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Abstract: Many animals use the sun compass to guide their movement, sometimes over thousands
of kilometres. Consistent use of the sun compass relies on the endogenous clock to track the sun’s
arc, yet animals travelling east-west might experience mismatches between their internal clock and
local time (clock-shift). Using GPS, we reveal that Manx shearwaters (Puffinus puffinus)
experience such shifts during homing flights, generating predictable errors in sun compass
orientation. Use of the sun compass persists even when shearwaters have access to compass-
independent cues during coast-following. Our findings provide a new avenue for chronobiology
research in the wild, suggest that rapid longitudinal movements may impact other processes
governed by the endogenous clock, and that conserved chronobiological mechanisms impose
remarkable constraints on navigation.
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Main Text: Compass cues are central to navigation, allowing animals to determine the geographic
direction of their heading during movements ranging from metres to thousands of kilometres. Their
use is ubiquitous across animal taxa (/-8) and a wide array of navigational contexts (7, 9-15), from
relatively simple vector navigation to flexible map-and-compass navigation (/6-/8). Animals use
three main sources of compass information: the geomagnetic field, polar stars and the azimuth
(horizontal) angle of the sun (/9-22). To use the sun as a consistent compass cue, animals must
adjust their heading relative to the sun as it moves across the sky over the course of day. This
‘time-compensation’ is controlled directly by an endogenous clock (23, 24) calibrated to local time
using external cues, most notably dawn and dusk (25). Consequently, researchers can use artificial
lights to shift the experienced light-dark cycle and induce discrepancies between an animal’s
endogenous clock and local solar time (22, 24). After this ‘clock-shifting’, animals using a sun
compass show predictable deflections away from their intended trajectory due to error in time-
compensation (22). Using this approach, sun compass orientation has been investigated thoroughly
in homing pigeons (Columba livia), the main model of avian navigation (8), but also demonstrated
in a wide variety of avian and non-avian taxa (2, 9, 12, 15, 26-30), including in wild Manx
shearwaters homing after displacement (/3).

As well as mitigating against the accumulation of error, calibration of the clock to light-dark cycles
allows animals to adjust to changes in local solar time when they move across lines of longitude.
Dawn provides a highly salient calibration cue (25, 31) so birds’ clocks are expected to be in sync
with local time at the start of each day (32). However, they appear unable to use other time-varying
cues, such as sun elevation, to calibrate their clocks between dawn and dusk (33). As a result,
clock-shift may be induced by longitudinal movement within a single day (34). Movement-induced
clock-shifts might impact any behavioural or physiological processes influenced by the
endogenous clock (35, 36), with the potential for adverse effects on migratory animals similar to
those of jetlag in humans (37-40). Most endogenous clock research has occurred in laboratory
settings (41, 42) but the ability to detect clock-shifts induced by longitudinal movement would
create the potential to investigate the role of the clock in behaviour and physiology under natural
conditions.

Due to its close link to the endogenous clock, such clock-shifts could be detected by their impacts
on the sun compass and would facilitate investigations of sun compass use in the wild. Eastwards
movements should cause the endogenous clock to lag behind local time, resulting in clockwise
deflection from the intended direction, whilst westwards movements should cause the clock to run
ahead of local time, with anticlockwise deflection. These predictions have been supported by rapid
experimental displacements of Adélie penguins (Pygoscelis adeliae) across lines of longitude (43,
44) and observations that the routes of wild migratory birds in the Arctic appear, as predicted, to
follow changing compass bearings (45, 46). However, these observations of migratory birds could
not be linked directly to clock-shifts and sun compass error. To attribute orientation error to
movement-induced clock-shifts via use of the sun compass without experimental manipulation,
other sources of navigational error must first be excluded. Some birds use a geomagnetic compass
with error caused by changes in geomagnetic declination (the angular difference between
geographic and magnetic north (14, 35)), which varies across lines of longitude. Distinguishing
these sources of error requires calculation of precise expected deflections under these alternate
hypotheses which, for sun compass use, requires knowledge of an animal’s longitudinal movement
since dawn.

In this study, we used a GPS tracking dataset, comprising 3025 foraging trips from 886 free-
ranging breeding Manx shearwaters to demonstrate that rapid flights across lines of longitude
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induce clock-shift and sun compass error. Shearwaters from major UK colonies generally forage
in the Irish Sea and Northeast Atlantic, up to around 1,000km west of their breeding islands. After
foraging, they home back to these colonies, orienting with remarkable efficiency (Fig.1A; (47)).
We isolated 2101 homing bouts by identifying periods of continuous flight which involved
directed movement towards the colony (see Fig.1B and Materials and Methods for details).

Movement-induced clock-shift and sun compass use

During homing, the breeding island can be defined as the intended target of the shearwater a priori
and the angular deflection away from the most direct (great circle beeline) route can be calculated.
We can also estimate the angular deflection expected if time-compensation errors result from
clock-shifts during longitudinal movement. The expected clockwise deflection increases at an
average rate of 1° for every 1° of eastward longitudinal displacement but with variation depending
on the time of day, due to changes in the rate of solar azimuth change. This allows us to calculate
precise values of expected deflection (Fig.2).

Although shearwaters avoid flying over land, they do not anticipate landmasses until after they
come within sight, and instead orient on the direct homeward beeline, using map-and-compass
navigation (47-50). For this reason, and to exclude a variety of other spatial or directional cues
available along coastlines which might mask sun compass error, we initially focused on homing
behaviour out of sight of land.

For each bout of continuous homing, we calculated the mean observed and expected deflections
from the beeline at each fix. We constructed a linear mixed effect model with observed angular
deflection as the response, predicted by expected deflection as a fixed effect and individual as a
random intercept. To account for other potential influences on orientation, such as the Coriolis
effect, time of day, cumulative distance travelled that day, distance from the colony and colony
identity, these terms were included in the model (see Materials and Methods for a detailed
explanation of the Coriolis term). Although shearwaters are generally assumed to orient along the
most direct great circle routes (47), they may also use a simpler strategy of following a fixed
compass bearing, resulting in thumb line routes. To ensure observed deflections from the great
circle beeline did not result from rhumb line orientation, we calculated the difference between the
initial great circle and rhumb line bearings towards the colony from each fix. The mean of these
deflections across each bout acted as the expected deflection if shearwaters orient on rhumb lines
and was included in the model. Terms with Variance Inflation Factor (VIF) > 5 were removed to
avoid multicollinearity, and chi-square and P-values were estimated for each term using likelihood
ratio tests on nested full and restricted models. Model fit is visualised in Fig.S1-S6.

Clockwise deflection increased with increasing expected deflection (4.62 + 4.27° observed
deflection per 1° expected deflection [mean = 95% CI], ¥*1 = 4.45, P = 0.035), consistent with use
of the sun compass to navigate when out of sight of land and clock-shift resulting from longitudinal
movement (Fig.3). In addition, expected rhumb line deflection did not predict observed deflection
(x*1 = 0.24, P = 0.627), suggesting that, in the absence of sun compass error, shearwaters orient
along the most direct great circle beelines. No other covariates predicted observed orientation error
(test statistics are reported in Table S1). The slope between observed and expected deflection is
steeper than the expected 1:1 relationship but not significantly so. Although estimating the precise
magnitude of orientation error from tracking data is difficult (see Supplementary Text), this
suggests heavy reliance on the sun compass as part of a map-and-compass system, without
complete correction from compass-independent mechanisms or other compass cues. This mirrors
findings in homing pigeons released outside their familiar area (57, 52), where they are thought to
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use the sun compass in combination with a map of large-scale gradients in atmospheric olfactants
(53), perhaps similarly to wild shearwaters (48-50). This result also necessarily suggests that
animals clock-shift themselves during their natural longitudinal movements, with a range of
potential behavioural and physiological consequences.

To ensure that this result was not driven by magnetic compass error, we also calculated predicted
deflections based on two magnetic compass mechanisms. First, we calculated predicted deflection
if shearwaters used a magnetic compass without accounting for changes in geomagnetic
declination through space (using declination at the colony as the baseline). Predicted deflection
was equal to the difference in declination between a given GPS location and declination at the
colony. Secondly, we calculated predicted deflection if shearwaters were able to correct their
magnetic compass for changes in declination by calibration during dawn or dusk (54). The
predicted deflection was, therefore, the difference between declination the shearwater experienced
at a given GPS location and declination it experienced at sunrise. Inclusion of the former metric in
the main model resulted in high multicollinearity (VIF = 29.29) so we instead constructed two
models identical to the main model but with magnetic rather than sun compass predictions, to
conduct non-nested model comparison. We found that the sun compass model fitted substantially
better than both magnetic models (AAICc = -3.56 and -2.99, respectively). As the expected
deflections under sun and magnetic compasses are so similar in most of the dataset, we constructed
linear models using only the data where the absolute difference between the sun and both magnetic
compass predictions was >2°. In this case, when the disparity between predictions was greatest
(and despite the very small size of this subset: n = 14), support for the sun compass model was
even stronger (AAICc = -7.82 and -8.62, respectively). These comparisons indicate that the
observed deflections result from use of the sun compass, not a magnetic compass. This is consistent
with existing research on shearwaters; although there is evidence that they are magnetosensitive
(55), attachment of strong neodymium magnets does not appear to affect their orientation (48-50),
unlike in species that have been robustly shown to use a geomagnetic compass (56). In contrast,
experimentally induced clock-shift has demonstrated that shearwaters use a time-compensated sun
compass (/3) and are not able to orient accurately when it is manipulated, suggesting that the sun
is their primary source of compass information.

Use of the sun compass in combination with compass-independent cues

Coastlines may provide familiar visual or spatial cues that reduce navigational error and hence
reduce clock-shift effects. Following of similar linear features has been observed in pigeons
released at familiar sites (5/, 52) and attributed to learning of idiosyncratic pilotage routes (57-
59). However, small clock-shift effects persist even when pigeons are following highly familiar
routes (/4). Inspired by this phenomenon, we investigated whether self-induced clock-shift in
shearwaters resulted in similar lateral shifts during coast-following. We identified bouts of homing
when shearwaters were flying along coastlines and recorded the direction of land (clockwise or
anticlockwise) relative to their direction of travel, the expected deflection under sun compass-use
and the mean perpendicular distance from land. We constructed a linear mixed effect model with
mean distance from land as the response, predicted by an interaction between the expected
deflection and the direction of land. We also included the covariates listed above as fixed effects
and individual as a random intercept.

We found a significant interaction between shearwaters’ predicted deflection and the relative
direction of land (y*1 = 9.68, P = 0.002); shearwaters fly closer to land when their expected
deflection is in the same direction as the coast they are flying along (-0.64km per 1° expected
clockwise deflection when land is clockwise of direction of travel and 0.56km per 1° when land is
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anticlockwise, difference: 1.20 £ 0.76km; Fig.4). Distance from land was not predicted by any
other term with the exception of colony (y*s = 42.22, P < 0.001) and time since dawn; shearwaters
moved closer to land later in the day (-0.09 + 0.09 km per hour, ¥*1 = 4.29, P = 0.038). To ensure
that values with extreme expected deflections were not driving the relationship with expected sun
compass error, we conducted the same analysis on data with expected deflections between -2° and
2°, yielding the same significant relationship with very similar coefficients (Supplementary Text;
Fig.S7). This suggests that shearwaters use the sun compass in combination with compass-
independent mechanisms (e.g. pilotage) along coastlines even when these mechanisms conflict.

Discussion

Previous studies have used longitudinal displacement to generate clock-shift effects (43, 44) and
theoretical work has suggested that this might occur naturally during long-distance migration (34,
45, 46, 60). Here, we demonstrate that rapid longitudinal movements can indeed lead to jetlag-like
clock-shifts in wild animals and that these result in sun compass error. We show that shearwaters
use the sun compass throughout homing. Our results provide further support for the notion that
shearwaters use map-and-compass navigation when homing from distant locations beyond sight
of land (47) with solar azimuth as the main compass cue (/3). We also provide evidence that when
shearwaters follow coastlines (49, 50), presumably using compass-independent pilotage, they
balance this with information from the sun compass. These findings provide insight into how
animals use the sun compass under natural conditions but match well to those generated from
experimental displacement of homing pigeons (/4, 51, 52), despite their relatively distant
phylogenetic relationship and markedly different environment.

The angular deflections induced by this error are relatively small (up to a maximum of around 15°
in shearwaters) but such errors could accumulate over long-distance migrations, especially in birds
relying on clock-and-compass navigation without the ability to reorient toward a goal. For
instance, Northern wheatears (Oenathe oenathe) making non-stop flights over the Atlantic from
Baffin Island, Canada, to the British Isles traverse around 3,400km and 60° of longitude in four
days (61). If wheatears, like shearwaters, use a time-compensated sun compass and cannot correct
for clock-shifts within each day, they would be predicted to end up hundreds of kilometres from
the endpoint of their initial bearing. Alternatively, if such deflections are not observed, animals
relying on a sun compass must use mechanisms to account for these time-compensation errors
either through calibrating their endogenous clocks against as yet unknown cues available
throughout the day, monitoring their own longitudinal movement to adjust their time-
compensation or combining sun compass information with other cues. By shifting the orientations
of migratory animals and perhaps driving the evolution of strategies to mitigate for these shifts,
this phenomenon has the potential to shape global animal movement and navigational strategies.

In this study, it was possible to detect clock-shifts through shearwaters’ use of a time-compensated
sun compass. Predominantly through laboratory studies, endogenous clocks are known to
influence a wide array of animal physiological and behavioural processes (35, 36) with
downstream impacts on ecological interactions (62-64) and adverse effects of disruption to the
clock, including in humans (37-40). Due to its inherent reliance on the endogenous clock, with
little potential for masking by other cues (65), sun compass orientation might be a particularly
powerful way to detect clock-shifts in wild animals. We hope that this study will help bridge the
gap between chronobiology and ecology (41, 42), opening the door to investigations into the
influence of the endogenous clock on behaviour and physiology under natural conditions, the
impacts of clock-shift on long-distance migratory animals, sun compass use in the wild, and
perhaps how some animals might be able to cope with frequent clock-shifts. Although these clock-
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shifts will be most detectable and ecologically relevant for animals travelling long distances, our
findings imply that any animals moving east-west between dawn and dusk might be subject to
clock-shifts, with broad implications for the ecology and chronobiology of wild animals.
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Fig.1. 20 years of tracking data from adult Manx shearwaters breeding on islands across the
western coasts the UK. (A) Full tracking dataset with outbound flight and foraging in blue, and
homing flights highlighted in orange. The positions of breeding colonies (orange diamonds) are
shown in the inset. (B) Schematic detailing identification of homing. Outbound travel and foraging
are shown in blue and homing in orange. A single continuous homing bout is highlighted in
brighter orange. Homing was identified as bouts with bearings within 75° of the homeward
direction and which end at least 25% closer to the colony than they started. For this bout, deflection
from the homeward beeline is 7.5° and the bout ends around 50% closer to the colony.
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Fig.2. Schematic of expected clock-shift during longitudinal homing flights of shearwaters.
(A) An example foraging trip with outbound flight and foraging in blue. The bird begins to home
at point H. On the first day of homing, its endogenous clock is calibrated to local time at 30°W.
However, the shearwater travels eastwards to 15°W over 6 hours to point B. Here, sunrise
5 happened an hour earlier, so the shearwater’s perceived time lags local time by an hour and the
sun is roughly 20° further clockwise than the shearwater expects. (B) At point B, this discrepancy
causes the shearwater to orient roughly 20° clockwise of the correct direction. Clock images were

reproduced without modification under CC BY-SA 4.0
https://commons.wikimedia.org/wiki/File:Clock 12-00.svg
10 https://commons.wikimedia.org/wiki/File:Clock _01-00.svg.

15


https://commons.wikimedia.org/wiki/File:Clock_12-00.svg
https://commons.wikimedia.org/wiki/File:Clock_01-00.svg

Submitted Manuscript: Confidential
Template revised July 2024

100

-100

Observed clockwise deflection (°)
o

2.5 0.0 2.5 5.0 7.5
Expected clockwise deflection (°)

Fig.3. The relationship between expected and observed deflection, based on use of the sun
compass and clock-shift during longitudinal movement. The fitted slope is a marginal effect
derived from the linear mixed effects model.
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direction of travel and those birds with the most clockwise predicted deflection are furthest from
the coast. (B) Marginal effect plot showing the relationship between expected clockwise deflection
and perpendicular distance from land whilst coast-following. Shearwaters fly closer to land when
the expected deflection aligns more strongly with the relative direction of land. See Fig.S7 for a
detailed view of the relationship within the cluster of points around expected deflection = 0°.
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Materials and Methods

Data collection

Breeding adult Manx shearwaters were tracked between 2004 and 2023 on breeding colonies
around the UK: Skomer Island (n = 2831 trips; 51°44'15.7"N, 5°16'58.8"W), Ramsey Island (n =
196 trips; 51° 51' 58.3"N, 5° 20' 20.9”W) and Skokholm Island (n = 307 trips; 51°41'38.6"N,
5°17"7.5"W), Pembrokeshire, Wales; Lighthouse Island (n = 3142 trips; 51° 41" 38.5"N,
5°31'32.9"W), Copeland Islands, Northern Ireland; Rum (n = 89 trips; 56°58'59.4"N,
6°17'41.3"W), Hebrides, Scotland; Lundy (n = 368 trips; 51°10"7.6"N, 4°40'7.8" W), Bristol
Channel, England. Shearwaters were tracked with Mobile Action Igot-U GT-120 (17g),
TechnoSmart AxyTrek Marine (13g), TechnoSmart AxyTrek Gypsy 6 (11g), SnapperGPS (11g,
see(66)) or custom-built (17g, see (67)) archival loggers that were attached dorsally using Tesa
tape and superglue following the protocol laid out in (67). Devices weighed no more than 5% of
each bird’s total body mass and smaller devices used later in the study weighed < 3% body mass.
All tracking was conducted under Special Methods licence from the British Trust for Ornithology
and approved by the University of Oxford Animal Welfare Ethical Review Body.

Data processing

Data processing and statistical analysis were conducted in R version 4.4.2 (68), using the
packages ‘dplyr,” ‘data.table,” ‘stringr’ and ‘lubridate’ (69-72). The full dataset is composed of
1477 GPS tracks. Figures were created using ‘ggplot2,” ‘effects,” ‘ggspatial,” ‘rnaturalearth,’
‘rnaturalearthdata’ and ‘rnaturalearthhires’ (73-79).

Filtering and interpolation

Tracks were first filtered to remove any unrealistic positions (< 45° or > 75° N, <35° W or >
6° E) or duplicate fixes. The median fix interval was calculated and gaps between fixes longer than
10 median fix intervals were identified. These represent periods where the GPS was occluded and
did not receive sufficient satellite signal to estimate position. Positional data from SnapperGPS
loggers are generated through a post-processing algorithm (80) which assigns each fix a value of
‘confidence’ (arbitrary units), with 0 representing failure to estimate a location; fixes with values
of 0 were removed. For remaining fixes, we calculated the great circle distance between each fix
and the preceding fix using the ‘distHaversine’ function from the package ‘geosphere’ (87) and
calculated the speed between fixes. We iteratively removed fixes associated with unrealistic speeds
(> 80kmh™"). We then again identified gaps of greater than 10 fixes. To ensure consistent measures
of orientation error, we interpolated to 5-minute resolution within each continuous section of track
(i.e. not across gaps), using a cubic polynomial approach via the ‘pchip’ function from the package
‘pracma’ (82). After interpolation, speeds were recalculated and filtered again. Finally, we
calculated distance from the colony at each fix and considered to the bird to have returned to the
colony when it was within 3km. Using this rule, we split tracks into separate trips, ignoring periods
when the bird was more than 3km from the colony for less than 2 hours. After this processing, we
retained 3,025 trips from 1,370 tracks for analysis.

Homing identification

Homing is sometimes identified as the final period of rapid, directed movement during a trip,
where this ends at or near the breeding colony (/3, 47). However, due to the distance of many
shearwater trips, necessitating homing over multiple bouts or even days, and the fact that they
detour around landmasses, both of which we wished to capture, we used a broader approach. We
aimed to identify periods of continuous travel which were, overall, directed towards the colony
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and resulted in substantial movement towards it, even if they involved detours around obstacles
and did not actually end at the colony. To identify periods of continuous travel, we calculated mean
speed over a rolling 15-minute window. Rolling mean speed was bimodally distributed and we
used a Gaussian mixture model (via the ‘normalmixEM’ function from ‘mixtools’ (83)) on the
natural logarithm of rolling mean speed to identify bouts of commuting (> 15.6kmh™), ignoring
bouts which were less than 15 minutes long and ignoring gaps within bouts which were up to 60
minutes long. To quantify whether each bout involved substantial, directed movement towards the
colony, we measured the initial distance from the colony, the final distance from the colony and
the great circle bearing from the start to the end. We identified homing bouts as those with bearings
within 75° of the homeward direction (threshold derived from a Gaussian mixture model on the
natural logarithms of the absolute deflections), that started at least S0Okm from the colony, and
ended at least 25% closer to the colony. Within each of the bouts, only those fixes when the bird
was in flight over the 5-minute fix interval (raw speed > 15.5kmh™, as identified by a Gaussian
mixture model) were identified as being actively homing.

Orientation data and expected deflection predictors

For each fix, we calculated the great circle bearing to the next fix, as well as the great circle
and rhumb bearings to the colony using the ‘bearing’ and ‘bearingRhumb’ functions from
‘geosphere’ (87). The difference between the instantaneous bearing and the great circle bearing to
the colony was the measured instantaneous deflection (orientation error). We used the difference
between the great circle and rhumb bearings to the colony as the expected deflection from the great
circle beeline if the birds followed rhumb, rather than great circle orientations. To generate
predictions for orientation error under sun compass use, we identified when the bird could see the
sun directly by extracting local sunrise and sunset times for each fix and the azimuth angle of the
sun a shearwater would have observed at each fix using the ‘sunCalc’ package (§4). We calculated
the difference between this azimuth and the solar azimuth the bird would have experienced at the
same time if it had remained at its sunrise location, which gives the expected deflection if
shearwaters use a time-compensated sun compass. To generate predictions for orientation error
under geomagnetic compass use, we also extracted the geomagnetic declination angle at each fix
and the declination at each colony on the 1% July in each year of the study from the International
Geomagnetic Reference Field 13 via the GEOMAG70 program (85). We then calculated the
difference between the local declination and the colony’s declination, which represents the
expected orientation error if shearwaters rely on a geomagnetic compass calibrated to magnetic
declination at the colony. To generate expected error if shearwaters use a geomagnetic compass
that is corrected for changes in declination during dawn or dusk, we calculated change in
geomagnetic declination since the bird experienced sunrise. We also calculated a metric for the
expected deflection generated by the Coriolis effect acting on flying shearwaters. For periods of
continuous flight, we calculated the distance travelled from the start of the period in both
longitudinal and latitudinal components. The sum of these components multiplied by the sine of
the bird’s latitude constituted the Coriolis predictor.

Coast-following and distance from land

We identified whether any landmass in the British Isles was visible from each fix using a grid
of steradians of visible land around the British Isles (‘raster’ package (86)), whether the home
colony was visible and whether the fix was within 30km of any major landmass (area greater than
20km?, using the package ‘sf” (87, 88)). We determined whether, from each fix, there was a clear
beeline to the colony, without intervening landmasses. For fixes within 30km of land, we
calculated the clockwise and anticlockwise bearings perpendicular to the instantaneous bearing.
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We then identified whether any land was present within 30km along these bearings and calculated
the distance from the fix to the nearest land.

Identification of continuous diurnal periods out of sight of land and land-following

For analysis of orientation, we identified periods of continuous homing that occurred between
sunrise and sunset, out of sight of land (including the colony), ignoring periods shorter than 15
minutes and ignoring gaps within periods of less than 30 minutes. For each of these bouts,
including only fixes where the bird was in flight, we calculated the mean orientation error expected
under sun compass use, and both geomagnetic compass predictions, as well as the mean observed
orientation error, using the ‘mean.circular’ function from the package ‘circular’ (89). We also
calculated the mean angular deflection expected if shearwaters followed a rhumb, rather than great
circle bearing. For each bout, we calculated a number of covariates that might predict changes in
orientation: mean time since dawn, mean cumulative distance travelled so far that day and mean
distance from the colony.

Using the same procedure, we also identified bouts of homing between sunrise and sunset
where birds were flying with a coastline perpendicular clockwise or anticlockwise to their direction
of travel within 30km, where either the bird was beyond the maximum distance at which their
colony was visible or where the beeline to their colony was blocked by an intervening landmass.
For each bout, we recorded the expected orientation error under the three compass predictions, as
well as the same covariates listed above. In addition, we calculated the mean perpendicular
distance from the coastline and recorded whether that coastline was clockwise or anticlockwise of
the direction of travel.

Statistical analysis

We constructed linear mixed effects models to test whether (a) orientation error and (b)
distance from land were predicted by compass error. The first model included mean orientation
error as the response, and expected sun compass error, colony, mean time since dawn, mean
cumulative distance travelled and mean distance from the colony as fixed effects. The second
model included mean distance from the coastline as the response, and the same fixed effects, as
well as an additional effect of the interaction between predicted sun compass error and direction
of land (clockwise or anticlockwise of direction of travel). Both models included individual as a
random intercept. For each term in each model we calculated VIF using the ‘check collinearity’
function from the ‘performance’ package (90). Terms with VIF > 5 were excluded from the model.
This applied only to distance from the colony in the first model. Model fit was assessed via
diagnostic plots (Supplementary Materials). Coefficients for each variable were extracted from the
model and are presented + 95% confidence intervals (CI). The significance of each predictor was
assessed using a likelihood ratio test on nested full and restricted models. In the second model, the
significance of the additive effects of relative distance from land and expected deflection were not
assessed because, in the absence of the interaction, these terms are not expected to predict distance
from land. Non-nested comparisons between models with orientation error from a) sun compass
use, b) geomagnetic compass use calibrated at the colony and c¢) geomagnetic compass use
calibrated each day were conducted using the corrected Akaike Information Criterion (AICc) from
the ‘AICcmodavg’ package (91).

Supplementary Text
Model fit
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Model fit for both linear mixed effects models is visualised in Fig.S1-S6. Both models show
significant deviation from the assumption of normally distributed residuals (Kolmogorov-Smirnov
D =0.107, P <0.001 and D = 0.055, P < 0.001, respectively) but, given the robustness of linear
mixed effects models to such violations (92, 93), these were not considered to jeopardise inference.

Full model results
Full results from both linear mixed effects models are presented in Table S1.

Accounting for high leverage of extreme values in land-following model

In the analysis of distance from land in relation to the relative direction of expected clock-
shift, 95.7% of expected deflections were between -2° and 2°. However, the largest values were
up to around 8°, so the roughly 4% of data beyond the -2° to 2° range potentially had extreme
leverage in this model. We therefore conducted the same analysis but using only data from the -2°
to 2° range (n = 1366). The coefficients of the model were very similar to those of the full model
(-0.93km per 1° when land was clockwise of direction of travel and 0.52km per 1° when land was
anticlockwise, difference: 1.46 &= 1.24km) and the interaction between the relative direction of land
and the expected clockwise deflection remained significant (3> = 5.34, P = 0.021). The results of
this model are shown in Fig.S7, with the slopes from the full model overlaid for comparison.

Measuring the magnitude of orientation error from tracking data

Although the direction and relative magnitude of angular orientation error can be assessed
within tracking datasets, the absolute magnitude of such error is difficult to measure if animals are
able to reorient towards a goal (i.e. if they are using map-and-compass navigation). The measured
angular orientation error will only correspond to the true decision error if the frequency of location
estimates matches the frequency with which the animal makes orientation decisions. When an
animal makes an orientation decision with some error and moves along that bearing, the angular
difference between its movement direction and the goal increases monotonically. Therefore, if
multiple location estimates are taken along the course of that path, the average measured angular
error from the goalward direction will be greater than the true error of the orientation decision.
However, if the animal re-estimates its location after some time, it will reorient towards the goal
and its deflection will reduce again to equal the true angular error of its orientation decision. As
the animal moves along this new path, the angular difference between the bearing from its original
location to its current location and the bearing from the original location to the goal decreases.
Therefore, if location estimates are taken only after the animal has reoriented at least once, the
measured angular deflection of the implied path will be less than the animal’s true orientation
error. This effect means that the exact magnitude of the slope between observed and expected
orientation error should be interpreted with caution.
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Fig.S1. Model fit for the model with observed deflection as the response, showing residuals
against fitted values.
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Fig.S2. Observed quantiles for the residuals in the model with observed deflection as the
response, fitted against quantiles expected under the assumption of normality.



Submitted Manuscript: Confidential
Template revised July 2024

150 .

100 .

Residuals

50

20

-20 0
Fitted values

Fig.S3. Magnitude of absolute residuals across fitted values in the model with observed
deflection as the response. Fitted line is a Loess smooth.
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Fig.S4. Model fit for the linear mixed effects model with distance from land as the response,
showing residuals against fitted values.
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Fig.SS. Observed data quantiles for the residuals in the model with distance from land as the
response, fitted against quantiles expected under the assumption of normality.
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Fig.S6. Magnitude of absolute residuals across fitted values in the model with distance from
land as the response. Fitted line is a Loess smooth.
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Fig.S7. The relationship between expected clockwise deflection and distance from land for
values of expected deflection between -2° and 2°. The marginal effect of expected deflection on
distance from land in this model are shown with black lines and the marginal effect from the full
model is overlaid for comparison using grey lines.
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Response Predictor Coefficient DF | 2 P
[Sample size] [95% CI]
Mean orientation | Intercept (colony = |-8.73 [-31.30, | - - -
error (°) [n =445] | Copeland) 13.99]
Mean expected | 4.62 1 4.463 | 0.035*
deflection (°) [0.33, 8.90]
Mean expected rhumb | -1.34 1 0.236 | 0.627
deflection (°) [-6.73,4.07]
Colony Lundy: 15.89 |5 5.873 |0.319
[-10.18,
42.19]
Ramsey:
3091 [-5.02,
67.04]
Rum: -7.79 [-
59.23, 43.56]
Skomer: 15.73
[-5.01, 36.64]
Skokholm:
7.59 [-16.24,
31.51]
Mean Coriolis | -0.05 1 0.750 | 0.387
deflection (°) [-0.18, 0.07]
Mean time since dawn | -0.15 1 0.076 | 0.783
(hours) [-1.21,0.91]
Mean cumulative | 0.01 1 0.077 |0.782
distance travelled (km) | [-0.04, 0.05]
Mean distance | Intercept (colony = 1595 [14.44, |1 - -
from land (km) [n= | Copeland, land | 17.45]
1,427] clockwise)
Mean expected | 1.20 1 9.681 | 0.002**
deflection (°) : Relative | [0.45, 1.96]
direction of land
Mean expected | -0.64 1 NA NA
deflection [-1.19, -0.10]
Relative direction of | -1.68 1 NA NA
land = anticlockwise [-2.46, -0.90]
Colony Lundy: 3995 |42.215 ]| <0.001%%%*
[1.33, 6.66]
Ramsey: 3.33
[0.80, 5.85]
Rum: -1.97 [-
5.63, 1.70]
Skomer: 2.46
[1.49, 3.42]
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Skokholm: -

1.32  [-3.48,

8.29]
Time since dawn | -0.09 1 4287 |0.038*
(hours) [-0.18, -0.01]
Mean cumulative | -0.00 1 3.694 | 0.054
distance travelled (km) | [-0.01, 0.00]
Mean distance from the | 0.00 1 0.012 0913
colony (km) [-0.01, 0.01]

Table S1. Full statistical results for linear mixed effects models. Degrees of freedom, ¥ and P-
values relate to likelihood ratio tests between full and restricted models for each term. The
significance of the additive terms ‘Mean expected deflection’ and ‘Relative direction of land’ was
not assessed due to their strong interaction.
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