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ABSTRACT: A goal of seabird ecology is to relate the physiology, population dynamics, distribution
and behaviour of seabirds with their biotic and abiotic environments. One of the most challenging
aspects is to understand how seabirds interact with their environment when direct observations are
not always possible or practical. In the present paper, we reviewed 218 published studies that exam-
ined associations between seabird distribution, behaviour and their environment, in order to assess
current trends, weaknesses and the future directions of research. Based on the number of publica-
tions, it is evident that the field is growing rapidly and that methods for evaluating seabird distribu-
tion are becoming increasingly more sophisticated and are changing from Eulerian (grid-like) to
Lagrangian (particle-like) data types. This has been accompanied by a reduction in the spatial and
temporal scale of observation, where, in most cases, no behavioural information is inferred from
Lagrangian data; instead they are often used as if they were Eulerian data. In parallel, environmen-
tal remote sensing is becoming more common; however, we did not record significant changes in the
statistical approaches used to describe seabird distributions and used to link them with oceano-
graphic variables. In particular, despite the spatially explicit nature of the data, spatial statistics have
rarely been used. The vast majority of studies used environmental variables that described water
masses (descriptive approach), whereas a few studies determined oceanographic features that
enhance prey availability to seabirds (process-based approach). Future studies could enhance their
ecological interpretation of seabird—environment interactions by making greater use of ad hoc statis-
tical approaches that facilitate appropriate pattern detection (e.g. area-restricted searching pattern
for birds, mesoscale patterns for environment). Furthermore, appropriate hypothesis testing and
modelling that accounts for the spatially explicit, multiscale and multivariate nature of the interaction
between seabirds and their habitats is recommended. Although quantitative methods currently exist
(but are rarely used), further application could greatly improve our understanding of the processes
linking seabird distribution to their environment.
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INTRODUCTION

Marine ecosystems are often difficult to study; as so
aptly stated by Monod (1991): nothing is more difficult
to study than something you cannot see. Furthermore,
studies of seabird foraging ecology are complicated by
the great distances covered by foraging marine birds

*Email: yann.tremblay@ird.fr

coupled with the associated difficulty of observing
prey distributions far-out at-sea. As a result, the func-
tional relationships between seabird behaviour and
their biotic and abiotic environments remain elusive.
The first investigations into seabird ecology (e.g. Ash-
mole 1971) relied on land-based observation of seabird
behaviour and diet studies (Ainley et al. 1981, Ainley

© Inter-Research 2009 - www.int-res.com



154 Mar Ecol Prog Ser 391: 153-163, 2009

1990). Observations of seabirds at-sea were later
undertaken from opportunistic or dedicated vessel sur-
veys (Haney 1985a, 1987a, Hunt 1991, Hunt et al. 1992,
Veit et al. 1993). More recently, traditional land- and
ship-based observations have been complemented by
modern observation technologies, the implementation
of which now provides powerful ‘eyes’' to observe the
ecosystem: satellite remote sensing, acoustic survey-
ing, or miniaturized electronic tagging (Haney 1985b,
1986¢, Ainley et al. 1995, Wilson et al. 2002, Cooke et
al. 2004, Burger & Shaffer 2008). Undoubtedly, the
field of seabird ecology has been burgeoned by this
rich set of scientific approaches; to our knowledge, no
critical evaluation of the tools commonly employed to
link seabird locations and their environment exists.

The goal of the present paper was to review and
summarize how scientific approaches and method-
ological tools in seabird ecology have evolved. In this
review, we also highlight state-of-the-art techniques
for evaluating seabird distribution and habitat associa-
tions, as well as speculate on promising future direc-
tions for research. It is important to note that, contrary
to classical reviews, our goals were not to be instruc-
tive about methods per se, but rather to highlight uti-
lization trends by authors in the field and to speculate
on how these trends might relate to changes in concep-
tual approaches.

MATERIALS AND METHODS

This work is based on the analysis of contents from
published research articles. Research articles were
selected with the ‘ISI Web of Knowledge' (Thomson
Reuters) search engine, using the following search cri-
teria:

Topic=((seabird* AND (distribution OR abundance
OR track* OR at-sea observation)) AND (ocean* OR
front* OR edd* OR prey))

Timespan=All Years

Refined by: Subject Areas=(Environmental Sciences
& Ecology OR Zoology OR Marine & Freshwater Biol-
ogy OR Oceanography OR Biodiversity & Conserva-
tion OR Fisheries OR Behavioral Sciences OR Evolu-
tionary Biology)

These search criteria returned 1286 papers from
which we removed all papers that focused exclusively
on toxicology, parasites, pollution, population trend or
breeding performance, predation and interaction with
terrestrial mammals, diet and chick growth, or prey
biology. The remaining 461 papers were collected and
further evaluated for relevance to the topic.

Papers were considered relevant and included in
subsequent analyses if they reported both positional
data of seabirds and at least one associated environ-

mental variable. The presence of fishing vessels or
fisheries effort data were considered environmental
variables. This yielded a total of 218 publications on
which our review was based. We recognize that some
relevant publications may have been missed (particu-
larly book chapters, books and unpublished reports);
however, our review should be representative of
research in the field.

The following questions were used to characterize
the analyses presented in the reviewed manuscripts:

e How was the distribution of seabirds obtained?

e How was the distribution of seabirds modeled/
summarized/analyzed?

e How were the environmental variables obtained?

e Which environmental variables were used?

e How was the association between seabird distribu-
tion and environmental variables characterized?

Responses to these questions were then summarized
in order to quantify the methodological techniques
used in the reviewed papers. In order to analyze tem-
poral trends in publication and methodological tech-
niques, we separated publications into 5 yr bins, as a
compromise between the time resolution and the num-
ber of publications in each bin (as shown in Fig. 1).

We have created a bibliographic library of the rele-
vant papers, and interested parties can contact the
corresponding author for copies.
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Fig. 1. Temporal distribution of the 218 research articles
analyzed in the present study (see 'Materials and methods’
for selection criteria)
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RESULTS

Research on free-ranging seabirds and ecology at-
sea has increased from a few papers a year in the
1970s, to over 15 yr ! today (Fig. 1). This trend coin-
cides with the increased availability of personal com-
puters, a change that impacted not only the way data
were collected, but also the level of analytical sophisti-
cation employed.

Seabird locations

At-sea, ship-based observation of seabirds has been
the traditional method of determining seabird distribu-
tion. Across all years surveyed, at-sea surveys and
observations of birds at sea have been the dominant
form of study (Fig. 2). Ship-based observations can be
further divided into 2 methodological groups: the clas-
sical transect method and the punctual observation
method. This later method typically represented
seabird observations performed by observers on board
vessels during fishing operations (Abrams 1983, Abello
et al. 2003). Punctual observations represented <10 %
of the number of studies using ship-based observations
in all 5 yr bins since 1985, except in the 2005 bin, in
which it rapidly increased to 23.5% of the number of
papers using ship-based observations.
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Fig. 2. Temporal distribution of methodological approaches
used to obtain positional observations of seabirds at-sea in
218 relevant research articles. Bins span 5 yr, and numbers in-
dicate the total number of occurrences of the methodological
techniques, not the number of papers. The category ‘other’
includes land-based counts, plane transects and bycatch

In contrast to traditional ship-based methodologies,
seabird distributional data have also been obtained
using microprocessor-based transmitting or data log-
ging tags. This methodology consists of calculating
animal locations using electronic tags directly attached
to the animal. This includes satellite tracking (Argos
transmitters [Berrow et al. 2000], GPS receivers [Awk-
erman et al. 2005]), global location sensing (GLS)
based on light (archival light-level tags; Phillips et al.
2006), radio telemetry (VHF transmitter; Furness et al.
2000) and dead-reckoning (speed/bearing recorders;
Benvenuti et al. 1998). The use of electronic-based
methodologies, which appeared in the literature in the
early 1990s, has continued to increase ever since, due
to rapid advances in related technologies (Fig. 2) (Wil-
son et al. 2002). The Argos tracking system was the
only electronic methodology used in papers published
in the mid-1990s, and remains the most common
method used (>67 % of papers using electronic-based
methods). However, its relative application has
decreased recently as GPS-based and GLS-based tag-
ging studies increased, both of which equally con-
tributed 26 % of all papers using electronic methodo-
logy in the 2005 bin. VHF and dead-reckoning
methods appeared marginal, and therefore we do not
detail their contribution here. With the advent of daily
diary tags (Wilson et al. 1991, 2006, 2007, 2008), it is
conceivable that dead-reckoning tags will be used
more often in the future.

Other methods to determine seabird distribution
have also been reported in the literature (e.g. plane
transects, land-based observations and bycatch during
fisheries operations), but these methods contributed
minimally to the number of published research papers
(Fig. 2). The apparent importance of the ‘other’ group
in the 1980 bin results from small sample size bias
(only 7 papers in this category).

Seabird distribution data have been reported in the
literature as simple locations or density grids, as well
as using more quantitative indices such as computing
kernel densities (van Franeker et al. 2002, Awkerman
et al. 2005, Clarke et al. 2006). The simple display of
distribution data has been much more commonly used
than quantitative indices, with proportions ranging
from 80 to 100 % of the number of papers for any given
5 yr period.

Environmental variables

Environmental data collected in situ are found in
the majority of studies in all 5 yr bins (Fig. 3). The use
of aerial surveys, data from the literature, animal-
borne sensors, or general geographic knowledge to
extract environmental information does not show a



156 Mar Ecol Prog Ser 391: 153-163, 2009

B rsitu B Literature [ ] Animal borne
- Geography ‘:| Satellite |:| Aerial

1 2 10 15 23 63 72 124
100 1

Percentage

1970 1980 1990 2000
Year

Fig. 3. Temporal distribution of the methodological ap-

proaches used to collect environmental data in the 218

relevant research articles used in the present study. Numbers

indicate the total number of occurrences of the methodo-
logical techniques, not the number of papers

clear trend in time (Fig. 3). The relative contribution
of satellite remote-sensing data increased at a rela-
tively slow rate (2.3 more papers per 5 yr) between
the mid-1980s and the mid-1990s, but has now be-
come much more common in the last decade (6.0
more papers per bin). The trend has increased expo-
nentially (data not shown) and does not show signs of
slowing down (23.4 % of occurrence in the 2005 bin,
the largest so far).

We identified a total of 101 different environmental
variables in all of the 218 research articles. These
variables were regrouped into 22 ‘'variable types’
based on the type of environmental parameters
involved (Table 1). The relative utilization of these
variable types is extremely unbalanced, with 4 types
(temperature, salinity, prey and zone) representing
>50% of all variables (Table 1). The remaining 18
types contributed 45% of all variables, and included
extremely diverse variables, from dissolved oxygen to
bathymetry (Table 1). The contribution of variables
describing an oceanographic structure (grouped as
‘mesoscale features’; Ribic et al. 1997, Ainley et al.
1998, Nel et al. 2001) and thought to have a positive
effect on the availability of prey to seabirds, such as a
front or an eddy (as opposed to variables physically
describing a water mass), is relatively minor (4.8%
of all variables; Table 1).

Table 1. Description and relative contributions of environmental variables used in 218 research articles linking seabird positional
information with environment characteristics. Variables are ranked by relative contribution

Variable Short description Relative Cumulative
contribution (%) (%)
Temperature Sea surface temperature (SST), SST gradient, anomaly 23.53 100.00
Salinity Salinity, salinity at depth, halocline 14.62 76.47
Prey Prey distribution, density, depth 9.77 61.86
Zone Sanctuary, oceanic domain, exclusive economic zone 6.80 52.08
Bathymetry Bathymetry, bathymetry gradient, substrate 6.40 45.28
Meteorological features Storm, rain, weather, cloud, air pressure 5.56 38.88
Mesoscale features Eddy, any type of front, Langmuir circulation 4.81 33.32
Distance Distance to colony, distance to shore 4.12 28.51
Chlorophyll Chlorophyll, chl gradient, depth of chl max. 3.90 24.39
Ice Ice, iceberg, ice edge, ice movement 3.53 20.49
Wind Wind speed, wind direction, wind stress curl 2.62 16.96
Boats Boat following, fisheries effort, fisheries type, fishing area 2.59 14.34
Plankton Plankton distribution and/or abundance 2.47 11.75
Swell / Wave Swell height, swell direction, sea state 2.32 9.27
Prim. prod. Primary productivity / production 1.78 6.95
Other Oil, human recreational use, aquaculture, Sargassum, internal wave 1.71 517
0O,/ CO, Dissolved oxygen and/or carbon dioxide 1.71 3.46
Upwelling Upwelling, upwelling intensity 0.46 1.75
Tide Tide, tide speed 0.43 1.29
SSH Sea surface height (SSH), SSH gradient, anomaly 0.42 0.86
Density Water density 0.29 0.43
Current Current, current profile 0.15 0.15
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Association between seabird distribution and
environmental variables

We categorized a total of 43 different statistical tech-
niques in all selected papers that we grouped into
6 broad categories (Fig. 4, Table 2): (1) qualitative ap-
proaches (e.g. mapping, geographic information sys-
tems [GIS]) aimed at displaying the data and support-
ing pertinent hypotheses for further testing (Harrison
1982, Joiris 1991, Hull et al. 1997, Ollason et al. 1997),
(2) classic hypothesis-testing approaches examining
patterns between areas, species, time periods, etc.
(Abrams 1985, Garthe 1997, Skov & Durinck 2000, Roy-
croft et al. 2007), (3) classic statistical modelling ap-
proaches (e.g. linear regression, correlation, general-
ized linear or additive models [GLM-GAM]) examining
functional relationships between distribution and envi-
ronmental variables (Ribic & Ainley 1997, Spear et al.
2003, Olivier & Wotherspoon 2006), (4) spatially explicit
approaches (e.g. point process methods, geostatistics)
quantifying spatial co-occurrence and coherence be-
tween different ecosystem processes (Russell et al.
1992, O'Driscoll 1998, Navarro & Gonzalez-Solis 2007,
Villablanca et al. 2007), (5) multivariate approaches
(e.g. principal components analysis [PCA], classifica-
tion trees, etc.) examining complex, non-linear relation-
ships in seabird distribution patterns (Ballance et al.
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Fig. 4. Temporal distribution of the statistical approaches used
in 218 relevant research articles associating seabird locations
and environmental variables. Numbers represent the number
of occurrences of statistical approaches in each bin, not the
number of papers. See Table 2 for further details
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1997, Karnovsky et al. 2003, Weichler et al. 2004,
Hyrenbach et al. 2007) and (6) multi-scale approaches
(e.g. wavelets, fractal geometry) investigating ecologi-
cal functional relationships (Russell et al. 1992b, Loger-
well et al. 1998, Mehlum et al. 1999, Swartzman & Hunt
2000) that are known to change with scale (Levin 1992).

The analytical methods used are often predicated by
the data available. However, long-term, high-resolu-
tion data for seabirds along with environmental data
(sea surface temperature [SST], El Nifio Southern Os-
cillation [ENSO] index, chlorophyll, etc.) of marine
ecosystems are increasingly available. Therefore, it is
surprising that we did not observe increased use of
more powerful, spatially explicit, multivariate and mul-
tiscale approaches. In fact, the use of the 6 approach
categories did not show any clear trend with time.

All approaches have been used in a fairly constant
way since the 1980s (Fig. 4). Multivariate and multi-
scale analyses combined represented <10% of all
analyses in any given 5 yr bin. Spatial approaches
have tended to be used more frequently since the mid-
1990s, but only 1 out of 5 spatial analyses actually used
spatial statistics. The remaining studies used classical
statistics in a spatial context, such as group comparison
of distinct zones in a hypothesis-testing framework.

DISCUSSION

The at-sea ecology of seabirds is a rapidly growing
field of research. We showed that both the number of
research articles published and the methods of data
collection are rapidly changing. However, improve-
ments in methodological approaches can provide
greater enhancement to maximize the richness of the
available data.

Change in the methods, scales and units of
observation

Ship-based observations of seabird distributions still
contribute to the majority of these studies, but the use
of electronic-based methods is rapidly increasing.
Unfortunately these 2 approaches are often used in
isolation, but, if used together, they could be comple-
mentary. For example, in situ environmental data can
be collected using animal-borne electronic tags to sup-
plement ship-based data outside of the range of detec-
tion of the observation platform. Tagging data can pro-
vide a long-term time series of position data, as well as
providing behavioural information that can be used to
identify behavioural modes, such as diving or area-
restricted searching, and their relationship to marine
habitats. Such behavioural data are important to

identify differences in the movement patterns and
habitat utilization of different species. For example,
some species may travel over considerable distances,
while others may remain within a smaller home range.
Such differences in behaviour may not always be
apparent with traditional survey methods. However,
tagging data have some significant limitations as well.
Foremost among these is that data can only be col-
lected from animals that can be tagged and that there
is, as yet, no way to derive estimates of animal abun-
dance.

The move from survey data to tracking data has also
led to a fundamental change in the nature of the data
collected —from an Eulerian to a Lagrangian form. In
the Eulerian view, seabird observations are plotted on
a grid and each cell gets a value representing a mea-
sured or estimated metric of the seabirds' presence.
This is the typical grid survey type of data. In the
Lagrangian view, the presence of seabirds is assimi-
lated to moving particles in time and space. This is the
typical tracking type of data. This distinction is funda-
mental in both the way we interpret our data and the
way we deal statistically with the data (Aarts et al.
2008). Indeed, the Lagrangian approach appears par-
ticularly well suited for individual-based studies and
fine-scale behaviour, whereas the Eulerian approach is
more suited for population-based studies. As such, the
observed trend in the way seabird distribution data are
collected is associated with a reduction in temporal
and spatial scales (through more precise and continu-
ous recording of behaviour), as well as in the units of
observation of the system studied (from the population
to the individual). The trend towards a reduction in the
scales of observation will likely continue as high-reso-
lution GPS technology becomes more commonly used.

The diminution of the scales of observation might be
seen as a consequence of the desire to pinpoint mech-
anistic relationships between seabirds and their envi-
ronment. These mechanisms are typically expressed at
the level of individual behaviour, and, therefore, they
are unlikely to be captured in a 'large-scale’ Eulerian
study design. However, it was surprising to note that
only 20.7 % of the publications using electronic-based
tracking of seabirds actually inferred behavioural
indexes, such as area-restricted search patterns, turn-
ing rate, or feeding events (Charrassin & Bost 2001,
Catry et al. 2004, Pinaud & Weimerskirch 2005).

The constant miniaturization of electronic devices will
probably allow us to work on a wider range of seabird
species, and, therefore, the trend towards a growing
contribution of electronic-based studies will likely con-
tinue, especially as we learn more about previously un-
studied species. However, it is highly unlikely and cer-
tainly not desirable that electronic-based methods
supplant ship-based observations of seabirds, as these 2
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approaches are highly complementary. For example,
ship-based observations provide opportunities to ob-
serve the context in which seabirds are foraging, includ-
ing interactions with conspecifics, prey, or associations
with marine mammals or flock formations, and could be
complemented by electronic tagging methods that pro-
vide detailed behavioural information.

We also noted that ship-based observations have
evolved towards more punctual observations rather
than dedicated transects. This shift is probably a direct
consequence of the increasing concerns posed by
seabird bycatch in fisheries operations, which has pro-
duced a need for greater at-sea monitoring of fishing
activity. Seabird ecology is therefore increasingly con-
tributing to applied ecology, including fisheries man-
agement (Einoder 2009).

Finally, seabird observations at-sea are increasingly
being regrouped (or about to be) into publicly avail-
able databases, such as (non-exhaustively) the North
Pacific Pelagic Seabird database (www.absc.usgs.gov/
research/NPPSD/), the OBIS seamap project (http://
seamap.env.duke.edu/) and Movebank (www.move-
bank.org/). By making data accessible to a wide com-
munity of persons, it is to be anticipated that new
approaches and new types of research will appear
through data mining, allowing us to study seabird-
environment interactions at larger geographical and
temporal scales. In a mature field like seabird ecology,
it seems unfortunate that seabird observation data are
used for a few studies and then virtually disappear. We
believe that public sharing of ancient data should be
considered by data producers, following a number of
standardized data formats and exchange protocols (see
for example the Global Biodiversity Information Facil-
ity [GBIF]; http://data.gbif.org/welcome.htm).

Environmental data

Although in situ measurements of environmental
variables are and have always been used in the major-
ity of studies, we observed an increasing use of satel-
lite remote-sensing technology. Surprisingly, remote-
sensing data have been used since the mid-1980s, but
their use has increased only slowly until recently. This
may be due to recent increases in the accessibility of
these data sets to seabird ecologists, together with the
increase in computing power. We also observed a sur-
prising diversity in the environmental parameters that
have been used (101 variables!). Among these, the
most frequently used variable types typically de-
scribed water masses (temperature, salinity, oceanic
domain) or prey distributions. Occasionally, some envi-
ronmental variables were used that described oceano-
graphic structures likely to concentrate prey for forag-

ing seabirds, such as thermal fronts. However, in gen-
eral, these mesoscale features were a less-frequently
used group of variables, including fronts, Langmuir
circulation and eddies; they represented only about
5% of all variables examined. This observation is fun-
damental in the sense that it splits the studies into 2
philosophies: those that focus on the descriptions of
habitats where seabirds are present (usually on a rela-
tively large scale), and those that focus on processes
that are expected to influence the availability of prey
(presence + concentration + accessibility), and, there-
fore, the habitat-use strategies of seabirds (usually on a
smaller scale). The choice of dependent variables is
inevitably conditioned by these 2 approaches. In some
cases, these approaches are closely linked and may
seem similar. For example, using SST gradients (de-
scription of water mass) is related but fundamentally
different from using thermal fronts or distance to a
thermal front (oceanographic structure). The definition
of fronts according to SST gradients is not straightfor-
ward, and implies defining thresholds and assump-
tions supposed or showed to be relevant to specific
oceanographic processes (Miller 2004, Valavanis et al.
2005). Consequently, choosing a SST front instead of a
SST gradient implies a difference in the initial assump-
tions about processes driving seabird distributions.

It is not surprising that relatively few studies focus on
oceanographic processes, because these are complex
in nature, dynamic, scale-dependent and vary over
time. To overcome these issues, many researchers
have used a ‘shotgun’ approach, incorporating a host
of variables into a multivariate analysis with the hope
of identifying appropriate parameters that correlate
with seabird abundance. While it is assumed that these
parameters are associated with prey availability and
associated oceanographic processes, the actual mech-
anisms responsible are rarely identified. Indeed, only
during the last decade, has mesoscale dynamics in the
oceans emerged as an influential factor on the distrib-
ution of seabirds (Haney 1985b, 1986a,b, 198%7a,b,
1988, Ribic et al. 1997, Nel et al. 2001, Weimerskirch et
al. 2004, Ballance et al. 2006, Hyrenbach et al. 2006,
O'Hara et al. 2006), marine turtles (Polovina et al. 2001,
2006, Lambardi et al. 2008), marine mammals (Ream et
al. 2005, Campagna et al. 2006, Biuw et al. 2007), fish
(Brandt 1981, Bakun 2006, Zainuddin et al. 2008),
squids (Rodhouse et al. 1996, Waluda et al. 2001),
zooplankton (Huntley et al. 2000, Labat et al. 2002,
Strzelecki et al. 2007), phytoplankton and marine
production (McGillicuddy et al. 1998, Martin 2003,
Mitchell et al. 2008).

Certainly, a promising avenue of future research
would be to identify the oceanographic processes and
the specific mechanisms responsible for seabird distri-
bution at various scales, a route that is distinct from the
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physical description of water masses and that is clearly
an underutilized approach. These notions are, how-
ever, linked together, since it is arguable that an
oceanographic structure that concentrates food at a
mesoscale can be seen as a physical characteristic of a
wider habitat or ecological niche. An illustration of
such an approach can be seen in Fig. 2 of the paper by
Tew-Kai et al. (2009).

Among all these variables, it is difficult to decide
which are more important than others. Intuitively we
might think of prey distribution as the major factor.
However, this might depend on many factors, includ-
ing (non-exhaustively) the seabird considered, the
region, the breeding status, the sex and also the scale
considered. For example, a procellariiform seabird
might look for an oceanographic feature at large scales
using its demethyl/sulfide (DMS)-sensing capabilities
(a large frontal system for example), and then it might
actually look for the edge of a mesoscale eddy, and
only after that it would look for its prey at smaller
scales. In this view, the prey factor is not necessarily
the first variable used by the animal to select its habi-
tat. Furthermore, in the case of seabirds using associa-
tions with marine mammals and schools of tunas to
feed, the presence of prey might not be related to their
catchability. In spite of this, obtaining real distribution
maps of seabirds' prey at appropriate spatial and tem-
poral scales is probably the holy grail of the discipline,
yet obtaining these data usually remains out of reach.

Finally, the use of hydrodynamic model data and
variables derived from 3-dimensional flow dynamics
was virtually absent from our selection of papers. The
output from these models (although they are not
strictly considered data) could be used to gain environ-
mental information on the third dimension (depth),
which is virtually absent from most studies. Such con-
tribution could help in understanding the relationships
of diving seabirds with subsurface fronts or other
underwater oceanographic features.

Statistical analyses

Similar to the diversity of approaches and data types
found in the literature, the statistical techniques used
to link seabird locations with environment variables
were also highly diverse. Qualitative approaches were
heavily used (~20% of approaches), and explicit spa-
tial statistics (statistics dependent on the position of an
observation in space) were seldom utilized. The trend
observed towards using Lagrangian data types was not
associated with a temporal change in the statistical
modelling used. This suggests that Lagrangian data
(i.e. time series of spatial locations) are often used as if
they were Eulerian data, in that data are treated as

independent positions in space and their inherent tem-
poral autocorrelation is often ignored. Occasionally,
the temporal autocorrelation between observations is
acknowledged formally, but it is most often treated as
a nuisance for statistical inference. Methods do exist to
overcome this problem, but these were often absent in
the papers we reviewed (Legendre 1993, De Solla et al.
1999, Keitt et al. 2002, Dormann et al. 2007).

Spatial data can be described using a variety of tech-
niques (Dale et al. 2002, Perry et al. 2002) and effort
should be made to extract more information from data
sets that are lacking at this stage. This would allow fur-
ther standardization in the way seabird distributional
data are treated, facilitating the comparison of results
between studies. For example, the centre of gravity,
inertia, indexes of lacunarity and variograms could be
used more regularly as common descriptors of spatial
distributions.

Another interesting point is that, although many indi-
vidual tracks of seabirds have been gathered, very few
reports have analyzed seabird behaviour with respect
to the environment. Indeed, authors consider the ani-
mal’s position as a consequence of the behaviour, but
rarely do they use behavioural data, such as change in
turning rate, speed, bearing, or any derivative thereof,
in relation to the environment. Such analyses are be-
coming possible with the increased availability of high-
resolution, multi-sensor recording devices.

CONCLUSIONS

Given the trends in approaches and methodologies
used in studies of the at-sea ecology of seabirds, we
identified a few important topics that merit future
attention. First, given the spatial nature of the data, it is
important to fully utilize the appropriate statistical
tools available to both describe the data and quantify
the link between seabirds' locations and environmen-
tal variables. Second, seabird locations and seabird
behaviour are distinct, and the latter is an important
component that can be extracted from Lagrangian data
types. Associating locations of particular behavioural
events (e.g. area-restricted searches) with environ-
mental parameters is a promising route that could
improve our understanding of the mechanisms under-
lying seabird behaviour. Third, in addition to describ-
ing water masses, the choices of the environmental
variables could gain by being driven by the need to
identify the underlying oceanographic processes and
mechanisms. Their identification implies more com-
plex processing of the data for describing the marine
environment, but there are a number of recent exam-
ples of how this might be done (Boehme et al. 2008,
Chaigneau et al. 2008).
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Seabird ecology is a dynamic field of research, and
its development is still growing, promising years of
exciting discoveries to come.
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