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Summary statement: Temperature directly affects avian breeding time. However, sensitivity
to temperature did not differ between two lines genetically selected for breeding time, but early

selection line birds did lay earlier independent of environment.
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Abstract

Phenotypic plasticity is an important mechanism by which an individual can adapt its seasonal
timing to predictable, short-term environmental changes by using predictive cues. ldentification
of these cues is crucial to forecast species’ response to long-term environmental change and to
study their potential to adapt. Individual great tits (Parus major) start reproduction early under
warmer conditions in the wild, but whether this effect is causal is not well known. We housed
36 pairs in climate-controlled aviaries and 40 pairs in outdoor aviaries, where they bred under
artificial contrasting temperature treatments or in semi-natural conditions, respectively, for two
consecutive years, using great tits from lines selected for early and late egg laying. We thus
obtained laying dates in two different thermal environments for each female. Females bred
earlier under warmer conditions in climate-controlled aviaries, but not in outdoor aviaries. The
latter was inconsistent with laying dates from our wild population. Further, early selection line
females initiated egg laying consistently ~9 days earlier compared to late selection line females
in outdoor aviaries, but we found no difference in the degree of plasticity (i.e. the sensitivity to
temperature) in laying date between selection lines. Because we find that temperature causally
affects laying date, climate change will lead to earlier laying. This advancement is however
unlikely to be sufficient, thereby leading to selection for earlier laying. Our results suggest that
natural selection may lead to a change in mean phenotype, but not to a change in the sensitivity

of laying dates to temperature.
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Introduction

Effects of global climate change are omnipresent and can severely modify the environmental
conditions for wild populations (Parmesan and Yohe, 2003; Walther, 2010). Phenological traits
in particular are highly sensitive to these environmental modifications. This has led to
phenological changes with subsequent mismatches between trophic levels, in numeral taxa,
covering all trophic levels (Cohen et al., 2018; Parmesan, 2006; Root et al., 2003; Visser and
Gienapp, 2019), because trophic levels do not necessarily shift their timing at the same rate to
the increasing temperature (Thackeray et al., 2010; Visser and Holleman, 2001; Visser et al.,
1998; Voigt et al., 2003). It remains largely unknown, however, to which processes attribute
these phenotypic changes. As such, distinguishing between genetic changes and phenotypic
plasticity (Gienapp et al., 2008; Merila and Hendry, 2014), i.e. the environmentally induced
production of different phenotypes by a single genotype (Pigliucci, 2001), hampers predictions
of species adaptations to ongoing climate change.

In temperate zone birds, the breeding period is short and varies yearly due to yearly varying
environmental conditions. Consequently, females need to track this inter-annual variation to
optimally time their breeding (i.e. egg-laying) to the time when food resources are most
abundant in order to support successful rearing of offspring (Charmantier et al., 2008; Perrins,
1965; Sheldon et al., 2003; van Noordwijk et al., 1995). Females thus need to be able to ‘predict’
when to initiate breeding, for which they use environmental cues. Photoperiod is an important
cue, as it gives initial important information to track the time of the year and starts up the
reproductive system (Dawson et al., 2001; Farner, 1985). However, its year-to-year
invariability does not allow females to track year-to-year variation in local conditions
(Bradshaw and Holzapfel, 2007; Visser et al., 2004) and as such, photoperiod alone cannot
explain individual year to year variation in timing of breeding. Temperature is highly variable
between years and provides information about local conditions, such as insect emergence,
which allows female to fine-tune their timing of breeding (Dawson, 2008; Wingfield and
Kenagy, 1991; Wingfield et al., 1992) and subsequently match offspring needs to food
abundance. So far, temperature is the major driving force of biological seasonality in temperate
zones (Parmesan, 2007) and the most influential environmental cue in fine-tuning timing of

avian seasonal breeding (Caro et al., 2013; Lambrechts and Visser, 1999; Visser et al., 2009).

Spring temperatures could directly affect timing of breeding or its effect can be indirect, where
temperature affects other environmental conditions, which subsequently causally affect timing

of breeding. Previous work has suggested that the former is the case, i.e. that temperature affects
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timing of egg-laying directly, and not acting via e.g. food phenology (Schaper et al., 2011), as
shown in a previous six-year study in great tits (Parus major) (Visser et al., 2009). In that study,
breeding pairs were housed in climate-controlled aviaries and went through a breeding season
in either a warm or a cold treatment, mimicking a warm and cold spring, respectively. Birds
initiated egg-laying significantly earlier in the former. It is important to point out here, that in
the study by Visser et al. (2009) the laying date comparison was performed between individuals,
thus showing between-individual variation. In addition, the effect of temperature on egg-laying

varied strongly between the six years of the study, despite controlled conditions.

Here, we first set out to study whether plasticity in laying date is due to the direct or indirect
(e.g. via food phenology) effect of temperature on timing of egg-laying by subjecting birds to
contrasting temperatures in climate controlled aviaries for two years and gathering within
individual data on egg-laying. As such, the real effect of temperature is less likely to stay
undetected or clouded by differences between individuals (e.g. genetic and physiological
factors, physical condition, etc.). In addition, we housed pairs in semi-natural conditions (i.e.
outdoor aviaries) for two consecutive years that differed in environmental conditions, including
temperatures. Based on the previous studies in both the wild (e.g. Both and Visser, 2001;
McCleery and Perrins, 1998) and captivity (Schaper, 2012; Visser et al., 2009), we expected
females to lay earlier in the warm environment compared to the cold. If indeed females would
lay earlier in the warm environment, we expected that the earliest egg-laying female would
have experienced a steeper increase in average daily temperatures in the days prior to initiating
egg-laying compared to the earliest female in the cold environment. This, because an increase
in temperatures shortly prior to egg-laying has been shown to advance the timing of egg-laying

in great tit females (Schaper et al., 2012).

Secondly, we have the unique opportunity to test whether these birds, which originated from
selection lines for early and late timing of breeding through bi-directional genomic selection
(Gienapp et al., 2019; Verhagen et al., 2019b), would show a difference in the average laying
date (i.e. the elevation of the reaction norm) between selection lines, independent of
environment. As shown previously, early selection line females laid on average about six days
earlier compared to late selection line females (Verhagen et al., 2019b). This difference between
selection lines is, under the influence of environmental cues, ultimately rooted in the cascade
of (epi)genetic and physiological processes underlying egg-laying. How these mechanisms are

affected by temperature remain obscure and potential pathways are discussed elsewhere (Caro
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et al., 2013). However, we expected that early selection line females would lay earlier across

environments compared to late selection line females.

Lastly, we tested whether selection for laying date had a correlated response to selection on the
sensitivity to temperature (i.e. the slope of the reaction norm). Previously, Ramakers et al.,
(2019) studied whether reaction norms would evolve under current climate change in our long-
term study population of great tits in the Hoge Veluwe from which these selection line birds
originated (see Verhagen et al., 2019b). By quantifying selection on, and predicting the
evolution of, the timing of breeding reaction norm in response to temperature over three time
periods, they showed that laying dates did advance over the time periods examined, but the
sensitivity of laying dates to temperature (i.e. laying date plasticity) did not (Ramakers et al.,
2019). As such, we did not expect a difference in laying date plasticity between the selection

lines.

Currently, knowledge on how cues are perceived (Caro et al., 2013; Dawson, 2008) and on how
individuals vary in their perception (individual-by-environment interaction or IxE) is still
scarce (Lyon et al., 2008; Visser, 2008; Visser et al., 2010). Identification of these cues, and
understanding of the responses of breeding plasticity to selection, therefore, are crucial to
forecast species’ responses to long-term environmental change and to study the potential for

adaptation to such change.



