Chinese Birds 2012, 3(4):274-294
DOI 10.5122/cbirds.2012.0042

Egg discrimination by hosts and obligate brood parasites:
a historical perspective and new synthesis
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Abstract With the knowledge that cuckoos and cowbirds lay their eggs parasitically, and that some
hosts eject parasitic eggs, ornithologists began to ponder the question of how host females discrimi-
nate between a foreign egg and their own eggs, wondering how hosts “know” which egg to remove.
Results of one of the first uncontrolled experiments were inappropriately interpreted to imply ejection
was based on discordancy, with hosts simply ejecting the egg in the minority, or the “odd-looking”
egg. Controlled experiments eventually revealed that hosts first learn the appearance of own their
eggs and discriminate between them and any odd egg in their nest, regardless of which egg type is
in the minority. Recent work has shown that discordancy may play a role in discrimination by males
mated successively with females that lay polymorphic eggs. We examine the details of the early ex-
periments, in light of recent advances in studies of egg recognition. An ability to recognize eggs also
has been extended, implicitly, to include obligate brood parasites, as it underlies several hypotheses in
explanation of the behavior of parasites toward their hosts. Egg recognition in parasites, however, has
not been experimentally confirmed, nor has a mechanism been identified by which parasites could
discriminate between their own eggs and the other eggs in a nest. We review hypotheses (parasite
competition, egg removal and multiple parasitism, mafia, farming) that require the ability of obligate
brood parasites to discriminate eggs at different levels and the potential mechanisms used by parasites
to recognize their own eggs and suggest experiments to test for egg discrimination. An assessment of
the egg recognition ability of parasites is germane to our understanding of how parasites counteract
defenses of hosts.

Keywords Cuculus canorus, discordancy, early experiments, host egg ejection, learning,
Molothrus ater, obligate brood parasites, template, true-egg recognition

REVIEW

Introduction

Since before the time of Aristotle, we have known that
some species of cuckoos lay eggs in nests of other spe-
cies of birds — the hosts — which incubate the para-
sites’ eggs and rear their young as their own (Gesner,
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1669; Friedmann, 1964; Payne, 1977; Davies, 2000;
Schulze-Hagen et al., 2009). Imagine, as Friedmann
(1964) did, the challenges faced by early naturalists in
piecing together often conflicting observations of cuck-
oos before it was established that these species laid their
eggs parasitically (Lottinger, 1775, 1795; Jenner, 1788;
Rennie, 1831; Blyth, 1835; Newton, 1869; Jourdain,
1925; Friedmann, 1964; Schulze-Hagen et al., 2009). It
would have been especially difficult to recognize para-
sitic eggs in nests in which cuckoos laid matching eggs.
Even recently, it has been necessary in some cases to
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hatch suspected parasitic eggs or sample blood from
nestlings to confirm their identity (e.g., Chance, 1922;
Stuart Baker, 1942; Becking, 1981; Yang et al., 2012).
Describing the habits of nesting species was more
straightforward, with adult birds attending their nests,
thus providing reliable clues to the nature of their nest-
ing habits.

Establishing that the Brown-headed Cowbird (Mo-
lothrus ater) of North America was a brood parasite
posed a different challenge. Naturalists had been puz-
zled by odd-looking eggs in nests, alongside the eggs of
warblers, sparrows and other species of songbirds. The
challenge was to associate those eggs with the bird that
laid them. It was the American ornithologist, Alexander
Wilson (1766-1813), who first deduced from his own
observations and those of other naturalists that it was
the Brown-headed Cowbird that laid those eggs — thus
identifying another species of brood parasite (Wilson,
1810, also see Brewer, 1840). It was confirmed eventu-
ally that the Brown-headed Cowbird laid a more gen-
eralized egg, spotted with shades of brown on an off-
white background, rather than eggs that matched those
of a particular host species, as in many cuckoos.

Over the ensuing centuries, with knowledge that
cuckoos lay their eggs parasitically and some of the im-
portant hosts identified, naturalists began to debate new
questions. The extent of these debates was exemplified,
for example, by the plethora of anecdotal observations
published in the pages of the Magazine of Natural His-
tory in Britain in the nineteenth century, with the slow
pace of progress revealed in the titles of Edgar Chance’s
books, The Cuckoo’s Secret (1922) and The Truth About
the Cuckoo (1940). Most of the queries focused on the
breeding biology of the Common Cuckoo (Cuculus
canorus) in Europe, but other questions eventually
concerned the hosts, particularly the color and patterns
of their eggs (Table 1). Do hosts remove or eject the
cuckoos egg from their nests and effectively eliminate
most or all of the costs of parasitism? Egg ejection re-
quires that hosts recognize that they have been para-
sitized and then discriminate between the parasite’s
egg and their own eggs to ensure that the ‘correct’ egg
is removed. This was especially challenging for hosts
parasitized by cuckoos whose eggs were mimics of their
own eggs. Similar questions were asked of the interac-
tions between the Brown-headed Cowbird and its hosts,
although with a generalized egg it seemed that it would
be “easier” for hosts to recognize it.

Experimental studies over the last few centuries

(Table 1) have confirmed that many host species eject
parasitic eggs. Selection for egg discrimination by birds
occurs in several contexts, but it is in the responses
of hosts to parasitic eggs laid in their nests that this
recognition is most refined and studied (Underwood
and Sealy, 2002). The knowledge of egg ejection be-
havior by hosts has led to a detailed understanding of
counteradaptations by parasites that have produced
an evolutionary arms race between hosts and parasites
(Dawkins and Krebs, 1979; Rothstein, 1990; Davies,
2000). In some cases, the parasites must recognize their
own eggs among clutches of hosts’ eggs. Mechanisms
used by hosts to discriminate foreign eggs have been
examined experimentally, but not for how parasites
may recognize their own eggs. In this study, we use a
historical perspective to review egg discrimination by
hosts and examine hypotheses that rely on the ability of
obligate brood parasites to discriminate eggs at different
levels. We also explore the potential mechanisms used
by parasites to recognize their own eggs and suggest ex-
periments to test for this discrimination.

Confirmation of egg ejection behavior
by hosts

...Iam glad to have indicated ... the value of definite
experiment against uncontrolled stray observation.
Above all it has been fascinating again to watch
natural selection at work.

Charles Swynnerton (1916)

After determining that cuckoos laid parasitically, or-
nithologists slowly turned their attention to the reac-
tions of hosts to the foreign eggs after parasitism (Table
1). The assumption that hosts eject parasitic eggs was
limited to observations at parasitized nests from which
host or parasite eggs had disappeared. However, this did
not confirm who had removed them and, whether hosts
were responsible, or if so, how they recognized the for-
eign eggs. Experiments were required. Many naturalists
pondered these interactions and either proposed or
conducted experiments (see Jourdain, 1925; Schulze-
Hagen et al., 2009; Sealy, 2009; Table 1). Experiments
that ensued proved to be the precursors of methodol-
ogy that has become the hallmark of research today in
the study of the interactions between brood parasites
and their hosts.

Naturalists began to realize they could simulate para-
sitism (e.g., Blyth, 1835) by placing eggs of other spe-
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Table 1 Summary of observations by early naturalists who commented on some aspects of the coloration of hosts’ and parasites’ eggs, sug-
gested or conducted experiments to describe the reactions of hosts to foreign eggs, or confirmed ejection behavior in hosts and mechanisms of

recognition of parasitic eggs. Note: observers are listed in order of the dates of their published contributions.

Observer

Contribution and references

Antoine J. Lottinger
(1725-1793)

Edward Blyth
(1810-1873)

Arthur H. S. Lucas
(1853-1936)

Edward B. Poulton
(1856-1943)

Paul Leverkiihn
(1867-1905)

A. C. Eduard Baldamus
(1812-1893)

Eugene Rey
(1832-1909)

Vaclav Capek
(1862-1926)

John H. Gurney
(1848-1922)

Edward C. Stuart Baker
(1864-1944)

Charles F. M. Swynnerton

(1877-1838)

Bernhard Rensch
(1900-1990)

Francis C. R. Jourdain
(1865-1940)

Salim Ali (1896-1987)

France: guided by observations of previous naturalists suggesting some hosts eject cuckoo eggs, manipulated clutch-
es by replacing entire clutches in ~ 60 nests of > 10 species of songbirds with one foreign egg. Protocol mistakenly
based on widespread belief that cuckoos destroy host eggs after parasitism, thus leaving the host with only the para-
site’s egg; hosts generally deserted the manipulated nests, due to the reduced clutch volume (see Sealy, 1992) — Lot-
tinger (1775, 1795)

England: highlighted findings of naturalists and his own life-history observations of the cuckoo and its hosts, and
suggested manipulative experiments at potential nests designed to confirm ejection of cuckoo’s egg (Sealy, 2009) —
Blyth (1835)

Australia: hypothesized that coloration of birds’ eggs is controlled by females, under environmental influences, in-
cluding food — implying that cuckoos adjust colors of their eggs to those of available hosts (see Avilés et al., 2007
for recent evidence of environmental influence on egg color). Recognized the need for experimentation in the study
of brood parasitism — Lucas (1887)

England: invoked Darwinian natural selection to counter Lucas’s idea about egg coloration, but he assumed, incor-
rectly (see Schulze-Hagen et al., 2009), that the cuckoo carried her egg to the nest in her beak, therefore, seeing the
color of her eggs before placing them into appropriate nests — Poulton (1890)

Germany: comprehensively surveyed ideas and assessed results of experiments conducted by others on potential
host species, particularly Lottinger’s; conducted his own experiments, following Lottinger in switching most clutches
with one foreign egg (of various species of songbird), thus recording desertion of most nests because of resulting low
clutch volume; additional results provided concrete evidence of ejection of experimental eggs — Leverkiihn (1891)

Germany: along with Rey, showed that female cuckoos laid eggs of consistent patterns, just like other birds, by col-
lecting series of eggs on individual cuckoo’s restricted egg-laying ranges; recognized the existence of adaptive mim-
icry now known as different cuckoo gentes and that cuckoo eggs are similar in color, spot-pattern, and size to the
host’s eggs — Baldamus (1892)

Germany: independently confirmed Baldamus’s earlier finding that showed female cuckoos laid eggs of consistent
patterns and parasitized one species of bird; although impressed with his vast collection of cuckoos’ eggs, Jourdain
(1925) criticized Rey’s work because the eggs were drawn from different localities; estimated that 17-22 eggs were
laid by individuals in a season, on alternate days — Rey (1892)

Czech Republic: was in close contact with Rey during late 19th century. Capek conducted similar field work as Rey
but his advantage was that he collected the eggs from a restricted area and his findings of female consistency in egg
appearance are free of Jourdain’s early criticism. During his life he collected ~1500 cuckoo eggs, he did a much more
detailed field work than Rey — Capek (1896)

England: provided evidence of cuckoo destruction of unparasitized nests with young, which would create new op-
portunities for parasitism; his observations also led to the suggestion that each cuckoo favored one particular host
species — Gurney (1899)

India: proposed that hosts discriminate eggs that differ substantially from own eggs, leading to selection for host-
egg mimicry through gradual elimination of contrasting eggs by the hosts — Stuart Baker (1913)

Southern Africa: comprehensive review of ideas on selection on patterns of egg coloration (also reviewed by Un-
derwood and Sealy, 2002; Kilner, 2006); experiments stimulated by Leverkithn’s results, but instead usually switched
one foreign egg with only one host egg and recorded ejection from 80% of nests; controlled for size by painting one
egg of host’s clutch (also see below) — Swynnerton (1916, 1918)

Germany: concluded evidence was strong that selection for egg mimicry occurs through the hosts; first attempt to
identify experimentally the mechanism of egg discrimination egg that leads to ejection (also see below) by ejector
hosts. The addition of a striking color to one of the host’s eggs led to ejection, or nest desertion in some cases; deter-
mined that ejection was by pecking, followed by ejection, by observing nests through a telescope — Rensch (1924,
1925)

England: comprehensive summary of historical ideas on the cuckoo’s habits, concluding that the Common Cuckoo
may be subdivided into several egg-color morphs — Jourdain (1925)
India: stimulated by Rensch’s results, added or substituted single foreign eggs at Plain Prinia (Prinia inornata) nests,

two during laying, one before clutch initiation (all ejected); at three Red-whiskered Bulbul (Pycnonotus xanthor-
rhous) nests (ejection of egg of different sizes and colors at one nest, other nests depredated) — Ali (1931)
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cies that differed from a potential hosts eggs into active
nests, or, one or more of the species’ own eggs could be
painted to appear different. (Because real cuckoo eggs
were in short supply, workers eventually used models
cast of various materials and painted them to simulate
the parasite’s eggs or other desired egg types.) By the
beginning of the nineteenth century, naturalists had
begun to experimentally determine whether potential
hosts ejected parasitic eggs (Table 1). Their results sug-
gested implicitly that some hosts recognize and eject
cuckoo eggs, as long as the cuckoo’s egg differed enough
in some way from their own eggs to make it identifiable.
Although these experiments were generally incomplete,
and lacked appropriate controls, the scene was set for
others to determine which hosts actually discriminated
between cuckoo eggs and, eventually, cowbird eggs, and
their own eggs (e.g., Schulze-Hagen et al., 2009; Sealy,
2009; Sealy and Guigueno, 2011). The pioneering ex-
periments conducted by Charles F. M. Swynnerton were
among the first to confirm egg ejection by cuckoo hosts.

An all-round naturalist, Swynnerton worked most of
his life in southern Africa. His early papers on form and
color in nature, particularly of insects, led to experi-
ments on predation by captive and wild birds, especially
on butterflies, in an attempt to discover underlying
mechanisms of mimicry (Cott, 1940; Marshall, 1938;
Carpenter, 1941-1942). Swynnertons background with
animal colors and his experimental approach placed
him in good stead to study reactions of birds to cuckoo
eggs. In a remarkable series of experiments followed by
insightful interpretations and new ideas, Swynnerton
(1916, 1918) recorded responses of adult birds at more
than 60 manipulated nests of nearly as many species of
passerines, all potential cuckoo hosts, to eggs of other
species placed into their nests (Fig. 1). The results were
not replicated but they provided the most extensive in-
formation on ejection by hosts of foreign eggs available
at the time and, thus, implicitly, of cuckoo eggs. Swyn-
nerton (1916:557) summarized his first experiment un-
der the heading “The selective factors in the matter of
Cuckoos’ eggs™

I have placed eggs not their own in the nests of a
number of birds and watched the result. The first
three or four, although contrasting strongly with
the birds own eggs, were accepted, and I expected
a repetition of what I remembered as my boyish
experience. Subsequently, though many acceptances
still occurred, the majority of the changelings were

rejected, and Prof. [Alfred] Newton’s explanation of
the facts with regard to the eggs of the English Cuck-
00 —“That certain kinds of birds resent interference
with their nests much less than others ... but with
other species it may be, nay, doubtless it is, different”
—was supported.

Overall, Swynnerton’s (1916, 1918) results revealed
the challenge faced by cuckoos in matching eggs that
vary in color and pattern of their spots and scrawls,
within and among clutches, and he came up with the
idea, recently expounded by Davies (2000:63), “.. that
the spotting patterns of passerine eggs evolved as signa-
tures” This work stimulated the German biologist, Bern-
hard Rensch, to take experiments on host responses to
parasitism one step farther. Rensch examined how hosts
actually identify or recognize the parasite’s egg.

Egg discrimination by hosts

Die Mimicry entsteht durch Selektion von Seiten der
briitenden Wirtsvigel, die untergeschobene Eier von
abweichender Farbe und Form entfernen.

Bernhard Rensch (1924)

The ability of hosts to discriminate between the parasite’s
egg and their own eggs is the key to the coevolutionary
arms race between many brood parasites and their hosts
(Dawkins and Krebs, 1979; Rothstein, 1990; Davies and
Brooke, 1998). The first attempt to identify the mecha-
nism of egg discrimination by birds came indirectly
from experiments conducted early in the 1920s by Ber-
nhard Rensch (Fig. 2), one of the ‘architects’ of the new
evolutionary synthesis (Mayr and Provine, 1980; Junker,
2003; Wuketits, 2006). Among his pursuits in systemat-
ics, comparative morphology, paleontology, and ethol-
ogy, Rensch conducted experiments to demonstrate
the effect of natural selection in different systems. As a
student, he had become intrigued by observations that
eggs of the Common Cuckoo often closely resemble
the size, color and pattern of those of its hosts, and that
some hosts reject cuckoo eggs that are unlike their own,

VIL.—Rejections by Birds of Eggs unlike their own: with
Remarks on some of the Cuckoo Problems. By C.F. M.
Swyn~ErTON, C.M.B.O.U.

Fig. 1 Original title of C.EM. Swynnerton’s 1918 paper, published
in Ibis, in which his experimental results confirmed egg ejection
by several species of potential cuckoo hosts in southern Africa.

© 2012 Beijing Forestry University and China Ornithological Society
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Fig. 2 Bernhard Rensch (1900-1990). (© Department of Behavioural
Biology, University of Miinster.)

that is, non-mimetic (e.g., Newton, 1869).

Rensch studied the results of experiments conducted
by other naturalists, in particular, Paul Leverkithn (Ta-
ble 1) and Swynnerton, both of whom were intrigued
by the idea of egg mimicry and its origin. Rensch real-
ized that Leverkithn had inappropriately switched en-
tire clutches with one foreign egg, following Lottinger’s
lead, but he acknowledged that Swynnerton had appro-
priately switched one egg in the clutch with one foreign
egg, thus affecting little or no change in clutch volume.
Rensch (1924) synthesized information on the cuckoo’s
parasitic habits into five opposing hypotheses (see also
Schulze-Hagen et al., 2009), but he favored only one
of them, that the hosts exert the selective pressure on
cuckoos to develop matching eggs, thus increasing the
likelihood their eggs will be accepted. If a cuckoo’s egg
is a mimic of the hosts’ eggs, he reasoned that chang-
ing the appearance of one or more of the eggs of the
host’s clutch, by painting it, thus eliminating differences
in size or shape, or by inserting a differently colored egg
or eggs of another species into the nest, would result in

www.chinesebirds.net
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a clutch with one or more odd-looking eggs. With the
odd egg now standing out from the rest of the host’s
clutch, Rensch (1924) predicted that it, i.e., the discor-
dant egg, would be ejected. His prediction was borne
out at many manipulated nests and he interpreted the
results accordingly, that birds recognize eggs on the ba-
sis of discordancy, thus it was unlikely that they know
their own eggs.

Rensch (1925) subsequently manipulated 12 nests
of eight species of passerine birds (Table 2), a small
sample by today’s standards, and, as in Swynnerton’s
experiments, there were no controls or replications of
the same manipulations. Rensch created experimen-
tal eggs that differed from eggs of each species tested,
either by painting them red or by replacing them with
(differently appearing) eggs of another species. Because
of the small sample of nests manipulated, and because
the procedures and species were not consistent, all of
Rensch’s (1925) results are listed in Table 2. Rensch con-
cluded from these results that there was little evidence
that the birds tested recognized their own eggs. One
result (number 10, Table 2), however, stood out in par-
ticular and apparently influenced Rensch’s conclusion.
In this case, an adult Garden Warbler (Sylvia borin)
ejected what had become a discordant egg, even though
it was the warbler’s own egg. Rothstein (1970:215-
220) acknowledged that this particular result suggested
recognition via discordancy, but he also pointed out
that the results from the tests on seven other nests
(numbers 3, 4, 5, 6, 7, 9, and 11; see Table 2) suggested
that the birds did recognize their own eggs because
the red eggs or eggs of another species were in all cases
rejected when they were either in the majority or pos-
sibly when foreign and host’s eggs occurred in equal
numbers (number 3). Nests depredated (numbers 1, 2,
8, and 12) before the results were obtained could not be
considered in any of the interpretations. Although this
experiment was incomplete, for a long time research-
ers perpetuated Rensch’s interpretation of his results
as a demonstration of ejection via discordancy (e.g.,
Poulsen, 1953; Welty, 1962; Hamilton and Orians, 1965;
Wrllie, 1981). An additional experiment was required
to identify learning by the host, in which each egg laid
by a first-time breeder is replaced with a foreign egg as
soon as it is laid, as closely as possible before the female
can look at it. Rensch did not conduct this experiment
but Stephen Rothstein did among his other far-reaching
experiments on egg recognition by cowbird hosts.

By the late 1960s, compilations of knowledge and
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Table 2 Protocol followed by Rensch (1925) and results of his egg-manipulations at 12 nests of eight species of songbirds, conducted
in Germany from 31 May to 8 June 1924.

Nest number, species

Manipulation

Result

Eggs painted red

1, Lesser Whitethroat (Sylvia
curruca)

2, Eurasian Blackcap (S.
atricapilla)

3, Garden Warbler (S. borin)
4, Song Thrush (Turdus
philomelos)

5, Fieldfare (T. pilaris)

Foreign eggs replace “host” eggs

6, Common Linnet (Carduelis
cannabina)

7, Yellowhammer (Emberiza
citrinella)

8, Wren (Troglodytes troglodytes)

9, Garden Warbler

10, Garden Warbler

11, Lesser Whitethroat

12, Lesser Whitethroat

31 May: 3 eggs, all painted red; 1 June: 3 red +
1 “host” egg (now painted red); 4 June: 4 red
+ 1 “host” egg (painted red); 7-8 June, adult
incubating 7 eggs

31 May: 5 eggs, all painted red; 1, 4, and 7 June:
adult incubating

31 May: 2 eggs, all painted red; 1 June: 2 red
eggs + 1 host egg (red); 4, 7 and 8 June: 3
unpainted eggs, adult incubating

31 May: 2 eggs, both painted red; 1 June: 2 red
eggs + 1 host egg (red); 4 and 7 June: nest empty,
deserted

31 May: 2 eggs, both painted red; 1 June: 2 red +
1 normal (latter painted red); 4 June: nest empty,
shells below nest

1 Jun: 3 eggs, replaced by 3 eggs of S. borin;
4 and 7 June: 3 foreign eggs, nest apparently
deserted

31 May: 3 eggs, replaced by 2 eggs of S. curruca;
1 June: 1 foreign egg + 1 host egg (removed);
4,7 and 8 June: 1 host egg + 1 foreign egg, nest
deserted

31 May: 5 host eggs replaced by 5 eggs of S.
borin; 1 June: adult incubating; 4 June: nest
damaged, eggs gone

1 June: 3 host eggs, replaced by 3 eggs of C.
cannabina; 4 June: 2 host eggs, 3 foreign eggs
gone

1 June: 3 host eggs, replaced by 3 eggs of S.
curruca; 4 June: 1 host egg on branch ~ 20 cm
from nest + 3 foreign eggs

31 May: 2 host eggs, replaced by 3 eggs of E.
citrinella; 1 June: 3 foreign eggs + 1 host egg,
replaced by 4th foreign egg; 4 June: nest empty,
1 broken foreign egg on ground

1 June: 3 host eggs, replaced with 3 eggs of S.
borin; 4, 7 and 8 June: 3 foreign eggs + 2 host
eggs, adult incubating

Acceptance of clutch containing foreign
(red) + “host” eggs

Acceptance of clutch containing only red
eggs

Ejection of red eggs when they were either
outnumbered or equal to number of host

€ggs

Ejection of red eggs when they were not in
the minority

Ejection of red eggs when they were not in
the minority

Foreign eggs deserted when they were the
only egg types present

Ejection of 1 foreign egg that outnumbered
host’s own eggs, followed by desertion

Possible acceptance of clutch of only
foreign eggs; outcome uncertain because
nest depredated between days 1 and 4

Ejection of foreign eggs when they were
the only eggs present or were in the
majority

Ejection of own egg when outnumbered by
foreign eggs

Ejection of foreign eggs when they were
the only egg type present

Acceptance of mixed clutch of host and
foreign eggs

lists of hosts of all brood parasites, especially for the
cowbirds, had become available through the compre-
hensive work of Herbert Friedmann and, coupled
with Rensch’s experiments, paved the way for Roth-
stein to initiate a series of insightful and carefully con-

trolled experiments, during the late 1960s through mid-
1980s (e.g., Rothstein, 1974, 1975a, 1975b, 1975c¢, 1978,
1982a, 1982b). He refined Rensch’s experiments and
provided the first definitive interpretation that Brown-
headed Cowbird hosts learn their own eggs and eject

© 2012 Beijing Forestry University and China Ornithological Society
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Fig. 3 Protocol for experiment to identify the basic mechanism

of egg recognition, by discordancy or by true egg recognition, in
an ejector host, by changing whether the host eggs, Eastern King-
bird (Tyrannus tyrannus), or parasite eggs, Brown-headed Cow-
bird, are in the minority. Top: clutch of kingbird eggs in which
one host egg has been switched with one cowbird egg. Bottom:
all but one of the kingbird eggs was switched with four cowbird
eggs. If discrimination is by true egg recognition, only cowbird
eggs would be ejected, but if discrimination is by discordancy,
the egg in the minority, kingbird or cowbird, would be ejected.

those that differ in one or more parameters, rather than
against any egg of a minority type. He referred to the
first alternative as “true egg recognition” (TER) and to
the second as “recognition on the basis of discordancy”
(experiment outlined in Fig. 3). Rothstein reasoned that
ejection based on TER is facilitated by hosts learning
to recognize their own eggs through an imprinting-like
process as they lay their first and subsequent clutches.
Hosts remove the foreign egg after determining that it
differs in one or more parameters such as size, color,
and maculation from their own eggs or, as discovered
recently, also because of differences perceived within
the UV spectrum of light (Cherry and Bennett, 2001;
Honza et al.,, 2007; but see Underwood and Sealy, 2008).
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In its simplest form, birds apparently “learn” their own
eggs after viewing their appearance as each is laid, prob-
ably in the first nest they attend. Innate “knowledge” of
the appearance of a host’s own eggs is reinforced gradu-
ally as successive eggs are laid, apparently involving re-
learning during laying of first and subsequent clutches
(Rothstein, 1974, 1975b, 1978; Lotem et al., 1991, 1995;
Strausburger and Rothstein, 2009). This protects hosts
from ejecting their own eggs in the event they become
the minority, a condition that arises occasionally when
clutches, particularly of cowbird hosts, receive more
than one parasitic egg or in the less-likely scenario
when they have been partially depredated (Rothstein,
1982a; Sealy and Lorenzana, 1998).

Rothstein’s experiments paved the way for much new
research that is extending his findings, aided by advanc-
es in technology. Results of experiments on Common
Cuckoo hosts in Europe (Moksnes et al.,, 1991; Mok-
snes, 1992; Moskat et al., 2010) and Asia (Higuchi et al,,
1998), and on hosts of the Brown-headed Cowbird in
North America (e.g., Sealy and Bazin, 1995; Peer and
Sealy, 2001) have supported Rothstein’s hypothesis that
hosts discriminate foreign eggs by TER (Underwood
and Sealy, 2002), but recently an exception has been
identified, involving males mated to females that lay
polymorphic eggs.

Discrimination by males

Most experimental studies of egg ejection behavior
reported only that foreign eggs were removed from
nests, in some cases assuming that the females ejected
them (e.g., Rothstein, 1975a; Davies and Brooke, 1988;
Lotem et al., 1991). Whether males totally lack rejection
behavior, or contribute to it in some ejector species,
remains an important question critical to understand-
ing the population genetics of the ejection trait and the
likelihood of a more rapid spread among the popula-
tion (Rothstein, 1975¢; Kelly, 1987; Sealy and Neudorf,
1995; Lee et al., 2005; Lee, 2008). Identifying the sex re-
sponsible for egg ejection is challenging because many
ejector species are not sexually dichromatic in plumage
(Underwood and Sealy, 2011). Recent studies involv-
ing continuous observations from blinds and/or video-
taping of nests following experimental parasitism have
identified males of a few species, always in addition to
females, ejecting real or model parasitic eggs, or non-
mimetic eggs (Table 3). In all cases, the sexes were iden-
tifiable because of dichromatic plumage, vocalizations



Spencer G. Sealy and Todd ]. Underwood. Egg discrimination by hosts and parasites 281

Table 3 Species in which the sex of the ejector of cuckoo eggs, cowbird eggs, and various models simulating real or non-mimetic
eggs were identified by direct observation and/or video-taping. Method of ejection (grasp or puncture) is given where determined, but

grasp-ejection was assumed when this was not stated explicitly during ejection of models made of plaster-of Paris or other solid sub-

stances. Note: order and names of species follow Gill and Wright (2006); male and female roles in incubation are indicated.

Host species

Observed or video-taped ejections

Ejection by females only

Eastern Kingbird (Tyrannus tyrannus)*

Great Reed Warbler (Acrocephalus
arundinaceus)®

Common Blackbird (Turdus merula)?

Rufous-tailed Scrub Robin (Cercotrichas
galactotes)*

Common Chaffinch (Fringilla coelebs)*

Great-tailed Grackle (Quiscalus mexicanus)?

Ejection by females and males

Warbling Vireo (Vireo gilvus)®

Eurasian Reed Warbler (A. scirpaceus)®

Eurasian Blackcap (Sylvia atricapilla)®

Subalpine Warbler (S. cantillans)®

Vinous-throated Parrotbill (Paradoxornis
webbianus)*

Grey Catbird (Dumetella carolinensis)®

Baltimore Oriole (Icterus galbula)*

Manitoba: 23/23 grasp-ejections of real cowbird eggs observed (Sealy and Bazin,
1995)

Czech Republic: 30/30 ejections of non-mimetic eggs video-taped (Pozgayova et
al,, 2009)

Spain: 8/9 ejections of model eggs filmed (Soler et al., 2002)

Spain: 15/15 ejections of various model eggs video-taped (Palomino et al., 1998)

Norway: 13/13 ejections filmed of real Red-wing (Turdus iliacus) eggs (Moksnes
etal., 1994)

Texas: 34/34 ejections of model cowbird eggs observed (Peer and Sealy, 2004;
also see Rasmussen et al., 2009). Note: this species is currently not parasitized by
cowbirds (Peer and Sealy, 2004)

Manitoba: males pecked but did not eject real cowbird eggs at two nests, no vireo
eggs were damaged (Sealy, 1996): egg-pecking suggests recognition despite lack
of ejection (see Rothstein, 1977; Soler et al., 2012); males video-taped grasp-
ejecting 1/5 real and 1/4 model cowbird eggs (Underwood and Sealy, 2011)

England: of 17 nests that received a model egg at which pecking was observed,
both sexes pecked eggs (presumably models) at 10 nests, sexes were not
distinguished at five nests, and at two nests only males were seen during the
observation period (Davies and Brooke, 1988)

Norway: 8/8 ejections of real eggs by females (Moksnes et al., 1994). Spain:
males pecked or ejected model eggs in 6/8 nests filmed (Soler et al., 2002). Czech
Republic: females significantly more likely to eject, but 14/47 (29.8%) real eggs
of species other than cuckoos ejected by males; both sexes were consistent in
ejector/acceptor response when re-parasitized (Honza et al., 2007)

Spain: 8/8 grasp-ejections of model eggs by females filmed (Soler et al., 2002)

South Korea: first evidence for egg discrimination by discordancy, in a male host;
females lay polymorphic eggs in this population, therefore, males may encounter
different egg types when paired with successive mates (Lee et al., 2005; Lee, 2008;
also see Liang et al., 2011)

Pennsylvania: two eggs of Brown Thrasher (Toxostoma rufum) switched with
two catbird eggs were ejected (A. Wilson in Brewer, 1840:158; also see Sealy and
Neudorf, 1995). Catbirds predominantly grasp-eject but occasionally puncture-
eject (Rasmussen et al., 2009)

Manitoba: breakage and piecemeal removal, or puncture-ejection, of 14/16 real
cowbird eggs observed (Sealy and Neudorf, 1995)

2 Males not known to incubate; ® Males share incubation.

(e.g., Warbling Vireo, Vireo gilvus), and/or individually =~ whose eggs are almost invariable in color and pattern
marked adults. That females have been confirmed as through successive clutches and breeding seasons,
the sole ejectors in fewer species (Table 3) may reflect the mechanism of egg discrimination by females and
a bias by researchers who attempt to identify the sexes  males is probably the same — true egg recognition —
when males are also suspected of ejection. In species and males are not compelled to learn a different egg-
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type if they change mates. What about host species in
which females lay polymorphic eggs, as in the Vinous-
throated Parrotbill (Paradoxornis webbianus), where a
male’s next mate may lay a differently colored egg? One-
time learning of an egg type by the male is probably not
enough.

Vinous-throated Parrotbills lay blue, light blue or
white eggs (Kim et al., 1995; Lee, 2008) in Korea, which
complicates egg discrimination because males also eject
the blue Common Cuckoo eggs. By creating clutches
in which one egg was discordant within the rest of the
parrotbill’s clutch, Lee et al. (2005), Kim (2006), and Lee
(2008) determined that females discriminate between
cuckoo eggs and the variously colored host eggs based
on true egg recognition. Consistently laying eggs of
the same color throughout a female’s lifetime facilitates
memorization of her own egg color through one-time
learning during her first breeding attempt and, thus, en-
hances the female’s ability to discriminate cuckoo eggs
later on (see Kilner, 2006). Males, on the other hand,
eject via discordancy, following repeated bouts of learn-
ing, if they changed from year to year mates that lay
different egg types (Lee, 2008). By switching eggs daily
so that the host’s egg became ‘odd-looking; only males
frequently rejected their own, discordant egg, whereas
females consistently rejected foreign eggs irrespective
of their relative proportion in the clutches. Liang et al.
(2011) modeled this asymmetry in sex roles in egg care
and recognition, supporting the idea that male recogni-
tion by learning is disadvantageous except where the
host lays monomorphic eggs. Males may repeatedly
learn the appearance of a partner’s eggs whenever they
change mates and use this new template when they
discriminate parasitic eggs later on. Egg polymorphism
and a sex-specific mechanism of recognition may allow
hosts to respond more efficiently and stably in the co-
evolutionary interaction with cuckoos (Lee, 2008; Y.
Lee, B. Jang and S. G. Sealy, unpublished data).

Summary - From the results of experiments focused
on female hosts, the potential mechanisms of egg dis-
crimination may be summarized by re-stating Roth-
stein’s hypotheses for egg ejection: 1) discordancy, i.e.,
ejection of an ‘odd-looking” egg, and 2) true egg rec-
ognition, based on an imprinting-like process learned
during the first egg-laying episode, and further bouts
of reinforcement during successive breeding attempts.
Empirical studies have generally supported the hypoth-
esis of true egg recognition by learning, which likely
also applies to males that eject parasitic eggs, except
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in species that lay polymorphic eggs, such as Vinous-
throated Parrotbill. Recognition by discordancy has
been supported in that species because males may be
confronted with different egg types when they change
mates.

Egg discrimination by brood parasites

Far from having any ‘desire” to produce an egg of
any particular type or colour, or to impart such “de-
sire” to succeeding generations, I doubt very much
if a cuckoo could recognize her own egg—indeed,
when does she ever even see it?

Edgar Chance (1940)

That obligate parasites can recognize their own eggs
must be assumed in studies of many interactions be-
tween parasites and hosts (Table 4). Egg recognition is
required whether parasites are discriminating between
their own and the host’s eggs, or their own and eggs of
other individual parasites. In theory, brood parasites
“know” their own eggs, but evidence for this is not
compelling and a mechanism has not been identified
(e.g., Avilés et al., 2006). Results of some experiments
point to an ability to recognize their eggs; the parasites
may have responded to as-yet unidentified cues that fa-
cilitate distinguishing between different egg types. Obli-
gate brood parasites, however, do not have the same op-
portunity to learn their own eggs. The lack of evidence
for recognition of own eggs by brood parasites weakens
many of the hypotheses that assume it and indicates
that more research is needed to confirm recognition.
Here, we address several hypotheses and conditions
(Table 4) in which parasites are assumed to possess dif-
ferent levels of egg discrimination when confronted
with clutches of host eggs that may or may not contain
their own or other parasites’ eggs. Having summarized
the evidence for mechanisms of egg discrimination by
host species, we review those that may facilitate recog-
nition or detectability by parasites of their own eggs and
suggest experiments to confirm egg discrimination.

Parasites recognizing host eggs

Increasing the likelihood of acceptance through
egg mimicry

The color and pattern of eggs of many species of brood
parasites have been influenced by the discriminative be-
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Table 4 Host-parasite interactions that require recognition by parasites of their own, or hosts, or other parasites’ eggs

Interaction Behavior

Acceptance of mimetic eggs Cuckoos parasitizing nests of hosts that lay eggs most closely matching their own.

Particularly important when parasitizing hosts that lay polymorphic eggs

Competition between parasites for
successful parasitism

Evolution of egg mimicry selected for cryptic eggs to reduce likelihood of removal by
egg-laying cuckoos

Host-egg removal and puncture Common Cuckoos remove one host egg seconds before parasitizing the nest, whereas
Brown-headed Cowbirds usually remove it after parasitism, requiring another visit to

nest where they must distinguish between the host’s and their own eggs

Parasitism of already-parasitized nests Some hosts are multiply parasitized, by the same or different females (e.g., McLaren
et al., 2003). To avoid parasitizing a nest already parasitized by another female, the

parasite must be able to recognize the other parasite’s egg(s)

Parasite retaliation (“mafia” hypothesis) Parasites re-visit parasitized nests to confirm their egg(s) are present; if not, host
clutches are destroyed in retaliation to enforce acceptance during subsequent nesting
attempts. Cognitive requirement: parasites must be able to determine whether their

egg(s) are still in the nest before they can determine they are missing

Creation of new opportunities for parasitism
(“farming” hypothesis)

Parasites destroy nests too late to be parasitized, forcing hosts to re-nest, thus creating
new opportunities for parasitism; parasites need to “know” only which nests they
have parasitized, therefore, egg recognition not explicitly required

havior of hosts, in which cases selection has favored the
development of mimicry and evolution of host races,
or gentes (Gibbs et al., 2000). Females of several species
of cuckoo lay eggs with distinctive colors and patterns
in nests of hosts whose eggs match theirs most closely
(Davies and Brooke, 1998), but do these cuckoos “know”
their own eggs and target only hosts that lay similarly
colored eggs? Davies (2000) pondered this question in a
discussion of the variable eggs of three species of weav-
ers and how such variability possibly provides a defense
against parasitism by cuckoos. Weavers frequently eject
experimentally introduced eggs that differ in color from
their own eggs (Victoria, 1972; Lindholm, 1997; Lahti
and Lahti, 2002), hence, at least some of the eggs cuck-
oos might lay at random would be ejected or, as Da-
vies (2000:84) noted, “[the cuckoo] could get to know
her own egg type and target those individuals in the
[weaver] colony whose eggs are like her own.” However,
how the cuckoo would learn to recognize its own egg-
type was not addressed. As a frequent parasite on weav-
ers, female Diederick Cuckoos (Chrysococcyx caprius)
should recognize their own eggs and target weaver nests
with eggs similar in color and pattern to their own. For
Common Cuckoo hosts and many other hosts that lay
only one egg type, the parasite does not have to know
its own egg, instead it would be sufficient to know the
host’s egg type. Laying polymorphic eggs would coun-
teract this.

Parasites recognizing other parasites’ eggs
Competition between parasites

Brooker and Brooker (1989, 1990) argued that egg
mimicry evolved in response to selection for cryptic
eggs to reduce the likelihood of other bronze-cuckoos
(Chalcites spp.) removing them. They found “[the idea]
that a female cuckoo, who probably never sees the eggs
she lays and who certainly never sees all her eggs to-
gether in a clutch, should, in the few moments available
to her when perched on the nest rim, be able to recog-
nize and discriminate against the discordant egg of an-
other cuckoo, when it is a host egg which she normally
removes.” They considered it likely that prior to laying,
a cuckoo removes the most visible egg in the nest —
a white egg in a dark, enclosed nest site, or a brightly
patterned egg rather than a cryptic one. Brooker and
Brooker (1990) suggested that pressure exerted by se-
lective egg removal selected for egg crypsis. A recent
study (Langmore et al., 2009) supports the idea that
bronze-cuckoos lay dark colored eggs for crypsis in
dark host nests, but did not differentiate whether cryp-
sis evolved to prevent egg discrimination by hosts or
other cuckoos. Thus, some cuckoo eggs appear to have
evolved cryptic colors to prevent ejection, but it is not
clear whether this egg discrimination is by hosts, para-
sites or both because these possibilities are not mutually
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exclusive.
Host egg removal and egg destruction

Many brood parasites remove or puncture a host egg in
association with parasitism (Wyllie, 1981; Sealy, 1992;
Nakamura and Cruz, 2000). Cuckoos whose young
evict nest mates should be expected to parasitize a nest
only once, or, at nests already parasitized by another
cuckoo, remove that cuckoo’s egg before parasitizing
it so its own egg will not be evicted by the other
cuckoo’s nestling. Cuckoos would, therefore, have to
discriminate between the host’s eggs and the other
cuckoo’s egg. Common Cuckoos remove and hold one
host’s egg in their bills a second or two before they lay,
which assures their about-to-be-laid (possibly mimetic)
egg is not mistakenly removed. Using data from Wyllie
(1981), Davies and Brooke (1988) found that cuckoos
parasitizing nests containing a real or model cuckoo
egg showed a slight but non-significant tendency to
remove a cuckoos egg instead of a host’s egg. These re-
sults were later updated but Davies (1999) still found no
significant tendency for the selective removal of a real
cuckoo’s egg. Cuckoos only have to discriminate against
an odd egg. Where cuckoo densities are low, however,
nests seldom receive more than one cuckoo egg (Wyllie,
1981; Davies, 2000) and cuckoos would rarely have to
choose between host and parasitic eggs. The frequency
of cuckoo parasitism on the Great Reed Warbler, in
Hungary, however, often exceeds 60% of nests and mul-
tiple parasitism is common (Moskat and Honza, 2002).
Cuckoos often must choose either a host’s or a parasite’s
egg to remove from the clutch during the act of parasit-
ism. From 23 clutches containing 55 host eggs and 28
parasitic eggs, cuckoos removed 18 and 12 eggs, respec-
tively, which did not show a significant preference for
removal of a host’s egg or a cuckoos egg (Moskat and
Honza, 2002).

Female Brown-headed Cowbirds frequently return
to parasitized nests to remove a host’s egg (Sealy, 1992),
forcing the cowbird to choose between its egg and the
hosts egg(s), a situation that may result in mistaken
removal of the cowbird’s egg (Nolan, 1978). This behav-
ior is risky and it is puzzling that most females do not
remove eggs prior to or at the moment of parasitism,
as cuckoos do. Perhaps it has something to do with the
fact that cuckoos parasitize nests later in the day (Wyl-
lie, 1981), whereas cowbirds parasitize them around
sunrise, when it is dark (McMaster et al., 2004) and egg
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discrimination, if visual, may be difficult. Cowbirds
have been recorded removing mostly host eggs when
they had to choose between host and cowbird eggs.
They removed only host eggs from 13 nests of Kirtland’s
Warbler (Setophaga kirtlandii) where choices were made
among 23 warbler eggs and 19 cowbird eggs (Mayfield,
1960). If egg removal was random, cowbirds would
have taken almost as many cowbird eggs as warbler eggs
and the odds against 13 consecutive correct choices by
chance was about 3000 to 1. Cowbirds removed only
warbler eggs where eggs of both species were present in
46 of 78 (59%) Prairie Warbler (S. discolor) nests (No-
lan, 1978). Only host eggs were removed from at least
19 Yellow Warbler (S. petechia) nests where a choice
had to be made (Sealy, 1992).

Cowbird eggs are about twice as large as those of the
three host species considered above (Mayfield, 1960;
Nolan, 1978; Sealy, 1992), but in the Ovenbird (Sei-
urus aurocapilla), where the host eggs are only slightly
smaller than cowbird eggs, cowbirds were suspected
of removing four cowbird eggs and about 30 host eggs
(Hann, 1937). Recognition was suggested, possibly
based on the slightly larger size of the cowbird eggs.
Some hosts that eject cowbird eggs distinguish between
them and their own eggs on the basis of a single pa-
rameter: size, ground color or spot-pattern (Rothstein,
1982b; Mason and Rothstein, 1986; Underwood and
Sealy, 2006). Eggshell thickness also may be important
in some situations.

Because eggs are removed by puncture-ejection, pref-
erential removal of host eggs by cowbirds may actually
reflect differences between the resistance of cowbird
eggs to puncture (Mermoz and Reboreda, 1999:880),
given that the more spherical, thick-shelled cowbird
eggs are stronger (Picman, 1989). This also may ex-
plain preferential puncturing (i.e., destruction) of host
eggs by females of other species of cowbirds. Instead of
removing eggs, Shiny Cowbirds (M. bonariensis) and
Bronzed Cowbirds (M. aeneus) peck eggs in parasitized
clutches, thus destroying but leaving them in the nest.
In 54 nests of the Brown-and-yellow Marshbird (Pseu-
doleistes virescens), which contained host and cowbird
eggs, 31% of 147 host eggs versus 12% of 111 cowbird
eggs were punctured or removed by predators, which
is a significant difference (Mermoz and Reboreda,
1999:880). These authors noted that “[t]his apparent
‘selective’ pecking would be adaptive if all the parasitic
eggs were laid by the same female, and would imply
that Shiny Cowbird females recognize their own eggs.”
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They argued, however, that recognition of the respective
eggs probably was not involved, but rather more host
eggs were punctured because they were less resistant to
pecking by cowbirds. They also found a greater propor-
tion of punctured host eggs in nests parasitized by more
than one female, which was not expected if females
recognized their own eggs. Overall, evidence suggests
Brown-headed Cowbirds show some ability to preferen-
tially remove host eggs that are not close in appearance
to their own eggs, and other cowbirds show a clear pref-
erence to peck host eggs over cowbird eggs. However,
these preferences may reflect either egg discrimination
ability or are a byproduct of the influence of thick egg-
shells on puncture-ejection.

Multiple parasitism and avoidance of
already-parasitized nests

Results of molecular genetic studies of host selection
have revealed that more than one egg may be laid in
the same nest by the same female, or by more than one
female in Great Spotted Cuckoos (Clamator glandarius)
(Martinez et al., 1998) and Brown-headed Cowbirds
(McLaren et al., 2003; Rivers et al., 2012). Parasites may
avoid undue competition with their own or another
parasite’s offspring. Evidence for avoidance of parasit-
ized nests, however, is controversial (Preston, 1948;
Mayfield 1965; Orians et al., 1989; Ortega et al., 1994)
and the “need” to avoid parasitized nests in many cases
is questionable. Egg discrimination would be required
at multiply parasitized nests to avoid nests already para-
sitized by another parasite, or to avoid removing its own
egg, instead of the host’s, in nests parasitized again. The
only way a parasite could identify those nests would be
to recognize that there is another parasite’s egg in the
nest and move on, or remove that egg and then lay. The
relatively large hippocampus of female cowbirds (Sher-
ry et al., 1993) facilitates remembering nests already
parasitized and, depending upon the circumstance,
cowbirds may lay in nests again or avoid them. Rela-
tively large hippocampi have been found in animals that
experience exceptional demands on their spatial cogni-
tion, such as food storing (Sherry et al., 1989), but also
brood parasites that remember the location and status
of host nests (Sherry et al., 1993, Reboreda et al., 1996;
Pagel et al., 1998). Where egg-laying ranges overlap,
females may not determine that a nest has been parasit-
ized by another cowbird unless upon inspection they
recognize another cowbird’s egg in the nest (Orians et

al., 1989).

Using artificial cowbird eggs, Ortega et al. (1994) test-
ed whether cowbirds avoided already-parasitized nests.
Their results provided weak support for this hypothesis,
but their results were not significant with small sample
sizes and the experimental eggs were added to nests
throughout the host’s laying cycle; but by early incuba-
tion cowbirds probably have made their decisions to
parasitize nests. Nevertheless, Ortega et al’s (1994) data
suggest cowbirds avoided some experimentally parasit-
ized nests and these results initially support recogni-
tion of parasitized nests, presumably based only on the
presence or absence of a cowbird egg. (It was not clear
in this experiment whether a supply of alternative un-
parasitized nests was available for parasitism.) It would
be more efficient for the cowbird to remove the cowbird
egg, then parasitize the nest if it is still at the right stage.
This should enhance the cowbird’s reproductive success
(Orians et al., 1989; but see Weatherhead, 1989) with-
out requiring the female to find another suitable nest;
regardless, the female must recognize other cowbirds’

eggs.

Parasites recognizing their own eggs
“Mafia” behavior

Zahavi (1979) hypothesized that brood parasites re-visit
parasitized nests to check on the progress of their eggs,
and to determine whether hosts have accepted their
eggs. If their eggs have been ejected, parasites retaliate
by destroying the clutches, thus “punishing” hosts in
an effort to elicit compliance (i.e., acceptance), at the
same time re-creating opportunities for parasitism. This
has become known as the “mafia” hypothesis (Soler
et al., 1995; J.J. Soler et al., 1998). Under this scenario,
hosts are forced to modulate their propensity to eject
the parasites’ eggs because of costly delays and low-
ered reproductive success. For this to work, however,
parasites bent on retaliation would have to re-visit the
well-guarded nests they have parasitized, each time as-
sessing differences in appearance, or some other cues,
of the egg types in the hosts’ nests, before determining
whether their own egg or eggs are missing (see also Pa-
gel et al., 1998). Presumably, this would be even more
challenging in multiply parasitized nests. Recall that
true egg recognition requires that hosts assess relative
differences in the appearance of different eggs in their
clutches (Rothstein, 1975b). Are brood parasites capable
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of such finely tuned egg discrimination?

Although evidence suggests such discrimination oc-
curs, the ability has not been confirmed or reconciled
with a mechanism that would aid the parasite in recog-
nizing their own eggs, whether by TER, by discordancy,
or by some other means. By whatever means, the caveat
remains that individuals that parasitized the original
clutches, and who later destroyed them because their
egg or eggs were gone, were the same individuals that
returned to parasitize the replacement clutches. Evi-
dence for this behavior is scrutinized below in a cuck-
00-host system and a cowbird-host system.

Results from two studies conducted in Spain on
a frequently used host of the Great Spotted Cuckoo,
the European Magpie (Pica pica), which ejects non-
mimetic eggs and sometimes closely matching eggs,
provide support for the mafia hypothesis (Soler et al.,
1995; Soler et al., 1999). In the first study, 16 of 29 nests
from which investigators removed naturally laid cuckoo
eggs were destroyed, presumably by the cuckoos that
had parasitized the nests in the first place; however,
only 3 of 28 unmanipulated nests were destroyed (Soler
et al., 1995). In one case, a female cuckoo tracked
by a radio-transmitter destroyed the original clutch
then pecked the model eggs, and apparently also laid
the replacement egg, although this and other similar
observations of the final egg laying events were not
confirmed. In the second study, magpies that ejected
experimentally added cuckoo eggs and whose nests
were subsequently destroyed, accepted the cuckoos’
eggs laid in their replacement nests (Soler et al., 1999).
This suggests strongly that cuckoos do recognize their
own eggs, despite laying them alongside several closely
matching eggs belonging to the hosts or other cuckoos
(see also Davies, 2000), assuming the discrimination
is visual. Regardless, it would be tricky for cuckoos to
identify nests from which their eggs have been ejected,
when they no longer can compare them with the hosts’
eggs, and birds in general are not considered to be able
to count (Rothstein and Robinson, 1998; but see Pep-
perberg, 2001; Lyon, 2003; Bogale et al., 2011), although
cuckoos have not been tested for this ability.

Hoover and Robinson (2007) presented the first
experimental evidence for retaliatory behavior by the
Brown-headed Cowbird, directed toward the cavity-
nesting Prothonotary Warbler (Protonotaria citrea).
They found that acceptors experience very little depre-
dation (6%), whereas experimentally simulated ejectors
were often depredated (56%). Furthermore, hosts that
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re-nested after cowbird predation had higher levels of
parasitism (85% of 81 nests) than the rest of the popula-
tion (36%). Individuals that actually destroyed the nests
also were not identified, but when cowbirds were denied
access to nests, no nests failed, which is strong evidence
that the cowbirds that destroyed the original nests were
the ones who parasitized the re-nests (Hoover and Rob-
inson, 2007). A possible evolutionary effect is inherent
in this scenario, because destruction of ejectors’ nests
results in a reduction of the number of young that are
genetically ejectors, which may slow the evolution of
this anti-parasite defense (Hoover and Robinson, 2007).
The Prothonotary Warbler, however, accepts cowbird
eggs (Hoover, 2003), thus, there would be no selection
on cowbirds to destroy warbler nests because in nature
their eggs would not normally disappear in this man-
ner. If mafia behavior by cowbirds is widespread, this
behavior might be manifested in the same way toward
the nests of all host species instead of responding differ-
ently to particular host species.

“Farming” hosts

The farming hypothesis predicts that brood parasites
destroy host nests that are discovered too late for para-
sitism, to force potential hosts to replace their clutches,
creating new parasitism opportunities (Gehringer, 1979;
Gartner, 1981; Davies and Brooke, 1988; Arcese et al,,
1996; McLaren and Sealy, 2000). Chance (1922, 1940)
knowingly did this when he forced Meadow Pipits (An-
thus pratensis) to replace nests he destroyed so that he
could generate more opportunities to photograph cuck-
0os in the act of laying and to collect more cuckoo eggs.
In this scenario, female parasites must remember only
that they have or have not parasitized a particular nest,
then depredate unparasitized nests; egg recognition is
not necessarily involved. This hypothesis has been test-
ed indirectly with support by statistically analyzing nest
success data from parasitized versus unparasitized nests
(Arcese et al., 1996; but see McLaren and Sealy, 2000),
and by a removal experiment (Smith et al., 2003). Nest
destruction should be relatively cost-free, therefore,
a positive correlation between the size of the cowbird
population and the amount of nest predation would be
expected (McLaren and Sealy, 2000; see also Sealy et al.,
2002). Arcese et al’s (1996) results were consistent with
this; females with overlapping territories depredated
nests parasitized by other cowbirds. Gerhinger’s (1979)
data only suggest that the same Common Cuckoos par-
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asitize the replacement clutches that hosts were forced
to lay. Farming is suggested in certain circumstances
and may work by egg recognition or remembering
which nests have not been parasitized.

Summary - At the outset, we must acknowledge that
egg recognition behavior is not just the purview of the
hosts, but also the parasites, and that success of several
behaviors engaged in by brood parasites hinge on their
ability to discriminate between their own eggs and other
eggs. Some experimental evidence points to recognition
abilities, suggesting parasites may have responded to as-
yet unidentified cues that facilitate egg discrimination,
but no mechanism has been identified to facilitate this
discrimination. Parasites have the potential to use the
same egg discrimination mechanisms as hosts. Recog-
nition by discordancy seems the most likely mechanism
that could operate under many situations, especially in
cowbirds who parasitize an array of hosts that may lay
different egg types, as this mechanism does not rely on
learning one’s egg type during laying. By contrast, true
egg recognition would be required in a few specific situ-
ations, such as matching mimetic eggs to hosts that lay
polymorphic eggs and mafia behavior. However, obli-
gate brood parasites do not have the same opportunity
to learn their own eggs, or may never even see them, as
Chance queried.

Avenues of future research

It is probable ... that results of sufficient, and per-
haps in some cases striking, interest are to be ob-
tained by careful and systematic experimentation.
And the field is open.

Arthur Lucas (1887)

1. Nest manipulations should be continued to identify
the responses to parasitism of frequently and infre-
quently parasitized species — whether acceptance or
rejection (ejection or egg burial/nest desertion). For
ejector species, it is imperative also to take extra time to
determine whether males also eject eggs and whether
both sexes share in incubation. We have just begun to
understand the role males play in egg discrimination.
Results summarized in Table 2 suggest that males that
also incubate tend to eject, but there are exceptions. The
list of ejector species is growing, however, the role of
the sexes in ejecting eggs has been described for very
few species. Male ejection has implications for model-
ing the rate of spread of the rejector trait through a host

population (Rothstein, 1975¢; Sealy and Neudorf, 1995;
Liang et al., 2011). We predict the mechanism for egg
recognition by males of species that lay monomorphic
eggs is by TER, as characteristics of eggs laid by succes-
sive mates will generally be similar, but in species that
lay polymorphic eggs the mechanisms used by males
is more likely to be different, probably by discordancy.
Research is needed to test these predictions.

2. Determination of the moment that hosts first
see and possibly imprint on their eggs, and whether
brood parasites ever see their eggs, remains a gap in
our knowledge. First and subsequent eggs of first-time
and older layers can be better controlled in experiments
conducted in the aviary, despite the trade-oft against a
loss of ecological validity, but experimental eggs must
still be switched before females can see them. Even
in an aviary, there would be seconds or minutes dur-
ing which females could see their eggs before being
switched. Observations and photographs of cuckoos
holding hosts’ egg in their bills before laying, then fly-
ing away without looking into the nests, which may
happen rapidly, within seconds or minutes (Sealy et al.,
1995) compared to hosts (McMaster et al., 2004), sug-
gest many cuckoos never see their eggs. Brown-headed
Cowbirds usually return to remove a host’s egg, where
they must discriminate between their own egg and the
host’s eggs (Sealy, 1992). We also must consider the pos-
sibility that a parasite may sacrifice its first egg by laying
it on the ground or in an empty nest to imprint on it,
although there is no evidence for this behavior.

Laying in an unparasitized nest more than once may
provide an obligate parasite an opportunity to learn its
own eggs, but this would be complicated by the simul-
taneous appearance of the host’s eggs and possibly those
laid by other parasites. The rapidity of the act of parasit-
ism probably provides little opportunity for parasites
to learn their eggs and those parasites that lay mimetic
eggs may learn the host egg type. Individual female
brood parasites tend to lay eggs that are consistent in
color and maculation (Chance, 1940; Wyllie, 1981;
Dufty, 1983) and, therefore, imprinting on one egg may
be enough. Recognition of eggs by discordancy would
be simpler and it could be innate, but this mechanism
would not work in all situations.

3. The parasite competition hypothesis requires that
experiments be conducted to test a cryptic egg benefit
and to identify the source of selection for crypsis. This
could be tested by placing a white or similarly conspicu-
ous real or model cuckoo egg in nests of one group and
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a “cryptically” colored model in nests of another group
(making sure that this difference holds up in the UV
spectrum in which the birds can see). Cuckoos would be
expected to remove more conspicuous “eggs’, whereas a
similar number of models and host “eggs” would be re-
moved in the other group. Ejections should be observed
or video-recorded to determine whether the models
were removed by cuckoos or the hosts. Selection for
crypsis by both cuckoos and hosts is possible because
these hypotheses are not mutually exclusive.

4. The preference to remove or peck host eggs over
cowbird eggs should be addressed to determine wheth-
er these apparent preferences are due to egg discrimina-
tion abilities or are a byproduct of the thick eggshells
and puncture ejection. Whether host eggs are pecked
preferentially could be tested by monitoring two groups
of nests, placing a real cowbird egg into nests of one
group and a model cowbird egg made of plasticine in
the other. Failed attempts to remove model eggs would
be revealed by models that disappeared or were pecked
by the cowbird during attempts to remove model eggs
or models would be undamaged, but a host egg might
be damaged or gone.

5. Egg discrimination abilities are strongly linked to
mafia behavior, but research is needed to confirm this.
The following experiment should generate more clear-
cut results in tests for parasites suspected of engaging
in mafia behavior. Switch the parasites’ originally laid
eggs with either an artificial egg or a real parasite’s egg
collected from a site beyond the parasite’s egg-laying
range and record whether these nests are destroyed
more often than the nests where the egg was left alone
(or at a similar frequency to one where the parasite’s egg
was removed and not replaced). A positive result would
support the mafia hypothesis but still leave undeter-
mined that it was the same female that parasitized the
replacement nest that had forced the hosts to re-build
in the first place.

A more invasive approach would involve tracking
successive visits by parasites to particular nests using
passive integrated transponders (PIT tags) with pas-
sive readers and antennae (McEwan and Joy, 2011), or
radio-telemetry in the same way (Wyllie, 1981; Honza
et al., 2002), as has been done on a small scale (Na-
kamura and Miyazawa, 1997; Soler et al., 1995). Both
methods, however, would have to be accompanied by
visual observations of individually marked birds enter-
ing and laying in nests, or video-taped from the side to
record the marked females and also from above to view
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the contents of nests to confirm the addition of the para-
site’s egg. A non-invasive approach that would alleviate
the need for labor-intensive tracking would be to swab
the exterior of the parasite’s egg in the replacement nest
for microsatellite maternal genotyping (Schmaltz et al,,
2006). Having already swabbed the egg the parasite laid
in the nest she later destroyed, both eggs could be com-
pared to confirm that the same individual laid eggs in
both nests

6. Researchers should consider the possible role of
chemical cues by parasites, and possibly also hosts, to
discriminate eggs, because evidence is increasing for
functional olfactory systems in birds (e.g., Roper, 1999;
Hagelin and Jones, 2007). Odor detection by Brown-
headed Cowbirds has been confirmed (Clark and Ma-
son, 1989). A specific odor on a cuckoo’s or cowbird’s egg,
derived from preen gland secretions, may allow the
parasite to ascertain that its egg is still in a hosts nest
without having to see it or any other eggs, although it
is not known how long odors would remain detectable
after ejection of the parasite’s egg. Thus, this olfactory
mechanism could allow parasites to recognize their
egg is present in a nest but would not represent an abil-
ity to recognize and differentiate that egg from the
host’s clutch. Whittaker et al. (2009) demonstrated
that female Dark-eyed Juncos (Junco hyemalis), whose
nests and eggs were exposed to hetero- and conspecific
preen gland secretions, reduced the level of incubation
constancy in response to foreign secretions, though the
effects were temporary and did not carry over into in-
cubation or chick rearing. Nevertheless, this might pro-
vide a mechanism by which parasites could farm hosts
or allow parasites to monitor and destroy nests from
which their eggs were ejected.

7. Consideration should be given to the possibil-
ity that parasites have retained the ability to recognize
their own eggs from a time in their history before they
evolved the brood-parasitic mode of reproduction.
Evidence exists for hosts having retained the ability to
discriminate between their own eggs and parasitic eggs
long after cessation of parasitism, even surviving spe-
ciation events (Davies and Brooke 1989; M. Soler et al.,
1998; Underwood et al., 2004; Peer et al., 2007). But as
far as the parasites are concerned, there would be the
question of whether selection existed in the first place
for the development of egg recognition capability prior
to the evolution of brood parasitic species, because egg
recognition has evolved mainly as a response to brood
parasitism (Underwood and Sealy, 2002), unless birds
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responded to selection to respond to eggs as signals
(e.g., Moreno and Osorno, 2003; Soler at al., 2012). Da-
vies (2000:62) argued compellingly for birds in general
that egg recognition probably is not innate, noting that
birds most likely must learn their eggs because “the pat-
terns of eggs are so complex that it would be difficult, if
not impossible, for there to be a completely innate pro-
gram for egg recognition” He likened this to bird song,
which also is characterized by complex patterns that are
acquired through learning, though there may be an in-
nate “template” that predisposes individuals to be more
likely to learn their own songs.

Conclusion

Despite nearly three centuries of research on egg dis-
crimination behavior by birds within the context of
brood parasitism, many questions remain unanswered.
Most in need of addressing are those pertaining to the
abilities of various species of brood parasites to recog-
nize their own eggs. We summarized the conditions
where discrimination by parasites have been assumed,
identified specific areas in need of research for hosts
and parasites, and outlined experiments that may be
used to confirm egg discrimination in parasites. The
challenge is for researchers studying brood parasitism
in different systems around the world to answer these
outstanding questions in the near future.
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