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Abstract
Research on brood parasitism has focused primarily on specific host anti-parasite behaviours and
parasite counter-adaptations, and little is known about other aspects of their behaviours such as
consistent behavioural differences between individuals. Therefore, we examined consistency in
behaviour of nestlings of common cuckoos (Cuculus canorus) raised by great reed warblers (Acrocephalus arundinaceus). Cuckoo chicks showed high repeatability of both aggressive behaviour
and breath rate, and both traits were strongly correlated with each other. This represents the first
evidence for consistent differences in behaviour among avian brood parasites. Males were consistently more aggressive and less stressed than females. Nestlings of both sexes that hatched later in
the season exhibited higher levels of aggression and lower stress responses than nestlings hatched
earlier. This suggests that rearing conditions (e.g., food availability and quality) may modulate
stress and aggressive phenotypes of brood parasites. We discuss potential effects of the observed
patterns on host-parasite dynamics.
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1. Introduction
Obligate interspecific brood parasitism in birds (i.e., when females lay their
eggs in the nests of other species leaving them to raise their nestlings) constitutes one of the best-known examples of coevolution in vertebrates and
has been the subject of many studies in behavioural ecology and evolutionary biology (Rothstein, 1990; Davies, 2000; Soler, 2017). Most research on
avian brood parasitism has therefore focused primarily on specific host antiparasite behaviours (discrimination of parasite eggs, young and adults) and
both parasite behavioural and morphological counter-adaptations (mimicry
in parasite eggs, young and adults; reviewed in Soler, 2017). In contrast, little
is known about the role of those traits that did not evolve specifically during
parasite-host coevolution but still could influence the coevolutionary dynamics (general life-history traits sensu Grim et al., 2011). Such traits have been
so far studied very little and almost exclusively in the common cuckoo (Cuculus canorus, hereafter: cuckoo) (egg-laying at two days intervals: Davies,
2000; internal incubation: Birkhead et al., 2011; nestling repulsive secretions: Trnka et al., 2016) and its hosts (mating system: Trnka & Prokop,
2011; nest cup design: Grim et al., 2011; clutch size: Hauber et al., 2014;
nestling diet: Grim et al., 2017).
One such largely neglected aspect of brood parasite and host behaviours is
consistent behavioural differences between individuals or personality (Avilés
& Parejo, 2011). There is growing evidence that individual animals, including birds, differ consistently in their behaviour among each other (i.e., they
exhibit a personality) and that these differences can covary with other repeatable traits, either behavioural or states (behavioural syndrome and paceof-life syndrome: Sih et al., 2004; Réale et al., 2010). For example, some
individuals are consistently more aggressive or bolder than other individuals
and aggressive individuals are also bold in different contexts or situations
(Verbeek et al., 1996; Dingemanse et al., 2007; Hollander et al., 2008). In
addition, such personality traits and traits’ correlations can be heritable and
may have important fitness consequences (Dingemanse et al., 2002, 2004;
van Oers et al., 2005; Smith & Blumstein, 2008).
In accordance with this conception, some recent theoretical and empirical
studies have suggested that such behavioural differences between individuals may predict the susceptibility of individual hosts to brood parasitism and
variation in their anti-parasite behaviour (Avilés & Parejo, 2011; Guigueno
& Sealy, 2011; Samaš et al., 2011; Avilés et al., 2014; Grim et al., 2014a;
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Trnka & Grim, 2014). Specifically, bold or more aggressive host individuals
are more likely to defend their nests against adult brood parasites (Trnka &
Grim, 2014) and reject parasitic eggs more often than shy or less aggressive
hosts (Avilés et al., 2014; but see Trnka & Grim, 2014). Such individuals,
on the other hand, may be more prone to being parasitized because they
are also more active and, thus, expose themselves more to brood parasites
than shy host individuals (cf. nesting-cue hypothesis, Robertson & Norman,
1977). Other behavioural traits that may relate to specialized host defences
and influence the risk of brood parasitism are exploratory behaviour, aggressiveness against conspecifics and sociability (Avilés & Parejo, 2011).
However, not only hosts but also brood parasites may exhibit consistent
differences in their behaviour that could affect the likelihood of successful
brood parasitism. For example, bold and aggressive brood parasite females
would be expected to be more successful at parasitizing the nests of more
aggressive hosts than shy and non-aggressive parasite females. On the other
hand, shy and non-aggressive parasites with less conspicuous behaviour
could be more effective at parasitizing the nests of good egg discriminators
because sight of a brood parasite near host nest facilitates egg discrimination
by hosts (Moksnes et al., 2000; Požgayová et al., 2009; see also Hanley et
al., 2015). As shown earlier, selection on aggressive behaviour might also
result in a positive feedback between an increasingly retaliating (mafia-like)
parasite and ever more compliant host behaviours (Soler et al., 1995; Hoover
& Robinson, 2007).
Similarly, in brood parasitic nestlings, an individual’s personality traits
can affect the dynamics of its interactions with foster parents and stepsiblings (in the case of non-evictor brood parasite species: Hauber & Ramsey,
2003), thereby influencing the amount of food received and, consequently, its
growth, survival and fitness. Importantly, nestling behavioural traits could be
also used as a predictor of an individual’s future adult personality (McCowan
& Griffith, 2014; but see Fucikova et al., 2009). Nevertheless, in contrast to
host personality or behavioural syndrome (Avilés & Parejo, 2011; Trnka &
Grim, 2014; Avilés et al., 2014), no studies have so far examined consistent individual differences in behaviour of obligate brood parasites (including
their nestlings: Grim, 2007a) and their role in the host-parasite dynamics.
Here we made the initial step to fill this gap. We investigated two behavioural responses (aggression and breath rate during handling) in the
nestlings of the common cuckoo raised alone in the nests of the great
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reed warbler (Acrocephalus arundinaceus) hosts. The limited number of
behavioural assays and measurements are trade-offs between data strength
and experimental context (natural vs laboratory conditions, for more details
see Material and methods). Handling aggression and breath rate are widely
accepted and commonly used behavioural traits in studies of behavioural
correlations in birds, including their nestlings (Carere & van Oers, 2004; Fucikova et al., 2009; Brommer & Kluen, 2012; but see David et al., 2012),
where breath rate, although it is not a true personality trait by definition, is
generally considered a good predictor of personality and by some authors
even accepted as a personality trait (e.g., Class & Brommer, 2015). Moreover, breath rate represents also an important indicator of acute physiological
stress response (van Oers et al., 2015).
We first tested whether handling aggression and breath rate are statistically
repeatable and correlate with each other and thus reflect consistent individual
differences in behavioural responses of cuckoo nestlings to handling. Given
that intersexual differences in life-history and sexual selection pressures can
lead to sex differences in behavioural traits and their correlations (Schuett et
al., 2010; Fresneau et al., 2014), we further examined whether there are also
differences between male and female cuckoo nestlings in their behavioural
responses. To our knowledge, only a single study focused so far on sex
differences in cuckoo nestling behaviour (begging and pecking) but did not
find any (Abraham et al., 2015). We predicted that (a) nestling males are
due to their bigger size (Glutz von Blotzheim & Bauer, 1980; Požgayová et
al., 2018) and generally higher levels of testosterone (Wingfield et al., 1987;
Soma, 2006) consistently more aggressive than nestling females and, on the
contrary, (b) they will exhibit lower responses to handling stress than females
since negative correlation between handling aggression and breathing rate
was found in nestlings of other avian species (Brommer & Kluen, 2012).
2. Material and methods
2.1. Study sites and general field procedures
The study was conducted in 2016 and 2017 at seven localities in the Podunajská nížina lowland, SW Slovakia: three fishpond systems near Štúrovo
(47°51 N, 18°36 E), Trnava (48°21 N, 17°33 E) and Horná Krupá (48°29 N,
17°32 E), one gravel pit near Majcichov (48°16 N, 17°39 E), one small water reservoir near Jatov (48°08 N, 18°01 E) and two canals near Komárno
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(47°47 N, 18°00 E and 47°49 N, 18°00 E). The distances between these localities ranged from 5 to 97 km. Detailed descriptions of the most of them
are available elsewhere (Prokop et al., 2009; Trnka et al., 2009, 2010, 2013;
Trnka & Prokop, 2010). The number and position of localities as well as
the year of the study (each locality was sampled in only one year) were
selected in order to reduce the probability of kinship relationships among
tested cuckoo nestlings as handling aggression and breath rate are known to
be heritable in some bird species (Class et al., 2014). Such spatial metareplication should also lead to stronger conclusions than any single study site
study could in principle (see, e.g., Grim et al., 2011).
From May to late July, we searched littoral vegetation for the parasitized
nests of the great reed warbler that is the main cuckoo host in the study
sites. Successfully parasitized nests (i.e., nests where a cuckoo egg had been
accepted by hosts) were monitored daily around the expected hatching date
to accurately determine the age of cuckoo nestlings. Thereafter, we did not
visit the nests until behavioural measurements. Thus, cuckoo nestlings were
not influenced by our research activity before the experiment was performed
(cf. Hanley et al., 2015). Out of 67 nests with accepted cuckoo eggs, 11 nests
were predated during the incubation period and 15 failed due to other reasons
during the incubation or nestling stages. Thus, in total we tested 41 cuckoo
nestlings (22 males and 19 females).
Given that blood collection for DNA sexing can cause additional stress in
avian nestlings (van Oers & Carere, 2007), tested chicks were sampled after
all behavioural measurements were taken. We took 3–5 small drops of blood
from nestlings’ medial metatarsal vein and preserved it in 70% ethanol. Subsequent sex determination was performed in the private accredited genetic
laboratory Genomia (https://www.genomia.cz/en/).
We conducted the first handling tests on 15–16 days old cuckoo nestlings
(hatching day = 0) and, to be able to estimate the statistical repeatability
of behavioural traits, we repeated measurements on each individual nestling
3 days later. This relatively short time interval between the two trials was
limited by ontogeny and fledging time of cuckoo nestlings. However, similar
intervals between consecutive measurements have been also successfully applied in other studies on avian chicks (see, e.g., Krams et al., 2014; McCowan
& Griffith, 2014; Karlíková et al., 2018). Both ages were suitable for carrying
out such tests in this species as nestling stress and aggressive self-defence
responses are fully developed after the age of two weeks post-hatch and
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nestlings are already fully feathered (Mikulica et al., 2017; pers. obs.) and
in the asymptotic phase of their growth (Kleven et al., 1999; Grim & Samaš,
2016; Li et al., 2016). During the second set of measurements nestlings were
already shortly before fledging: cuckoo nestlings fledge from great reed warbler nests when about 18–21 days old (own data; see also Kleven et al., 1999;
Grim & Samaš, 2016; Li et al., 2016). However, there are low risks of inducing premature fledging (in contrast to host nestlings: Grim, 2007b) because
cuckoo chicks are passive and can be safely handled until fledging (own field
experience from handling cuckoo nestlings in various host species, including great reed warblers: Grim, 2006; Grim et al., 2011, 2014b, 2017; Grim
& Samaš, 2016; Li et al., 2016; Trnka et al., 2016; Mikulica et al., 2017) and
even after fledging (up to three days post-fledge: Tyller et al., 2018) without
inducing an escape response.
2.2. Handling aggression and breath rate
We started the handling aggression test by gently grabbing and removing the
cuckoo nestling from the host nest. Immediately after removal, we weighed
each nestling with a Pesola spring balance to the nearest 0.1 g. The entire
procedure (grabbing, removing and handling) took about 5 min. During this
period we scored the nestling’s response to being handled on an interval
scale ranging from 1 (an individual is completely passive) to 5 (an individual
struggles continuously) (following Brommer & Kluen, 2012).
After handling, we put the nestling into a cloth bag where it was kept for
5 min to stabilise its respiratory rate (see also Torne-Noguera et al., 2014).
Thereafter, we carefully removed it from the bag, fixed in hand (following
Fucikova et al., 2009) and measured time that passed during 30 breaths by
the cuckoo nestling with a stopwatch for two consecutive times (Brommer
& Kluen, 2012). We then calculated breath rate (number of breaths per 1 s)
as the average of these two measurements.
All tests were performed by the first author (AT). All tested nestlings
successfully fledged from their nests.
2.3. Statistical analyses
2.3.1. Within-trait repeatability
We calculated adjusted within-trait repeatability (Nakagawa & Schielzeth,
2010) using univariate models with the package lme4 (Bates et al., 2015)
for the trait “breath rate” (linear mixed-effects model) and package ordinal
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(Christensen, 2018) for “handling aggression” (ordered logit mixed-effects
models) using software R v. 3.5.0 (R Development Core Team). Full models
contained fixed predictors: “nestling sex” (binary, male and female), “date”
of experiment (continuous; 1 = 1st May), “daytime” (continuous, hour),
ambient “temperature” (continuous, in °C), “mass” (continuous) and interaction of “nestling sex” and “mass”. We controlled for repeated measures
of the same individual by including “nestling ID” as a random intercept.
Predictors involved in interactions were centred around their means to make
biologically lower order predictors interpretable (Schielzeth, 2010). Potential
collinearity among the covariates was satisfactory: variance inflation factors
were <1.8 for all predictors (Zuur et al., 2010).
We used stepwise regression with backward elimination of statistically
non-significant predictors to create the final models (Grafen & Hails, 2002).
However, we present outputs of both the full (with all predictors) and final
reduced models because different statisticians recommend either the former
or the latter approach (Forstmeier & Schielzeth, 2011; Grafen & Hails, 2002,
respectively). Adjusted repeatability from the final linear model was calculated as the between-individual variance divided by the sum of the betweenindividual and within-individual variance (Nakagawa & Schielzeth, 2010).
Adjusted repeatability from the final ordered logit model was calculated
by the formula r = VB/(VB + VE + π 2/3), where VB is between-group
variance, VE is the residual variance fixed to 0, and π 2/3 is the inherent
distribution-specific variance (Nakagawa & Schielzeth, 2010). The asymptotic 95% confidence intervals for the repeatability estimates from the mixedeffects models were calculated using the package psych (Revelle, 2018).
2.3.2. Between-trait correlations
We employed the Bayesian multi-response mixed-effects model (package
MCMCglmm, Hadfield, 2010) to estimate the covariance between the both
repeatable behavioural traits at the individual level. The response of “breath
rate” was modelled as Gaussian (link identity) and “handling aggression”
as ordinal (link probit, family threshold). We included fixed predictors of
“nestling sex” and experimental “date” as both were statistically significant
in previous within-trait repeatability analyses. We again included “nestling
ID” as a random intercept effect to control for repeated measures. We set an
uninformative flat prior and ran 1 × 105 iterations with a burn-in phase of
3000 and a thinning interval of 10 to obtain >9000 effective samples per parameter for posterior inference. We fitted an unstructured covariance matrix
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for the grouping effect “nestling ID” and fixed residual variance associated
with categorical response “handling aggression” to 0. From the model output, we obtained a posterior distribution for between-trait covariance and
standardized it to get a correlation estimate with 95% credible intervals. We
obtained empirical like p-value from posterior samples to test significance
for the fixed effects “nestling sex” and “date” across both response variables.
For this purpose, we used Wald test (package aod v. 1.3, Lesnoff & Lancelot,
2012), which uses predictor posterior mean and posterior covariances to calculate chi-square value with p-value. Simulations showed that such test of
predictor effect under multi-response method is superior to corresponding
univariate tests (Ruotsalainen, 2017).
2.4. Ethical notes
We followed guidelines of the Animal Behaviour Society for the ethical use
of animals in research. Licences and permission to handle the birds and to
perform the experiments were provided by the Ministry of Environment of
the Slovak Republic. When locating and checking great reed warbler nests
we moved slowly through the reeds trying to avoid damaging reed stems and
disturbing breeding birds or attracting potential nest predators. According to
our previous experience (e.g., Trnka et al., 2016, 2018) we are also sure that
our field experiments did not negatively affect survival of cuckoo nestlings.
3. Results
Cuckoo nestlings (N = 41) showed high within-trait repeatability for both
behavioural traits, i.e., handling aggression and breath rate (Table 1, Figure 1). Correlations among the two traits were high with a negative relationship between breath frequency and handling aggression (Table 1, Figure 1),
controlling for significant effects of nestling sex (χ 2 = 19.3, p < 0.0001)
and experimental date (χ 2 = 29.6, p < 0.0001).
In comparison to female cuckoo nestlings (N = 19), male cuckoo
nestlings (N = 22) had lower breath rate (Table 2, Figure 2) and were more
aggressive during handling than females (Table 3, Figure 2). In both sexes,
as the season progressed, breath rate decreased (Table 3) whereas handling
aggression increased (Table 2). Furthermore, higher body mass was associated with increased handling aggression in male cuckoos while females’
aggression decreased with their increasing mass (Table 3).
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Table 1.
Correlation estimates within and between two behavioural traits in common cuckoo nestlings
and (co)variance components used for their calculation (see Statistical analyses for details).
Trait

r (95% CI)

Breath rate

0.96 (0.92, 0.98)

Handling
aggression
Breath rate vs
handling
aggression

0.75 (0.49, 0.88)
−0.75 (−0.89, −0.58)

Component
Intercept variance
Residual variance
Intercept variance
Residual variance
Covariance
Breath variance
Handling variance

Estimate (95% CI)
0.029 (0.017, 0.045)
0.0013 (0.0008, 0.0020)
9.679 (2.865, 17.676)
–
−0.134 (−0.240, −0.079)
0.024 (0.016, 0.041)
1.338 (0.878, 2.170)

r values represent within-trait adjusted repeatabilities for traits “breath rate” and “handling aggression” and between-trait standardized covariance for “breath rate vs handling
aggression”. For the adjusted repeatabilities, the variances (presented with their 95% confidence intervals) were calculated using frequentist univariate mixed-effects models. For the
between-trait correlation, (co)variances (presented with their 95% credible intervals) were
calculated using Bayesian multi-response mixed-effects model (see Statistical analyses).

4. Discussion
We found that aggression and breath rate during handling were highly repeatable and correlated with each other in common cuckoo nestlings. Additionally, we detected statistically significant differences in behaviour of
cuckoo nestlings based on their sex: compared to females, males were more
aggressive and showed less stress as evidenced by their breath rate. These
sexual differences also showed contrasting covariation with other traits between the two sexes: heavier males were more aggressive whereas heavier
females showed decreased aggression. These results provide the first empirical evidence for the consistent individual and sex-specific differences in
behaviour among brood parasites.
4.1. Behavioural consistency
High repeatability of the two behavioural traits indicates their high shortterm consistency. However, given that repeatability of any behaviour is
known to decrease with the length of an interval between the consecutive
measurements (Bell et al., 2009; Grim et al., 2014a), results do not allow us
to assess to what extent (if at all) breath rate and handling aggression are
individually consistent later in life, i.e., in fledglings and adults.
Moreover, due to relatively high behavioural plasticity in young animals,
differences among adult individuals may often be blurred (Polverino et al.,
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Figure 1. Scatterplots of within-trait covariance between the first and second test for the
two tested behavioural traits and their between-trait covariance in parasitic common cuckoo
nestlings (females: N = 19, open circles; males N = 22, closed circles). Handling aggression
was measured on an ordinal scale (see Material and methods for details), breath rate is
expressed as the number of breaths per second.
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Table 2.
Outputs of full and final reduced models explaining variation in breath frequency in common
cuckoo nestlings (continuous response variable).
Predictor

Intercept
Sex (F)
Date
Daytime
Temperature
Mass
Sex × mass

Full model
2 = 0.36, R 2 = 0.97,
(Rm
c
AICc = −82.9)

Final model
2 = 0.35, R 2 = 0.97,
(Rm
c
AICc = −128.8)

F

p

Estimate ± SE

F

p

Estimate ± SE

–
16.5
6.1
1.2
0.1
0.9
0.2

–
0.0002
0.02
0.37
0.59
0.34
0.23

1.76 ± 0.16
−0.22 ± 0.05
−0.007 ± 0.006
0.007 ± 0.006
−0.001 ± 0.002
0.001 ± 0.003
0.002 ± 0.004

–
16.1
6.3
–
–
–
–

–
0.0003
0.01
–
–
–
–

1.79 ± 0.13
−0.22 ± 0.05
−0.006 ± 0.002
–
–
–
–

2 ) and conditional (R 2 ) R-squared accomModel fits are summarized using marginal (Rm
c
panied with AICc (Nakagawa & Schielzeth, 2013). (F), female as the reference level of the
predictor.

2016a,b). Although some studies suggested that nestling behaviour can be
predictive of future adult phenotype (McCowan & Griffith, 2014), there is
mixed evidence for the consistency of behaviour over the ontogeny (reviewed in Wuerz & Krüger, 2015), and a number of studies showed many

Figure 2. Sex-related differences in breath rate (number/s) and handling aggression (ordinal
scale, see Material and methods for details) in female (N = 19) and male (N = 22) common
cuckoo nestlings.
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Table 3.
Outputs of full and final reduced models explaining variation in handling aggression in
common cuckoo nestlings (ordinal response, see Methods for details). “[F]” = female as
the reference level of the predictor.
Full model (AICc = 335.1)

Predictor

Sex (F)
Date
Daytime
Temperature
Mass
Sex × mass

Final model (AICc = 332.9)

χ2

p

Estimate ± SE

χ2

p

Estimate ± SE

3.89
9.36
0.15
1.8
0.1
4.8

0.049
0.002
0.70
0.18
0.81
0.03

2.17 ± 1.11
0.19 ± 0.07
0.13 ± 0.33
0.15 ± 0.11
−0.20 ± 0.15
0.43 ± 0.21

4.17
9.04
–
–
0.1
4.8

0.041
0.003
–
–
0.81
0.03

2.26 ± 1.12
0.19 ± 0.07
–
–
−0.21 ± 0.14
0.43 ± 0.21

behavioural traits including breath frequency to change across an individual’s lifespan (Dingemanse et al., 2010; Class & Brommer, 2016; Favati et
al., 2016; Polverino et al., 2016a). Therefore, further research should focus
on similar behavioural assessments on longer time-scales in order to determine whether different selection pressures on juvenile and adult cuckoos
could lead to individual differences in tested traits (Stamps & Groothuis,
2010a).
4.2. Sex differences
Interestingly, we found males to be consistently more aggressive and less
stressed during handling than females indicating the sex-specific susceptibility to acute stress in cuckoo chicks. Although previous studies have also
found that aggressive or bold birds tend to be less susceptible to handling
stress (Carere & van Oers, 2004; Brommer & Kluen, 2012), none of them
have shown intersexual differences in these tendencies in nestlings.
Observed differences can be determined environmentally, genetically (genetic differences between males and females), or maternally (sex-specific
allocation of maternal hormones to eggs: Groothuis et al., 2005; Eising et al.,
2006; von Engelhardt et al., 2006). The differences may result from different
selection pressures on males and females associated with their different roles
in the brood parasitic breeding strategy (Schuett et al., 2010). Note that only
cuckoo females seek and choose host nests for parasitism (Wyllie, 1981),
whereas males’ reproductive success depends mainly on the number of females that they mate with and their ability to keep other males away from
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potential mates. Hence, more aggressive males should be more successful
in occupying and defending large territories, and so, in mating with more
females as well. Our results suggest that these potential sex differences in
adults (yet to be tested) can originate already in young cuckoos.
In contrast, a previous study on the behaviour of cuckoo nestlings have
found no sexual differences in other behavioural traits such as begging vocalization and the number of pecks directed at host parents (Abraham et al.,
2015). Similarly, male and female nestlings did not differ in their pecking
behaviour directed towards the researcher in our preliminary study (results
not shown). Sample sizes were only slightly smaller (N = 15 per sex) in the
study of Abraham et al. (2015) than in the present study (N approximately
20 per sex); thus, the power of the tests alone is an unlikely explanation for
these differences.
One explanation for the differences may be that begging represents a behaviourally completely different behavioural trait compared to aggression
during handling and breath rate (see also Trnka & Grim, 2014). Specifically,
nestling begging is motivated to elicit the food intake whereas handling aggression represents an immediate response to threat. It is likely that begging
is more variable and plastic compared to aggression and breath rate because begging reflects immediate chick hunger (which is necessarily highly
variable) whereas stress-related traits reflect self-defence (which should be
less variable as a choice between self-preservation and death); if that is true
than the higher variation (i.e., lower repeatability) in begging, coupled with
slightly smaller sample sizes (see above), would not allow to statistically
detect any sex-specific differences in begging even if they existed. The sexspecific differences in begging are likely because cuckoo males reach higher
asymptotic mass than females (Požgayová et al., 2018) and this would be
hard to explain if there were not any differences in food intake which implies
differences in begging too. Indeed, nestling cuckoo males tend to be fed more
than cuckoo females (Figure 2d in Abraham et al., 2015) although the difference did not reach conventional statistical significance. However, cuckoo
nestlings were not tested for the repeatability of their begging behaviour by
Abraham et al. (2015) which provides an impetus for more research in this
area.
4.3. Seasonal patterns
Cuckoo nestlings of both sexes that hatched later in the season exhibited
higher levels of aggression and lower reactions to handling stress than
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nestlings hatched earlier. Given that not only genetic but also environmental
factors can contribute to the expression and development of behavioural traits
(Groothuis & Carere, 2005; Stamps & Groothuis, 2010b), observed seasonal
patterns in the cuckoo nestling behaviour could also be caused by potential
changes in concentrations of maternal hormones transferred to cuckoo egg
yolks over the laying sequence (Groothuis et al., 2008).
Indeed, cuckoo females lay their eggs at two-day intervals and a single
female may produce as many as 15 eggs in a season (up to 25 eggs: Wyllie,
1981), i.e., their egg laying process takes around 30 days (or even more)
(as also suggested from cuckoo migration patterns: Willemoes et al., 2014).
Thus, if yolk hormones, such as androgens or corticosterone (the main stress
hormone in birds: Palme et al., 2005), decrease over the laying sequence,
then cuckoo nestlings hatched later in the season should also exhibit lower
levels of stress (lower rate of breathing) than nestlings hatched earlier in the
season. However, previous studies on hormonal levels in cuckoos either did
not test for seasonal effects (Török et al., 2004; Igic et al., 2015) or did not
find any effects of date in the season (Hargitai et al., 2012).
Additionally or alternatively, seasonal behavioural patterns might reflect
seasonal changes in the amount and quality of food delivered by foster parents to cuckoo nestlings (Grim et al., 2017). Several previous studies have
confirmed that nestlings of altricial birds provisioned with lower amounts of
some types of food (mainly caterpillars and spiders) have a stronger stress
response than nestlings that received larger quantities of the same food type
(Arnold et al., 2007; van Oers et al., 2015). Cuckoo nestling diet varies
strongly and consistently both among host species (Grim & Honza, 2001;
Martín-Gálvez et al., 2005; see also Tyller et al., 2018) and among host pairs
(within a single host species: Grim et al., 2017) and differs consistently from
diet delivered to host nestlings (Grim & Honza, 2001; Martín-Gálvez et al.,
2005). However, according to Abraham et al. (2015), the amount of food
brought to cuckoo nestling by great reed warbler foster parents decreased
significantly as the breeding season progressed, regardless of the nestling
mass (but see Grim et al., 2017). We therefore suggest that not the amount
of food, but rather a specific type of food available later in the season should
have more influence on expression of behavioural traits we tested.
Handling aggression was positively correlated with the mass of male
(but not female) cuckoo nestlings in our study suggesting different potential effects of food on nestling behaviour in males and females. However,
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previous studies of cuckoo nestling growth did not consider nestling sex
(reviewed in Grim, 2006; Grim & Samaš, 2016; but see Požgayová et al.,
2018). Therefore, and given that other environmental factors can also contribute to observed patterns, additional experimental evidence is needed to
test above mentioned explanations. Nevertheless, results should still be interpreted with caution because although breath rate is considered a reliable
proxy of the physiological response of birds to acute stress (Carere & van
Oers, 2004; Fucikova et al., 2009; van Oers et al., 2015), measuring the frequency of respiratory acts in small species has some limitations (Fučíková
et al., 2009; Torné-Noguera et al., 2014; Trnka et al., 2018). Hence, given
that any stress response typically involves the activation of endocrine mechanisms, mainly secretion of glucocorticoid hormones such as corticosterone
that boost energy availability to respond appropriately to a given stress, future studies examining baseline corticosterone levels of individual nestlings
and their ability to release this hormone in response to handling will be necessary.
4.4. Conclusions
The findings on the consistency and sex-specific differences in aggressive
and stress responses to repeated handling in the common cuckoo nestlings
have important theoretical, as well as practical implications. Future studies should address the question whether aggression and stress responses
of cuckoo nestling to handling may extend to other behavioural traits and
whether it is influenced by diet fed to cuckoo nestlings. Given that early
rearing environment such as food availability can have significant effect on
behaviour of animals later on in their lives (van Oers et al., 2015; Langenhof & Komdeur, 2018), the quality of the hosts in terms of provisioning
behaviour may also influence the behavioural phenotype of adult cuckoos:
e.g., some great reed warbler hosts feed cuckoo nestlings with vertebrate
diet, namely small mammals, fish and amphibians (Trnka, 1995; Mikulica et
al., 2017). Thus, consistent behavioural differences in both young and adult
cuckoos would affect the dynamics of coevolutionary arms-race between
avian brood parasites and their hosts just like the host consistent behaviour
has already been documented to have important effects on parasite fitness
(Avilés et al., 2014; Grim et al., 2017). Therefore, addressing these topics
experimentally is a major challenge for future studies. On the other hand,
sex-specific susceptibility to handling stress in cuckoo nestlings and potential
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long-term behavioural and physiological effects of exposure to such manipulations (van Oers & Carere, 2007) should also be taken into methodological
considerations in studies of behaviour in the common cuckoo and potentially
other brood parasite species nestlings.
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