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Abstract

Light-immersion data from geolocators can be used to estimate behavioural budgets and energetics
in seabirds throughout the annual cycle. However, all methods used to categorise time spent in
behaviours rely on assumptions that are difficult to validate. Additional data, such as pressure and
temperature data from time-depth recorders (TDRs), can help to refine these assumptions. We
explore the utility of previous methods to derive behavioural budgets from light-immersion data using
a dataset from Common Guillemots Uria aalge, where individuals were equipped with both a TDR and
a solar Global Location Sensor (GLS), also known as a ‘geolocator’. We compared behavioural
allocations from previous methods to those derived when also using TDR data. Previous methods used
light-immersion data to distinguish between time foraging, active, and resting on the water, but the
addition of TDR data revealed that these activities resulted in similar light and immersion levels. It was
also more difficult to differentiate between rest and flight using light-immersion data alone. However,

by using insights gained from combined light-immersion and TDR data, we developed an improved
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method to assign behaviours using light-immersion data alone, and provide an adjusted equation to
use these data to calculate energetics in Guillemots. We recommend using our approach when
processing light-immersion data; however, if detailed activity budgets (particularly foraging
information) are required, we recommend using higher resolution loggers, e.g. integrated light-
immersion-temperature-pressure devices. Our findings are likely to be relevant for studies of other

seabird species (particularly other auks) that dive and spend most of their time at sea during winter.

Introduction

Solar Global Location Sensor (GLS) loggers with immersion sensors (‘geolocators’) have been widely
deployed on seabirds, providing data that can be used to estimate location, activity budgets and
energetics throughout the annual cycle. During the breeding season, short-lived higher-resolution
loggers can be used to derive seabird locations and behaviour (e.g. Trevail et al. 2023; Tremblay et al.
2024); however, such loggers often have short battery lives (or batteries that are too large for many
species) or fall off when feathers are moulted. Therefore, relatively small and long-lived geolocators
have become an important tool for seabird studies conducted outside the breeding period, which have
broadened our understanding of seabird ecology (e.g. Militdo et al. 2022). Geolocators typically record
light, saltwater immersion and temperature data, from which location and activity can be derived and
subsequently used to estimate energy expenditure (e.g. Pelletier et al. 2020). The limitations of using
light-immersion data from geolocators to estimate location have been widely discussed (e.g. Halpin et
al. 2021) yet using these data to allocate time spent in behaviours is less common, thus less attention
has been given to validating these methods (although see Dunn et al. 2020, Darby et al. 2022 and
Bennett et al. 2024).

A key limitation of using light-immersion data to assign activity budgets is that data are typically stored
in a summarised format, for example only the maximum light value across a period (e.g. five or ten
minutes), or the proportion of time spent immersed in saltwater across a period (ranging from e.g.
five minutes to four hours). It is much more difficult to assign behaviours to these summarised
datasets than if the raw data were available, as different behaviours can present with similar
immersion patterns. For example, loggers will be dry when birds are in flight or resting on land and
wet when birds are submerged in saltwater, but activities with medium immersion levels (such as
foraging for surface-feeding seabirds or preening whilst on the water) are difficult to differentiate

from those that might include a change of behaviour, such as a take-off from water. In addition, there
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are a wide variety of geolocator models available, which all record and store data in slightly different

ways, meaning that datasets can be difficult to combine or compare.

Most previous studies that use light-immersion data to derive seabird energetics during the non-
breeding season have focussed on auks, with a range of methods used to estimate activity budgets
(e.g. Fayet et al. 2017; Dunn et al. 2022). A recent study deployed two devices simultaneously on
Common Guillemots (hereafter ‘Guillemots’) Uria aalge, equipping each individual with a time-depth
recorder (TDR) on one leg and a geolocator on the other (Buckingham et al. 2023). TDRs record
pressure data, therefore providing a more accurate estimation of time spent foraging for species such
as auks that dive to catch prey than immersion data alone. Additionally, the higher-resolution
temperature data recorded by the TDR, and the fact that both legs were equipped with loggers, meant
that time spent ‘tucking’ a leg into plumage (which is typically how auks rest whilst on water; Elliott &
Gaston 2014; Linnebjerg et al. 2014) could be measured more accurately. This leg-tucking behaviour
results in a warm, dry leg and thus can be difficult to differentiate from flight or colony attendance
when the tucked leg is equipped with a geolocator, or from foraging or active on the water when the
untucked leg is wearing the geolocator (Darby et al. 2022). Here, we compare the activity budget
derived from both a TDR and geolocator in Buckingham et al. (2023) to previous methods of allocating
time to behaviours using only light-immersion data. Based on our results, we provide insights into the
information that geolocators can provide, develop an improved method for estimating time-activity
budgets and energy expenditure for future geolocator-only studies of Guillemots during the non-

breeding season, and provide guidance for other similar studies.

Methods

As detailed in full within Buckingham et al. (2023), 61 Guillemots from four UK breeding colonies were
equipped with both a TDR (Cefas G5 standard) and a geolocator (Lotek MK3006) (Figure 1).
Deployments took place during the 2019 breeding season, with loggers retrieved during the 2020 and
2021 breeding seasons. Of the 47 individuals that were re-trapped, four had lost their geolocator and
four had devices that failed early in the non-breeding season, so were excluded from analysis (Table
1). Therefore, combined TDR plus geolocator datasets were available from 39 individuals. The
combined mass of the two devices plus their colour rings (geolocator: 3.7g; TDR: 4.5g) was 1.07% of
the lightest recorded body mass of a breeding Guillemot (765g; Wagner 1999, Harris et al. 2000) and
therefore consistent with recommendations to minimise additional weight when using tagging devices

(Bodey et al. 2018, Geen et al. 2019). We were unable to find any published studies of the device
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effects from using two leg-mounted loggers, but previous studies have shown no difference in
resighting rates, body mass or breeding success between geolocator-tagged auks compared to non-
tagged individuals (Fort et al. 2012, Baak et al. 2021), and one study on Manx Shearwaters Puffinus
puffinus (which also forage through wing-propelled diving) found no significant difference between
individuals deployed with one leg-mounted geolocator and untagged birds with regard to foraging

efficiency, trip duration or breeding success (Gillies et al. 2020).

Table 1. Sample sizes of deployed and retrieved loggers and processed combined datasets. Four
individuals had lost their geolocator upon recapture, and a further four had one or both devices fail

early in the non-breeding season, thus were excluded from analyses.

Retrieved Processed
Deployed TDR Geolocator datasets
61 47 43 39

Figure 1. Photo of time-depth recorder (on the left leg) and geolocation-immersion logger (on the

right leg, above the metal BTO ring) on a Common Guillemot Uria aalge.
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Dual-logger behavioural allocation

Here, we summarise the methods of behavioural allocation using both a TDR and a geolocator (see

Buckingham et al. 2023 for further details).

Each TDR recorded data for 24 hours every five days, starting on 1 July 2019 until device failure
(median fail date 16 March 2020); therefore spanning most of the Guillemot non-breeding season.
Pressure and temperature were sampled once every 12 seconds (s). Geolocators recorded data
consistently until failure and stored summarised data: light data were sampled once per minute, with
the maximum light level stored for each ten-minute bout; saltwater immersion data (wet or dry) were
sampled every three seconds and summarised into proportion of time spent immersed for each ten-
minute bout; and a temperature was sampled for every 20 minutes that the device was continuously
immersed in saltwater. Light-immersion data were processed using the R package probGLS (Merkel et
al. 2016) to obtain a location for each day, from which astronomical sunset and sunrise times were
extracted to infer day (including periods of twilight) and night. TDR data were processed to convert
pressure to depth using an R script adapted from Duckworth et al. (2020; 2021). The dual-deployed
light-immersion and TDR data streams were then linked in time for each individual Guillemot, and
used to allocate time to five behaviours (Figure 2), with behaviours allocated in the order stated

below:

1. Diving: any time where the pressure logger of the TDR indicated that the individual was
submerged below 1 m.

2. Resting on the water’s surface: any time that the individual had ‘tucked’ one leg into its
plumage. This was estimated in two ways to reflect the data gathered by each leg’s logger.
Firstly, time when the TDR was tucked was indicated by the temperature of the TDR being
either > 18°C or greater than the geolocator-recorded mean daily sea surface temperature
(SST, °C) + 2°C, whichever was higher. Then, after excluding time spent in flight and attending
the colony (see below), time when the geolocator was tucked was indicated by low variability
of temperatures in the TDR logger (indicating that it was in water, which is more temperature-
stable than air, and based on the proportion of fluctuations that were greater than the device
sensitivity; Buckingham et al. 2023) and the geolocator was between 0-92% wet.

3. Flight: the geolocator was 0% wet and the TDR-recorded temperatures were more variable,
indicating that the logger was in air.

4. Colony attendance (a behaviour that Guillemots exhibit throughout the annual cycle at some

colonies): any time that the loggers fulfilled the criteria for flight for longer than 30 minutes,
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following Dunn et al. (2020). For each period of colony attendance, we reallocated the first
ten minutes to flight to account for time spent accessing the colony.

5. Active on the water’s surface: any remaining time where the geolocator was > 92% wet for
that ten-minute bout. This behaviour encompassed rests between dives, swimming, or time

preening or interacting with other individuals on the water.

The limit of 92% wet, demarking the difference between active and resting on the water’s surface
(when the geolocator was tucked), was set to ensure equal time tucking each leg across all processed
datasets, under the assumption that individuals may tuck one leg preferentially (Fayet et al. 2016) but
that this would balance out across individuals. This limit was validated using data collected during the
post-breeding moult, when Guillemots moult their flight feathers and so are unable to fly or attend
the breeding colony (Birkhead & Taylor 1977, Harris & Wanless 1990). For further details of why these

thresholds were chosen, please see Buckingham et al. (2023).

‘u-dd

Active on water Resting on water
(leg-tucking)

Figure 2. Illustrations of Common Guillemots Uria aalge in each behaviour that time was allocated to
when using the combined data from time-depth recorders and geolocation-immersion loggers.

Individuals are shown in a mix of breeding and non-breeding plumage.
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Geolocator-only behavioural allocation

We compared methods for allocating time to foraging following a recent method that used
geolocators to estimate activity budgets in Guillemots (Dunn et al. 2022). Dunn et al. (2022) defined

behaviours in the following way:

® Foraging: 2 98% wet.

® Flight: < 2% wet for up to two hours during daylight.

® Active on water: between 2 and 98% wet.

® Rest: £ 2% wet at night or < 2% wet for more than two hours during the day, encompassing
rest on water and land. This value was subsequently adjusted so that a minimum of 42% of
each night was spent resting at sea, with time reallocated from active on water as it was

assumed that some time active was actually rest time when the non-logger leg was tucked.

We made minor amendments to Dunn et al.’s (2022) behavioural allocation process to reflect the
differences between the two datasets. We split ‘rest’ into two sub-categories to aid our subsequent
method comparisons: ‘rest: day’, which could be either time attending the colony or time tucking one
leg, and ‘rest: night’, which was assumed in Dunn et al. (2022) to only be time spent tucking one leg.
In addition, in the dual-logger method we had time diving, rather than time foraging. These variables
are not equivalent, as time foraging also includes pauses between dives. We therefore adjusted the
results from the dual-logger method (used in Buckingham et al. 2023) by redefining each ten-minute

bout with at least one dive as foraging.

Method comparisons

We combined the datasets resulting from each behavioural method and filtered the activity budget
created using the geolocator-only data to ensure that we only retained data for days where we had
also collected TDR data, as the TDRs only recorded data for one day in every five and we wanted to
directly compare the two datasets. We plotted a matrix table to determine how often each ten-minute
bout of light-immersion data was being allocated to the same behaviour between the two methods.
This analysis was completed on the dataset prior to adjusting the time spent tucking at night, as this
required summarising the dataset and so we would not have been able to compare each timestamp
individually. However, as we had included ‘rest: TDR tucked’ in our dual-logger dataset, we could also
compare which behaviour this was being allocated to in the geolocator-only approach. We then

compared the summarised datasets after adjusting the time spent leg-tucking at night.
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Based on our comparison, we then investigated whether we could improve behavioural allocation
using light-immersion data only. We tested whether there was a pattern between the immersion data
and behaviour as allocated by the dual-logger method by plotting the frequency distribution of
percentage time wet during time spent in each of the three behaviours where the geolocator was
predominantly wet (foraging, active, and resting with the leg carrying the TDR device tucked i.e. the
geolocator leg was likely immersed). We also assessed whether we could use light levels to distinguish
between behaviours, as this method has been used previously in a related species (Darby et al. 2022).
We filtered the dual-logger derived data to be between nautical sunrise and sunset (based on the start
time for the ten-minute bout recorded by the geolocator), rescaled light to be between 0 and 100%
for each ten-minute bout (i.e. divided it by the maximum possible light level, which was 64 for this
logger model), and plotted the percentage light for each ten-minute period within each behaviour. To
further investigate this, we filtered the data to the core period when the majority of individuals at our
study sites would have been completing their post-breeding moult and so were unable to fly or attend
the colony (defined as 16 August to 15 September for our study populations, as in Buckingham et al.
2022; 2023) and again plotted the proportion of light for each ten-minute period with each behaviour.
Finally, we tested potential maximum flight bout lengths by extracting dry bouts during the period
after leaving the breeding colony (as defined in Buckingham et al. 2023) and before the first date of

colony attendance for the Isle of May (21 October, as defined in Bennett et al. 2024).

Behavioural allocation validation

Subsequently, we derived a new method for allocating time to behaviours in auks using only
geolocators (detailed in the results). We validated our method by determining the similarity between
the activity budgets created using 1) the dual-logger method (Buckingham et al. 2023); and 2) the
geolocator-only method (as defined above). As with the comparison between Buckingham et al.
(2023) and Dunn et al. (2022), we converted dive time to foraging time within the dual-logger method,
combined the resulting datasets and filtered the days to only include days where we had TDR data.
We created a matrix table to determine how often each ten-minute bout was allocated to the same
behaviour by both methods prior to adjusting for leg-tucking. We then adjusted time spent leg-tucking

and compared the summarised datasets.
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Energetics adjustment

Within the dual-logger method (Buckingham et al. 2023), daily energy expenditure (DEE; kJ) was
calculated for each individual using the following equation for a five-behaviour activity budget (Elliott

& Gaston 2014; Burke & Montevecchi 2018; Patterson et al. 2022):

~Tbive
DEE = 508 Trjight + 33 Tcolony + 3.64 % [1 — e ] + (113 = 2.75 SST) Tactive + (72.2 — 2.75 SST) Trest

where time resting (Trest), active (Tactive), flying (Tright) and attending the colony (Tcolony) Were measured
in hours, time diving (Toie) Was the length of each dive in minutes, and SST was the daily mean

saltwater temperature (°C) recorded by the geolocator.

Based on our adjustments to the activity budget and resulting behaviours using light-immersion data
only, we adjusted the above equation to ensure that DEE was as similar as possible between the dual-
logger and geolocator-only methods by combining behaviours and adjusting the coefficients

accordingly.

Results

Method comparisons

Overall, over twice as much time was allocated to time foraging using the geolocator-only method
(Dunn et al. 2022) compared to the dual-logger method (Buckingham et al. 2023; Table 2), with around
60% of foraging events from the geolocator-only method allocated to time active or resting with the
TDR tucked using the dual-logger method (Table 3). Additionally, much more time was allocated to
active on the water and resting and much less to flight using the dual-logger method compared to the
geolocator only method, even after Dunn et al.’s (2022) night-time leg-tucking adjustment (Table 2).
Overall, we observed no clear immersion threshold (i.e. percentage wetness) delimiting time foraging,

active or resting with the TDR tucked (Figure 3).

We observed very little variation in light levels across the three behaviours where the geolocator was
wet (i.e. foraging, active, and resting with the TDR tucked; Figure S1). We observed slightly more
variation within the dry behaviours (i.e. resting with the geolocator tucked, flight, and colony
attendance), but during the post-breeding moult (as defined in the methods), when we only observed
four behaviours when using the dual-logger method (i.e. there was no flight or colony attendance),
there was very little variation in light level across the behaviours, with all showing high levels of light
exposure (Figure S2).
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Most dry bouts during the period after leaving the breeding colony and before the first date of colony
attendance for the Isle of May (see methods) were ten minutes long, but ranged up to a maximum of

30 minutes across all populations (Figure S3).

Table 2. Summarised total hours across all processed datasets using the dual-logger method
(Buckingham et al. 2023) and the geolocator only method from Dunn et al. (2022), both prior to and

after the night-time leg-tucking adjustment.

Hours
Behaviour Buckingham Dunn (pre-adjustment) Dunn (post adjustment)
Foraging 4,516 10,421 10,421
Active 5,062 2,605 1,230
Rest 3,702 221 556
Flight 16 49 49

Table 3. Matrix of behaviours allocated to each ten-minute bout of immersion data using the dual-
logger method (Buckingham et al. 2023) and the geolocator only method (Dunn et al. 2022), prior to
further adjustments (which are only relevant for summarised data). Each value represents one ten-
minute bout of immersion data, and is plotted according to the behaviour it was categorised into using
each method; percentages are the values allocated to each behaviour compared to the total number
of bouts across all processed datasets. Green shading indicates the equivalent behaviours between
the methods, i.e. the behaviours we would expect the same bout of immersion to be grouped into

based on each method.

Geolocator only (Dunn et al. 2022)

Rest: Rest:

Behaviour Foraging Active night day Flight
~ coraming | 70831 16,703 131 75 211 87,951
& BINE | 26.71%)  (6.30%)  (0.05%)  (0.03%)  (0.08%)  (33.17%)
()]
3
put . 66,364 13,497 79,861
_cCEs Active 55 03%) | (5.09%) 0 0 0 (30.12%)
£
]
2 Rest: 40,200 1,647 36 220 31 42,134
= | TDRtucked (15.16%) | (0.62%) | (0.01%)  (0.08%)  (0.01%)  (15.89%)
o8
o
Z;" eolof;?; o 43,481 7572 1,003 1,999 54,055

J o (16.40%) | (2.86%)  (0.38%) @ (0.75%)  (20.38%)
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Rest: colon 0 0 331 269 86 686
' 4 (0.12%) | (0.10%)  (0.03%)  (0.26%)
Flight 0 39 184 42 227 492

(0.01%)  (0.07%)  (0.02%) | (0.09%) @ (0.19%)

177,395 75,367 8,254 1,609 2,554 265,179
(66.90%) (28.42%)  (3.11%)  (0.61%)  (0.96%)  (100%)

c. Resting on water

a. Foraging b. Active on water (TDR tucked)
0.251
0.254
0.151
ﬁ 0.204 0.20
(o]
9 0.15
w 015 ' 0.104
c
2 0.101
T 0.101 :
o
o 0.054
% 0.051 0.05
0.004 - 4| (00 | 0.004 - =
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

% wetness of geolocator

Figure 3. Histogram of percentage wetness of the geolocator device during three activities (diving;
active on water; or resting on water with the time-depth recorder (TDR) device tucked), where
behaviours were allocated using dual-deployed TDR and light-immersion data (Buckingham et al.
2023). Bars indicate the proportion of total records for each immersion percentage. The dashed green

line indicates 98% wet, the threshold used to define foraging in Dunn et al. (2022).

Adjusted method to allocate behaviours using light-immersion data

As we could not reliably differentiate ‘foraging’ and ‘active on water’ behaviours, we combined these
behaviours into one behavioural classification ‘foraging or active’ with a subsequent adjustment (see
below) to account for some of this time being time resting with the non-geolocator leg tucked. We

therefore defined a budget consisting of four behaviours: foraging or active on water, resting on water
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(tucking either leg), flight, and colony attendance (resting on land). A flow diagram summarises this

procedure (Figure 4).

We allocated timings of day (including twilight) and night based on location (see ‘Dual-logger
behavioural allocation” and as in Dunn et al. 2020; 2022). When the geolocator was dry (0% wet)
during daylight hours, we allocated time to flight if the geolocator was dry for 30 minutes or less (i.e.
three successive ten-minute bouts that were 100% dry), or resting at the colony if it was dry for more
than 30 minutes, in line with Dunn et al. (2020) and our observations during the period of assumed no
colony attendance (Figure S3). Dunn et al. (2020) and Bennett et al. (2024) assumed that no flight or
colony attendance behaviours occurred during the night, which was appropriate for individuals from
the colony that was the focus of those studies (the Isle of May) given local observations (Harris &
Wanless 2016; Bennett et al. 2024). However, there is evidence for night-time colony attendance
occurring at one Guillemot colony in close proximity to the colonies within this study (Sumburgh Head,
Shetland; Sinclair et al. 2017). As there is no evidence for Guillemots flying or arriving at the colony
during the night, we did not allow flight during night and therefore only allowed colony attendance
during the night if the geolocator was dry for the entire night, in which case we assigned colony
attendance to the full night-time period. All other dry spells during the night were allocated to resting

on water (see below).

As in previous methods, we defined resting on water as time when one leg was tucked into the
plumage. We only had information from one leg, so we assigned this behaviour in two stages. We
initially defined records where the geolocator was 0% wet during the night (but not classed as colony
attendance) or between 0-92% wet at any time as resting on water, the value set to equalise time
spent tucking legs within the dual-logger method (Buckingham et al. 2023). Time foraging or active on
water was therefore initially defined as records where the geolocator was 92% wet or more,
representing time when individuals were diving, pausing between dives, swimming, preening or
socialising on the water. Then, as individuals are likely to spend limited periods of time tucking both
legs (Fayet et al. 2016; Darby et al. 2022), we calculated the difference between time resting on water
with the geolocator tucked and with the TDR tucked. We multiplied our initial value of time resting on
water by this correction factor (1.8) to equalise time spent leg-tucking between the legs across all
processed datasets. This gave a final value for resting on water, with time reassigned from our initial
value of time foraging or active on water. Where there was insufficient time foraging or active on
water to reassign to fulfil this criterion, we reassigned all available time of foraging or active on water

to resting on water.

12 Seabird 37 (2025)



Improved method for Guillemot behavioural budgets

Yes Yes <3 Yes
0% wet? —_— Daytime? —:} successive m—  Flight
; bouts?
No lNo No
Dry all Yes | )
* n
night? » Colony
,,,,,,,,,,,,,,,,,,, lNo
<92% Yesi v ST
wet? _}: Rest1 = Multiply by 1.8 =——) Rest
Subsequent adjustment
_____________________ l No i on daily summarised data

Foraging/Active1 ——} Foraging/Active1 - 0.8 * Rest1 _—) Foraging/Active

Figure 4. Diagram of adjusted behavioural classification method using light-immersion data only.
Processes that apply to each individual ten-minute bout of immersion data are in the light grey box.
Processes that apply to daily summarised data (after behaviours Rest1 and Foraging/Activel have

been defined) are in the dark grey box).

Behavioural allocation validation

As expected, as we had set the threshold values using the dual-logger method and applied this to the
geolocator-only method, the total number of ten-minute immersion bouts allocated to foraging/active
using the geolocator-only method (197,035) was similar to but slightly lower than bouts allocated to
foraging, active and resting on water with the TDR tucked from the dual-logger method (209,954;
Table 4). Using the geolocator-only method, some foraging events (from the dual-logger method)
were classified as resting with geolocator tucked in the geolocator-only method (Table 4), likely due
to a change in behaviour occurring within the ten-minute bout, e.g. both a dive and a flight or leg-
tuck. As the dual-logger method classified diving events as its first step, and we then converted any
ten-minute bout with a dive into ‘foraging’, it is difficult to say how we could improve on that using
the relatively low-resolution immersion data available when using only a geolocator. However, our
additional steps to equalise time leg-tucking resulted in foraging/active and rest time being relatively

similar overall between the two methods across all processed datasets (Table 5).
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Table 4. Matrix of behaviours allocated to each ten-minute bout of immersion data using the dual-
logger method (Buckingham et al. 2023) and the geolocator only method developed in this study, prior
to further adjustments (which are only relevant for summarised data). Each value represents one ten-
minute bout of immersion data, and is plotted according to the behaviour it was categorised into using
each method; percentages are the values allocated to each behaviour compared to the total number
of bouts across all processed datasets. Green shading indicates the equivalent behaviours between
the methods, i.e. the behaviours we would expect the same bout of immersion to be grouped into

based on each method.

Geolocator only (this study)

Rest:
Foraging geolocator Rest:
Behaviour  /active tucked colony Flight
. 75,929 11,767 125 138 87,959
Foraging
(28.63%) (4.44%) (0.05%) (0.05%)  (33.17%)
79,861 79,861
A . ’ ’
ctive  30.11%) 0 0 0 (30.11%)
Rest: | 41,244 641 238 11 42,134

TDR tucked | (15.55%) (0.24%) (0.09%) (0.00%)  (15.89%)

Dual-logger (Buckingham et al. 2023)

Rest:
eoloc:ts:r . 51,403 1,716 936 54,055
g ety (19.38%) | (0.65%) (0.35%)  (20.38%)
Rest: colon . 331 EE) 22 636
' v (0.12%) (0.13%) | (0.01%)  (0.26%)
Flicht 1 222 54 215 492
8Nt 0.00%) (0.08%) (0.02%) | (0.08%)  (0.19%)
197,035 64,364 2,466 1,322 265,187

(74.30%) (24.27%) (0.93%)  (0.50%) (100%)
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Energetic adjustment

As we grouped foraging and active on water when using geolocator-only data, we were required to
also group these behaviours within our energy expenditure calculations. We used the dual-logger
dataset (Buckingham et al. 2023) to derive a new constant for foraging/active that resulted in similar
values of energy expenditure when these behaviours were derived using light-immersion data only
compared to the dual-logger method. Firstly, we summed the daily energy expenditure across all dives
by each individual using the dual-logger dataset (with energy expenditure during diving calculated
using equation 1). We then calculated an hourly rate of energy expenditure whilst diving (Roive) by
dividing the energy expenditure during diving by the total number of hours spent diving for each
individual each day (Toie). Mean Roiwe across all individuals and days in our dataset was 105 kJ hL.
Subsequently, we calculated a new energetic rate for the combined behaviour of foraging/active using

the following equation:

Tpive * Rpive + Tactive * (113 — 2.75 * SST)
RForaging/Active = (Toive + Tactive) + 2.75 = SST

where Tpive and Tacive Were the hours diving and active, respectively, Roive Was the rate of energy
expenditure during diving as calculated above, and SST was the mean saltwater temperature (°C)
recorded by the geolocator. All values were measured per individual per day. Mean Reoragingactive at 0°C

across all individuals and days was 117.9 kJ h'%,

We then calculated the SST threshold that delimits the temperature below which Guillemots expend
additional energy on thermoregulation for each behaviour where SST was a factor. Deriving this
threshold was necessary as higher temperatures cannot reduce metabolic rates below the resting or
baseline rates in endotherms. We used the constant from Tcoiony (33 kJ h?) as our metabolic rate at
rest. We determined the temperature thresholds by calculating when the rates of energy expenditure
during Tcolony and Troraging/active fell below the resting rate. For example, the rate of energy expenditure

for Trest Was calculated as:
(72.2 — 2.75 % SST) * Trest

We rearranged this equation to find the value of SST at which this rate fell below 33 and did the same
for Troraging/active. FOF Trest, this temperature was 14.18°C and for Troraging/active, this value was 30.9°C. Thus,
Guillemots need to expend additional energy on thermoregulation when SST is below these values for

each respective behaviour.
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Within our dataset, SST was always below 30.9°C, thus we always incorporated SST when estimating
energy expenditure during foraging/active. We incorporated SST during rest when temperature values
were below 14.18°C only. When SST was above 14.18°C during resting on water, we assigned the same

energetic cost to this behaviour as we had to time resting at the colony.

This process resulted in two equations for calculating DEE (kJ) in Guillemots using behaviours derived

using the geolocator-only method:

1) When the daily mean SST < 14.18°C
DEE = 508 Tpjighe + (118 — 2.75 * SST) Troraging/active T 33 Tcolony + (72 — 2.75 * SST) Trest
2) When the daily mean SST > 14.18°C

DEE = 508 TFlight + (118 —2.75 % SST)TForaging/Active + 33(TColony + TRest)

using the number of hours spent in each of foraging/active, rest, flight and colony attendance, and

where SST was the mean saltwater temperature (°C) recorded by the geolocator.

Energetics validation

We tested the similarity in energy expenditure between the two methods. We summed energy
expenditure during both time diving and time active on the water per individual per day for the dual-
logger method and compared this to energy expenditure during time foraging or active using the

geolocator-only method.

Energy expenditure during foraging/active and resting on the water were reasonably similar between
the two methods (Table 5). As discussed above, the geolocator-only method estimated more time
spent in flight and attending the colony than the dual-logger method, resulting in greater energy

expenditure in these behaviours (Table 5) and slightly higher DEE overall (Table 5; Figure 5).

16 Seabird 37 (2025)



Improved method for Guillemot behavioural budgets

Table 5. Summed hours across all processed datasets in each behaviour and energy expenditure for
each behavioural allocation method. This summary was calculated after the leg-tucking correction for

the geolocator-only dataset.

Hours Energy expenditure (kJ)
Behaviour Dual-logger Geolocator-only Dual-logger Geolocator-only
Foraging/Active 24,864 24,398 2,125,040 2,088,533
Rest 18,838 19,101 748,330 760,900
Flight 102 219 51,926 111,167
Colony 115 394 3,789 13,008
Total 43,918 44,112 2,929,085 2,973,609

2500+

2250+

2000+

1750 -

1500 -

12504

Geolocator-only method (kJ)

1000~

750 1

750 1000 1250 1500 1750 2000 2250 2500

Dual-logger method (kJ)

Figure 5. A comparison of overall DEE calculated using each behavioural method approach. Each data
point is an individual on a given day, with its position on the x-axis indicating how much energy it
expended when behaviours and energetics were allocated using the dual-logger method, and its
position on the y-axis when allocated through the geolocator-only method. The solid yellow line

represents the smooth for each method of behavioural allocation, with the grey bar representing the
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area within the 95% confidence intervals. The orange dashed line represents an equal slope between
xandy, i.e. if energetics were perfectly aligned between the methods, the blue points and yellow line

would line up against this exactly.

Discussion

Many previous efforts to classify seabird behaviour from light-immersion data were based on
assumptions that could not be validated at that time. Overall, the steps we have described above have
resulted in an activity budget and energy expenditure (Table 5; Figure 5) using light-immersion data
that is reasonably comparable to the activity budget and energy expenditure calculated when these
data were combined with TDR data. However, we have highlighted several limitations that should be

noted when using only light-immersion data to estimate time budgets and energy expenditure.

Most importantly, we were unable to extract foraging behaviour from light-immersion data, meaning
geolocators are not an appropriate method for identifying key foraging times or locations for diving
species of seabird that spend a lot of time on the water, such as auks. Therefore, if detailed
information on foraging behaviour is required, we recommend deploying loggers that collect higher

resolution temperature and pressure data as well as light-immersion data.

Distinguishing between when an individual was truly dry (i.e. in flight or resting on land) versus resting
at sea (tucking one leg) was easier with the addition of the TDR device. The dual-logger method
provided us with data from each leg, enabling leg-tucking to be classified more accurately than when
only one leg was tagged. Leg-tucking was more easily identifiable when the TDR-equipped leg was
tucked, as the temperatures were much higher than those recorded by the geolocator, yet the
geolocator was immersed, indicating that the individual was not out of the water in high air
temperatures. Similarly, tucking of the geolocator-equipped leg was easier to identify when combined
with TDR data, as the TDR temperature data were more stable when immersed in water, indicating
that only one of the legs was dry. Leg-tucking will always be difficult to accurately measure when only
one leg is deployed with a logger, but use of the correction factor described in this study, based on
data collected from both legs of multiple individuals, will improve estimations of leg-tucking for

studies where only one leg is tagged.

Differentiating between flight and colony attendance was difficult when using either method, and
relied on a time limit for flight to allocate the behaviours, as in previous studies (Dunn et al. 2020;

2022; Buckingham et al. 2023; Bennett et al. 2024). We did not to include distance from the breeding
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colony to determine whether colony attendance was possible, as many individuals within our study
remained near the breeding colonies for much of the non-breeding season (Buckingham et al. 2023)
and due to the low spatial resolution of geolocator data (Halpin et al. 2021); however, this measure
may be more relevant for studies where individuals range more widely. Using the geolocator-only
method, two individuals (which both bred at Whinnyfold) had a single night (17 March 2020) that was
dry for its entirety and so reassigned from resting with the geolocator tucked to colony attendance.
We had expected this to be a relatively rare behaviour, so it was reassuring that we observed few
occurrences of this behaviour. In addition, this result matched with camera observations of no night-
time colony attendance for Guillemots on the Isle of May (Bennett et al. 2024). If logistically possible,
local validation of colony attendance during the non-breeding season could help determine where
nighttime colony attendance is likely, and how frequently colony attendance occurs across
populations, as this behaviour appears to be more common in the UK compared to e.g. northwest

Atlantic populations (Runnels et al. 2024).

We allowed a slightly longer maximum period of flight-time (30 minutes rather than 20) than used by
Bennett et al. (2024), based on our analyses of dry bout lengths during the period between Guillemots
leaving the breeding colony and returning later in the autumn (Figure S3). It is therefore possible that
flight times may be colony-specific, as the individuals within our study and Bennett et al.’s (2024)
remained closer to the breeding site throughout the non-breeding season than those breedingin e.g.,
mid-Norway (Lorentsen & May 2012); however, auks can complete significant migrations whilst
flightless, by swimming and using local currents (Merkel et al. 2023). We therefore advise taking
validation steps, such as the ones taken within this study, to test the possible lengths of flights for
other populations. When using the geolocator-only method, estimates of time in flight and attending
the colony were higher than when using the dual-logger method, with most of these additional records
classed as resting with the geolocator tucked using the dual-logger dataset (Table 2). All of these
behaviours (flight, colony attendance, and tucking the geolocator) involve a dry or mostly dry
geolocator, but additional information on TDR temperature stability (an indicator of whether the TDR
was wet or dry) was not available for the geolocator-only method. As time spent attending the colony
and resting on the water have similar energetic costs, the energetic consequences of misidentifying
time resting on water as time attending the colony are relatively small. However, the energetic
consequences of misidentifying time resting as time in flight are greater, as flight is a very energetically
costly activity for auks (Schraft et al. 2019). To counteract this, and because there was higher

uncertainty when distinguishing between these behaviours than when using the dual-logger method,
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we did not allocate the first ten minutes of time spent attending the colony to time in flight, as we had

done with the dual-logger method.

We adapted Elliott et al.’s (2013, as corrected in Patterson et al. 2022) formula to estimate non-
breeding season energy expenditure in Guillemots. Although this formula was originally derived based
on data from a relatively small sample of Briinnich's Guillemots Uria lomvi, and made several
assumptions (e.g., leg tucks were assumed to be time spent resting on the water, a breeding season
body mass was used, yet mass is likely to vary throughout the annual cycle, and the cost of moulting
and replacing feathers was not incorporated; Elliott & Gaston 2014), it has been widely applied to
calculate energy expenditure in both Briinnich's and Common Guillemots (e.g., Burke & Montevecchi
2018; Dunn et al. 2020, 2022, 2023; Patterson et al. 2022; Buckingham et al. 2023; Bennett et al.
2024), and adapted for use in other species of auk (Fayet et al. 2016; Dunn et al. 2023).

We did not incorporate light measured directly by the logger in our behavioural allocation process, in
contrast to Darby et al. (2022) and Bennett et al. (2024), based on our observation of low variation in
light exposure across each behaviour (Figures S1 & S2). Our light data were summarised at a lower
resolution to those used in Darby et al. (2022), where loggers recorded the maximum light within each
five-minute period, compared to our ten-minute periods; thus if the leg was exposed to light for one
of the readings during a ten-minute period, the bout was recorded as fully light even if it had been
tucked for the majority of the time. However, both Darby et al. (2022) and Bennett et al. (2024)
focussed on extracting specific aspects of auk behaviour (moult and colony attendance, respectively),
whereas our main aim was to derive a full behavioural algorithm for Guillemots during the non-
breeding season. As the level of shading experienced at the breeding colony varies significantly among
Guillemot colonies, the inclusion of light to define colony attendance may not be applicable across
many study populations. Finally, during the post-breeding moult, the geolocator-only method
allocated only 0.30% and 0.23% of time to flight and colony attendance, respectively. It is likely that
at this point of the annual cycle, these records were in fact leg-tucking behaviours, but we believe that

this is a minimal margin of error given the resolution of our data.

Overall, if detailed information on foraging activity or colony attendance is required, or highly accurate
estimations of energy expenditure are needed, we recommend loggers with a range of sensors.
However, for legacy datasets, smaller species that are unable to carry higher-resolution loggers, or
studies with budgetary constraints, our approach provides a robust way to estimate behaviour and
energetics in Guillemots. Our method could also be adapted for other species of auks, by adjusting
the maximum length of each flight bout, the inclusion of colony attendance as a possible behaviour,

and allometrically scaling the constants used to calculate the energetic cost of each activity (as in Fayet
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et al. 2016 and Dunn et al. 2023). Assigning behaviour from biologging only data is challenging, and
100% accuracy is an unreasonable expectation (e.g. Bennison et al. 2018; Patterson et al. 2019), but
any imprecision using this method will likely be similar between individuals, colonies and over time,

making this approach appropriate for comparative research questions (e.g. Fayet et al. 2017).
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Figure S1. Histogram of percentage light exposure of the geolocator device during each behaviour,
where behaviours were allocated using dual-deployed time-depth recorder and light-immersion data

(Buckingham et al. 2023).
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Figure S2. Histogram of percentage light exposure of the geolocator device during each behaviour,
where behaviours were allocated using dual-deployed time-depth recorder and light-immersion data

(Buckingham et al. 2023), during the expected post-breeding moult (16 August to 15 September).
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Figure S3. Histogram of the length of each dry bout defined using the dual-logger method after leaving
the breeding colony and before the first observed colony attendance on the Isle of May (21 October;
Bennett et al. 2024), used to inform the maximum length of flight in our behavioural allocation

method.
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