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Abstract

Obligate brood parasites lay their eggs in nests of other species, with host parents bearing the cost of raising their offspring.
These costs imposed on hosts select for the evolution of host defenses against parasitism at all stages of the reproductive
cycle. The most effective defense is egg rejection at early stages of the breeding cycle, with later-stage defenses (nestling
and fledgling discrimination) being less common. In this study, we tested whether the hoopoe (Upupa epops), a potential
host of the great spotted cuckoo (Clamator glandarius) without egg rejection ability, presents defenses after the egg stage.
We experimentally parasitized hoopoe nests with great spotted cuckoo nestlings creating mixed broods (with hoopoe and
cuckoo nestlings) and broods with only cuckoo nestlings and measured parental feeding behavior and survival of nestlings
and fledglings of both species. Cuckoo fledglings were fed fewer often than hoopoe fledglings in mixed broods, and adults
approached more often to feed hoopoe fledglings than cuckoo fledglings. Consequently, the survival of cuckoo fledglings
in both mixed and only-cuckoo-broods, was significantly lower than that of hoopoe fledglings. These results suggest that
hoopoes would discriminate great spotted cuckoo fledglings, with or without direct comparison with their own fledglings.
However, the survival of some cuckoos suggests that hoopoes have not reached highly efficient defenses so, other life history
traits hindering parasitism by cuckoos may explain low parasitism rates and low levels of defenses in this species.

Significance statement

Brood parasites lay their eggs in nests of other species, tricking hosts into raising their parasitic offspring. However, hosts
may fight back impeding successful parasitism by developing defences at any of the stages of their breeding cycle. We inves-
tigated why the hoopoe is not parasitized by the great spotted cuckoo despite this potential host apparently does not show
such anti-parasitic defenses. We found that hoopoes have evolved the less common host defense: discrimination of parasite
fledglings, even in the absence of their own fledgling for comparison. Our study supports the idea that discrimination dur-
ing the later stages of the nesting cycle (i.e. nestling and fledgling periods) may be more common that previously assumed.
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severe costs imposed by brood parasites on hosts select for
the evolution of host defenses, which in turn drives selection
for the brood parasite to evolve counter-defenses, triggering
improved host defenses, further parasitic adaptations and so
on (Davies 2000; Soler and Soler 2000; Stokke et al. 2005;
Feeney et al. 2014; Soler 2014). These reciprocal evolu-
tionary changes, so-called coevolutionary arms race, have
proven to be excellent systems for understanding coevolu-
tion, in which some of the clearest experimental demonstra-
tions of a coevolutionary process have been reported (e.g.
Brooke and Davies 1988; Soler and Mgller 1990).

Despite egg-rejection being the most common and effec-
tive host defense against brood parasites, nowadays it is
widely accepted that adaptations and counter-adaptations
may occur at any stage of the breeding cycle; moreover,
defenses at an early stage can influence the evolution of sub-
sequent defenses and counter-defenses at later stages (Davies
2011; Feeney et al. 2014; Soler 2014, 2017a). An efficient
line of defense at an earlier stage of the breeding cycle
would be more beneficial because costs of brood parasitism
accumulate as the breeding cycle advances (Britton et al.
2007; Davies 2011; Feeney et al. 2014; Soler 2014, 2017a).
Such early lines of defense would prevent the evolution of
later-stage defenses (nestling and fledgling discrimination)
which may explain why the latter is less common than the
former (frontline defenses and egg rejection). Nevertheless,
when effective defenses have not evolved at earlier stages, a
host defense at a later stage of the breeding cycle would be
more likely to evolve (Britton et al. 2007; Feeney et al. 2012,
2014; Soler 2017a).

The great spotted cuckoo (Clamator glandarius) is a non-
evictor specialist brood parasite which, in the Palearctic, lay
most of their eggs in the nests of its main host: the com-
mon magpie (Pica pica), with carrion crow (Corvus corone)
being its secondary host. Other corvid and non-corvid spe-
cies are also parasitized in some populations (Soler 1990;
Johnsgard 1997; Erritzge et al. 2012). The coevolutionary
relationships between the great spotted cuckoo and its hosts
are well studied (Soler and Soler 2000; Roldan et al. 2013a;
Bolopo et al. 2015). This brood parasite chooses brood-
reducing host species that selectively feed larger nestlings
(Soler 2001, 2002, 2017b). The appearance of great spotted
cuckoo eggs does not mimic that of the host eggs (Soler et al.
2003), and there is no evidence for begging-call mimicry of
hosts by great spotted cuckoo nestlings either (Roldan et al.
2013b). The average body mass of cuckoo females is 152 g
and that of males is 157 (Macias-Sanchez et al. 2013). The
magpie is slightly larger than the great spotted cuckoo while
the carrion crow is more than twice the weight of the brood
parasite (Soler et al. 2002). When parasitizing the magpie,
the breeding success of the parasite is very high and that of
the host very low (on average, only 0.7 magpie nestlings
fledge per parasitized nest compared to 3.6 magpie nestlings
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that fledge in unparasitized nest (Soler et al. 2002)). Con-
versely, the cost of brood parasitism is lower in the carrion
crows (on average 1.6 carrion crow nestlings fledge per para-
sitized nest compared to 3.1 in unparasitized nests (Soler
et al. 2002)); the larger size of host nestlings makes cuckoo
nestlings less efficient in obtaining food from their foster
parents than their larger host nest mates (Bolopo et al. 2015).
The hoopoe (Upupa epops) is a hole-nesting bird with
biparental care that presents a marked asynchronous hatch-
ing pattern (Cramp 1998; Martin-Vivaldi et al. 1999; Hoft-
mann et al. 2015; Ryser et al. 2016; Hildebrandt and Schaub
2018). It is a medium-sized bird, with a body mass ranging
from 76.6 g in males to 73.1 g in females (Hildebrandt and
Schaub 2018). The hoopoe could be a suitable host spe-
cies for the great spotted cuckoo because the hoopoe fol-
lows a brood-reduction strategy, as hosts of the great spot-
ted cuckoo do (Soler 2017b), and feeds its nestlings and
fledglings with insects, an appropriate diet for this brood
parasite. Cavity-nesting species have been traditionally con-
sidered unsuitable common cuckoo (Cuculus canorus) hosts
(Davies and Brooke 1989b), because the small size of the
nest entrance prevents the female cuckoo from laying her
eggs effectively (Davies and Brooke 1989a; Moreras et al.
2021) or the young cuckoos leaving the nest at fledging time
(Lohrl 1979). However, the cavities used by hoopoes many
times have a larger entrance that may allow the entry of great
spotted cuckoo females. In fact, the great spotted cuckoo can
use other hole-nesters of medium size as hosts like jackdaws
(Corvus monedula) and choughs (Pyrrhocorax pyrrhoco-
rax) in Spain (Soler 1990) or Cape starlings (Lamprotornis
nitens) and African pie starlings (Spreo bicolor) in South
Africa (Johnsgard 1997; Erritzge et al. 2012). However,
to the best of our knowledge, there is only one record of
possible hoopoe parasitism by the great-spotted cuckoo in
Spain. In that record, hoopoe adults were observed feeding
a great-spotted cuckoo fledgling in the wild (Amor-Garcia
et al. 2020). Even though the authors did not provide direct
evidence that hoopoes reared this cuckoo nestling in their
own nest, this observation points to the possibility of hoo-
poes being a potential host for this brood parasite.
Potential host defenses against brood parasitism in
the hoopoe have not been thoroughly studied. Although
appropriate egg-recognition experiments have not been
performed in the hoopoe, experiments with other pur-
poses that needed the introduction of foreign eggs in
natural nests (Diaz-Lora et al. 2021) or introduced col-
lared dove (Streptopelia decaocto) eggs and plaster model
eggs in captivity nests (MM-V et al., unpublished data),
never resulted in egg rejection. Thus, we can assume that
egg rejection has not evolved in this potential great spot-
ted cuckoo host species. In the Guadix area (a popula-
tion located in southern Spain), the great spotted cuckoo
reaches a high breeding density with parasitism of four
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different host species (Soler 1990). Moreover, hundreds of
hoopoe nests have been monitored, both in natural cavities
and nest-boxes (Martin-Vivaldi et al. 1999, 2006, 2009;
Ruiz-Rodriguez et al. 2013; Diaz-Lora et al. 2019, 2021).
In spite of these favorable traits of the hoopoe as a host
and the intense monitoring of both reproductive hoopoes
and great spotted cuckoos, no trace of great spotted cuckoo
parasitism in the hoopoe was found in our study area.
This observation suggests that the hoopoe would have
already evolved efficient defenses against brood parasit-
ism during the nestling or during the fledging periods,
which could prevent successful parasitism by the great
spotted cuckoo. This possibility is quite plausible given
that nowadays it is broadly accepted that adaptations and
counteradaptations in brood parasites and their hosts can
evolve at all phases of the nesting cycle (Soler 2014). This
is the main objective of our study: to determine whether
the hoopoe, a potential host of the great spotted cuckoo
without egg rejection ability, presents defenses after the
egg stage. We explored this possibility by proposing two
mutually exclusive hypotheses. First, the hoopoe may have
evolved nestling discrimination, a potential host defense
less common than egg discrimination, which is predicted
to occur more frequently when an efficient adaptation at an
earlier stage has not evolved (the blocking model: Britton
et al. 2007). In fact, most of the hosts that discriminate
parasite nestlings do not discriminate parasite eggs (Grim
2017). As the hoopoe does not have the ability to recog-
nize foreign eggs, our first hypothesis is that the hoopoe
has evolved nestling discrimination. Our second hypoth-
esis is that fledgling discrimination could be the host
defense responsible for preventing success of great spot-
ted cuckoo parasitism on the hoopoe. However, according
to the blocking model (Britton et al. 2007), it could only
evolve if efficient nestling discrimination has not evolved.
Furthermore, the great spotted cuckoo is non-killer brood
parasite, giving the possibility to foster parents to observe
both the parasite and their own nestlings (both species
look quite different from each other). This comparison
when they share the same nest and later out of the nest,
may be an important cue to favor nestling and/or fledgling
discrimination (Davies and Brooke 1988; Lotem 1993).
The main aim of this study is to test experimentally
these two hypotheses using a population of hoopoes main-
tained in captivity. We experimentally created mixed
broods with hoopoe and cuckoo nestlings and analysed the
parental feeding behaviour to nestlings (feeding rate) and
fledglings (feeding rate and approach rate). This experi-
mental design allows us to analyse whether adult hoopoes
are able to discriminate cuckoo nestlings when they can
directly compare them with their own nestlings. With
the same objective, we created only-cuckoo-broods, i.e.
cuckoo nestlings raised without hoopoes, to analyze the

ability of the parents to discriminate cuckoos but without
any possibility of comparison.

Our first hypothesis predicts that great spotted cuckoo
nestlings introduced in hoopoe nests would be fed at a lower
rate (Prediction 1) and would present a higher mortality rate
(Prediction 2) than hoopoe nestlings and cuckoo nestlings
from only-cuckoo-broods. The second hypothesis predicts
that cuckoo fledglings from mixed broods would be fed at
a lower rate than hoopoe fledglings and cuckoo fledglings
from only-cuckoo-broods (Prediction 3) and that cuckoo
fledglings from mixed broods would present a higher mor-
tality rate (Prediction 4) than hoopoe fledglings and cuck-
oos from only-cuckoo-broods. If adults have the capacity to
discriminate cuckoos, we predict that: hoopoe adults would
approach to hoopoe fledglings and cuckoo fledglings from
only-cuckoo-broods to feed more often than cuckoo fledg-
lings from mixed broods (Prediction 5) and that cuckoo
fledglings would be fewer likely to get food than hoopoe
fledglings, when they approached the adults (Prediction 6).

Materials and methods
Study area

This study was performed during the 2013 breeding sea-
son (March-July) in a population of hoopoes maintained in
captivity since 2008. During autumn and winter, hoopoes
were maintained, separated by sex, in facilities located at
the University of Granada (southern Spain). In spring, the
captive pairs were housed in independent cages (3 X2 X2 m)
installed outdoors in a pine forest in the Hoya de Guadix
(37° 21° N, 003° 05* W, Granada province). This area is
a high-altitude plateau (approx. 1000 m a.s.l.) with cereal
crops, groves of almond trees (Prunus amygdalus) and some
areas with dispersed holm-oak trees (Quercus rotundifolia)
and reforested pine forests. We used 20 cages spaced at
50 m from each other to avoid interactions between pairs
and ensure successful breeding. All cages had access to soil
and were equipped with a roof that provided shadow, a cork
nest box (40 cm x 20 cm x 20 cm, 5.5 cm of hole diameter)
and an internal roof that protected feeders from sun and rain.
Great spotted cuckoo nestlings were collected from magpie
nests found in the surroundings. The great spotted cuckoo is
a common species in this area, involved in a high incidence
of parasitism on magpie hosts with 56.8% of magpie nests
parasitized by the great spotted cuckoo during the period
2008—2012 (Soler et al. 2014a).

Experimental design

Hoopoe breeding pairs were established in March, when one
male and one female were randomly paired in each cage.
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Hoopoes were provided with live food (crickets, fly larvae)
and meat (beef heart vitamin-enriched) ad libitum. Cages
were visited daily to ensure hoopoes care and maintenance
and to record laying date, clutch size, and hatching date. At
the same time, we searched for magpie nests during nest-
building or egg-laying phases so brood parasitism by the
great spotted cuckoo was detected soon to be able to calcu-
late hatching date accurately. Close to hatching, we visited
nests daily in order to detect cuckoo hatchlings.

We created two types of experimental nests: mixed broods
with one cuckoo and a variable number of hoopoe nestlings
(from 1 to 5 hoopoe nestlings); and only-cuckoo-broods with
one or two cuckoo nestlings. The variable number of hoopoe
nestlings is within the natural range of brood sizes in the
wild (Martin-Vivaldi et al. 1999). In mixed broods, cuckoo
nestlings were introduced 1 to 2 days younger than the first
hatched hoopoe nestling. This allowed both species to reach
a similar weight at the start of the nestling period, in order
to ensure survival of nestlings of both species until fledging.
Cuckoo nestlings are larger than hoopoe nestlings, reaching
an average weight at hatching of 7.8 g compared to 3.5 g
for hoopoe nestlings (Soler and Soler 1991; Hildebrandt
and Schaub 2018). At the end of the nestling period, this
difference between species is greater (the average weight
is 133.7 g in cuckoo nestlings; and 69.6 g in hoopoe nest-
lings Soler and Soler 1991; Hildebrandt and Schaub 2018)).
Furthermore, the introduction of cuckoo nestlings younger
than hoopoes matches the nesting period of both species,
since cuckoos spend 19-25 days and hoopoes 27.1 days in
the nest (Soler and Soler 1991; Martin-Vivaldi et al. 1999).
In only-cuckoo-broods, cuckoo hatchlings 1- or 2-days-old
were introduced in hoopoe clutches with a total hatching
failure. The viability of hoopoe eggs was monitored using
an Egg Buddy Digital Heart Monitor (Avitronics, UK). This
allowed us to introduce the cuckoo nestlings on the expected
hatching date of the hoopoe eggs, ensuring acceptance by
the hoopoe female. We removed failed hoopoe eggs after
nestling introduction. The reason for using failed hoopoe
clutches to obtain only-cuckoo-broods and keeping all hoo-
poe nestlings in mixed broods follows ethical considerations.
On the one hand, we could not move hoopoe nestlings to
other nests due to limitations in the number of cages and
lack of synchrony in laying date between hoopoe nests. On
the other hand, we were not going to sacrifice any hoopoe
nestling in the experimental procedure. Cuckoo nestlings
were transported in an artificial cotton nest and kept at a
temperature between 25 and 30 °C (for further details see
Ibafiez-Alamo et al. 2012). No cuckoo died during the trans-
port process. We created 8 mixed broods and 7 only-cuckoo-
broods (4 broods with two cuckoo nestlings and 3 broods
with only one cuckoo nestling).

We analyzed parental feeding behavior during the nest-
ling period by video recording into nest boxes, and during

@ Springer

the fledgling period by direct observations of fledglings
in the cage. Nest boxes were video-recorded using micro-
cameras (KPC-S500, eSentia Systems Inc., Baton Rouge,
LA, USA) connected to video recorders. Further details on
the filming procedure can be found in Martin-Galvez et al.
(2011). The observations of fledglings were performed
using a hide located about three meters from the cage.

During the nestling period, both mixed and only-
cuckoo-broods were filmed once when cuckoo nestlings
were between 13 and 18 days old. We considered this
range because in the great spotted cuckoo the feathers
appear in the majority of the quills between days 12 and
13 (Soler and Soler 1991) and the crest is already devel-
oping in the hoopoe by day 14 (Kristin 2001). Therefore,
at these ages the differences in development and plumage
color between the two species would be more visible, mak-
ing recognition easier. Recordings lasted approximately
two hours and a half and started half an hour after sunrise
(the most active period of adult hoopoes) and after the
daily food provision to the cage. Information containing
age and weight of the nestlings (cuckoos and hoopoes)
as well as brood size before video-recordings is provided
in Supplementary Table 1. In mixed broods with more
than one hoopoe nestling, hoopoe nestlings were randomly
marked individually with blue points on the crown with
permanent marker (except one nestling that remained
unmarked) in order to identify the individual fed in each
food provisioning event. There is no reason to expect that
the presence of the blue dot might affect parental prefer-
ence for a hoopoe nestling. Therefore, we decided not to
mark the cuckoo which is easily distinguished from hoo-
poes. In only-cuckoo-broods with two cuckoo nestlings,
cuckoo nestlings were distinguishable from each other by
size, so we did not mark them either. The parental food
delivery was filmed in 8 nest boxes of mixed broods and
6 of only-cuckoo-broods (one cuckoo from a single only-
cuckoo-brood died a few days after the beginning of the
experiment). We lost some video recordings because one
of the videorecorders failed during experimental proce-
dures, leaving us with 5 recordings of mixed broods and
5 of only-cuckoo-broods (Supplementary Table 3). The
feeding rate to each nestling (feedings per hour) was cal-
culated as the ratio of feedings events per recording hours.

During the fledgling period, the observations started on
the first day that all individuals were outside the nest. The
observations lasted approximately two hours and were per-
formed half an hour after sunrise, after the daily food pro-
vision to the cage. In mixed broods, the cuckoo fledgling
usually left the nest box a few days before the hoopoe fledg-
lings, and hoopoe fledglings left the nest boxes depending
on their age, starting from the oldest to youngest nestlings
in consecutive days. In cuckoo broods with two fledglings,
both individuals left the nest box at the same time.
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In each feeding event, we annotated the identity of the
fledgling. In mixed broods, we marked the tarsus of the
hoopoe fledglings with a red and blue permanent marker
to distinguish them from each other. However, it was not
always possible to assign feedings to particular hoopoe
fledglings in mixed broods due to the high speed of the
feeding events. Therefore, the feeding rate to hoopoes in
a family was calculated as the number of feedings to all
hoopoe fledglings divided by the number of hoopoe fledg-
lings and by the number of hours. In only-cuckoo-broods,
we distinguished one fledgling from another by its size
and position in the cage. The feeding rate per cuckoo was
calculated in a similar way in cases where two cuckoo
fledglings were in the cage. The number of observations
per nest varied among nests with a range of 1-4 observa-
tions (Supplementary Table 2), so we averaged feeding
rates of the different observations of nests. Information
containing age of the fledglings (cuckoos and hoopoes) as
well as brood size during each observation event is pro-
vided in Supplementary Table 2.

We also annotated the approaching strategy of parents
and fledglings. The adult approach rate is a subsample of
the feeding rate in which an adult hoopoe approached the
fledgling and fed it per hour. Fledgling approach rate is the
number of times that hoopoe/cuckoo fledglings approached
an adult hoopoe begging for food per hour. In this sense,
we also distinguished between successful (when fledglings
approached adults and were fed) from unsuccessful (when
fledglings approached adults and were not fed) approaches.

In the fledgling phase we observed only six mixed
broods since in one case the cuckoo died the day after
leaving the nest and, in another, the two hoopoe fledg-
lings died and only the cuckoo fledgling survived. In
only-cuckoo-broods, feeding behavior was observed in
five broods since one brood was lost to predation by a fox
(Vulpes vulpes) entering the cage by burrowing under the
wire mesh. This incident happened before any observation
could be performed (Supplementary Table 3).

It was not possible to record data blind because our
study involved focal animals in the field.

The period of time during which the cuckoo fledglings
were observed to record their survival lasted from day they
left the nest box until they reached the post-fledgling inde-
pendence (when they could feed themselves). The post-
fledgling dependence period ranged from 40 to 64 days
which is within the range found by Soler et al. (1994) in
the wild (25-59 days).

We released the surviving cuckoos in the area of Gua-
dix at the end of July, since the fledglings usually leave
the breeding area in the second week of August, to start
their migration towards the wintering areas in Subsaharian
Africa (Soler et al. 1994).

Statistical analyses

Feeding rate and approach rate fitted a Gaussian distri-
bution after log transformation (Kolmogorov—Smirnov
P> 0.20). Therefore, any reference to feeding rate or
approach rate refers to the log-transformed variable. In
all cases, all dependent variables were homoscedastic
(F<1.61;p>0.232), validating the use of parametric tests.

In the nestling and fledgling periods and for mixed
broods, we used a General Linear Mixed Model (GLMM)
exploring differences in feeding rate (dependent variable)
between hoopoe and cuckoo nestlings (species as a fixed
factor). Nest identity was included as a random effect. In
addition, we explored if cuckoos received different feeding
rates (dependent variable) depending on their experimen-
tal broods (fixed factor: cuckoos raised in mixed broods
versus cuckoos raised in only-cuckoo-broods) and brood
size as a covariate by means of a General Linear Model
(GLM).

To test adult approach rate in mixed broods in the fledg-
ling period, we used a GLMM where the adult approach rate
was used as a dependent variable, species as a fixed factor
and nest identity as a random effect. To test whether hoopoe
adults approached cuckoo fledglings more often when they
are raised in mixed broods compared to only-cuckoo-broods,
we used a GLM where adult approach rate was used as a
dependent variable, the type of experimental brood as a fixed
factor and brood size as a covariate.

In order to establish whether cuckoo fledglings were
fewer likely to be fed than hoopoe fledglings when they
approached the adults, we used a GLMM, where the fledg-
ling approach rate (dependent variable) was calculated sep-
arately for successful and unsuccessful approaches (fixed
factor) for each species (fixed factor) and controlled by nest
identity as a random effect.

To analyze the survival of the cuckoo, we considered that
a nestling survived the nestling period when it left the nest
box (0=died before left the nest; 1 =successfully left the
nest). Similarly, fledgling survival is the survival since the
moment they left the nest until the end of the dependency
period (40—-64 days after fledging; O=died; 1 =survived).
To analyze the probability of survival in mixed broods in
both the nestling period and the fledgling period, we used a
Generalized Linear Model (GLZ), where the probability of
survival (binomially distributed response variable) depended
of the species identity (explanatory variable; fixed factor)
and the nest identity was included as a random effect. In a
second model, we used a Generalized Linear Model (GLZ),
where the probability of survival (binomially distributed
response variable) of the cuckoo differed between type
of experimental broods (raised in mixed or only-cuckoo-
broods; fixed factor) and the brood size was included as a
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covariate both in the nestling period and in the fledgling
period. Statistical analyses were performed in STATISTICA
12.0 (Statsoft Inc., OK, USA).

Results
Nestling period

In mixed broods, feeding rate was similar between cuckoo
and hoopoe nestlings (species, F; ;; =0.76, p=0.403; nest
identity, F, ;;=8.78, p=0.001; Fig. 1a).

The feeding rate of the cuckoo nestlings was similar when
reared in only-cuckoo-broods or in mixed broods (experi-
mental nest, Fi 0= 0.73, p=0.412; brood size, Fi 0= 2.99,
p=0.114; Fig. 1b).

Fledgling period

In mixed broods, cuckoo fledglings received fewer feedings
than hoopoe fledglings (species, F; 5=6.70, p=0.048; nest
identity, F5 5=0.90, p=0.543; Fig. 2a). Moreover, cuckoo
fledglings from mixed broods received fewer feedings than
those from only-cuckoo-broods (experimental broods;
Fig= 11.73, p=0.009; brood size, F; g=3.55, p=0.096;
Fig. 2b).

Approaching preferences

In mixed broods, hoopoe adults approached more often to
feed hoopoe fledglings than cuckoo fledglings (species,
Fis= 28.46, p=0.003; nest identity, F55=2.59, p=0. 159;
Fig. 3a). In addition, hoopoe adults approached more often
to feed cuckoo fledglings from only-cuckoo-broods than
cuckoo fledglings from mixed broods (experimental broods,
F,§=16.28, p=0.036; brood size, F, ;=0.002, p=0.969;
Fig. 3b).

In mixed broods, differences between successful and
unsuccessful fledgling approach rate were similar for both
species (see interaction term: successful/unsuccessful
approaches, F; ;5=4.06, p=0.062; species, F, ;5=0.49,
p=0.495; interaction term, F 5= 2.48, p=0.136; nest iden-
tity, Fs55=0.51, p=0.676; Fig. 4). However, unsuccessful
approach rate in cuckoo fledglings was significantly higher
than their successful approach rate (LSD, p=0.023; Fig. 4).
In contrast, no differences were found between successful
and unsuccessful approach rate in fledgling hoopoes (LSD,
p=0.759; Fig. 4).

Survival

In mixed broods, the survival of hoopoe and cuckoo nestlings
during the nestling period was similar (species, x*; =1.90,
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p=0.168; nest identity, x27 =0.01, p=0.999). Nevertheless,
survival was significantly lower for cuckoos than for hoo-
poes in the fledgling period (species, le =10.57, p=0.001;
nest identity, x>, =0.01, p=0.999; Fig. 5).

The survival of cuckoo fledglings raised in mixed or
only-cuckoo-broods was similar during the nestling period
(experimental brood, le =0.29, p=0.593; brood size,
x?,=0.58, p=0.445), and during the fledgling period (exper-
imental brood, le =0.63, p=0.425; brood size, le =0.86,
p=0.352).

Nestling survival of the great spotted cuckoo

Eighty-eight percent of cuckoos nestlings (15 up to 17) sur-
vived the nestling phase, successfully leaving the nestbox.

Survival of great spotted cuckoo and hoopoe
fledglings

Survival of cuckoo fledglings (those fledglings that reached
post-fledgling independence), including both experimental
broods, was 6 out 15 (40%). Separately, 3 out of 7 cuckoo
fledglings survived in only-cuckoo-broods (42.86%), while
3 out of 8 cuckoo fledglings survived in mixed broods
(37.50%). Survival of hoopoe fledglings was 19 out 20
(95%).

Weight and age of great spotted cuckoo fledglings
at death

All the cuckoo fledglings that died showed signs of under-
nourishment, weighing at death from 60 to 103 g, although
this information was only collected for 5 cuckoos out of 9
(Supplementary Table 3). Cuckoo fledglings died between
28 and 62 days of age (n=9; Supplementary Table 3).

Discussion

Brood parasitic cuckoos use only an extremely low propor-
tion of available potential host species (Davies 2000; Martin-
Vivaldi et al. 2013). Many of these species present a high
ability of egg recognition and rejection, which preclude suc-
cessful parasitism. However, a high percentage of potential
host species lack egg rejection (38.5%: Soler 2014). Why
then are they not parasitized? A possible answer would be
that hosts have evolved an efficient defense at some of the
other stages of the breeding cycle: before laying, or during
nestling or fledgling periods (Feeney et al. 2014; Soler 2014,
2017c). However, the existence of defenses during these
stages has been studied only in a few potential host species.
In this study, we have tested experimentally whether the
hoopoe, a potential host species of the great spotted cuckoo
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Fig.1 Comparisons of feeding
rates by adult hoopoes to: (a)
hoopoe (Upupa epops) and
great spotted cuckoo (Clamator
glandarius) nestlings raised in
mixed broods; and (b) nestlings
of great spotted cuckoo raised
in mixed broods and in only-
cuckoo-broods. The feeding rate
of each nestling was calculated
as the logarithm of the number
of feedings they received
divided by the recorded hours.
Means + standard errors are
shown

without egg rejection ability, presents defenses after the
egg stage. By parasitizing hoopoe nests with great spotted
cuckoo nestlings and recording brood feeding by adults, we
have found an absence of defenses during the nestling period
but discrimination and undernourishment of the great spot-
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ted cuckoo during the fledgling period.

a

hoopoe nestlings cuckoo nestlings
SPECIES

mixed only cuckoo
EXPERIMENTAL BROODS

During the nestling period, hoopoe adults fed great
spotted cuckoo and hoopoe nestlings raised in the same
nest at the same rate, and the survival of hoopoe and
cuckoo nestlings was similar. These results suggest that
hoopoes did not discriminate their own nestlings from
experimental ones.
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Fig.2 Comparisons of feeding 1.8
rates by adult hoopoes (a) to
hoopoe (Upupa epops) and 16

great spotted cuckoo (Clamator
glandarius) fledglings in mixed

broods (raised in the same 14
cage); and (b) to fledglings of

great spotted cuckoo raised in 1.2
mixed broods and in only- w
cuckoo-broods (cages only with = 10
cuckoo fledglings). The feeding o

rate was calculated as the loga- g
rithm of the number of feedings o 08
to all hoopoe fledglings divided o

by the number of hoopoe t; 06
fledglings and by the number 9

of observation hours. In only- 04

cuckoo-broods, the feeding rate
per cuckoo was calculated in a
similar way. Means =+ standard 0.2
errors are shown

0.0
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0.8

06

LOG FEEDING RATE

04

0.2
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hoopoe fledglings

cuckoo fledglings
SPECIES

Host defenses at the nestling stage have been reported in
several potential host species (Langmore et al. 2003; Sato
et al. 2010; Tokue and Ueda 2010; Attisano et al. 2021);
(reviewed in Grim 2006, 2017; Soler 2009). In several brood
parasite-host systems, some brood parasites have evolved
adaptations to counteract these host defenses (De Marsico

@ Springer

mixed only cuckoo
EXPERIMENTAL BROODS

et al. 2017). The evolution of any host defense is related
to the absence of other efficient host defenses at earlier
stages (Britton et al. 2007; Soler 2014; Grim 2017). Thus,
in the hoopoe, a potential host species lacking egg-rejection
defenses, the existence of nestling discrimination could be
expected. However, we have found that the hoopoe does not
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Fig.3 Adult approach rates 14
taking into account only when

adult hoopoes approached to (a)

great spotted cuckoo (Clama- 12
tor glandarius) and hoopoe

(Upupa epops) fledglings raised

in mixed broods, and (b) great 1.0
spotted cuckoo fledglings raised
in mixed and only-cuckoo-

broods. The adult approach rate 0.8
was calculated as the logarithm
of the number of feedings to all
hoopoe fledglings divided by 06
the number of hoopoe fledglings
and by the number of observa-

04

tions. In only-cuckoo-broods,
the adult approach rate per
cuckoo was calculated in a
similar way. Means + standard 0.2
errors are shown
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hoopoe to hoopoe
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SPECIES

hoopoe to cuckoo of mixed-broods

show nestling discrimination, even when having the pos-
sibility to compare between the parasite and their own host
nestlings (experimental mixed broods), which has been
suggested as a crucial clue for nestling recognition (Davies
and Brooke 1988; Lotem 1993). In contrast, the fan-tailed
gerygone “Gerygone flavolateralis” and its specialist brood

hoopoe to cuckoo of only-cuckoo-broods

EXPERIMENTAL BROODS

parasite, the shining bronze cuckoo “Chalcites lucidus” in
New Caledonia is an example of a host that discriminates
cuckoo nestlings without direct comparison with own nest-
lings (Sato et al. 2015; Attisano et al. 2021) Although nest-
ling discrimination is more common among potential host
species than previously suspected, this behavior is absent in
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Fig.4 Comparisons of fledgling approach rates of hoopoe fledgling
(Upupa epops — in red) and great spotted cuckoo fledgling (Clama-
tor glandarius — in green) in mixed broods, distinguishing success-
ful approach events (when fledglings approached adults and were
fed) from unsuccessful approach events (when fledglings approached
adults and were not fed). Fledgling approach rate was calculated as
the logarithm of the number of times hoopoe/cuckoo fledglings
approached an adult begging for food per hour (regardless of whether
or not they were fed). Means + standard errors are shown

egg- and fledgling-rejecters (Feeney 2017; Grim 2017), as
it would be the case of the hoopoe (this study). This result is
not surprising considering that absence of effective defenses
at earlier stages of the nestling cycle implies stronger selec-
tion pressures for the evolution of defenses at a later stage
(Britton et al. 2007; Feeney et al. 2012, 2014; Feeney 2017).

Fig.5 Probability of survival of
hoopoes (Upupa epops — in red) 1.0
and great spotted cuckoo (Clam-

ator glandarius) both raised in

mixed broods (nestling cuckoo

raised with hoopoe nestlings 08
-in green) and in only-cuckoo-

broods (cuckoos raised alone in

hoopoe nests — in blue), during

the nestling and the fledgling

periods. Means + standard 06
errors are shown

SURVIVAL

04

0.2
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During the fledgling period, cuckoo fledglings reared in
mixed broods received fewer feedings and died more frequently
than hoopoe fledglings. Cuckoo fledglings died between 28 and
62 days of age, within the range in which they are dependent on
their host parents (Soler et al. 1994). All the cuckoo fledglings
that died were extremely thin, weighing at death from 60 to
103 g. This range of weights is very low for a fledgling cuckoo,
since they can weigh up to 133.7 g at the end of the nestling
period (Soler and Soler 1991) suggesting the cause of death was
undernourishment. Indeed, hoopoe adults approached to feed
cuckoo fledglings fewer frequently than to hoopoe fledglings.
When it was the fledglings that approached the hoopoe adults
begging for food, no differences were found between cuckoo and
hoopoe fledglings in successful and unsuccessful approaches
(i.e. approaching an adult and received or not received food
respectively). However, most of the approaches of cuckoo
fledglings to adults were unsuccessful, with the fledgling not
receiving food. Hoopoe fledglings, however, showed not differ-
ence in the number of successful and unsuccessful approaches
(see Fig. 4). Thus, our experimental study points out that hoo-
poe adults feed more often their own fledglings than parasitic
cuckoos, which could indicate recognition and discrimination of
the brood parasite in the fledgling stage. As far as we know, the
hoopoe is the third potential host species showing fledgling dis-
crimination. The relationship between foster parents and fledg-
ling brood parasites has been studied in detail in only two brood
parasite-host systems (De Marsico et al. 2017). This lack of
studies at the post-fledging phase is expected because this is the
least studied stage in the avian nesting cycle (Gruebler and Naef-
Daenzer 2010; Matthysen et al. 2010). The best studied brood
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parasite, the common cuckoo only provides anecdotal informa-
tion for this stage (Davies 2000; Tyller et al. 2018). Regarding
other well studied brood parasites, in the brown-headed cowbird
(Molothrus ater), parasitic fledglings are fed at a higher rate than
host fledglings, which were only rarely fed, provoking a much
lower survival rate of host fledglings, implying no recognition of
parasites (Woodward 1983). In contrast, a recent paper by Jones
et al. (2022) failed to support substantial post-fledging costs of
brown-headed cowbird parasitism. The baywing (Agelaioides
badius) is parasitized by two brood parasites, the specialist
screaming cowbird (Molothrus rufoaxillaris) and the generalist
shiny cowbird (Molothrus bonariensis). In a detailed study of
this system, De Mérsico et al. (2012, 2017) found that the bay-
wing is willing to feed fledglings of the specialist parasite, which
mimic both visually and vocally host fledglings, but refuse to
feed fledglings of the generalist brood parasite, which does not
mimic host fledglings. The relationships between foster parents
and fledgling brood parasites have also been studied in detail in
the great spotted cuckoo-magpie host system. The magpie feeds
parasite fledglings when they have been reared in only-cuckoo-
broods but were progressively more reluctant to feed parasite
fledglings reared in mixed broods, implying parasite recognition
(Soler et al. 2014a).

Both the cowbird and the great spotted cuckoo are non-
killer brood parasites, giving the baywing and the magpie
the possibility to compare the parasite and their own nest-
lings sharing the nest and later out of the nest, which may be
an important cue to favor nestling and/or fledgling discrimi-
nation. To test this possibility in the hoopoe, we created both
only-cuckoo and mixed broods in our experimental design.
We found that cuckoo fledglings from mixed broods received
fewer feedings than cuckoo fledglings from only-cuckoo-
broods. In addition, as it occurred in the magpie (Soler et al.
2014b), the hoopoe approached more frequently to feed
cuckoo fledglings from only-cuckoo-broods than to cuckoo
fledglings from mixed ones. These results suggest that the
presence of hoopoe fledglings helps parents in the recogni-
tion of the cuckoo fledgling in mixed broods.

Despite the difference found in willingness of parents to
feed cuckoos in the two situations (reared alone or in mixed
broods), the mortality was not different between both treat-
ments, but high and significantly higher than that of hoopoe
fledglings. This may indicate that, even the higher feeding
rate received by cuckoo fledglings in only-cuckoo-broods
did not satisfy the needs of the parasite. The hoopoes is fre-
quently able to feed up to six hoopoe nestlings (Hildebrandt
and Schaub 2018), the brood thus summing up to 450 g
(6X75 g), and therefore should be able to rear a cuckoo
nestling despite its bigger size (134 g), if the hoopoe was
motivated to do so. This should be the case especially in our
captivity conditions with food ad libitum. Therefore, our
results suggest that, in both experimental situations, adult
hoopoes were feeding cuckoo fledglings at lower rates than

expected if they did not recognize them as parasites. This
implies that contrary to what has been suggested (Fraga
1998; De Marsico et al. 2012, 2017; Soler et al. 2014a, b)
and according to recent studies of hosts of the bronze-cuckoo
(Sato et al. 2015; Attisano et al. 2018), the presence of own
host fledglings for comparison is not necessary for the evolu-
tion of fledgling discrimination.

Our main conclusion is that the hoopoe would be able
to discriminate parasite fledglings, even in the absence of
their own fledglings for comparison. This phenomenon,
inconceivable only 20 years ago (Davies 2000), is in agree-
ment with current theory which suggests that an efficient
host defense can evolve at any stage of the breeding cycle,
driving the outcome of the long-term coevolution of both
brood parasite and host (Soler 2014, 2017a).

The existence of discrimination ability of cuckoo fledg-
lings by the hoopoe would indicate that this species has
been parasitized at least in the past. However, the success
of cuckoo fledglings in our experimentally parasitized hoo-
poe broods (40%) is not so low to conclude that it has been
abandoned as a host by the development of defenses, as pre-
dicted by the coevolutionary alternation hypothesis (Davies
and Brooke 1989a; Nuismer and Thompson 2006). Species
with intermediate levels of defenses (around 50%) have been
traditionally considered accepters (Davies 2000; Martin-
Vivaldi et al. 2013) and therefore, the fledgling recognition
ability found in the hoopoe (60%) cannot be the only reason
for its rare usage as a host by the great spotted cuckoo.

It is known that host life-history variables that reduce the
probability of parasitism, thereby reducing selection pressure
due to parasitism, could explain low or intermediate levels
of defense. It is the case of hole nesting (Aviles et al. 2005;
Thomson et al. 2016), habitats without vantage points for
cuckoos (Roskaft et al. 2002; Martin-Vivaldi et al. 2013), or
ground nesting (Martin-Vivaldi et al. 2013). In these cases,
low parasitism rates are caused by the increased difficulty of
finding nests for the parasites (no perches for observation of
hosts behaviors or ground nesting) or of laying the egg within
nests found (because of the small size of some nest entrances
in hole nesting species) (Moreras et al. 2021). The hoopoe
combines both kinds of difficulties for a laying cuckoo female.
First, the hoopoe does not build a nest, does not transport nest
materials to the hole selected and, therefore, there is almost
no clue on the place where a pair will lay eggs before eggs
can be found within a particular hole. Male visits with food
to the nest are only frequent after eggs hatch and, so, it is very
difficult to find nests before hatching (Martin-Vivaldi et al.
1999). Second, some nests are in holes with a very narrow
opening for a female cuckoo to enter or a cuckoo nestling to
fledge. These two life history traits of the hoopoe may explain
why the parasite pressure has not been so high to cause the
evolution of higher levels of fledgling recognition. In sum-
mary, the hoopoe is a suitable but not heavily parasitized host
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in which only about 40% of nests found and parasitized by
the great spotted cuckoo, would be successful in producing
surviving cuckoo fledglings. The difficulty of finding enough
usable nests would have made that this species only a second-
ary host, explaining low levels of defenses.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-023-03338-2.
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