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ABSTRACT: Nonbreeding distributions and migratory phenology can vary within and among
populations of many taxa, including seabirds. Such differences can drive variation in survival and
reproduction. Knowledge of where, when, and why individuals move is therefore crucial to understanding and predicting population-level processes, particularly in the context of oceanographic
change. Here we present the first year-round tracking data for Cassin’s auklet Ptychoramphus
aleuticus, a small, zooplanktivorous North Pacific seabird, revealing the nonbreeding behavior of
birds from colonies in British Columbia, Canada, across 3 years of variable oceanographic conditions. These birds moved both north (summer, fall) and south (fall, winter) from the colony, using
1 of 4 migratory tactics: North, South, North-South, or Local. Distributions ranged from the Aleutian Islands to Baja California, to maximum distances of 2757 and 3110 km, respectively. Within
tactics there was additional spatiotemporal variation among individuals, resulting in diverse nonbreeding experiences. Some variability was explained by year and sex. Cassin’s auklets appear to
target distinct, ecologically differentiated areas within their nonbreeding range which may have
good quality habitat. Variation in these target regions across years suggests somewhat flexible
migratory behavior; however, consistent migration to the Southern California Bight despite very
low productivity in one study year suggests that fixed tactics may exist. This work contributes to
our understanding of predator movement in the North Pacific and highlights the importance of
individual-level spatial data for studies of carryover effects and conservation planning.
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Partial migration · Individual variability · Geolocator · Alcidae · Marine heatwave · ‘The Blob’ ·
Mortality event
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Fundamentally, animal movement occurs in response to spatial and physical variation in the environment. In the case of migration, animals can
respond to semi-predictable, cyclic variation in environmental conditions across the annual cycle (Cresswell et al. 2011). Migration is a widespread phenom-

enon in terrestrial, aquatic, and aerial taxa, and commonly occurs between breeding and nonbreeding
habitats (Alerstam et al. 2003, Ramenofsky & Wingfield 2007), enabling individuals to optimize their use
of variable resources for self-maintenance, growth,
development, and reproduction (Dingle & Drake
2007). Remarkable diversity in migratory tactics has
been documented both among and within popula-
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tions (Dingle & Drake 2007, Cagnacci et al. 2011,
Vardanis et al. 2011), including differences in destinations, routes, and phenology. Migratory movements are thought to be optimized with respect to
energetic costs, time, and predation risk (Alerstam &
Lindström 1990, Alerstam 2011); thus, this extensive
variability is likely driven by differences in population- or individual-level characteristics with relevance to fitness outcomes.
Like many other migratory taxa, seabirds show
considerable diversity in nonbreeding strategy (migratory, nonmigratory) and migratory tactics. Some
seabirds appear to be sedentary year-round (Croxall
& Davis 1999, Crossland 2012), while others make
exceptionally long migrations (Shaffer et al. 2006,
Egevang et al. 2010), or exhibit a mixed strategy
(‘partial migration’; Chapman et al. 2011), where
only a portion of the population migrates (McKnight
et al. 2011, Perez et al. 2014). Among migrants of the
same species, intra- and inter-population differences
can exist in choice of primary overwintering area,
stopover locations, and migratory phenology (Catry
et al. 2011, Kopp et al. 2011, Weimerskirch et al.
2017), all of which result in varying degrees of spatial
segregation and distinct nonbreeding experiences.
At both the population and the individual level, these
migratory tactics can be repeatable from year to year
(fixed) or flexible in response to environmental variation (Phillips et al. 2005, Quillfeldt et al. 2010, Dias et
al. 2011), often within a relatively consistent largescale distribution framework (McFarlane Tranquilla
et al. 2014, Krietsch et al. 2017). Determining such
differences in nonbreeding experience and behavioral flexibility is crucial for understanding the factors driving population-level processes in seabirds
and predicting how these processes may be affected
by rapid oceanographic change.
Equally important to predicting population-level
processes is understanding the fundamental drivers
of this behavioral variability. Seabird nonbreeding
distributions are affected by intrinsic factors such as
sex, age, individual quality, and reproductive status
(Phillips et al. 2005, Bogdanova et al. 2011, Gutowsky
et al. 2014, Fayet et al. 2016), and extrinsic factors
such as environmental characteristics, prey distribution, and competition (Phillips et al. 2005, Felicísimo
et al. 2008, Fayet et al. 2017). Many additional factors, such as genetics and cultural learning, have
been proposed but remain to be tested. The taxonomic coverage of such studies is also far from complete, and even in species for which tracking data
exist, assessment of these drivers is often hindered by
limited spatiotemporal coverage and sample sizes.

Cassin’s auklet Ptychoramphus aleuticus is a small
(~180 g), zooplanktivorous, North Pacific seabird for
which reproductive biology has been well studied
but basic nonbreeding distributions remain poorly
understood (Ainley et al. 2011). Nonbreeding distribution estimates for Cassin’s auklets have been
based mainly on vessel observations, with high
abundances documented over the continental shelf
break and slope in the California Current System
(CCS) (Adams et al. 2004, Ainley et al. 2009), as well
as in deeper offshore waters (Briggs et al. 1987, Ford
et al. 2004). Monthly vessel transect surveys in California from 1975 to 1983 recorded large numbers
entering the region from the north in September
and October, roughly doubling the local population
and suggesting migration from British Columbia
and Alaska (Briggs et al. 1987). In addition, limited
radiotelemetry data suggest that birds breeding in
southern California may move north toward central
California at the beginning of their postbreeding
period in June (Adams et al. 2004). Band recoveries
appear to corroborate the theory of southward migration from British Columbia (2 bands recovered in
Washington, 3 in Oregon, and 2 in northern Baja;
Triangle Island Research Station unpubl. data), and
sedentary behavior for central California breeders
(n = 3; Ainley & Boekelheide 1990); however, local
currents and differences in shoreline recovery probability make inferences from these recoveries highly
speculative.
Individual and colony-specific movement and
behavioral data are needed to more directly assess a
suite of factors which may affect population-level
processes in Cassin’s auklets during the nonbreeding
period, particularly in the context of increasing
oceanographic variability. The purpose of this study
was to begin to address these knowledge gaps for
colonies in British Columbia, where the majority of
this species breeds (~75% of global breeding population; Rodway et al. 1992). This study had 2 broad
aims: (1) to characterize nonbreeding distributions
and migratory phenology, including the identification of stopover sites, and (2) to assess whether sex
and/or year can explain variation in basic migratory
characteristics (e.g. departure date, range). Since
oceanographic conditions varied dramatically across
years, primarily due to a large-scale marine heatwave (‘the Blob’; Kintisch 2015), we also identified
consistency or variability in these distributions over
time — observations which may provide initial insight
into the degree of migratory plasticity in this species.
This phenomenon had profound effects on prey
availability in the North Pacific, which likely reduced
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suitable habitat (Whitney 2015, Gómez-Ocampo et
al. 2018); thus, we predicted that the extent of core
use areas would be reduced in warm-water (2014−
2016) relative to cool-water (2016−2017) years.

breeding period as 1 July to 31 March, since most
birds left the colony area on or after 1 July, and the
earliest estimated lay date for returning tracked birds
was 1 April.

2. MATERIALS AND METHODS

2.2. Deployment and recovery of loggers

This research was conducted under permits from
Environment Canada (banding permit 10667F; Migratory Birds scientific permits BC-14-0026#1, BC15-0005, BC-16-0012, BC-17-0028). Wildlife protocols were approved by Simon Fraser University
Animal Care Services in 2014 (974B-94), and Environment Canada’s Western & Northern Animal Care
Committee from 2015−2017 (15MH01, 16MH01,
17MH01).

For this study, we deployed light-level based global
location sensing (GLS) loggers (Intigeo-C65, Migrate
Technology; 1.0 g, range 4, mode 6) on 108 Cassin’s
auklets. These loggers sample light intensity every
1 min and record the maximum value over 5 min
intervals. Loggers were deployed on birds at Triangle Island from mid- to late June during the chickprovisioning period. Deployments of loggers at Frederick Island occurred in late May during incubation.
Each logger was pre-attached to a plastic leg band
using self-amalgamating tape, epoxy, and a UVresistant zip tie with a stainless-steel barb threaded
through 2 custom holes in the band such that the
whole assembly (< 2.0 g) could be quickly placed on
the tarsus. Loggers were groundtruthed (run at a
known location in the colony) for ≥3 d prior to deployment in 2014 and 2015, and 1 d (n = 7) or 0 d (n = 2)
in 2016. At deployment, each bird was removed from
its nest chamber, morphometrics were recorded
(within 0.05 mm and 0.5 g), a metal band and a logger assembly were applied to the right and left tarsi,
respectively, and the bird was returned to its burrow.
Sex was assigned based on the bill depth of the
logger-equipped bird or its mate (95% confidence
except from 9.54 to 9.96 mm; Knechtel 1998). In April−
May of the following breeding season, each burrow
was monitored daily for re-occupancy, at which point
the logger assembly was retrieved and the bird
returned to its burrow. All loggers were groundtruthed again for ≥4 d, except for 1 logger in 2017 (2 d)
and in cases where logger batteries were exhausted
(n = 4). Positions generated during both groundtruthing periods corresponded well with true locations.
Nest desertion has been documented in Cassin’s
auklets following the attachment of 2.8−5 g legmounted devices (Elliott et al. 2010), so precautions
were taken to minimize this risk. As recommended
by Elliott et al. (2010), we deployed loggers on birds
rearing chicks from regularly studied areas of the
colony whenever possible, used the smallest available leg-mounted logger assemblies which met our
research needs, attached loggers outside the burrow
early in the night or around mid-day, and minimized
disturbance to the bird and its mate. When necessary, burrow entrances were covered for ~2 min fol-

2.1. Study sites and context
Post-breeding Cassin’s auklets (n = 35) from 2
colonies in British Columbia were successfully
tracked during 1 of 3 nonbreeding periods, spanning 2014 to 2017. These years included unusually
positive sea surface temperature (SST) anomalies in
the northeast Pacific (up to 4°C), primarily associated with a large, persistent mass of warm ocean
water termed ‘the Blob’ (2013−2015; Kintisch 2015,
Peterson et al. 2016a) and a very strong El Niño
event (2015−2016, peak Oceanic Niño Index + 2.6;
NOAA Climate Prediction Center 2018). The Blob
first appeared offshore in fall 2013, shifted alongshore from Alaska to Mexico in spring 2014, and
split in 2 in spring 2015 before temperatures began
to moderate (Kintisch 2015, Peterson et al. 2016a).
The Pacific Decadal Oscillation (PDO) was also predominantly positive (warm coastal SST phase) from
October 2014 to the end of the study period (NOAA
National Centers for Environmental Information
2018), despite the development of a moderate La
Niña in 2016−2017 (NOAA Climate Prediction Center 2018).
Most data in this study were obtained from the
world’s largest colony of Cassin’s auklets, Triangle Island (50.86° N, 129.08° W) in the Scott Islands group,
British Columbia, where ~40% of the global population breeds (~1 095 000 breeders, see Fig. 1a, Rodway 1991). Additionally, individuals were tracked
from Frederick Island (53.93° N, 133.21° W), a large
colony off the northwest coast of Haida Gwaii during
the 2014−2015 nonbreeding period (~180 000 breeders, see Fig. 1a). In this study, we define the non-
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most appropriate angle for each groundtruthing
period using the IntiProc calibration tool, calculating
the mean of pre- and post-deployment estimates
when available, and then calculating the mean for all
loggers.
Each dataset was subjected to 2 quality control filters within the R package GeoLight (Lisovski & Hahn
2013). ‘loessFilter’ was used to remove event-time
outliers by fitting local polynomial regressions and
identifying residuals outside 2 interquartile ranges,
and ‘distanceFilter’ was used to remove positions
requiring unrealistic flight speeds (>1162.8 km d−1).
This threshold was chosen by multiplying the mean
ground speed of small alcids flying offshore with a
tailwind (68.4 km h−1; Spear & Ainley 1997) by the
maximum possible duration of flight per day as
estimated using immersion data (17 h; Text S1 in
the Supplement at www.int-res.com/articles/suppl/
m619p169_supp.pdf). All datasets were cropped to
the nonbreeding period (1 July to 31 March), and
equinox periods were removed and saved separately
(ca. 5 wk on the winter side and 2 wk on the summer
side of each equinox; Text S2). Positional data were
generated from event-times using ‘coord’ in Geo2.3. Logger data processing
Light, resulting in 2 positions per day where complete event-time data were available. As a final qualAll data collected from retrieved loggers were
ity control step, these periods of positional data for
adjusted for logger clock drift except in cases of bateach bird were visualized in ArcGIS 10.3 (ESRI) to
tery failure (2 incomplete datasets and 2 complete
record and remove positions which clearly stood out
datasets). Daily sunrise and sunset event-times were
from the distribution pattern and were greater than
estimated from light intensity curves in IntiProc 1.03
350 km from positions closest in date. Finally, start
(Migrate Technology), using a lux threshold of 2. All
and end coordinates for the colony of origin were
light curves were visually inspected, and clearly
added to the datasets. The mean ± SD percent of
erroneous event-times (program-defined sunrises or
positions removed per individual across all quality
sunsets occurring within daylight or nighttime pericontrol steps was 7.7 ± 5.6% during non-equinox
ods, or associated with severely truncated light
periods and 51.9 ± 4.2% during equinox periods.
curves) were noted and removed. A standard elevaPositional data were smoothed twice to improve
tion angle of −6.17° was used when calculating all
accuracy (Phillips et al. 2004a), using a sliding boxcar
positional data. We chose this value by estimating the
window to calculate a 1:2:1 weighted mean for spherical coordinates. The smoothing
Table 1. Summary of logger recovery data and deployment effort for Cassin’s aukfunction was not applied over
lets from Triangle and Frederick Islands, British Columbia (Canada) in each
periods with gaps in positional
colony-year. Datasets noted as ‘incomplete’ include data through 1 January at
data of 1 d or longer, or over rapid
minimum. Both incomplete datasets are from males. No males were tagged in
movement periods (changes in
2014−2015
latitude or longitude greater than
4° or 6° respectively, occurring
Year
Colony
No. of datasets
Sex
No.
Recovery
over <1 d). Smoothing was perComplete Incomplete
F
M deployed rate (%)
formed on equinox and non2014−2015 Triangle
4
0
4
0
30
13
equinox periods separately so that
Frederick
6
0
6
0
25
24
increased latitudinal error around
2015−2016 Triangle
15
1
12
3
30
53
a
the equinoxes did not affect posi2016−2017 Triangle
8
1
3
6
23
43
tion estimates outside those time
a
A tenth logger was retrieved, but without usable data
periods.
lowing deployment to allow birds to recover in the
dark with their egg, chick, or mate. Burrows were not
disturbed again until logger retrieval, thus it was not
possible to test for logger-induced changes to nonbreeding behavior. Since birds can change burrows
among years, failure to recapture a bird does not necessarily indicate mortality.
We obtained 33 complete and 2 partial nonbreeding spatial datasets, with a mean colony-year recovery
rate of 33%. Recovery rates following the 2014−2015
nonbreeding season were notably lower than in subsequent years (Table 1), most likely due to winter
mortality or skipped breeding associated with particularly unfavorable nonbreeding conditions that year
(‘the Blob’). Although we cannot confirm whether
logger deployment induced any nest desertion, no
birds left the colony region immediately after logger
deployment or before a feasible fledging date. The
number of birds informing this study in each nonbreeding period was 10 (2014−2015), 16 (2015−2016),
and 9 (2016−2017), of which 25 were female, 9 male,
and 1 unknown (Table 1).
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2.4. Migratory behavior
Migratory tactics (combinations of the direction of
migratory movements and the order in which they
occurred) were determined by visual inspection of
individual movement datasets using the animation
tool in Google Earth Pro, version 7.3.0.3832. Since we
were interested in identifying where most birds were
distributed during different phases of the nonbreeding period, we used this tool to identify recurrent and
distinct nonbreeding residency areas (used continuously for ≥20 d by multiple birds in any given year
and/or across years), including a British Columbia
region. We then divided the coastline into regions
bounding each of these residency areas (Fig. S1 in
the Supplement), visually determined when individual birds first appeared in and departed from these
regions, and recorded dates of ‘regional occupancy’
(≥7 d within a region) for each bird. Full datasets
were used for this procedure since longitudes during
the equinoxes proved informative even when latitudes were erroneous.
To visualize regional occupancy over time, violin
plots were generated for each region in each year
by combining the sequences of dates for which each
bird was resident in each region. Estimated dates
for ‘colony region’ departure and return, as well as
lay dates, were plotted in the same manner but
using a single date record for each bird. The colony
region was defined as synonymous with the British
Columbia region for both Triangle Island and Frederick Island since all breeding positions fell within
this area (boundaries approximately 490 km northwest and 300 km southeast of Triangle Island,
50 km northwest and 740 km southeast of Frederick
Island; Fig. S1). Cassin’s auklets typically alternate
incubation duties daily and only depart and arrive
from the colony between dusk and dawn (Ainley et
al. 2011); thus we were able to identify incubation in
the light data as regularly occurring ‘dark’ daytime
periods and estimated lay dates as the first ‘dark
day’ in these series.
Assignment of migratory tactic was based on movement relative to the colony region boundaries for
birds from Triangle Island but incorporated an extended northern boundary for birds from Frederick
Island. This colony is located close to the border
between British Columbia and Alaska, thus presence
in nearby southeast Alaskan waters should not necessarily be considered migratory behavior. We established a separate northern migration threshold for
birds from Frederick Island beginning on the coastline at 57.7° N (~400 km further north), such that the
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colony was equidistant between this point and
Triangle Island (Fig. S1).
All statistical analyses were run in R version 3.4.1
(R Core Team 2017), and results were interpreted
relative to a significance level of α = 0.05. Drivers
of migratory behaviors were assessed for birds from
Triangle Island only, since data from Frederick
Island were available in just 1 year. Group sizes for
Triangle Island are shown in Table 2. Sex and year
were assessed as potential drivers of migratory
tactics using multinomial logistic regressions
(‘multinom’, package ‘nnet’). Each migratory tactic
was used in turn as the reference level against
which the relative likelihood of each additional tactic was determined for different levels of predictor
variables (e.g. how much more likely a bird is to
use the South tactic rather than the North tactic
given that it is male rather than female). Overall
significance of terms was determined using
ANOVA with type III sum of squares (‘Anova’,
package ‘car’), and post hoc analyses were conducted using 2-tailed Z-tests.
The effects of sex, year, and tactic (excluding a
local tactic) on basic migratory phenology were also
assessed, including (1) departure date from the
colony region, (2) return date to the colony region,
and (3) duration of residence in the colony region
prior to lay date (‘pre-lay duration’). These 3 dependent variables were not normally distributed (ShapiroWilk tests, p > 0.001), but each set of model parameters passed Levene’s test for homogeneity of variance
(p > 0.47). Following the inversion of return dates,
these dependent variables most closely resembled
Gamma distributions; we therefore used Gamma
family generalized linear models with inverse link
functions (‘glm’, package ‘stats’).
Table 2. Number of tracks from Triangle Island Cassin’s
auklets informing models of migratory behavior (represented by year, sex, and migratory tactic [see Section 3.1
and Fig. 2 for details of each tactic]). Numbers in parentheses denote incomplete tracks which were included only in
models for migratory tactic and departure date. –: no tracks
Year

Sex

All
tactics

South North North- Local
South

2014−2015

F
M

4
–

–
–

–
–

4
–

–
–

2015−2016

F
M
Unk

12
3
1

3
2 (1)
–

1
–
–

7
–
1

1
–
–

2016−2017

F
M

3
6

–
2

–
1

2
2 (1)

1
–
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We also recorded the maximum geodesic distance
traveled by each bird to the north and/or south of
their colony of origin using ArcGIS to obtain an estimate of maximum range. For migrants from Triangle
Island, we assessed sex and year as potential drivers
but excluded the categorical variable tactic, as it was
nearly equivalent to range. Maximum range was normally distributed (Shapiro-Wilk test, p = 0.63), and
model parameters passed Levene’s test for homogeneity of variance (p = 0.61); we therefore used a
Gaussian family generalized linear model with an
identity link function. For all 4 models, significance of
terms was determined using ANOVA (type III sum of
squares), and post hoc analyses were performed
using pairwise comparisons of estimated marginal
means and the Tukey method for p-value adjustment
(‘emmeans’, package ‘emmeans’). All data are presented as mean ± SE unless otherwise noted.

2.5. Nonbreeding distribution
Utilization distribution (UD) kernels were generated for each bird using Geospatial Modelling Environment 0.7.4 (Beyer 2015), with a search radius of
170 km (based on the approximate error of twicesmoothed GLS logger positions; Phillips et al. 2004a)
and a cell size of 50 km. These individual UDs were
then summed using ‘Cell Statistics’ in ArcGIS to
generate best-estimate population UDs while preventing bias due to variation in the number of positions per bird. This method was used to create UDs
for all years combined and for each year separately (excluding equinox periods), and for 5 ‘periods of interest’: the post-breeding summer period
(1 July−7 September), 2 winter periods (26 October−
20 December, 21 December−13 February), and each
equinox period (8 September−25 October, 14 February−31 March). The winter period was split so
changes or consistencies in distribution could be
visualized across roughly equal intervals (nonequinox periods ~2 mo, equinox periods ~1.5 mo).
For each UD probability surface, isopleths were
generated at 5% intervals from 25−95% using
Geospatial Modelling Environment.
All maps were produced using ArcGIS 10.3 (projection WGS1984). Isopleths are plotted as UD contours
in our yearly composite plots and represent the
boundaries of the core (50% isopleth) and general use
(90% isopleth) areas in each ‘period of interest’ plot in
order to compare distributions across years and seasons. Composite SST anomaly data were downloaded
from the NOAA Earth System Research Laboratory,

Physical Sciences Division (https://esrl.noaa.gov/psd)
and are plotted for each period of interest to illustrate
the status of marine heatwave conditions across the
study period. Core and general use isopleths are
shown in dashed lines during equinox periods to
signify that only longitudinal data are reliable.

3. RESULTS
3.1. Migratory behavior
During the nonbreeding period, Cassin’s auklets
from Triangle Island and Frederick Island ranged in
latitude from Baja California to southeast Alaska
(Fig. 1), with a maximum range of 5335 km. While
these birds primarily used nearshore habitats, offshore areas in the southeast Gulf of Alaska were
heavily used during the post-breeding (summer)
period and some Gulf crossings occurred. Individual
birds used 1 of 4 distinct, yet generalized, migratory
tactics: (1) migration south of the colony (‘South’), (2)
migration north of the colony (‘North’), (3) migration
north followed by migration south (‘North-South’),
and (4) relatively localized movement within the
waters of British Columbia and southeast Alaska
(‘Local’) (Fig. 2). While localized movements may not
technically be migratory behavior, we will refer to
this pattern within the context of ‘migratory tactics’
for the sake of brevity. The North-South migratory
tactic was the most common, with 50−60% of birds
using this tactic each year, followed by the South tactic, the Local tactic, and finally the North tactic used
by only 2 birds (Table 3). Proportionally more males
used the South tactic while proportionally more
females used the North-South tactic, and no males
used the Local tactic (Table 3).
Within this variation in migratory tactics, 6 recurrent and distinct nonbreeding residency areas were
identified, primarily within nearshore waters: (1)
British Columbia (coastal boundaries 49.0−54.7° N),
(2) southeast Alaska and the eastern Gulf of Alaska
(‘east GoA’, > 54.7° N, <145.4° W), (3) the western Gulf
of Alaska and south of the Alaska Peninsula (‘west
GoA’, 145.4−169.1° W), (4) Washington and Oregon
(49.0−42.0° N), (5) north and central California (42.0−
35.0° N), and (6) southern California and Baja (‘Southern California Bight’, 35.0−27.0° N). Seaward boundaries were inclusively defined as 1000 km from the
coastline, calculated using a geodesic buffer in ArcGIS. We will refer to these regions (illustrated in
Fig. S1 and in the background of Fig. 2) throughout
the remainder of this manuscript.
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Fig. 1. Nonbreeding utilization distributions (UDs) of Cassin’s auklets with complete light-level based tracking datasets by
year. UD contours represent 5% isopleths calculated from the probability density surface, and stars indicate the breeding
origin of birds in each plot. Equinox periods (8 September–25 October, 14 February–31 March) are not represented due
to erroneous latitude estimates

At a general, seasonal level, migrants (excluding
the Local tactic) departed the British Columbia region
in mid-summer (~July) and occupied the Alaskan
(North and North-South migrants) and/or Washington/Oregon regions (South migrants) during the late
summer and fall (Fig. 3). Many birds moved south into

the California regions in late fall (~November−
December), remaining there through the winter,
while others remained in the Washington/Oregon region (South and North-South migrants). Some NorthSouth migrants made stopovers in the British Columbia region on their way south in the late summer and

Mar Ecol Prog Ser 619: 169–185, 2019
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Fig. 2. (a) Generalized representation of the 4 migratory tactics used by Cassin’s auklets from 2 colonies in British Columbia,
and (b) example 75% utilization distributions for each tactic, where Triangle Island was the colony of origin (n = 4 birds). Tactics are symbolized as follows: NS: North-South (orange), N: North (green), S: South (yellow), L: Local (white). Arrowheads in
(a) indicate common stopover locations/ultimate destinations and circles indicate which tactics used each pathway; dashed
lines indicate boundaries used to determine regional occupancy (a,b) and the northern migration threshold for Frederick Island (a). Generally, migration north occurs in late summer and migration south occurs in late fall and winter

fall. Most birds returned to the colony region in late
winter (~February−March) and laid eggs in spring
(~April) (Fig. 3). Within this overall pattern and within
tactics, individual birds varied considerably in specific residency areas, arrival dates, departure dates,
and duration of residency in each region, resulting in
variable utilization intensity (spatiotemporal overlap)
across each period of regional occupancy (Fig. 3). Due
to this extensive variability, we did not attempt to
identify distinct subtypes of migratory tactic.
Table 3. Proportion of Cassin’s auklets using each of 4 migratory tactics (see Section 3.1 and Fig. 2 for details) by year,
overall, and by sex, tracked using light-level loggers. The
number of birds using the Alaska Peninsula within each tactic is indicated in parentheses after the proportion. Note that
1 bird was of unknown sex
Sample South North North-South Local
2014−2015
2015−2016
2016−2017
All years
Female
Male

10
16
9
35
25
9

0.10
0.00
0.38
0.06
0.22 0.11 (1)
0.26 0.06 (1)
0.16
0.04
0.56 0.11 (1)

0.60 (2)
0.50
0.56 (2)
0.54 (4)
0.60 (4)
0.33

0.30
0.06
0.11
0.14
0.20
0.00

Residencies in northern regions ranged from 15−
114 d (median ± SD, east GoA = 89 ± 30 d, west
GoA = 68 ± 32 d), British Columbia stopovers from
10−70 d (33 ± 24 d), Washington/Oregon residencies
from 12−163 d (73 ± 52 d), north/central California
residencies from 7−102 d (50 ± 30 d), and Southern
California Bight residencies from 25−116 d (67 ±
26 d). Pre-lay durations were similarly variable
(range 28−161 d, median = 51 ± 29 d), reflecting variable return dates and relatively synchronous laying
(Triangle: range = 1−27 April, median = 8 April ± 6 d;
Frederick: range = 6 April−16 May, median = 22
April ± 15 d), with all birds present in the colony
region for a period in March prior to laying.

3.2. Drivers of migratory behavior
Migratory tactic for Triangle Island birds was influenced by sex but showed little evidence of variation
by year (Table 4). The North tactic was not used as a
reference level due to limited occurrence (n = 2). Sex
effects indicated that if a bird was female rather than
male, the log odds of it having a Local tactic rather
than a South tactic increased by 51.53 (Z-test, Z =
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Fig. 3. Regional occupancy of migratory Cassin’s auklets in 6 nonbreeding residency areas across each year (white), with distributions of departure and arrival dates from the colony region (grey) and lay dates (orange), determined from light-level
based tracking data. Box and whisker plots are included within each plot (median, hinges at first and third quartile, whiskers
to 1.5 × inter-quartile range (IQR), outliers >1.5 × IQR), and the number of birds using each region is shown above the median.
No birds with the Local tactic or incomplete datasets are included (yearly plots top to bottom: n = 7, n = 14, n = 7). East (West)
GoA: east (west) regions of the Gulf of Alaska, S: Southern

−1.24 × 106, p < 0.01); however, the increase in the
log odds of it having a Local tactic rather than a
North-South tactic (14.91) was not significant (Z =
−1.05 × 10−2, p < 0.99).

Migration departure dates from Triangle Island differed significantly by year but not by sex or tactic
(Table 4). Post hoc analyses indicated that departures
were significantly later in 2015 than in 2016 (pairwise
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Table 4. Significance of terms (ANOVA, type III sum of
squares) for models predicting migratory behavior at Triangle Island (Tactic = multinomial logistic regression; all other
behaviors = generalized linear models). Sample size is 27 for
Tactic and Departure date, and 25 for all other behaviors.
LR χ2: likelihood-ratio chi-squared value; *: significance at
α = 0.05
Migratory behavior

Term

LR χ2

df

p

Tactic ~

Sex
Year
Sex
Year
Tactic
Sex
Year
Tactic
Sex
Year
Tactic
Sex
Year

11.42
10.94
1.30
13.09
2.70
0.14
1.65
9.56
1.83
0.80
15.42
9.85
9.76

3
6
1
2
2
1
2
2
1
2
2
1
2

< 0.01*
0.09
0.25
< 0.01*
0.26
0.71
0.44
< 0.01*
0.18
0.67
< 0.01*
< 0.01*
< 0.01*

Departure date ~

Return date ~

Pre-lay duration ~

Maximum range ~

comparisons of estimated marginal means, Tukey’s
HSD, Z-ratio = −3.27, p < 0.01) but were not significantly different between 2014 and 2015 (Z-ratio =
2.03, p = 0.10) or between 2014 and 2016 (Z-ratio =
−0.69, p = 0.77). Mean departure dates were 4 July
(± 2 d) in 2014, 23 August (±13 d) in 2015, and 3 July
(± 2 d) in 2016. Mean departure date at Frederick
Island in 2014 was somewhat later (19 July ± 3 d);
however, migrant sample size at Frederick was small
(n = 3), prohibiting a robust comparison.
Given the similarity of mean departure dates at Triangle Island in 2014 and 2016, it is perhaps surprising that 2014 did not also differ significantly from
2015. This is may be due to conservative corrections
for multiple comparisons in the model. When departure date is modeled as a function of just year and
sex, both factors show significant effects (ANOVA;
year: likelihood-ratio [LR] χ22 = 22.24, n = 27, p < 0.01;
sex: LR χ21 = 4.72, n = 27, p = 0.03) with nearly significant differences in departure date for 2014 and
2015 (Tukey’s HSD, Z-ratio = 2.31, p = 0.05) and with
females departing earlier than males (Z-ratio = 2.21,
p = 0.03). The potential relationship between departure date and sex appears to be driven only by 2015
(female = 13 August ± 14 d, male = 16 October ± 26 d),
not 2016 (female = 5 July ± 3 d, male = 2 July ± 3 d).
Return dates to Triangle Island differed significantly by tactic but not by sex or year (Table 4). North
migrants (7 December ± 38 d) had significantly
earlier return dates than North-South migrants (17
February ± 5 d) (Z-ratio = −3.01, p < 0.01); however,
there was no difference between South migrants

(8 February ± 11 d) and either of those tactics (North
and South: Z-ratio = −1.64, p = 0.23; North-South and
South: Z-ratio = 1.34, p = 0.37). North-South and
South migrants from Triangle Island (14 February ±
5 d) returned to the colony region notably earlier
than migrants with those same strategies from Frederick Island (11 March ± 5 d), but again, small sample
size at Frederick Island (n = 3) prohibited a formal
comparison.
Pre-lay duration at Triangle Island differed significantly by migratory tactic but not by sex or year
(Table 4). Post hoc analyses indicated that North
migrants (120 ± 42 d) had significantly longer pre-lay
durations than North-South migrants (51 ± 4 d)
(Tukey’s HSD, Z-ratio = −4.27, p < 0.01), but showed
little evidence of being longer for South migrants
(65 ± 11 d) than North-South migrants (Z-ratio = 2.16,
p = 0.08), or for North migrants than South migrants
(Z-ratio = −2.03, p = 0.10). Pre-lay duration was also
negatively correlated with return dates (Pearson’s
correlation: r23 = −0.94, t = −21.01, p < 0.001). Frederick Island pre-lay duration (49 ± 13 d) may be similar
to that at Triangle Island (61 ± 6 d), but again, small
sample size at Frederick Island prohibited a formal
comparison.
Maximum nonbreeding range for migrants from
Triangle Island differed significantly by sex and year
(Table 4). Post hoc analyses indicated that female
migrants (3508 ± 239 km) ranged significantly further
than male migrants (2545 ± 119 km) (Tukey’s HSD,
Z-ratio = 3.12, p < 0.01). Migrants ranged further in
2014−2015 than 2015−2016 (Z-ratio = 2.42, p = 0.04)
and may also have ranged further in 2016−2017 than
2015−2016 (Z-ratio = −2.34, p = 0.05). Ranges did not
differ between 2014−2015 and 2016−2017 (Z-ratio =
0.11, p = 0.99). Mean range for migrants was 4182 ±
415 km in 2014−2015, 2988 ± 177 km in 2015−2016,
and 3195 ± 452 km in 2016−2017. Including the Local
tactic, birds from Triangle Island (n = 27) may have
greater range than birds from Frederick Island (n = 6),
and range increases across migratory tactics as follows: Local, North, South, and North-South (Table 5).

3.3. Nonbreeding distribution
Cassin’s auklets primarily used nearshore habitats,
with core use areas (50% UD contours) falling within
the 200 m isobath. Across all years, the entire coastline of British Columbia and the USA emerged as
a core use area for this species (Fig. 1a), reflecting
large-scale repeatability in nonbreeding distribution.
Within this broad core use area, 3 distinct areas re-
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Table 5. Summary statistics for nonbreeding range in
Cassin’s auklets collected using light-level loggers. Range
represents the maximum distance a bird traveled to the
north and/or south of the colony in km. Results are shown by
colony and migratory tactic (see Section 3.1 and Fig. 2 for
details), with n indicating sample size. Data from Triangle
were collected from 2014−2017 while those from Frederick
were collected from 2014−2015

Triangle
Frederick
Local
North
South
North-South

Mean ± SE

Maximum

Minimum

n

3121 ± 191
2175 ± 299
1621 ± 121
1774 ± 378
2642 ± 147
3585 ± 192

5335
3110
2020
2152
3110
5335

1330
1415
1330
1395
1982
2161

27
6
5
2
8
18
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ceived particularly high use (25% UD contours) over
time: the central and northern coast of British Columbia, the central California coast (Gulf of the Farallones
and Monterey Bay), and the Southern California
Bight (Fig. 1a). These were regions where core use
areas occurred in at least 1 period of interest every
year (Fig. 4), although in 2014−2015, the British
Columbia core use area was broader, extending north
into southeast Alaska and further offshore (Fig. 1b).
Additional, distinct core use areas occurred in the
Washington/Oregon region (2015−2015; Fig. 1b) and
offshore in the east GoA (2015−2016, 2016−2017;
Fig. 1c,d), while a continuous coastal core use area,
spanning the Washington/Oregon and north/central
California regions, occurred in 2016−2017 (Fig. 1d).

Fig. 4. Utilization distribution (UD) contours, 90% (regular) and 50% (bold), during each period of interest (columns) in each year
(rows), derived from all birds tracked using light-level loggers. Distributions are overlaid on sea surface temperature (SST) anomaly
data to illustrate the status of marine heatwave conditions during each period. Stars indicate the breeding origin of birds in each plot.
During equinox periods, UD contours are represented by dashed lines to indicate unreliable latitudes. Periods of interest are as follows: 1 July−7 September (Summer), 8 September−25 October (Fall equinox), 26 October−20 December (Winter 1), 21 December−13
February (Winter 2), 14 February−31 March (Spring equinox)
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Distributions visualized across 5 approximately
2 mo periods of interest in each year clearly illustrate
repeated occurrence of core use areas within particular regions at particular times, largely independent
of year (Fig. 4). However, not all regions were used in
all years, and considerable variability remained in
the extent and exact location of these core use areas
across years. For example, in 2015−2016 — when
oceanographic conditions were affected by both the
Blob and an El Niño event — the west GoA region
and northern and offshore areas of the east GoA region
were not used in the summer as they were in other
years (Fig. 4). Similarly, there was no core use area in
the Washington/Oregon region that winter, and core
use areas in the California and Southern California
Bight regions were more extensive. In 2016−2017, a
year marked by moderate La Niña conditions, continuous winter core use areas spanned the entire US
coastline, unlike in any other year (Fig. 4).
When birds were tracked simultaneously from
Triangle Island and Frederick Island in 2014−2015,
Triangle Island core use areas occurred far more
broadly along the North American coastline, from the
Southern California Bight to the Aleutian Islands,
while Frederick Island had higher utilization intensity in the British Columbia and Washington/Oregon
regions (Fig. S2). Some of these differences were
likely driven by the prevalence of the Local tactic
among Frederick Island birds (3/6 birds) whereas all
Triangle Island birds expressed the North-South tactic (4/4 birds). While these data might reflect colony
differences in distribution and migratory tactics, they
were collected in only 1 year from very few females
and may not be representative of these populations.

4. DISCUSSION
4.1. Migratory behavior
Cassin’s auklets from 2 large breeding colonies in
British Columbia, which supports the bulk of the
global population, employed 4 migratory tactics:
South (26%), North (6%), North-South (54%), and
Local (14%). Among these tactics, 80% of tracked
Cassin’s auklets used habitats along the US coast
during the fall and winter, partially supporting hypotheses of southward migration (Briggs et al. 1987,
Triangle Island Research Station unpubl. data). The
existence of the local tactic indicates that Cassin’s
auklets are partial migrants (Chapman et al. 2011).
Similarly large variations in migratory tactic have
also been documented in other alcids (Lorentsen &

May 2012, Gaston et al. 2017), including partial
migration in Atlantic puffins Fratercula arctica (Fayet
et al. 2016).
Migratory tactics were used within the context of
generally repeatable phenology, with movements
north into Alaskan waters in late summer and fall,
south into US and/or Baja California waters in fall
and winter, and back north to the colony region in
late winter. When this phenology is compared with
molt in Cassin’s auklets, we find that post-breeding
residencies in the Alaska, British Columbia, or Washington/Oregon regions coincide with definitive prebasic molt of primaries and body feathers (Pyle 2009,
Ainley et al. 2011), and that most birds did not
migrate between regions during this period. These
residencies may represent ‘stopover molt-migration’
(Tonra & Reudink 2018), or in some cases, delay of
migration until after molt. Cassin’s auklets are not
flightless during molt but may exhibit localized
movement due to increased metabolic and flight
costs (Hedenström & Sunada 1999, Pyle 2005, Vézina
et al. 2009). In contrast, most birds underwent return
migration during the definitive prealternate molt of
body feathers (Pyle 2009, Ainley et al. 2011), when
energetic costs may not be as high and timing may be
more influential to breeding outcome (Marra et al.
1998, Alerstam 2006).
At Triangle Island, female Cassin’s auklets were
significantly more likely than males to employ the
Local tactic rather than the South tactic, suggesting
that females may be more likely to remain in the
colony region year-round. However, among birds
which did migrate, females ranged significantly further than males. Sexual segregation by habitat is
common in birds, and female birds often migrate furthest (Cristol et al. 1999, Catry et al. 2005, Newton
2008). While such differences have been attributed to
social dominance or size-based characteristics, including competitive exclusion of females or inherent
differences in foraging niche (Phillips et al. 2004b,
Catry et al. 2005), males are not always the larger
sex, and size dimorphism is only slight in Cassin’s
auklets (Knechtel 1998). Independent of size, factors
such as differences in energy and nutrient requirements or differential investment in reproduction may
be at play (Lewis et al. 2002, Müller et al. 2014).
Although some alcids exhibit paternal post-fledging
care (Ainley et al. 2002, Harding et al. 2004, Lavers
et al. 2009), there is no evidence of this behavior
in Cassin’s auklets (Ainley et al. 2011). However,
females may experience greater reproductive costs
than males, showing significantly increased mortality
during poor oceanographic conditions (Morrison et
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al. 2011). Such physiological constraints may explain
why females were more likely to skip migration
(Chapman et al. 2011), particularly given the anomalous conditions during this study. Because our sample was skewed toward females, and males were not
tracked in one year, we do not intend to draw conclusions from these results but rather discuss them to
identify areas for future research.
While independent of migratory tactic, departures
from the colony region were later in 2015 than in
2016 (significant) and possibly 2014 (near significant). In addition, females may have departed significantly earlier than males in 2015. Departures in 2015
occurred after the breeding season, which was likely
most affected by the marine heatwave due to existing
conditions and/or carryover effects — factors which
may have delayed reproduction, altered investment,
or reduced success (e.g. Hipfner 2008, Harding et al.
2009, Ancona et al. 2011). Migrants also did not
range as far from Triangle Island in 2015−2016, particularly in comparison to 2014−2015, likely because
migrants did not use the west GoA region or move as
far into the east GoA region that fall (Fig. 4, column
1). Water temperatures are coldest in these regions,
and Cassin’s auklet resting metabolic rate is particularly sensitive, increasing linearly as water temperatures decrease below 21°C (Richman & Lovvorn
2011). Birds already in poor condition because of
marine heatwave effects may have chosen to migrate
to warmer waters to reduce energetic costs, all else
being equal. Alternatively, birds may have used
these regions just as frequently but not survived or
deferred breeding the following spring when loggers
were retrieved.
North migrants were by far the earliest birds to return to the colony region since they were only absent
during late summer and fall; however, the only significant difference was with North-South migrants, possibly due to smaller sample sizes and higher variance
among South migrants. Pre-laying residencies were
longer than necessary (median = 50 d, range = 28−
131 d) to avoid direct migration-breeding overlap
since egg production in Cassin’s auklets takes 11−
13 d (Roudybush et al. 1979, Astheimer 1986). These
extended pre-laying residencies may be driven by a
need to regain energy stores prior to initiating breeding (Chastel et al. 1995, Sorensen et al. 2009), reduce
potential carryover effects from migration (Crossin et
al. 2010, Guilford et al. 2012), and/or fine-tune lay
dates based on local environmental conditions, a decision affecting nestling survival and fledging mass
(Hipfner 2008, Hipfner et al. 2010). Pre-laying residency could also be important for burrow selection,
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maintenance, territory holding, and pair formation
(Manuwal 1974, Kokko 1999, Alerstam 2011).

4.2. Nonbreeding distribution
During the nonbreeding period, Cassin’s auklets
from large colonies in British Columbia ranged in
latitude from Baja California to southeast Alaska
(Fig. 1), with a maximum range of over 5000 km.
Auklets mainly used nearshore habitats within the
200 m isobath, consistent with vessel observations of
high abundance over outer continental shelf and
inner slope habitats (Briggs et al. 1987, Ford et al.
2004, Ainley & Hyrenbach 2010); however, areas further offshore were also used, particularly in the eastern Gulf of Alaska. Across all years, the entire west
coast of British Columbia and the continental USA
emerged as a core use area for this species (Fig. 1a),
with 3 distinct areas receiving particularly high use:
British Columbia’s central and northern coasts, the
central California coast, and the Southern California
Bight (Fig. 1a).
Core use areas were concentrated within each of
the 6 recurrent residency areas identified, resulting
in a patchy distribution across most years (Fig. 4). Of
note, these regions were found to align remarkably
well with Marine Ecoregions of the World (Spalding
et al. 2007), ecologically defined near-coastal regions
within the 200 m isobath. This suggests that each
region targeted by Cassin’s auklets outside the
breeding season is ecologically distinct. High individual variation in migratory behavior is thus likely
to result in unique environmental experiences which,
in turn, may drive variation in carryover effects and
fitness among individuals (Alves et al. 2013).
Since most core use areas occurred consistently in
space and time (Fig. 4), meso- to large-scale distributions of prey may be reasonably predictable to these
birds, as for other species (Weimerskirch 2007, Block
et al. 2011). For example, post-breeding movements
by 60% of migrants into the offshore east GoA region
(Fig. 4, columns 1 and 2), coincided with the summer
transition to upwelling-favorable winds over the
southern Gulf of Alaska (Weingartner 2005), a second
peak in local zooplankton abundance (NOAA National Marine Fisheries Service 2017), and maximum
lipid content of some C5 copepods prior to diapause
(Neocalanus cristatus; Liu et al. 2015, Baumgartner &
Tarrant 2017). Cassin’s auklets may target this seasonally food-rich area to replenish their energy stores
after breeding; however, since productivity and occupancy are also high in British Columbia at that time,
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differences in competitive ability may also be involved
(e.g. ‘competitive release’; Chapman et al. 2011). Similarly, birds appeared to target the Southern California
Bight each winter when its central eddy is best developed, making conditions favorable for prey aggregation (Mantyla et al. 2008, Dong et al. 2009).
As in many other species, Cassin’s auklet migration
is likely driven by additional factors beyond resource
predictability. Most southern migrants moved into
the warmer CCS as peak summer productivity there
was waning (Hunt 1995, Bograd et al. 2010) (Fig. 4,
columns 3 and 4). Increasing energetic costs of
thermoregulation, reduced carrying capacity in the
colony region, and individual differences in dietary
niche may all contribute to southern migration at this
time (Ketterson & Nolan 1976, Alerstam et al. 2003,
Chapman et al. 2011, Richman & Lovvorn 2011).
Behavioral flexibility may be particularly important
for CCS migrants since the system exhibits particularly strong intra- and inter-seasonal variations
in productivity (Bograd et al. 2010); however, it is
important to note that apparent distributional ‘responses’ in our dataset could be generated by mortality of tracked birds using seemingly unoccupied
regions. Warm water phenomena (the Blob, El Niño,
positive PDO phase) undoubtedly affected the predictability and suitability of nonbreeding habitat during 2014−2016, reducing the primary production and
biomass available to upper trophic levels in the CCS
(Whitney 2015, Gómez-Ocampo et al. 2018). These
changes may have affected Cassin’s auklet energetic
state particularly strongly in 2015−2016, via carryover effects and continuing anomalous conditions. In
that year, no core use area occurred in the Washington/Oregon region, and habitats to the north and
west of southeast Alaska were not used (Fig. 4), possibly to avoid increased thermoregulatory costs. In
addition, core use areas were fragmented during
the winter in both warm-water years (2014−2015,
2015−2016), possibly reflecting limited suitable habitat, whereas core use areas spanned most of the US
coastline during the winter when temperatures were
near average (2016−2017; Fig. 4). In contrast, we
observed consistently high use of the Southern California Bight (Fig. 4) despite anomalously low productivity there during winter 2015 (~4 mg chlorophyll a
m−3 versus ≥12 mg m−3; NASA Ocean Color Group
database, https://oceancolor.gsfc.nasa.gov), suggesting potentially fixed behavior for some individuals.
During the 2014−2015 nonbreeding period, a
Cassin’s auklet die-off of unprecedented scale occurred along the continental USA, with carcass deposition rates peaking in the Washington/Oregon region

in December and January (>100 times baseline rates;
Jones et al. 2018). Starvation due to shortages of lipidrich planktonic prey (Leising et al. 2015, Peterson et
al. 2016b) and compression into nearshore habitats is
the prevailing theory (Jones et al. 2018). Our data indicate that the Washington/Oregon region was a core
use area for auklets from British Columbia during the
peak of the event (Fig. 4), supporting the hypothesis
that affected birds were predominantly of northern
origin (Jones et al. 2018). We cannot confirm habitat
compression in the Washington/Oregon region based
on 2014 and 2016 core use contours (Fig. 4, column 3);
however, distributional data from our study do
provide some support for habitat compression at a
broader scale. The total winter core use area used by
southern migrants (cylindrical equal area projection)
was smallest in 2014−2015 (414 181 km2) and increased as oceanographic conditions improved
through 2015−2016 (550 262 km2) and 2016−2017
(678 234 km2). If plasticity in migratory behavior is
limited, such die-offs may increase in frequency and
severity along with large-scale temperature anomalies
(Scannell et al. 2016).

5. CONCLUSION
For the first time, we determined the complete nonbreeding distribution, the location of high-use residency areas, and the spatiotemporal framework of
migratory movements for Cassin’s auklets from
British Columbia. Our results are relevant to planning and interpreting studies of nonbreeding effects
in species with potentially similar migratory behavior
and highlight issues relevant to conservation. Individuals exhibited remarkable variation in spatiotemporal distribution, which may generate differences
in mortality or carryover effects, with relevance to
population resilience in the context of environmental
or anthropogenic threats. This variability also has
important implications for isotopic studies of dietary
carryover effects since values may not be comparable among individuals due to differing regional baselines. In addition, northern migration to southeast
Alaskan waters during late summer and fall may indicate that seabirds exhibit synchronized movement
with other marine predators (e.g. zooplanktivorous
juvenile salmon and humpback whales; Dahlheim et
al. 2009, Tucker et al. 2009, 2011), targeting seasonally productive feeding areas (Block et al. 2011).
We recommend that future studies increase and
balance tracking effort and log SST and pressure to
enable improved assessments of behavioral drivers
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and the use of robust, individual-level movement
models. These finer-scale datasets could be used to
better compare movement among species/groups,
identify habitat preferences, and determine whether
individuals can modify nonbreeding distribution in
response to environmental conditions, information
crucial to predicting the effects of oceanographic
change.
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