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‘ Looking out for birds

Geolocators reveal wintering areas of European
Nightjar (Caprimulgus europaeus)

BRIAN CRESSWELL'* and DARREN EDWARDS?
"Biotrack Ltd, 52 Furzebrook Road, Wareham, Dorset BH20 5AX, UK and 226 Warburton Road, Canford Heath,
Poole, Dorset BH17 8SF, UK

Capsule European Nightjars Caprimulgus europaeus breeding in southern England were found to over-
winter in the Democratic Republic of Congo.

Aims To ascertain the wintering areas and migration routes of European Nightjars breeding in southern
England.

Methods The wintering areas of three Nightjars were mapped using light geolocation tags (two in 2008
and one in 2010). For one of these birds, details of the timing and route of migration were determined.
The impact of the birds’ behaviour on location accuracy was measured and data on the timing of
emergence and roosting was collected.

Results All three Nightjars were found to be wintering in the south and east of the Democratic Republic of
Congo, in an area not previously considered to be part of the wintering range of this species. The route of
migration differed in each period. Autumn migration was across central Sahara, whereas in spring the route
was to the west of the Sahara. Aberrations in the light curve caused by the roosting and emergence of the
birds were found to affect the estimated location of the wintering areas, shifting them approximately 1°
south, and reducing the estimated accuracy of the locations. The timing of these aberrations showed that
roosting and emergence roughly follow the timing of dawn and dusk.

Conclusions Current distribution maps for the wintering areas of Nightjars in Africa probably under-
represent the true distribution of the species in the continent. The wide dispersal of birds from the same
breeding area in the UK may be an indication of mixing of breeding populations during the wintering
period. Further study is needed to understand how these results fit into the larger picture of Nightjar
migration both from the UK and the wider Eurasian breeding range, and to determine locations of
stopovers.

The European Nightjar (Caprimulgus europaeus) is the
UK’s only native member of the Caprimulgidae.
Nightjars breed mainly in conifer plantation clearings
and heaths throughout the UK, with principle
population centres in southern and eastern England.
While research into the behaviour of Nightjar during
the breeding season has provided many insights into
both foraging and mating behaviour (Alexander &
Cresswell 1990, Cresswell & Alexander 1990, 1992,
Cresswell 1996), very little is known about the
migration and wintering period. Current maps show
the possible wintering range to extend along the
eastern coast of Africa from Kenya to South Africa
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and in the western Sub-Saharan region from Senegal
to Cameroon (Cleere & Nurney 1998, Holyoak 2001).
However, recovery rates of ringed individuals within
Africa are extremely low and data to confirm current
distribution maps and migratory routes for the
continent are largely lacking (Wernham et al. 2002).
This problem of a lack of knowledge on migration
routes and wintering areas is common across a variety
of species and may be a block to successful
conservation management and allocation of scarce
funds (Luschi 2003, Silvano et al 2006, Faaborg et al
2010, Robinson et al. 2010, Kirby 2011).

Miniaturized light-geolocation tags are one of a range
of options available in the study of migration, allowing
long-term tracking of species that is impossible using
traditional radiotracking techniques (Fiedler 2009).
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These tags have been deployed successfully in a number
of studies investigating long-distance migration and the
locations of wintering areas (Croxall et al. 2005,
Shaffer et al. 2006, Gonzélez-Solis et al. 2007, Harris
et al. 2009, Rodriguez et al. 2009, Stutchbury et al.
2009). Light-geolocation tags monitor light intensity at
regular intervals and use the timing of dawn and dusk
to estimate longitude and the length of daylight to
estimate latitude (Wilson et al. 2002, Hill 1994).
Light-geolocation shows greater accuracy in longitude
estimates than latitude due to sensitivity to small
changes in day length produced by errors in placing
the timing of dawn and dusk. Latitude estimation is
also impossible during the periods around the spring
and autumn equinox because day length is the same at
all latitudes (Hill 1994, Welch & Eveson 1999, Musyl
et al. 2001). Although geolocation using light levels is
not a new idea, it is only relatively recently that use
for tracking animal movements has become
widespread, mainly due to miniaturization of the
devices. Deployment has been largely restricted to
marine animals, for whom sea-surface temperature
(SST) data can be used to compensate for the
inherently poor latitude estimates from light data alone
(Teo et al. 2004, Shaffer et al. 2005, Nielsen et al.
2006). Despite the limitations on the accuracy of
latitude estimates, the low weight of these miniaturized
tags is a major benefit in the long-term tracking of
small birds for which larger GPS or satellite tags are
not suitable, as shown in a number of recent studies on
small terrestrial species (Rodriguez et al. 2009,
Stutchbury et al. 2009, Bichler et al. 2010).

Most studies to date have used a light-intensity
threshold to identify the timing of dawn and dusk
(Shaffer et al. 2005, Fuller et al. 2008, Harris et al.
2009, Rodriguez et al. 2009). A more sophisticated
approach is to fit an idealized curve, created from
theoretical calculations, to the light-intensity data as a
means of identifying the timing of dawn and dusk. The
slope of this fitted curve, in addition to day length and
the timing of dawn and dusk, is used to make the
location estimates (Ekstrom 2002, 2004). This
‘template-fit’ approach has a number of advantages to
the threshold method. The template does not need to
be ‘tuned’ to the data and therefore removes the
subjectivity that comes with selecting a light-intensity
threshold, and allows separate fitting of the curve for
dawn and dusk to accommodate changes in cloudiness
across the day. Another advantage to the template-fit
method is that it provides an estimate of accuracy of
individual locations by assessing the goodness-of-fit to

© 2013 British Trust for Ornithology, Bird Study, 60, 77-86

the theoretical twilight curves (Ekstrom 2007). Test
data from stationary tags and data from the breeding
period have shown the latitude error estimate to be
linearly related to the true error, although the strength
of this relationship appears to change over time
(Cresswell & Edwards unpubl. data). During the
equinox period this relationship is decoupled and the
error estimate does not reflect the true error.
This study aimed to:

1. provide new data on the location wintering grounds
of Nightjar breeding in the UK and the route and
timings of the pre- and post-nuptial migration
using miniaturized light-based geolocation tags; and

2. assess the utility of ‘template-fit’ location estimation
for these tags.

METHODS

Nightjars were captured using mist-nests and playback of
their calls in Wareham Forest, Dorset, southern England
in late summer and early autumn of 2008 (five birds, all
males) and 2010 (five males and one female). The birds
were fitted with geolocation tags (LightBugs) from
Biotrack Ltd (Wareham, Dorset BH20 5AX, UK),
under licence from the British Trust for Ornithology.
The tags used in 2008 were prototypes weighing 2 g
with 60-mm flexible light stalks, while those in 2010
were 1.8 g commercially available LightBugs with
15-mm rigid light stalks. In both designs the light
stalks contained light fibre that channelled light to a
sensor within the tag. The longer stalks used in 2008
gathered more light. Tags were attached with a full-
body harness (Kenward et al. 2001) made from 4-mm
Teflon ribbon (Bally Ribbon Mills, PA 19503, USA).
They also contained VHF transmitters to improve
chances of recapture upon the birds’ return to the UK.
Light intensity was measured every 4 minutes in the
2008 tags and every 7 minutes, 12 seconds in the 2010
tags. Of the 11 tags deployed, 3 (27%) were retrieved
(all from males), Return rates from the study site for
ringed-only birds between 2011 and 2012 was 14%
(4 of 28). Therefore, we believe the return rate of
instrumented birds to be acceptable for this site.

Tag data were downloaded using TagTalk software
(Lotek Wireless Inc., L3Y 7B5, Canada). Template-fit
analysis (Ekstrom 2004) of the raw light data was
carried out using LAT Viewer Studio 2.9.36 (Lotek
Wireless Inc.) to create daily location estimates. As in
previous studies (Guilford et al. 2009, Rodriguez et al.
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2009, Stutchbury et al. 2009) the periods when the birds
were in the breeding area, wintering area and on
migratory stopovers were taken to be periods of stable
longitude. A bird was considered to be migrating when
the longitude or latitude of three or more locations was
shifted by more than twice the standard deviation from
either the winter or summer means. Latitude values
were excluded for 20 days either side of the equinoxes,
from 3 September to 13 October and from 28 February
to 9 April. During these periods day length is too
similar at all latitudes, making latitude estimation
unreliable. Timings of each period of movement were
recorded and used to assess the duration and speed of
the migration. During the periods when the birds were
not actively migrating, i.e. periods with stable
longitude, it was assumed that any movement by the
birds would be inconsequential in comparison with the
magnitude of error associated with geolocation. Given
this assumption, all variation in location estimates was
taken to be due to random error in the estimates and
therefore the distribution was expected to fit to a
normal distribution in both the x- (easting) and
y- (northing) axes.

Each of the stationary periods was analysed using
home range analysis in Ranges8 v2.2 (Kenward et al.
2008). The latitude and longitude estimates produced
by LAT Viewer Studio were converted into northing
and easting values for a Mercator projection with a
false northing of 13 523 000 m and a false easting of 1
403 000 m using GEOTRANS 2.4.2 (US National
Geospatial Intelligence Agency). This conversion was
necessary because Ranges cannot analyse angular Lat/
Lon coordinates or data with negative values. Before
carrying out home-range analysis the locations were
filtered to remove outliers. This filtering was carried
out automatically using the latitude error estimate
based upon the goodness of fit of the template that is
created as part of the template fit analysis (Ekstrom
2007). For the 2008 tags a cut-off latitude error of 4.9°
was chosen as this removed all outliers for tag 766 and
all but one outlier for tag 757. The choice of cut-off
error value for the 2010 tag (125) was more difficult
due to a higher average error and a more even spread
across the error range, which was caused by the shorter
light stalk in this tag. Subsets of the data with varying
error thresholds were analysed to assess the accuracy of
the location estimate during the breeding period and
also the size of ellipses for both breeding and wintering
periods, plotted in a similar way to utilisation curves
(Kenward et al. 2008). From this assessment, a cut-off
of latitude error of 7° was chosen to allow the best
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compromise between the accuracy and size of the data
set. The assumption that all variation was due to
random error was tested by carrying out Kolmogorov—
Smirnov tests for normality on both easting and
northing values for the filtered datasets using the
nortest package in R (R Development Core Team
2010). Simple ellipses were used to assess the location
of the wintering areas because the observed variation
was assumed to be due to random error and expected
to fit a normal distribution (Kenward 2001). Distances
between the wintering areas, potential stopovers and
the breeding area were calculated using great circle
distances using the centre points of the ellipses and the
point of capture, respectively, and assuming a spherical
earth of radius 6372.8 km.

During visual examination of the light curves of tags
757 and 766, a pattern of aberrations in the light
curves at dawn and dusk were observed, likely caused
by the behaviour of the bird entering and leaving
cover; see example curve in Fig. 1. These aberrations
would have introduced a bias in the locations
produced by template-fit methods by dropping the
daytime light levels and reducing the slope of the
fitted curve, leading to a poleward transformation in
location estimates (Ekstrom pers. comm.). The
aberrations were identified visually using LAT Viewer
Studio and the timing of the aberrations along with
the temperature and light intensity immediately prior
to the aberration were collated manually from the raw
data. The raw data were then transformed manually in
Excel (Microsoft Corp.) by lowering light readings on
the night-side of the aberration to remove the impact
on template-fit location. The light intensity at the
peak of the aberration was decreased such that the
slope remained constant with that immediately to
the day side of the aberration. All light-intensity

500 1
4004
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200
100

Log of Light Intensity

o

00:00 06:00 12:00 18:00
Time (UTC)

Figure 1. Light-intensity curve showing aberrations at dawn and
dusk (circled) that we believe occur as a result of the birds’ roosting
behaviour. The light scale is arbitrary because the measurements
are not calibrated.

© 2013 British Trust for Ornithology, Bird Study, 60, 77-86
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values to the night side of the peak were decreased by the
same amount as the peak until the curve flattened or
reached the minimum sensitivity of the light sensor.
Only days with a single aberration in the light curve at
dawn and/or dusk were subject to this transformation,
days with multiple or no aberrations were not
transformed. The data set transformed to remove the
aberrations was then analysed using the programme
Template Fit Beta Version 7 (Lotek Wireless Inc.) and
then transformed, filtered and analysed as above. The
timing between the aberrations, thought to represent
the time the bird was active, was plotted against a
number of variables that might explain variation in
the length of the activity period. The variables chosen
were potential surrogates for prey availability. These
were: average night-time temperature over 1-5 nights
and average normalized daytime light level, both of
which might be expected to influence the activity of
insect prey. The proportion of the night illuminated by
the moon was also considered, because Nightjars are
known to synchronize their breeding with moon phase
(Perrins & Crick 1996), indicating moonlight may be
important to them.

RESULTS
Wintering area

Usable data were downloaded from all three of the
retrieved tags, two from the 2008 deployment (tags
757 and 766) and one from the 2010 deployment (tag
125). The tags from the 2008 deployment contained
raw light-intensity data from 15 October 2008 until 26
January 2009, after which date they had been
programmed to calculate locations on-board due to
insufficient memory for further raw data to be stored.
The tag from 2010, which had a slower sampling rate,
contained raw data for the entire duration of its
deployment, from 29 July 2010 to 28 June 2011. The
arrival date into the wintering areas was estimated for
the three birds as 24 October 2008, 20 October 2008
and 29 October 2010 for tags 757, 766 and 125,
respectively. Range analysis of the locations for the
wintering period place the wintering range of the two
birds tagged in 2008 in the southeast of the
Democratic Republic of Congo (DRC) (6.73°S, 27.48°
E for tag 757, and 8.12°S, 24.07°E for tag 766) and
the bird tagged in 2010 within central eastern DRC,
near to the borders with Rwanda and Burundi (1.68°S,
28.83°E); these data can be seen in Fig. 2. The centre
of the ellipses for the 2008 birds both fell within the

© 2013 British Trust for Ornithology, Bird Study, 60, 77-86

Central Zambezian Miombo woodlands, although for
tag 766, the centre is close to the boundary with the
Southern Congolian forest savanna mosaic (Olson
et al. 2001). The centre of the ellipse for the 2010 bird
was found in the Albertine Rift montane forests
(Olson et al. 2001), although this is a relatively small
ecoregion in comparison to the size of the ellipse and
the wintering area could easily fall in any of the
surrounding ecoregions. The locations for tags 125 and
757 both conform to the assumption of normality in
both easting and northing, but the data from tag 766
do not conform to normality in either axis showing
a northerly and easterly bias (Kolmogorov-Smirnov
test for normality: tag 757 easting D =0.0845, n=
82, P=0.158, northing D=0.0843, n=82, P=
0.160; tag 766 easting D =0.1271, n=83, P=0.002,
northing D =0.1429, n=83, P=0.0002; tag 125
easting D =0.0763, n=75, P=0.34, northing D =
0.0769, n=175, P=0.33).

Timing and route of migration

With nearly a full year of data collected in tag 125 it was
possible to estimate the timing and route for the whole of
the migration to and from the wintering areas, as shown
in Fig. 3. Because individual latitude estimates were often
poor, especially near to the equinoxes, daily positions
of the migrating bird are not shown. Instead, only
longitude data have been used, shown as maximum and
minimum (range) of longitude in successive 9-10-day
periods (except from 11 April to 4 May when
successive 10-day periods overlapped almost entirely).
This bird started its post-nuptial migration around 1
October 2010, taking a route across the
Mediterranean, and then across the central Sahara. It
is possible that the bird stopped over during mid-
October 2010, perhaps at more than one site, but as
no locations during this time had an estimated latitude
error lower than the cut-off value of 7°, it would be
too speculative to suggest stopover locations. Ignoring
possible stopovers, the minimum distance travelled per
day using the straight line distance between the
breeding and wintering grounds was 232 km/day.
Nightjar 125 remained in its wintering area until 22
March 2011 when it began its pre-nuptial migration,
travelling 2700 km west in 12 days (about 270 km per
day). It took about another 32 days to travel a further
6000 km to its breeding area in the UK. This probably
included one or more stopovers in West Africa, but
because only five locations during this time had a
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Figure 2. Map of Central Africa showing the wintering period for all three birds. Filtered locations for each bird are shown with 99% ellipses and
the centres of the ranges are indicated by white diamonds: 125 by black triangles, 757 by dark grey dots and 766 by pale grey squares. The extent
of the wintering ground as previously believed is shown by horizontal hatching.

latitude error lower than 7°, the data are not adequate to
identify sites. The bird returned to the UK via the
western Sahara and Spain, arriving at its breeding
grounds on 6 May 2011. Its average speed through
West Africa was about 190 km per day, which is a very
conservative estimate of a typical daily movement if
this period included stopovers.

Impact of aberrations in the light curve

Aberrations were often present in the light curves at
dawn and dusk. As Fig. 1 shows, the dusk aberration
took the form of a sudden jump in intensity during a
steep section of the declining light curve, and was
thought to be caused by a bird emerging from its roost
into the open sky. The aberration was mirrored at
dawn, when the light level dropped suddenly during a
steeply rising section of the light curve. This is
believed to be caused by the Nightjar retiring to its
roost. The light curves of 74 dates were transformed by

the removal of aberrations at either dawn or dusk for
tag 757, of which 29 were transformed at both dawn
and dusk. Thirteen dates had no aberration at dawn or
dusk and one date had multiple aberrations at both
dawn and dusk: these dates received no
transformation. For tag 766, 79 dates were transformed,
of which 44 dates were transformed at both dawn and
dusk. Fourteen dates did not have any aberrations and
received no transformation. The removal of the
aberrations at dawn and dusk moved the centre of the
ellipses northwards for both tags, to 5.60°S, 27.48°E
for tag 757 and 6.76°S and 24.25°E, as shown in
Fig. 4. This is a movement in latitude of 1.13° for tag
757 and 1.36° for tag 766. This transformation also
reduced the overall variation in latitude which can be
seen in the smaller ellipses produced for this data set.
As would be expected, the removal of these
aberrations at dawn and dusk improved the fit of the
template curve leading to lower estimated error in the
locations. This transformation brought the distribution
of points for tag 766 closer to normality in the x-axis

© 2013 British Trust for Ornithology, Bird Study, 60, 77-86
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Figure 3. Map showing ranges of longitude occupied by bird 125 for successive 10-day periods during post- and pre-nuptial migration. Between
11 April and 4 May, successive 10-day periods overlapped; therefore, this band includes 24 days/locations. The length of the vertical lines
(longitude) indicates realistic latitudinal limits and not the range of the latitudes in each period, which were much greater. Darker lines and text
in two longitude ranges are to make the figure clearer. Numbers of days/locations in each longitude band are shown in brackets. Probable
routes are suggested by broad arrows between breeding and wintering sites.

and successfully normalized the y-axis (b. easting D =
0.0962, n=83, P=0.04, northing D =0.0922, n =83,
P=0.06). Tag 125 did not show aberrations, which
were probably masked by higher noise levels in the
light data due to the shorter light stalk.

Activity periods of Nightjars

Aberrations at dusk were found on 58 occasions for tag
757 and 71 occasions for tag 766. Aberrations at dawn
were found on 71 occasions for tag 757 and 73
occasions for tag 766. From these indicators of arising
from and retiring to roost it was possible to calculate
the period of activity during 41 nights for tag 757 and
50 nights for tag 766. Plotting the timing of the
aberrations showed that the birds’ emergence from
roost became steadily later over time, broadly in line
with changes in the timing of sunset for the region.
The timing of roosting also showed a trend broadly in
line with the timing of sunrise; both these trends can
be seen in Fig. 5. There was no overall trend in total
activity time over the course of the wintering period
and the mean times active for the two birds showed

© 2013 British Trust for Ornithology, Bird Study, 60, 77-86

remarkable similarity, 11 hours 6 minutes 37 seconds
(se 14 minutes 20 seconds) and 11 hours 6 minutes 47
seconds (se 11 minutes 30 seconds) for 757 and 766,
respectively. None of the surrogates for prey
availability =~ (night-time  temperature,  average
normalized daytime light level and proportion of the
night illuminated by the moon) were able to describe
the variation seen in overall activity times. (ANOVA:
night-time temperature: Fy;5=0.9, P=0.36; daytime
light level: F; 75 = 0.8, P =0.39; moonlight: F; ;5 =0.1,
P=0.71). Of the five measures of night-time
temperature (average temperature over 1-5 nights) we
used the average over 3 nights because this best
correlated with each of the other measures
(Spearman’s p with 1 night=0.79, 2 nights=0.94, 4
nights = 0.91, 5 nights = 0.96) and because biologically
this best represents both long-term and short-term
temperature.

DISCUSSION

The winter locations of these three Nightjars suggest
that the British breeding population spreads out widely
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Figure 4. Map of Central Africa showing the impact of aberrations in the light curve at dawn and dusk on the placement of 99% ellipses to
ascertain the wintering area. Ellipses and their centres derived from raw data are light grey and those derived from transformed data are
black. Centres of ellipses for bird 757 are circles and for bird 766 are squares.

during the wintering period. Each of the birds in this
study were located within 1 km of each other when
caught in their breeding grounds, but wintered several
hundred km apart (approximately 400 km between
birds 757 and 766 and nearly 900 km between 766
and 125). This is the first study of migratory
connectivity in European Nightjar and there is clearly
much more to discover about links between breeding
and wintering areas. An appropriate follow-on to this
project would be to track Nightjars from multiple
breeding colonies within UK and mainland Europe to
determine to what extent widely spaced breeding
populations mix in the wintering ground and where
first-year birds over-winter in relation to the areas used
by their parents. Geolocators have already been used
successfully for a similar study in the marine
environment (Gonzélez-Solis et al. 2007) and have
great potential in this kind of study on terrestrial birds.

The ecoregions that the wintering ranges of birds 757
and 766 fall within all display a mix of scrub, woodland

and grassland (Burgess et al. 2004), characterized as a
forest savanna mosaic. Although the bias in locations
caused by aberrations in the light curves at dawn and
dusk clearly has some impact on the precision and
accuracy of the wintering range, both estimates, from raw
and transformed data, fall within these similar
ecoregions. While the Albertine Rift montane forest
ecoregion that bird 125 wintered within is
predominantly montane rainforest, the wider area also
includes ericaceous heathland and other moorland
ecosystems (Burgess et al. 2004, Plumptre et al. 2007).
The identification of wintering areas for these three
Nightjars within the DRC provides evidence that
current distribution maps for the African continent
(Cleere & Nurney 1998, Holyoak 2001) under-represent
the true range of the species. Given that the ecoregions
within which the two 2008 birds wintered extend
considerably further west across the DRC and that
ecoregions with a similar mixture of scrub, woodland and
grassland occur in the neighbouring countries (Olson

© 2013 British Trust for Ornithology, Bird Study, 60, 77-86
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Figure 5. Plots of the timing of roosting (A) and emergence (B) (UTC)
and the timing of sunrise and sunset (solid lines) in the general region
of the wintering ranges (local time). Black squares represent bird 766
and grey squares bird 757. Emergence and roosting times of bird 757
were earlier because it was further east than bird 766.

etal. 2001, Burgess et al. 2004), this under-representation
may cover a significant area.

The tracking of a Nightjar for a whole year is a
significant step in understanding the migration,
revealing that its pre- and post-nuptial migrations
followed different routes. Further study of larger
numbers of birds from other breeding localities is
needed to show whether this is a common pattern and
to identify possible stop-over sites.

The tag used in 2010 showed a higher level of error in
its location estimates than those used in 2008. This
appears to be caused by an increase in the level of
noise in the light-intensity data, probably due to its
shorter light stalk. There is potential to improve the
signal-to-noise ratio using signal-processing algorithms
as investigated in Welch & Eveson (1999), but this
was not attempted. Despite the additional estimated
error seen in individual locations due to poor fitting of
the template, remarkably, the median longitude across
the breeding period differed by less than 0.2° from the
true position (around 10 km error). Even the latitude
error was only 2° (about 220 km). The additional
noise is likely to be a reason for no obvious aberrations
in the light-intensity curve for tag 125 being seen at
dawn and dusk, though the lower sampling rate of
light levels may also affect this.

© 2013 British Trust for Ornithology, Bird Study, 60, 77-86

The identification of aberrations within the light curve
at dawn and dusk provides a benefit in the potential to
collect additional behavioural information from light-
intensity data. However, this is balanced by the fact that
behaviour may also impact on the accuracy of locations.
The impact of behaviour on the accuracy of light-
geolocation has already been identified in the effect that
rapid directional movement can have by artificially
increasing or decreasing apparent day length (Welch &
Eveson 1999, Shaffer et al. 2005) and also with the
effect of light attenuation due to diving behaviour in
marine species (Musyl et al. 2003, Nielsen et al. 2006).
The transformation carried out here to assess the impact
of the roosting behaviour is somewhat crude, but does
show that by understanding the behavioural patterns of
study species and taking this into account, it may be
possible to improve the accuracy of geolocation
estimates. Additionally, if behaviour can be shown to
occur systematically at a particular point during dawn
and dusk, it may be possible to use this knowledge to
assess the accuracy of the timing of dawn and dusk as
calculated by the template-fit process. A similar idea has
already been used for Macaroni Penguins (Eudyptes
chrysolophus), which show an increase in diving depth at
dawn and dusk that has been used to measure the timing
of sunrise and sunset (Green et al. 2009).
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