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Abstract

Ship and boat traffic are increasing sources of disturbance to marine wildlife. During moult, sea ducks are flightless and rely
on productive and shallow feeding areas. However, this period coincides with the peak of the recreational boating season. This
is the first study to investigate the escape behaviour of moulting common eiders (Somateria mollissima) to the approach of
small boats. We quantified flight initiation distances (flock-to-boat distance at which an energy-demanding escape occurred),
displacement distances (distance between the pre- and post-disturbance position of the flock) and the time it took flocks to
return to pre-disturbance (foraging- or resting-) behaviour. Moulting common eiders showed average flight initiation distances
of 177 m and displacement distances of 771 m. Displacement distances decreased with flock size, under higher wind speeds
and when previous foraging habitat was shallower. Time-to-return to pre-disturbance behaviour decreased with flock size
but increased with wind speed and accessibility of foraging habitat at the previous location. Most (75%) of flocks returned
to pre-disturbance behaviour within 10 min after the disturbance, while three flocks kept disturbed even 45 min after the
approach. Finally, flocks encountered less accessible (deeper) habitats after disturbance than before. Our results suggest that
approaching boats imply considerable disturbance effects for moulting common eiders through increased locomotion costs,
displacement from accessible foraging habitat and/or time lost for foraging or resting. We provide valuable information for
policy makers and marine spatial planning and highlight the need for awareness among recreational boat drivers on their
impact on wildlife.

Introduction

Boat and ship traffic worldwide are on the rise (United
Nations Conference on Trade and Development—UNC-
TAD 2018), particularly in coastal areas (Marine Traffic
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2013-2019). In addition to commercial ship traffic, the
recreational use of yachts, motorboats and personal water-
crafts (e.g. jet skis) worldwide has increased strongly in
the last decades. This has manifold impacts on the coastal
environment (Davenport and Davenport 2006), especially
since many recreational users also enter marine reserves
(Gonson et al. 2016). The increase in ship and boat traffic
is likely to have an impact on wildlife, especially marine
mammals (Lusseau 2005), seabirds (Ronconi and St. Clair
2002; Velando and Munilla 2011) and sea ducks (Schwem-
mer et al. 2011). It has, for example, been shown that species
such as loons (Gavia ssp.) and common scoters (Melanitta
nigra) tend to avoid areas with high ship traffic (Bellebaum
et al. 2006; Kaiser et al. 2006; Schwemmer et al. 2011).
From a theoretical point of view, wildlife might perceive
approaching boats and ships in the same way as intruding
predators (Frid and Dill 2002) and therefore respond accord-
ingly. By displaying alert behaviour, flocks of birds signal an
approaching predator upfront that it has been detected, which
may discourage the predator from attacking (Jacobsen and
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Morten 1992; Caro 2005). By doing so, the birds can remain
in the vicinity of their previous foraging site. Optimal forag-
ing theory (cf. Stephens and Krebs 1986) also predicts that if
the foraging habitat is of high quality, prey species will initi-
ate their escape response later and show a lower displace-
ment distance (i.e. the distance between original location and
location after disturbance) than if pre-disturbance foraging
habitat is of low quality (Ydenberg and Dill 1986). Finally,
independent of foraging habitat, birds may get habituated to
regularly used shipping routes. Hence, flocks of common
eider (Somateria mollisima) and long-tailed ducks (Clangula
hyemalis) showed shorter flight initiation distances (i.e. the
distance between ship and birds at which birds start to fly
off or dive away) in shipping lanes than outside of shipping
lanes in offshore areas of the North and Baltic Sea during
winter (Schwemmer et al. 2011). Thus, habituation might
save energy, since flight costs in sea ducks are exceptionally
high. For instance, Pelletier et al. (2008) showed that 10 min/
day in flight amounts to 4-5% of their daily energy budget
and that flight times are minimized to save energy. However,
unlike commercial ship traffic, recreational boats and fishing
vessels are unpredictable in speed and course and therefore
pose a higher disturbance potential for birds (Schwemmer
et al. 2011). Furthermore, recreational activities take place
mostly in coastal waters, and thus overlap spatially with the
habitat of sea ducks, which increases the potential for dis-
turbance. This was demonstrated in a study from Southwest-
ern Greenland where persistent traffic of small, fast moving,
open boats had cumulative disturbance effects on wintering
common eiders, with significantly decreased time for feed-
ing (up to a 60% decrease) while locomotion activity tripled
(Merkel et al. 2009).

For sea ducks, the moulting period, initiated after egg lay-
ing for males and during and after the chick-rearing period in
females is especially energy demanding. In Norwegian waters,
common eider males moult during July and August, whereas
for females the moulting period is August and September.
Moulting sea ducks lose their flight feathers simultaneously
which restrict their diving and flight abilities, and increase
their energy expenditure, which for the common eider is 9%
higher during moult compared to the post-moult period (Guil-
lemette et al. 2007). Due to their restricted dive capabilities sea
ducks therefore moult in shallow areas with high food avail-
ability (Fox et al. 2008). A recent study on common eiders
indicated carry-over effects of energetic demands and stress
(measured as baseline corticosterone in feathers) from the
moult period to the subsequent breeding season (Harms et al.
2015). Females with lower feather corticosterone concentra-
tions (and thus less stress during moult) had a higher body
mass, arrived earlier in their breeding colonies and showed
higher breeding success and survival (Harms et al. 2015).
Disturbance effects during moult, especially when these lead
to displacement from optimal foraging areas, could therefore
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have potential carry-over effects on individual fitness and pos-
sibly population trajectories. Although the moult period is a
particularly sensitive period in the ducks’ annual life cycle,
very few assessments of the effects of boat traffic on moulting
sea ducks have been performed.

By experimentally approaching flocks of moulting common
eiders, this study aimed to improve the understanding of the
impact of boat traffic during the moulting period. In particu-
lar we assessed the birds’ behavioural reaction in response
to decreasing flock-to-boat distance, distinguishing between
undisturbed and alert behaviour, swimming away from the
boat, flying (in few cases of eiders that had not initiated moult
during the study period), escaping with flapping wings and
diving. Furthermore, we assumed that flapping/diving away,
particularly in a stressful situation as an escape from a boat
(perceived as a potential predator), is similarly energetically
costly for common eiders as flying (Pelletier et al. 2008). Thus,
flight initiation distances during decreasing flock-to-boat
distance at which birds initiated energy-demanding escape
responses as diving, escaping with flapping wings or flying
were measured. Then, to gain better insights into the potential
energetic consequences of boat disturbances, we measured
the displacement distances (i.e. the distance the birds moved
away from their initial position) and the time it took for a flock
to regain pre-disturbance behaviour (i.e. an indication for the
time loss associated with the disturbance which would have
otherwise been used for feeding, resting or social activities).
We further assessed the proportion of accessible benthic forag-
ing habitat (indicated by suitable water depths for foraging in
aradius of 150 m around the position of the flock) before and
after the disturbance. We hypothesized that the proportion of
accessible foraging habitat would be higher before compared
to after the disturbance. Finally, to improve our understand-
ing of the potential consequences of the disturbance on the
foraging abilities, we investigated whether displacement dis-
tance and time-to-return to pre-disturbance behaviour were
linked to accessible foraging habitat, but also variables such
as flock size, wind speed, tide, and time of day. These vari-
ables were included since they may influence activity patterns
of the ducks: Flight initiation distances have been shown to
be positively correlated with flock size (Schwemmer et al.
2011) and wind speed (Laursen et al. 2005), and both factors
may consequently also influence displacement distances and
time-to-return to pre-disturbance behaviour. Eider ducks typi-
cally show a peak in foraging activities during morning and
evening hours and also during low tide (Minot 1980; Systad
and Bustnes 2001; Merkel et al. 2009). Both time of day and
tide may thus affect particularly their time-to-return to pre-
disturbance and foraging activities.
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Methods
Study site

The study was conducted between the 6th and 24th of
August 2013 in shallow coastal areas in central Norway,
near the islands Grip (63° 13.20 N, 7° 36.16 E), Smgla
(63° 25.00 N, 7° 48.95 E) and Frgya (63° 45.47 N, 8°
17.34 E; see Fig. 1). The area is characterized by few
large main islands surrounded by many smaller islands,
islets and small skerries and shallow waters, which cre-
ates particularly suitable foraging habitats for common
eiders. This was confirmed by an aerial count of moult-
ing eiders completed in July and August 2012, based on
which we identified possible locations for our experimen-
tal approach. During summer (June—August) these areas
are popular for recreational boating and both recreational
and commercial fishing, and thus hold potential for moult-
ing common eiders to be disturbed.

The breeding populations of common eiders have been
declining along the Norwegian Atlantic and North Sea
coasts (Anker-Nilssen et al. 2015), and similar trends are
visible in Sweden and Finland (Kilpi et al. 2015). System-
atic count data for the breeding season from the study area
are missing, thus not allowing information on a popula-
tion trend in this specific area. However, the number of
common eiders wintering around the island of Smgla has
decreased annually by 3.9% between 1980 and 2013 (esti-
mate based on annual count data, trend estimate calculated
following methodology in Zydelis et al. 2006).
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Fig. 1 Overview map of the study area. The inset map shows the
location of the study area within Northern Europe (red box). Trian-
gles in the main map indicate the locations of the eider flocks prior
to disturbance. The location of the island of Grip is highlighted with
ared circle

Experimental design and data collection

We used two recreational motor boats to approach and
experimentally disturb common eider flocks; a Korso 1100
with a 500 hp engine, and a Skorgenes 350 with a 400 hp
engine, both being 11 m long, and with a height of ca. 3 m
from sea level to the wheelhouse, and 5 m from sea level to
the top of the antennas.

Before approaching a flock, birds were counted and
observed from a distance (250—1500 m) for 10 min to deter-
mine pre-disturbance behaviour, categorized as foraging,
swimming (i.e. transit between areas) and social behaviour/
resting such as sleeping or preening.

The following experimental disturbance phase consisted
of the boat approaching on a straight course towards the
flock with a speed of 11.1 km/h (6 knots). One observer
on board continuously recorded the changes of behavioural
responses and flock-to-boat distances. Behavioural responses
were categorized as: undisturbed behaviour/no response;
alert behaviour (raising their head)—attention towards boat
and flocking of individuals; swimming away from the boat;
escape diving; sprinting away from the boat with flapping
wings or flying away (i.e., the few ducks that had not shed
their wing feathers yet).

In the post-disturbance phase, the boat stayed as far as
possible away from the flock to not influence their behaviour.
The distance between the boat and the flock depended on
visibility due to weather and/or island topography (visibility
range of on average 585 +216 m; range 150-1000 m). The
behaviour of the ducks was recorded and the timespan from
the end of the disturbance phase until the flock regained pre-
disturbance behaviour was recorded.

Throughout the entire experiment (i.e. from pre-distur-
bance to post-disturbance) the position of the boat (latitude
and longitude based on GPS), the bearing to the flock and
the flock-to boat distance and flock positions were recorded.
Flock-to-boat distance and flock positions were determined
based on GPS-positions in combination with natural land-
marks (islands, shallows) and the observers’ judgement
(approximate accuracy 50 m). The water depths at the flocks’
positions were afterwards determined from navigational
charts. For pre- and post-disturbance positions of the flocks,
we assessed the proportion of accessible foraging habitat,
using ArcGIS v. 10.1 (ESRI 2013). Water depth has been
shown to be the key indicator for suitable foraging habitat in
common eiders (Guillemette et al. 1993; Bustnes and Lgnne
1997), although other factors such as size of blue mussels
Mpytilus edulis, which is the main food source of common
eiders, may further shape habitat quality (Varennes et al.
2015). Common eiders typically perform dives to less than
6 m of depth (Guillemette 1998; Larsen and Guillemette
2000; Guillemette et al. 2004) and appear to avoid foraging
in waters deeper than 20 m (Bustnes and Lgnne 1997). We
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therefore used 20 m [measured at lowest astronomical tide
(Kartverket 2013)] as a threshold to define proportion of
accessible foraging habitat within a radius of 150 m around
the flocks’ position since common eider flocks typically
spread out spatially while foraging. Thus, if the entire ben-
thic area within the 150 m radius around the flocks’ position
was <20 m deep, the accessible foraging habitat was set to
100%, if it was all deeper than 20 m, it was 0%.

Time was included as hour of the day (range from 8 to
18 h). Tidal information was obtained from the Norwegian
Mapping Authority (www.kartverket.no) and was catego-
rized into four levels of 2-h duration each: Level 1 repre-
sented 1 h before to 1 h after low tide, level 2 1-3 h after
low tide, level 3 3-5 h after low tide and level 4 1 h before
to 1 h after high tide. Tidal range in the study area and dur-
ing the study period was on average 1.70 +0.28 m (range
1.0-2.52 m). Wind speed data was downloaded from the
Norwegian Meteorological Institute (www.met.no) and was
coded according to the Beaufort scale (average 2.78 +1.13;
range 0-5).

We approached a total of 49 flocks, with an average flock
size of 51.8 +49.7 individuals (range 7-300). The timespan
between two separate approaches on flocks in a given area
was a minimum of 5 days, and approaches were as such
treated as independent events.

Statistics

The behavioural response of common eiders to the approach
distance of a boat was modelled using a series of generalized
additive mixed models (GAMMs) in the R package mgcv
(Wood 2016) with a logit link function. For each behav-
ioural response (as dependent variable; i.e. undisturbed,
alert, swimming, diving, escaping with flapping wings and
flying), a binomial GAMM with flock-to-boat-distance as
explanatory variable and flock ID as random effect was fit-
ted. GAMMs allow the fitting of non-linear responses to
predictor variables, which is a major advantage, as animals
rarely respond linearly to their environment (Aarts et al.
2008; Barbraud et al. 2011). To allow a non-linear relation-
ship, we fitted flock-to-boat distance as a smooth-term with
a cubic spline smoother. The number of knots, which deter-
mine the “wiggliness” of the smoothing, was initially set to
a maximum of 4 to avoid overfitting, and we used the func-
tions gam.check and compareML (R package itsadug; van
Rjj et al. 2017) to check whether models with more knots
had a better fit, which was not the case. We subsequently
extracted the predicted values and standard errors for each
of the six GAMMs. Sample sizes for GAMMs were N=438,
since flock-to-boat distance was missing in one case.

To assess which variables affected displacement dis-
tances, i.e. the distance that a flock escaped from its origi-
nal position, a set of candidate linear models was fitted and
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evaluated using information theoretic approaches (Akaike
Information Criterion for small sample sizes; AICc; Burn-
ham and Anderson 2002). The variables considered were
wind speed, pre-disturbance habitat, flock size, time of day
and tidal category. Each of these five variables was included
separately in a univariate model at first. Time of day and
flock size were included as log-transformed data since origi-
nal data were not normally distributed and violated model
assumptions. From a biological point of view, the effects
of pre-disturbance habitat and flock size were of particu-
lar interest so we also constructed additive models which
included either pre-disturbance habitat or flock size in either
addition or in interaction with a second variable (being wind
speed, tide, flock size or time of day), and finally one set of
models which included pre-disturbance habitat, flock size
and one additional variable (being wind speed, tide or time
of day). This led to a combination of 23 models, includ-
ing the null model (see Supplementary material). For the
five best models, we in addition to AICc values also present
AICc weights (w;) and adjusted R? values as an indicator
of variance explained by the model. We present parameter
estimates calculated from model averaging (based on AICc)
of all models within AAICc < 6, following the suggestions in
Symonds and Moussalli (2011), using the R package MuMIn
(Barton 2018).

Time until birds returned to pre-disturbance behaviour
was analysed using Cox proportional hazard models in the
R package survival (Therneau 2015). Since the focus of
the study was on the foraging behaviour and influence of
the pre-disturbance habitat, only flocks that showed social
behaviour/resting or foraging behaviour, but not those that
were swimming between areas were included (N=44). Since
swimming flocks were changing their habitat, an inclusion
into the analysis did not seem meaningful. Two additional
flocks were omitted due to missing values, and five flocks
did not regain pre-disturbance behaviour but kept swimming
(i.e. transit behaviour) and were included in our analyses as
right-censored [meaning the model accounted for the fact
that the event under study (here: pre-disturbance-behaviour)
was not experienced by the last observation]. Models were
based on time until flocks returned to pre-disturbance behav-
iour as the response variable. For the explanatory variables,
we adopted the same variables and model structure as pre-
viously used for linear models (see above), but additionally
added two more variables, namely displacement distance
and post-disturbance habitat, resulting in a total of 35 mod-
els including the null model (see Supplementary material).
As for the linear models, model selection was based on
AICc, we present AICc weights and R*-values, and param-
eter estimates were based on model averaging of all models
within AAICc < 6.

In addition to the above-detailed main analyses,
we assessed flight initiation distances of moulting
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common eiders, i.e. we identified the mean flock-to-boat
distance + standard deviation at which birds initiated an
energy-demanding escape response, namely diving, escap-
ing with flapping wings or flying. In agreement with other
studies investigating flight initiation distances in sea ducks
(Schwemmer et al. 2011; Fliessbach et al. 2019), we did
not consider swimming here, since this is less energetically
demanding behaviour (Norberg 1996).

Finally, we compared whether common eider flocks
encountered equally accessible foraging habitat pre- and
post-disturbance using a generalized linear mixed model
(GLMM) with a binomial distribution in the R package Ime4
(Bates et al. 2011). Foraging habitat was fitted as dependent
variable, point in time (pre/post-disturbance) as factor and
flock ID as random effect.

All statistical procedures were run in R (version 3.5.1; R
Core Team 2018). Model assumptions were validated using
the protocols described in Zuur et al. (2009). Significance
level was p=0.05. If not stated otherwise, mean values are
presented with standard deviation.

Results

When the boat approached, birds at first showed signs of
alertness, which was typically followed by flocks starting to
swim away from the boat, a response that was triggered at a
maximum flock-to-boat distance of 700 m (Table 1; Fig. 2).
Finally, when the boat approached to a maximum of 400 m,
ducks initiated to dive (Table 1, Fig. 2). A small proportion

Table 1 Behaviour of common eider flocks (N=48) in response to an approaching boat

Behavioural response
distance (m) (output from GAMMs)

Most frequent behaviour at a flock-to-boat

Maximum flock-to-boat
distance (m) (observ. data)

Minimum flock-to-boat distance
(m) (observ. data)

Undisturbed 1500
Alert 330
Swimming 175
Diving 0
Flapping 0
Flying 0

150 1500
150 600
30 700
5 400
40 300
30 400

Behavioural response at minimum and maximum distances to the boat (right side of table) is from observational data. Distances at which each
behaviour was most frequently observed (left side of table) are based on the outcome of generalised additive mixed models (GAMMs) and

reflect the peak of each behavioural response shown in Fig. 2
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Fig.3 Box-plot showing the difference in accessible foraging habitat
(defined as proportion of benthic area of less than 20 m depth within
a 150 m radius of the geographical position of each eider flock)
before and after boat disturbance. N=49

of individuals moved away by flapping or flying (Fig. 2). At
a minimum flock-to-boat distance of 150 m, all individu-
als in all flocks showed disturbance behaviour (Table 1).
Based on the observation data, the average flight initiation
distances, i.e., the distance at which birds showed an energy-
demanding evasive response and thus either diving, flapping
or flying, were 177 +98 m (range 30-400 m).

Displacement distance was on average 771 +295 m
(range 283-1462 m). Flocks encountered less accessible
habitat at their post-disturbance position compared to their
pre-disturbance position (GLMM: F=4.86, df=1, p=0.028;
Fig. 3). Displacement distance was best explained by wind
speed as single environmental predictor (see Table 2), but
overall wind speed explained a comparatively small pro-
portion of variance (adjusted R>=0.086). Tide and time of
day were not supported as explanatory variables in models
and their inclusion resulted in higher AICc-values than the
null model (Supplementary material). Model averaging over
the four most-supported models indicated that displacement
distances were shorter under high wind speeds, if pre-dis-
turbance habitat accessibility was high and if larger flocks
were disturbed (Table 3).

After disturbance, five flocks which were resting or feed-
ing pre-disturbance, did not return to their pre-disturbance
behaviour within the observation period (18—60 min past
disturbance) but kept swimming and were thus treated as
right-censored in our analyses. The reminder of flocks set-
tled faster, and 75% of flocks had returned to pre-distur-
bance behaviour 10 min after disturbance (Fig. 4). Time-to-
return to pre-disturbance behaviour was best explained by
the combination of pre-disturbance habitat and wind speed
(Table 4). Based on model averaging, the time-to-return to
pre-disturbance behaviour was reduced under higher wind
speeds and if pre-disturbance habitat accessibility was
high but increased with larger flock sizes and time of day
(Table 3).

Table2 Di sp}acement distance Rank Model parameters K AlCc AAICc w; R?

of common eider flocks (N=49)

in response to wind speed, flock Wind speed 3 697.53 0 0.24 0.086

e gﬁ;:;smrbame habitatand Pre-disturbance habitat+wind speed 4 69827 074 0.16  0.097
3 Flock size+ wind speed 4 699.64 2.10 0.08 0.032
4 Pre-disturbance habitat X wind speed 5 700.70 3.16 0.05 0.078
5 Null 2 700.70 3.17 0.05 0

Only the model characteristics for the best five models (including the null model) are shown. Models with
interaction terms (indicated by X) included both the main effects and the interaction terms

“Log-transformed data

Table 3 Parameter estimates for displacement distance (top), and time-to-return to pre-disturbance behaviour (bottom) for those variables
included in top models as shown in Tables 2 and 4, based on model averaging (see “Methods”)

Pre-disturbance habitat Wind speed

Pre-disturbance

Flock size Time of day Flock size X time of day

habitat X wind

speed
Displacement dis- —75.80+£174.26 —84.57+43.26  2.76+40.47 —3.96+21.77 Notincluded Not included
tance—linear model
Time to regain pre- 2.99+3.20 0.75+0.73 —-1.07+1.12 —-0.92+250 -1.23+3.77 0.29+0.94

disturbance behav-
iour—Cox model
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Proportion of disturbed flocks

Time after ceased disturbance (min)

Fig.4 Visualisation of the best model (see Table 3) to explain time-
to-return to pre-disturbance behaviour by common eider flocks. The
solid line presents the model estimate, dashed lines present the 95%
confidence intervals. N=42 flocks, N=37 events (5 right-censored)

Discussion

Our study is the first to investigate the behavioural
responses of moulting eider ducks to approaching small
boats, a highly relevant topic given the increase in rec-
reational boat traffic in recent years and the overlap in
eider duck distribution and moult period with the boating
season and coastal area use. We found that moulting com-
mon eiders showed flight initiation distances of on aver-
age 177 m and that boat disturbance displaced common
eider flocks on average by 771 m. 75% of flocks returned
to pre-disturbance behaviour within 10 min after the dis-
turbance had ceased, while few flocks remained disturbed
for 45 min or longer.

In response to an approaching boat, common eiders
showed increasing behavioural responses from undisturbed
to alert, swimming away and finally diving away, with
few birds escaping with flapping wings or flying. Aver-
age flight initiation distances of 177 m are less than what

has been found during winter by Schwemmer et al. (2011;
average: 208 m) and combined throughout the entire year
by Fliessbach et al. (2019; average 277 +218 m). Possibly,
since moulting common eiders are flightless and energeti-
cally more constrained to stay near accessible foraging
habitats, they reduce their flight initiation and displace-
ment distances in comparison to the rest of the year. On
the other hand, the fact that moulting eiders are flightless
and constrained in their escape responses could equally
be an argument for the opposite pattern, namely longer
flight initiation distances in moulting eiders as a strategy
to avoid getting trapped. The studies by Schwemmer et al.
(2011) and Fliessbach et al. (2019) were conducted with
larger ships and at a higher approach speed (18 km/h and
18.5 km/h, respectively, compared to 11.1 km/h in our
study), which may have also affected flight initiation dis-
tances. Finally, it is possible that—given our study area is
popular for recreational boating in summer—eider ducks
were already somewhat habituated to boat traffic compared
to the offshore areas and the season where/under which the
studies by Fliessbach et al. (2019) and Schwemmer et al.
(2011) took place, and this again affected flight initiation
distances.

Displacement distances in general have been largely
neglected in animal escape studies (Cooper Jr. and Blum-
stein 2015). A recent study in passerines found a positive
correlation between flight initiation distances and displace-
ment distances for heavier species, but not for lighter ones
(Tétte et al. 2018). It remains open whether this pattern
holds true also for other groups of birds. Overall, Tétte et al.
(2018) concluded that displacement distances represent an
independent and informative additional measure besides the
commonly measured flight initiation distances. Since data on
displacement distances for common eiders or related diving
ducks are lacking (Livezey et al. 2016), we could not make
any comparisons between our data and the literature. Simi-
larly, time-to-return to foraging has not been investigated in
common eiders or any sea ducks in a comparable fashion as
in our study. Schwemmer et al. (2011) investigated return

Table 4 Time of feider flocks Rank Model parameters K AICc AAICc w; R?

to return to pre-disturbance

behaviour in éeSl]’(Of}SG to 1 Pre-disturbance habitat x wind speed 3 221.47 0 031 0.226

wind speed, flock size, 2 Flock size® 1 22394 247 009 086

pre-disturbance and post-

disturbance habitat, time of day 3 Flock size® 4+ wind speed 2 224.46 2.99 0.07 0.122

and displacement distance 4 Flock size® X time of day 3 224.53 3.06 0.07 0.168
5 Flock size® +time of day?® 2 225.35 3.88 0.04 0.103
6 Null 0 225.6 4.14 0.04 0

Only the model characteristics for the six best models (including the null model) are shown. N=42 flocks,
n=37 events (5 right-censored). Models with interaction terms (indicated by X) included both the main

effects and the interaction terms

*Log-transformed data
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of flocks to their original position (after 60 or 90 min) and
thus exceeded the time period after disturbance we observed
flocks. Merkel et al. (2009) studied the feeding activity of
common eiders in response to passing boats but did not pub-
lish the actual duration during which birds were disturbed.

If pre-disturbance habitat was highly accessible (i.e. shal-
low), eider duck flocks displaced shorter distances after dis-
turbance but took longer to return to pre-disturbance behav-
iour. Furthermore, displacement distances were longer under
low wind speeds and for smaller flocks, while time-to-return
to pre-disturbance behaviour increased with increasing wind
speed but decreased with flock size. Finally, eider flocks
took longer to return to pre-disturbance behaviour when dis-
turbed later during the day.

Our result that eider flocks which were located in shallow
habitats pre-disturbance had shorter displacement distances
but took longer to return to pre-disturbance behaviour may
best be explained by optimal foraging theory (Ydenberg and
Dill 1986). After being displaced from a good foraging site,
ducks should ideally return to their previous patch instead
of starting to forage at a likely worse site. They may there-
fore reduce their displacement distances, but remain alert
and active (swimming) longer after disturbance. Our data
match the results of a study by Laursen et al. (2016) who
investigated displacement strategies and regrouping of com-
mon eiders in response to hunting in high-quality feeding
areas. Common eiders mitigated risks associated with hunt-
ing by re-grouping (seeking shelter in larger flocks during
autumn or diluting into smaller, less conspicuous flocks dur-
ing winter) (Laursen et al. 2016). In contrast, displacement
to less productive but undisturbed areas further offshore was
identified as a suboptimal decision, since common eiders in
offshore areas were in lower body conditions than those in
coastal, disturbed areas (Laursen et al. 2016).

Wind speed can affect wave height and thus the energy
required to swim away from an approaching boat, but also
visibility towards the boat—and in combination with wind
direction the engine noise perceived by the ducks. All of
these points might explain why displacement distances were
lower under stronger wind speeds in our study. Similarly, it
has been shown that flight initiation distances in waterbirds
in general are lower under higher wind speeds (Laursen et al.
2005). Finally, after the disturbance had ceased, birds may
remain more alert under higher wind speeds since wind-
generated waves make it more difficult to see the predators
(or boat). Finally, increased wave action due to wind might
hinder resting or foraging behaviour.

Larger flocks may displace a shorter distance upon dis-
turbance since larger flocks offer relatively higher protec-
tion to the individual bird (Cresswell and Quinn 2011) than
smaller flocks. Thus, birds of a larger flock experience “safe”
conditions at a shorter displacement distance, likely because
flock alertness will be shared among more individuals
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(Beauchamp 2010). This may also explain why larger
flocks returned to pre-disturbance behaviour sooner after
the experimental disturbance. Our results contrast, however,
with the findings of larger flocks of sea ducks (including
common eiders) showing longer flight initiation distances
(Schwemmer et al. 2011), a pattern also commonly found
among other bird species (Laursen et al. 2005). Further,
also contradicting our results, Merkel et al. (2009) found
that—focusing on foraging activity only—eider ducks in
smaller groups approached normal feeding activity faster
than birds in larger groups. Possibly, while flock alertness is
shared among more individuals in larger flocks (Beauchamp
2010), variation in behavioural responses and shyness will
also be greater in larger flocks. Schwemmer et al. (2011)
described that the flight response of the most sensitive indi-
viduals within a flock triggered the escape of the entire flock.
This could explain the results in the studies by Schwemmer
et al. (2011), Laursen et al. (2005) and Merkel et al. (2009),
but does not match with our results of larger flocks show-
ing shorter displacement distances and returning earlier to
foraging.

Finally, common eiders returned to pre-disturbance
behaviour sooner if they were disturbed earlier during the
day. If undisturbed, common eiders tend to forage particu-
larly during the morning and evening hours, with decreased
foraging activity during midday and at night (Minot 1980;
Systad and Bustnes 2001; Merkel et al. 2009). Most of our
experiments were conducted between 8 am and 2 pm. Thus,
our results possibly reflect the birds’ increased foraging
activity driven by the need for nutrient uptake during morn-
ing hours and a reduced need for nutrient uptake later during
the day.

We did not find an effect of post-disturbance habitat on
time-to-return to pre-disturbance behaviour, and similarly
there was no effect of tide on either displacement distance
or time-to-return to pre-disturbance behaviour. In particular
the first result may be explained by the fact that we did not
focus directly on foraging activities of the ducks, but also
took resting into account as pre- and post-disturbance behav-
iour. However, due to their low mobility, we expect moulting
eider ducks to stay close to their foraging areas also when
they are resting, so the ducks’ behaviour pre-disturbance
may not be the only explanation. Merkel et al. (2009) found
a significant impact of tide on foraging activity of common
eiders, yet this study was conducted in areas with a tidal
range of 4.5 m, which is about 2.5 times the tidal range that
we observed. Thus, we may not have found an influence
of tide on displacement distance or time-to-return to pre-
disturbance behaviour due to the comparatively low tidal
range in our study area.

We did not take wind direction or other factors into
account that may affect the ducks’ perception of the boats’
engine noise. Besides wind direction—in combination with
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wind speed—this would also involve the transmission of
noise under water. Due to the physical properties of water,
sound travels much faster and further under water than
through air (even under tailwinds) (Everest and Pohlmann
2009). Thus, eider ducks might notice the presence of a
boat by acoustical cues under water (especially when div-
ing) rather than through the air. As such, the transmission
of the boats’ noise might in fact be relevant when investigat-
ing distances at which eider ducks changed from pre-distur-
bance behaviour to an alert state and subsequently initiating
a flight escape. However, we did not investigate the influ-
ence of wind and other variables on the initial behavioural
response towards the approaching boat, but on displacement
distances and time-to-return to pre-disturbance behaviour. At
the time of flight initiation, ducks should have been visually
aware of the boat, since birds during alert behaviour also
showed attention towards the boat. Furthermore, since natu-
ral predators of diving ducks (especially birds of prey such
as white-tailed sea eagles (Haliaeetus albicilla), American
mink (Neovison vison) and in rarer cases sea mammals;
Anderson et al. 2011; Jaatinen et al. 2011) attack without
previous acoustical warning, we believe the visual cue of
an approaching boat was more important to determine dis-
placement distances than the noise of the boat. For return to
pre-disturbance behaviour, the underwater noise of a nearby
boat may be more relevant—but at that time, the engines
of our boats were switched off and thus produced no noise.
Overall, we therefore consider the effect of wind direction or
the boats’ noise in general to be negligible in the framework
of our study.

Another potential weakness of our study approach was
that the boat-to-flock distances at which observations took
place before the experimental disturbance approach and post
disturbance (250-1500 m and 150-1000 m, respectively)
overlapped with the maximum flock-to-boat distance at
which birds first responded (700 m; see Fig. 2). While a
larger distance between the boat and the flocks would have
been desirable during the observation times, this was prac-
tically not possible due to the local conditions with many
skerries and small islands, which partly hindered sight onto
flocks. We are nevertheless convinced that our results are
robust. First, during observations prior to and post distur-
bance, the boat was stationary, which should be perceived
differently by the ducks than a boat moving at considerable
speed towards them. Second, we used the behaviour of the
eider ducks to judge if our initial approach to the distance at
which we observed them (250-1500 m) had already caused a
disturbance. Of the 49 flocks, only 5 were swimming prior to
our experimental disturbance approach—the reminder was
showing clearly undisturbed behaviour (sleeping, preening
or foraging). The five flocks that were swimming did so in
a perpendicular direction to the boat, seemingly transiting
between foraging areas and not swimming away from the

boat. Third, the five flocks that did not return to pre-dis-
turbance behaviour within the observation times (i.e. right-
censored in the Cox proportional Hazards Analyses), were
600-1000 m (average 840+ 150 m) away from our boats
during post-disturbance observations, and therefore—except
in one case—more than the 700 m limit. We therefore con-
clude that overall it is very likely that the flock-to-boat dis-
tance during pre- and post-disturbance observations did not
affect the results of this study.

The proportion of accessible habitat declined from pre- to
post-disturbance, i.e. eider ducks were located over deeper
water post-disturbance, which likely increased foraging costs
or required the flock to move to another site before resum-
ing to forage. This could affect the birds’ body condition.
Indeed, Laursen et al. (2016) previously showed that com-
mon eiders shot in less suitable habitats were in lower body
condition than those in coastal areas with a high abundance
of their preferred food, blue mussels. Further, while the
majority (75%) of flocks returned to pre-disturbance behav-
iour within 10 min after the disturbance had ceased, five
flocks did not settle into pre-disturbance behaviour within
the observation times which exceeded 45 min for three of
the concerned flocks. This indicates a substantial distur-
bance after approach with a relatively small boat at com-
paratively low speed. Many recreational boats drive faster
than we did in our study (e.g. Bellefleur et al. 2009; Merkel
et al. 2009), which may cause much larger disturbance and
long-lasting effects, especially in areas with high boat traffic.
Merkel et al. (2009) found that feeding activity in common
eiders decreased significantly if boats approached to within
1 km, and there was a cumulative effect if this occurred
more than 1 time per hour. As a result of high disturbance,
common eiders compensated by feeding also during mid-
day, at night and at high tide (Merkel et al. 2009). Among
the seabird and sea duck species occurring in the German
North and Baltic seas, common eiders were recently scored
as intermediate in regards to behavioural sensitivity to ship
traffic, yet highly sensitive when considering the effects of
ship traffic on the population level, and they consequently
scored as relatively vulnerable to disturbance overall (Fliess-
bach et al. 2019). We emphasize that for moulting common
eiders, which already have an increased energy expenditure
(Guillemette et al. 2007), the additional costs for displace-
ment due to ship or boat disturbance, possibly in a highly
energy demanding way as flapping or flying (Pelletier et al.
2008) add up. Furthermore, the observed carry-over effects
of energetic demands and stress from the moult period to
the subsequent breeding season (Harms et al. 2015) high-
light the possible consequences of disturbance and energy
expenditure during moult on individual fitness and possibly
population trajectories.

Given our results, the ongoing population decline of
eider ducks in Finland, Sweden and Norway (Ekroos et al.

@ Springer



12 Page 10 of 11

Marine Biology (2020) 167:12

2012; Anker-Nilssen et al. 2015; Kilpi et al. 2015), and the
expected further increase in coastal recreational and com-
mercial boat and ship traffic, we emphasize the need to
reduce disturbance for sea ducks, particularly during moult.
Our study provides important quantitative knowledge about
the effects of approach of boats on moulting common eiders
and can be used for policy-makers to define buffer zones
around known moulting sites, e.g. when regulating recrea-
tional boat traffic. Such buffer zones should ideally include
areas used by common eiders for foraging and resting as well
as corridors between both. Further, our results may be used
as a knowledge base to create more awareness among boat
drivers, particularly those in coastal waters and for recrea-
tional purposes.
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