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Accurate recognition of salient cues is critical for adaptive responses, but the
underlying sensory and cognitive processes are often poorly understood. For
example, hosts of avian brood parasites have long been assumed to reject
foreign eggs from their nests based on the total degree of dissimilarity in
colour to their own eggs, regardless of the foreign eggs’ colours. We tested
hosts” responses to gradients of natural (blue-green to brown) and artificial
(green to purple) egg colours, and demonstrate that hosts base rejection
decisions on both the direction and degree of colour dissimilarity along
the natural, but not artificial, gradient of egg colours. Hosts rejected
brown eggs and accepted blue-green eggs along the natural egg colour gra-
dient, irrespective of the total perceived dissimilarity from their own egg’s
colour. By contrast, their responses did not vary along the artificial colour
gradient. Our results demonstrate that egg recognition is specifically tuned
to the natural gradient of avian eggshell colour and suggest a novel decision
rule. These results highlight the importance of considering sensory reception
and decision rules when studying perception, and illustrate that our under-
standing of recognition processes benefits from examining natural variation
in phenotypes.

1. Introduction

The recognition of suitable food, mates, predators, and shelter is central to all
life. An organism’s fitness depends on its ability to recognize phenotypic differ-
ences that can vary from obvious to nearly imperceptible [1,2]. However,
decision-making in a natural context can be challenging because novel stimuli
inevitably differ from previously encountered stimuli. Here, we used avian
brood parasite—host interactions as a tractable system to explore the perceptual
bases of these recognition processes in the wild.

Avian brood parasites lay their eggs into other birds” nests and impose the
cost of rearing their young upon host parents [3—5]. Hosts evade these costs by
preventing parasitism [6] or rejecting parasitic eggs or young from their nests
[3,4]. As hosts evolve better discrimination abilities, selection favours parasites
with eggs that more accurately mimic host egg appearance [7,8], which can lead
to coevolutionary arms races [9]. Prior experience with brood parasitism affects
an individual’s response [10-12]; experience with their own and foreign eggs
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Figure 1. Decision-making by hosts of avian brood parasites is an ideal system for studying general principles of cognition in nature. These hosts must detect and
appropriately respond to a brood parasite’s trickery while balancing the risk of acceptance or rejection errors (striped and cross-hatched areas, respectively). The
acceptance threshold (dashed vertical lines) lies at the intersection of these risks [14], such that stimuli between both thresholds are accepted and beyond which
stimuli are rejected. These thresholds can shift (infinitely far) depending on perceived risk (bi-directional arrows on acceptance thresholds), making them akin to
decision boundaries in general recognition theory [15] rather than demarcating a host’s perceptual limits (i.e. psychological versus psychophysical). In the top portion
of each schematic (a,b) we illustrate a distribution of host eggshell phenotypes (middle) and distributions for two parasites (left and right). The traditional expec-
tation based on multiple thresholds (a, bottom) is that as the magnitude of perceived difference between host and parasitic eggs increases hosts are more likely to
respond; therefore, blue-green and brown parasitic eggs that are equally different to the host's eggs should be rejected at equal rates. However, if hosts base
rejection decisions on (b) specific colours, then we expect (b, bottom) that rejections would be biased toward one end of the phenotypic range, despite the absolute
perceived difference; for example, such that either blue-green or brown parasitic eggs are rejected.

provides hosts with valuable information on a range of egg
phenotypes that will allow for more flexible future decisions
(e.g. [12]). One common host defence is to reject a parasitic
egg that differs from a learned or innate internal template
of the host’s own eggshell appearance [10,13] and eggshell
coloration and maculation (i.e. spotting) are the primary
cues that most hosts use for such egg recognition tasks [4].

Most studies (electronic supplementary material, table S1)
have examined host responses based on the absolute perceived
colour dissimilarity between host and parasitic eggs (here-
after, the multiple threshold decision rule; figure 1a).
However, hosts may be biased toward rejecting eggs with
colours at either end of their phenotypic range (hereafter,
the single threshold decision rule, figure 1b), rather than
having their responses governed only by the magnitude of
the perceived difference (at both tails of a host’s phenotypic
range; figure 1a). Birds’ eggshell colours are ideally suited
for testing if host responses are governed by single or mul-
tiple discrimination thresholds because they vary linearly
from blue-green to brown through the avian colour space
[16]. Some studies that have examined the role of each of
birds” four individual photoreceptors found that variation
in perceived ultraviolet and blue light predicted host egg
rejection behaviour while absolute perceived colour differ-
ences did not [17]. This suggests that perceived variation in
specific colours may have governed their rejection responses,
which might be adaptive if hosts have either a learned or
innate aversion to parasitic egg colours. Thus, despite vast
research [4], the decision rules underlying colour-based
parasitic egg recognition remain unclear.

To experimentally test whether hosts employ a single
threshold decision rule, we painted foreign eggs to vary

continually along two colour gradients within the avian per-
ceptual colour space representing either natural or artificial
egg colours (figure 2). The first gradient encompassed natural
variation in birds’ eggshell colours, which varies from blue-
green to brown [16]. The second gradient encompassed a
range of artificial colours, orthogonal to the first within the
host’s visual space, varying from green to purple (figure 2).
These foreign eggs were added to the nests of blackbirds
Turdus merula (hereafter, blackbird) and American robins
T. migratorius (hereafter, robin) and we recorded whether
these hosts accepted or rejected the foreign eggs from their
nests. If host rejection decisions are based solely on absolute
perceived colour differences, their responses should be inde-
pendent of the direction of the colour differences (figure 1a)
and similar along both colour gradients. By contrast, if
hosts use a single threshold decision rule (figure 1b), then
we expect predictable responses only along the natural egg
colour gradient because these represent relevant stimuli
[16]. Finally, we more fully explored these hosts’ responses
by quantifying and comparing host discrimination abilities.

2. Material and methods

(a) Study area and experimental procedures

We studied blackbirds in Olomouc, Czech Republic (49°36'N,
17°15E) and robins in Ithaca, New York, USA (42°26'N,
76°30" W) between April and July 2014, and successfully finished
experiments at 82 blackbird and 52 robin nests. Conspecific para-
sitism rates for blackbirds in our population are conservatively
estimated at 3.1% [18] and cuckoos do not parasitize this popu-
lation because cuckoos avoid towns [19]. Our robin population is
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Figure 2. Foreign eggs were (a) painted across two gradients of variation that
either align (blue-green to brown) or are orthogonal (green to purple) with
natural eggshell colours. These manipulations produced perceivable colour vari-
ation that represents relevant threats and novel stimuli to hosts (see the
electronic supplementary material). These models, presented to (b) blackbirds
and (c) robins, were specifically designed with respect to the avian tetrahedral
colour space (shown from above). Within each tetrahedron we illustrate the pre-
dicted short 'S’, medium ‘M’, long ‘L', and ultraviolet ‘U" wavelength-sensitive
photoreceptor stimulation when these foreign eggs are viewed by the host.
Insets show these models (in actual colour) alongside variation of natural (b)
blackbird and (c) robin eggshell colours (black dots within each inset). For
the purpose of comparison, we show eggshell coloration of the brown-
headed cowbird (red dots in ¢) that parasitizes the robin (data from [16]).

sympatric with cowbirds [20,21] and may experience cowbird
parasitism, as indicated by the presence of a cowbird egg in an
abandoned robin nest [22]. We introduced a single foreign egg
model into each nest and recorded whether or not the attending
female was flushed from the nest [23]; these eggs were unspotted
immaculate (i.e. unspotted) and their colours uniquely positioned
along a gradient of blue-green to brown colour variation represen-
tative of natural avian eggshell colours [16] or an alternative
orthogonal gradient varying from green to purple (figure 2; elec-
tronic supplementary material, figure S1). After each egg
introduction, we monitored the nest daily for six consecutive
days [24]. Hosts were considered ‘rejecters” when the foreign egg
or one of their own eggs disappeared from their nests during
this six-day period. To ensure rejection responses were possible,
these eggs were consistent in size, shape, and material with exper-
imental eggs previously used in these populations (see the
electronic supplementary material), differing only in their colour.
We did not detect conspecific or interspecific parasitism in any
of these nests (for further details, see the electronic supplementary
material).

(b) Colour analysis

We used reflectance spectrometry to objectively measure the
coloration of freshly abandoned eggs from both hosts, and also
foreign egg models. Then, using visual information of the black-
bird [25] and a noise-limited visual model [26], we calculated the
perceived chromatic and achromatic contrast in units of just
noticeable difference (hereafter ]ND) between the average host

colour and each egg model. Under ideal viewing conditions
a JND < 1 represents an imperceptibly small difference between
the hosts’ eggs and the foreign egg, while a JND of one would be
just noticeable under ideal viewing conditions, and JNDs > 1
become increasingly noticeable as the JNDs increase. We then
summarized perceivable variation in colour using perceptually
uniform chromaticity diagrams [27], which allowed for examin-
ing both the direction and degree of JNDs. For further details,
see the electronic supplementary material.

(c) Statistical analyses

We used binomial generalized linear models (GLM) to predict
each host’s response (accept or reject), using the ‘glm’ function
in the base ‘stats’ package in R v. 3.1.2 [28]. We decided to use
a logit link function to ensure our results are comparable with
previous studies that have widely used this link function to
describe host responses (e.g. [13,23,29]); however, other para-
metric psychometric functions (e.g. Gaussian or Weibull) could
also explain host responses. Therefore, to ensure our results
were robust to the form of psychometric function, we reran the
GLM using the appropriate link function for each psychometric
alternative (the probit link function for Gaussian and the comp-
lementary log-log function for Weibull) [30]. We report the
threshold location as the colour value associated with a rejection
probability of 0.50, based on models refitted with only the pre-
dictor of interest [30,31]. This describes the location of each
host’s decision boundary, along either colour gradient (in JND
units in a particular direction) or across differences in absolute
dissimilarity (in JND units), which we report as the median and
inter-quartile range based on 10000 bootstrap estimates. We
also present Nagelkerke’s R? and the small sample size-corrected
Akaike’s Information Criterion AICc [32,33].

First, we examined if both chromatic and achromatic contrast
predicted host response (multiple threshold decision rule). Then,
we predicted host response by the three gradients of manipu-
lated colour variation, controlling for the perceived achromatic
contrast (single threshold decision rule). For these models,
we report the evidence ratio [34], in which unlike AIC. weights
do not depend on the alternative models and which quantifies
the empirical support for one hypothesis over an alternative
hypothesis [34,35].

In addition, we used an information-theoretic (I-T) approach
[34] to produce an average model that would incorporate the
uncertainty of many similarly probable alternatives and identify
the models that best described the variation in our data [36].
Specifically, we produced a global GLM predicting host response
by our main variables of interest, which were the three gradients
of colour variation, chromatic and achromatic contrast, as well as
other variables with the potential to impact host response
[18,23,37]: whether they were flushed from their nest (categori-
cal: yes or no), final clutch size (continuous), laying date
(continuous), and nest age (continuous). We then established a
candidate set based on the relative likelihood of potential
models such that models with evidence ratios greater than 1/8
were considered reasonable [34]. We averaged models in this
candidate set using the ‘MuMIn’ package v. 1.13.4 [38]. The rela-
tive importance of each predictor of host response was calculated
as the sum of AIC. weights over all the models in the candidate
set where that predictor occurs, setting the effect of a parameter
at zero if it was not included in a particular model within the
candidate set, to avoid biasing our model averaged estimates
away from zero [34].

To examine if blackbirds and robins expressed different dis-
crimination abilities to experimental parasitism, we compared
the slopes of their predicted responses along the natural eggshell
colour gradient (i.e. regression coefficients for responses to vari-
ation along the blue-green to brown gradient). Using a
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Figure 3. The probability of rejecting a coloured foreign egg is shown for (q,b) blackbirds (n = 82) and (c,d) robins (n = 52), with respect to the position of each
hosts’ own egg colour (see inset eggs above zero on both x-axes) along the (a,¢) blue-green to brown and (b,d) purple to green colour gradients (in JNDs). We show
a significant logistic (solid line, table 1), Gaussian (dashed, electronic supplementary material, table S2), and Weibull (dotted, electronic supplementary material,
table S3) fits. Please note, we plotted all egg rejections, including rejection errors (black dots; n = 2) and foreign eggs falling along both colour dimensions. For
comparison, we plotted (c) the mean location (approx. 4 JND on the x-axis) of eggshell coloration along this axis for the robin’s heterospecific brood parasite, the
brown-headed cowbird (also see figure 2). We illustrate 10 000 resampled slopes from binomial models predicting host behavioural responses (light grey lines); refer

to table 1 for the significance of these parameters.

resampling approach [39], we randomly selected 90% of the
blackbird and robin data, respectively, and reran GLMs (see
above) separately for each species using these data, recording
the regression coefficients (i.e. slopes) for blue-green to brown
variation 10000 times. Normality of the resampled populations
was tested using Kolmogorov—-Smirnov tests, using 1000
Monte Carlo simulations [40], and neither population was nor-
mally distributed (blackbird: Kolmogorov—Smirnov test = 0.61,
bootstrap p < 0.0001, Monte Carlo simulations = 1 000; robin:
Kolmogorov—Smirnov test = 0.97, bootstrap p < 0.0001, Monte
Carlo simulations = 1 000). Therefore, we tested for differences
in slopes using a Wilcoxon rank sum test and report the
rank-biserial correlation [41].

All analyses were conducted in R v. 3.1.2 [28]. For more
complete details on the methods and statistical analyses used,
see the electronic supplementary material.

3. Results

We found that both hosts’ rejection responses varied predic-
tably across the gradient of natural eggshell colours. This
natural eggshell colour gradient had the greatest relative
importance of any potential predictive variable (table 2); no
other parameter could effectively predict either host’s
response. Blackbirds rejected eggs browner than their own
at higher rates (mean + standard error (s.e.): 86.96 + 0.61%)
than eggs that were more blue-green than their own

(66.00 + 3.18%, threshold location: median = —3.84 JND
more blue-green; inter-quartile range =1.56 JND; figure 3
and table 1). Robins also rejected eggs browner than their
own (78.45 + 3.26%) at higher rates than eggs more blue-
green than their own (0.40 £+ 0.22%; threshold location:
median =1.16 JND browner, inter-quartile range = 0.33
JND; figure 3 and table 1). By contrast, neither the blackbird’s
(threshold location: median =2.41 JND greener, inter-
quartile range =2.60 JND) nor the robin’s responses were
predicted across the gradient of artificial eggshell colours
(threshold location: median =0.51 JND greener, inter-
quartile range = 0.63 JND; figure 3 and table 1). Moreover,
blackbird rejection responses were negatively (not positively)
related to the absolute perceived degree of dissimilarity, i.e.
chromatic contrast (threshold location: median = 5.49 JND,
inter-quartile range =1.82 JND; figure 32 and table 1),
while robin responses were unrelated (threshold location:
median =230 JND, inter-quartile range=0.55 JND;
figure 3b and table 1). Alternative psychometric functions
produced equivalent results (figure 3; also see electronic sup-
plementary material, tables S2 and S3). These findings
provide strong support that these hosts use a single threshold
decision (figure 1b) rather than the traditionally assumed
multiple threshold decision rule (figure 1a, figure 3, and
table 1).

We found that these hosts differed in their discrimination
abilities, such that robins had a significantly stricter decision
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Table 2. Averaged parameter estimates from generalized linear models (see table 1) with their adjusted standard errors (s.e.) [34], 95% lower and upper
confidence intervals (LCL and UCL), measures of standardized effect (z-score), and relative importance. Estimates are presented as changes in log-odds of
rejecting an egg for an increase of one JND. Host response to foreign egg model (either accept or reject) was predicted by the axes of colour variation (blue-
green to brown, green to purple, less UV to more UV), chromatic and achromatic contrast (JND units), whether the female was flushed from her nest during
the experiment (yes or no), the nest age (days) at the time of the experiment, clutch size (eggs), and the laying date for each manipulated nest. Parameter
estimates with confidence intervals that do not overlap zero are italicized.

species parameter estimate $.€.adjusted importance

Blackbird (intercept) 222 1.69 —1.15 5.58 1.29 —
blue-green to brown » 046 08 T 08 2.55 100
flushing® —1.14 1.03 —333 0.30 1.10 0.75
chromatic contrast 07 020 —037 0% 033 0.3
less UV to more UV —0.10 0.30 —1.46 0.59 0.32 0.22
achromatic contrast <001 003 —0.09 017 0 0.8
nest age (days) <-0.01 0.04 —0.26 0.23 0.05 0.12
laying date <—0001 <001 —005 004 0.06 012
green to purple <—=0.01 0.09 —0.54 0.51 0.02 0.12
clutch size (eggs) <<0.0001 0.15 —0.85 0.85 <<0.0001 0.12

Robin (intercept) —372 6.68 —16.99 9.55 0.55 —
blue-green to brown 207 095 017 3% 2.14 1.00
flushing® 1.48 1.66 —0.53 544 0.88 0.60
nest age (days) 02 021 —0.16 076 059 041
less UV to more UV —0.93 1.17 —3.87 0.66 0.79 0.58
dlutch size (eggs) S0 o7 —085 309 048 033
achromatic contrast —0.1 0.21 —0.82 0.22 0.50 0.36
gree‘n to purp‘Ie - 0.03‘ - 0.21 » ‘—(‘).74 ‘ 1.12 ‘ 0.16 0.1‘8
laying date <—0.01 0.02 —0.13 0.06 0.26 0.20
chromatic contrast <-0.01 0.28 —1.57 1.49 0.02 0.13

°A positive effect estimate indicates that flushed females were more likely to reject the foreign egg.

boundary than blackbirds (blackbird: median = 0.44, inter--
quartile range = 0.28; robin: median =2.78, inter-quartile
range = 1.56; r = 1.00, slope difference = 1.99, Clyo5 = 1.98 to
1.99, n = 10%, p < 0.0001; figure 3).

4. Discussion

We provide experimental evidence that host response to
parasitic eggshell colour is not solely based on the perceived
colour difference between their own and parasitic eggs as pre-
viously thought. Instead, both host species were biased toward
rejecting brown eggs and accepting blue-green eggs regardless
of the absolute perceived difference in coloration between
those foreign eggs and their own. By contrast, neither species
predictably responded to artificial eggshell colours. These
findings suggest that, from perception to action, host recog-
nition is tuned to and within the confines of natural variation
in avian eggshell colours (table 1). Specifically, hosts preferen-
tially reject brown parasitic eggs. Our findings illustrate that
host responses are predictable by biologically relevant stimuli,
while their responses are not predictable by irrelevant, artifi-
cial, stimuli. Although a multiple threshold decision rule can
explain host responses to foreign eggs displaying a range of
novel eggshell colours (table 1), the single threshold decision
rule we document is a much stronger explanation for hosts’

responses. These findings highlight an unexplored cognitive
mechanism underlying host egg recognition and illustrate
that both sensory reception and cognitive processes are critical
for host perception.

Despite similar responses, we found that these two hosts’
responses differed in strength (figure 3a,c). These differences
may be due to the greater range of natural variation in black-
bird eggshell appearances (see inset black dots in, figure 2b,c),
extrinsic environmental variables, or the blackbird’s shared
evolutionary history with the robin; however, we find the
latter particularly unlikely because both egg appearance
[42,43] and responses to parasitism [44] can change within
decades. Instead, it is very likely that these differences
relate to these hosts” adaptations to different types of parasit-
ism. Foreign egg discrimination in the blackbird has evolved
in response to either conspecific [18] or cuckoo [19] eggs that
display a similar range of colours (electronic supplementary
material, figure S2). By contrast, robins are parasitized by
brown-headed cowbirds, Molothrus ater (hereafter cowbird)
that lay eggs distinct from the robin’s in size, colour, and pat-
tern [45] (figures 2c and 3c), which may have resulted in the
stricter decision boundary that we detected (figure 3c). Thus
within a set of natural eggshell colours, discriminating a rel-
evant threat is clearer for the robin. By contrast, eggshell
colours that do not occur in nature (e.g. green to purple)
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are irrelevant and neither host produced predictable
responses along this artificial gradient (table 1).

As with other types of discrimination [46,47], a host’s egg
discrimination ability should depend on various factors
including sensory systems, cognitive abilities, coevolutionary
history, and individual experience [4]. The patterns in the
predictability of host responses to natural and artificial egg
colours that we detected may suggest a role of learning in
colour-based decisions. Studies such as ours, which quantify
responses of wild animals to unconditioned stimuli, inevita-
bly include responses from individuals with varied levels of
experience and ability, and this provides a biologically
meaningful estimate of stimulus response [48]. Although
we found no evidence that within-season experience influ-
enced host response (table 2), we acknowledge the
possibility that prior experience with experimental or real
brood parasitism by individuals in our study population
may have affected an individual’s response [10-12]; how-
ever, in the vast majority of hosts, including blackbirds
from our study population [49], prior experience did not
influence host responses (see references in [50]). Future
research would benefit from examining the role of learning
and prior experience by studying systems where both
males and females reject (e.g. Icterus galbula or Sturnus
vulgaris). In such systems, males and females may have
different prior experience with egg colours, allowing
researchers to differentiate prior experience from cognition.

Single and multiple threshold decision rules are not
mutually exclusive. Rather, both represent cognitive pro-
cesses in a host’s arsenal within coevolutionary arms races.
Thus, these findings do not contradict previous comparative
projects and experiments that have found that the absolute
perceived differences between host and parasitic egg colours
are important predictors of host responses (e.g. [8,13,51,52]),
particularly if they satisfy two conditions: the foreign egg-
shell colour aligns with the natural blue-green to brown
gradient of colours found on birds” eggshells [16] and is pre-
dominantly located on the rejection side of a host’s decision
boundary. Many studies have used disparately coloured
eggs to explore the limits of host perception [17,22,53,54],
and our study provides a conceptual framework to under-
stand why using artificially coloured foreign eggs can
produce mixed results [53,55] (electronic supplementary
material, figure S3). Future research would benefit from iden-
tifying decision boundaries by thoroughly sampling across a
host’s entire sensory space.

We do not necessarily expect to find such decision rules in
all host species. Some hosts have been found to disruptively
select cuckoo eggshell coloration [56], which suggests that
these hosts do not discriminate between blue-green and
brown eggs in the same way we have documented here,
but instead could use a multiple threshold decision rule
(e.g. reject both bluer and browner eggs). Similarly, if all
hosts preferentially reject brown eggs, the blue-green
cuckoo eggshell morph would most likely be more
common than it actually is in nature [57]. However, similar
decision rules may be a pervasive feature of host egg dis-
crimination, potentially explaining why some studies have
found that ultraviolet and short wavelength-sensitive
quanta catch explain host responses while absolute perceived
differences do not (figure 1 in [17]). Our findings suggest that
brown coloration can serve as a supernormal stimulus for eli-
citing higher egg rejection rates than other colours.

Accordingly, experimental findings from other hosts illus-
trate that these colours are rejected at high rates [17,53]
while non-mimetic blue and green eggs are typically accepted
[17,58], including the main 25 hosts of the common cuckoo
Cuculus canorus [59]. Finally, more frequently parasitized
hosts not only have greater conspecific variation in blue-
green eggshell colour, but also generally have more intense
blue-green eggshell coloration than less frequently parasitized
hosts [60]. This evolutionary pattern would be expected if
single threshold decision rules were more pervasive, but
would be unexpected if hosts base rejection decisions on
multiple thresholds.

Future research should determine the underlying mech-
anism behind this single threshold decision rule. One
possibility is that hosts of avian brood parasites use colour
categorization for egg discrimination. Colour categorization
enables an organism to group stimuli along a discriminable
gradient into distinct categories [61,62] and is characterized
by a heightened discriminability between categories [62,63]
(electronic supplementary material, figure S4). This mechan-
ism can aid the decision-making process for unfamiliar
tasks or when information is uncertain [63-65] and can
increase the speed, accuracy, and certainty of choices, while
reducing the requirements for neural processing [48,65]. Pre-
vious research has suggested that colour categorization could
explain egg recognition by the tawny flanked prinia Prinia
subfliva [66], and that to detect colour categorization,
researchers should compare behavioural responses to the pre-
dictions of visual models [67]. We provide that initial test and
found a sharp decision boundary similar to other studies on
categorical perception [48,68], but future studies should
investigate the other criteria for categorical perception
[62,69,70]. The single threshold decision rule is adaptive for
the robin facing a parasite that lays browner eggs; however,
it is unclear if this behaviour is adaptive for the blackbird
that could encounter parasites laying eggs that are either
more blue-green or browner than their own. These findings
could suggest a cognitive constraint or that browner blackbird
eggs are more likely parasitic.

Our findings illustrate that host responses are shaped
by both the natural range of phenotypic variation and the
sensory-cognitive constraints on host defences, and demon-
strate that some hosts have strong rejection biases for
specific colours (figure 3). We encourage further exploration
of host responses across phenotypic spaces, and our exper-
iment provides an approach for examining these relatively
unexplored cognitive mechanisms that will advance our
understanding of the underlying cognitive mechanisms of
egg recognition and brood parasite—host coevolution more
generally. Moreover, our work demonstrates that when
attempting to understand recognition systems, natural vari-
ation in phenotypes should be considered. Finally, and
most importantly, we illustrate the value of asking basic
questions even in long-standing and well-established fields.

Ethics. This research complies with the ‘Association of Animal Behav-
iour’ and the “Animal Behavior Society” guidelines for the treatment
of animals in research. In Olomouc, Czech Republic the Research
Ethics Committee of Palacky University (45979 /2001-1020) approved
these methods and protocols, which were conducted under licenses
from the Department of Environment of the City of Olomouc
(SmO1/ZP/55/6181 b/2009/Pr and SMOVZP/55/8542/2011/Kol).
In Ithaca, the experiments were conducted under federal (23681),
state (NY78), and institutional licences (MH 2/16-02).

7657910T ‘¥8T g 20s Y oid  biobuiysigndAianosiedorqdss H


http://rspb.royalsocietypublishing.org/

Data accessibility. Data are available online at http://dx.doi.org/10.
5061/dryad.mm3kr [71].

Authors” contributions. Initial concept by D.H., D.H. and M.EH. con-
ceived the study, M.E.H., T.G., and M.D.S. provided funding for
the study, D.H., T.G., and M.E.H. designed the experiments, D.H.,
B.I, P.S., and A.V.L. collected the data, D.H. analysed the data and
wrote the first draft, and all authors contributed to the writing and
editing of the final manuscript.

Competing interests. We have no competing interests.

Funding. This work was funded by the Human Frontier Science Pro-
gram, grant no. RGY83/2012 (to M.E.H., T.G. and M.D.S.), Air Force
Office of Scientific Research, grant no. FA9550-16-1-0331 (to M.D.S),
and the European Social Fund and the state budget of the Czech
Republic, project no. CZ.1.07/2.3.00/30.0041 (to D.H. and T.G.).

Acknowledgements. We thank T.A. Gavin, J.L. Cuthbert, and A. Brewer n

for editorial advice, D.C. Dearborn, M. McKim-Louder, J.C.
Culham, D.C. Osorio, and six anonymous referees for reviewing
the manuscript, C. Rowe for helpful comments during the review
process, Z. Aidala, B. Croston, L. di Bortoli, ].L. Cuthbert, K. Gern,
J. Heryan, V. Nunez, M. Nyklova-Ondrovd, K. Sevéikova,
J. Schwartz, L. Tong, and A. Van Tatenhove for their help in the
field and with painting egg models, and P.-P. Bitton and R. Maia
for their assistance with the ‘pavo’ package, M. Honza and
S.M. Drobniak for providing additional data, D. Russell and the
Natural History Museum for photographs, and MetaCentrum (reg.
no. CZ.1.05/3.2.00/08.0144) for computational resources. For per-
mission to conduct our research on their property, we thank the
local home owners, the municipalities of Olomouc and Ithaca,
Cornell University, and Ithaca College.

References

1. Nesher N, Levy G, Grasso FW, Hochner B. 2014 Self-  12.  Hauber ME, Moskét C, Ban M. 2006 Experimental 22. Croston R, Hauber ME. 2014 Spectral tuning and
recognition mechanism between skin and suckers shift in hosts’ acceptance threshold of inaccurate- perceptual differences do not explain the rejection
prevents octopus arms from interfering with each mimic brood parasite eggs. Biol. Lett. 2, 177—180. of brood parasitic eggs by American robins (Turdus
other. Curr. Biol. 24, 1271-1275. (doi:10.1016/j. (doi:10.1098/rshl.2005.0438) migratorius). Behav. Ecol. Sociobiol. 68, 351—362.
ub.2014.04.024) 13. Stevens M, Troscianko J, Spottiswoode CN. 2013 (doi:10.1007/500265-013-1649-8)

2. Rosengarten RD, Nicotra ML. 2011 Model systems of Repeated targeting of the same hosts by a brood 23. Hanley D, Samas P, Heryan J, Hauber ME, Grim T.
invertebrate allorecognition. Curr. Biol. 21, R82— parasite compromises host egg rejection. Nat. 2015 Now you see it, now you don't: flushing hosts
R92. (doi:10.1016/j.cub.2010.11.061) Commun. 4, 2475. (doi:10.1038/ncomms3475) prior to experimentation can predict their responses

3. Davies NB, Brooke MD. 1989 An experimental study ~ 14. Reeve HK. 1989 The evolution of conspecific to brood parasitism. Sci. Rep. 5, 9060. (doi:10.1038/
of co-evolution hetween the cuckoo, Cuculus acceptance thresholds. Am. Nat. 133, 407. (doi:10. srep09060)
canorus, and its hosts. |. Host egg discrimination. 1086/284926) 24, Lotem A, Nakamura H, Zahavi A. 1995 Constraints
J. Anim. Ecol. 58, 207—224. (doi:10.2307/4995) 15. Nosofsky R. 1992 Similarity scaling and cognitive on egqg discrimination and cuckoo-host co-evolution.

4. Feeney WE, Welbergen JA, Langmore NE. 2014 process models. Annu. Rev. Psychol. 43, 25-53. Anim. Behav. 49, 1185—1209. (doi:10.1006/anbe.
Advances in the study of coevolution between avian (doi:10.1146/annurev.ps.43.020192.000325) 1995.0152)
brood parasites and their hosts. Annu. Rev. Ecol. 16. Hanley D, Grim T, Cassey P, Hauber ME. 2015 Not so  25. Hart NS, Partridge JC, Cuthill IC, Bennett ATD. 2000
Evol. Syst. 45, 227—246. (doi:10.1146/annurev- colourful after all: eggshell pigments constrain avian Visual pigments, oil droplets, ocular media and
ecolsys-120213-091603) eggshell colour space. Biol. Lett. 11, 20150087. cone photoreceptor distribution in two species of

5. Kilner RM, Madden JR, Hauber ME. 2004 Brood (doi:10.1098/rsbl.2015.0087) passerine bird: the blue tit (Parus caeruleus L.) and
parasitic cowbird nestlings use host young to 17. Cassey P, Honza M, Grim T, Hauber ME. 2008 The the blackbird (Turdus merula L.). J. Comp. Physiol. A
procure resources. Science 305, 877-879. (doi:10. modelling of avian visual perception predicts 186, 375-387. (doi:10.1007/5003590050437)
1126/science.1098487) behavioural rejection responses to foreign egg 26. Vorobyev M, Osorio D, Bennett ATD, Marshall NJ,

6. Davies NB, Welbergen JA. 2009 Social transmission colours. Biol. Lett. 4, 515—517. (doi:10.1098/rshl. Cuthill 1C. 1998 Tetrachromacy, oil droplets and bird
of a host defense against cuckoo parasitism. Science 2008.0279) plumage colours. J. Comp. Physiol. A 183, 621—
324, 1318-1320. (doi:10.1126/science.1172227) 18.  Samas P, Hauber ME, Cassey P, Grim T. 2014 Host 633. (doi:10.1007/5003590050286)

7. Brooke ML, Davies NB. 1988 Egg mimicry by responses to interspecific brood parasitism: a 27. Pike TW. 2012 Preserving perceptual distances in
cuckoos Cuculus canorus in relation to discrimination by-product of adaptations to conspecific chromaticity diagrams. Behav. Ecol. 23, 723-728.
by hosts. Nature 335, 630—632. (doi:10.1038/ parasitism? Front. Zool. 11, 34. (doi:10.1186/1742- (doi:10.1093/beheco/ars018)
335630a0) 9994-11-34) 28. R Development Core Team. 2014 R: a language and

8. Stoddard MC, Stevens M. 2010 Pattern mimicry of ~ 19. Grim T, Sama$ P, Moskat C, Kleven 0, Honza M, environment for statistical computing. Vienna,
host eggs by the common cuckoo, as seen through Moksnes A, Raskaft E, Stokke BG. 2011 Constraints Austria.

a bird’s eye. Proc. R. Soc. B 277, 1387-1393. on host choice: why do parasitic birds rarely exploit ~ 29. Spottiswoode CN, Stevens M. 2011 How to evade a
(doi:10.1098/rspb.2009.2018) some common potential hosts? J. Anim. Ecol. 80, coevolving brood parasite: egg discrimination versus

9. Dawkins R, Krebs JR. 1979 Arms races between and 508—518. (doi:10.1111/j.1365-2656.2010.01798.x) egg variability as host defences. Proc. R. Soc. B 278,
within species. Proc. R. Soc. Lond. B 205, 489—511.  20. Hauber ME. 2001 Site selection and repeatability in 3566—3573. (doi:10.1098/rsph.2011.0401)
(doi:10.1098/rspb.1979.0081) Brown-Headed Cowbird (Molothrus ater) parasitism ~ 30. Knoblauch K, Maloney LT. 2012 Modeling

10. Moskat C, Ban M, Hauber ME. 2014 Naive hosts of of Eastern Phoebe (Sayornis phoebe) nests. psychophysical data in R. New York, NY: Springer.
avian brood parasites accept foreign eggs, whereas Can. J. Zool. 79, 1518—1523. (doi:10.1139/¢jz-79-8-  31. Treisman M. 1999 There are two types of
older hosts fine-tune foreign egg discrimination 1518) psychometric function: a theory of cue combination
during laying. front. Zool. 11, 45. (doi:10.1186/ 21. Wagner GF, Aidala Z, Croston R, Hauber ME. 2013 in the processing of complex stimuli with
1742-9994-11-45) Repeated brood parasitism by brown-headed implications for categorical perception. J. Exp.

1. Lotem A, Nakamura H, Zahavi A. 1992 Rejection of cowbirds (Molothrus ater) at nesting sites of eastern Psychol. 128, 517 —546. (doi:10.1037/0096-3445.
cuckoo eggs in relation to host age: a possible phoebes (Sayornis phoebe) across non-consecutive 128.4.517)
evolutionary equilibrium. Behav. Ecol. 3, 128—132. years. Wilson J. Ornithol. 125, 389—394. (doi:10. 32. Peng C-YJ, Lee KL, Ingersoll GM. 2002 An

(doi:10.1093/beheco/3.2.128)

1676/12-104.1)

introduction to logistic regression analysis and

76579107 ¥8T g 20S Y 20id  biobuiysigndiianosieforqds


http://dx.doi.org/10.5061/dryad.mm3kr
http://dx.doi.org/10.5061/dryad.mm3kr
http://dx.doi.org/10.5061/dryad.mm3kr
http://dx.doi.org/10.1016/j.cub.2014.04.024
http://dx.doi.org/10.1016/j.cub.2014.04.024
http://dx.doi.org/10.1016/j.cub.2010.11.061
http://dx.doi.org/10.2307/4995
http://dx.doi.org/10.1146/annurev-ecolsys-120213-091603
http://dx.doi.org/10.1146/annurev-ecolsys-120213-091603
http://dx.doi.org/10.1126/science.1098487
http://dx.doi.org/10.1126/science.1098487
http://dx.doi.org/10.1126/science.1172227
http://dx.doi.org/10.1038/335630a0
http://dx.doi.org/10.1038/335630a0
http://dx.doi.org/10.1098/rspb.2009.2018
http://dx.doi.org/10.1098/rspb.1979.0081
http://dx.doi.org/10.1186/1742-9994-11-45
http://dx.doi.org/10.1186/1742-9994-11-45
http://dx.doi.org/10.1093/beheco/3.2.128
http://dx.doi.org/10.1098/rsbl.2005.0438
http://dx.doi.org/10.1038/ncomms3475
http://dx.doi.org/10.1086/284926
http://dx.doi.org/10.1086/284926
http://dx.doi.org/10.1146/annurev.ps.43.020192.000325
http://dx.doi.org/10.1098/rsbl.2015.0087
http://dx.doi.org/10.1098/rsbl.2008.0279
http://dx.doi.org/10.1098/rsbl.2008.0279
http://dx.doi.org/10.1186/1742-9994-11-34
http://dx.doi.org/10.1186/1742-9994-11-34
http://dx.doi.org/10.1111/j.1365-2656.2010.01798.x
http://dx.doi.org/10.1139/cjz-79-8-1518
http://dx.doi.org/10.1139/cjz-79-8-1518
http://dx.doi.org/10.1676/12-104.1
http://dx.doi.org/10.1676/12-104.1
http://dx.doi.org/10.1007/s00265-013-1649-8
http://dx.doi.org/10.1038/srep09060
http://dx.doi.org/10.1038/srep09060
http://dx.doi.org/10.1006/anbe.1995.0152
http://dx.doi.org/10.1006/anbe.1995.0152
http://dx.doi.org/10.1007/s003590050437
http://dx.doi.org/10.1007/s003590050286
http://dx.doi.org/10.1093/beheco/ars018
http://dx.doi.org/10.1098/rspb.2011.0401
http://dx.doi.org/10.1037/0096-3445.128.4.517
http://dx.doi.org/10.1037/0096-3445.128.4.517
http://rspb.royalsocietypublishing.org/

33.

34.

35.

36.

37.

38.

39.

40.

4.

4.

4.

44,

45.

reporting. J. Educ. Res. 96, 3—14. (doi:10.1080/
00220670209598786)

Nagelkerke NJD. 1991 A note on a general
definition of the coefficient of determination.
Biometrika 78, 691—692. (doi:10.1093/biomet/78.
3.691)

Burnham KP, Anderson DR. 2002 Model selection
and multimodel inference: a practical information-
theoretic approach, 2nd edn. New York, NY:
Springer.

Wagenmakers E, Farrell S. 2004 AIC model selection
using Akaike weights. Psychon. Bull. Rev. 11, 192—
196. (doi:10.3758/BF03206482)

Whittingham MJ, Stephens PA, Bradbury RB,
Freckleton RP. 2006 Why do we still use stepwise
modelling in ecology and behaviour? J. Anim. Ecol.
75, 1182-1189. (doi:10.1111/j.1365-2656.2006.
01141.x)

Igic B et al. 2015 Using 3D printed eggs to examine
the egg-rejection behaviour of wild birds. Peer/ 3,
€965. (doi:10.7717/peer}.965)

Barton K. 2015 MuMin: Multi-Model Inference. R
package version 1.13.4. See http:/CRAN.R— project.
org/package=MuMIn.

Politis DN, Romano JP. 1994 Large sample
confidence regions based on subsamples under
minimal assumptions. Ann. Stat. 22, 2031-2050.
(doi:10.1214/a0s/1176325770)

Sekhon JS. 2011 Multivariate and propensity score
matching software with automated balance
optimization: the matching package for R. J. Stat.
Softw. 42, 1—-52. (doi:10.18637/js5.v042.i07)
Kerby DS. 2014 The simple difference formula: an
approach to teaching nonparametric

correlation. Comp. Psychol. 3, 2165—2228. (doi:10.
2466/11.11.3.1)

Lahti DC. 2005 Evolution of bird eggs in the
absence of cuckoo parasitism. Proc. Nat! Acad. Sci.
USA 102, 18 057—18 062. (doi:10.1073/pnas.
0508930102)

Spottiswoode CN, Stevens M. 2012 Host-parasite
arms races and rapid changes in bird egg
appearance. Am. Nat. 179, 633 —648. (doi:10.1086/
665031)

Soler M, Martin-Vivaldi M, Fernandez-Morante J.
2012 Conditional response by hosts to parasitic
eggs: the extreme case of the rufous-tailed scrub
robin. Anim. Behav. 84, 421-426. (doi:10.1016/j.
anbehav.2012.05.016)

Fraga R, Garcia EFJ. 2014 Brown-headed cowbird
(Molothrus ater). In Handbook of the birds of the world
alive (eds J del Hoyo, A Elliott, J Sargatal, DA Christie, E
de Juana). Barcelona, Spain: Lynx Edicions.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ghirlanda S, Enquist M. 2003 A century of
generalization. Anim. Behav. 66, 15—36. (doi:10.
1006/anbe.2003.2174)

ten Cate C, Rowe C. 2007 Biases in signal evolution:
learning makes a difference. Trends Ecol. Evol. 22,
380—387. (doi:10.1016/j.tree.2007.03.006)

Nelson DA, Marler P. 1989 Categorical perception of
a natural stimulus: birdsong. Science 244, 976—
978. (doi:10.1126/science.2727689)

Grim T, Samas P, Hauber M. 2014 The repeatability
of avian egg ejection behaviors across different
temporal scales, breeding stages, female ages and
experiences. Behav. Ecol. Sociobiol. 68, 749—759.
(doi:10.1007/500265-014-1688-9)

Grim T. 2006 Low virulence of brood parasitic chicks:
adaptation or constraint? Omithol. Sdi. 5, 237-242.
(doi:10.2326/1347-0558(2006)5[237:LVOBP(]2.0.C0;2)
Stoddard M, Stevens M. 2011 Avian vision and the
evolution of egg color mimicry in the common
cuckoo. Evolution 65, 2004—2013. (doi:10.1111/j.
1558-5646.2011.01262.x)

Rothstein SI. 1982 Mechanisms of avian egg
recognition: which egg parameters elicit responses
by rejecter species? Behav. Ecol. Sociobiol. 11, 229 -
239. (doi:10.1007/BF00299299)

Hauber ME, Tong L, Ban M, Croston R, Grim T,
Waterhouse GIN, Shawkey MD, Barron AB, Moskat C.
2015 The value of artificial stimuli in behavioral
research: making the case for egg rejection studies
in avian brood parasitism. Ethology 121, 521-528.
(doiz10.1111/eth.12359)

Honza M, Polacikova L, Prochdzka P. 2007
Ultraviolet and green parts of the colour spectrum
affect egg rejection in the song thrush (Turdus
philomelos). Biol. J. Linn. Soc. 92, 269—276.
(doi:10.1111/].1095-8312.2007.00848.x)

Lahti DC. 2015 The limits of artificial stimuli in
behavioral research: the Umwelt gamble. Ethology
121, 529-537. (doi:10.1111/eth.12361)

Yang C et al. 2010 Coevolution in action: disruptive
selection on egg colour in an avian brood parasite
and its host. PLoS ONE 5, 1-8. (doi:10.1371/
journal.pone.0010816)

Fossgy F et al. 2016 Ancient origin and maternal
inheritance of blue cuckoo eggs. Nat. Commun. 7,
10272. (doi:10.1038/ncomms10272)

Antonov A, Stokke BG, Ranke PS, Fosspy F, Moksnes
A, Reskaft E. 2010 Absence of egg discrimination in
a suitable cuckoo Cuculus canorus host breeding
away from trees. J. Avian Biol. 41, 501-504.
(doiz10.1111/j.1600-048X.2010.05103.x)

Soler JJ, Avilés JM, Meller AP, Moreno J. 2012
Attractive blue-green egg coloration and cuckoo-

60.

61.

62.

63.

4.

05.

66.

67.

68.

69.

70.

host coevolution. Biol. J. Linn. Soc. 106, 154—168. n

(doi:10.1111/}.1095-8312.2012.01857.x)

Hanley D, Cassey P, Doucet SM. 2013 Parents,
predators, parasites, and the evolution of eggshell
colour in open nesting birds. Evol. Ecol. 27, 593 -
617. (doi:10.1007/510682-012-9619-6)

Cropper SJ, Kvansakul JGS, Little DR. 2013 The
categorisation of non-categorical colours: a novel
paradigm in colour perception. PLoS ONE 8, €59945.
(doi:10.1371/journal.pone.0059945)

Hamad S. 1987 Psychophysical and cognitive
aspects of categorical perception: a critical overview.
In Categorical perception: the groundwork of
cognition (ed. S Harnad), pp. 1-25. New York, NY:
Cambridge University Press.

Benard J, Stach S, Giurfa M. 2006 Categorization of
visual stimuli in the honeybee Apis mellifera.
Anim. Cogn. 9, 257 -270. (doi:10.1007/510071-006-
0032-9)

Dukas R, Nickolas MW. 1994 Categorization of food
types enhances foraging performance of
bumblebees. Anim. Behav. 48, 1001-1006. (doi:10.
1006/anbe.1994.1332)

Kepecs A, Uchida N, Zariwala HA, Mainen ZF. 2008
Neural correlates, computation and behavioural
impact of decision confidence. Nature 455,
227-231. (doi:10.1038/nature07200)
Spottiswoode CN, Stevens M. 2010 Visual modeling
shows that avian host parents use multiple visual
cues in rejecting parasitic eggs. Proc. Natl Acad. Sci.
USA 107, 8672—8676. (doi:10.1073/pnas.
0910486107)

Stoddard MC. 2012 Mimicry and masquerade from
the avian visual perspective. Curr. Zool. 58,
630—648. (doi:10.1093/czool0/58.4.630)
Wyttenbach RA, May ML, Hoy RR. 1996 Categorical
perception of sound frequency by crickets. Science
273, 1542-1544. (doi:10.1126/science.273.5281.
1542)

Repp BH. 1984 Categorical perception: Issues,
methods, findings. In Speech and language:
advances in basic research and practice (ed. NJ Lass),
pp. 244—335. New York, NY: Academic Press.
Treisman M, Faulkner A, Naish PL, Rosner BS. 1995
Voice-onset time and tone-onset time: the role of
criterion-setting mechanisms in categorical
perception. Q. J. Exp. Psychol. A 48, 334-366.
(doi:10.1080/14640749508401394)

Hanley D, Grim T, Igic B, Samas P, Lopez AV,
Shawkey MD, Hauber ME. 2017 Eqg discrimination
along a gradient of natural variation in eggshell
coloration. Dryad Digital Repository. (doi:10.5061/
dryad.mm3kr)

7657910T ‘¥8T g 20s Y oid  biobuiysigndAianosiedorqdss


http://dx.doi.org/10.1080/00220670209598786
http://dx.doi.org/10.1080/00220670209598786
http://dx.doi.org/10.1093/biomet/78.3.691
http://dx.doi.org/10.1093/biomet/78.3.691
http://dx.doi.org/10.3758/BF03206482
http://dx.doi.org/10.1111/j.1365-2656.2006.01141.x
http://dx.doi.org/10.1111/j.1365-2656.2006.01141.x
http://dx.doi.org/10.7717/peerj.965
http://CRAN.R&ndash;project.org/package=MuMIn
http://CRAN.R&ndash;project.org/package=MuMIn
http://CRAN.R&ndash;project.org/package=MuMIn
http://CRAN.R&ndash;project.org/package=MuMIn
http://CRAN.R&ndash;project.org/package=MuMIn
http://dx.doi.org/10.1214/aos/1176325770
http://dx.doi.org/10.18637/jss.v042.i07
http://dx.doi.org/10.2466/11.IT.3.1
http://dx.doi.org/10.2466/11.IT.3.1
http://dx.doi.org/10.1073/pnas.0508930102
http://dx.doi.org/10.1073/pnas.0508930102
http://dx.doi.org/10.1086/665031
http://dx.doi.org/10.1086/665031
http://dx.doi.org/10.1016/j.anbehav.2012.05.016
http://dx.doi.org/10.1016/j.anbehav.2012.05.016
http://dx.doi.org/10.1006/anbe.2003.2174
http://dx.doi.org/10.1006/anbe.2003.2174
http://dx.doi.org/10.1016/j.tree.2007.03.006
http://dx.doi.org/10.1126/science.2727689
http://dx.doi.org/10.1007/s00265-014-1688-9
http://dx.doi.org/10.2326/1347-0558(2006)5[237:LVOBPC]2.0.CO;2
http://dx.doi.org/10.1111/j.1558-5646.2011.01262.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01262.x
http://dx.doi.org/10.1007/BF00299299
http://dx.doi.org/10.1111/eth.12359
http://dx.doi.org/10.1111/j.1095-8312.2007.00848.x
http://dx.doi.org/10.1111/eth.12361
http://dx.doi.org/10.1371/journal.pone.0010816
http://dx.doi.org/10.1371/journal.pone.0010816
http://dx.doi.org/10.1038/ncomms10272
http://dx.doi.org/10.1111/j.1600-048X.2010.05103.x
http://dx.doi.org/10.1111/j.1095-8312.2012.01857.x
http://dx.doi.org/10.1007/s10682-012-9619-6
http://dx.doi.org/10.1371/journal.pone.0059945
http://dx.doi.org/10.1007/s10071-006-0032-9
http://dx.doi.org/10.1007/s10071-006-0032-9
http://dx.doi.org/10.1006/anbe.1994.1332
http://dx.doi.org/10.1006/anbe.1994.1332
http://dx.doi.org/10.1038/nature07200
http://dx.doi.org/10.1073/pnas.0910486107
http://dx.doi.org/10.1073/pnas.0910486107
http://dx.doi.org/10.1093/czoolo/58.4.630
http://dx.doi.org/10.1126/science.273.5281.1542
http://dx.doi.org/10.1126/science.273.5281.1542
http://dx.doi.org/10.1080/14640749508401394
http://dx.doi.org/10.5061/dryad.mm3kr
http://dx.doi.org/10.5061/dryad.mm3kr
http://rspb.royalsocietypublishing.org/

Egg discrimination along a gradient of natural variation in eggshell coloration

Daniel Hanley, Tom&3S Grim, Branislav Igic, Peter Samas, Analia V. Lopez, Matthew D.

Shawkey, and Mark E. Hauber

Proceedings of the Royal Society B

ELECTRONIC SUPPLEMENTARY MATERIAL



Contents:
Extended materials and methods
a) Further details on statistical parameters
b) Experimental egg models
c) Colour measurements and perceptual models
d) Chromaticity diagrams
e) Additional statistical details
f) Host discrimination ability
Supplementary References
figures S1-S4

tables S1-S3

Extended Materials and Methods
(a) Further details on statistical parameters
We estimated laying dates (1 = 1 January 2014) based on daily observations, clutch sizes,
completion dates, or hatching dates assuming that both species lay one egg per day with a 13 day
incubation period for the blackbird and a 14 day incubation period for the robin [S1-S3]. The
age of each nest at the time of manipulation (hereafter, nest age) was calculated relative to the
clutch completion date (day 0; mean nest age in days + SD; blackbird = 3.04 + 2.53 days, robin =
1.46 £ 2.67 days). Clutch sizes (blackbird: 4.43 £ 0.07 eggs, robin: 3.31 + 0.08 eggs) were
typical for the studied populations for both species [S4,S5].

All rejections in the robin were of the foreign egg models, while in two cases blackbirds

made rejection errors [S6]. In these cases we found a host egg rejected instead of the artificial



egg [sensu S7], and these nests remained active. Although we include both rejections of the
model egg and rejection errors as ‘rejections’ in all analyses, the exclusion of these two cases
produced nearly identical and statistically consistent results (therefore these reanalyses are not
shown). Hosts were considered ‘acceptors’ when the foreign egg and all of their own eggs
remained incubated until the end of this period. We did not include nest desertion (i.e.,
abandonment) as a response to experimental parasitism and removed both deserted and predated
nests from all analyses [S8]; therefore, here we have used the general term ‘rejection’ to refer to
host responses where an egg disappeared from a nest after experimental introduction. Recent
experimental research has shown that desertion is not a response to parasitism in this and other
European populations of the blackbird [S3,S8-S10], and only a single robin pair abandoned its
nest during this study; nonetheless, our rationale is the same [S9], these mid-sized hosts are able

to grasp these models to remove them [see Video S1 from, S11].

(b) Experimental egg models

To assure rejection responses were possible, we used artificial plaster eggs similar to those used
in previous experiments in both populations [S3,54,58,512,S13]. The size of the eggs (mean +
SD: 22.5+ 0.36 x 16.8 £ 0.29 mm, N = 82) used for blackbirds matched those of cuckoo Cuculus
canorus eggs found in common redstart nests Phoenicurus phoenicurus (mean £ SD: 22.2 + 1.0
x 16.8 £ 0.6 mm, N = 33) [data from, S14], and the size of the eggs used in robin nests (mean +
SD: 22.7 £ 0.83 x 17.4 £ 0.58 mm, N = 52) approximated those of brown-headed cowbirds
(mean = SD: 21.1 + 1.1 x 16.47 £ 0.7 mm, N = 113) [data from, S15]. Importantly, these same
egg models were successfully used in previous egg-rejection studies in both species and

populations [S3,54,58,512,S13], which ensures that rejection responses were possible and that



responses were not constrained by the dimensions, material, or mass [S11,S16]. Similarly, it was
important that the experimental eggs used on both species were similarly immaculate and
similarly coloured to aid interpretation and comparability of our findings.

We originally formulated the paint mixtures to approximate avian perceived eggshell
colours based on freshly abandoned natural blackbird eggs found in 2013 as well as the full
range of natural avian eggshell colours [S17], and we also created an additional mixture that
generated colours along an gradient of variation that was orthogonal to the natural egg colour
range within the avian colour space (figure 2). These abandoned eggs were not used as an
estimate of host eggshell colour; they were only used to formulate paint mixtures. To create these
mixtures we used combinations of Koh-i-Noor Hardtmuth A.s. (Ceské Budgjovice, Czech
Republic) high-quality acrylic paints: brown light (0640), khaki (0530), permanent green (0520),
red light (0300), turquoise (0460), and ultramarine (0410). Then prior to the 2014 field season,
each foreign egg model was hand-painted with a unique paint mixture evenly across the entire
egg surface such that its colour would have a unique position along either axis within the avian
tetrahedral colour space (details below).

To determine how closely the freshly painted foreign eggs matched the natural eggshell
colours or the orthogonal gradient, after the foreign eggs dried we measured each using a
reflectance spectrometer and plotted its coordinates (details below) within the blackbird’s
tetrahedral colour space [S18,519]. We then visually assessed if each egg corresponded to one of
the continuous gradients of colour variation. If it did not, the egg was considered unsatisfactory
and we repainted it until it did correspond with one of the two colour gradients. The exact
coordinates for each foreign egg used in our experiment were statistically controlled for as a

covariate in every analysis.



(c) Colour measurements and perceptual models

For each species, we measured the reflectance of foreign and abandoned eggshells between 300—
700 nm using an Ocean Optics USB 2000 spectrometer (Ocean Optics, Dunedin, Florida), a
pulsed xenon light source (PX-2) for blackbirds and a Deuterium Tungsten lamp (DT-mini) for
robins, and a white reflectance standard (WS-1). The blackbird and robin colour datasets (foreign
egg models and natural eggs) were measured using two separate sets of equipment to assure the
comparability of our colour data (i.e., host versus foreign egg colour). During the course of our
fieldwork we collected freshly abandoned blackbird (N = 54) and robin (N = 18) eggs, from 24
and 10 clutches respectively. To avoid the potential confounds of annual eggshell colour
differences [S20,S21], we only used these freshly abandoned eggs for estimates of perceivable
differences in coloration. The mean host eggshell colour was established by first averaging the
reflectance spectra of eggs within each abandoned clutch, and then taking the mean reflectance
spectra of these clutches. All natural and foreign eggs were measured at three random locations
over the entire egg surface or across the equatorial region, for blackbirds and robins respectively.
These raw reflectance spectra were analysed using the ‘pavo’ R package [S22]. All reflectance
spectra were smoothed using a locally weighted polynomial with a 0.25 nm smoothing span, and
averaged for each egg.

We modelled the relative sensitivities [S23-S25] of the blackbird’s four photoreceptors
with peak sensitivities at 373.0, 453.5, 504.3, and 557.2 nm [S26] and accounting for their oil
droplet cut-offs at 330, 414, 515, and 570 nm respectively [S23]. We estimated achromatic
quantum catch as the sum of the largest two cones. To quantify quantum catches for each

photoreceptor [S27], we integrated the product of eggshell reflectance, blackbird spectral



sensitivities, and standard daylight illumination scaled for bright viewing conditions (10,000)
across the avian visual spectrum (i.e., 300—-700nm). To generate avian tetrahedral colour spaces
we used relative quantum catch estimates [S19,S27]. Then, for each species, we estimated the
discriminability between the average host eggshell colour and the perceived colours of each
foreign egg using a neural noise-limited visual model [S25,528]. This model incorporated the
quantum catches of each photoreceptor, while correcting for an experimentally derived signal-to-
noise ratio such that the Weber fraction of the long-wave-sensitive cone was 0.1 [S29], and
accounting for the abundance of cones and the principal member of the double cone [S23] of the
blackbird. These calculations were performed for the four cone types and for the double cone
estimates, and produced estimates for chromatic and achromatic contrast [S25,S30] between the
average perceived colour of a host’s egg and the foreign egg models in units of just noticeable

difference (hereafter JND).

(d) Chromaticity diagrams

In addition, to the perceptual differences between host and foreign eggs (i.e., the multiple
threshold decision rule) we were interested in the perceptual, directional differences within their
colour space. That is, an infinite number of colours could differ from host egg colours by any
particular JND value (e.g. 2 JNDs), but hosts may not respond to all of these different colours in
the same way (i.e., the single threshold decision rule). Avian tetrahedral colour spaces [S19,S27]
are not perceptually uniform, meaning the distance between two stimuli within the colour space
does not directly translate into perceptual differences. Therefore, including the coordinates of

foreign eggs within the avian colour space in our analyses would contain information on their



directional differences, but the perceptual differences (e.g., Euclidean distances) between host
eggs and these foreign eggs across the colour space would not be comparable.

To overcome this challenge and to account for the directionality of differences, we
summarized perceivable variation in colour using perceptually uniform chromaticity diagrams
[S31]. These chromaticity diagrams were calculated using the JND in colour between all
experimental eggs and the mean colour for each species. These colour spaces were calculated
such that, for each species, the species’ average eggshell colour was set as the origin (i.e. zero on
all three gradients). Within these chromaticity diagrams, the coordinates of each foreign egg
represented the JND between that foreign egg and the mean host egg colour along each
respective gradient. This approach allowed us to test the perceptual distances and their
directionality, because along any gradient foreign eggs could have values greater (positive) or
lower (negative) than the hosts’ average eggs (e.g., an egg could differ by 1.9, 0.8, and —0.59
JND on the x, y, and z gradients respectively). When calculated in this way, the Euclidean
distance between the origin and each point equalled that pair’s JND in colour. We used the
Cartesian coordinates from these chromaticity diagrams to examine both directional differences
from the hosts’ average eggshell colours and the perceptual differences of these comparisons.
The Cartesian coordinates from these perceptually uniform chromaticity diagrams spanned non-
noticeable and noticeable differences (i.e., —oo < JND < o) along the two intentionally
manipulated gradients (figure 2), but not the z gradient (ultraviolet variation) that was
unintentionally manipulated by our treatment (figure S1). Importantly, all Cartesian coordinates
were controlled for as covariates in our analyses, thus although ultraviolet variation did not span
both negative and positive JNDs, we were able to control for the actual variation in each

coordinate for the artificial eggs that were presented to each individual. In an absolute sense (i.e.,



the chromatic JND), 93% of the foreign eggs used on the blackbird and 100% those used on the

robin were noticeably different (JND > 1) from the hosts’ average eggshell colours.

(e) Additional statistical details

Whole model significance was assessed by comparing a parameterized model with a null model
including only an intercept using a test assuming asymptotic chi-squared distribution [S32];
while, for model coefficients we assessed significance using likelihood ratio tests [S32-S35]. To
illustrate model fit we present Nagelkerke’s R? and the small sample size corrected Akaike’s
Information Criterion (AIC.) [S36,S37]. We examined potential interactions between chromatic
JNDs and the x, y, and z Cartesian coordinates. These were non-significant and therefore not
included in the global model; however, the significances, relative importance, and direction of
parameter effects were the same. Similarly, we considered the possibility that laying date had a
quadratic relationship with host response, but this did not influence our final models. Laying date
controlled for the possibility that as the season progresses hosts become more experienced with
parasitic eggs of if older experienced birds initiated nests earlier [S38]. Statistical parameters
were chosen because each has the potential to impact our study species’ response
[S$8,511,S13,539,540].

We established a candidate set based on the relative likelihood of potential models.
Specifically, models with evidence ratios greater than 1/8 were considered reasonable and we
included these models in the candidate set [S41,S42]. Although other methods are available for
establishing a candidate set, this method is recommended [S41,542] and produced very similar
results to alternative approaches (e.g., based on delta AIC. and cut-offs and the 95% candidate

set). We averaged models in this candidate set using the ‘MuMIn’ package version 1.13.4 [S43].



The relative importance of each predictor of host response was calculated as the sum of AIC.
weights over all the models in the candidate set where that predictor occurs, setting the effect of
a parameter at zero if it was not included in a particular model within the candidate set, to avoid

biasing our model averaged estimates away from zero [S41].

(F) Host discrimination ability
To examine if blackbirds and robins expressed different discrimination abilities to experimental
parasitism we compared the regression coefficients (i.e., slopes) of their predicted response
curves, with respect to the blue-green to brown colour variation. To compare these parameters,
we employed a non-replacement subsampling approach [S44-S46]. Specifically, we randomly
selected 90% of the blackbird and robin data respectively and reran the GLM testing the single
threshold decision rule, recording the regression coefficient (i.e., slope) for blue-green to brown
variation repeatedly (10,000 times). This approach can consistently estimate statistic
distributions under conditions where the bootstrap estimation would fail [S44]. The selection of
subset size can be important for this approach [S47,S48], and we chose 90% because the
subsampled distributions of blue-green to brown variation parameter estimates were stable for
this value and approximated that of the entire (100%) dataset. We assessed normality using the
‘ks.boot’ function in the *‘Matching’ package version 4.8-3.4. These findings were corroborated
using bootstrap estimates [S46,S49].

Due to the computational challenges of examining these subsampled and bootstrapped
estimates (n =100,000,000), we conducted these nonparametric tests using the high performance

cluster provided by MetaCentrum/CERIT-SC. This is a network of computers that have been



made available by the Czech Education and Scientific Network and numerous participating

universities within the Czech Republic.
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Figure S1. Our foreign eggs varied along (a) blue-green to brown (natural egg colours), (b) green to purple (artificial colours), and (c)

less UV to greater UV gradients with respect to blackbird (grey bars) and robin (teal bars) host eggshell colours. These foreign egg



colours also spanned a wide range of absolute differences to host eggs in terms of (d) chromatic and (e) achromatic contrast (JND

units). All differences are measured in just noticeable differences [S25,S30] from the hosts’ own egg.



o «<— dunnock cuckoo gens

° «— redstart cuckoo gens

Figure S2. Blackbird egg discrimination most likely evolved in response to conspecific parasitism [S8,S50], but effects of parasitism

by an extinct cuckoo gens cannot be excluded [S51]. Both parasitism forms represent similar recognition challenges because (a)



blackbird eggshell coloration (black dots) aligns with that of all birds’ [S17] (grey dots), including: the most extreme gentes (dunnock
Prunella modularis and common redstart Phoenicurus phoenicurus, white dots [S52], and gentes [S53] parasitizing reed warblers
Acrocephalus scirpaceus (red dots) and great reed warblers A. arundinaceus (blue dots). These gentes parasitized blackbirds in (b)

Oslavany, Czech Republic and (c) Middle Thames Valley, UK. Photography © The Trustees of the Natural History Museum, London.






Figure S3. Here we show the experimental treatments used on robins in this study (grey dots) within the avian tetrahedral colour
space (shown from above), illustrating short *S’, medium ‘M’, long ‘L’, and ultraviolet ‘U’ wavelength-sensitive photoreceptor
stimulation. We also plot previously published experimental data on robin (squares) [S12], song thrush (circles) [S54,S55], and great
reed warbler (triangles) [S56] responses to disparately coloured egg models that explored the limits of these hosts’ perceptual spaces.
Host rejection rates (%) are indicated inside each data point. Similar to our results (figure 3), these findings show relatively low
responses (0—8%) near blue-green eggshell colours and very high responses (73-100%) on the brown side of the spectrum. Three data
points representing egg models used on song thrush (87%) and great reed warblers (50% and 80%) were shifted slightly so that the
rejection rates would be visible (original locations shown as a white circle or white triangles). Further research needs to carefully
explore host responses outside the range we tested; however, similar to our findings these studies suggest that responses to other

artificial colours are not predictable (20-76%).
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Figure S4. A defining characteristic of categorical perception is a greater ability to differentiate

differences between groups than within groups, despite the absolute magnitude of those

differences [S57,S58]. Here we illustrate the predicted rejection probability of eggs that (a, c) are

either browner or more blue-green than (a) blackbird or (c) robin eggs and (b, d) either more

purple or greener than (b) blackbird or (d) robin eggs. We depict these patterns on either side of a

host’s own phenotype (i.e., category), varying by level of chromatic contrast (JND) within each

category. Letters above bars refer to Tukey’s honestly significant difference tests.



Table S1. The approach employed by many studies makes assessing whether hosts base rejection decisions on either absolute
perceived differences (e.g., multiple thresholds) or directional differences (e.g., single threshold) impossible. Studies often employ one
of two common approaches: they examine directionless metrics of phenotype dissimilarity (e.g. just noticeable differences, JNDs), or
they assess phenotypic variation on only one side of a host’s phenotypic range. Here we provide a non-comprehensive account of how
host responses have been investigated. These works are not limited to colour-based host responses because these cognitive
mechanisms also apply to other traits. We indicate study focus (empirical: the focal host(s); theoretical: mathematical modelling), the
phenotypic range considered (directionless: directionless metrics like JNDs or the statistical null hypothesis that disparate egg features
elicit similar responses; unidirectional: one side of the hosts’ phenotypic range was considered; bidirectional: both sides of the hosts’
phenotypic range were considered), the phenotypic parameter used in the study (e.qg., size, pigmentation, or mimicry — we distinguish
theoretical estimates of mimicry from empirical estimates based on JNDs), whether this approach has the ability to detect responses
based on either multiple or single thresholds, the basis for assumptions made (quote or equations, if any), and the reference. Few
studies, including many of our own, were designed such that detecting directional differences was possible. For further information

please see the main text. The cases are listed in chronological order.



Host(s) Phenotypic Metric used Multiple Basis of assumption Reference
range thresholds or
single
threshold?
Empirical: Turdus Directionless Egg type? multiple "The models used give little [S59]
migratorius, Dumetella information on the importance
carolinensis of degrees of difference in egg
parameters..." p. 230
Empirical: Anthus pratensis, Directionless Egg type multiple - [S60]
Acrocephalus scirpaceus,
Prunella modularis, Erithacus
rubecula, Motacilla alba
Theoretical Directionless Cue- multiple - [S61]
dissimilarity
Empirical: Acrocephalus Directionless Egg type multiple "rejected model eggs unlike [S62]

scirpaceus, Prunella
modularis, Erithacus
rubecula, Acrocephalus
schoenobaenus, Troglodytes
troglodytes, Emberiza
schoeniculus, Fringilla
coelebs, Turdus merula,
Turdus philomelos, Acanthis
cannabina, Carduelis
chloris,Pyrrhula pyrrhula,
Hirundo rustica, Muscicapa
striata, Parus major, Sturnus
vulgaris, Cyanistes caeruleus,
Anthus pratensis, Motacilla
alba, Phoenicurus
phoenicurus, Ficedula
hypoleuca, Oenanthe
oenanthe

their own" p. 210




Host(s) Phenotypic Metric used Multiple Basis of assumption Reference
range thresholds or
single
threshold?

Empirical: Phylloscopus Unidirectional ~ Egg size multiple “determine whether size [S7]
inornatus estimate differences were important in

egg rejection.” p. 42
Empirical & Theoretical: Directionless Mimicry multiple “Future work needs to quantify [S63]
Acrocephalus scirpaceus rejection costs for different

degrees of mimicry as assessed

by the birds themselves and to

test different host populations

on either side of the predicted

threshold p values for rejection”

p. 929
Theoretical Unidirectional ~ Pigmentation  multiple “further assume that the average [S64]

pigmentation of cuckoo eggs, c,

Is greater than or equal to 0.” p.

636
Empirical: Phylloscopus Bidirectional Size single - [S65]
humei
Empirical: Sturnella magna, S. Directionless Egg type multiple “We predicted that nonmimetic [S66]
neglecta, Spizella pusilla, eggs should be rejected at
Pooecetes gramineus, higher frequencies than mimetic
Chondestes grammacus, egg” p. 893
Ammodramus savannarum,
Spiza americana
Empirical: Ploceus cucullatus  Directionless Colour atlas multiple "difference between two eggs’ [S67]

colours was considered as the
sum of the differences in
lightness and chromaticity" p.
1138




Host(s) Phenotypic Metric used Multiple Basis of assumption Reference
range thresholds or
single
threshold?
Theoretical Unidirectional  Size multiple “We assume that cuckoo eggs [S68]
are larger ... than host eggs on
average (or differ in a consistent
direction in shape, color, or
pattern).” p. 1166
Empirical: Malurus cyaneus Directionless Egg type multiple "Fairy-wrens did not reject odd [S69]
eggs on the basis of colour or
pattern [... but deserted]
clutches containing an egg
larger than their own" p. 158
Theoretical Unidirectional ~ Mimicry multiple “Mimic trait values (denoted by [S70]
m) are by convention positive”
p. 600
Theoretical Unidirectional ~ Mimicry multiple “The mimic population is [S71]
monomorphic with trait value
[mimicry], by convention
positive” p. 378
Empirical: Acrocephalus Unidirectional ~ Trait- multiple - [S72]
arundinaceus dissimilarity
Empirical: Vireo gilvus Directionlesss ~ Egg type? multiple - [S15]
Theoretical Directionless Mimicry multiple “The difference in mean [S73]

population egg appearance
between host and parasite
(Imp—mH]) can be regarded as
egg mimicry” p. 2214




Host(s) Phenotypic Metric used Multiple Basis of assumption Reference
range thresholds or
single
threshold?
Empirical: Turdus philomelos  Directionless Egg type multiple "all the available studies [S54]
published to date have
considered the degree of
similarity between the
coloration of brood parasitic
eggs as evidence for mimicry
without considering the
different sensitivity towards
different colours of the
particular hosts. This aspect is
crucial" p. 270
Empirical: Turdus philomelos  Directionless Egg type + multiple "the average discriminability [S55]
JND [...] was not associated with the
rejection responses among wild
song thrushes" p. 516
Empirical: Gerygone Directionless JND multiple "D = (ASa— ASp)/ ASp" p. 464 [S74]
magnirostris
Empirical: Prinia subflava Directionless JND multiple “we calculated discrimination [S75]

values [... (jnds), reflecting the
perceived degree of difference
through a bird’s eyes...]” p.
8673




Host(s) Phenotypic Metric used Multiple Basis of assumption Reference
range thresholds or
single
threshold?
Empirical: Acrocephalus Directionless JND multiple - [S52]
arundinaceus, A. scirpaceus,
A. schoenobaenus, Anthus
pratensis, Erithacus rubecula,
Fringilla montifringilla,
Lanius collurio, Motacilla
alba, Prunella modularis,
Phoenicurus phoenicurus,
Sylvia borin
Empirical: Turdus merula, T.  Directionless Egg type multiple - [S50]
philomelos, T. iliacus, T.
pilaris
Empirical: Turdus merula, T.  Directionless Egg type multiple "We are aware of the problem [S39]

philomelos

that terms “‘mimetic’ vs. ‘non-
mimetic’ are confusing and
being used inconsistently" p.
609




Host(s)

Phenotypic
range

Metric used

Multiple
thresholds or
single
threshold?

Basis of assumption

Reference

Empirical: Acrocephalus
palustris, A. schoenobaenus,
A. scirpaceus, Anthus
pratensis, Carduelis
cannabina, Chloris chloris,
Emberiza citrinella, E.
schoeniclus, Erithacus
rubecula, Ficedula hypoleuca,
Fringilla coelebs, Lanius
collurio, Motacilla alba, M.
flava, Muscicapa striata,
Oenanthe oenanthe,
Phoenicurus phoenicurus,
Phylloscopus collybita, P.
trochilus, Prunella modularis,
Sylvia atricapilla, S. borin, S.
communis, Troglodytes
troglodytes,

Turdus philomelos

Bidirectional

PC scores

single

[S76]

Empirical: Cercotrichas
galactotes

Directionless

Egg type

multiple

[S77]

Empirical: Prinia subflava

Directionless

JND?

multiple

“We then used colour and
pattern analyses to calculate
discrepancies in each aspect of
egg appearance” p. 2

[S78]

Empirical: Turdus migratorius

Directionless

Egg type +
IND

multiple

[S12]

Empirical: Acrocephalus
arundinaceus

Directionless

Egg type

multiple

[S79]




Host(s) Phenotypic Metric used Multiple Basis of assumption Reference
range thresholds or
single
threshold?

Empirical: Turdus merula, T.  Directionless Egg type multiple "rejection rates of non-mimetic [S8]
philomelos cuckoo-type eggs than

conspecific-like model or real

conspecific eggs” p. 3
Empirical: Turdus merula, T.  Unidirectional ~ Spot coverage multiple - [S10]
philomelos (20 -

complete)

Empirical: Acrocephalus Directionless Egg type multiple - [S80]
arundinaceus
Empirical: Turdus migratorius Directionless JND multiple "artificially increasing the [S4]

visual contrasts (...JNDs ...)

between experimental [ ] eggs

and the nest background would

[increase] rejection rates" p.

1127
Empirical: Turdus merula Directionless Egg type? multiple - [S9]
Empirical: Turdus migratorius Directionless Egg type multiple - [S40]
Empirical: Turdus migratorius Directionless Egg type multiple - [S11]
Empirical: Turdus merula Bidirectional Egg mass single - [S16]

4This study also manipulated or examined other aspects of eggshell appearance.
b The notation [mp—mH] denotes absolute value. This assumption (or similar assumptions) apply to even the most recent mathematical

models considering host-brood parasite coevolution [S81].



Table S2. Generalized linear models predicting the rejection probability of foreign eggs by blackbirds and robins. Here the data were

fit to a signal detection theory model based on the Gaussian cumulative distribution by specifying a probit link function [S82].

Parameter estimates and model specification is otherwise identical to table 2 (main text). We present statistical tests associated with

the multiple threshold and single threshold decision rule scenario, including Nagelkerke's R?, AICc, and AICc weight (wi) as whole

model statistics. For each parameter we show the estimate, its standard errors (SE), 95% lower and upper confidence limits (LCL and

UCL), z-score, and variance inflation factor (VIF). Significant models and effects are bolded.

Host Scenario Parameter Estimate SE LCL UCL z y2 df P VIF
blackbird  Multiple threshold (¥?>= 6.73, R>=0.12, AICc = 90.69, wi = 0.16, n = 82, P = 0.03)
Intercept 0.61 0.88 -1.10 229 0.69 - 1 0.56 -
Chromatic contrast -0.21 0.11 -0.43 <-0.001 -194 382 1 0.05 1.10
Achromatic contrast 0.03 0.04 —0.03 010 094 09 1 0.33 1.10
Single threshold (y?= 14.57, R>=0.24, AlCc = 87.33, wi = 0.84, n =82, P < 0.01)
Intercept 0.63 0.84 —0.98 228 0.75 -1 0.45 -
Blue-green to brown 0.24 0.09 0.08 042 274 840 1 <0.01 1.80
Green to purple -0.04 0.15 -0.34 025 -0.29 0.08 1 0.77 1.52
Less UV to more UV —-0.19 0.31 —0.78 039 -0.62 041 1 0.52 1.58



Achromatic contrast 0.01 0.04 -0.07 0.08 0.15 003 1 0.87 1.36

robin Multiple threshold (x*= 5.83, R?=0.15, AlICc = 68.94, wi < 0.0001, n = 52, P = 0.05)
Intercept -1.07 1.14 -3.39 1.15 -0.93 - 1 0.35 -
Chromatic contrast 0.49 0.22 0.08 09 220 578 1 0.02 1.00
Achromatic contrast <—0.01 0.06 —0.12 011 -0.05 <001 1 0.96 1.00

Single threshold (y?= 35.29, R>=0.67, AlICc = 44.29, w; = 1.00, n = 52, P < 0.0001)

Intercept 0.07 1.85 —4.27 3.76  0.04 -1 0.97 -
Blue-green to brown 1.39 0.55 0.59 289 253 28.04 1 <0.0001 1.56
Green to purple —0.03 0.21 -0.43 040 -0.16 002 1 0.88 1.38
Less UV to more UV —-0.97 0.58 —2.23 006 -1.68 336 1 0.07 1.77

Achromatic contrast -0.20 0.12 —0.48 0.02 -1.61 3.03 1 0.08 1.39




Table S3. Generalized linear models predicting the rejection probability of foreign eggs by blackbirds and robins. Here the data were
fit to a signal detection theory model based on the Weibull cumulative distribution by specifying the complementary log-log function

link function [S82]. Parameter estimates and table formatting are otherwise identical to table S2.

Host Scenario Parameter Estimate SE LCL UCL z y2 df P VIF

blackbird Multiple threshold (= 6.43, R?=0.11, AlICc = 90.99, w; = 0.07, n = 82, P = 0.04)

Intercept 0.36 0.79 -1.16 1.79 0.45 -1 0.65 -
Chromatic contrast -0.20 0.11 -0.43 <001 -1.84 3.74 1 0.05 1.06
Achromatic contrast 0.03 0.03 —0.03 0.08 0.84 082 1 0.36 1.06

Single threshold (y?= 16.13, R>=0.27, AlICc = 85.76, wi = 0.93, n = 82, P < 0.01)

Intercept 0.32 0.74 -1.07 1.73 043 -1 0.67 -
Blue-green to brown 0.29 0.10 0.11 051 3.05 1077 1 <0.01 161
Green to purple —0.05 0.13 —0.30 0.20 -0.37 014 1 071 134
Less UV to more UV —-0.27 0.27 -0.78 0.24 -0.97 1.07 1 0.30 1.76
Achromatic contrast <0.001 0.03 —0.06 0.06 002 <0001 1 099 1.23

robin Multiple threshold (x?= 5.36, R?=0.13, AICc = 69.41, wi< 0.0001, n = 52, P = 0.05)

Intercept -1.19 1.19 -3.65 0.93 -1.00 -1 0.32 -



Chromatic contrast 0.43 0.21 0.06 0.84 2.08 5.31 002 1.01
Achromatic contrast —0.01 0.06 —0.13 0.12 -0.12 0.01 091 1.01
Single threshold (%= 34.42, R?=0.66, AlICc = 45.16, w; = 1.00, n = 52, P < 0.0001)
Intercept -0.75 1.86 —5.51 3.02 —0.40 - 0.69 -
Blue-green to brown 1.43 0.58 0.62 3.02 249 2834 <0.0001 1.59
Green to purple 0.01 0.20 —0.38 047 0.05 <0.01 0.97 143
Less UV to more UV —0.92 0.52 —2.04 0.05 -1.77 3.46 0.06 179
Achromatic contrast —-0.17 0.11 —0.43 0.03 -1.60 2.67 010 121
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