using wingbeats may still be advantageous when
prey are simultaneously attacked from beneath by cetaceans
or large predatory fish. Thus, even if the initial plunge was
unsuccessful, a pursuit may be profitable if the escape
response of the prey is constrained by the presence of other
predators.

Gannets use three distinct foraging techniques (surface
diving, plunge-diving and wingbeat diving) that potentially
allow them to exploit a range of prey types over a variety of
water depths. Camphuysen (2005) suggested that plunge
dives are associated with birds feeding on larger, more
mobile fish such as herring or mackerel, where the element
of surprise of the plunge plays an important role. In
addition, Garthe et al. (2000) proposed that wingbeat dives
could serve at capturing smaller (easier to catch) but energy-
rich fish such as capelin Mallotus villosus. Plunge dives are
the principal foraging technique, but are limited to the
upper 10 m of the water column. Wing-assisted diving

allows gannets to reach deeper prey, but the fact that this
tactic is used relatively infrequently suggests that either it
may not be beneficial from an energetic point of view or
that most prey are encountered in the first 10 m. Data to
quantify the energetic costs of underwater flapping are
needed to confirm the assertions developed in this paper.
Nevertheless, our study clearly shows that northern gannets
evolved a highly specialised feeding behaviour which makes
them particularly sensitive to the presence and the avail-
ability of pelagic fish within the first 10�30 m of the water
column. Such pelagic fish resources are over-harvested on a
worldwide scale (FAO 2006). Due to their predominantly
planctivorous diet these fish are low in the food chain and
are also particularly sensitive to the impact of climate
change. Finally, as mentioned above, remaining fish swarms
tend to disperse to greater depth as a result of ship traffic
(Skaret et al. 2006).

In many situations, predators pursing prey need to
overcom physical thresholds during displacement, which
require a switch in travelling mode, such as the maximum
depth that can be attained from plunging demonstrated in
this study. The switch from a classical surface-diving
technique to plunge-diving in olivaceous cormorants
Phalacrocorax olivaceous, can illustrate this (Duffy 1986).
More generally, animals may use a variety of gaits, with the
greatest variety of gaits being observed in quadrupeds (see
Kar et al. 2003, for review). We suggest that biomechanical
models such as the one we present, combined to field data
that relate the locomotory switch to ecological factors, are a
useful approach for understanding these physical barriers
and the evolution of the locomotory mode.

Acknowledgements � We thank Sir Hew Hamilton-Dalrymple for
access to the colony, and Liz Humphreys and Janos Hennicke for
support in the field. We also would like to thank three anonymous
referees for their constructive comments. This study was financially
supported by a research grant from the Japanese Society for the
Promotion of Science.

References

Bannasch, R., Wilson, R. P. and Culik, B. 1994. Hydrodynamics
aspects of design and attachment of a back-mounted device in
penguins. � J. Exp. Biol. 194: 83�96.

Brierley, A. S. and Fernandes, P. G. 2001. Diving depths of
Northern gannets: acoustic observations of Sula bassana from
an autonomous underwater vehicle. � Auk 118: 529�534.

Camphuysen, C. J. 2005. Understanding marine food web
processes: an ecosystem approach to sustainable sandeels
fisheries in the North Sea: IMPRESS Final Report. � Texel,
The Netherlands.

Duffy, D. C., Wilson, R. P., Wilson, M.-P. and Velasquez, C.
1986. Plunge-diving by olivaceous cormorants in Chile.
� Wilson Bull. 98: 607�608.

Elliot, A. 1992. Handbook of birds of the World, vol 1: Family
Pelecanidae (Pelicans). � Lynx Editions, Barcelona.

FAO Fisheries Department. 2006. State of world aquaculture
2006. � FAO Fish. Tech. paper 500, Rome, 134pp.

Fofonoff, N. P. and Millard, R. C., Jr. 1983. Algorithms for
computation of fundamental properties of seawater. Endorsed
by UNESCO/SCOR/ICES/IAPSO joint panel on oceano-
graphic tables and standards and SCOR working group 51.
� Unesco techn. papers in mar. sci., Paris, 44: 53.

Figure 5. Theoretical maximum depth reached by plunging
gannets increases with the height at which the plunge is initiated
following a saturation curve. As the drag coefficient Cd of the birds
increases, the saturation is reached for shallower depths.

385

http://www.earth-touch.com/result.php?i=Gannets-steal-the-shoal
http://www.earth-touch.com/result.php?i=Gannets-steal-the-shoal
http://www.earth-touch.com/result.php?i=Gannets-steal-the-shoal
http://www.earth-touch.com/result.php?i=Gannets-steal-the-shoal
http://www.earth-touch.com/result.php?i=Gannets-steal-the-shoal
http://www.earth-touch.com/result.php?i=Gannets-steal-the-shoal
http://www.earth-touch.com/result.php?i=Gannets-steal-the-shoal
http://www.earth-touch.com/result.php?i=Gannets-steal-the-shoal


Fothergill, A. 2001. The blue planet. � London: BBC Worldwide
Publishing (DVD).

Garthe, S., Benvenuti, S. and Montevecchi, W. A. 2000. Pursuit
plunging by northern gannets (Sula bassana) feeding on
capelin (Mallotus villosus). � Proc. R. Soc. B 267: 1717�1722.

Kar, D. C., Kurien Issac, K. and Jayarajan, K. 2003. Gaits and
energetics in terrestrial legged locomotion. � Mech. Machine
Theor. 38: 355�366.

Lasiewski, R. C. and Calder, W. A. 1971. A preliminary allometric
analysis of respiratory variables in resting birds. � Respir.
Physiol. 11: 152�166.

Nelson, B. 1978. The Sulidae: gannets and boobies. � Oxford
Univ. Press.

Oliver, W. R. B. 1930. The birds of New Zealand. � AH and AW
Reed, Wellington.

Patterson, H.D. and Thompson, R. 1971. Recovery of inter-block
information when block sizes are unequal. � Biometrika 58:
545�554.

Pfeffer, P. 1989. Predators and predation: The struggle for life in
the animal world. � Facts on File, New York.

Phillips, R. A., Xavier, J. C. and Croxall, J. P. 2003. Effects of
satellite transmitters on albatrosses and petrels. � Auk 120:
1082�1090.

Ropert-Coudert, Y. and Wilson, R. P. 2005. Trends and
perspectives in animal-attached remote-sensing. � Front.
Ecol. Envir. 3: 437�444.

Ropert-Coudert, Y., Grémillet, D., Ryan, P. G., Kato, A., Naito, Y.
and Le Maho, Y. 2004a. Between air and water: the plunge-
dive of the cape gannet Morus capensis. � Ibis 146: 281�290.

Ropert-Coudert, Y., Grémillet, D., Kato, A., Ryan, P. G., Naito,
Y. and Le Maho, Y. 2004b. A fine-scale time budget of Cape

gannets provides insights into their foraging strategies. � Anim.
Behav. 67: 985�992.

Sambilay, V. C., Jr. 1990. Interrelationships between swimming
speed, caudal fin aspect ratio and body length of fishes.
� Fishbyte 8: 16�20.

Skaret, G., Slotte, A., Handegard, N. O., Axelsen, B. E. and
Jørgensen, R. 2006. Pre-spawning herring in a protected area
showed only moderate reaction to a surveying vessel. � Fish.
Res. 78: 359�367.

Watanuki, Y., Niizuma, Y., Gabrielsen, G. W., Sato, K. and
Naito, Y. 2003. Stroke and glide of wing propelled divers:
deep diving seabirds adjust surge frequency to buoyancy
change with depth. � Proc. R. Soc. B 270: 483�488.

Weimerskirch, H., Guionnet, T., Martin, J., Shaffer, S. A. and
Costa, D. P. 2000. Fast and fuel efficient? Optimal use of
wind by flying albatrosses. � Proc. R. Soc. B 267: 1869�1874.

Weimerskirch, H., Le Corre, M., Ropert-Coudert, Y., Kato, A.
and Marsac, F. 2005. The three dimensional flight of red-
footed boobies: adaptations to foraging in a tropical environ-
ment. � Proc. R. Soc. B 272: 53�61.

Weimerskirch, H., Le Corre, M., Ropert-Coudert, Y., Kato, A.
and Marsac, F. 2006. Sex-specific foraging behaviour in a
seabird with reversed sexual dimorphism: the red-footed
booby. � Oecologia 146: 681�691.

Wilson, R. P., Hustler, K., Ryan, P. G., Burger, A. E. and
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Appendix 1. A simple biomechanical model for plunge-
diving

Assuming that: (1) birds are in freefall during the aerial
phase of their plunge, (2) there is almost no impact at the
water surface, (3) the angle of the plunge (air) and the dive
(water) phases are close to the vertical, and (4) the drag
coefficient (Cd) is constant (but see below) and within the
range of that of other seabirds (see Discussion), we can
consider that there are three basic parameters (this is an
oversimplification, but see below) that determine the
maximum depth a body can reach when plunging from
the air (using freefall solely): the height at which it initiates
the plunge, its buoyancy and drag in the water. During the
underwater part of the dive, the motion of gannets is
determined by gravity (Fg), buoyancy (Fb) and drag (Fd)
following;

Fg�Fb�Fd�mxƒ(t) (1)

where m is the body mass of the gannet and x(t) is the
depth they reach at a time t after plunging into the water,
i.e. at the surface x(0)�0. Buoyancy Fb is a function of
depth while drag Fd is a function of speed so that they can
be expressed as;

Fb�y[x(t)]; Fd�z[x?(t)]

The term x?(t) refers to the derivative of the function
x(t), i.e. (dx/dt). Substituting these into equation 1 gives;

mg�y[x(t)]�z[x?(t)]�mx00(t) (2)

where g is the gravitational acceleration and xƒ(t) stands for
the second derivative of the function x(t), i.e. (d2x/dt).
Because x(0)�0, we can calculate the depth and speed at
time t from eq. 2 with an initial speed v0�x?(0). Now,
considering that gannets initiate their plunge from a height
h in the air, they will arrive at the water surface with a speed
x?(t);

x?(t)��(2gh)

The depth gannets can reach without flapping when they
plunge at height h can thus be derived from the following
simultaneous equations where upward force is positive

�mg�y[x(t)]�z[x?(t)]�mxƒ(t)
x(0)�0
x?(0)��(2gh)

8<
: (3)

Following Wilson et al. (1992)

y[x(t)]�7g

�
Patm(VLS � VFS)

Patm � 7gx(t)
�VT

�

z[x?(t)]�½CdSr[x?(t)]2

where 7 is the density of seawater, Patm is the atmospheric
pressure, VLS is the volume of air in the respiratory system
at the surface, VFS is the volume of air in the feathers at the
surface, VT is the volume of the remaining body tissue, Cd

is drag coefficient and S is the cross sectional area.
Proceeding from the above, we can calculate the depth a
gannet reaches without flapping using the t value when
x?(t)�0. The parameters used for computation are in Table
1 and the model is presented in Fig. 5. The details of the
outcomes of the model are presented in the discussion. In
brief, the maximum depth reached by a gannet when the
aerial part of the plunge is initiated from increasing height
follows a saturation curve.

The aforementioned assumptions are all plausible in the
light of what is known of the plunge activity of gannets.
Video images from the BBC’s The Blue Planet (Fothergill
2001) confirmed that birds do not flap their wings during
the fall and enter the water almost vertically. In addition,
Ropert-Coudert et al. (2004a), using accelerometers similar
to those used in the present study, have shown that the
impact upon entry in the water is minimal.

Note also that our model is necessarily simplistic with
regards to the complexity of the forces acting on a bird
crossing two media extremely rapidly. During rapid decel-
erations, conditions are unsteady and inertial forces are
substantial, requiring a quasi-steady approach to analysing
correctly such a phenomenon. However, investigating the
plunge-dive of gannets under a steady-state situation would
not change the outcome of the model, i.e. that even when
initiating the plunge from higher in the air, the maximum
depth attainable using free-fall only follows a diminishing
return function, to a point where the depth gained becomes
extremely negligible. In this regard, our model provides a
basis to investigate this extremely short behaviour.
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