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Abstract An evolutionarily fundamental, yet rarely exam-
ined, aspect of host–parasite arms races is the repeatability
of individual host responses to parasitism. We examined the
repeatability of egg ejection, and the latency to eject, across a
time-scale of days (within one breeding attempt), weeks and
months (between breeding attempts within one breeding sea-
son), and years (across different breeding seasons). The ejec-
tion of non-mimetic model eggs by European blackbirds,
Turdus merula, showed overall high repeatability (r~0.70)
and, similar to empirical patterns on most other behavioral
traits already studied, showed decreasing repeatability with
time. In contrast, latency to ejection showed negligible repeat-
ability overall (r ~0.20) and did not change with time. Ejection
rates, latencies to ejection and the repeatability of egg ejection
did not differ between young and old females. Previous expe-
rience with experimentation (number of model eggs the female
received before the focal trial) marginally non-significantly
covaried with egg ejection (positively) and with latency to
egg ejection (negatively). Repeatability estimates for both egg
ejection and latency to egg ejection at the within one breeding
attempt time-scale did not statistically differ from those report-
ed in a previous study of a different blackbird population

(introduced population in New Zealand). To our knowledge,
this is the first comparison of behavioral repeatability between a
native vs. introduced population of any animal species.
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Introduction

Patterns of individual variation vs. predictability in animal
behavior have always been in the focus of classical and
modern ethological studies (Bell et al. 2009). The social-
and ecological context-specificity of repeatability can inform
research into both the developmental and cognitive basis of
behavioral consistency and it also provides the substrate for
selection to act on decision making algorithms and behavioral
repertoires in general. Repeatability in the context of anti-
parasitic responses of hosts of avian brood parasites (e.g.,
egg rejection; Soler 2014), both at the level of individual traits
and regarding the potential covariation of the entire suite of
different anti-parasitic behaviors have only recently gained
prominence (Avilés and Parejo 2011; Samaš et al. 2011).

Any empirical or theoretical study of host egg discrimina-
tion implicitly assumes that observed host response (egg
accepted or rejected) reflects an intrinsic heritable property
of the individual – this is obvious from the terminology of host
individuals being described as “acceptors” or “rejecters” (see
discussion and references in Samaš et al. 2011). In some hosts,
responses to foreign eggs vary according to actual parasitism
rate and/or perceived risks of parasitism (e.g., Thorogood and
Davies 2013). Such phenotypic plasticity (Welbergen and
Davies 2012) is not contradicting the assumption of heritabil-
ity and repeatability of egg rejection: by definition (Nakagawa
and Schielzeth 2010), repeatability refers to host responses to
a repeatedly presented identical cue (e.g., plain blue egg
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model) in the same context (e.g., high parasitism risk) no
matter how the same host's responses vary across different
cues (e.g., blue vs. spotted eggs; Samaš et al. 2011) or condi-
tions (e.g., high vs. low parasitism risk; Thorogood and Da-
vies 2013). In other words, researchers assume that observed
host responses, other things being equal, are not random, do
not represent inconsistent behavioral noise but, instead, reflect
repeatable host decisions to respond to particular egg cue and
level of perceived parasitism risk. In any scientific research
area it is essential to revisit such basic assumptions that
underlie any empirical and theoretical work (see Samaš et al.
2011).

Repeatability estimates in host–parasite interactions are also
critical for any study comparing host responses across popu-
lations or species. This is because such comparative studies
implicitly assume that per population or species estimates of
egg rejection rates are repeatable at these respective levels of
biological complexity (i.e., do not represent a random noise).
For example, many published estimates of egg rejection rates
are from studies where host responses were tested only in the
host laying period (e.g., Moskát and Hauber 2007), whereas
other studies were conducted in both laying and incubation
periods (e.g., Grim et al. 2011). If individual hosts change their
responses between laying and incubation (e.g., Moksnes et al.
1993; Moskát et al. 2014), then it is not meaningful to directly
compare egg rejection rates from studies made at different
breeding periods when proportions of experiments done at
various breeding stages differ among studies.

Predictions about repeatability depend on exact timing of
subsequent parasitism events within or across breeding stages
(laying or incubation) and temporal scale (days, months,
years; Table 1). Generally, the repeatability of avian breeding
behaviors may be studied at three major temporal scales:
within one breeding attempt (hereafterWBA), between breed-
ing attempts within one breeding season (hereafter BBA), or
between breeding attempts across different breeding seasons
(hereafter BBS). Empirically, the repeatability of nearly all
behavioral traits ever tested decreases with time passed (Bell
et al. 2009). Based on this well-documented pattern, we call
our first tested scenario “behavioral decay”. This scenario
predicts decreasing repeatability in time (WBA>BBA>
BBS). This is a null hypothesis where temporal changes in
host responses are simply a result of noise (e.g., recognition
errors, Reeve 1989) which, other things being equal, increase
with increasing time frame of host repeated responses (Reeve
1989).

An alternative “coevolutionary” scenario takes into ac-
count costs and benefits of host behaviors in response to
parasitism and assumes that the temporal patterns of host
responses and, consequently, their repeatability, reflect a spe-
cifically evolved host adaptation (Table 1). For example,
parasite eggs laid later during the host breeding attempt typ-
ically cause less fitness loss than earlier laid eggs, because

later hatched parasite chicks may fail to evict host progeny
(Grim et al. 2009) or may not hatch at all, and impose only a
slight detrimental effect through reduced host incubation effi-
ciency (Tuero et al. 2007) which may be outweighed by costs
of ejection (Antonov et al. 2006). Therefore, the coevolutionary
scenario predicts a low repeatability of ejection between laying
and incubationWBA caused by a switch in host decisions from
adaptive egg ejection in the laying period to adaptive egg
acceptance in the incubation period (Moskát et al. 2014).
Following the same reasoning, the coevolutionary scenario
predicts high repeatability of egg ejection within the laying
period (repeated parasite eggs should be ejected) and also high
repeatability within incubation period (repeated parasite eggs
should be more likely accepted; Table 1). In contrast, BBA and
BBS repeatability could either be high and similar to WBA
repeatability, when egg ejection is experience-independent (i.e.,
not affected by learning), or lower, when the egg ejection has a
strong learning component, i.e., when a host female switches
from acceptance (when she is young and naive) to ejection
(when she is old and experienced; Lotem et al. 1995; Stokke
et al. 2007). Currently, there are no sufficiently detailed data
across the whole life period for any hosts of brood parasitic
birds on whether and how exactly individual hosts update and
refine their egg recognition templates throughout life (for
snapshots of effects of host age, see Davies and Brooke 1988;
Lotem et al. 1995; Soler et al. 2000; Amundsen et al. 2002;
Stokke et al. 2004; Soler et al. 2013). Although this prevents us
from formulating more exact predictions for the coevolutionary
scenario, this theoretical context still does allow us to predict
major patterns and differences between coevolutionary and
behavioral decay scenarios (Table 1).

The same predictions described above also hold for the
latency to egg ejection, i.e., time delay between introducing
the parasitic egg and the egg ejection response (Davies and
Brooke 1989; Grim et al. 2011; Table 1). Latency is an impor-
tant component of anti-parasite defense portfolios because early
removal of foreign eggs decreases costs of misdirected incuba-
tion effort (Visser and Lessells 2001). Also, low latency to reject
foreign eggs avoids multiple parasitism, which would otherwise
cause reduced recognition efficiency (Stevens et al. 2013).

We are aware of some empirical data that are apparently
inconsistent with our specific predictions derived above (e.g.,
no co-variation between breeding stage and host response
latencies in some species, e.g., Davies and Brooke 1989;
Polačiková and Grim 2010; Grim et al. 2011). But those data
are from experiments focusing on differences among host
individuals (i.e., not repeated tests of the same individuals),
and so they do not have bearing on repeatability (i.e., within
individual level).

The repeatability of egg rejection is an issue of fundamental
theoretical importance for coevolutionary hypotheses regard-
ing host–parasite arms races in general (details in Samaš et al.
2011). High repeatability is especially critical to persist in any
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parasite system where hosts are parasitized multiply— if host
ejection response were not very highly repeatable than there
would be little difference between fitness of acceptors and
rejecters (this is clear even without any sophisticated
modelling as shown by the empirical patterns in Stevens
et al. 2013). Yet, our literature review shows that repeatability
has been rarely studied in hosts of European cuckoos,Cuculus
canorus (hereafter: cuckoo), brown-headed cowbirds,
Molothrus ater, or any other inter-specific or conspecific
parasites (Table S1). Most importantly, all of these studies
also included some methodological limitations (discussed in
Samaš et al. 2011), e.g., pooled host responses to different
types of foreign eggs for a single study species (Palomino
et al. 1998; Croston and Hauber 2014) or for some of the
multiple study species (Peer and Rothstein 2010) which vio-
lated the assumptions of methods of repeatability estimation
(Bell et al. 2009; Nakagawa and Schielzeth 2010). Most
studies conducted repeated experiments on the WBA tempo-
ral scale (Davies and Brooke 1989; Honza et al. 2007; Peer
and Rothstein 2010; Samaš et al. 2011), and only rarely on
longer time scales, either at BBA (Alvarez 1996; Lotem et al.
1995) or BBS (Palomino et al. 1998; Soler et al. 2000;
Table S1). Just one study included host responses across
varying temporal periods but pooled data into one estimate
of repeatability, thus preventing the test of how increasing
time gaps between successive parasitism events affect egg
rejection repeatability (Soler et al. 2000).

Another fundamental yet poorly studied issue concerns the
effects of age and/or individual experience on host defenses
against brood parasitism (Lotem et al. 1992; Amundsen et al.
2002; Langmore et al. 2009; Soler et al. 2013). A female’s egg
ejection decision may be affected by two specific components
of her individual experience. (1) Accumulated experience
with her own eggs. As a female becomes older, the more
clutches she has laid and viewed. Therefore, old females
should be more familiar with their own egg phenotypes than
young females and so old females are predicted to reject

foreign eggs more often than young females (Lotem et al.
1992). (2) Parasitism-related experience with foreign eggs,
including the particular model egg used in our experiments.
Individual females in our study population, that were previ-
ously experimentally tested by us, should recognize any for-
eign egg, including the model used in the present study, better
than females with no experiencewith experimental parasitism,
independently of age. Therefore, the number of previous
experiments should positively predict ejection (note that nest
desertion is not a specific response to parasitism in our study
populations, see Methods).

In summary, no study so far has (1) estimated the repeat-
ability of egg ejection separately forWBA, BBA and BBS, (2)
estimated repeatability of the latency to ejection for the three
temporal scales, (3) examined repeatability in relation to lay-
ing vs. incubation stages, (4) tested how repeatability is af-
fected by female age or (5) long-term previous experience. In
the present study we attempted to fill all these research gaps by
a detailed study of the European blackbird, Turdus merula
(hereafter blackbird; see below for the rationale behind study-
ing this particular host). By performing theWBA experiments
in the native range of blackbirds, we provide “exact replica-
tion” (sensu Kelly 2006) of the study of Samaš et al. (2011)
which was done in the introduced, New Zealand range of
blackbirds (Samaš et al. 2011; that study did not provide data
on experiments at BBA and BBS scales). Such meta-
replication, including exact replication, is a crucially impor-
tant, yet typically neglected, part of behavioral and ecological
research (see Johnson 2002; Kelly 2006).

Methods

Study species

We followed methodology recommended for egg ejection
repeatability studies (see Samaš et al. 2011 for detailed

Table 1 Predictions regarding
the repeatability of avian anti-
parasite behaviors (egg rejection
and its latency) within one breed-
ing attempt (WBA), across
breeding attempts within one
season (BBA) and across seasons
(BBS) based on “behavioral de-
cay” (null hypothesis) vs. “co-
evolutionary” scenarios (see In-
troduction for details)

First model egg Second model egg Scenario

Behavioral decay Coevolution

WBA

Laying Laying High High (repeated ejection)

Laying Incubation High Low (ejection→acceptance)

Incubation Incubation High High (repeated acceptance)

BBA

First nest Second nest Lower High (no learning)

Lower (learning)

BBS

First season Second season Lowest High (no learning)

Lowest (learning)
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rationale behind each criterion). Accordingly, we chose a host
species where (1) only one sex rejects parasitic eggs, (2) egg
rejection decisions vary between individuals, and (3) egg
rejection is by ejection (i.e., nest desertion effectively prevents
estimations of WBA repeatability, but not those of BBA and
BBS repeatability). Also, (4) we used eggmodels that are known
to elicit intermediate ejection responses, and (5) we used appro-
priate state of the art statistical tools that can control for covar-
iates, i.e., generalized linear mixed models (GLMM; see below).

Additionally (6), adult blackbirds in our study population
show high philopatry (Samaš et al. 2013a), thus increasing the
chances of repeated experiments at BBA and BBS time scales.
Finally, (7) blackbird egg-rejection behavior does not consis-
tently depend on presence (sympatry) or absence (allopatry) of
the cuckoo (Grim et al. 2011). Thus, both sympatric and
allopatric populations are similarly heuristically suitable and
conclusions from their study can be meaningfully generalized
as empirically confirmed by Grim et al. (2011). Future work
should also focus on other host defenses, including aggression
against adult parasites (Campobello and Sealy 2011; Trnka
et al. 2013) or the desertion of parasite chicks (Grim 2007;
Langmore et al. 2009) in sympatry vs. allopatry with brood
parasites, in this and other hosts that are known to vary some
aspects of their anti-parasite behavior with local density of
brood parasites (Stokke et al. 2008; Langmore et al. 2009).

General field procedures

We followed well-established protocols for field work (mist-
netting, nest searching and checking) and data analyses (see
below for specific details) that are used as a standard in similar
studies. We collected empirical data in the city of Olomouc,
Czech Republic (CZ; 49°35′N, 17°15′E) in 2009–2012 (for
details, see Grim et al. 2011).

The birds were captured using 19-mm mesh sized, 3- to 18-
m-long mist nets. We caught the female always solely after the
first WBA experiment was finished. Therefore, the stress of
being captured and handled could not influence rejection behav-
ior in WBA experiments, although it might still influence egg
rejection response between breeding attempts within or between
seasons. However, it is impossible to avoid this putative effect in
any animal study where individuals are captured and handled.
Individual birds were ringed with both the standard metal ring
and a unique combination of color bands to enable individual
recognition without the need to re-trap and disturb them. We
determined the age of captured birds as young (i.e., yearlings) or
old (any older birds) according to Svensson (1992). The age
estimates were missing for females that did not show clear age-
related traits (therefore, sample sizes differ across analyses).

We recorded the final clutch size (which potentially affects
egg ejection; Hauber 2003; Hauber et al. 2014) in all nests
except those predated before clutch completion. Repeated
nesting attempts were then searched both within the same

breeding season (within several days after the end of the
previous breeding attempt; Cramp 1988) and in the subse-
quent years. We focused on color-ringed females because
extensive video-recordings confirmed that solely females eject
foreign eggs in our CZ study population (J. Weiszensteinová,
PS, TG, unpublished data). Although we ringed a large num-
ber of blackbirds, only 19 females (out of 143 mist-netted
adult females) were successfully relocated and tested in sub-
sequent years. None of the 267 ringed chicks was later found
as a breeding female. Thus, sample sizes for BBS repeatability
estimates were limited (but still statistically robust, see below)
due to large nest, post-fledging, and adult mortality (PS, TG,
unpublished data), dispersal of some individuals out of the
study site (Samaš et al. 2013a) and some repeat nests being
located at inaccessible places (e.g., private gardens).

Experimental procedures

We used the plain light blue artificial egg which is the most
commonly used model in studies of host egg rejection across
Europe (Davies 2000; Polačiková and Grim 2010; Grim et al.
2011). This decision facilitates comparisons of host behavior
with other populations and species. Non-mimetic models were
made from polysynthetic material and painted with acrylic
paints to resemble eggs laid by the cuckoo into the nests of the
common redstart, Phoenicurus phoenicurus. The size (x±
SD=22.7±0.54×17.4±0.48 mm, n=10), mass (3.7±0.45 g,
n=10) and the shape of these non-mimetic blue egg models
were similar to real, cuckoo eggs (size range: 20–26×15–
19 mm, mass range: 2.9–3.8 g, Cramp 1985). For reflectance
spectra, see Samaš et al. (2011).

For each individual trial (i.e., the introduction of the model
egg into a host nest) we followed standard procedures
established in previous studies (Davies and Brooke 1989;
Grim et al. 2011). First experimental trial at each nest was
done during the laying stage or during the first 5 days of
incubation (nests were visited daily, thus, clutch ages were
not estimated but known exactly). Some previous studies
showed that blackbird egg rejection responses (ejection and
desertion pooled) do not depend on nest age (Davies and
Brooke 1989; Polačiková and Grim 2010; Grim et al. 2011),
whereas others detected slight differences between laying and
incubation stages (Samaš et al. 2011). However, in the present
study we specifically focused on experimental parasitism in
both laying and incubation stages to test predictions from
behavioral decay vs. coevolutionary scenarios (Table 1).

We added the egg model during laying stage after the
second own egg was laid. We did it intentionally to reduce
the possible effect of learning by the host through inspecting
only the experimental egg in the nest without any host eggs
being present (Strausberger and Rothstein 2009). We did not
remove any host’s egg(s) because egg removal does not affect
rejection probability of our type of model egg in blackbirds
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(Davies and Brooke 1989; Grim et al. 2011).Wemonitored the
nest contents daily until ejection, desertion or final acceptance
after the standard 6-day exposure period at active nests (Grim
et al. 2011). The accepted egg models were removed on the
sixth day. Previous studies included nest desertions as a rejec-
tion response to parasite eggs (Polačiková and Grim 2010).
However, we excluded deserted nests because work in our
study population showed that desertion rates did not differ
between experimentally parasitized and non-manipulated con-
trol nests, confirming that in our study population desertion
was not a specific response to parasitism when using the
particular egg types employed here (TG et al. unpublished
data; see also Samaš et al. 2011; cf. Hauber et al. 2014).

In theWBA treatment, we introduced another eggmodel into
the host nest 2 days after the first trial was completed (resulting
in either ejection or acceptance). We again monitored the nest
daily until ejection, desertion, or acceptance up to 6 days. Egg
laying and incubation periods in European populations of black-
birds last approximately 18 days (5 days of laying and 13 days
of incubation; Cramp 1988), providing enough time to test pure
acceptors repeatedly (i.e., individuals that accepted both the first
and second experimental eggs; 6+1+6=13 days). We excluded
from our analyses those nests that were depredated or deserted
before the end of the first or second trial.

Nests that were depredated after the first trial successfully
ended could not be included inWBA treatment; however, they
were useful for estimates of BBA and BBS repeatability.
Specifically, out of total 23 BBA females 17 received one
model and six received two models before the second BBA
trial (i.e., in their first nest in the same season). Out of total 19
BBS females, three received one model, 11 received two
models and five received three models before the second
BBS trial (i.e., in their first nest(s) in the previous breeding
season). This variation in number of previous experiments
was useful for testing the effects of previous experience with
the specific model (see above) independently of female age
(see the next section).

Statistical analyses

In all analyses, we followed the recommendations of Martin
and Bateson (2008), Nakagawa and Schielzeth (2010) and
Dingemanse and Dochtermann (2013).We present three types
of repeatability estimates: (1) Spearman correlations, (2) sim-
ple “repeatability” (synonymous with “agreement repeatabil-
ity”; Nakagawa and Schielzeth 2010) estimated by GLMM
with no covariates, and (3) “adjusted repeatability” estimated
by GLMMwith same covariates forced to all models to make
estimates meaningfully comparable (S. Nakagawa, personal
communication).

First, we calculated Spearman’s correlation coefficients (rs)
and their confidence intervals (CIs). Although this is a statis-
tically correct method (Martin and Bateson 2008, pp. 74–78),

its univariate non-parametric approach does not allow ac-
counting for covariates and some authors recommend to esti-
mate repeatability using only Generalized Linear MixedMod-
el (GLMM; Nakagawa and Schielzeth 2010). We built such
models separately for WBA, BBA and BBS treatments and
present results from both simple and covariate-adjusted
GLMMs, i.e., both raw phenotypic repeatability and adjusted
repeatability (Table 2). Reporting of the raw metric of pheno-
typic repeatability is crucial as it can be included in meta-
analyses (Bell et al. 2009). The adjusted repeatability enabled
us to answer the question whether conclusions based on
agreement repeatability are not affected by following covari-
ates: “nest age” (continuous; days; starting from the first laid
egg), “first egg-laying date” (continuous; including its qua-
dratic term to test for possible non-linear seasonal trends;
Samaš et al. 2013b), and “final clutch size” (continuous;
number of eggs). “Female identity” was entered as a categor-
ical random effect. Originally, we included additional random
effect of “year” but it did not explain any significant variation
in the data; when removed, the resulting simpler models with
same fixed effects had a much better fit (much lower AICc)
and very similar parameter estimates. Therefore, we present the
results of the models without “year” random effects (following
recommendations of Bolker et al. 2009). We also calculated
alternative models which included actual clutch size at the start
of experiment (instead of final clutch size). Thesemodels yielded
statistically same estimates of repeatability (results not shown).

In additional analyses, we included “female experience”
(continuous; number of model eggs the female experienced
before the focal trial). This variable was applicable only in
BBA and BBS GLMM models (females in WBA treatment
were not tested previously by definition).

We tested the effect of female age per se on the subset of
first egg trials, i.e., we included only the first model egg trial in
her life per each female. This excludes any possible effect of
parasitism-related experience with the particular model egg
(although we naturally cannot exclude a possibility that some
of these females were previously parasitized by conspecifics).
We then tested the effect of previous experience with the egg
model in the BBA and BBS data sets (see above).

Further, we tested whether the repeatability of egg ejection
differed between the following groups ofWBA nests: (1) both
first and second model eggs introduced within the laying
period, (2) both first and secondmodel eggs introduced within
incubation, or (3) the first egg model introduced within the
laying period and the second egg model introduced within the
incubation stage (Table 1). We pooled data from (1) and (2)
because there was no variation within the laying stage data
(n=4 paired trials, all ejections), which prevented a meaning-
ful estimation of repeatability for this subgroup (see Samaš
et al. 2011).

The repeatability of latency to egg ejection (continuous;
days) was modelled using Linear Mixed Models (LMM).
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Models included response variable “latency to egg ejection”,
“female identity” as categorical random variable and “nest
age” (continuous) as fixed covariate. Only individuals that
ejected the model egg in both first and second trials were
included in this analysis. Consequently, sample sizes were
smaller for latency analyses than for egg ejection analyses,
especially for BBA and BBS. Therefore, latency models did
not include other covariates (i.e., including other variables
resulted in biased estimates of variances or models did not
converge in some BBA and BBS analyses; for consistency
across analyses we present the simpler latency models for all
temporal periods). When the latency to ejection was modelled
assuming negative binomial or Poisson distributions, respec-
tively, the results remained the same (results not shown).

We calculated both raw phenotypic and adjusted repeatability
(i.e., repeatability calculated after controlling for covariates listed
above) using GLMM with binary response by formula r=VB/
(VB+VE+π

2/3), where VB denotes between-individual variance,
VE is the residual variance always fixed to 0 for binary response
variable, and π2/3 is the inherent distribution-specific variance
(Nakagawa and Schielzeth 2010). The adjusted repeatability
of latency to egg ejection was calculated as r=VB/(VB+VW),
where VB denotes between-individual variance and VW

denotes within-individual variance (Nakagawa and Schielzeth
2010).

Spearman’s correlation coefficient with exact 95 % CIs was
calculated using StatXact 7 (Cytel Inc 2005). GLMM and LMM
were calculated in R 2.15.2 (RCore Team 2012; package “lme4”
v. 0.999999-2; Bates et al. 2012). We used adaptive Gauss–
Hermite approximation in our GLMMs. We estimated asymp-
totic 95 % CIs for repeatability estimates from GLMM model
and tested differences between correlations using R package
“psych” v. 1.2.8 (calculation based on the Fisher r-to-z transfor-
mation; Cohen et al. 2003; note that R package “rptR” cannot do
the calculation of adjusted r and its CIs based on bootstrapping
for binary responses). To estimate 95 % CIs for repeatability of
latency to egg ejection, we used parametric bootstrapping in R
package “rptR” v. 0.6.404 (Nakagawa and Schielzeth 2010). All
estimates are mean±SE unless stated otherwise.

Ethical note

Experiments were done under permission from local authorities
(no. SmOl/ZP/55/6181 b/2009/Pr and SMOVZP/55/
8542120111Kol), permission to handle animals during biolog-
ical experiments (no. 065/2002–V2 to TG), ringing license

Table 2 Repeatability (estimates with 95 % CIs) of blackbirds’ anti-parasite behaviors during repeated trials on the same females

Host behavior Ejection (%) Latency to ejection (days±SE)

Time scale WBA BBA BBS WBA BBA BBS

Repeatability

Spearman correlation 0.91 (0.79,1.00) 0.57 (0.20,0.94) 0.57 (0.23,0.92) 0.13 (−0.19,0.45) 0.44 (0.02,0.86) −0.26 (−0.46,−0.05)
Repeatability 0.92 (0.88,0.95) 0.57 (0.21,0.80) 0.70 (0.36,0.88) 0.00a 0.07 (0.00,0.51) b

Adjusted repeatability 0.92 (0.88,0.95) 0.74 (0.47,0.88) 0.83 (0.60,0.93) 0.07 (0.00,0.34) 0.31 (0.00,0.71) b

Covariates

Nest age 0.19 (0.13) 0.09 (0.21) 0.50 (0.46) −0.06 (0.02) −0.09 (0.04) −0.11 (0.04)

Clutch 0.90 (2.34) −0.58 (0.98) −0.33 (3.57) – – –

FEG 0.06 (0.20) −0.12 (0.12) −0.12 (0.23) – – –

FEG2 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) – – –

Variances – r

Between-individual 39.1 4.38 7.57 0.00 0.08 0.00

Within-individual π2/3 π2/3 π2/3 0.72 1.00 0.99

Variances – adjusted r

Between-individual 37.66 9.18 16.28 0.05 0.33 0.00

Within-individual π2/3 π2/3 π2/3 0.59 0.74 0.79

Parameter estimates [mean (SE)] for covariates are from GLMM that was used to calculate the adjusted repeatability. Following published recommen-
dations (see Methods), we present three estimates: “Spearman correlation” coefficient (rs), simple “repeatability” synonymous with “agreement
repeatability” (GLMM without covariates), and “adjusted repeatability” (GLMM with covariates). To make the estimates meaningfully comparable
with each other, all adjusted repeatability models included all the same covariates (S. Nakagawa, personal communication). Note that the removal of non-
significant covariates (across all models) did not affect our conclusions (results not shown). Nest age age of nest at the start of experiment, Clutch final
clutch size, FEG first egg laying date, FEG2 squared first egg laying date (see Methods)
a Impossible to calculate CIs. For sample sizes, see Fig. 1
b Impossible to estimate due to negative variances
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(Bird-ringing station of the Natural History Museum Prague,
no. 1085 to PS) and institutional animal ethics committee
permission of Palacký University (no. 45979/2001-1020).

Tominimize the disturbance to breeding birds we captured as
many birds as possible during winter (close to feeders; this was
also part of another research project: Samaš et al. 2013a). When
mist-netting birds during the breeding period we did not use
playback.We placedmist-nets within several meters from active
blackbird nests depending on vegetation structure of particular
nests. If a female was not caught within 10min, we removed the
net to allow nest owners to resume their normal behavior. In
such cases we made another attempt to catch the female next
day. When the female was not caught again, we excluded the
nest and female from further analyses. After ringing, each bird
was immediately released at the same place where it was caught.

When searching for host nests in suitable vegetation (i.e.,
bushes, small trees) we carefully minimized any disturbance
to vegetation cover around each nest to not change the original
nest concealment. When checking each nest repeatedly to
determine acceptance or rejection of the model egg (see
below) we always took care to minimize the length of our
presence nearby the nest, thus, minimizing the risk that pred-
ators would get attracted due to our presence. Further, any
vegetation moved from its original position by us was ar-
ranged back to its original position after each nest check.

Results

Within breeding attempt temporal scale (WBA)

At this shortest time scale, out of 73 females only two (one
young, one old) changed their responses, both switching from
acceptance to ejection (Fig. 1a). Consequently, WBA egg
ejection repeatability was high (Table 2).

We tested whether repeatability differs according to wheth-
er both model eggs were introduced within one breeding stage
(laying or incubation) or the first egg was introduced in laying
and the second in incubation. The repeatability of egg ejection
in the subset of nests where first egg model was introduced
during laying stage and second egg model during incubation
stage was high (Spearman’s correlation: rs=0.85, exact 95 %
CI=0.66–1.00, n=24, P<0.0001; GLMM: r=0.90, 95 % CI=
0.78–0.96). The combined repeatability of egg ejection of
model eggs both introduced during only laying or during only
incubation (seeMethods whywe pooled the data) was also very
high (Spearman’s correlation: rs=1.00, exact 95 % CI=1.00–
1.00, n=49, P=0.02; GLMM: r=0.98, 95 % CI=0.96–0.99).

The repeatability of the latency to egg ejection between
trials WBAwas very low and not significantly different from
zero (Table 2, Fig. 1b). Latency decreased with nest age in the
first trials (F1,56=8.19, P=0.006), but not in the second trials
(F1,56=0.12, P=0.73).

The repeatability of egg ejection did not differ statistically
between native Czech (rs=0.91; Table 2) and introduced New
Zealand populations of blackbirds (rs=0.86; data from Samaš
et al. 2011; Steiger’s Z-test following Steiger 1980: Z=1.16,
P=0.25). Also, latency to ejection did not differ statistically
between native Czech (rs=0.13; Table 2) and introduced New
Zealand populations of blackbirds (rs=0.46; data from Samaš
et al. 2011; Z=1.60, P=0.11).

Between breeding attempt temporal scale (BBA)

At this intermediate temporal scale, out of 23 females only
three (all old) changed their responses, one from acceptance to
ejection, and two from ejection to acceptance (Fig. 1a). The
BBA repeatability of egg ejection was moderate (Table 2) and
significantly lower than that for WBA (Table 3).

Repeatability of the latency to egg ejection between trials
was low (Table 2, Fig. 1b) and not significantly different from
that for WBA (Table 3). Latency to ejection was not predicted
by nest age either in the first (F1,13=0.72, P=0.41) or second
breeding attempts within one season (F1,13=0.41, P=0.54).

Between breeding seasons temporal scale (BBS)

At this longest time scale, out of 19 females only three (two
young, one old in the first year of trials) changed their re-
sponses, all from acceptance to ejection. The repeatability of
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Fig. 1 Blackbird anti-parasite behaviors during repeated trials (first —
white bars, second— grey bars) with the same females: a egg ejection, b
latency to ejection (mean±SE). Sample sizes (numbers of tested females;
shown within bars) are identical for first and second trial “ejections” (due
to the paired nature of the experiment), but not for “latencies” because
ejection rates changed between first and second trials. Sample sizes for
WBA latencies are lower than expected from ejection rates because we
lost latency data for one female
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egg ejection was moderate (Table 2), being statistically similar
to BBA but significantly lower than WBA repeatability
(Table 3). However, when adjusted for covariates BBS did not
marginally differ from WBA repeatability (Table 3).

BBS repeatability of the latency to egg ejection was effec-
tively zero (Table 2, Fig. 1b) and, although the statistical test
could not be performed, clearly not different from that for
WBA or BBA (Table 3; GLMM cannot calculate negative
repeatability because variances are constrained to be non-
negative; Nakagawa and Schielzeth 2010). In the first trials,
latencies to ejection did not correlate with nest age (F1,12=
3.40, P=0.09). In the second trials, latency to ejection de-
creased with nest age (F1,12=5.82, P=0.03).

Effects of female age and experience

The ejection rate of blue egg models by experimentally naive
blackbirds was 81.3 % (n=96 females). Within this subset of
data, young females ejected the plain blue model egg (first
trials only) at statistically the same rates (69.2 %, n=13
females) as old females (81.8 %, n=22 females; χ2=0.73,
df=1, P=0.39). Young females also ejected the plain blue
model egg (first trials only) with similar latencies (1.4±
0.4 days, n=9 females) as old females (1.8±0.4 days, n=18
females; Welch's t-test: t19.4=−0.61, P=0.55).

Some of these females were then tested repeatedly. Repeat-
ability of WBA egg ejection was identical between young (rs=
0.77, n=11 females) and old females (rs=0.77, n=11 females).
We did not estimate the repeatability of latencies to ejection
separately for young and old females due to small samples.
Because (1) ejection rates, latencies to ejection and repeatability
of egg ejection were not different between young and old
females, (2) we were unable to age all females, and (3)
young/old female ratio was unbalanced at BBA and BBS

temporal scales we did not include female age into other
analyses.

Previous experience with experimentation was marginally
non-significant (F1,129=3.52; P=0.06) when kept as the major
predictor of interest in a model explaining variation in egg
ejection. More often tested females tended to eject model eggs
more often; logit[egg ejection probability]=9.12(3.75)+
1.63(0.78) × previous experience. All other covariates (nest
age, clutch, FEG, FEG2) were non-significant and sequentially
backward eliminated from the final model (results not shown).
Therefore, we did not consider previous experience as a pre-
dictor in BBA and BBS models; including this variable (1)
would not change our conclusions for BBA–BBS comparisons,
and (2) prevent us from comparing adjusted repeatability be-
tweenWBA and these longer temporal scales because previous
experience cannot be applied to WBA treatment (see above).

In a model with the same predictors and backward elimina-
tion, the latency to ejection was not significantly predicted by
previous experience (F1,153=3.26; P=0.07), when controlling
for a highly significant statistical effect of nest age (F1,151=
16.82;P=0.0001; latency to ejection=1.59(0.10)−0.14(0.08) ×
previous experience −0.05(0.01) × nest age). More experienced
females non-significantly tended to eject faster.

Discussion

Repeatability estimates for blackbird egg ejection were highest
for the within one breeding attempt period (WBA), lower for
between breeding attempts within one breeding season (BBA),
and similarly lower for between breeding attempts in different
breeding seasons (BBS). Specifically, both Spearman correla-
tions and simple GLMM suggested that WBA repeatability
was significantly higher than BBA or BBS repeatability, with
the latter two statistically similar. In a partial contrast, GLMM
estimates of adjusted repeatability (GLMM with covariates)
suggested that WBA repeatability was still higher than BBA,
but statistically similar to BBS, with BBA and BBS also
statistically similar. Therefore, all three approaches concurred
that repeatability did not differ between the two longer time
scales: BBA and BBS, while both were still significantly above
zero. The different estimates of WBA repeatability of egg
ejection were also consistently high for experiments where first
eggmodel was introduced during the laying and the second egg
was introduced during incubation stage, as well as for experi-
ments where both egg models were introduced only in the
laying or only in the incubation stages. In contrast to patterns
of egg ejection, the repeatabilities of the latencies to ejection
were overall much lower, and statistically non-different from
zero in all cases. Results for the WBA time-scale, both egg
rejection and latency to egg rejection repeatabilities, were quan-
titatively similar to those obtained from the previous study of a
different blackbird population (introduced population in New

Table 3 Comparison of GLMM egg ejection and latency to ejection
repeatabilities across different temporal scales for blackbirds

Temporal scale comparison Repeatability Adjusted repeatability

Z P Z P

Egg ejection

WBA>BBA 3.47 0.001 2.52 0.01

WBA≥BBS 2.60 0.009 1.45 0.15

BBA=BBS 0.66 0.51 0.71 0.48

Latency to ejection

WBA=BBA – – 0.80 0.42

WBAvs. BBS – – – –

BBA vs. BBS – – – –

Steiger’s Z-tests follow Steiger (1980). Note that in most comparisons of
latency, it was not possible to apply the Z-test due to non-estimable
repeatabilities or their confidence intervals (Table 2)
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Zealand; Samaš et al. 2011). To our knowledge, this is the first
comparison of behavioral repeatability in native vs. introduced
populations of any animal species.

Taken together, these results are more in line with predic-
tions of the behavioral decay scenario, and more in contrast
with the predictions of the coevolutionary scenario (Table 1).
Interestingly, most host species that are known to be suitable
cuckoo hosts and that are currently frequently parasitized by
cuckoos do not empirically behave according to coevolution-
ary theory regarding their responses in laying vs. incubation
(see Introduction and Supplementary Table 1). This gives an
impetus for future work to test whether the costs of late
parasitism (i.e., parasite eggs laid during host incubation
stage) are not strong enough to select for host egg ejection
after all, e.g., due to increased incubation costs (Visser and
Lessells 2001; Tuero et al. 2007).

Nonetheless, high repeatability in response to artificial par-
asitism is consistent with a genetic basis of egg ejection (Bell
et al. 2009; but see Dohm 2002), upon which selection may act
to increase, maintain, or reduce the frequency of anti-parasitic
behaviors (Shaw and Hauber 2009, 2012). This is further
supported by the ability of young blackbird females to eject
foreign eggs at the same frequencies and with the same high
repeatability as old females. Thus, similarly to the majority of
previous studies, we also did not find any strong or consistent
age effects on the probability of egg ejection (Davies and
Brooke 1988; Soler et al. 2000; Amundsen et al. 2002;
Stokke et al. 2004; Soler et al. 2013; but see Lotem et al.
1995). Relatively lower BBA and BBS repeatability of egg
ejection, and negligible repeatability of latency to ejection, can
be, at least partly, explained by the fine-tuning of individual
experiences, which marginally non-significantly positively co-
varied with egg ejection in blackbirds in our study, and, addi-
tionally, by low repeatabilities of same females clutch colora-
tion both within and between seasons (Honza et al. 2012).

Potential confounding factors

Studies of egg rejection repeatability can be confounded by
multiple factors. As Samaš et al. (2011) have already
discussed most of those factors at length, we will here only
add a short commentary on one critical confound that may
become more important when repeatability is estimated over
longer temporal periods (months, years).

The quantitative similarity between model and host eggs
varies both between individual clutches of the same female and
the clutches of different females (Honza et al. 2012). Conse-
quently, experimental parasitism using invariant, artificial mod-
el eggs introduced into different clutches with variable appear-
ances may, at first sight, represent a problem for the study of
repeatability. Changing the appearance of host eggs across
breeding attempts or years could explain why raw repeatability
slightly decreased over longer time-scales (Table 2). However,

there is no reason to expect that changes in egg phenotypes
should consistently move in a specific direction, for example,
consistently increase host–parasite (or model) egg dissimilarity.
Indeed there is no evidence for such an effect (Honza et al. 2012
and references therein). If, on the other hand, egg phenotypes
change randomly across time, then there is no consistent
directional change of the host–parasite egg dissimilarity in
time and host–parasite egg similarity cannot confound repeat-
ability estimation. Also note that only raw repeatability was
lower at BBA and BBS scales, while adjusted repeatability
(which is biologically more meaningful given significant
effects of some covariates on host responses) did not differ
between WBA and BBS scales, contradicting the hypothesis
that changing appearance of host eggs explains the patterns
we found.

Most importantly, these considerations may be interesting in
theory but have no bearing on biological reality. The changing
appearances of individual phenotypes (e.g., host eggs) are
natural and inevitable features of any biological system
(Honza et al. 2012), are faced by all brood parasites (either
conspecific or interspecific), and cannot be avoided in experi-
mental studies, either (see Samaš et al. 2011 for a detailed
explanation). Since we did not include the instantaneous man-
ufacture of artificial eggs in our experiments based on the
appearance of each new clutch encountered in our search, to
generate a constant distance of phenotypic differences between
each of the hosts’ eggs and our artificial models (which was
also not done by any of the many published studies of brood
parasitism, but see Martín-Vivaldi et al. 2013), we must simply
face this biological reality and potential confound.

In fact, it is questionable whether it would be possible to
perform such a study because we would have to know
individual discrimination thresholds beforemaking the repeat-
ability experiments; only experiments would enable us to
determine such thresholds leading to inherent circularity. Fur-
ther, overall variation of host eggs within a clutch cannot be
known for any experiments done during laying period (i.e.,
experimental egg is introduced before the clutch is finished
making it impossible to know the overall clutch variation at
the time of experiment). Finally, eggs vary within each clutch,
thus, it is in principle impossible to keep the distance between
the model vs. each host egg standardized across all eggs
within even a single clutch.

To sum up, a “constant distance of phenotypic differences”
approach was never applied in any study of brood parasitism,
it is logistically impossible to perform in the critical time of
host laying period and, most importantly, it would represent a
biologically unrealistic context as neither host and parasite
eggs ever remain identical in appearance across repeated acts
of parasitism. It also contradicts the meaning of repeatability.
Repeatability is defined as a temporal constancy of response
to a constant cue (Nakagawa and Schielzeth 2010) and, there-
fore, it inevitably involves a change in individual’s phenotype.
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For example, individual’s age will always change between
two (or more) successive measurements that are the source
of primary data for estimation of repeatability. Age impact is
correlated with experience, memory capacity and other cog-
nitive phenomena (Bell et al. 2009). Therefore, because the
cognitive system itself changes with time, this renders “con-
stant distance” experimental approach a biologically inappro-
priate concept (see also Antonov et al. 2012; Spottiswoode
and Stevens 2010).

Conclusions

In this study, we examined for the first time whether the
repeatability of host anti-parasite defenses varies at both short
and longer time-scales. We documented relatively high to
moderate repeatability of egg ejection decisions by individual
female birds across days, months and even years and negligi-
ble repeatability of latencies to egg ejection across all time-
scales. Overall, our results are in line with known empirical
patterns of “behavioral decay”, meaning that the repeatability
of behavioral traits decreases with increasing time between
successive measurements (Bell et al. 2009). In contrast, our
results do not support repeatability predictions from a coevo-
lutionary scenario of egg ejection behaviors in blackbirds. The
present study also allowed for the first time the comparison of
repeatability of a behavior in native vs. introduced populations
of the same species (which was, to our knowledge, not done
for any animal species yet), showing no statistical differences
in repeatability between blackbird populations isolated from
each other for at least a century and half. Future studies should
focus on other anti-parasite traits (e.g., aggression against
adult parasites, specific enemy recognition, chick discrimina-
tion; Trnka et al. 2013), their repeatabilities, and the presence
and direction of possible covariation between anti-parasitic
behaviors with other behavioral and life-history host traits.
This will allow to integrate studies of brood parasite–host
arms races into the broader framework of ongoing research
on behavioral syndromes and animal personalities (Sih et al.
2004; Avilés and Parejo 2011).
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Table S1 Overview of repeatability in egg rejection responses by hosts of brood parasites. Data are from published studies where the same individuals or 
pairs were repeatedly tested with same type of experimental parasite egg. The Spearman correlation coefficient for binary data tests the strength of the 
agreement in responses (i.e., significant P-values indicate statistically significant repeatability in host responses). The time window between successive 
experiments includes three temporal periods: within one breeding attempt (WBA), between breeding attempts within one breeding season (BBA), or 
between breeding attempts across different breeding seasons (BBS). Model: BlueM = artificial blue model; ConspM = artificial model similar in color and 
pattern of maculation to the natural host egg; MimM = artificial model eggs painted to resemble the eggs of the European cuckoo, Cuculus canorus, gens 
parasitizing rufous-tailed scrub robin, Cercotrichas galactotes; NonmN = host own natural egg painted to appear non-mimetic; BlueN = natural eggs (of 
various songbirds and a parrot) painted light blue to resemble the eggs of the European cuckoo gens parasitizing the redstart, Phoenicurus phoenicurus. * = 
not possible to calculate due to (1) absence of variation in host responses (e.g., all individuals rejected both in the 1st and 2nd trial), or (2) only ejecters were 
tested repeatedly (for statistical explanation see Samaš et al. 2011). “Early” and “mid” refer to early breeders (presumably old and experienced), and mid-
seasonal breeders (presumably young and naïve), respectively, of Lotem et al. (1995); “all” refers to pooled data from both categories. 
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Parasite Potential or current host Scale Model Country N rs P Reference 

European cuckoo, European blackbird, WBA Various UK 5 – – * Davies and Brooke (1989) 
Cuculus canorus Turdus merula WBA BlueM NZ 41 0.86 0.0001 Samaš et al. (2011) 
  WBA BlueM CZ 73 0.91 0.0001 this study 
  BBA BlueM CZ 23 0.57 0.005 this study 
  BBS BlueM CZ 19 0.57 0.01 this study 
  WBA ConspM NZ 8 1.00 0.0001 Samaš et al. (2011) 
         
 Song thrush, WBA Various UK 8 – – * Davies and Brooke (1989) 
 Turdus philomelos WBA BlueM NZ 22 0.73 0.0001 Samaš et al. (2011) 
  WBA ConspM NZ 9 – – * Samaš et al. (2011) 
         
 Rufous-tailed scrub robin,  BBA MimM Spain 17 0.07 0.78 Alvarez (1996) 
 Cercotrichas galactotes BBS Various Spain 20 0.12 0.65 Palomino et al. (1998) 
  BBA + BBS MimM Spain 26 0.28 0.17 Soler et al. (2000) 
         
 Great reed warbler, BBA – early NonmN Japan 13 0.84 0.0003 Lotem et al. (1995) 
 Acrocephalus arundinaceus BBA – mid  NonmN Japan 7 – – * Lotem et al. (1995) 
  BBA – all NonmN Japan 20 0.74 0.0002 Lotem et al. (1995) 
         
 Blackcap,  WBA BlueN CZ 24 – – * Honza et al. (2007) 
 Sylvia atricapilla        
         
Brown-headed cowbird, American robin, WBA Various USA 16 0.65 0.01 Croston and Hauber (2014) 
Molothrus ater Turdus migratorius        
         
 Various species WBA Various USA 143 – – * Peer and Rothstein (2010) 
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