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University of Groningen, 9700 CC Groningen, The Netherlands
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Given the high costs of brood parasitism, avian hosts have adopted different defences to
counteract parasites by ejecting the foreign egg or by deserting the parasitized nest.
These responses depend mainly on the relative size of the host compared with the para-
sitic egg. Small hosts must deal with an egg considerably larger than their own, so nest
desertion becomes the only possible method of egg rejection in these cases. The use of
artificial model eggs made of hard material in egg-recognition experiments has been criti-
cized because hard eggs underestimate the frequency of egg ejection. However, no avail-
able studies have investigated the effect of softer material. Here, we test the potential
effect of size of dummy parasitic eggs in relation to egg-rejection behaviour (egg ejection
and nest desertion rates) in Western Bonelli’s Warbler Phylloscopus bonelli, a small host,
using plasticine non-mimetic eggs of three different sizes. In addition, we tested the
potential effect of material, comparing ejection and desertion responses between real and
plasticine eggs. As predicted, small eggs were always ejected, whereas nest desertion
occurred more frequently with large eggs, thus suggesting that nest desertion occurs
because of the constraints imposed by the large eggs. We found that plasticine may mis-
represent the responses to experimental parasitism, at least in small host species, because
this material facilitates egg ejection, provoking a decrease in nest desertion rate. Thus,
particular caution is needed in the interpretation of the results in egg-rejection experi-
ments performed using dummy eggs made of soft materials.

Keywords: artificial eggs, brood parasitism, ejection rate, nest desertion, small host.

Avian brood parasites impose high costs on their
hosts, causing a general decrease in breeding suc-
cess (Davies & Brooke 1989). A total loss of
breeding success occurs in those hosts parasitized
by species such as the Common Cuckoo Cuculus
canorus, an early-hatching parasite that evicts all
host eggs or chicks (Davies 2000, Kilner 2005). To
counteract these costs, hosts have evolved different
defensive strategies, which in turn select for new
adaptations in brood parasites in a process that
gives rise to a coevolutionary arms-race between
hosts and parasites (Dawkins & Krebs 1979,

Davies & Brooke 1989, Moksnes et al. 1991, Soler
2014). The most effective and widespread defen-
sive response by hosts is the discrimination and
rejection of foreign eggs, either by ejecting the par-
asitic egg or by deserting the parasitized nest
(Davies 2000). Ejection occurs in two ways: by
grasping the egg in the bill (grasp ejection) or by
piercing the eggshell to make a hole and gripping
the egg (puncture ejection; Davies 2000). The
ejection of the parasitic egg presents costs associ-
ated with recognition, including recognition errors
when the host’s own eggs are ejected (Davies &
Brooke 1989), and rejection costs related to the
physical difficulties of ejecting the foreign egg,
which may accidentally damage the host’s eggs*Corresponding author.
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(Davies & Brooke 1989, Soler et al. 2002, Stokke
et al. 2016). The desertion of parasitized nests
usually involves higher costs due to the complete
loss of the clutch, the subsequent search for a new
nest-site, building of a new nest, the production of
a replacement clutch and breeding later in the sea-
son (Hauber & Montenegro 2002, Hoover 2003).

The relative size of the host and parasite is
important in relation to the costs faced by each
species. Soler et al. (2015) found that in Common
Blackbirds Turdus merula, a medium-sized host
considered to be a grasp ejector (Davies & Brooke
1989, Honza et al. 2005, Soler et al. 2015), the
size of introduced eggs had a significant effect on
rejection because the larger the egg, the lower the
probability of ejecting it. Moreover, it has been
shown in the same species that egg rejection is also
negatively affected by egg mass because heavy eggs
are more frequently accepted than lighter ones of
the same size (Ruiz-Raya et al. 2015). Small hosts
or hosts with relatively small bills have more diffi-
culty in ejecting the parasitic egg. For species that
present a grasp index (a measure of the ability to
hold an egg; Rohwer & Spaw 1988) smaller than
200 mm2, it could be extremely difficult or even
impossible to eject the parasitic egg. In small host
species, the parasitic egg is considerably larger than
their own eggs and, given that the host cannot
physically grasp the egg, they commonly eject it
by puncturing it or deserting the nest (Moksnes
et al. 1991, Antonov et al. 2009, Soler et al.
2015). Furthermore, the smallest host species can-
not ‘puncture eject’ the parasitic egg either (Hosoi
& Rothstein 2000) and therefore nest desertion
represents a key defence mechanism. For example,
Antonov et al. (2006) found that the Marsh War-
bler Acrocephalus palustris, a small host which
commonly responds to the brood parasite by punc-
ture ejection, more frequently deserted nests that
had been experimentally parasitized with Cuckoo
eggs (which are larger than their own) because of
ejection difficulty. Antonov et al. (2006) associated
this result with the strength of the Cuckoo egg
shell rather than egg size. However, it is likely that
the size of parasitic eggs could itself affect ejection
and desertion rates. The size of parasitic eggs in
small hosts might play a critical role not only in
determining whether to eject or desert, but also in
affecting female incubation behaviour, for exam-
ple, if the clutch cannot be completely covered by
the incubating bird or if the normal incubation
time pattern is altered. Nevertheless, to our

knowledge, these questions have not been investi-
gated in small hosts.

Artificial model eggs made of harder materials
than the shell of real eggs, such as plaster, hard
plastic or clay, have been frequently used in egg-
recognition experiments (Rothstein 1982, Davies
& Brooke 1989, Soler & Møller 1990, Moksnes &
Røskaft 1992, Lotem et al. 1995, Davies et al.
1996, Peer et al. 2000). Nevertheless, different
authors have pointed out that the hardness of
artificial eggs may underestimate the frequency of
rejection because the difficulty of puncturing
these eggs would be much higher than that of
puncturing a real egg (Moksnes et al. 1991,
Mart�ın-Vivaldi et al. 2002, Prather et al. 2007).
There are fewer studies in which soft material
was used (Marchetti 1992, 2000, Mosk�at & Fuisz
1999, Mosk�at et al. 2002), but it seems likely
that the use of soft materials could reduce the
difficulty of rejection, thus overestimating the
ejection response. For example, two studies car-
ried out to analyse the ejection rates in two small
hosts belonging to the genus Phylloscopus showed
contrasting results. Mart�ın-Vivaldi et al. (2012)
investigated egg-rejection behaviour of the Wes-
tern Bonelli’s Warbler Phylloscopus bonelli, a small
passerine parasitized by the Common Cuckoo in
Mediterranean woodlands (Campobello & Sealy
2009, Mart�ınez et al. 2010), by introducing
mimetic and non-mimetic model eggs made of
plaster, a hard material difficult to puncture.
Bonelli’s Warblers rejected these eggs, which
were of the same size as Common Cuckoo eggs
(Mart�ın-Vivaldi et al. 2002, c. 50% larger than
Bonelli’s Warblers eggs) three times more often
by deserting the nest than by ejecting the para-
sitic egg. In contrast, no case of desertion
occurred in the Hume’s Leaf Warbler Phylloscopus
humei studied by Marchetti (2000) where model
parasitic eggs used were approximately 75% lar-
ger than host eggs but made of plasticine, a soft
material that does not completely harden. This
study found that most females (82%) ejected the
large experimental egg, whereas only a few
accepted it after pecking at it several times.

In this study therefore we test the potential
effect of size and material of experimental parasitic
eggs in relation to egg-rejection behaviour in the
Bonelli’s Warbler, a very small host of Cuckoos.
First, we seek to determine whether the size of
the parasitic egg influences ejection and desertion
rates. By using non-mimetic model eggs made of
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plasticine of three different sizes (smaller, same
size and larger than Bonelli’s Warbler eggs), we
predict that nests ‘parasitized’ with large model
eggs will be deserted more frequently than nests
‘parasitized’ with small or medium-sized model
eggs, whereas in nests ‘parasitized’ with smaller
and medium-sized model eggs, Bonelli’s Warbler
should be able to eject them. Secondly, we study
the potential effect of soft material used to create
model eggs in egg-recognition experiments, by
comparing the responses of Bonelli’s Warblers, a
‘puncture ejector’ species (Mart�ın-Vivaldi et al.
2002), to the introduction of real and plasticine
eggs. We predicted that this soft material overesti-
mates egg ejection rate. Using information from
video recordings, we also seek to identify any neg-
ative effects on incubation pattern of the presence
of parasitic eggs.

METHODS

Study area and population

The study was conducted in 2013, between the
end of April and mid-July, in the National Park of
Sierra Nevada, Spain (36°560N, 3°230W). The area
is a steep slope, falling between 1200 and 2000 m
asl in the supra-Mediterranean climatic belt,
formed by an open deciduous woodland composed
of Pyrenean Oak Quercus pirenaica, Holm Oak
Quercus ilex and three pine species, Pinus pinaster,
Pinus nigra and Pinus sylvestris.

Western Bonelli’s Warbler is a small (7–11.5 g)
passerine which breeds in Western Europe and
Western North Africa, and nests on the ground
in mountain woodlands. In winter, all populations
move to the south edge of the Sahara, from
Mauritania and Senegal to Chad (Cramp 1985).
Males and females are visually identical, but
males are slightly larger than females, as is the
case in congeneric species (Tiainen 1982). Males
and females also differ behaviourally, particularly
during the breeding period. Females spend most
of their time near the ground and typically give
excitement calls when coming to the nest,
whereas males are usually higher in the canopy
of trees and sing from perch sites in the tree
crown. In our study area, Bonelli’s Warblers
began to breed by the second half of May, laying
on average 4.9 eggs, with both incubation and
nestling periods of 12–13 days (Roncalli et al.
2016).

Experimental procedures

We located Bonelli’s Warbler nests by following
parental activity. Once we located a nest, we visited
it every other day to establish the exact laying date.
Because female Bonelli’s Warblers lay one egg per
day (Cramp 1985, Roncalli et al. 2016), we could
accurately determine the date on which clutch size
was completed before conducting egg-addition
experiments 1 or 2 days after clutch completion.

To test the effect of egg size on rejection beha-
viour, we experimentally parasitized Bonelli’s War-
bler nests using non-mimetic eggs of different sizes
made of red plasticine (Fig. 1). We carried out
three different experimental treatments (Table 1):
(1) small model eggs, 50% smaller than Bonelli’s
Warbler eggs; (2) medium-sized model eggs, simi-
lar in size and weight to real Bonelli’s Warbler
eggs (egg length, t = �0.71, df = 14, P = 0.49; egg
width, t = 1.24, df = 14, P = 0.23; egg weight,
t = �1.27, df = 14, P = 0.22); and (3) large model
eggs, 50% larger than Bonelli’s Warbler eggs, and
very similar in size to a real Common Cuckoo’s
eggs (Mart�ın-Vivaldi et al. 2002, �Alvarez 2003). In
addition, we created two control groups: (4)
manipulation control treatment, in which we
introduced a real Bonelli’s Warbler egg painted red
(Fig. 1), which allowed us to test the potential
effect of plasticine material in egg-rejection beha-
viour (second objective), by comparing ejection
and desertion rates between this group and the
group with medium-sized model eggs (see above);
and (5) the control treatment, in which we

Figure 1. From left to right, non-mimetic eggs of different
sizes made of plasticine, Bonelli’s Warbler egg and real egg
painted red, as used in the experiments. [Colour figure can be
viewed at wileyonlinelibrary.com]
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followed the same procedures as for the other,
except that the nests were not experimentally
parasitized. This last group allowed us to control
for the potential effect of the cameras over host
responses.

The experiment was based on 42 nests includ-
ing 10 nests for each of the experimental groups
(large, medium and small) and six for each of the
two control groups. We could use only five manip-
ulation control treatment nests because one of
them was predated before the end of the experi-
ment. For ethical reasons, we reduced our sample
sizes as much as possible without compromising
our ability to detect significant differences. This is
because we predicted that nest desertion could be
a frequent response to our experimental para-
sitism, which has important implications for this
species, given that its populations have been
severely reduced in the area for the last 30 years
(Zamora & Barea-Azc�on 2015).

After the introduction of the egg, we placed a
video camera (Panasonic HDC-SD40, Osaka,
Japan) close to the focal nest (1–3 m) for 2 h to
record female behaviour at the nest, with special
interest in determining the possibility of ejection

events. Each nest was checked every 24 or 48 h
over the following 5 days. Five days was consid-
ered an adequate time interval in these experi-
ments because this period has commonly been
used in several egg-rejection experiments (e.g.
Davies & Brooke 1988, Grim et al. 2011, Soler
et al. 2015). We considered the model egg to have
been accepted when it remained warm in the nest
for 5 days, even if it had marks left by the bill
(one case). In this case, on the 5th day, we
removed it and considered the trial finished. Each
model egg was used only once. We considered the
model egg to be ejected if it disappeared from the
nest during this 5-day interval. We regarded nest
desertion as rejection behaviour when we found
the clutch, including the model egg, cold for two
consecutive visits.

To measure the colours of each egg type (the
natural Bonelli’s Warbler egg, the real painted
egg and the plasticine model egg), we used a
MINOLTA CM-2600d/2500d spectrophotometer
(Konica Minolta, Japan). We obtained the curve
of reflectance in the range of 300–700 nm. Real
painted eggs and plasticine eggs presented very
similar colours based on the major overlap of their

Table 1. Measures of real Bonelli’s Warbler eggs and non-mimetic eggs of different sizes. We used five Bonelli’s Warbler eggs and
10 eggs for each size treatment.

Bonelli’s Warbler egg Small model egg Medium model egg Large model egg

Size (mm)
Length 15.68 � 0.08 12.11 � 0.35 15.28 � 0.28 19.42 � 0.51
Width 12.22 � 0.06 9.29 � 0.35 11.95 � 0.34 14.70 � 0.42

Weight (g) 1.11 � 0.01 0.60 � 0.01 1.19 � 0.04 2.36 � 0.11

Figure 2. Reflectance spectra from natural Bonelli’s Warbler egg (grey triangles), real red painted egg (white squares) and plasticine
model egg (black circles).
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reflectance curves (Fig. 2). In contrast, natural
Bonelli’s Warbler eggs, which are white-cream-
coloured, with tiny brownish and blackish spots
(Fig. 1), showed a very different curve compared
with the other two red eggs (Fig. 2). Subse-
quently, we estimated the difference in colour
among eggs with respect to the spectral sensitivity
of each of the four avian photoreceptors (ultravio-
let, short, medium and long wavelength). Data for
detailed spectral sensitivity were not available for
our species. Therefore, we extracted spectral sensi-
tivity using the average avian UV system provided
in the vismodel function in the ‘pavo’ package for
R software (Maia et al. 2013). Applying the visual
models of Vorobyev and Osorio (1998) we calcu-
lated quantum catches at each photoreceptor and
determined the colour distance corrected for the
receptor noise based on relative photoreceptor
densities. Colour difference is expressed as JNDs
(just-noticeable differences). The higher the con-
trast values, the higher the difference in colour as
perceived by birds (�Sulc et al. 2016). These results
confirm the differences among egg types observed
in the photo (Fig. 1) and the curves of reflectance
(Fig. 2). The difference between plasticine model
eggs and real painted eggs was smaller (7.64
JNDs) than the differences between natural eggs
and plasticine (18.87 JNDs) or real painted eggs
(23.90 JNDs).

Female behaviour and ejection events
To minimize observer bias, blinded methods were
used when behavioural data were extracted from
video recording using VLC software. We collected
the following variables for the 2-h observation per-
iod at each nest: (1) incubation latency (time spent
between female arrival at the nest and the start of
incubation), (2) nest visits (number of female visits
to the nest per hour), (3) off-bouts (time per hour
during which a female was away from the nest), (4)
incubation time, expressed as the percentage of
time spent incubating during all the time that
female stayed in the nest (on-bouts), and (5) num-
ber of touches directed at the model egg. Female
touches have been used in several egg-recognition
experiments as an indication of recognition of the
parasitic egg (Antonov et al. 2009, Ruiz-Raya et al.
2015, Soler et al. 2015). Egg-ejection events filmed
(n = 9) were also carefully checked to determine
the method of ejection (grasping or puncturing) and
the latency time until ejection of the parasitic egg.
To establish the method of ejection, we also

confirmed the information from recordings by
examining the marks left on the model eggs recov-
ered both within (when deserted) and outside
(when eggs were ejected) nests. In all cases of ejec-
tion, we carefully searched the nest surroundings
(4 m diameter around the nest) after each detected
ejection to try to find the model egg. The marks of
puncture ejections appeared as a clear hole pro-
duced by the tip of the bill, whereas grasp ejections
left one or two lines produced by the edges of the
bill on the plasticine eggs (Fig. 3).

Statistical analysis

To determine the effect of the size and material of
the introduced egg, we used Chi-square goodness-
of-fit tests for frequency tables, correcting with the
Monte Carlo approach in the cases in which the
frequency was < 5. To explore the effects of laying
date and clutch size on desertion and ejection
rates, we calculated two independent GLMs (gen-
eralized linear models) fitted with a binomial dis-
tribution. All variables from the video recordings
were analysed by an ANOVA or Kruskal–Wallis
tests, depending on the characteristics of the vari-
able. We included treatment as a factor in all
analyses. We used R 2.15.3 for Windows (R Devel-
opment Core Team 2012) and STATISTICA 8.0
(Statsoft Tulsa, OK, USA) to perform the analy-
ses. All data are in the form of means � 1 se.

Figure 3. Two examples of marks left on ejected plasticine
model eggs by Bonelli’s Warbler females. The egg on the left
shows several holes indicating attempts at puncture ejection of
the egg, while the egg on the right shows several lines typical
of grasp ejection.
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RESULTS

Female responses according to egg size
and material

We found a significant effect of egg size on the
response against parasitic eggs (v24 = 10.9,
P = 0.03). As we predicted, nests parasitized with
large model eggs were more frequently deserted
than those with medium-sized or small model eggs
(v22 = 8.4, P = 0.01; Fig. 4). Similarly, the ejec-
tion rate was lower in nests parasitized with large
model eggs than in the other two experimental
groups (v22 = 10.95, P = 0.01, Fig. 4). Neither
laying date nor clutch size affected desertion rates
(z = �0.59, P = 0.55; z = 0.89, P = 0.37) or ejec-
tion rates (z = �1.22, P = 0.22; z = 0.005,
P = 0.99).

The material of the model egg also significantly
affected rejection behaviour (v21 = 7.5,
P = 0.017). Plasticine eggs were ejected in all cases
while medium-sized real eggs were ejected signifi-
cantly less often (v21 = 4.2, P = 0.04; Fig. 5). Nei-
ther laying date nor clutch size affected desertion
rates (z = �0.86, P = 0.39; z = �0.22, P = 0.82)
or ejection rates (z = 0.68, P = 0.49; z = 1.58,
P = 0.11).

Female behaviour when confronted with
an experimental egg

We analysed female behaviour in 30 nests.
Another two cases were not recorded because of
logistical problems and 10 records were lost
because of technical problems. In no case did we

detect a male entering a nest during recordings,
so all rejection behaviour related to females.
Incubation latency did not significantly differ
among experimental groups (F4,24 = 0.803,
P = 0.53), even when taking into account the
fact that in control nests, females began incubat-
ing immediately on arrival at the nest. Neither
the nest visit rate nor time spent off the nest
differed significantly between experimental
groups (Kruskal–Wallis v2 = 7.39, df = 4,
P = 0.11 and F4,23 = 2.12, P = 0.11, respec-
tively).

Egg size significantly affected female touches
(F2,9 = 4.70, P = 0.04). Touches directed at the
large model eggs were more numerous (81 � 18,
n = 5) than those directed to medium-sized or
small eggs (10 � 20, n = 4; 2 � 24, n = 3, respec-
tively). Moreover, the presence of a large model
egg marginally affected incubation time
(F2,17 = 3.41, P = 0.05) by reducing it (77 � 5%,
n = 6) in comparison with those parasitized with
medium-sized or small eggs (94 � 5%, n = 9;
95 � 5%, n = 3, respectively). The total touches
directed to real experimental eggs (109 � 21,
n = 5) were more numerous than those directed at
medium-sized plasticine eggs (F1,7 = 9.98,
P = 0.02). Nevertheless, we found no effect of
material on incubation time (F1,12 = 0.42,
P = 0.53).

Ejection events
We filmed nine ejection events: four of small
model eggs, four of medium-sized model eggs and
one of a large model egg. All ejections were by
females. Males commonly perched in the sur-
roundings of the nest, checking it when females
were absent. Female Warblers spent more time

Figure 4. Acceptance, desertion and ejection rates for the
egg-size experimental treatment (large, medium and small).
Sample sizes for each treatment are shown at the top of each
column.

Figure 5. Acceptance, desertion and ejection rates for nests
‘parasitized’ with real Bonelli’s Warbler eggs and plasticine
model eggs (medium-sized model eggs similar in size and
weight to real eggs). Sample sizes for each treatment are
shown at the top of each column
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ejecting the larger egg (2117 s; more than 35 min)
than medium or small eggs (41.7 � 105.8 s
and 218 � 81.9 s, respectively; F2,6 = 57.79,
P < 0.001). When females ejected small and med-
ium-sized eggs they flew away from the nest with
the egg grasped in their bills (Video S1). In the
only case of ejection of a large model egg, the
female was able to move the egg only a few cen-
timetres outside the nest by grasping the narrow
pole of the egg, and only after pecking it repeat-
edly and consequently deforming it before grasping
(Video S2). These data are confirmed by the fact
that the two medium-sized model eggs found after
ejection showed grasping marks homogeneously
distributed on their surface, in contrast to the six
large plasticine eggs recovered, which presented
grasping marks preferentially on their poles. The
size of the parasitic egg seemed to affect the ejec-
tion distance also, as suggested by the fact that
around the parasitized nest no small eggs were
found, and 20% (n = 10) of medium-sized eggs
and 40% (n = 5) of large eggs.

DISCUSSION

Egg size

We found a strong effect of the size of the para-
sitic egg on the ejection rate. In the nests in which
we introduced the large model egg (similar in size
to those of the Common Cuckoo), female Bonelli’s
Warblers ejected significantly fewer eggs than in
nests with either small or medium-sized eggs
(Fig. 4), where in all cases females were able to
eject it. Moreover, Bonelli’s Warblers responded
by only deserting nests parasitized with large eggs
(Fig. 4). Our results are as predicted, and are simi-
lar to those found in Common Blackbirds, which
more frequently ejected small parasitic eggs than
medium-sized or large ones and more often
deserted the nest when parasitized with large eggs
(Soler et al. 2015). The Common Blackbird is a
medium-sized grasp ejector species that can easily
eject the parasitic egg. In contrast, our species is a
small host, and the highest frequency of desertion
in nests with larger eggs occurred presumably
because its small bill prevented ejection. In agree-
ment with this, desertion has been considered the
main response in several other Phylloscopus hosts
(Moksnes et al. 1991, Stokke et al. 2010, Mart�ın-
Vivaldi et al. 2012). For example, 95% of Willow
Warbler Phylloscopus trochilus and 83% of

Chiffchaff Phylloscopus collybita nests were
deserted as a response to artificial parasitism (Mok-
snes et al. 1991).

The presence of a large model egg also affected
the time spent incubating. During the 2 h of film-
ing, females incubated approximately 15% less in
these experimental nests than in controls, possibly
to the detriment of egg viability. However, we could
not test this hypothesis because of the high nest pre-
dation pressure in our study area, which prevented
us from calculating hatching success for many nests.
The time in which females were in the nest without
incubating was used to inspect and touch the model
egg, as well as to try to eject it. Large eggs were
touched more frequently than were medium-sized
and small ones. Furthermore, the time spent eject-
ing larger eggs was significantly longer than the time
ejecting medium-sized and small eggs, in accor-
dance with the result found in Common Blackbirds
(Soler et al. 2015). Female Bonelli’s Warblers spent
more time ejecting large eggs, probably because of
the physical constraints, given that the female that
did eject a large egg spent more than half an hour
trying continuously to peck the egg, pushing it to
the border and grasping it by the narrow pole
(Video S2). The distance at which the ejected eggs
were found also significantly depended on the size
of the artificial egg, supporting the existence of
these physical constraints: the larger the egg, the
closer it was to the nest.

Egg material

In studies of avian brood parasitism, researchers
have often used model eggs to simulate real brood
parasitism. Previous studies have pointed out that
the different results found in egg-rejection experi-
ments may depend on the hardness of the model
eggs used; if the egg is too hard, small-sized hosts
cannot puncture and eject it (Moksnes et al. 1991,
Mart�ın-Vivaldi et al. 2002, Prather et al. 2007).
However, no previous study has examined the
effect of using model eggs made of soft material
such as plasticine. We found that plasticine had a
clear effect on the response to experimental para-
sitism. Female Bonelli’s Warblers consistently
ejected the parasitic egg in those nests in which
we introduced medium-sized plasticine eggs,
whereas ejection and desertion occurred at similar
rates in the nests parasitized with real red-painted
eggs (Fig. 5). The differences in egg-rejection
method could be attributed to differences in egg
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appearance between the two models used (Fig. 1),
suggesting that plasticine eggs would have been
recognized more easily than real painted ones, and
consequently more frequently ejected. However,
our spectrophotometric results (curves of reflec-
tance and JNDs) indicate that the two types of
model eggs were very similar and, most impor-
tantly, that both models were very different from
natural Bonelli’s Warbler eggs. In addition, real
painted eggs, which differed most from Bonelli’s
Warbler eggs, were also more frequently accepted
by the birds (Fig. 5), strongly suggesting that the
material of experimental eggs (and not the appear-
ance) is the main factor affecting the observed dif-
ferences in egg-rejection method.

We also found that real painted eggs were
touched more frequently than plasticine eggs, indi-
cating the manipulation difficulties in ejection
efforts. Female Bonelli’s Warblers could easily peck
and grasp plasticine eggs, ejecting them very
quickly, even within a few seconds. This effect
cannot be associated with differences in size or
weight between real and model eggs, because they
were similar, but rather with the different mate-
rial. Clearly, a plasticine egg was easier to eject
than a real egg, which has a stronger and shiny
eggshell; in fact, not all the ejection attempts were
successful because of the difficulties of handling
the egg. Surprisingly, and contrasting with our
findings for nests parasitized with large model
eggs, incubation time was not affected by the pres-
ence of real eggs despite the high frequency at
which the real egg was touched. One possible
explanation is that the real egg, being harder and
shinier than a plasticine model egg, increases the
risk of damaging their female’s own eggs and dis-
courages her from trying to eject it.

The use of plasticine, which is considerably less
strong than the shell of a real egg, might suggest
that plasticine eggs are mistaken for faeces, and
therefore that the ejection could be the result of
nest sanitation instead of egg-recognition beha-
viour. Recent studies have suggested that nest sani-
tation plays an important role in the evolution of
the ejection of parasitic eggs and should be a pre-
requisite for anti-parasite defences (Guigueno &
Sealy 2012, Pol�a�cek et al. 2013, Yang et al. 2015).
For example, Pol�a�cek et al. (2013) found that
white model eggs were removed significantly faster
than dark-brown eggs by Tree Sparrows Passer
montanus, and ascribed this to the fact that birds
may perceive white eggs as faecal sacs. However,

in our study we used model eggs painted red,
which are very different from white faecal sacs.
Moreover, our experiment was carried out at the
end of the laying period, when the clutch was
complete, but well before hatching, whereas faecal
removal behaviour is expected to reach a peak
once the eggs hatch (Pol�a�cek et al. 2013).

The effect of plasticine found in our study may
explain the different results obtained compared
with those reported by Mart�ın-Vivaldi et al.
(2012). In both cases the egg size used was similar
(House Sparrow Passer domesticus eggs), but
whereas we used plasticine, they used model eggs
made of harder materials (plaster). In their study,
Bonelli’s Warblers rejected experimental eggs
mainly by deserting the nest and only in one case
by ejection. Our results showed the opposite pat-
tern. Therefore, the hardness of plaster eggs used
by Mart�ın-Vivaldi et al. (2012) may have underes-
timated the ejection rate. Moreover, in nests
where we introduced a real non-mimetic egg of
Bonelli’s Warbler, females deserted 40% more
often than in nests in which we placed plasticine
eggs of the same size.

Our results also may offer an explanation for the
high ejection rate (> 80%) that Marchetti (2000)
found in Hume’s Leaf Warblers. In this case,
females rejected all the larger eggs introduced
because of their aberrant size, but it is likely that
the high ejection rate found was the consequence of
using plasticine models because, as we have shown
in our experiment, plasticine facilitates pecking and
grasping of the model egg. Because the two studies
worked with two different species, it might also be
possible that the difference in the ejection rate
between Bonelli’s Warbler and Hume’s Leaf War-
bler has species-specific explanations. Hume’s Leaf
Warbler is not currently parasitized by Cuckoos but
shows strong discrimination abilities as well as
highly specific aggressive behaviour against Cuckoos
(Marchetti 1992), suggesting that it may have won
the coevolutionary arm-race against them (Soler
2014). Bonelli’s Warbler, however, still seems to be
parasitized in some areas of its distribution range
(Campobello & Sealy 2009, Mart�ınez et al. 2010),
indicating that it is in an earlier stage of such an
arms-race.

Ejection events and female behaviour

In all the experiments in which we recorded ejec-
tion, all the plasticine eggs were ejected by
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females, this being the expected result for species
in which only the females incubate (Soler et al.
2002), such as Bonelli’s Warblers (Roncalli et al.
2016). Females invariably ejected by grasping (in-
cluding large eggs). Moreover, most of the ejection
marks found on the eggs recovered were one or
two lines, the typical marks left by the edges of
the bill during grasp-ejecting attempts. These
results would seem to contradict previous findings
indicating that small hosts eject parasitic eggs
mainly by puncturing (e.g. Rohwer & Spaw 1988,
Moksnes et al. 1991, Soler et al. 2002). Unfortu-
nately, neither of the two real eggs ejected was
filmed during the 2 h of recording and we cannot
exclude the possibility that the soft material of egg
models could have altered the method of ejection
in comparison with a natural situation. Notably,
Underwood and Sealy (2006) found that in War-
bling Vireos Vireo gilvus, a species classified as the
smallest puncture-ejecting host of Brown-headed
Cowbird Molothrus ater eggs, 91% of plaster model
eggs were ejected by grasping. The costs associated
with puncture-ejecting may be higher than the
costs of grasping because hosts have to peck the
parasitic egg repeatedly and vigorously to pierce it
(Soler et al. 2002). In the puncture ejectors of
Brown-headed Cowbird eggs, an average 0.25 host
eggs were lost per ejection attempt, whereas in
grasp ejectors the average was 0.06 (Lorenzana &
Sealy 2001). On the basis of this evidence, it
would not be unexpected if Bonelli’s Warblers
were capable of ejecting model eggs by grasping. It
has also been suggested that some small hosts
could be capable of both grasp and puncture ejec-
tion (Underwood & Sealy 2006). In support of this
argument, the video recordings of the nests
belonging to the manipulation control treatment
(real Bonelli’s Warbler eggs painted red) showed
that females vigorously touched the models by
both pecking and trying to grasp them.

CONCLUSIONS

We have shown that the size of the parasitic egg
significantly affected rejection response. Large
model eggs hampered ejection, favouring desertion
of the nest as a rejection response, probably as a
consequence of a physical constraint in manipulat-
ing the parasitic egg. Moreover, as has been
reported to occur with hard materials, the plas-
ticine model eggs do not provide real ejection and
nest desertion rates, because this soft material

overestimated egg ejection. In the light of these
findings the conclusions obtained from egg-recog-
nition experiments using plasticine egg models
should be considered with caution. The use of real
eggs is strongly recommended whenever possible.
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SUPPORTING INFORMATION

Additional Supporting Information may be found
in the online version of this article:

Video S1. Ejection of medium-sized egg model.
Video S2. Ejection of large-sized egg model.
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