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Vertebrates use environmental cues to time reproduction to optimal breeding conditions. Numerous laboratory studies have revealed
that light experienced during a critical window of the circadian (daily) rhythm can influence reproductive physiology. However,
whether these relationships observed in captivity hold true under natural conditions and how they relate to observed variation in tim-
ing of reproductive output remains largely unexplored. Here we test the hypothesis that individual variation in daily timing recorded in
nature (i.e. chronotype) is linked with variation in timing of breeding. To address this hypothesis and its generality across species, we
recorded incubation behavior data to identify individual patterns in daily onset of activity for 2 temperate-breeding songbird species,
the dark-eyed junco (Junco hyemalis aikeni) and the great tit (Parus major). We found that females who first departed from their nest
earlier in the morning (earlier chronotype) also initiated nests earlier in the year. Date of data collection and ambient temperature had
no effect, but stage of incubation influenced daily onset of activity in great tits. Our findings suggest a role for daily rhythms as one
mechanism underlying the observed variation in seasonal timing of breeding.
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INTRODUCTION

Seasonal bouts of reproduction have been observed in many
vertebrate species and have long thought to have been shaped
by selection (Baker 1938; Hau 2001; Bronson 2009). The physi-
ological and behavioral changes that animals must undergo to
prepare for seasonal breeding are predominantly timed by pho-
toperiod (Dawson et al. 2001; Dawson 2003). Photic control of
endogenous daily (i.e. circadian) rhythms has been linked to sea-
sonal photoperiodic responses through a variety of laboratory-
based studies. Specifically, animals possess a photo-inducible
phase of the circadian rhythm, whereby light experienced during
this phase induces reproductive responses appropriate for long
days, whereas the absence of light during this critical phase of
the circadian rhythm leads to short-day reproductive responses
(Hamner 1963; Follett and Sharp 1969; Milette and Turek 1986;
Hazlerigg and Wagner 2006; Paul et al. 2008). In vertebrates
breeding during long days, exposure to light during this photo-
inducible phase of the circadian rhythm will be encoded as a
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reproductively stimulatory day length (Hazlerigg and Wagner
2006). In Japanese quail (Cortunix japonica), this photo-inducible
phase ranges between 10 and 16 h after the lights come on, the
laboratory equivalent of dawn (Nicholls e/ al. 1983), suggesting
that timing of the photo-inducible phase is variable between
individuals of the same species.

Variation among individuals in behavioral and physiological out-
puts of circadian rhythms is commonly observed in animals held
under constant laboratory conditions (Aschofl’ and Wever 1966;
Horne and Ostberg 1977; Dufly et al. 2001) and recent work in wild
caught individuals has suggested there is a heritable component to
these rhythms (Helm and Visser 2010). Whether individual varia-
tion in endogenous daily rhythms may influence variation in the
time of day an individual is sensitive to photo-induction, and thus
responses to light exposure at the end of an early spring day, remains
unknown. For example, an individual with a shorter free-running
circadian rhythm may have a slightly advanced photo-inducible
phase compared to an individual with a longer free-running rhythm,
leading to earlier reproductive responses under the same photope-
riod (Figure 1). Thus, individual variation in circadian rhythms
may underlie individual variation in seasonal timing of breeding as
suggested by Helm and Visser (2010) by shifting the timing of the
photo-inducible phase. This hypothesis has not yet been tested in the
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Two individuals entrained to a 24-h day; however, differing chronotypes (i.e. earlier onset of activity with respect to sunrise in the bottom individual) change
the phase of the endogenous rhythm at which light is experienced. Hence, timing of the photo-inducible phase varies the reproductive response within an

individual.

wild, where natural selection pressures are acting and these traits are
being expressed.

Measuring the period length of an individual’s circadian
rhythm in the wild, however, presents many challenges. The daily
light-dark cycle, social interactions and other environmental cues
entrain the circadian system to a period of 24 h (Crowley and
Bovet 1980; Johnson et al. 2003; Dunlap et al. 2004), thus making
it impossible to measure the endogenous free-running circadian
period of an individual in the wild. Alternatively, we can mea-
sure the phenotypic output of circadian rhythms by measuring
the chronotype, or the timing exhibited by an individual relative
to a salient environmental cue (e.g. sunrise) and other popula-
tion members (Lehmann e/ al. 2012; Dominoni et al. 2013b).
Evidence in humans and birds has uncovered clear links between
endogenous rhythms and chronotype; individuals with a shorter
free-running circadian period exhibit an earlier chronotype and
become active earlier in the day (Aschoff and Wever 1966; Dufty
et al. 2001; Dominoni et al. 2013b; c.f. Majoy and Heideman
2000; Helm and Visser 2010). As selection acts upon phenotypes
expressed in nature, we would expect it to act upon chronotype
in free-living organisms.

Here we test the hypothesis that variation in daily rhythms,
expressed as chronotype, is an underlying mechanism driving
individual variation in seasonal timing of breeding. Specifically,
we predicted that female songbirds who show an earlier seasonal
activation of reproductive function and thus initiate egg laying ear-
lier, would also be active earlier in the morning (i.e. a chronotype
related to a shorter circadian period) compared to females with
later chronotypes that departed from their nest later in the morn-
ing. We assessed the chronotype of females repeatedly during incu-
bation to quantify the repeatability of this trait and collected data
from females of 2 free-living species of songbird on 2 continents,
dark-eyed juncos (Junco hyemalis) and great tits (Parus major) to deter-
mine the generality of this pattern across species.

METHODS

Ethics

All animal use was conducted with approval from the NDSU
Institutional Animal Care and Use Committee (Protocol

#A13063) and the animal ethics committee of the state of Baden-
Wiirttemberg, Germany.

Study system

We studied a population of dark-eyed juncos (Junco hyemalis aikenz)
near Lead, SD, USA (44°14°38”N, 103° 51°55”"W), from 28 May
2015 to 5 July 2015 and 15 May 2016 to 26 June 2016. This sub-
species of dark-eyed junco is a small, ground nesting passerine that
resides primarily in pine forests in the central United States and
typically begins laying eggs around mid to late May with an incuba-
tion period of approximately 12 days (Nolan et al. 2002).

In addition, data collected from a free-living population of
great tits (Parus major) near Radolfzell, Germany (47° 44°24”N, 8°
58°48”E) from 20 April 2010 to 28 April 2010 were utilized. Great
tits are small, secondary cavity nesting songbirds that readily breed
in nest boxes (Drent 1987; Cramp and Perrins 1993). Egg laying
at this study site begins in early April and incubation lasts approxi-
mately 12 days (Cramp and Perrins 1993).

Daily timing

Thermochron iButtons (Model DS1921G-F5# with iButton
Connectivity Kit Model SK-IB-R) were placed in the nest of incu-
bating great tits and dark-eyed juncos. The iButtons were pro-
grammed to record nest temperature to the nearest 0.5 °C every
2-3 min. At least 2-8 mornings worth of data were collected for
every individual. iButtons were also placed near the nest of dark-
eyed juncos to collect ambient temperature every 30 min in 2015,
while Onset HOBO data loggers (Model UA-002-08) were used

to collect ambient temperature and light intensity every 5 min in
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2016. Ambient temperature and light intensity was not collected for
great tits.

Determining onset of activity

Observer (JLG) was kept blind to nest initiation date while deter-
mining activity onset times for all individuals. Daily onset of
activity was calculated by subtracting onset of activity time from
sunrise times derived for each study site from the United States
Naval Observatory data base (www.usno.navy.mil/USNO) and
determined by graphing incubation bouts from 03:00 to 08:00 and
finding the first major dip in temperature indicating nest depar-
ture (Supplementary Figure S1). This method has previously been
shown to correlate strongly with video recorded nest departure
times (Joyce et al. 2001). The dip was generally greater than 2°C
below the average nest temperature from 03:00 to 08:00, however,
this was not true in all cases. Eight dark-eyed juncos (10 mornings
in total) and 2 great tits (4 mornings in total) had 1 or 3 morn-
ings of data where nest temperature did not drop more than 2 °C.
Removing those mornings did not change the results, so all mea-
sures were included in analysis.

Statistical analyses

All statistical analyses were performed using the free software R
3.2.2 (R Core Team 2015) with the package “Ime4” (Bates e/ al.
2015) for mixed-effect modeling. To calculate repeatability of activ-
ity onset, a linear mixed-effects model was run with day of incuba-
tion included as a fixed effect and nest ID as a random effect. The
resulting variance of the intercept was then divided by the sum of
the variance of the intercept and variance of error (Dingemanse
and Dochtermann 2013). To calculate 95% confidence intervals,
“confint” was used. Lower and upper values were squared to get
standard deviations for the variance of intercept and variance of
error. Standard deviation for variance of the intercept was divided
by the sum of standard deviations for variance of the intercept and
variance of error for upper and lower values. This provided confi-
dence intervals of repeatability.

Separate linear mixed-effects models were used to determine if
activity onset was related to first egg of the season for individual
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dark-eyed juncos and great tits (hereafter referred to as egg 1 date),
the day of incubation squared (Cooper and Voss 2013), and date
of data collection (included as fixed effects). Year (for dark-eyed
juncos) and nest ID were included as random effects. Ambient
temperature data were not collected for great tits and ambient tem-
perature did not influence onset of activity for the dark-eyed junco;
thus temperature was not included in the final models. In year 2
for the dark-eyed juncos, we additionally collected light intensity at
the nest. A third linear mixed-effects model was used to determine
if light intensity at sunrise was related to onset of activity in this
reduced data set. Significance level was set at a = 0.05.

RESULTS

Dark-eyed junco activity onset ranged from 04:25 to 07:13 MD'T.
When calculated with respect to sunrise, times varied from 41 min
pre-sunrise to 117 min post-sunrise. Repeatability of activity onset
was 0.73 (CI: 0.67, 0.76) when controlling for day of incubation
(n = 36). Onset of activity in female great tits ranged from 06:15 to
07:04 CEST. When calculated with respect to sunrise activity onset
varied from 8 min pre-sunrise to 43 min post-sunrise. Repeatability
of onset of activity was 0.27 (CI: 0.02, 0.42) when controlling for
day of incubation (n = 13).

We found that the date a female laid her first egg of the sea-
son was positively related to daily onset of activity in both dark-
eyed juncos (FF = 5.300, df = 1, 19.45, P = 0.03, Figure 2a) and
great tits (/' = 8.621, df = 1, 9.64, P = 0.01, Iigure 2b): individuals
that laid their first egg earlier in the year had earlier daily activity
onset. We also found the closer a female’s eggs were to hatching,
the onset of activity became later in great tits (/' = 6.996, df = 1,
11.47, P = 0.02), but not in dark-eyed juncos (I = 2.295, df = 1,
85.80, P = 0.13). There was no relationship of activity onset with
calendar date of data collection in either species (dark-eyed juncos:
F = 0454, df = 1, 33.35, P = 0.50; great tits: F = 0.003, df = 1,
16.54, P=0.95).

When we restricted our data to only include dark-eyed juncos
with data for light intensity at sunrise (n = 24), light intensity was
significantly related to onset of activity (¥ = 7.838, df = 1, 84.80,
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Individual averages of raw data for onset of activity graphed against first egg of the season shows as nest initiation dates shifts later in the season, females
become active later in the day. Both dark-eyed juncos (a) and great tits (b) show this pattern.



P < 0.01). We still saw a trend for individuals that laid eggs earlier
in the year to also have earlier onset of activity (¥ = 3.349, df = 1,
21.97, P = 0.08). Calendar date of data collection and day of incu-
bation showed no relationship with onset of activity (date of data
collection: /= 0.003, ¢f = 1, 23.65, P = 0.96; day of incubation:
=1.483,df=1,75.15, P=0.23).

DISCUSSION

Our data support the hypothesis that individual variation in daily
rhythm phenotype influences individual variation in seasonal onset
of breeding. Females of both dark-eyed juncos and great tits that
became active earlier in the morning (i.e. earlier chronotype) had
earlier nest initiation dates than females that became active later in
the morning. As previous findings have demonstrated that earlier
chronotypes are manifestations of shorter circadian period lengths
(Aschoft and Wever 1966; Dufly et al. 2001; Dominoni et al. 2013b),
our findings of a relationship between early onset of activity and
clutch initiation provide evidence that variation in endogenous
circadian rhythms may act as a mechanism influencing individual
variation in seasonal timing of breeding in wild populations.

We observed consistent individual differences in daily onset of
activity during the breeding season. While our study necessarily
collected timing data after the decision to lay eggs had been made,
we believe that our findings are indicative of an individual’s chro-
notype prior to nest initiation. Other studies, including in our study
species, have also observed within year consistency in individual
female awakening and nest departure times both during and out-
side the breeding season (Steinmeyer e al. 2010; Schlicht ez al. 2014;
Stuber ¢t al. 2015). In addition, onset of activity for 6 dark-eyed
junco females in our study was collected during a known second
nesting attempt. Nest initiation date for the first nesting attempt of
these individuals was known and was included in the model with
activity onset recorded during the second attempt. Females that laid
eggs carly during the first nesting attempt still fit the observed pat-
tern of becoming active earlier, even on a second nesting attempt,
compared to late breeding females. This provides some support
that females with early chronotypes consistently exhibit early chro-
notypes compared to those with late chronotypes, regardless of
time of season. Interestingly, timing of reproductive characteristics
like egg laying date in females and onset of dawn song in males, are
repeatable (Noordwijk et al. 1980; Sydeman and Eddy 1995; Nussey
et al. 2005; Murphy et al. 2008; Naguib e al. 2010). Males that sing
earlier also pair with early breeding females (Murphy et al. 2008),
suggesting males who awaken earlier (i.e. have shorter endogenous
rhythms) are pairing with females that breed earlier and also have
shorter endogenous rhythms. These combined observations suggest
that an individual’s onset of daily activity is consistent with respect
to other individuals in the population, and likely reflects individual
variation in endogenous rhythms, though future work is needed to
confirm this result.

A recent study found no relationship between chronotype and
timing of breeding in captive-housed great tits (Helm and Visser
2010). One reason for this deviation may have been due to using
artificial lighting in aviaries while organisms are better able to
respond more precisely to natural external cues (Fleissner and
Fleissner 2002; Helm and Visser 2010). Captive great tits do show
altered timing of sleep behaviors, including earlier awakening and
nest departure times and shortened sleep duration, even when kept
under naturalistic conditions compared to their free-living counter-
parts (Stuber e al. 2015). A study in European blackbirds (Zurdus
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merula) did find that chronotype measured during the breeding
season under free-living conditions was related to the length of an
individual’s free-running rhythm measured in captivity later on in
the same breeding season (Dominoni ez al. 2013b). While the study
by Helm and Visser (2010) contained important findings, our study
utilized measurements of rhythmic daily and seasonal behaviors in
a natural environment. This may indicate the importance of mea-
suring these traits and their relationship with seasonal timing deci-
sions in the wild.

It has been generally observed that early breeding individuals in
temperate zone habitats are few in number compared to the rest
of the population, but have higher reproductive success compared
to individuals that breed later (Perrins 1970; Bourdon and Brinks
1983; Olsson and Shine 1997; Dawson and Clark 2000). This
observed pattern is consistent with patterns observed in the length
of endogenous rhythms; that shorter rhythms are rare compared
to longer rhythms while an intermediate rhythm length is most
common (Helm and Visser 2010). Flexibility in timing of breeding
is important for adapting to year to year variation in the environ-
ment, but variation in the length of endogenous rhythms may be
one mechanism regulating individual reproductive timing relative
to other individuals within a given year. The relationship between
individual variation in behavioral rhythms and clutch initiation sug-
gests the possibility that individual variation in the timing of the
photo-inducible phase in the early spring may directly influence
seasonal reproductive onset.

Light intensity at the nest at sunrise appears to play an important
role in onset of activity as well. Though we only collected a single
year of data for dark-eyed juncos, our findings agree with other
studies showing that higher light intensity leads to an advanced
onset of daily activity (Aschoff’ 1979; Newberry et al. 1988;
Dominoni et al. 20145 Stuber et al. 2015). Urban dwelling birds are
exposed to higher light intensities at night and will also advance
their timing of reproduction compared to forest dwelling birds (D.
Dominoni et al. 2013a). With nighttime and sunrise light intensity
affecting onset of activity (Dominoni et al. 2014), roosting behav-
ior prior to the breeding season could be an important factor in
determining onset of reproduction by influencing intensity of light
experienced by an individual during this crucial time.

Additional non-photic cues that interact with endogenous daily
rhythms may also play a role in onset of activity and observed
timing of reproduction. For example, a high fat diet is capable of
lengthening activity rhythms in mice (Kohsaka et al. 2007). The
ability to obtain a high-quality diet under pre-breeding conditions
could then advance the onset of reproduction. A common phe-
nomenon observed in songbirds is the tendency for older females
to initiate reproduction earlier in the season than younger females
(Perrins 1970; Mills 1973; Nol and Smith 1987). The age of the
individuals in the current investigation was unknown, but it may
be likely that age-related changes in endogenous rhythms influence
age-related changes in clutch initiation in birds. Age related shifts
in the endogenous rhythms and chronotypes of humans have been
extensively studied, showing a significant increase in early rising
behavior in advanced age (Tankova e al. 1994; Hur and Bouchard
1997; Roenneberg et al. 2004; Roenneberg et al. 2007). Studies in
Drosophila and birds have obtained similar results, with older indi-
viduals spending less time sleeping and awakening earlier in the day,
though many of these studies are cross-sectional (Shaw et al. 2000;
Steinmeyer et al. 20105 Stuber et al. 2015). To our knowledge, con-
nections between age-related shifts in chronotype and reproductive
timing have not been tested. The findings from our study suggest
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that changes in chronotype with age may at least in part underlie
the observed pattern of older individuals initiating seasonal repro-
duction earlier than first year individuals in temperate-breeding
species (Mills 1973; Nol and Smith 1987). However, future work is
needed to address the potential relationship between advances in
chronotype and timing of breeding from year to year.

CONCLUSION

We found female songbirds that became active earlier, exhibit-
ing an early chronotype, initiated clutches earlier in the season
compared to females with a late chronotype that became active
later. This supports our hypothesis that variation in daily rhythms
are a likely underlying mechanism driving individual variation
in seasonal onset of timing of breeding, though further experi-
ments directly measuring length of free-running endogenous
rhythms would strengthen these findings. Endogenous daily
rhythms may also underlie other commonly observed patterns
related with variation in timing of breeding (e.g. age), as well as
other seasonal phenomena like migration. The fact that similar
results were obtained in 2 unrelated species from 2 continents
attests to the generality of our findings. Further research should
aim at addressing the detailed mechanistic underpinnings of the
observed relationships, test the hypothesis that similar patterns
are also found in males, and examine possible seasonal and eco-
logical variations in the connections between daily and seasonal
rhythms.
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Supplementary data are available at Behavioral Ecology online.
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