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Abstract

Organisms use diel timing mechanisms to anticipate predictable daily environmental fluctuations, such as the start and end
of the day light period. There is often ample intraspecific variation in this diel timing, with individuals being consistently
active earlier or later than others in the population and therefore having early or late chronotypes. In tit species, early-active
males have higher rates of extrapair paternity, and early-active females might have more offspring, thereby increasing their
fitness. However, studies on these fitness consequences of chronotype tend to be inconclusive, based on small sample sizes
and confounded with seasonal effects on activity timing. Here, we measured the fitness of standardised chronotype in female
great tits (Parus major) across three breeding seasons. We extracted activity onsets, when females first left the nest in the
morning, from recordings of nest temperatures during incubation and chick provisioning. To account for seasonal and daily
variation in the timing of activity, we expressed these onsets relative to the conspecifics active on the same day. The chrono-
types of 164 females were tested for differences in fitness and life-history parameters from brood monitoring data. We show
that chronotype was not significantly related to fitness parameters, such as the number of fledglings and hatchlings, nor to
offspring and female condition. However, extremely early and late chronotypes started breeding later in our population, but
not in the re-analysed datasets from three other populations. Our findings suggest that chronotype is not under strong selec-

tion, or perhaps under fluctuating selection, allowing high between-individual variation to persist.
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Introduction

Diel rhythmicity is thought to be an adaptive trait (Ander-
son and Wiens 2017) because it enables the anticipation of
predictable situations, such as the start of the day, and this

Communicated by Kathryn E. Sieving.

P4 Aurelia F. T. Strauf
a.strauss @rug.nl

Groningen Institute for Evolutionary Life Sciences
(GELIFES), University of Groningen, Nijenborgh 7,
9747 AG Groningen, The Netherlands

Department of Animal Ecology, Netherlands
Institute of Ecology (NIOO-KNAW), P.O. Box 50,
6700 AB Wageningen, The Netherlands

Department of Arctic and Marine Biology, UiT The Arctic
University of Norway, Framstredet 41-42, N-9037 Tromsg,
Norway

Bird Migration Unit, Swiss Ornithological Institute, Seerose
1, 6204 Sempach, Switzerland

way supports the coordination of physiological and behav-
ioural rhythms (West and Bechtold 2015). Diel timing may
be essential for optimising energy acquisition and consump-
tion over the 24-h cycle of the day, to match activities with
cycles of environmental conditions such as food availability
and predation risk. It is particularly beneficial to synchronise
foraging timing with high food abundance (Norberg 1977;
McNamara et al. 1994), and to avoid times of high predation
pressure and unsuitable abiotic conditions (Kacelnik 1979;
van der Vinne et al. 2019). For example, studies have shown
shifts in activity patterns of animals in response to hunting
or disturbance by humans (Martorell-Barcel6 et al. 2018;
Bonnot et al. 2020). At an intraspecific level, synchronisa-
tion of conspecifics may decrease predation risk and enhance
probabilities of finding a mate (Duranton and Gaunet 2016;
Hau et al. 2017) but may also increase competition (Duran-
ton and Gaunet 2016) and the transmission of diseases and
parasites, especially in social groups (Patterson and Ruck-
stuhl 2013). Thus, there might be fitness consequences not
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only for diel timing in general but also for being earlier or
later relative to conspecifics.

Chronotypes are defined as consistent individual differ-
ences in diel timing in relation to a reference point, usu-
ally along an early-late continuum (Schwartz et al. 2017).
For wild populations, commonly used reference points are
sunrise or sunset (Stuber et al. 2015; Meijdam et al. 2022a;
Womack et al. 2023a) or the timing of other conspecifics
(Steinmeyer et al. 2013; Schlicht et al. 2023). Irrespective of
the reference point, chronotype repeatability (i.e. between-
individual variation) accounts for up to 13 to 54% of the
total phenotypic variation in great tits (Parus major) (Stuber
et al. 2015; Meijdam et al. 2022a, b; Womack et al. 2023a).
These consistent individual differences may be (partially)
due to differences in their circadian system (Dominoni et al.
2013; Tomotani et al. 2023 but see Helm and Visser 2010;
Tomotani et al. 2024) and associated genetic background
(Steinmeyer et al. 2012; Salmela and Weinig 2019 but see
Laine et al. 2019), both targets of selection.

In Paridae songbirds, the literature suggests a fitness
advantage for earlier chronotypes (Poesel et al. 2006;
Greives et al. 2015; Womack et al. 2023a; Schlicht et al.
2023). Earlier-active males were shown to increase repro-
ductive success through higher extrapair paternity, likely
because of more extrapair mating opportunities (Poesel
et al. 2006; Greives et al. 2015; Schlicht et al. 2023). How-
ever, earliness of females did not affect extrapair paternity
(Schlicht et al. 2014). Associations between chronotypes
and other fitness parameters remain unclear: For example,
early-active female great tits had more fledglings (Womack
et al. 2023a), but this was not observed in starlings (Sturnus
vulgaris) (Maury et al. 2020). Further, nestling condition
was unrelated to female chronotypes in both species (Pagani-
Nuifiez and Senar 2016; Maury et al. 2020; Womack et al.
2023a) and to male chronotypes in great tits despite a higher
chick provisioning rate of early males (Pagani-Nufiez and
Senar 2016). Taken together, the current literature suggests
there could be selection for early chronotypes, but the effects
are often inconclusive and based on studies with small sam-
ple sizes. Thus, we need further evidence for fitness conse-
quences of chronotype from wild populations.

In wild great tits, chronotype can affect fitness (i.e. life-
time reproductive success) via different fitness parameters
related to reproductive success and survival: The number of
fledglings might be directly influenced by parental care dur-
ing chick provisioning and incubation. Early-active females
could benefit from provisioning chicks in the early morn-
ing, when their energy reserves are depleted (Kontogiannis
1967; Haftorn 1989). Then, chicks’ food demands are high-
est, matching the highest provisioning rates seen in the early
morning (Pagani-Nufiez and Senar 2013). The investment
into chick provisioning could result in increased nestlings’
condition and fledge success. In contrast, late-active females
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might increase hatch success and nestling condition by
incubating eggs and brooding young nestlings longer in the
morning when ambient temperatures are low. This strategy
could avoid cooling of the eggs below the suggested optimal
conditions for embryo development (Webb 1987; Cooper
et al. 2005), and hypothermia of nestlings until they start
thermoregulating themselves (Mertens 1977; Engert et al.
2024). Furthermore, chronotype might be crucial to increase
survival probabilities. While trading off parental care (e.g.
incubation) against self-maintenance (Martin 2002; Coe
et al. 2015; Nord and Cooper 2020), early-active females
might be able to recover their own energy reserves faster in
the morning, increasing body condition. Altogether, selec-
tion might differ between breeding stages and potentially
also between breeding and non-breeding phases, leading to
antagonistic selection pressures. In that case, females with
intermediate chronotypes will have the highest fitness by
balancing benefits and costs.

Fitness consequences could arise indirectly via differ-
ent life-history strategies, i.e. fast reproduction versus long
lifespan (Stearns 1989; Lemaitre et al. 2015). When facing
limited resources in the wild, individuals might invest less
into current and more into future reproduction (Réale et al.
2010; Lemaitre et al. 2015). In birds, common life-history
traits are clutch size, initiation of second broods, and tim-
ing of breeding (i.e. lay date of the first egg), which have
been previously linked to fitness (Perrins and McCleery
1989; Verhulst et al. 1997; Visser and Verboven 1999). If
these life-history traits are linked to chronotype, they have
a great potential to explain fitness consequences of chrono-
types. For example, in starlings, early-active females were
more likely to initiate a second brood, potentially increas-
ing annual reproductive output or compensating for a lower
success in the first brood (Maury et al. 2020). Furthermore,
having chicks early in the season is often associated with a
higher fitness for the parents (Verboven and Visser 1998).
Thus, indirect fitness benefits may arise if there are correla-
tions between parental chronotype and seasonal timing of
reproduction. A link between daily activity and breeding
timing has already been observed in the wild, whereby ear-
lier chronotypes bred earlier in the season (Murphy et al.
2008; Graham et al. 2017b; but see Steinmeyer et al. 2013;
Maury et al. 2020; Meijdam et al. 2022b). This link between
annual and diel timing could be mediated through the circa-
dian clock via potentially shared genetics (Le Clercq et al.
2023; but see Verhagen et al. 2019), but evidence for such a
mechanism is lacking (Helm 2021).

Measuring individuals’ chronotypes under natural
conditions comes with methodological challenges due
to phenotypic plasticity in diel timing: First, there are
strong seasonal shifts in activity patterns of birds, espe-
cially during the breeding season. When days become
longer, birds get active earlier relative to midnight (e.g.
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Womack et al. 2023a). Most studies account for this sea-
sonal shift by using activity timing relative to sunrise
or sunset instead of clock time. However, this poses a
problem as birds generally advance their activity onset
to a lesser extent than the time of sunrise (Schlicht and
Kempenaers 2020; Meijdam et al. 2022b; Womack et al.
2023a). Meijdam et al. (2022b) discuss the subsequent
bias in measuring chronotype in early- and late-breeding
individuals: An early-breeding female is measured under
shorter day lengths and thus determined as having an ear-
lier chronotype (relative to sunrise) than a late-breeding
female that incubates under longer day lengths (Meijdam
et al. 2022b; Tomotani et al. 2023). This bias confounds
the comparison of chronotypes and their effects on breed-
ing timing (Meijdam et al. 2022b). Moreover, if there are
fitness consequences of breeding time (e.g. higher fitness
for earlier breeders (Verboven and Visser 1998)), the bias
will lead to an erroneous correlation between chronotype
and fitness. Second, day-to-day variation, e.g. in weather
conditions, may also affect diel timing (Bermtidez-Cua-
matzin et al. 2020; Schlicht and Kempenaers 2020) and
could, thereby, further distort the comparison of individu-
als measured on different days. To counteract these two
types of within-individual variation, diel timing can be
standardised using measurements of multiple individuals
on the same date (Steinmeyer et al. 2013; Schlicht et al.
2023). This method results in a chronotype proxy relative
to conspecifics and could be a better alternative to using
the onset relative to sunrise because it accounts for shifts
in diel timing caused by environmental conditions such as
day length and weather (Steinmeyer et al. 2013).

Here, we aim to assess the effects of chronotype on
fitness by investigating the annual reproductive success
at different breeding stages, adult body condition as well
as life-history traits. We monitored activity patterns of
female great tits during incubation and chick provision-
ing, and expressed the onsets of their daily activity in
relation to conspecifics at the same date (i.e. first depar-
ture from the nest-box in the morning relative to other
individuals on that day = standardised onset). We then
extracted the chronotype (i.e. the mean standardised onset
over all days a female was measured) for each female
and linked it to fitness parameters related to reproductive
success (i.e. hatch and fledge success, and nestling con-
dition), female condition (i.e. female body weight) and
life-history traits (i.e. lay date, clutch size and probability
of a second brood). To compare our results with data from
other populations, we also re-analysed three published
datasets using our standardised chronotype proxy instead
of the original onset relative to sunrise (Graham et al.
2017b; Meijdam et al. 2022b; Womack et al. 2023a).

Material and methods
Study population and data collection

We studied female great tits in a long-term study pop-
ulation located on a Dutch island in the Wadden Sea
(Vlieland: 53.28 N, 5.07 E). Since 1955, great tits have
been individually marked and monitored once to twice per
week during the breeding season, from nest building until
chick fledging (Kluyver 1970). We recorded important
avian-specific ecological and life-history data including
lay date, clutch size, and nestling number as well as hatch
date during more frequent checks (intervals of 1-2 days)
around the expected hatch date (on incubation day 14).
When nestlings were 7 to 12 days old (hatching date=0
days old), we ringed all nestlings with a uniquely num-
bered aluminium ring and caught parents using spring-
loaded traps in the nest-box. Adults were individually
marked with a uniquely numbered aluminium ring and
three colour rings (if unringed), sexed, aged, and biom-
etrics were taken (body weight, tarsus length, and third
outermost primary feather (P3) length). When nestlings
were 14-16 days old, their biometrics were measured to
evaluate the nestlings’ developmental condition and, thus,
their probability to recruit as breeders in the next year(s)
(Verboven and Visser 1998).

To obtain robust information on possible links between
chronotype and fitness, we studied the great tits in three
consecutive breeding seasons (April-June; 2020-2022).
For comparison of the weather conditions between the
three years, we extracted records from close-by weather
stations, which revealed substantial weather variation
(Royal Netherlands Meterological Institute (KNMI) 2023):
Ambient temperature in spring (April-June) 2021 was on
average 10.9 °C, and therefore about 1.5 °C colder com-
pared to 2020 (12.2 °C) and 2022 (12.6 °C) (data from the
weather station on Vlieland). Furthermore, the weather in
May, when most females were incubating or chick provi-
sioning, was cloudier (—173 sun hours) and rainier (+ 125
rain hours and + 121 mm) in 2021 compared to the other
two years (i.e. sun: 666 h (2020), 419 h (2021), and 517
h (2022); rain: 18 h & 33 mm (2020), 161 h & 192 mm
(2021), and 54 h & 109 mm (2022); average data from
weather stations De Kooy and Hoorn (Terschelling)).

We recorded diel activity of female great tits using nest
temperature measurements during incubation and chick
provisioning. Nest temperatures are widely used for this
purpose and have been validated to sufficiently record
female activity in great tits (Capilla-Lasheras 2018).
When two or more eggs were present, we placed a small
temperature logger (iButton: Thermochron DS1922L-F5,
Maxim, USA) inside the nest cup recording every three
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minutes. To avoid removal by the female, the iButton was
secured with a metal wire attached to the iButton wrapped
in a thin silk sock (2020-2021) or glued to a sewing but-
ton (2022). As environmental references for activity data
extraction (see below), one to four ambient temperature
sensors (HOBO loggers, U12-012, ONSET, USA) were
distributed across the study area recording every minute,
and then binned and averaged for every 30 min across all
loggers.

All procedures were in accordance with the Dutch Exper-
iments on Animals Act and approved by the national Animal
Ethics Committee (CCD Permit AVD80100 2017 831).

Activity onset and chronotype

The nest temperature data allowed us to extract the female’s
activity patterns (Capilla-Lasheras 2018; Strauf} et al. 2024).
Females start incubation by gradually increasing the time
spent on the eggs, first at night and later also during the
day. When nocturnal full incubation begins, day-night pat-
terns of activity become visible; this incubation start is
highly variable between individuals, ranging from 6 days
before up to 5 days after clutch completion (Diez-Méndez
et al. 2021). Activity patterns are usually detectable until
nestlings develop their own thermoregulation, starting at a
body weight of 8 g (ca. at chick day 6) with more stable
thermoregulation from chick day 10 (Mertens 1977; Engert
et al. 2024). Consequently, nest temperature becomes more
homogenous with progressing nestling development, but
this might also be nest-specific, depending on the number
of nestlings present, their ability to thermoregulate, and the
logger’s position within the nest. Following the R pipeline
of StrauB et al. (2024), we calculated presence (i.e. on-bouts)
and absence (i.e. off-bouts) of the female on the nest. In
short, drops and rises of nest temperature were expected
to reflect female activity when they exceed the temperature
variation observed in the nest during night and day, and in
ambient temperature (i.e. nest- and day-specific thresholds;
for details see Supplementary Information Sect. 1). The
3-min recording interval allowed us to capture the average
great tit off-bout with durations of 7-18 min (Alvarez and
Barba 2014) while balancing deployment duration and good
accuracy (Capilla-Lasheras 2018). The accuracy of the log-
gers was set to 0.0625 °C in 2020 and 2021, and to 0.5 °C in
2022 to increase data storage capacity, enabling two weeks
of recording without readout. We expect that the different
accuracies would not affect onset data as temperature vari-
ation was compared within nests between nocturnal and
diurnal patterns, and off-bouts occurred with temperature
drops>0.5 °C.

From the female activity patterns, we then extracted the
timing of the first off-bout as onset of activity from nocturnal
incubation start until nestlings were self-thermoregulating.
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We included seven activity onsets measured between chick
day 10 and 13 in four broods, because these nestlings were
in poor conditions and thus allowed us to still record female
activity. Nevertheless, it is possible that these onsets might
have generated some additional noise. Overall, we obtained
2512 onsets of 264 broods with a median of 10 onsets per
brood (range 1-22 days), of which 71% were measured dur-
ing incubation and the rest (29%) up to 13 days post hatch-
ing. Likewise, 62 broods were exclusively measured before
hatching and one brood only after hatching.

For the re-analysis of three published datasets (Graham
et al. 2017a; Meijdam et al. 2022c; Womack et al. 2023b),
we first calculated the activity onset relative to midnight, if
not available in the original data. From the Meijdam et al.
data, we used the larger dataset with onsets measured during
egg laying. From the Womack et al. data, we only included
the forest area. Additionally, we estimated lay date using the
available incubation start and clutch size (i.e. lay date =incu-
bation start date — clutch size + 1), assuming incubation
started on the day of clutch completion to replace the hatch
date from the original statistical models and match our own
(see below). Using the information about onset, date, and
bird IDs, we then proceeded with the standardisation and
statistics in the same manner as done for our own data (see
directly below).

We standardised the activity onset of a female relative to
the activity onset of the conspecifics on the same day, using
a z-score, following Steinmeyer et al. (2013) and Schlicht
et al. (2023). This way we accounted for environmental vari-
ation, especially the effects of day length and weather (see
Introduction why this is essential). Specifically, we sub-
tracted the date-specific mean of all females measured on
the same date i from the raw activity onsets on date i, and
divided this by the date-specific standard deviation (z-score
in standard deviation units):

standardised onset;

(female’ s onset of activity; — mean of all femalesi)

standard deviation of all females;

In our data, raw activity onsets were mostly distributed
around the date-specific mean with a few extremely early
exceptions which were equally distributed across individu-
als, dates, and breeding stages (date-specific SD: mean 0.41
h and range 0.10-0.94 h).

Between-date variation in onsets could come from dif-
ferences in the set of individuals measured at a given date,
including their breeding stage, and from daily environmental
variation. Therefore, standardisation is useful for the com-
parison of individuals measured in different environments
(Steinmeyer et al. 2013; Schlicht et al. 2023). To avoid
skewed and confounded values in days where a low number
of females were recorded, we only included days with at
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least three females. Similarly, we selected broods with at
least two standardised onsets. We obtained repeated meas-
urements (i.e. at least two onsets; n=2316 onsets) for 184
known females of 232 broods, identified during catching or
by observing her colour combination during nest checks, of
which 22 females were recorded in two years and 7 in three
years. We then determined each female’s chronotype using
the mean standardised onset of the first brood in the first year
measured for 164 known females (excluding females used in
an experiment in Strauf} et al. (2024)).

Fitness and life-history parameters

Female’s fitness was assessed using the overall fledge suc-
cess (i.e. 0 for none or 1 for at least one fledgling), and the
number of fledglings and hatchlings per female of all her
broods within the season when she was measured. Thus,
each female was included once in our dataset, with chrono-
type and fitness measured in the same year. The number
of fledglings was recorded as the number of nestlings
alive at chick day 14-16, excluding nestlings found dead
after fledging. The number of hatchlings was determined
as the maximum number of nestlings counted during nest
checks, plus an uncertainty of hatched nestlings. This uncer-
tainty included the number of hatchlings that were neither
observed during the nest checks nor found as unhatched eggs
divided by two:

number of hatchling

= max. observed nestlings + uncertainty

(clutch size — max. observed nestlings — unhatched eggs)

uncertainty = )

We further assessed the condition of nestlings (i.e. feather
(P3) length, tarsus length, and body weight) and females
(i.e. body weight). As life-history traits, we used lay date
(in April days, i.e. 1 April is day 1) and clutch size of the
first clutch. Lay date was the day of the first egg, which
was back-calculated from the first observed number of eggs,
assuming females lay one egg per day. We also monitored
the initiation of a second brood (i.e. 1 for second brood, O for
none) after a successful first one (i.e. at least one fledgling),
which is particularly common in this population (Verboven
and Verhulst 1996).

Statistics

All data processing and analyses were done using R (version
4.4.0, R Core Team 2024, in the RStudio version 2024.09.0).
To assess the consistency of our standardised chronotype, we
calculated the repeatability of the onset relative to conspecif-
ics within and across years using the repeated measurements.

We fitted linear mixed models with Gaussian error distribu-
tion (Ime4 package version 1.1-35.3; Bates et al. 2015) to
the standardised onset using independent variables namely
Year, April day, and their interaction (corresponding to date)
as well as centred Breeding day (i.e. days mean-centred rela-
tive to (expected) hatch day) and its quadratic equivalent
for the expected non-linearity (Schlicht and Kempenaers
2020). April day is highly correlated to time of sunrise, so
that the latter was not included in the model. We included
random effects namely Nest-box and IDs for Female, and
Female_Year to extract repeatabilities for females within
and across years (Nakagawa and Schielzeth 2010; Meijdam
et al. 2022a).

Fitness and life-history traits were analysed in generalised
linear models (GLMs, Ime4 package), including each female
once (up to 164 females; data selection criteria and sam-
ple sizes in Tables S1-S8). All models included linear and
quadratic Chronotype as covariates for non-linear effects,
Year and their interactions with Chronotype for yearly fluc-
tuations in selection, and Lay date (centred within year) to
account for between-year differences in reproductive timing
effects (Jantzen and Visser 2023):

response = Chronotype + Chronotype*
+ Year + Chronotype:Year + Chronotype®:
Year + Lay date

For lay date and size of the first clutch (n =164 females),
we fitted Gaussian error distributions, and Lay date was
excluded as a covariate in the lay date GLM. The numbers
of hatchlings or fledglings were analysed using a Gaussian
error distribution due to the added uncertainty (see above)
and excluded five females who deserted the clutch during
the exchange of the iButton (n=159). Fledge success was
analysed using a binomial GLM excluding two additional
females that failed their brood before the nestlings hatched
due to unknown reasons (n=157). Another binomial GLM
was fitted to test for differences in the probability of a sec-
ond brood, in which only females with a successful first
brood were included (n = 131) while accounting for previ-
ous breeding success within the same season by includ-
ing the Number of fledglings of the first brood (Smith
et al. 1987). For the Gaussian GLM of female condition
(n=153), we used body weight measured during chick
provisioning, accounting for linear and quadratic effects
of the Time of day the weight was taken (Haftorn 1989)
and for differences in body size by including Tarsus size.
For nestling biometrics (weight, tarsus, and P3 feather),
we used linear mixed models (LMM) with Gaussian error
distributions and additional covariates included: Hatch
date (centred within year) replaced lay date to account
for brood-specific seasonal timing; Nestling age (in chick
day) and Number of fledglings were added as fixed effects
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(Smith et al. 1987) as well as BroodID as a random fac-
tor to avoid pseudo-replication of the multiple nestlings
measured per brood. For body weight, we accounted again
for Time of day effects. The data from the three other stud-
ies (Graham et al. 2017a; Meijdam et al. 2022c; Womack
et al. 2023b) were re-analysed separately in equivalent sta-
tistical models. The single-year datasets of Graham et al.
and Meijdam et al. excluded Year and its interactions with
chronotype.

For all models, we used stepwise reduction of param-
eters and likelihood ratio testing (anova function: test= “F”
for Gaussian GLMs and “Chisq” for LMMs and binomial
GLMs) to assess test statistics (F and X? for Gaussian GLMs
and LMMs, and Deviance (Dev) for binomial GLMs). Esti-
mates and standard error were extracted before dropping the
term from the model (Tables S2-S8), and model predictions
and credible intervals of figures were simulated with 2000
iterations (sim function of the arm package version 1.14—4;
Gelman et al. 2024).

Results
Variation in chronotype

Using the repeated measurements of activity onsets across
three years, we found that females left the nest-box at
06:13+0:30 h (mean = SD) in 2020, 06:06 +0:31 h in 2021,
and 06:30+0:26 h in 2022. This corresponded to a mean
onset of 23 min after sunrise, ranging from 1:49 h (109 min)
before to 2:25 h (145 min) after sunrise. The standardised
onset (i.e. relative to conspecifics on the same date) devi-
ated from the mean by —4.77 to +4.00 standard deviation
units. These onsets were significantly repeatable within
(r=0.210; Female_Year ,_,,: le,n=2316 =9.654, p=0.002)
and across years (r=0.144; Female,_ 4, X21’n=2316= 10.444,
p=0.001). The remaining within-individual variation was
neither explained by the date of measurement (interaction
Year:April day: Xzz,n=2316 =0.494, p=0.781), April day
(X?) 122316=0.184, p=0.668), Year (X*,,_1314=3.008,
p=0.222), nor the nest-box used (Nest-box ,_;4,: r=0.000,
le,n=23l6:0'0007 p=1.000; Table S2). The zero-variance
explained by Nest-box was likely confounded by the corre-
lation with Female (73% nest-boxes occupied by the same
female) and with Female_Year (69% nest-boxes occupied
by one female in one year only). In contrast, Breeding day
(relative to hatch date) had a quadratic relationship with
the standardised onsets (Breeding day*: X21’n:23 16=954.533,
p <0.001; Breeding day: le’n=2316 =38.943, p<0.001) so
that the onset of activity became later closer to hatching date
and earlier again after hatching. The mean chronotypes of
each female (which we used for the relationship with fitness)
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were normally distributed, ranging from —1.20 (earliest)
to+ 1.16 standard deviation units (latest chronotype) com-
pared to the conspecifics.

Fitness parameters

Fledge success and the number of fledglings were
not significantly related to chronotype (fledge suc-
cess: Devy ,_;5;= —2.233, p=0.135; number of fledg-
lings: —0.373£0.424, F; 153=0.775, p=0.380) and its
quadratic equivalent in any of the three years (Fig. 1 top,
Table S3). Both traits were significantly different between
years (fledge success: Dev, ,_;s;= —8.205, p=0.017; num-
ber of fledglings: F, ;5,=17.013, p <0.001), and a relatively
late lay date increased the probability of successful fledging
per year (Dev, ,,_5;,= —6.811, p=0.009) but not the number
of fledglings (F; 153=0.473, p=0.493).

Similarly, none of the nestlings’ biometrics were signifi-
cantly related to female chronotype (weight: —0.025 +0.247
g, le’n=845 =0.013, p=0.911, Fig. 1 middle; tarsus:
-1.517 £1.203 mm, X* ,_¢5,=1.682, p=0.195; P3
feather: —4.362+6.019 mm, X?| ,_g35=0.556, p=0.456) and
its quadratic equivalent in any of the three years (Table S4).
Nestling condition differed between years (weight:
X2, ,—ga5=18.595, p<0.001; tarsus: X, ,_¢q=10.312,
p=0.006; P3 feather: X22’n2835 =12.389, p=0.002) and was
higher (i.e. heavier and larger) at a later chick day and with
more chicks fledged per female (Table S4). Nestling weight
had a non-significant quadratic relationship with Time of day
(Time*: 0.031£0.018 g, X*| ,_g,5=3.021, p=0.082; Time:
0.057+0.050 g, le,n:845= 1.375, p=0.241), likely due to
a lack of very early morning measurements (earliest 10:14)
when weights are expected to be the lowest (Macleod et al.
2005). Weight was unrelated to the centred hatch date of
the brood (0.005+0.012 g, X21,n=s45 =0.189, p=0.664) but
tarsus and P3 feather length were significantly larger when
the brood hatched relatively later (tarsus: 0.183 +0.052
mm, X*, ,_¢s>=12.114, p=0.001, P3 feather: 0.599 +0.294
mm, X?,,_¢;5=4.295, p=0.038). There were no sig-
nificant differences in the number of hatchlings per year
between the chronotypes (—0.158 +£0.433, F, ;53=0.133,
p=0.716), years (Fy157= 1.305, p=0.274), their interac-
tion, or any quadratic equivalents (Fig. 1 bottom, for details
see Table S3). The number of hatchlings was, however,
higher with a relatively earlier lay date (—0.140+0.030,
F}158=22.002, p <0.001). There was no difference in the
findings when excluding the two unsuccessful females.

Female body weight during chick provisioning was
not significantly related to chronotype (0.111+0.107
g, F;15,=1.078, p=0.301) and its quadratic equivalent
(Table S5), though this potentially differed between years
(Chronotype:Year: F, 15, =2.478, p=0.088). Later females
had non-significantly higher body weight in the challenging
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Fig. 1 Reproductive outcomes in relation to maternal chronotype.
Shown are the number of fledglings (top), body weight of individual
nestlings (middle), and the number of hatchlings (bottom). The num-

Chronotype relative to conspecifics [z—score]

ber of hatchlings were assessed using count + devation/2 (see Fitness
and life-history parameters). Chronotypes for each female great tit are
standardised mean onsets of activity relative to conspecifics (z score)
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Fig.2 Lay date of the first clutch in relation to maternal chronotype
for data from the present study and re-analysed data from earlier
studies. Chronotypes for each female great tit are standardised mean
onsets of activity relative to conspecifics (z score). Lines and shades

spring of 2021 but not in the other two years (posthoc not
shown). Additionally, we found that body weight non-signif-
icantly increased with Time of day (F, 15,=3.637, p=0.058).
Females with a larger tarsus were 0.049 +0.010 g heavier
(F1.15,=26.358, p<0.001), and weights differed between
years (F, 15, =4.991, p=0.008).

Life-history traits

We found a significant effect of quadratic chronotype on the
lay date of the first clutch (Chronotype?: 4.095 +0.821 days,
F|163=5.058, p=0.026; Chronotype: 0.239 + 1.146 days,
F1’163:0.044, p=0.835; see Fig. 2, Table S6), whereby
extremely early and extremely late chronotypes laid their
first egg later in the season. While the interaction with
year was not significant (Chronotype:Year: F, 16o=2.376,
p=0.096), the quadratic relationship might be most strongly
in the challenging spring of 2021 (posthoc not shown). Lay
date significantly differed between years (F, 5, =23.059,
p <0.001). In contrast, chronotype was not significantly

@ Springer

represent model predictions and 95% credible intervals. Colours and
panels represent different studies and years of data collection (Gra-
ham et al. 2017a; Meijdam et al. 2022c; Womack et al. 2023b)

related to the size of the first clutch (0.091 +0.223,
F| 163=0.166, p=0.684) and the probability to initiate a sec-
ond brood (Dev ,,_;3; = —0.533, p=0.465). This was also
true for their interactions with year and any quadratic equiv-
alents (Table S6). There was no year effect on clutch size
(F,,16,=0.428, p=0.653) but a non-significant difference
for the probability of a second brood (Dev, ,,_;3; =—5.568,
p=0.062) with lower probability in 2020. Further, a later lay
date of the first clutch decreased clutch size (—0.055+0.015,
F| 163=13.184, p<0.001) as well as the probability of a sec-
ond brood (Dev ,,_;3; = —9.128, p=0.003).

Re-analyses of other datasets using standardised
chronotype

For the comparison of our results to other studies, we re-
analysed three datasets using our measure of chronotype
(described above). There was no significant relationship
between female chronotype and the number of fledg-
lings in Womack et al.’s dataset (2023a; —0.722 +0.543,
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F, 50=1.768, p=0.189) when using the activity onset rela-
tive to conspecifics (Table S7) compared to the original
analysis using onsets relative to sunrise. With regard to lay
date, we could not find a relationship with chronotype in
any of the datasets (Womack: —0.098 +0.980, F; 50=0.010,
p=0.920; Graham: 1.151+1.320, F; |, =0.760, p=0.402;
Meijdam: —0.341+0.642, F,13,=0.282, p=0.597, Tables
S7-8 and Fig. 2) in contrast to some of the original results
(Graham et al. 2017b; egg-laying subset of Meijdam et al.
2022b).

Discussion

We tested whether female great tits’ chronotypes were
related to fitness and life-history traits. Our measure of
chronotype, the standardised onset of daily activity, was
moderately but significantly repeatable within and across
years, and independent from variation between dates of
measurement and years. Female chronotype was not sig-
nificantly related to fitness, nestling biometrics, or female
body condition, and neither to most of the life-history traits.
Only lay date of the first clutch showed a significant quad-
ratic relationship, where extremely early or late chronotype
females laid their first egg later in the season. Thus, our
results do not show clear evidence for direct fitness conse-
quences of female chronotype.

No effect of chronotype on overall annual fitness

We studied a number of fitness components and found no
effect of female chronotype on the ability to fledge at least
one chick per year (i.e. fledge success), which is in accord-
ance with previous findings in the same species (Womack
et al. 2023a). We also did not find an effect of chronotype
on the number of fledglings, similar to a study on female
starlings (Maury et al. 2020), but contrary to Womack et al.
(2023a), where early-active female great tits had more fledg-
lings. Apart from potential differences between popula-
tions, Womack et al. (2023a) defined chronotype as activity
onset relative to sunrise and accounted for seasonal effects
by including hatch date in their statistical analyses. How-
ever, when re-analysing their dataset using our standardised
onsets and statistical models, the chronotype effect on the
number of fledglings was no longer present. A recent experi-
ment demonstrated that data handling and analyses practices
can have an extreme impact on the effect size and results
even when using the same data (Gould et al. 2025). Here,
the discrepancy to the original analysis of Womack et al.
(2023a) likely comes from those differences in data pro-
cessing and statistical modelling: First, the standardisation
of chronotype in our study accounted differently for within-
individual effects of seasonality and day-to-day variation,

and therefore increased the between-individual variation in
chronotype (see below). Thereby, individuals classified as
extreme phenotypes using onset relative to sunrise might
become assigned less extreme chronotypes during our stand-
ardisation because they were only compared to individuals
experiencing the same date-specific conditions. Second, in
our re-analysis, we included year-centred lay date, which
accounted for between-year differences in reproductive
timing, and found a significant decrease in the number of
fledglings with later lay date. In contrast, Womack et al.’s
model used a linear and quadratic term of hatch date instead
and found no seasonal effect on the number of fledglings
(2023a). Altogether, our standardisation approach does not
support an effect of female chronotype on fitness in both
great tit populations.

No compensatory effects or differences
in investment across breeding stages

The lack of a relationship between chronotype and the fledg-
ing number could result from balancing selection or different
investment across breeding stages and parental care. How-
ever, there were no significant differences in the investment
into current reproduction and its breeding stages for our
chronotype data: First, we did not find chronotype effects on
the size of the first clutch or the initiation of a second brood.
Similar results were found for clutch sizes in other songbirds
(Murphy et al. 2008; Steinmeyer et al. 2013; Maury et al.
2020), while early-active female starlings were more likely
to initiate a second brood (Maury et al. 2020). Second, being
earlier or later was not significantly related to the number of
hatchlings. Although incubating females trade off foraging
for self-maintenance against warming of the eggs (Reid et al.
2000; Vedder 2012), chronotype might not be as important
for hatch success as other incubation parameters such as nest
attentiveness. For example, extended off-bouts, due to harsh
weather conditions, can decrease hatching rates (MacDonald
et al. 2013). Our females might have avoided the rapid cool-
ing of the eggs by shortening the first off-bout in the early
morning, balancing nest attentiveness and foraging demands,
or altered incubation patterns when fed by their partner
(Amininasab et al. 2016; Nilsson and Smith 1988, but see
Matysiokova and Remes, 2010) or to manipulate hatch date
(Vedder 2012; Simmonds et al. 2017). Third, nestlings’
developmental condition, measured as tarsus and P3 feather
length as well as body mass (Orell 1983; Verboven and Vis-
ser 1998; Radersma et al. 2011), was not significantly related
to female chronotype here. Likewise, nestling weight was
independent of their mother’s chronotype in other studies
(Pagani-Nufez and Senar 2016; Maury et al. 2020; Wom-
ack et al. 2023a). This could be due to the low importance
of the time of day for provisioning rates compared to other
environmental and intrinsic brood factors such as brood size
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and chick age (Barba et al. 2009). Alternatively, females
could have prioritised future reproduction and survival by
investing in self-maintenance. Here, we found no strong link
between chronotype and female condition. Body weight of
small songbirds fluctuates substantially within short-term
periods (Haftorn 1989) because of strategic responses to
environmental conditions and their predictability (Bedne-
koff et al. 1994; Krams 2000). This might explain why our
data showed a trend of late females to be heavier but only
in the rainy and cold spring of 2021. Yet, a measurement of
long-term condition, the yellow feather colouration, was also
unrelated to the activity onset during provisioning in females
(Pagani-Nufez and Senar 2016). Overall, chronotype might
not be a crucial strategy for females to alter their investment
and outcome across different breeding stages.

Standardisation captures day-to-day variation
in the environment but not in breeding stage

A possibility for the lack of fitness consequences in our
analyses could come from the rather large, unexplained
variation in the standardised onsets used for chronotype.
We standardised the onset of activity in relation to conspe-
cifics on the same day to account for within- and between-
individual variation from seasonal and other environmental
effects. Although this reduced within-individual variation,
the adjusted repeatability was still moderate with r=0.21
within and r=0.14 across years. This magnitude is still rea-
sonable for a behavioural trait (Bell et al. 2009) and falls
within the range of other great tit studies ranging from
r=0.13 in winter (Stuber et al. 2015) over 0.27-0.54 dur-
ing egg laying (Meijdam et al. 2022a, b) to 0.32 during
incubation (Womack et al. 2023a). On the other hand, our
standardised onsets were still dependent on the day of breed-
ing, where onsets got later towards hatching and advanced
again thereafter, a pattern previously observed in tits (Schli-
cht and Kempenaers 2020; Womack et al. 2023a; Strauf3
et al. 2024). This intrinsic effect of breeding stage could
be accounted for by the inclusion of a seasonal component
(e.g. lay date or hatch date) into the standardisation process
resulting in the comparison of individuals at the same breed-
ing day, as demonstrated by Schlicht et al. (2023). However,
this method requires large amounts of data and synchronised
breeding of the females to avoid a strong reduction of data
available for standardisation. Alternatively, raw onsets could
be modelled together with the fitness component in bivari-
ate models; then their covariation could reveal potential
correlations (Houslay and Wilson 2017). These statistical
analyses, however, are often challenging and complex to
model and interpret because different model structures and
error distributions need to be combined. A current paper
using this method still failed to find fitness consequences
for female chronotypes in great tits (Meijdam et al. 2025).
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Our approach focussed on the reduction of environmental
confounders while retaining the large sample size and was
able to reduce the associated within-individual variation and
to increase the consistency of the chronotype trait. Neverthe-
less, we call for further development to improve the extrac-
tion of individuals’ true chronotypes.

A quadratic relationship with lay date could benefit
intermediate chronotypes in early springs

Surprisingly, we found a quadratic relationship between
lay date and chronotype, in which extremely early and late
chronotypes laid their first egg later in the season. While
there was no significant difference between years, this rela-
tionship might have been driven by the data collected in
the wet spring of 2021. Other studies found either earlier
lay dates with earlier chronotypes (Murphy et al. 2008;
Graham et al. 2017b) or no relationship (Steinmeyer et al.
2013; Maury et al. 2020). These studies used onsets relative
to sunrise that could confound relationships with breeding
timing due to the comparison of individuals measured at dif-
ferent timepoints (Meijdam et al. 2022b). Re-analysing three
publicly available datasets (Graham et al. 2017a; Meijdam
et al. 2022c; Womack et al. 2023b) using our standardised
chronotype approach, no positive association between time
of breeding and chronotype remained significant, and also
no quadratic relationship was found. These inconclusive
findings on the quadratic effect might be due to the leftover
within-individual variation in the standardised onsets (see
above), the different statistical models used (Gould et al.
2025), or even differences in biology and ecological condi-
tions between populations.

Seasonal and daily timing could be linked via the internal
circadian clock and its genetic background, where the endog-
enous rhythm for annual timing adjusts to daylength (Helm
2021). But the mechanism is not fully understood yet: while
individuals differ in their clock period length, it is unclear
how much is actually reflected in chronotypes in the wild
(Tomotani et al. 2023 versus 2024), and a link to lay date
has also not been found yet (Helm and Visser 2010). If there
is a phenotypic and genetic correlation between lay date and
chronotype, chronotype could affect fitness indirectly via the
selection on lay date. In our study, a later lay date signifi-
cantly increased fledge success but decreased clutch size, the
number of hatchlings, and the probability to initiate a sec-
ond brood. The number of fledglings was not significantly
affected by lay date. While these results seem inconclusive,
the selection of lay date in this study population is known
to fluctuate across years; it had been overall balanced until
2000, after which earlier breeding got increasingly beneficial
(Jantzen and Visser 2023). Thus, indirect effects through
lay date could have benefitted the intermediate chronotypes
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through selection of early breeders in the past 20 years. As
early breeding is becoming more beneficial due to climate
change (Visser et al. 2012), a selection for intermediate
chronotypes could potentially decrease between-individual
variation in the future.

Conclusion

In conclusion, female chronotype, standardised within date,
was not significantly related to breeding success and most
life-history traits. The method for chronotype extraction,
however, plays a key role in subsequent analyses. Caution
must be taken to disentangle diel timing from its variation
over the breeding season. While we were able to remove
some of the within-individual variation in our data, the indi-
viduals’ true chronotype might still differ or might simply
have low consistency. Overall, it is possible that chronotype
is no longer adaptive but persists through a lack of selection
against chronotype or a link to other traits under selection
(Jabbur et al. 2024). In fact, we found that extreme chrono-
types breed later in the season in our study population, and
variation could therefore be maintained as a by-product of
the lay-date selection. Indirect effects of chronotype via lay
date could then favour intermediate chronotypes in view of
an advancing spring. Further studies are needed to reveal
the mechanistic link between annual and diel timing through
the internal clock. Moreover, we limited our analysis to one
breeding season per female, though great tits can breed
over multiple years. If selection fluctuates temporally and
spatially, different chronotypes could have similar lifetime
reproductive success, maintaining variation in chronotypes
as suggested for other phenotypic traits (Boyce and Perrins
1987; Jantzen and Visser 2023). Selection pressures might
differ between breeding seasons or at other times of the year
such as overwintering affecting survival. Future research
might investigate survival rates at other times of the year
and potential effects of fluctuating selection on a longer
timescale.
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