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ABSTRACT

DUCKWORTH, J., O’BRIEN, S., VÄISÄNEN, R., LEHIKOINEN, P., PETERSEN, I.K., DAUNT, F. & GREEN, J.A. 2020. First biologging record
of a foraging Red-throated Loon Gavia stellata shows shallow and efficient diving in freshwater environments. Marine Ornithology 48: 17–22.
Recently, Red-throated Loons Gavia stellata (RTL) have been the subject of increased interest due to their negative interactions with
shipping, offshore wind farms, and other marine industry activities. This has driven a desire to quantify the behaviour and ecology of this
understudied species, particularly during the non-breeding season. To achieve this, Time Depth Recorder (TDR) and Global Location Sensor
(GLS) tags were deployed on individuals from several European locations. Due to an incidental mortality, one set of tags was retrieved early.
The single set of tags recorded activity from June to August 2018. The TDR collected records for 14 d, providing the first ever biologging
data on RTL foraging in Europe. The bird was tagged 90 km from the coast; therefore, it only used freshwater lakes and was never recorded
entering saltwater. The individual mostly undertook shallow dives, with maximum and mean depths of 20 m and 5.4 m, respectively.
Foraging constituted 22.9% of total activity during the sampling period. The RTL had diel foraging patterns, with dives being shallower and
more frequent at times of “twilight” compared to “daylight.” These results provide novel information on an RTL’s diurnal patterns of water
depth usage and foraging effort during the summer, demonstrating the potential of data loggers to provide key insights into the foraging
ecology of this species
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INTRODUCTION
In recent years, Red-throated Loons Gavia stellata (RTL) have
received increased attention because of their vulnerability to habitat
loss from construction of offshore renewable energy structures and
shipping (Garthe et al. 2004, Schwemmer et al. 2011, Mendel et al.
2019). Previous studies have provided insight into many important
aspects of RTL ecology, including diet (Reimchen et al. 1984,
Guse et al. 2009), foraging (Eriksson et al. 1991, Skov et al. 2001),
and behaviour (Polak et al. 2007). As a result of research on diet,
RTLs are known to be generalist piscivorous foragers (Eriksson
1985, Morkūnė et al. 2016, Kleinschmidt et al. 2019), with prey
that vary by geographic area (Guse et al. 2009). RTLs breed on
freshwater ponds and lakes of different sizes during the summer,
feeding on either freshwater (Eriksson et al. 1990, Eriksson et al.
1991) or marine prey (Reimchen et al. 1984, Rizzolo et al. 2015),
with proximity to the coast being the likely driver of habitats used.
Recent advances in biologging techniques have facilitated a greatly
improved understanding of aquatic top predator ecology and
behaviour, especially winter behaviour and migrations (Rutz et al.
2009). Much of our current knowledge of RTL ecology is derived
from empirical data collected by observing birds at a distance

(Eriksson et al. 1990, Eriksson et al. 1991, Rizzolo et al. 2015,
Uher-Koch et al. 2018). However, RTLs breed at low densities
(Solovyeva et al. 2017) and are highly sensitive to disturbance both
at sea (Mendel et al. 2019) and at their breeding lakes (Rizzolo
et al. 2014), limiting our ability to gain a full understanding of
their ecology. Biologging techniques, which require few visits
to an individual and relatively little disturbance, provide an ideal
approach to answer specific questions about RTL foraging, water
depth usage, and energetic budgets over long periods. However, this
must be measured against the substantial difficulty of recapturing an
RTL. Regardless, for a relatively under-studied species such as the
RTL, even single biologging records can provide proof of concept
for this approach (Sequeira et al. 2019).
During a larger project looking at breeding and non-breeding season
energetics and foraging behaviour (O’Brien et al. 2018), a single
Time Depth Recorder (TDR) and light-based Global Location
Sensor (GLS) were recovered from a bird drowned in a gill net
at the end of summer, three months after deployment. The data
downloaded from these loggers provided the first biologging record
of a foraging RTL in Europe, allowing estimates of diel patterns of
depth usage and foraging behaviour. Here we (1) determine whether
this individual remained in freshwater habitats during the breeding
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season, (2) describe water depth usage and diving strategy, and (3)
quantify diel patterns of diving.
METHODS
Study area
The bird was tagged at its nest site on a lake in Mäntyharju,
southern Finland, on 04 June 2018, 90 km from the coast.

> 0.5 m), maximum dive depth (lowest depth reached in dive),
and surface time (time spent on the surface between the end of the
dive and start of the next dive). The bottom time (the duration of
time spent at depths deeper than 75% of the maximum dive depth;
Tremblay et al. 2003) was also calculated for dives longer than
18 s. Dives shorter than 18 s would only have one or two data
points due to the tag sampling frequency; therefore, the results
would always have bottom times greater than half of the total dive
length. Due to the resolution of dives, classification of dive shape
was not possible.

Deployment of loggers
In southern Finland, most RTLs in the study area nest on artificial
rafts on small lakes (Nummi et al. 2013). Nests of RTLs were
approached, causing the incubating diver to flush from the nest,
following which a nest trap was laid to capture the bird on its
return. Trapping was not attempted during the early stages of egg
laying, nor when chicks were less than five days old (O’Brien et
al. 2018). The single diver in this study was tagged on 04 June
2018 and found dead on 14 August 2018. After trapping, the pair
continued incubation until 07 June, but on 08 June the nest had been
abandoned. The pair laid a second clutch to a new nest by 25 June.
This clutch failed by 25 July, when no divers were present at the
breeding lake.

To further define diving strategy, dives were classified into bouts,
defined as a series of dives where the maximum surface time
between each dive was less than 60 s. A 60-s cut-off was chosen
based on the decreased frequency of surface times above 60 s
(Fig. 1). Bouts with greater than four dives were defined as foraging
bouts (Mehlum et al. 2001). Dive depth consistency (difference in
maximum dive depth between the current and previous dive) was
calculated for all dives within a foraging bout to determine whether
dives within a foraging bout had similar depths.
To estimate the proportion of time spent foraging in relation to the
time of day, we classified dives as occurring during “daylight” or
“twilight”. For each dive, sun elevation angles were generated with
the R package “oce” (Kelley et al. 2019) for the location of capture.

A Time Depth Recorder (TDR; Cefas G5 Standard TDR,
dimensions: 8 mm × 31 mm, weight: 2.7 g) was attached to
one 1.5 mm thickness plastic ring using cable ties and epoxy
resin glue; the ring was then placed onto the leg of the RTL. A
light-based GLS (Biotrack MK4083 Geolocator, dimensions:
17 mm × 10 mm × 6.5 mm, weight: 1.8 g) was attached to a
plastic ring using the same methods as for the TDR tag and was
fitted on the diver’s other leg (for full methodology, see O’Brien
et al. [2018]).
TDRs were programmed to sample barometric pressure as a proxy
for depth every 6 s for 24 h, with a 4-d gap between sampling days.
These sampling intervals were chosen to allow samples of dive
behaviour to be gathered across the year, without impacting the
ability to detect individual diving events. TDRs recorded dives with
an accuracy of 0.1 m. GLS tags were set to record maximum light
levels and saltwater immersion every 10 min (each 10-min record
contained a number between 0 and 200, where 200 represents the
tag being constantly immersed), for every day of deployment. The
RTL was classified as being in saltwater when the GLS tag recorded
any number greater than three (Fayet et al. 2016).
Data analysis
The baseline surface reading of a TDR can change over an extended
study period (Elliott et al. 2009). A custom script was created
(Appendix 1, available on the website), which shifted the dive
profiles to set the barometric readings such that the surface was
set to 0 m. The minimum value for the detection of a dive at each
recording interval was 0.5 m, and only dives where the maximum
depth exceeded 1 m were considered for analyses. These limits
helped exclude any non-foraging dives or residual error from the
shifting baseline (Falk et al. 2000).
The dives were analysed using a custom script in R (Appendix 1),
and the following values were estimated for each dive: dive
duration (duration of the dive event from first to last recording

Fig. 1. (A) Frequency of dive durations across the study. The
longest dive was 90 s. Each bar represents a 6-s interval. (B)
Frequency of surface times between dives. The vertical dashed line
shows the cut-off value, where dives with surface times below 60 s
were considered to be within the same dive bout. No surface time
above 120 s had a frequency greater than 20. Each bar represents
a 6-s interval.
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Location of capture was used to derive the sun elevation angle;
because the bird was captured and recovered during the breeding
season in the same part of Finland, it was assumed not to have left
the area between initial tagging and being found dead. “Daylight”
was defined as any sun angle above 0, and “twilight” was defined as
a sun angle between 0 and -12 (Regular et al. 2011). Due to the high
latitude of the study site and the time of year, < 1% of the records
on the TDR and < 1% of recorded dives were at sun elevation angles
below -12. Therefore, “night” was excluded, and all analyses of diel
patterns include only “daylight” and “twilight” dives and timings.
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The ratio of variances between maximum dive depths at “twilight”
and “daylight” was high (F = 3.007, P < 0.001). Therefore, a Wilcox
signed rank test was used to explore differences in maximum
foraging depths reached during “daylight” and “twilight”. A Chisquared test was used to test whether dives occurred uniformly
across “daylight” and “twilight”, using expected values calculated
from the proportion of “twilight” and “daylight” experienced by the
bird. All data analyses and statistics were performed in R version
3.5.1 (R Development Core Team 2018). All means are given as ±1
standard deviation.

Fig. 2. Dive profiles of the Red-throated Loon (RTL) for the 14 d the Time Depth Recorder was active. The line represents the depth of the
RTL at a given time. Shaded areas show times when the sun elevation angle was below 0.
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RESULTS
Data were gathered from 07 June 2018 to 11 August 2018, for a total
of 14 d and 66 d of TDR (Fig. 2) and GLS recordings, respectively.
The GLS tag revealed that the saltwater immersion sensor had no
positive readings for the duration of the study. This suggests that
the bird never entered the marine environment and spent the entire
deployment period on land and in freshwater habitats.
There were 5947 dives (Fig. 1A) and 687 dive bouts throughout
the duration of the study: 235 bouts were classified as foraging and
included 88% of all dives, whereas 22.9% of the time when the
TDR was recording data was spent in a foraging bout. The RTL
undertook an average of 425 ± 98 dives and 17 ± 6 foraging bouts
per day with an average maximum dive depth of 5.4 ± 4.3 m (Fig. 3)
and an overall maximum dive depth of 20 m. Foraging dive bouts
comprised a highly variable number of dives, with an average of
22 ± 35 dives, but with 119 bouts containing < 10 dives. The longest
bout had 339 dives and lasted 212 min. The mean surface time
between dives within a foraging bout was 21.3 ± 10.5 s (Fig. 1B).
Subsequent dives within a foraging bout differed in their maximum
dive depth by 0.7 ± 1.4 m. The proportion of time at the bottom
depths of the dive across dives longer than 18 s was 0.61 ± 0.18.
Mean maximum dive depth during “daylight” hours (6.2 ± 5.1 m)
was greater than during “twilight” hours (4.4 ± 2.9 m)
(W = 3957800, P < 0.001). Dive frequency changed based on light
levels (X2 = 1868.8, df = 1, P < 0.001; Fig. 3), with the proportion of
dives at twilight occurring more frequently than would be expected
by chance. “Daylight” was recorded for 76% of the study and for
52% of the dives; “twilight” was recorded for 24% of the study and
for 48% of the dives (Fig. 3).
DISCUSSION
This study used biologging technology to provide the first empirical
data on RTL foraging depth and behaviour. In the bird studied, we
found that dives were always < 20 m deep and varied according
to light conditions, with dives tending to be shallower and more
frequent during lower light levels. The RTL was capable of
undertaking extended bouts of diving, lasting over three hours.
Additionally, this study provides empirical evidence of an RTL
foraging solely in freshwater environments. Together, these data
generate interesting hypotheses regarding the foraging behaviour of
Red-throated Loons.
A previous study found that bouts where the maximum dive depths
were within 10% of the preceding maximum dive depth could be
classified as benthic (Tremblay et al. 2000). Here, the average
difference between subsequent maximum dive depths was slightly
> 10% of the average maximum dive depth for all dives, which was
5.4 m. This suggests that, although there was some consistency in
the depths to which the RTL dove, it is unlikely that the RTL was
using a solely benthic foraging strategy. Moreover, the loon was
found in a lake with a maximum depth of 29 m, which exceeds the
maximum dive depth recorded across the study period. This implies
that the dives were likely pelagic and/or that any benthic dives were
in the shallower areas of the water.
Our results are consistent with data on RTLs from TDRs recovered
by D. Rizzolo (pers. comm.), who recorded shallow dives (median
2.49 m, range 1.1–10.80 m) and a slightly deeper maximum dive

depth of 26.9 m. Winter observations of RTLs have revealed high
densities of these birds at inshore marine areas with water depths
< 20 m (Petersen et al. 2010). Together, these results indicate
that the lack of deeper dives is likely due to physiological diving
constraints or prey preference, rather than being limited by water
column depth. However, analysis of more RTL diving profiles is
needed to fully characterize the diving behaviour of this species in
various habitats (Sequeira et al. 2019).
The reason for the observed increased rate of foraging during the
twilight hours is unknown. One hypothesis is that there was an
increased presence of prey in the shallower, more accessible areas
of the lake, due to either lower oxygen levels at deeper depths
(Kersten et al. 1991) or more favourable light conditions closer
to the surface. An increased number of fish in the shallower areas
could also provide an explanation for shallower dives at twilight.
Additional research could explore whether dive shapes change over
the different light levels of the day. This could be determined using
a higher-frequency TDR setting to gain more recordings per dive
(Schreer et al. 2001).
Other than laying a second clutch (Okill 1994), little is known
about the activities of RTLs following a failed breeding attempt.
Here, we demonstrate that a Finnish RTL can use an entirely
freshwater habitat for foraging during the breeding season, and
continue to remain in freshwater following two failed clutches.
This behaviour is likely a consequence of the large distance of
the breeding site from the coast. Other studies have shown that,
during the non-breeding season, RTLs are entirely dependent on
the marine environment (Guse et al. 2009, Morkūnė et al. 2016);
therefore, seeing one on freshwater during the winter is exceptional.
This seasonal pattern suggests that RTLs are exposed to different
stressors during different periods of the annual cycle, which dictates
where they reside (Eriksson et al. 1990, Rizzolo et al. 2015). For
this reason, with a better understanding of their year-round ecology
and movements, RTLs could become a good multisystem indicator
of habitat health (Cairns 1987).

Fig. 3. Density graph showing timings of Red-throated Loon (RTL)
dives relative to sun elevation angles, where the solid line represents
the density of dives recorded from the recovered TDR at observed sun
elevation angles through the deployment period, and the dashed line
represents the density of time spent by the RTL at a sun elevation angle
across the study period. Smoothing parameter: h = 3 for both densities.
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