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Recent studies have suggested the presence of moonlight mediated
behaviour in avian aerial insectivores, such as swifts. Here, we use the com-
bined analysis of state-of-the-art activity logger data across three swift
species, the common, pallid and alpine swifts, to quantify flight height
and activity in responses to moonlight-driven crepuscular and nocturnal
light conditions. Our results show a significant response in flight heights
to moonlight illuminance for common and pallid swifts, i.e. when moon illu-
minance increased flight height also increased, while a moonlight-driven
response is absent in alpine swifts. We show a weak relationship between
night-time illuminance-driven responses and twilight ascending behaviour,
suggesting a decoupling of both crepuscular and night-time behaviour.
We suggest that swifts optimize their flight behaviour to adapt to favourable
night-time light conditions, driven by light-responsive and size-dependent
vertical insect stratification and weather conditions.

1. Introduction

Relatively constant cycles of daylight and nocturnal darkness have shaped
animal behaviour throughout evolutionary history [1-3]. Whereas most
animals use photonic information from twilights as an external cue (i.e. zeit-
geber) for daily activity, many crepuscular and nocturnal animals also use
Electronic supplementary material is available moonlight to trade off behaviours associated with rest, reproduction, predation
online at https://doi.org/10.6084/m9.figshare. risk and foraging [4-8]. Nocturnal activity and changes in foraging tactics in
.6888257. response to moonlight through improved prey detectability have been typically
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Figure 1. Overview map of monthly positions of both the GPS locations and the geolocator-based estimated location data, and this for the five sites (colour
triangles) and three swift species (i.e. the common swift or Apus apus, the pallid swift or Apus pallidus and the alpine swift or Tachymarptis melba). Small X
show GPS positions during stationary periods while positions during migration are omitted. Geolocator based locations, for the whole non-breeding season,
were clustered using a breakpoint analysis dividing migration and stationary periods. Note that equinox positions have not been excluded. Large closed circles
show the median location of the cluster, with error bars showing one standard deviation around the mean for each month.

attributed to nocturnal predators, such as nightjars,
pelagic seabirds and owls [9,10]. For example, a comparison
between 21 seabirds showed widely diverging responses to
moonlight, depending on foraging and migratory tactics [11].

In the case of insectivorous bird species, nightjars have
been shown to increase flight activity during moonlit nights,
suggesting continued foraging when higher light levels facili-
tate prey detectability [4,6]. A study of northern black swifts
(Cypseloides niger borealis) suggests that moonlit nights are
used to continue foraging [7]. Although the common (Apus
apus) and pallid swifts (Apus pallidus) are known to forage
under night-time light pollution [12] or at times increase
night-time flight altitude and activity [13,14], neither has of
yet shown a clear link to moonlight.

Flight patterns of small insectivorous bird species, such as
swifts, also show large variations during twilight. Twilight
ascents, with birds ascending to high altitudes during
both dusk and/or dawn, have been documented for the
common swift using radar during the breeding season
[15,16]. Observations using multi-sensor geolocators across
the non-breeding season for alpine swifts (Tachymarptis
melba) show similar results [17]. However, it remains uncertain
if twilight behaviour is influenced by moonlight illuminance.

At the same time, many species of airborne insects on
which swifts prey show increased activity during twilight
and moonlit nights [18-20], determining the behaviour of
their predators. Aerial feeders such as swifts are heavily
dependent on these insects and select prey size according
to their own body size [21]. Not only does insect activity
increase during twilight and moonlit nights, their distribution

is also strongly vertically stratified, shaping food availability,
with small insects flying higher than larger ones [22]. It there-
fore follows that different species would find their prey at
different altitudes.

A study of New World northern black swifts suggests that
moonlit nights are used to continue foraging [7]. The strong
similarity in flight behaviour between the Old World
common swift and the New World black swift, despite an
evolutionary divergence of over 20 Myr [23,24], puts forward
the question if this nocturnal behaviour translates to Old
World swifts. As such, it remains uncertain if aerial insecti-
vores such as the common, pallid or alpine swifts extend
their foraging behaviour into the night when natural (moon-
light) illumination conditions are favourable.

Here, we use the combined analysis of state-of-the-art
data-logger data (i.e. both from global positioning systems
(GPS) and multi-sensor data loggers (MDLs)), investigating
multiple lines of evidence, across three western palaearctic
swift species to quantify flight height and activity responses
to crepuscular and nocturnal light conditions and food avail-
ability. We hypothesize that swift species with different size
dependent prey preferences [21], as derived from the litera-
ture, might show different responses to crepuscular and
nocturnal light conditions.

2. Methods

We deployed two types of data loggers at five sites across
Portugal (two), Belgium (one), Switzerland (one) and Turkey
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(one), for pallid, common and alpine swifts, respectively
(figure 1). The Portuguese pallid swifts breed in the ceiling of a
seaside cave in the Serra da Arrdbida Natural Park south of
Lisbon (38.47° N, 8.97° W, from hereon referred to as Arrabida),
and a second colony is housed in a municipal building in the
town of Vila Nova de Famalicao (41.41° N, 8.52° W, from hereon
referred to as Famalicdo) approximately 20 km inland and to
the north of Porto. Belgian common swifts nest in built-in
nest-boxes installed in a relatively new housing development
(51.08°N, 3.73°E) along a dockside in the Ghent Voorhaven,
Belgium (https://swifts.be/). The alpine swifts nested under
the roof of a historical town gate in Baden, central Switzerland,
(47.47°N, 8.31°E), and in crevices of natural rocks along
the coastline of Pirasali island in southern Turkey (36.34°N,
30.53° E, from hereon referred to as Pirasali). For a detailed list
of sites, loggers deployed and measurements made we refer to
electronic supplementary material, appendix tables S1 and S2.

(a) Logger deployment

We used two lines of evidence based on separate animal tracking
technologies across most sites. We used MDLs for light level geo-
location, pressure and activity logging together with state of the
art nanoFix micro-GPS loggers (figures 2 and 3).

MDLs (Intigeo-BAR & CAR, Migrate Technology Ltd,
Cambridge, UK; BAR: approx. 0.37 g including harness, approx.
18 x6x4.3 mm and CAR: approx. 0.43 g including harness,
approx. 18 x 6 x 4.3 mm) were deployed on pallid swifts for five
birds at the Arrabida site, and on 10 birds at the Famalicao site
(with two and five recaptured, for Arrabida and Famalicao,
respectively). Similarly, nine data loggers were deployed on
Voorhaven birds, with seven retrieved. We tagged eight alpine
swifts at the Swiss site and 26 at the Turkish Pirasali island with
MDLs from the Swiss Ornithological Institute (SOI-GDL3pam,
1.4 gm including harness; approx. 24 x 12 x 9 mm, with four
and 11 recaptured, respectively). All MDL sensors logged light
levels, pressure and temperature, while a number also logged
activity (electronic supplementary material, appendix table S1).
Light intensity data were logged at 5 min intervals while all
other variables were recorded every 5 or 30 min (details in elec-
tronic supplementary material, appendix table S3 and [25]).
Data were logged across four seasons from 2018 to 2021 (electronic
supplementary material, appendix table S1). Of a total of 58 MDLs
deployed across all sites, 29 were retrieved during the following
breeding season (electronic supplementary material, appendix
table S5 for details).

GPS tagging, with nanoFix micro-GPS loggers with solar
trickle charging (PathTrack Ltd, Otley, UK, approx. 1.04 g includ-
ing harness, approx. 21 x 12 x 4.5 mm plus external added whip
antenna of 45 mm) across the two Portuguese sites and the Bel-
gian site were carried out in parallel with the geolocator
tagging. We deployed 19 loggers on adult pallid and common
swifts of which six at both the Arrabida and Famalicio site, as
well as seven at Gent Voorhaven (of which five, three and four
were recaptured, respectively). Swift diurnal positions and alti-
tude were tracked throughout a full migration season, at
regular 6 h intervals. Logging starts at 1 h Greenwich mean
time (GMT) for the Arrabida site, while Famalicio and Gent
Voorhaven sites start logging at midnight (Oh and/or 2h
GMT). Data were logged over three seasons but with varying
deployment dates (2019-2022, electronic supplementary
material, appendix tables 52-54). Of 19 GPS loggers deployed
across sites, 11 were retrieved during the following breeding
seasons. At the Famalicdo site, two GPS loggers failed shortly
after deployment and are therefore not included in our analysis.
At the Gent Voorhaven site, two GPS loggers were recovered but
only a partial track was used for Tag 21 900 due to an age-related
gradual battery failure (electronic supplementary material,

appendix table S1). Raw data were forwarded to PathTrack Ltd n

for high precision processing.

Across all available data, we find overall mean recapture rates
of approximately 55% and approximately 57% for MDL and GPS
loggers, respectively. We acknowledge that recapture rates vary
widely across deployed loggers and locations (from 40 to 83%,
electronic supplementary material, appendix table S5). Differences
in recapture rates are due to a combination of the true return fre-
quency of swifts as influenced by recapture protocols, weather
conditions and potential tag effect [26,27]. Most recapture rates
are similar or exceed those of (long-term) ringing studies [28] or
control groups. For detailed recapture statistics, we refer to elec-
tronic supplementary material, appendix table S5. All loggers
were deployed late in the breeding season to avoid breeding dis-
turbance and followed the ongoing ringing protocol at the
Portuguese colony [28], and a similar approach at the Voorhaven
site, i.e. using a full body harness with a 1 mm wide flat braided
soft terylene cord to avoid abrasion. Alpine swift protocols fol-
lowed ringing and sensor deployment protocols as described in
Meier et al. [17,25], installing loggers at the end of the breeding
season and collecting them before egg-laying started. Returning
swifts were examined and no abrasion or skin damage was found.

(b) Data pre-processing

(i) Location

GPS sensors provide near absolute positional accuracy in three
dimensions [14]. GPS data analysis separated stationary (area-
restricted search) from migration movements using a hidden
Markov model (HMM). The non-breeding season analysed in
this study was defined as all movements lower than 23.4° N, i.e.
the Tropic of Cancer, constraining data to continental Africa
below the Sahara desert. Swift movements were categorized as
migration (corridor movements) and stationary (area-restricted
search) using a two-state HMM [29], with missing positions
filled using continuous-time correlated random walk data [30]
to create a homogeneous 6 h time series (see electronic sup-
plementary material, appendix; [14]). GPS positions were
divided into ‘coastal’ and ‘continental” positions, where a coastal
position is defined as the two positions preceding and following a
position above marine waters, with the coastline defined by
1:10 m Natural Earth data (www.naturalearthdata.com). GPS
time in GMT was corrected to local time using the longitudinal
offset and centred on midnight.

Data were downloaded from MDLs and the approximate
location of the common and pallid swifts was determined using
geolocation by light using the ‘GeoLight’ R package [31]. MDL
data were constrained to the non-breeding season, determined
by uninterrupted acceleration measurements and clear diurnal
light patterns (electronic supplementary material, appendix table
S1). To mark twilight events, we used a threshold of 1.5 on log-
transformed and clock drift adjusted light level data. Clock drift
was assumed to be linearly accumulating and was calculated
from the difference between the on-board clock of the tag and a
reference time. On a logger-by-logger basis, we selected the most
suitable sun-angle in half-degree steps by comparing derived pos-
itions with known GPS-based stationary locations and published
relevant literature (electronic supplementary material, appendix
table S1 and figure S1; [13,14,25,27].

The median longitudinal difference between the breeding site
and stationary positions were used to correct logger time to
standardized local (solar) time, with a 4 min per degree time
difference. Location estimates were clustered in stationary and
migration periods using a breakpoint analysis (i.e. changeLight
in the ‘GeoLight’ R package, quantile parameter set to 0.9). For
the processing of the Swiss and Turkish sites, we refer to pro-
cedures described in Meier et al. [25]. We assigned the median
longitude and latitude across a stationary cluster of dates to best
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Figure 2. Continuous multi-sensor data logger (normalized) flight height (a) and relative activity (b) measurements for common swift (Apus apus) tag (C895 compared
with modelled illuminance (log(lux)) values, c). In (a—c) each column represents a day of data with time centred on midnight, where negative hours indicate hours
before midnight and positive values hours after midnight. Half-hourly values are represented by a pixel, with its colour representing the measurement value (see colour
legends for scale). Relative activity is a proxy for motion, i.e. wing beats, and scales between 0 and 100 (unitless). And (d), a scatterplot of the flight height changes in
response to changing night-time illuminance values over the course of a lunar cycle of October 2021. Sampled dates of the scatterplot (d) are outlined by two white
dashed lines in (a—c), where flight height categories are marked with open rectangles and closed circles, for high and low flights, respectively. A grey vertical line
specifies the moonlight illuminance value at which a approximately 50% probability of a high flight is exceeded (as modelled using a generalized linear model (GLM)).

approximate a swift’s location during that time. Missing location
estimates (e.g. during equinoxes) were linearly interpolated from
adjacent median cluster coordinates (figure 1).

(ii) Flight altitude and activity
GPS logger processing can lead to spurious values due to limited
reception, which results in negative altitudes or locking values to

250 m intervals if no clear altitude solution is found (PathTrack
Ltd 2021, personal communications). Therefore, we excluded
all negative altitude values and those rounded to 250 m incre-
ments. Flight altitudes were corrected for topography to flight
height using NASADEM digital elevation model (DEM) data
[32], with values below terrain level removed.

The MDL accelerometer reads bursts along x- and z-axis
during a set measurement time interval (either 30 or 5 min,
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during moon phases (a—c). Different sites and species (i.e. the common swift or Apus apus, the pallid swift or Apus pallidus and the alpine swift or Tachymarptis
melba) are indicated by the colour of the full lines. The grey rectangles in plots (a—c) indicate the average astronomical night, where light blue rectangles approxi-
mate twilight as mean dusk and dawn + 1 s.d., respectively. In addition, a full time series of a lunar cycle (d) showing the progression of flight heights is shown in
combination with moon illuminance values (daytime values are not shown, as orders of magnitude higher than the maximum illuminance of a full moon approx.
0.23 lux). We show time series for common swift tag (C895. Moon phases from left to right are indicated by their respective icons and are as follows: new moon,
first quarter, full moon and last quarter. Relative activity (b) values are scaled on a tag-by-tag basis.

for Migrate Technology Intigeo-CAR or Swiss Ornithological
Institute GDL sensors respectively, see electronic supplementary
material, appendix). Activity measurements capture the accumu-
lated up-down movements of the body of a bird relative to
gravity (z-axis) and should be seen as a proxy for motion, i.e.
wing beats. The values reported are relative activity (normalized
by tag between 0 and 100, unitless) and are a trade-off of techni-
cal constraints, measurement resolution and species specific
characteristics [33,34]. To ensure temporal consistency across
loggers, we resampled the 5min GDL activity and pressure
measurements to half-hourly intervals. Atmospheric pressure
recorded was converted to altitude (in metres) using the inter-
national standard atmosphere (International Organization for
Standardization ISO 2533:1975, see electronic supplementary
material, appendix). We did not correct for local weather con-
ditions (pressure and temperature) as it only marginally affects
altitude estimates [7].

Half-hourly MDL pressure and activity data were joined
with the corresponding daily location estimates. GPS data high-
lighted considerable topographic differences across locations,
e.g. common swifts fly over a mean topography of greater than
500 m.a.s.1, approximately 250 m higher than pallid swifts (elec-
tronic supplementary material, appendix table S3). Visually
comparing absolute flight altitudes between species is therefore
difficult, and flight altitudes should be normalized for the under-
lying land surface elevation. Uncertainty on MDL positions
limits correction of flight altitudes using DEM data. We
accounted for day-to-day changes in underlying topography by
subtracting the mean daytime altitudes on a day-by-day basis,
using daytime (see below) flights as a fixed baseline (assuming
relatively stable low flights during this period; e.g. [15]). This
method retains absolute diurnal altitude differences as a proxy

for true flight heights, but might at times give rise to negative
flight heights (figure 2; electronic supplementary material,
appendix figures S1 and S2).

We further divided flight heights into two classes using a
threshold value based on the mean and standard deviation of day-
time flight heights. Night-time flight heights exceeding the mean
daytime flight height plus one standard deviation, per individual
(tag), were considered ‘high’ flights and all others as ‘low” flights.
This approach normalizes responses between individuals (tags),
allowing for a comparison across species irrespective of under-
lying topography and allows for an easy interpretation of
statistical results.

(iii) Sun and moon parameters

To facilitate further analysis, all data were divided into distinct
periods according to the sun’s location. Here, ‘daytime’ was
defined as values with a sun angle above 0° (above the horizon).
‘Dawn’ and ‘dusk’ were specified as times where the sun angle is
between 0° to 18° below the horizon (the end of astronomical
twilight) on the sun’s rising or setting direction. All other times
are set to ‘night-time’.

Moon fraction and moon altitude are a poor substitute for
moonlight illuminance in animal studies [35,36]. We therefore
improve upon general approaches using moon elevation and
moon illuminated fraction by calculating moonlight illuminance
according to Janiczek & DeYoung [37] for all positions using the
‘skylight’ R package [38]. We used MDL loggers’ median pos-
itions per stationary cluster (figure 1), or absolute GPS position
to calculate moonlight illuminance. Due to the large uncertainties
on MDL light level geolocation, we did not account for local
weather (cloud) conditions as this might weaken results rather
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than address any biases [6]. We acknowledge that geolocation is
not free of uncertainty. As such, estimated illuminance values are
dependent on the accuracy of measured light-derived geoloca-
tion, which might in turn influence our modelling efforts. Yet,
visual inspection of data centred on local midnight shows an
expected centred twilight timing (electronic supplementary
material, appendix figure S1-54). We calculated an additional
parameter for our crepuscular analysis, in particular the ‘twilight
flight timing’. Twilight flight timing is defined as the timing
of maximum flight height relative to timing of civil dusk or
dawn, i.e. when the sun is 6° under the horizon (as calculated
for a given location). Deviations of this twilight flight timing in
response to moonlight illuminated night-time conditions would
suggest an illuminance sensitivity in twilight behaviour. This be-
haviour would avoid additional ascents during moonlit nights
potentially saving energy, at the expense of sleep cycles as
proposed by Liechti ef al. [33].

(c) Statistical analysis

In our statistical analysis, we test if flight activity and altitudes
are influenced by moon illuminance. We divide our analysis
into two parts. First, we question if natural nocturnal light affects
night-time flight height using both MDL and GPS sensors; and
second, we test if nocturnal light affects twilight (dusk/dawn)
activity, i.e. the effect on flight height when moving into or out
of twilight periods.

To quantify the response of moon illuminance on the state
of the flight height (high or low), we fitted a generalized linear
mixed effects model (GLMM) with a binomial link function and
using moon illuminance and lagged altitude, i.e. the altitude as
measured at the previous time step, to account for temporal auto-
correlation, and species as fixed effects (glmmTMB, [39]).
Including the lagged altitude at a previous time step accounts
for temporal autocorrelation by allowing the model to consider
a previous flight state, in addition to slow varying moon illumi-
nance values. The tag is nested within species as a random
intercept to account for species and bird specific behaviour. For
all MDL measurements, we only considered stationary periods.
We did not include activity explicitly, as activity monitoring is
logger profile and species dependent [34], making the reuse of
activity data from various loggers and species in the same
model challenging. Activity was also not measured in all tags,
which would reduce our dataset significantly (electronic sup-
plementary material, appendix table S1). Across night-time
values, activity and flight height were poorly correlated (absolute
Pearson’s correlation coefficient | p | <0.15, electronic supplemen-
tary material, appendix table S7). For the GPS data, we used the
same model. However, GPS measurements were measured at a
low temporal frequency and therefore no correction for autocorre-
lation (i.e. lagged altitude) was applied. In our analysis, we only
retained continental positions. Coastal flight of predominantly
pallid swifts were excluded, as previously described coastal
flight patterns [14] might skew the analysis.

The influence of night-time moonlight conditions on twilight
behaviour, i.e. the flight behaviour moving into or out of twilight
periods, is described by a linear mixed effects model with the
twilight flight timing as response variable, moon illuminance
as a fixed effect, with tag nested within species as a random
intercept. Similarly, we use a linear mixed effects model to quan-
tify flight activity between species and the time of day (daytime
versus night-time). We modelled differences in flight activity as a
function of time-of-day (day- versus night-time) interacting with
species as a fixed effect, while accounting for species and bird
specific behaviour as random effects.

All statistics were carried out in R [40] using ‘glmmTMB’,
‘Ime4’, ‘ImerTest’ and ‘ggeffects’ packages, where visualizations
were supported by the ‘tidyverse’, “patchwork’, ‘ggtext’ packages
[39,41-46].

Table 1. Model output of quantifying high or low flights in response to  [Jjj

moon illuminance, using generalized linear mixed effects model and multi-
sensor data logger (MDL) data. The model used moon illuminance, lagged
altitude, to account for temporal autocorrelation, and species as fixed
effects. The tag is nested within species (i.e. the common swift or Apus
apus, the pallid swift or Apus pallidus and the alpine swift or Tachymarptis
melba) as a random intercept to account for species and bird specific
behaviour.

predictors estimate  s.e. z p-value

intercept —051356 036989  —1.39 0.1650

moon illuminance 8.90868  0.26969 3303 <0.0001
previous altitude 1.97752  0.02047 9.59  <0.0001

species: pallid swift ~ —177630 052346  —339  <0.0001
species: alpine swift ~ —4.27890 049564  —8.63  <0.0001

random effect variance  s.d.

tag within species 0.9549 0.97719

species <0.000 0.0004

3. Results

All swifts showed known migration patterns, with the pallid
swifts foraging in western Africa during the non-breeding
season [13,14,27,47], while the common swifts moved further
to southeast Africa (figure 1, [48]. Alpine swifts migrated to
either western or eastern Africa depending on their breeding
sites, as previously described by Meier et al. [25]. We logged
a total of 7235 GPS and 209 565 MDL positions with reliable
data for statistical analysis. The MDL geolocation patterns of
stationary clusters correspond with those registered by GPS,
despite the uncertainty on light level geolocation (figure 1).

Distinct differences in maximum flight height are still
noticeable between species (figure 3a), despite normalizing
flight altitude data. Common swifts reach a maximum
nocturnal flight height during a full moon of 1623 + 873 m,
while pallid swifts on average flew at 929+519m and
896 +494 m for the Famalicdo and Arrabida sites, respect-
ively. Alpine swifts did not show high nocturnal flights,
with new moon night-time flights not differing greatly from
full moon ones (331 +264 and 406 +334 m for Pirasali and
196 + 183 and 253 + 209 m for Baden, figure 3a).

Across moon phases, we observe consistent patterns in
changes in flight height and activity, and this for both GPS
or MDL sensors. MDL flights are high when moonlight illu-
minance is high (figure 3a,,d; electronic supplementary
material, appendix table S3) for the pallid and common
swifts. By contrast, alpine swifts do not show a response to
moonlight figure 34). Our MDL (GLMM) model showed a
marginal R? of 0.70 for the explanatory power of the fixed
effects alone, with a significant effect of moon illuminance,
temporal lag and species (table 1). A similar model using
GPS data, but omitting the lagged altitude response, shows
that the explanatory power related to the fixed effects alone
(marginal R?) is weak at 0.15, with a positive and significant
effect of moon illuminance; yet no significant effect of species
was found (table 2). Our model results show different species
responses, with common and pallid swift showing a strong
response to moonlight illuminance (figure 3), while alpine
swifts lack such a response (figures 32 and 4a). Two sensor
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Table 2. Model output of quantifying high or low flights in response to
moon illuminance, using a generalized linear mixed effects model as
measured from GPS data. The model used moon illuminance and species as
fixed effects. The tag is nested within species (i.e. the common swift
or Apus apus, the pallid swift or Apus pallidus and the alpine swift or
Tachymarptis melba) as a random intercept to account for species and bird
specific behaviour.

predictors estimate  s.e. z p-value
intercept —2.1526 03991 5392 <0.0001
moon illuminance 15.3049 1.0566  14.485  <0.0001

species: pallid swift 0.2165 0.4509 0.48 0.631
random effect

tag within species 0.338 0.579
<0.000 <0.000

variance  s.d.
species

technologies provide two lines of evidence and robust and
consistent hypothesis support, where the high frequency of
MDL data complements high accuracy of GPS-based data.

Twilight ascents are especially pronounced for common
swifts with very brief (1h) long climbs up to an average
maximum flight height of 2221 +629m, and climbing
on average 1807+551 m (figures 2d and 3c). Twilight
flights for pallid and alpine swifts are generally lower, only
rising to average maximum flight heights of approximately
1500 m, and climbing approximately 1000 m (average maxi-
mum flight height: 1537 + 656 m and 1464 + 534 m, average
flight height increase of 1187 +633 m and 897 +278 m, for
pallid and alpine swifts, respectively). When testing if noctur-
nal light affects a shift towards night-time away from civil
twilight (for dusk and dawn) using a linear mixed effects
model we found our model’s explanatory power weak (con-
ditional R?=0.03, table 3; electronic supplementary material,
appendix figure S9), with a statistically significant effect of
both fixed effects, moon illuminance and twilight period
(dusk/dawn).

For the common and pallid swifts, dusk marked the start
of a period of sustained high activity continuing throughout
the night until dawn with peaks during both twilight periods
(figure 3b). A formal test comparing daytime with night-time
flight activity shows a marginal R? of 0.7 for fixed effects
alone. Where, for both the common and pallid swift the inter-
action effect between time-of-day (day versus night) and
species is statistically significant and positive, this interaction
is statistically significant and negative for alpine swifts (elec-
tronic supplementary material, appendix table S6 and
figure S9).

4. Discussion

Several aerial insectivores have shown to profit from night-time
illuminance conditions, either from artificial sources or through
moonlight. These favourable illumination conditions allow
for prolonged foraging behaviour. Direct observations of
common swifts show documented prolonged flight activity in
the presence of intense urban light pollution [12], while it has
been hypothesized that northern black swifts (Cypseloides niger
borealis) use favourable night-time light conditions to continue
foraging [7]. In this study, we explored if three western
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Figure 4. Marginal effect sizes by species (i.e. the common swift or Apus
apus, the pallid swift or Apus pallidus and the alpine swift or Tachymarptis
melba) for the generalized linear mixed effects logistic models relating moon
illuminance with flight height for both MDL, i.e. showing the probability of a
high night-time flight relative to daytime flight altitudes for MDL (a) and GPS
(b). Grey 95% confidence intervals (Cls) were computed using a Wald
z-distribution approximation and a standardized dataset.

Table 3. Model output of a linear mixed effects model comparing the
timing of maximum twilight flight height (in minutes from civil twilight)
in response to night-time moonlight illuminance using multi-sensor data
logger (MDL) data. Moon illuminance is a fixed effect with tags nested
within species (i.e. the common swift or Apus apus, the pallid swift or
Apus pallidus and the alpine swift or Tachymarptis melba) as a random
intercept.

predictors estimate s.e. t p-value
intercept 8.562 1.141 7.507 <0.005
moon illuminance 130.408 8.036 16.228 <0.0001

variance s.d.
tag within species 13.675 3.698
species 1.977 1.406

random effect

palaearctic swift species, the common, pallid and alpine
swift, show divergent night-time behaviour across their African
non-breeding season in response to moonlight illuminance.
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Our results show that moonlight-driven night-time
responses are strongly species and context dependent. We
note the strongest response (absolute flight heights and
moonlight illuminance sensitivity) in the common swift, a
reduced response in pallid swifts and no response in alpine
swifts. Species responses fall along a gradient in body
and prey size, and previously described flight patterns
[21,22]. We show a weak relationship between night-time
illuminance-driven responses and twilight ascending behav-
iour across all species, suggesting a decoupling of both
behaviours, separating night-time foraging from social,
zeitgeber and orientation-focused behaviour.

We used both GPS and MDL data to test our hypothesis.
The combined approach, using two lines of evidence,
allowed us to validate hypotheses using two independent
measurements and led to a more nuanced analysis. Where
MDL-based model output suggest diverging responses for
common and pallid swifts, the GPS results showed no signifi-
cant species effect, potentially related to unaccounted-for
effects of (coastal) weather systems (see below, [14], electronic
supplementary material, appendix figure S10). Our approach
highlights the strength of combining both sensor technologies
to gain a better understanding of species behaviour. In con-
trast to common approaches using moon elevation angles
and phase [6,7], we used moon illuminance values, which pro-
vide more robust model results [36]. To ensure reproducibility,
we made our implementation of the sky illuminance model by
Janiczek & DeYoung [37] freely available to the community as
the ‘skylight’ R package [38].

(a) Night-time moonlight response
Our study found three distinct night-time flight patterns in
response to changing moonlight illuminance. This varying
sensitivity in the probability of a high night-time flight
suggests that the magnitude and frequency of night-time
moonlight responses are highly species and context specific.
In common swifts, the strong synchrony of nocturnal flight
behaviour with moon illuminance showed a pronounced non-
linear relationship in their flight height response, with a low
threshold value relative to their mean daytime flight behaviour
(figures 2d and 4a). This behaviour was limited in flight height
(figures 2d and 3d), but still allowed the common swifts to rise
more than 1500 m. Little change in moonlight is therefore
required to trigger a change in their flight height. Research
on the American black swift has shown that responses to
decreasing moon illuminance, in response to a moon eclipse,
are indeed fast and reversible [7]. Our analysis corroborates
these observations where moonlight-synchronized flight pat-
terns are at times abruptly interrupted, only to be resumed
later in the night (figure 22, months of January and February).
Conversely, during the new moon, in absence of any moon-
light, flights remained consistently low. For pallid swifts,
higher illuminance values are required to trigger a higher
flight (figure 4a,b) as shown by our model results of MDL data.
Less pronounced moonlight-driven behaviour in pallid
swifts is probably due to common low-altitude coastal fora-
ging behaviour around sea breeze fronts [14], which limits
the ability to rise to greater heights. Here, offshore winds at
higher altitudes (greater than 1000 m) would push birds
away from land. GPS data shows that common swifts rarely
position themselves near or over coastal waters, as shown by
only 14 registered locations, while almost a quarter of the

positions of the pallid swifts are coastal foraging locations [ 8 |

([14], electronic supplementary material, appendix table S2).
This suggests that moonlight illuminance-driven responses
are mediated by synoptic and macroscale weather. By contrast,
inland continental positions showed higher night-time flights
of pallid swifts (table 1 in [14]). It was speculated that these
flights could be linked to common aggregation of insects
at inversion layers at the dry side of the Intertropical Conver-
gence Zone (ITCZ) [49,50]. Our current analysis puts these
results in a different perspective, and shows a strong connec-
tion to moonlight illuminance. However, we cannot exclude
the influence of weather and seasonal changes in frequency
of the moonlight illuminance responses for both the
common and pallid swifts. Overview plots show that the
response is weakest from December to February (figure 2; elec-
tronic supplementary material, appendix S1 and S2). These
time windows correspond with time spent in tropical regions
where cloud conditions or large frontal systems might obscure
or influence moonlight-driven flight responses. We suggest
that clouds and a swift’s geographic position with respect to
seasonal (local) weather, might limit moon illuminance
responses in more cloudy tropical areas.

In contrast to the behaviour of both the common and
pallid swift, the alpine swift does not show a moonlight
illuminance-driven response in flight height and activity
(figures 3a,b and 4a). Despite being a small aerial insectivore,
which is continuously on the wing [17], they are twice the
size of both the common and pallid swift, weighing approxi-
mately 100 g compared with approximately 40 g [21]. Body
size positively correlates with prey size across seven species
of swifts, with the alpine swift targeting consistently larger
prey than Apus sp. [21]. It is a well-observed phenomena
that insects increase their flight height and activity during
moonlit nights [19,20,51], and insect size distributions are
strongly vertically stratified based, with small insects flying
higher than large ones [22,52]. As such, alpine swift, prefer-
ring larger (low flying) insects, would naturally forage at
lower altitudes than the common and pallid swifts, which
prefer high flying smaller insects. We show that cyclical
moonlight-driven increases in flight height in search for
prey seems plausible, where swift flight patterns follow a
size-dependent continuum in (insect) prey size [22,52].

While moonlight may determine flight height in common
and pallid swifts, it does not affect flight activity. During all
nights flight activity remained high, suggesting more intense
flapping activity and conversely less soaring flights
(figure 3b, [53]). In contrast, alpine swifts do not show sus-
tained high activity during the night, with activity values
similar to those during the day (figure 3b). The lack of thermals
during night-time might explain some of this dynamic,
although the contrasting behaviour of the alpine swift puts
this hypothesis in question. Past research has suggested long
nocturnal gliding intervals with low flapping frequency,
suggesting roosting on the wing [33]. We argue that alpine
swift, due to their critical energy budget, might not preclude
low intensity opportunistic night-time feeding. A strong
moonlight-driven decrease in activity, as mentioned by
Hedenstrom et al. [7], is missing in all our observations
(electronic supplementary material, appendix figures S3-5S5).

Although the spatial distribution of swift species seems to
follow a size-dependent vertical distribution of insects during
the night, we cannot exclude predator avoidance as part of
the moonlight illuminance-driven response. The Eleonora’s
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falcon shares overlapping regions with all three species
during the non-breeding period [54], and is known to hunt
at night under favourable artificial or moonlight conditions
[55]. Escaping from falcons by rising flights is a common
predator evasion strategy in swifts [56]. Giant noctule bats
(Nyctalus lasiopterus) have been shown to feed upon passerine
birds during migration [57,58]. Noctule bats show consider-
able flexibility in foraging timing and space use in response
to food availability. However, contrasting flight strategies
and/or prolonged periods of high flights across swifts
would make this scenario less likely.

Furthermore, the observed patterns question the notion
that birds roost throughout the night, on the wing [59]. Noc-
turnal moonlight-driven changes in flight height and activity
for the common and pallid swifts suggest that, at least, these
species adapt their waking flights to the light environment.
This suggests plasticity in their sleep-wake cycle, where it
has been suggested that descending twilight flights might
serve as a time for rest [7,48].

(b) Twilight behaviour

For all species, we find pronounced twilight ascents aligning
with a period of high flight activity. For both the common
and pallid swifts this high activity continues through the
night regardless of light-driven changes in flight height
(figure 2a,b). In contrast, alpine swifts show isolated peaks
during twilight, with activity values similar to daytime
values during the night.

Maximum twilight flight heights are attained before civil
dusk or right after civil dawn (figure 3). Given our current
data, we do not show strong support for a shift in twilight
flight timing in relation to moon illuminance. While it would
be energetically favourable to not descend when high moon-
light illuminance conditions follow later in the night (or
conversely moonlight illuminance is followed by twilight con-
ditions), we do not observe such behaviour. Swifts do not
seem to anticipate a future moonlit night or coming twilight con-
ditions (figures 2b and 3a). All swifts descend after their twilight
ascent, even briefly, before any moonlight illuminance response.
Due to the short duration of twilight events, the sampling rate
and the uncertainty on twilight events linked to positional
accuracy the statistical power of our analysis is limited.

The full scope of the twilight behaviour, and its connection
to night-time activity, remains poorly understood. It has been
shown that pallid swifts overtop sea-breeze fronts using
higher twilight and night-time flights in order to retain a
favourable foraging position [14]. Therefore, an alternative
hypothesis exists for at least a part of the non-breeding
season of pallid swifts, while for other species other factors
cannot be excluded. A weak moonlight illuminance sensitivity,
moving into and out of twilight conditions does not exclude
the reorientation hypothesis [60,61] with flights linked to the
timing of maximum sunlight polarization. The most pro-
nounced twilight ascends are recorded for the common
swift. This species crosses the equator and would benefit
the most from a twilight-recalibrated compass [62]. Strong twi-
light ascending flights could suggest reorientation events.
However, past analysis of alpine swift data showed social
bonding through screaming parties dominated over reorienta-
tion [17]. Foraging behaviour cannot be fully excluded either.
Both moonlight illuminance [19,20,51] and twilight conditions
have been linked to increased insect activity of small

swarming insects such as mosquitoes, flies and ants [52],
making up a sizeable proportion of the diet of small
aerial insectivore (tropical) bats [63,64]. During the breeding
season, common swifts have been observed to prey on swarm-
ing insects at twilight near the Afsluitdijk, The Netherlands
[15]. However, limited observational evidence exists of such
behaviour during the non-breeding season. Finally, due to
the continued active behaviour in moonlit nights, the hypoth-
esis of descending twilight flights as a resting phase [7,48]
needs consideration as this behaviour is pronounced and
consistent across all three permanently airborne swift
species [13,17,33,48].

In the assessment of both the night-time moonlight illu-
minance responses and twilight behaviour, there is a need
for co-located measurements of insect prey to confirm a dis-
tinct foraging aspect over potential social, sleep, orientation
or predator avoidance-based behaviour. The co-occurrence
of swift along an insect prey size-dependent distribution, fol-
lowing behaviour of insects as described in literature, would
call into question if, like nightjars [65], at least the common
and pallid swifts might be considered crepuscular-nocturnal
aerial insectivores.

5. Conclusion

We show that both the common and pallid swifts engage in
night-time ascending behaviour in the presence of moonlight,
while no such behaviour is observed in alpine swifts. These
flight patterns follow a weight to prey-size vertical stratification
of insects as described in the literature. Our analysis changes the
interpretation of the diurnal movements of night-time ascents
of pallid swifts previously described, and suggests similarities
between both common and pallid swift behaviour and the
behaviour observed in both the northern black swift and night-
jars. All these species seem to extend their night-time foraging
behaviour in the presence of moonlight. As all swift species
considered (so far) have documented continuous flights
during the non-breeding season, we suggest that swifts
optimize their flight behaviour to adapt to favourable night-
time light conditions, weather conditions and a size-dependent
(vertical) insect prey distribution.
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