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Understanding the at-sea movements of wide-ranging seabird species 

throughout their annual cycle is essential for their conservation and 

management. Habitat use and resource partitioning of Laysan (Phoebastria 

immutabilis) and black-footed (Phoebastria nigripes) albatross are well-

described during the breeding period but are less understood during the 

post-breeding period, which represents ~40% of their annual cycle. Resource 

partitioning may be  reduced during post-breeding, when birds are not 

constrained to return to the nest site regularly and can disperse to reduce 

competitive pressure. We  assessed the degree of spatial segregation in the 

post-breeding distributions of Laysan (n = 82) and black-footed albatrosses 

(n = 61) using geolocator tags between 2008 and 2012 from two large 

breeding colonies in the Northwestern Hawaiian Islands, Midway Atoll, and 

Tern Island. We  characterized the species-and colony-specific foraging 

and focal distributions (represented by the 95 and 50th density contours, 

respectively) and quantified segregation in at-sea habitat use between 

species and colonies. Laysan and black-footed albatross showed consistent 

and significant at-sea segregation in focal areas across colonies, indicating 

that resource partitioning persists during post-breeding. Within breeding 

colonies, segregation of foraging areas between the two species was more 

evident for birds breeding at Tern Island. Spatial segregation decreased as the 

post-breeding season progressed, when spatial distributions of both species 

became more dispersed. In contrast to studies conducted on breeding 

Laysan and black-footed albatross, we  found that sea surface temperature 

distinguished post-breeding habitats of black-footed albatrosses between 

colonies, with black-footed albatrosses from Midway Atoll occurring in cooler 

waters (3.6°C cooler on average). Our results reveal marked at-sea segregation 
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between Laysan and black-footed albatross breeding at two colonies during a 

critical but understudied phase in their annual cycle. The observed variation in 

species-environment relationships underscores the importance of sampling 

multiple colonies and temporal periods to more thoroughly understand the 

spatial distributions of pelagic seabirds.

KEYWORDS

habitat, overlap, distribution, loggers, movement ecology, spatial ecology, 
post-breeding, segregation

Introduction

Under the principle of competitive exclusion, spatial and 
temporal resource partitioning is a key mechanism to reduce 
competitive pressure for shared resources in sympatric species 
(Schoener, 1974). For colonial breeding seabirds that function as 
central place foragers when breeding, competition for resources 
near colonies may influence habitat use, prey selection, energetic 
expenditure, and ultimately population sizes (Furness and 
Birkhead, 1984; Lewis et al., 2001; Wakefield et al., 2013; Oppel 
et  al., 2015; Jessopp et  al., 2020; Weber et  al., 2021). Habitat 
segregation in seabirds is well documented and occurs not just 
between sympatrically breeding species (Kappes et  al., 2010; 
Young et al., 2010, 2015; Linnebjerg et al., 2013; Robertson et al., 
2014; Barger et al., 2016), but also between age classes (Pettex 
et al., 2019), sexes (Lewis et al., 2002; Phillips R.A. et al., 2004; 
Camphuysen et al., 2015), and nearby populations of the same 
species (Rayner et al., 2011; Wiley et al., 2012; Ceia et al., 2015; 
Shaffer et al., 2017; Bolton et al., 2019). While resource partitioning 
is evident during breeding when competition for resources close 
to the colony is high, partitioning during the post-breeding period 
has received much less attention until recent years. During this 
period, when less constrained by the restrictions of central place 
foraging, spatial segregation may dissipate or be  substantially 
reduced once breeding has ended and seabirds can range freely 
and disperse to reduce competitive pressures (Phillips et al., 2005; 
Shaffer et al., 2006; González-Solís et al., 2007; Egevang et al., 
2010; Rayner et al., 2011; Wakefield et al., 2013). The degree of 
competitive interaction is also mediated by preferences for habitats 
where prey are associated with environmental characteristics that 
promote primary production and prey availability, elevating 
probabilities of co-occurrence (Pinaud and Cherel, 2005; Nur 
et  al., 2011). This effect may be  amplified when species are 
generalists (Dehnhard et  al., 2020). As such, assessing 
environmental characteristics of habitats used by seabirds is 
critical to understanding mechanistic drivers of habitat use and 
the role that competitive interactions play in driving distributional 
segregation or overlap.

As highly mobile seabirds that forage in varied and dispersed 
habitat over the course of their breeding cycle (Tickell, 2000; 
Fernández et  al., 2001; Croxall et  al., 2005), albatross present 

suitable study species for assessing whether spatial segregation 
persists during post-breeding. When the spatial constraints of 
breeding are removed, differences in habitat use between these 
vagile species may be less evident. However, much less is known 
about albatross habitat use during post-breeding and thus it is 
unclear whether resource partitioning occurs outside the breeding 
period. As for other seabird species, the vast majority of tracking 
studies occur during breeding, when data loggers can be deployed 
and retrieved at the breeding colony with relative ease as tagged 
individuals are constrained to return to their nest for breeding 
(Jouventin and Weimerskirch, 1990; Weimerskirch et al., 1993; 
Grémillet et al., 2000; Burger and Shaffer, 2008; Wakefield et al., 
2013; Gutowsky et al., 2014b). Understanding spatial habitat use 
and resource partitioning of albatrosses during post-breeding is 
important for several reasons. Since albatrosses periodically have 
“sabbatical” years when the skip breeding (Jouventin and Dobson, 
2002; Arata et al., 2009), a significant portion of their at-sea habitat 
use occurs outside of the breeding period (potentially over 50%, 
as typical breeding durations last 6–7 months and sabbatical years 
can entail 7–9 months at-sea durations). Assessing habitat relative 
to threats outside of breeding and across colonies is a key to the 
effective conservation and management of albatross species. For 
example, a better understanding of post-breeding spatial 
distributions is needed to identify areas of increased by-catch risk 
(Wooller et al., 1992) due to overlap with fishing effort (Žydelis 
et al., 2011, 2013; Edwards et al., 2015). Further, intra-seasonal 
changes in post-breeding distributions are understudied, 
particularly with respect to spatial segregation between species. 
While investigations into post-breeding movements of seabirds 
are becoming more common, most spatial analyses of the post-
breeding period examine the period in its entirety, with only a 
handful of studies analyzing temporal subsets of the post-breeding 
period (Frederiksen et al., 2016; Fromant et al., 2020; Lamb et al., 
2020). Analyses conducted over longer timespans may mask 
important intra-seasonal movements and behaviors, such as 
selection of molting grounds and foraging behavior related to 
seasonal oceanographic changes (Conners, 2015). Analyses 
conducted at finer temporal scales are needed to identify dynamic 
drivers of habitat use and mechanisms like competitive pressures 
that drive spatial partitioning during subsets of the post-
breeding period.
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Studies of two closely related and sympatrically breeding 
species of albatross in the North Pacific, Laysan (Phoebastria 
immutabilis) and black-footed (P. nigripes) albatross, highlight the 
gaps in our understanding of their breeding and post-breeding 
distributions. While many studies have assessed and compared the 
spatial habitat use of Laysan and black-footed albatross, most of 
these studies have examined habitat use during breeding 
(Fernández et al., 2001; Hyrenbach et al., 2002; Finkelstein et al., 
2006; Kappes et al., 2010, 2015; Conners et al., 2015; Gutowsky 
et  al., 2015; Thorne et  al., 2015, 2016; Gilmour et  al., 2022). 
Drawing broad habitat conclusions from these studies is difficult 
due to the focus on a single species (Hyrenbach, 2001; Hyrenbach 
and Dotson, 2003; Young et al., 2009; Gutowsky et al., 2014b; 
Henry et  al., 2021; Gilmour et  al., 2022), deployments from 
sympatric species from a single colony (Hyrenbach et al., 2002; 
Finkelstein et al., 2006; Kappes et al., 2010, 2015; Block et al., 2011; 
Žydelis et al., 2011; Gutowsky et al., 2014a; Conners et al., 2015; 
Thorne et al., 2015, 2016; Antolos et al., 2017), or deployments of 
tagged individuals at-sea, which does not allow colony-level 
differences to be  assessed (Hyrenbach, 2001; Hyrenbach and 
Dotson, 2003; Fischer et  al., 2009; Suryan and Fischer, 2010). 
Further, previous studies have primarily focused on breeding 
Laysan and black-footed albatross at Tern Island (e.g., Kappes 
et al., 2010, 2015; Žydelis et al., 2011; Conners et al., 2015) despite 
the smaller population of both species breeding at Tern Island 
compared to Midway Atoll (approx. 3,200 and 4,300 breeding 
pairs of Laysan and black-footed albatross at Tern Island vs. 
approx. 408,000 and 22,000 breeding pairs of Laysan and black-
footed albatross at Midway Atoll, respectively; Arata et al., 2009). 
Midway Atoll comprises approximately 60 and 30% of the world’s 
breeding populations of Laysan and black-footed albatross, 
respectively, and thus studying the at-sea movements of albatrosses 
from this colony is critical to understanding species-level patterns 
of habitat use.

When breeding, habitat differences in foraging Laysan and 
black-footed albatross are characterized by distinct oceanographic 
processes at both mesoscale (fronts and eddies) and basin scale 
oceanographic features (e.g., the location of the Transition Zone 
Chlorophyll Front) that differentiate habitat use between the 
species (Hyrenbach et al., 2002; Kappes et al., 2010; Thorne et al., 
2015). Environmental conditions can influence habitat selection 
and foraging strategy on a seasonal scale (Lamb et al., 2020), and 
as such, interspecific patterns of segregation and spatial 
distributions change within an albatross’s annual cycle. For the 
post-breeding period, observational data on spatial distributions 
of the habitats of both of these species have been collected as far 
back as 1955 (Kuroda, 1955), which indicate that individual 
habitat use during the post-breeding period occurs in productive 
shelf waters and boundary currents (Wahl et al., 1989). Tagging 
studies of post-breeding black-footed albatross show that 
individuals can occur along the shelf and slope waters near Alaska 
(Fischer, 2008; Fischer et al., 2009; Suryan and Fischer, 2010) as 
well as the west coast of Canada (Žydelis et al., 2011), whereas 
post-breeding Laysan albatross are distributed in pelagic regions 

of the central and western Pacific (Gutowsky et al., 2014a; Henry 
et al., 2021). Analyses of environmental characteristics during the 
post-breeding period have been limited to a few years of 
observations, often from a single population (but see Henry et al., 
2021), and it is unclear the extent to which previous observations 
can be generalized. The degree to which post-breeding habitat is 
shared or segregated between species and between colonies of the 
same species is similarly unclear.

Here, we  assess whether resource partitioning between 
Laysan and black-footed albatrosses persists during post-
breeding. We  use data from global location sensing (GLS) 
loggers deployed on albatross at two breeding colonies across 
5 consecutive years to address the following questions: First, do 
known differences in the spatial distributions of Laysan and 
black-footed albatrosses persist into and throughout the post-
breeding period? Second, do post-breeding albatrosses of the 
same species but from different colonies share similar at-sea 
distributions? Third, if post-breeding segregation occurs, what 
environmental variables characterize each species’ habitats? 
Lastly, do Laysan and black-footed albatrosses show shifts in 
spatial distribution and changes in the environmental 
characteristics of their habitats over the post-breeding period? 
Addressing these questions will improve our understanding of 
habitat use and resource partitioning in North Pacific albatross, 
and may identify potential competitive interactions between 
species and colonies outside of breeding.

Materials and methods

Data collection

Study species
Laysan and black-footed albatross colonies are distributed 

throughout the North Pacific Ocean where they nest on low-lying, 
sandy tropical and sub-tropical islands from Mexico to Japan. 
Both species have consistent breeding cycles, initiating courtship 
and nesting in mid-November and subsequently incubating their 
eggs for approximately 50 days, brooding their young for 
approximately 1 month, and finally rearing chicks for several 
months until chicks fledge (total time for breeding ca. t ≈ 165 days 
for Laysan albatross; t ≈ 150 days for black-footed albatross; 
Warham, 1996; Tickell, 2000). Both species are colonially nesting 
central place foragers that are capable of traveling vast distances 
(>10,000 km) in a single foraging trip during the incubation and 
chick-guard phases of breeding (Fernández et al., 2001; Kappes 
et  al., 2010, 2015). Following the breeding period, adults and 
fledglings leave the breeding colonies independently (Gutowsky 
et al., 2014b) and remain at sea until late fall or early winter when 
they return to their breeding colony (if breeding). During this 
time, wide-ranging foraging on productive waters and molting 
(partial or full) of feathers occurs before breeding adults return to 
island colony sites in late-October (Arata et al., 2009; Gutowsky 
et al., 2014a).
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Study sites and light-level geolocator 
deployments

Geolocators (herein “loggers” or “GLS loggers”) were 
deployed on breeding Laysan and black-footed albatross at 
Sand Island, Midway Atoll National Wildlife Refuge (28.12°N, 
177.23°W, hereafter “Midway”) and Tern Island, French 
Frigate Shoals (23.87°N, 166.28°W, hereafter “Tern”) from 
2008 to 2012. We focus on this time period in order to allow 
for comparisons of habitat use between species and colonies 
as data collection was possible at both colonies during this 
time frame; tracking studies have not been possible at Tern 
Island since 2012, when a microburst hit the island and 
destroyed the field station. Both Midway and Tern are part of 
the Northwestern Hawaiian Islands archipelago, within the 
Papahānaumokuākea Marine National Monument. Birds were 
captured at their nest while incubating eggs or guarding 
chicks. Albatrosses were equipped with either a 6 g Lotek 
LTD  2400 (Midway) or 3.6 g Lotek LAT2500 (Tern) 
geolocation archival data logger (Lotek Wireless, St. John’s, 
Newfoundland). These devices measure changes in ambient 
light levels to estimate sunrise, sunset, and day length, and by 
evaluating these metrics against an internal clock, are able to 
estimate latitude and longitude (DeLong et al., 1992; Hill and 
Braun, 2001; Lisovski et al., 2012). Loggers were mounted on 
plastic identification bands placed around each bird’s tarsus 
using ultra-violet resistant cable ties and quick-setting epoxy. 
The total auxiliary package weighed <2% of bird body mass, 
the recommended maximum device weight of 3% (Phillips 
et  al., 2003). Each logger recorded ambient light intensity 
every 60 s to determine the time of local sunrise and  
sunset.

For each day, single latitude was derived from day length, 
while a single longitude was calculated from the anticipated 
difference of local noon (estimated from light intensities) 
compared to Universal Time as informed by the calculated 
latitude (DeLong et al., 1992; Wilson et al., 1992). Loggers 
were additionally programmed to record immersion state 
(wet/dry) at various resolutions (ranging between every 
32–432 s), as well as ambient temperature and sea-surface 
temperature (SST) when the tags were wet. All devices were 
removed from birds at their nests either 1–2 breeding seasons 
after the initial deployments; logger recovery rates were 
approximately 69% for Laysan albatross and 56% for black-
footed albatross (Table 1). Success or failure of breeding was 
determined by examining mean departure dates for each 
species-colony class and identifying individuals that departed 
earlier than one standard deviation from the mean departure 
date, as individuals that fail breeding will typically leave the 
colony shortly after failure to begin foraging at sea. Laysan and 
black-footed albatross skip breeding in some years in order to 
molt an accumulation of worn-out primary feathers (Langston 
and Rohwer, 1996); individuals with deployments spanning 
more than one post-breeding season were considered “skip-
breeders” for that year.

Estimating bird locations from light-level 
geolocation data

Global location sensing logger data were processed and 
analyzed in R v. 3.6.2 (R Core Development Team, 2019). Given 
the high variation in  location estimates from light-based 
geolocation, especially around seasonal equinox periods 
(Wilson et al., 1992; Welch and Eveson, 1999; Phillips R. et al., 
2004; Shaffer et al., 2005; Hinke et al., 2015), locations were 
re-estimated using the logged sunrise and sunset times using 
the R package “probGLS” (Merkel et al., 2016) which shows low 
spatial error (approx. 33% less error) relative to other GLS 
movement analysis packages (Halpin et al., 2021). This iterative 
forward step selection framework estimates positions from 
sunrise and sunset times using threshold techniques and 
generates a cloud of possible estimates for each location 
(n = 800, iterated 60 times forming weighted particles). These 
estimated positions were weighted by daily median SST 
recorded by the geolocators and compared to temporally 
matched remotely sensed high resolution SST data from 
NOAA.1 Estimated locations were further evaluated using a 
speed filter for periods when an individual was in flight or 
resting on the sea surface from the wet/dry sensor data. Wet/
dry immersion data were available for all years except for 2009 
at Tern. For these data, the logger was assumed to be dry for 
the entire period, potentially allowing for more dispersed 
distributions of animals tracked in this year. For both species, 
travel speeds lower than 10 km h−1 were assumed to 
be stationary (Antolos et al., 2017) compared to mean travel 
speeds in flight of 35–40 km h−1, though maximum travel 
speeds can be much higher than these mean values (Hyrenbach 
et al., 2002; Kappes et al., 2015). Using these weighted location 
particles, 100 possible/potential tracks were calculated, and the 
geographic median of the cloud of each position estimate was 
chosen as the final most likely track. Parameters used in this 
framework are reported in Table 2. Tracks spanning the entire 
annual deployment periods were generated and from these, 
segments of the track representing the post-breeding period 
were isolated by using SST records to identify departure from 
and return to the breeding colony (Conners, 2015). Location 
estimates and spatial analyses were limited to complete trips 
where birds were tracked continuously between their departure 
from and return to the breeding colony. Only tracks that 
included complete tracking logs and SST readings from 
deployment to retrieval were included in our analyses; 
deployments with logging failures or incomplete records due 
to insufficient device storage were excluded (n = 10). Original 
light-level data for three Laysan albatross tracks at Tern Island 
(two individuals in 2010 and one individual in 2012) were no 
longer accessible. In these instances, tracks originally processed 
by Melinda Conners were substituted for analysis (see Conners, 
2015 for processing details).

1  https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
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Data analysis

Quantifying overlap between foraging (95th 
percentile of utilization distribution) and focal 
(50th percentile of utilization distribution) 
areas

Prior work assessing overlap of highly mobile marine 
predators implemented a method of randomization whereby 
tracks were randomly reassigned to one of the groups being 
assessed (herein the “track ID permutation” method; Breed et al., 
2006; Clay et al., 2016). This method permutes the label or ID 
assigned to a specific track while preserving the initial sample size 
and compares the overlap statistic for these randomized groups to 
the overlap statistic of the observed data. The null hypothesis is 
that the two groups are not more overlapped than would 
be expected by random chance given the observed trajectories. 
When implemented for this study, preliminary results did not 
align with visual inspections of overlap in post-breeding 
distributions; the track ID permutation method indicated 
significant segregation in cases when distributions showed 
considerable overlap. To address these inconsistencies, 
we  compared the track ID permutation method with another 
method of creating overlap patterns under the null hypothesis in 
which tracks were generated using a correlated random walk 
(“CRW”; Kareiva and Shigesada, 1983) to determine whether 
CRWs might better represent the potential habitat available to 
highly mobile species (herein the “CRW method”). The details of 
this comparison are described in Supplementary material. The 
results of this comparison of randomization methods suggested 
that the CRWs provided a more reliable means of assessing 
significance of segregation in the observed GLS data by 
representing broader spatial habitat available to albatrosses 
(Supplementary Figure 1). We therefore used the CRW approach 
for analyses of segregation of albatross distributions.

Correlated random walks are simulated tracks that originate 
from the same starting locations as the true data and then allow 
for random walk trajectories from that origin, with the trajectories 
being determined by selected distributions for distance and 
turning angle. Here, we simulated subsequent points by randomly 
drawing a distance and angle independently from distributions of 
travel distances and turning angles fit using the initial data (Hazen 
et  al., 2017, 2021). The package adehabitatLT was used to 
determine turning angles and distances between track points 
present in the data. Distributions were fit by examining Cullen 
and Frey graphs to select candidate distributions and subsequently 
testing goodness of fit (Cullen et  al., 1999). A log-normal 
distribution was the best fit for each category of species and 
colony, aligning with previous findings in animal movement 
studies (Limpert et al., 2001; Diefenbach et al., 2008). As location 
and shape parameters were similar, the parameters for the 
aggregated comparison μ = 11.9 and σ = 0.9 were chosen to 
represent the lognormal distance distribution to draw from our 
CRWs. Similarly, all turning angle distributions were tested by 
species-colony category, with a uniform distribution (a = 0 and 
b = 359) showing the strongest fit for each category, and hence was 
used for the turning angle distribution of our CRWs.

Comparisons of overlap in post-breeding 
distributions

We produced Kernel Density Estimates (KDEs) of post-
breeding distributions to calculate overlap metrics between 
species and colonies. Post-breeding position estimates were 
projected using a Lambert Cylindrical Equal Area projection 
(Wood et  al., 2000), and KDEs were generated using the 
adehabitatHR package (Calenge, 2006) to determine utilization 
distributions following methods described by Kappes et  al. 
(2015). We analyzed KDEs at a 300-km resolution following 
the findings of a double-tagging study by Halpin et al. (2021) 

TABLE 1  Geolocator deployment sample size by species and colony, with number of loggers deployed, recovered, and had viable data and 
represented complete trips to and from the colony.

Midway (n = 60)

Laysan albatross Black-footed albatross

Deployed Recovered Complete trips Deployed Recovered Complete trips

2008 15 10 10 15 6 6

2009 15 9 9 15 7 7

2010 10 8 7 12 3 1

2011 15 6 6 14 6 6

2012 9 5 5 6 3 3

Total 64 38 37 62 25 23

Tern (n = 83)

2008 15 11 9 13 10 8

2009 11 11 11 11 9 9

2010 10 8 8 8 5 4

2011 15 12 10 14 10 10

2012 12 7 7 10 7 7

Total 63 49 45 56 41 38

Bold values indicate number of tracks used for analysis by category.
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which showed that the error associated with GLS loggers was 
approximately 300 km. A fixed kernel approach was used, 
which incorporated a bivariate normal kernel (Worton, 1989) 
and several estimates for the bandwidth h were explored, 
including the (1) reference bandwidth for standard bivariate 
normal distributions, (2) least-squares cross-validation 
(LSCV) derived bandwidth, (3) exact mean integrated square 
error bandwidth, and (4) bandwidth derived using a direct 
plug-in selector. Though fixed kernel estimates using the 
LSCV-derived smoothing parameter have been shown to 
produce the most accurate estimates (Seaman and Powell, 
1996), the temporal resolution of GLS data, large sample size, 
and highly varied space use across individuals (Hemson et al., 

2005) prevented convergence of the LSCV algorithm in 
numerous cases. The reference bandwidth href resulted in 
oversmoothing; given the large spatial extent and multimodal 
distribution of relocations, href was not appropriate for our 
study (Worton, 1995; Seaman et al., 1999). Therefore, we used 
a fixed search radius of 150 km to account for inherent location 
error and uncertainty in light-level geolocation (Phillips 
R. et al., 2004; Shaffer et al., 2005) and kept this search radius 
consistent across all analyses in order to facilitate comparisons 
between species and colonies (Powell, 2000; Kappes et  al., 
2015; Silverman, 2018). Kernel estimates based on Brownian 
bridge movement models were also considered, but a fixed 
kernel method was chosen as the 12-h time interval between 
relocations violated the assumption of conditional random 
movement between location pairs.

We assessed overlap for the following species and colony 
comparisons: between species (using data from both colonies; 
“species+colony-level comparison”), between albatross of the 
same species breeding at Tern and Midway, respectively (“colony-
level comparison”), and between species breeding at the same 
colony (“species-level comparison”), and assessed how overlap 
varied through time. Gutowsky et al. (2015) found that tracks 
from a minimum of 17–21 individual albatross were needed to 
minimize variability of contour overlap assessments during the 
post-breeding period. Sample sizes in the present study were too 
small to consider interannual comparisons of segregation within 
and between populations (data were obtained from a maximum 
of 11 tags in a year; Table 1), so we pooled individual-level KDEs 
across all 5 years to reach a sufficient sample size. To assess how 
species+colony spatial relationships change throughout different 
stages of the post-breeding period, we  assessed spatial 
distributions in bimonthly periods (June–July, August–September, 
and October–November), which included sufficient data for 
assessing overlap (a minimum of 17 individuals per species and at 
least five track points per track; Supplementary Table 1). Though 
some post-breeding tracks included points during March, April, 
and May, these months were excluded from our temporal 
comparisons, as they contained far fewer points than subsequent 
months, were not represented by all four species-colony groups, 
or did not include sufficient temporal overlap (e.g., only a few days 
in a given month) to allow overlap to be assessed. Tracks from 
individuals that skipped breeding in a given year were also 
trimmed to June–November for consistency in analysis of habitat 
use. Thus, for each species or colony comparison (species+colony-
level, colony-level, and species-level), we assessed overlap in both 
foraging and focal areas at different temporal period within the 
post-breeding period (June–July, August–September, and 
October–November).

The degree of spatial overlap in foraging and focal areas was 
assessed using three metrics: the Utilization Distribution 
Overlap Index (“UDOI”; Fieberg and Kochanny, 2005), 
Bhattacharyya’s affinity (“BA”), and the probability of home 
range overlap statistic (“PHR”) for each overlap assessment 
using the adehabitatHR package. These three metrics were 

TABLE 2  “probGLS” algorithm parameters for estimation and analysis 
of positions using GLS data of black-footed albatross and Laysan 
albatross at Midway and Tern.

Model parameter Description Value used

particle.number Number of particles 

computed for each point 

cloud

800

iteration.number Number of track iterations 60

sunrise.sd & sunset.sd Shape, scale, and delay 

values describing 

uncertainty structure for 

each twilight event 

following a log normal 

distribution

2.49/0.94/0

range.solar Range of solar angles used −7° to −1°

boundary.box The range of longitudes and 

latitudes likely to be used by 

tracked individuals

(120, −120, −10, 64)

day.around.equinox Number of days before and 

after an equinox event in 

which a random latitude 

will be assigned

10

speed.dry Fastest most likely speed, 

speed standard deviation 

(SD), and maximum speed 

allowed when the logger is 

not submerged in sea water

10,6,50 m/s

speed.wet Fastest most likely speed, 

speed sd, and maximum 

speed allowed when the 

logger is submerged in sea 

water

1/1.3/5 m/s

sst.sd Logger-derived sea surface 

temperature (SST) sd

0.2

max.sst.diff Maximum tolerance in SST 

variation

3

east.west.comp Compute longitudinal 

movement compensation 

for each set of twilight event

not used
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calculated in order to determine whether results were consistent 
across overlap indices. We compared the results of the metrics 
relative to spatial patterns observed in the KDEs. UDOI outputs 
range from 0 (no overlap) to 1 (complete overlap), but values 
>1 are possible if the spatial distributions are not uniform and 
show a high degree overlap (Fieberg and Kochanny, 2005). 
UDOI is calculated as

	
( ) ( )1,2 1 2ˆ ˆUD , UD ,UDOI A x y x y dxdy

∞

−∞

= ×∬
	

(1)

Equation 1 indicates calculation of UDOI with A1,2 
representing the total area encompassed by both utilization 
distributions, and ÛD(x,y) representing the value of each 
utilization distribution in a given cell of the gridded distribution 
(KDEs computed from a bivariate normal distribution). 
Bhattacharyya’s affinity index ranges from 0, representing no 
overlap, to 1, representing complete overlap between spatial 
distributions. BA is calculated as

	
( ) ( )1 2ˆ ˆUD , UD ,BA x y x y dxdy

∞

−∞

= ×∬
	

(2)

Equation 2 indicates calculation of BA. Similar to UDOI and 
BA, PHR is an index representing the probability of overlap, 
ranging from 0 to 1. PHR is a directional statistic, and is thus 
represented by two values (i.e., the probability of species A being 
found in the home range of species B, and vice versa), and is 
calculated as

	

( ), ÛD ,
i

i j j
A

PHR x y dxdy=∬
	

(3)

Equation 3 indicates calculation of PHR with PHRi,j and PHRj,i 
representing the two directions of overlap. All metrics were 
calculated as conditional indices (i.e., reflecting the probability 
species A is in the focal area of species B given that species A is in 
its own focal area) to allow for direct comparisons at various 
probability contours. Following the results of the simulation study, 
which suggested that randomizations produced with the CRW 
method resulted in more appropriate assessments of overlap (see 
Results); we  assessed the significance of segregation using 
this method.

General trip length characteristics were calculated as 
additional summary characteristics, including mean departure 
date, mean return date, trip length, the area of the foraging and 
focal areas, the distance from the breeding colony to the centroids 
of the foraging and focal areas (calculated as the centroid of the 
polygon of the 95th and 50th UDs, respectively), and the bearing 
from the breeding colony to the centroids of the foraging and 
focal areas.

Environmental data
Kappes et al. (2010) investigated the impact of a number of 

environmental variables on foraging locations during the breeding 
period and found that SST was the most important variable 
correlated with Laysan and black-footed albatross habitat use. 
Chlorophyll-a concentration (as a proxy for primary productivity) 
has also been found to be an important predictor of albatross 
habitat (Žydelis et al., 2011; Henry et al., 2021). Albatross rely on 
wind to move between breeding and foraging areas, and 
accordingly wind has been shown to be  an important 
environmental variable that influences albatross foraging behavior 
and life history (Weimerskirch et al., 2000, 2012; Barnes, 2004; 
Suryan et al., 2008; Thorne et al., 2016; Richardson et al., 2018). 
Henry et  al. (2021) found that SST, wind, and chlorophyll-a 
concentrations were the most important habitat predictors for 
Laysan albatross, and therefore we used these three variables to 
compare environmental characteristics of Laysan and black-
footed albatross post-breeding habitat. We  used monthly 
composites of Aqua MODIS Chlorophyll-a (‘Chl-a’; mg m−3), with 
a 4-km spatial resolution, wind speed (m s−1, hourly) from the 
MERRA-2 reanalysis product with a 0.125° spatial resolution, and 
SST recorded in situ on GLS loggers (°C) from the post-breeding 
period. We  used the monthly composite for Chl-a as higher 
temporal resolutions did not provide sufficient spatial coverage 
due to cloud cover. Wind speed was calculated from u and v 
components of the 10-m height surface model, and the hourly 
data from the MERRA-2 reanalysis was averaged into daily 
composites to match the temporal resolution of processed GLS 
data. For both Chl-a and wind, the mean value from within a 
300-km buffer of each albatross track point was used to match the 
accuracy of processed GLS data. Chl-a was downloaded using 
Marine Geospatial Ecology Tools (Roberts et al., 2010) in ArcGIS 
10 and wind components were downloaded from the MERRA-2 
reanalysis (Gelaro et al., 2017, https://disc.gsfc.nasa.gov). Loggers 
recorded SST in situ when submersion was detected and were 
averaged into daily values to match the temporal resolution of 
processed GLS data.

Results

Of 245 deployments across 5 years, 60 produced complete 
(suitable for analysis) tracks for albatrosses breeding at Midway 
(Laysan albatross = 37, black-footed albatross = 23) and 83 
produced complete tracks for the colony at Tern (Laysan 
albatross = 45, black-footed albatross = 38), for a total of 143 tracks 
included in the analysis (Table 1). Trip durations were broadly 
similar across all species-colony groups, with the exception of 
black-footed albatross from Midway, which showed shorter 
average trip durations than the other classes by approximately 
20–30% (Table 3). Laysan albatross from both colonies showed 
longer average post-breeding trips than black-footed albatross. 
Laysan albatross from Tern initiated post-breeding departures 
earliest (26 May ±56.85 days), and Laysan albatross from Midway 
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TABLE 3  Summary trip characteristics of departure date, return date, trip length, area of focal and foraging areas, distance from colony to the 
centroid of the focal and foraging areas, and bearing from the colony to the centroid of the focal and foraging areas by species (LAAL = Laysan 
albatross; BFAL = black-footed albatross) and breeding colony for both foraging and focal areas (represented by the 95 and 50th utilization 
distribution, respectively).

LAAL BFAL

Midway Tern Midway Tern

Departure date 24 Jun ± 31.25d 26 May ±56.85d 22 Jul ± 38.84d 11 Jun ± 23.67d

Return date 26 Nov ± 11.53d 12 Nov ± 18.82d 19 Nov ± 18.16d 9 Nov ± 12.28d

Trip length (days) 154.78 ± 34.54 169.70 ± 58.20 119.52 ± 27.41 151.31 ± 24.27

Foraging area Focal area Foraging area Focal area Foraging area Focal area Foraging area Focal area

Area (millions km2) 12.4 2.6 13.7 2.4 19.7 3.3 20.7 3.3

Distance from 

colony to UD 

centroid (km)

2409.7 2598.0 2555.3 2881.3 1955.8 2398.6 2296.7 3634.9

Bearing from 

colony to centroid 

(degrees)

−19.2 −29.1 −24.7 −18.4 0.16 −0.84 13.4 36.8

Dates are averaged across all 5 years with standard deviations. Post-breeding trip length values are averages per class with standard deviations.

returned from post-breeding foraging latest (26 November 
±11.53 days). Laysan albatross from Tern showed the highest 
variability in post-breeding trip length, principally due to high 
variability in departure dates. Across 5 years of observations, 13 
Laysan albatross had failed breeding attempts (Midway = 5, 
Tern = 8) and five black-footed albatross had failed breeding 
attempts (Midway = 2, Tern = 3). Notably, half of failed breeding 
attempts for Laysan at Tern occurred in 2011. We identified one 
skip-breeder across our sample size of 143 individuals (a Laysan 
albatross at Midway which skipped the 2010–2011 breeding  
season).

Both Laysan and black-footed albatross generally showed 
broad post-breeding distributions (Figure 1) and significant 
at-sea segregation of both foraging and focal areas (Table 4). 
The focal area for Laysan albatross, when data from both the 
Tern and Midway colonies were aggregated, was distributed 
within the Subarctic Gyre in the Oyashio Current and bordered 
the northern front of the North Pacific Transition Zone 
(NPTZ). Focal areas of black-footed albatross across both 
colonies were predominantly in the northeastern Pacific along 
the California and Alaska Current regions, as well as in the 
central Aleutian Islands and the Bering Sea. However, north 
central regions of the Pacific near the central Aleutian Island 
chain were important for both species throughout the post-
breeding period. Broadly, Laysan albatross showed more 
pelagic distributions, including the Alaska Stream and Oyashio 
Current whereas black-footed albatross generally associated 
with coastal shelf habitat throughout the observed range. 
Pelagic distributions for black-footed albatross were much 
more limited, with the exception of the western portion of the 
NPTZ and the central Bering Sea. As a result of the use of 
different regions within the North Pacific, Laysan and black-
footed albatross aggregated across both breeding sites over 
5 years showed significant at-sea segregation of both the 

foraging and focal areas (Figure 1; Table 4; only p values for 
UDOI are described here to facilitate interpretation).

When examining habitat use by colony, foraging and focal 
areas were smaller for Laysan albatross than black-footed albatross 
(Table 3). Distance of centroids of foraging and focal areas showed 
more variability among black-footed albatross, with Midway 
black-footed albatross’ foraging distribution centroid occurring 
closest to the breeding colony among all species-colony groups 
and Tern black-footed albatross focal distribution furthest among 
all classes. Distances from the colony to the centroids of foraging 
and focal areas were similar (foraging and focal centroids ca. 2,410 
and 2,598 km away from Midway; ca. 2,555 and 2,881 km away 
from Tern) for both colonies of Laysan albatross. For both 
foraging and focal areas, Laysan albatross generally flew to the 
northwest from colonies while black-footed albatross generally 
flew northeastern (Table 3).

Segregation between foraging areas of Laysan albatross 
breeding at Midway and Tern was low (Figures  2A,C; 
UDOI = 0.779), while segregation of focal areas was high 
(UDOI = 0.057), and significant segregation was not detected in 
either case (Table 4). Foraging areas of Laysan albatross breeding 
at Tern and Midway both included broad regions of the central 
and western North Pacific. However, subtle differences in Laysan 
focal habitat use occurred between the two colonies, despite the 
presence of considerable overlap in both foraging and focal areas 
when data from throughout the post-breeding period were 
examined. High densities of Laysan albatross breeding at Midway 
were observed on the northwestern Pacific eastward of the Kuril 
Islands, whereas densities of Laysan albatross breeding at Tern 
were highest toward the central Aleutian Islands and central areas 
of the Bering Sea. Laysan albatross from Tern did not appear to 
utilize the Oyashio Current as frequently or as densely as Laysan 
albatross from Midway. In addition, the habitat used by Laysan 
albatross breeding at Tern did not include the Sea of Okhotsk 
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while this region was within the focal area of Laysan albatross 
breeding at Midway. The habitat of Laysan albatross breeding at 
Tern occupied a similar longitudinal range as those breeding at 
Midway (85 and 88° longitude respectively), but the distribution 
was further east, extending to seamount areas of the northwestern 
Pacific, which were not accessed by individuals from Midway. 
Laysan albatross breeding at Midway used habitats that extended 
farther north than those breeding at Tern Island. The overall 
latitudinal range of post-breeding habitat for birds from Midway 
Atoll was approximately 25% greater than conspecifics breeding 
at Tern (range of approximately 37 and 47° latitude for Laysan 
albatross breeding at Tern and Midway, respectively), though the 
area of the foraging and focal areas was similar between the two 
colonies (Table 3).

Habitats used by black-footed albatross showed moderate 
segregation in foraging areas (UDOI = 0.411) between the Midway 
and Tern breeding colonies, which was not found to be significant, 
while focal areas between the two colonies showed higher, though 
insignificant segregation (UDOI = 0.002; Figures 2B,D; Table 4). 
Most notably, the foraging area of Midway black-footed albatross 
encompassed the entire northern extent of the North Pacific basin, 
and extended to higher latitudes than conspecifics breeding at 
Tern, which primarily used habitats in the eastern North Pacific. 
The focal distribution of black-footed albatross from Midway 
extended from the northern side of the central Aleutian Islands 
and the entire Pribilof Islands through the Northern Bering Sea. 
The black-footed albatross focal habitat breeding at Tern was 
much more coastal in comparison, focused on coastal regions of 
the Gulf of Alaska and along the western coast of the United States 
and Canada. However, black-footed albatross focal habitat from 
both Tern and Midway included regions south of the eastern 
Aleutian Islands. Longitudinal ranges were similar for black-
footed albatross breeding at Midway and Tern (range of 109°), and 
encompassed the entire longitudinal range of the northern North 
Pacific (range of 103–97° respectively). Latitudinal ranges of 
black-footed albatross were highly disparate between the breeding 
colonies (range of 53° latitude for Midway black-footed albatross, 
37° latitude for Tern black-footed albatross), with albatross 
breeding at Midway extending further north into the Chukchi Sea 
than those breeding at Tern.

The degree of at-sea segregation of albatross breeding at the 
same colony varied between Tern and Midway. When all time 
periods were analyzed together, the foraging area of Laysan 
albatross breeding at Midway showed strong overlap with that of 
black-footed albatross breeding at Midway and was not found to 
be significantly segregated (UDOI = 0.635, p = 0.64, Figures 2A,B; 
Tables 4, 5). In contrast, focal areas of Laysan and black-footed 
albatross breeding at Midway were significantly segregated 
(UDOI = 0.004, p < 0.01), with limited overlap in the focal areas of 
both species occurring in regions south of the central and western 
Aleutian Islands. Laysan and black-footed albatross breeding at 
Tern showed significant segregation of both foraging and focal 
areas (UDOI = 0.189, p < 0.01 for foraging areas; UDOI = 0, p < 0.01 
for focal areas; Figures 2C,D; Table 4).

The spatial distributions of both species showed temporal 
changes throughout the post-breeding period (Figure 3). For both 
species, conspecifics breeding at different colonies showed more 
segregation of focal areas from June through September, and showed 
more overlap in October and November. Black-footed albatross 
primarily used habitats in the eastern North Pacific in June and July, 
and then additionally used waters of the central and western North 
Pacific from August through November, exhibiting particularly 
dispersed distributions in October and November. Laysan albatross 
primarily used habitat in the central Pacific from June through 
September, and then dispersed to include habitats in more western 
and northern regions of the North Pacific in October and November. 
Both species from both breeding colonies showed increased use of 
the Bering Sea in October and November. During the first 4 months 
of the post-breeding period, Laysan and black-footed albatrosses 
showed significant at-sea segregation in both foraging and focal 
areas (Table 5), with Laysan albatross primarily occurring in the 
central western North Pacific and black-footed albatross primarily 
occurring further east. However, during October and November, the 
two species showed more overlap in their habitats, particularly 
around the central Aleutian Islands and in the Bering Sea.

The foraging areas of Laysan and black-footed albatross 
breeding at Midway showed significant segregation in June/July 
and August/September but not in October/November and not 
when data were assessed over the full post-breeding period 
(Table 5). Laysan and black-footed albatross showed significant 
segregation when assessed over the full post-breeding period 
(aggregated Laysan and aggregated black-footed foraging and 
focal areas; Tern Laysan and Tern black-footed foraging and focal 
areas; and Midway Laysan and Midway black-footed focal areas), 
showing significant segregation from June/July until the final 
bimonthly period (October–November), at which point 
distributions showed considerable overlap. For both  
species, there was considerable overlap in habitat use of albatross 
from the two colonies through time in both foraging and focal 
areas, though we found significant segregation of habitats used by 
Laysan albatross breeding at Tern and Midway in June/July.

Chlorophyll-a of habitats used by black-footed albatross 
breeding at Tern were highly variable from June through October 
and both species at both colonies used regions with higher Chl-a 
during August and September (Figure  4A). Laysan albatross 
breeding at Tern used habitats with slightly lower Chl-a than those 
breeding at Midway throughout the post-breeding period 
(Figure 4A). Habitat use in relation to wind speed was highly 
similar across both species and breeding colonies and showed 
little variation throughout the post-breeding period, with the 
exception of marginally faster wind speeds in albatross habitat 
during October and November (Figure 4B). Black-footed albatross 
breeding at Tern generally used habitats with warmer SSTs than 
those breeding at Midway, particularly in June through August 
(Figure  4C). Within colonies, SST in habitats used by Laysan 
albatross was broadly similar from June to September, though SST 
was somewhat lower and more variable in October and November 
for Laysan albatross breeding at Tern (Figure 4C).
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Discussion

Spatial segregation in post-breeding 
distributions of Laysan and black-footed 
albatross

Our results provide a comprehensive assessment of the 
post-breeding distributions of Laysan and black-footed 

albatross in the central North Pacific and contribute to the 
growing literature on habitat use and dispersal of post-
breeding seabirds. While previous work has examined post-
breeding dispersal within a more limited scope (shorter 
1–2 year study periods or species comparisons from a single 
breeding colony; Young et al., 2009; Gutowsky et al., 2014b; 
Henry et  al., 2021), here we  assess GLS data from 143 
individual tracks, encompassing the entire post-breeding 

A

B

C

FIGURE 1

(A) Important oceanographic locations and features; overall utilization distribution (UD) densities of (B) Laysan albatross and (C) black-footed 
albatross from both colonies with contours of the foraging area (95th UD) and focal area (50th UD) for both species.
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period over 5 years at two breeding colonies, representing the 
most comprehensive analysis to date that integrates tracking 
data from multiple north Pacific albatross colonies. Our 
findings revealed that from June to September, Laysan and 
black-footed albatross exhibited divergent patterns of habitat 
use during post-breeding both within and across breeding 
colonies, in both foraging and focal areas. These spatial 
differences resulted in distinct geographic separation of 
oceanographic habitat.

Resource partitioning during the breeding period has long 
been recognized in sympatrically breeding colonial seabirds 
(Ashmole, 1971; Schoener, 1974), and this work demonstrates 
that resource partitioning between Laysan and black-footed 
albatrosses is maintained during the post-breeding period. 
The mechanism driving this partitioning between species 
remains unclear, as environmental variables investigated here 
did not suggest consistent differences at the species-level. 
Laysan and black-footed albatross are both generalist 
predators that consume a wide array of prey types, such as 
mesopelagic fish, squid, crustaceans, coelenterates, and 
scavenged fisheries offal, but have shown preferences for 
different prey types while foraging near their breeding 
grounds (Harrison et  al., 1983; Arata et  al., 2009; Conners 
et  al., 2018). Though generalists, these species have been 

shown to forage on different prey types during the highly 
constrained chick-brood phase of the breeding season (with 
black-footed albatrosses consuming more flying fish eggs and 
crustaceans than Laysan albatrosses that primarily target 
mesopelagic squid and fish), though this differentiation in diet 
is not present while birds are incubating eggs (Conners et al., 
2018). Habitat partitioning may occur as a result of different 
prey types being targeted, a causal relationship which is not 
necessarily detectable through the analysis of the 
environmental variables selected for this study. Inter-colony 
density-dependent competitive interactions are one 
mechanism that could account for this partitioning (Wakefield 
et al., 2013).

Spatial segregation between breeding 
colonies of Laysan and black-footed 
albatross

Tracking studies of marine megafauna are often conducted 
at singular locations or study colonies, which could bias our 
understanding of spatial distributions if habitat use is not 
consistent across regions, populations or colonies (Hart and 
Hyrenbach, 2009; Bolton et  al., 2019; Hays et  al., 2020). 

TABLE 4  Values of overlap indices for Laysan and Black-footed albatross breeding at Midway and Tern Island for all post-breeding points.

Comparison Utilization distribution 
overlap index

Bhattacharyya’s Affinity Probability of home 
range overlap (a,b)

Probability of home 
range overlap (b,a)

Foraging area

Laysan × black-footed albatross 0.432 0.574 0.904 0.484

Midway Laysan × Tern Laysan 

albatross

0.779 0.722 0.795 0.827

Midway black-footed × Tern 

black-footed albatross

0.411 0.541 0.734 0.617

Midway Laysan × Midway black-

footed albatross

0.635 0.693 0.927 0.743

Tern Laysan × Tern black-footed 

albatross

0.189 0.401 0.754 0.309

Focal area

Laysan × black-footed albatross 0.001 0.024 0.032 0.018

Midway Laysan × Tern Laysan 

albatross

0.057 0.236 0.215 0.271

Midway black-footed × Tern 

black-footed albatross

0.002 0.046 0.080 0.028

Midway Laysan × Midway black-

footed albatross

0.004 0.063 0.086 0.047

Tern Laysan × Tern black-footed 

albatross

0 0 0 0

Values of UDOI range from 0 to 1, with lower values representing segregation and higher values representing overlap. Values of BA range from 0 to 1, and similarly represent segregation 
and lower values and overlap at higher values. The directional statistic PHR ranges from 0to 1 and represents the overlap of probability distributions between species. Bold values for 
UDOI indicated significant segregation was detected using the CRW method of randomization (p values for the CRW method are presented in Supplementary Table 2). Foraging and 
focal areas are represented by the 95 and 50th utilization distribution, respectively. Bold indicates significant segregation was present under the CRW randomization method; significance 
tests were only conducted for UDOI to facilitate interpretation
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We found that the degree of habitat segregation varies between 
different breeding colonies and species. For example, 
we observed differences, though no significant segregation, in 
the focal areas of black-footed albatross breeding at Tern and 
Midway (Figures 2B,D; Table 5). Previous studies of breeding 
black-footed albatross from Tern highlighted the importance 
of coastal areas of the northeastern Pacific to their foraging 
habitat (Fernández et  al., 2001; Hyrenbach et  al., 2002; 
Naughton et  al., 2007; Arata et  al., 2009; Hyrenbach et  al., 
2010) but we found that focal areas of black-footed albatross 
from Midway occurred in the Bering Sea and along the 
Aleutian Islands. Fischer et  al. (2009) found this region to 
be important to black-footed albatross in the post-breeding 
period. The colony of origin of those birds was unknown, 
though results here suggest they likely were part of the Midway 
breeding colony. Laysan albatross from Tern and Midway 
showed similar patterns of habitat use in foraging areas, 
though focal areas between colonies showed significant 
segregation in June/July. Henry et al. (2021) compared at-sea 
distributions of Laysan albatross from Tern Island and 

Guadalupe Island (which was not in the foraging range of 
albatross in this study) and also found moderate overlap of 
foraging areas and minimal overlap of focal areas during the 
post-breeding period. Young et al. (2009) observed similar 
patterns across colonies at two breeding sites in the main 
Hawaiian Islands, finding greater overlap of broad foraging 
ranges during the non-breeding period compared to <50% 
overlap at the focal utilization distribution level. Together, 
these findings highlight the importance of including multiple 
breeding colonies of a species when assessing the at-sea habitat 
use of seabirds (e.g., Young et al., 2009, 2015; Mendez et al., 
2017, 2020; Henry et al., 2021).

Environmental variables characterizing 
post-breeding habitats of Laysan and 
black-footed albatross

We found divergent patterns of habitat use in relation to 
SST and Chl-a across species-colony groups. Colony-level 

A B

C D

FIGURE 2

Foraging and focal areas (95 and 50th utilization distributions, respectively) for: (A) Midway Laysan albatross, (B) Midway black-footed albatross, 
(C) Tern Laysan albatross, and (D) Tern black-footed albatross.

https://doi.org/10.3389/fevo.2022.1028317
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Jordan et al.� 10.3389/fevo.2022.1028317

Frontiers in Ecology and Evolution 13 frontiersin.org

differences were observed in the SST of habitats used by black-
footed albatross, with black-footed albatross from Tern 
consistently foraging in warmer water than their conspecifics 
breeding at Midway, divergent trends that were not observed in 
Laysan albatross breeding at different colonies. These 
differences are reflected in the metrics of spatial overlap, as 
black-footed albatross between colonies showed more 
segregation at the focal level (though observed segregation was 
not found to be significant). Habitat modeling can be used to 
predict locations where albatross are likely to occur based on 
environmental drivers (e.g., Žydelis et al., 2011), but differences 
in species-environment relationships between colonies may 
require data from multiple colonies to comprehensively 
understand habitat requirements, as our results show. 
Additionally, our results suggest that species-environmental 
relationships changed seasonally, particularly for Chl-a, which 

showed considerable seasonal variability in albatross habitat. 
Differences in environmental variables in albatross habitat over 
the course of the post-breeding period and differences in SST 
occurring in habitats used by black-footed albatross at Tern and 
Midway violate the assumption that species-environmental 
relationships hold constant across space and time. Caution 
needs to be taken when generalizing these species’ preferred 
foraging habitat.

Our findings also suggest that some environmental 
characteristics of Laysan and black-footed albatross habitat 
differ from patterns observed during the breeding period. 
Using data from albatross tagged at Tern, Hyrenbach et al. 
(2002) and Kappes et  al. (2015) found that black-footed 
albatross used warmer habitats than Laysan albatrosses during 
breeding. While this held true for black-footed albatross from 
Tern during post-breeding, black-footed albatross from 
Midway used habitats with lower median SST than that of 
both Laysan colonies for 4 of the 6 post-breeding months. 
We  found that wind did not vary considerably between 
habitats used by either species at either breeding colony, and 
align with Kappes et al. (2015) who found that wind had a 
relatively small impact on Laysan and black-footed albatross 
foraging behavior during the breeding period. While wind 
likely influences Laysan and black-footed albatross 
distribution (Suryan et al., 2008; Thorne et al., 2016), the low 
variability we observed within albatross habitat may reflect the 
fact that albatrosses are consistently selecting regions of 
moderate to high wind speed.

Temporal trends in spatial distributions of 
post-breeding Laysan and black-footed 
albatrosses

Both Laysan and black-footed albatross had more 
dispersed distributions late in the post-breeding period 
(October/November), and as a result any at-sea segregation 
observed within or between species earlier in the post-
breeding season did not occur during this time frame. While 
changes in distributions during this time period may represent 
some transitory portions of tracks representing gradual travel 
to and from the breeding sites, we removed directional travel 
by eliminating track points in periods during which recorded 
SST changed rapidly. As such, the broad distributions observed 
are unlikely to be fully explained by directional travel from 
foraging areas to the colony (Figure  3). Further, these 
dispersed distributions were not observed early in post-
breeding when birds were transiting to and arriving in 
foraging areas. Regardless of the drivers of these distributions, 
our results suggest that both Laysan and black-footed albatross 
are widely distributed and share habitat across the North 
Pacific in October/ November, and thus threats to these 
species such as by-catch risk due to overlap with fisheries are 
less localized during this time.

TABLE 5  p values for comparisons conducted using the CRW 
randomization method by bi-monthly periods and in aggregate 
(aggregate category includes all post-breeding points, including 
those outside the June–November temporal comparisons).

Comparison All Jun. - Jul. Aug. - 
Sept.

Oct. - 
Nov.

Foraging area

Laysan × black-footed 

albatross

<0.001 <0.001 0.002 >1

Midway Laysan × Tern 

Laysan albatross

0.979 0.984 0.204 0.507

Midway black-

footed × Tern black-

footed albatross

0.552 0.977 0.999 >1

Midway 

Laysan × Midway 

black-footed albatross

0.643 0.001 0.017 >1

Tern Laysan × Tern 

black-footed albatross

<0.001 <0.001 0.032 0.972

Focal area

Laysan × black-footed 

albatross

<0.001 <0.001 0.084 >1

Midway Laysan × Tern 

Laysan albatross

0.984 <0.001 0.236 0.426

Midway black-

footed × Tern black-

footed albatross

0.103 0.210 0.114 >1

Midway 

Laysan × Midway 

black-footed albatross

0.013 <0.001 <0.001 0.983

Tern Laysan × Tern 

black-footed albatross

<0.001 <0.001 <0.001 0.576

Significance tests were only conducted for UDOI to facilitate interpretation. Bold 
indicates significant segregation detected. Comparisons of the aggregated time periods 
include post-breeding track points falling outside of the June—November time period 
used for temporal comparisons. Foraging and focal areas are represented by the 95 and 
50th utilization distribution, respectively.
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Conclusion

Assessing species distributions across the span of their 
annual cycle is critical to building an effective conservation 
strategy. This study provides a comprehensive analysis of the 
post-breeding distribution of Laysan and black-footed albatross 
breeding at Midway Atoll and Tern Island. We found significant 
at-sea segregation between these two species, both across and 
within breeding colonies, indicating that resource partitioning 
persists during post-breeding. Patterns of habitat use in relation 
environmental characteristics differed between black-footed 
albatrosses breeding at different colonies, highlighting that 

species-environmental relationships may vary across space and 
time. Temporal patterns of species’ distributions revealed that 
any observed at-sea segregation diminished in the latter months 
of the post-breeding period, when albatross from both species 
and colonies showed dispersed distributions. Our results 
provide a clearer picture of the post-breeding distribution of 
Laysan and black-footed albatross than previously available, 
information which can assist managers in understanding 
albatross habitat use and assessing spatial components of threats 
such as bycatch risk. This work highlights the importance of 
sampling across time periods and across colonies, populations, 
or social groups when conducting analyses of distribution and 
habitat use, particularly for protected species for which 

A B

FIGURE 3

Laysan albatross (A) and black-footed albatross (B) post-breeding locations by month and breeding colony. Laysan and black-footed albatross 
breeding at Midway both left and returned to the breeding colony later than those breeding at Tern. As a result of departure and return dates, 
fewer Laysan albatross from Midway were tracked in June, and fewer Laysan albatross from Tern were tracked in November. Similarly, fewer 
black-footed albatross from Midway were tracked in June and July, and fewer black-footed albatross from Tern were tracked in November.
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management and conservation may be  impacted by our 
understanding of their distribution.
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