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ABSTRACT

MARSTELLER, C.E., ARIMITSU, M.L., SCHOEN, S.K., STARK, S.B. & PIATT, J.F. 2024. Predator disturbance contributed to Common
Murre Uria aalge breeding failures in Cook Inlet, Alaska following the 2014-2016 Pacific marine heatwave. Marine Ornithology 52: 129—139.

The 2014-2016 Pacific marine heatwave caused unprecedented die-offs and multi-year reproductive failures for Common Murres Uria
aalge along the west coast of North America. Lingering impacts, such as declines in colony attendance and productivity, have persisted at
some colonies following the heatwave and are attributed largely to changes in prey availability and quality. Here, we present evidence of an
additional, top-down mechanism contributing to Common Murre breeding failures on Gull Island (Alaska): disturbance of nesting birds by
aerial predators and associated egg depredation. We collected time-lapse images over five murre breeding seasons (2016-2020) on Gull Island
to document the frequency, duration, and intensity of disturbances caused by aerial predators, as well as to quantify disturbance-associated
egg depredation. To identify seasonal and inter-annual variability of disturbances, we calculated a daily disturbance index and compared
years using generalized additive models. In all years, Bald Eagles Haliaeetus leucocephalus were the primary cause of disturbance, which
led to periods of prolonged colony abandonment by murres and facilitated high levels of murre egg depredation by Glaucous-winged Gulls
Larus glaucescens and Herring Gulls L. argentatus. We found that the seasonality of disturbance was an important factor in determining egg
depredation rates. In years when disturbance levels were high and persisted later in the season, the colony experienced complete breeding
failures due to disturbance-associated egg depredation. Our study revealed that the response of nesting murres to a strong environmental
perturbation, such as the Pacific marine heatwave, can be complex and involve multiple stressors from both bottom-up and top-down factors.
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INTRODUCTION

Aerial predators, such as Bald Eagles Haliaeetus leucocephalus
and Peregrine Falcons Falco peregrinus, can cause large-scale
disturbances to colonial seabirds, often leading to declines in
breeding success and other negative impacts (Verbeek 1982, Paine
et al. 1990, Parrish 1995). Disturbances caused by Bald Eagles have
also been blamed for changes in seabird breeding habitat, colony
abandonment, and population declines along the North American
west coast (Parrish ef al. 2001, Hayward et al. 2010, Hipfner et al.
2011, Thomas & Lyons 2017). Further, the prevalence of impacts
from aerial predators may be increasing as their populations have
recovered from historical declines caused by pesticide use and
habitat destruction in recent decades (Paine et al. 1990, Hipfner et
al. 2012).

The effects of aerial predators on seabird colonies go beyond
direct depredation of adults, chicks, and eggs. There may also be
a direct effect on adult seabird time-energy budgets and behavior,
as adults must increase vigilance and flee from predators in
order to avoid direct depredation (White er al. 2006, Hipfner et
al. 2012). Further, indirect effects of aerial predators include the
depredation of unprotected eggs by gulls or other scavengers
during disturbance events, which can have the greatest impact on
breeding success (Hipfner er al. 2012, Horton 2014, Henson et al.
2019). The magnitude of depredation effects on breeding success
is greatest in colonies where birds are less protected, either by

habitat characteristics, such as vegetation, narrow ledges, or rock
crevices (Parrish & Paine 1996, Gaston & Elliot 1996, Barrett et
al. 2006), or by having few close neighbors associated with lower
nesting density (Birkhead 1977, Herndndez-Matias et al. 2003).
Thus, predator impacts may be magnified in clifftop colonies or
in colonies with declining populations, as nesting birds are more
accessible to predators (Parrish 1995, Gilchrist 1999).

Changes in food supply can also make seabirds more susceptible
to disturbance and nest depredation (Suryan et al. 2006, Veitch et
al. 2016, Bardsen & Ove Bustnes 2022). Environmental conditions
that influence prey availability can secondarily affect the timing and
synchrony of egg laying (Shultz er al. 2009, Schroeder et al. 2009).
Additionally, as prey resources decline, nesting birds can require
more time away from the colony to forage (Zador & Piatt 1999,
Harding et al. 2007), leaving eggs more vulnerable to depredation
(Irvine et al. 2021). Depredation pressure on adults, chicks, and
eggs may also increase as alternate food sources become less
available for predators (Spear 1993, Massaro et al. 2000, Elliott et
al. 2011).

Common Murres Uria aalge (hereafter, murres) are one of the most
abundant breeding seabirds in the Northern Hemisphere (Ainley et
al. 2021). Adults are long-lived and nest in dense colonies, mostly
on remote islands offshore in sub-Arctic regions and within areas
of cold, temperate waters (Ainley et al. 2021). Murres do not make
nests, but instead lay a single egg on island cliffs with level ledges
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or platforms. Mates take turns incubating their egg and completing
foraging trips. Like many colonial breeders, murre egg-laying,
incubation, and fledging are synchronized, and nesting birds
rely on close neighbors for protection from predators (Hatchwell
1991, Ainley et al. 2021, Irvine et al. 2021). If eggs are lost to
depredation, adults may attempt to relay, with a higher probability
of relaying if eggs are lost early in the season (Hatchwell
1991, Schauer & Murphy 1996). Murres maintain high levels of
reproductive success, largely due to their k-selected life history
strategy (e.g., only one egg/chick at a time) as well as their ability
to buffer breeding success by reallocating time budgets in times
of limited prey resources (Ainley & Boekelheide 1990, Piatt et al.
2007, Piatt & Harding 2007).

Historically, murre breeding failures have occurred only rarely
along the North American west coast, such as during intense El
Nifio events (Ainley & Boekelheide 1990, Warzybok et al. 2017).
However, during and following the 2014-2016 Pacific marine
heatwave (hereafter, heatwave), multi-year breeding failures were
recorded at multiple murre colonies along the West Coast of North
America (Piatt et al. 2020, Romano er al. 2020, Schoen et al.
2022). During this period, anomalous warm water persisted (e.g.,
di Lorenzo & Mantua 2016) and had far-reaching effects on all
levels of the ecosystem, including the largest murre die-off ever
recorded (von Biela et al. 2019, Piatt et al. 2020, Arimitsu et al.
2021a, Suryan et al. 2021). Breeding failures and below-average
productivity during and following this time have been largely
attributed to heatwave-related declines in food availability and
quality that did not meet the foraging threshold for murres (Wells et
al. 2017, Piatt et al. 2020, Arimitsu et al. 2021a). A second strong
marine heatwave occurred in 2019, but the timing of peak impact
made it less likely to produce the same damage to ecosystems
observed in the 2014-2016 heatwave (Amaya et al. 2020).

One colony that experienced multi-year breeding failures during
and following the heatwave was Gull Island in Kachemak Bay,
Alaska. Historically this colony exhibited stable productivity of
0.54 £ 0.15 chicks/pair and an increasing population trend, totaling
20%, from 1995 to 1999 (Zador & Piatt 1999, Piatt 2002, Schoen et
al. 2022). However, following the heatwave, the murre population
attending Gull Island has declined (> 64% decrease from 2016 to
2020) and experienced multiple years of breeding failures (Schoen
et al. 2022). While heatwave-related declines in food availability
and quality (e.g., Arimitsu et al. 2021a) likely contributed to these
population and productivity declines, aerial predator disturbances
and disturbance-associated egg depredation events were also
observed during this time and could have exacerbated the impact of
poor conditions for murres (Schoen et al. 2022).

The goal of this paper was to quantify seasonal and inter-annual
variability in disturbances caused by aerial predators during the
2016-2020 breeding seasons to better understand how disturbances
impacted murre behavior and facilitated egg depredation leading
to breeding failures following the heatwave. We used time-
lapse photographs of the murre breeding colony on Gull Island
to assess levels of disturbance and associated egg depredation.
To evaluate overall impacts, we (1) calculated the frequency,
duration, and intensity of disturbances to create a disturbance
index during the incubation phase of each year; (2) modeled how
disturbance changed over time, both within and among years; and
(3) characterized the effect of variable disturbance levels on murre
behavior and egg depredation rates.

METHODS
Study site

This study took place on a murre breeding colony at Gull Island
(59.59°N, 151.33°W) in Kachemak Bay, a glacially influenced fjord
located on the lower east end of Cook Inlet in southcentral Alaska
(Fig. 1). Gull Island is part of a three-island cluster, which also
includes Murre Rock and Gorilla Rock, all of which are nearshore
and ~5 km across the bay from the town of Homer (Fig. 1). Most
murres nest on the flat, exposed clifftops of Gull Island, Murre Rock,
and Gorilla Rock, which have little vegetation, and to a lesser degree
on the steep, rocky cliff walls (Fig. 1). During this study, the estimated
number of breeding murres attending Gull Island declined from
~7600 in 2016 to 2700 in 2020 (Schoen et al. 2022). Additionally,
an estimated 6667 (x1001, 2016-2020) Black-legged Kittiwakes
Rissa tridactyla also nested in close proximity to murres along the
rocky cliff walls of the colony, with no significant population decline
observed during the time of this study (Schoen ef al. 2022).

Data collection

To monitor disturbance of murres by aerial predators and associated
egg depredation, we deployed time-lapse cameras at a single plot
viewing the main murre nesting area on top of Gull Island during
the 2016-2020 breeding seasons (Figs. 1, 2). Declines in attendance
at this colony over time (Schoen et al. 2022) have reduced the areas
where murres breed on the island. As a result, this main nesting
area is used for monitoring productivity (number of chicks fledged/
breeding pair; Schoen et al. 2022) and provided the best option for
viewing disturbances to the colony. We used Day 6 PlotWatcher Pro
(2016-2017) and Reconyx HyperFire 2 (2018-2020) cameras, which
collected images every 15-30 sec during daylight hours. We aimed
to collect images throughout the egg laying and incubation period
(approximately late June to late August) in each year, though for
logistical reasons cameras were not deployed until late July in 2016
(Table 1). These dates were selected because recent reproductive
failures at this colony have been due to egg loss, and 97% of recorded
eggs were laid during this time period.

We kept the placement and view of the camera as consistent as
possible between years, with approximately 50-100 nest sites
in view each year. There were slight variations among years in
distance from the nesting area and angle of the camera, which
affected the view of the surrounding colony where aerial predators
are often observed. However, the camera captured the majority of
the main nesting area on Gull Island in every year (Figs. 1, 2). Nests
on Gorilla Rock, Murre Rock, and along the cliff walls (Fig. 1)
could not be monitored for logistical reasons.

Predator disturbances

Upon camera retrieval, time-lapse photos were stitched together into
a video file using Time-lapse Tool Version 2.4 (03 May 2022) and
reviewed by trained observers to evaluate murre disturbance and
associated egg depredation (for the associated data release see Arimitsu
et al. 2021b). Disturbances were defined as any event in which
> 1% of visible murres flushed (evacuated) from the colony. When
possible, species identification of aerial predators causing disturbance
events were recorded. We treated each sighting, when an aerial
predator entered the view, as a new observation. We assumed that all
disturbances were caused by aerial predators, aside from three events
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Fig. 1. (A) Map of the Common Murre Uria aalge breeding colony
on Gull Island (red star) in Kachemak Bay, Alaska. (B) Location of
the time-lapse cameras used to document disturbance to breeding
Common Murres on Gull Island, Kachemak Bay, Alaska in
proximity to other neighboring islands. Though we used data from
just one camera, a second camera provided a backup in the event
that one camera failed.

in 2016 and 2017, when camera maintenance visits caused disturbance.
We ceased in-person camera maintenance in subsequent years by
using a mixture of external 12-volt marine batteries and solar panels,
in addition to the camera’s internal lithium batteries. Other sources
of disturbance are assumed to be rare, as Gull Island is closed to the

Fig. 2. Example time-lapse camera images of the Common Murre
Uria aalge breeding colony on Gull Island, Kachemak Bay, Alaska
including (A) Common Murres attending nest sites, (B) a Bald
Eagle Haliaeetus leucocephalus flying over Common Murre nest
sites with a Black-legged Kittiwake Rissa tridactyla in its talons
(red circle), and (C) murre egg predation by Glaucous-winged Gulls
Larus glaucescens during a disturbance event.

public, the top of the colony is far removed from marine vessels, and
there have been no documented mammalian predators on the colony.

To measure variability in disturbance levels throughout the breeding
season and among years, we quantified the frequency of events
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(count per day), as well as the duration (minutes) and intensity
(percent of birds flushed) of each disturbance event. The frequency
of events was calculated as the number of disturbances per calendar
day. Duration of each event was recorded in minutes, beginning
when murres flushed and ending when > 75% of the flushed murres
returned. If disturbances extended into non-daylight hours, the event
record was conservatively ended at sundown and started as a new
event at sunrise, because return of birds could not be documented
after dark. Disturbance intensity was recorded as the maximum
percent (0—100%) of the visible colony (hereafter, ‘colony’) that
was flushed during each event.

To measure egg depredation rates and the response of murre
behavior to disturbance levels, we counted the number of eggs
eaten during each disturbance event, identified the egg predators,
and counted the number of murres actively nesting at the time of
the disturbance. We defined birds actively nesting as the number
of murres that remained in incubation posture or did not move
from their nest site during disturbance events, which we used
as an indicator of reproductive investment. The number of birds
actively nesting during each disturbance event was quantified to
provide an indication of resilience to disturbance because their
behavior suggested they were more invested in their reproductive
effort than birds that were not attending a nest site. This metric
included all birds in incubation posture, regardless of whether we
were able to positively confirm an egg or chick underneath them.
Additionally, it included birds that remained at their nest sites
during disturbances even if we were not able to discern whether
their posture changed during a disturbance (e.g., when they were
too densely aggregated).

Statistical analyses

‘We multiplied disturbance duration by intensity for each event, then
summed the result for each day to create a daily disturbance index.
This index allowed us to weight the duration of each disturbance by
the percent of birds that flushed from the colony. This metric has
units of minutes per day, and it weights longer disturbance events
that affected a larger portion of the colony more heavily than events
that were brief and affected fewer birds.

To model seasonal variability in disturbance for each year, we used
a generalized additive model (GAM) with the “mcgv” package
v. 1.9-0 (Wood 2011) in R v. 4.1.3 (R Core Team 2022). We
modeled the disturbance index (rounded to the nearest minute) as
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the response variable, and we included year as a factor and a smooth
term for day of year by year as the predictor variables. We specified
a negative binomial error distribution with a log-link function to
account for overdispersion. We examined the model residuals for
signs of serial autocorrelation using autocorrelation function (ACF)
plots and evaluated final model fit based on residual plots. We chose
to run separate models for each year because (1) of the lack of early
season data in 2016, and (2) during the exploratory phase, we found
differences in the degree of serial autocorrelation present in the
residuals of year models. For the 2016 data, we used the “gamm”
routine to include a smooth term for day of the year, as well as an
ARI1 correlation structure, to account for temporal autocorrelation
across days.

RESULTS
Data overview

During the period from 2016 to 2020, we recorded 850 disturbance
events that lasted 1432 h, with 376 associated egg depredation
events (Table 1). Disturbances during 2016, 2018, and 2020 were
longer and affected a greater portion of the colony compared to
2017 and 2019 (Fig. 3). Multiple disturbance events still occurred
on most days in 2017 and 2019, but the duration and intensity
of those disturbances were comparatively lower than other years
(Fig. 3).

Bald Eagles were the only aerial predator observed causing
disturbance events in camera images (n = 573 observations during
169 disturbance events; Fig. 2) but were rarely observed directly
depredating adults (» = 1 in 2018) and were never observed
depredating eggs or chicks on the plot. Most Bald Eagles were
observed on the cliff edges, depredating or perching on Black-
legged Kittiwake nests (n = 331). Bald Eagles were also observed
flying over and landing directly on murre nesting areas (n = 39
and n = 203, respectively; Fig. 2). While Peregrine Falcons were
not directly observed in camera images, they were occasionally
observed causing mass disturbances and depredating kittiwakes
during in-person visits to the colony in 2018. Their presence at the
colony and depredation of other species, such as kittiwakes, likely
contributed to colony disturbances, but to a lesser degree.

The only confirmed secondary predators seen directly taking murre
eggs during disturbance events were Glaucous-winged and Herring
Gulls, which were present during all disturbance events (Fig. 2).

TABLE 1
Summary of Common Murre Uria aalge colony monitoring effort and Bald Eagle Haliaeetus leucocephalus
disturbance metrics by year on Gull Island, Kachemak Bay, Alaska

2016 23 July-20 Aug 29 92 156 36 (100%)
2017 28 Jun-20 Aug 54 177 176 103 (not availableP)
2018 28 Jun—20 Aug 54 242 519 104 (100%)
2019 28 Jun-20 Aug 54 199 223 78 (72%)
2020 28 Jun-20 Aug 54 140 358 55 (64%)

2 Eggs with unknown fate were excluded in the count of total number of eggs laid.
® The total number of eggs laid was not available for 2017 (see Methods).
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Fig. 3. Common Murre Uria aalge colony disturbance frequency (y-axis, total number of disturbance events per day) and duration (color,
sum of disturbance duration per day) at Gull Island, Kachemak Bay, Alaska from 2016-2020. Black points indicate average disturbance
intensity (proportionally scaled to maximum frequency to facilitate plotting). There were no early season data available in 2016.

Predator disturbance

The model fits to disturbance index over time for each year
produced residuals with no evidence of significant autocorrelation
at lags less than four in 2017 and 2019, and only minimal
evidence (i.e., < 0.03 above the 95% confidence interval [CI]
autocorrelation function estimate) of significant autocorrelation
at lag one in 2018 and 2020. However, we detected moderate
autocorrelation at lag 1 in the model fit to disturbance data from
2016, which was greatly reduced (i.e., from autocorrelation
function estimates of 0.60 to 0.39) by accounting for an ARI

correlation structure using the “gamm” routine. QQ plots generally
indicated that residuals produced by a negative binomial fit were
reasonably normally distributed, aside from a few instances of
days of zero disturbance. Annual models explained 56% to 93%
of the variance (Table 2).

We observed significantly different levels of disturbance among
years, as well as seasonal variation within years (Table 2, Fig. 4).
Within years, disturbance levels were usually highest at the
beginning of the season and decreased over time. This was most
apparent in 2017, 2019, and 2020, which all had early peaks in
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TABLE 2
Results of generalized additive models of
disturbance index by day of the year®P

Year n edf Intercept R? g::i::ﬁzz
2016 29 2.146%* 5.496%%* 0.56

2017 54 7.216%%* 2.082%%* 0.75 0.89
2018 54 1.465%%* 6.155%%* 0.65 0.39
2019 54 4. 287H%* 3.5949%#% 0.89 0.77
2020 54 3.722%%* 2.5699%#% 0.93 0.86

2 Included are number of days monitored per year (n), estimated
degrees of freedom (edf) of the smoothed terms, intercept
coefficient of the fixed parameters, variance explained (R?), and
deviance explained compaired to the null model. Significance:
P < 0.001#** and P < 0.05*.

The 2016 model differed in that no early season data were
available, and an ARI correlation structure was required to
account for serial autocorrelation in the residuals.

disturbance followed by a steep decline and multiple disturbance-
free days (Figs. 3, 4). However, in 2017, after the initial decline
in disturbance until ~19 July, the disturbance level remained
consistent with a slight increase at the end of the season (Figs. 3, 4).
Additionally, the peak and decline in disturbance levels occurred
later in 2020 compared to 2017 and 2019 (Figs. 3, 4), and this was
associated with the observation of Bald Eagles later in the year at
the colony.

We observed consistently higher levels of disturbance throughout
the season in 2018 compared to other years (P < 0.001; Table 2,
Figs. 3, 4). In 2018, there was a slight decrease in disturbance
levels later in the season, but intensity remained high throughout
the sampling period (Figs. 3, 4). Unlike other years, disturbance
levels during 2016 increased toward the end of the breeding
season (Figs. 3, 4) and were also associated with persistent late
season Bald Eagle observations.

Egg depredation
In 2016 and 2018, the colony experienced complete breeding

failures because 100% of observed eggs were depredated by
Glaucous-winged and Herring Gulls during disturbance events

2016 2017

(Table 1). In these years, egg depredation continued late into the
season when there were fewer than 10 birds actively nesting at any
time (Fig. 5).

In 2019 and 2020, 72% and 64% of eggs observed were depredated,
respectively (Table 1). Relative egg depredation rates could not be
calculated in 2017, as eggs being incubated were not reliably visible
due to the camera being placed further from nest sites than in other
years. In 2017 and 2019, although disturbance events were frequent
in the early season, the amount of the colony they affected decreased
over time, which coincided with higher numbers of birds actively
nesting and decreased rates of egg depredation (Figs. 3, 5). In 2020,
the number of birds actively nesting increased comparatively later
in the season, during the last week of July (Fig. 5), following an
observed decrease in disturbance (Fig. 3). Chicks were observed
on the colony in 2017, 2019, and 2020, and while chicks were not
tracked to fledging, no chick depredation was observed on camera
images during the study period.

DISCUSSION

We documented seasonal and inter-annual variability in the
disturbance of Common Murres by aerial predators across five
breeding seasons on Gull Island. This disturbance led to high rates
of egg depredation, and murres experienced complete breeding
failures, or below average productivity, across these same years
(Schoen et al. 2022). We found that when disturbance increased
or was sustained later in the breeding season, murres experienced
complete breeding failures. In some years, greater numbers of
actively nesting birds coincided with decreased levels of disturbance
and egg depredation, but the murres still experienced lower than
average reproductive success compared to baseline studies (Schoen
et al. 2022). Evidence from other studies has shown that limitation
in murre productivity at most colonies following the heatwave
was due to heatwave-induced food web collapse (Piatt er al. 2020,
Arimitsu et al. 2021). However, the data presented here show that
widespread and persistent disturbance by aerial predators and
associated depredation of murre eggs also contributed directly to
ongoing breeding failures and reduced productivity at this colony.
It seems likely that the effects of the heatwave, low food supply,
and predator disturbance are interactive but cannot be disentangled
with existing data.

This study is the first to identify disturbance by aerial predators as a
mechanism for Common Murre breeding failures in Alaska. These
findings help explain why breeding success has not recovered at this
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colony compared to other larger colonies where prey resources were
the only documented cause of declines in productivity and where
breeding success rebounded within one to three years following the
heatwave (Piatt ez al. 2020, Dragoo et al. 2020). This study is also
the first to use a combined index to evaluate the collective impact
of disturbance characteristics, as well as to use a fine time scale to
describe seasonal variation of disturbance within and among years.
These parameters are important when considering the timing and
impacts of varying disturbance levels on breeding murres and, when
combined, may provide a better metric for measuring the magnitude
of disturbances than the frequency of events alone.

The effects of disturbance by aerial predators in this study were
mediated by adult murre behavior, specifically their propensity to
abandon the colony en mass. Doing so left eggs unattended and
vulnerable to depredation by gulls. Bald Eagles were the only
identified source of disturbance in images from our study site.
Similar responses to Bald Eagles have been observed at other murre
colonies such as Tatoosh Island in Washington (Parrish 1995),
Triangle Island in British Columbia (Hipfner er al. 2011), and
Yaquina Head in Oregon (Porquez et al. 2021), as well as to White-
tailed Eagles Haliaeetus albicilla in the Baltic Sea and along the
Norwegian coast (Barrett et al. 2006, Hentati-Sundberg et al. 2021).
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While Peregrine Falcons can also be a source of disturbance, and
occasionally prey on murres (Paine et al. 1990, Sydeman 1993), we
personally observed Bald Eagles frequently on-site at the colony,
whereas sightings of Peregrine Falcons were rare (Schoen et al.
2022) and were never detected on camera images.

We detected seasonal and inter-annual differences in disturbance,
which appear to be important factors in murre egg survival. In
most years, we recorded the highest levels of disturbance and Bald
Eagle presence in the early breeding season. Disturbance early in
breeding phenology facilitates high rates of egg depredation, as
eggs laid early are more asynchronous (Murphy & Schauer 1994,
Schauer & Murphy 1996, Gilchrist & Gaston 1997, Wilhelm &
Storey 2002) and birds without an egg or chick are more likely
to flush from the colony when predators are present (Gaston &
Elliot 1996, Irvine et al. 2021), which leaves fewer neighbors to
provide protection to breeders. However, early season depredation
may be less consequential for overall productivity, as murres are
more likely to relay if eggs are lost early in the season (Murphy
& Schauer 1994). In contrast, in years when we observed frequent
disturbance events and associated egg depredation persisting
later in the breeding season (2016, 2018), murres experienced
complete reproductive failures. These years were also associated
with higher rates of Bald Eagle observations, which persisted
later into the breeding season. In 2020, despite high early season
disturbance and Bald Eagle observations, murres were still able
to produce chicks (Arimitsu et al. 2021b) because disturbance
levels declined to nearly zero during the last week of July and
subsequently remained low.

In clifftop colonies where birds are unprotected by habitat, such
as vegetation cover, narrow ledges or rock crevices, protection
from other breeding neighbors becomes even more important
(Parrish 1995). This conspecific protection can be scarce in times
of high disturbance, when increased egg depredation can cause
breeding phenology to become protracted and less synchronous as
birds attempt to relay depredated eggs (Parrish 1995). Declining
populations can have a similar effect, as birds become less dense
within nesting areas, making eggs more accessible to predators
(Gilchrist 1999). During an extensive examination of factors
affecting colony attendance and breeding success of murres at
Gull Island in the 1990s, disturbances by aerial predators were
not a prominent feature of the system (Piatt et al. 2002). At that
time, murre population size, nesting density, and productivity
were much higher than at any time since the heatwave, and colony
abandonment during critical later periods of the breeding cycle
were rare, suggesting that the relative importance of top-down
factors has increased over time. This change could be due to
increases in the Bald Eagle population, although evidence suggests
that coastal Alaska populations likely increased through the 1980s
and remained relatively stable thereafter (Hodges 2011, Hipfner et
al. 2012).

In addition to depredation, murre breeding success is also
affected by forage fish abundance, timing, and body condition
(Piatt et al. 2007, Shultz er al. 2009, Regular et al. 2014). While
we know forage fish abundance and quality declined during and
after the marine heatwave in this region (Arimitsu et al. 2021a,
Suryan et al. 2021), we detected the return of high-quality prey
(e.g., larger size classes of Pacific Sand Lance Ammodytes
personatus and spawning Capelin Mallotus catervarius) to
the area in 2019 (Arimitsu er al. 2021b), a year with some

reproductive success. However, productivity was still roughly
half the historical rate in that year (Schoen er al. 2022), likely
due to the high rates of disturbance-associated egg depredation
early in the breeding season.

Therefore, it is likely that inter-annual differences in murre
productivity at Gull Island are being driven by both top-down and
bottom-up factors which are difficult to untangle (Suryan et al.
2006, Votier et al. 2008, Piatt et al. 2020) and, when occurring
simultaneously, can amplify negative effects on breeding birds
(Bérdsen & Ove Bustnes 2022). As we observed at Gull Island,
murres at Yaquina Head, Oregon, experienced reproductive
failures during and after the heatwave, as well as increased
disturbance by Bald Eagles, which have been increasing since
2011 (Horton 2014, McClatchie et al. 2016, Suryan et al. 2017,
Wells et al. 2017). The reproductive failures at Yaquina Head
were also caused by Bald Eagle disturbance facilitating high
rates of egg depredation, which were coupled with reduced prey
availability and lack of parental investment (McClatchie et al.
2016, Suryan et al. 2017).

Although we rarely (n = 1) observed Bald Eagles directly
depredating murres during disturbance events, Bald Eagles that
flushed the murre colony were most commonly seen on and around
Black-legged Kittiwake nests. The latter are in close proximity to
the murre nesting area and could have influenced the susceptibility
of murres to disturbance (Labansen er al. 2021). In-person
observations during this study confirmed Bald Eagle depredation
on Black-legged Kittiwake adults, chicks, and eggs, especially
during 2016, 2018, and 2020, when Black-legged Kittiwakes at this
colony also experienced complete reproductive failures and high
rates of depredation (Arimitsu ez al. 2021b, Schoen et al. 2022). The
seasonal timing of elevated disturbance to murres coincides with
late incubation and start of hatch for kittiwakes, which predators
could be targeting to maximize energy content, as observed in other
studies (e.g., White et al. 2006).

The level to which Bald Eagles rely upon seabirds as prey can
be affected by changes in alternate prey availability and timing
(Grubb & Hensel 1978, Anthony et al. 2008, Elliott et al. 2011),
which has the potential for multi-trophic level cascade dynamics
(Harvey et al. 2012). In Prince William Sound, Alaska, researchers
found a positive relationship between Black-legged Kittiwake
productivity and Pink Salmon Oncorhynchus gorbuscha returns,
attributed to decreased depredation by Bald Eagles on kittiwakes
during times of increased salmon availability (Ruggerone et al.
2023). Therefore, investigation of the availability of food sources
for eagles in Kachemak Bay should be explored to help explain
varying degrees of disturbance to seabirds, such as the timing and
availability of Pink Salmon, which spawn in close proximity to this
colony (Hollowell et al. 2017). This should also be considered for
secondary predators, like gulls, that may increase their reliance on
murre eggs when other prey, such as forage fish, are less available
(Massaro et al. 2000, Spear 1993).

CONCLUSIONS

Seasonality of disturbance by aerial predators is an important factor
determining egg depredation rates on murre colonies. Though
disturbance during the early breeding season was also pervasive
during this study, heightened depredation pressure during the
late-breeding season occurred in years when murres experienced
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complete reproductive failure. Compared to baseline monitoring
in the 1990s, it appears that disturbance by aerial predators has
become a more prominent stressor affecting population dynamics
at this colony following the Pacific marine heatwave. We predict
that murres at Gull Island will continue to experience heightened
depredation pressure until sufficient food resources are available
to both murres and their predators.
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