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Introduction

Abstract

Most theoretical models of coevolution between brood parasites,
whether interspecific or conspecific, and their hosts explicitly assume
consistent individual behaviour in host egg-rejection responses. Accord-
ingly, hosts cast as acceptors always accept, whereas ejectors always
reject parasitic eggs when exposed to stable ecological conditions. To
date, only few studies have attempted to test this critical assumption of
individual repeatability in egg-rejection responses of hosts. Here, we
studied the repeatability of egg rejection in blackbirds (Turdus merula)
and song thrush (T. philomelos), species in which females are reported to
reject simulated, non-mimetic foreign eggs at intermediate frequencies
at the population level. However, intermediate rates of acceptance and
rejection can be consistent with either or both intra- and interindividual
variability in rejection behaviours. Our experiments revealed generally
high individual consistency in these hosts’ responses to experimentally
introduced non-mimetic and mimetic model foreign eggs. Individuals
also responded faster on average to second than to first trials within the
same breeding attempts, but the difference was statistically significant
only in blackbirds. These results are consistent with the critical assump-
tion of co-evolutionary models, that statistically egg rejection is mostly
individually repeatable, but also reveal that some individuals in both
species change their responses even within the short time-window of
one breeding attempt. The data suggest that individuals reject foreign
eggs faster when perceived parasitism risk is greater because of repeated
introductions of experimental parasitic eggs. We provide methodological
recommendations to facilitate experimental and meta-analytical studies
of individual egg rejection repeatability and discuss how to reduce tech-
nical constraints arising from disparate treatments and variable sample
sizes for future studies.

in either interspecific (Gibbs et al. 2000) or conspe-
cific parasites (May et al. 1991; Nee & May 1993;

Avian brood parasitism selects for the evolution of
host defences; the rejection of foreign eggs is the
most often documented type of defence (Davies
2000). Evolutionary theories of brood parasite-host
arms-races explicitly assume that parasitic egg-laying
strategies are ‘strictly heritable” (Ruxton et al. 2001)
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Takasu 2004; Shaw & Hauber 2009). Further, several
models of interspecific and conspecific parasitism
also assume that individual hosts are either rejecters
(that always reject) or acceptors (that always accept)
in response to parasitism (Yamauchi 1993, 1995;
Takasu 1998; Ruxton & Broom 2002; Servedio &
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Lande 2003; Servedio & Hauber 2006). Other models
permit that rejecter hosts modulate behavioural
responses based on experience (Lotem 1993; Lawes
& Marthews 2003) and the cost-benefit trade-offs
of rejection decisions (Moskat & Hauber 2007); or
modulate the perceptual acceptance threshold among
own and foreign eggs based on parasitism risks
(Davies et al. 1996; Hauber et al. 2006). However, all
these models incorporate that selection to reject para-
sitism produces host individuals which are consistent
in their responses to parasitic eggs within the same
ecological and perceptual context, otherwise host
responses would represent random variation and not
the outcome of selection.

Accordingly, all these evolutionary models of
brood parasite-host coevolution assume that when a
particular host individual rejected a particular for-
eign egg, it will reject the same type of model again
when parasitised for the second time. Importantly,
such consistency, and the resulting statistical mea-
sure of individual repeatability, can be interpreted as
a ceiling value of heritability (Bell et al. 2009; Nak-
agawa & Schielzeth 2010). Thus, estimating repeat-
ability provides a preliminary approach, and also a
valuable set of behavioural details, about potential
maximum heritability of the response trait (Bell
et al. 2009). Violation of the critical assumption of
the models that host’s egg-rejection response is indi-
vidually consistent could potentially have a dramatic
effect on model predictions, because of the inherent
non-linearities in the parasite-host systems dynamics
(G. D. Ruxton, pers. comm.) and would call for the
need for new theory and for the reassessment
of conclusions drawn from data based on previous,
theory-driven experiments.

A thorough literature search revealed to us that
few studies collected data on individual repeatability
of egg rejection and all those studies tested only
hosts of interspecific brood parasites. For example,
experimentally induced individual repeatability of
egg rejection was ‘very high” within the same breed-
ing attempt in several species (Honza et al. 2007b;
Peer & Rothstein 2010) but very low in common
grackles (Quiscalus quiscula; Peer & Rothstein 2010).
Repeatability between breeding attempts of individ-
ual hosts within one breeding season was found to
be high in one study (Lotem et al. 1995) but low
in another one (Alvarez 1996), when considering
different host species of the common cuckoo (Cuculus
canorus). Finally, repeatability of egg rejection was
very low within the same individuals between
breeding seasons (Soler etal. 2000; see also
Palomino et al. 1998). Additional studies by Hauber
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et al. (2006) and Vikan etal. (2009) performed
repeated experiments, but they used different mod-
els in subsequent trials on the same individual hosts,
thus, those data could not be used to estimate
repeatability.

Some previous studies also included several meth-
odological limitations to allow for explicit testing of
individual repeatability. For example, Peer & Roth-
stein (2010) repeated their experiments only at the
nests of rejecters but not at the nests of acceptors, so
that repeatability of acceptance/rejection responses
could not be estimated. Further, Palomino et al.
(1998) pooled host responses across various temporal
periods (from within one breeding attempt to
between year time scales). However, repeatability
depends on the length of time between two consecu-
tive behavioural measurements, irrespective of the
outcome (see, e.g. Bell et al. 2009; Weidinger & Koc-
vara 2010). Egg ejection likely requires sophisticated
cognitive abilities that are highly likely affected by
memory and experience (e.g. Lotem 1993; Moskat &
Hauber 2007; Moskat et al. 2010). Thus, there is good
reason to expect that repeatability of egg ejection will
be dependent on time-window between successive
trials (e.g. naive acceptor will accept in both trials
within one breeding attempt, but will reject parasit-
ism in the next breeding attempt; see Lotem et al.
1995). Indeed, Palomino et al. (1998) discuss this
potential bias.

Some other previous work also focused on over-
whelmingly rejecter (Honza et al. 2007b) or acceptor
(Hoover et al. 2006) species. Here, we argue that
repeated experiments on intermediate rejecters (Ros-
kaft et al. 2002; see also Discussion) provide the
most relevant system for the study of consistency
and, by proxy, heritability of individual hosts’ rejec-
tion responses to parasite eggs. This is because strong
rejecter species (that always reject, e.g. blackcaps
Sylvia atricapilla; Honza etal. 2007b) or pure
acceptor species (that never reject, e.g. dunnocks
Prunella modularis; Davies & Brooke 1989) show little
or no individual variation in their responses. Such
species with invariable behavioural responses are not
suitable for measuring repeatability because it can be
a priori assumed that repeatability (and heritability)
would be low (Bell et al. 2009; Nakagawa & Schielz-
eth 2010).

Quantitatively, meaningful measurement of repeat-
ability also requires some, ideally high, between indi-
vidual variance (Bell et al. 2009). This is because,
conceptually, observations and experimental data
revealing very high inter-individual variability at the
population level are compatible with mechanisms
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involving either high individual repeatability (i.e.
inconsistent behaviour between individuals, consis-
tent behaviour within individuals) or low repeatabil-
ity (inconsistent behaviour both between and within
individuals). Thus, brood parasite host populations
showing intermediate egg rejection rates are best sui-
ted to test these alternative mechanisms and estima-
tions of individual repeatability of egg-rejection
behaviour in the context of brood parasitism (Bell
et al. 2009).

Another important aspect of host responses is
whether only females (Soler et al. 2002), or both
females and males (Honza et al. 2007b), eject para-
sitic eggs. In the latter case, one member of the pair
can pre-empt the other’s rejection response by
removing the parasitic egg before the other member
of the pair has a chance to recognise and reject the
egg. Under such conditions, it is impossible to mea-
sure repeatability unless nests are video-recorded, but
even then all nests where successive parasite eggs
were not ejected by the same individual would have
to be discarded from analyses because ejections by
different individuals cannot be used to estimate indi-
vidual repeatability (Bell et al. 2009). Thus, we argue
that those host species in which only one sex (typically
the female) ejects parasite eggs provide logistically
and heuristically better models to study repeatability.

For this study of the repeatability of host responses
to experimental brood parasitism, we selected two
appropriate species: the blackbird (Turdus merula) and
the song thrush (7. philomelos). These two species are
intermediate rejecters of both dissimilar and similar
foreign eggs, with average egg-rejection rates close to
50% (e.g. Grim & Honza 2001). For example,
published rejection rates of immaculate blue cuckoo-
sized model eggs, the most frequently used
non-mimetic model type in studies of brood parasit-
ism in Europe (Davies 2000; Grim et al. 2011), are
48.0 £ 22.6% (X =+ standard deviation, n = 7 studies)
for the song thrush, and 57.6 &+ 14.1% (n = 6 stud-
ies) for the blackbird (reviewed in Table 1 in Polaci-
kova & Grim 2010). Furthermore, in both of these
species, the female is typically the sex that incubates
(Cramp 1988; our own unpubl. data). As in other
species with female-only incubation (e.g. Amundsen
et al. 2002), only females eject eggs in blackbirds
(Soler et al. 2002; Weiszensteinova J., Samas P.,
Hauber M., Cassey P., Grim T. unpubl. data).

In both thrush species, there are documented
cases of brood parasitism both by common cuckoos
(Moksnes & Roskaft 1995) and by conspecifics (Grim
& Honza 2001; Moskat et al. 2003; Higgins 2006).
However, a recent large-scale study (Grim et al.
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2011) showed that thrushes (Turdus spp.) are unsuit-
able cuckoo hosts and could not have been involved
in long-term coevolution with the cuckoo. Thus,
these thrushes’ fine-tuned egg-ejection abilities most
likely evolved in the context of conspecific brood
parasitism (which is known in both thrush species;
own unpubl. data), which can also be highly costly
to hosts (Lyon 2003; Shizuka & Lyon 2010) and is
known to select for anti-parasite adaptations (Lopez-
de-Hierro & Moreno-Rueda 2010; Riehl 2010). Thus,
the present study is the first to study egg-ejection
repeatability in the context of conspecific brood par-
asitism. However, our results are methodologically
and empirically relevant for studies of either inter-
specific or conspecific parasitism because both types
of parasitism create fundamentally similar selection
pressures both theoretically (Yamauchi 1995) and
empirically (Jackson 1998) and ‘it is difficult to sepa-
rate the effects of the two’ (Davies 2000, p. 223).

Moskat et al. (2003) suggested that egg rejection
in some potential cuckoo hosts can be explained as
an extension of nest sanitation (i.e. removal of non-
egg-like objects). Leaving aside theoretical objections
(apparent nest sanitation can be simply a by-product
of egg-rejection abilities, not vice versa), it is highly
unlikely that egg rejection in thrushes represents a
by-product of nest cleaning. This is because fine-
tuned specific discrimination abilities (high rates of
rejection of conspecific eggs, own unpubl. data) are
not likely to be in principle a by-product of general
non-specific nest cleaning behaviour (see discrimina-
tion threshold theory by Reeve 1989).

Repeatability of any trait can be estimated for vari-
ous temporal scales (Weidinger & Kocvara 2010).
For egg rejection, one could estimate repeatability
(1) within one breeding attempt, (2) between differ-
ent breeding attempts within one breeding season,
and (3) between breeding seasons. The logical first
research step for experimentally estimating repeat-
ability is the short-term consistency in responses: if
the short term repeatability were very low, it would
follow that the long-term consistency would also be
very low, in line with empirical data (Bell et al.
2009). In contrast, high short-term repeatability
allows for either high or low long-term repeatability.
Thus, we began to study short-term consistency in
host responses within one breeding attempt (see also
previous studies at the same time scale: Honza et al.
2007b; Peer & Rothstein 2010).

We predicted high repeatability of egg rejection
within a single breeding attempt because (1) the
shorter the time window between two trials, the
higher the behavioural repeatability (Bell et al. 2009),
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and (2) most birds reject alien eggs at similar frequen-
cies throughout the nesting period, i.e. they do not
respond differently between laying and incubation
stages (Davies & Brooke 1989; Moksnes et al. 1991;
Peer & Rothstein 2010). The latter was reported for
blackbirds and song thrush too (Davies & Brooke
1989; Polacikova & Grim 2010; Grim et al. 2011). We
also predicted shorter latencies until rejection of the
foreign eggs from the first to the second trial in line
with both current theoretical models (Stokke et al.
2007) and empirical data (Honza etal. 2007b).
Finally, we predicted that responses to mimetic model
eggs (conspecific model, see Methods) should be less
repeatable than responses to non-mimetic blue model
eggs because the higher similarity between recogni-
tion cues imposes higher risk of discrimination errors
(Reeve 1989).

In any study of brood parasitism, acceptor nests by
definition have longer exposure to potential preda-
tion than rejecter nests (see Results). As predated
nests are excluded from analyses, this methodological
constraint might inflate the apparent rejection rates
in any brood parasitism study and also egg rejection
consistency estimates in studies of repeatability.
Therefore, we also re-analysed our data by excluding
nests where the host rejected the egg model but the
nest was predated within the overall exposure period
of acceptor nests (13 d, see Methods). This was to test
whether different predation rates at acceptor vs.
rejecter nests biased our results. We present both esti-
mates because (1) to our knowledge, almost none
of the previous studies made this correction (but see
Vikan et al. 2010); thus, to make results comparable
across studies we need to present also the uncor-
rected estimates (this allows inclusion of our data into
meta-analyses), and (2) the comparison of corrected
and non-corrected estimates may become valuable,
especially if these estimates do not match; we propose
that (re)analyses with this correction factor of past
and ongoing or future studies of brood parasitism will
follow this preferable approach.

Methods

We carried out the study in the city of Auckland,
New Zealand (36°51’S, 174°46’E) in 2007-2009.
Both the blackbird and song thrush are European
species that were introduced to New Zealand in late
19th century (Thomson 1922). Both species reject
foreign eggs from their nests at similar or even
higher frequencies in New Zealand, as in their Euro-
pean populations (Hale & Briskie 2007; Polacikova &
Grim 2010) as can be expected if egg rejection is not
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an evolved response to cuckoos but to conspecific
brood parasitism (see Grim et al. 2011).

Model eggs

We tested both species with a plain light blue model
egg, which is the most commonly used non-mimetic
model in studies of common cuckoo parasitism across
Europe (Davies 2000). We are aware of the problem
that terms ‘mimetic’ vs. ‘non-mimetic’ are confusing
and being used inconsistently across various studies
(discussed in Grim 2005). This is because these terms
dichotomize continuous variation in host—parasite egg
similarity (Grim 2005, p. 76). Here, for the readers’
convenience, we use terms ‘mimetic’ (large models
painted to resemble respective host eggs) vs. ‘non-
mimetic’ (small models painted to resemble plain blue
cuckoo eggs) as done in previous published studies of
Turdus thrushes, but also present physical reflectance
data on the colour similarity of egg models to our
model host species’ eggs (Fig. 1a,b) and provide illus-
trations of the models, too (Fig. 2).

Our non-mimetic models were made from poly-
synthetic material and painted with acrylic paints to
resemble eggs laid by the common cuckoo into the
nests of the redstart (Phoenicurus phoenicurus; Moks-
nes & Reskaft 1995; Grim et al. 2009b). The size
(x £ SD =22.7+0.54%x17.4 + 048 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,
common cuckoo eggs (size range: 20-26 X 15—
19 mm, mass range: 2.9-3.8 g, Cramp 1985). Our
preliminary experiments showed that blackbirds and
song thrushes reject model blue eggs at intermediate
frequencies in our New Zealand study populations
(see Results).

Further, we tested both thrush species with
mimetic model eggs (again made from polysynthetic
material and painted with acrylic paints). The ‘con-
specific model” was painted to replicate appearance
of the natural blackbird egg (i.e. greenish-blue back-
ground with dense red-brown spotting) and the nat-
ural song thrush egg (i.e. blue background with dark
spots concentrated at the blunt egg pole), respec-
tively. The size (X £ standard deviation: 29.6 =+
0.26 X 21.5 + 0.28 mm, n = 10), mass (7.8 £ 0.49 g,
n = 10) and shape of blackbird conspecific models
were similar to real blackbird egg (size range: 25—
35 %X 19-24 mm, estimated mass: 7.2 g, Cramp
1988). The size (X * standard deviation: 25.8 £+ 0.40
X 21.0 £ 0.25 mm, n = 10), mass (6.4 £ 0.31 g, n =
10) and shape of song thrush conspecific models
were similar to real song thrush egg (size range:
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24-31 X 19-22 mm, estimated mass: 6.0 g, Cramp
1988). For representative reflectance spectra of natu-
ral and model eggs, see Fig. 1.

Preliminary experiments with single (i.e. non-
repeated) introductions of the blue model were per-
formed during the austral summer of 2007-2008.
Repeated experiments with conspecific models were
carried out in 2008, and repeated experiments with
blue models in 2009.

Experimental procedures

Each experiment consisted of two consecutive trials.
The nest was first parasitised during the laying stage
or in the first 5d of incubation (we visited nests
each day; thus, clutch ages were not estimated but
known exactly, assuming one egg laid per day). We
did not remove the host’s egg, as egg removal has
no effect on rejection probability in these species
(Davies & Brooke 1989). We decided a priori to
employ the standard 6-d exposure period of Moks-
nes etal. (1991) to evaluate host responses. We
aimed to check the nests daily until ejection or final
acceptance, and despite logistically constraints (e.g.
transportation and weather), we were able to check
nests on 90% of subsequent days across the two spe-
cies. Each nest was also checked several hours after
the model egg was introduced on the same day. If
the model disappeared during the day of the experi-
ment, we assigned the nest latency to rejection of 0.
The egg model was assumed to be accepted if it was
still in an active nest on 6th day after the start of the
experimental parasitism, then the model was
removed. Although several previous studies included
nest desertions as a specific response to parasite eggs,
we did not do so because there were only 2 and 1
desertions (of blue models) in song thrushes and
blackbirds, respectively. Thus, we assumed that
desertion was not a response to parasitism by the
specific egg models in our study population.

Two days after the outcome of the first trial (accep-
tance or rejection), we placed the same type of model
into the nest. Again, we checked the nest daily until
ejection or acceptance up to 6 d. Egg laying and incu-
bation periods in both species last approximately 16 d
(34 d of laying and 13 d of incubation; Higgins 2006)
which provided enough time to test repeated accep-
tors (i.e. individuals that accepted both the first and
second experimental egg; 6 + 1 + 6 d). We followed
the same procedure in experiments with either blue
(non-mimetic) models or with conspecific (mimetic)
model eggs. Nests depredated before the first trial fin-
ished were excluded from analyses, whereas nests
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Fig. 1: Average reflectance spectra of the background coloration of
natural eggs (black line) and artificial conspecific model eggs (O) for
(a) blackbirds Turdus merula (n = 108) and (b) song thrushes T. philo-
melos (n = 156) in New Zealand. Spectra of natural eggs are shown
with the range of natural variation (5th and 95th percentile ranges,
grey lines) and the averages of three measurements are shown for
each model egg (n = 5 models per type, because all model eggs were
painted identically and variation would represent only measurement
errors). In Fig. 1b, the artificial conspecific model reflectance curve
refers to the blue background colour of both the conspecific song
thrush model and the smaller model resembling the egg laid by the
common cuckoo Cuculus canorus into redstart Phoenicurus phoenicu-
rus nests, as these two types of models differed only in size and the
presence of maculation (song thrush-like dark spots) on the conspe-
cific song thrush model. Artificial conspecific models in both blackbirds
and song thrushes can be considered highly mimetic because of the
extensive overlap between artificial model eggs’ reflectance curves
and the models’ size compared with the range of natural host eggs.
The discrepancy between artificial and natural eggs is within the range
of differences that had been considered highly mimetic in previous
studies (e.g. spectral curves of artificial and natural eggs in Fig. 1 in
Honza et al. 2007a). In contrast, artificial redstart-cuckoo (immaculate
blue) model eggs are considered non-mimetic, as there is no overlap
in size of hosts’ eggs and models (see Methods) and coloration differ-
ences are striking between natural blackbird eggs and redstart-cuckoo
models. Although the latter are similar as for background colour to
natural song thrush eggs, the redstart-cuckoo models lack maculation
that is used as a discrimination cue in song thrush (PolaCikova et al.
2010).
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that were depredated only after the first trial success-
fully ended were used to estimate the population-
wide rate of rejection of alien eggs.

Statistical analyses

We applied two approaches to estimate the repeat-
ability of binary egg-rejection (accept or eject)
responses. First, we estimated consistencies of indi-
vidual responses with Spearman’s correlation coeffi-
cients. This is a statistically relevant approach
(Martin & Bateson 2008, p. 74-78) and the resulting
rs-values and p-values are identical as when calcu-
lated with Pearson’s correlation or phi contingency
coefficient (see Weidinger & Kocvara 2010). Yet,
approaches based on simple correlations are disad-
vantageous because they cannot control for possible
confounding factors.

Second, to test for the possible confounding effects
of covariates, we also estimated the consistency of a
binary response between two trials within the nest
using Generalised Linear Mixed Models (GLMM)
implemented in R 2.12.0 (R Development Core Team
2010: package lme4 v. 0.999375-37; Bates et al.
2008). We used Laplace approximation to estimate
the parameters in our GLMM with binary response
variable (Bolker et al. 2009). We built four separate
models for each species (blackbird, song thrush) and
for each egg model type (non-mimetic, mimetic)
combination. The global models for blue model eggs
included nest identity (random variable) and follow-
ing explanatory variables: nest age (age of the nest at
start of experiment in days, day 0 = start of incuba-
tion, negative values denote start of experiment in
laying stage), first egg-laying date (including its qua-
dratic term to test for non-linear seasonal trends) and
final clutch size. We selected the most parsimonious
model based on Akaike information criterion cor-
rected for small sample (AIC.) (Burnham & Anderson
2002). Statistical models for conspecific model eggs
did not include covariates because of low sample
sizes so as to avoid overparametrization (Burnham &
Anderson 2002).

Intraclass correlation coefficients (i.e. repeatability)
of egg ejection (binary response variable) were
calculated as r = VA/(VA + VE + n°/3), where VA
denotes between-nest variance component, VE =
component due to overdispersion (Guo & Zhao
2000) and within-nest residual component 72/3 rep-
resents the distribution-specific variance for the logit
GLMM (Nakagawa & Schielzeth 2010), where
m = 3.14. We estimated asymptotic 95% confidence
intervals for the correlation coefficients calculated in
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our GLMM model, using the public calculator http://
faculty.vassar.edu/lowry/rho.html. The calculation is
based on the Fisher r-to-z transformation according
to the formula z= %*In*(1 + r)/(1-r) = arctanh(r)
(where In is the natural logarithm function and arc-
tanh is the inverse hyperbolic function).

Spearman’s correlation coefficients with exact
95% confidence intervals (binary response) were
calculated using StatXact 7 (Cytel Inc. 2005). Results
are presented as X + SE.

Individual repeatability of latency to ejection (a
continuous response variable) between trials was
calculated as r=VA/(VA + VP) (Lessells & Boag
1987), where VA denotes between-nest variance
component, and VP = within-nest variance compo-
nent. Confidence intervals for their intraclass corre-
lation coefficients were calculated according to
formula in McGraw & Wong (1996).

Results

Responses of blackbirds to non-mimetic blue egg
models

The overall rejection rate of blue egg models by black-
birds in the focal study season (2009) was 71.4%
(n = 56, data from nests that were tested only once
plus results of first trials from repeatedly tested nests).
This is an intermediate rejection rate by definition

“‘66® 000
s s °

0.60

o B
» O
S o
L )

0.40 1

Repeatability

0.20

0.00 -

Blackbird | | Song thrush
n (nests) 41 37 8 22 18 9

Ejection (%) 829 810 25.0 455 389 0.0

Fig. 2: Repeatability estimates from GLMM (see Methods) with 95%
confidence intervals (Cls) of egg rejection in blackbirds and song
thrushes. Results shown for (A) non-mimetic blue eggs with all nests
included, (B) blue eggs with rejecter nests depredated within 13 d
excluded (see Discussion for rationale behind this re-analysis) and (C)
mimetic conspecific models. Note that Cls for mimetic conspecific
models in the song thrush overlap zero; lower 95% Cl (-0.46) is not
shown in the graph. Sample sizes and ejection rates from 1st trials
are shown below.
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Table 1: GLMM models of egg ejection of blue models as the bino-
mial response variable, with NEST = nest identity as random variable
and fixed factors of AGE =age of clutch at start of experiment,
CLUTCH = final clutch size, SEASON = first egg-laying date and
SEASON2 = squared first egg-laying date. Models are ranked from the
best to the worst based on Akaike information criteria, corrected for
small sample size (AIC.) (Burnham & Anderson 2002). K = number of
parameters in the model. A; = AIC. — AlCc(min- Wi = Akaike weights

Models K AlCc A Wi

Blackbird (n = 41)
NEST
NEST + CLUTCH
NEST + AGE

2 56.31 0.00 0.29
3 57.20 0.89 0.19
3 57.41 1.10 0.17
NEST + SEASON 3 58.05 1.73 0.12
NEST + AGE + CLUTCH 4 59.29 2.98 0.07
NEST + CLUTCH + SEASON 4 59.89 3.58 0.05
NEST + AGE + SEASON 4 59.96 3.65 0.05
NEST + SEASON + SEASON2 4 60.66 435 0.03
NEST + AGE + SEASON + CLUTCH 5 62.17 5.86 0.02
NEST + SEASON + SEASON2 + CLUTCH 5 62.34 6.03 0.01
NEST + AGE + SEASON + SEASON2 5 63.29 6.98 0.01
NEST + AGE + SEASON + SEASON2 6 895.63
+ CLUTCH
Song Thrush (n = 22)

839.32  0.00

NEST + SEASON 3 50.96 0.00 0.40
NEST + CLUTCH + SEASON 4 53.25 230 0.13
NEST + AGE + SEASON 4 53.27 231 012
NEST + SEASON + SEASON2 4 53.37 241 0.2
NEST + CLUTCH 3 5426 330 0.08
NEST + AGE + SEASON + CLUTCH 5 55.68 473 0.04
NEST + AGE + SEASON + SEASON2 5 55381 4.85 0.04
NEST + SEASON + SEASON2 + CLUTCH 5  55.81 4.85 0.04
NEST + AGE + CLUTCH 4 56.57 5.61 0.02
NEST 2 57.67 6.72 0.01
NEST + AGE + SEASON + SEASON2 6 5837 7.42 0.01
+ CLUTCH
NEST + AGE 3 59.94 8.98 0.00

(sensu Roskaft et al. 2002; see also Discussion). This
rate was statistically similar to rejection rates in previ-
ous years at our study site (2007-2008, 54.2%,
n=24; =224, df = 1, p = 0.14). All results below
refer only to repeatedly tested nests (in 2009).

In the first trials, at 83% tested nests (n = 41), we
documented ejection of the model egg. In the second
trials, 78% of females ejected the egg in the same
sample of nests. Only two females changed their
response (both from ejection to acceptance), and the
responses of all other females, both acceptors and
rejecters, remained identical between the first and
the second trial. Repeatability for the binary data
(see Methods) showed very high consistency (Spear-
man’s correlation: 7y = 0.86, exact 95% CI = 0.67—
1.00, n = 41, p < 0.0001).

The most parsimonious GLMM included only ran-
dom variable nest (Table 1; Fig. 2). However, three
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other models had A; <2 (Burnham & Anderson
2002). These models included, additional to nest
identity, also final clutch size, nest age, and laying
date in the season (Table 1). As 95% confidence
intervals for model-averaged parameter estimates of
these variables included 0 in all cases, we did not
consider these variables further (Burnham & Ander-
son 2002). The latency to ejection of the model in
the second trial was significantly shorter than in the
first trial (Fig. 2, paired t-test: t3; = 2.43, p = 0.02).

In the first trials, the probability of egg ejection
increased with advancing nest stage (logistic regres-
sion: ¥’ =6.88, df =1,39, p=0.009, intercept =
—1.75 £ 0.56, slope = 0.69 + 0.36). Still, this pattern
did not confound our results because individual
responses remained virtually identical between the
first and second trial (39 of 41 females did not change
their rejection responses). In the second trials, the
egg ejection probability did not covary with nest age
(logistic regression: ¢ = 0.41, df = 1,39, p = 0.52).

Latency to ejection had a tendency to decrease
with nest age in the first trials (F;30=4.11,
p = 0.052). In the second trials, latencies to ejection
did not correlate with nest age (F;30= 0.62,
p = 0.44). Individual repeatability of the latency in
egg ejection between trials was r = 0.46 (CI = 0.17—
0.71), when controlling for nest-age effect.

Responses of blackbirds to mimetic conspecific egg
models

In the first trials (2008 breeding season), blackbirds
ejected only two and accepted 14 conspecific models.
Out of these 16 nests, we successfully completed the
second trial at only eight nests (50%). Rejection
response in the second trials was identical in all
cases. The same two females ejected conspecific egg
models, whereas the remaining six females accepted
the model eggs, i.e. incubated the model egg success-
fully for at least 6 d. Non-parametric correlation
with the binary data showed high consistency
(rs =1.00, exact 95% CI=1.00-1.00, n=8, p=
0.03). GLMM-estimated repeatability for the binary
data was quantitatively very similar (Fig. 2).

The latency to respond at the two rejecter nests in
the first trial was 1 and 3 d respectively. In the second
trial, both rejecters responded with 1 d latencies.

Responses of song thrush to non-mimetic blue egg
models

The overall rejection rate by song thrush of blue egg
models in the focal study season (2009) was 39.5%
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(n = 48, data from nests that were tested only once
plus results of first trials from repeatedly tested
nests). This rate did not differ statistically from the
rejection rate in 2007-2008 (21.7%, n =23, 5’ =
2.04, df =1, p = 0.15). All results below refer only
to repeatedly tested nests (in 2009).

In the first trials, 45.5% of females (n = 22)
ejected the model egg. In the second trials, 50.0% of
females ejected the egg in the same sample of nests.
Three females changed their response to the repeat
trials (one from ejection to acceptance and two from
acceptance to ejection) and all other females, both
acceptors (n = 10) and rejecters (n = 9), responded
identically between the first and the second trial.
Repeatability for the binary data showed high con-
sistency (Spearman’s correlation: r, = 0.73, exact
95% CI = 0.45-1.00, n = 22, p = 0.002).

The most parsimonious model included, additional
to nest identity, also a covariate of laying date
(Table 1, Fig. 2). Early in the season more individual
rejected our experimental blue eggs, whereas later in
the season acceptance was more prevalent (effect
size of laying date: intercept = 4.15 + 1.95, slope =
—0.09 £ 0.04; CIs for slope: —0.17 to —0.01). Laten-
cies were similar in the second compared with the
first trial (Fig. 3, Wilcoxon matched pairs test:
Z=-3.00,n =8, p=0.25).

In the first trials, the probability of egg ejection did
not covary with the nest age (logistic regression:
XZ =145, df =1,20, p=0.23). In contrast, in the
second trials, the egg ejection probability decreased
with nest age (logistic regression: 7> = 5.48, df = 1,20,

2.0
i [ 1st trial

S 1.6 M 2nd trial
c .
2
S 124
T |
2
2 0.8
(8}
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Blackbird Song thrush

Fig. 3: Latency to rejection (x + SE) by blackbirds (n =32 paired
experiments) and song thrushes (n = 8 paired experiments) to experi-
mental parasitism with non-mimetic blue model eggs. Data taken only
from rejecters’ nests where individuals rejected both in the first and
second trial (i.e. nests where there was a non-consistent response to
models eggs between the first and the second trial were excluded,
see Methods for details).
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p = 0.02, intercept = —4.60 + 2.44, slope = —=0.56 =+
0.28).

Latency to ejection decreased with nest age in the
first trials (Fy6=7.99, p=0.03, latency to ejec-
tion = 1.24-0.16*nest age). In the second trials,
latencies to ejection did not correlate with nest age
(F1,6 = 0.42, p = 0.54). Individual repeatability of the
latency in egg ejection between trials was r = 0.22
(CI = -0.53-0.77), when controlling for nest age
effect.

Responses of song thrush to mimetic conspecific
egg models

All song thrush in the focal study season (2008)
accepted conspecific models in the first trials
(n = 15). We successfully completed the second set
of trials within the same breeding attempt for nine
song thrushes. In all cases, song thrushes accepted
models in both trials. Non-parametric correlation
(Spearman’s) on the binary data could not be calcu-
lated because of the absence of variation in the data.
GLMM repeatability for the binary data (see Meth-
ods) was, as expected because of the absence of vari-
ation in the data, low and CIs included zero (Fig. 2).

Can different exposure of acceptor and rejecter nests
bias repeatability estimates?

Importantly, despite the statistical similarity of the
data across study years, some of the individual sub-
jects” rejection rates of model eggs detected at repeat-
edly tested nests might still be inflated in comparison
with the overall population rate of that season. This
is because repeatedly tested acceptor nests had much
longer exposure to potential predation (13 d) than
singly tested acceptor nests (6 d) or repeatedly tested
rejecters (mostly 3 d, see also latencies to rejection in
Fig. 2) (see also Vikan et al. 2010). As predated nests
were excluded from our analyses, this methodologi-
cal constraint could have inflated the apparent rejec-
tion rates and possibly also repeatabilities for
responses to blue model egg (all rejecter nests sur-
vived at least 13 d in conspecific egg treatments).
Therefore, we repeated the aforesaid analyses but
excluded all rejecter nests that did not survive at least
13 d from the introduction of the first egg model (i.e.
from the start of the first trial).

In the first trials, blackbirds ejected the model egg
at 81.0% nests (n = 37). In the second trials, 75.7%
of females ejected the egg in the same sample of
nests (Spearman’s correlation: ry = 0.85, exact 95%
CI = 0.67-1.00, n = 37, p < 0.0001; GLMM: Fig. 2).
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In the first trials, song thrush ejected the model
egg at 38.9% nests (n =18). In the second trials,
38.9% of females ejected the egg in the same sample
of nests (Spearman’s correlation: 7, =0.76, exact
95% CI=0.46-1.00, n=18, p=0.002; GLMM:
Fig. 2). These corrected estimates are statistically
identical (see CIs) to those not corrected for different
periods of exposure and survival of acceptor or rejec-
ter nests. Furthermore, the results of latencies to
ejection remained statistically the same for the
blackbirds (shorter for the second trials; paired t-test:
t7 =2.46, p =0.02) and the song thrush (similar
between first and second trials; Wilcoxon matched
pairs test: Z = 3.00, n =5, p = 0.35).

Discussion

Our experiments demonstrate very high levels of
individual repeatability of blackbird and song thrush
responses towards non-mimetic (both hosts) and
mimetic (blackbirds) parasitic eggs. Specifically, 95%
blackbirds and 86% song thrush responded identi-
cally to parasitic non-mimetic blue eggs (where
we reached sufficient sample sizes) in two trials
within the same breeding attempt. As documented in
only one other species tested thus far (the blackcap,
Honza et al. 2007b), in the blackbird, too, the latency
to respond to model eggs was shorter between the
first and second trials at the same nests.

Individual (in)consistency

Despite high individual repeatability of rejection of
non-mimetic blue egg models, 5% blackbirds
(n =41) and 14% song thrush (n =22) changed
their behaviour from rejection to acceptance or vice
versa. This is unlikely to be explained by altered host
experiences (Rodriguez-Gironés & Lotem 1999),
female age (Lotem et al. 1995), or light conditions at
the nest (Langmore et al. 2005) because individuals
experienced only few days of a short time-window
between successive trials at the same nest with the
same structure of vegetation cover.

Probability of egg rejection depends on a contrast
of the parasite egg against host own eggs (e.g. in Tur-
dus spp.: Cassey et al. 2008). Such variation of own
egg colours, relative to the standardised paint of
model eggs, is an inherent feature of any biological
system; thus, it cannot be avoided in any experimen-
tal study of egg discrimination. However, this relative
variation in contrast would also reflect natural varia-
tion in similarity between any parasite and any host
eggs (see Fig. 3 in Antonov et al. 2010) and must be

614

P. Samas, M. E. Hauber, P. Cassey & T. Grim

faced by both the parasites and the hosts, as well as
the experimenters. Nevertheless, variation in similar-
ity is not critical for our conclusions as far as host
population is sampled randomly and, thus, reflects
natural variation in the study system. Therefore,
because our approach measured response behaviours
within individuals, whose eggs themselves are less
likely to vary within individuals than between indi-
viduals (Cassey et al. 2009), the resulting tests of
repeatability remain valid. Additionally, this con-
founding effect was minimised in the present study
because (1) host eggs remained identical between
two within-breeding attempt trials, and (2) model
non-mimetic eggs were painted simply (Fig. 2) and
thus had highly standardised appearance. Hosts may
commit more errors when cues to discriminate are
too similar (Reeve 1989), but non-mimetic eggs we
used (i.e. small plain blue cuckoo-egg-sized models)
are perceivable for discrimination by our subject host
species, both theoretically (Cassey et al. 2008) and
empirically (Grim et al. 2011; this study). Still, Peer
& Rothstein (2010) showed very low egg rejection
repeatability in common grackles using a non-
mimetic egg model in two trials within one breeding
attempt (i.e. same design as our study).

Our findings have important implications for those
theoretical models of parasite-host coevolution
which assume that individuals are fixed in their
responses once the foreign egg is perceived to reach
an acceptance threshold (e.g. Takasu 1998; Servedio
& Hauber 2006) or may change behaviour only
when the parasitic egg mimicry is very high (Rodri-
guez-Gironés & Lotem 1999; Hauber et al. 2006). In
turn, although the rates of inconsistency may not
seem very large, our finding of 5% and 14% of host
individuals changing behaviours between parasitism
attempts could potentially have a very dramatic
effect on model predictions, because of the inherent
non-linearities in the system (G. D. Ruxton, pers.
comm.). Our findings provide impetus for more
modelling work to address rigorously the question
how sensitive the various theoretical models of para-
site—host co-evolution are with respect to their
implicit and explicit assumptions of consistency and
heritability. We provide novel empirical insights for
future modelling efforts as the tested individuals in
our study and those of Peer & Rothstein (2010)
changed their behaviour even when (1) the parasite
eggs were non-mimetic (i.e. parasite vs. own egg
contrasts in size and colour were high across tested
nests), (2) effects of altered experience were mini-
mised, and (3) host clutch appearance remained
identical.
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We also detected some covariation with breeding
stage on egg rejection probability in both blackbirds
(only in first trials) and song thrush (only in second
trials), despite previous work having showed that
neither blackbirds nor song thrush differed in their
egg-rejection responses between nesting stages
(Davies & Brooke 1989 p. 212; Polacikova & Grim
2010 p. 114). Still, our analyses have shown that
this had no statistical effect on estimates of repeat-
ability: the model term nest age was statistically
non-significant in all cases and was removed from
all models (see Results).

Latency to ejection

Latency to ejection showed moderate repeatability in
blackbirds but was low and not significantly different
from zero in song thrush. That egg-ejector blackbirds
responded faster during their second trials compared
with the first ones may seem surprising. At the fit-
ness level, late-laid and, thus, late-hatched interspe-
cific parasites cannot eliminate host offspring
(Moskat & Hauber 2007; Grim et al. 2009b), and
late-hatched interspecific and conspecific parasites
cannot successfully compete with host young (Hau-
ber 2003; Hauber & Moskat 2008; Grim et al. 2009a;
Moskat and Hauber 2010; Grim et al. 2011). How-
ever, even late parasitism may be costly because of
increased costs of incubation and/or reduced hatch-
ing success (Siikamaki 1995).

At proximate level, the shifts in the latency of
rejection in our results may reflect some combina-
tion of more extensive or accurate learning of a
females” own eggs during incubation (Lotem et al.
1995; Stokke et al. 2007; Moskat et al. 2010) and/or
the shifting of a discrimination threshold because of
birds being alerted to a higher risk of parasitism by
repeated exposure to foreign eggs, as suggested by
both theoretical models (Reeve 1989; Rodriguez-
Gironés & Lotem 1999) and experimental data
(Davies et al. 1996; Hauber et al. 2006).

Importance on non-zero between-individual variation

We found that blue egg model rejection rates for
the blackbird were at the upper limit, whereas
those for song thrush were at the lower limit of
standard definition of ‘intermediate rejection’ rates
(i.e. 40-80%; Reoskaft et al. 2002). Still, we stress
that the definition of intermediate rejection should
be fluid (E. Reskaft, pers. comm.) and what criti-
cally matters is that there is non-zero inter-individ-
ual variation in host behaviour (see Bell et al.
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2009). This condition was fulfilled in the present
study in responses to both non-mimetic models in
the blackbirds and song thrush and to mimetic
models in the blackbird, but not in the song thrush
(although sample sizes were small for the last com-
parison, see Results).

In contrast, responses to mimetic models in the
song thrush demonstrate how no variation in host
behaviour affects repeatability estimation: the
repeatability measures calculated by GLMM were
low and statistically not significantly different from
zero (Fig. 2). This inevitably follows from definition
of repeatability: ‘the proportion of phenotypic varia-
tion that can be attributed to between-subject (or
between-group) variation” (Nakagawa & Schielzeth
2010, p. 935). Although host responses were seem-
ingly highly consistent (all model eggs accepted in
both first and second trials), there was no ‘between-
subject” variation and repeatability was bound to be
statistically equivalent to zero, by definition.

Similarly to some of our data, Honza et al.
(2007b)  reported that all individuals whose
responses were observed in both the first and second
trials ejected parasitic eggs. These authors concluded
that ‘[r]epeatability for host responses within the
nest was very high” (p. 344). However, there was no
‘between-subject’ variation in host behaviour in that
study. We recalculated repeatability for data from
Honza et al. (2007b) and, as expected, repeatability
was low and not significantly different from zero
(r=0.28; CI =-0.20-0.65; n = 19). This may have
been caused by finding that ‘one pair member may
pre-empt the other’s rejection response’ (Honza
et al. 2007b, p. 349). Accordingly, at some nests,
one member of the pair ejected the first parasite
model egg, whereas the second member of the pair
ejected the second model egg. Although such data
may be informative about some issues (e.g. ‘do
rejecters show assortative mating with rejecters?’),
they cannot be used to estimate repeatability of indi-
vidual behaviour (Bell et al. 2009). After excluding
such data (five nests) from data set presented in
Honza et al. (2007b), only individuals that ejected in
both trials remained in the analysable data set, lead-
ing to zero repeatability estimate earlier.

Can differential predation risk at acceptor vs. rejecter
nests inflate rejection rates?

Egg-rejection estimates in virtually all studies of
brood parasitism may be inflated if there were
uneven risks of predation at acceptor vs. rejecter
nests (see also Vikan et al. 2010). For example, in
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many studies, by definition, an acceptor nest must
survive at least 6 d to be included in analyses
(Davies & Brooke 1989; Moksnes etal. 1991),
whereas rejecter nests may be included in analyses
after much shorter exposure to potential predation.
For example, in the present study, most model eggs
were rejected after 1 or 2 d (Fig. 1). Therefore, we
reanalysed our data sets including only nests that
survived the maximum exposure period of 13 d.

The reanalyses produced the same conclusions and
the resulting new parameter estimates (repeatabili-
ties) were statistically identical (based on 95% CIs)
to uncorrected estimates. Therefore, biases resulting
from differential survival of acceptor and rejecter
nests were not detectable in this study. However,
this does not exclude the possibility that in other
data sets and studies such biases may in fact affect
parameter estimates and conclusions. We recom-
mend that future reanalyses and new studies of
brood parasitism should explicitly test whether
egg-rejection rates are not biased because of varying
predation risks at acceptor vs. rejecter nests.

Methodological suggestions for future work

Future studies of individual repeatability of egg-
rejection behaviours should focus on host species
where (1) solely one sex incubates (and presumably
the same sex rejects parasitic eggs), (2) egg-rejection
rates are variable between individuals, and (3) egg
rejection is by ejection (i.e. deserters cannot be used
for estimations of within one breeding attempt
repeatability). Also, (4) such studies should use mod-
els that are known to (or can be expected to) elicit
intermediate rejection rates, and, (5) repeatability
studies should use appropriate state of the art statis-
tical tools that can control for possible confounding
variables, i.e. GLMM (for details and examples, see
Bates et al. 2008; Bolker et al. 2009; Weidinger &
Kocvara 2010). Using highly mimetic model eggs
leads to a potential outcome that all such models
will be accepted, as we have shown with conspecific
models in song thrush here, and under such circum-
stances, estimating repeatability may be unfeasible
(Bell et al. 2009).

In any ecological study, authors should strive for
representative  sample sizes (Taborsky 2010).
Although our samples for the mimetic conspecific
models were small, we present even these data and
the resulting analyses because not presenting col-
lected data as part of a comprehensive experiment
increases publication biases. Even small samples
should be published because these could be later

616

P. Samas, M. E. Hauber, P. Cassey & T. Grim

used in meta-analyses (weighted by sample size)
(Johnson 2002; Nakagawa & Hauber 2011).

We used artificial model eggs whose colours can be
perceived differently from natural eggs by the avian
sensory system (Cassey et al. 2008). However, we did
not specifically investigate whether and how individ-
ual birds perceived the eggs in our study. This is
because we presented them with two identical stimuli
which is the most important prerequisite for reliable
estimates of repeatability (Martin & Bateson 2008).

Overall, our data imply that egg rejection decisions
are highly consistent for individual female blackbirds
and song thrush within the same breeding attempt.
It remains to be seen in future studies whether, and
how, consistent egg rejection decisions are across
breeding attempts of a single individual and across
generations of acceptor or rejecter females (Hauber
et al. 2004; Hoover & Hauber 2007). The implica-
tions of these results are that a critical assumption of
the evolvability of egg-rejection behaviours has been
roughly met in both Turdus species. Also, contrary to
assumptions of theoretical models, we confirmed
that some individuals are flexible in egg-rejection
behaviours even in the short time-window of one
breeding attempt and may change their responses
between subsequent exposures to brood parasitism.
Thus, these extensive experimental data provide
empirical impetus to assess rigorously how sensitive
various theoretical models of parasite-host co-evolu-
tion are to their assumptions.
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