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Abstract

The use of miniature tags attached to free-living animals to record data is termed
‘biologging’. This procedure has been used to study seabirds since the 1970’s and our
knowledge of their behaviour, physiology and migration has advanced through the decades,
along with the potential for conservation of species. Technological advances in recent years

have improved data resolution and storage, enabling a better understanding of seabirds and
their environment.
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Introduction

Biologging is defined as ‘the use of miniaturized animal attached tags for logging
and/or relaying data about an animal’s movements, behaviour, physiology and/or
environment’ (Rutz & Hays, 2009). From the early 1970’s researcher have been
deploying recording devices on free living seabirds but it was through the
introduction of microprocessors that enabled biologging as a science to advance.
Microprocessors allowed data to be stored or archived and improving battery life and
decreasing size enabled more information to be obtained from a single deployment.
Through the use of biologgers our knowledge of seabird foraging behaviour,
physiology, migration and conservation has improved. Table 1 describes the main
types of biologgers covered in this review.

Table 1: Description of biologgers mentioned in text.

Biologger Description

Accelerometers A specialised unit or incorporated into multi-channel loggers (see daily diaries),
can record acceleration on two axes, head to tail (surge) and/or ventral to dorsal
(heave). Tri-axial accelerometers also record on the lateral axis (sway) (Cook et
al., 2010; Wilson et al., 2006)

Beak sensors Combine a sensor and magnet attached to mandibles connected to a back
mounted archival logger to detect beak activity (Wilson et al., 2002)

Cameras Back mounted, generally using harnesses. Can record photos or video
(Sakamoto et al., 2009)

Capillary depth recorders Maximum depth gauges, very light (<1g), record maximum depth only (Adams &
Walter, 1988).

Daily diaries Multi-channel loggers that record behaviour, movement, energy expenditure and

environmental data, provide a clearer picture of an animal’s interaction with its
environment (Wilson et al., 2010)

Gastric pH probes Designed for ingestion, continually monitor stomach pH (Thouzeau et al., 2004).
Global Location Sensors Small and lightweight, predominantly attached via a leg ring. Incorporate a light
(GLS)/geolocators sensor and clock, record sunrise and sunset times enabling latitude and longitude

to be plotted. Error range >100km (Phillips et al., 2005).

Global Positioning System (GPS) loggers Use the GPS satellites to record time and location. Accurate to within a few
metres, can record position every second. Battery life dependant on interval of
data points. Generally attached to back feathers (Ryan et al. 2004).

Heart rate data loggers Mainly abdominally implanted archival loggers, measuring heart rate at a given
interval (Bevan et al., 1997).
Piezoelectric film sensor loggers Designed for ingestion. Piezoelectric film creates voltage when bent, used for

monitoring stomach motion and contractions, data stored in archival logger
(Peters, 2004).

Platform Terminal Transmitters (PTTs) Use the ARGOS satellite system, transmit position up to once an hour, data can
be downloaded directly from ARGOS, accurate to within a few Kilometres of
actual position, generally attached to back feathers (Weimerskirch et al., 1997a).

Stomach/oesophageal temperature Archival. Designed for ingestion, record temperature changes at set intervals
loggers (Wilson et al. 1992)
Time-Depth Recorders (TDRs) Record the time spent at depth, therefore enable dive profiles to be plotted. One

of the first types of archival biologger (Kooyman & Kooyman, 1995).

Very High Frequency (VHF) radio loggers | Attached via harness or tail mounted, short range of transmission therefore
limited use (Monaghan et al., 1994).

Wet/dry activity loggers Attached via leg band, records whether submerged or not at given interval
(Weimerskirch et al., 1997b).

Foraging behaviour

Biologging has had a huge impact on the study of foraging behaviour in seabirds,
with the introduction of the satellite systems of ARGOS and GPS in the last two
decades revolutionising the way in which data is collected. Before these systems
were introduced understanding foraging behaviour was limited to boat based
observations and diet sampling at colonies, whilst stomach temperature loggers
were deployed on long distance foragers (Croll et al., 1992, Wilson et al. 1992).
Remote studies using VHF radio telemetry were restricted to coastal species due to
signal coverage (Monaghan et al., 1994, Baduini & Hyrenbach, 2003). As seabirds
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are central place foragers during the breeding season the majority of studies using
biologgers occur during this period.

Stomach temperature loggers

A study using stomach temperature loggers on captive African Penguins
(Spheniscus demersus) and free living Wandering Albatrosses (Diomedea exulans)
found these loggers to be reliable detectors of ingestion events (Wilson et al. 1992)
and when deployed in a further study of Wandering Albatrosses which incorporated
two data sets found that 89% of food intake occurred during hours of daylight
(Weimerskirch & Wilson 1992). This method has been improved over the years
(Gremillet & Plos, 1994), with a study suggesting oesophageal temperature loggers
are more accurate at detecting smaller prey and therefore more reliable for
deployment in the Southern Ocean were prey species are generally smaller
(Charrassin et al. 2001).

Platform Terminal Transmitters (PTTs)

PTTs have a data point accuracy of a few kilometres and can record a position every
one or two hours (Burger & Shaffer, 2008), enabling far ranging foragers to be
tracked over long periods at relatively high resolution. Due to their size and weight
PTTs have mainly been used in studies of large seabirds including many
Procellariiformes species, revealing strategies including dual foraging, where
foraging trip durations are bimodal, consisting of short chick provisioning trips mixed
with longer self conditioning trips. This behaviour was first observed in a study of four
Procellariiformes species (Weimerskirch et al., 1994) and PTTs have shown this
behaviour in numerous species (Weimerskirch et al., 1997a; Stahl & Sagar, 2000),
although the use of this strategy is complex (Baduini & Hyrenbach, 2003). The stage
of the breeding cycle influences trip lengths with longer trips occurring during
incubation and short trips during the guard stage (Weimerskirch et al., 1993, Stahl &
Sagar, 2000). A study of Buller’'s Albatrosses (Thalassarche bulleri) observed adults
alternating long and short trips towards the end of guard stage (Stahl & Sagar,
2000). The study also indicated a male dominance of foraging areas with females
foraging further from the colony. This has also been observed in Northern Giant
Petrels (Macronectes halli) from South Georgia (Gonzalez-Solis et al., 2000) and is
thought to have arisen as a method of reducing competition between the sexes.

Other devices and loggers have been used in conjunction with PTTs to obtain a
more detailed picture of at sea behaviour. PTTs and altimeters attached to
Magnificent Frigatebirds (Fregata magnificens) recorded the continuous day and
night flight of these birds during foraging trips and the utilisation of thermals to reach
heights of up to 2500km (Weimerskirch et al., 2003). The combination of PTTs,
wet/dry loggers and stomach temperature loggers have highlighted the use of a
nocturnal ‘sit and wait’ strategy in some seabirds (Weimerskirch et al., 1997b; Catry
et al., 2004), a study of Grey-headed Albatrosses (Thalassarche chrysostoma) found
up to 94% of the night was spent on the water and 26% of food by mass was
consumed in darkness (Catry et al., 2004). Incorporating remotely sensed data such
as sea surface temperature and chlorophyll concentrations has highlighted the use
of scale dependent foraging and the targeting of highly productive regions in species
including Black Footed Albatross (Phoebastria nigripes), Laysan Albatross
(P.immutabilis) and Southern Royal Albatross (Diomedea epomorphora) (Hyrenbach
et al. 2002; Troup, 2004). This is due to the patchiness of their prey where small
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scale, high density patches are situated in large scale, low prey density areas of
ocean. Wandering Albatrosses appear the exception, instead systematically
searching huge areas of ocean (weimerskirch et al, 1997b; Weimerskirch et al.,
1993). This strategy is thought to be because of the random nature of their main food
source, squid, which come to the surface with no predictability (Weimerskirch et al,
2005).

Global Positioning System (GPS) loggers

GPS loggers for deployment on seabirds have been developed over the last decade
(Weimerskirch et al., 2002a; Fukuda et al., 2004; Ryan et al. 2004) and have the
ability to record a position every second with an accuracy of a few metres (Burger &
Shaffer, 2008). The high resolution of data points has enabled foraging activity of
seabirds to be studied in fine detail and has led to new theories about foraging
strategies such as area restricted search (ARS) (Fauchald & Tveraa, 2003) and new
methods for analysing data such as kernel distributions (Wood et al, 2000), first
passage time (FPT) and residence time. (Fauchald & Tveraa, 2003; Torres et al.,
2011). The reduction in size and weight of GPS tags in recent years has enabled the
study of smaller seabirds, revealing bimodal foraging strategies in Black-legged
Kittiwakes (Rissa tridactyla) (Kotzerka et al., 2010), ARS in Cory’s Shearwaters
(Calonectris diomedea) (Paiva et al., 2010) and the potential use of dynamic soaring
over long distances by Manx Shearwaters (Puffinus puffinus) (Guilford et al., 2008).
Studies of Wandering Albatrosses have revealed the birds frequently exceed ground
speeds of 85kmh™ with maximum speeds of 135kmh™*(Weimerskirch et al., 2002a)
and suggest olfaction plays a large part in prey location and capture (Nevitt et al.,
2008). Other studies using GPS loggers have suggested that rafts formed by
seabirds may aid information sharing between individuals (Weimerskirch et al.,
2010).

Cameras

The use of cameras has led to some interesting insights into the foraging behaviour
of seabirds such as the potential use of other birds and diving mammals to locate
food sources by Black-browed Albatrosses (Thalassarche melanophrys) (Sakamoto
et al., 2009) and the potential learning of foraging behaviours from adults by juvenile
Brown Boobies (Sula leucogaster) (Yoda et al., 2011).

Dive behaviour
A sub sector of foraging is dive behaviour, encompassing all forms from pursuit to
plunge diving and was one of the first areas to be studied using biologgers.

Maximum depth recorders

From one of the first studies to use biologgers on seabirds (Kooyman et al., 1971)
the maximum dive depths of a wide range of species have been recorded using
various forms of capillary depth recorders (Adams & Walter, 1988; Bocher et al.,
2000; Prince et al., 1994; Burger, 2001). A study of two Alcidae species, the Atlantic
Puffin (Fratercula arctica) and Common Murre (Uria aalge) recorded maximum dive
depths of 68 metres (m) and 138m respectively which are comparable to birds of
much larger mass such as penguins (Burger & Simpson, 1986), whilst another study
recorded depths of >64m in Common Diving Petrels (Pelecanoides urinatrix)
suggesting that the Genus Pelecanoides can dive deeper than penguins relative to
body mass (Bocher et al., 2000). In a study of four Procellariiformes species, Light-
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mantled Sooty Albatross (Phoebetria palpebrata) were recorded diving to 12.4m,
over twice as deep as Black-browed and Grey-headed Albatrosses (Prince et al.,
1994).

Time-depth recorders (TDRS)

The introduction of microprocessors enabled data to be archived and collected over
longer periods. The use of archival TDRs deployed on Emperor (Aptenodytes fosteri)
and King Penguins (Aptenodytes patagonicus) have revealed extraordinary
maximum dive depths in excess of 500m and 300m respectively (Kooyman &
Kooyman, 1995; Wienecke et al., 2006; Kooyman et al. 1992a) whilst another study
recorded the Antarctic Blue-eyed Shag (Phalacrocorax atriceps) at depths of up to
116m (Croxall et al., 1991). Archival loggers enable dive profiles to be plotted which
give a more detailed picture of foraging trips, in a study of Great Shearwaters
(Puffinus gravis) although maximum dive depths of over 18m were recorded, the
profiles showed the vast majority of dives were to depths of less than 2m with most
dives occurring around dawn and dusk (Ronconi et al., 2010). Dive profiles of King
Penguins showed the variation in dive depths over 24 hours and suggested the
importance of deep dives for foraging success (Kooyman et al., 1992a).

Multi-channel loggers

Increasing memory space has enabled multiple variables to be recorded onto the
same logger. Studies using loggers that incorporate accelerometers have shown that
surface diving species decrease foot/flipper strokes with increasing depth and that
ascents are at least to some extent passive as a way of conserving oxygen supplies
and maximising dive performance (Sato et al., 2002; Watanuki et al., 2005, Cook et
al., 2010). Accelerometers have also shown that diving Northern Gannets (Morus
bassanus) can more than double their dive depth by beating their wings underwater
(Ropert-Coudert et al., 2009). Beak sensors have been incorporated and have
detected five major behaviours in penguins (Wilson et al., 2002), when used in a
study on Magellanic Penguins (Spheniscus magellanicus) 89% of prey was caught
whilst making fast passive ascents indicating that this behaviour is very important for
prey capture whilst limiting energy expenditure (Wilson et al., 2010).

Cameras

Cameras have revealed diving behaviours that would be impossible to record by
other means. The first study to use video cameras on penguins revealed the
potentially important use of shallow dives in catching prey for Emperor Penguins
(Ponganis et al., 2000). More recent studies have shown active group foraging in
Adelie (Pygoscelis adeliae) and Chinstrap Penguins (Pygoscelis Antarctica)
(Takahashi et al., 2004) and the tactics used by Gentoo Penguins (Pygoscelis
papua) foraging for krill (Takahashi et al., 2008). They have also been used to
confirm the reliability of new methods of data collection, such as the use of
accelerometers as a proxy for prey encounter in penguins (Kokubun et al., 2011).

Physiology

Heart rate loggers

One of the first physiological studies on free living seabirds used back mounted
loggers with subcutaneous electrodes monitoring the heart rates of Emperor
Penguins during dive bouts and found diving heart rates 15 percent (%) lower than
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resting rates. The study also suggested the birds regularly exceed their estimated
Aerobic Dive Limit (ADL) (Kooyman et al., 1992b). The ADL of a species is the
duration before post dive blood lactate levels exceed pre dive levels, indicating
anaerobic respiration is taking place (Kooyman et al., 1983). Significantly lower heart
rates whilst diving have also been recorded in South Georgian Shags
(Phalacrocorax georgianus) using implanted heart rate loggers suggesting a classic
dive response of bradycardia (slowing heart rate) to conserve oxygen and prolong
dives (Bevan et al., 1997). The same study and another on King Penguins using
stomach temperature loggers and implanted abdominal recorders suggested that
diving birds may be able to regulate the metabolic rates of areas of their bodies
whilst submerged, termed ‘regional hypothermia’, to reduce energy loss and dive
longer (Handrich et al., 1997). A more recent study has suggested that Emperor
Penguins diving ability is partially due to optimal oxygen management and extreme
hypoxemic tolerance (Ponganis et al., 2007). Heart rate loggers have also been used
to attempt to measure and quantify metabolic rates of seabirds accurately. Heart rate
has been shown to be a good proxy of metabolic rate in various species when
exercised on a treadmill using implanted monitors including Black-browed Albatross
(Bevan et al., 1994), Gentoo Penguin (Bevan et al., 1995) and Macaroni Penguin
(Eudyptes chrysolophus) (Green et al., 2001).

Tri-axial accelerometers and daily diaries

The advent of tri-axial accelerometers and daily diaries in recent years has led to a
new method for examining metabolic rate, with a study of Great Cormorants
(Phalacrocorax carbo) exercised on a treadmill and free living Imperial Cormorants
(P. atriceps) finding Overall Dynamic Body Acceleration (ODBA) a good proxy of
energy expenditure, ODBA being higher on returning flights when the birds were
weighed down with food for chick provisioning (Wilson et al., 2006). ODBA is the
measure of an individual’s motion in the horizontal, vertical and lateral spatial
dimensions (Enstipp et al., 2001). Daily diaries have been used on free living,
foraging Magellanic Penguins (Spheniscus magellanicus) (Wilson et al., 2010) and
free living Imperial Cormorants (Gomez-Laich et al., 2011) to examine the ODBA-
metabolic rate relationship, finding it reliable for swimming, walking and resting
(Gomez-Laich et al., 2011).

Stomach loggers

Various loggers have been designed to study gastric activity in seabirds including
gastric pH and stomach motility probes used to study the processes behind how
male King Penguins are able to store food for their incubating chicks (Thouzeau et
al., 2004), suggesting a rise in stomach pH and reduction in motility. Piezoelectric
film probes used to monitor gastric activity during dive bouts of penguins found that
digestive activity slowed during deeper dives, suggesting digestive regulation as an
energy saving method to prolong dives (Peters, 2004).

Migration

Before the introduction of biologgers our knowledge of seabird migration relied
almost entirely on ring recoveries and observations. Although a few studies looked at
movements of birds after breeding failure using PTTs (Falk & Moller, 1995), it has
been in the past decade, with the development of lightweight geolocation devices
(GLS) that studies have been able to track migration movements directly. A study of
non-breeding Wandering Albatross from South Georgia combining GLS data with
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ring recoveries challenged the theory that they wandered aimlessly throughout the
Southern Ocean when not breeding, indicating distinct areas for different individuals
and suggesting site fidelity year on year (Weimerskirch & Wilson, 2000).

Overwintering site fidelity has since been observed in numerous species including
non breeding Black-browed Albatrosses from South Georgia (Phillips et al., 2005),
Atlantic Puffins (Fratercula arctica) (Guilford et al., 2011) and South Polar Skuas
(Catharacta maccormicki) from the South Shetland Islands (Kopp et al., 2011). The
use of a single overwintering site off the coast of Argentina has been observed for
Manx Shearwaters (Guilford et al., 2009) whilst multiple wintering sites have been
observed for Cory’s Shearwaters and South Polar Skuas (Gonzalez-Solis et al.,
2007; Kopp et al., 2011). Manx Shearwaters, Arctic Terns (Sterna paradisaea) and
South Polar skuas have all been recorded using stop over points along their
migration routes, which have been suggested to act as refuelling stations (Guilford et
al., 2009; Egevang et al., 2010; Kopp et al., 2011). Geolocators have also enabled
the remarkable behaviours of some species to be revealed including the 64,000
kilometre (km) (mean) trans equatorial migration of Sooty Shearwaters (Puffinus
griseus), covering the entire Pacific Ocean in a figure of eight (Shaffer et al., 2006),
to the longest annual migration ever recorded by Arctic Terns (Sterna paradisaea),
travelling from Arctic Iceland and Greenland down to Antarctica and back, a total
distance of over 80,000km (Egevang et al., 2010).

Conservation

Biologgers have been an extremely useful tool in the conservation of seabirds,
mainly through improving our knowledge of their behaviours at a fine scale level.
Bycatch from fisheries has had severe impacts on a large number of seabirds
(Furness, 2003) and it is fundamental to the conservation of these species that their
behaviours are better understood throughout their life histories. Studies using PTTs
and GLS loggers have shown that throughout the breeding and non-breeding
seasons (Weimerskirch et al., 1999; Gremillet et al., 2000; Weimerskirch & Wilson,
2000) and at different stages of their life histories (Phillips et al, 2005; Weimerskirch
et al., 2006) seabirds come into contact with fisheries exposing them to the threat of
incidental bycatch. This threat is increased for species which use the same areas of
ocean year after year (Weimerskirch & Wilson, 2000; Phillips et al., 2005). Recent
studies have combined the high resolution data from GPS loggers with data from
vessel monitoring systems (VMS) that have enabled real time or close to real time
interactions between seabirds and fishing vessels to be analysed (Votier et al., 2010;
Granadeiro et al., 2011; Torres et al., 2011). This type of data allows the fisheries
interactions by individual birds to be analysed and gives a more accurate picture of
what is happening. Data from Black-browed Albatrosses studied on the Falkland
Islands suggests that although there are often huge congregations of the birds
around fishing vessels, individuals spend very little time following them and do not
rely on discards for chick provisioning, therefore measures to limit waste would have
a positive impact on reducing incidental bycatch (Granadeiro et al., 2011). There is
also the potential to understand the movements of vulnerable and little understood
species in an attempt to halt their declines, such as the Balearic Shearwater
(Puffinus mauretanicus) (Aguilar et al., 2003) and the New Zealand endemic Black
Petrel (Procellaria parkinsoni) (Freeman et al., 2010).
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Negative impacts

Studies have documented the negative impacts on seabirds from a range of loggers
including cameras, PTTs, TDRs, radio tags and GLS loggers. Impacts have included
reduced dive duration and swim speeds (Van Dam et al., 2002), extended surface
times between dives (Ropert-Coudert et al., 2000) and reduced dive depths and
increased foraging trips (Ropert-Coudert et al., 2007) in penguins, impacts on
Procellariiformes include increased trip duration (Phillips et al., 2003; Passos et al.,
2010), increased desertion rates (Phillips et al., 2003), reduced body condition
(Adams et al., 2009) and reduced colony attendance (Sohle, 2003). A study using
heart rate monitors also found the presence of humans in the vicinity of Wandering
Albatross nests increased heart rates for up to three hours with females taking
longer to recover after handling (weimerskirch et al., 2002b). Impacts on Alcidae
have included reductions in body mass, colony attendance, chick feeding rates and
growth and reduced fledgling success (Paredes et al., 2005; Whidden et al., 2007).
The fact that some studies have found negative impacts whilst others have not
indicates that continual monitoring is required, especially for new techniques and
technologies. Whilst little or no impact may be recorded in the short term, the extra
weight and increased drag caused by the loggers may lead to longer term impacts
such as reduced breeding success in following years. These potential impacts to
individuals need to be weighed up against the benefits at population or species level
that the data collected from these studies can potentially provide.

Conclusions

Biologging has come a long way in the last few decades, largely due to the continual
advancements in the technologies that have become an integral part of it. The
development of smaller and more powerful microprocessors and batteries have
enabled a wider range of seabirds to be studied, giving further insights into
behaviours that would otherwise be impossible to monitor. Today the use of multi-
channel loggers like daily diaries are enabling a more rounded picture of a species
interaction with its environment to be observed whilst in the future researchers will
likely be exploiting advances in hano- and ‘smart dust’ technologies, removing much
of the negative impacts that are observed today (Ropert-Coudert & Wilson, 2005;
Burger & Shaffer, 2008). These technologies would also limit the disturbance at nest
sites where due to the constraints of today’s technologies repeat disturbance is
commonplace. Biologging as a science is unlikely to slow down and it will almost
certainly continue to improve our knowledge of seabirds and how they use their
environment, although it is important not to lose sight of the potential welfare issues
that arise from this form of research.
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