
 

 

 University of Groningen

Efficient use of demographic data
Gamelon, Marlène; Vriend, Stefan J.G.; Visser, Marcel E.; Hallmann, Caspar A.; Lommen,
Suzanne T.E.; Jongejans, Eelke
Published in:
Demographic Methods across the Tree of Life

DOI:
10.1093/oso/9780198838609.003.0014

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Gamelon, M., Vriend, S. J. G., Visser, M. E., Hallmann, C. A., Lommen, S. T. E., & Jongejans, E. (2021).
Efficient use of demographic data: Integrated population models. In Demographic Methods across the Tree
of Life (pp. 245-255). Oxford University Press. https://doi.org/10.1093/oso/9780198838609.003.0014

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-06-2024

https://doi.org/10.1093/oso/9780198838609.003.0014
https://research.rug.nl/en/publications/07bdc313-9e25-468e-9f75-695f2b918967
https://doi.org/10.1093/oso/9780198838609.003.0014


Hormones and Behavior 160 (2024) 105491

Available online 9 February 2024
0018-506X/© 2024 Published by Elsevier Inc.

Odours of caterpillar-infested trees increase testosterone concentrations in 
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A B S T R A C T   

Trees release Herbivore-Induced Plant Volatiles (HIPVs) into the air in response to damage inflicted by insects. It 
is known that songbirds use those compounds to locate their prey, but more recently the idea emerged that 
songbirds could also use those odours as cues in their reproductive decisions, as early spring HIPVs may contain 
information about the seasonal timing and abundance of insects. We exposed pre-breeding great tits (Parus 
major) to the odours of caterpillar-infested trees under controlled conditions, and monitored reproduction 
(timing of egg laying, number of eggs, egg size) and two of its main hormonal drivers (testosterone and 17β- 
estradiol in males and females, respectively). We found that females exposed to HIPVs did not advance their 
laying dates, nor laid larger clutches, or larger eggs compared to control females. 17β-estradiol concentrations in 
females were also similar between experimental and control birds. However, males exposed to HIPVs had higher 
testosterone concentrations during the egg-laying period. Our study supports the hypothesis that insectivorous 
songbirds are able to detect minute amounts of plant odours. The sole manipulation of plant scents was not 
sufficient to lure females into a higher reproductive investment, but males increased their reproductive effort in 
response to a novel source of information for seasonal breeding birds.   

1. Introduction 

The timing of reproduction of most animal species is tightly linked to 
the phenology of other organisms (Durant et al., 2005; Post and For-
chhammer, 2008). Consequently, many species try to adjust their 
reproductive decisions to the surge of resources they need to feed their 
offspring (Dias and Blondel, 1996; Maillard and Fournier, 2004; van 
Asch et al., 2010; Cadby et al., 2010; Dunn et al., 2011; Ljungström et al., 
2015; Neuheimer et al., 2018; Peláez et al., 2020). Breeding mismatched 
to the optimal timing relative to food abundance may have negative 
effects on fitness, with offspring potentially experiencing reduced 
growth or survival rates (Thomas et al., 2001; Reed et al., 2013; Renner 
and Zohner, 2018). In the case of predators, they need to predict the date 
at which their prey will reach a peak of biomass to initiate their breeding 
at the appropriate time, which is often weeks before this peak. They 
therefore need to use cues present early in their environment to predict 
the annual phenology of the lower trophic levels (Wingfield and Moore, 
1987; Di Bitetti and Janson, 2000; Rubenstein and Wikelski, 2003; 
Visser et al., 2004; Grant et al., 2009; Visser et al., 2009). 

In seasonally reproducing species, photoperiod has been shown to be 

the primary cue used by organisms to orchestrate their breeding 
phenology (Nelson, 1985; McAllan and Dickman, 1986; Nelson, 1986; 
Dawson, 2008; Rani and Kumar, 2014; Nakane and Yoshimura, 2019). 
Changes in photoperiod are, however, the same every year, meaning 
that photoperiod alone cannot predict yearly variation in the optimal 
timing of breeding. These species, as well as non-seasonal organisms 
(Porton et al., 1987; Hart et al., 2006; Frederick et al., 2012), must 
therefore rely on additional cues to decide when exactly to reproduce 
(Cumming and Bernard, 1997; Voigt et al., 2011; Ngalameno et al., 
2017). Temperature, for example, has been shown to exert an influence 
on the timing of reproduction (Gorman et al., 1981; Crick et al., 1997; 
Visser et al., 2009; Schaper et al., 2012; Chambers et al., 2013; Williams 
et al., 2015; Wegge and Rolstad, 2017). However, several studies failed 
to show such a causal link with phenology and its underlying physio-
logical mechanisms (Dawson, 2005; Perfito et al., 2005; Visser et al., 
2011; Caro et al., 2013; Verhagen et al., 2020). 

In the well-studied tree-caterpillar-passerine food chains (Perrins, 
1970; Visser et al., 1998; Both et al., 2009), nestling growth and survival 
of several insectivorous bird species almost exclusively depend on the 
availability of a few caterpillar species (mainly the winter moth - 
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Operophtera brumata, and the green oak tortrix - Tortrix viridana) (Dias 
and Blondel, 1996; Naef-Daenzer and Keller, 1999; Thomas et al., 2001; 
Gienapp and Visser, 2006). Caterpillars on the other hand entirely 
depend on the leafing of a few tree species for their development (Du 
Merle and Mazet, 1983; Buse and Good, 1996; van Asch and Visser, 
2007; van Asch et al., 2012). Plant phenology has therefore been sug-
gested to be one of the supplementary cues that birds could use to pre-
dict the phenology of their food source, and thereby their timing of 
reproduction. Many studies have indeed found correlations between tree 
phenology and laying dates in wild populations of insectivorous birds 
(Nilsson and Källander, 2006; Bourgault et al., 2010; Cole et al., 2015; 
Hinks et al., 2015; Szulkin et al., 2015), but whether there is a causal 
relationship between the two, and through which sensory path this 
relationship could come about, is not well understood yet (Visser et al., 
2002; Schaper et al., 2011; Voigt et al., 2011). 

Trees respond to insect grazing by releasing Herbivore Induced Plant 
Volatiles (HIPVs) (Dicke and van Loon, 2000; Arimura et al., 2005; 
Dicke and Baldwin, 2010) that carnivorous arthropods and parasitoids 
use to locate their insect prey (Turlings et al., 1990; Kugimiya et al., 
2010; Fontana et al., 2011; Giunti et al., 2016). By attracting predators 
of insects feeding on the plants, HIPV release provides indirect protec-
tion to the plant (Kessler and Baldwin, 2001; Kant et al., 2009; McCor-
mick et al., 2012). Although birds have been considered anosmic for a 
long time, it has been shown that foraging birds can discriminate be-
tween caterpillar-infested and uninfested trees only by smell (Amo et al., 
2013; Mrazova et al., 2019; Graham et al., 2021; Sam et al., 2021), and 
can recognise and orient to an artificial odour mimicking HIPVs 
(Mäntylä et al., 2014; Rubene et al., 2022). In a recent study using 
artificial HIPVs, the authors found an innate attraction to those odours 
in blue tits (Cyanistes caeruleus), and birds increased their reproductive 
investment by producing more nestlings when artificial HIPVs were 
added in their breeding territories (Delaitre et al., in prep.). HIPVs thus 
represent a promising cue that birds could use to infer the phenology of 
their prey and modulate their reproductive investment accordingly. 
However, whether those volatile compounds influence the reproductive 
physiology and behaviour of birds has not been explored yet. 

Sexual behaviours and reproductive control result from a cascade of 
physiological reactions involving steroid hormones produced by the 
gonads (Wingfield, 1994; Ball and Balthazart, 2009). In males, increases 
in testosterone (T) concentrations is an important indicator that they are 
preparing to breed (Kempenaers et al., 2008; Zhang et al., 2017), as it 
stimulates territorial defence (Silverin, 1980; Chandler et al., 1994), 
aggressive behaviour (Wingfield et al., 1987; Beletsky et al., 1990), as 
well as courtship and mating behaviours (Silverin, 1980; Ketterson et al., 
1992; Enstrom et al., 1997; Hill, 1999). In females, oestrogens promote 
courtship behaviour. For example, the removal of the ovary in ring 
doves leads to the disappearance of wing flipping that are normally 
shown by females in response to male courtship (Cheng and Lehrman, 
1975), but treating those females with oestrogens restore their normal 
sexual behaviours (Adkins and Alder, 1972). Moreover, estradiol is a 
good predictor of laying, as it stimulates the production of yolk pre-
cursors and peaks just prior females lay their first egg (Bluhm et al., 
1983; Rehder et al., 1986; Sockman and Schwabl, 1999; Williams, 
2012). 

If HIPVs exert an effect on bird reproduction, we should observe 
effects of this olfactory signal on the mechanisms coordinating repro-
duction, i.e. on their reproductive hormone levels. Supporting this hy-
pothesis, Graham et al. (2021) recently found that blue tit males with 
higher testosterone concentrations spent more time close to a tree 
infested with caterpillars compared to an uninfested tree. Gonads, which 
produce sex steroids, also developed faster in more exploratory (a per-
sonality trait) female blue tits exposed to HIPVs (Caro et al., 2023). Since 
HIPV emissions reflect the timing of emergence and the abundance of 
caterpillars in the environment (Horiuchi et al., 2003; Girling et al., 
2011; McCormick et al., 2012; Miresmailli et al., 2012), by detecting 
HIPVs in early spring, songbirds could adjust their onset of breeding to 

synchronize the feeding period of their chicks with the timing of 
maximal caterpillar biomass (Marciniak et al., 2007), and adjust their 
clutch size to match the predicted food availability in their breeding 
territory (Hussel and Quinney, 1985; Marciniak et al., 2007). 

The purpose of this study was to determine experimentally if HIPVs 
emitted by caterpillar-infested oak buds induce behavioural and hor-
monal responses in an insectivorous songbird in terms of reproductive 
physiology, timing and investment. For this, we used 36 pairs of great 
tits housed in climate-controlled aviaries and induced the release of 
HIPVs by infesting oak buds (Quercus robur) with freshly hatched winter 
moth caterpillars. We hypothesized that birds exposed to HIPVs would 
advance and increase their reproductive hormone concentrations (i.e. 
testosterone and 17β-estradiol), advance their laying date, and increase 
their reproductive investment (i.e., clutch size and/or egg size), 
compared to control birds. 

2. Methods 

2.1. Ethical note 

Ethical permits requested for this experiment were provided by the 
Animal Welfare Body of NIOO-KNAW (IVD - NIOO 20.09 
AVD8010020209246/IVD 1556a). 

2.2. Birds and experimental set-up 

2.2.1. Birds 
The experiment was carried out at the Netherlands Institute of 

Ecology (NIOO-KNAW) in Wageningen, the Netherlands. 72 great tits 
(36 females and 36 males) born in captivity in 2020 were used in this 
experiment. Birds were the second generation of a population originated 
from Boslust near Arnhem, the Netherlands, a 70 ha field site consisting 
of mixed pine-deciduous forest (van den Heuvel et al., 2022). Eggs were 
laid in captivity, and subsequently incubated and reared by foster par-
ents in the wild, up to the age of 10 days. At this stage, chicks were 
brought back to the NIOO for hand-rearing, following the procedure 
described in a previous study (Drent et al., 2003; van den Heuvel et al., 
2022). Adult birds were fed daily as described in Delaitre et al. (2023), 
with mixture of minced beef heart, canary egg food proteins and vita-
mins, dry food, apple and water for drinking and bathing. 

2.2.2. Housing in climate-controlled aviaries 
To enhance the chances that birds successfully breed in climate- 

controlled aviaries, a preference test to pair females with one of their 
preferred males was conducted. In short, females could visit six males in 
a carrousel-shaped six-choice chamber for 90 min, and mate choice was 
inferred from the amount of time females spent close to each male (see 
Delaitre et al., 2023, for details). Time spent by the females in the choice 
zone of the male has been shown to predict courtship behaviours, pair 
formation and reproductive success in other studies (Balzer and Wil-
liams, 1998; Gonçalves and Oliveira, 2003; Witte, 2006; Zandberg et al., 
2017). In zebra finches for example, the time females spent in front of a 
male correlates positively with the number of solicitation displays 
directed to that male, therefore, linking mate preference measured by 
courtship displays with preference measured through the time a female 
spends with a male (Witte, 2006). Similarly, in the above-mentioned 
study, we showed that female great tits paired with a male with which 
they spent more time, laid earlier (Delaitre et al., 2023). 

From early February, birds were housed in opposite-sex pairs in 36 
climate-controlled chambers (2 × 2 × 2.25 m) as described in Delaitre 
et al. (2023) (Fig. 1). Briefly, photoperiod and temperature were set to 
mimic natural conditions prevailing outside at the time of the experi-
ment. Three 58 W high frequency fluorescent tube lights served as the 
main source of lighting. Before sunrise and after sunset, a second 7 W 
incandescent light bulb simulated dawn and nightfall for 5 min each. 
From a logistical point of view, it was not possible to adjust the aviary 
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temperatures to match the outside temperatures on a daily basis. As a 
result, the simplest logistical solution was to set the temperatures of the 
next eight days in aviaries based on the temperatures of the previous 
eight days in the wild. Hourly temperatures were determined from The 
Royal Netherlands Meteorological Institute (KNMI) database. Perches, 
an artificial tree and three nest boxes, allowing females to select their 
breeding cavity, were available in each aviary. In order to hide the 
potted oak trees, a screen (0.85 × 2.25 m, Figs. 1, S1) made of an opaque 
white fabric was installed in the back-left corner of each aviary. No vi-
sual or acoustic interactions were possible between the pairs. 

2.2.3. Oak trees 
160 common oak trees (Quercus robur; approx. 2 m high, and 0.5 m of 

diameter) grown in pots were used as sources of odour. From early 
January, trees were maintained at different locations to spread out 
timing of bud burst over the season. A group was maintained in an open 
area fully exposed to sun (n = 60), one was placed in the corner of a 
building in the shade (n = 45), and the last group was kept on the east 
side of a building with partial exposure to sun (n = 55). Caterpillars 
being unable to perforate the protective scales of the oak tree buds (Du 
Merle and Mazet, 1983), the oaks were considered ready to use in the 
experiment when the buds began to elongate and to lose their scales 
(stage 4, Fig. S2). Out of the 160 trees, 108 were used in the experiment. 

2.2.4. Caterpillars 
The main caterpillar species infesting the common oak in the 

Netherlands is the winter moth (Visser et al., 2006). Adult winter moths 
were collected in Doorwerth, the Netherlands, between November and 
December. Adults were kept in 50 mL tubes with paper strips on which 
the females laid their eggs. Eggs were kept outdoor protected from rain 
and direct sunlight. Caterpillars and trees were thus experiencing similar 
temperature conditions. 

2.2.5. Bud infestation 
Once caterpillars began to hatch, oak trees with buds at an appro-

priate stage were infested with caterpillars using a small paintbrush 
(Graham et al., 2021). Two oak trees were placed behind the opaque 
screen in 18 experimental aviaries, whereas two pots filled with the 
same soil were placed behind the opaque screen in 18 control aviaries. 
Every week, one of the two trees was replaced by a new one with earlier 
bud stages than the one that had just been removed. When experimental 
aviaries were opened to change a tree, control aviaries were also opened 
to ensure all birds experienced similar disturbances. Between 20 and 50 
caterpillars (depending on caterpillar availability, on average 36 cater-
pillars per tree) were placed across five branches with buds at stage 4 
(bud elongated, swollen and green) to 6 (bud bursting, leaf shoots can be 
distinguished but are still intricated) (Fig. S2) (Du Merle and Mazet, 
1983). During infestation, the experimenter observed the caterpillars for 
a few minutes to ensure they entered the buds. In addition, when a tree 
was removed from an aviary, it was examined for caterpillar damage on 
leaves to ensure that HIPVs had been released. A recent study by Graham 
and colleagues (Graham et al., 2023) has shown that oak buds emit 
HIPVs in early spring when they are grazed by freshly hatched cater-
pillars, and that HIPV emissions were proportional to the damages 
inflicted. Caro et al. (2023) also exposed blue tits kept in airtight com-
partments (terrariums) to air from enclosures containing caterpillar- 
infested oak trees and identified compounds known to be HIPVs in the 
air reaching the terrariums (Graham et al., 2023). First trees were 
introduced in the aviaries between 16th and 20th April. In total, seven 
tree changes were done for each experimental aviary until 24th May. 
When no more caterpillars and trees were available for new infestation, 
we stopped changing trees and let them progress in the aviaries until the 
final blood samples were taken (see details below). 

2.3. Reproduction monitoring 

Nesting material (moss and dog hair) was provided from early 

Fig. 1. Housing of birds in climate-controlled aviaries. 
Each of the 36 opposite-sex pairs of great tits was housed in a climate-controlled aviary under an artificial light regime mimicking a natural daylight pattern using 
three 58 W tube lights and one 7 W light bulb. Temperatures were weekly set to mimic the outside temperatures of the week before. Birds had ad libitum access to 
food and water. Perches and an artificial tree were provided to the birds to perch and hide. Three nest boxes were installed in each aviary. An opaque screen was 
installed in the back-left corner to hide the two caterpillar-infested trees for the experimental group, or the two pots filled with soil for the control group. The 
experimental birds could thus only smell the HIPVs released by the trees but could not have access, or see the oak trees and caterpillars. 
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March. Reproduction was monitored as described in a previous study 
(Delaitre et al., 2023). Briefly, from mid-March, we monitored nest 
building and egg laying activities. We began to check the nest boxes once 
and then twice a week as birds were closer to lay (Dufva, 1996), and then 
daily until the last egg of the clutch had been laid. The pair laying date is 
defined as the date that the first egg was found. We weighed (to the 
nearest 0.01 mg with an electronic balance, Eidyer), and measured all 
eggs (to the nearest 0.05 mm using a calliper, Ecotone Measy DG) and 
calculated their volume (egg volume = 0.4673*length*breadth2 + 0.042 
(Dufva, 1996)). The clutch size was determined after birds laid their last 
egg. Nests and eggs were removed after at least five days of incubation, 
so that birds could start a new clutch. After removing 6 females that 
started laying before the first trees and caterpillars were introduced to 
aviaries, we were left with 30 pairs to use in analyses. As only three 
females (one in the control group, two in the treatment group) produced 
a second clutch, we only analyzed the first clutch laid. 

2.4. Physiological measures 

2.4.1. Blood samples 
We followed the procedures described in Delaitre et al. (2023). 

Briefly, birds were caught in their aviary and transported to a laboratory 
room, where they were weighed and bled in the jugular vein using an 
insulin syringe (max. 150 μL). Blood was transferred to heparinised 
tubes, plasma was separated by centrifugation and stored in freezers 
(− 80 ◦C) until assayed for hormones. Birds were returned to their aviary 
after the sampling. Each bird was sampled every two weeks (18 aviaries 
per week (36 birds)) between 18th March (before first laying) and 17th 
June (seven blood samples per bird). Mean time between catching and 
blood sampling was 3 min 22 s ± SD 46 s for females and 6 min 01 s ±
SD 1 min 10 s for males. 

2.4.2. 17β-estradiol assay 
The assay procedure used for 17β-estradiol assay is described in 

detail in Delaitre et al. (2023) and validated for blue and great tits (Caro 
et al., 2019). Concisely, plasma 17β-estradiol (E2) was measured using a 
commercially available double-antibody 125I-E2 radioimmunoassay 
(DSL-4800, Ultra-sensitive Estradiol RIA, Beckman Coulter, Brea, CA, 
USA) modified to increase the sensitivity of the assay (Charlier et al., 
2010; Caro et al., 2019). Steroids were extracted from 30 μL of plasma, 
dried under nitrogen gas at 40 ◦C, and reconstituted overnight with PBSg 
(PBS with 0.1 % gelatin) containing 0.7 % ethanol (Caro et al., 2019). 
Recovery value after extraction was 91.5 %. Samples were then assayed 
in duplicate and counted on a gamma counter. Seven assays were 
needed to estimate the concentration of the 250 samples. The intra- and 
inter-assay coefficients of variation were 3.73 % and 4.10 %, respec-
tively. Assay sensitivity was 0.65 pg/mL. E2 was only assayed in females 
and not in males because we were not able to sample enough plasma to 
assay both testosterone and E2. E2 would have been interesting to 
measure in males as well as it is a key determinant of male-typical be-
haviours, although this mostly results from local conversion of andro-
gens by aromatase within the brain (Soma et al., 2003; Ball and 
Balthazart, 2004). 

2.4.3. Testosterone assay 
Plasma testosterone was measured using a commercially available 

double-antibody 125I-testosterone radioimmunoassay (IM1087, RIA 
Testosterone, Beckman Coulter, Brea, CA, USA). Steroids were extracted 
from 50 μL of plasma using diethyl ether (DEE). First, 3 mL of DEE were 
added to the plasma. The tubes were dipped in a methanol and dry ice 
bath for 15 s and organic phase was poured in another tube. This step 
was repeated a second time with the aqueous phase and with 2 mL of 
DEE. The organic phase was then dried under nitrogen gas at 40 ◦C. 
Finally, dried samples were resuspended in 120 μL of extraction assay 
buffer and shaked overnight at 4 ◦C. Recovery value after extraction was 
estimated at 91 %. Concentrations were adjusted for samples that did 

not have 50 μL of plasma available (n = 32 out of 237). Resuspended 
samples were then assayed in duplicate and tubes were counted on a 
gamma counter (Automatic Gamma Counter, Perkin Elmer, Waltham, 
MA, USA). Concentrations of testosterone were obtained using a linear 
regression with the log-transformed concentrations of the standards 
provided in the assay kit. The 237 plasma samples were run across six 
assays, and the intra- and inter-assay coefficients of variation, as esti-
mated by assaying one high and one low concentration testosterone 
standard in duplicate, were 2.80 % and 7.48 %, respectively. Assay 
sensitivity was 0.075 ng/mL. It was defined as the highest point on the 
standard curve whose standard deviation did not overlap that of the 
blank standard (Wingfield and Farner, 1975). No sample was found to be 
below the detection limit. We validated the assay following the methods 
of Caro et al. (2019). Briefly, pooled plasma samples were spiked with 
exogenous testosterone and serially diluted. Percentages of tracer bound 
(B/B0) from the serial dilutions were parallel to the standard curve 
(Fig. S3). As for E2 in males, we could not assay plasma testosterone in 
females due to the limited quantity of plasma available. This could have 
been interesting given that female testosterone has sometimes been 
shown to enhance female aggression (Rosvall, 2013; Zysling et al., 2006; 
but see Elekonich and Wing, 2000; De Ridder et al., 2002), impair or 
delay onset of breeding (Clotfelter et al., 2004; Lahaye et al., 2015), 
reduce clutch size (Rutkowska et al., 2005; López-Rull and Gil, 2009), or 
influence maternal yolk and by extension chick phenotypes (Schwabl, 
1993). 

2.5. Statistical analyses 

Analyses were performed in R version 1.3.1093 (R CoreTeam, 2019). 
The lme4 package (Bates et al., 2015) was used for linear mixed-effects 
and generalized linear mixed-effect models. Generalized additive 
models were conducted using the mgcv package (Wood, 2017). P-values 
of mixed-model analyses were obtained with the lmerTest package 
(Kuznetsova et al., 2017). Effect sizes were calculated using η2 (Lenhard 
and Lenhard, 2016, https://www.psychometrica.de/effect_size.html). 
Plots were created with the ggplot2 package (Wickham, 2016). 

2.5.1. Reproduction 
We compared reproductive parameters between HIPV and control 

pairs by performing (i) a linear model on lay date, (ii) a generalized 
linear model with negative binomial distribution on clutch size; and (iii) 
a linear mixed-effect model on egg volume. For clutch size, we also tried 
a Poisson distribution, which is regularly used for analysing clutch sizes 
(e.g. Marini et al., 2017; Thornton et al., 2017; Eyck et al., 2020; Martay 
et al., 2023). Analysing clutch size with a Poisson distribution returned a 
p-value that was close to significance, with larger clutches under HIPVs 
(z = 1.89, p = 0.057, η2 = 0.12; details of this statistical model not 
shown). In the linear mixed effect model for egg volume, female iden-
tification was added as a random intercept to account for the fact that 
each female laid several eggs. All models included treatment as 
explanatory variable. 

2.5.2. Hormone level analyses 
We tested whether the HIPV treatment played a role on plasma ste-

roid levels in both sexes. Because we measured a different hormone in 
each sex, we ran separate models for males and females. None of the 
females were removed from the dataset but two males were: one male 
with only three blood samplings and one male for which all samples 
were below detection limit of the assay kit. We used generalized additive 
models (GAMs) because we did not want to impose any prior assumption 
on the shape of the relationship between hormone levels and time. We 
tested whether there was variation in E2 and T concentrations over the 
course of the breeding season, whether steroids levels were impacted by 
the time spent between the catching and the bleeding of the birds, and 
whether E2 and T levels differed between HIPV and control birds over 
the course of the breeding season. For this we fitted GAMs with date 
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(continuous variable, centred on first egg date, and ranging from − 71 to 
66) in a spline function, time between catching and bleeding (contin-
uous variable, in seconds, ranging from 143 to 564 s for females, and 
from 270 to 890 s for males), time of day (continuous variable, in mi-
nutes; birds were usually sampled between 8:30 am and 2 pm), treat-
ment (HIPVs vs Control) and the interaction between time (days from 
laying date) and treatment in a spline function as explanatory variables. 
The bird identification was added as a random intercept to take into 
account repeated hormone measures for each bird taken during the 
course of the breeding season. To identify if at some point, the hormone 
levels fitted by the GAM models were significantly different in the HIPV 
compared to the control groups, we used the “get_smooths_difference” 
function from the “tidymv” package (Coretta, 2022). This function cal-
culates the difference between the mean control and the mean HIPV 
curves for each day and the corresponding 95 % confidence interval. 
When the confidence interval does not overlap zero, the hormone con-
centration between the control and the HIPV curves are considered 
significantly different. 

3. Results 

All the 30 pairs included in the analyses built a nest and only one 
female (from the control group) did not lay. We found no significant 
difference in laying date (F1,27 = 1.26, p = 0.27, η2 = 0.04, Fig. 2A) or 
clutch size (z = 1.055, p = 0.29, η2 = 0.04, Fig. 2B) between HIPV and 
control birds. Out of the 208 eggs measured, we did not find evidence for 
a significant effect of the odour treatment on egg volume (F1,26.67 = 1.13, 
p = 0.29, η2 = 0.004, Fig. 2C). Analyses of the other data relating to egg 
size (length, breadth, weight) also showed no effect of the treatment 
(data not shown). 

Individual variation in 17β-estradiol and testosterone over time is 
depicted at Fig. 3A and B, respectively. Both hormones varied signifi-
cantly over time (E2: F = 6.20, p < 0.001, η2 = 0.03, Fig. 3A, T: F = 2.87, 
p = 0.05, η2 = 0.02, Fig. 3B) and were more elevated around laying. 
Time between catching and bleeding did not influence E2 levels of fe-
males (F = 0.66, p = 0.42, η2 = 0.003) but influenced T levels of males (F 
= 4.12, p = 0.04, η2 = 0.02), with T levels decreasing when the time 
interval increased. The time at which the blood samples were taken 
influenced E2 levels of females (F = 13.64, p < 0.001, η2 = 0.06), and T 
levels of males (F = 8.89, p < 0.01, η2 = 0.05), with E2 levels decreasing, 
and T levels increasing, when the blood samples were taken later in the 
day. 

The “get_smooths_difference” function, from which the curves in 
Fig. 3E and F originate, calculated the daily difference between the 
control and the HIPV curves of Fig. 3C and D, and the 95 % confidence 
interval. The confidence interval of these curves overlaps zero over the 

entire breeding period for E2, meaning that E2 concentrations in females 
were not significantly different between the control and HIPV groups 
over the course of the breeding season (Fig. 3E, Table S1A). In males, T 
concentrations were significantly different between control and HIPV 
birds around the laying period, from 11 days before laying until eight 
days after (Fig. 3F, Table S1B). An additional linear model including 
treatment and time between catching and bleeding, run on the period 
11 days before laying to eight days after, confirmed that testosterone 
levels were higher in the HIPV group than in the control group for this 
time period (F1,32 = 6.56, p = 0.02, η2 = 0.17, Fig. 3G). 

4. Discussion 

We found no evidence that great tits exposed to HIPVs, an olfactory 
cue released by trees in response to caterpillar infestation, advanced 
their laying date, laid larger clutches or produced larger eggs in 
captivity. We however found that males in the HIPV group had higher 
concentrations of testosterone than control males just before and during 
the female laying period. These results suggest that males, more than 
females, adjust their sexual behaviours in response to odorous alarm 
signals emitted by trees in spring. 

One main finding of our study is that males exposed to HIPVs had 
higher testosterone (T) levels during the laying period than control 
males. Graham and colleagues (Graham et al., 2021) found a similar 
relationship between HIPVs detection and T levels in male blue tits. 
After having trained birds to associate the presence of HIPVs with that of 
food, they found a positive correlation between the time spent close to 
the HIPV-emitting trees and male T levels (Graham et al., 2021). Males 
could use HIPVs as an environmental signal indicating higher food 
abundance (Horiuchi et al., 2003; Girling et al., 2011; McCormick et al., 
2012; Miresmailli et al., 2012) and upregulate their T levels accordingly, 
as it has been observed with other stimuli like the presence of a nest box 
in starlings (Sturnus vulgaris) (Gwinner et al., 2002) or food availability 
in zebra finches (Taeniopygia guttata) (Lynn et al., 2015). Since T con-
centrations in males are associated with courtship and mating behaviour 
(Silverin, 1980; Ketterson et al., 1992; Enstrom et al., 1997; Hill, 1999), 
males could have upregulated their hormonal status in response to 
HIPVs to stimulate their female to invest in reproduction. 

Males reacted to HIPVs, but we did not find that females adjust their 
timing of laying, clutch size or egg size when exposed to the odorous 
treatment. This goes against our initial prediction of a higher investment 
of females following detection of HIPVs, but is in line with a recent study 
in which adding artificial HIPVs around nest boxes in the wild did not 
advance laying, nor increase individual clutch sizes (Delaitre et al., in 
prep). Another recent study with blue tits found that HIPVs increased 
female ovarian follicle size, but that was restricted to fast exploring 

Fig. 2. Effect of HIPVs on reproductive traits in great tits. 
Females did not significantly (A) advance their laying date (n = 29), (B) lay larger clutches (n = 29) or (C) produce larger eggs (n = 208) when exposed to HIPVs. 
Large dots and error bars represent mean ± SE, smaller dots depict raw data. 
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females, a proxy for personality (Caro et al., 2023). The absence of a 
clearer effect of HIPVs on female reproduction remains surprising given 
that HIPVs represent a seemingly good predictor of caterpillar 
phenology and abundance in spring, when insectivorous birds like great 
tits start breeding. HIPVs are indeed already emitted when oak tree buds 
are growing and young caterpillars just hatched from their eggs (Gra-
ham et al., 2023), and high concentrations of HIPVs in the environment 
indicate higher herbivorous insect availability (Horiuchi et al., 2003; 
Girling et al., 2011; Miresmailli et al., 2012). The present results are also 
surprising knowing that female tits are able to detect HIPVs and to use 
them in a foraging context (Amo et al., 2013; Rubene et al., 2019; 
Graham et al., 2021; Sam et al., 2021; Rubene et al., 2023). We presently 

see three potential explanations for the lack of an effect of HIPVs on 
reproductive timing and investment in our captive great tits. 

First, the influence of supplementary cues on reproductive traits is 
generally subtle and often requires long-term experiments with large 
sample sizes to be able to detect an effect at the individual level. For 
example, while several correlative studies conducted in the field have 
repeatedly shown a link between temperature and seasonal timing of 
reproduction in birds (Visser et al., 2003; Dunn, 2004; Charmantier 
et al., 2008), it took almost ten years of experiments in controlled con-
ditions to understand the direct effect of temperatures on timing of 
reproduction in great tits (Visser et al., 2009; Schaper et al., 2012; 
Verhagen et al., 2020). In the present study, it is important to stress that 

Fig. 3. Hormonal profiles for 17β-estradiol (E2) in females and testosterone (T) in male great tits. 
A–B: E2/T profiles of females/males relative to the female egg laying date. Each line depicts one individual. 
C–D: E2/T profiles of females/males in the HIPV and control groups. Predicted values of the GAM model and 95 % confidence interval are depicted. 
E–F: The line represents the differences between the mean control and the mean HIPV curves from Figs. C–D for E2 and T levels, respectively. The area around the line 
represents the 95 % confidence interval for the estimation of this difference. Line and area are red when the confidence interval overlap zero, i.e. that hormone 
concentration between the control and the HIPV curves are not significantly different, otherwise they are blue. T concentration is significantly different around the 
laying period, from 11 days before laying to 8 days after. 
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we only conducted this experiment for one breeding season, and with 
only 30 females analyzed. Advancing laying dates experimentally using 
supplementary cues has generally proven difficult, very few studies 
using natural photoperiodic profiles managed to induce laying earlier 
than what females would normally do (Nilsson and Svensson, 1993; 
Gienapp and Visser, 2006; Visser et al., 2009; Schaper et al., 2012). 

Second, the sole presence of HIPVs might not be sufficient to trigger 
laying and increase investment in reproduction. Contrary to males that 
already exhibit robust gonadal response to the change in day length 
(Farner and Wilson, 1957), female reproduction results from a complex 
association of several environmental cues (Wingfield and Kenagy, 1991; 
Ball and Ketterson, 2008; Nakazawa et al., 2023), which could explain 
why it is difficult to show an effect of each cue tested in isolation of the 
others. This mainly owes to the supplementary nature of those cues, 
which only modulate the powerful effect of photoperiod (Wingfield 
et al., 1992). Temperature, food and water availability, social cues from 
conspecifics or heterospecifics are all cues that birds are likely to use to 
decide when to breed and how much to invest in it (Chmura et al., 2019), 
and females, more than males, might integrate those cues together for 
their annual reproductive decisions (Caro et al., 2009). For example, 
social interactions among breeding pairs were by design completely 
excluded from this study. If this isolation was necessary to precisely 
control the odorous signals to which each pair of birds was exposed, we 
cannot exclude that neighboring pairs are eavesdropping each other’s in 
the wild, or that they come to some kinds of mutual agreements. In that 
context, future studies should consider testing the interactive action of 
multiple cues, like HIPVs and temperature for example. 

Third, for an unknown reason, great tits in climate aviaries started 
laying particularly early in 2021. It was in fact one of the first times that 
captive females at the NIOO laid earlier than great tits in the wild (first 
egg date in our experiment: 7th April; first egg date in the wild: 17th 
April), which on average lay three weeks earlier than in captivity (Visser 
et al., 2009). Inducing an even earlier lay date in our experiment was 
thus probably even more difficult than usual. Our captive birds also lay 
surprisingly large or small broods compared to the wild. We have 
observed some clutches with only 1 (n = 2), 2 (n = 1) or 3 (n = 1) eggs 
and others with 18 (n = 1) and 19 (n = 2) eggs, whereas the usual 
average clutch size in great tit varies from 7 to 12 eggs (Perrins and 
McCleery, 1989). Such a large, unexplained, variance in clutch size 
renders the detection of a HIPV treatment effect quite challenging. 

We found no evidence for an effect of our HIPV treatment on 17β- 
estradiol (E2) levels in females. Given that E2 is tightly correlated with 
rapid yolk development (Williams et al., 2004), and that we found no 
effect of HIPVs on laying dates or clutch sizes, finding no link between E2 
and HIPVs might therefore not be surprising. E2 is also under control of 
the gonadotropin hormone LH, which in female great tits was found not 
to be influenced by the visual presentation of leafing branches and 
caterpillars (Schaper et al., 2011). On the other hand, in a recent study 
we found an effect of HIPVs on the growth of ovarian follicles, which 
produce E2, but that was restricted to a subset of females that were more 
exploratory when exposed to a novel environment (a proxy for person-
ality) (van Oers and Naguib, 2013; Caro et al., 2023). 

In conclusion, our results do not provide evidence that odours 
released by developing tree buds in response to caterpillar infestation 
trigger laying or increase reproductive investment in female great tits, 
even though they have been shown to attract females as well as males in 
a foraging context (Amo et al., 2013; Rubene et al., 2019; Graham et al., 
2021), and to modulate female gonadal responses in some cases (Caro 
et al., 2023). The picture in males is clearer, with a higher plasma 
testosterone in the presence of HIPVs (Graham et al., 2021). The fact 
that males are generally less picky than females in terms of environ-
mental signals eliciting a reproductive activation suggests that HIPVs 
might well be a player in the reproduction of insectivorous birds, but 
that it is challenging to detect and requires longer, or more complex 
experimental designs. Future studies should now focus on how detection 
of HIPVs could affect reproductive decisions, offspring condition and 

reproductive success in the wild, and on how females weigh the different 
environmental signals shaping their reproductive decisions. 
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annual variation in arthropod abundance affects blue tit Cyanistes caeruleus 
reproduction. Acta Ornithol. 42 (1), 53–62. https://doi.org/10.3161/068.042.0113. 

Marini, K.L.D., Otter, K.A., LaZerte, S.E., Reudink, M.W., 2017. Urban environments are 
associated with earlier clutches and faster nestling feather growth compared to 
natural habitats. Urban Ecosyst. 20 (6), 1291–1300. https://doi.org/10.1007/ 
s11252-017-0681-2. 

Martay, B., Leech, D.I., Shortall, C.R., Bell, J.R., Thackeray, S.J., Hemming, D.L., Pearce- 
Higgins, J.W., 2023. Aerial insect biomass, but not phenological mismatch, is 
associated with chick survival of an insectivorous bird. Ibis. https://doi.org/ 
10.1111/ibi.13190. 

McAllan, B.M., Dickman, C.R., 1986. The role of photoperiod in the timing of 
reproduction in the Dasyurid marsupial Antechinus stuartii. Oecologia 68 (2), 
259–264. https://doi.org/10.1007/BF00384797. 

McCormick, A.C., Unsicker, S.B., Gershenzon, J., 2012. The specificity of herbivore- 
induced plant volatiles in attracting herbivore enemies. Trends Plant Sci. 17 (5), 
303–310. https://doi.org/10.1016/j.tplants.2012.03.012. 

Miresmailli, S., Gries, R., Gries, G., Zamar, R.H., Isman, M.B., 2012. Population density 
and feeding duration of cabbage looper larvae on tomato plants alter the levels of 

plant volatile emissions. Pest Manag. Sci. 68 (1), 101–107. https://doi.org/10.1002/ 
ps.2229. 

Mrazova, A., Sam, K., Amo, L., 2019. What do we know about birds’ use of plant volatile 
cues in tritrophic interactions? Curr Opin Insect Sci. 32, 131–136. https://doi.org/ 
10.1016/j.cois.2019.02.004. 

Naef-Daenzer, B., Keller, L.F., 1999. The foraging performance of great and blue tits 
(Parus major and P. Caeruleus) in relation to caterpillar development, and its 
consequences for nestling growth and fledging weight. J. Anim. Ecol. 68 (4), 
708–718. https://doi.org/10.1046/j.1365-2656.1999.00318.x. 

Nakane, Y., Yoshimura, T., 2019. Photoperiodic regulation of reproduction in 
vertebrates. Annu Rev Anim Biosci. 7 (October), 173–194. https://doi.org/10.1146/ 
annurev-animal-020518-115216. 

Nakazawa, T., Hsu, Y.H., Chen, I.C., 2023. Why sex matters in phenological research. 
Oikos 1–14. https://doi.org/10.1111/oik.09808. 

Nelson, K., 1986. Photoperiod and reproduction in lobsters (Homarus). Integr. Comp. 
Biol. 26 (2), 447–457. https://doi.org/10.1093/icb/26.2.447. 

Nelson, R.J., 1985. Photoperiod influences reproduction in the prairie vole (Microtus 
Ochrogaster). Biol. Reprod. 33 (3), 596–602. https://doi.org/10.1095/ 
biolreprod33.3.596. 

Neuheimer, A.B., MacKenzie, B.R., Payne, M.R., 2018. Temperature-dependent 
adaptation allows fish to meet their food across their species’ range. Sci. Adv. 4 (7) 
https://doi.org/10.1126/sciadv.aar4349. 

Ngalameno, M.K., Bastos, A.D.S., Mgode, G., Bennett, N.C., 2017. The pattern of 
reproduction in the mole-rat Heliophobius from Tanzania: do not refrain during the 
long rains! Can. J. Zool. 95 (2), 107–114. https://doi.org/10.1139/cjz-2016-0153. 

Nilsson, J.Å., Källander, H., 2006. Leafing phenology and timing of egg laying in great 
tits Parus major and blue tits P. Caeruleus. J. Avian Biol. 37 (4), 357–363. https:// 
doi.org/10.1111/j.2006.0908-8857.03604.x. 

Nilsson, J.Å., Svensson, E., 1993. Energy constraints and ultimate decisions during egg- 
laying in the blue tit. Ecology 74 (1), 244–251. 

van Oers, K., Naguib, M., 2013. Avian personality. In: Animal Personalities: Behavior, 
Physiology, and Evolution. University of Chicago Press, pp. 66–95. 
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Rutkowska, J., Cichoń, M., Puerta, M., Diego, G., 2005. Negative effects of elevated 
testosterone on female fecundity in zebra finches. Horm. Behav. 47 (5), 585–591. 

Sam, K., Kovarova, E., Freiberga, I., Uthe, H., Weinhold, A., Jorge, L.R., Sreekar, R., 
2021. Great tits (Parus major) flexibly learn that herbivore-induced plant volatiles 
indicate prey location: an experimental evidence with two tree species. Ecol. Evol. 
11 (16), 10917–10925. https://doi.org/10.1002/ece3.7869. 

S. Delaitre et al.                                                                                                                                                                                                                                 

https://doi.org/10.1006/hbeh.2002.1795
https://doi.org/10.1006/hbeh.2002.1795
https://doi.org/10.1644/05-MAMM-A-411R2.1
https://doi.org/10.1098/rspb.2023.1067
https://doi.org/10.1098/rspb.2023.1067
https://doi.org/10.1093/beheco/10.1.91
https://doi.org/10.1093/beheco/10.1.91
https://doi.org/10.1086/681572
https://doi.org/10.1303/aez.2003.109
https://doi.org/10.1303/aez.2003.109
https://doi.org/10.1111/j.1474-919X.1987.tb03204.x
https://doi.org/10.1111/j.1474-919X.1987.tb03204.x
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0325
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0325
https://doi.org/10.1098/rstb.2007.0001
https://doi.org/10.1126/science.291.5511.2141
https://doi.org/10.1126/science.291.5511.2141
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0340
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0340
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0340
https://doi.org/10.1007/s10886-010-9802-6
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0355
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0355
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0355
https://doi.org/10.13140/RG.2.2.17823.92329
https://doi.org/10.13140/RG.2.2.17823.92329
https://doi.org/10.1186/s12862-015-0476-0
https://doi.org/10.1186/s12862-015-0476-0
https://doi.org/10.1016/j.beproc.2009.07.012
https://doi.org/10.1016/j.ygcen.2015.03.010
https://doi.org/10.1016/j.ygcen.2015.03.010
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0380
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0380
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0380
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0380
https://doi.org/10.1007/s11829-014-9296-1
https://doi.org/10.3161/068.042.0113
https://doi.org/10.1007/s11252-017-0681-2
https://doi.org/10.1007/s11252-017-0681-2
https://doi.org/10.1111/ibi.13190
https://doi.org/10.1111/ibi.13190
https://doi.org/10.1007/BF00384797
https://doi.org/10.1016/j.tplants.2012.03.012
https://doi.org/10.1002/ps.2229
https://doi.org/10.1002/ps.2229
https://doi.org/10.1016/j.cois.2019.02.004
https://doi.org/10.1016/j.cois.2019.02.004
https://doi.org/10.1046/j.1365-2656.1999.00318.x
https://doi.org/10.1146/annurev-animal-020518-115216
https://doi.org/10.1146/annurev-animal-020518-115216
https://doi.org/10.1111/oik.09808
https://doi.org/10.1093/icb/26.2.447
https://doi.org/10.1095/biolreprod33.3.596
https://doi.org/10.1095/biolreprod33.3.596
https://doi.org/10.1126/sciadv.aar4349
https://doi.org/10.1139/cjz-2016-0153
https://doi.org/10.1111/j.2006.0908-8857.03604.x
https://doi.org/10.1111/j.2006.0908-8857.03604.x
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0465
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0465
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0470
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0470
https://doi.org/10.1111/1365-2656.13251
https://doi.org/10.1111/1365-2656.13251
https://doi.org/10.1016/j.ygcen.2005.03.004
https://doi.org/10.1111/j.1474-919X.1970.tb00096.x
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0490
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0490
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0495
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0495
https://doi.org/10.1098/rstb.2007.2207
https://doi.org/10.1098/rstb.2007.2207
https://www.R-project.org/
https://www.R-project.org/
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0510
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0510
https://doi.org/10.1111/j.1365-2656.2012.02020.x
https://doi.org/10.1111/j.1365-2656.2012.02020.x
https://doi.org/10.1016/0016-6480(86)90048-1
https://doi.org/10.1146/annurev-ecolsys-110617-062535
https://doi.org/10.1371/journal.pone.0054120
https://doi.org/10.1002/ece3.4773
https://doi.org/10.1098/rsos.221336
https://doi.org/10.3389/fevo.2021.800057
https://doi.org/10.1890/02-0354
https://doi.org/10.1890/02-0354
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0555
http://refhub.elsevier.com/S0018-506X(24)00016-3/rf0555
https://doi.org/10.1002/ece3.7869


Hormones and Behavior 160 (2024) 105491

10

Schaper, S.V., Dawson, A., Sharp, P.J., Gienapp, P., Caro, S.P., Visser, M.E., 2012. 
Increasing temperature, not mean temperature, is a cue for avian timing of 
reproduction. Am. Nat. 179 (2) https://doi.org/10.1086/663675. 

Schaper, S.V., Rueda, C., Sharp, P.J., Dawson, A., Visser, M.E., 2011. Spring phenology 
does not affect timing of reproduction in the great tit (Parus major). J. Exp. Biol. 214 
(21), 3664–3671. https://doi.org/10.1242/jeb.059543. 

Schwabl, H., 1993. Yolk is a source of maternal testosterone for developing birds. Proc. 
Natl. Acad. Sci. U. S. A. 90 (12), 11446–11450. 

Silverin, B., 1980. Effects of long-acting testosterone treatment on freeliving pied 
flycatchers, Ficedula hypoleuca, during the breeding period. Anim. Behav. 28 (3), 
906–912. https://doi.org/10.1016/S0003-3472(80)80152-7. 

Sockman, K.W., Schwabl, H., 1999. Daily estradiol and progesterone levels relative to 
laying and onset of incubation in canaries. Gen. Comp. Endocrinol. 114 (2), 
257–268. https://doi.org/10.1006/gcen.1999.7252. 

Soma, K.K., Schlinger, B.A., Wingfield, J.C., Saldanha, C.J., 2003. Brain aromatase, 5α- 
reductase, and 5β-reductase change seasonally in wild male song sparrows: 
relationship to aggressive and sexual behavior. J. Neurobiol. 56 (3), 209–221. 

Szulkin, M., Zelazowski, P., Marrot, P., Charmantier, A., 2015. Application of high 
resolution satellite imagery to characterize individual-based environmental 
heterogeneity in a wild blue tit population. Remote Sens. (Basel) 7 (10), 
13319–13336. https://doi.org/10.3390/rs71013319. 

Thomas, D.W., Blondel, J., Perret, P., Lambrechts, M.M., Speakman, J.R., 2001. Energetic 
and fitness costs of mismatching resource supply and demand in seasonally breeding 
birds. Science (1979). 291 (5513), 2598–2600. https://doi.org/10.1126/ 
science.1057487. 

Thornton, M., Todd, I., Roos, S., 2017. Breeding success and productivity of urban and 
rural Eurasian sparrowhawks Accipiter nisus in Scotland. Ecoscience 24 (3–4), 
115–116. https://doi.org/10.1080/11956860.2017.1374322. 

Turlings, T.C.J., Tumlinson, J.H., Lewis, W.J., 1990. Exploitation of herbivore-induced 
plant odors by host-seeking parasitic wasps. Science (1979). 250 (4985), 1251–1253. 
https://doi.org/10.1126/science.250.4985.1251. 

Verhagen, I., Tomotani, B.M., Gienapp, P., Visser, M.E., 2020. Temperature has a causal 
and plastic effect on timing of breeding in a small songbird. J. Exp. Biol. 223 (8) 
https://doi.org/10.1242/jeb.218784. 

Visser, M.E., Both, C., Lambrechts, M.M., 2004. Global climate change leads to mistimed 
avian reproduction. Adv. Ecol. Res. 35 (04), 89–110. https://doi.org/10.1016/ 
S0065-2504(04)35005-1. 

Visser, M.E., Frank, Adriaensen, Van Balen, J.H., Jacques, Blondel, Dhondt, A.A., Van 
Dongen, S., Chris, Du Feu, Ivankina, E.V., Kerimov, A.B., Jenny, De Laet, et al., 2003. 
Variable responses to large-scale climate change in European Parus populations. 
Proceedings of the Royal Society B: Biological Sciences. 270 (1513), 367–372. 
https://doi.org/10.1098/rspb.2002.2244. 

Visser, M.E., Holleman, L.J.M., Caro, S.P., 2009. Temperature has a causal effect on avian 
timing of reproduction. Proceedings of the Royal Society B: Biological Sciences. 276 
(1665), 2323–2331. https://doi.org/10.1098/rspb.2009.0213. 

Visser, M.E., Holleman, L.J.M., Gienapp, P., 2006. Shifts in caterpillar biomass 
phenology due to climate change and its impact on the breeding biology of an 
insectivorous bird. Oecologia 147 (1), 164–172. https://doi.org/10.1007/s00442- 
005-0299-6. 

Visser, M.E., Schaper, S.V., Holleman, L.J.M., Dawson, A., Sharp, P., Gienapp, P., Caro, S. 
P., 2011. Genetic variation in cue sensitivity involved in avian timing of 
reproduction. Funct Ecol. 25 (4), 868–877. https://doi.org/10.1111/j.1365- 
2435.2011.01844.x. 

Visser, M.E., Silverin, B., Lambrechts, M., Tinbergen, J., 2002. No evidence for tree 
phenology as a cue for the timing of reproduction in tits Parus spp. Avian Science 2 
(2), 77–86. 

Visser, M.E., Van Noordwijk, A.J., Tinbergen, J.M., Lessells, C.M., 1998. Warmer springs 
lead to mistimed reproduction in great tits (Parus major). Proceedings of the Royal 
Society B: Biological Sciences. 265 (1408), 1867–1870. https://doi.org/10.1098/ 
rspb.1998.0514. 

Voigt, C., Meiners, T., Ter Maat, A., Leitner, S., 2011. Multisensory non-photoperiodic 
cue advances the onset of seasonal breeding in island canaries (Serinus canaria). 
J. Biol. Rhythms 26 (5), 434–440. https://doi.org/10.1177/0748730411414334. 

Wegge, P., Rolstad, J., 2017. Climate change and bird reproduction: warmer springs 
benefit breeding success in boreal forest grouse. Proceedings of the Royal Society B: 
Biological Sciences. 284 (1866) https://doi.org/10.1098/rspb.2017.1528. 

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis, Second edition. 
Springer. 

Williams, T.D., 2012. Physiological Adaptations for Breeding in Birds. Princeton 
University Press. 

Williams, T.D., Bourgeon, S., Cornell, A., Ferguson, L., Fowler, M., Fronstin, R.B., 
Love, O.P., 2015. Mid-winter temperatures, not spring temperatures, predict 
breeding phenology in the European starling Sturnus vulgaris. R. Soc. Open Sci. 2 (1) 
https://doi.org/10.1098/rsos.140301. 
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