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Abstract

Plant and animal populations can adapt to prolonged environmental changes if they have
sufficient genetic variation in important phenological traits. The genetic regulation of annual
cycles can be studied either via candidate genes or through the decomposition of phenotypic
variance by quantitative genetics. Here we combined both approaches to study the timing of
migration in a long-distance migrant, the collared flycatcher (Ficedula albicollis). We found that
none of the four studied candidate genes (CLOCK, NPAS2, ADCYAP1 and CREB1) had any
consistent effect on the timing of six annual cycle stages of geolocator-tracked individuals. This
negative result was confirmed by direct observations of males arriving in spring to the breeding
site over four consecutive years. Although male spring arrival date was significantly repeatable (R
=0.24 £ 0.08 SE), most was attributable to permanent environmental effects, while the additive
genetic variance and heritability was very low (h? =0.03 + 0.17 SE). This low value constrains
species evolutionary adaptation, and our study adds to warnings that such populations may be
threatened, e.g. by ongoing climate change.
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Introduction

Rising spring temperatures have advanced most avian annual cycle events, but the magnitude of
this recent change differs between traits and species (Rubolini et al. 2007). For instance, the
timing of breeding has advanced more than spring migration (Both and Visser 2001, Weidinger
and Kral 2007, Pearce-Higgins and Green 2014, Tomotani et al. 2018), and the latter has advanced
more in short-distance migrants compared to long-distance migrants (Usui et al. 2017, Lehikoinen
et al. 2019, Kolecek et al. 2020 ). Such observations suggest that phenological shifts are often
driven by plastic responses of birds to local temperatures and vegetation phenology —
environmental cues that are more available to sedentary species and short-distance migrants
(Helm et al. 2013, Clark et al. 2014). In contrast, temperatures at the non-breeding sites of long-
distance migrants are not very indicative of phenology at their breeding sites (but see Saino and
Ambrosini 2008). Therefore, these species largely rely on their genetically based internal
circannual pacemaker that tells them when to start the migration (Gwinner 1996, Helm et al.
2013, Akesson et al. 2017).

Long-distance migrants can also modify the speed of migration according to temperatures
or rainfalls along their route (Ahola et al. 2004, Hiippop and Winkel 2006, Both 2010, Haest et al.
2020), but their arrival to a breeding site is largely determined by the onset of migration (Stanley
et al. 2012, Ouwehand and Both 2017, Briedis et al. 2019, Schmaljohann 2019). Thus, unlike rapid
plastic responses by short-distance migrants, the advanced phenology of long-distance migrants
may be mainly driven by evolutionary changes to their internal clocks (Pulido 20073,
Schmaljohann 2019). Both plastic changes and evolutionary responses help birds to cope with
changing environmental conditions. Plastic responses are faster and thus may serve as a “first aid”
(Charmantier et al. 2008, Vedder et al. 2013), but because plasticity has its own costs and limits
(DeWitt 1998, Auld et al. 2010), ultimately an evolutionary response is needed for the long-term
sustainability of a population (Gienapp et al. 2013, Gienapp and Brommer 2014).

One prerequisite for an evolutionary response to a changing environment, e.g. the current
rapid climate change, is a sufficient amount of genetic variation upon which selection may act.



Laboratory experiments have demonstrated rapid evolutionary responses in the timing of
migration to artificial selection (Pulido et al. 2001). However, such findings need to be verified in
the wild, where the environmental variation may mask genotypes from the action of selection. In
other words, we need to know the amount of additive genetic variation scaled by natural
amounts of phenotypic variation, i.e. heritability of the trait measured in the field. The heritability
of breeding times has been often studied, and found to vary both between and within wild
populations (reviewed by Liedvogel et al. 2012). In contrast, only a handful of studies have
considered the heritability of migration timing. These have usually found substantial heritability,
suggesting a high evolutionary potential for this phenological trait in wild populations (Potti 1998,
Megller 2001, Teplitsky et al. 2011, Arnaud et al. 2013, Tarka et al. 2015). This was recently
confirmed in a population of the pied flycatcher (Ficedula hypoleuca), which considerably
advanced its internal annual rhythm in as few as 21 years (Helm et al. 2019).

Although heritability is a useful measure for estimating the possible rate of adaptation to
environmental change, it tells nothing about proximate mechanisms underlying this genetic
adaptation. To reveal how the genetic variation is translated to differences between phenotypes
that are visible to selection, one needs to identify the involved genes and the function of their
protein products. One possibility is to adopt a candidate gene approach, which looks for orthologs
of genes with known function in genetic models, like Drosophila or mice, in the studied non-
model organism (Fitzpatrick et al. 2005). However, these genetic models are usually short-lived,
which prevents studying circannual rhythms on them. Fortunately, an emerging view suggests
that circannual rhythms are closely linked to circadian rhythms, the latter having a very well
described molecular basis (Dunlap 1999, Bell-Pedersen 2005). Steinmeyer et al. (2009) found
several circadian genes (CLOCK, NPAS2, ADCYAP1, CREB1) with allelic variation caused by a short
repetitive sequence (microsatellite) in the blue tit (Cyanistes caeruleus). CLOCK and its paralog
NPAS2 are part of the core circadian oscillator (Reick et al. 2001, DeBruyne et al. 2007). CREB1 is
best known for its role in memory formation and learning (Silva et al. 1998), while ADCYAP1 is a
regulator of metabolism including digestion, respiration and immune function (Sherwood et al.
2000). However, both these genes are also involved in the regulation of circadian rhythms
(Hannibal et al. 1997, Kako and Ishida 1998, Lonze and Ginty 2002, Nagy and Csernus 2007). For
brevity, we will label these four genes as “circadian”, but it should be born in the mind that some
of them have many additional functions.

Along with the regulation of daily rhythms, these four circadian genes are also suspected
to have roles in the regulation of annual cycles (Visser et al. 2010, Liedvogel et al. 2011, Helm et
al. 2013, Merlin and Liedvogel 2019). Correlations between individual circadian genotypes and the
timings of breeding (Liedvogel et al. 2009, Caprioli et al. 2012, Bourret and Garant 2015), moult
(Saino et al. 2013), and migration (Mueller et al. 2011, Peterson et al. 2013, Bazzi et al. 2015,
Ralston et al. 2019) were found in several avian populations. In contrast, other studies did not find
such within-population associations between individual genotypes and the timing of either
migration (Contina et al. 2018, Parody-Merino et al. 2019) or breeding (Liedvogel and Sheldon
2010, Dor et al. 2012, Chakarov et al. 2013). While studies of migration are not usually very
powerful due to the difficulty of tracking birds along the route, the large sample sizes of the
studies of breeding phenology make their negative findings robust. Thus, evidence for the effects
of circadian genes on avian phenology is mixed, and this topic warrants further study (Ralston et
al. 2019).

To add to the knowledge on whether circadian genes also regulate circannual cycles, we
tested the association between the circadian genotype at four candidate genes (CLOCK, NPAS2,
ADCYAP1, CREB1) and the phenology of migration in the collared flycatcher (Ficedula albicollis), a
nocturnal long-distance migrant. First, we determined the timing of all stages in the annual cycle
of the flycatchers by tracking with light-level geolocators. Second, we directly recorded the spring



arrivals of individual birds to their breeding site over four consecutive years. Our set of candidate
genes likely represents only a small fraction of all genes involved in the regulation of avian
phenology. Consequently, negative results of these tests would not conclusively prove a minor
role of genes in the regulation of annual cycles. Therefore, we also employed quantitative genetic
methods and decomposed phenotypic variance in the timing of spring arrival to its causal
components (see also Liedvogel et al. 2012). A high additive genetic component combined with a
low effect of the investigated candidate genes would indicate that other genes retain high
evolutionary potential in the studied population. A finding of a low heritability of migration
phenology, on the other hand, would add to warnings that ongoing climate change may threaten
populations of long-distance migrants (Radchuk et al. 2019; Kolecek et al. 2020).

Methods
Study populations and fieldwork

We conducted this study in two close (35 km) nest-box collared flycatcher populations in Czechia.
Study plots were located in a mixed forest dominated by 40% beech (Fagus sylvatica) and 40%
oak (Quercus petraea) at the site Dlouha Loucka site (49°50°N, 17°13’E, 340-500 m asl) and in a
>90% oak forest (Quercus petraea) with some pines (Pinus silvestris) at the site Velky Kosif
(49°32’'N, 17°03’E, 300-400 m asl). The collared flycatcher is a long-distance nocturnal migrant
with non-breeding residency areas about 7000 km away from the European breeding sites (Briedis
et al. 2016). Non-breeding areas of Dlouha Loucka and Velky Kosif breeding populations are
overlapping in southern Africa including Democratic Republic of Congo, Angola, Zambia and
Botswana (Briedis et al. 2018a). Any potential small-scale differences between non-breeding areas
of these two breeding populations cannot be distinguished due the inherit limits of geolocation
accuracy (Lisovski and Hahn 2012). The species easily adopts nest-boxes for breeding, and each of
our populations hosts about 100 pairs of collared flycatcher. Other species breeding in our nest-
boxes are the great tit (Parus major), blue tit and nuthatch (Sitta europaea). Nest-boxes are
attached to trees about 160 cm above ground, and have inner dimensions of 22.5-25.5x 11 x 12
cm (height x width x depth) and a nest entrance diameter of 32 mm.

We recorded the spring arrival of male collared flycatchers to the Velky KosiF site from
2013-2016, taking advantage of their habit of exploring potential cavities for breeding
immediately after their arrival to a breeding site. We equipped all nest-boxes with traps, and
caught newly arriving males at intervals from 1-7 (mean = 2.55) days during the early part of the
breeding season. Shorter intervals between catching sessions were used at the peak of male
arrival, while longer ones were used at times when only a few males arrived. We used the mean
time between the first capture of a male and the previous catching session as an estimate of the
arrival date. These estimates were highly correlated with the true arrival dates known from
geolocators (r = 0.95, n = 16, Supplementary Figure 1). Each male was measured and blood
sampled by tibial venipuncture, and its age was determined from plumage and categorized as
young (in the second year of life) or old (in the third year of life or older). Note that females
cannot be efficiently caught by this method since it is the male who enters the cavity first as part
of its display to females. For further details about male catching see the Supplementary material.

Geolocator data

We used light-level geolocators to study the timing of six migratory stages in collared flycatchers
(departure from the breeding site, crossing the Sahara in autumn, arrival to the non-breeding site,
departure from the non-breeding site, Sahara crossing in spring, and arrival to the breeding site).



We deployed 69 geolocators (model GDL2.0 with 7mm light stalk, Swiss Ornithological Institute)
on 33 adult males and 36 adult females at Dlouhd Loucka when they took care of their broods
during the late nestling stage in 2013. At Velky Kosif, we equipped adults with geolocators upon
their spring arrival (139 males) or during the nestling stage (18 males and 8 females) in 2014. Each
geolocator weighed about 0.6 g (ca 4.6% of the adult body mass). Traditionally, geolocators
weighing up to 5% of the adult mass have been considered to cause little trouble to birds wearing
them (Portugal and White 2018), and this has recently been confirmed by an extensive meta-
analysis (Brlik et al. 2020).

We retrieved 29 geolocators at Dlouha Loucka and 30 at Velky Kosif in the following years,
but our final sample size for the timing of annual cycle events varied from 26 (arrival to the
breeding site) to 41 (Sahara crossing in autumn and arrival to the non-breeding site) due to the
failure rate of the devices. The lower retrieval of loggers at Velky Kosit site (30/165 = 18%)
compared to Dlouhd Loucka site (29/69 = 42%) was likely caused by different methods of
geolocator deployment. At Dlouhd Loucka we deployed loggers on birds breeding in nest-boxes in
forest patches that we knew to be very attractive to flycatchers. Birds breeding in such high-
quality forest patches were likely to be in superior condition and have high fidelity to these
attractive breeding sites. On the contrary, most loggers at Velky Kosif site were deployed on birds
before they established territories. Many of these birds emigrated from our plots after
deployment of the loggers — not necessarily due to this manipulation — and bred in natural
cavities or became floaters. They also had a smaller likelihood of surviving to the next breeding
season simply because of the longer time interval. These methodological as well as actual site
differences should not adversely affect our results because we statistically controlled for site
differences in all analyses (see below).

Geolocators recorded ambient light intensity on an arbitrary scale ranging from 0 to 63
units, corresponding to 0 and approximately 3500 lux, respectively. We used a threshold
approach (Lisovski et al. 2020) to estimate individual migration timing from the recorded light
data. First, we identified sunrise and sunset times within the light-level data using ‘Geolocator’
software (Swiss Ornithological Institute) and setting the light intensity threshold to 1 unit on the
arbitrary scale. Second, we determined the start and end of migratory periods within each dataset
using the ‘changelight’ function (parameters: g = 0.85 and minimum duration of
stationary/stopover periods = 3 days) of the R-package ‘GeoLight’ v 1.03 (Lisovski and Hahn 2012).
Timing of the Sahara crossing was determined by a manual inspection of raw daily light recordings
to identify days when prolonged periods of uninterrupted maximal light intensities (63 arbitrary
units) were recorded. Such patterns of uninterrupted maximal light recordings are conspicuous in
the raw light-level data and are characteristic of non-stop diurnal flights when birds cross large
ecological barriers, like the Sahara Desert (Adamik et al. 2016, including data from the collared
flycatcher). We used the first day of Sahara crossing (the total duration of the crossing is 2-3 days
in most cases) in all calculations.

Candidate genes

DNA was extracted from blood using DNeasy (r) Blood & Tissue kits (Qiagen). We genotyped
flycatchers at four candidate genes (CLOCK, NPAS2, ADCYAP1 and CREB1) for circadian/circannual
cycles (Steinmeyer et al. 2009). Primers for the amplification of NPAS2 and ADCYAP1 were the
same as in Steinmeyer et al. (2009). CREB1 was amplified using the forward primer from
Steinmeyer et al. (2009) and a modified reverse primer, AGAATAACGCAGCCCAGAGC, from
Bourret and Garant (2015). CLOCK primers were adopted from Caprioli et al. (2012). Forward
primers for the amplification of CLOCK, NPAS2, ADCYAP1 and CREB1 were labelled with the dyes
6FAM, VIC, PET and NED, respectively. All loci were amplified in a single multiplex PCR using Type-



it® Microsatellite PCR kits (Qiagen) following the manufacturer’s protocols. Annealing
temperature was 53 °C. PCR products were mixed with a GeneScanTM—-500 LIZ® Size Standard
(Applied Biosystems) and their size was resolved using fragment analysis in a 3130x| Genetic
Analyzer (Applied Biosystems). Genotypes were scored with GeneMarker® 1.9 (Softgenetics).

Pedigree

At the Velky Kosif site, most nestlings and adults were ringed each year since 1998. This provides
an extensive social pedigree for this population. In some years, paternity analysis was conducted
on parts of the population (2001-2002, Krist et al. 2005), (2006—2009, Krist and Munclinger 2011)
or on the whole population (2013, Edme et al. 2017). There was no case of maternal error, so all
maternal links in the pedigree should be accurate. In total, extra-pair paternity was detected at a
rate of 23.5%, which is comparable to other populations of this species (Hungary: 20.6%, Rosivall
et al. 2009; Sweden: 15%, Sheldon et al. 1999). We corrected the social pedigree using the genetic
information, which was available for 18% of the offspring born between 1998-2015 (Edme et al.
2019). Consequently, after this correction, less than 20% of paternal links probably remained
erroneous, giving in a total of less than 10% errors in the full pedigree (maternal and paternal
links together). This inadequacy should not have excessive impact on our ability to estimate
guantitative genetic parameters, since pedigree-based animal models are robust to even higher
rates of paternity errors. A simulation study showed that 40% of paternal errors may cause an
underestimation of heritability by 20% (Charmantier and Réale 2005). Similarly, Firth et al. (2015)
reported a 15% underestimation of heritability with 12.5% extra-pair paternity and non-random
mating. Although these results highlight the need for caution when interpreting heritabilities from
systems with frequent paternal errors, they also suggest that the underestimation of heritability is
not overwhelming.

Data analyses

Allele frequencies were calculated in Cervus 3.0 (Kalinowski et al. 2007). All other statistical
analyses were done in R 3.6.2 (R Core Team 2019). We used mean allele length as the main
variable describing individual genotype (see also Liedvogel et al. 2009, Mueller et al. 2011,
Bourret and Garant 2015). This approach relies on two assumptions. First, that there is not much
dominance on the locus. This assumption is supported by observations that phenotypic variation
in complex traits such as behaviour is usually more affected by additive compared to dominant or
epistatic effects (Hill et al. 2008, Wolak and Keller 2014). This was also the case of CLOCK allele
length and the timing of breeding in the blue tit (Liedvogel et al. 2009). Second, this method
assumes a linear effect of the genotype on the phenotype. Support for this assumption comes
from studies that have found latitudinal clines in circadian genotypes (Johnsen et al. 2007,
O’Malley et al. 2010, reviewed in Kyriacou et al. 2008). An alternative approach of using exact
genotype as a factor in statistical analysis is free of these assumptions. However, this second
approach is less powerful due to the higher numerator degrees of freedom and inability to reveal
possible trends with allele length. We used only mean allele length for tests based on small
sample sizes of tracked individuals. We used both mean allele length and exact genotypes for
analyses based on large sample sizes obtained by direct observations of spring arrival for loci with
intermediate genetic diversity (CLOCK and ADCYAP1, Table 1). The NPAS2 locus had low genetic
diversity (Table 1), and therefore it was coded only as a categorical factor and its mean allele
length was not calculated. In contrast, the CREB1 locus had too high a genetic diversity to enable
us to use exact genotype as a factor in analysis (Table 1). Therefore, we also tested the separate



effects of the short and the long allele in addition to the main analysis based on the mean allele
length at this locus.

The relationships between genotypes at three loci (CLOCK, ADCYAP1 and CREB1) and
timing of the six core phases of the annual cycle inferred from geolocators were assessed and
visualized in 18 (3x6) separate general linear models, with the day of year of the stage (1 = 1*
January) as the dependent and mean allele length as the independent variables. We did not test
for the effect of the NPAS2 gene because of its low allelic diversity and small sample size of
tracked individuals. Three other independent variables were included in each model to reduce
residual variation in the day of year (sex: male vs. female, age at deployment: young vs. old and
site/year: Kosif/2014 vs. Loucka/2013). Male age was determined from plumage characteristics
while that of females from ringing data, as all females included in this study had been previously
marked. Note that the factor site/year comprises several different sources of variation — site
characteristics (e.g. differences between elevations, forest types), methodological differences
(deployment of loggers in pre-breeding vs. breeding stage) and years (2013/2014 vs. 2014/2015
season). By its inclusion into the model, we control all these sources of variation in the timing of
annual cycles. However, as we are unable to separate these sources of variation from one
another, we will not try to interpret the site/year factor even if it is statistically significant.

Direct observations of male spring arrivals to the breeding site were conducted in four
consecutive years. To test for the potential effects of candidate genes, we first averaged values of
repeatedly sampled individuals. Before averaging, year and age effects were removed from the
data by means of using residuals from an ANOVA of arrival date on these two factors
(Supplementary Table 1). Average residual date (response variable) was then predicted by the
mean length of allele (CLOCK, ADCYAP1 and CREB1) and/or by the exact genotype (CLOCK,
ADCYAP1 and NPAS2) locus in a linear model. The contribution of each datapoint (individual mean
arrival date) was weighted by the number of observations (years) used for its calculation.

Phenotypic variance in male spring arrival dates from direct observations was
decomposed to its causal components by fitting an animal model in the R-package Asreml-R,
version 3 (Butler 2009). Male spring arrival date was the dependent variable, age (young or old)
the fixed independent variable. The random part of the model included four random effects: year,
male identity not linked to the pedigree, male identity linked to the pedigree, and identity of the
rearing nest. Male identity linked to the pedigree estimates the additive genetic component, male
identity not linked to the pedigree estimates the permanent environment component, and
identity of the nest estimates common environment effects (Wilson et al. 2010). All these random
effects conveyed useful information, and the resulting model was not overfitted as indicated by
the singularity test (isSingular?) implemented in the Ime4 package (Bates et al. 2015). Before
entering the animal model, pedigree was pruned to contain only informative individuals (i.e.
those that were either phenotyped or linked to at least two phenotyped individuals) in the R-
package Nadiv (Wolak 2012). The pruned pedigree retained 379 phenotyped males and their 669
relatives. Phenotyped males included, for example, 143 father-son pairs and 37 full-sibling groups
raised in the same nest (31 pairs and 6 trios). Repeatabilities and their standard errors were
calculated in the Rptr package (Stoffel et al. 2017).

Results

In total, 407 individuals that were either geolocator-tracked or had a record of their spring arrival
to the Velky Kosif breeding site were genotyped at the four candidate genes. CLOCK alleles varied
by multiples of three base pairs. We sequenced CLOCK homozygotes with the length of alleles
120bp, 123bp, 126bp and 129bp. These alleles differed due to CAG repetition on its 5’ end and



coded 10-13 glutamins in polyglutamine chain (polyQ) of the coded Clock protein. We therefore
label them as Qi0—Qu3. ADCYAP1 and CREB1 were more variable compared to CLOCK, while NPAS2
was the most conservative locus (Table 1). There was an excess of homozygotes at the CREB1
locus, which together with the highest rate of amplification failure among loci suggests the
presence of null alleles. A minor part of the allelic variation at this locus thus remained
undetected and the results have to be interpreted with greater caution.

Tracking flycatchers using geolocators revealed that males were ahead of females in most
stages of the annual cycle (Table 2), although this difference was not statistically significant. Old
individuals were somewhat delayed when compared to young ones (Table 2), but note that young
birds in this case were already experienced in migration and were recorded on their second
migration to and back from Africa using geolocators. Site/year had the strongest effect on the
timing of migration. Birds from the Loucka population tracked during the 2013/2014 season
migrated before those from the Kosif population tracked during the 2014/2015 season (Table 2).
In contrast to these consistent effects of covariates, the effects of candidate genes on the timing
of annual events were relatively weak (Table 2, Figure 1). We found only one significant
relationship (earlier arrival of individuals with longer CLOCK alleles to their non-breeding sites,
Table 2). However, this relationship was also not strong enough to remain significant after
accounting for multiple testing (Rice 1989; p-value boundary for statistical significance after
sequential Bonferroni adjustment is 0.05/18 = 0.003).

Catching of arriving males at the Kosit breeding site revealed that this stage of the annual
cycle was delayed by about a week in young compared to old males (Supplementary Table 1).
Note that spring arrival to the breeding site was the final stage of the first migration of young
males, which is in contrast to the data from geolocators that covered the second migration of
these young birds (see above). The mean timing of spring arrival differed only slightly (up to five
days, Supplementary Table 1) over the four studied years, although this result was statistically
significant. In contrast, male spring arrival was unrelated to allele length or genotype for any of
the candidate loci. CLOCK mean allele length: -0.29 + 0.24 (estimate * SE), F136s= 1.40, p = 0.237;
CLOCK genotype: Fg 361 = 1.65, p = 0.109; NPAS2 genotype: F3366=0.83, p =0.476; ADCYAP1 mean
allele length: 0.30 £ 0.28, F1,367=1.13, p = 0.288, ADCYAP1 genotype: Fi2356=0.71, p = 0.740;
CREB1 mean allele length: -0.03 £ 0.10, F1352=0.09, p = 0.761 (Figure 2). The last relationship was
closely similar if the response variable was the length of the short or the long allele instead of the
mean length: CREB1 short allele length: -0.03 £ 0.10, F1,35,=0.14, p = 0.715, CREB1 long allele
length: -0.01 £ 0.08, F1,35,=0.09, p = 0.864.

In total, we recorded 502 arrivals of 372 males to the Velky Kosif breeding site by catching
them in nest-boxes. 266 males were caught only in one year, but we had repeated records for 106
individuals (86 were caught in two years, 16 in three years and 4 in all four years of the study).
These males often arrived at the breeding locality at different times in consecutive years (Figure
3). Despite this variation, we also detected a modest but significant repeatability in the timing of
their arrival (r = 0.24 + 0.08 SE). We further decomposed the variance in male spring arrival to its
causal components with the animal model. We found the repeatability to be explained mainly by
permanent environmental effects (relative variance component: 0.194 + 0.712 SE), while the
additive genetic component, and consequently heritability, was much lower and insignificant (h? =
0.031+£0.170 SE, Table 3).

Discussion

We did not detect any strong relationships between genetic variation at the four circadian genes
and the timing of any phase of the annual cycle in geolocator-tracked collared flycatchers. These



negative findings, however, should be treated with caution as they are based on tens of
individuals and thus the tests have small statistical power. Nevertheless, we found the same
negative result in the dataset with hundreds of individuals, for which we directly observed their
spring arrivals to the breeding site. Taken together, our results suggest that none of the genetic
variation at any of the studied circadian genes plays an important role in circannual rhythmicity in
this migratory species. However, we cannot exclude the possibility that epigenetic variation of
these genes may affect the timing of migration (see Saino et al. 2017). Furthermore, our
guantitative genetic analysis revealed only moderate repeatability (R = 0.24 + 0.08 SE) and very
small and insignificant heritability (h? = 0.03 + 0.17 SE) in the timing of spring arrival to the
breeding site. The true heritability of spring arrival may be somewhat higher due to paternal
errors in our pedigree. However, after adjustment for this inadequacy (up to 20% increase of h?,
see Charmantier and Réale 2005) the heritability of spring arrival was still very small (h? = 0.036)
and suggests a low evolutionary potential for this important phenological trait.

Previous studies have sometimes confirmed associations between individual circadian
genotype and phenology, for instance in the timing of breeding (Liedvogel et al. 2009, Caprioli et
al. 2012), dispersal (Chakarov et al. 2013), migration (Mueller et al. 2011, Bazzi et al. 2015, Saino
et al. 2017, Ralston et al. 2019) or moult (Saino et al. 2013, Bazzi et al. 2017). However, other
studies have not found any such relationships (Dor et al. 2011, Liedvogel et al. 2012, Peterson et
al. 2013, Contina et al. 2018, Romano et al. 2018, Parody-Merino et al. 2019, this study), or found
them only in an interaction with environmental variables, such as breeding density (Bourret and
Garant 2015). Many of these studies were based on small sample sizes because of the difficulty to
obtain phenological data throughout the entire avian annual cycle (e.g. by tracking individuals
using geolocators). Moreover, even those studies that reported significant associations between
circadian genotypes and phenology usually did this only for some of the tested loci and only for a
subset of the genetic traits that were considered (mean allele length, length of longer allele,
length of shorter allele, heterozygosity, exact genotype and methylation level). On the other
hand, only a limited number of loci that are involved in the regulation of circadian rhythms were
examined in these field studies. Most research was done on the four microsatellite loci also
considered in this study, as their allelic variation is easily determined by molecular methods. Less
attention has been paid to circadian genes with a single nucleotide polymorphism (e.g. AANAT,
PERIOD2, CKle; Steinmeyer et al. 2009), although their alleles also do not distinguish migratory
and sedentary species (Ramos et al. 2017).

Taken together, evidence for a causal link between the timing of daily and annual cycles is
relatively weak (reviewed by Ralston et al. 2019, Parody-Merino et al. 2019). This is also in line
with a recent study in the great tit, where genomic selection caused phenological shifts without
any correlated change in the endogenous daily cycles (Verhagen et al. 2019). This could indicate
that these two cycles are not genetically correlated (Verhagen et al. 2019) and that circadian
genes cannot explain much of the phenological variation. However, migratory traits often have
substantial genetic variation and heritability (Pulido 2007a). Consequently, there is a need to look
for other loci that would explain the variation in key annual cycle events (Contina et al. 2018).

This is currently achievable thanks to the development of next-generation sequencing
methods (Stapley et al. 2010). Whole genome sequencing and high-density single-nucleotide
polymorphism (SNP) chips can reveal sites of divergent selection and thus allelic variation
between migratory phenotypes (Liedvogel et al. 2009, Merlin and Liedvogel 2019). The latter
method has recently been employed in a study of Vermivora warblers whose migratory
phenotypes correlated with SNPs at a new candidate gene, VPS 13A (Toews et al. 2019). The
function of this gene is unknown in birds, but the authors hypothesize that it may be involved in
the processing of metabolic products that arise when the warbler is migrating (Toews et al. 2019).
Similarly, migratory phenotypes of the willow warbler (Phylloscopus trochilus) were most



divergent at loci related to the metabolism of fatty acids (Lundberg et al. 2017) and those of
Swainson’s thrushes (Catharus ustulatus) at the loci TMEM192, with unknown function, and
PALLD, with a function in cell signaling (Delmore et al. 2016). It is important to note that different
migratory phenotypes came from different populations across a migratory divide. Thus, they
represented a suite of intercorrelated traits, such as different breeding and non-breeding areas, in
addition to different migratory patterns in space and time. It is therefore not clear whether these
candidate genes may also affect the timing of avian migration. Nevertheless, support for this idea
includes a recent finding that the laying date of the great tit was most strongly associated with
another gene controlling metabolism, thyroglobulin, within a breeding population (Gienapp et al.
2017). Overall, these recent studies suggest that the timing of annual cycles may be more closely
linked to metabolism than to circadian cycles. Therefore, it may now be time to look for new
candidates in avian phenology.

Technological advances in tracking techniques like GPS and light-level geolocators
provided an opportunity to repeatedly follow even small migrants through their whole annual
cycle without severely compromising their fitness (Brlik et al. 2020). Repeated tracking has usually
revealed a high individual consistency in the timing of migration. This suggests that the start of
migration is controlled by an innate program (Alerstam et al. 2006, Lourenco et al. 2011, Vardanis
et al. 2011, Stanley et al. 2012, Conklin et al. 2013, Lopez-Lépez et al. 2014, van Wijk et al. 2016).
In contrast, birds are rather flexible in the selection of their route (Alerstam et al. 2006, Vardanis
et al. 2011, Stanley et al. 2012, Lépez-Ldpez et al. 2014, Klvana et al. 2018, Lisovski et al. 2021),
although the opposite pattern of a consistent route and flexible timing has also been found
(Hasselquist et al. 2017). A repeatable timing of spring migration may be caused by individual
consistency in the time of departure from the non-breeding site (Both et al. 2016). In such a case
we would expect a decrease of repeatability along the route, with the smallest values at the time
of arrival to the breeding ground (Both et al. 2016), as the progress of migration is dependent on
environmental conditions en route and these often fluctuate between years (Both 2010, Briedis et
al. 2017). A lower repeatability in the timing of migration near the final destination has been
found in many studies (Alerstam et al. 2006, Lourenco et al. 2011, Vardanis et al. 2011, Sergio et
al. 2014, Fraser et al. 2019, but see van Wijk et al. 2016). However, the absolute difference was
often small and so the evidence for such lower repeatability is not particularly strong. Caution is
also needed when comparing repeatability between studies (Conklin et al. 2013, Both et al. 2016).
For example, lower reported repeatability for the arrival to the breeding site compared to the
departure from the non-breeding site might be caused by the fact that the latter values are
typically obtained on tracked birds while the former are most often derived by direct observations
that are prone to larger measurement errors. On the other hand, studies using direct
observations have often used much larger sample sizes than those of tracked birds (reviewed in
Both et al. 2016).

Our estimate of the repeatability of male spring arrival (r = 0.24 + 0.08 SE) broadly fits
within the values obtained by direct observations at breeding sites (Pulido 2007b, Both et al.
2016) and is actually very close to that of male pied flycatchers (Ficedula hypoleuca, r =0.27 +
0.03, Both et al. 2016). As repeatability is usually the upper limit to heritability (Falconer 1993, but
see Dohm 2002), both these studies suggest a rather limited evolutionary potential for arrival
date in Ficedula flycatchers. We further decomposed the variance in male arrival timing to its
causal components and found very low additive genetic variance and heritability (h?= 0.03 +0.17
SE) and larger but still insignificant common and permanent environment components. Thus, the
repeatable timing of the same individual is not much controlled by its genotype. Instead, it is
possible that young birds learn how to migrate during their first migration and then repeat this
successful tactic in the following years, a mechanism also suggested for common terns (Sterna
hirundo; Arnaud et al. 2013) and black kites (Milvus migrans; Sergio et al. 2014). Alternatively, the
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timing of migration may also be somewhat pre-determined by early condition (e.g. Pulido 2007b),
as suggested by the non-zero common environment component. However, these conclusions
have to be treated with caution since our heritability estimate has wide standard errors despite
having more than a thousand informative individuals in our pedigree. The difficulty of determining
heritability in the wild with high precision is mirrored by the scarcity of quantitative genetic
studies of avian migration. We know of only five such studies (Potti 1998, Mgller 2001, Teplitsky
et al. 2011, Arnaud et al. 2013, Tarka et al. 2015). All of them tested the heritability of avian spring
arrival to breeding grounds, as we did, and found heritability ranging from 0.10 to 0.54. Thus, our
heritability estimate is the lowest so far. However, many more studies are needed to determine
whether different heritability estimates have something to do with the biology of the studied
species or if they are merely a product of sampling variation in space and time.

A low evolutionary potential in phenological traits, as we found for the spring arrival of
collared flycatchers, would severely limit the rate of adaptive evolution and thus may have
negative consequences for populations currently experiencing rapid climate change. On the other
hand, a low consistency of individuals in their spring arrival suggests high plasticity in their
decisions on when to arrive at the breeding locality, and this variation would also be adaptive if
corresponding to the local phenology of vegetation. Unfortunately, we were unable to test for
this scenario because our study spanned only four years. In general, phenotypic plasticity indeed
helps populations to persist under climate change (Charmantier et al. 2008, Gienapp et al. 2013).
However, the length of this persistence depends on the costs of phenotypic plasticity (Chevin et
al. 2010) and species life history (Vedder et al. 2013). Adaptive evolution is necessary for the long-
term persistence of populations under directional selection caused by global warming (Gienapp et
al. 2013, Radchuk et al. 2019). The evolved responses enable animals to appropriately time their
life cycle events without the need to maintain costly physiological machinery that is necessary for
high phenotypic plasticity (DeWitt et al. 1998, Auld et al. 2010). In addition, the cues upon which
birds plastically react may be available to resident species or short-distance migrants, but not to
long-distance migrants (Both and Visser 2001). Consequently, long-distance migrants may be
unable to plastically adjust their spring arrival to match their breeding to the peak of food supply
(Both et al. 2006), which could lead to population declines (Mgller et al. 2008, Both et al. 2010,
Kolecek et al. 2020) and an increased risk of extinction (Radchuk et al. 2019). The application of
guantitative genetic methods to a broader spectrum of species differing in life-histories, e.g.
migration distance or generation time, would shed useful light on the mechanisms by which birds
may adapt their phenology to ongoing climate change.
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Table 1 Allele frequency, observed (HObs) and expected (Hexp) heterozygosity, the chi-square
test of Hardy-Weinberg equilibrium and the estimated proportion of null alleles for four
candidate genes (n = 407 individuals). K = number of alleles, nt = individuals not successfully
typed at the particular gene. F(null) = estimated frequency of null alleles. The Hardy-Weinberg
test was not performed for the NPAS2 gene because of its low allelic variability.

Gene K HObs HExp alelle size (bp)/frequency X2 p f(null)

CLOCK 4 0.327 0.328 120/0.080, 123/0.076, 126/0.812, 1.59 0.663 0.009
129/0.030, nt/0.003

NPAS2 4 0.025 0.029 165/0.001, 168/0.001, 175/0.985, - - 0.078
181/0.010, nt/0.003

ADCYAP1 6 0.592 0.585 172/0.004,176/0.006,178/0.052, 10.3 0.112 -0.009
180/0.348, 182/0.538, 184/0.048, nt/0.005

CREB1 9 0.514 0.797 268/0.054,270/0.063,274/0.280, 381.1 <0.001 0.214

276/0.323, 278/0.041, 280/0.059,
282/0.066, 284/0.018, 286/0.052, nt/0.044
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Table 2 Results of general linear models relating the timing of six phenological stages as inferred

from geolocators (day of the year, 1 = 1*' January) to mean allele length at three candidate genes.

The reference category was an old female from the Kosif site. P-values refer to probabilities
without Bonferroni correction.

CLOCK ADCYAP1 CREB1

Parameter Estimate SE t p Estimate SE t p Estimate SE t p

g o Intercept 370 140 N =40 -103 290 N =40 338 116 N =39
‘; é Mean allele -1.19 111 -1.07 0.294 1.79 1.60 1.12 0.272 -0.43 042 -1.02 0.317
‘g ? Sex (male) -0.55 502 -0.11 0.913 0.42 4.87 0.09 0.932 0.92 4.95 0.19 0.853
a 4 Age (young) -3.99 319 -1.25 0.219 -5.03 334 -151 0.141 -3.49 333 -1.05 0.303
Site (Loucka) -13.58 419 -3.24 0.003 -13.25 417 -3.17 0.003 -12.96 432 -3.00 0.005
Intercept 379 150 N=41 175 331 N =41 269 129 N=39

'%D = Meanallele -0.97 1.20 -0.81 0.424 0.46 1.83 0.25 0.803 -0.04 0.47 -0.08 0.937
E é Sex (male) -5.94 539 -1.10 0.278 -5.30 537 -0.99 0.330 -5.44 534 -1.02 0315
-(C: = Age (young) -4.52 359 -1.26 0.216 -4.81 380 -1.27 0.214 -5.31 370 -143 0.160
" Site (Loucka) -7.44 4.73  -1.57 0.125 -7.24 476  -1.52 0.138 -8.14 483 -1.69 0.101
o Intercept 595 146 N =41 664 332 N =41 213 133 N =39

o §° Mean allele -2.49 116 -2.15 0.039 -2.11 1.83 -1.15 0.258 0.25 0.48 0.53  0.602
E“ ?E Sex (male) -2.58 523 -049 0.624 -0.48 539 -0.09 0.929 -0.92 550 -0.17 0.869
< ? Age (young) -3.05 348 -0.88 0.387 -1.71 381 -045 0.656 -3.78 382 -099 0.329
S site (Loucka) -11.22 459 -2.45 0.019 -10.81 478 -2.26 0.030 -11.51 498 -2.31 0.027

o Intercept 38 179 N=29 -546 367 N=29 299 127 N=28

§ ED Mean allele 0.26 1.42 0.18 0.855 3.42 2.03 1.68  0.105 -0.82 0.46 -1.78 0.088
% '-93 Sex (male) -4.31 7.05 -0.61 0.547 -4.53 6.43 -0.71 0.487 -5.68 6.39 -0.89 0.383
§ 'Z Age (young) -1.87 422 -0.44 0.662 -4.01 414 -097 0.342 -1.83 407 -045 0.657
e Site (Loucka) -6.24 5.20 -1.20 0.242 -5.73 491 -1.17 0.255 -6.29 499 -1.26 0.220
Intercept 200 128 N =28 -354 284 N=28 121 88 N=27

%D __ Meanallele -0.77 1.01 -0.76  0.457 2.53 1.57 1.62  0.120 -0.07 032 -0.23 0.823
§ %_D Sex (male) -4.57 504 -091 0374 -3.28 466 -0.70 0.488 -2.79 441 -0.63 0.533
‘(Cz = Age (young) -2.59 3.07 -0.84 0.409 -3.42 3.01 -1.14 0.267 -0.56 2.85 -0.20 0.846
” Site (Loucka) -0.98 372 -0.26 0.795 -0.28 356 -0.08 0.937 1.20 3.44 035 0.730
Intercept 81 112 N =26 150 278 N =26 99 87 N=25

o fi:': Mean allele 0.31 0.89 036 0.726 -0.16 1.54 -0.11 0917 0.07 0.31 0.24 02814
Eﬂ _%D Sex (male) -1.64 4.45  -0.37 0.717 -2.17 4.25 -0.51 0.615 -1.50 4.18 -0.36 0.724
< E Age (young) -4.07 263 -1.55 0.137 -4.12 266 -1.55 0.136 -3.32 265 -1.25 0.225
Site (Loucka) -6.42 338 -190 0.071 -6.66 342 -195 0.065 -5.53 333 -1.66 0.112
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Table 3 Variance components of male spring arrival date calculated from an animal model
including the fixed effect of male age (young vs. old). Variance components are given as both
absolute values and relative to the total phenotypic variance. The relative additive genetic
component is the heritability of the trait. Total phenotypic variance estimated by the model
without any fixed effect was 65.52.

Absolute VC £+ SE Relative VC + SE

Additive genetic 1.58 +7.03 0.031+0.170
Permanent environment 9.89+8.74 0.194 +0.712
Common environment 2.32 +6.67 0.045+0.201
Annual 4.68+4.26 0.092 + 0.307
Residual 32.59+5.03 0.638 + 1.247
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Figure legend

Figure 1 Scatterplots showing the relationships between mean allele length at three candidate
loci and the timing of six annual cycle events (day of the year, 1 = 1% January) determined from
geolocators. BS = breeding site, non-BS = non-breeding site, Sahara = timing of the Sahara
crossing. Lines are driven from simple OLS regressions of the day of the year (response variable)
on the length of the allele (predictor). No covariates were controlled in these models. For
regression statistics controlled for effects of covariates see Table 2.

Figure 2 Relationships between mean allele length or genotype and male residual spring arrival
dates to the Velky Kosif breeding site as determined by male catching. Lines are driven from
simple OLS regressions of the residual day of the year (response variable) on the length of the
allele or genotype (predictor). Day of the year was controlled for age and year differences.
Boxplots show medians, interquartile ranges, and sample sizes. Symbol size in scatterplots
corresponds to the number of years used for calculation of individual means (range 1-4).

Figure 3 Intraindividual variation in spring arrival dates (day of the year, 1 = 1** January) for males
recorded repeatedly in multiple years. Dataset based on male catching at the Velky Kosit breeding
site. Lines connecting two adjacent years indicate the same individual (n=106 repeatedly recorded
males).
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Supplementary material for:

Krist M, Munclinger P, Briedis M & Adamik P (2021) The genetic regulation of
avian migration timing: combining candidate genes and quantitative genetic
approaches in a long-distance migrant, submitted to Oecologia.

Supplementary methods
Estimation of male arrival date to the breeding site

We caught collared flycatcher males at the time of their spring arrival to Velky Kosif from 2013—
2016. In this period, 381 nest-boxes were located at five plots in an oak (Quercus petraea) forest. We
simultaneously trapped males in all these nest-boxes. Each year, 11-15 catching sessions (days)
were carried out. During each trapping session, a team of ca 10 field assistants activated string traps
in all nest-boxes that did not contain any nest or that contained a nest without any progress in nest-
building from the last nest-box check. We monitored the study area several times a week following
the first record of the collared flycatcher in the database for birdwatchers in the Czech Republic
(https://birds.cz/avif). We then started to catch flycatchers the day after we recorded the first
singing male in our study area (range April 12""-16" in the four years). Catching lasted about a
month, with the last session between May 15"-19". We started to catch flycatchers at 7-8 a.m. and
finished about at 14-15 p.m. We planned the subsequent session according to the number of newly
arrived males. When many new males arrived, the next session was carried out the next day or
within a few days, while the interval was prolonged when only a few new males arrived (see the
Dryad Digital Repository for the dates of all catching sessions). We started to catch flycatchers in
most nest-boxes as they were empty at the start of the season. The number of nest-boxes available
for catching steadily declined as the season progressed and tits and flycatchers started to breed.
Each newly arrived male was brought to the field station placed in the centre of the study area for
measurements, ringing and blood sampling, which was done by tibial venipuncture. Males were also
aged based on their plumage characteristics (second year of life or older) and then either brought
back to the plot where they were caught (2013) or released directly from the field station (2014-
2016).

The arrival date of each male was calculated as the mean date between the first capture and
the previous catching session. We validated this method using 16 males for whom we had both
catching data and the true arrival data from geolocators in 2016 (see below for methods of
geolocation). Our estimate of arrival date correlated strongly with the true arrival date (Fy 14=
133.60.95, p < 0.001, R? = 0.905, n = 16, Supplementary Figure 1a). A further option for checking our
ability to catch males soon after their arrival is to compare our estimates of arrival date to laying
dates in nests attended by them. In total, 281 out of 520 males caught on arrival were found
breeding in our nest-boxes. For 18 of these, the estimated arrival date was later than the laying date
of the first egg (i.e. negative mating speed, mean =-3.28, range: -0.5 to -15.5, Supplementary figure
1b). This happens sometimes due to mate replacement, i.e. the adoption of a widowed female and
nest by a newly arrived male (Lifjeld et al. 1997, Sheldon et al. 1999), but we consider most of these
cases to be caused by our inability to catch males before they attracted their primary female. After
the primary female started to build a nest, we stopped catching in that nest-box and the males could
only be caught if they tried to attract a secondary female. Therefore, we excluded these presumed
inaccuracies from the dataset. If we assumed a similarly low frequency of ca 6% (18/281*100) for
these inaccuracies in the rest of the data for which we could not validate since the arriving males did
not breed at our plots (i.e. 520 - 281 = 239 arrivals), we would have about 15 such cases in our
sample of 502 analyzed arrivals. Together with the good congruence between our estimate of arrival
date and the true arrival date from geolocators, this low frequency of inaccurate values suggests
that our estimates captured most of the phenotypic variation in the timing of male arrival.
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Supplementary Figure 1 Validation of the catching date as the arrival date. (a) Relationship between
the spring arrival date inferred from geolocators and our estimate of the arrival date from the
midpoint between the date of first catching of the male and the date of the previous catching
session. Both dates are expressed as the day of the year (1 = January 1%). (b) Distribution of mating
speeds. The speed is expressed as the difference between the laying date of the first egg in the nest
this male attends and the male’s estimated arrival date. Negative values mean that the first egg was
laid before we caught the attending male.
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Supplementary Table 1 Results of the general linear model relating the estimated arrival date (day
of the year, 1 = January 1st) to male age and year (n=502). The reference category was the arrival of
an old individual in the year 2013.

Parameter Estimate SE t p
Intercept 111.14 0.55

Age (young) 7.10 0.72 9.82 <0.001
Year (2014) 244 0.82 297 <0.001
Year (2015) 483 085 5.67 0.003

Year (2016) 133 087 153 0.126




