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INTRODUCTION

Marine productivity is not distributed uniformly
across ocean basins. Instead, chlorophyll concentra-
tion, zooplankton biomass, nekton abundance, and
seabird numbers are influenced by macro-mega scale

(1000 to 3000 km) current systems and oceanographic
domains, and by coarse-meso scale (10 to 100 km) pro-
cesses that promote water-column mixing and
convergence (Aron 1962, Haury et al. 1978, Hunt &
Schneider 1987, Longhurst 1998). Because pelagic sys-
tems are heterogeneous in space and time, it has gen-
erally been assumed that oceanic seabirds use prey
patches that are scarce and unpredictable (Lack 1968,
Jouventin & Weimerskirch 1990, Weimerskirch et al.
1994b). Low prey availability and large distances be-
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tween food patches have been invoked to explain the
vast foraging ranges and the morphological (e.g. low
wing loading, high wing aspect ratios), physiological
(e.g. energy storage as stomach oil, low metabolic
rates), and behavioral (e.g. dynamic soaring, alterna-
tion of long and short foraging trips) characteristics
that allow breeding seabirds to provision concentrated
energy to the nest (Warham et al. 1976, Warham 1977,
Pennycuick 1987, Jouventin & Weimerskirch 1990,
Weimerskirch et al. 1994a, 2000, Nicholls et al. 1997).
Albatrosses are a prime example of marine birds suited
for a pelagic existence (Warham 1990).

Broadscale (100 to 1000 km) vessel-based surveys
have revealed that albatrosses inhabit ocean regions
within specific ranges of temperature and salinity
termed water masses, and often aggregate at hydro-
graphic and bathymetric gradients such as frontal sys-
tems, and continental shelves and slopes (Stahl et al.
1985, Wahl et al. 1989, Veit & Hunt 1992). These ob-
servations, however, have been constrained by the
tendency of albatrosses to follow survey vessels, and
by the inability of observers to determine the origin,
gender, and reproductive status of birds sighted at sea
(Prince et al. 1999, Hyrenbach 2001).

In recent years, technological developments have
advanced our understanding of the foraging ecology
and the habitats of pelagic seabirds. In particular, the
advent of satellite telemetry in the early 1990s facili-
tated the study of the movements and the foraging
ranges of individually known birds. Pioneering re-
search in the Southern Ocean revealed that wandering
albatross Diomedea exulans routinely traveled O (1000
km) between successive provisioning visits to their
chicks, and repeatedly commuted to specific oceanic
sectors (Jouventin & Weimerskirch 1990). Subsequent
telemetry studies have documented gender-based
differences in albatross reproductive strategies (e.g.
resource allocation to chicks) and dispersion (e.g. for-
aging range and trip duration), as well as distinct
species-specific habitat use patterns (Prince et al. 1992,
1999, Veit & Prince 1997, Weimerskirch et al. 1997,
Waugh et al. 1999, Fernández et al. 2001). Moreover,
satellite telemetry studies have highlighted the signifi-
cance of specific oceanic habitats such as frontal areas
(Rodhouse et al. 1996, Prince et al. 1999), continental
shelves (Anderson et al. 1998, Gremillet et al. 2000,
Fernández et al. 2001), and shallow banks (Cherel &
Weimerskirch 1995, Weimerskirch et al. 1997) as for-
aging grounds for breeding albatrosses.

This research focused on the 2 most numerous North
Pacific albatross species: the black-footed (Phoebastria
nigripes) and the Laysan (P. immutabilis) albatrosses.
These species breed sympatrically on islands along the
Hawaiian Chain and have broad distributions span-
ning tropical, subtropical, and subarctic latitudes (15°

to 53° N for the black-footed albatross and 8° to 59° N
for the Laysan albatross), and from the west coast of
North America (120° W) to Japan (140° E) (Shuntov
1974, Whittow 1993a, b).

Black-footed and Laysan albatrosses inhabit a vast
and heterogeneous environment. Over macro-mega
scales (1000 to 3000 km) phytoplankton, zooplankton,
and nekton standing stocks increase across the North
Pacific from subtropical regions to subarctic waters,
indicating strong latitudinal gradients in ocean pro-
ductivity (Aron 1962, Vinogradov et al. 1997, Long-
hurst 1998). Superimposed on this latitudinal ecotone,
another productivity gradient extends from the center
of the Subtropical Gyre (approximately 30° N) toward
the highly productive waters along the periphery of
the North Pacific (Barber & Smith 1981, Vinogradov
1981, Longhurst 1998). Over smaller coarse-meso scales
(10 to 100 km), a variety of physical and biological pro-
cesses influence localized production and prey disper-
sion across the North Pacific. Bathymetric features
(e.g. shelf breaks, seamounts) and water mass bound-
aries (e.g. eddies, fronts) enhance water-column mix-
ing, stimulate localized production, and aggregate
planktonic prey at secondary convergence zones (Wo-
lanski & Hamner 1988, Franks 1992, Larson et al. 1994,
Springer et al. 1996, Polovina et al. 2001).

The objective of this research was to determine how
oceanographic variability influences the dispersion and
the foraging behavior of 2 sympatrically breeding far-
ranging seabirds. More specifically, this study con-
trasts the habitats used by black-footed and Laysan
albatrosses during the brooding and the chick-rearing
periods of the breeding season. These analyses address
the significance of large-scale O (1000 km) water mass
distributions and small-scale (10 to 100 km) areas of
high productivity and prey aggregation. The 3 basic
questions underlying this research are: (1) whether
North Pacific albatrosses forage in predictable oceanic
habitats characterized by specific water depth, ocean
temperature, and chlorophyll concentrations; (2) do
foraging albatrosses segregate at sea by gender and by
species; and (3) does habitat use change during the
breeding season. This study complements a previous
description of North Pacific albatross foraging destina-
tions by Fernández et al. (2001).

MATERIALS AND METHODS

Study site. We studied the movements, foraging des-
tinations, and oceanic habitats of 2 subtropical Hawai-
ian albatross species nesting at Tern Island (23.878° N,
166.288° W), French Frigate Shoals, Hawaii during the
1998 breeding season (January to July). Tern Island
lies in the middle of the North Pacific Subtropical Gyre:
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3200 km from the Aleutian Chain (AC), 4500 km from
California (CA), and 4300 km from the Kamchatka
Peninsula (KP) (Fig. 1). Breeding black-footed alba-
tross arrive at the colony in mid-October, copulate,
depart to sea in a pre-breeding exodus, and then
return to lay 1 egg by early November. Chicks hatch
between the middle of January and the first week in
February, and fledge by the end of June (Whittow
1993a). The Laysan albatross reproductive cycle is off-
set by 2 wk. Breeding birds arrive at the colony at the
beginning of November and lay 1 egg by late Novem-
ber – early December. Chicks hatch between the last
week of January and the middle of February, and
fledge by mid-July (Whittow 1993b).

We divided the breeding season into 3 periods de-
fined by the reproductive schedule of each individual
bird: (1) brooding (0 to 18 d after hatching); (2) chick-
rearing (19 to 140 d post-hatching); and (iii) post-
breeding (after chicks fledge, >140 d post-hatching)
(Rice & Kenyon 1962, Whittow 1993a,b). We classified
foraging trips on the basis of the date of departure from
the colony and considered forays that started after the
death of a chick as post-breeding trips.

Satellite telemetry. We have previously described
the methods employed to select study animals, deter-
mine their gender, attach Platform Transmitter Termi-

nals (PTTs), ground-truth PTT performance, assign
deployment schedules, and use the Argos satellite sys-
tem (Fernández et al. 2001). Briefly, PTT100 transmit-
ters (Microwave Telemetry, Columbia, MD) used an
8:24 h on:off duty cycle, so transmitters operated 25%
of the time they were deployed. However, black-out
periods did not inhibit the analysis of albatross move-
ments because over 93% (122/131) of the foraging
trips we monitored exceeded 24 h in duration. We dis-
carded the least accurate data supplied by Argos
(Class B locations), as in our previous paper (Fernán-
dez et al. 2001). The remaining 3506 locations (85.6%
of the total) were accurate to within 10 km. There were
no gender-based or species-specific differences in the
quality of the telemetry locations obtained during this
study (G-test, G = 3.759, df = 12, 0.99 < p < 0.975).

Analysis of albatross telemetry tracks. Satellite
telemetry samples an animal’s continuous movements
at unevenly spaced intervals. The accurate depiction of
the animal’s trajectory can be enhanced by discarding
unreasonable and uncertain telemetry locations. After
excluding low quality (Class B) fixes, we calculated the
movement rates between consecutive satellite lo-
cations using the great-circle formulation (Fitzpatrick
& Modlin 1986), and removed all fixes that required
unrealistic flying speeds exceeding 80 km h–1 (Spear &
Ainley 1997). We also discarded tracks between loca-
tions that were separated by <1 or >24 h because of the
uncertainty associated with those tracks. For locations
closely spaced in time (<1 h), the inherent errors in the
Argos system constituted approximately 10 to 50% of
the distance a bird could have traveled during that
time. Moreover, it is highly unlikely that the tracked
birds moved in a straight line between consecutive
satellite fixes separated by long time intervals (>24 h).

Statistical analysis of telemetry data. Statistical
analyses of telemetry data are often inhibited by the
lack of sample independence, and by the inability to
aggregate observations from individuals with different
habitat use patterns and ranging behaviors (Aebischer
et al. 1993). Moreover, telemetry locations collected
sequentially from the same individuals may be serially
correlated, and may thus not be treated as indepen-
dent samples. In particular, successive telemetry loca-
tions for central place foragers are likely not indepen-
dent because foraging trips begin and end at the
breeding colony. Therefore, statistical analyses that
include every telemetry location along a foraging trip
may falsely reject the null hypothesis (Type I error) due
to inflated sample sizes (i.e. pseudoreplication; Hurl-
bert 1984). We opted for a conservative approach and
considered all telemetry locations gathered during a
single foraging trip to be non-independent samples.

In fact, consecutive foraging trips by the same indi-
vidual may not be truly independent either. Many
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Fig. 1. The study area depicting the location of the albatross
breeding colony at Tern Island (23.878o N, 166.288o W) and
the extent of distinct bathymetric domains and water masses.
Continental shelves and slopes (seafloor depth <3000 m) are
depicted by the blue shading. Water masses are defined on
the basis of remotely sensed sea surface temperature
isotherms during July 10 to 17, 1998. TRW: Tropical Water,
STFZ: Subtropical Frontal Zone, STW: Subtropical Water,
TRD: Transition Domain, SAFZ: Subarctic Frontal zone, SAW:
Subarctic Water. AC: Aleutian Chain, CA: California, KP: 

Kamchatka Peninsula
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petrels alternate long and short foraging trips that allo-
cate resources alternatively to the adult and to the
chick (Weimerskirch et al. 1994a). We showed earlier
that the distances covered by individual brooding and
rearing black-footed albatross during consecutive for-
aging trips were not correlated, suggesting that the
birds were not alternating long and short forays or
engaging in progressively longer trips. For Laysan
albatrosses, on the other hand, the distances covered
by individual birds during consecutive forays were
positively correlated, suggesting that foraging trips
lengthened as the brooding season progressed (Fer-
nández et al. 2001). This lack of independence can be
circumvented by analyzing only 1 foraging trip per
individual (Gonzalez-Solis et al. 2000). Alternatively,
all foraging trips taken by an individual can be com-
bined and analyzed together. We resorted to the latter
approach because we were interested in contrasting
the behavior of individual birds during the brooding
and rearing periods of the breeding cycle. Therefore,
we calculated the median value of the metrics used
to quantify albatross habitat use (sea surface tem-
perature, chlorophyll concentration, seafloor depth) for
every tracked bird during the brooding and rearing
periods separately. This conservative approach reduced
our sample size from 131 foraging trips to 29 individual
birds (Table 1).

Telemetry studies have consistently revealed differ-
ences in the foraging behavior of individual birds from
the same colonies (Prince et al. 1999, Gonzalez-Solis et
al 2000, Fernández et al. 2001). Distinct individual

habitat use patterns may be related to factors that are
difficult to quantify during telemetry studies, such as
differences in body condition (Weimerskirch et al.
1997, Weimerskirch & Cherel 1998), and previous for-
aging experience. However, telemetry studies should
account for behavioral disparities across individuals,
because this variability could potentially obscure gen-
der-based and species-specific differences in habitat
selection and foraging behavior. We addressed dis-
parate individual preferences by incorporating ‘indi-
vidual bird’ effects as covariates (ANCOVA) and
blocking factors (repeated measures ANOVA, general-
ized linear models) in our statistical analyses.

Defining pelagic habitats in the North Pacific
Ocean. We characterized marine habitats in the North
Pacific Ocean between January and July 1998 using 3
variables: sea surface temperature (SST), chlorophyll
concentration (chl a), and seafloor depth. Although
ocean temperature, chlorophyll concentration, and sea-
floor depth are correlated in the North Pacific (Vino-
gradov et al. 1997, Longhurst 1998), we considered
these variables separately in our analyses.

We used filtered weekly averages of SST imagery
from the Advanced Very High Resolution Radiometer
(AVHRR) with a spatial resolution of 1° × 1°
latitude/longitude (Reynolds & Smith 1994) compiled
by the Pacific Marine Environmental Laboratory
(www.ferret.noaa.gov/fbin/climate_server). Global
comparisons have revealed that satellite-derived SST
measurements are 0.3 to 0.4°C lower than vessel-
based observations, with cross-correlations ranging

between +0.3 and +0.7 (McClain et al.
1985). We considered 6 water masses
defined on the basis of sea surface tem-
perature: tropical waters (>20°C), the
Subtropical Frontal Zone (20 to 18°C),
the Subtropical or Central Pacific
Water Mass (18 to 15°C), the North
Pacific Transition Domain (15 to 12°C),
the Subarctic Frontal Zone (12 to
10°C), and the Subarctic Domain
(<10°C) (Favorite et al. 1976, Lynn
1986, Roden 1991).

Chlorophyll concentrations were de-
rived from sea-viewing wide field-of-
view sensor (SeaWiFS) monthly com-
posites with a spatial resolution of
approximately 9 km (http://seawifs.
gsfc.nasa.gov/SEAWIFS.html). SeaWiFS
chlorophyll concentration estimates are
within 30 to 50% of vessel-based ob-
servations (McClain et al. 1998), with
the largest discrepancies in regions of
high in situ chlorophyll concentrations
between 1 and 10 mg m –3 (Kahru &
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Table 1. Sample sizes used to characterize albatross foraging movements

Species Gender Period Repeated measures Generalized
(chick age, ANOVA linear models

days) Number Number Number Number
of trips of birds of trips of birds

Black-footed Female Brooding 22 5 24 6
albatross (0–18)

Rearing 25 5 30 6
(19–140)

Black-footed Male Brooding 1 1 16 6
albatross (0–18)

Rearing 3 1 7 2
(19–140)

Laysan Female Brooding 5 2 17 6
albatross (0–18)

Rearing 8 2 10 3
(19–140)

Laysan Male Brooding 10 4 15 6
albatross (0–18)

Rearing 8 4 12 4
(19–140)

Total 82 120 1310 290
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Mitchell 1999). We considered 4 productivity regimes
based on remotely sensed chlorophyll standing stocks:
oligotrophic (low productivity) waters with chlorophyll
concentrations below 0.1 mg m–3; mesotrophic (inter-
mediate productivity) waters ranging between 0.1 and
0.3 mg m–3; eutrophic (high productivity) waters
between 0.3 and 1 mg m–3; and enriched waters with
chlorophyll concentrations above 1 mg m–3.

We obtained bathymetric data from the general ba-
thymetric chart of the oceans (GEBCO) with a spatial
resolution of approx. 100 m and no specified accuracy
(www.ngdc.noaa.gov/mgg/gebco/gebco.html). We di-
vided the North Pacific Ocean into 4 bathymetric do-
mains: pelagic waters (deeper than 3000 m); continental
slopes (between 1000 and 3000 m); continental shelves
(between 200 and 1000 m), and coastal waters (shallower
than 200 m). Previously, albatross telemetry studies have
considered pelagic (>3000 m), shelf break (1000 to 3000
m), and neritic (<1000 m) environments (Prince et al.
1999, Waugh et al. 1999). However, we wanted to dis-
criminate between continental shelf breaks and shal-
lower coastal regions characterized by predictable tidal
fronts. Both are highly productive regions exploited by
marine birds, but they sustain distinct food-webs medi-
ated by different physical processes (Schneider et al.
1986, Springer et al. 1996).

Albatross habitat use patterns. We integrated the
telemetry environmental data using the ArcView 3.1
Geographic Information System (ESRI Inc., Redlands,
CA). More specifically, we overlaid the telemetry
tracks on maps of bathymetry and concurrent ocean
temperature and chlorophyll concentration. Next, we
calculated how much time the tracked albatrosses
spent over specific water masses, productivity regimes,
and depth domains, assuming that the birds moved in
a straight line and flew at a constant speed between
consecutive satellite fixes (Waugh et al. 1999). 

To circumvent potential biases caused by the differ-
ential satellite coverage as a function of latitude, habi-
tat use was quantified as the proportion of ‘albatross
hours’ allocated to each specific ocean habitat, instead
of the number of satellite locations. For 1 d of transmis-
sions at 30 and 45° latitude, we would expect an aver-
age of 9 and 11 satellite locations respectively (Argos
1989). Therefore, habitat-use metrics based on the
number of satellite locations in different geographic
areas would overestimate the importance of high lati-
tude regions. It is unlikely that the habitat-use metrics
based on the spatial distributions of ‘albatross hours’
would be subject to similar biases because the time
intervals between successive satellite fixes did not
vary significantly across latitude (Simple linear regres-
sion; F1, 2744 = 3.082, p = 0.149).

We contrasted the oceanic habitats (SST, chl a, sea-
floor depth) occupied by foraging albatrosses during

the brooding and rearing periods using 2 complemen-
tary approaches. First, we compared the habitats used
by individual birds that had been tracked during both
periods of the breeding cycle (12 birds and 82 foraging
trips, Table 1). This was the most conservative analysis
because it was restricted to a paired comparison of
foraging trips taken by the same individuals during the
2 distinct periods. We used a repeated measures analy-
sis of variance (ANOVA) to determine whether spe-
cies, gender, and breeding period influenced the
oceanographic habitats occupied by foraging alba-
trosses.

Next, we performed the same analysis using a larger
data set including birds that were tracked during only
1 period of the breeding cycle. Therefore, this analysis
was subject to potential artifacts related to the random
inclusion of birds with distinct habitat use patterns
during only 1 period of the breeding cycle. We used
generalized linear models (GLMs) to determine
whether the oceanic habitats occupied by individual
birds varied significantly across species, genders, and
periods of the breeding cycle. These models also
allowed us to test for interactions between these 3 fac-
tors, and for differences across individuals. These com-
parisons included all the data collected during this
study (29 birds and 131 foraging trips, Table 1). We
tested all ANOVA, GLM and ANCOVA residuals for
normality using Kolmogorov-Smirnov tests (Zar 1984),
and performed all statistical analyses using the Systat
7.0 software package (Wilkinson 1997). All residuals
were normally distributed (p > 0.05 for all compar-
isons).

Albatross foraging behavior. Satellite telemetry can
delineate the locations where far-ranging seabirds for-
age (Jouventin & Weimerskirch 1990, Veit & Prince
1997, Prince et al. 1999, Gonzalez-Solis et al. 2000).
More specifically, the rate of movement of satellite
tracked albatrosses has been used to study their forag-
ing behavior during different periods of the day, and
within specific oceanic regions (Jouventin & Weimers-
kirch 1990, Sagar & Weimerskirch 1996, Stahl & Sagar
2000a, Fernández et al. 2001). Behavioral observations
from survey vessels suggest that foraging seabirds turn
more frequently when they encounter dense prey
concentrations (Veit & Prince 1997, Nevitt & Veit 1999,
Veit 1999). In particular, the flight speed and the
immersion rate of black-footed and Laysan albatrosses
are negatively correlated, validating the assumption
that slow movements are indicative of foraging activity
in these species (Fernández & Anderson 2000). Thus,
we equated albatross searching behavior with slow
and highly contorted telemetry tracks, and interpreted
rapid and directional flight as directed transit between
the breeding colony and foraging grounds (Cherel &
Weimerskirch 1995, Rodhouse et al. 1996, Sagar &
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Weimerskirch 1996, Anderson et al. 1998, Prince et
al. 1999).

To determine whether foraging albatrosses searched
continuously or commuted to specific feeding grounds,
we compared the behavior of the satellite-tracked
birds during different stages of their foraging trips. We
analyzed 131 complete forays taken by 29 albatrosses,
and considered 3 different stages: outbound commute,
feeding, and inbound commute. We arbitrarily divided
foraging trips into 3 parts of equal duration and com-
pared the movement rate (speed) of the tracked birds
and the directionality of their trajectories during these
distinct stages. If the birds foraged continuously, we
anticipated no significant differences in the direction-
ality of their tracks and their rate of movement. On the
other hand, if albatrosses commuted to specific forag-
ing areas, they should behave differently during the
commuting and the feeding parts of foraging trips.
Specifically, we predicted that albatrosses would move
in a rapid and directed fashion during the outbound
and inbound commutes, when they were not searching
for prey. Conversely, if birds engaged in area restricted
searching behavior or sat on the water to feed, their net
movement rate should decrease in areas of high prey
concentrations.

This analysis was restricted to high quality (Argos
Class A or better) satellite locations separated by more
than 1 and less than 8 h. Moreover, we considered only
those foraging trips with at least 3 high quality tracks
during each of the 3 stages. For each of the 59 foraging
trips that met these requirements, we calculated the
net movement rate (speed) between successive satel-
lite locations assuming that the birds traveled in a
straight line, and computed the median and maximum
movement rate for the 3 stages (outbound, feeding,
inbound) of every foraging trip. We also used the coef-
ficient of concentration (r) to assess the directionality of
the telemetry tracks (Klimley 1993). This index ranges
between 0 and 1 and is calculated as follows (Zar
1984):

X =  ∑ cos(hi)/n

Y =  ∑ sin(hi)/n

r =  (X2 + Y2)1/2

Where hi are the albatross headings, and X and Y are
the average cosine and sine respectively. The coeffi-
cient of concentration is related to the circular variance
(s2 = 1 – r ). When r = 1, the headings are highly con-
centrated and the circular variance is equal to 0. Con-
versely, when r = 0, the headings are dispersed and the
circular variance equals 1.

We used a repeated measures analysis of covariance
(ANCOVA) to compare albatross movement rates
(median and maximum speed) and directionality
(index of concentration) during the outbound, feeding,

and inbound stages of foraging trips. We grouped the
foraging trips by gender and species, and tested for
individual effects using each tracked bird as a covari-
ate (Zar 1984, Wilkinson 1997). Moreover, because the
statistics used to characterize albatross movements are
likely to be sample size dependent, we determined if
there were differences in the number of observations
across stages, individual birds, genders and species to
detect possible biases in the data.

Albatross foraging areas. We employed kernel esti-
mation techniques to delineate the foraging ranges
and the core habitat areas used by both albatross spe-
cies and genders during the brooding and rearing
periods (Prince et al. 1999, Gonzalez-Solis et al. 2000,
Wood et al. 2000). We performed these analyses using
the animal movement extension to the Arcview GIS
software package (Hooge & Eichenlaub 1997), avail-
able at the Alaska Biological Science Center web-
site (www.absc.usgs.gov/glba/gistools/). We employ-
ed the fixed kernel approach (Worton 1989) and the
least squares smoothing algorithm recommended by
Seaman & Powell (1996). We arbitrarily chose 3 activ-
ity ranges to depict black-footed and Laysan albatross
dispersion at sea (Gonzalez-Solis et al. 2000, Wood et
al. 2000). These activity ranges were delineated by
the 95% (foraging range), 50% (focal region), and
25% (core area) isopleths of the cumulative time at
sea (‘albatross hours’) distributions.

To assess the degree of spatial segregation of alba-
tross distributions, we quantified the overlap of the
activity ranges for birds of different species and gen-
ders during the brooding and rearing periods of the
breeding season. We considered the overlap at 2
activity levels corresponding to the marine range
(95% time at sea) and the core foraging areas (25%
time at sea). We quantified overlap as the propor-
tional time that individuals of the various species/gen-
ders spent within each other’s activity ranges. There-
fore, overlap metrics ranged from 0 (no time spent
within activity range) to 1 (all time at sea spent within
activity range). Moreover, because overlap is not
necessarily symmetrical, we calculated 2 indices for
each pair-wise comparison (Gonzalez-Solis et al. 2000,
Wood et al. 2000).

RESULTS

Albatross habitats

Black-footed and Laysan albatrosses exploited dif-
ferent habitats during the brooding and rearing
periods (Tables 2 & 3). Brooding albatrosses were
largely restricted to pelagic (depth: >3000 m), oligo-
trophic (chl a: <0.1 mg m–3), tropical waters (SST:
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>20°C). Conversely, during the rearing period, both
species ranged over highly productive (chl a: >0.3 mg
m–3) and cooler Transition Domain and Subarctic
Domain waters (SST: <15°C) in pelagic and neritic
environments (Figs. 2, 3 & 4).

During the brooding period, black-footed albatross
foraged predominantly over pelagic waters (depth:
>3000 m), and along slope (1000 to 3000 m) and
shelf areas (200 to 1000 m) in the vicinity of Tern
Island (Table 2, Figs. 4 & 5). Moreover, brooding
black-footed albatross were largely restricted to
warm, low productivity tropical waters, where they
spent most of their time at sea (Fig. 2). Although
some birds ventured into the mesotrophic waters of
the Transition Zone Chlorophyll Front (chl a: 0.1 to

0.3 mg m–3), brooding black-footed albatross spent
75 to 80% of the time at sea over oligotrophic waters
with low chlorophyll concentrations (chl a: <0.1 mg
m–3 ) (Fig. 3). During the rearing period, black-footed
albatrosses traveled to distant continental shelves
and coastal regions (Figs. 4 & 5). Five of the 6
females and 1 of the 2 males tracked during this
period commuted to the continental shelf of North
America from 34 to 48° N (central California to British
Columbia). These long foraging trips were mixed
with shorter forays to low productivity, tropical
waters (SST: >20°C) close to Tern Island (Fernández
et al. 2001). Overall, rearing male and female black-
footed albatross spent 14 and 22% their time at sea
over highly productive waters (chl a: >0.3 mg m–3).
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Table 2. Descriptive statistics of female and male black-footed albatross habitats during the brooding and rearing periods. 
~xt: median of all trips; ~xb: median of all birds calculated using the median values of each individual bird as data points

Gender Period Sea surface temperature Chlorophyll concentration Seafloor depth
(chick age, (°C) (mg chl a m –3) (m)

days) ~xt
~xb

~xt
~xb

~xt
~xb

(max–min) (max–min) (max–min) (max–min) (max–min) (max–min)
n n n n n n

Female Brooding 22.4 22.4 0.08 0.08 4374.7 4144
(0 – 18) (24.1–20.7) (23.2–22.1) (0.12–0.07) (0.09–0.08) (5001–1335) (4707.5–2595.5)

24 6 24 6 24 6

Rearing 21.6 18.8 0.10 0.13 4402 4059
(19–140) (24.8–12.1) (23.7–12.6) (0.28–0.07) (0.27–0.08) (6233–202) (4791–3679)

30 6 30 6 30 6

Male Brooding 22.8 22.9 0.08 0.08 3983.5 4018
(0 – 18) (23.9–22.2) (23.4–22.6) (0.09–0.06) (0.09–0.07) (5016–1784) (4279–2878)

16 6 16 6 16 6

Rearing 21.9 22.1 0.09 0.09 4177 3505
(19–140) (23.3–17.9) (22.5–21.7) (0.14–0.07) (0.09–0.08) (6566–369) (4640–2370)

7 2 7 2 7 2

Table 3. Descriptive statistics of female and male Laysan albatross habitats during the brooding and rearing periods. ~xt: median 
of all trips; ~xb: median of all birds calculated using the median values of each individual bird as data points

Gender Period Sea surface temperature Chlorophyll concentration Seafloor depth
(chick age, (°C) (mg chl a m –3) (m)

days) ~xt
~xb

~xt
~xb

~xt
~xb

(max–min) (max–min) (max–min) (max–min) (max–min) (max–min)
n n n n n n

Female Brooding 22.7 22.4 0.08 0.08 4095 4362
(0–18) (23.9–7.5) (23.4–13.1) (0.25–0.06) (0.24–0.08) (5667–1958) (5369–2152)

17 6 17 6 17 6

Rearing 11.8 17.6 0.22 0.16 3772 3772
(19–140) (23.9–6.6) (8.8–6.7) (0.34–0.07) (0.32–0.28) (4621–238) (4106–196)

10 3 10 3 10 3

Male Brooding 21.3 21.3 0.15 0.12 4785 4702
(0 – 18) (23.3–12.4) (22.9–20) (0.26–0.08) (0.19–0.08) (5375–2154) (4955–3650)

15 6 15 6 15 6

Rearing 7.9 6.9 0.24 0.25 4078 4040
(19–140) (23.5–4.8) (16.9–6.4) (0.33–0.07) (0.27–0.06) (5725–1367) (4401–3003)

12 4 12 4 12 4



Mar Ecol Prog Ser 233: 283–301, 2002290

Fig. 2. Proportion of time satel-
lite tracked male (M) and female
(F) black-footed and Laysan
albatrosses spent in different
water masses during the
brooding (BR) and rearing (RE)
periods. Water masses were
defined using weekly sea sur-
face temperature satellite
imagery. n: number of 30 min 

bins used in this analysis

Fig. 3. Proportion of time satel-
lite tracked male (M) and female
(F) black-footed and Laysan
albatrosses spent in regions
of different ocean productivity
during the brooding (BR) and
rearing (RE) periods. Ocean pro-
ductivity was quantified using
monthly SeaWiFS imagery of
chlorophyll concentrations. n:
number of 30 min bins used 

in this analysis

Fig. 4. Proportion of time sa-
tellite tracked male (M) and
female (F) black-footed and
Laysan albatrosses spent in dif-
ferent bathymetric domains
during the brooding (BR) and
rearing (RE) periods. Depth
domains were defined using
GEBCO digital bathymetric
charts. n: number of 30 min 

bins used in this analysis
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Moreover, approximately 13 and 16% of their time at
sea was spent foraging in shallow (depth: <200 m)
coastal regions (Fig. 4).

Laysan albatross occasionally ventured into cooler
and productive Transition Domain and Subarctic
waters during the brooding period, though they
largely ranged over warm (SST: >18°C) tropical and
subtropical waters in the vicinity of Tern Island
(Table 3, Figs. 2, 3 & 6). Brooding Laysan
albatross ranged predominantly over
deep water (>3000 m), and spent a con-
siderable amount of their time at sea
(37% for females and 72% for males) in
the vicinity of the Transition Zone
Chlorophyll Front (chl a: 0.1 to 0.3 µg chl
a m –3) (Figs. 3 & 4). During the rearing
period, both genders mixed long (>12 d)
and short (<6 d) foraging trips (Fernán-
dez et al. 2001) and ranged into cool and
highly productive subarctic waters (SST:
<10°C) (Figs. 2 & 3). Long foraging trips
reached the North Pacific Transition
Domain (TRD) and the Aleutian Chain
(Fig. 6). During short trips, Laysan alba-
trosses foraged over low productivity,
tropical waters close to Tern Island
(Table 3, Fernández et al. 2001).

The repeated measures ANOVA re-
vealed that the same individual birds for-
aged over waters of different sea surface
temperature and chlorophyll concentra-
tion during the brooding and rearing
periods. This test also detected species-
specific differences in the sea surface

temperature and depth domains used during the
brooding and rearing periods (Table 4). GLM results
supported the notion that brooding and rearing alba-
trosses foraged over different water masses and ocean
productivity domains. Moreover, this test revealed
significant differences in the sea surface temperature
and chlorophyll concentration experienced by black-
footed and Laysan albatrosses (Table 5).
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Table 4. Results of the analysis of individual albatross habitat use patterns 
using a repeated measures ANOVA. Bold denotes significant results

Trial Factor: Period (brooding/rearing)
Grouping Factor 1: Species (black-footed/Laysan)
Grouping Factor 2: Gender (female/male)

Source SS df MS F p

(A) Median temperature
Period 156.029 1 156.029 17.917 0.004
Period ×× Species 56.244 1 56.244 6.458 0.038
Period × Gender 2.477 1 2.477 0.284 0.610
Period × Species × Gender 40.791 1 40.791 4.684 0.067
Error 60.958 7

(B) Median chlorophyll concentration
Period 0.0203 1 0.0203 9.975 0.016
Period × Species 0.0017 1 0.0017 0.860 0.384
Period × Gender 0.0004 1 0.0004 0.191 0.675
Period × Species × Gender 0.0033 1 0.0033 1.605 0.245
Error 0.0143 7 0.0020

(C) Median seafloor depth
Period 1.005 E 6 1 1.005 e 6 1.893 0.211
Period ×× Species 4.782 E 6 1 4.782 e 6 9.007 0.019
Period × Gender 1.442 E 6 1 1.442 e 6 2.716 0.143
Period × Species × Gender 0.018 E 6 1 0.018 e 6 0.034 0.857
Error 3.71 E 6 7 0.531 e 6

Brooding (Jan–Feb) Rearing (Feb–Jul)

Proportion of total albatross hours: 95% 50% 25%

Males Males

Females Females

Brooding (Jan–Feb) Rearing (Feb–Jul)

Proportion of total albatross hours: 95% 50% 25%

Males Males

Females Females

Fig. 5. Density contour plots from kernel estimates of the
amount of time female and male black-footed albatross spent
at sea during the brooding and rearing periods. Densities cor-
responding to 3 activity levels are considered: 95% (foraging 

range), 50% (focal region), and 25% (core area)

Fig. 6. Density contour estimates from kernel estimates of the
amount of time Laysan albatross spent at sea during the
brooding and rearing periods. Densities corresponding to 3
activity levels are considered: 95% (foraging range), 50% 

(focal region), and 25% (core area)
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Albatross foraging behavior

Analyses of the rate of movement (speed) and the di-
rectionality of telemetry tracks revealed that albatrosses
changed their behavior during different parts of their
foraging excursions. The satellite-tracked albatrosses
moved faster and in a more directed fashion during the
outbound (first third) and the inbound (last third) com-
muting stages of foraging trips. During the middle part of
their forays, the birds moved more slowly and described
highly erratic trajectories (Fig. 7). A repeated measures
ANCOVA revealed that the observed differences in
flight speed and track directionality were only significant
across stages of foraging trips. Conversely, we detected
no significant differences across species, gender and
individual birds, suggesting that albatrosses of both gen-
ders and species engage in a similar foraging behavior
during trips to sea (Table 6).

Additional tests relating the movement rate (speed)
and the contortion of the telemetry tracks indicated
that albatrosses employ distinct searching strategies
while commuting to and from foraging areas. During
the outbound transit, the median movement rate and
the coefficient of heading concentration (r) were not
significantly correlated (Spearman Rank Test, Rs =
0.034, n = 59, p > 0.5). Conversely, the directionality of

the telemetry tracks and the net movement rates were
positively correlated during the feeding (Spearman
Rs = 0.304, n = 59, 0.02 > p > 0.01) and the inbound
(Spearman Rs = 0.257, n = 59, p = 0.05) stages. Thus,
during the middle and ending parts of foraging trips,
birds that traveled more slowly tended to follow more
contorted paths. Conversely, a bird’s net speed was
not related to the complexity of its trajectory during
the outbound stage of a foraging trip. These results
suggest that albatrosses commuted rapidly to foraging
areas (outbound commute), foraged at those localities
(feeding stage), and continued to search for prey dur-
ing their rapid return to the colony (inbound com-
mute).

Albatross foraging areas

Contour plots of the amount of time satellite tracked
birds spent at sea illustrated the distinct habitats used
by brooding and rearing albatrosses, as well as gen-
der-based and species-specific differences in foraging
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Table 5. Results of the analysis of albatross habitat use pat-
terns with GLMs. The data were blocked by individual bird 

for analysis. Bold denotes significant results

Factor df F p

(A) Median sea surface temperature
Block 28 0.637 0.835
Period 1 21.390 <0.0001
Gender 1 0.025 0.8751
Species 1 7.7275 0.008
Gender × Period 1 0.146 0.705
Species × Period 1 1.359 0.251
Species × Gender 1 0.349 0.558
Species × Gender × Period 1 0.819 0.371

(B) Median chlorophyll concentration
Block 28 1.071 0.475
Period 1 15.92 0.0003
Gender 1 0.216 0.645
Species 1 8.659 0.005
Gender × Period 1 0.158 0.693
Species × Period 1 0.058 0.810
Species × Gender 1 0.349 0.558
Species × Gender × Period 1 0.280 0.599

(C) Seafloor depth
Block 28 1.138 0.429
Period 1 0.190 0.665
Gender 1 1.160 0.288
Species 1 0.001 0.982
Gender × Period 1 2.904 0.097
Species × Period 1 0.157 0.694
Species × Gender 1 0.005 0.945
Species × Gender × Period 1 0.063 0.804

Table 6. Results of the analysis of albatross foraging behavior using
repeated measures ANCOVA. Bold denotes significant results

Trial Factor: Stage (outbound/feeding/inbound)
Grouping Factor 1: Species (black-footed/Laysan)
Grouping Factor 2: Gender (females/males)

Factor SS df MS F p

(A) Sample size
Stage 13.214 2 6.607 0.474 0.624
Stage × Species 14.422 2 7.211 0.517 0.597
Stage × Gender 11.200 2 5.600 0.402 0.670
Stage × Species × Gender 42.440 2 21.220 1.523 0.223
Stage × Bird 30.566 2 15.283 1.096 0.322
Error 1504.96500 108 13.935

(B) Coefficient of concentration
Stage 0.458 2 0.229 7.434 <0.001
Stage × Species 0.074 2 0.037 1.201 0.305
Stage × Gender 0.083 2 0.041 1.347 0.264
Stage × Species × Gender 0.033 2 0.016 0.536 0.586
Stage × Bird 0.059 2 0.029 0.971 0.382
Error 3.332 108 0.031

(C) Median speed
Stage 789.862 2 394.931 4.465 0.014
Stage × Species 105.180 2 52.590 0.594 0.553
Stage × Gender 29.655 2 14.827 0.167 0.846
Stage × Species × Gender 91.796 2 45.898 0.519 0.596
Stage × Bird 157.731 2 78.865 0.891 0.413
Error 9553.0190 108 88.454

(D) Maximum speed
Stage 1279.145 2 639.572 3.100 0.049
Stage × Species 37.119 2 18.559 0.089 0.914
Stage × Gender 29.655 2 717.283 1.738 0.180
Stage × Species × Gender 511.326 2 255.663 1.239 0.293
Stage × Bird 433.414 2 216.707 1.050 0.353
Error 22280.03200108 206.296
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ranges and habitat use patterns (Figs. 5 & 6). Brooding
albatrosses were largely restricted to low latitude
waters north of Tern Island (23.878° N, 166.288° W),
though Laysans had a more northern distribution.
There was substantial overlap (55.90 to 85.25%)
between the foraging ranges (95% time at sea) and the
core areas (25% time at sea) of brooding black-footed
and Laysan albatrosses (Table 7). 

During the rearing period, foraging ranges ex-
panded to include the waters of the California Current
(black-footed albatross), the Gulf of Alaska (Laysan
albatross) and the continental shelf along the Aleutians
(Laysan albatross). Additionally, some of the rearing
Laysan albatross ventured into the northwestern
Pacific (west of 180° W). The expansion of the foraging

ranges diminished the overlap in albatross foraging
ranges and core areas (Table 7). Mean overlap de-
creased significantly during the rearing stage, when
both species and genders were considered (Wilcoxon
test with normal approximation, n = 8, Z = –2.521, p =
0.012).

The kernel density contour plots also defined high-
use areas where albatrosses concentrated their forag-
ing activities (Figs. 5 & 6). These analyses revealed
that, except in the vicinity of Tern Island, black-footed
and Laysan albatross focal (50% time at sea isopleth,
delineated by the yellow contour) and core (25% time
at sea isopleth, delineated by the red contour) activity
areas did not overlap. Black-footed females focused
their foraging along the continental shelf between Cal-
ifornia and British Columbia, while males foraged over
a wider pelagic area (Fig. 5). Rearing Laysan albatross
concentrated their foraging activities over pelagic
waters along a broad band between latitude 38 and
50° N. Female focal areas occurred in the Gulf of
Alaska, and along the North Pacific Transition Domain.
Conversely, Laysan albatross males spent most of their
time at sea within the North Pacific Transition Domain
and along the Aleutian shelf (Fig. 6).

The results of the kernel analyses can be inter-
preted more easily by including information on the
foraging behavior of the satellite tracked birds. In
particular, the disjunct foraging ranges depicted in
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Fig. 7. The rate of movement (speed) and the directionality of
albatross tracks changed during the beginning (outbound),
middle (feeding), and ending (inbound) stages of foraging
trips. Box plots depict the 5, 10, 25, 50, 75, 90 and 95 per-
centiles of the distributions of: (A) the median speed, (B) the
maximum speed, and (C) the coefficient of heading concen-
tration (r). A total of 59 foraging trips from 28 albatrosses of 

both species and genders were analyzed

Table 7. Overlap of the activity ranges of black-footed and Laysan
albatrosses during the brooding and rearing periods of the breeding
season. Intraspecific and interspecific overlap is calculated for 2 ac-
tivity levels: foraging ranges (95% time at sea), and core areas (25%
time at sea). BFAL: black-footed albatross, LYAL: Laysan albatross. 

Overlap metrics range from 0 to 100%

Time Activity Brooding period Rearing period
at sea range Activity level   Mean Activity level   Mean

95% 25% 95% 25%

BFAL BFAL
98.69 71.30 85.00 85.87 15.64 50.76male female

BFAL BFAL
94.38 72.69 83.54 39.87 1.83 20.85female male

LYAL LYAL
69.90 41.90 55.90 71.29 0.45 35.87female male

LYAL LYAL
91.87 49.56 70.72 64.35 3.88 34.12male female

BFAL LYAL
66.75 45.05 55.90 36.36 12.16 24.26female female

BFAL LYAL
92.68 77.82 85.25 27.22 8.78 18.00female female

LYAL BFAL
70.38 44.82 57.60 57.20 0.00 28.60male male

BFAL LYAL
92.69 55.56 74.13 12.50 0.91 6.71male male
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Figs. 5 & 6 become more intuitive when viewed in
conjunction with flight speed data. The albatrosses
tracked during this study largely traveled at speeds
between 10 and 40 km h–1 (Fig. 8). Approximately 15
and 25% of the recorded movement rates were below
10 km h–1 and above 40 km h–1 respectively. Contour
plots of movement rates during the rearing period
revealed that albatrosses slowed down in specific
areas associated with highly productive continental
shelves (e.g. California  to Washington State, Aleut-
ian Chain), and water mass boundaries (e.g. North
Pacific Transition Domain, California Current). For
female black-footed albatross, slow speeds (<10 km
h–1) were observed off northern California, Oregon
and Washington State, while faster speeds were
recorded over pelagic waters between these shelf
areas and Tern Island. Black-footed albatross males
showed a similar pattern, with the slowest speeds
along the eastern side of the basin and the fastest
speeds over tropical waters northeast of the colony
(Fig. 9). For Laysan albatross, the slowest speeds
were recorded along the shelf of the Aleutians, and
over pelagic waters between 38 and 50° N. Con-
versely, Laysan albatross moved rapidly over low
latitude (23 to 38° N) waters between Tern Island and
the Transition Domain (Fig. 10).

DISCUSSION

We characterized the oceanic habitats used by 2
North Pacific albatross species breeding sympatrically
on Tern Island, Hawaii, during the brooding and the

rearing periods of the reproductive cycle. The main
objectives of this research were to determine whether
these species use predictable habitats, and if so, to
define the factors influencing their marine distribu-
tions.

Previously, marine ornithologists have documented
that albatross dispersion patterns are influenced by
reproductive duties at breeding colonies, prey disper-
sion, ocean productivity, and the distribution of physi-
cally distinct water masses (Stahl et al. 1985, Wahl et
al. 1989, Veit & Prince 1997, Weimerskirch et al. 1997,
Prince et al. 1999, Stahl & Sagar 2000a,b; Fernández
et al. 2001). Because physical and biological variability
in marine systems is scale dependent, we considered
the significance of these processes at macro-mega
scales (1000 to 3000 km) and coarse-meso scales (10 to
100 km) separately (Haury et al. 1978, Hunt & Schnei-
der 1987).
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Fig. 8. Frequency distribution of albatross net movement rates
(flight speeds) during the rearing period. Only high quality
(Argos Class A or better) telemetry locations separated by
>1 and <8 h were included in this analysis. BF: black-foot
female; BM: black-foot male; LF: Laysan female; LM: Laysan 

male. Sample size in parentheses

BFAL Rearing
(Feb–Jul)

0–10:

11–20:

21–30:

31–40:

41–50:

>50:

Males

Females

Fig. 9. Contour plot of the (A) female
and (B) male black-footed albatross
net movement rates (flight speeds) 

depicted in Fig. 8

Movement rate
(km h–1)
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Large-scale habitats: the role of water mass 
distributions

Over macro-mega scales (1000 to 3000 km), albatross
distributions were mediated by large-scale ocean pro-
ductivity patterns, influenced by water mass distribu-
tions, and constrained by breeding duties at the colony.
Short foraging trips were most prevalent during the
brooding period, when 1 parent tended the chick at the
colony continuously (Fernández et al. 2001). Foraging
ranges expanded with the onset of the rearing stage,
when both parents foraged independently, leaving the
chick unattended at the nest (Whittow 1993a,b). Rearing
birds mixed long (>12 d) forays to the California Current
(black-footed albatross) and subarctic waters (Laysan al-
batross), with short (1 to 2 d) trips to tropical waters in the
vicinity of the colony (Fernández et al. 2001). Moreover,
the telemetry observations during the rearing period
highlighted the broad marine distributions of the black-
footed and the Laysan albatross, including tropical, sub-

tropical, and subarctic water masses (Figs. 2, 5 & 6; Fer-
nández et al. 2001). These results are consistent with
previous vessel-based surveys and studies of high seas
fisheries bycatch (Shuntov 1974, Gould 1983, Wahl et al.
1989, McKinnell & Waddell 1993, Yatsu et al. 1993).

The observed differences in ranging behavior be-
tween the brooding and the rearing periods influenced
the habitat-use patterns of breeding albatrosses. Brood-
ing birds were largely restricted to pelagic (depth:
>3000 m), oligotrophic (chl a: <0.3 mg m–3), warm
(SST: >20°C) waters close to Tern Island. On the other
hand, rearing birds ventured into cooler (SST: <15°C)
and highly productive (chl a: >0.3 mg m–3), coastal
waters (depth: <200 m) (Figs. 2, 3 & 4). Disparities
in the ranging behavior of incubating, brooding, and
rearing albatrosses have been previously documented
in Southern Ocean species such as the wandering
albatross Diomedea exulans and the southern Buller’s
albatross D. bulleri bulleri (Prince et al. 1999, Stahl &
Sagar 2000 a,b). These differences have been ascribed
to changing energetic requirements of the adults and
their chicks during the breeding season (Weimerskirch
et al. 1994a, 1997, Weimerskirch & Cherel 1998).

Brooding black-footed and Laysan albatrosses prob-
ably engage in short trips to ensure a high and con-
sistent rate of resource delivery to their chicks.
Conversely, rearing birds probably venture in long
foraging trips to replenish their own energy reserves
(Weimerskirch et al. 1994a, 1997). The body mass of
breeding black-footed and Laysan albatrosses declines
during the incubation and the brooding periods, with
the lowest body masses recorded prior to the onset of
the long foraging trips. Thereafter, adult albatrosses
gain weight through the rearing period (Whittow
1993b). Conversely, chicks gain weight through mid-
May, when they are heavier than their parents. Subse-
quently, their body mass declines as feeds become
smaller and less frequent (Rice & Kenyon 1962, Fisher
1967). Additional studies are necessary to assess how
energetic demands constrain albatross foraging strate-
gies. In particular, it is essential to understand how
adult and chick body condition influence the range
and duration of foraging trips throughout the breeding
season, and how albatross foraging behavior responds
to interannual variability in ocean productivity and prey
availability (e.g. Veit & Prince 1997, Weimerskirch &
Cherel 1998, Duriez et al. 2000, Kitaysky et al. 2000).

Small-scale habitats: 
the role of predictable physical features

The large-scale (1000 to 3000 km) dispersion of
North Pacific marine turtles, predatory fishes, and
seabirds is influenced by water mass distributions and
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frontal features (Wahl et al. 1989, Pearcy 1991, McKin-
nell & Waddell 1993, Yatsu et al. 1993). Additionally,
far-ranging predators frequently aggregate at smaller-
scale (10 to 100 km) hydrographic and topographic fea-
tures such as fronts, banks, and shelf breaks (Ogi 1984,
Springer et al. 1996, Polovina et al. 2000, 2001). In par-
ticular, regions of enhanced productivity and prey ag-
gregation, mediated by predictable physical processes,
constitute important foraging grounds for surface-for-
aging marine birds (Schneider 1991, Hunt et al. 1999).

We previously documented that black-footed and
Laysan albatrosses commuted to continental shelves
during the rearing stage of the breeding season
(Fernández et al. 2001). This study also revealed that
rearing albatrosses also focused their foraging ac-
tivities within highly productive continental shelves
and in the vicinity of oceanic fronts. In particular,
detailed behavioral analyses revealed that rearing
albatrosses rapidly commuted to highly productive
regions, where they engaged in area restricted search-
ing behavior (Figs. 7, 9 & 10). These results highlight
the significance of highly productive foraging grounds
for breeding North Pacific albatrosses, as well as the
potential use of satellite tracked seabirds to monitor
the productivity of vast pelagic environments.

Continental shelves

Rearing black-footed and Laysan albatrosses com-
muted to continental shelves along the West Coast of
North America and the Aleutian Chain (Figs. 4, 5 & 6;
Fernández et al. 2001). It is well known that shelf
breaks support elevated primary production and high
standing stocks of zooplankton, fish and squid
(Fournier et al. 1979, Springer et al. 1996). Two mecha-
nisms have been invoked to explain prey aggregations
at shelf breaks. First, high primary production rates
stimulate the localized growth of higher trophic levels;
and second, shelf break fronts aggregate prey pro-
duced elsewhere (Schneider 1991, Springer et al. 1996).

Previously, marine ornithologists have documented the
tendency of albatrosses to aggregate along bathymetric
discontinuities, likely in response to enhanced prey avail-
ability. For instance, wandering albatross Diomedea exu-
lans and black-browed albatrosses D. melanophris are
known to forage along shelf breaks and shallow banks in
the vicinity of their breeding colonies (Weimerskirch et al.
1994a, Cherel & Weimerskirch 1995, Gremillet et al. 2000).

The North Pacific Transition Zone

The satellite tracked black-footed and Laysan alba-
trosses foraged along the North Pacific Transition

Zone, a vast region extending from 28 to 45° N in the
central Pacific Ocean (160° E to 130° W). This broad
transition zone separates the Subarctic Domain to the
north from the Subtropical Gyre to the south, and is
characterized by a series of convergence fronts where
cold subartic water sinks under warmer subtropical
water (Favorite et al. 1976, Roden 1991). These fronts
support the highest standing stocks of micronekton
(small squids, small fishes and crustaceans) in the
North Pacific during the boreal spring and summer
(Aron 1962, Pearcy 1991), and represent important
feeding grounds for far ranging fishes, seabirds, and
turtles (Ogi 1984, McKinnell & Waddell 1993, Polovina
et al. 2000, 2001).

In particular, subtropical species such as the alba-
core tuna Thunnus alalunga and the loggerhead
turtle Caretta caretta forage along the North Pacific
Transition Zone Chlorophyll Front (TZCF), a dynamic
frontal system characterized by surface convergence
(Polovina et al. 2000, 2001). This dynamic frontal
feature spanned the foraging ranges of the satellite
tracked black-footed and Laysan albatrosses, and
migrated by approximately 10° latitude between
January and March (28 to 35° N), and between July
and September (38 to 45° N) of 1998 (Polovina et al.
2001).

Persistent oceanic fronts have long been recognized
as regions of elevated biological activity in pelagic sys-
tems (Aron 1962, Pearcy 1991, Gong et al. 1993, Olson
et al. 1994). Albatross aggregations along frontal
regions in the Southern Ocean have been documented
previously. For instance, over 95% of the black-
browed albatross sighted along the Weddell-Scotia
confluence were concentrated in a 10 km section (Veit
& Hunt 1992). Additionally, satellite tracked black-
browed albatross breeding at South Georgia repeat-
edly commuted to the Antarctic Polar Front to forage
on squid (Rodhouse et al. 1996).

Fishing effort distributions

Black-footed and Laysan albatrosses are known
to consume fisheries discards and to aggregate at ves-
sels throughout their marine range (Wahl & Heine-
mann 1979, Gould et al. 1997, Boggs 2001, Hyrenbach
2001, Stehn et al. 2001). Both fishing fleets and alba-
trosses exploit the same highly productive oceanic
areas, and the birds likely feed on fisheries discards
coincidentally (Gong et al. 1993, Yatsu et al. 1993,
Cherel et al. 2000, Gremillet et al. 2000). Thus, it is
likely that small-scale (1 to 10 km) albatross distribu-
tions within highly productive coarse-meso scale (10 to
100 km) foraging grounds are influenced by the pres-
ence of trawling and longline fishing vessels.
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Pelagic segregation of black-footed and 
Laysan albatrosses

Our satellite telemetry study has revealed that 2
sympatrically breeding Hawaiian albatrosses use dif-
ferent large-scale and small-scale oceanic habitats.
Over macro-mega scales (1000 to 3000 km) this pelagic
segregation is underscored by disjunct foraging ranges
(e.g. low activity range overlap) (Figs. 5 & 6) and dis-
parate habitat use patterns (e.g. sea surface tempera-
ture, chlorophyll concentration) (Figs. 2 & 3). During
the brooding period of the breeding season, black-
footed albatross foraged south of the Subtropical Front,
and along the southern edge of the North Pacific Tran-
sition Zone Chlorophyll Front. Conversely, Laysan
albatross ranged farther northward into cooler and
more productive Transition Domain and Subarctic
waters. This interspecific segregation became more
apparent during the rearing stage, in conjunction with
marked gender-based differences within species. The
foraging ranges of both genders and species expanded
during the rearing stage, and the overlap between the
activity ranges declined (Table 7). Rearing black-
footed albatross alternated foraging trips to tropical
and subtropical waters south of the Subtropical Frontal
Zone with commuting flights to the West Coast of
North America. Conversely, Laysan albatross foraged
predominantly north of the Transition Domain, within
subarctic waters of the Gulf of Alaska, the northwest-
ern Pacific, the Bering Sea, and the Aleutian Islands
(Figs. 5, 6 & 11; Fernández et al. 2001).

Moreover, the disparities in black-footed and Laysan
albatrosses time at sea distributions (Fig. 11) and core
foraging areas (25% time at sea isopleths; Figs. 5 & 6)
also suggest that these sympatrically breeding species
exploited different coarse-meso scale (10 to 100 km)
habitats mediated by distinct physical processes. In
particular, we hypothesize that black-footed albatross
foraged along convergent fronts in search of flying fish
(Exocoetid) eggs, floating carrion, and other buoyant
prey items, while Laysan albatross foraged for squid
and fish within highly productive Transition Domain
and subarctic waters (Harrison et al. 1983, Gould et al.
1997).

Black-footed albatross concentrated their foraging
activities offshore of predictable coastal upwelling
regions (West Coast of North America) and along
oceanic frontal systems (Subtropical Front). Conver-
gence zones downstream from upwelling centers off
central California support dense aggregations of sur-
face foraging seabirds such as phalaropes (Phalaropus
spp.), and their planktonic and larval fish prey (Briggs
et al. 1984, Larson et al. 1994). Convergence of surface
waters also aggregates buoyant prey and debris along
oceanic fronts. For instance, surveys of plastic and tar

distributions in the North Pacific Ocean have revealed
concentrations of floating debris within subtropical
waters in the vicinity of the frontal systems (32 to
40° N) separating subtropical and subarctic waters
(Shaw & Mapes 1979, Dahlberg & Day 1985). These
aggregations have been ascribed to the convergence
of surface waters at 30 to 35° N and 40 to 42° N due to
the prevailing wind patterns in the North Pacific (Galt
1985, Kubota 1994). There is mounting evidence that
far-ranging pelagic species forage on prey aggregated
along these convergence zones. In particular, logger-
head turtles and albacore tuna are known to forage on
gelatinous zooplankton, crustaceans and squid along
the North Pacific Transition Zone Chlorophyll Front, a
region of strong surface convergence associated with
chlorophyll concentrations of ca. 0.2 mg m–3, and sea
surface temperatures between 17 and 20°C (Polovina
et al. 2000, 2001).
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Fig. 11. Association of satellite tracked albatrosses and frontal
features in the North Pacific Transition Domain (20 to 45° N,
160° E to 130° W). Mean latitude of brooding (January to Feb-
ruary) and rearing (March to April) black-footed (circles) and
Laysan (squares) albatrosses were derived from monthly time
at sea estimates. The monthly average (mean ± SD) latitude of
the Subtropical (18°C, dashed lines), Transition Zone (15°C,
solid lines) and Subarctic (12°C, dotted lines) fronts, and the
North Pacific Transition Zone Chlorophyll Front (0.2 µg chl a
m–3) were derived from sea surface temperature (AVHRR)
and chlorophyll (SeaWiFS) imagery. The larger and smaller 

symbols depict males and females respectively.
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On the other hand, Laysan albatross probably for-
aged for squid, Pacific saury Cololabis saira, myc-
tophids (Myctophidae) and pomfret Brama japonica
within Transition Domain and Subarctic waters (Harri-
son et al. 1983, Ogi 1984, Gould et al. 1997). The Tran-
sition Domain supports the highest standing stocks of
squid and mesopelagic fish in the North Pacific during
the boreal spring and summer (Aron 1962). In par-
ticular, North Pacific neon flying squid Ommastrephes
bartrami catches in the Japanese high-seas fishery
(1983–1990) are highest in regions of sea surface tem-
perature between 15 and 16°C (Gong et al. 1993, Yatsu
et al. 1993). Moreover, vessel-based surveys suggest
that this frontal system represents an important forag-
ing area for far-ranging seabirds such as shearwaters
and albatrosses. For instance, Ogi (1984) described
large numbers of sooty shearwaters Puffinus griseus
feeding on dense saury aggregations along the Sub-
arctic Boundary (SST: 9 to 13°C) during summer and
fall (July to October). Similarly, Gould (1983) reported
Laysan albatross aggregations along the northern
edge of the Transition Domain during fall (October to
November).

Additionally, Laysan albatross commuted to shallow
waters along the Aleutian Islands to exploit regions
of high (150 to 200 gC m–2 yr–1) ocean productivity
supported by tidal mixing along narrow passes such
as Unimak Pass (53° 10’ N, 169° 08’ W), and pre-
dictable tidal fronts associated with the 50 m isobath
(Schneider et al. 1986, Springer et al. 1996, Hunt et
al. 1999).

The spatial segregation we have documented in this
study is consistent with previous studies of dietary
preferences and marine distributions of North Pacific
albatrosses. Black-footed and Laysan albatrosses have
broad diets including carrion, pyrosomes, Velella velella
(‘by-the–wind-sailor’), pelagic barnacles (Lepas spp.),
fish and squid (Whittow et al. 1993a,b). However,
black-footed albatross rely more heavily on carrion
and offal, and their diet consists largely of flying fish
eggs (50% by volume), squid (32% by volume) and
crustaceans (5% by volume). Laysan albatross, on the
other hand, feed mostly on squid (65% by volume,
largely neon flying squid), fish (9% by volume) and
crustaceans (9% by volume) (Harrison et al. 1983,
Gould et al. 1997).

The ecological significance of these disparate dietary
preferences is reinforced by evidence of distinct black-
footed and Laysan albatross marine distributions out-
side of the breeding season. For instance, the analysis
of catches by the Japanese high-seas driftnet fishery
during summer and fall (June to September, 1988 to
1990) revealed 2 persistent species assemblages across
the central North Pacific (170° E to 145° W) (McKinnell
& Waddell 1993). The black-footed albatross was clas-

sified as a warm-water, eastern species, along with
various tunas and marine turtles. On the other hand,
the Laysan albatross was a member of a cold-water,
western assemblage, along with various salmon spe-
cies (Onchorhynchus spp.) and subarctic seabirds such
as the sooty shearwater. These distinct faunal associa-
tions suggest that black-footed and Laysan albatrosses
inhabit physically and biologically distinct oceanic
habitats.

Previous at sea observations and bycatch studies
revealed that black-footed and Laysan albatross
marine distributions are spatially segregated (Shuntov
1974, Wahl et al. 1989, Whittow 1993a,b). These con-
clusions, however, were largely based on the distribu-
tions of birds of unknown reproductive status and ori-
gin. Earlier, we used satellite tracking to document the
pelagic segregation of these 2 sympatric species (Fer-
nández et al. 2001). The analysis of satellite tracking,
in conjunction with remotely sensed environmental
information, provides conclusive evidence of distinct
habitat use patterns of sympatrically breeding black-
footed and Laysan albatrosses during the brooding and
rearing periods of the breeding season.

CONCLUSIONS

Our study suggests that marine bird distributions are
influenced by scale-dependent processes and con-
strained by energetic considerations. The analysis of
telemetry tracks with respect to oceanic habitats
revealed that albatross distributions are scale-depen-
dent, and that distinct processes influence marine bird
dispersion at different scales (Hunt & Schneider 1987,
Schneider 1991). Namely, over large spatial scales
(1000 to 3000 km) albatross foraging ranges were
influenced by water mass distributions and con-
strained by breeding duties at the colony. Conversely,
predictable physical processes that aggregate prey
(convergence: black-footed albatross) and promote
ocean productivity (mixing: Laysan albatross) probably
influenced albatross distributions over smaller coarse-
meso scales (10 to 100 km).

This research also emphasizes the need to interpret
seabird distributions and habitat use patterns in the
context of life history limitations. Seabird foraging
strategies are likely constrained by the dispersion and
availability of different prey resources, by the ener-
getic costs of foraging, and by the rate at which energy
must be delivered to the nest. Therefore, additional
research is needed to determine how prey dispersion,
flight costs, and energetic demands influence the
foraging patterns of North Pacific albatrosses. For
instance, future studies could address whether black-
footed and Laysan albatrosses allocate resources dif-
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ferently during long and short foraging trips. This
would require understanding how the energetic de-
mands, the body condition, the foraging destinations,
and the diet of foraging albatrosses change during dif-
ferent foraging trips, periods of the breeding season,
and years of contrasting prey abundance (Weimer-
skirch et al. 1997, Weimerskirch & Cherel 1998, Duriez
et al. 2000, Kitaysky et al. 2000).

Multidisciplinary research programs including oce-
anography, satellite telemetry, dietary analyses, ener-
getics, and demography are necessary to grasp the
ecological and evolutionary forces shaping seabird dis-
persion, habitat selection, and foraging behavior. Such
studies must also incorporate an understanding of the
tradeoffs between current reproduction and adult sur-
vivorship, which are known to influence seabird forag-
ing and reproductive strategies (Lack 1968, Weimers-
kirch et al. 1997, Weimerskirch & Cherel 1998, Duriez
et al. 2000).
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