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Highlights

Polar bear predation of nesting seabirds has increased due to climate change, but bird
behavioural responses to these predators has not been investigated

We used drone videography to investigate polar bear foraging in a common eider colony, and
recorded 200 flush events from 193 individual birds in 2017

We demonstrate more direct angles of visual gaze and travel by bears result in more
conspicuous nest flushes by eiders

However eiders were more inconspicuous in their flushes when more gulls were present
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Abstract

Nest predation is a primary cause of reproductive failure in birds; thus predators apply strong selective
pressure on nesting behaviour, especially risk-assessment behaviours during predator encounters at nests.
Prey’s risk assessments are not static; rather, Dynamic Risk Assessment theory predicts that prey assess
risk in real-time, and update it according to changes in cues posed by the predator(s). We used drone
videography to film nest flushing behaviours of common eiders (Somateria mollissima) in response to
foraging polar bears (Ursus maritimus) on East Bay Island (Nunavut, Canada). We assessed how cue use
influenced flushing behaviour and nest fate in a path analysis using 200 observations of 193 eiders in
2017. Our most supported model found more direct angles of visual gaze and travel angle by polar bears
resulted in conspicuous nest flushes by eiders ( =-0.236 £ 0.059), whereas the presence of herring gulls
(Larus argentatus) resulted in more discrete flushes of hens walking from their nests (f = -0.181 £ 0.059).
Shorter flush initiation distances between eiders and approaching bears resulted in greater nest predation
by polar bears (p =-0.203 + 0.076). We found no support that an eider’s visibility from the nest
influenced any component of flushing behaviour. We suggest that during encounters with bears, eiders are
capable of assessing risk and make appropriate behavioural decisions to reduce chances of nest loss.
However, as the colony experienced heavy predation by bears in 2017, behavioural responses alone

appear to be insufficient to mitigate polar bear predation at the population level.

Keywords: Common eider (Somateria mollissima), Polar bear (Ursus maritimus), predator cues,

Dynamic Risk Assessment, drones, path analysis
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Introduction
Nest predation is a primary cause of reproductive failure in many species of birds (C6té and Sutherland
1997, Newton 1998, Smith et al. 2010b); thus predators apply strong selective pressure on avian nesting
behaviour, especially risk-assessment behaviours during predator encounters at the nest (Ricklefs 1969,
Montgomerie and Weatherhead 1988, Martin 1995, Schmidt 1999). However, the responses of incubating
birds can vary depending on the relative predation risk, as different predators pose different levels of risk
to either the incubating parents or their clutch (Montgomerie and Weatherhead 1988). Selection should
therefore favour the ability of individuals to assess types and levels of risks posed by different predator
archetypes and make appropriate behavioural decisions in a given environmental context (Curio 1975,
Curio 1983, Rytkonen and Soppela 1995, Martin et al. 2000a, Tvardikova and Fuchs 2011, Congdon et al.
2020).

Risk assessments performed by incubating parents on predators are not static; rather, Dynamic
Risk Assessment (DRA) theory predicts that prey should assess risk in real-time, and update it according
to any changes in cues posed by the predator(s) (Kleindorfer et al. 2005, Tvardikova and Fuchs 2011). In
doing so, prey can optimize time spent on profitable behaviours (e.g. remaining on nest to incubate eggs)
and make the decision to flee (e.g., abandon the nest to prioritize adult survival) only when predation risk
outweighs the benefits of remaining (Cooper Jr and Frederick 2007). Some predator cues are well known
to play a role in DRA and subsequent prey responses, including predator body size (Templeton et al.
2005), travel speed (Cooper Jr 2006), and direction of travel (Burger and Gochfeld 1981). A combination
of these predator characteristics should be considered by prey during decision making. For example, a
large-bodied predator that is quickly approaching a nest on a direct angle may be perceived as a greater
risk than a slow moving, small predator approaching more tangentially. However, there is increasing
experimental evidence suggesting that prey can perceive even more subtle cues such as the orientation of
the predator’s head or eyes (Bateman and Fleming 2011, Davidson and Clayton 2016), presumably
providing prey with finer-scale predation risk information to inform their behavioural responses (Sang-im

Lee et al. 2013). The perception of predator cues may additionally be influenced by characteristics of the
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prey’s environment such as relative cover (Albrecht and Klvana 2004). In combination, multiple sources
of cues/information should be used by prey to better inform decision making (Sih 1992, Munoz and
Blumstein 2012), but this may also incur a neurological cost associated with attentional constraints (i.e.,
paying attention to multiple cues at once may prove distracting from a single more important cue) (Dukas
and Kamil 2000, Leavell and Bernal 2019). As such, investigating DRA and cue use by prey should
consider how individuals incorporate multiple cues simultaneously rather than each in isolation.

Cue use and reliable risk assessments are also modulated by a prey species’ eco-evolutionary
experience with a given predator, as prey are generally poorer at responding to unfamiliar/novel predators
than those they have experience with (Saul and Jeschke 2015, Ehlman et al. 2019). In the context of
climate-induced environmental change, exposure to unfamiliar/rare predators is an important and yet still
largely under-studied aspect of predation risk assessments (Blumstein et al. 2019). For example, the
introduction of novel nest predators has shown to increase nest failure rates and cause eventual population
decline in a diversity of birds species (e.g., Wiles et al. (2003), Blackburn et al. (2004), Wanless et al.
(2007), but see Didham et al. (2005), Palmas et al. (2020)). It is thought that contributors to these declines
may be due to the bird species’ 1) inability to recognize novel predator cues and/or 2) inappropriate
responses to predator cues which risk adult/nest survival. Nonetheless, naive prey may still exhibit some
degree of general antipredator behaviours even if a predator is unfamiliar (Carter et al. 2008). As such,
guantifying behavioural responses to novel predators and then determining the consequences of those
responses should be informative to predicting persistence of a prey species (Carthey and Banks 2014,
Carthey and Blumstein 2018).

An increasingly studied nest predator-prey dynamic that has arisen due to rapid changes in
environmental conditions is the growing predation of common eider (Somateria mollissima, hereafter
“eiders”) nests by polar bears (Ursus maritimus) in the Arctic (Iverson et al. 2014, Prop et al. 2015,
Barnas et al. 2020b). Eiders that breed in the Arctic typically nest colonially on small islands offshore to
reduce predation by terrestrial mammals (i.e. Arctic foxes, Vulpes lagopus), and exhibit extremely high

nest attendance rates to reduce predation by avian predators (Larus sp.) (Laurila 1989, Bolduc and
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Guillemette 2003a). However, recent climate-induced reductions in spring sea-ice have led polar bears in
some populations to spend increasing time on land (Cherry et al. 2013), resulting in overlap with nesting
birds (Rockwell and Gormezano 2009, Smith et al. 2010a, Prop et al. 2015). Once onshore and within a
colony, bears can destroy hundreds of eider nests in a relatively short period of time, leading to near
complete colony failure in some years/sites (Rockwell and Gormezano 2009, Gormezano et al. 2017,
Barnas et al. 2020b, Jagielski et al. 2021a, Jagielski et al. 2021b). Predictive modeling suggests that
nesting eiders should disperse, and shift to nest in lower-density colonies to reduce polar bear predation
(Dey et al. 2017), although empirical data has not yet confirmed whether this is occurring at the
population level (Dey et al. 2020). At the individual level, there may be nesting behaviours that reduce the
likelihood of nest failure by polar bears, but these have not yet been examined. Investigating the
predatory cues of polar bears on which eiders rely during flush responses, and how those flush responses
impact eider reproductive success, will provide a better understanding of behavioural interactions
between eiders and polar bears, thereby better informing predictions of higher-level population responses
(see Bro-Jgrgensen et al. (2019)).

Here we use drone video of polar bears foraging within an eider colony to examine the
relationships between several predator/environmental cues, and the response of nesting eider hens using
path analysis. Although several experimental studies have examined the effects of predator cues on prey
behaviour often using human researchers or predator models as surrogates for predators (Burger and
Gochfeld 1981, Carter et al. 2008, Kyle and Freeberg 2016, Maziarz et al. 2018, Goumas et al. 2019), we
focused instead on a ‘remote’ drone approach for several reasons. First, experimental approaches using
artificial predators (e.g., human researchers or predator models) may not realistically represent cues
expressed by real predators. Individuals that respond “poorly” (i.e., respond in a manner that would have
led to predation by a real predator) to artificial predator cues remain in the study population, thereby
skewing observed prey responses in a way that would not occur in natural settings, and obfuscate any
assumed fitness consequences (Weissburg et al. 2014, Peers et al. 2018). Second, field-based approaches
to investigating prey responses to predators is often further complicated by the presence of researchers in
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the field, which is likely to impact the behaviours of both predators and prey (Gétmark and Ahlund 1984,
Ahlund and Gotmark 1989, Gétmark 1992, Béty and Gauthier 2001). The advent of drone technology
(Chapman 2014) allows wildlife researchers the opportunity to observe predator-prey interactions
(Fortune et al. 2017, Jagielski 2020), while reducing researcher disturbance to wildlife (Brisson-Curadeau
et al. 2017, Mulero-Padzmany et al. 2017, Barnas et al. 2018). Fixed-wing drones in other systems have
been shown to have little behavioural impact on nesting eiders (Ellis-Felege et al. 2021) and polar bears
(Barnas et al. 2018), thus rotary-wing drones may reduce disturbance when investigating behavioural
interactions between eiders and bears on East Bay Island (see below).

We estimated the effects of several polar bear cues (travel speed, direction of travel, direction of
gaze) on eider flushing behaviours, while simultaneously examining the numbers of native predators
(herring gulls, Larus argentatus) in the area, and an environmental variable accounting for visibility from
nests. We measure two behavioural responses of eiders; 1) Flush Initiation Distance (hereafter FID:
commonly used to describe “Flight Initiation Distance” (Cooper Jr and Frederick 2007) as the distance
between the bird and the predator when the bird decides to flee, but co-opted here to describe flushing by
birds (Blumstein 2010)), and 2) the behavioural style in which each bird flushed from her nest. Using
predictions from DRA theory, we hypothesized that faster polar bear approaching travel speed, as well as
more direct angles of approach and gaze should result in greater flush distances, indicating adult eiders
prioritizing their own survival in the face of a threatening predator. Conversely, shorter flush distances

would indicate eiders are investing more in protecting their current clutch of eggs. We also predict that

eiders would flush inconspicuously with indirect angles of approach and gaze by bears and higher number

of qulls, so as to leave their nest undetected and avoid presenting visual cues to predators.

Methods
Study Area and Species
This study was conducted at a long-term research station on East Bay (Mitivik) Island, within the East

Bay (Qagsauqtuuq) Bird Sanctuary of Southampton Island, Nunavut, Canada (Figure 1). East Bay Island
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is a small (approximately 24 ha) island comprised of low-lying vegetation (predominately graminoids,
mosses and lichens), granite rock outcrops, and snowmelt ponds. Topography of the island is flat (total
elevation change, approximately 8m), although larger rock outcrops can obscure fields of view for
ground-nesting birds and predators. The study site supports the largest eider colony in the Canadian
Acrctic, hosting up to 8000 breeding pairs each year between 2002 and 2013 (Jean-Gagnon et al. 2018),
although since that time the colony appears to have been declining (500-1700 pairs estimated in 2017,
Jagielski et al. (2021b).

Eiders on East Bay Island generally reuse historical “nest bowls”, which are circular depressions
in the ground that have been used in previous years by nesting individuals. Nest bowls tend to be located
in areas with higher deposits of organic materials (insulating mosses), often situated within and around
rock outcroppings (Fast et al. 2010). Once incubation begins, eiders tend to remain on the nest and rarely
take recess events to drink or feed (Bottitta 1999, Criscuolo et al. 2000, Bottitta et al. 2003, Fast et al.
2007). On East Bay Island, the primary nest predators of eiders are herring gulls (Larus argentatus,
hereafter “gulls™), although gulls are generally unable to access eider eggs while the attendant female
remains on the nest. Polar bear foraging on eider nests on East Bay Island has been increasing in recent
years (lverson et al. 2014, Jagielski et al. 2021b). Bears typically arrive ashore during eider egg-laying
and early incubation stages of eiders (Jagielski et al. 2021b). Initially, rates of nest discovery by bears are
high, but this declines as bears deplete the number of nests available. Eventually, most nests fail due to

polar bears (Jagielski et al. 2021b).

Drone Observations of Polar Bear- Eider Interactions

We collected aerial video of individual polar bears foraging on eider nests approximately midway through
eider nest incubation using multi-rotor drones from July 10" to 20" in 2017 (Jagielski et al. 2021b).
Briefly, when bears were spotted by researchers on the island, a drone was deployed to perform a ‘focal
follow’ of an individual bear. The drone hovered above the bear between approximately 30 to 55m Above

Ground Level (AGL) and followed the bear during its foraging activity. We stopped filming during
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prolonged periods of bear inactivity. Bears were filmed during daylight hours (between 0530 and 2030),
and only when environmental conditions permitted drone operation (e.g., clear weather, wind < 10km™).
Since foraging activity of bears often took longer than the battery capabilities of the drone, filming of an
individual bear’s foraging bout often comprised multiple drone flights. The videos from these individual
drone flights were subsequently stitched together for video review. For additional details and
specifications of the collection of drone video for polar bear-eider interactions, we provide a Drone
Reporting Protocol as described by (Barnas et al. 2020a), see Supplemental Materials #1.

We collected 995 minutes of videography of polar bears foraging within the eider colony,
representing 31 ‘foraging bouts’ observed across 65 drone flights. Since recorded videos were variable
with respect to altitude and viewing angle, to achieve an approximately constant sized field of view we
only reviewed sections of video with an approximate straight down (nadir) view of polar bears and at the
lowest flight altitude of approximately 30m AGL. This filtering step resulted in 166.3 mins of video to
review, from 15 drone flights, across five days of bear foraging (July 11, 15, 16, 19, and 20), from 4
individual polar bears. We estimated the field of view of these filtered drone videos by measuring the
approximate length and width of the video frame for 10 random paused screenshots during eider flushes
using the Measure tool in ArcMap v10.7.1 (ESRI, Redlands, CA), and a georeferenced map of East Bay
Island (see Drone Video Review below). For filtered videos, the estimated mean area + SD was 1023 +
195m?, indicating a reasonably consistent field of view. Hereafter, we only refer to these filtered sections

of drone video featuring direct overhead views.

Drone Video Review

A single observer (Identity Concealed For Review) reviewed video of polar bear foraging for flushing
eider hens using Windows Film & TV application v.10.200022.11011.0 (Microsoft Corporation,
Washington, United States). Video was reviewed on normal speed and paused at the moment an eider hen
flushed from her nest to record variables of interest (see below). Due to the cryptic coloration of eiders,

nests were often only located if the hen was observed flushing or had already flushed and left an open
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nest bowl with conspicuous eggs visible. If during review we identified a nest that was already vacated by
the female, we re-reviewed the footage to find the first observable flush, if possible. Review of eider
flushes was also enhanced using video editing software (listed above) that kept track of individual nests
by marking videos with nest indicators. If we could not observe the original flush for a nest in a drone
video, we did not record a FID for that nest. We used the recorded start datetime of drone flights and time
of flush within each video to estimate the datetime of each eider’s flush (YYYY-MM-DD HH:MM:SS).

Since a flushing bird does not necessarily indicate the presence of a nest at that location (as it
could represent a male or non-reproductive female), we only included flushes as being at nest locations if
they met one of the following criteria: 1) visible eggs, 2) a visible nest bowl of down feathers/depression
in the ground, 3) the bear stopped at the flush location and foraged (i.e., a prolonged period of the bear’s
nose down at that location), or 4) the flushing female returned back to the exact same location during the
same video, indicating that she is attending to a clutch of eggs at that spot. We made the assumption that
the observed flushing female was the attendant mother for that nest, although some female eiders have
been known to briefly incubate nests of other females (Kristjansson and Jonsson 2015).

We used a georeferenced, true colour, 3cm Ground Sampling Distance (GSD) orthomosaic of
East Bay Island produced from drone imagery acquired in June 2019 to estimate flush initiation distance
of eiders to polar bears. For details on the image acquisition and creation of this orthomosaic, see Drone
Reporting Protocol #2 in Supplemental Materials 2 (Barnas et al. 2020a). We were able to identify nest
locations of flushing eiders and bears by matching patterns of rock outcrops and other landscape features
(e.g., pond edges, mossy patches) between the 2017 video of flushing eiders, and the 2019 island mosaic.
The georeferencing of eiders and bears should not be impacted by the time gap between these two
imagery datasets, as the physical landscape characteristics used for matching the 2017 video and 2019
imagery do not drastically change on an annual basis due to a lack of human activity and
geophysical/erosion events on the island. Identifying locations of eider nests on the island mosaic was
aided by the presence of historically used nest bowls, as these are distinct features present on the map that

are often reused by eiders in following years (Fast et al. 2010). Nests were marked on the island mosaic
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within ArcMap and assigned a unique nest identification (nest ID), which allowed us to re-identify
females that had repeat encounters with bears in subsequent videos (if that nest had not failed due to bear
predation during the previous encounter).

We estimated bear location for each flush event as an approximate point at the base of the bear’s
neck in the middle of the shoulder girdle, similarly using landscape features in the video and mosaic to
estimate positions (Supplementary Materials #3, section 1.1). Using the location of the eider nest and the
bear, we measured FID as the distance between these two points at the moment of eider flush using
ArcMap’s “Measure” tool. For each eider flush, we recorded a flush style describing the type of
behaviour the eider exhibited in vacating her nest. We recorded three qualitative categories of flush style:
walking = an eider who walked off her nest, jumping = an eider who more quickly ran or jumped off her
nest and flying = an eider who flew directly off her nest, clearly indicated by flapping wings. Although
subjective, these responses represent increasingly visible and progressive flush responses; from walking
to jumping to flying. Additionally, we recorded whether or not a nest was predated (Hanson 2006) by
polar bears (nest fate). This was indicated by observing a bear consuming eggs and/or lowering its head
down in the eider nest for an extended period of time. Although polar bears are known to capture and Kill
nesting female eiders (Gormezano et al. 2017), we are primarily focused on the risk polar bears pose to
eider eggs rather than the adult.

We recorded several measures of predator cues at the moment that eider hens flushed. For polar
bears, we estimated whole circle bearings (directional values from 0 to 359 where north = 0, east = 90,
south = 180, west = 270.) for the bear’s direction of travel and head orientation (hereafter “gaze”) using
the Add Geometry tool in ArcMap. Direction of travel was estimated as a straight line travelling from the
posterior end of the bear’s body through the shoulder girdle (i.e., the direction the bear was facing).
Direction of gaze was estimated as a straight line travelling from the base of the neck at the shoulder
girdle through the anterior portion of the bear’s head (i.e., the direction the bear’s head was pointing). We
estimated the whole circle bearing of the bear’s point location towards the focal nest at the moment of
flush, and used this to calculate the smallest angle between the bearing towards the nest and the bearing of

9
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travel/gaze, where smaller and larger angles represent more direct and indirect approaches/gazes,
respectively (Supplemental Materials #3, section 1.2). We estimated polar bear movement speed (m=) by
estimating the location of the bear 10 seconds prior to an eider flush, calculating the distance traveled by
the bear over those 10 seconds, and dividing distance by 10 to estimate movement in m* (Supplemental
Materials #3, section 1.3). Lastly, because eider behaviour may be influenced by the presence of other
predators in addition to bear foraging, we recorded the number of herring gulls viewable in the video
frame at the moment of flush. We binned number of gulls into three categories, Absent (0 gulls), Low (1-
5 gulls), and High (> 5 gulls) (Supplemental Materials #3, section 1.4).

Since prey behaviours are influenced by the amount of environmental information available to
them (Schmidt et al. 2010), eiders with a greater field of view from their nest may make different
behavioural decisions (i.e., FID, flush style) relative to those with less information available. For each
eider nest location, we calculated the proportion of area in a 30m radius circle (area = 2827m?) that was
visible to the nesting female using ArcMap’s Viewshed tool and a 3cm Digital Surface Model (Rogers et
al. 2020) generated using Structure-from-Motion using the same RGB drone imagery collected in 2019.
Briefly, within a 30m radius for each eider nest location, the Viewshed tool calculates whether other
surface locations are visible to the nest location based on the elevation of surrounding points and
potentially obstructing features (e.g., large boulders). We chose a 30m radius based on the maximum
observed FID of eiders (25.7m, see Results). We included a vertical offset of 14cm for eider nest
locations to account for the approximate height of a female eider’s eyeline while sitting on her nest
(measured a decoy male eider in an upright sitting position). We used the amount of visible area (m?) in
each eider’s viewshed to calculate the proportion of the 30m radius buffer visible (Supplementary
Materials #3, section 1.5). Although our calculated viewshed does not consider the height of polar bears
(as taller bears may be more visible to nesting eiders), this metric should still provide an index of

visibility from an eider’s nest.

Statistical Analysis

10
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We constructed unidirectional (acyclic) path models (structural equation models without latent variables)
to examine relationships between our measured exogenous variables (gaze angle, travel angle, bear speed,
gull number, and eider viewshed) and endogenous variables (FID, flush style, nest fate). As we only
recorded repeat flushes for 3.6% of the individual eiders (7 out of 193, see Results), we did not include
eider ID as a hierarchical random effect, but we did keep these repeated observations in the dataset. We
justified this based on a visual examination of eider flush distances against polar bear encounter number,
which did not reveal any clear changes in flush distances (Figure 2). We also fit a linear mixed effect
model to examine scaled flush distance as a function of the fixed effect for encounter number and a
random effect of eider ID. We found no significant effect of encounter number (5 + SE =0.21 £ 0.33,P =
0.65), and a likelihood ratio test showed that including the random effect of eider ID in this model did not
significantly improve model fit (> = 0.86, P = 0.35).To facilitate the use of categorical exogenous and
endogenous variables (gull number category, flush style, nest fate), we re-coded them as dummy and
ordinal variables where appropriate. Polar bear travel angle and gaze angle were positively correlated
(Pearson correlation coefficient = 0.67, p< 0.0001), so we created a new variable termed “angle sum” as
the linear combination of travel angle and gaze angle (where low values indicate more direct angles of
approach/gaze and the opposite for high values). We recorded ordinal variables for gull category as
Absent, Low, and High, and flush style as Walk, Jump, and Fly (where walking off nest is considered a
“low” value, and increasing through jumping and flying as “high”). To account for larger variances
associated with flush distance and angle sum (compared to other variables), we rescaled these variables to
a mean of zero.

We constructed 8 candidate path diagrams relating our measured predator/environmental cues to
the flushing behaviour of eiders, as well as their indirect effects on nest fate as mediated through FID and
flush style (Figure 3). Briefly, we evaluated whether our exogenous variables were more influential on
FID or flush style (or both), and whether flush style was also influenced by FID. We included a fully
saturated “global” model, as well as a “null” model where exogenous variables had no relationship to the
mediating variables of FID and flush style. We explicitly kept the relationship between nest fate and

11
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FID/flush style constant in all models to estimate the effect of these variables on fate. Models were
estimated with a maximum likelihood approach and evaluated based on AICc for small sample size,
where models were considered competitive if they fell within A2 AICc (Burnham and Anderson 2002,
Shipley 2013, Hennin et al. 2018). For our most competitive path models, we estimated standardized
partial path coefficients (with 95% CI) and commonly used fit indices for path models including
Comparative Fit Index (CFI), Tucker-Lewis Index (TLI), Root Mean Square Error of Approximation
(RMSEA), and Standardized Root Mean Square Residual (SRMSR).

All georeferencing and bearing calculations were done using ArcMap v10.7.1 (ESRI, Redlands,
CA). All other data manipulation and variable calculations were done in RStudio v3.6.2 (R Core Team
2017) using package geosphere for spatial data (Hijmans et al. 2017), lubridate for datetime data
(Grolemund and Wickham 2011), dplyr for general data manipulation (Wickham et al. 2015), ggplot2 for

data visualization (Wickham 2016), and lavaan for path analyses (Rosseel 2012).

Results

We observed 200 flush events from 193 individual eiders on July 11 (n=61), 15 (n=99), 16
(n=39), and 19 (n=1) in 2017; seven of these flushes were repeat observations by individuals on different
days. No flushes were observed during foraging bouts on July 20, which may reflect the high level of bear
predation that had occurred on previous days (i.e., relatively few eider nests were active by July 20). Of
the 200 flush events used for analysis, we observed 33 nests predated by polar bears. We did not observe
any instances of adult eiders being captured and killed by polar bears. The overall mean FID of eiders was
9.1 £ 4.1m (range: 0.9-25.7m) from the bear and the number of flush styles observed was similar among
types (Walk Off = 66, Jump Off = 66, and Fly Off = 68) (Figure 4). Most observed flushes by eider hens
were in response to bears moving and/or looking towards them, indicated by the combination of direct
angles of polar bear travel and gaze direction at flush (Figure 5). Mean polar bear speed prior to flushes

was 0.5 £ 0.3m™ (range: 0 — 1.3 m*), and mean proportion viewshed visible from eider nests was 0.22 +
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0.10 (range 0.07 — 0.59). We observed 49 eider flushes without gulls present, 80 with low numbers of
gulls, and 71 with high numbers of gulls (Figure 5).

The path model with highest support was Model #6 (K = 14) which included direct paths from
our exogenous variables to flush style only, and a direct path from FID to flush style (Table 1). Notably,
the next highest ranked model was Model #7 (AAICc = 2.23, K = 18), which was the fully saturated
model. For clarity we present parameter estimates from both models, as each had similar log likelihoods
and Akaike weights (Model #6 LL =-936.2, w = 0.752; Model #7 LL = -932.6, w = 0.246) (see Arnold
(2010)). Overall fit of Model #6 and Model #7 was consistently “adequate” based on multiple measures
(Model #6: CFI = 0.565, TLI = 0.348, RMSEA = 0.135, and SRMR = 0.112; Model #7: CFl =0.593, TLI
= 0.146, RMSEA = 0.154, and SRMR = 0.104), where “good” model fit is indicated by CFI > 0.9, TLI >
0.95, RMSE< 0.1, SRMR< 0.08. Interestingly, all models including a path from FID to flush style,
received higher support than those models without that path (Table 1).

From our most competitive path model (Model #6), we found lower angle sums (i.e., more direct
angles of travel and gaze) of polar bears resulted in more obvious flush response such as jumping or
flying (B = -0.236, SE = 0.059, P < 0.001). We found that lower eider FIDs (i.e., closer bears) resulted
both in more obvious flush responses s (p = -0.437, SE = 0.054, P<0.001) and subsequent nest loss by
polar bears (B =-0.203, SE = 0.076, P<0.05), but the opposite relationship between gull presence and
flush styles, as higher gull numbers evoked more inconspicuous “walk off” style flushes (B =-0.181, SE =
0.059, P<0.005). We did not find significant path coefficients for relationships between flush style and
polar bear speed or proportion of viewshed visible, nor flush style and nest fate (Figure 5A). In Model #7
we found that eiders flushed at shorter distances when polar bears were moving faster (f =-0.164, SE =
0.068, P<0.05), but found no significant effects of angle sum, proportion viewshed visible, or number of
gulls on FID (Figure 5B). Standardized estimates of path coefficients from all endogenous variables to

flush style were similar in both Model #6 and #7 (Figure 5).

Discussion
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Our findings reveal novel insights on the behavioural responses of eiders when leaving their nests, by
demonstrating that individuals behave according to DRA theory by incorporating information on polar
bear gaze and travel angle, as well as the number of herring gulls nearby. We demonstrate increased nest
predation risk by polar bears for eiders that flush from their nests at shorter distances, but this risk is
likely restricted to the immediate encounter between the bear and eider. Eiders have evolved a mass-loss
incubation strategy which relies on females remaining concealed on their nest for as long as possible
(Bolduc and Guillemette 2003b, Garbus et al. 2018). This results in a behavioural trade-off between
remaining on nest (reproductive investment) and flushing in response to a foraging bear (adult survival),
although some aspects of flushing behaviour may act to increase nest survival (discussed below).
Although the fit of our most competitive path models was not perfect, given the lack of investigation into
nesting bird behavioural responses to foraging polar bears (but see Barnas et al. (2022)), we feel our

analysis provides important preliminary investigations that can guide future studies.

Cue Use Impacts on Flushing Style and Flush Initiation Distance

We found no effect of an individual’s view from their nest on flush responses, which is surprising given
that nests with unobstructed views should provide more information when assessing predation risk and
allow eiders to make the appropriate anti-predator response (Fast et al. 2007). Since our viewshed metric
did not account for polar bear height, it may be the case that most eiders had similar information on polar
bear cues. A sampling bias may exist whereby nests with greatly decreased viewshed visibility (and thus
increased shelter/cover) were observed less frequently from the drone in this study due to their
concealment in the field and subsequently the collected video. It is more likely that viewshed is more
informative for eiders initially selecting nest sites (e.g., thermal refugia), but flush responses are more
informed by proximate stimuli such as predator presence. Multiple cue use in prey is well known to
reduce ambiguity in predator risk assessments (Sih 1992, Munoz and Blumstein 2012), but due to costs
associated with attentional constraints not all cues are considered equally during flush responses (Dukas
and Kamil 2000, Leavell and Bernal 2019).
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We demonstrate that eider flushing responses are contingent on perceived predator cues , which
has implications for how polar bears may locate eider nests (Jagielski et al. 2021a). Our top model
indicated flush styles are informed by FIDs, but that our measured cues were not greatly influential on
FID itself. Previous work has found that eider FIDs are influenced by several environmental factors
including colony location, habitat characteristics, gull presence, and degree of disturbance (Laurila 1989).
However the next top supported model shows that slower moving polar bears result in greater FIDs,
suggesting eiders assess slower moving (potentially searching) predators as a greater risk. Eiders are
known to increase incubation constancy as incubation date increases (Criscuolo et al. 2002), but see
(Bolduc and Guillemette 2003b), however as the majority of our observations came from July 11 — 15 (5
days), we did not explore Bdate as a proxy for incubation datey in our models. Similarly, incorporating
information on eider age in future analyses (which we were unable to do here) would be informative, as
eiders are a relatively long-lived species that may prioritize adult survival over reproduction (Waltho and

Coulson 2015).

Flight Initiation Distance Informs Flushing Style

Our observed mean FID (9.1m) falls within the reported FIDs of nesting eiders to researcher disturbance
reported in the literature (4-8m: Kay and Gilchrist (1998); 16m Mallory (2016); 2.4-3.4m Seltmann et al.
(2012)). To the best of our knowledge there have been no rigorous examinations of eider FIDs in response
to mammalian predators such as Arctic foxes or polar bears in the literature. As expected, shorter FIDs
resulted in increasingly conspicuous flush responses in eiders such as flying directly from the nest, and
there are multiple potential interpretations of this finding. Polar bears that are closer to an individual’s
nest are likely perceived as riskier to both the adult bird and the nest contents, and these easily visible
flush responses are simply escape behaviours intended to increase distance between the adult eider and

the bear (i.e., prioritizing adult survival and abandoning the nest). Alternatively, the rapid movement of

wings during/following flush may be interpreted as distraction displays whereby eiders feign injury to

lure the attention of predators away from the nest (i.e., risking adult survival and prioritizing nest
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survival). Further support for this interpretation stems from the finding that more direct angles of travel
and gaze resulted in more conspicuous flush responses, as eiders in the immediate “eye-line” of bears
would have a higher chance of gaining attention. Distraction displays have previously been described in
eiders (McNair 1981, Kay and Gilchrist 1998), but we did not find a significant effect of flush style
(interpreted here as distraction behaviours) on nest fate. Distraction displays are common in cryptic
nesting birds but are less likely to evolve in colonial nesting species (Humphreys and Ruxton 2020). In
eider colonies the distraction of a predator away from one nest may inadvertently direct the predator
towards a nearby neighbouring nest that may be genetically related (Gochfeld 1984, McKinnon et al.
2006). However, if employed by relatively few individuals (perhaps learned through prior exposures to
polar bears), these behaviours may benefit a small proportion of individual birds given that the majority
of other birds do not perform distraction displays. Feigning injury rather than escaping entirely inherently

increases risk to the adult eider performing these behaviours, which would be indicative of eiders risking

adult survival in favour of nest success. ard-aAlthough we did not observe any female eiders Killed by

polar bears during flushes, bears are capable of catching and killing adult eiders (Gormezano et al. 2017).
Detailed observations of eider behaviour following flushes will provide greater insights to potential of

eiders to distract and reduce nest predation, but this is beyond the scope of the current study.

Impact of Gull Presence on Flush Style

While direct angles of bear gaze and shorter FIDs led to visually obvious flush responses, increasing gull
presence had a negative effect on flush style, resulting in more discrete flushes by eiders. Increasing
activity at the nest may draw the attention of predators (Martin et al. (2000a), but see Martin et al.
(2000b)), and conspicuous flushes in the presence of visually acute avian predators are likely to increase
risk to the exposed nest. We only examined eider behaviours in response to the number of gulls present at
the moment of eider flush, as examining the interaction between eiders and gulls following flush was
beyond the scope of this current study. Avian predators are thought to closely associate with polar bears
foraging on colonial nesting birds and may capitalize on unattended eggs left by the incubating parent
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birds (Gaston and Elliott 2013, Iverson et al. 2014, Barnas et al. 2022). Eiders may therefore be
attempting to reduce gull predation in the presence of polar bears by leaving the nest without notice. It is
also thought that eiders may reduce avian predator predation by covering eggs with insulating down

feathers upon leaving (Opermanis 2004).

Overall Impact of Eider Flush Responses on Nest Fate

We found that relatively few eider nests were predated by polar bears given that 83.5% (167 / 200) of
eider flush events observed in this study resulted in no egg loss to bears. However to be clear, most of
these nests eventually failed in the 2017 season due to bears (outside of our drone video samples). We
tentatively suggest that eiders retain a general anti-predator response that is effective on the scale of
individual encounters with polar bears. In other words, eiders appear to be capable of performing DRA by
sensing the predator- and environmental cues associated with a foraging polar bear, and differentially
employ appropriate flushing behaviours to minimize probability of being killed, while simultaneously
reducing the chances of nest predation by bears. Our finding of relatively few predation events of eider
nests by polar bears is surprising, and it may be that the general confusion induced by multiple flushing
eiders makes it difficult for bears to sometimes locate individual nests. However, a small chance of nest
failure due to polar bear predation with each individual encounter is amplified due to repeat encounters
throughout the nesting season. Our assessment of nest fate is restricted to the immediate encounter
between the eider and bear, but the effect of bear encounters on eider nest fate for the remainder of their
incubation is unclear. However if polar bears are able to thoroughly search the entire nesting area, the
majority of nests are likely to be discovered and consumed over time due to repeat encounters (as was the
case in 2017, see Jagielski et al. (2021b)), suggesting that behavioural responses alone are insufficient to

reduce nest failure.

Conclusions and Future Research Directions
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436  Behavioural responses at the scale of individual encounters with polar bears may be more effective when
437  coupled with additional changes in nesting strategies in response to increased bear predation. Eiders may
438  engage in “predator-swamping” by nesting in dense colonies (Wilson et al. 2012), but this appears be
439 ineffective against polar bears due to their ability to quickly consume hundreds of nests compared to the
440  traditional predators of eiders (Gormezano et al. 2017). Simulation-based approaches predict eiders

441  should adjust nesting strategies to favour smaller, more isolated colonies (as opposed to larger high-

442  density aggregations) in response to polar bear predation (Dey et al. 2017, Dey et al. 2018), but recent
443  work in Canada’s Hudson Strait did not find evidence of large-scale nest redistribution (Dey et al. 2020).
444 This is surprising given an apparent lack of nest-site fidelity observed in some eider populations

445  following a year of unsuccessful nest attempts (Bustnes and Erikstad 1993, Hervey et al. 2019). Future
446  work should prioritize monitoring the nesting locations of females known to have experienced nest failure
447  due to polar bears, which will help identify factors associated with nest redistribution in response to bears
448  if they occur. Notably, our observations were only possible through using the emerging technology for
449  drones, which may play a role in future studies of polar bear foraging behaviour in bird colonies (Jagielski
450  etal. 2022).

451 Warming Arctic temperatures may inadvertently benefit eiders by allowing them to initiate egg
452  laying and incubation earlier resulting in early hatching (Love et al. 2010, Chaulk and Mahoney 2012),
453  which would normally occur far in advance of when bears would historically come on land. However,
454 within increasing temperatures, polar bears are now arriving on land earlier, which is apparently

455  generating a greater temporal overlap with eider incubation periods. Whether a mismatch between eider
456  incubation and polar bear arrival on land can be re-established depends on the plasticity of eiders in

457  responses to warming temperatures (e.g., can eiders advance laying dates faster than the advancement of
458  polar bear arrival on land?). Other alterations to nesting strategies may involve increased rates of nest
459  parasitism, whereby eiders lay eggs in nests of other females in the hopes of at least one nest being

460  successful (Hervey et al. 2019). Regardless, predicting population responses of eiders to increasing rates
461  of polar bear predation is likely to benefit from approaches that incorporate both individual-based
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463

464

465

466

behavioural responses (i.e., flushing behaviours) and colony-level changes in nesting strategies (i.e.,

nesting locations, nest densities). As eiders play an important role in ecosystems as transporters of marine

nutrients into terrestrial systems (Clyde et al. 2021), and serve as a source of sustenance and materials for

northern communities (Henri et al. 2018), future investigations of eider responses to polar bears are

warranted.
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Supplemental Materials

1)

2)

3)

Drone Reporting Protocol for the drone video collection of polar bears foraging in a common

eider colony in 2017

Drone Reporting Protocol for the drone imagery collection and production of the 2019 East Bay

Island orthomosaic

Technical details and examples of georeferencing eider nests and polar bear characteristics
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Table 1 Model selection results for conceptual path diagrams relating exogenous predator and

environmental variables to endogenous variables for common eider (Somateria mollissima) flushing

behaviours and nest fate. Model ID indicates the candidate model structures detailed in Figure 2.

Woasl | Model K Log Likelihood | AICc | AAICC Cvi?éﬁ
1 6 14 936.2143 | 1902699 | 0 0.752
2 7 18 '932.5755 190493 | 2231 | 0.246
3 8 10 '947.3683 | 1915.901 | 13.202 | 0.001
4 5 14 9437296 | 1917.729| 1503 | 0.000
5 2 13 1950.157 1946271 | 43572 | 0.000
6 3 17 ‘9555182 | 1948.399 | 457 | 0.000
7 4 9 '968.0899 | 1955.127 | 52428 | 0.000
8 1 13 9644511 | 1956.859 | 54.16 | 0.000
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Southampton Island, Nunavut, Canada, C) East Bay of Southampton Island, location of study site
indicated by red star, D) East Bay Island, Nunavut, Canada. Canadian Provinces and Territories

inset map layers provided by ESRI online, accessed September 1%, 2020.
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200 observations of eider flushes.

37



776

777

778

779

780

781

782

783

Angle Sum

Bear Speed

Eider Viewshed

-0.181 {-0.297, -0.065)

FID

-0.437

(-0.544, -0.331)
Nest Fate

Gull Number

» Flush Style

-0.001 {-0.137, 0.135)

Angle Sum

B)

Bear Speed

Eider Viewshed

Gull Number

FID

-0.443
(-0.553, -0.332)

Nest Fate

-0.183 (-0.300, -0.066)

» Flush Style

Figure 6. Standardized parameter estimates relating common eider (Somateria mollissima) flush

style, flush initiation distance (FID)and nest fate to exogenous variables for the linear combination

of polar bear (Ursus maritimus) travel and gaze angle, polar bear speed, proportion viewshed

visible, and herring gull (Larus argentatus) number category. Estimates obtained from our most

competitive path models based on AlCc A) Model #6 and B) Model #7. Standardized estimated

path coefficients for pathways displayed on arrows (95% CI in parentheses), bold lines represent

statistically significant paths (P < 0.05).

38



Non-highlighted revised manuscript Click here to view linked References =

10

11

12

13

14

15

16

17

18

19

20

21

Abstract

Nest predation is a primary cause of reproductive failure in birds; thus predators apply strong selective
pressure on nesting behaviour, especially risk-assessment behaviours during predator encounters at nests.
Prey’s risk assessments are not static; rather, Dynamic Risk Assessment theory predicts that prey assess
risk in real-time, and update it according to changes in cues posed by the predator(s). We used drone
videography to film nest flushing behaviours of common eiders (Somateria mollissima) in response to
foraging polar bears (Ursus maritimus) on East Bay Island (Nunavut, Canada). We assessed how cue use
influenced flushing behaviour and nest fate in a path analysis using 200 observations of 193 eiders in
2017. Our most supported model found more direct angles of visual gaze and travel angle by polar bears
resulted in conspicuous nest flushes by eiders ( =-0.236 £ 0.059), whereas the presence of herring gulls
(Larus argentatus) resulted in more discrete flushes of hens walking from their nests (f = -0.181 £ 0.059).
Shorter flush initiation distances between eiders and approaching bears resulted in greater nest predation
by polar bears (p =-0.203 + 0.076). We found no support that an eider’s visibility from the nest
influenced any component of flushing behaviour. We suggest that during encounters with bears, eiders are
capable of assessing risk and make appropriate behavioural decisions to reduce chances of nest loss.
However, as the colony experienced heavy predation by bears in 2017, behavioural responses alone

appear to be insufficient to mitigate polar bear predation at the population level.

Keywords: Common eider (Somateria mollissima), Polar bear (Ursus maritimus), predator cues,

Dynamic Risk Assessment, drones, path analysis
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Introduction
Nest predation is a primary cause of reproductive failure in many species of birds (C6té and Sutherland
1997, Newton 1998, Smith et al. 2010b); thus predators apply strong selective pressure on avian nesting
behaviour, especially risk-assessment behaviours during predator encounters at the nest (Ricklefs 1969,
Montgomerie and Weatherhead 1988, Martin 1995, Schmidt 1999). However, the responses of incubating
birds can vary depending on the relative predation risk, as different predators pose different levels of risk
to either the incubating parents or their clutch (Montgomerie and Weatherhead 1988). Selection should
therefore favour the ability of individuals to assess types and levels of risks posed by different predator
archetypes and make appropriate behavioural decisions in a given environmental context (Curio 1975,
Curio 1983, Rytkonen and Soppela 1995, Martin et al. 2000a, Tvardikova and Fuchs 2011, Congdon et al.
2020).

Risk assessments performed by incubating parents on predators are not static; rather, Dynamic
Risk Assessment (DRA) theory predicts that prey should assess risk in real-time, and update it according
to any changes in cues posed by the predator(s) (Kleindorfer et al. 2005, Tvardikova and Fuchs 2011). In
doing so, prey can optimize time spent on profitable behaviours (e.g. remaining on nest to incubate eggs)
and make the decision to flee (e.g., abandon the nest to prioritize adult survival) only when predation risk
outweighs the benefits of remaining (Cooper Jr and Frederick 2007). Some predator cues are well known
to play a role in DRA and subsequent prey responses, including predator body size (Templeton et al.
2005), travel speed (Cooper Jr 2006), and direction of travel (Burger and Gochfeld 1981). A combination
of these predator characteristics should be considered by prey during decision making. For example, a
large-bodied predator that is quickly approaching a nest on a direct angle may be perceived as a greater
risk than a slow moving, small predator approaching more tangentially. However, there is increasing
experimental evidence suggesting that prey can perceive even more subtle cues such as the orientation of
the predator’s head or eyes (Bateman and Fleming 2011, Davidson and Clayton 2016), presumably
providing prey with finer-scale predation risk information to inform their behavioural responses (Sang-im

Lee et al. 2013). The perception of predator cues may additionally be influenced by characteristics of the
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prey’s environment such as relative cover (Albrecht and Klvana 2004). In combination, multiple sources
of cues/information should be used by prey to better inform decision making (Sih 1992, Munoz and
Blumstein 2012), but this may also incur a neurological cost associated with attentional constraints (i.e.,
paying attention to multiple cues at once may prove distracting from a single more important cue) (Dukas
and Kamil 2000, Leavell and Bernal 2019). As such, investigating DRA and cue use by prey should
consider how individuals incorporate multiple cues simultaneously rather than each in isolation.

Cue use and reliable risk assessments are also modulated by a prey species’ eco-evolutionary
experience with a given predator, as prey are generally poorer at responding to unfamiliar/novel predators
than those they have experience with (Saul and Jeschke 2015, Ehlman et al. 2019). In the context of
climate-induced environmental change, exposure to unfamiliar/rare predators is an important and yet still
largely under-studied aspect of predation risk assessments (Blumstein et al. 2019). For example, the
introduction of novel nest predators has shown to increase nest failure rates and cause eventual population
decline in a diversity of birds species (e.g., Wiles et al. (2003), Blackburn et al. (2004), Wanless et al.
(2007), but see Didham et al. (2005), Palmas et al. (2020)). It is thought that contributors to these declines
may be due to the bird species’ 1) inability to recognize novel predator cues and/or 2) inappropriate
responses to predator cues which risk adult/nest survival. Nonetheless, naive prey may still exhibit some
degree of general antipredator behaviours even if a predator is unfamiliar (Carter et al. 2008). As such,
guantifying behavioural responses to novel predators and then determining the consequences of those
responses should be informative to predicting persistence of a prey species (Carthey and Banks 2014,
Carthey and Blumstein 2018).

An increasingly studied nest predator-prey dynamic that has arisen due to rapid changes in
environmental conditions is the growing predation of common eider (Somateria mollissima, hereafter
“eiders”) nests by polar bears (Ursus maritimus) in the Arctic (Iverson et al. 2014, Prop et al. 2015,
Barnas et al. 2020b). Eiders that breed in the Arctic typically nest colonially on small islands offshore to
reduce predation by terrestrial mammals (i.e. Arctic foxes, Vulpes lagopus), and exhibit extremely high

nest attendance rates to reduce predation by avian predators (Larus sp.) (Laurila 1989, Bolduc and
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Guillemette 2003a). However, recent climate-induced reductions in spring sea-ice have led polar bears in
some populations to spend increasing time on land (Cherry et al. 2013), resulting in overlap with nesting
birds (Rockwell and Gormezano 2009, Smith et al. 2010a, Prop et al. 2015). Once onshore and within a
colony, bears can destroy hundreds of eider nests in a relatively short period of time, leading to near
complete colony failure in some years/sites (Rockwell and Gormezano 2009, Gormezano et al. 2017,
Barnas et al. 2020b, Jagielski et al. 2021a, Jagielski et al. 2021b). Predictive modeling suggests that
nesting eiders should disperse, and shift to nest in lower-density colonies to reduce polar bear predation
(Dey et al. 2017), although empirical data has not yet confirmed whether this is occurring at the
population level (Dey et al. 2020). At the individual level, there may be nesting behaviours that reduce the
likelihood of nest failure by polar bears, but these have not yet been examined. Investigating the
predatory cues of polar bears on which eiders rely during flush responses, and how those flush responses
impact eider reproductive success, will provide a better understanding of behavioural interactions
between eiders and polar bears, thereby better informing predictions of higher-level population responses
(see Bro-Jgrgensen et al. (2019)).

Here we use drone video of polar bears foraging within an eider colony to examine the
relationships between several predator/environmental cues, and the response of nesting eider hens using
path analysis. Although several experimental studies have examined the effects of predator cues on prey
behaviour often using human researchers or predator models as surrogates for predators (Burger and
Gochfeld 1981, Carter et al. 2008, Kyle and Freeberg 2016, Maziarz et al. 2018, Goumas et al. 2019), we
focused instead on a ‘remote’ drone approach for several reasons. First, experimental approaches using
artificial predators (e.g., human researchers or predator models) may not realistically represent cues
expressed by real predators. Individuals that respond “poorly” (i.e., respond in a manner that would have
led to predation by a real predator) to artificial predator cues remain in the study population, thereby
skewing observed prey responses in a way that would not occur in natural settings, and obfuscate any
assumed fitness consequences (Weissburg et al. 2014, Peers et al. 2018). Second, field-based approaches
to investigating prey responses to predators is often further complicated by the presence of researchers in
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the field, which is likely to impact the behaviours of both predators and prey (Gétmark and Ahlund 1984,
Ahlund and Gotmark 1989, Gétmark 1992, Béty and Gauthier 2001). The advent of drone technology
(Chapman 2014) allows wildlife researchers the opportunity to observe predator-prey interactions
(Fortune et al. 2017, Jagielski 2020), while reducing researcher disturbance to wildlife (Brisson-Curadeau
et al. 2017, Mulero-Padzmany et al. 2017, Barnas et al. 2018). Fixed-wing drones in other systems have
been shown to have little behavioural impact on nesting eiders (Ellis-Felege et al. 2021) and polar bears
(Barnas et al. 2018), thus rotary-wing drones may reduce disturbance when investigating behavioural
interactions between eiders and bears on East Bay Island (see below).

We estimated the effects of several polar bear cues (travel speed, direction of travel, direction of
gaze) on eider flushing behaviours, while simultaneously examining the numbers of native predators
(herring gulls, Larus argentatus) in the area, and an environmental variable accounting for visibility from
nests. We measure two behavioural responses of eiders; 1) Flush Initiation Distance (hereafter FID:
commonly used to describe “Flight Initiation Distance” (Cooper Jr and Frederick 2007) as the distance
between the bird and the predator when the bird decides to flee, but co-opted here to describe flushing by
birds (Blumstein 2010)), and 2) the behavioural style in which each bird flushed from her nest. Using
predictions from DRA theory, we hypothesized that faster polar bear approaching travel speed, as well as
more direct angles of approach and gaze should result in greater flush distances, indicating adult eiders
prioritizing their own survival in the face of a threatening predator. Conversely, shorter flush distances
would indicate eiders are investing more in protecting their current clutch of eggs. We also predict that
eiders would flush inconspicuously with indirect angles of approach and gaze by bears and higher number

of gulls, so as to leave their nest undetected and avoid presenting visual cues to predators.

Methods
Study Area and Species
This study was conducted at a long-term research station on East Bay (Mitivik) Island, within the East

Bay (Qagsauqtuuq) Bird Sanctuary of Southampton Island, Nunavut, Canada (Figure 1). East Bay Island



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

is a small (approximately 24 ha) island comprised of low-lying vegetation (predominately graminoids,
mosses and lichens), granite rock outcrops, and snowmelt ponds. Topography of the island is flat (total
elevation change, approximately 8m), although larger rock outcrops can obscure fields of view for
ground-nesting birds and predators. The study site supports the largest eider colony in the Canadian
Acrctic, hosting up to 8000 breeding pairs each year between 2002 and 2013 (Jean-Gagnon et al. 2018),
although since that time the colony appears to have been declining (500-1700 pairs estimated in 2017,
Jagielski et al. (2021b).

Eiders on East Bay Island generally reuse historical “nest bowls”, which are circular depressions
in the ground that have been used in previous years by nesting individuals. Nest bowls tend to be located
in areas with higher deposits of organic materials (insulating mosses), often situated within and around
rock outcroppings (Fast et al. 2010). Once incubation begins, eiders tend to remain on the nest and rarely
take recess events to drink or feed (Bottitta 1999, Criscuolo et al. 2000, Bottitta et al. 2003, Fast et al.
2007). On East Bay Island, the primary nest predators of eiders are herring gulls (Larus argentatus,
hereafter “gulls™), although gulls are generally unable to access eider eggs while the attendant female
remains on the nest. Polar bear foraging on eider nests on East Bay Island has been increasing in recent
years (lverson et al. 2014, Jagielski et al. 2021b). Bears typically arrive ashore during eider egg-laying
and early incubation stages of eiders (Jagielski et al. 2021b). Initially, rates of nest discovery by bears are
high, but this declines as bears deplete the number of nests available. Eventually, most nests fail due to

polar bears (Jagielski et al. 2021b).

Drone Observations of Polar Bear- Eider Interactions

We collected aerial video of individual polar bears foraging on eider nests approximately midway through
eider nest incubation using multi-rotor drones from July 10" to 20" in 2017 (Jagielski et al. 2021b).
Briefly, when bears were spotted by researchers on the island, a drone was deployed to perform a ‘focal
follow’ of an individual bear. The drone hovered above the bear between approximately 30 to 55m Above

Ground Level (AGL) and followed the bear during its foraging activity. We stopped filming during
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prolonged periods of bear inactivity. Bears were filmed during daylight hours (between 0530 and 2030),
and only when environmental conditions permitted drone operation (e.g., clear weather, wind < 10km™).
Since foraging activity of bears often took longer than the battery capabilities of the drone, filming of an
individual bear’s foraging bout often comprised multiple drone flights. The videos from these individual
drone flights were subsequently stitched together for video review. For additional details and
specifications of the collection of drone video for polar bear-eider interactions, we provide a Drone
Reporting Protocol as described by (Barnas et al. 2020a), see Supplemental Materials #1.

We collected 995 minutes of videography of polar bears foraging within the eider colony,
representing 31 ‘foraging bouts’ observed across 65 drone flights. Since recorded videos were variable
with respect to altitude and viewing angle, to achieve an approximately constant sized field of view we
only reviewed sections of video with an approximate straight down (nadir) view of polar bears and at the
lowest flight altitude of approximately 30m AGL. This filtering step resulted in 166.3 mins of video to
review, from 15 drone flights, across five days of bear foraging (July 11, 15, 16, 19, and 20), from 4
individual polar bears. We estimated the field of view of these filtered drone videos by measuring the
approximate length and width of the video frame for 10 random paused screenshots during eider flushes
using the Measure tool in ArcMap v10.7.1 (ESRI, Redlands, CA), and a georeferenced map of East Bay
Island (see Drone Video Review below). For filtered videos, the estimated mean area + SD was 1023 +
195m?, indicating a reasonably consistent field of view. Hereafter, we only refer to these filtered sections

of drone video featuring direct overhead views.

Drone Video Review

A single observer (Identity Concealed For Review) reviewed video of polar bear foraging for flushing
eider hens using Windows Film & TV application v.10.200022.11011.0 (Microsoft Corporation,
Washington, United States). Video was reviewed on normal speed and paused at the moment an eider hen
flushed from her nest to record variables of interest (see below). Due to the cryptic coloration of eiders,

nests were often only located if the hen was observed flushing or had already flushed and left an open
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nest bowl with conspicuous eggs visible. If during review we identified a nest that was already vacated by
the female, we re-reviewed the footage to find the first observable flush, if possible. Review of eider
flushes was also enhanced using video editing software (listed above) that kept track of individual nests
by marking videos with nest indicators. If we could not observe the original flush for a nest in a drone
video, we did not record a FID for that nest. We used the recorded start datetime of drone flights and time
of flush within each video to estimate the datetime of each eider’s flush (YYYY-MM-DD HH:MM:SS).

Since a flushing bird does not necessarily indicate the presence of a nest at that location (as it
could represent a male or non-reproductive female), we only included flushes as being at nest locations if
they met one of the following criteria: 1) visible eggs, 2) a visible nest bowl of down feathers/depression
in the ground, 3) the bear stopped at the flush location and foraged (i.e., a prolonged period of the bear’s
nose down at that location), or 4) the flushing female returned back to the exact same location during the
same video, indicating that she is attending to a clutch of eggs at that spot. We made the assumption that
the observed flushing female was the attendant mother for that nest, although some female eiders have
been known to briefly incubate nests of other females (Kristjansson and Jonsson 2015).

We used a georeferenced, true colour, 3cm Ground Sampling Distance (GSD) orthomosaic of
East Bay Island produced from drone imagery acquired in June 2019 to estimate flush initiation distance
of eiders to polar bears. For details on the image acquisition and creation of this orthomosaic, see Drone
Reporting Protocol #2 in Supplemental Materials 2 (Barnas et al. 2020a). We were able to identify nest
locations of flushing eiders and bears by matching patterns of rock outcrops and other landscape features
(e.g., pond edges, mossy patches) between the 2017 video of flushing eiders, and the 2019 island mosaic.
The georeferencing of eiders and bears should not be impacted by the time gap between these two
imagery datasets, as the physical landscape characteristics used for matching the 2017 video and 2019
imagery do not drastically change on an annual basis due to a lack of human activity and
geophysical/erosion events on the island. Identifying locations of eider nests on the island mosaic was
aided by the presence of historically used nest bowls, as these are distinct features present on the map that

are often reused by eiders in following years (Fast et al. 2010). Nests were marked on the island mosaic
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within ArcMap and assigned a unique nest identification (nest ID), which allowed us to re-identify
females that had repeat encounters with bears in subsequent videos (if that nest had not failed due to bear
predation during the previous encounter).

We estimated bear location for each flush event as an approximate point at the base of the bear’s
neck in the middle of the shoulder girdle, similarly using landscape features in the video and mosaic to
estimate positions (Supplementary Materials #3, section 1.1). Using the location of the eider nest and the
bear, we measured FID as the distance between these two points at the moment of eider flush using
ArcMap’s “Measure” tool. For each eider flush, we recorded a flush style describing the type of
behaviour the eider exhibited in vacating her nest. We recorded three qualitative categories of flush style:
walking = an eider who walked off her nest, jumping = an eider who more quickly ran or jumped off her
nest and flying = an eider who flew directly off her nest, clearly indicated by flapping wings. Although
subjective, these responses represent increasingly visible and progressive flush responses; from walking
to jumping to flying. Additionally, we recorded whether or not a nest was predated (Hanson 2006) by
polar bears (nest fate). This was indicated by observing a bear consuming eggs and/or lowering its head
down in the eider nest for an extended period of time. Although polar bears are known to capture and Kill
nesting female eiders (Gormezano et al. 2017), we are primarily focused on the risk polar bears pose to
eider eggs rather than the adult.

We recorded several measures of predator cues at the moment that eider hens flushed. For polar
bears, we estimated whole circle bearings (directional values from 0 to 359 where north = 0, east = 90,
south = 180, west = 270.) for the bear’s direction of travel and head orientation (hereafter “gaze”) using
the Add Geometry tool in ArcMap. Direction of travel was estimated as a straight line travelling from the
posterior end of the bear’s body through the shoulder girdle (i.e., the direction the bear was facing).
Direction of gaze was estimated as a straight line travelling from the base of the neck at the shoulder
girdle through the anterior portion of the bear’s head (i.e., the direction the bear’s head was pointing). We
estimated the whole circle bearing of the bear’s point location towards the focal nest at the moment of
flush, and used this to calculate the smallest angle between the bearing towards the nest and the bearing of
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travel/gaze, where smaller and larger angles represent more direct and indirect approaches/gazes,
respectively (Supplemental Materials #3, section 1.2). We estimated polar bear movement speed (m=) by
estimating the location of the bear 10 seconds prior to an eider flush, calculating the distance traveled by
the bear over those 10 seconds, and dividing distance by 10 to estimate movement in m* (Supplemental
Materials #3, section 1.3). Lastly, because eider behaviour may be influenced by the presence of other
predators in addition to bear foraging, we recorded the number of herring gulls viewable in the video
frame at the moment of flush. We binned number of gulls into three categories, Absent (0 gulls), Low (1-
5 gulls), and High (> 5 gulls) (Supplemental Materials #3, section 1.4).

Since prey behaviours are influenced by the amount of environmental information available to
them (Schmidt et al. 2010), eiders with a greater field of view from their nest may make different
behavioural decisions (i.e., FID, flush style) relative to those with less information available. For each
eider nest location, we calculated the proportion of area in a 30m radius circle (area = 2827m?) that was
visible to the nesting female using ArcMap’s Viewshed tool and a 3cm Digital Surface Model (Rogers et
al. 2020) generated using Structure-from-Motion using the same RGB drone imagery collected in 2019.
Briefly, within a 30m radius for each eider nest location, the Viewshed tool calculates whether other
surface locations are visible to the nest location based on the elevation of surrounding points and
potentially obstructing features (e.g., large boulders). We chose a 30m radius based on the maximum
observed FID of eiders (25.7m, see Results). We included a vertical offset of 14cm for eider nest
locations to account for the approximate height of a female eider’s eyeline while sitting on her nest
(measured a decoy male eider in an upright sitting position). We used the amount of visible area (m?) in
each eider’s viewshed to calculate the proportion of the 30m radius buffer visible (Supplementary
Materials #3, section 1.5). Although our calculated viewshed does not consider the height of polar bears
(as taller bears may be more visible to nesting eiders), this metric should still provide an index of

visibility from an eider’s nest.

Statistical Analysis
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We constructed unidirectional (acyclic) path models (structural equation models without latent variables)
to examine relationships between our measured exogenous variables (gaze angle, travel angle, bear speed,
gull number, and eider viewshed) and endogenous variables (FID, flush style, nest fate). As we only
recorded repeat flushes for 3.6% of the individual eiders (7 out of 193, see Results), we did not include
eider ID as a hierarchical random effect, but we did keep these repeated observations in the dataset. We
justified this based on a visual examination of eider flush distances against polar bear encounter number,
which did not reveal any clear changes in flush distances (Figure 2). We also fit a linear mixed effect
model to examine scaled flush distance as a function of the fixed effect for encounter number and a
random effect of eider ID. We found no significant effect of encounter number (f + SE =0.21 +0.33, P =
0.65), and a likelihood ratio test showed that including the random effect of eider ID in this model did not
significantly improve model fit (> = 0.86, P = 0.35).To facilitate the use of categorical exogenous and
endogenous variables (gull number category, flush style, nest fate), we re-coded them as dummy and
ordinal variables where appropriate. Polar bear travel angle and gaze angle were positively correlated
(Pearson correlation coefficient = 0.67, p< 0.0001), so we created a new variable termed “angle sum” as
the linear combination of travel angle and gaze angle (where low values indicate more direct angles of
approach/gaze and the opposite for high values). We recorded ordinal variables for gull category as
Absent, Low, and High, and flush style as Walk, Jump, and Fly (where walking off nest is considered a
“low” value, and increasing through jumping and flying as “high”). To account for larger variances
associated with flush distance and angle sum (compared to other variables), we rescaled these variables to
a mean of zero.

We constructed 8 candidate path diagrams relating our measured predator/environmental cues to
the flushing behaviour of eiders, as well as their indirect effects on nest fate as mediated through FID and
flush style (Figure 3). Briefly, we evaluated whether our exogenous variables were more influential on
FID or flush style (or both), and whether flush style was also influenced by FID. We included a fully
saturated “global” model, as well as a “null” model where exogenous variables had no relationship to the
mediating variables of FID and flush style. We explicitly kept the relationship between nest fate and
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FID/flush style constant in all models to estimate the effect of these variables on fate. Models were
estimated with a maximum likelihood approach and evaluated based on AICc for small sample size,
where models were considered competitive if they fell within A2 AICc (Burnham and Anderson 2002,
Shipley 2013, Hennin et al. 2018). For our most competitive path models, we estimated standardized
partial path coefficients (with 95% CI) and commonly used fit indices for path models including
Comparative Fit Index (CFI), Tucker-Lewis Index (TLI), Root Mean Square Error of Approximation
(RMSEA), and Standardized Root Mean Square Residual (SRMSR).

All georeferencing and bearing calculations were done using ArcMap v10.7.1 (ESRI, Redlands,
CA). All other data manipulation and variable calculations were done in RStudio v3.6.2 (R Core Team
2017) using package geosphere for spatial data (Hijmans et al. 2017), lubridate for datetime data
(Grolemund and Wickham 2011), dplyr for general data manipulation (Wickham et al. 2015), ggplot2 for

data visualization (Wickham 2016), and lavaan for path analyses (Rosseel 2012).

Results

We observed 200 flush events from 193 individual eiders on July 11 (n=61), 15 (n=99), 16
(n=39), and 19 (n=1) in 2017; seven of these flushes were repeat observations by individuals on different
days. No flushes were observed during foraging bouts on July 20, which may reflect the high level of bear
predation that had occurred on previous days (i.e., relatively few eider nests were active by July 20). Of
the 200 flush events used for analysis, we observed 33 nests predated by polar bears. We did not observe
any instances of adult eiders being captured and killed by polar bears. The overall mean FID of eiders was
9.1 £ 4.1m (range: 0.9-25.7m) from the bear and the number of flush styles observed was similar among
types (Walk Off = 66, Jump Off = 66, and Fly Off = 68) (Figure 4). Most observed flushes by eider hens
were in response to bears moving and/or looking towards them, indicated by the combination of direct
angles of polar bear travel and gaze direction at flush (Figure 5). Mean polar bear speed prior to flushes

was 0.5 £ 0.3m™ (range: 0 — 1.3 m*), and mean proportion viewshed visible from eider nests was 0.22 +
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0.10 (range 0.07 — 0.59). We observed 49 eider flushes without gulls present, 80 with low numbers of
gulls, and 71 with high numbers of gulls (Figure 5).

The path model with highest support was Model #6 (K = 14) which included direct paths from
our exogenous variables to flush style only, and a direct path from FID to flush style (Table 1). Notably,
the next highest ranked model was Model #7 (AAICc = 2.23, K = 18), which was the fully saturated
model. For clarity we present parameter estimates from both models, as each had similar log likelihoods
and Akaike weights (Model #6 LL =-936.2, w = 0.752; Model #7 LL = -932.6, w = 0.246) (see Arnold
(2010)). Overall fit of Model #6 and Model #7 was consistently “adequate” based on multiple measures
(Model #6: CFI = 0.565, TLI = 0.348, RMSEA = 0.135, and SRMR = 0.112; Model #7: CFl =0.593, TLI
= 0.146, RMSEA = 0.154, and SRMR = 0.104), where “good” model fit is indicated by CFI > 0.9, TLI >
0.95, RMSE< 0.1, SRMR< 0.08. Interestingly, all models including a path from FID to flush style,
received higher support than those models without that path (Table 1).

From our most competitive path model (Model #6), we found lower angle sums (i.e., more direct
angles of travel and gaze) of polar bears resulted in more obvious flush response such as jumping or
flying (B = -0.236, SE = 0.059, P < 0.001). We found that lower eider FIDs (i.e., closer bears) resulted
both in more obvious flush responses s (p = -0.437, SE = 0.054, P<0.001) and subsequent nest loss by
polar bears (B =-0.203, SE = 0.076, P<0.05), but the opposite relationship between gull presence and
flush styles, as higher gull numbers evoked more inconspicuous “walk off” style flushes (B =-0.181, SE =
0.059, P<0.005). We did not find significant path coefficients for relationships between flush style and
polar bear speed or proportion of viewshed visible, nor flush style and nest fate (Figure 5A). In Model #7
we found that eiders flushed at shorter distances when polar bears were moving faster (f =-0.164, SE =
0.068, P<0.05), but found no significant effects of angle sum, proportion viewshed visible, or number of
gulls on FID (Figure 5B). Standardized estimates of path coefficients from all endogenous variables to

flush style were similar in both Model #6 and #7 (Figure 5).

Discussion
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Our findings reveal novel insights on the behavioural responses of eiders when leaving their nests, by
demonstrating that individuals behave according to DRA theory by incorporating information on polar
bear gaze and travel angle, as well as the number of herring gulls nearby. We demonstrate increased nest
predation risk by polar bears for eiders that flush from their nests at shorter distances, but this risk is
likely restricted to the immediate encounter between the bear and eider. Eiders have evolved a mass-loss
incubation strategy which relies on females remaining concealed on their nest for as long as possible
(Bolduc and Guillemette 2003b, Garbus et al. 2018). This results in a behavioural trade-off between
remaining on nest (reproductive investment) and flushing in response to a foraging bear (adult survival),
although some aspects of flushing behaviour may act to increase nest survival (discussed below).
Although the fit of our most competitive path models was not perfect, given the lack of investigation into
nesting bird behavioural responses to foraging polar bears (but see Barnas et al. (2022)), we feel our

analysis provides important preliminary investigations that can guide future studies.

Cue Use Impacts on Flushing Style and Flush Initiation Distance

We found no effect of an individual’s view from their nest on flush responses, which is surprising given
that nests with unobstructed views should provide more information when assessing predation risk and
allow eiders to make the appropriate anti-predator response (Fast et al. 2007). Since our viewshed metric
did not account for polar bear height, it may be the case that most eiders had similar information on polar
bear cues. A sampling bias may exist whereby nests with greatly decreased viewshed visibility (and thus
increased shelter/cover) were observed less frequently from the drone in this study due to their
concealment in the field and subsequently the collected video. It is more likely that viewshed is more
informative for eiders initially selecting nest sites (e.g., thermal refugia), but flush responses are more
informed by proximate stimuli such as predator presence. Multiple cue use in prey is well known to
reduce ambiguity in predator risk assessments (Sih 1992, Munoz and Blumstein 2012), but due to costs
associated with attentional constraints not all cues are considered equally during flush responses (Dukas
and Kamil 2000, Leavell and Bernal 2019).
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We demonstrate that eider flushing responses are contingent on perceived predator cues , which
has implications for how polar bears may locate eider nests (Jagielski et al. 2021a). Our top model
indicated flush styles are informed by FIDs, but that our measured cues were not greatly influential on
FID itself. Previous work has found that eider FIDs are influenced by several environmental factors
including colony location, habitat characteristics, gull presence, and degree of disturbance (Laurila 1989).
However the next top supported model shows that slower moving polar bears result in greater FIDs,
suggesting eiders assess slower moving (potentially searching) predators as a greater risk. Eiders are
known to increase incubation constancy as incubation date increases (Criscuolo et al. 2002), but see
(Bolduc and Guillemette 2003b), however as the majority of our observations came from July 11 — 15 (5
days), we did not explore date as a proxy for incubation date in our models. Similarly, incorporating
information on eider age in future analyses (which we were unable to do here) would be informative, as
eiders are a relatively long-lived species that may prioritize adult survival over reproduction (Waltho and

Coulson 2015).

Flight Initiation Distance Informs Flushing Style

Our observed mean FID (9.1m) falls within the reported FIDs of nesting eiders to researcher disturbance
reported in the literature (4-8m: Kay and Gilchrist (1998); 16m Mallory (2016); 2.4-3.4m Seltmann et al.
(2012)). To the best of our knowledge there have been no rigorous examinations of eider FIDs in response
to mammalian predators such as Arctic foxes or polar bears in the literature. As expected, shorter FIDs
resulted in increasingly conspicuous flush responses in eiders such as flying directly from the nest, and
there are multiple potential interpretations of this finding. Polar bears that are closer to an individual’s
nest are likely perceived as riskier to both the adult bird and the nest contents, and these easily visible
flush responses are simply escape behaviours intended to increase distance between the adult eider and
the bear (i.e., prioritizing adult survival and abandoning the nest). Alternatively, the rapid movement of
wings during/following flush may be interpreted as distraction displays whereby eiders feign injury to
lure the attention of predators away from the nest (i.e., risking adult survival and prioritizing nest
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survival). Further support for this interpretation stems from the finding that more direct angles of travel
and gaze resulted in more conspicuous flush responses, as eiders in the immediate “eye-line” of bears
would have a higher chance of gaining attention. Distraction displays have previously been described in
eiders (McNair 1981, Kay and Gilchrist 1998), but we did not find a significant effect of flush style
(interpreted here as distraction behaviours) on nest fate. Distraction displays are common in cryptic
nesting birds but are less likely to evolve in colonial nesting species (Humphreys and Ruxton 2020). In
eider colonies the distraction of a predator away from one nest may inadvertently direct the predator
towards a nearby neighbouring nest that may be genetically related (Gochfeld 1984, McKinnon et al.
2006). However, if employed by relatively few individuals (perhaps learned through prior exposures to
polar bears), these behaviours may benefit a small proportion of individual birds given that the majority
of other birds do not perform distraction displays. Feigning injury rather than escaping entirely inherently
increases risk to the adult eider performing these behaviours, which would be indicative of eiders risking
adult survival in favour of nest success. Although we did not observe any female eiders killed by polar
bears during flushes, bears are capable of catching and killing adult eiders (Gormezano et al. 2017).
Detailed observations of eider behaviour following flushes will provide greater insights to potential of

eiders to distract and reduce nest predation, but this is beyond the scope of the current study.

Impact of Gull Presence on Flush Style

While direct angles of bear gaze and shorter FIDs led to visually obvious flush responses, increasing gull
presence had a negative effect on flush style, resulting in more discrete flushes by eiders. Increasing
activity at the nest may draw the attention of predators (Martin et al. (2000a), but see Martin et al.
(2000b)), and conspicuous flushes in the presence of visually acute avian predators are likely to increase
risk to the exposed nest. We only examined eider behaviours in response to the number of gulls present at
the moment of eider flush, as examining the interaction between eiders and gulls following flush was
beyond the scope of this current study. Avian predators are thought to closely associate with polar bears
foraging on colonial nesting birds and may capitalize on unattended eggs left by the incubating parent
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birds (Gaston and Elliott 2013, Iverson et al. 2014, Barnas et al. 2022). Eiders may therefore be
attempting to reduce gull predation in the presence of polar bears by leaving the nest without notice. It is
also thought that eiders may reduce avian predator predation by covering eggs with insulating down

feathers upon leaving (Opermanis 2004).

Overall Impact of Eider Flush Responses on Nest Fate

We found that relatively few eider nests were predated by polar bears given that 83.5% (167 / 200) of
eider flush events observed in this study resulted in no egg loss to bears. However to be clear, most of
these nests eventually failed in the 2017 season due to bears (outside of our drone video samples). We
tentatively suggest that eiders retain a general anti-predator response that is effective on the scale of
individual encounters with polar bears. In other words, eiders appear to be capable of performing DRA by
sensing the predator- and environmental cues associated with a foraging polar bear, and differentially
employ appropriate flushing behaviours to minimize probability of being killed, while simultaneously
reducing the chances of nest predation by bears. Our finding of relatively few predation events of eider
nests by polar bears is surprising, and it may be that the general confusion induced by multiple flushing
eiders makes it difficult for bears to sometimes locate individual nests. However, a small chance of nest
failure due to polar bear predation with each individual encounter is amplified due to repeat encounters
throughout the nesting season. Our assessment of nest fate is restricted to the immediate encounter
between the eider and bear, but the effect of bear encounters on eider nest fate for the remainder of their
incubation is unclear. However if polar bears are able to thoroughly search the entire nesting area, the
majority of nests are likely to be discovered and consumed over time due to repeat encounters (as was the
case in 2017, see Jagielski et al. (2021b)), suggesting that behavioural responses alone are insufficient to

reduce nest failure.

Conclusions and Future Research Directions
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436  Behavioural responses at the scale of individual encounters with polar bears may be more effective when
437  coupled with additional changes in nesting strategies in response to increased bear predation. Eiders may
438  engage in “predator-swamping” by nesting in dense colonies (Wilson et al. 2012), but this appears be
439 ineffective against polar bears due to their ability to quickly consume hundreds of nests compared to the
440  traditional predators of eiders (Gormezano et al. 2017). Simulation-based approaches predict eiders

441  should adjust nesting strategies to favour smaller, more isolated colonies (as opposed to larger high-

442  density aggregations) in response to polar bear predation (Dey et al. 2017, Dey et al. 2018), but recent
443  work in Canada’s Hudson Strait did not find evidence of large-scale nest redistribution (Dey et al. 2020).
444 This is surprising given an apparent lack of nest-site fidelity observed in some eider populations

445  following a year of unsuccessful nest attempts (Bustnes and Erikstad 1993, Hervey et al. 2019). Future
446  work should prioritize monitoring the nesting locations of females known to have experienced nest failure
447  due to polar bears, which will help identify factors associated with nest redistribution in response to bears
448  if they occur. Notably, our observations were only possible through using the emerging technology for
449  drones, which may play a role in future studies of polar bear foraging behaviour in bird colonies (Jagielski
450  etal. 2022).

451 Warming Arctic temperatures may inadvertently benefit eiders by allowing them to initiate egg
452  laying and incubation earlier resulting in early hatching (Love et al. 2010, Chaulk and Mahoney 2012),
453  which would normally occur far in advance of when bears would historically come on land. However,
454  within increasing temperatures, polar bears are now arriving on land earlier, which is apparently

455  generating a greater temporal overlap with eider incubation periods. Whether a mismatch between eider
456  incubation and polar bear arrival on land can be re-established depends on the plasticity of eiders in

457  responses to warming temperatures (e.g., can eiders advance laying dates faster than the advancement of
458  polar bear arrival on land?). Other alterations to nesting strategies may involve increased rates of nest
459  parasitism, whereby eiders lay eggs in nests of other females in the hopes of at least one nest being

460  successful (Hervey et al. 2019). Regardless, predicting population responses of eiders to increasing rates
461  of polar bear predation is likely to benefit from approaches that incorporate both individual-based
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behavioural responses (i.e., flushing behaviours) and colony-level changes in nesting strategies (i.e.,

nesting locations, nest densities). As eiders play an important role in ecosystems as transporters of marine

nutrients into terrestrial systems (Clyde et al. 2021), and serve as a source of sustenance and materials for

northern communities (Henri et al. 2018), future investigations of eider responses to polar bears are

warranted.
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Supplemental Materials
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Drone Reporting Protocol for the drone video collection of polar bears foraging in a common

eider colony in 2017

Drone Reporting Protocol for the drone imagery collection and production of the 2019 East Bay
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Technical details and examples of georeferencing eider nests and polar bear characteristics

20



474  Literature Cited

475  AHLUND, M. and GOTMARK, F. 1989. Gull predation on eider ducklings Somateria mollissima: effects
476 of human disturbance. -Biological Conservation, 48: 115-127.

477  ALBRECHT, T. and KLVANA, P. 2004. Nest crypsis, reproductive value of a clutch and escape

478 decisions in incubating female mallards Anas platyrhynchos. -Ethology, 110: 603-613.

479  ARNOLD, T. W. 2010. Uninformative parameters and model selection using Akaike's Information

480 Criterion. -The Journal of wildlife management, 74: 1175-1178.

481 BARNAS, A. F., CHABOT, D., HODGSON, A. J., JOHNSTON, D. W., BIRD, D. M. and ELLIS-
482 FELEGE, S. N. 2020a. A standardized protocol for reporting methods when using drones for
483 wildlife research. -Journal of Unmanned Vehicle Systems, 8: 89-98.

484  BARNAS, A. F., DARBY, B. J,, ILES, D. T., KOONS, D. N., ROCKWELL, R. F.,, SEMENIUK, C. A.
485 and ELLIS- FELEGE, S. N. 2022. Bear presence attracts avian predators but does not impact
486 lesser snow goose daily nest attendance. -Journal of Avian Biology.

487 BARNAS, A F., FELEGE, C. J.,, ROCKWELL, R. F. and ELLIS-FELEGE, S. N. 2018. A pilot(less)
488 study on the use of an unmanned aircraft system for studying polar bears (Ursus maritimus). -
489 Polar Biology: 1-8.

490 BARNAS, A . F., ILES, D. T., STECHMANN, T. J., WAMPOLE, E. M., KOONS, D. N., ROCKWELL,

491 R. F. and ELLIS-FELEGE, S. N. 2020b. A phenological comparison of grizzly (Ursus arctos) and
492 polar bears (Ursus maritimus) as waterfowl nest predators in Wapusk National Park. -Polar
493 Biology: 1-9.

494 BATEMAN, P. and FLEMING, P. 2011. Who are you looking at? Hadeda ibises use direction of gaze,
495 head orientation and approach speed in their risk assessment of a potential predator. -Journal of
496 Zoology, 285: 316-323.

497  BETY, J. and GAUTHIER, G. 2001. Effects of nest visits on predator activity and predation rate in a

498 greater snow goose colony. -Journal of Field Ornithology, 72: 573-586.

21



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

BLACKBURN, T. M., CASSEY, P., DUNCAN, R. P., EVANS, K. L. and GASTON, K. J. 2004. Avian
extinction and mammalian introductions on oceanic islands. -Science, 305: 1955-1958.

BLUMSTEIN, D. T. 2010. Flush early and avoid the rush: a general rule of antipredator behavior? -
Behavioral Ecology, 21: 440-442.

BLUMSTEIN, D. T., LETNIC, M. and MOSEBY, K. E. 2019. In situ predator conditioning of naive prey
prior to reintroduction. -Philosophical Transactions of the Royal Society B, 374: 20180058.

BOLDUC, F. and GUILLEMETTE, M. 2003a. Human disturbance and nesting success of Common
Eiders: interaction between visitors and gulls. -Biological Conservation, 110: 77-83.

BOLDUC, F. and GUILLEMETTE, M. 2003b. Incubation constancy and mass loss in the common eider
Somateria mollissima. -1bis, 145: 329-332.

BOTTITTA, G. E. 1999. Energy constraints on incubating common eiders in the Canadian Arctic (East
Bay, Southampton Island, Nunavut). -Arctic, 52: 425-429.

BOTTITTA, G. E., NOL, E. and GILCHRIST, H. G. 2003. Effects of experimental manipulation of
incubation length on behavior and body mass of common eiders in the Canadian Arctic. -
Waterbirds, 26: 100-107.

BRISSON-CURADEAU, E., BIRD, D., BURKE, C., FIFIELD, D. A., PACE, P., SHERLEY, R. B. and
ELLIOTT, K. H. 2017. Seabird species vary in behavioural response to drone census. -Scientific
reports, 7: 17884.

BRO-JORGENSEN, J., FRANKS, D. W. and MEISE, K. 2019. Linking behaviour to dynamics of
populations and communities: application of novel approaches in behavioural ecology to
conservation.

BURGER, J. and GOCHFELD, M. 1981. Discrimination of the threat of direct versus tangential approach
to the nest by incubating herring and great black-backed gulls. -Journal of Comparative and
Physiological Psychology, 95: 676.

BURNHAM, K. P. and ANDERSON, D. R. 2002. Model selection and multimodel inference: a practical
information-theoretic approach, Springer, New York, USA

22



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

BUSTNES, J. O. and ERIKSTAD, K. E. 1993. Site fidelity in breeding common eider Somateria
mollissima females. -Ornis Fennica, 70: 11-11.

CARTER, J,, LYONS, N. J., COLE, H. L. and GOLDSMITH, A. R. 2008. Subtle cues of predation risk:
starlings respond to a predator's direction of eye-gaze. -Proceedings of the Royal Society B:
Biological Sciences, 275: 1709-1715.

CARTHEY, A. J. and BANKS, P. B. 2014. Naiveté in novel ecological interactions: lessons from theory
and experimental evidence. -Biological Reviews, 89: 932-949.

CARTHEY, A. J. and BLUMSTEIN, D. T. 2018. Predicting predator recognition in a changing world. -
Trends in ecology & evolution, 33: 106-115.

CHAPMAN, A. 2014. It's okay to call them drones. -Journal of Unmanned Vehicle Systems, 2: iii-v.

CHAULK, K. G. and MAHONEY, M. L. 2012. Does spring ice cover influence nest initiation date and
clutch size in common eiders? -Polar Biology, 35: 645-653.

CHERRY, S. G., DEROCHER, A. E., THIEMANN, G. W. and LUNN, N. J. 2013. Migration phenology
and seasonal fidelity of an Arctic marine predator in relation to sea ice dynamics. -Journal of
Animal Ecology, 82: 912-921.

CLYDE, N., HARGAN, K., FORBES, M., IVERSON, S., BLAIS, J., SMOL, J., BUMP, J. and
GILCHRIST, H. 2021. Seaduck engineers in the Arctic Archipelago: nesting eiders deliver
marine nutrients and transform the chemistry of island soils, plants, and ponds. -Oecologia: 1-12.

CONGDON, J. V., HAHN, A. H., CAMPBELL, K. A., SCULLY, E. N., YIP, D. A., BAYNE, E. M. and
STURDY, C. B. 2020. Acoustic discrimination of predators by black-capped chickadees (Poecile
atricapillus). -Animal Cognition: 1-17.

COOPER JR, W. E. 2006. Dynamic risk assessment: prey rapidly adjust flight initiation distance to
changes in predator approach speed. -Ethology, 112: 858-864.

COOPER JR, W. E. and FREDERICK, W. G. 2007. Optimal flight initiation distance. -Journal of

theoretical biology, 244: 59-67.

23



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

COTE, I. M. and SUTHERLAND, W. J. 1997. The Effectiveness of Removing Predators to Protect Bird
Populations: Efectividad de la Remocion de Depredadores para Proteger Poblaciones de Aves. -
Conservation Biology, 11: 395-405.

CRISCUOLDO, F., GABRIELSEN, G. W., GENDNER, J. P. and LE MAHO, Y. 2002. Body mass
regulation during incubation in female common eiders Somateria mollissima. -Journal of Avian
Biology, 33: 83-88.

CRISCUOLDO, F., GAUTHIER-CLERC, M., GABRIELSEN, G. W. and LE MAHO, Y. 2000. Recess
behaviour of the incubating Common Eider Somateria mollissima. -Polar Biology, 23: 571-574.

CURIO, E. 1975. The functional organization of anti-predator behaviour in the pied flycatcher: a study of
avian visual perception. -Animal Behaviour, 23: 1-115.

CURIO, E. 1983. Why do young birds reproduce less well? -Ibis, 125: 400-404.

DAVIDSON, G. L. and CLAYTON, N. S. 2016. New perspectives in gaze sensitivity research. -Learning
& behavior, 44: 9-17.

DEY, C. J., RICHARDSON, E., MCGEACHY, D., IVERSON, S. A., GILCHRIST, H. G. and
SEMENIUK, C. A. 2017. Increasing nest predation will be insufficient to maintain polar bear
body condition in the face of sea ice loss. -Global Change Biology, 23: 1821-1831.

DEY, C. J.,, SEMENIUK, C. A., IVERSON, S. A. and GILCHRIST, H. G. 2020. Changes in the
distribution of nesting Arctic seaducks are not strongly related to variation in polar bear presence.
-Arctic Science, 6: 114-123.

DEY, C. J.,, SEMENIUK, C. A, IVERSON, S. A., RICHARDSON, E., MCGEACHY, D. and
GILCHRIST, H. G. 2018. Forecasting the outcome of multiple effects of climate change on
northern common eiders. -Biological Conservation, 220: 94-103.

DIDHAM, R. K., EWERS, R. M. and GEMMELL, N. J. 2005. Comment on Avian extinction and
mammalian introductions on oceanic islands. -Science, 307.

DUKAS, R. and KAMIL, A. C. 2000. The cost of limited attention in blue jays. -Behavioral Ecology, 11:
502-506.

24



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

EHLMAN, S. M., TRIMMER, P. C. and SIH, A. 2019. Prey responses to exotic predators: effects of old
risks and new cues. -The American Naturalist, 193: 575-587.

ELLIS-FELEGE, S. N., STECHMANN, T.J., HERVEY, S. D., FELEGE, C. J.,, ROCKWELL, R. F. and
BARNAS, A. F. 2021. Nesting common eiders (Somateria mollissima) show little behavioral
response to fixed-wing drone surveys. -Journal of Unmanned Vehicle Systems.

FAST, P. L., GILCHRIST, H. G. and CLARK, R. G. 2010. Nest-site materials affect nest-bowl use by
Common Eiders (Somateria mollissima). -Canadian Journal of Zoology, 88: 214-218.

FAST, P. L., GRANT GILCHRIST, H. and CLARK, R. G. 2007. Experimental evaluation of nest shelter
effects on weight loss in incubating common eiders Somateria mollissima. -Journal of Avian
Biology, 38: 205-213.

FORTUNE, S. M., KOSKI, W. R., HIGDON, J. W., TRITES, A. W., BAUMGARTNER, M. F. and
FERGUSON, S. H. 2017. Evidence of molting and the function of “rock-nosing” behavior in
bowhead whales in the eastern Canadian Arctic. -PLoS ONE, 12: e0186156.

GARBUS, S.-E., LYNGS, P., GARBUS, M., GARBUS, P., EULAERS, I, MOSBECH, A,, DIETZ, R.,
GILCHRIST, H. G., HUUSMANN, R. and CHRISTENSEN, J. P. 2018. Incubation behaviour of
Common Eiders Somateria mollissima in the Central Baltic: nest attendance and loss in body
mass. -Acrocephalus, 39: 91-100.

GASTON, A. J. and ELLIOTT, K. H. 2013. Effects of climate-induced changes in parasitism, predation
and predator-predator interactions on reproduction and survival of an Arctic marine bird. -Arctic:
43-51.

GOCHFELD, M. 1984. Antipredator behavior: aggressive and distraction displays of shorebirds.
Shorebirds. Springer, pp. 289-377.

GORMEZANO, L. J., ELLIS-FELEGE, S. N, ILES, D. T., BARNAS, A. and ROCKWELL, R. F. 2017.
Polar bear foraging behavior during the ice-free period in western Hudson Bay: observations,

origins, and potential significance. -American Museum Novitates: 1-28.

25



601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

GOTMARK, F. 1992. The effects of investigator disturbance on nesting birds. Current ornithology.
Springer, pp. 63-104.

GOTMARK, F. and AHLUND, M. 1984. Do field observers attract nest predators and influence nesting
success of common eiders? -The Journal of wildlife management: 381-387.

GOUMAS, M., BURNS, I., KELLEY, L. A. and BOOGERT, N. J. 2019. Herring gulls respond to human
gaze direction. -Biology letters, 15: 20190405.

GROLEMUND, G. and WICKHAM, H. 2011. Dates and times made easy with lubridate. -Journal of
Statistical Software, 40: 1-25.

HANSON, T. 2006. To Predate or Depredate: What's the Word?

HENNIN, H. L., DEY, C. J., BETY, J., GILCHRIST, H. G., LEGAGNEUX, P., WILLIAMS, T. D. and
LOVE, O. P. 2018. Higher rates of prebreeding condition gain positively impacts clutch size: A
mechanistic test of the condition- dependent individual optimization model. -Functional Ecology,
32: 2019-2028.

HENRI, D. A., JEAN-GAGNON, F. and GILCHRIST, H. G. 2018. Using Inuit traditional ecological
knowledge for detecting and monitoring avian cholera among Common Eiders in the eastern
Canadian Arctic. -Ecology and Society, 23.

HERVEY, S. D., BARNAS, A. F., STECHMANN, T.J.,, ROCKWELL, R. F., ELLIS- FELEGE, S. N.
and DARBY, B. J. 2019. Kin grouping is insufficient to explain the inclusive fitness gains of
conspecific brood parasitism in the common eider. -Molecular Ecology, 28: 4825-4838.

HIJMANS, R. J., WILLIAMS, E., VENNES, C. and HIJIMANS, M. R. J. 2017. Package ‘geosphere’. -
Spherical trigonometry, 1: 7.

HUMPHREYS, R. K. and RUXTON, G. D. 2020. Avian distraction displays: a review. -Ibis, 162: 1125-
1145.

IVERSON, S. A., GILCHRIST, H. G., SMITH, P. A., GASTON, A. J. and FORBES, M. R. 2014. Longer

ice-free seasons increase the risk of nest depredation by polar bears for colonial breeding birds in

26



626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

the Canadian Arctic. -Proceedings of the Royal Society of London B: Biological Sciences, 281:
20133128.

JAGIELSKI, P. M. 2020. Exploring the energetic consequences and decision-making behaviours of polar
bears (Ursus maritimus) foraging on common eider (Somateria mollissima) seaduck eggs on
Mitivik Island, Nunavut.

JAGIELSKI, P. M., BARNAS, A. F., GILCHRIST, H. G., RICHARDSON, E., LOVE, O. and
SEMENIUK, C. A. 2022. The utility of drones for studying polar bear behaviour in the Canadian
Acrctic: opportunities and recommendations. -Drone Systems and Applications.

JAGIELSKI, P. M., DEY, C. J., GILCHRIST, H. G., RICHARDSON, E. S., LOVE, O. P. and
SEMENIUK, C. A. 2021a. Polar bears are inefficient predators of seabird eggs. -Royal Society
Open Science, 8: 210391.

JAGIELSKI, P. M., DEY, C. J., GILCHRIST, H. G., RICHARDSON, E. S. and SEMENIUK, C. A.
2021b. Polar bear foraging on common eider eggs: estimating the energetic consequences of a
climate-mediated behavioural shift. -Animal Behaviour, 171: 63-75.

JEAN-GAGNON, F., LEGAGNEUX, P., GILCHRIST, G., BELANGER, S., LOVE, O. P. and BETY, J.
2018. The impact of sea ice conditions on breeding decisions is modulated by body condition in
an arctic partial capital breeder. -Oecologia, 186: 1-10.

KAY, M. F. and GILCHRIST, H. G. 1998. Distraction displays made by female Common Eiders,
Somateria mollissima borealis, in response to human disturbance. -Canadian Field Naturalist,
112: 529-531.

KLEINDORFER, S., FESSL, B. and HOI, H. 2005. Avian nest defence behaviour: assessment in relation
to predator distance and type, and nest height. -Animal Behaviour, 69: 307-313.

KRISTJANSSON, T. O. and JONSSON, J. E. 2015. Cooperative incubation behaviour in a super dense

common eider Somateria mollissima colony. -Bird Study, 62: 146-149.

27



650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

KYLE, S. C. and FREEBERG, T. M. 2016. Do Carolina chickadees (Poecile carolinensis) and tufted
titmice (Baeolophus bicolor) attend to the head or body orientation of a perched avian predator? -
Journal of Comparative Psychology, 130: 145.

LAURILA, T. 1989. Nest site selection in the Common Eider Somateria mollissima: differences between
the archipelago zones. -Ornis Fennica, 66: 100-111.

LEAVELL, B. C. and BERNAL, X. E. 2019. The Cognitive Ecology of Stimulus Ambiguity: A
Predator—Prey Perspective. -Trends in ecology & evolution.

LOVE, O. P., GILCHRIST, H. G., DESCAMPS, S., SEMENIUK, C. A. and BETY, J. 2010. Pre-laying
climatic cues can time reproduction to optimally match offspring hatching and ice conditions in
an Arctic marine bird. -Oecologia, 164: 277-286.

MALLORY, M. L. 2016. Reactions of ground-nesting marine birds to human disturbance in the Canadian
Arctic. -Arctic Science, 2: 67-77.

MARTIN, T. E. 1995. Avian life history evolution in relation to nest sites, nest predation, and food. -
Ecological monographs, 65: 101-127.

MARTIN, T. E., MARTIN, P., OLSON, C., HEIDINGER, B. and FONTAINE, J. 2000a. Parental care
and clutch sizes in North and South American birds. -Science, 287: 1482-1485.

MARTIN, T. E., SCOTT, J. and MENGE, C. 2000b. Nest predation increases with parental activity:
separating nest site and parental activity effects. -Proceedings of the Royal Society of London.
Series B: Biological Sciences, 267: 2287-2293.

MAZIARZ, M., PIGGOTT, C. and BURGESS, M. 2018. Predator recognition and differential
behavioural responses of adult wood warblers Phylloscopus sibilatrix. -acta ethologica, 21: 13-
20.

MCKINNON, L., GILCHRIST, H. G. and SCRIBNER, K. T. 2006. Genetic evidence for kin-based
female social structure in common eiders (Somateria mollissima). -Behavioral Ecology, 17: 614-
621.

MCNAIR, D. B. 1981. Common Eider Plays" Possum'. -The Wilson Bulletin, 93: 559-560.

28



676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

MONTGOMERIE, R. D. and WEATHERHEAD, P. J. 1988. Risks and rewards of nest defence by parent
birds. -The Quarterly Review of Biology, 63: 167-187.

MULERO-PAZMANY, M., JENNI-EIERMANN, S., STREBEL, N., SATTLER, T., NEGRO, J. J. and
TABLADO, Z. 2017. Unmanned aircraft systems as a new source of disturbance for wildlife: A
systematic review. -PloS one, 12: e0178448.

MUNOZ, N. E. and BLUMSTEIN, D. T. 2012. Multisensory perception in uncertain environments. -
Behavioral Ecology, 23: 457-462.

NEWTON, I. 1998. Population limitation in birds, Academic press.

OPERMANIS, O. 2004. Appearance and vulnerability of artificial duck nests to avian predators. -Journal
of Avian Biology, 35: 410-415.

PALMAS, P., JOURDAN, H., DEBAR, L., BOURGUET, E., RIGAULT, F., BONNAUD, E. and
VIDAL, E. 2020. A conservation paradox: endangered and iconic flightless kagu (Rhynochetos
jubatus) apparently escape feral cat predation. -New Zealand Journal of Ecology, 44: 1-8.

PEERS, M. J.,, MAJCHRZAK, Y. N., NEILSON, E., LAMB, C. T., HAMALAINEN, A., HAINES, J. A,
GARLAND, L., DORAN- MYERS, D., BROADLEY, K. and BOONSTRA, R. 2018.
Quantifying fear effects on prey demography in nature. -Ecology, 99: 1716-1723.

PROP, J., AARS, J., BARDSEN, B.-J., HANSSEN, S. A., BECH, C., BOURGEON, S., DE FOUW, J.,
GABRIELSEN, G. W., LANG, J. and NOREEN, E. 2015. Climate change and the increasing
impact of polar bears on bird populations. -Frontiers in Ecology and Evolution, 3: 33.

R CORE TEAM. 2017. R: A Language and Environment for Statistical Computing. -Vienna: R

Foundation for Statistical Computing; Available at https://www.r-project.org/.
RICKLEFS, R. E. 1969. An analysis of nesting mortality in birds. -Smithsonian contributions to zoology.
ROCKWELL, R. and GORMEZANO, L. 2009. The early bear gets the goose: climate change, polar

bears and lesser snow geese in western Hudson Bay. -Polar Biology, 32: 539-547.

29


https://www.r-project.org/

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

ROGERS, S. R., MANNING, I. and LIVINGSTONE, W. 2020. Comparing the Spatial Accuracy of
Digital Surface Models from Four Unoccupied Aerial Systems: Photogrammetry Versus LiDAR.
-Remote Sensing, 12: 2806.

ROSSEEL, Y. 2012. Lavaan: An R package for structural equation modeling and more. Version 0.5-12
(BETA). -Journal of statistical software, 48: 1-36.

RYTKONEN, S. and SOPPELA, M. 1995. Vicinity of sparrowhawk nest affects willow tit nest defense. -
The Condor, 97: 1074-1078.

SANG-IM LEE, S. H., JOE, Y .-E., CHA, H.-K., JOO, G.-H., LEE, H.-J., KIM, J.-W. and JABLONSKI,
P. G. 2013. Direct look from a predator shortens the risk-assessment time by prey. -PLoS One, 8.

SAUL, W. C. and JESCHKE, J. M. 2015. Eco- evolutionary experience in novel species interactions. -
Ecology Letters, 18: 236-245.

SCHMIDT, K. A. 1999. Foraging theory as a conceptual framework for studying nest predation. -Oikos:
151-160.

SCHMIDT, K. A,, DALL, S. R. and VAN GILS, J. A. 2010. The ecology of information: an overview on
the ecological significance of making informed decisions. -Oikos, 119: 304-316.

SELTMANN, M. W., OST, M., JAATINEN, K., ATKINSON, S., MASHBURN, K. and HOLLMEN, T.
2012. Stress responsiveness, age and body condition interactively affect flight initiation distance
in breeding female eiders. -Animal Behaviour, 84: 889-896.

SHIPLEY, B. 2013. The AIC model selection method applied to path analytic models compared using
ad- separation test. -Ecology, 94: 560-564.

SIH, A. 1992. Prey uncertainty and the balancing of antipredator and feeding needs. -The American
Naturalist, 139: 1052-1069.

SMITH, P. A., ELLIOTT, K. H., GASTON, A. J. and GILCHRIST, H. G. 2010a. Has early ice clearance
increased predation on breeding birds by polar bears? -Polar Biology, 33: 1149-1153.

SMITH, R. K., PULLIN, A. S., STEWART, G. B. and SUTHERLAND, W. J. 2010b. Effectiveness of
predator removal for enhancing bird populations. -Conservation Biology, 24: 820-829.

30



726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

TEMPLETON, C. N., GREENE, E. and DAVIS, K. 2005. Allometry of alarm calls: black-capped
chickadees encode information about predator size. -Science, 308: 1934-1937.

TVARDIKOVA, K. and FUCHS, R. 2011. Do birds behave according to dynamic risk assessment
theory? A feeder experiment. -Behavioral ecology and sociobiology, 65: 727-733.

WALTHO, C. and COULSON, J. 2015. The common eider, Bloomsbury Publishing.

WANLESS, R. M., ANGEL, A., CUTHBERT, R. J., HILTON, G. M. and RYAN, P. G. 2007. Can
predation by invasive mice drive seabird extinctions? -Biology Letters, 3: 241-244.

WEISSBURG, M., SMEE, D. L. and FERNER, M. C. 2014. The sensory ecology of nonconsumptive
predator effects. -The American Naturalist, 184: 141-157.

WICKHAM, H. 2016. ggplot2: elegant graphics for data analysis, Springer.

WICKHAM, H., FRANCOIS, R., HENRY, L. and MULLER, K. 2015. dplyr: A grammar of data
manipulation. -R package version 0.4, 3.

WILES, G. J,, BART, J., BECK JR, R. E. and AGUON, C. F. 2003. Impacts of the brown tree snake:
patterns of decline and species persistence in Guam's avifauna. -Conservation Biology, 17: 1350-
1360.

WILSON, H. M., FLINT, P. L., POWELL, A. N., GRAND, J. B. and MORAN, C. L. 2012. Population
ecology of breeding Pacific common eiders on the Yukon- Kuskokwim Delta, Alaska. -Wildlife

Monographs, 182: 1-28.

31



745

746

747

748

Table 1 Model selection results for conceptual path diagrams relating exogenous predator and

environmental variables to endogenous variables for common eider (Somateria mollissima) flushing

behaviours and nest fate. Model ID indicates the candidate model structures detailed in Figure 2.

Woasl | Model K Log Likelihood | AICc | AAICC Cvi?éﬁ
1 6 14 936.2143 | 1902699 | 0 0.752
2 7 18 '932.5755 190493 | 2231 | 0.246
3 8 10 '947.3683 | 1915.901 | 13.202 | 0.001
4 5 14 9437296 | 1917.729| 1503 | 0.000
5 2 13 1950.157 1946271 | 43572 | 0.000
6 3 17 ‘9555182 | 1948.399 | 457 | 0.000
7 4 9 '968.0899 | 1955.127 | 52428 | 0.000
8 1 13 9644511 | 1956.859 | 54.16 | 0.000
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Figure 1. Map of the study location, A) General study location in northern Hudson Bay, B)
Southampton Island, Nunavut, Canada, C) East Bay of Southampton Island, location of study site
indicated by red star, D) East Bay Island, Nunavut, Canada. Canadian Provinces and Territories

inset map layers provided by ESRI online, accessed September 1%, 2020.
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756  Figure 2 Scaled flush distance of individual common eiders (Somateria mollissima, n = 7) in

757  response to first and second encounters with polar bears (Ursus maritimus).
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(Somateria mollissima). Arrows represent conceptual unidirectional relationship between variables.
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fate of common eiders (Somateria mollissima) in response to polar bears (Ursus maritimus).

Measurements obtained from aerial drone video in July 2017 (n=200).
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Figure 5. Raw data of predator and environmental cues collected during common eider (Somateria
mollissima) flush events in response to polar bears (Ursus maritimus). A) Polar bear travel angle
relative to eider nest location, B) polar bear gaze angle relative to eider nest location, C) Linear
combination of a bear’s travel and gaze angle, D) Polar bear travel speed (m/s) averaged over the
10 seconds prior to eider flush, E) proportion of an eider’s viewshed that is visible from the nest
location within a 30m radius, F) category of herring gull (Larus argentatus) abundance at the
moment of eider flush (Absent =0 gulls, Low =1 — 5 gulls, High = > 5 gulls). Data collected from

200 observations of eider flushes.
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statistically significant paths (P < 0.05).
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