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REVIEW Open Access

Navigating uncertain waters: a critical
review of inferring foraging behaviour from
location and dive data in pinnipeds
Matt Ian Daniel Carter1*, Kimberley A. Bennett2, Clare B. Embling1, Philip J. Hosegood3 and Debbie J. F. Russell4,5

Abstract

In the last thirty years, the emergence and progression of biologging technology has led to great advances in marine
predator ecology. Large databases of location and dive observations from biologging devices have been compiled for an
increasing number of diving predator species (such as pinnipeds, sea turtles, seabirds and cetaceans), enabling complex
questions about animal activity budgets and habitat use to be addressed. Central to answering these questions is our
ability to correctly identify and quantify the frequency of essential behaviours, such as foraging. Despite technological
advances that have increased the quality and resolution of location and dive data, accurately interpreting behaviour from
such data remains a challenge, and analytical methods are only beginning to unlock the full potential of existing datasets.
This review evaluates both traditional and emerging methods and presents a starting platform of options for future
studies of marine predator foraging ecology, particularly from location and two-dimensional (time-depth) dive data. We
outline the different devices and data types available, discuss the limitations and advantages of commonly-used analytical
techniques, and highlight key areas for future research. We focus our review on pinnipeds - one of the most studied taxa
of marine predators - but offer insights that will be applicable to other air-breathing marine predator tracking studies.
We highlight that traditionally-used methods for inferring foraging from location and dive data, such as first-passage time
and dive shape analysis, have important caveats and limitations depending on the nature of the data and the research
question. We suggest that more holistic statistical techniques, such as state-space models, which can synthesise multiple
track, dive and environmental metrics whilst simultaneously accounting for measurement error, offer more robust
alternatives. Finally, we identify a need for more research to elucidate the role of physical oceanography, device effects,
study animal selection, and developmental stages in predator behaviour and data interpretation.

Keywords: Movement ecology, Area-restricted search, Satellite telemetry, GPS, Argos, TDR, Animal tracking, Marine
mammals, Seals

Background
The need to find food is a fundamental pressure that
drives the evolution of animal physiology, behaviour, and
life histories [1]. A key question for ecologists is how ani-
mals exploit their environment to optimise prey intake
and maximise fitness [1]. For air-breathing diving preda-
tors, such as marine mammals, sea turtles, and seabirds,
foraging poses a unique challenge: within the physiological
constraints of breath-hold, individuals must find patchily-
distributed prey resources in a three dimensional (3D)

dynamic environment [2]. Observing and measuring such
behaviour in the field is inherently problematic. However,
in recent years, a suite of devices and analytical techniques
dedicated to tackling this challenge has emerged [3–8].

Biologging (the “use of miniaturized animal-attached
tags for logging and/or relaying data about an animal’s
movements, behaviour, physiology and/or environment”;
[7]) is changing the way we observe and interpret the
behaviour of marine predators [3–6]. Devices allow us to
collect an increasing range of data that can be either ar-
chived and later retrieved, or autonomously transmitted
via acoustic or satellite telemetry, or mobile phone tech-
nology (biotelemetry; see [3]). Such data include empi-
rical observations of feeding attempts from fine-scale
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body movements such as jaw opening [9–11] and lunges
measured using accelerometers [12–14], and even physio-
logical measurements of feeding, such as changes in sto-
mach temperature [15–17]. Animal-mounted cameras
have complemented such information and contributed
substantially to our understanding of how diving predators
(both captive and in the wild) search for, capture and han-
dle prey [9, 18–20]. However, datasets from devices such
as cameras, jaw magnets, accelerometers and stomach
temperature telemetry (STT) loggers are generally limited
by small sample sizes and short sampling periods. More-
over, high demands on memory and battery, the need
to recover archival tags, or complex attachment proce-
dures limit the use of such devices on wild animals, and
thus leave little opportunity for long-term studies with
population-level inferences. Nevertheless, direct obser-
vations of foraging from these devices can allow us to
ground-truth inferences of foraging behaviour made
from location and dive (time-depth) data [15, 21–24].
Studies using positional tracking devices and pressure
sensors (calculating depth) to measure movement are
prevalent, and this type of data has been collected in
abundance since the 1980s. Interpreting behaviour from
these data, however, can be challenging. A variety of
analytical techniques to infer foraging have been advo-
cated, based on assumptions about physiological con-
straints, behavioural choices and optimal foraging theory
(OFT; see Glossary). Most commonly-used approaches
have important caveats, depending on the study species
and data quality, which we will discuss in detail below.

Many reviews exist of the development, capabilities and
applications of biologging devices [3–8, 25, 26]. However,
little synthesis has been offered on the data they each col-
lect, which can influence the choice and power of subse-
quent analysis, and the limitations of commonly-used
analytical methods to reliably infer foraging. The purpose
of this review, therefore, is to: (i) discuss the range of de-
vices available for tracking horizontal and vertical foraging
movements in the marine environment, and the con-
straints and opportunities presented by the data collected,
(ii) discuss the assumptions and relative merits of different
approaches to inferring foraging from location and two-
dimensional (2D; time-depth) dive data, and (iii) highlight
knowledge gaps, providing a point of for future studies.
The range of devices and analytical techniques used in
foraging studies is extensive across marine vertebrate
taxa, especially for seabirds and pinnipeds, for which
biologging studies are particularly prevalent [8]. Here,
we discuss inference of foraging behaviour in pinnipeds.
Although insights may be applicable to other air-
breathing marine predator tracking studies, differences
in behaviour and device constraints mean that discus-
sion relating to other taxa is outside the scope of this
review.

Devices and data
For many years knowledge of pinniped movements was
limited to re-sightings of coded mark-recapture flipper
tags or brandings [27] (Fig. 1a–b). These observations
allow long-term monitoring of survival and dispersal,
but offer little insight into where individuals go between
hauling-out. Many technological options are now available
for tracking animal movement at sea (Table 1; Fig. 1). In
this review we focus on devices capable of collecting fine-
scale information on foraging movements. Whilst global
location sensors (GLS) and smart position or temperature
transmitters (SPOT) have been used in foraging studies,
they are generally deployed to track migration or broad-
scale movement, and foraging inferences are made from
behavioural data or higher resolution location data from
simultaneously-deployed devices [28–30]. GLS and SPOT
tags are therefore excluded from this review.

Pioneering, early pinniped foraging studies used acous-
tic telemetry such as very high frequency (VHF) radio
transmitters to describe at-sea movements [31, 32] and
formed the basis of our understanding of pinniped for-
aging. Feeding was inferred from breaks in the VHF sig-
nal from diving, assuming that dives equated to foraging
[32], or from dive depth data indicating swimming on or
near the sea bed [31]. The scope of this technique was
limited by the need for proximity of the animal to an ob-
server or multiple receiver stations in order to triangu-
late its position [31, 32].

Early time-depth recorders (TDRs) were deployed on
several pinniped species in the first diving studies [33–35].
These devices recorded depth readings over time, provid-
ing important insight into pinniped diving capabilities.
TDRs are archival devices, and have to be retrieved in
order to access the data. Archival TDRs and positional
loggers (collecting high-resolution Global Positioning Sys-
tem (GPS)-derived location data) are used widely today,
but studies are limited to life stages and/or species in which
individuals are easily re-encountered and re-captured. For
example, many studies use archival devices to track the
movements and dive behaviour of lactating otariids (eared
seals) [33, 36, 37]. Unlike many phocid (true seal) species,
otariid pups have a protracted dependency period, during
which they remain on the colony whilst the mother makes
repeated foraging trips offshore. As otariid mothers must
return to the colony to provision their pups over a longer
time period, archival devices can be retrieved with rela-
tive confidence. Although some phocid mothers, such
as harbour (Phoca vitulina) and bearded (Erignathus
barbatus) seals also make foraging excursions during
lactation [38, 39], pups generally spend more time in
the water than otariids [40], and may even suckle in the
water and move between haul-out sites [41], making the
re-capture of a specific individual more challenging. In
seminal work, Kooyman [34] studied the dive capabilities
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of Weddell seals (Leptonychotes weddellii) in Antarctica,
and translocated them to an area of fast-ice with just one
breathing hole, thus ensuring an opportunity to recapture
individuals and recover the TDRs. Alternatively, for some
species, animals can be re-encountered by predicting the
timing and location of their life-history events. For
example, Le Boeuf et al. [35] glued archival loggers to the
fur of northern elephant seals (Mirounga angustirostris)
that return to the same colony to moult. Unlike other spe-
cies in which moulting can be prolonged, elephant seals
undergo an annual catastrophic moult, shedding a large
quantity of fur at once, during which time they avoid en-
tering the water. Tags are therefore released with the
moulted fur on the colony, rather than in the sea, and can
be later retrieved. VHF transmitters can be deployed in
addition to archival loggers to aid re-encounter of the in-
dividual on the colony (Fig. 1a) [36, 37]. For other species,
tracking their offshore movements requires a transmitting
tag (Fig. 1c–d).

Satellite telemetry devices, such as Satellite Relay Data
Loggers (SRDLs) were developed in the late 1980s,
allowing data to be recorded and transmitted autono-
mously from anywhere in the world, revolutionising the
study of marine predator movements at sea [42–45].

These tags are particularly useful for long-ranging pela-
gic species, such as southern elephant seals (Mirounga
leonina; [42]), in which VHF tracking in the open ocean
is not possible, and re-encountering individuals for de-
vice retrieval is difficult or expensive due to the remote-
ness of their habitat. These satellite tags were developed
to determine location estimates, and transmit data via
the Argos satellite system, which calculates the tag’s pos-
ition using the Doppler-shift in frequencies between the
transmitter and low-orbiting polar satellites (Fig. 2a;
[46]), relaying the information to a receiver station on
land. An important consideration with Argos-derived lo-
cation data is that location estimates are associated with
high uncertainty; the level of which is dependent on how
many satellite links are achieved whilst the tag is at the
surface (Fig. 2a). Therefore, for species that make long
dives with short inter-dive surface durations, such as ele-
phant seals, location quality can be consistently poor [47].
The Argos data-processing system produces location esti-
mates with an associated location class (LC). Poor-quality
LCs do not have a measure of spatial uncertainty, and in
reality this could range to hundreds of kilometres [46]. As
a high-resolution alternative to Argos-derived location
data, Fastloc® GPS tags have now been developed, allowing

b)

c) d)

a)

TDR VHF

GPS

Fig. 1 Biologging device deployments. a Lactating female Galápagos sea lion (Zalophus wollebaeki) with archival GPS and TDR loggers. Archival
loggers are favoured for tropical species as Argos satellite coverage is poor near the equator. VHF transmitter aids re-encounter on the colony for
device retrieval. Coded mark-recapture tag shown in the fore-flipper (photo: Jana Jeglinski). b Lactating female Antarctic fur seal (Arctocephalus
gazella) with archival video camera (photo: Sascha Hooker). c Argos-CTD telemetry tag deployed on a southern elephant seal (Mirounga leonina)
in West Antarctica. This device records both movement and environmental data simultaneously and transmits the data via polar-orbiting satellites,
offering valuable data for ecologists and oceanographers alike (photo: Mike Fedak). d GPS-GSM phone telemetry tag deployed on a harbour seal
(Phoca vitulina) in the North Sea. These devices are a good option for species that frequent coastal waters in less-remote regions (photo: Sea Mammal
Research Unit). Note: for scale, devices pictured in (c) and (d) are roughly the same size
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