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Abstract Animals often announce their unprofitability to

predators through conspicuous coloured signals. Here we

tested whether the apparently conspicuous colour designs

of the four European Coraciiformes and Upupiformes

species may have evolved as aposematic signals, or whe-

ther instead they imply a cost in terms of predation risk.

Because previous studies suggested that these species are

unpalatable, we hypothesized that predators could avoid

targeting them based on their colours. An experiment was

performed where two artificial models of each bird species

were exposed simultaneously to raptor predators, one

painted so as to resemble the real colour design of these

birds, and the other one painted using cryptic colours.

Additionally, we used field data on the black kite’s diet to

compare the selection of these four species to that of other

avian prey. Conspicuous models were attacked in equal or

higher proportions than their cryptic counterparts, and the

attack rate on the four species increased with their

respective degree of contrast against natural backgrounds.

The analysis of the predator’s diet revealed that the two

least attacked species were negatively selected in nature

despite their abundance. Both conspicuous and cryptic

models of one of the studied species (the hoopoe) received

fewer attacks than cryptic models of the other three spe-

cies, suggesting that predators may avoid this species for

characteristics other than colour. Globally, our results

suggest that the colour of coraciiforms and upupiforms

does not function as an aposematic signal that advises

predators of their unprofitability, but also that conspicuous

colours may increase predation risk in some species, sup-

porting thus the handicap hypothesis.

Keywords Aposematism � Coraciiformes � Predator

avoidance � Unprofitability � Upupiformes

Introduction

Predation exerts a high selective pressure on most animal

species (Edmunds 1974; Caro 2005). Avoiding the attacks

of predators is crucial for prey survival, and therefore any

physical or behavioural trait that enhances the escape

efficacy of prey will be favoured by natural selection

(Langerhans 2007). An example of such a trait is anti-

predator colouration, which may function by either

reducing or increasing prey detectability. On the one hand,

cryptic species are difficult to detect by predators (Cott

1940) because their colouration is similar to that of the

background (Endler 1978; Ruxton et al. 2004; Cuthill et al.

2005). On the other hand, species that invest in defences
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that make them unprofitable, often advertise their unpal-

atability by means of conspicuous signals such as sounds

and/or odours, but more often exhibit exuberant colour

patterns (Darwin 1871; Cott 1940; Dumbacher et al. 1992),

which is known as aposematic colouration.

Indeed, it has been shown that conspicuous colour

designs of unpalatable prey are more effective than cryptic

colours in promoting predator avoidance (Mappes and

Alatalo 1997), given that predators can rapidly learn the

connection between such designs and unpalatability (e.g.

Alatalo and Mappes 1996; Lindström et al. 1999; Riipi

et al. 2001; Halpin et al. 2008; Lindstedt et al. 2009). As a

result, aposematic colouration has evolved in several plant

species (Lev-Yadun 2003; Lev-Yadun and Ne’eman 2004)

and in a large variety of animal taxa (Götmark 1992;

Stevens 2007; Maan and Cummings 2009).

In birds, the evidence of aposematism is scant and

restricted to species belonging to the genera Pitohui, Ifrita

(Dumbacher et al. 1992; Dumbacher and Pruett-Jones

1996; Dumbacher et al. 2000), and Ergaticus (Escalante

and Daly 1994). These species exhibit flamboyant plumage

colours in both sexes and accumulate in their skin and feathers

highly toxic alkaloid substances, presumably obtained

through their diet (Dumbacher et al. 2004). Although the

advantage of bearing a conspicuous plumage in terms of

predator avoidance has not been experimentally examined

in these poisonous birds, it has been largely assumed that

their high conspicuousness evolved as a warning signal of

toxicity to potential predators (Dumbacher et al. 1992). In

fact, conspicuous colour designs have been shown to be

avoided by predators in other bird species. For instance,

experiments with mounted specimens of a priori profitable

species (pied flycatcher, Ficedula hypoleuca) exposed to

migrating diurnal raptors, showed that predators attacked

cryptic females more often than conspicuous males

(Götmark 1993). However, to our knowledge, no study has

yet demonstrated that conspicuous colouration provides

any survival value, in terms of predation avoidance, to

unpalatable species of birds.

The closely related orders Coraciiformes and Upupi-

formes (Mayr 2008) include highly conspicuous bird spe-

cies displaying colourful plumage (at least to the human

eye) in both sexes. Moreover, coraciiform and upupiform

species have consistently been classified among the most

distasteful species in comparative studies of bird edibility

(Götmark 1994; Weldon and Rappole 1997). In this study,

we tested whether such colouration can function as an

aposematic signal in the three coraciiform (Eurasian roller,

Coracias garrulus; bee-eater, Merops apiaster; and king-

fisher, Alcedo atthis), and the only upupiform (hoopoe,

Upupa epops) species breeding in Western Europe. Several

pieces of evidence suggest that all these four species might

be unprofitable:

1. Rollers consume a large share of poisonous arthropods

(Avilés and Parejo 1997, 2002) that are avoided by

most of the other sympatric insectivorous birds (Fry

2001).

2. Bee-eaters are specialized in the consumption of

poisonous bees (Cramp and Perrins 1998). Thus,

rollers and bee-eaters may potentially ingest the

venomous glands of their prey and incorporate their

poison into their tissues, in the same way that Pitoui

and Ifrita species do (e.g. Dumbacher et al. 2004).

3. Kingfishers have been found to be unpalatable in

several studies (Cott 1947; Weldon 2000). Further-

more, they may be an unprofitable prey to pursue

because of their extremely quick flight, which can be

signalled through conspicuous colours as a particular

form of aposematism (Baker and Parker 1979; Götmark

1992; Ruxton et al. 2004; Mappes et al. 2005) and act

as a pursuit-deterrence signal (Murphy 2006).

4. Hoopoes score among the most unpalatable birds in

surveys of edibility (Götmark 1994), and further

evidence suggests the use of chemical defences by

this species. Firstly, breeding females present volatile

chemicals in their uropygial glands. These chemicals

are mainly produced by the action of symbiotic

bacteria (Martı́n-Vivaldi et al. 2010), and cause a

characteristic strong smell in the nest. Several of the

substances produced by these bacteria are known to

possess a strong anti-bacterial function (Martı́n-Platero

et al. 2006; Soler et al. 2008; Ruiz-Rodrı́guez et al.

2009) but could also be involved in anti-predator

defence. Indeed, the odorous secretion of hoopoes has

been suggested to function mainly against predators,

since the exudation of a drop from their uropygial

glands is a typical response to the entrance of a

predator into the nest chamber (Krištin 2001).

All the above arguments suggest that the conspicuous

plumage colouration of coraciiforms and upupiforms could

have evolved as aposematic warning signals of unpalat-

ability directed towards potential predators.

Here, we examined such hypothetical aposematic func-

tion through a combination of experiments and empirical

observations conducted in Doñana National Park (southern

Spain), which harbours dense raptor populations and can

thus function as a high-predation risk scenario. In a first

experimental approach, we exposed pairs of artificial bird

models to predator attacks, one painted using the true

colours of the actual species (treatment or conspicuous

model) and the other with cryptic colours only (control or

cryptic model). We developed the following framework of

predictions: we predicted that under the assumption that

conspicuous colouration reduces predation risk, predators

would avoid the treatment model and preferentially attack
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the cryptic controls (prediction 1). This, coupled with the

reported evidence of low palatability, would suggest that

the colour designs of these birds may have evolved in part

as an aposematic warning signal. On the contrary, if pre-

dation is affected solely by the probability of visual prey

detection, attack rates should be concentrated on the more

detectable species (i.e. those that stand out more against the

natural background) (prediction 2). Alternatively, we con-

sidered the possibility that colouration does not represent

the target cue for predation on these species, in which case

we predicted that conspicuous and cryptic models would be

attacked at the same rate (prediction 3).

To add realism and insight to the above experiment, we

also examined the diet of black kites, Milvus migrans, in

the same study area. This species was chosen because it

was by far the most abundant raptor in the study plot and

because it was the predator that most frequently attacked

our experimental models, thus allowing us to test whether

the colour design of the four species may have a role in kite

predation. Data on kite diet composition were used to

assess whether the occurrence of coraciiforms and upupi-

forms relative to that of other similarly sized potential prey

(not reported as unpalatable species) differed from expec-

tations according to their respective abundance.

Materials and methods

Study area

The experiment was performed during the spring and

summer (April-July) 2008 and 2009 in the Natural Space

of Doñana (a National and Natural Park in south-west

Spain; 1,100 km2). The park is crossed by kilometres of

wooden fences to restrict cattle movement, which offer

plenty of poles on which birds frequently perch. Thus, by

placing the models on the poles, we could easily imitate

how birds naturally expose themselves to aerial predators.

Doñana is world-renowned for its dense predator pop-

ulations. The raptor community is strongly dominated by

black kites, whose population has been estimated at about

500 territorial pairs plus 500 non-breeding individuals

(Sergio et al. 2009). The large size of both the kite popu-

lation and of the area where our models were placed

minimized the possibility that specific individuals learned

that the models were not real birds. Also, kites are

opportunistic predators with an extremely variable diet

based on prey ranging from small 1-g arthropods to 1-kg

rabbits caught as live prey (F. Sergio, unpublished data),

and they can prey on flying or immobile animals. Such

versatility is a convenient characteristic for our experi-

mental design, given that generalist predators are less

neophobic than specialist ones (Greenberg 1983).

Experimental bird models

Previous studies in which birds were exposed to raptors

employed stuffed specimens (e.g. Götmark 1992, 1997).

However, we could not find enough stuffed models to

ensure a reasonable number of attacks, so we used plaster

models resembling natural coraciiforms and upupiforms in

size, shape and colour patterns. These models, handcrafted

by a specialist (http://www.replica-animal.com/), were also

preferred to stuffed specimens because they allowed higher

standardisation of potentially confounding factors such as

size, shape, or even posture that could signal different

vulnerability between experimental treatments (Cresswell

and Quinn 2004; Quinn and Cresswell 2004). Animal

models of this kind have been successfully used in previous

studies on predator–prey interactions and aposematic col-

ouration in insects (reviewed in Exnerova et al. 2006),

birds (Cresswell et al. 2003) and reptiles (Niskanen and

Mappes 2005).

The paintings were made ad hoc by a professional

manufacturer (Pinturas Antequera, Granada) using a com-

bination of pigments that matched the colours of real birds,

which were assessed with a spectrophotometer (see below).

For each species, the cryptic model was identical in shape

and size to the conspicuous one, but painted in brown tones

so as to resemble the colour pattern of song thrushes

Turdus philomelos. To test the degree of colour similarity

obtained with this method, the reflectance spectra of

painted models and museum specimens were compared.

We obtained reflectance data with an Ocean Optics

equipment [S2000 spectrometer connected to a deuterium-

halogen light (D2-W, mini) by a coaxial reflectance probe

(QR-400-7-UV-vis) and the OOIBase32 operating software

(Ocean Optics, Dunedin, FL)]. Figure 1 shows the reflec-

tance spectra for the painted models and the associated

museum specimens (obtained from the Natural History

Museum of the EEZA-CSIC, Almerı́a). Artificial models

looked convincingly real (Fig. 1), to the point that some

experienced ornithologists occasionally passing by during

the experiments confused them with real birds.

Model detectability by visual predators

We calculated the detectability of the exposed models in

their natural environments from the perspective of a diurnal

raptor using the colour opponency model of Vorobyev and

Osorio (1998), developed for the tetrachromatic visual

system of birds in its log form (Vorobyev et al. 1998).

Model calculations were performed with Avicol software

version 3 (Gomez 2006). Previous work demonstrated that

this model efficiently predicted avian visual discrimination

under photopic conditions (Vorobyev and Osorio 1998;

Goldsmith and Butler 2005; Avilés 2008; Cassey et al.
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2008; Avilés et al. 2010). This model establishes a colour

distance (DS) which describes the contrast between two

coloured patches. When DS is less than 1, the contrast is

considered to be negligible, whereas when its value is over

1, the contrast is considered to be discernible. This

parameter is calculated as follows:

DS2 ¼ ½ðe1e2Þ2ðDf4 � Df3Þ2 þ ðe1e3Þ2ðDf4 � Df2Þ2

þ ðe1e4Þ2ðDf2 � Df3Þ2 þ ðe2e3Þ2ðDf4 � Df1Þ2

þ ðe2e4Þ2ðDf3 � Df1Þ2 þ ðe3e4Þ2ðDf2 � Df1Þ2�=
� ½ðe1e2e3Þ2 þ ðe1e2e4Þ2 þ ðe1e3e4Þ2 þ ðe2e3e4Þ2�

ð1Þ

where ei is the SD of the noise in the receptor channel i,

and Dfi (see formula below) is the log ratio of the quantum

catches of each class of single cones [long-wavelength-

sensitive cones, medium wavelength sensitive, short

wavelength sensitive (SWS), ultraviolet wavelength

sensitive)] denoted by the subscript for cone i, for the

first (F) and second (S) colour patch in a given contrast:

Dfi ¼ log

R 700

300
RFðkÞIðkÞSðkÞdk

R 700

300
RSðkÞIðkÞSðkÞdk

ð2Þ

where RF(k) represents the average reflectance of the target

plumage patch, RS(k) is the average reflectance of the

contrasting elements, either yellow or green vegetation in

this study, I(k) is the spectral irradiance, and S(k) is the

spectral sensitivity of signal receptors i. Irradiance data

were extracted from Avilés et al. (2008). Previous work

suggests that diurnal raptors have a SWS1 opsin protein

Fig. 1 Reflectance spectra of

the colouration of experimental

models (a, c, e, g) and museum

specimens (b, d, f, h) of the four

species: hoopoes (a, b), rollers

(c, d), bee-eaters (e, f) and

kingfishers (g, h). The bird

images are photographs of the

real models used in the field

experiments (see Electronic

supplementary material for

colour figure) (colour figure

online)
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biased towards violet (Ödeen and Håstad 2003). Therefore,

we computed a model for tetrachromatic vision with cone

photoreceptor proportions of 1, 1.9, 2.2 and 2.1 after using

spectral sensitivity data from the peafowl Pavo cristatus as

representative of the violet sensitive system (Hart 2002;

Håstad et al. 2005; Avilés and Soler 2009). Green and yel-

low–brown colours (from April to mid-June and from mid-

June to the end of July, respectively), constituted the main

visual backgrounds against which the experimental models

could be exposed in Doñana. Thus, we obtained reflectance

data with the same Ocean Optics equipment described above

on a representative sample of yellow-brown and green

vegetation.

Our model assumed that photoreceptor noise was

entirely based on neural noise, so for calculations we

assumed that the signalling noise (ei) for each cone was

independent of light intensity:

ei ¼ x=
ffiffiffiffi
gi

p ð3Þ

where x is the Weber fraction (taken as 0.05; Vorobyev

et al. 1998) and gi is the relative density of the cone class

i in the retina. We obtained chromatic contrasts between

each species and the different colour patches of back-

ground vegetation (either green or yellow vegetation).

This allowed us to assess the detectability of the target

species over the full range of natural, seasonal

backgrounds.

Experimental design

For every bird species, we compared the attack rate

between the two associated treatment and control models

(referred to as a ‘‘pair’’ hereafter). The two models of a pair

were placed approximately 6–7 m apart and were tied to

the top of existing fence poles. Models were set up in the

morning (from 8 a.m. to 12 p.m.), and removed in the

afternoon after being exposed to predators for 8 h. Attacks

and identity of the attacking predators were recorded by a

camouflaged video camera placed in front of every pair

(see online resources). Hereafter, each 8-h recording ses-

sion of a pair is referred as an ‘‘experiment’’. Different

experiments were separated by at least 500 m. However,

when a model was attacked at one location, no further

experiments were conducted within 500 m of that site for

the rest of the year. Usually, three experiments per species

were conducted daily from May to July (i.e. approximately

12 experiments per day) except on rainy days. To avoid

predators from learning that models were fake, we changed

locations on consecutive days and took care not to re-use a

given location unless a minimum of 4–5 days had lapsed.

In addition, when a site was re-used, we always changed

the identity of the experimental species that was exposed to

predators.

Once a model of a pair was attacked (see online

resources), none of the models were used again until their

colours were reversed (conspicuous to cryptic and vice

versa) by re-painting. Although both models in a pair were

identical in shape and size and were assigned colours

randomly, this protocol ensured that results were not con-

founded by any model feature different from colouration.

Importance of coraciiforms and upupiforms in the diet

of black kites

We assessed the diet of locally breeding black kites, the

predator responsible for most of the attacks (see below), in

the same years of the experiment. We recorded prey

remains at 138 kite nests in 2008, and 76 nests in 2009, as

part of a long-term demographic study on this population

(Sergio et al. 2011). Nests were visited from May to July,

i.e. concurrently with the experiment. Remains were

identified to the genus or species level, assuming the

smallest possible number of individuals.

To test whether kites predated coraciiforms, upupiforms

or other control species in relation to their availability, we

estimated their field abundance by accessing the stan-

dardized avian survey data provided by the Doñana Bio-

logical Station’s Monitoring Group of Natural Processes.

In each survey, an experienced ornithologist walked slowly

along a pre-defined 2.5-km transect in the early morning,

recording all avian species heard or observed. We included

data from 16 line transects scattered throughout Doñana

National Park in order to cover all its major macro-habitats.

Although these surveys can underestimate the abundance

of some species (Thompson 2002), the method is appro-

priate to assess the relative abundance of the species used

in the selection index (see below) analyses given that they

are easily detectable and recognizable both by sight and by

their songs. Unfortunately, survey data were available in

large enough sample sizes for two of the experimental

species only: bee-eaters and hoopoes. Thus, rollers and

kingfishers had to be discarded from the analyses of raptor

diet.

We were interested in examining whether kites con-

sumed coraciiform and upupiform species in proportion to

their availability or whether, on the contrary, they attacked

them less frequently than other control avian prey species

that (1) possessed cryptic plumage, or (2) exhibited con-

spicuous plumage but were not known to be unpalatable.

To obtain information on cryptic control species’ avail-

ability and predation rates, we extracted kite diet and field-

survey data referring to any of the local species of the

family Alaudidae and treated it together as a single group.

For the conspicuous control species we extracted data on

consumption of common magpies Pica pica and azure-

winged magpies Cyanopica cyanus. To examine the
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occurrence of both prey types in the kites’ diet relative to

their availability, we used the Jacobs index (Jacobs 1974),

calculated as J = (Uj - Dj)/(Uj ? Dj - 2UjDj), where:

(1) Uj = ui/u?, ui being the number of observed items of

prey type i, and u? the total number or prey types con-

sidered; and (2) Dj = di/d?, di being the number of items

of prey type i available in the environment, and d? the field

availability of all prey types. The index ranges from -1

(maximum negative selection) to 1 (maximum positive

selection), with zero indicating random selection of

resources. This index is not associated with any particular

statistical test, but it allows comparison of selection rates

among groups.

Statistical analyses

Data on attack rates were pooled across years because

results were consistent across field seasons (results not

shown for brevity). Differences in attack rates between

conspicuous and cryptic models were tested using binomial

tests (Sokal and Rohlf 1995) in R software 2.13.1 (R

Development Core Team 2011). v2-tests were used to

compare attack rates between coraciiform and upupiform

species. Overall differences among species were explored

by combining the resultant P-values from the different tests

following the formula:

Xk ¼ �2
Xn

i¼0

ðln piÞ

where k is two times the number of different statistical

analyses, and P is the P-value of analysis i (Sokal and

Rohlf 1995). Statistical tests were carried out with the

software STATISTICA 7.

Results

Attack rate on different models

A total of 994 pairs were exposed to predators in the

2 years of study. We recorded 111 attacks to the models,

all of them by diurnal raptors. Of these, 93 were first

attacks and 18 occurred after the first model in a pair had

already been attacked. Because there could be no colour

selection by predators in second attacks, only the 93 first

attacks were used for analysis (Fig. 2). Although six raptor

species attacked the models, predatory attempts were

strongly dominated by black (56 % of the attacks) and red

kites Milvus milvus (35 %; Table 1).

The pairs of models of the four species were attacked at

significantly different rates (combination of P-values from

differences between pairs of species, v2 = 60.22, df = 12,

P \ 0.0001). The hoopoe was the least frequently attacked

species (only 2.2 % of exposed pairs; Fig. 2). Pairwise

comparisons of attack rates revealed significant differences

between hoopoes and all three remaining species (king-

fishers 14.3 % of pairs, rollers 10.6 %, bee-eaters 8.7 %).

The bee-eater was the second least-attacked species but

only significantly less often than the kingfisher, the most

attacked species. None of the other pairwise comparisons

were significant (Table 2).

Hoopoe models received a total of four attacks by the

end of the study. This small number offered too little power

to allow for a proper analysis of the differences between

conspicuous and cryptic models in this species. Among the

other three prey species, the influence of colour of the

model varied (Fig. 2). The treatment model was attacked

significantly more often than the control pair in rollers

(binomial test, P = 0.026, n = 27), and almost signifi-

cantly so in the case of kingfishers (binomial test,

P = 0.060, n = 34; Fig. 2). In contrast, attack rates on

bee-eaters were not significantly different between models

(binomial test, P = 0.71, n = 28).

To control for any species-specific sensory bias in rap-

tors we repeated the previous analyses using data on black

and red kites only, as these were the most frequent pre-

dators (Table 1). Black kites attacked treatment kingfisher

models more frequently than control ones (binomial test:

P = 0.014, n = 20), while red kites attacked treatment

roller models more often than control ones (P = 0.016,

n = 12). There were no other significant differences

between conspicuous and cryptic models. Moreover, no

significant differences between black and red kites were

found in the attack rates to any of the prey species (v2-tests,

P [ 0.3, df = 1 in the four tests).

Detectability to predators

Visual modelling revealed that the roller was the most

detectable (i.e. the highest chromatic contrast between any

Fig. 2 Number of first attacks on paired conspicuous and cryptic

models for each of the four study species
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of its colours and the background) plaster model against

both (green and yellow-brown) backgrounds, followed by

the kingfisher, the bee-eater and the hoopoe (Fig. 3). The

least contrasting models were the cryptic ones (those imi-

tating the song thrush colour pattern).

Occurrence in real raptor diet

A total of 1,699 prey items were collected from 214 black

kite nests. Avian prey represented 14.8 % of the identified

items. Only six items corresponded to coraciiform or

upupiform species (three bee-eaters, two hoopoes and one

roller), which represented 1.2 % of the recorded avian prey

and 0.2 % of the total food items.

Selectivity analyses revealed a consistent pattern of

negative selection on hoopoes (J = -0.59) and bee-eaters

(J = -0.44), as well as for cryptic bird species (Alaudidae,

J = -0.58), as opposed to a positive selection on other

conspicuous prey (common magpies, J = 0.46; azure-

winged magpies, J = 0.68) (Fig. 4).

Discussion

We found that artificial models imitating the natural col-

ouration of four different bird species suffered different

attack rates by wild raptors; models of kingfishers and

rollers were the most attacked, followed by those of bee-

eaters and finally hoopoes. The models of kingfishers and

rollers were also attacked significantly more often than

models of the same species painted with cryptic colours.

When we analysed conspicuousness against the natural

background, models with the most visible patches (i.e. with

a higher contrast against the background) were those imi-

tating rollers, followed by kingfishers, then bee-eaters,

hoopoes and finally the cryptic models of all species (see

Fig. 3). These results suggest that differences in the attack

rate to models could be the consequence of predators

detecting conspicuous species more easily than cryptic

ones, and support the hypothesis that, for rollers and

kingfishers, conspicuous colouration is costly in terms of

predation risk. Previous work revealed that in rollers, dif-

ferences in several colour patches were related to quality

and fitness in both sexes (Silva et al. 2008). Thus, the

colouration of some coraciiforms might constitute a

handicap (Zuk and Kolluru 1998; Zahavi and Zahavi 1999)

as seems to be the case in other bird taxa (Colombelli-

Negrel and Kleindorfer 2010). Alternatively, predators

could prefer the conspicuous models simply because they

are more familiar with their appearance than with that of

control models. Indeed, some studies suggest that predators

tend to avoid novel prey (Götmark 1996). However, such

neophobia has been typically associated with specialist

predators (Greenberg 1983), and the raptors that attacked

our models are generalist, opportunistic predators. More-

over, although in general raptors seemed to prefer the

conspicuous models, cryptic ones were also attacked, not

only when both models were exposed, but also as a second

option, suggesting that raptors did not systematically avoid

cryptic prey.

In bee-eaters, cryptic models and those imitating the real

plumage colouration were attacked at similar rates, despite

Table 1 Number of attacks

recorded for each raptor species

on different experimental

models

Black

kite

Red

kite

Marsh

harrier

Booted

eagle

Eurasian

kestrel

Common

buzzard

Hoopoe

Cryptic 0 1 0 0 0 0

Conspicuous 1 1 0 0 1 0

Kingfisher

Cryptic 5 5 0 0 1 1

Conspicuous 15 5 2 0 0 0

Bee-eater

Cryptic 12 2 0 1 0 0

Conspicuous 6 7 0 0 0 0

Roller

Cryptic 6 2 0 0 0 0

Conspicuous 7 10 0 2 0 0

Total 52 33 2 3 2 1

Table 2 v2-tests comparing attack rates among the four coraciiform

and upupiform species

Bee-eater Kingfisher Roller

v2 P v2 P v2 P

Hoopoe 8.18 0.004 18.4 \0.001 12.05 \0.001

Bee-eater 4.5 0.034 0.89 0.34

Kingfisher 1.21 0.27
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the fact that their measured contrast against the background

was slightly higher for coloured models. Therefore,

although colourful individuals were not avoided, they were

not preferentially attacked by predators either, so that in

this case the colour design did not entail a cost in terms of

predation risk (see Getty 2006). Though not yet studied in

this particular species, plumage colour has been found to

be a sexual ornament in other bee-eaters (Siefferman et al.

2007). Therefore, this could represent an example of a

sexual ornament which does not necessarily entail a fitness

cost to ensure signal honesty (Hill 2011), or alternatively,

other costs than predation risk could maintain the ornament

as an honest signal.

Interestingly, the two least attacked species’ models

turned out to represent the two most abundant species out

of the four in Doñana, and thus those with which raptors

had probably experienced more frequent encounters prior

to the experiments. According to the data on the diet of

black kites in Doñana, bee-eaters and hoopoes are con-

sumed only rarely, resulting in negative selection. This

means that predators could actually be avoiding these

species, perhaps due to their unpalatability (see ‘‘Intro-

duction’’) or because they are unprofitable prey for some

other reason. However, because we did not find a higher

attack rate on their cryptic counterparts, we cannot attribute

their low presence in the diet to their colouration. Our

results, therefore, do not provide sufficient evidence in this

case to support the role of plumage colouration as an

aposematic signal.

Methodological inaccuracies in the analysis of the diet

could be argued to have led to unrealistic estimates of prey

selection, i.e. negative selection could result from low

species’ identification probabilities in diet analyses. How-

ever, we are confident that the probability of failing to

correctly identify the different species during diet analyses

is almost zero, since identification is based on prey remains

(e.g. mainly feathers), and thus the probability of identi-

fying a bird is very similar for the different taxonomic

groups. The negative selection of hoopoes and bee-eaters

compared to that of common and azure-winged magpies

could also be due to corvid species being more profitable.

In fact, common magpies do have the largest body mass

among these species. However, the average weight of

azure-winged magpies (70 g) is very similar to that of

hoopoes (69 g; Cramp and Perrins 1998), suggesting that,

at least as far as these two species are concerned, the

Fig. 3 Chromatic contrasts

between the different body parts

and the yellow-brown or green

vegetation background for each

of the four study species and

their associated cryptic model

Fig. 4 Occurrence of conspicuous and cryptic avian prey in the diet

of predatory black kites in Doñana National Park in 2008–2009. The

Jacobs index compares the frequency of the target species with their

field abundance in transect surveys: bee-eaters (B-E), hoopoes (H),

other conspicuous birds (M common magpies, A-W azure-winged

magpies), and cryptic species (A Alaudidae) (photos of A, M, B-E and

H by M. Ruiz-Rodrı́guez; A-W by C. de la Cruz)
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negative selection of hoopoes is not motivated by a lower

nutritional value. Besides, the common magpie is the most

aggressive and strongest bird of all at capture (M. R-R.,

personal observation), something that would in theory

decrease the profitability of this prey. Other characteristics

such as the ease of capture (i.e. profitability), or the

behaviour of the target species, could also influence the

risk of being predated.

Our results indicate that the colours of coraciiforms and

upupiforms are not aposematic, despite them having been

considered to act as warning signs of unpalatability in the

literature up until now. A possible explanation for the lack

of this sort of defence function against raptors in this group

of species may be that palatability estimates cannot be

transferred to birds. The reported evidence of unpalatability

for these species comes from studies made with mammals

and hornets (see ‘‘Introduction’’). However, we cannot be

sure that birds find these species equally distasteful, and

thus cannot provide enough support for this explanation.

As compared to other vertebrates, birds have relatively few

taste buds which do not open directly into the oral cavity

via taste pores, making the saliva a critical vehicle for the

transport of taste stimuli to receptors (Masson and Clark

2000). However, avian taste is clearly functional given that

birds can discriminate the palatability of different prey

(Skelhorn and Rowe 2006a, b). Further experimental work

is clearly needed so as to assess the similarity of mam-

malian and avian taste by comparing, for instance, the

reaction of birds and mammals after offering them the

same prey species.

Interestingly, hoopoe models and real hoopoes were

attacked by raptors at very low rates. The models of this

species suffered significantly fewer attacks than those of

other species, while wild hoopoes were predated far less

often than expected given their availability. Together, these

results suggest that hoopoes are actively avoided by pre-

dators. However, the fact that both the cryptic and con-

spicuous hoopoe models were avoided suggests a

negligible role of hoopoes’ colour plumage in predator

avoidance. We offer three non-exclusive explanations for

such a pattern:

First, confronting our initial prediction, hoopoes could

be difficult to detect by predators if their plumage was

more cryptic than that of other species. Indeed, visual

model calculations revealed that the hoopoe’s colours show

the least contrast against the vegetation background

(Fig. 3). In addition, the black and white lines of the back

of hoopoes could aid to break their perceived shape, con-

stituting an example of disruptive colouration, which could

explain their low detectability (Cott 1940; Stevens and

Merilaita 2009).

Second, avian predators might have an innate aversion

to combinations of colours commonly used in aposematic

signalling, such as black with red or yellow (Ham et al.

2006). The hoopoe’s plumage pattern of achromatic con-

trast (i.e. black and white) arranged in transversal lines

(Fig. 1), is common in aposematic animals such as snakes

and insects (Niskanen and Mappes 2005; Johansen et al.

2010). These two previous explanations are not necessarily

exclusive, because the hoopoe’s colours might be cryptic at

some distance, but aposematic at a closer view, as found in

some butterfly larvae (Tullberg et al. 2005; Bohlin et al.

2008). However, none of these explanations can account

for the low attack rate experienced by the hoopoe cryptic

models compared to the cryptic models of other species

(Fig. 2).

Third, it is possible that some other characteristics of

hoopoes, rather than colour alone, advertise unpalatability

or general unprofitability, or even increase crypsis. For

example, several traits and their combinations might be

working simultaneously or hierarchically as aposematic

signals, as shown in other species (Rowe and Guilford

1999; Exnerova et al. 2006). In our case, predators could

have avoided hoopoes based on their very distinctive shape

(being as it is the only local bird of that size with a long

curved bill and a long crest). Moreover, the presence of the

crest could help to disrupt the bird’s silhouette, thereby

reducing its detectability. Further manipulations of these

different traits are needed to experimentally test such a

hypothesis.

In conclusion, in two of the studied coraciiform species

(roller and kingfisher), conspicuous colouration does not

appear to function as an aposematic signal deterring pre-

dators but, on the contrary, is costly in terms of increased

predation risk, which suggests it might potentially function

as a signalling handicap. In the other two species (bee-eater

and hoopoe), the natural colour design is equally effective

as a cryptic brown colouration in avoiding predation. In the

case of hoopoes, both colour and shape could be the cause

of an extremely low predation rate, suggesting that pre-

dators may perceive and recognize hoopoes as an unprof-

itable prey based on a combination of traits, or alternatively

that these traits make hoopoes hardly detectable.
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