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Abstract

Advancing spring phenology due to climate change can result in different behavioural
responses in long-distance migratory birds, such advancement in their spring arrival date.
However, the degree to which timing is flexible to environmental change and the underlying
mechanisms require further investigation. To investigate timekeeping systems in free-living
long-distance migratory birds (purple martin Progne subis) in a natural ecosystem, this thesis
used the ‘wild clock’ approach, which is the combination of chronobiology and ecology.
Birds may flexibly respond to advancing springs if earlier first egg dates expose hatched birds
to different environmental cues, such as photoperiod, which they may use to synchronize
their internal clock time (ontogenetic effect). | found that nest timing (first egg date) was an
influential factor on the post-breeding movement timing (fledge date and colony departure
date) in a wild population of purple martins. I used an experimental approach to further
explore the phenotypic plasticity of young purple martins to photoperiod experienced in the
nest. With a simulated, early photoperiod I found that exposed nestlings had a longer nesting
period and later fledge and autumn departure dates than birds that experienced natural day
length. I also found that an anthropogenic light at night (ALAN) treatment changed the
timing of post-breeding movements, where nestlings exposed to white light had higher
weight and later colony departure date than young who experienced green light and natural
darkness. Lastly, I investigated the impact of aging on timing. Using data for 1-5 year old
birds, | found that spring migration timing and the timing of nesting advanced as birds age,
which may reflect the effects of experience or that optimal time is under different time
selection pressures as birds age. Overall, this study contributes to our understanding of the
synchronization of internal clock time during nestling development with one of the most
important zeitgebers, photoperiod, and its carry-over effects on migration timing as well as

the impact of age on



migratory strategies. Future research could investigate whether timing developed in the nest
to photoperiod continues into adulthood providing further insight into climate change impacts

on migration timing.
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Chapter 1

General introduction

Endogenous rhythm-generation in an organism, which was discovered in the latter part
of the twentieth century, defines rhythm in the different time scales of circadian, circannual,
circatidal, and circalunar (Sulzman et al. 1984, Daan 2010). The biological clock of an
organism synchronizes the timing of this endogenous rhythm with environmental cues to
generate an internal clock time of the organism at that particular moment (Helm et al., 2017).

Internal clock time helps an organism to keep track of time and to cue the timing of
different physiological processes where there is not any clue of the time from the
environment, such as during hibernation (Dunlap et al. 2004, Helm et al., 2017).
Chronobiological studies include the investigation of the function of biological clocks and
how an organism's internal clock is organized in relation to life-cycle events and responses to
the environment (Schwartz et al., 2017). However, most research in this field has been
conducted in a laboratory, and there is scant information about the function of biological
clock time in natural ecosystems (Schwartz et al., 2017). On the other hand, ecological
studies often neglect the biological clock in studies of the response of an organism to its
environment (Daan 1982, Helm et al., 2017). Therefore, the new ‘wild clock’ approach
provides an opportunity to understand timekeeping in free-living animals in natural
ecosystems through integrating chronobiology and ecology (Helm et al., 2017).

To study animal timing in the natural ecosystem and investigate internal clock time in
response to environmental cues or “zeitgebers” (Schwartz et al., 2017), using the ‘wild clock’
approach along with new animal-tracking technologies can provide new opportunities to
study animal timing in natural ecosystems; which may be more complex and may differ from
what has been found in laboratory studies (Vanin et al. 2012; Fuchikawa et al. 2016, Helm et

al., 2017). Zeitgebers are external cues that modify an organism's behaviour and physiology



in response to biotic and abiotic conditions. These cues may be geophysical, light-based
(photoperiod), social (mating opportunities), related to environmental conditions such as
temperature, or food-based (availability) (Helm et al. 2017). Among Zeitgebers, the
important role of the photoperiodic cycle (Aschoff 1955) has been discovered for endogenous
timing programs or circannual cycles of an organism (Gwinner 1989, Berthold 1996). For
example, previous laboratory studies have demonstrated the main role of photoperiod in
timing of life-cycle events for birds, such as migration (Gwinner 1989, Gwinner, 1996). The
evolution of endogenous timing programs over many years has regulated timing of circannual
life-cycle events, such as migration, to align with appropriate environmental conditions
(Gwinner, 1996). Knowledge of the way that photoperiod as a Zeitgeber can influence the
timing of life-cycle events of a species, such as migration, in a natural environment can help
to predict their responses to environmental change, such as with climate change or through
the impact of anthropogenic light at night (Helm et al. 2017).

Previous studies have shown how the life-history events of migratory birds (mostly
passerine) such as nesting experience (Coppack et al. 2001, Pulido and Widmer 2005,
Mitchell et al. 2012), as well as environmental factors such as day length (Berthold 1996;
Gwinner 1996; Dawson 2003), can interact with their heritable endogenous rhythms to
influence fall migration timing, particularly in juveniles (Berthold 1996). Hence, the
interaction of endogenous rhythm and experienced day length by nestlings, which is
determined by their hatch date, could be influential on the timing of their subsequent life-
cycle events (Berthold 1996, Hall and Fransson 2000). Despite the influence of weather
conditions such as temperature and wind conditions on migration timing at finer, daily
timescales (Akesson & Hedenstrém 2000, Mitchell et al. 2012), the timing of nesting could
determine the amount of time that a bird has before its migration. Therefore, a bird with a

later hatch date that experiences a shorter day length, will have a smaller amount of time to
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prepare for migration and complete the steps of moult and fat deposition (for migratory fuel)
to avoid delays in the onset of migration. Laboratory studies have shown that post-juvenile
moult and migratory behaviour of birds starts at a younger age when they experience shorter
photoperiods (Berthold 1988, Berthold 1996, Coppack et al. 2001, Gwinner & Helm 2003).
The development of these birds was also accelerated which has been described as a ‘calendar
effect’ (Berthold 1988, Berthold 1993). The potential for earlier nesting to result in earlier
migration timing through an ontogenetic effect of photoperiod (Both et al. 2010) suggests the
possibility for phenotypic plasticity in migration timing of juvenile migratory birds through
exposure to different environmental conditions or daylength in the nest. Phenotypic plasticity
is the ability of an organism to change in morphology, physiology, or behaviour to respond to
new environmental conditions (Price et al. 2003).

The advancement of spring phenology or the timing of life-cycle events, such as
flowering and breeding in plant and animal species (Walther et al. 2002, Root et al. 2003, Dunn
2004), due to climate change (Visser et al. 2010, Thackeray et al. 2016) can also impact the
timing of life-cycle events of migratory birds, such as breeding (Akesson et al. 2017).
Endogenous rhythms may have the main role in the timing of migration schedules of long-
distance migrants (Gwinner 1996), as birds do not have information about the environmental
conditions on their breeding grounds while at their distant overwintering sites (Both & Visser
2001). Photoperiod, which is the main cue in synchronizing endogenous systems with
environmental conditions, governs the migration timing of long-distance migratory birds
(Berthold 1996, Gwinner 1996, 1972). Therefore, any shift in breeding date could expose
juveniles to a new photoperiod regime after hatching which could result in changes in their
migration timing. In a laboratory experiment, the influence of simulating early spring
photoperiod during the nesting phase resulted in an extension of the moulting phase and later

fall migration (Coppack et al. 2001). Moreover, a delay in hatch date of nestlings through
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experimental manipulation of incubation in the wild resulted in a delay in spring arrival date
the next year (Ouwehand et al. 2017). However, further studies are required to examine the
impact of photoperiod on migration timing in free-living migratory songbirds (ontogenetic
effect) based on the ‘wild clock’ approach.

Moreover, it is hypothesized that artificial light at night (ALAN) could be perceived as
photoperiod (Farner 1964) which could be influential on endogenous timing systems (Berson
et al. 2002) and consequently impact the timing of birds’ activities such as singing
(Kempenaers et al. 2010) and reproductive development (Dominoni et al. 2013) as well as
physiological processes (Foster et al 2004) and natural life cycles (Rich and Longcore 2005).
Additionally, the impact of ALAN on spring migration timing has been demonstrated, where
birds who experienced ALAN for 10 nights at the wintering ground had later spring departure
and arrival dates (Smith et al. 2021). Therefore, it could be hypothesized that ALAN is
influential on migration timing and could impact the development of timing while birds are in
the nest through an ontogenetic effect.

The endogenous timing of migratory birds may also be influenced by their ageing in
response to various environmental, social, and physiological factors (Baker 1993, Hockey et
al. 1998, Kokko 1999, McKinnon et al. 2014). During fall migration, juvenile songbirds
mostly depend on their endogenous timing system (Berthold 1996, Gwinner 2003). During fall
migration first-time migrants gain enough experience to modify their endogenous system and
change their brains (Healy et al., 1996) which influences their ability to respond to varying
environmental conditions and timing in the next spring migration (McKinnon et al., 2014). As
previous studies have demonstrated, the delay of the fall migration of young migratory songbirds
as compared to adults was not found in their subsequent spring migration (Schmaljohann et al.
2018).

Moreover, in raptors and shorebirds improvement in migratory strategies and route

selection as birds age has been demonstrated (Hake et al. 2003, Lindstrom et al. 2011). These
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differences in migratory traits between adults and young of a migratory bird could be explained
by two proposed scenarios. The first one is based on young birds having less experience, making
them less efficient in foraging (Mellone et al. 2013), flight (Alatalo 1984), and navigation
(Crysler et al. 2016). The second scenario, based on Game-theory models, proposes that young
birds have different optimal migration strategies in comparison with adults, leading young birds
to employ strategies with the least costs. According to this scenario, younger birds may arrive
later at breeding sites to avoid the negative impacts of competition with adults for defending
territory and nests (when they are less likely to be successful), as well as the potential negative
impacts of higher migratory speed and earlier arrival date at the breeding grounds when
temperatures may be cool or variable and food limited. Instead, younger birds may not travel as
quickly or choose longer routes which may help them to save more energy (McKinnon et al.,
2014). Therefore, it is suggested that the endogenous system of young birds responds differently
to photoperiod, or that other environmental cues influence the timing of their circannual activities
(Berthold, 1996). Previous studies have mostly emphasized differences in migration strategies
between young and adults based on the differences in their migration traits (e.g., Rappole 2013,
McKinnon et al. 2014, Neufeld et al. 2021). However, the studies that investigate changes in
migration traits as birds age have rarely examined migration behaviour over more than one year
or full migration routes (e.g., Sergio et al. 2014, Fayat 2020).

Purple martin as a study system

Purple martins (Progne subis) are a gregarious, long-distance, Nearctic-Neotropical
migratory songbird species that journeys 10-20,000 km between breeding sites across North
America and overwintering locations in South America (Fraser et al., 2012). This species is one
of the aerial insectivorous (birds that consume insects while flying) migrants that have suffered
from population declines since 1970, mostly in the northern part of their breeding range (Nebel et
al. 2011; Smith et al. 2015; Michel et al. 2016). During the last two decades, their populations in

the Southern and Gulf Coast states have also been experiencing a decline (Tautin et al. 2009; Ray
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2015; Sauer et al. 2017). This species has been selected for this study because of their wide
distribution, local abundance, accessibility of breeding colonies, and an existing database of
migration timing for individuals collected through field studies. Moreover, there is evidence that
migratory behaviour of martins may not respond to climate change-driven temperature anomalies
(Fraser et al. 2013). However, Shave et al. (2019) showed population-level change in egg laying
date of purple martins in response to changes of temperature suggesting the potential for
individual plasticity to temperatures once birds are at the breeding ground. Therefore, further
investigation, including experimental approaches, are required to further investigate the
phenotypic plasticity of timing to environmental factors.

Objectives:

Previously, chronobiologists studied biological clock time using laboratory studies only,
thus their understanding of the function and evolution of internal clock time was limited.
Meanwhile, timekeeping systems were undefined in ecological studies, despite their focus on
understanding relationships between the behaviour of an organism and its environment (Helm et
al. 2017). Therefore, the new ‘wild clock’ approach is beneficial to advancing our understanding
of timekeeping systems in animals because it places biological clock functions familiar to
chronobiologists in the context of complicated environmental factors in the wild (Vanin et al.
2012, van der Vinne et al. 2014, Fuchikawa et al. 2017, Helm et al. 2017). New powerful animal
tracking technologies can be applied in studies using the ‘wild clock’ approach to gather timing
and movement data in a wild environment (Nord et al .2016, Helm et al. 2017). Therefore, the
main objective of this thesis is to investigate factors that influence the development and
maintenance of migration timing of a long-distance migratory bird by using the ‘wild clock’
approach and new tracking technologies.

I wrote this thesis in manuscript form and it contains four data chapters addressing nest
timing and post-breeding movement timing, photoperiod and post-breeding movements timing,

anthropogenic light at night (ALAN) and post-breeding movement timing, and ageing and
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migratory traits and timing in the purple martins. First, | studied whether nest timing (first egg
date) and environmental factors predict the timing of post-breeding movements of juveniles and

adults (Chapter 2; In press Journal of Avian Biology, DOI: https://doi.org/10.1111/jav.02766).

Next, | used an experimental approach where I manipulated photoperiod during nestling
development and investigated the subsequent impacts on the timing of post-breeding movements
in the wild (Chapter 3; published Proceedings of the Royal Society b. doi:

https://doi.org/10.1098/rspb.2021.1474). | also examined the impact of ALAN during nestling

development to determine the potential impact on timing of post-breeding movements (Chapter 4;

published Frontiers in Ecology and Evolution, https://doi.org/10.3389/fev0.2021.735112). In

my final data chapter, | studied the migration strategies across age groups and to determine how
migration strategies may differ as birds age (Chapter 5). Collectively these chapters address the
knowledge gaps in our understanding of migration timing development and its function in long-

distance migratory birds by using the ‘wild clock’ approach.
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Abstract

Factors that influence the development of migration timing in juvenile songbirds have
implications for the ability of individuals to respond positively to rapid environmental changes.
We investigated the impacts of nest timing on the post-fledging movement timing of juveniles
and adults of a migratory songbird. We tested whether first egg date and environmental factors
predicted the initiation of post-fledging stages: fledge date for juveniles, and colony departure
date for both adults and juveniles. At breeding colonies of purple martin (Progne subis) in
southern Ontario, Canada, we monitored nests to determine the date of nest initiation (‘first
egg date’) and deployed 122 coded radio-frequency tracking tags on young and adults to
determine the timing of post-fledging stages. We found that first egg date, the number of
nestmates and age of parents were the main predictors of fledge date. Of these three factors,
only first egg date carried through post-fledge to influence colony departure date for juvenile
birds, but this relationship weakened between first egg date and departure date. Nestmates
tended to fledge together (range 0-4 days) but exhibited greater variation in colony departure
timing (range 0-11 days). Further, while first egg influenced departure date, increasing
variation between fledge and departure led to some birds departing breeding colonies at a
younger age, suggesting in influence of local environmental factors (e.g. social or photoperiod
change) in departure decisions. The timing of adult colony departure date was independent of
first egg dates. In sum, our results suggest a role for first egg dates in setting timing of post-
breeding movements, but with variation introduced between fledge and departure dates.
Experimental manipulations of photoperiod in a wild setting are needed and future research
should investigate whether the timing of movement driven by nesting timing, holds across the
rest of migration or even the lifetime of birds.

Keywords: automated telemetry, endogenous timing, internal clock time, juvenile

migration, post-fledging, calendar effect, purple martin, Progne subis, aerial insectivore
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Introduction:

Endogenous mechanisms in combination with information from exogenous factors,
shape “internal clock time” of migratory songbirds which provides cues for the timing of life
history events (Berthold 1996, Gwinner 1996a, Helm et al. 2017). An organism synchronizes
the timing of its activities by the response of its biological clock to information from
environmental factors (Helm et al. 2017). Previous studies have shown the important role of
heritable endogenous mechanisms in the migration timing of juvenile (mostly passerine) birds
(Berthold 1996, Gwinner 1996b, Pulido et al. 2001, Gwinner 2003, Both 2010), which can be
modified by life-history events such as the timing of breeding and the natal circumstances
experienced by young (Pulido et al. 2001, Coppack et al. 2001, Pulido and Widmer 2005,
Mitchell et al. 2012). Hatch date determines the day-length experienced by a nestling which is
predicted to interact with endogenous mechanisms to cue subsequent migration timing
(Berthold 1996, Hall and Fransson 2000). Nest timing can also constrain the amount of time
available for a bird to prepare for migration. Later hatched birds may prepare for migration in
a shorter period of time, which has been described as a ‘calendar effect’ (Berthold 1988,
Berthold 1993). On a smaller timescale (days or within a day), migration timing might be
determined by the availability of favourable weather conditions (Akesson and Hedenstrém
2000, Mitchell et al. 2012).

Improving our understanding of the relative plasticity of migration timing to
environmental stimuli could provide invaluable insight into the flexibility of migratory
behaviour to rapid environmental change (Knudsen et al. 2011). Despite the important role of
endogenous mechanisms in migration timing demonstrated through lab studies (e.g., Gwinner
2003, Gwinner 1996b), we need to know about their role in the wild, such as their potential
impact on plasticity. For example, it has been proposed that earlier nesting results in advanced

migration timing of juveniles through an ontogenetic effect of photoperiod in the nest (Both
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2010). This was not corroborated by a follow-up experimental study (Ouwehand et al. 2017),
but this requires further investigation in other systems. Fledge date may also limit the time
available to prepare for fall migration with potential carry-over effects of late nesting on
survival (Gruebler and Naef-Daenzer 2010, Tarof et al. 2011, Cox et al. 2014). However, the
post-breeding period of young and adult long-distance migratory songbirds is still relatively
under-studied (Kershner et al. 2004, Vitz and Rodewald 2011, Naef-Daenzer and Gruebler
2016), largely due to difficulties in tracking post-breeding movements (De Frutos and Olea
2008). New automated, radio-telemetry systems such as the Motus Wildlife Tracking System
provide the opportunity to investigate specific timing events within the post-breeding periods
of adult and juvenile birds (Taylor et al. 2017) when mortality rate of juveniles is high. Also,
retrieval of other types of direct-tracking archival tags, such as geolocators or GPS units, would
be logistically difficult.

Here, we investigate the influence of multiple biotic and abiotic factors on the timing of
post-breeding stages of juvenile, long-distance migratory songbirds (purple martins Progne
subis): 1) fledge date and, 2) breeding colony departure date, reflecting the start of the first step
of broader post-breeding movements. By mid-August to late September in Canada, purple
martins, which are aerial insectivores, start fall migration to their South American
overwintering grounds, which are mostly in the Amazon basin of Brazil (Sick 1993, Fraser et
al. 2017). We explored multiple factors that may influence the timing of post-breeding stages
including nest timing (first egg date), the number of nestmates (brood size), age of parents
(second year or after second year, henceforth ‘SY’ and ‘ASY”, respectively), and weight and
fat scores of juveniles. According to the “kin selection hypothesis”, which suggests nestmates
wait for each other to reach a good body condition for fledging (Freed 1988), we predicted
fledge date would be more similar among nestmates (assumed to be full siblings of a social

pair) than those of other cavities at the same colony (assumed to be non-siblings). Multiple
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factors may influence nestling weight, but since purple martin nestlings can lose weight to
achieve the appropriate weight for flight as they approach fledge date (Allen and Nice
1952, Dellinger and Rogillio 1991, Gagné 2019), we predicted that juveniles that were a lighter
weight at the time of tagging (near fledge), would fledge earlier (Allen and Nice
1952, Dellinger and Rogillio 1991, Gagné 2019). If the timing of a nest has a broad, overall
impact on the timing of colony departure, then we also predicted that departure date would be
more similar for parents and their chicks (broods) as compared to adults and juveniles from
other cavities. We also investigated the influence of first egg date, the number of nestmates,
and parents' age on colony departure date of adults. Lastly, we tested the ‘calendar effect’
hypothesis, where we predicted that later nest timing leads to a shorter time at the breeding
colony and relatively earlier initiation of post-breeding movement at a younger age for
juveniles.

Methods:

This study was conducted at two different breeding colonies of purple martin in
southern Ontario, Canada, during July 2017 and 2018 and at an additional breeding colony in
July 2019. Colony sites were along Lake Erie and Lake Ontario at Holiday Beach Conservation
area (42.05°, -83.04°) and at a private residence at Port Bruce (42.66°, -81.06°) during the first
and second year, and at Ruthven park (42.97°, -79.87°) in the third year of the study. These
colonies were strategically selected as they were in the middle of the densest array of Motus
receivers and their distances to the closest motus tower are in a range of 0.04-0.8 km, (see

www.motus.org) which was predicted to provide more complete data on the post-breeding

movements of martins than could be accomplished at other locations.
We captured birds by using drop-door traps at their breeding nest boxes. To track

individuals, we used the Motus Wildlife Tracking System (www.motus.org). This system is an

international, automated radio-telemetry array of receiving stations (Taylor et al. 2017) that
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can be used to track the movement of small animals, and is thus ideal for tracking songbirds
such as purple martins and their movements soon after fledging. Signals were emitted every 10
seconds (bursts) from individually coded radio frequency NTQB-3-2 Avian NanoTags (0.67
g; 124 days expected tag life; Lotek Wireless Inc., on the same frequency 166.380 MHz) which
were mounted on individual birds and were detected by the receiver stations in the Motus
network. The tags were mounted on adults and juvenile birds which were near fledging by
using a figure-eight leg-loop harness (Rappole and Tipton 1991). We mounted tags on a total
of 122 purple martins; with 55 NanoTags deployed during the first 2 years, and 12 deployed in
the third year (13 adult males, 21 adult females, and 88 fledglings). The average weight of adult
purple martin is 51.4+4.54 grams (63 measured adults) and the average weight of young near
fledging is 50 grams (Allen and Nice 1952, Dellinger and Rogillio 1991), so the weight of the
tags (0.75 grams with harness plus the metal band weight at 0.16 grams) was not more than 3%
of their total body weight. Adult birds were aged and sexed by using plumage characteristics
(Pyle 1997). Nestling birds could not be sexed visually.

Tag detections by Motus antenna were recorded by SensorGnomes at each Motus
receiving station (Taylor et al. 2017). Following established protocols, all data were post-
processed to identify the registered tag in the project, tower location, antenna direction, signal
strength, time, and to identify and remove false-positive detections (Crewe et al. 2018). We
considered a minimum of 4 consecutive tag bursts (run length = 4) detected at a receiver as a
valid detection (Baldwin et al. 2018). Also, any detection at a location that was too far away
from the last approved detection, such that travel speeds between the points would be
unrealistic (average migration rate of purple martin is ~6 m/s, unpublished data based on GPS
tracking of purple martins), were removed. Birds were tagged near their fledge date which is
typically between 27 to 36 days old (Allen and Nice 1952). At the time of tagging, the nestling

age was between 17 and 25 days old. Their weight (to the nearest 0.1g) and fat content (scored
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from 0-5, following MoSlI protocol, De Sante et al. 2009) were measured. We used weight and
fat measurements in our fledge date model, but we did not include these variables in our
investigation of colony departure date, because it was not possible to re-capture juvenile birds
once they had fledged to obtain weight and fat score relevant to departure timing.

We determined fledge date, considering the age of juveniles and tag signal strength
fluctuations measured by the receiver. The first time the signal strength of a tagged young
dramatically increased or decreased after a long period of stability (when birds were stationary
in their nest cavity before fledging), indicating the individual had left the cavity. Further
fluctuations of signal strength afterwards provided further indication that birds had fledged and
were moving closer or further to the antenna during first flights (Supplemental Fig. 2.1). The
colony departure date was determined when there were no further detections of the bird at the
colony site after fledging for more than one day and in some cases were further supported by
detections from other receivers in the Ontario array away from the colony site (Gomez et al.
2017) (Supplemental Fig. 2.1). We found that the accuracy of this method for determining the
fledge date was ~96%, based on tests in other colonies of purple martin in Manitoba where
fledge dates were confirmed by daily nest checks and observations of banded birds at colonies
(fledge dates of 31 out of 32 nests based on Motus signals matched with our field observations,
with the one mismatch being where fledge date based on Motus detections was a range of July
24-26 , where our field observations in this case could only confirm July 24) (Bani Assadi and
Fraser 2021).

This work was performed under the University of Manitoba’s Animal Care Committee
protocol F18-031/1 (AC11388).

Statistical Analysis:
To determine the influence of nest timing (first egg date) and environmental factors on

fledge date and initiation of broader post-breeding movements, we used linear mixed models
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(LMM) and linear models (LM) using the R package Ime4 (Bates et al. 2014). Global models
for the two timing stages included year, colony site, and cavity as random effects and fixed
effects of first egg date, number of nestmates, age of parents (‘SY’ and ‘ASY”). Where the age
of both parents was known, pairs were the same age (ASY:ASY or SY:SY), but for nests where
the age of only one parent was known, we cannot rule out the potential for mixed-age pairs.
However, most birds may mate assortatively (Morton and Derrison 1990), where in 2020 in a
Manitoba colony the majority of pairings were ASY: ASY (65%) with a smaller percent being
SY:SY (4.25%) (Fraser unpublished data) therefore we anticipate little impact of potential
mixed-age pairs on our results. The global model for the first fledge date for juveniles also
included fat score (from 0 to 5) and weight (g). No collinearity was found among fixed factors
of the models. The global models of departure date from a colony were run for adults and
juveniles, separately. We also used two linear regression models (LM) to investigate the
relationship between first egg date, number of nestmates and age of parents with the age of
juveniles at fledge date and colony departure date. The residuals were distributed normally for
our models except the model for age at fledge date model which we. ran by using Generalized
Linear Models (glm). The residuals of the juvenile colony departure date model had positive
skewness and it did not fit with other modelling approaches (e.g. Poisson regression,
transformations), and so the linear mixed effect model was run (Deakin et al. 2019). We used
AICc (Akaike’s Information Criterion corrected for small sample size) (MuMIn R package
Barton 2013) scores for ranking all models according to parsimony (supplementary table 2.1-
2.3). For model selection, we used to AAICc < 2 to select candidate models with the biological
covariates that were most influential on the response variable (Burnham and Anderson 2002).
The Akaike weight (w) was calculated (MuMIn R package Barton 2013) for each candidate

model and used for the selection of the best model (Burnham and Anderson 2002). Wilcoxon
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rank-sum tests were used to compare the timing of colony departure date of adults and
juveniles. All analyses were conducted in R version 3.6.1. (R Core Team 2019).

Initial examination of the models revealed that the model of fledge date and colony
departure date only converged with the random effect of cavity. The effect of year and site was
tested by likelihood ratio tests comparing the models including each of these random effects
with the models including cavity as a random effect. The results of these models were
insignificant (,* = 0, P=1, for both variables and three models). Therefore, the random effects,
‘year’ and ‘site’ were removed from the models for parsimony.

Results:

We tracked the nest timing and post-breeding movements of a total of 88 juveniles and
34 adults (25 nests). During the post-breeding period, we detected 88% (30/34) of tagged adults
and 85% (75/88) of tagged juveniles. Detections that were limited to nests before fledge date
and random false positive detections were omitted. For most individuals, detections were
limited to the colony site (83%). In instances where tags fell off at the breeding site (indicated
by a steady, non-varying signal strength with a non-moving tag) or where there was no
detection of the tag just after fledging, associated data were removed from colony departure
date analysis. Our resulting sample size was 62 juveniles for fledge date, and 21 adults (2 SY
and 6 ASY males; 6 SY and 7 ASY females) and 44 juveniles for departure date from the
colony.

Fledge date

Fledge dates were 8-24 July during the three years of the study. Nestmate's fledge dates
varied by 0-4 days. Later first egg date and having at least one younger (SY) parent resulted in
later fledge dates by 1.03 + 0.08 days (95% CI 0.87 to 1.20) and 1.79 + 0.81 days (95% CI1 0.19
to 3.38), respectively (Fig. 1A-B). Birds with more nestmates fledged later, whereby increasing

the number of nestmates by one resulted in fledge dates that were 1.13 + 0.36 days later (95%
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Cl10.4210 1.83) (Fig. 1A). The best fledge date model did not include weight or fat as influential
factors (Table 1). We also did not find a relationship between age of juveniles at fledge date or
age of parents on fledge date.

Colony departure date

Colony departure dates of nestlings were between July 14" to August 5™, and colony
departure dates of adults were between July 13" to August 7"". Colony departure date varied
between 0 to 11 days (3.66 + 1.13) among nestmates of 11 cavities that had colony departure
date information from at least two nestlings. Where we had data for both adults at a nest (3
pair), departure date varied by 1-7 days (3.33 = 1.51) within pairs (Supplemental figure 2.4A).

The most important predictor of colony departure dates for juveniles was their first egg
date. Juveniles departed the colony 0.52 + 0.26 days (95% CI 0.00 to 1.04) later for every day
that first egg date was later (Fig. 2A & C). Despite this, juveniles with later first egg dates
departed the colony at a younger age (-0.46 + 0.21, 95%, CI -0.88 to -0.03) (Fig. 3),
(Supplemental Figure 2.3). None of first egg date, age of adults, or number of nestlings were
influential on the colony departure date of adults (Fig. 2B & D) (Table 1).

Overall, juveniles did not depart the colony significantly later than adults. On average
juveniles and adults departed the colony on July 23" (204.06 + 0.80) and 22" (203.79 + 0.82),
respectively (W =532, P=0.32) (Supplemental figure 2.4B).

Discussion:

Our results demonstrate that the timing of fledge and departure from the natal colony
are influenced by the timing of nest initiation and that juveniles from later nests depart the
colony at a younger age. However, variation in timing increased between fledge date and
colony departure date, suggesting the potential for an intervening influence of local
environmental and social factors on the timing of juvenile bird departure from their colonies

for the first time.
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Our finding that the timing of nesting influences the timing of subsequent post-breeding
movements in a wild population of birds aligns with laboratory-based studies of songbirds.
These studies had demonstrated a strong connection between photoperiod experienced after
hatch date and the timing of seasonal behaviours (e.g. Gwinner 1989, 1996b). For example, a
recent study using pied flycatchers (Ficedula hypoleuca) showed a connection between nest
timing and the timing of juvenile post-breeding behaviour, where hatch date was positively
correlated with the timing of autumn moult (Helm et al. 2019), which was also supported by
results in earlier lab studies (e.g. Gwinner 1986, 1989, Berthold 1988, Noskov et al. 1999).
Early-hatched birds that experienced longer photoperiod, had earlier fledge dates and
consequently began fall migration sooner (Coppack and Pulido, 2004). Field-based evidence
is rarer, but a few studies using mark-recapture methods have demonstrated an influence of
nest timing on subsequent post-breeding timing events (Ellegren 1990, Morton and Pereyra
1994, Sokolov 2000). A study that used similar (to our study) automated radio-telemetry
methods also demonstrate the influence of hatch date and weather on precise estimates of
departure timing in savannah sparrows (Mitchell et al. 2012). Our study builds upon these
previous lab and limited field-based research. Our examination of the influence of nest timing
across two stages of post-breeding movements in a colonially breeding, gregarious songbird
also shows an influence of nest timing on both fledge and colony departure dates.
Environmental factors associated with group living may serve to dilute the influence of nest
timing on movements between fledge date and colony departure, but this requires further
investigation. In a parallel investigation, we manipulated photoperiod in the wild and found
that fledge and departure dates of young purple martin were impacted by photoperiod
experienced in the nest. (Bani Assadi and Fraser 2021). These results suggest a strong role for
photoperiod in timing that is independent of social or environmental cues, as birds fledge the

nest and begin their broader post-breeding movements for the first time.
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While we found earlier nesting resulted in earlier departure date of juveniles, our results
also reveal that birds from nests with later first egg dates departed the colony at a younger age.
This shorter interval between fledge date and colony departure date for later nests could be
explained by social factors, predation pressure, or possibly seasonal changes in photoperiod
cues (“calendar effect”). For the “calendar effect”, juveniles with later fledge dates may be
induced through photoperiod cues to start moulting at a younger age, thus compensating for
their later fledge date and avoiding delays in migration (Jenni and Winkler 1994, Berthold
1993, Noskov et al. 1999, Bojarinova et al. 2008, 2010, Newton 2011). Our results also align
with Brown’s observational evidence (1978) that showed that for purple martins breeding at
the southern extent of their range in Texas, juveniles that fledged before 15 June, stayed longer
at the colony than those fledged later than that date (Brown 1978). Also consistent with our
results, a lab-based study of Helm and Gwinner (2006) showed that later-hatched juvenile
stonechats (Saxicola torquata) advanced their Zugunruhe to start migration activity roughly at
the same time as earlier hatched individuals. One speculation regarding the calendar effect in
purple martins is that exposure to natural photoperiod variation after fledging (when daylengths
are getting shorter more rapidly) induces birds from later nests to start broader post-breeding
movements earlier, enabling them to depart their colony at a similar time to birds from earlier
nests. However, it is unknown whether this mechanism is an inherited endogenous response to
the time of the year (according to photoperiod) or is related to food availability (Newton 2010),
precipitation, or other seasonal variables like temperature (Hazra et al. 2012). Photoperiod
might be considered as one of the main factors driving a potential calendar effect, as it would
be a more consistent and reliable cue by latitude (Hazra et al. 2012) and it has an important role
in regulating internal clock time (Gwinner, 2003). We can confirm that later hatching birds
departed the colony at a younger age and that it is plasticity, not a lower survival rate among

later hatched birds that contributed to this pattern because variation in signal strength and
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directional movement at departure noted by the motus receiver antenna indicate these were true
departures while the tags were carried by living birds.

In support of social influences on the timing of post-breeding movements, we found
that there was no significant difference between the colony departure date of adults and
juveniles. There is some observational evidence that juveniles follow adults to communal
grouping areas away from the colony, where they may benefit from food provisioning by adults
and defense against predators (Brown 1978). These or other social factors could be a reason
for later fledged juveniles joining their colony members, even if this means departing the natal
colony at a younger age than birds from earlier nests.

Predation pressure may be a further factor that promotes more synchronous colony
departure. There is no supporting evidence that predation pressure at colonies may promote
earlier departure by later fledging birds, but we might expect that the threat of predation would
be higher with fewer birds present to engage in communal defense strategies. How the threat
of predation may promote more synchronous colony departure for early and late fledging
juveniles would be a valuable avenue for future research.

The timing of fledge was largely synchronous within a cavity (with > 3 young), with
most individuals fledging at the same date or within 1-4 days of each other (Supplemental
Figure 2.2) which may be typical of within-nest variation in purple martins (Brown 1978). The
later fledge dates with increasing brood size that we observed might be most simply explained
by a later start to incubation for nests with larger broods. This would be where larger clutches
are completed later, leading to later incubation and a subsequently later fledge date. However,
alternative explanations may include the kin selection hypothesis (Freed 1988), which predicts
the fledging of more developed nestlings is postponed until nestmates are more synchronized,
to optimize fitness by increasing the chances of success of siblings with shared genes. Some

evidence to support this hypothesis was provided through a study of 84 species of North
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American songbirds (Remes 2007). A complementary or alternative explanation for our result
is that increasing food competition in larger broods leads to delays in reaching optimal body
conditions for fledging (Wagner et al. 1996). However, in this study weight or fat score were
not influential factors on fledge date, which does not support the notion that later fledge dates
may be explained by food competition. Variation in our sampling of weight (at days 17-26)
overlaps with when purple martins reach their peak nestling weight at 17-21 days old (Brown
and Tarof 2020), however some variation may have been introduced over this period that may
have influenced our results regarding a weight effect. Lastly, space limitation within nest
cavities could delay fledge dates, where larger broods are more confined limiting flight muscle
exercise and consequently leading to delays in preparation for flight and fledging (Michaud et
al, 2000). For a highly aerial species like purple martin, this could explain the large variation
in fledge dates within nests but requires further investigation.

We found that the average date of nesting (first egg dates) of both ASY and SY parents
were the same (ASY = 152 + 1.44, SY = 152.28 + 1.04 days of the year). Previous studies
showed later arriving SY female purple martins make their nest sooner after arrival than earlier
birds, and do not have later first egg dates (Morton and Derrickson 1990). Therefore, while we
did not measure spring arrival dates of adults, we did not expect that any influence of parental
age on fledge date would be due to the later arrival date of SY parents at the breeding ground
and later egg dates. Rather, due to the relative lack of experience and lower paternity assurance
of first-time (SY) parents (Morton and Derrickson 1990, Tarof et al. 2011), we predicted fledge
date of nestlings with SY parents to be later in comparison with nestlings of ASY parents which
was supported by our results. Higher rates of extra-pair copulations between ASY males and
SY females (Mgller 1985), make it more probable that ASY males will be more successful than
SY males in fertilizing eggs (Morton et al. 1990). Therefore, owing to reduced paternity

assurance, SY males may decrease their paternal effort impacting the rate of nestling
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development (Morton and Derrickson 1990). Further, lower skill in foraging and feeding
nestlings for younger females has been demonstrated in some studies, resulting in lower weight
and slower growth of flight feathers of nestlings (e.g. Krist 2011, Bitton and Dawson 2017).
Our results support these hypotheses, where SY males and females invest less in their offspring
due to less certainty in paternity and skill in provisioning, respectively, which could be further
explored to determine their relative influence on fledge dates.

In contrast with the impact of the number of nestlings on fledge date (Fig. 1A), juveniles
from the same cavity (family groups) did not have similar colony departure timing
(Supplemental Figure 2.4A). Instead, we observed that variation in fledge date for birds within
the same cavity (0-4 days) (Supplemental Figure 2.2), became more variable by the time of
colony departure (0-11 days). Previous studies reveal that timing can be highly heritable in
songbirds, such as for migration timing in blackcaps (Sylvia atricapilla) (Pulido et al. 2001),
spring arrival dates in barn swallows (Hirundo rustica) (Mgller 2001), and moult timing in
stonechats (Saxicola torquata) (Helm and Gwinner 1999) and garden warblers (Widmer 1999).
The high within-nest variability in colony departure timing that we observed in this species
could be related to high rates of extra-pair copulations resulting in mixed parentage within a
nest (Morton et al. 1990), and consequently heritable differences in timing among nestmates
(Pulido and Berthold 2003). Social impacts on timing may also have had an impact on within-
nest variability. Separation of nestmates after fledging from their parents can result in
‘adoption” by unrelated individuals in large colonial roosts that provide post-breeding
provisioning (Brown 1978). In this case, joining different family groups could have a
subsequent influence on departure timing, further increasing within-nest variability as birds
depart the colony for the first time with new family groups.

Conclusion:
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In a wild population of a migratory songbird, our results demonstrate an influence of
nest timing (first egg date) on the timing of the first two stages of juvenile post-breeding
movements (fledge date and colony departure date), where later nests resulted in later timing.
However, the influence of nest timing weakened by colony departure date, likely through a
combination of environmental and social factors. Family groups did not appear to depart
colonies together, and adult movement timing was independent of the timing of nesting. Our
results also revealed that both adults and juveniles departed their colonies within an average of
two days of each other. Future experimental work would be best suited to further investigation
of whether the timing of post-breeding movement is maintained across migration and in
subsequent years.
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Table 2.1: LMM analysis to explain variation in timing of fledge date and colony departure

date of juveniles and adult purple martins. The fixed effects were first egg date, number of

nestmates, age of parents, weight of nestlings and fat score. The cavity ID was the random

effect. This table shows the best supported candidate models for each. The full set of candidate

models are presented in supplementary tables 2.1-2.2.

Model Parameter Estimat  Std. 95% ClI 95% ClI  AICc W
e Error (lower) (upper)
Fledge date First egg date 1.03 0.08 0.87 1.20
Juveniles
( ) Parent age (SY) 1.79 081 0.9 3.38 244 0.341
Number of nestmates 1.13 036 0.42 1.83
Variance SD %Variance
Cavity (random factor)  1.37 1.17 4495
Residual 1.687 1.29
Colony First egg date 0.52 0.26  0.00 1.04 255.1 0.339
departure date
(Juveniles)
Variance SD %Variance
Cavity (random factor)  15.05 3.88 59.04
Residual 10.44 3.23
Colony Null 129.2 0.544
departure date . .
Variance SD %Variance
(Adults)
Cavity (random factor) 12.18 349 5595
Residual 9.58 3.09
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Abstract:

Previous lab studies have demonstrated the role of photoperiod in cueing the migration
timing of small land birds, however, how migration timing of young birds in wild environments
develops in relation to these cues has rarely been investigated. Such investigations can make
important contributions to our developing understanding of the phenotypic plasticity of migration
timing to new conditions with climate change, where changes in the timing of nesting may expose
juvenile birds to different photoperiods. We investigated the impact of manipulating photoperiod
during nestling development in a long-distance migratory songbird on the timing of post-breeding
movements in the wild. Using programmable lighting installed in the nest boxes of purple martin
(Progne subis), we exposed developing nestlings, from hatch to fledge date, to an extended
photoperiod that matched the daylength of the summer solstice in Manitoba, Canada. We found
that birds with a simulated, earlier photoperiod had a longer nesting period, and later fledge and
fall departure dates than control group birds. This study demonstrates the phenotypic plasticity of
first-year birds to the ontogenetic effect of their hatch date in the formation of the timing of their
first post-breeding movements. Further, we discuss how these results have implications for the
potential use of assisted evolution approaches to alter migration timing to match new conditions
with climate change.

Keywords: photoperiod, phenotypic plasticity, post-breeding movements, ontogenetic

effect, assisted evolution
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Introduction:

Spring advancement due to climate change has resulted in different phenological
responses by migratory birds, such as shifts in their migration phenology, or the timing of
other seasonal events such as breeding [1]. Among migratory birds, long-distance migrants
may be more dependent on their endogenous, circannual schedules to cue their migration
departure timing [2,3] as they cannot predict phenological advancement at their breeding
ground from overwintering areas that may be thousands of kilometres away [4]. Yet,
breeding arrival timing has been observed in many long-distance migratory species to have
advanced over years or decades. However, the mechanisms for these changes have been
much debated and require further exploration (e.g. [5, 6])

Migration timing of long-distance migratory birds is mainly controlled by endogenous
circannual rhythms synchronized to the external cue of photoperiod [2,3,7]. With climate
change and corresponding advancing springs, birds that breed earlier can be exposed during
nesting to different day lengths (photoperiod), which may further influence timing.
Phenotypic plasticity may be a mechanism by which individuals adaptively respond to new
environmental conditions [8, 9], and that could provide long-distance migrants with a shorter-
term mechanism for adapting to climate change. A study by Both [10] using band recapture
data for European pied flycatchers (Ficedula hypoleuca) found that breeding latitude
predicted timing of median recovery date during spring migration at stopover sites. It was
proposed that these patterns were driven by the different day lengths experienced by nestlings
at more northern versus more southern breeding latitudes. This led to the inference that
migration timing may be flexible to past experiences at the breeding grounds, based upon an
ontogenetic effect of photoperiod during nestling development [10]. This is supported by a
laboratory study by Coppack et al. [11] on European blackcaps (Sylvia atricapilla) showing

that simulating an earlier photoperiod during the nestling phase, resulted in a longer moulting

48



period and later onset of fall migration. In a rare, experimental field study, delaying the hatch
date of pied flycatchers through manipulation of incubation timing resulted in a later spring
arrival date in the following spring [12]. However, further study is required in other systems,
particularly where photoperiod is manipulated, and the actual movements of individuals are
directly tracked in the wild. Indeed, new syntheses of chronobiology and ecology through a
‘wild clock’ approach in a greater variety of study systems are predicted to yield invaluable
new insights into how animal timing responds to environmental change [1, 13]. Such
research would complement previous laboratory and field research to address the current
knowledge gap as to whether birds experiencing different photoperiods with earlier nests in
advanced springs provide new experiences of zeitgebers that entrain an adaptive response to
climate change (ontogenetic effect) in migratory songbirds.

In this study, we build upon laboratory studies by using a wild system to investigate the
direct impacts of experimentally manipulated photoperiod on the development of timing in a
long-distance migratory songbird. We aimed to experimentally test the hypothesis that the
photoperiod experienced by juveniles in the nest during development impacts the timing of
their subsequent lifecycle events. Using programmable lights installed in the nest boxes of
purple martins (Progne subis) during the nestling phase, we manipulated photoperiod to
summer solstice day length to simulate an earlier calendar date, as the hatch date of many
birds occurs naturally after this date and birds experience shorter day length. The other
environmental factors were the same for all nestlings.

We tagged nestlings and used an automated telemetry system [14] to determine
subsequent migration departure dates for experimentally manipulated nestlings and controls.
We predicted that nestlings exposed to extended day lengths (photoperiod) simulating earlier
calendar dates would have a longer nesting period (pre-fledge) and would spend more time at

the colony post-fledge resulting in later fall departure dates.
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Methods:

We conducted the field component of this study at three purple martin breeding colonies
in southern Manitoba, Canada (site one: 49.734° N, 97.1317° W, site two: 49.127° N,
97.5703 W and site three: 50.173442° N, 97.133442° W) which are located at open habitats
close to water bodies. This colonial bird is dependent on human-made houses for breeding in
this part of its range. The number of purple martin houses at sites one, two and three were
three units (with 14 nest cavities each), 4 units (with 32, 12, 14 and 8 cavities each) and two
units (with 14 nest cavities each), respectively. Purple martins are aerial insectivores that
breed in eastern North America and journey 10-20,000 km annually to overwintering
locations mostly in the Amazon Basin in Brazil [15]. Spring migration starts in mid-April for
our study population and arrival and departure date at these latitudes is early May and mid-
August, respectively [16, 17]. To manipulate photoperiod to test for its impact on the timing
of fledge and post-breeding movements, we mounted programmable light units inside
treatment nest boxes. We installed small, light-emitting diodes (LED) (5mm length) in the
roof of each nest cavity so that they pointed downward toward the nest [18,19]. We selected
LEDs because they incorporate the spectrum of natural light, do not produce heat [19, 20],
and can be programmed to emit selected amounts (lux) of light. Each light was connected by
a thin wire to an external unit composed of an Arduino and a real-time clock (RTC), mounted
on a circuit board. Each of the 4 units was connected to lights in 5 cavities and was mounted
underneath the housing units along with a rechargeable battery. In total, we used 20 nest
cavities for this manipulation. The same number of nest cavities were used as the control
group at two breeding sites.

We programmed the LEDs to emit 1.5 lux, which was the average (n=4) measured at the
start of civil twilight before sunrise at our study areas (Digital illuminance meter, LX 1330B).

To experimentally extend day length, lights were programmed to match the day length of the
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summer solstice (21 Jun 2019, 16:21:06) at our study sites. We programmed Arduino units to
turn the light on one hour before sunset and off at the end of the summer solstice civil
twilight. In the morning, lights turned on again according to the summer solstice civil twilight
and off one hour after sunrise. Most hatch dates at our study sites were just after the summer
solstice [12] when days were getting shorter, so we opted to ‘hold’ photoperiod at the longest
day of the year (the solstice) for experimental cavities to simulate an earlier photoperiod for
all nests (Supplemental Fig. 3.1). We simulated the photoperiod of the summer solstice (21
June), which is the longest day of the year because 1) at more northern latitudes most
individuals hatched after the summer solstice, 2) it is hypothesized that this time of the year
could be a baseline to re-set internal clock time [21], and 3) the timing of the summer solstice
in relation to nesting provides the best opportunity to manipulate the photoperiod in purple
martin cavities during nesting in a wild environment (i.e. extending day length for nestlings
once day lengths are getting shorter).

To track fledge dates and post-breeding movements, we used the Motus Wildlife
Tracking System (www.motus.org) which is an international, automated radio-telemetry
array of receiving stations [14]. We randomly selected four nestlings from each of the
extended day length and control nest cavities when they were near fledging (age 20-22 days).
We outfitted each with individually-coded, radio nanotags (NTQB-3-2, Lotek Inc.) (0.67 g,
12 x 6 x 5 mm in length, width and height, respectively) using a leg-loop, backpack style
harness [22] made of polypropylene thread. The average weight of nestlings near their fledge
date is 50 grams [23, 24] and the weight of the tags we used is, therefore, less than 3% of
their total body weight. Each tag emitted a signal every 10 seconds and had a battery life of
approximately 124 days. A total of 80 nestlings from each of the extended day length and
control groups were equipped with tags. We weighed each nestling at the time of tagging and

their fat content (scored from 0-5, following MoSI protocol [25]) was also determined. At
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each site, we set up a Motus receiver within ~ 8-70 meters to the purple martin houses. Each
receiver tower included one omnidirectional antenna with an approximate detection range of
500 m and two 9-element Yagi antennas with a range of approximately 15 km [14].

We determined fledge date for each nestling based on variation in the signal strength of
the nanotags and observations from frequent nest checks. Signal strength varied little while
nestlings were within their cavities at a constant distance from the receiver but began to
fluctuate widely at the time of fledging when the distance between tag and receiver shifted
rapidly with first flights from the nest and continued to vary more widely thereafter
(Supplementary Fig. 3.2). We conducted nest checks every other day at each colony and
could confirm from visual observations of the nest that young in a nest had fledged. To
determine the timing of colony departure, we used the presence of a fading signal and
subsequent end of detection of individual tag signals to indicate the day that a bird had
departed (Supplementary Fig. 3.2).

All data collection procedures and experiments were conducted in accordance with the
guidelines of the University of Manitoba’s Animal Care Committee who have approved this
project (Animal Care Protocol Number F18-031/1(AC11388)).

Data analysis:

We used linear mixed-effects models (LMM) fit by REML from the package Ime4 [26] to
assess the influence of experimentally extended day length on the timing of fledge date,
nesting period, duration at the colony post-fledge, and colony departure date. The fixed
variables were first egg date, number of nestmates in each cavity, and treatment
(experimentally extended day length). The first egg date factor could account for the
photoperiod that nestlings experienced as well as other within-season variations, such as the
amount of available food. In addition to these fixed variables, weight and fat score at the date

of tagging the birds were also considered in the models of nesting period and fledge date.
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Nested random effects of cavity ID and colony site were set to control for their variations
such as potential variability associated with the level of cavities and sites through the season.
However, likelihood ratio tests showed the random effect of site was not significant for our
models (y>=0, P=1), therefore for parsimony the random effect of site was removed from the
analysis. The interactions between treatment and first egg date and treatment and weight were
examined in the models, but preliminary analysis showed these did not have significant
impacts and therefore they were removed from the global model. The normality of residual
distribution of the models was tested and any statistical outliers on the basis of Cook’s D
were removed from the dataset. Akaike Information Criteria corrected for small sample size
(AICc) [27] using the package ‘‘MuMIn” [28] was used to run all possible candidate models
that could be built from the full model. Among all competitive models with AAICc<2, we
used the Akaike weight (w) to select the most parsimonious model [27]. All analyses were
conducted in R version 3.6.1. [29].

Results:

Among the tagged nestlings, we could track the fledge date of 51 individuals from the
control group and 68 from the treatment (extended day length) group. Of these, we
determined 30 colony departure dates for control birds and 49 departure dates for extended
day length birds.

Nesting period and fledge date:

The average duration of the nesting period for control and extended day length groups
was 28+0.00 and 29.69+0.22, respectively (Fig. 1). Nestlings in the extended day length
group had a nesting period that was 1.0520.36 (95% CI -1.76 to -0.33) days longer than birds
in the control group. The number of nestlings also impacted duration in the nest, where one

more nestmate resulted in 0.37£0.15 days (95% CI 0.06 to 0.68) longer in the nest (Table 1).
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The fledge date of all juveniles was between July 12" and August 1%. The mean date of
fledging for juveniles in the extended day length group was July 23™ (204+0.53), while birds
in the control group fledged on average on July 21% (202.96+0.64). The experimental,
extended day length treatment had an impact on fledge date with a 1.37+0.66 day (95% CI -
2.66 to0 -0.07) delay as compared to birds in the control group (Table 1). First egg date had
the largest influence on fledge date as expected, where for every one-day delay in first egg
date, fledge date was 0.97+0.07 days (95% CI 0.82 to 1.12) later (Fig. 3a; Table 1).

Duration at colony post-fledge and departure date:

The juveniles in the experimental, extended day length group spent more time at the
colony post-fledge than those that experienced natural photoperiod only (average of 4+0.00
versus 5+0.33). However, the best model only included first egg date as a predictor variable
of colony duration (Table 1, Fig. 2). All tagged birds departed the colony between July 16
and August 9". The mean departure date for juveniles in the control group was July 28"
(208.8+0.92) and July 29™ (209.95+0.51) for birds in the extended day length group. As
expected, first egg date had an important and positive relationship with colony departure date
(0.90+0.09, 95% CI 0.70 to 1.09) (Table 1, Fig. 3b). However, juveniles exposed to an
experimentally extended day length in the nest box during development had colony departure
dates that were 2.38+0.88 days later (95% CI -4.10 to -0.65) than juveniles that were exposed
to natural day lengths only (Table 1, Fig 3b). This relationship changed over the colony
departure period, where birds with a later departure date were more similar to controls (Fig
3b).

Discussion:

Our study experimentally investigated the potential ontogenetic role of photoperiod in the
development of post-breeding movement timing of free-living, long-distance migratory

songbirds (Supplemental Fig. 3.3). We show that exposing nestlings to an extended (earlier)
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photoperiod in a wild environment resulted in a delay in fledge date and colony departure
date as compared to birds that experienced natural photoperiod (Table 1). These results
demonstrate phenotypic plasticity in the timing of the post-fledge movements of nestling
songbirds in response to day length experienced in the nest.

Our results are consistent with, and complement, some prior lab-based experiments
investigating the role of photoperiod in seasonal timing [30, 31, 32]. For example, Coppack et
al. [11] showed prolongation of moulting and a delay in migration timing (measured through
the proxy of Zugunruhe) of European blackcap juveniles in response to a lab-based
simulation of an earlier photoperiod during nestling development. Our field-based experiment
demonstrates that the extension of photoperiod during nestling development carries over to
have an impact on colony-departure decisions in free-living birds, directly tracked during
actual movements. Even a small shift in egg-laying date and consequently fledge date,
particularly at more northern latitudes [33] can potentially have carryover effects on the
survival of young of aerial insectivores [34] and their subsequent life cycle events [10].

Our results are also consistent with, and help to explain, inferences from field-based,
correlational studies of Arctic terns (Sterna paradisea) and pied flycatchers, where breeding
date influenced the timing of subsequent migration [10, 35]. For pied flycatchers, advances in
the recovery dates of banded birds during spring migration were attributed to an ontogenetic
effect of advancing breeding dates at more northern breeding latitudes in the previous season
[10]. In another study of pied flycatchers, natal nest timing carried over to influence arrival
date and breeding in the subsequent year, for 3 of 5 years examined [12]. Similarly,
advancing breeding dates in one season correlated with advanced arrival and breeding dates
in the subsequent season in Arctic terns. These were attributed to a plastic (“learning”) effect
of timing that carried over from the previous year [35]. Our experimental results align with

these observations and illustrate that photoperiod during development may be an important
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mechanism underlying these advances in timing. Taken together, these results suggest that
the timing of seasonal behaviours is generally sensitive to the day length experienced while
birds are developing within the nest, but that variation may be introduced or timing can be
constrained by other endogenous or exogenous factors [10, 12, 36]. Moreover, the
manipulation of light in our experiment could be considered to mimic the day length (summer
solstice) of a more northern latitude for the period of the experimental treatment, where the
later timing of birds in our experiment may reflect a natural adjustment to breeding at
different latitudes. According to a study by Both (2010), variation in the timing of pied
flycatchers originating from more northern in comparison with more southern nests was
attributed to the experience of different photoperiod regimes at different latitudes [10].

Our results also indicate further flexibility in timing post-fledge, in that the experimental
treatment had a differential impact on early versus later hatching birds. The steep slope of the
correlation between colony departure date and first egg date of both groups showed that
young of the treatment group from later nests had earlier departure dates relative to their
hatching dates (Fig 3b). Seasonally decreasing day lengths post-fledge can have the influence
of speeding up the development of later-hatched young; a so-called ‘calendar effect’ [37],
which may be an adaptation so that later hatching birds can prepare for autumn migration
(e.g. [38, 39, 40, 41]). The later-hatching birds in our experimental group would have
experienced the largest shift in day length between the experimentally extended day length
within the nest box (held to summer solstice) and the shorter, more rapidly decreasing natural
day length they experienced once they fledged from their nest boxes. We infer that the earlier
departure of these later hatching birds relative to their hatch date may correspond to a
stronger ‘calendar’ effect induced by this larger shift in photoperiod experienced by these
individuals, as compared to birds in the control group. Photoperiodic cues indicating that

birds may be ‘late’ may induce a stronger migratory response. Long-tailed tits (Aegithalos c.
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caudatus) intercepted during migration and exposed in the lab to a photoperiod simulating
one month later had a stronger migratory response (measured via Zugunruhe) than birds
exposed to natural day lengths [42].

It is not known whether the impacts of photoperiod on timing that we measured would
impact timing over the rest of the calendar year, or further into adulthood. Or, if the
ontogenetic effect of photoperiod experienced during nesting is swamped by other
intervening influences. This is important, as a phenotypic advancement in the timing of
nesting in response to climate change could translate to rapid adjustment to climate change
effects if the timing is carried into later life stages [10]. In pied flycatchers, a one-week
experimental delay in hatch date led to the ontogenetic effect of later spring arrival and egg-
laying dates only for the first subsequent year but did not continue to influence timing in the
subsequent one to two years [12]. Similarly, in a different study of pied flycatchers, there was
no influence of hatch date on the timing of birds after the juvenile stage [43]. The fact that
our experimental birds that fledged later tended to be closer in colony departure timing to
controls, suggests further plasticity after the experimental treatment to ambient light
conditions. However, future investigation of how long the influence of photoperiod in the
nest predicts the timing of adult birds is required.

Further, we found that brood size impacted the duration of the nesting period, where
larger broods resulted in longer nesting time. It has been demonstrated that greater brood size
results in greater competition for food in purple martins, therefore prolonging the time
required to reach the appropriate condition for fledging [44].

Assisted evolution approaches are being applied in coral reef systems, where corals are
pre-adapted to current and predicted increases in ocean temperature [45]. Assisted evolution
approaches that address mismatches between environmental phenology and migratory bird

timing may be desirable [46], in response to the precipitous declines in the North American
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avifauna in recent decades [47]. Our results suggest that a manipulation of day length
(simulating an earlier calendar date) from hatch to fledge can delay departure date of
nestlings and sheds some light on how an assisted evolution approach could potentially be
used to shift the timing of migration based on manipulations in the nest. However, once
exposed to natural photoperiod after fledging, it appeared that birds in the experimental group
continued to shift, suggesting that timing may not be fixed and will continue to change post-
fledge. Future studies could focus on how long timing shaped in the nest may carry post-fall
migration and/or whether there is a period after which the timing routines of young birds
become more ‘fixed’. Such studies could help to further reveal whether an assisted evolution
approach to phenological mismatch, where birds raised in captivity and released in the wild
are ‘instilled’ with more adaptive timing, may be a viable method.

Conclusion:

Our study demonstrates the ontogenetic effect of day length experienced in the nest on
the subsequent post-breeding movement timing of juvenile, migratory songbirds in the wild.
Climate change is rapidly altering environmental phenology resulting in earlier springs and
correspondingly earlier nest dates [10] which can expose nestling migratory birds to different
photoperiods. Our results demonstrate that the manipulation of photoperiod experienced by
nestlings in the wild influences the subsequent timing of their movements. Future research
could further investigate the efficacy of similar manipulations as part of an assisted evolution
approach to timing mismatches in wild songbirds.
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Table 3.1: Top linear mixed-effects factors that explain variation in timing of fledge date and

colony departure date of juveniles, as well as nesting duration and duration at the colony post-

fledge. The variables we tested include the treatment, first egg date, and the number of nestmates.

The global model of fledge date and nesting period also included individual fat score and weight

at the time of radio-tagging.

e el i e w
Fixed effects
Treatment (control) * -1.37+0.66 -2.66 -0.07
First egg date* 0.97+0.07 0.82 1.12 453.1 0.33
Fledge date Nestmate numbers 0.44+0.25 -0.05 0.95
Random effect Variance Std.Dev. %Variance
Cavity ID 3.03 1.74 70.54
Fixed effects
Treatment (control) * -1.05+£0.36 -1.76 -0.33
Duration in the Nestmates numbers* 0.37 +0.15  0.06 0.68 409.2 0.57
nest (days) Random effect Variance  Std.Dev. %Variance
Cavity ID 0.65 0.80 34.20
Fixed effects
Treatment (control) * -2.38+0.88 -4.10 -0.65
gggg?%/ure date First egg date* 0.90+0.09 0.70 1.09 3242 0.72
Random effect Variance Std.Dev. %Variance
Cavity ID 3.92 1.98 66.91
Fixed effects
Duration at the  First egg date -0.12+0.07 -0.27 0.02
colony (days) Random effect Variance Std.Dev. %Variance 3445 0.38
Cavity ID 1.72 1.31 36.69
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Figure 3.1: Duration in the nest for young in the treatment group that experienced extended
day length as compared to young in the control group. Boxes extend to upper and lower quartiles;
the line indicates the median and the black point at the middle of the boxes indicates mean.

Whiskers extend to maximum and minimum values; outliers are indicated by filled points.
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Figure 3.2: Duration at the colony for young in the treatment group that experienced
extended day length as compared to young in the control group. Boxes extend to upper and lower
quartiles; the line indicates the median and the black point at the middle of the boxes indicates

mean. Whiskers extend to maximum and minimum values; outliers are indicated by filled points.
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Figure 3.3: The influence of experimentally extended photoperiod on fledge and colony
departure dates: a) shows the correlation between first egg date and fledge date; b) shows the
correlation between first egg date and colony departure date. In figure 3 (a and b), each point

represents individual birds that are independent and from different nest cavities.
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Abstract:

Many different aspects of an animal’s lifecycle such as its behavior, patterns of
hormone activity, and internal clock time, can be affected by anthropogenic light at night
(ALAN). Exposing an organism to ALAN during its early life could also have an impact on its
development. Since photoperiod can trigger or schedule the migration timing of long-distance
migratory birds, there is great potential for anthropogenic light to interact with photoperiod to
affect timing. However, very little has been investigated regarding the impacts of ALAN on
post-hatching development and migration timing. We investigated the impact of ALAN during
nestling development in a long-distance migratory songbird to determine the potential impact
on the timing of post-breeding movements in the wild. We experimentally manipulated the
light by using programmable lighting, in the nest boxes of free-living nestlings of purple martin
(Progne subis) in Manitoba, Canada. We exposed two groups of developing nestlings, from
hatch to fledge date, to green or white LED lights (5 lux) during the night. We also included a
control group that experienced natural, ambient light at night. We found that some adults
abandoned their nests shortly after starting the experiment (4 of 15 nests in the white light
treatment). For the nests that remained active, nestlings exposed to the white light treatment
had higher weights (at day 20 or 22), later fledge dates (1.54 + 0.37, 95% CI 0.80-2.28), and
later colony departure date (2.84 = 1.00, 95% CI1 0.88-4.81), than young of the control group.
Moreover, nestlings of both white and green light groups had longer nesting duration than
nestlings of the control group. This study demonstrates the impact of ALAN on the
development of post-breeding movement timing in nestlings of wild migratory birds. However,
our results also indicate that green light may have less of an impact as compared to white light.

Keywords: Light pollution, Artificial Light At Night, phenotypic plasticity, post-

breeding movements timing, ontogenetic effect
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Introduction

With more than 50% of the global human population inhabiting cities (Nations, 2012),
anthropogenic light at night (ALAN), or light pollution, has become one of the problems of
urban sprawl for its impact on local environments (Rich and Longcore, 2005; Chepesiuk,
2009; Dominoni D. M., 2015). It is hypothesized that artificial light can be perceived as an
extension of photoperiod in birds (Farner, 1964), where photoperiod can have a strong role in
synchronizing internal clock time with seasonal rhythm (Berson et al., 2002). A study
by Dominoni and Partecke (2015) on European blackbird (Turdus merula) showed that the
impacts of light pollution on a bird’s physiology and seasonal activities are comparable to the
influence of longer photoperiods. Therefore, light pollution through its impact on internal clock
time which controls many physiological processes (Foster and Kreitzmann, 2004), could
impact different aspects of many animal’s lifecycles, such as their natural behavior, and
patterns of hormone activity (Rich and Longcore, 2005). Previous studies have revealed an
impact of ALAN on the timing of activities such as the timing of singing of songbirds
(e.g., Miller, 2006; Kempenaers et al., 2010; Da Silva et al., 2015), the timing of reproductive
maturity (e.g, Dominoni and Partecke, 2015), and molt (Dominoni D. et al., 2013). For
example, in European blackbird, urban light pollution (0.3 lux) resulted in an advance in their
physiological phenotypes, where ALAN contributed to advances in the onset of reproductive
development by 26 days (Dominoni D. et al., 2013). In general, and across the annual cycle,
changes in timing as a result of exposure to ALAN may have negative fitness consequences,
particularly if birds become mismatched with the timing of key resources needed for migration
or breeding (Visser and Gienapp, 2019).

There is great potential for anthropogenic light to interact with natural photoperiod to
influence perceived photoperiod and affect migration timing which could have fitness

consequences (De Jong et al., 2015). However, there have been few studies on the impact of
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LAN on the migration timing of animals, particularly birds. For example, Riley et al.
(2013) found delays in the dispersal of Atlantic salmon (Salmo salar) fry who were exposed to
ALAN. Also, Smith et al. (2021) showed that adult purple martins (Progne subis) who
experienced ALAN for more than 10 nights, initiated spring migration 8 days earlier than others
who experienced natural darkness. This advance in timing was not compensated for during
migration and birds experiencing ALAN that had left earlier also arrived at their breeding
grounds 8 days earlier, suggesting the potential for mismatch between bird timing and the
availability of resources in early spring. Further studies with other species and at different times
of year are now required to further improve our understanding of the impact of ALAN on
migration timing. Further, to our knowledge, there has been no study that has investigated the
ontogenetic effects of light pollution on movement timing of long-distance migratory
songbirds.

In this study, we used purple martin which is a gregarious long-distance Nearctic-
Neotropical migratory songbird that journeys 10-20,000 km annually between breeding sites
across eastern North American and overwintering locations in South America (Fraser et al.,
2012; Neufeld et al., 2021). Considering the potential interaction between light pollution and
photoperiod that may impact timing, the objectives of this study were to determine the
ontogenetic effects of ALAN during nesting on the subsequent development of post-breeding
movement timing in young birds. For this purpose, we experimentally exposed free-living
nestlings to artificial light. To also examine whether different spectra of light have different
impacts, we used both white and green lights (long and near short wavelength) in our
experiment. The different impacts of green versus white light in a lab study on daily rhythms
of blue tit (Cyanistes caeruleus) (De Jong et al., 2017), provided context for our investigation

of the impacts of different wavelengths on the timing of post-breeding movements in the wild.
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We subsequently tracked individuals as they fledged using an automated telemetry
system (Taylor et al., 2017) to allow us to determine the responses of their timing to the
simulated light pollution. We predicted that the light treatments would have some impacts on
physiology as well as on timing, which could be measured through their weight and departure
timing. We predicted that nestlings of the experimental groups would have later fledge dates
and post-fledge movement timing in comparison with the control group. As songbirds may
perceive light pollution as similar to longer day length (Dominoni and Partecke, 2015), we
expected that birds in the experimental groups would have later timing of post-breeding
movements. This is because a longer day length at the study latitude would simulate an earlier
calendar date, as days get shorter through the nesting period. It was also expected that
development and weight gain in birds experiencing the light treatments would be slower than
those in the control group, as they may be more active under constant light at night. Regarding
the study results of De Jong et al. (2017) that both white and green light at an intensity of 5 lux
had the same influence on daily rhythms of blue tit (C. caeruleus), we predicted the influence
of both spectra of lights would be the same.

Materials and Methods

This study was conducted at two purple martin colonies in southern Manitoba, located
just south of Winnipeg (49.7348° N, 97.1301° W) and at Altona (49.126748°, —97.570463°).
Purple martins are dependent upon human-supplied houses for nesting, which have multiple
nest boxes per housing unit (Brown et al., 2021). We used five purple martin houses for our
study. Four of these houses had a total of 14 nest boxes each and the fifth house had 32 nest
boxes. We used 33 nest boxes from the location south of Winnipeg and 14 nest boxes from the
location at Altona in our experiment. To investigate the impact of ALAN on the timing of post-
breeding movements of juveniles, the light within purple martin nest boxes was manipulated

during dark hours. Light-emitting diodes (LED) in two colors (white and green) were attached

73


https://www.frontiersin.org/articles/10.3389/fevo.2021.735112/full#B60
https://www.frontiersin.org/articles/10.3389/fevo.2021.735112/full#B22
https://www.frontiersin.org/articles/10.3389/fevo.2021.735112/full#B18
https://www.frontiersin.org/articles/10.3389/fevo.2021.735112/full#B10

to the ceiling of each nest box before nestlings hatched. Light emitted by the LEDs was directed
downward toward the nests (Raap et al., 2016b, a). To control the time that lights turned on
and off, LEDs were connected to an Arduino unit (a circuit board that can be programmed with
associated software to set the light schedules) and a real-time clock mounted on a circuitboard.
The LEDs were programmed to turn on at sunset, stay on during the entire night, and turn off
at sunrise of the next day (Supplementary Figure 4.1). The experimental period began 3—4 days
before the hatch date of each nest and continued until the fledge date. The nest boxes were
divided into three different experimental groups: controls (no light, dark), treatment group 1
(white light), and treatment group 2 (green light). Light intensity for both treatment groups was
set at 5 lux. The dim, 5 lux was chosen to align with De Jong et al. (2017), where in the lab
there was no measured difference in the impact between green and white light at this intensity.
Therefore, this provided us with the opportunity to compare results and investigate impacts on
the timing of post-breeding movements on a migratory species in the wild. In total, each of the
control and green light groups included 16 nest boxes each, and the white light group included
15 nest boxes. To determine the fledge date and colony departure date of young, we used the
Motus Wildlife Tracking System,1 which is a continent-wide automated radio-telemetry array
of receiver stations (Taylor et al., 2017). At each of our research colonies, we installed a Motus
receiver, within 8-70 m of the cavities. We randomly selected individuals (3-5 where available
and of adequate weight for tagging) from each nest box and equipped them with individually
coded radio nanotags (NTQB2-3-2 Lotek Inc.) (0.62 g, 12 x 6 x 5 mm in length, width, and
height, respectively) using a leg-loop harness design (Rappole and Tipton, 1991; Streby et al.,
2015) made of black elastic sewing thread (~0.5 mm). Tag deployment was conducted when
nestlings were near fledging at the age of 20-22 days (post-hatch). At the time of tagging, the
weight of each nestling was recorded by using a digital scale with a resolution of 0.01 g. The

weight of a tag and harness was less than 3% of the weight of the juveniles (~54.27 grams)
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(the average weight of nestlings). Each nanotag emitted a signal every 29 s and had a battery
life of approximately 367 days.2 After turning on the lights, 4 of the nests in the white light
group were abandoned. In total, 61, 55, and 49 tags were deployed on nestlings from nests that
remained active in each of the control, green and white light groups, respectively.

The fledge date and colony departure date were determined by using a combination of
variation in signal strength of each nanotag and complementary nest checks every other day.
The date of fledging was determined when after a constant signal fluctuation (indicating the
tagged bird is in the nest at a constant distance from the receiver), we observed a great
fluctuation in signal strength which indicates fledging from the cavity. After this great
fluctuation of signal strength, we observed repetition of this pattern which shows the fledged
bird was rapidly changing position in relation to the receiver. Colony departure date was
determined according to the fading signals of the tagged birds and the last detections of the
tagged bird at the colony site (Supplementary Figure 4.2). Biologically unrealistic false positive
detections were omitted (e.g., from distant receivers pre-fledge). Where tag signals ceased (e.g.,
owing to tag malfunction, predation, or another unknown cause) or in cases where a constant
signal indicated a tag had fallen off or a bird had died, data were removed from further analysis.

All data collection procedures and experiments were conducted in accordance with the
guidelines of the University of Manitoba’s Animal Care Committee who have approved this
project [Animal Care Protocol Number F18-031/1(AC11388)].

Data Analysis

For examining the effect of ALAN on the timing of fledge date of juveniles and their
nesting duration linear mixed-effects models (LMMs) were fit by REML using the “Ime4”
package (Bates et al., 2014). The variables of weight (gram), first egg date, treatment (green or
white light), and the number of nestmates were assigned as fixed effects and cavity ID and

colony as the random effects. As only three nests had a second-year parent and all other adults

75


https://www.frontiersin.org/articles/10.3389/fevo.2021.735112/full#footnote2
https://www.frontiersin.org/articles/10.3389/fevo.2021.735112/full#S11
https://www.frontiersin.org/articles/10.3389/fevo.2021.735112/full#B6

were after-second year, the age of parents was not included in the analyses. To investigate the
impact of ALAN on the duration (days) at the colony (hatch to departure) and colony departure
date, we used LMMs with the same variables of first egg date, treatment (green or white light),
and the number of nestmates as fixed and cavity ID and colony as random effects, except for
the weight of the young as this was not possible to measure after their fledging. Preliminary
investigation using likelihood ratio tests revealed that the random effect of the colony was not
significant in the models (fledge date: 2 = 0, P = 1, duration in the nest: ¥2 =0, P = 1; colony
departure date: 2 = 0, P = 0.99; duration at the colony: 2 = 0, P = 1), and the models only
converged with random effect of cavity ID. Therefore, to meet model parsimony, the factor of
colony was omitted from further analysis. The distribution of residuals of each model was
assessed to meet the assumption of normality and equality of variance (Zuur et al., 2010). The
collinearity of variables in each model was assessed, which was less than 2 for all variables.
To run the possible candidate models from the full model, Akaike Information Criteria
corrected for small sample size (AlCc) was used (Burnham and Anderson, 2002) through the
package “MuMIn” (Barton, 2019). The best model among the competitive models with AAICc
< 2 was selected (Supplementary Tables 4.1-4.3) according to the highest value of the marginal
R2 (variance explained by the fixed effects) and the conditional R2 (variance explained by the
whole model) (Barton, 2019). ANCOVA was used to test the interaction of treatments
(categorical variable) with first egg date (continuous variable) for both dependent factors,
fledge date and colony departure date (McDonald, 2014). One-way ANOVA was used to
investigate whether the mean weight of juveniles is different among different groups (white
light, green light, and control), and where applicable, to explore the differences among weight
means of three groups, the package “ImerTest” (Kuznetsova et al., 2017) was used to run Tukey

HSD tests for post hoc analyses.
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The survival rate of young of each nest box was calculated by dividing the number of
fledged young by the number of hatched nestlings of each nest box. Due to the non-normal
distribution of data, a Kruskal-Wallis test was used to compare the survivability rate among
three groups (white light, green light, and control groups). All analyses were conducted in R
version 3.6.3 (R Core Team, 2020).

Results

We tracked the fledge date of 61, 47, and 46 individuals of the control, green light and
white light groups, respectively. Among these tagged nestlings, we were able to track the
colony departure dates of 45 individuals from the control group, and 20 and 33 individuals of
the green and white light groups, respectively.

Nesting Duration and Fledge Date

The average nesting duration of the control, green light and white light groups were
(mean + SEM) 28.16 + 0.15, 29 £ 0.15, and 30.11 + 0.23 days, respectively. Nestlings exposed
to green light and white light spent (estimate = SE) 0.78 + 0.32 (95% CI 0.14-1.41) and
(estimate £ SE) 1.67 £0.34 (95% CI 1.00-2.34) days, respectively, longer in the nest than those
nestlings who experienced natural darkness during the night (Table 1). Moreover, one
additional nestmate and a 1-gram increase in weight resulted in nesting duration that was longer
by (estimate + SE) 0.30 £ 0.13 (95% CI 0.03-0.57) and (estimate + SE) 0.04 + 0.02 (95% CI
0.00-0.08) days, respectively (Table 1).

Overall, fledge dates ranged from 12 July to 3 August. Average fledge dates of control,
green light and white light groups were dates 21 July (mean £ SEM) (203 + 0. 59), 24 July
(206 £ 0.65), and 25 July (207.39 + 0.52), respectively. Nestlings exposed to white light fledged
(estimate + SE) 1.54 + 0.37 (95% CI 0.80-2.28) days later than nestlings of the control group
(Table 1). There was not a significant difference between the fledge dates of nestlings of the

green light group and the control group. Moreover, first egg dates that were one day later
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resulted in nestling fledge dates that were (estimate = SE) 1.01 £ 0.03 (95% CI1 0.93-1.08) days
(Figure 1A and Table 1) later. One more nestmates in a cavity delayed fledge date about
(estimate £ SE) 0.31 + 0.14 (95% CI 0.02-0.60) days (Table 1). The results of ANCOVA
showed the effect of first egg date on the fledge date is independent of the treatments or
different colors of ALAN and it is assumed the slopes are similar (Figure
1A and Supplementary Table 4.4).

Duration at the Colony and Colony Departure Date

The best model of duration at the colony did not include any of the fixed effects as
influential factors (Table 1). Nestlings who experienced white light at night departed the colony
(estimate + SE) 2.84 + 1.00 (95% CI 0.88-4.81) days later than those of the non-treatment
group (Table 1). The results of ANCOVA showed the effect of first egg date on the colony
departure date was similar among the different treatments of ALAN (Figure
1B and Supplementary Table 4.4). Moreover, one day delay in first egg date resulted in
nestlings departing the colony (estimate £ SE) 0.94 = 0.12 (95% CI 0.71-1.18) days later
(Figure 1B and Table 1).

Weight

The average weight of nestlings of the control, green light and white light groups at day
20-22 were (mean = SEM) 53.50 + 0.63, 53.85 + 0.65, and 56.10 £ 0.92, respectively (Figure
2). The differences of the mean weight of nestlings among groups were significant (DF =2, F =
3.27, p = 0.04). The Tukey post hoc test showed the mean weight of nestlings of the white light
group was significantly more than those in the control group (estimate = SE) (2.6 £ 1.06, p =
0.03) when they were 2022 days old. There was no significant difference between the weight
of nestlings of the green light group and the weight of nestlings of both the control and white
light groups.

Survivability Rate
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Three of 16 control group nests and 4/16 green light group nests did not fledge
completely with 6 and 9 nestlings lost in each group, respectively. In the white light group, 4
out of 15 nests were abandoned at the beginning of the experiment and 2 out of the remaining
11 nests did not fledge completely. This resulted in a total of 10 nestlings lost from the white
light group. There was not a significant difference in the nest survivability rate between the
treatment groups, (white and green light groups) and the control group, nor between the two
treatment groups (x> = 0.17, p = 0.91). The actual numbers of fledged young were 79, 74 and
49 from the control, green light, and white light groups, respectively. Nestlings that disappeared
between nest checks were not found and may have been taken by avian predators (Brown et
al., 2021), as predator guards would prevent terrestrial predators from accessing the nest boxes.

Discussion

In this study, we demonstrate for the first time that ALAN impacts the timing of the
post-breeding movements of juveniles of a long-distance migratory songbird. We examined
the ALAN impacts of different spectra of light (white and green lights at 5 lux) on the duration
of nesting and timing of fledge and post-breeding movements. We found that the effects of
different spectra differed for the post-breeding movement timing of juvenile purple martins.
Our results reveal that exposing nestlings to white light with an intensity of 5 lux during the
night, resulted in later fledging and colony departure as compared to nestlings who experienced
either green light or natural darkness. Thus, our data reveal important effects of ALAN on
timing but that these differ by spectra of light. We found that green light with an intensity of 5
lux did not influence the timing of the post-breeding movement of young purple martins.
However, nestlings exposed to either white or green light had a longer nesting duration than
nestlings of the control group (that experienced natural darkness).

Evidence to date suggests that ALAN can influence the perception of photoperiod by

birds (De Jong et al., 2015), influencing their internal clock time and consequently impacting
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biological functions and fitness (Farner, 1964; Dominoni D. M., 2015). Previous studies which
investigated the impact of light pollution on circadian rhythms of songbirds revealed that it can
cause a phase shift in their circadian rhythm (Gaston et al., 2013) and advance or delay the
onset and offset of their daily activities such as singing (e.g., Kempenaers et al., 2010; Da Silva
et al., 2014), foraging activity (Russ et al., 2015), and timing of reproduction (Kempenaers et
al., 2010; De Jong et al., 2015). Moreover, egg-laying date is influenced by day length as one
of the important zeitgebers (Lambrechts et al., 1997; Da Silva et al., 2015). De Jong et al.
(2015) found when the temperature was low in spring in comparison with a warmer spring,
light pollution at night was perceived as a longer photoperiod by great tit (Parus major) which
changed the onset of egg-laying.

In addition to changes in the timing of nesting activities due to ALAN, a study by Smith
et al. (2021), demonstrated the advancement of spring migration departure of adult purple
martins who experienced light pollution during their overwintering period. One of the reasons
posed for this advance was that ALAN led to a perception of a longer day length which
mimicked a later calendar date, causing earlier development of reproductive organs (Smith et
al., 2021). In this study, we showed an ontogenetic effect of ALAN at breeding sites on
nestlings, which resulted in later post-breeding movements. This delay could be due to the
impact of ALAN in the nest on the growth rate of nestlings, where birds exposed to ALAN are
heavier leading to a delay in timing. An earlier study that compared the weights of nestlings
exposed to white light (3 lux) with controls found similar results where ALAN-exposed
nestlings gained more weight than those in the control group (Gagné, 2019). Previous studies
revealed that a typical pattern of weight gain and loss in nestling purple martins is for them to
lose weight as they approach fledge date, possibly to achieve a weight more suited to fledging
and first flights (Allen and Nice, 1952; Dellinger and Rogillio, 1991; Gagne, 2019). White light

may influence this natural pattern, changing the metabolism or the proportion of rest and active
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periods of the nestlings and increasing begging for food (Raap et al., 2016¢) which could
consequently prolong the duration of feeding by adults. This aligns with the results of a study
by Titulaer et al. (2012) that showed an increase in the feeding rate of great tit females when
nestlings were exposed to ALAN (10 lux) while they were between 9 and 16 days old.
However, exposing free-living great tit nestlings to artificial light at night (3 lux), even for two
nights, during their development led to substantial impacts on their physiological condition
(Raap et al., 2016b) and increased their activity levels which resulted in the nestlings having
no weight gain for the two nights of the experimental treatment (Raap et al., 2016a). Our results
align with these earlier studies as we found that the weight of nestlings of the white light group
was significantly more than the nestlings of the control group. We infer that given that nestling
martins tend to lose weight just before fledging, that the higher weight of white light exposed
nestlings may have led to the later fledge dates that we observed. However, we found no
significant difference in weight between individuals in the green group and the other two
groups.

While the ontogenetic effect of photoperiod on circadian rhythms of mammals has been
demonstrated (e.g., Ciarleglio et al., 2011), there is scant information about the ontogenetic
effects of daylength on avian migration timing (Knudsen et al., 2011). This is particularly so
for the potential ontogenetic effects of light pollution. The ontogenetic effect of hatch date on
spring migration timing of pied flycatcher and spring arrival time of Arctic terns (Sterna
paradisea) has been suggested by Mgller et al. (2009) and Both (2010), respectively. Moreover,
in a previous study, we found phenotypic plasticity of post-breeding movement timing of
young purple martin to an experimentally extended day length during their nesting (Bani
Assadi and Fraser, 2021). In our study, the longer nesting period and later fledge date of
nestlings exposed to the white light treatment, could potentially indicate a plasticity of post-

breeding movements timing of nestlings to the ontogenetic effects of light during the nesting
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period, with carry-over effects on the timing of their colony departure date. How long these
timing effects may last across the rest of the annual cycle, and how they trade-off these delays
in timing in the next stage of their life cycle, are important areas of investigation for future
research. Delays in timing may be compensated for during fall migration, or during the winter.
In wood thrushes, fall migration may mitigate the carry-over effect of late-breeding timing
(Stutchbury et al., 2011; Catry et al., 2013) and Gow et al. (2019) found that stationary periods
during the non-breeding season in tree swallows may act as a timing reset period, removing
carry-over effects on timing from the breeding season and fall migration. However, some
impacts on timing may have longer-lasting effects, particularly on juvenile birds. Ouwehand et
al. (2017) showed that the carry-over effect of an experimentally delayed hatch for juvenile
pied flycatchers extended to spring arrival date back at breeding sites in the following year.
While we did not track the timing of our experimental birds to the subsequent spring, based
upon the results of Ouwehand et al. (2017), we would expect to observe a carry-over effect of
ALAN on their spring arrival date.

Similar to a study of De Jong et al. (2015), which showed a lack of impact of ALAN
on the survivability rate of great tits nestlings, we did not detect a difference in the survivability
rate (fledging) of the young among our three groups (white light, green light, and controls).
However, previous studies have revealed some non-lethal but negative impacts of
ALAN via increases in stress hormones (Ouyang et al., 2015) and decreases in melatonin levels
(Dominoni D. M. et al., 2013). For example, a field study by Raap et al. (2016b) showed that
exposing great tit nestlings to ALAN (0.3 lux) for two nights when they were 13 days old
caused a deterioration of their immunity and health condition via a decrease in melatonin and
an increase in oxidative stress and stress hormones. Melatonin is secreted by the pineal gland
at night and plays an important role in maintaining the circadian rhythm (Raap et al., 2015). A

disruption in circadian rhythm can impact several immune responses (Arjona et al., 2012). In
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our study, despite the lack of influence of two spectra of lights (white and green) on the
survivability rate of young, we cannot rule out more subtle effects on their health condition and
how this may influence migration. This would therefore be an important future research
avenue, as the impact of ALAN on complex neuroendocrine functions, and how this may differ
as they traverse different environments, is unknown (Haldar and Singh, 2001).

How different wavelengths of light may impact the behavior and physiology of birds
have yielded mixed results across studies, species and time of year. For example, in a field
study, Ouyang et al. (2015) showed that the concentration of stress hormone in great tits was
greater when nests were closer to white lights in comparison with individuals with nests near
green lights (8.2 £ 0.3 lux). Moreover, wavelengths around the blue spectrum have been
demonstrated to be more influential on the reproductive physiology of birds (Dominoni D. M.,
2015) and laying date (De Jong et al., 2015) than other spectra of light. In our field study, white
light of higher intensity (5 lux) was influential on post-breeding movement timing of wild
young purple martin, while green light with the same intensity did not have any impact. In
contrast with our findings, a laboratory study by De Jong et al. (2017) revealed that at low
intensity (0.5 and 1.5 lux), the daily rhythm of blue tits (C. caeruleus) was more disturbed
under white and red lights than green light. However, they found that at a higher range of
intensities (5 lux), both white and green lights had the same negative impact on the circadian
rhythms of a blue tit. In another study De Jong et al. (2015), found that the lay date of great tit
was influenced by white and green lights at night (8.2 + 0.3 lux out of the nest, but 0.05 lux in
the nests), however, pied flycatchers’ lay date was not impacted by ALAN (De Jong et al.,
2015). In contrast with this result, a study by Poot et al. (2008), showed an influence of the
long-wavelength spectrum (red and white lights) where it caused nocturnal migratory birds to

be disoriented during flight. In general, the greater influence of white light at low intensity
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across studies could be due to its greater penetration of the skull as compared to green light,
where it may have a corresponding impact on photoreceptors (Hartwig and van Veen, 1979).

In addition to the impacts of our experimental treatments, we found that other factors
also impacted timing as expected. For example, we found that first egg date was an influential
factor in the timing of fledge date and colony departure date. The number of nestmates also
impacted fledge date, which aligns with the results of Wagner et al. (1996), where an increase
in the number of nestlings of purple martins increases competition for food and therefore they
require more time to reach the optimal body condition for fledging. Among the zeitgebers that
may influence timing, photoperiod is expected to play the largest role in synchronizing internal
clock time (Gwinner, 1996; Akesson and Helm, 2020). Therefore, it was expected that longer
day lengths experienced by birds that hatched earlier would induce them to have earlier fledge
dates (Coppack and Pulido, 2004). However, our investigation did not show any interactions
between the experimental light treatments and first egg date.

Conclusion

This study demonstrated the ontogenetic effects of white ALAN during the nesting
period on the timing of post-breeding movements of juvenile birds. However, we did not find
any significant difference in the timing of post-breeding movements for birds that were exposed
to green ALAN as compared to controls. The potential for negative carryover effects on other
stages of the annual cycle (Norevik et al., 2017) or whether the carryover effects of light
pollution on migration timing are compensated for during migration or during the
overwintering period (Senner et al., 2014; Briedis et al., 2018; Gow et al., 2019) requires
further investigation. The negative impact of white light on the circadian or circannual rhythm
of young migratory songbirds that we demonstrate, and the lack of influence of green light
leads to the recommendation of using a shorter wavelength (green light) for illuminating places

that are close to breeding sites.
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Table 4.1: The best models of the linear mixed-effects analysis of effects of ALAN,

weight, first egg date, nestmate numbers on nesting period, fledge date, and effects of ALAN,

first egg date, nestmate numbers on duration of staying at the colony and colony departure date.

The cavity ID is considered as a random effect.

Estimate+ 95% CI 95% CI 212
Model Std. Error  (lower) (upper) AlCc  mR7cR
Fixed effects
Treatment (green light)  0.54+0.36  -0.15 1.25
Treatment (white light) * 1.54+0.37  0.80 2.28 544.4  0.90/0.92
First egg date* 1.01+£0.03 0.93 1.08
Fledge date
Nestmate numbers* 0.31+0.14 0.80 2.28
Random effect Variance Std.Dev. 9%Variance
Cavity ID 0.48 0.69 24.61
Fixed effects
Treatment (green light) * 0.78 +0.32 0.14 1.41
Treatment (white light) * 1.67+0.34  1.00 2.35 529.5 0.28/0.43
Durationin  Weight* 0.04+0.02 0.00 0.08
the nest Nestmate numbers* 0304013 0.03 0.57
(days) estmate numbers .30+0. ) )
Random effect Variance Std.Dev. %Variance
Cavity ID 0.37 0.61 21.14
Fixed effects
Treatment (green light) 054+1.07 -1.57 2.65
Colony Treatment (white light) * 2.84+1.00 0.88 4.81 504.2 0.57/0.71
geparture First egg date* 094012 0.70 1.18
ate
Random effect Variance Std.Dev. %Variance
Cavity ID 3.21 1.79 32.44
Fixed effects
Durationat | 472.4  0/0.34
the colony
(days) Random effect Variance Std.Dev. %Variance
Cavity ID 1.72 1.31 36.69

*The significant factor. mR?: marginal R?, cR?: conditional R?
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Figure 4.1: The influence of ALAN (white and green lights) on fledge date and colony
departure date, a) shows the correlation between first egg date and fledge date; b) shows the
correlation between first egg date and colony departure date. Red= white light, Black: green

light and purple= control
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Figure 4.2: Weights of young in the treatment groups (white and green lights) and
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and minimum values; outliers are indicated by filled points.
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Abstract

The timing of migration can have fitness consequences for long-distance migratory birds,
where earlier arrival can bring advantages such as better territories, mates, and access to food
resources. In many migratory birds, age plays an important role in migration timing and
studies have investigated comparisons of fall and spring migration timing between adults and
juveniles. However, how timing may change as birds age has been difficult to study and has
received little research attention to date. Here, we tracked the migration timing of individual
songbirds (Purple Martins Progne subis), from the ages of 1 to 5, to determine how age
influenced migration timing and stopover behaviour in fall and spring migration as well as
nest timing and its repeatability. We found that younger birds (two years old) had longer
stopover duration during fall migration as well as longer stopovers after crossing a major
migration barrier (the Gulf of Mexico) in spring than older birds (greater than two years old),
which may be related to reduced foraging and migration efficiency in younger birds. We
found that as birds aged, their spring departure and arrival dates, nest timing, and fall arrival
dates were earlier, which may relate to shifts in optimal timing as birds age. We did not find
that nest timing became more repeatable as birds aged. Overall, our results suggest that
experience may influence migratory stopover behaviour and that time selection pressure,
particularly in spring, may advance the timing of birds as they age. Our results also indicate

that older birds may be better matched with earlier, climate-change driven springs.

Key words: migration phenology, songbird migration, light-level geolocators, aging,

repeatability
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Introduction
In migratory birds the optimal arrival time, based on game-theoretical models defined by
Kokko (1999), is for individuals to arrive at their breeding areas before their competitors and
earlier than the optimal time for breeding and foraging. This includes the trade-off where
individuals pay the costs of early arrival for the benefits of priority access to territories or
mates. Therefore, the timing of spring migration may have important carry over impacts on
the fitness of migratory songbirds (Lozano et al. 1996, Kokko 1999). Further, migratory
timing or performance could be restricted by conditions experienced before the start of
migration (Marra et al. 1998), en route (Tottrup et al. 2012), or by factors such as age
(McKinnon et al. 2014, Neufeld et al. 2021). However, there is not enough information about
how migratory performance may change as an organism ages (Sergio et al. 2014),
particularly for smaller-bodied migrants, where technological limitations have prevented
multi-year tracking of individuals across their full migrations.

Improving understanding of age-related patterns may also provide additional insight
into how birds may respond to climate change as they age. Most previous studies have
focused on differences in migration traits between juveniles and adults (Berthold 2001,
Newton 2010, Rappole 2013, McKinnon et al. 2014, Neufeld et al. 2021). There have been
very few studies that considered migration traits through years and over full migration routes
(e.g., Sergio et al. 2014, Fayet 2020).

It has been demonstrated that young birds often have later arrival time at their
breeding grounds as compared to older birds (Morton and Derrickson 1990, Woodrey and
Chandler 1997, Hockey et al. 1998, Mueller et al. 2000, McKinnon et al. 2014, Crysler et al.
2016, Neufeld et al. 2021), which may be attributable to endogenous routines that vary by age
(Morton and Derrickson 1990, Kokko et al. 2006), morphological differences between age
classes (McKinnon et al. 2014), differences in experience (Crysler et al. 2016), or some
combination of these factors. For example, juveniles may avoid the costs of early arrival and
competition with older birds, where endogenous routines may drive a switch in timing
strategy as birds age (Morton and Derrickson 1990, Kokko et al. 2006, Pedersen et al. 2018).
For age-related morphological differences, shorter wing size in juveniles can reduce their
flight efficiency, making their migrations take longer than for older birds. (McKinnon et al.
2014). Age-related experience may also impact migratory route selection (Crysler et al.
2016), where older birds may have better efficiency in using resources at stopovers, resulting
in earlier timing (Hockey et al. 1998), particularly at stopovers close to an ecological barrier

(Woodrey 2000). Juveniles may also depart later on their migrations if they spend more time
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at the breeding grounds than older birds to explore future breeding habitat (Brown and Taylor
et al. 2015). Despite these differences between older and younger birds, it is not clear how
these changes in migration behaviour have developed or whether they are sudden or gradual.
It is also unknown whether age-based changes are based on endogenous cues that change as
birds age, or the higher survivability of birds with better performance, or both (Sergio et al.
2014). Most studies to date have relied on comparisons of first-year and after-second year
birds and have generally been restricted to patterns at single locations or for segments of
migration. The recent development in remote tracking of small animals provides new
opportunities to study timing across full migrations as birds age (Alerstam et al. 2006,
Stutchbury et al. 2009; Taylor et al. 2017; McKinnon and Love 2018).

We used geolocators to track a long-distance migratory songbird, Purple Martin
Progne subis, which breeds across North America and spends the non-breeding season in
South America, mainly in the Amazon Basin (Brown et al. 2021, Brown et al. 2021, Fraser et
al. 2013). The main goal of this study was to investigate the migration strategies for both
spring and fall migrations of a long-distance migratory songbird as they age (1-5 year olds).
Our first objective was to investigate potential differences between second-year (SY) and
after second-year (ASY) birds in their migration performance such as stopover duration,
number of stopovers, stopover duration before and after crossing a major open-water
migration barrier, and migratory distance. If SY birds are less efficient at refueling and in
route selection owing to lower experience, it was expected that they would have longer
migration routes and stopover duration, or more stopovers (Crysler et al. 2016, Yong et al.
1998, Rguibi-Idrissi et al. 2003) as well as a longer stopover duration to refuel after crossing
the Gulf of Mexico (Woodrey 2000). The stopover duration and number of stopovers were
compared between fall and spring migrations for all SY and ASY birds as it has been shown
that the spring migration of birds may generally be faster than fall migration (Nilsson et al.
2013). Our second objective was to investigate whether migration timing changes as birds
age (1-5 year old), with the prediction that birds have earlier timing as they age. As birds age
they may gain in experience leading to efficiencies that advance timing (Smith et al. 2005),
and or selection may favour advanced routines for older birds for both migration and nesting
(Hamilton 1966). Therefore, our last objective was to investigate whether nest timing
advanced or becomes more repeatable as birds age. We examined the repeatability of
individual egg laying date and we predicted individual female purple martins exhibit more

repeatability in egg-laying date as they invest more (Langin et al. 2006).
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Methods

We used data derived from light-level geolocators that provided daily latitudinal and
longitudinal coordinates for each bird throughout the year. Light-level geolocators are small,
archival devices that can record the geographical location of a migratory organism by using
the timing and intensity of ambient light. Latitude can be determined by day or night length
and longitude from the exact time of local midday/midnight (Lisovski et al. 2012). Purple
Martin are aerial insectivores which are dependent on human-made houses for their breeding
cavities. They have high fidelity to their breeding locations (Brown et al. 2021) that facilitates
the retrieval of tracking devices. After trapping using drop-door traps at their nest boxes,
geolocators were deployed between 2009-2016 on purple martins at 11 breeding colonies that
spanned between 26.1° N and 53.0° N, (supplementary table 5.1). Teflon leg-loop harnesses
(Rappole and Tipton 1991; Stutchbury et al. 2009) were used to mount the geolocators. The
weight of geolocators (< 1.6 g; MK10s/12/12 s/14 s/20, British Antarctic Survey) were not
more than 3% of the mean body mass of breeding birds which is ~ 48-55 g (Brown et al.
2021).

A total of 67 tags with annual migration tracks were retrieved in the following year with
useable data. These included 33 individuals of different ages that were repeat tracked for 2
years providing the opportunity to compare changes in migratory behaviour as birds age
while controlling for individual variation (supplementary table 5.1). The 33 repeated tracked
purple martins included 19 females and 14 males. The age of all birds could be categorized as
second-year (SY; n=13) and after-second year (ASY; n=54) and sexed based on plumage
characteristics (Pyle 1997). A subset of these individuals (n=25) were banded as nestlings and
therefore could be aged reliably after their second year (age 2-5 year olds). This subset
included 9 individuals that were 3-years old, 4 individuals that were 4-years old, and 2
individuals that were 5 years old.

To analyze the data collected from geolocators, first BASTrak software was used to
retrieve the data from the geolocators (Fraser et al. 2012). The preprocessLight function from
the R-package BAStag (version 0.1.3, Wotherspoon et al. 2016) was used to determine the
timing of sunrise and sunset which were defined according to a light-level threshold of 32
and editing or omitting false twilights. Heavy fluctuation in light levels (i.e., a sunrise/sunset
event) during the daytime hours at the end of spring migration (in spring of next year of
deployment) indicated a bird entering and exiting their nest boxes which was used to
determine the arrival date of the bird to the breeding ground (Fraser et al. 2019). Then, the
BAStag2TAGS function was used to convert the detected twilights in BAStag to TAGS
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format to be able to use them in FlightR (0.5.0, Rakhimberdiev et al. 2017). The daily
detected coordinates of the bird received after processing the twilight data in FlightR was
obtained using the codes provided in the supplementary information (No. 5.2). The timing of
departure and arrival in fall and departure date in spring as well as the time of crossing at
23.4° (Tropic Cancer) in both fall and spring migration were determined using changes in the
daily detected coordinates of each bird. We used the date that breeding latitude began to
consistently decrease to indicate the start of fall migration. The date that latitudes reached
below 1° N and where both latitude and longitude remained consistent (within 2°) indicated
the wintering arrival date. The spring departure date was determined based on the date that
longitudes began to decrease as birds initiated their spring migration by flying westward
(Fraser et al. 2013). The date of passing the Tropic of Cancer (23.4°N), which indicated that a
bird was approximately at the half-way point on its migration, was determined according to
the date that bird was detected at, or closest to, this latitude (Neufeld et al. 2021). Of the 33
repeat-tracked birds, two (from ON) had poor light data for portions of the second year of
tracking so we could only include migration data from their first year.

To estimate fall and spring migration distance, the package of “sp” (version 1.4—4,
Bivand et al. 2013) was used to obtain arrival and departure dates. The
stationary.migration.summary function with min.stay= 1, from the FlightR package, as well
as investigation the detected daily coordinates (where the latitude and longitude were not
changed more than 2° for two days or more) (Van Loon 2017) were used to determine
stopover timing and duration as well as the number of flight days during fall and spring
migrations. We separated analyses for spring and fall because songbirds are known to have
different migration strategies in spring and fall (Nilsson et al. 2013).

To investigate whether a bird had stopovers before and after gulf crossing during both
fall and spring migrations, we investigated the stopover days of the bird around 27°-30° N
(north of Gulf of Mexico) and 18°-20° latitudes (south of Gulf of Mexico). To investigate and
control for the impact of distance on the stopover durations before and after barrier crossing,
we also measured the flight distance between the stopovers and breeding ground as well as
wintering ground.

Nesting data (1995-2014) were acquired through Project Martin-Watch; a citizen science
program where nest boxes are monitored 2 or 3 times a week during the breeding season
(Purple Martin Conservation Association 2017). The data included first egg date, the age and
sex of the birds, and location coordinates. In this study, the nesting data of 84 individuals

with nesting data for at least 2 years were used. For 208 of these birds, actual age (1-10 years
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old) was known for birds that had been banded as nestlings. These known-age birds included
63 one year olds, 74 two year olds, 36 three year olds, 16 four year olds, 8 five year olds, 3
six year olds, 3 seven year olds, 2 eight year olds, 1 nine year olds, and 1 ten year old
(Supplemental table 5.12).

All data collection procedures and experiments were conducted in accordance with the
guidelines of the University of Manitoba’s Animal Care Committee who have approved this
project (Animal Care Protocol Number F18-031/1(AC11388)).

Data analysis:

Influence of age on stopover behaviour

To investigate whether age was a significant predictor of stopover duration (duration of
stay, in days) and the number of stopovers during fall and spring migrations, we used linear
mixed-effects models (LMMs) fit by REML using the ‘Ime4’ package (version 1.1-19, Bates
et al. 2014). In all models, we assigned variables of age class (ASY:SY), sex (male:female),
flight distance in fall or spring migration (km), and breeding latitude, as well as an interaction
between age and sex as fixed effects. As breeding latitude is an influential factor on migration
timing of purple martin in both fall and spring (Neufeld et al. 2021), it was included in all
models. The sex and age class, as well as their interaction, were included as males and older
birds were predicted to arrive first at the breeding grounds as compared to younger and
female birds (Morton and Derrickson 1990). Considering that tagged birds originated from
different breeding colonies across the North America flight distances for fall and spring
migrations were included in models to control for their likely influence on stopover
behaviour. To control for environmental variation in different years of tag deployment, the
variable of year was included as a random factor. To control for individual variation and the
non-independence of repeated tracks (n=33), individual band number was included as one of
the random factors. The locations of breeding colonies were also included as a random effect
to control for other potential variation among different breeding colonies. The models were
checked for normality in the distribution of residuals and equal variance in the residuals
(Zuur et al. 2010). We investigated the influence of outliers in our analyses using Cook’s
distance and omitted data points from further analyses that were not biologically relevant. We
used LM instead of LMM when the random effects did not specify any residual variance. We
also compared the stopover duration and number of stopovers between fall and spring
migration using t-tests.

Regarding the potential for reduced efficiency of younger birds in flight and refueling at

stopovers (Hockey et al. 1998, McKinnon et al. 2014), we predicted that young birds would

101



have longer stopover duration before and after crossing over the Gulf of Mexico. As the
response variables were count data (i.e., stopover days before or after gulf crossing) and
included zeros, we fit negative binomial generalized linear mixed-effects models (GLMM)
using the ‘MASS’ package (Venables and Ripley 2002). We first used the ‘pscl’ package
(Zeileis et al. 2008) to investigate whether the zero-inflated negative binomial model was a
significant improvement over a standard negative binomial model using the Vuong function,
but it was not significant. We used GLM instead of GLMM when the random effects did not
specify any residual variance. In addition to the fixed effects of age (SY: ASY), sex
(male:female), and breeding latitude, we also included the distance between the stopover
(before or after the barrier) and the breeding colony and wintering ground to control for the
impact of migration distance before or after the stopover on its duration. The random effects
of individual, year, and breeding location were also included in the analysis.

We also examined whether age influences the ratio of flying days to stopover days in fall
and spring migrations. Owing to the reduced efficiency and experience expected for younger
birds, we predicted their ratio of flight days to stopover days would be less than for more
experienced, older birds. We fitted LMMs for all of the same variables mentioned above. The
normal distribution of residuals and variance equality were checked for our models. We used
log transformation for the variable of ratio of flying days to stopover days in fall. We used
LM instead of LMM when the random effects did not specify any residual variance.

To test for differences in migratory route between young and old migratory birds (Handel
et al. 2010, Crysler et al. 2016), and taking into account the non-normal distribution of these
data, we used a Mann-Whitney U test to compare the migratory distance of SY and ASY
birds from each breeding colony. Data from birds tracked from sites in New Jersey,
Minnesota, and Ontario were omitted from this analysis as there were not any SY birds
tracked from these locations for comparison.

Influence of age on migration timing

To investigate changes in migration timing and performance of birds as they age, we fit
LMMs with response variables of departure and arrival dates from breeding and wintering
grounds as well as dates of crossing the Tropic of Cancer (23.4° N) in fall and spring
migrations. For these analyses we again used the same fixed (sex, latitude, and flight
distance), and random effects (individuals, breeding locations and year), except here we used
the actual age of birds (ages of 23 of purple martins with repeat tracks ranged from 1-5 years
old) and not the age categories of SY or ASY. The assumption of normal distribution of

residuals and equal variance were checked (Zuur et al. 2010).
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Influence of age on the timing of nesting

For the influence of age on the timing of nesting we had two predictions. The first was
that older birds (>2 years) would generally have earlier first egg dates, because older birds are
expected to have earlier timing generally based upon factors related to age and experience
(Morton and Derickson 1990). We therefore expected that birds in their second year (SY)
would have later first egg dates than birds that were at least two years old (ASY). Our second
prediction was that first egg date would be more repeatable for older individuals (>2 years
old), as we expected larger variation between years for younger individuals than more
experienced adults. To examine whether age influenced first egg date, we used LMMs with
the actual age of 84 individuals from different breeding colonies, sex (male:female), and
latitudes as fixed effects and random effects include individuals, year, and breeding colonies.
However, the random factor of individual did not show any variance in the residuals. The
models for the assumptions of normality of residual distribution and equal variance were
checked (Zuur et al. 2010). The repeatability of first egg date for individuals (Shave et al.
2019) was calculated using the package “rptR” (Stoffel et al. 2017) for Gaussian data and was
examined separately for each sex. In this analysis, age and latitude were considered as fixed
effects and breeding colony, year, and individual ID were set as random effects. Repeatability
is expressed between 0 and 1 and a value close to 0 shows high variance within individuals,
or low repeatability, and vice versa (Nakagawa and Schielzeth 2010). Parametric
bootstrapping with 1000 replications was used to estimate confidence intervals for
repeatability.

In all analyses the collinearity among the predictor variables were measured using VIF,
which was less than 2 for all variables. We used Akaike Information Criteria corrected for
small sample size (AICc) (Burnham and Anderson 2002) through the package “MuMIn”
(Barton 2019). We selected the best model among the competitive models with AAICc <2
(supplementary tables 5.2-5.11) using the highest value of the marginal R? (the fixed effects
variance) and the conditional R? (the whole model variance) (Barton 2019).

All random effects of each model were investigated first to make sure the models
converged with random effects. Therefore, we used likelihood ratio tests to determine
whether the significance of the random effects met the model parsimony. Therefore, in each

analysis where random effects were insignificant, we did not use the mixed model analysis.

Results:

The influence of age on stopover duration and the number of stopovers:
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The longest stopover duration during fall migration was 70 days (ASY male from
breeding colony in Alberta) and the shortest stopover was 10 days (ASY male from breeding
colony in Virginia). In spring, the longest stopover duration was 25 days for an ASY female
from the breeding colony in Virginia, and the shortest stopover duration was 5 days (ASY
male with the longest stopover duration in fall). Overall, the greatest number of stopovers
(i.e., the number of stops, not their duration) in fall and spring were 13 and 11, respectively,
which were made by two ASY females from the Alberta breeding colony.

The mean of stopover duration in fall (47.52 = 1.9) was more than in spring (22.86 + 0.7)
(t=11.84, df =83.05, p = 0.00). Also, purple martins had more stopovers during fall (6.24
+0.29) than spring migration (4.6 £0.21) (t = 4.52, df = 116.29, p = 0.00) (Supplemental Fig.
5.1a & b). Totally, the mean number of stopovers and their duration were greater in fall than
spring for both age categories (SY and ASY) (Supplemental Fig. 5.1a & b). The lowest
number of stopovers in fall was 2 (ASY male from Virginia breeding colony). In spring
migration, the lowest number of stopovers was 2 (6 birds). One of these birds was a female
from Virginia that had just 2 stops during her spring migration for two years in a row (total 9
days in duration as an SY and total 8 days duration as an ASY).

During fall migration, SY martins had longer stopover duration (6.21 + 2.73 days, 95%
Cl 8.58 to 11.56) than ASY birds (Fig. 5.1). As expected, flight distance between breeding
and wintering grounds had positive impacts on total stopover duration and the number of
stopovers during both spring and fall migrations where longer distances required more
stopovers days and more stops (Table 5.1). However, there were no significant differences in
stopover duration between SY and ASY birds in spring (Fig. 5.2).

There was not significant difference in migratory distances in fall and spring migrations
between SY and ASY birds for each colony (Fig. 5.3a &b, supplementary table 5.11).

The influence of age on total stopover duration before and after crossing a
migration barrier:

Birds had longer stopover duration in fall before and after crossing the Gulf of Mexico as
compared to spring. The longest stopover duration before crossing over the Gulf of Mexico in
fall was 23 days for a SY female from a Virginia breeding colony. In spring migration, the
longest stopover duration before crossing over the Gulf of Mexico was 8 days for a SY
female from a. Manitoba breeding colony. The longest stopover duration after crossing over
the Gulf of Mexico in fall was 15 days that belong to an ASY female from a Manitoba
breeding colony, while the most stopover days after gulf crossing in spring was 5 days for a

SY female from a Virginia breeding colony.
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Younger, SY birds had longer total stopover duration after gulf crossing in spring (0.88 =
0.43, 95% CI1 0.03 to 1.73) as compared to older (ASY) birds. Total stopover duration after
gulf crossing in spring was also longer for males (0.75 + 0.35 (95% C1 0.06 to 1.44) as
compared to females (Table 5.2).

The influence of age on the ratio of flying days to stopover days during spring and
fall migration:

Differences in flight ratio between SY and ASY birds were not significant for both fall
and spring migrations (Table 3). The highest ratio of flight days to stopover days in fall was
for an ASY female from a Manitoba breeding colony (26:21). The lowest flight ratio in fall
(3:40) and the most flight ratio in spring (16:5) was for an ASY male from Alberta breeding
colony. The lowest flight ratio in spring was 3:19 for a SY female from Virginia.

The influence of age on migration timing:

Our results show that spring departure and arrival dates were advanced as birds aged
(Tables 5.5, Fig. 5.5, and supplemental Fig. 5.2). Birds at age 2, 3, 4 and 5 began their spring
migration 6.77, 14.73, 14.14 and 18.75 days earlier, respectively, than 1 year old birds.
Moreover, 2, 3 and 4 year old birds arrived at the breeding ground 8.37, 7.83, and 10.18 days,
respectively, sooner than 1 year old birds (Table 5.5, Fig. 5.5, and supplemental Fig. 5.2).
Fall arrival date also advanced as birds aged. Two and 3 year old birds arrived at the
wintering ground 7.93 and 12.55 days, respectively, sooner than 1 year old birds (Table 5.4,
Fig. 5.4, and supplemental Fig. 5.2). As expected breeding latitude impacted timing, where
birds breeding further north were later on fall and spring migration (Table 5.4 & 5.5, Fig. 5.4
& 5.5, and supplemental Fig. 5.2).

The influence of age on nest timing and repeatability:

The nest timing of 50 females and 34 males from 16 breeding locations with age range
between 1 to 10 years old, revealed an important influence of aging on nest initiation date
(Table 5.6; Fig. 5.6). Individuals advanced their nest timing each year as they aged from 1 to
5 years old. However, after 5 years old, the timing of nesting did not continue to advance as
birds aged. (Table 5.6). First egg date did not become more repeatable as birds aged;
considering other categories (random and fixed effects), the variance was explained by
individuals was 0, while most of the variances were explained by fixed factors of age and
latitudes and random factor of breeding colony. The repeatability of egg-laying date was
higher for females 0.684 (95% CI1 0.532 to 0.787), as compared to males (0.295, 95% CI 0.00
to 0.546) (Table 5.7).

Discussion
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We examined migration timing and performance of a long-distance migratory songbird
as birds aged (1-5 year olds) using direct tracking data across their full migrations. Overall, as
birds aged we generally found that the timing of migration and egg laying advanced, and that
stopover duration decreased during fall migration and after barrier crossing in spring.

The influence of age on stopover duration and the number of stopovers:

We found that SY birds had longer total stopover duration in fall migration than ASY
birds, while this difference was not observed in spring migration (Table 5.1, Fig. 5.1). The
fall results align with our predictions and previous studies showing that younger birds spend
more time at stopovers. For example, juvenile Ipswich Sparrows (Passerculus sandwichensis
princeps) had more and longer stopovers than adults, which Crysler et al. (2016) attributed to
lower foraging efficiency at stopovers for juveniles, owing to a relative lack of experience.
McKinnon et al. (2014) showed that despite using similar spring migration routes, juvenile
wood thrushes (Hylocichla mustelina) had more stopover days than adults, which could be
attributed to their shorter wings resulting in a higher energetic cost of flight, requiring more
time at stopovers to refuel.

In addition to age and experience contributing to differences between adults and
juveniles, selection may have favoured later timing of juveniles in spring to avoid the costs of
earlier arrival and competition with older adults. Such a strategy may result in younger birds
spending more time en route, maximizing refueling time at stopovers before arrival at the
breeding grounds to support reproduction (Alerstam 2006). In the absence of these pressures
in fall, higher total stopover duration of SY purple martins in fall could be due to the lower
efficiency of SY birds in refueling at a stopover, as stopover duration has positive
relationship with refueling rate in migratory songbirds (Yong and Moore 1993; Schaub et al.
2008). Also, as juveniles may arrive at stopovers with less energy, requiring more time to
deposit enough energy to continue their migration (Schaub et al. 2008).

As predicted, we found generally that longer migrations required a greater number of
stopovers (Table 5.1). Older or younger birds travelling to the same destination did not differ
in the length of their routes (Supplemental table 5.11). This does not align with our prediction
that younger birds have longer migrations, owing to lower efficiency in their route selection.
For example, juvenile Ipswich Sparrows due to lack of enough experience, chose different
migration routes than adults, selecting shorter flights over open-water barriers, resulting in
longer fall migration overall (Crysler et al. 2016). Longer flight distance requires that small
songbirds stopover more frequently, or prolong their stopover duration to refuel to support

their continuing migration. As the study of Alerstam (2001) showed, long distance flights
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require carrying a greater fuel load which has a higher energetic cost. Therefore, migratory
birds may avoid these costs by dividing their flight to several shorter flights to reduce the
amount of fuel deposition (Alerstam 2001). The lack of differences in flight distance in fall
and spring migration between SY and ASY martins could be due to their dependency on their
inherited migration program and the important genetic control of migration routes and
distance in passerines (Liedvogel et al. 2011, Berthold 1996; Pulido 2000, Pulido & Berthold
2003, Pulido 2007).

The influence of age on total stopover duration before and after crossing a
migration barrier:

As crossing over an ecological barrier poses a lot of risk to migrants (Thorup et al. 2007),
it was expected both adults and juveniles would have longer stopovers at the Gulf of Mexico
to refuel and/or to wait for favourable conditions to cross (Crysler et al. 2016). We found SY
birds had longer stopover duration than ASY birds after crossing over the water barrier in
spring migration (Table 5.2), while in fall they did not spend time at stopover after crossing
the Gulf of Mexico. The reason for this difference in spring could be due to younger birds
delaying arrival at breeding sites to avoid competition with older birds for resources such as
food, nests, and mates and increasing survivability encountering harsh weather in early spring
(Kokko 1999). This is consistent with the results of a study of Morton and Derrickson (1990)
showing that younger purple martins arrived later in spring than older birds, which the
authors attributed to selection on timing that reduced the cost of competition, predation, and
encountering inclement weather. The lack of any differences in stopover duration before and
after crossing the Gulf of Mexico between SY and ASY birds in fall migration, could be due
to the lack of competition in arrival dates at the wintering ground in this species, where birds
are not territorial and roost in large flocks (cite BNA).

The influence of age on the ratio of flying to stopover days during spring and fall
migration:

We expected that if younger birds are less efficient in foraging and have higher energetic
costs for migration (Ellegren 1991, Woodrey 2000, Yosef and Wineman 2010)., then they
would have a lower ratio of flight to stopover days during migration. However, we did not
find differences in flight ratio (flight days to stopover days) between SY and ASY for either
fall or spring migration (Table 5.3). In optimal migration models, migratory birds minimize
their migration duration and energy costs (Alerstam and Lindstrom 1990). A migratory bird
with less fat deposition will generally stay for longer at a stopover (if there are enough food

resources) (Alerstam and Lindstrom 1990). Adult migratory passerines tend to use a time-
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minimization migration strategy in both spring and fall migration and decrease their stay at
stopovers (Yohannes et al. 2009). However, the differences in foraging and accessing to
resources between age groups could be negligible if the stopover has enough food resources
(Moore and Yong 1991, Seewagen et al., 2013, Schmaljohann et al., 2016). Also, the study of
Beauchamp et al. (2020) showed no difference in fat deposition rate between SY and ASY of
white-throated sparrow (Zonotrichia albicollis) at stopover during spring migration. Despite
longer stopover duration of SY birds during fall migration, we found no differences in the
ratio of flight days to stopover days between SY and ASY birds. It is possible that SY birds
have more flight days due to their smaller wing size and lower flight efficiency (Bowlin
2007, de la Hera et al. 2014), which influences their ratio of flight days to stopover days.

The influence of age on migration timing:

Studies of age-related timing in songbirds have generally shown that SY birds have later
timing than ASY birds, including purple martins (Neufeld et al. 2021). However, we
investigated timing beyond these broad age categories using banded birds of known age (1 to
5 years old) to determine if birds continue to advance their timing as they get older. Our
results showed that individuals continue to advance in the timing of their spring migration
and fall departure date as they age, but this pattern generally diminishes as birds approach
five years of age. With the exception of spring departure date, where 5-year olds were earliest
(Tables 5.4 & 5.5, Fig. 5.4 & 5.5, and supplemental Fig. 5.2).

Fall arrival date at the wintering grounds advanced until age 3. This could be related to
longer stopover duration of SY birds in their fall migration. After age 3, we found that birds
tended to have later fall and spring arrival dates, although this was not significant. Later
timing for older birds could be the result of decreasing of flight efficiency due to reduction in
wing length (Mgller and De Lope 1999. Piliczewski et al. 2018). A study by Mgller and De
Lope (1999) showed increasing wing lengths of barn swallow (Hirundo rustica) from age 1
to 3, followed by a decrease which they inferred limits flight and foraging efficacy in older
birds. This morphological change also has been demonstrated in European blackbird (Turdus
merula) where wing length decreases after 6 years of age (Piliczewski et al. 2018

In this study, we did not have data on the very first migrations of young birds, as we
began tracking birds at their breeding sites when they were in their second year, after they
had already completed their first fall and spring migration. Consequently, the SY birds we
measured may not have spent as much time as first-year birds to become familiar with their
breeding colony (McKinnon et al. 2014) or accumulating energy for migration

(Schmaljohann et al. 2018a). Therefore, the lack of difference in flight distance and fall
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departure timing between SY and ASY birds in fall migration, could be related to the
experience already gained by second-year birds. However, due to weaker selection on fall
migration timing as compared to spring (McKinnon et al. 2016; Alerstam 2006), resulting in
fall migration phenology being generally less firm than spring migration phenology (Thorup,
et al. 2007; Gallinat et al. 2015), it is generally expected that age related patterns would be
weaker in fall than in spring (Mills 2005).

Overall, our study results show an advancement in spring departure and arrival dates by
aging and longer stopovers for younger (SY) birds after crossing over a migration barrier,
while there were not age-related differences in other migratory behaviours such as spring
stopover duration, the number of stopovers, the ratio of flight to stopover days, and migration
distance. Our results and those of Morton and Derrickson (1990) where breeding arrival
timing advances as purple martins age, could be explained by game theory models, where
time selection pressure results in purple martins arriving at the breeding ground at the optimal
time for their age (Kokko 1999). Younger birds may avoid the costs of early arrival
(energetic and survival costs) at breeding sites when they may likely be outcompeted by older
birds (Kokko 1999, Morton and Derrickson 1990).

The influence of age on nest timing and repeatability:

Our results showed that the timing of nesting advanced as birds aged, but then plateaued
or became later, potentially due to senescence. We observed that egg-laying date generally
advanced until birds were 4 years old, then became more variable (Tables 5.6; Fig. 5.6). Egg
laying dates could be driven by the timing of migration, where earlier arrival results in earlier
nesting date. However, the study of Morton and Derrickson (1990) showed that early nest
timing does not correlate with early arrival date of purple martin. Migration timing and the
timing of breeding may also be uncoupled in tree swallow (Tachycineta bicolor), where the
interval between arrival date of late females and their nesting was shorter than for females
that arrived earlier (Stutchbury and Robertson 1987). More variable or later nest dates for
martins greater than 5 years old, could be related to their senescence and related
morphological changes which influence their performance (Piliczewski et al. 2018). Nesting
effort may be higher at intermediate ages due to increasing mortality with senescence
(Webber 1975, Lack 1966). Independent of factors related to migration or senescence later
nest timing in the youngest cohort of birds may be connected to the lower efficiency of young
birds in accumulating food for reproduction (Harvey et al. 1988).

We expected higher repeatability of egg-laying date in older females (Hochachka 1993,
Banbura and Zielinski 1998), but did not find an age-related role in repeatability. The

109



consistency of egg-laying dates may be mostly governed by the breeding location which
could be related to stability of environmental features or phenology at the breeding grounds
(Newton 2010, Shave et al. 2020). A study by Thorley and Lord (2015) showed flexibility in
the timing of reproduction of Pied Flycatcher (Ficedula hypoleuca) in response to
advancement in spring, resulted in higher population-level variability, leading to low
repeatability of breeding timing. However, without considering the other covariates, females
despite their aging, were more repeatable in first egg date which is in consistent with study
result of Both et al. (2016) which showed greater consistency in migratory behaviour of
females is more than males. Higher repeatability in first egg-dates for females, the ones with
actual egg laying ability, could be due to more direct individual control of the timing of egg
laying at a finer temporal scale and the greater energy contribution of females than males to
reproduction (Langin et al. 2006). Also, females endogenous timing and physiology are
influential on egg-laying date (te Marvelde et al. 2012, Salis et al. 2019).

Conclusion:

We investigated migration timing strategies by age in a long-distance migratory bird. We
found advancement of spring departure and arrival dates as well as their egg-laying date as
birds age which may be tied to age-related differences in innate timing programs. We found
that age-related experience did not seem to impact spring migration behaviour but may have
influenced stopover duration in fall and after crossing a migration barrier in spring. Our
results show that older birds with more advanced spring timing may have the highest fitness
with the advancement in spring phenology due to climate change which could be investigated
in future research.
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Table 5.1: Top linear mixed models (LMMs) and linear model (LM) for stopover

duration and number of stopovers in fall and spring migration

Estimate +

95% ClI

95% CI

2 2
Model Std. Error (lower) (upper) AlCe MR/CR
Fixed effects
Breeding latitude 0.76x 0.41 -4.24 1.57
Total fall Fignt distanceinfall 00210001 9.92 0.004
migration gration 479.4  0.39/0.46
stopover Age (SY)* 6.21+2.73 8.58 11.56
duration ]
Random effect Variance Std.Dev.
Breeding colony 9.53 3.08
Residuals 71.53 8.45
Fixed effects
Total spring  Flight distance in spring 0.00140.0003  0.0002 0.001
migration migration* A ' '
stopover Sex (male) 1.32 +1.15 -0.93 3.57 384.20  0.148
duration
Age (SY) 2.06 +1.41 -0.70 4.83
Fixed effects
Total number rl;l;gp;ﬁd(:;&ance in fall 88882 * 0.0001 0.001
of stopovers g '
during fall Breeding latitude 0.09+0.07 -0.05 0.24 265.6  0.34/0.64
migration Random effect Variance Std.Dev.
Individuals 1.61 1.27
Residuals 1.93 1.39
Flight distance in spring - 5409, 00001 0.0005  0.001
migration
Total number
of stopovers  Random effect Variance Std.Dev. 268.9 0.36/0.62
during spring 1.204
migration Individuals 1.45 '
Residuals 2.09 1.449
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Table 5.2: Top generalized linear models (GLM) with negative binomial distribution, for

total stopover duration before and after crossing of the Gulf of Mexico in fall and spring

migration

Model Estimate + Std.  95% ClI 95% CI AlC R’
Error (lower) (upper) (lognormal)

Total stopover ; ;

. Flight distance
dulrfatlon l_)efo_re between the 5.4e-05£7.2e-05 -8.6e-05 0.0001 276.3  0.025
?u“ crossing in stopover and
all migration wintering ground
Total stopover Age (SY) 0.31+0.40 -0.46 1.10
duration before
gulf crossing in 239.39  0.106
spring migration ~ Sex (male) -0.58 £0.34 -1.26 0.09

Flight distance
between breeding
Total stopover -0.0002+ 0.0002 -0.0006 0.0002
duration after gulf ground and the
crossing in fall stopover 26619 0.097
migration Breeding latitude  0.08+ 0.05 0009 0.8 o
*

Total stopover Age (SY) 0.88 +0.43 0.03 1.73
duration after guif  go. (ae) 0.75+0.35 0.06 1.44 199.05 0.132
crossing in spring
migration Age (SY): Sex 3 7540 97 3.65 0.14

(male)

118



Table 5.3: Top linear model (LM) for flight ration (flight days/stopover days) in fall and

spring migration

Estimate 95% ClI  95% ClI 2

Model Std. Error (lower) (upper) AlCe R
Flight ratio in
fall migration Age (SY) -0.37+£21 -0.78 0.04 131.62 0.04
(log transformed)

Breeding latitude 0.01+0.01 -0.01 0.03
Flight ratio in
spring migration  Age (SY) -0.24+0.17  -0.59 0.11 11481 0.08
(log transformed)

Sex (male) -0.25+0.14 -0.54 0.02
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Table 5.4: Top linear mixed models (LMM) for total fall migration timing

Estimate +

95% ClI

95% ClI

Model Std. Error (lower) (upper) AlCc MRY/cR’
Fixed effects
Eall Sex (male) -1.75+1.95 -5.57 2.06
departure Random effect Variance Std.Dev. 285.6 0.01/0.80
date Individuals 9.81 3.13
Breeding location 38.61 6.21
Residuals 12.00 3.46
Fixed effects
Fall crossing  Breeding latitude* 161+035 091 2.31 315.583  0.37/0.50
date of Tropic
of Cancer Random effect Variance Std.Dev.
Individuals 22.63 4.75
Residuals 86.20 9.28
Fixed effects
Breeding latitude* 1.48+ 0.31 0.87 2.10
Age 2* -7.93+253 -12.91 -2.95
Fall arrival Age 3* -12.55+3.38 -19.18 -5.91 506 0.49/071
date Age 4 -7.81+4.92  -17.46 1.83
Age 5 -1.27 £6.55 -14.13 11.57
Random effect Variance Std.Dev.
Individuals 35.14 5.928
Residuals 45.62 6.754
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Table 5.5: Top linear mixed models (LMM) for total spring migration timing

Estimate + 959% CI 95% CI 2, 2
Model Std. Error (lower) (upper) AlCe mRYeR
Fixed effects
Breeding latitude* 1.32+0.41 0.51 2.12
Age 2* -6.77+ 1.91 -10.52 -3.02
. Age 3* -14.73+2.75 -20.13 -9.32
Spring
ge?a”we Age 4* 1414 +4.26 -22.50 -5.79
ate
Age 5* -18.75+5.69 -29.91 -7.59 336.6 0.51/0.86
Random effect Variance Std.Dev.
Individuals 53.34 7.30
Breeding location 7.76 2.78
Residuals 24.79 4,97
Fixed effects
Breeding latitude* 1.46 £0.41 0.65 2.27
Spring
crossing date gy (male) 6.13+330 -12.61 0.34 295 3 0.46/0.70
of Tropic of
Cancer Random effect Variance Std.Dev.
Individuals 22.52 4,74
Breeding location 12.37 3.1
Residuals 44.55 6.67
Fixed effects
Breeding latitude* 1.88+ 0.41 1.07 2.69
Age 2* -8.37+2.04 -12.38 -4.35
date Age 4* -10.18 +4.53 -19.07 -1.29 ' T
Age 5 -7.05+6.06 -18.93 4.82
Random effect Variance Std.Dev.
Individuals 58.80 8.17
Breeding location 6.17 2.48
Residuals 28.53 5.34
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Table 5.6: Top mixed models (LMM) for influential factors on nest timing:

S meol mRo e e
Fixed effects
Breeding latitude 2.52+0.44 1.66 3.39
Age 2* -5.71+ 1.05 -7.79 -3.64
Age 3* -5.97+ 1.28 -8.48 -3.45
Age 4* -7.96+£1.80 -11.50 -4.42
Age 5* -6.65+2.33 -11.23 -2.07
Nesttiming  Age6 -3.67+3.56  -10.65 3.30
Age 7* -13.18+ 3.49 -20.03 -6.32 1331.6 0.29/0.60
Age 8 -8.04£4.21 -16.29 0.21
Age 9 -6.77 £5.86 -18.26 4.71
Age 10 -7.52+£584 -19.16 3.75
Random effect Variance Std.Dev.  %Variance
Breeding location 75.43 8.68 235.82
Year 5.27 2.29 16.49
Residuals 31.98 5.65
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Table 5.7: Repeatability scores of first egg date at different levels of year, individual and
breeding colony, where age (actual) and latitude were considered as fixed effects.
Repeatability scores without covariates were also calculated.

Factor Repeatability 95% ClI
Repeatability scores of first egg date considering covariates
Female
Individual 0 0, 0.05
Year 0.005 0, 0.041
Breeding colony 0.373 0.153, 0.583
Fixed effects (age +latitude) 0.477 0.276, 0.68
Male
Individual 0 0, 0.217
Year 0.094 0, 0.307
Breeding colony 0.244 0, 0.519
Fixed effects (age + latitude) 0.239 0.106, 0.506
Repeatability scores of first egg date without covariates

Female
Individual 0.684 0.532,0.787
Male
Individual 0.295 0, 0.546
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Chapter 6

Discussion

Taking the ‘wild clock’ approach in ecological studies provides the opportunity to
consider chronotype information alongside studies of environmental input and organismal

output (Helm et al. 2017). Using new animal-tracking technology (www.motus.org) in the

study of migration timing of purple martin (Progne subis), an aerial insectivore that suffers
from population decline particularly in the northern part of its breeding range (Nebel et al.
2010; Smith et al. 2015; Michel et al. 2016), gave me the opportunity to show the important
role of nest timing (first egg date) in post-breeding movement timing of juveniles (Chapter
2). My research suggests that nest timing determines the photoperiod experienced by
juveniles during nesting development and after fledging and that this is influential on their
post-breeding movements. Regarding the “wild clock” approach that was selected in this
research, initially, I had included other environmental factors such as temperature and
precipitation to investigate their effects on fledge date and colony departure date of adults and
juveniles. Regarding the fact that all these stages of post-breeding movements happened
within about one month, and all birds experienced the same weather conditions, the first steps
of analysis showed the variations of these factors was not significant among different days.
Therefore, these covariates were removed from the analysis. | found that later nest timing
resulted in a later fledge date and colony departure date. The relationship between nest timing
and colony departure date was weaker which could be due to an additional influence of other
environmental (in addition to photoperiod) and social factors at this stage. | also found
evidence of the ‘calendar effect’ (Berthold 1988, Berthold 1993) in the colony departure date
of juveniles, which could be a response to more rapidly changing daylength experienced after
fledging (Chapter 2). However, these results required an experiment to investigate the role of

photoperiod in timing further.
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To continue my investigations in Chapter 2, | experimentally manipulated photoperiod
to further explore the ontogenetic role of photoperiod on post-breeding movement timing of
juvenile purple martins in the wild environment (Chapter 3). In response to experiencing a
manipulated photoperiod that simulated the day length of an earlier calendar date during
nestling development, juveniles showed phenotypic plasticity in the timing of their post-
breeding movements through later fledge date and colony departure dates. That the timing of
the movement is flexible to photoperiod experienced in the nest suggests its potential use in
an assisted evolution approach (Fraser 2021), where an adjustment in the timing of migration
based on manipulations in the nest could address the impacts of climate change that can result
in a mismatch between food abundance and reproduction phenology (Visser et al. 2004).
However, it is still not clear how limited flexible adjustments may be. In other words,
determining whether the developed migration timing in the nest would carry over to the
future seasons/years will be helpful to better understand how much birds can adjust to new
conditions with climate change. Future studies could investigate the efficacy of this method
to more rapidly adjust the migration timing of long-distance migratory birds to align with
phenological advancement on breeding grounds.

The significant impact of manipulated photoperiod during nesting on their post-
breeding movements timing and the impacts of light pollution or anthropogenic light at night
(ALAN) (Rich and Longcore 2005; Chepesiuk 2009; Dominoni 2015) encouraged us to
consider the impact of ALAN on migration timing of long-distance migratory birds (Chapter
3). As artificial light can be perceived as an extension of photoperiod by birds (Farner, 1964),
| conducted an experiment to expose nestlings to different wavelengths of light. | found that
exposing nestlings to white ALAN caused later fledge date and later colony departure dates
thus revealing the ontogenetic effect of white light on the timing of post-breeding movements

of juvenile birds. In contrast, | found that the green ALAN had no impact on their timing.
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Overall, | demonstrated ontogenetic impacts of photoperiod and ALAN on the post-breeding
movements of a long-distance migratory bird in a wild setting as well as the phenotypic
plasticity of juveniles to photoperiod and ALAN experienced during their development. As
this study showed the disruptive impact of white ALAN with only 5 lux (while the used
LEDs in this study did not emit any heat or UV) on migration timing of the experimental
birds, and regarding the lack of impact of green ALAN with 5 lux in the wild, using the green
or short wavelength of light for illumination of the residential areas close to the breeding
colonies of birds could be a potentially effective method for reducing the impact of ALAN.
However, further studies are required to examine the carry-over effects of photoperiod as
well as ALAN on the circannual rhythm of young migratory songbirds at later stages in their
lifecycle.

In addition to my investigation on the impacts of photoperiod as a zeitgeber during the
nesting period on synchronizing internal clock time with environmental conditions to form
migration timing, | examined age as an individual trait which can also impact migration
timing, distances, and route (Marra et al. 1993, Newton 2010). Using 33 repeated geolocator
tracks of purple martins from eight breeding colonies across North America, | found an
advancement in the timing of fall arrival date and spring departure and arrival date as birds
aged. | also found a longer total stopover duration for younger (SY) birds on fall migration
overall and after crossing a large ecological barrier. Taken together with advancement in fall
arrival dates as birds aged, it can be speculated that age and associated experience may play a
role in these results. For example, the fall migration behaviour of younger birds may be
influenced by reduced flight and foraging efficiency and birds are flexible in fall migration
timing. However, advancement in the timing of spring departure and arrival dates, can
potentially be explained by game-theory models, where optimal timing through selection

favours different timing by age.
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In addition to differences in migration behaviour by age, | found an advancement in
egg-laying date by age that could be the consequence of the advancement in the spring arrival
date of older birds (i.e. earlier arriving birds have earlier egg dates). However, | found the
egg-laying date could be more flexible to environmental conditions at the breeding colony
because of the low repeatability of egg-laying at the individual level. However, females due
to more investment in reproduction had higher repeatability in egg-laying dates.

Taken together, my thesis results show the importance of the ‘wild clock’ approach in
ecological studies. | found an important role for nest timing in determining perceived
photoperiod by juveniles in a long-distance migratory songbird, which is an important
influential zeitgeber in timing. Then, for the first time, | experimentally showed the important
role of photoperiod, in two forms: a light extension (simulating early date) and ALAN, on the
endogenous system of developing nestlings in a wild environment and forming the timing of
their post-breeding movements. Further research could consider the carry-over effect of the
ontogenetic impact of photoperiod at the juvenile stage on the timing of their future life-cycle
events. This thesis also revealed the different fall and spring migration strategies of long-
distance migratory songbirds as they age. Overall, my thesis research contributes to the
ongoing investigation of the impact of zeitgebers within a ‘wild clock’ approach to better our
understanding of factors influencing the timing of a long-distance migratory bird in a

changing world.
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Appendix:

Supplementary information of chapter 2:

Supplemental Table 2.1: LMM analysis to explain variation in timing of fledge date

of juvenile purple martins. The fixed effects were first egg date, number of nestmates, age of

parents, weight of nestlings and fat score. The cavity 1D was the random effect

Std.

95% CI

95% CI

Model Parameter Estimate Error  (lower) (upper) AlCc AAICc W
First egg date 1.03 0.08 0.87 1.20
Parent age (SY) 1.79 0.81 0.19 3.38
Number of nestmates 1.13 0.36 0.42 1.83 244 0.00 0.341
Variance SD %Variance
Cavity (random factor)  1.37 1.17 44.95
Fledge date ]
) First egg date 1.05 0.08 0.89 1.22
(Juveniles)
Parent age (SY) 1.86 0.80 0.42 1.81
Number of nestmates 1.11 0.35 0.28 3.43
245 1 0.156
Fat score 0.18 0.18 -0.18 0.55
Variance SD %Variance
Cavity (random factor)  1.32 1.15 44.22
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Supplemental Table 2.2: LMM analysis to explain variation in timing of “colony

departure date” of juvenile purple martins. The fixed effects were “first egg date”, “number of

nestmates”, and “age of parents”. The “cavity ID”” was the random effect.

Model Parameter Estimate Std. 95% CI 95% CI AlCc AAICc W
Error  (lower) (upper)
First egg date 0.52 0.26  0.00 1.04
Variance SD %Variance 255.1 0.00 0.339

Cavity (random factor) 15.05 3.88 59.04

Null 200.34 205.11
Colony Variance SD %Variance 256.7 1.6
departure date
(Juveniles) Cavity (random factor) 18.9 434  63.85
First egg date 0.52 0.26  0.02 0.77
Parent age (SY) 2.14 231 -0.01 0.03
256.3 1.2

Variance SD %Variance

Cavity (random factor) 14.45 3.80 5833

0.189

0.143
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Supplemental Table 2.3: LM analysis to explain variation in age of juvenile at colony

departure date. The fixed effects were first egg date, number of nestmates, age of parents.

Model Models Estimate Std. 95% ClI 95% ClI AlCc AAICc W
Error  (lower) (upper)
Age of First egg date -0.46 021 -0.88 -0.039 269.168 0.00 0.401
juveniles at .
| First egg date -0.45 021 -0.88 -0.02
colony 270.641 1.47 0.154
departure date ~ Age of parents 1.19 1.70  -2.14 453
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Supplemental Figure 2.1: The panel shows detection data from a receiving station for
an individual bird. The colours represent various antennae at the station. Signal strength shows
fledging hatch-year purple martin (first stage of post-breeding movement), where F shows
initiation of fledging at 18:00 GMT. D shows departure from the colony (second stage of post-
breeding movement) on July 30th GMT. The blank spaces demonstrate the moments that the

bird left the vicinity of the tower. The signal strength before F shows the time that the bird

spent in the cavity.

137



205 - Cavity
- L .
Il 200 e - o .
— .
§ B
- ’ ’
v .
=¥} b ¢ N
-
=
=
@ 195
0.019
=
=
&

I Size
[ ]
[ ]
190 ® Py
e 9 - . ®
.‘!,

8§ 9 10 11 12 13 14 15 16 17 18 19

Cavity

Supplemental figure 2.2: Comparing fledge date among nestlings of each cavity for

19 of 25 cavities where complete data were available. The size shows the number of nestmates

that fledged on the same day.
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Supplemental figure 2.3: Comparing first egg date, fledge date and colony departure
date of juveniles (n=48, where information on both fledge date and colony departure date were

available).
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Supplemental figure 2.4a &b: Comparing departure date from breeding colony:

among family members of each cavity (n=14) (A), adults (n = 21) vs. juvenile (n = 43), boxes

extend to upper and lower quartiles, line indicates median and point indicates mean. Whiskers

extend to maximum and minimum values (B).
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Supplementary information of chapter 3:

16:19:12

Extended daylength group
16:04:48 Summer solstice
15:50:24 2019/07/21 =172

15:36:00

15:21:36 —

Control group

15:07:12

Day length (hours)

14:52:48
14:38:24

14:24:00
140 160 180 200

20 May Day of year (Jan1=1) 1 August

Supplemental Figure 3.1: The day length experienced by nestlings in the experimental,
extended day length group (blue line) and in the control group that experienced natural day length

(red line) during the nesting period from hatch date until fledge date.
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Supplemental Figure 3.2: The panel shows detection data from a receiving station for an
individual bird. The colours represent various antennae at the station. Signal strength shows
fledging hatch-year purple martin (first stage of post-fledging movement), where initiation of
fledging is at 15:20 GMT on 29 July. Departure from the colony (second stage of post-fledging
movement) was on 1 August at 11:56 GMT. The blank spaces demonstrate the moments that the

bird left the detection vicinity of the receiver tower. The signal strength before fledge date shows

the time that the bird spent in the cavity.
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Supplemental Figure 3.3: Timing of breeding and post-breeding movements of the control
group (black line) and the extended day length group (purple line). The dates represent the mean

timing of events.
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Supplementary information of chapter 4:

Supplemental Table 4.1: Competitive models resulted from LMM analysis to explain

variation in the timing of “fledge date” of juvenile purple martins. The fixed effects were

“first egg date”, treatments (white and green lights), “number of nestmates”, and “weight”.

Model Parameter Estimate Std.  95% ClI 95% AICc AAICe mR?%cR?
Error (lower) Cl
(upper)
Fixed effects
Fledge First egg date* 1.00 0.03 0.92 2.07
date Treatment (green light)  0.56 0.36 -0.14 1.27
Treatment (white light) * 1.53 0.37 0.78 2.27
Weight 0.01 0.02 -0..2 0.06 5458 1.4 0.90/ 0.92
Number of nestmates 0.32 0.15 0.03 0.62
Random effect Variance SD  %Variance
Cavity (random factor)  0.50 0.70  25.32

The “cavity ID” was the random effect. the random effect.

*The significant factor. mR?: marginal R?, cR?: conditional R?
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Supplemental Table 4.2: Competitive models resulted from LMM analysis to explain

variation in the timing of “duration in the nest” of juvenile purple martins. The fixed effects

were “first egg date”, treatments (white and green lights), and “number of nestmates”. The

“cavity ID” was the random effect.

Model Parameter Estimate Std.  95% ClI 95% ClI AICc AAICec mR?/cR?
Error (lower) (upper)
Fixed effect
Duration First egg date* 0.02 0.03 -0.04 0.09
in the Treatment (green light) * 0.73 0.32 0.09 1.37
nest Treatment (white light) * 1.63 0.33 0.97 2.30
(days)  weight 0.04 0.02  0.002 0.087 5310 15 0.28/0.42
Number of nestmates 0.31 0.13 0.04 0.58
Random effect Variance SD  %Variance
Cavity (random factor)  0.34 0.58 19.85

*The significant factor. mR?: marginal R?, cR?: conditional R?

145



Supplemental Table 4.3: Competitive models resulted from LMM analysis to explain

variation in the timing of “duration in the colony” of juvenile purple martins. The fixed

effects were “first egg date”, treatments (white and green lights), and “number of nestmates”.

The “cavity ID” was the random effect.

Model Parameter Estimate Std.  95% ClI 95% ClI AICc AAICec mR?%cR?
Error (lower) (upper)
Duration Fixed effect
in the First egg date* 0.02 0.03 -0.04 0.09
nest Treatment (green light) * 0.73 0.32  0.09 1.37
(days)  Treatment (white light) * 1.63 033 097 2.30
Weight 0.04 002  0.002 007 %10 15 028042
Number of nestmates 0.31 0.13 0.04 0.58
Random effect Variance SD  %Variance
Cavity (random factor)  0.34 0.58 19.85

*The significant factor. mR?: marginal R?, cR?: conditional R?
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Supplemental Table 4.4: ANCOVA analysis of the regression lines between first egg date

and fledge date, and between first egg date and colony departure date with considering the

treatments of white and green light.

Model DF F value P
First egg date and fledge date ~ Treatments 2 85.60 0.00
First egg date 1 1167.16 0.00
Treatment: first egg date 2 0.22 0.8
First egg date and Colony Treatments 2 13.94 0.00
departure date First egg date 1 101.81 0.00
Treatment: first egg date 2 2.78 0.06
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Supplemental Figure 4.1: Schematic of the ALAN treatment. 5 lux of artificial white

or green light were turned on at sunset and off at sunrise.
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Supplemental Figure 4.2: The panel shows detection data from a Motus receiver
station for an individual bird. The colours represent various antennae at the station. Signal
strength shows fledging date and time for hatch-year purple martin (first stage of post-
fledging movement), with the initiation of fledging on July 24™, at 21:16 GMT and departure
from the colony (second stage of post-fledging movement) on July 28", at 12:00 GMT. The
blank spaces demonstrate the moments that the bird left the vicinity of the tower. The signal
strength before fledge date shows the time that the bird spent in the cavity.
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Supplementary information of chapter 5:

Supplemental table 5.1: Breeding purple martins (Progne subis) location and the number of
geolocators that retrieved from each location.

State/Province Breeding colony Geo_l ocators Latitude Longitude Years
retrieved deployed
Ontario (ON) Walpole 2 42.61 -82.54 2014-2015
Manitoba (MB) Private residence 4 49.73 -97.13 2015-2016
Camrose 2 53.01 -112.86
Alberta (AB) . 2012-2015
Ellis Bird Farm 7 52.39 -113.61
Virginia (VA) Woodbridge 7 38.61 -77.26 2010-2015
Pennsylvania .
(PA) Erie 4 42.12 -80.15 2009-2013
South Dakota Sioux Falls 1 43.50 -96.70
. 2011-2014
(SD) Columbia 4 45.60 -98.31
New Jersey (NJ) Locust 1 40.39 -74.00 2011-2012
Minnesota (MN)  Brainerd 1 46.40 -94.20 2011-2012

5.2.R-code used to extract the detected coordinates of the bird during migration

using geolocator data
R<-Result
Lat = R$Result$Quantiles$Meanlat
Lon = R$Result$Quantiles$Meanlon
#Pull Date

Date = as.Date(R$Results$Movement.results$time)

#Pull DOY

DOY = R$ResultssMovement.results$yday

#May need to add 1 to the days, if January 1st is O

for (i in 1:577){ DOY]i] = DOYJi]+1}

#pull credible intervals
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LowerClLat = R$Results$Quantiles$LCl.lat
UpperClLat = R$Results$Quantiles$UCI.lat
LowerClLon = R$Results$Quantiles$LCl.lon
UpperClLon = R$Results$Quantiles$UCI.lon
M=data.frame(Date,DOY,Lat,LowerClLat,UpperClLat,Lon,LowerCILon,UpperClLon)

write.csv(M, file="R.csv")

Supplemental table 5.2: Linear mixed model results for fall migration stopover duration

Estimate +

95% ClI

95% ClI

2 2
Model Std. Error (lower) (upper) AlCe mReR
Fixed effects
Flight distance in fall 3.212e-03
migration +9330e-04 0001 0005
Age (SY) 6.95+2.73 1.59 12.30 479.9 0.23/0.39
Random effect Variance Std.Dev.  %Variance
Breeding colony 19.17 4.379
Residuals 71.06 8.430
Fixed effects
Flight distance in fall 0.003+0.0009  0.001 0.005
migration
Age (SY)*Sex(M) -1.18 +6.07 -23.73 0.08
Total fall Sex (male) 1.43 +2.37 4.07 16.54 4802 0.28/0.44
migration
stopover Age (SY) 10.31+ 3.18 -10.63 19.96
duration . .
Random effect Variance Std.Dev. %Variance
Breeding colony 19.81 4.45
Residuals 66.67 8.16
Fixed effects
Latitude 1.31+0.29 0.72 1.89
Age (SY) 5.034+2.78 -0.42 10.49
] ) 481.2 0.38/0.43
Random effect Variance Std.Dev.  %Variance
Breeding colony 6.40 2.53
Residuals 77.77 8.81
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Supplemental table 5.3: Linear mixed models for stopover numbers in fall migration

Sl ol mNT ac
Fixed effects
sl 0009 oo oo
Age (SY) -0.66+ 0.55 -1.75 0.41 269.5 0.:37/0.61
Random effect Variance Std.Dev.  %Variance
Individual 1.31 1.14

Total number Residuals 211 1.45

of StOpOVers  Fiyed effects

during fall i . .
Age (SY) 0.24+ 0.50 -0.75 1/2 270.6 0.36/0.62
Random effect Variance Std.Dev.  %Variance
Individual 1.48 1.21
Residuals 2.07 1.43
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Supplemental table 5.4: Linear mixed models for stopover duration in spring migration

Estimate 95% CI 95% CI 2
Model Std. Error (lower) (upper) AlCc R
Flight distance in spring 0.001
migration +0.0003 0.0002 0.001 83.70 0.10
Flight distance in spring
migration 0.001+ 0.0003  0.0003 0.001
84.263 0.12
Age (SY) 1.79+ 1.39 -0.94 4.53
Total
stopover ) . . .
durationin ~ Flightdistanceinspring 5514 99003 0.0002  0.001
spring migration
migration 385.11 0.1
Sex (M) 1.04+ 1.04 -1.20 3.28
Flight distance inspring 4 501, 0006 0.0002  0.002
migration
385.32 0.11
Breeding Latitude ;0'1021 -0.45 0.19

153



Supplemental table 5.5: Linear mixed models for stopover numbers in spring migration

Estimate + 959% CI 959% CI

2 2
Std. Error (lower) (upper) AlCc mR*“/cR

Model

Total number

of stopovers Flight distance in spring  0.0005
during spring  migration +0.0001
migration

0.0003 0.0007 211.31  0.277
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Supplemental table 5.6: Generalized linear models (GLM) with negative binomial

distribution for total stopover duration before and after crossing of the Gulf of Mexico in fall

and spring migration

Model Estimate + 95% CI 95% CI AlC R®
Std. Error (lower) (upper) (lognormal)
Total stopover The distance between  0.0001
duration before gulf breeding ground and +0.0001 -0.0001 0.0003 276.64  0.022
crossing in fall the stopovers
migration
Age (SY) 0.38+0.39 -0.38 1.16 243.24  0.024
Sex (male) -0.54+ 0.33 -1.19 0.10 241.66  0.069
Total stopover Age (SY) 0.29+ 0.39 0.47 1.05 24310 0.08
duration before gulf
crossing in spring
migration Sex (M) -0.50+ 0.33 -1.16 0.16
Sex (M) -0.58+ 0.33 -1.23 0.07 243.20  0.086
Breeding Latitude 0.01+0.02 -0.03 0.07
. . 0.051
Total stopover Breeding Latitude -0.008 0.11 266.19  0.078
. +0.03
duration after gulf
crossing in fall Flight distance _ _ ]
migration between the stopover gégg:ggi 045.7154e 0.0002 267.15  0.045
and wintering ground '
Age (SY)* 0.88 £0.42 0.06 1.71
Sex (male)* 0.67+0.34 0.0001 1.35
19550 0.11
Age (SY): Sex (male) -1.67+0.94 -3.52 0.18
Age (SY) 035£036 436 1.078 19650  0.018
Total stopover Sex (male) 0.2820.31 -0.32 0.90 196.59  0.018
duration after gulf
crpssing in spring Flight distance
migration T
between wintering 5.231907e-05
ground and the + 6.163535e-05 6.84 0.0001 196.79 0.016
stopover
Age (SY) 0.52+0.37 -0.20 1.25
196.78  0.063
Sex (male) 0.43+0.31 -0.19 1.05
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Supplemental table 5.7: Summary of linear model (LM) for flight ration (flight

days/stopover days) in fall and spring migration

Estimate + Std. 95% CI 95% ClI 2
Model Error (lower) (upper) AlCe R
. . 1.019e-04
Flight distance 15 4766-05 -5.427187e-06  0.0002 135.21  0.052
Flight ratio in
fall migration
(log Age (SY) -0.14+ 0.22 -0.57 0.29
transformed)
136.79  0.057
. . 9.440511e-05+5.629
Flight distance o "z -1.593468e-05 0.0002
Breeding 0.01 +0.01 0.01 0.04 11510  0.01
latitude
Age (SY) -0.19 £0.17 -0.54 0.15 114.98  0.01
Flight ratio in Sex (M) -0.22+0.14 -0.50 0.06 113.87  0.03
spring migration
(log Breeding i
transformed) Latitude 0.01+0.01 0.01 0.03 11468  0.05
Sex (M) -0.22 +0.14 -0.50 0.06
Age (SY) -0.25+0.17 -0.60 0.09
113.77  0.06
Sex (M) -0.25+0.14 -0.54 0.02
Sex (M) -0.23+0.14 -0.52 0.053
115.45 0.042
Flight distance > ++0272¢-05 20.00006 0.0001

+ 4.966853e-05
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Supplemental table 5.8: Summary of linear mixed models (LMM) for total fall migration

Model St Error__(lower) __(upper) ___AICe MRIGR
Fixed effects
_ Breeding latitude 1.43+0.31 0.81 2.04
gg:‘laarrlval Random effect Variance Std.Dev. 357.3 0.36/0.49
Individuals 18.14 4.25
Breeding location 1.06 1.03
Residuals 77.67 8.81
timing
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Supplemental table 5.9: Summary of linear mixed models (LMM) for total spring

Estimate + 959% CI 95% CI 2, 2
Model Std. Error (lower) (upper) AlCe mR*/cR
Fixed effects
Spring Breeding latitude* 146+0.40  0.67 2.25
crossingdate  Random effect Variance Std.Dev.
of Tropic of 296.5 0.42/0.69
Cancer Individuals 31.92 5.65
Breeding location 9.09 3.01
45.39 6.73

Residuals

migration timing
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Supplemental table 5.10: Summary of mixed models (LMM) for influential factors on

Estimate +

95% ClI

95% ClI

2 2
Model Std. Error (lower) (upper) AlCe mR%eR

Fixed effects
Breeding latitude 1.11 +0.33 1.66 3.39
Sex (M) 0.59+ 0.90 -1.17 2.36
Age 2* -5.68+1.05 -7.79 -3.61
Age 3* -6.05+1.27 -8.54 -3.56
Age 4* -8.15+1.79 -11.67 -4.64

o Age 5* -6.99+234 -11.58 -2.39

Nest timing
Age 6 -3.66 £+3.52 -10.57 3.23
1355.2 0.28/0.58

Age 7* -13.33+3.46 -20.12 -6.53
Age 8 -8.31+4.17  -16.49 0.12
Age 9 -7.08+£583 -18.52 4.36
Age 10 -7.95+5.82  -19.37 3.45
Random effect Variance Std.Dev.
Breeding location 17.25 4.15
Year 5.66 2.38
Residuals 31.37 5.60

nest timing:
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Supplemental table 5.11: Wilcox test to compare flight distance in between SY and ASY
birds from different breeding colonies except breeding colonies of Ontario, New Jersey and

Minnesota.

Breeding location Average flight distance (km) W p-value
SY birds in Spring 8721
Albert ASY birds in Spring 9349 22 047
era SY birds in Fall 8204 s o1l
ASY birds in Fall 9430 '
SY birds 1 -
|rc_js m_Sprln_g 8058 9 0.78
) ASY birds in Spring 8089
Manitoba —
SY birds in Fall 8605 13 0.14
ASY birds in Fall 9723 '
SY bll’(-jS m_Sprln_g 6729 7 0.95
Pennsvivania ASY birds in Spring 7009
y SY birds in Fall 7429 , 025
ASY birds in Fall 7256 '
SY blrc_zls m_Sprln_g 7546 5 0.88
ASY birds in Spring 7387
South Dakota —
SY birds in Fall 8277 4 0.4
ASY birds in Fall 7542 '
SY blrc_zls m_Sprln_g 6543 20 0.59
Virginia ASY birds in Spring 6259
g SY birds in Fall 6444 s o016
ASY birds in Fall 6440 '
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Supplemental table 5.12. Breeding purple martins (Progne subis) location for egg-laying
data and the number of geolocators that retrieved from each location.

Geolocators

State/Province Latitude Longitude retrieved Years deployed
Florida (FL) 28.35 -81.5876241 1 2013-2014
Manitoba (MB) 49.73476 -97.1303 1 2016-2017
Alberta (AB) 52.39 -113.51 3 2012-2013
Kansas (KS) 37.41 -90.7 1 2017-2018
Pennsylvania (PA) 41.8 -80.0852 32 2007-2019
South Dakota (SD) 45.6 -98.3126 5 2011-2014
New Jersey (NJ) 40.4 -74.0263 9 2011-2012
Virginia (VA) 38.61 -77.15 9 2010-2013
Minnesota (MN) 46.4 -94.1944 24 2011-2020
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Supplemental figure 5.1A&B: Comparing the stopover duration and numbers of adults

and juveniles of purple martins in fall and spring
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Supplemental figure 5.2 A-E: Comparing different stages of arrival date, departure date
and crossing date of Tropic of Cancer in both spring and fall migration timing of purple

martins from different colonies of Alberta (A), Manitoba (B), Pennsylvania (C), South
Dakota (D), and Virginia (E) at different latitudes.
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