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Differing environmental conditions can have profound effects on many behaviours
in animals, especially where species have large geographic ranges. Seasonal changes
or progression through life history stages impose differential constraints, leading to
changes in behaviours. Furthermore, species which show flexibility in behaviours, may
have a higher capacity to adapt to anthropogenic-induced changes to their environ-
ment. The red-throated diver (RTD) is an aquatic bird, that is able to forage in both
freshwater and marine environments, though little else is known about its behaviours
and its capacity to adapt to different environmental conditions. Here, we use time-
depth recorders and saltwater immersion loggers to examine the foraging behaviour
of RTDs from three regions across northwest Europe. We found that in the breeding
season, birds from two regions (Iceland and Scotland) foraged in the marine envi-
ronment, while birds from Finland, foraged predominantly in freshwater. Most of
the differences in diving characteristics were at least partly explained by differences
in foraging habitat. Additionally, while time spent foraging did not change through
the breeding season, dives generally became more pelagic and less benthic over the
season, suggesting RTDs either switched prey or followed vertical prey movements,
rather than increasing foraging effort. There was a preference for foraging in daylight
over crepuscular hours, with a stronger effect at two of the three sites. Overall, we
provide the first investigation of RTD foraging and diving behaviour from multiple
geographic regions and demonstrate variation in foraging strategies in this generalist
aquatic predator, most likely due to differences in their local environment.
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Introduction

Many species and animal populations are dealing with
reduced fecundity and survival from a plethora of anthro-
pogenic pressures, such as marine debris (Horn et al. 2020),
pollution (Erikstad et al. 2013, Amelineau et al. 2019) and
habitat loss (Harper et al. 2008). These threats can vary
widely across geographic landscapes, leading to differential
pressures affecting populations (Plumpton and Andersen
1998, Hovick et al. 2014). Additionally, the pressures expe-
rienced by populations vary temporally; across annual cycles
and between years (Salamolard and Weimerskirch 1993,
Shaffer et al. 2001). For example, during the breeding season,
some animals must provide parental care and be geographi-
cally constrained as central place foragers, which contrasts
with non-breeding periods such as migration. Even within
a period, demands over time and pressures experienced may
not be constant. For example, the behavioural budgets of an
individual can change with demands of the growing offspring
(Tulp et al. 2009) which might alter their exposure to anthro-
pogenic pressures and/or exacerbate any constraints that they
may impose (Thaxter et al. 2015). Understanding the fun-
damental biology of species and changes in their behaviour
and ecology over temporal and spatial gradients is thus key to
making informed management decisions to minimise current
and future threats (Grémillet and Boulinier 2009).

Foraging behaviour is closely linked to demographic rates,
as energy intake plays a vital role in both survival and repro-
duction (Boggs 1992). Therefore, changes to foraging charac-
teristics that affect energy intake, such as distance to foraging
site (Bost et al. 2015), foraging success (Crocker et al. 2006)
and prey selection (Peckham et al. 2011) can be linked to
changes in population demographic rates. For species which
have some flexibility in how and where they forage, then the
nature of the environment and ecosystems that they inhabit
can have a major influence on foraging behaviour (Maynard
and Davoren 2020). Furthermore, for species foraging in
areas influenced by humans, anthropogenic activity has the
potential to affect foraging characteristics (Senzaki et al.
2016, Scrafford et al. 2017, Millon et al. 2018). This makes
the acquisition of knowledge on the foraging behaviour of
species vital to understand, in order to know whether con-
servation efforts or interventions are required (Grémillet and
Boulinier 2009).

Red-throated divers (RTDs; Gavia stellata) are a northerly
distributed species of aquatic bird, generally occupying lati-
tudes above 50°N (Carboneras et al. 2020). This species faces
many of the threats previously mentioned (Schmutz et al.
2009, Burger et al. 2019) and is known to be vulner-
able to anthropogenic presence (Schwemmer et al. 2011,
Nummi et al. 2013, Uher-Koch et al. 2015) and structures
(Furness et al. 2013, Mendel et al. 2019, Heininen et al.
2020). This aversion to anthropogenic presence could be
detrimental to demographic rates, through displacement
effects (Drewitt and Langston 2006), but these effects are
hard to observe and measure directly, as the birds are often
in inaccessible locations. Some information exists on aspects

of the behaviour and ecology of this species at the nest dur-
ing the breeding season, such as descriptions of chick rear-
ing and nesting success (Eriksson et al. 1990, Rizzolo et al.
2015, Uher-Koch et al. 2018). However, there is a lack of
information on foraging behaviour and water depth usage
compared to other, better studied species (Grémillet et al.
1998, Linnebjerg et al. 2014, Amelineau et al. 2019, Poupart
etal. 2019).

To build on this limited body of knowledge, we used
biologging technology to examine the breeding season for-
aging behaviour of RTDs from three geographically distinct
regions in northern Europe: Scotland, Finland and Iceland.
By looking across multiple sites, we were able to both
describe the foraging behaviour of the sampled individu-
als and examine how local environment may drive foraging
behaviour differences between regions. The limited informa-
tion available on RTD foraging allowed us to generate broad
predictions on how foraging behaviour could differ between
regions. Surveys of non-breeding season distribution show
RTDs tend to favour habitats with water depths less than 20
m (Petersen et al. 2010, O’Brien et al. 2012), but can also be
found in deeper waters (Heindnen et al. 2020). Biologging
data from a single RTD in the breeding season provided some
evidence to support this shallow depth usage, with the indi-
vidual showing few dives reaching depths deeper than 20 m
(Duckworth et al. 2020b).

RTDs in Finland breed at a much greater distance from
the coast than the majority of those breeding in Scotland and
Iceland, and previous evidence from populations breeding
in similar environments further from the coast show RTDs
to be likely to forage in freshwater habitats (Eriksson et al.
1990, Eriksson and Sundberg 1991, Duckworth et al
2020b). In contrast, birds breeding close to the coast, tend
to forage in marine environments (Reimchen and Douglas
1984, Black et al. 2015, Rizzolo et al. 2015). Therefore, we
predicted that the recorded foraging metrics of birds from
Scotland and Iceland, which were all breeding close to the
coasts, should be the most similar, while birds breeding
inland in Finland should be less so. Overall, we expect RTDs
across all regions to be diving to shallow depths, < 20 m and
demonstrate a mixture of benthic and pelagic foraging strate-
gies (Kleinschmidt et al. 2019). We also predict that foraging
effort would increase as the breeding season progresses, due
to the increasing energetic demands of breeding over time
(Dunn et al. 2018). The proportion of benthic dives was
predicted to decrease over the breeding season, as previous
study has shown adults sometimes provide small benthic prey
when chicks are young and a wider array of larger benthic
and pelagic prey as the chicks grows (Reimchen and Douglas
1984). This was based on the single-prey loading constraint
on divers and therefore a need to maximise the energy that can
be delivered per foraging trip, while not exceeding the maxi-
mum swallowing capacity of a chick at a given age. Among
aquatic prey, benthic invertebrates can form a large part of
chick diet, due to the small prey size required by young div-
ers during their first days of growth (Jackson 2003). Spatial
and temporal drivers may also interact with each other since



divers are opportunistic foragers (Kleinschmidt et al. 2019)
and have demonstrated an ability to forage in different
aquatic habitats. Thus, temporal effects during the breed-
ing season may vary between locations, most likely driven by
local prey accessibility. Previous evidence has also suggested
RTDs may forage based on light conditions, with crepuscular
foraging patterns (Duckworth et al. 20204a).

Our overall goal was to provide the first detailed informa-
tion on breeding season foraging behaviour from multiple
individual RTDs and begin to quantify spatial and tempo-
ral variation in this behaviour. To achieve this, we addressed
three specific objectives: 1) Describe the foraging and div-
ing behaviour of RTDs from three geographically distinct
regions. 2) Investigate variation in foraging behaviour and
strategies across these three regions. 3) Look at variation in
foraging ecology over long (breeding season) and short (daily
light levels) time scales.

Methods
Sampling birds

From May-2018 to July-2018, 74 RTDs were caught at nest-
ing sites across three distinct geographical regions in southern
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Finland (n=31), north-eastern Iceland (n=12) and the
Scottish archipelagos of Orkney and Shetland (n=31)
(Fig. 1). Birds were caught using nest traps, mist nets or walk-
in traps (O’Brien et al. 2018). Accurate assessment of the sex
of each bird through molecular assessment was not possible.
Both time-depth recorders (TDR; Cefas G5 Standard TDR,
dimensions: 8 X 31 mm, weight: 2.7 g) and light-based geo-
locators (GLS; Biotrack MK4083 Geolocator, dimensions:
17 X 10 X 6.5 mm, weight: 1.8 g) were attached to the legs
of each captured RTD. In total 27 birds were recaptured in
2019, using the same capture methods. We recovered 8, 8
and 7 functioning TDRs and 7.7 and 5 functioning GLS tags
from Finland, Iceland and Scotland, respectively (Supporting
information). Due to the inaccessibility of nests and to avoid
undue disturbance to breeding RTDs, it was not possible to
observe the fate of breeding attempts or breeding chronol-
ogy of each sampled birds in terms of nest initiation, laying,
hatching, fledging and departure for migration.

Logger regimes

TDRs recorded pressure, as a proxy for water depth, at six
second intervals and temperature every ten minutes. The
TDR measured with a precision of 0.03 m and 0.03°C for
depth and temperature, respectively. To preserve battery
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Figure 1. Capture locations for the studied Gavia stellara across northern Europe. Blue points represent capture and recovery locations.



life, the TDRs only recorded data every fifth day. GLS tags
recorded maximum light levels for each five-minute period,
every day. Additionally, the GLS tags had a salt-water immer-
sion switch, which recorded immersion every three seconds
and stored the information as a proportion of each ten-min-
ute period that the tag was immersed in saltwater.

Defining dives and foraging bouts

TDR are subject to shifts in surface water baseline changes
in pressure, due to varying environmental conditions
experienced throughout the annual cycle (Hays et al.
2007, Luque and Fried 2011) and extreme temperature
changes (Bagniewska et al. 2013). A modified script from
Duckworth et al. (2020b) was used to correct the shifting
baseline of the TDRs. Broadly, this script detects prolonged
periods (180 s in this study) of time at values greater or less
than 0 m, indicative of surface behaviour, and returns them
and subsequent data to 0 m, to ensure all dives start and end
at the water surface, while maintaining the integrity of the
dive shape. Dives were then defined as any corrected TDR
record of depth greater than 1 m. This excluded any noise
leftover from the shifting baseline or small depth changes due
to swimming on the surface of the water. Visual inspection
of the data was then used to remove any remaining erroneous
dive records.

Dives were defined using a slightly modified version of the
approach from Duckworth et al. (2020b). For all dives, maxi-
mum dive depth, duration, bottom time and post-dive inter-
val were recorded. The six second sampling regime used in
this study was higher than 10% of the median dive duration
(30 s across all dives recorded in this study), which slightly
limits our ability to classify bottom time and dive efficiency
(Wilson et al. 1995). Therefore, dive shapes were restricted
to classification of either U or non-U, where U shaped dives
were defined as having at least one recording of bottom time,
between two depth records. The bottom time of a dive was
defined by two conditions: 1) rate of depth change below
0.2 m s7'; 2) deeper than 85% of the maximum dive depth
within the dive (Rodary et al. 2000, Zimmer et al. 2010).
This calculation could not be carried out reliably on dives
with a length of 12 s or less due to only having two or fewer
records of depth, therefore these dives are always classified as
non-U and are not included in any analysis of dive shape. The
proportion of U-shaped dives was calculated for each day of
dara collection.

Groups of dives with post-dive interval less than 66 s
(determined using the log-likelihood method from Sibly et al.
1990) were classified into foraging bouts and the duration
and number of dives in each of these bouts was recorded
(Supporting information). We defined bouts with more than
two dives as foraging bouts (Halsey et al. 2007, Foo et al.
2016). Time spent in these foraging bouts was summed over
a day to generate a metric of daily time spent foraging. Dives
not within these bouts were excluded from further analysis.
This enabled the exclusion of isolated dives, which were com-
monly very shallow, and other miscellaneous events associated

with sudden pressure or temperature changes, e.g. landing
on water, preening, leg-tucking. Dives within foraging bouts
accounted for 94% of all dives. To quantify benthic foraging,
the proportion of inter depth zone (IDZ) dives (Tremblay
and Cherel 2000, Halsey et al. 2007) was calculated per day
as the number of dives where the maximum depth was within
10% of the previous dive’s maximum dive depth, within a
bout, divided by the total number of dives within a bout
minus one. A higher proportion of IDZ dives is indicative of
a benthic foraging strategy, since a bird exploiting a benthic
environment will serially dive to a similar depth (Tremblay
and Cherel 2000, Quillfeldt et al. 2011, Knox et al. 2018).

This process generated seven foraging and diving metrics
for further analysis: 1) bout length, 2) number of dives per
bout, 3) maximum dive depth, 4) proportion of U-shaped
dives, 5) dive duration, 6) proportion of IDZ dives, 7) daily
time spent foraging. The saltwater immersion data was used
to describe use of salt and freshwater habitats across the
three regions.

Analysis

Only data from the second recording day (to remove any
immediate effects that catching and handling the bird might
have on diving behaviour) until the median departure date
were analysed in this study. Since the focus of this study was
the RTD breeding season, data were truncated to include
only this period. Once RTDs from these regions leave their
breeding grounds, they no longer commonly use freshwater
habitats (Duckworth et al. 2020a). Therefore, in the absence
of observation data, date of departure was determined using
the saltwater immersion data to detect extended use of salt-
water habitats, characteristic of the overwinter period for all
three sites. The end of the breeding season was defined as the
first day of 5 consecutive days that had at least 45% of records
showing saltwater immersion (values calculated by inspec-
tion of known winter data) (Supporting information). To
account for not all birds having both a functional TDR and
GLS (Supporting information), a single date of departure
was derived for each region, based on the median departure
date across all individuals with functioning tags from within
that region.

We used generalised linear mixed effects models and lin-
ear mixed effect models, with each of the foraging metrics as
response variables in separate models, to look at site level dif-
ferences. We fitted random effects for bird ID and fixed effect
for the three regions using the Ime4 package (Bates et al.
2015). The model was compared to a null model, with only
the random effects for individual ID included. Models were
visually inspected for deviations from assumptions and as a
result log transformation of the response variable was carried
out on the models for bout duration and maximum dive depth
within a dive (Supporting information). We included dive
duration as a fixed effect since it was only recorded every six
seconds, plus an interaction between site and dive duration,
when looking at the proportion of U-shaped dives and only
included dives with over 2 data points in analysis of U-shaped



dives. This accounted for longer dives having a higher prob-
ability of being detected as U-shaped dives, due to having a
higher number of data points within the dive. For the two
metrics (daily time spent foraging and proportion of IDZ
dives) for which we predicted a temporal change we included
three more candidate models, one which included date and
time and one with only time (as a continuous variable for the
days until breeding site departure) and finally a model with
both date, time and an interaction term between date and
site (Supporting information). AIC was used to determine
the best performing model of the candidate models for all
analyses, where the selected model was the most parsimo-
nious model within 2 AIC units of the best model (Arnold
2010). Where the best performing model contained site as a
fixed effect, site level differences were determined using pair-
wise Tukey tests in the R package ‘emmeans’ (Russell 2020).
Details on error distributions used for each model can be
found in Supporting information.

We calculated the proportion of time a bird spent in
daylight and twilight by classifying each day in six minute
intervals, based on light conditions at each nest location.
Twilight was defined as a sun elevation angle between 0 and
—12 (nautical sunset/sunrise), while ‘day’ was defined as a
sun elevation angle greater than or equal to 0 (Regular et al.
2011). Foraging dives were then classified in the same way as
either occurring during the day or twilight (Duckworth et al.
2020b). For all foraging dives, both the proportion of avail-
able time which would be classified as night (sun elevation
below —12 degrees) and the proportion of foraging dives
which occurred at night were less than 0.5% of the total,
so were therefore removed from any analysis. To determine
whether foraging behaviour was biased towards crepuscular
hours, we used Chi-squared tests to compare the combined
number of foraging dives in each light category (daylight and
twilight) from all birds to the combined proportion of time
each light category was available to all individuals. Separate
tests were conducted for each site.

All statistical analysis and data processing was carried out
in R (<www.r-project.org>). All means are shown with stan-
dard deviations, unless stated otherwise.

Results

The median nest departure dates for Scotland (n=15), Finland
(n=7) and Iceland (n=7) were 15 August, 31 August and
10 August, respectively (Supporting information). Only one
Finnish RTD, breeding ~15 km from the coast, had records
of saltwater immersion between deployment and nest depar-
ture. This bird recorded between 3 and 11 h in saltwater on
ten consecutive days of 102 days of the breeding season.
Otherwise saltwater immersion before the estimated date of
departure from the breeding site was not detected for any
Finnish birds, indicating that birds from this geographic
region foraged nearly exclusively in freshwater. In contrast
the Scottish and Icelandic RTDs recorded 8.1 (+ 4.8) and
7.7 (£ 3.5) hours a day immersed in saltwater, respectively.

The maximum dive depth observed across all sites was 29.3
m, which was performed by a bird in Iceland. In Scotland
and Finland maximum depth recordings were 24.6 m and
27.4 m, respectively (Fig. 2). However, dives were typically
shallow in nature with 94% of all foraging dives recorded
being less than 15 m depth (Fig. 2). The longest dive recorded
was 84 s, but 98% of all foraging dives were less than 60 s
(Fig. 2). The longest foraging bout recorded overall was 215
min in Finland, while in Iceland and Scotland the maximum
duration was 170 and 103 min, respectively. Foraging bouts
of RTDs in Finland and Iceland were longer, on average, than
those in Scotland (Table 1). Longer bouts were achieved by
more dives within bouts (Table 1) although dive duration
was significantly longer in Finland than Iceland and Scotland
(Table 1). Maximum dive depth and dive duration were both
greater, on average, in Finland than in Scotland and Iceland
(Table 1). The proportion of U-shaped dives was high across
all sites and both dive duration and the interaction between
site and dive duration were included in the best model for
the proportion of U-shaped dives. This showed that as dive
duration increased the likelihood of detecting a U-shaped
dive increased with a slightly steeper increase in Iceland
(Supporting information). In addition to these effects,
Iceland showed a higher proportion of U-shaped dives than
Scotland and Finland, which were similar (Table 1). Results
for all model fits and AIC values used for model selection can
be found in the Supporting information.

The best performing model for daily time spent foraging
contained only site as a fixed effect and did not include an
interaction term. Finnish birds were shown to spend longer
foraging than Scottish birds, with Icelandic birds being inter-
mediate and not different from birds at either of the other
two sites (Fig. 3). The Akaike weight of this model was low
(wi=0.36), however the model with only time did not out-
perform the null model (Supporting information), while the
three other models did. We therefore decided against model
averaging, to avoid overrepresenting the important of time,
and instead discuss only the top preforming model and the
effects of site level differences.

The best performing model for the proportion of IDZ
dives included time, site and an interaction term between site
and time. The model showed the proportion of IDZ dives
decreased through the season, with the steepest decline in
IDZ dives observed in the birds in Scotland (Fig. 4). Birds
breeding in Scotland showed the lowest overall proportion of
IDZ dives, while birds from Finland showed the highest and
Iceland was intermediate, with all pairwise differences being
significant (p < 0.05) (Fig. 4).

At each site, dives were not distributed evenly between the
two light regimes. In Finland, birds showed a bias towards
diving during daylight (available daylight: 71%, dives during
daylight: 85%) (p < 0.001, df=1, ¥*=3720). In Scotland,
dives were biased towards daylight (available daylight: 72%,
dives during daylight: 87%) (p < 0.001, df=1, y*=2355).
In Iceland, birds also showed a slight bias towards diving in
the daylight (available daylight: 86%, dives during daylight:
88%) (p < 0.001, df=1, y2=54).
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Figure 2. Histograms showing the dive duration (panel A, D and G), maximum dive depth within a dive (B, E and H) and number of dives
within a foraging bout (C, F and I) at three sites: Finland (A, B and C), Scotland (D, E and F) and Iceland (G, H and ).

Discussion

Our study provides the first description of foraging behav-
iour of RTDs across three geographically distinct regions in
northern Europe. We found RTDs predominantly engaged
in short, shallow dives of less than 10 m, in foraging bouts
ranging from a few minutes to hours. Among the three
regions examined here, there were differences between at least
two of them in all of the metrics we tested. In the case of div-
ing metrics, differences were largely between freshwater and
marine foraging habitats. With RTDs in Finland undertak-
ing longer deeper dives during longer bouts comprising more
dives, compared with birds breeding in Iceland and Scotland.

Furthermore, we analysed two of these traits, proportion of
IDZ dives and daily time spent foraging, for temporal pat-
terns and found that while the time spent foraging varied
between sites, it did not change over time. In contrast, the
proportion of benthic dives undertaken decreased as the
breeding season progressed. These findings suggest a capabil-
ity for both spatial and temporal variation in RTD foraging
in response to environmental differences. This could indi-
cate RTDs have a high degree of foraging flexibility, which
may act as a buffer to anthropogenic change in the breeding
grounds for individuals where alternate habitat is available.
Unusually for a diving bird that overwinters in marine
environments, RTDs have been shown to forage in both

Table 1. Foraging bout and diving characteristics and tag samples sizes of red-throated divers from three breeding locations. Breeding sites

sharing a subscripted letter were not significantly different from each

other. Values given are the predicted mean, with ranges in brackets

denoting 95% confidence intervals generated by GLMMs. *Adjusted for the effect of dive duration.

Scotland Finland Iceland
Number of individuals with TDRs 8 8 7
Number of individuals with viable GLSs 5 7 7
Bout length (minutes) 7.2% (6.1-8.5) 10.8°(9.1-12.8) 10.2"(8.5-12.2)
Number of dives in a bout 152 (13-17) 21b(18-25) 22 (18-25)
Mean maximum dive depth within a dive (Metres) 4.52(3.8-5.3) 6.4 (5.4-7.6) 3.8%(3.2-4.6)
Proportion of U-shaped dives* 0.90° (0.87-0.92) 0.91°(0.88-0.93) 0.97° (0.96-0.98)
Dive duration (seconds) 252 (22-27) 36" (33-38) 26% (23-29)




Daily time spent foraging (hours)

AB

Finland
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Figure 3. The predicted mean time spent foraging per day generated from the best fitting model for Gavia stellata. Breeding sites sharing a
letter were not significantly different from each other. Error bars show the 95% upper and lower confidence intervals.

freshwater (Eriksson et al. 1990, Eriksson and Sundberg
1991, Duckworth et al. 2020b) and marine environments
during the breeding season (Reimchen and Douglas 1984,
Black et al. 2015, Rizzolo et al. 2015). As predicted, all div-
ing metrics (dive depth and dive duration) differed between
Finland and at least one of the other two sites (Table 1). This
is likely due to differences in foraging habitat, with Finnish
birds foraging almost exclusively in freshwater habitats, while
birds breeding at the other two sites regularly used marine
habitat. The distance of the nests from the coast was greater at
all nests in Finland (> 10 km) than for birds at the other two

sites (always < 10 km). Distance from the coast was likely
driving these differences in diving metrics, as the energetic
cost of flying to the marine environment was presumably
not worth the energetic payoff in terms of prey items gained
(Lihoreau et al. 2011). At nest sites in Scotland, many of the
local acidic lochans were devoid of prey, so marine prey was
the only option. RTDs in Finland instead foraged in local
lakes, where freshwater prey species provided a much more
spatially convenient option. However, one Finnish RTD that
bred ~15 km from the coast did forage in the marine environ-
ment for several days at the start of the study period, before
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Figure 4. The proportion of Gavia stellata inter-depth zone (IDZ) dives per day across RTDs breeding in Finland (solid line), Iceland (dot-
ted line) and Scotland (dashed line). Lines show the predicted values from the model, with 95% confidence intervals (grey shading). Points
represent the observed proportions of IDZ dives for each individual on each day sampling occurred with circles, triangles and squares rep-

resenting Finland, Iceland and Scotland, respectively.



returning to entirely freshwater habitat for the remainder
of the breeding season. Unfortunately, the exact conditions
that lead to this change in habitat use are unknown, but this
observation suggests that RTDs may be able to buffer against
poor foraging success in local freshwater habitats.

Large-scale differences in foraging habitats are clearly
not the only driver of foraging behaviour in this species.
Unexpectedly, number of dives within a bout and bout
length, the two foraging metrics that represented how bouts
were organised (Table 1), differed between Scotland and the
other two sites. Specifically, foraging bouts in Scotland were
shorter and had fewer dives. This difference could be related
to foraging success and food availability, as fewer dives and a
shorter time in each foraging bout suggests the time required
to meet the energy demand of each foraging bout is lower.
This is also partly demonstrated in other aquatic birds, such
as kittiwakes (Chivers et al. 2012) and guillemots (Davoren
and Montevecchi 2003), through birds increasing the dura-
tion of foraging bouts in years where food availability is
lower. This suggests foraging success could have been higher
at Scotland than the other two sites, which is supported by
the lower daily time spent foraging (Fig. 3). However, this
did not appear to affect breeding success, with only 38% of
monitored RTD pairs in Scotland producing at least one
chick in 2018, compared with 62% of monitored RTD pairs
in Finland (O’Brien et al. 2018).

Animals foraging during a breeding season have to adapt
their foraging effort temporally in order to accommodate the
demands of growing young (Tulp et al. 2009, Sotillo et al.
2019). However, at all three sites, the foraging effort for
RTDs did not change through the season as we expected.
Instead it appears that the tracked divers may have adapted
their foraging strategy via prey selection, rather than increas-
ing the number of foraging trips or foraging intensity through
time. This is suggested by earlier observations of RTDs from
Sweden, where it was found that the number of foraging trips
did not change as the breeding season progressed, but instead
the size of the prey brought back by the parents changed
(Eriksson et al. 1990). This effect was particularly noticeable
when the chicks were very young (Reimchen and Douglas
1984). The proportion of IDZ (benthic) dives decreased dur-
ing the breeding season across all sites. Such changes have
previously been linked to differences in prey selection in div-
ing predators, where higher resolution data on location and
bathymetry has been available (Kuhn et al. 2010). RTDs are
single prey loaders, therefore they may maximise the energy
gain per foraging trip by ensuring they bring back food items
with maximum energy returns, rather than increasing forag-
ing effort and delivering the same prey items throughout the
season. This strategy will avoid the costs of an increased num-
ber of flights, which would be exacerbated by the high wing
loading of RTDs (Lovvorn and Jones 1994).

The RTDs at the three sites also displayed some evidence of
flexibility between regions in how they altered their foraging
behaviour as the season progressed. Though the progressive
decrease in the proportion of IDZ (benthic) dives was com-
mon across sites, the degree of change in the proportion of

IDZ dives was not the same, with Iceland showing little bio-
logically meaningful change (a change 0of 4% over the 65 days)
in foraging strategy through the season (Fig. 4). Diet changes
within a breeding season are common for several aquatic bird
species in the northern Japanese sea, as the influx of warm
water changes the prey availability (Watanuki et al. 2009,
Watanuki and Ito 2012). Similar events could affect RTDs in
Iceland foraging consistently in the same habitat through the
season, but targeting different prey as the season progressed.
On the other hand, RTDs in Finland and Scotland showed a
more notable decrease in proportion of IDZ dives. This could
relate to following vertical prey movement, foraging in differ-
ent habitat or switching to prey occupying a different area of
the water column (Sotillo et al. 2019), to fulfil the food size
demand of the chicks (Reimchen and Douglas 1984). The
latter could especially be true in Finland, as evidence suggests
black-throated divers Gavia arctica foraging in freshwater can
provision benthic invertebrates to chicks in the early stages
of rearing (Jackson 2003). Furthermore, the closed nature
of lake systems makes it unlikely that there will be temporal
changes in prey availability. This use of invertebrate prey may
also explain why RTDs in Finland had the highest proportion
of IDZ dives and therefore the most benthic dives, especially
early in the season. Conversely, RTDs in Scotland showed a
low proportion of IDZ dives overall. Tremblay and Cherel
(2000) visually classified groups of dives as cither pelagic or
benthic and found that groups of pelagic dives had less than
40.3% of IDZ dives within these groups. In our study, the
model showed birds from Scotland generally had a propor-
tion of IDZ dives below this threshold. Therefore, it is likely
that RTDs in Scotland are mostly foraging pelagically in the
marine environment. While this does not preclude the occur-
rence of benthic dives, it strongly suggests pelagic foraging
is more important in Scotland than in Finland and Iceland.
These results have demonstrated that local environment has
an effect on the foraging behaviour of RTDs, but in order
to confirm the prey switching hypothesis, further analysis
is required to create a direct link between diet and foraging
behaviour, perhaps through the use of stable isotope analysis
(Hobson and Clark 1992, Gémez et al. 2018).

Many pursuit divers are dependent on high light lev-
els to target and catch their prey, though nocturnal activity
can be observed in some cases (Wilson et al. 1993, Cannell
and Cullen 2008, Dunn et al. 2019). Preliminary evi-
dence suggested that RTDs are crepuscular when foraging
(Duckworth et al. 2020b), but data collection from this study
does not support that suggestion. Birds breeding at Scotland
and Finland showed differences in the proportion of dives
across light conditions, with a preference for foraging in day-
light. However, while the same was found in Iceland, the dif-
ference in foraging effort between the two light conditions
was much smaller. Overall, this preference for diving in day-
light would be expected for pursuit diving, visually orientated
birds, as high light conditions provide the perfect conditions
to track and capture prey (Wilson et al. 1993). However,
these findings could be a product of high individual differ-

ence and a low sample size. Therefore, further investigation



into RTD behaviour is required to determine whether there
is a capacity for nocturnal foraging.

This paper provides the first multi-individual descriptions
of RTD diving, from three distinct regions and thus form the
current best understanding of summer foraging behaviour of
this species. As such our results are also necessarily limited
and provoke ideas for further study. We considered tempo-
ral change, however, RTDs are not synchronous breeders
and can relay clutches, with many breeding pairs at different
breeding stages at any given point during the breeding sea-
son. Therefore, using days since egg laying or hatching would
give a better picture of how the activity budgets differ at each
of the breeding stages. Due to the remote locations of many
of the nests and the extreme sensitivity of the species to dis-
turbance, we were not able to regularly monitor RTD nests
across all sites, both to minimise the effect our attendance
had on behaviour and minimise ethical concerns arising from
disturbance. Future study could deploy remote camera traps
to maximise information on nest attendance while minimis-
ing human presence (Edney and Wood 2020). In addition,
the lack of precise foraging locations of birds meant we were
unable to link foraging to local environmental conditions, so
could not relate foraging behaviour to environmental influ-
ences such as tidal cycles and hydrographic features (Skov
and Prins 2001) and future studies should try to also track
birds with GPS if this can be achieved without additional
disturbance. Additionally, the TDR pressure sampling fre-
quency was relatively low, prohibiting more detailed analysis
of dive characteristics such as bottom activity, ascent rate and
descent rate. As the logger resolution is < 10% of the median
dive duration, it is likely that some of the parameters may
be imperfect estimations (Wilson et al. 1995). However, this
resolution of data allows for valid comparisons between our
geographically distinct groups and will still provide accurate
values for the proportion of time spent foraging and estimates
for other parameters are unlikely to have a substantial error
at our resolution (Dunn et al. 2019). We also acknowledge
the small sample size of this study limits our ability to make
true large-scale comparisons across sites. Instead, our study
focusses on description of foraging behaviours and highlights
differences between regions. As technology and methodolo-
gies develop it may be possible to increase our understanding
of this important species, up to the level of better understood
aquatic birds (Soanes et al. 2014) but our study is an impor-
tant first step in this process.

Having demonstrated some degree of spatial and tem-
poral variation in foraging behaviour, our study suggests
RTDs have some flexibility in foraging strategies. This
could further suggest breeding RTDs are have some capac-
ity to resist anthropogenic effects, as the species as a whole
is capable of exploiting a range of niches (Devictor et al.
2008, Wilson et al. 2008). However, the two commonalities
across all RTDs is their necessity to build nests by freshwa-
ter lakes (Rizzolo et al. 2014) and their migration to mostly
marine habitats (Polak and Ciach 2007, McCloskey et al.
2018). Therefore, while foraging can vary both within and

between individuals, these two fundamental aspects of RTD
ecology remain constraints in their annual cycle. Therefore,
work must also be done to improve the understanding of the
potential effects of climate change on nesting habitat suitabil-
ity and RTD foraging behaviour during the winter.
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