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INTRODUCTION

Technological and conceptual advances in the fields
of wildlife tracking, remote sensing, and geographic
information systems have stimulated a major leap for-
ward in the understanding of the ecology and conser-
vation of large marine vertebrates, including predatory
fishes, marine birds, mammals, and sea turtles (Stone
et al. 1999, Block et al. 2002, Coyne & Godley 2005,
Halpin et al. 2009). In turn, these technological and
conceptual advances have stimulated major changes
in the way ecological research on highly mobile
marine organisms is conducted (see reviews by Rop-
ert-Coudert & Wilson 2005, Wilson & McMahon 2006,
Hooker et al. 2007). In particular, the use of wildlife
tracking technologies to study the movements and
habitats of marine vertebrates has rapidly expanded

since the publication of the first satellite tracking stud-
ies of the early 1980s (Godley et al. 2008). In this
review, we summarize the development and progress
of satellite tracking studies for large marine verte-
brates over the last 2 decades, with a focus on air-
breathing marine taxa (i.e. seabirds, marine mammals,
sea turtles). We assess the current status of this rapidly
evolving field and discuss future challenges associated
with the use of satellite tracking technologies, espe-
cially for threatened and endangered species. 

A brief history of satellite tracking

The first published results of successful satellite
tracking of large marine vertebrates involved pioneer-
ing deployments of prototype instruments on small
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numbers of animals. These descriptive pilot studies
largely focused on establishing the viability of the
research techniques and testing modifications in tag
design, programming, and attachment (Stoneburner
1982, Priede 1984, Duron-DuFrenne 1987, Tanaka
1987, Stewart et al. 1989, Weimerskirch et al. 1992).
The earliest published study involved sea turtles
equipped with harnesses tethered to floating buoys
(Stoneburner 1982). In this ground-breaking study of 9
nesting loggerhead turtles Caretta caretta tracked dur-
ing the summers of 1979 and 1980 in the Georgia Bight
area of the Atlantic Ocean (USA), researchers docu-
mented turtle movements in between successive nest-
ing events, as well as a 19 d track during the inter-
nesting period (Stoneburner 1982, Timko & Kolz 1982). 

The first satellite tracking studies of marine mam-
mals followed shortly thereafter, between 1987 and
1989. Pioneering studies included the tagging of
14 bottlenose dolphins Tursiops truncatus off Japan
(Tanaka 1987), the tagging of captive and free-ranging
harbor seals Phoca vitulina off southern California
(USA; Stewart et al. 1989), the deployment of 3 proto-
type transmitters on grey seals Halichoerus grypus in
the UK (McConnell et al. 1992a), and the first tracking
of a humpback whale, Megaptera novaeangliae, for
6 d off Newfoundland (Canada; Mate 1989). 

The first seabird tracking studies focused on the
breeding ecology of the larger species, capable of
accommodating the transmitters. A proof-of-concept
project involving southern giant petrels Macronectes
giganteus (Parmelee et al. 1985) was followed by the
tracking of 6 wandering albatross Diomedea exulans
from January to March 1989. Tagged birds flew 3600
to 15 000 km round-trip flights to provision their chicks
at nesting sites in the Crozet Archipelago, southern
Indian Ocean (Jouventin & Weimerskirch 1990).

Pioneering studies aimed at the development of reli-
able tag attachment techniques often retained instru-
mented animals in a captive environment (Tanaka
1987, Stewart et al. 1989). Moreover, even when tagged
animals were released, premature tag loss or failure of-
ten occurred (see review by Stewart et al. 1989). These
high rates of tag loss and the highly variable tracking
durations characteristic of these early studies (12 min to
35 d, Tanaka 1987; 14 h to 34 d, Stoneburner 1982,
Timko & Kolz 1982), inhibited the design of experimen-
tal studies in favor of exploratory research.

Technological advances since the late 1980s have led
to the expansion and development of satellite telemetry
into an operational research field. In particular, tag
miniaturization and novel attachment techniques have
expanded the range of study species (e.g. penguins and
sea turtles; Eckert & Eckert 1986, Wilson & Culik 1994)
and allowed for the study of smaller-sized and deep-
diving marine mammals, seabirds, and sea turtles

(Mate 1989, Wilson et al. 2002, Eckert 2006, Fossette et
al. 2008), while raising awareness of potential deleteri-
ous instrument effects on tagged individuals (Phillips et
al. 2003, Wilson & McMahon 2006). The field of study
has been even further advanced by the development of
tags capable of acquiring concurrent data on animal lo-
cation, ambient temperature, surface intervals, dive
depths, and swim velocity, thus facilitating the first in-
terdisciplinary studies of satellite-tracked individuals
and their oceanographic habitats (e.g. McConnell et al.
1992b, Costa 1993, Mate et al. 2005). 

Today, satellite telemetry is widely used to charac-
terize movements and habitat use patterns of threat-
ened and endangered megavertebrates (for a history
of sea turtle tracking, see Godley et al. 2008). Satellite
telemetry is being increasingly used to answer inter-
disciplinary ecological and resource management
questions involving foraging ecology, migratory be-
havior, and overlap of marine organisms with anthro-
pogenic activities (e.g. management jurisdictions,
fisheries, oil and gas exploitation). Moreover, multi-
investigator projects such as the Tagging of Pacific
Pelagics (TOPP), BirdLife’s Tracking Ocean Wanderers
Initiative, and the Dynamics and Management of
Ocean Ecosystems (DYNAMOE) program have imple-
mented multi-species satellite telemetry studies
involving marine birds, turtles, and mammals (Barlow
et al. 2002, Block et al. 2002, BirdLife International
2004). The application of satellite telemetry to inform
the management and conservation of marine megaver-
tebrates will continue to expand during the coming
decades, with the advent of further technological and
conceptual developments. We contend that the wide-
spread use and future potential of satellite telemetry
warrant a thorough and critical evaluation of the
progress to date and the limitations facing this rapidly
evolving field of research. 

Objective

The objective of this review was to help advance the
field of satellite telemetry of marine vertebrates by
encouraging carefully designed experiments address-
ing explicit hypotheses and standardized reporting of
results across taxonomic groups. To this end, we criti-
cally evaluated previously published satellite-tracking
studies on marine birds, mammals, and turtles.

MATERIALS AND METHODS

Scope and approach. We focused this review on the
use of satellite-linked transmitters to track large air-
breathing marine vertebrates (hereafter referred to as
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‘megavertebrates’) belonging to 3 distinct taxonomic
groups: marine mammals excluding the polar bear
Ursus maritimus but including pinnipeds, odontocetes,
and mysticetes; marine birds; and sea turtles. The
emphasis on these species was driven by their ecolog-
ical significance as top predators and by their worsen-
ing conservation status (Verity et al. 2002, BirdLife
International 2004, Halpin et al. 2009). While we
address the use of the Argos system, we do not con-
sider the rapidly developing field of wildlife tracking
with Geographic Positioning System (GPS) and Global
Location Sensing (GLS) technologies. Thus, we refer
the readers to other recent reviews of bio-logging and
marine wildlife tracking (Schreer et al. 2001, Ropert-
Coudert & Wilson 2005, Wilson & McMahon 2006,
Hooker et al. 2007).

Publication rates. To assess the publication trends of
satellite-tracking papers in the scientific literature, we
searched the ISI Web of Science (www.thomsonisi.
com) for articles published during the time period 1970
to 2006 using the search terms ‘satellite tracking’ and
‘satellite telemetry.’ After removing duplicate citations
identified in both searches, we discarded those papers
dealing with terrestrial taxa, freshwater species, and
marine fishes. Furthermore, we retained papers deal-
ing with the processing of Argos data (e.g. data filter-
ing), but removed papers dealing solely with technical
aspects of wildlife tracking (e.g. development of tag
attachment methods).

Our review of marine megavertebrate satellite track-
ing papers focused on 2 explicitly ‘marine ecological’
journals (Marine Biology [MarBio], Marine Ecology
Progress Series [MEPS]) and 2 explicitly ‘experimental’
journals (Journal of Experimental Biology [JEB], Jour-
nal of Experimental Marine Biology and Ecology
[JEMBE]). We calculated the proportion (%) of pub-
lished articles (excluding errata, editorials, and book
reviews) in each journal volume that involved tracking
data collected using the Argos system. For each jour-
nal, we determined if there were significant patterns in
the incidence of Argos papers published during a 20 yr
period (January 1987 to December 2006) using simple
regression analysis, after transforming the propor-
tional data (y = arcsine [x]) to achieve normality (Zar
1984). The operational null hypothesis was that the
slope of the best-fit lines would be indistinguishable
from 0. In addition to performing this analysis for each
journal separately, we tested for the effect of journal
type (‘ecological’ versus ‘experimental’) using a cate-
gorical variable (‘publication type’). To compare these
4 journals with different numbers of volumes, we com-
bined all issues for every year and analyzed a 20 yr
time series (sample size = 20 yearly values per journal,
80 total). We performed all statistical analyses using
Systat 11.0 software.

Literature review. We reviewed and scored 90
articles (listed in an electronic supplement, available
at www.int-res.com/articles/suppl/n010p009_app.pdf)
involving 92 taxon-specific studies (note: 2 papers
reported on multiple taxa), spanning the years 1987 to
2006. We first reviewed each paper independently,
and then reconciled any discrepancies in the scores by
reviewing articles together a second time. To quantify
the current status of this research field, we critically
evaluated 3 aspects of each paper: (1) objectives and
approach; (2) experimental design; and (3) reporting of
results.

Objectives and approach: We first classified the
approach followed by the published studies into 1 of 2
possible categories: descriptive (i.e. describing the
movements and the habitats of the tagged species) or
experimental (i.e. testing specific hypotheses by ad-
dressing clearly stated predictions). Throughout this
article, we use the term experimental to refer to studies
based on experiments, which we define as ‘an opera-
tion or procedure carried out under controlled condi-
tions in order to discover an unknown effect or law, or
to test or establish a hypothesis.’ We contrast this ex-
perimental research with exploratory studies, whereby
‘observations are compiled to describe natural phe-
nomena without the emphasis on testing predictions
and developing models’ (Merriam-Webster Dictionary
online: www.m-w.com).

Next, we classified each paper into 1 or more of 12
possible topics describing the specific purpose of most
of the tagging studies we reviewed: politics (POL; i.e.
use of protected areas by marine megavertebrates and
movements with respect to national jurisdictions);
habitat use patterns (HAB; i.e. the use of different
depth, water temperature, and ocean productivity do-
mains); movements (MOV; i.e. activity patterns and
foraging ranges); overlap with fisheries and incidental
mortality (FIS); species-specific comparisons of move-
ment patterns or habitat use (SPP); differences in move-
ment patterns or habitat use during different life stages
(STG); sex-specific differences in movement patterns or
habitat use (SEX); differences in movement patterns or
habitat use in animals from tagging locations (LOC; e.g.
colonies or tagging sites); interannual differences in
movement patterns or habitat use (INT); bio-monitoring
of the marine environment (ENV; i.e. using tagged
animals to monitor the physical or biological properties
of the marine environment); and methodological
comparisons of diverse tracking methods (MET; e.g. de-
ploying multiple tags such as Argos, GPS, and GLS
on the same animals, or comparing data processing
algorithms on tracks from different types of tags). 

Experimental design: We evaluated the experimen-
tal design of each published study using 3 quantitative
criteria: (1) sex ratio of the tagged individuals; (2) dura-
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tion of the project (i.e. number of years of tracking),
and (3) number of tagging sites. These criteria were
devised to assess whether studies of animal move-
ments and habitat use patterns investigated sex-based
differences, temporal variability (i.e. year to year dif-
ferences), or spatial variability (i.e. geographic differ-
ences). Furthermore, we assessed potential biases
from using a single or multiple platform transmitter
terminal (PTT) model(s), sex-based differences (i.e.
sexual segregation), temporal variability (i.e. from year
to year), and spatial variability (i.e. geographic differ-
ences) in animal movement patterns and habitat use.

Reporting of results: To quantify the degree to
which the reviewed studies provided enough detail to
facilitate comparative studies, we recorded how many
studies reported (1) instruments used (i.e. number and
type of PTT models); (2) total tracking duration (i.e.
number of PTT days); (3) quality of location data (i.e.
Argos location quality classes [LQCs] obtained and
used in subsequent analyses); (4) data processing (e.g.
proportion of locations discarded); and (5) data filter-
ing (e.g. the fate of satellite fixes on land).

Trend analysis. To quantify the advancement of the
field of satellite telemetry for marine megavertebrates,
we used 3 quantitative criteria designed to assess the
scope of the published studies over time: (1) sample
size of tracking studies; (2) incidence of comparative
studies involving multiple species and tagging sites;
and (3) use of satellite tracking within a broader inter-
disciplinary context. We quantified the tagging effort
of individual studies using the number of individuals
tagged, the overall number of PTT days, the number of
species tagged, and the number of tagging study loca-
tions. Additionally, to assess the frequency of interdis-
ciplinary studies published in the literature, we
assigned each study to 1 or more of 6 possible disci-
plines: (1) analysis of prey or diet samples; (2) use of
stable isotope techniques; (3) analysis of diving and
activity patterns; (4) fishery interactions and bycatch;
(5) study of energetics and provisioning rates; and (6)
use of remotely-sensed environmental data.

After log-transforming the proportional data (y =
log[x]) to account for the lack of normality, we used
generalized linear models (GLMs) to test for trends in
these 6 metrics using a linear regression approach. To
account for taxon-specific differences, we also in-
cluded in the analysis a categorical variable (taxa: bird,
mammal, turtle).

To assess whether the objectives and approaches fol-
lowed by satellite tracking studies were correlated, we
compared the proportions of the different topic areas
addressed by these 2 approaches (experimental versus
descriptive) using a non-parametric rank correlation
(Zar 1984). If all research topics were equally
amenable to hypothesis testing, we would expect the

topic areas to be equally represented in both descrip-
tive and experimental studies. Conversely, if certain
topics were more amenable to hypothesis-driven or
experimental research, then we would expect a dispro-
portionate representation of the topic areas across the
2 approaches.

Finally, in addition to the somewhat subjective cate-
gorical criterion used in this review to contrast
‘descriptive’ and ‘experimental’ studies, we quantified
the evolution of satellite telemetry studies using sev-
eral quantitative metrics. We contend that an opera-
tional science can be identified by 3 characteristics:
(1) broad use (i.e. acceptance within the scientific com-
munity); (2) wide applicability (i.e. useful for answer-
ing a large range of research questions), and (3) inter-
disciplinarity (i.e. used in conjunction with other
complementary research tools). Thus, we surmised
that if satellite telemetry has transitioned from a de-
scriptive to an experimental science, we would expect
to see the same patterns that have been documented in
other research fields, such as the tools used in geo-
spatial statistics and conservation genetics, which have
undergone similar transitions into the ‘main stream.’
Thus, as satellite telemetry has become more wide-
spread, we would expect the initial proof-of-concept
studies to give way to experimental research using
standardized techniques with enough replication for
rigorous statistical testing. Namely, we anticipated (1)
an increasing trend in the sample sizes of satellite
tracking studies; (2) a higher incidence of comparative
studies involving multiple years, species, and tagging
sites; and (3) an increase in the adoption of inter-
disciplinary approaches, whereby satellite tracking
becomes one of the tools in the arsenal used by re-
searchers to answer multi-faceted research questions.
We explicitly tested these predictions in our review.

RESULTS

Publication rates

Our search of the ISI Web of Knowledge yielded 311
marine megavertebrate satellite tracking papers pub-
lished in 93 different journals since 1982. Together, the
4 focal journals considered in this review accounted for
over one-quarter (90 or 28.9%) of all published articles
(Table 1). The 2 marine ecological journals (MarBio,
MEPS) yielded 78 (96.2%) of the reviewed papers, and
the 2 experimental journals (JEB, JEMBE) yielded 12
articles (3.8%).

Regression analyses revealed significant linear
increases in the incidence of satellite tracking articles
for the 2 marine ecological journals (MarBio and
MEPS), but failed to detect a significant trend for the
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experimental journals (JEB and JEMBE; Table 2,
Fig. 1). Our analysis of the entire dataset reinforced the
results of the individual time series: we detected a sig-
nificant increase over time (F-ratio = 34.095, df = 1, p <
0.001), and a significant difference between the 2 pub-
lication types (ecological versus experimental; F-ratio
= 20.388, df = 1, p < 0.001). Thus, these results suggest
that the incidence of megavertebrate satellite tracking
studies has increased in the marine ecology literature
over the last 2 decades. Although we did not detect a
significant increase in the experimental journals, all 12
satellite tracking articles published in these journals

13

Journal No. of volumes No. of articles No. of Argos % Argos
reviewed reviewed papers papers

Marine Biology (MarBio) 246 4824 18 0.37
Marine Ecology Progress Series (MEPS) 292 8091 60 0.74
Journal of Experimental Biology (JEB) 337 5456 6 0.11
Journal of Experimental Marine Biology & Ecology (JEMBE) 472 3937 6 0.15

Total 1347 22308 90 0.34

Table 1. Summary of the marine megavertebrate articles published in selected focal journals (1987 to 2006)

Journal Coefficient t-statistic p Adjusted r2

MarBio + 0.001 3.165 0.005 0.322

MEPS + 0.001 5.875 <0.001 0.638

JEB < 0.001 1.426 0.171 0.052

JEMBE < 0.001 2.015 0.059 0.139

Table 2. Publication trends of satellite telemetry papers in
4 selected journals (1987 to 2006, i.e. sample size is 20 yr).
See Table 1 for journal abbreviations. Bold denotes statistical

significance
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date from the second decade, and were published after
1995 (Fig. 1).

Literature review

Our review of the 4 focal journals involved scanning
1347 volumes and 22 308 articles published over the 20
yr time period (1 January 1987 to 31 December 2006).
This search yielded 90 articles involving the analysis of
satellite telemetry data collected using the Argos sys-
tem from large air-breathing marine vertebrates. Be-
cause 2 papers included data from both seabirds and
marine mammals (Barlow et al. 2002, Tremblay et al.
2006), we considered them as involving 2 individual
studies each. Thus, our sample size for the subsequent
analysis consisted of 92 studies involving 1 or more of
the 3 taxonomic groups of interest: 47 seabirds (52.2%),
23 sea turtles (25.6%) and 22 marine mammals
(24.4%).

Objectives and approach

Of the 92 studies we evaluated in this review, 36.7%
tested specific, explicitly-stated hypotheses. The
remaining 63.3% were descriptive studies that charac-
terized the habits and habitats of marine megaverte-
brates, without testing specific predictions or models.
The taxonomic group with the highest percentage of
hypotheses-driven studies was sea turtles (47.8%), fol-
lowed by marine mammals (35.0%) and seabirds
(31.9%). However, when we tested for possible taxon-
specific differences in the incidence of experimental
and descriptive studies using a G-test, the analysis of
this 3 × 2 contingency table yielded a non-significant
association between taxonomic group (birds, mam-
mals, turtles) and study approach (experimental,
descriptive; G = 1.481, df = 2, 0.75 < p < 0.50).

The majority of the reviewed studies addressed mul-
tiple topic areas (mean = 1.4 ± 0.9 SD; range = 0–4;
median = 1, n = 92). The analysis of MOV and HAB
were the most popular topic areas across taxa, and
were addressed in over 50.0% of the studies (Fig. 2).
The third most prevalent topic area was the use of ani-
mals to census the marine environment (i.e. ENV),
which was addressed in 28.9% of the studies. Intra-
specific studies of differences in MOV and HAB use
patterns across different life-history stages (STA)
accounted for 24.4% of the studies, and interannual
differences in MOV and INT accounted for 23.3%. A
test of taxon-specific differences in the emphasis of dif-
ferent topic areas revealed a significant association
between taxonomic group and topic area (G = 160.10,
df = 22, p < 0.001). 

Experimental design

Although the number of different PTT models used
in a given study ranged widely, we detected a signifi-
cant difference in the number of studies using 1 or
more models across taxonomic groups (G-test = 6.896,
df = 2, 0.05 < p < 0.025). Over half of the seabird
(63.8%) and marine mammal (63.6%) studies used a
single model PTT. In contrast, over half (52.2%) of the
sea turtle studies used multiple models of PTTs
(Table 3). We also found that, on average, 43.5% of the
studies we examined involved 1 yr of tracking. The
degree of inter-annual replication, which we equated
with the number of tagging studies involving >1 yr,
was statistically different among the 3 taxonomic
groups (G-test = 6.707, df = 2, 0.05 < p < 0.025). A sub-
stantially smaller proportion of marine mammal stud-
ies spanned only 1 yr (31.8%), in contrast with studies
of sea turtles (47.8%) and seabirds (46.8%; Table 3).
Multi-year studies often lasted 2 yr, with only 5 studies
spanning >3 yr. The longest study duration was 12 yr.

The degree of spatial replication, which we equated
with the number of studies that focused on >1 tagging
site, did not differ significantly across taxa (G-test = 1.321,
df = 2, 0.75 > p > 0.50). Over three-quarters of all the stud-
ies (78.3%) were conducted at 1 site. Yet, some studies
addressed multiple sites, with the maximum number as
high as 10 (birds, mammals) and 8 (turtles; Table 3).

The sex of the tracked animals was reported more
frequently in studies of marine mammals (90.0%) and
sea turtles (87.0%), with a higher proportion (46.8%)
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life history stage differences; POL: politics; SPP: species dif-
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topic area (87% sea turtle studies addressed movement)



Hart & Hyrenbach: Satellite telemetry of marine megavertebrates

of seabird papers not quantifying the sex of the tagged
individuals. This difference was statistically significant
(G-test = 76.873, df = 2, p < 0.001; Table 3). Moreover,
the proportion of females tagged was significantly
higher for sea turtles (81.0% female [F], 6.0% male
[M]) and marine mammals (73.2% F, 23.8% M) com-
pared to seabird studies (24.5% F, 24.1% M; G-test =
32.709, df = 2, p < 0.001).

Reporting of results

Whereas the PTT models used were consistently re-
ported in all studies, tracking durations were not. Cu-
mulative accounts of tracking days were reported for
all 3 taxonomic groups in over 50% of the studies we
evaluated, but sea turtle researchers did so at a higher
rate (87.0%). Thus, there was a significant taxon-spe-
cific difference in the proportion of studies reporting
the overall tracking duration, in terms of total number
of PTT days (G-test = 21.019, df = 2, p < 0.001). We at-
tributed this disparity to the higher prevalence of
colony-based studies of seabirds and marine mam-
mals, as these studies tended to report the number of

foraging trips tracked rather than the
actual number of tracking days.

An average of 25.0% of the evalu-
ated studies reported the proportion of
fixes of each LQC obtained and ana-
lyzed for turtles (34.8%), marine mam-
mals (31.8%), and seabirds (17.0%;
Table 4). We detected significant
taxon-specific differences in the pro-
portion of studies reporting the LQCs
obtained (G-test = 9.526, df = 2, 0.01 <
p < 0.005) and discarded (G-test =
9.325, df = 2, 0.01 < p < 0.005) during
the analysis (Table 4). Seabird studies
reported this information at a lower
rate (12.8%) than marine mammal
(27.3%) and sea turtle (34.8%) studies.

Trend analysis

Our review revealed increases in the
overall tracking effort per study over
time and the tracking duration (quanti-
fied using the number of PTT days) over
time (F-ratio = 10.902, df = 1, p = 0.002);
with no significant taxon-specific differ-
ences (F-ratio = 0.783, df = 2, p = 0.461;
Table 5). The number of tagged animals
also increased over time (F-ratio =
10.198, df = 1, p = 0.002), with a signifi-

cant taxon-specific difference (F-ratio = 11.757, df = 2, p
< 0.001). More specifically, sea turtle studies were char-
acterized by smaller sample sizes, with 13.0% of the
studies involving only 1 individual (Table 5); seabird and
marine mammal studies always involved >1 ind.

The incidence of comparative studies through time,
quantified as the number of tagging sites and species
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Metric Statistics Birds Turtles Mammals

No. PTT models Range 1–8 1–3 1–8
Mean (SD) 1.5 (1.1) 1.7 (0.8) 1.7 (1.6)
Mode 1 1 1
% 1 model 63.8 47.8 63.6

Sex
(% unknown) Range 0–100 0–100 0–55

Mean (SD) 51.4 (49.9) 13.0 (34.4) 3.0 (11.8)
Mode 100 0 0
% mode 46.8 87.0 90.0

Sex
(% female) Range 0–78 0–100 0–100

Mean (SD) 24.5 (27.9) 81.0 (40.2) 73.2 (34.2)
Mode 0 100 100
% mode 27.7 73.9 50.0

Study duration (yr) Range 1–12 1–5 1–11 
Mean (SD) 2.0 (1.9) 2.0 (1.3) 3.1 (2.6)
Mode 1 1 1
% 1 yr 46.8 47.8 31.8

No. of tagging sites Range 1–10 1–8 1–10
Mean (SD) 1.6 (1.5) 1.4 (1.5) 1.9 (2.3)
Mode 1 1 1
% 1 site 76.6 82.6 77.3

Table 3. Summary of experimental design for all studies, based on 5 criteria de-
vised to assess whether satellite tracking studies of marine megavertebrates
have addressed potential instrument biases (i.e. from using different tags), tem-
poral variability (i.e. from year to year), spatial variability (i.e. geographic differ-
ences), and sex-based differences (i.e. sexual segregation) in animal movements
and habitat use patterns. Number of studies involved varied across taxa:
seabirds (47), sea turtles (23), and marine mammals (22). PTT: platform trans-

mitter terminal; Bold denotes significant differences among taxa

Metric Birds Turtles Mammals

No. of PTT models 100 100 100
PTT days 61.7 87.0 63.6
LQCs obtained 17.0 34.8 31.8
LQCs discarded 12.8 34.8 27.3

Table 4. Evaluation of 4 criteria critical for comparing the
methods used in satellite tracking studies of marine megaver-
tebrates: the number of platform transmitter terminal (PTT)
models used, the overall study duration (no. PTT days), and
the proportions of the Argos location quality classes (LQCs)
obtained and discarded in analyses. Number of studies in-
volved varied across taxa: seabirds (47), sea turtles (23), and
marine mammals (22). Values shown are the percentages
of studies reporting each metric. Bold denotes significant

differences among taxa
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addressed in a given study, expanded across the
board. The number of tagging sites increased signifi-
cantly (F-ratio = 8.292, df = 1, p = 0.005) without evi-
dence of taxon-specific differences (F-ratio = 8.292,
df = 2, p = 0.668). However, the number of tagged spe-
cies over time was not significant (F-ratio = 3.254, df =
1, p = 0.075) and showed no taxon-specific differences
(F-ratio = 1.185, df = 2, p = 0.311).

The interdisciplinary nature of satellite tracking
studies did not increase over time, with an insignifi-
cant increase in the number of disciplines addressed
over time (F-ratio = 3.219, df = 1, p = 0.076). Yet,
there was a significant taxonomic difference (F-ratio
= 4.725, df = 2, p = 0.011), with a greater number of
disciplines addressed in the marine mammal litera-

ture (with an average of 2.0 ± 1.0 dis-
ciplines per study), as opposed to
seabirds (with an average of 1.5 ± 1.0
disciplines per study) and sea turtles
(with an average of 1.0 ± 0.7 disci-
plines per study; Table 5).

Overall, 13.0% of all the studies we
reviewed involved satellite tracking
exclusively (i.e. interdisciplinary score
of ‘0’). Of these, 12.8% involved sea-
birds, 21.8% involved sea turtles, and
4.6% involved marine mammals. Thus,
most of the articles we examined used
satellite telemetry in conjunction with
other tools to obtain a broader pers-
pective of animal movement patterns
and habitat use. In particular, the dis-
ciplines most commonly addressed
by these interdisciplinary studies in-
volved the diving and activity patterns
of tagged animals (55.4%) and the use
of remote-sensing imagery (43.5%) to
characterize habitat use (Table 6).
Nevertheless, there were significant
taxon-specific differences in the inci-
dence of these disciplines (G-test =
105.335, df = 5, p < 0.001). A Spearman
rank test of the proportional represen-

tation of the different topic areas addressed in de-
scriptive and experimental studies showed a positive
correlation (rs = 0.847, n = 11, p < 0.001). Because these
proportions fell along the 1:1 line, this result suggests
that all topic areas are equally conducive to hypothesis
testing and descriptive studies (Fig. 3).

DISCUSSION

This review suggests that the field of satellite
telemetry of marine megavertebrates is rapidly grow-
ing and developing into an operational science. Our
analysis of the incidence of satellite tracking articles in
the literature revealed a significant linear increase in 2

marine ecological journals (i.e. MaBio,
MEPS; Fig. 1). Yet, despite the publica-
tion of satellite-tracking studies in
explicitly experimental journals (JEB
and JEMBE) starting in 1996, there
was no significant increase in the pub-
lication rates for these journals (Fig. 1).
Thus, whereas our analysis under-
scores the increase in megavertebrate
satellite tracking articles published in
the marine ecological literature over
the last 2 decades, a pattern previously
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Metric Statistics Birds Turtles Mammals

No. of individuals Range 3–179 1–50 3–120
Mean (SD) 21.9 (29.2) 9.4 (12.0) 26.5 (27.1)
Mode 11 1 11
% 1 animal 0.0 13.0 0.0

No. of PTT days Sample size 29 20 14
Range 38–2753 18–5923 22–7580
Mean 468.8 1,017.2 1067.5
(SD) (624.6) (1431.6) (2026.4)
Median 215 525 436
Total 13593.8 19326.8 13441.6

No. of species Range 1–5 1–3 1–4
Mean (SD) 1.3 (0.7) 1.1 (0.4) 1.2 (0.7)
Mode 1 1 1
% 1 species 80.9 95.7 90.9

No. of sites Range 1–5 1–8 1–7
Mean (SD) 1.5 (1.0) 1.4 (1.5) 1.6 (1.5)
Mode 1 1 1
% 1 site 76.6 82.6 77.3

No. of disciplines Range 0–4 0–2 0–4
Mean (SD) 1.5 (1.0) 1.0 (0.7) 2.0 (1.0)
Mode 1 1 2
% 1 discipline 48.9 52.2 27.3
% 0 discipline 12.8 21.8 4.6

Table 5. Trends in the number of individuals tracked, the number of species
tracked, and the number of disciplines addressed by each study. Number of
studies involved varied among taxa: seabirds (47), sea turtles (23), and marine

mammals (22). PTT: platform transmitter terminal

Taxon Diet Isotopic Diving/ Fisheries Energetics/ Remote
(no. studies samples samples activity data provisioning sensing
involved)

Birds (47) 40.4 0.0 38.3 4.3 12.8 51.1
Turtles (23) 0.0 4.3 65.2 8.7 0.0 26.1
Mammals (22) 27.3 0.0 81.8 18.2 22.7 45.5

Total 27.2 1.1 55.4 8.7 12.0 43.5

Table 6. Proportion of the disciplines addressed by satellite telemetry papers
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documented in the sea turtle literature (Godley et al.
2008), it also highlights the lack of satellite-tracking
studies in the experimental marine science literature.

Our review also revealed taxonomic differences in
the approaches and emphasis of satellite tracking stud-
ies of our focal megavertebrate groups. Inherent dis-
parities in the natural history of marine birds, turtles,
and mammals greatly influence when and where satel-
lite tags can be deployed, as well as the types of ancil-
lary data that can be collected from satellite-tagged
individuals. For example, studies involving the diets
and energetics of satellite-tracked organisms are logis-
tically more viable in central-place foraging species,
like pinnipeds and seabirds (Gentry & Kooyman 1986,
Wilson et al. 2002), facilitating the integration of multi-
ple research disciplines in a single study.

Nevertheless, researchers in this field can still bene-
fit from the broad-based inter-taxon similarities and
differences in the studies conducted to date. In spite of
these taxon-specific differences, we found a high inci-
dence of studies involving diving, activity patterns,
and remote-sensing imagery across taxa (Table 6),
which highlights the desire to interpret the foraging
behavior and habitat use of tagged animals in a
broader ecological and oceanographic context. The
drive to integrate animal movement and environmen-
tal data has a long tradition (e.g. Priede 1984, Mate
1989) and is expected to continue in the future (e.g.
Block et al. 2002, Hooker et al. 2007). Furthermore, the
results of the Spearman rank correlation highlight the
potential for undertaking any satellite tracking study
using an experimental approach, designed to test pre-
dictions and to work towards the development of con-
ceptual models.

Initially, the goal of many early satellite tracking stud-
ies was to elucidate animal movement and habitat use
patterns (i.e. where do the tagged animals go, where
do they spend their time at sea; Godley et al. 2008).
Increasingly, however, it is encouraging that researchers
are using satellite telemetry to test explicit hypotheses
relating to the use of specific oceanic habitats, energy
budgets, and fidelity to nesting sites and foraging areas.
Improvements in tag performance and attachments have
facilitated the use of instruments on smaller-sized
individuals, resulting in the expansion of the suite of
questions that can be addressed and the species that
can be studied using satellite tracking. In addition to
these tagging developments, software packages to pro-
cess and analyze telemetry data (e.g. STAT, Coyne &
Godley 2005) are becoming increasingly available to an
ever-expanding user community. Undoubtedly these
conceptual and technological advances have been
instrumental in transforming satellite telemetry into an
operational science that allows researchers to investigate
the association of marine megavertebrates with ocean
processes at multiple spatial scales (10s to 1000s of km;
e.g. Polovina et al. 2000, Rodary et al. 2000, Guinet
et al. 2001, Hyrenbach et al. 2002).

Our evaluation of the scope of the satellite tracking
literature over the last 2 decades showed the antici-
pated increases in overall tracking effort (number of
individuals tracked and PTT days per study) and inci-
dence of comparative studies (involving multiple spe-
cies and tagging sites). We also found that the interdis-
ciplinary nature of satellite telemetry has expanded
over time, with satellite tracking studies addressing an
increasing number of research disciplines. Despite
substantial taxon-specific differences in the number
and types of disciplines addressed by the studies we
reviewed, satellite tracking is routinely used in con-
junction with other analytical and methodological tools
to obtain a broader perspective of animal movements
and habitats.

Historical models of scientific development describe
a predictable progression in the focus of biological
studies. In general terms, the earliest biological studies
focus on natural history and field observations, fol-
lowed by an emphasis on field manipulations, and the
eventual development of a more theoretical approach
with an emphasis on mathematical analysis and pre-
dictive modeling (e.g. Killingsworth & Palmer 1992,
Battalio 1998, Farber 2000). While the development of
specific research fields and scientific disciplines is
greatly influenced by the methodological and institu-
tional context (e.g. Johnson 2004) and the competition
between different scientific communities for resources
and prestige (e.g. Johnson 2007), valuable lessons for
resource management and conservation can be
derived from the historical analysis of research prac-
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tices and publication trends (e.g. Fazey et al. 2005,
Pearson & Cassola 2007).

Without attempting to formally test the development
of satellite tracking using a historical model frame-
work, the results of our analysis suggest that this
research field is indeed progressing from a descriptive
to an experimental science. Whereas the observation
of nature and the appreciation for natural history are
critical components of any scientific endeavor (Dayton
& Sala 2001, Dayton 2003), scientific progress is
enhanced by the systematic development of hypothe-
ses and the testing of model predictions (Platt 1964,
O’Donohue & Buchanan 2001). Thus, we expect that
this transition into a hypothesis-driven approach will
accelerate the rate of discovery and the overall
progress in this research field in future years.

Our motivation for undertaking this review of satel-
lite tracking of marine megavertebrates stemmed from
the desire to promote analyses that allow researchers
to derive more useful ecological and conservation
information from animal movement and habitat use
patterns. Moreover, because conservation funding will
always be limited, relatively low-cost re-analysis of
existing data would represent an efficient use of
resources. Thus, we hope this review will stimulate
such re-analyses. In particular, studies using standard-
ized techniques will help to identify existing knowl-
edge gaps and data needs to be addressed by future
research. Increasingly, these comparative studies will
likely involve multiple species from diverse taxonomic
groups (e.g. Barlow et al. 2002, Block et al. 2002, Trem-
blay et al. 2006). To this end, we synthesize this review
by offering some suggestions for improving the design
of future tracking studies and the reporting of results,
with an emphasis on informing natural resource
managers charged with the conservation of marine
megavertebrates. We also offer ideas for future satel-
lite-tracking studies to facilitate further development
of this exciting research field.

CONCLUSIONS AND THE WAY FORWARD

First, experimental studies will benefit from tagging
at multiple sites (to address potential geographic dif-
ferences) and over multiple years (to address interan-
nual variability). Additionally, studies with larger sam-
ple sizes will benefit from a better understanding of
individual variability. In particular, there is a paucity of
information on the movements of males and juveniles
in the sea turtle and pinniped literature. These dispar-
ities are likely driven by the focus of turtle and marine
mammal studies on the tracking of the accessible
females during the breeding season. The return of
females to shore to lay eggs (turtles), give birth (pin-

nipeds), and provision their pups (fur seals and sea
lions) have led to a female-biased sex ratio of the
instrumented animals, due to both logistical and eco-
logical biases (Gentry & Kooyman 1986, Godley et al.
2008). However, future efforts to track both sexes
would greatly improve our understanding of the over-
all movement patterns and habitat use for these spe-
cies. Although studies focusing on males will not yield
information for traditional female-based life tables,
including both genders and younger life stages should
enhance the ability of managers to provide more com-
prehensive protection for a species, especially in cases
where sexual segregation or age- and size-based dis-
persal occurs at sea, a common trait of threatened and
endangered marine megavertebrates.

Second, another important improvement for future
tracking studies entails testing for instrument effects,
to determine the energetic demands that different tags
place on instrumented animals. Innovative ways to test
for the detrimental effects of tags and handling, includ-
ing assessments of swim speed, diving depth, change
in mass over time, differences in trip duration, and reg-
ularity of surfacing intervals (i.e. Phillips et al. 2003,
Wilson & McMahon 2006) are much needed. For
instance, Fossette et al. (2008) reported significant dif-
ferences in swim speed and dive depth for endangered
leatherback sea turtles Dermochelys coriacea tagged
with a traditional ‘backpack’ harness as opposed to a
direct tag attachment. These assessments are critically
important to ensure that tagging studies have no
adverse effects on the instrumented animals, espe-
cially for species of conservation concern.

Third, methodological papers, while relatively new
in the literature, are illuminating taxon-specific dif-
ferences in tag performance, the applicability and
performance of data analysis methods (e.g. filtering
algorithms), and the use of the same specific ocean
habitats. In particular, there has been a recent surge
in studies using several different tags (e.g. PTTs in
combination or alongside GPS tags) on the same indi-
viduals or species. Although researchers must be cau-
tious about the enhanced potential of detrimental
instrument effects on study animals, comparative
studies involving the use of multiple tags and other
data loggers on the same individuals have the poten-
tial to greatly accelerate the advancement of this
research field. Such multiple-tag studies would allow
researchers to study fine-scale foraging and habitat
use patterns that are currently difficult to ascertain
using only the relatively coarse-scale satellite track-
ing data.

Fourth, with respect to the reporting of results, we
recommend reporting the number of PTT days for each
tag in the study and the proportion of Argos LQCs
obtained per tagged individual. These statistics pro-
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vide detailed information on the quality of the location
data, which are valuable for researchers and satellite
tag manufacturers interested in assessing the ‘real-
world’ performance of this technology. Moreover, com-
parisons across studies would be greatly facilitated if
papers reported additional details about the deploy-
ment (e.g. exact tag attachment methods) and the per-
formance of the tags (e.g. expected battery life). For
instance, whereas tracking durations were consistently
reported for all taxa, apparent tag failures (i.e. tags
transmitting for a few days or for incomplete foraging
trips) were often not discussed. We encourage the
evaluation and discussion of tag failures, which is crit-
ical information for further advancing this field.

Finally, a detailed description of the filtering and
processing of the tracking data is also essential to facil-
itate comparisons of movement and habitat use pat-
terns. To this end, future studies should provide details
of how data were processed and filtered (i.e. best loca-
tion per day, parameters selected for filtering algo-
rithms), the fate of locations on land, and the number
and proportion of different Argos LQCs discarded and
used in subsequent analyses.

Although satellite tracking is a rapidly advancing
research field, the improvements in study design and
reporting that we have outlined here will allow for
even greater leaps forward. In particular, it is our hope
that this review will promote hypothesis-driven studies
involving multiple species and tag types, and interdis-
ciplinary collaborations that inform the effective man-
agement and conservation of marine megavertebrates.
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