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Abstract

We present evidence of a possible case of self-medication in a lekking bird, the great bustard Otis tarda. Great bustards
consumed blister beetles (Meloidae), in spite of the fact that they contain cantharidin, a highly toxic compound that is lethal
in moderate doses. In addition to anthelminthic properties, cantharidin was effective against gastrointestinal bacteria that
cause sexually-transmitted diseases. Although both sexes consumed blister beetles during the mating season, only males
selected them among all available insects, and ingested more and larger beetles than females. The male-biased
consumption suggests that males could use cantharidin to reduce their parasite load and increase their sexual
attractiveness. This plausibly explains the intense cloaca display males perform to approaching females, and the meticulous
inspection females conduct of the male’s cloaca, a behaviour only observed in this and another similar species of the
bustard family. A white, clean cloaca with no infection symptoms (e.g., diarrhoea) is an honest signal of both, resistance to
cantharidin and absence of parasites, and represents a reliable indicator of the male quality to the extremely choosy
females. Our results do not definitely prove, but certainly strongly suggest that cantharidin, obtained by consumption of
blister beetles, acts in great bustards as an oral anti-microbial and pathogen-limiting compound, and that males ingest
these poisonous insects to increase their mating success, pointing out that self-medication might have been overlooked as
a sexually-selected mechanism enhancing male fitness.
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Introduction

In polygynous birds, where competition among males for access

to females is particularly strong, parasite load of males is assessed

by females before mating and hence may affect male breeding

success [1–6]. Self-medication could be one of the mechanisms

males use to appear as healthy and vigorous as possible, and thus

more attractive to females, but this possible function has not been

described.

Self-medication is used by some animals to prevent infections,

fight against parasites or pathogens, or improve a variety of

suboptimal physiological states [7–12]. It involves the consump-

tion of plants, animals or minerals that have a prophylactic or

therapeutic effect against disease agents which should lead to an

increase in host fitness [7–10].

In this context, we examine here the consumption of poisonous

insects by great bustards (Otis tarda) during the mating season.

The great bustard is a polygynous bird with one of the most

strongly skewed male mating success values among birds [13].

Males gather each year at traditional arenas (leks) where they

perform elaborate sexual exhibitions directed towards females in

order to express their status and condition [14]. Great bustards are

among the few birds that feed on blister beetles (Berberomeloe

majalis, Physomeloe corallifer; Fig. 1) [15,16]. These insects are

avoided by most animals because they contain cantharidin, a

bitter-tasting and highly toxic defensive chemical with high

immunogenicity [17] that acts in blister beetles as fungicide and

nematocide [18]. Only a few species, such as the spur-winged

goose Plectropterus gambensis and the northern leopard frogs

Rana pipiens consume blister beetles, with a likely side effect of

becoming toxic to predators [19,20]. Cantharidin is also a well-

known aphrodisiac compound that was obtained in the past from a

beetle known as Spanish fly [21]. In humans, it causes priapism in

men and pelvic congestion in women [22,23]. Cantharidin-

tolerant foragers would benefit from its anti-microbial and

anthelminthic properties [24], and thus could enhance their

health and their attractiveness to potential mates during the mate

selection process.

We hypothesized that cantharidin, obtained by consumption of

blister beetles, has a direct effect as an oral anti-microbial and

pathogen-limiting compound. To examine this hypothesis, we

combined in vitro experiments and field observations. In

particular, we (i) evaluated the presence of potential agents of

sexually transmitted diseases in male and female faecal samples

during the mating season; (ii) tested whether pathogenic micro-

organisms from bustard faeces were reduced in experimental
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cultures exposed to dose-dependent cantharidin, and (iii) checked

for presence of cantharidin in kidney and liver of great bustards,

where it could be excreted or stored. Fulfilment of these evidences

would not definitely demonstrate a possible self-medication

function of cantharidin in great bustards, but should at least

provide partial support for it.

Another appealing hypothesis is that consumption of blister

beetles could also enhance the attractiveness of males to females by

reducing their parasite load. This would counter-balance the risk

of cantharidin poisoning [25] with reproductive benefits. In

addition, males could benefit from cantharidin during the display

season, when they may be particularly vulnerable to infections due

to their presumably depressed immune system associated to their

strenuous investment in sexual display [26,27]. This hypothesis

predicts a male-biased blister beetle consumption (i.e., both sexes

would consume blister beetles as a healing or prophylactic agent,

but males with potential to attract females should consume them

also to enhance their body condition and mating opportunities).

Previous studies have shown that age, weight, and display effort

are the main predictors of male mating success in this species, and

that whiskers and neck plumage are reliable indicators of male age

and weight [13,14]. However, the function of the meticulous

inspection females perform of the male’s cloaca prior to copulation

is still unknown. A male’s sexual display consists of a series of

extravagant body postures and movements that end, when an

interested female approaches, with a reiterative and almost

obstinate exhibition of the cloaca, which is fully surrounded by

pure white feathers that allow an easy detection of possible

parasites or their remains [28,29] (Fig. 2 A–C). Female bustards

are extremely choosy during mating, accepting on average only

one of ten males attempting to copulate with them [13]. Females

closely inspect the male’s cloaca, pecking around it as an essential

part of mate selection, after which they decide whether to mate or

not with the male [30,31]. Our interpretation of this cloaca

pecking is that the female is checking the health status of the male

in order to select a copulation partner with genes for tolerance to

cantharidin, the consumption of which allows for resistance to

pathogens [2], while avoiding immediate disease transmission

during copulations (Fig. 2 D–E) [4,32,33]. Similarly, by showing

the underwing feather shafts and other parts of their ventral

plumage (Fig. 2C), which are preferred sites for adults and eggs of

mites and lice to stay or lay eggs, great bustards might show to

visiting females that they are free of these ectoparasites.

Following this argument, males should consume an optimal

amount of blister beetles to prevent and fight against pathogens

that affect their health and/or act as agents of sexually-transmitted

diseases. The benefits for health of feeding on blister beetles must

be balanced against the toxicity of cantharidin, because an excess

of blister beetles in the diet can be lethal for a great bustard [25].

To test this, we examined the potential of blister beetles to act

against pathogens responsible for sexually transmitted diseases,

and any preference for blister beetles by great bustard males.

These additional analyses involved (i) determination of cantharidin

concentration in blister beetles collected in the study area; and (ii)

testing whether there is a sex bias in blister beetle consumption by

male and female great bustards.

Figure 1. Blister beetles Berberomeloe majalis (A) and Physomeloe corallifer (D) displaying their characteristic red and black
aposematic warning coloration. Adults only appear in spring. Defensive reactions in B. majalis (B, C) involve thanatosis and autohaemorrhea, with
large droplets of red haemolymph containing cantharidin expelled through thoracic and limb segment joints. Red tegumentary protuberances in the
thorax of P. corallifer (E) permanently mimic haemolymph droplets. Photographs: M. Garcı́a-Parı́s.
doi:10.1371/journal.pone.0111057.g001
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Methods

Ethical statement
Sampling permits for insect collection and research permits for

dead bustard transfer to the Museo Nacional de Ciencias

Naturales were provided by the environmental conservation

departments of Madrid and Castilla-La Mancha regions (Con-

sejerı́a de Medio Ambiente y Ordenación del Territorio de la

Comunidad de Madrid, and Consejerı́a de Agricultura y Medio

Ambiente de la Junta de Comunidades de Castilla-La Mancha).

The research was carried out on private lands with landowner

permission and on the SPA 139 ‘Estepas Cerealistas de los Rı́os

Jarama y Henares’ with permit from the Consejerı́a de Medio

Ambiente y Ordenación del Territorio de la Comunidad de

Madrid. Sampling protocols were approved by National R+D

Agencies (Ministerio de Economı́a y Competitividad).

Study area
The study was conducted in Madrid province, central Spain

(40u439N-40u009N, 3u299W-3u069W; for details see [34]), where a

population of ca. 1500 great bustards has been intensively studied

over two decades [35]. Great bustards live in dry cereal farmland,

where blister beetles Berberomeloe majalis and Physomeloe
corallifer are also found. Great bustards are omnivorous, their

diet consisting of green plant material, arthropods and seeds.

Arthropods represent a much larger component in summer than

in spring (respectively, ca. 40% and 7%) [15,36,37]. Great

bustards are distributed in fragmented populations through the

Palaearctic from the Iberian Peninsula and Morocco to Eastern

China [38], whilst B. majalis is present in north-western Africa,

Iberian Peninsula and southern France [39,40], and P. corallifer is

endemic to the Iberian Peninsula [39].The season when adult

blister beetles are present coincides with the display period of great

bustards. Blister beetles of genus Berberomeloe are diurnal,

widespread, but not particularly abundant [40,41]. These two

blister beetle species are among the largest of the family Meloidae

(Fig. 1) [40]. Furthermore, the average body size of these species is

higher than that of all other beetles in the study area (20–65 mm).

Cereal (mainly wheat and barley) is usually grown in a

traditional two-year rotation system. Some fields are left as fallows

for two or more years. Ploughed and sown fields, stubbles, fallows,

and a few fields with olives, legumes, sunflower and grape vines

create a dynamic mosaic which, complemented with occasional

sheep grazing in stubbles and fallows, constitutes an optimal

habitat for great bustards [42]. A thorough description of the study

area is available in previous studies [42,43].

Determination of microflora, parasites and pathogens in
great bustard faeces

We used a sample of 53 faeces (25 males, 28 females) collected

at dawn in April 2012 to search for organisms of the common

digestive flora, as well as for known parasites and pathogens. These

included protozoa, helminths and bacteria. Fresh faeces were

sampled with sterile microbiological swabs that were subsequently

inserted into tubes containing Amies transport medium. The tubes

were transported to the laboratory in a container with ice within

the same day of collection and processed within the two following

hours. Swaps were cultured on 5% sheep blood agar, Vogel

Johnson agar, COBA, and MacConkey agar (Oxoid, UK). Plates

were incubated at 37uC, either in normal atmospheric or

anaerobic environment (just in the case of sheep blood agar

plates) (bioMérieux, France) conditions respectively, for 24 h. All

potential colonies were then subcultured on appropriate medium

Figure 2. A great bustard male in courtship display shows its cloaca to prospective females (A–B; Photographs: C. Palacı́n). Detail of
white feathers of cloaca during display of male great bustard (C; Photographs: F. Kovacs). Detail of other bird with an Otiditaenia conoides in
extending from the cloaca (D; Photograph: C. Palacı́n). Detail of a Otiditaenia conoides individual separate from the body bird (E; Photograph: A.
Lucas). Black arrows show the cloaca position.
doi:10.1371/journal.pone.0111057.g002
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and identified to species level by using multi-substrate identifica-

tion stripes (API 20 E, API 20NE, API STAPH; bioMérieux,

France), Lancefield grouping kit (Oxoid, UK) and other

biochemical tests (catalase; bioMérieux, and oxidase; BD). Criteria

for the presumptive identification of bacterial pathogens were:

colonial morphology and colour; presence or absence of haemo-

lysis on blood agar; appearance when stained by the gram method;

ability to grow on MacConkey agar; and reactions in catalase and

oxidase tests [44].

Coccidian species (Protozooa) were examined by oocyst

sporulation with 2.5% potassium dichromate during fourteen

days followed by zinc sulfate flotation. For the detection of

helminth eggs in faeces (trematodes, acantocephalans, cestodes

and nematodes) we used the flotation method with zinc sulphate

solution as well as slide direct examination procedure.

Test of the bactericidal activity of cantharidin on great
bustard faecal microflora

To test the bactericidal activity of cantharidin, we firstly

determined the faecal microflora in great bustards and secondly,

the susceptibility of bacteria species to cantharidin by exposing

them to different cantharidin concentrations in cultures. We also

determined the cantharidin content (mg/g) in 63 individuals of the

two blister beetle species present in our study area (Berberomeloe
majalis and Physomeloe corallifer) by gas chromatography.

Susceptibility of great bustard’s faecal microflora to

cantharidin. We isolated six bacteria species (Escherichia coli,
Staphylococcus aureus, S. lentus, Bacillus sp, Clostridium sp,

Kocuria sp) with distinctive colony morphology, re-streaked them

on nutrient agar, a generalized medium, followed by incubation at

37uC for 48–72 hours until we could determine the purity of our

cultures as evidenced by unique colony morphology characteristics

(gram staining, Panreac).

The bactericidal activity of cantharidin over the isolated species

was tested according to Kirby-Bauer disc diffusion method [45] on

Mueller Hinton agar (Oxoid). Cantharidin (Sigma–Aldrich

Laboratories, St. Louis, MO) was dissolved in distilled water at

five concentrations (1:10, 1:100, 1:1000, 1:10000, 1:100000). Six

sterilized discs (bioMérieux, France) were impregnated with these

five concentrations and a control with only distilled water.

Between 5 and 10 culture plates with six discs were performed

per each bacteria species, totalling 45 cultures. After 24 hours, the

plates with the discs were removed from the incubator and

growth-inhibition halos were measured (mm). Sensitive percentage

per cantharidin concentration was calculated as percentage of

plates with an inhibition effect (. 6 mm) of cantharidin.

Cantharidin concentration in blister beetles. Canthari-

din content was analysed in dried individuals of B. majalis (n = 58)

and P. corallifer (n = 5). Body dry weight was determined after

48 hours of freeze drying in a VIRTIS 25 LE-53 GENESIS SQ.

The lyophilized individuals (0.057–0.725 g) were transferred to a

teflon digestion reactor with hydrochloric acid (3 ml) and were

heated to 120uC during three hours. Once the reactor was cooled,

its content was added to chloroform (5 ml), followed by mixing in

a vortex for 15 seconds. Once phases were separated, lower layer

of chloroform was collected by Pasteur pipette. This extraction was

repeated twice to ensure complete extraction. Samples were placed

in 2 ml vials for analysis by gas chromatography coupled to mass

spectrometry (GC–MS). The GC–MS system consisted of a

Thermo Finnigan Trace GC 2000 coupled with a Trace MS mass

selective detector. The chromatographic conditions were con-

trolled using the Xcalibur software version 1.2 (Thermo Finnigan;

San José, CA). The GC column was a SLB-5 ms (30 m60.32 mm,

0.25 mm, Supelco Analytical; Bellefonte, PA). The flow rate of

helium was 0.8 ml/min. The injection volume was 1 ml in splitless

mode for 2 min. Injector conditions were 250uC in constant flow

mode. The column oven had an initial temperature of 50uC for

two minutes. The subsequent temperature was programmed at

heating rate of 10uC/min to 310uC. The final temperature was

held isothermally for 5 min. Total run time was 30 min.

Cantharidin detection was performed by selected ion monitoring

(SIM), registering m/z = 128 that is the majority ion of canthar-

idin’s mass spectra. Cantharidin identification was performed by

comparison with mass spectra available in NIST MS search 2.0

library. Limit of detection (LOD) was 1.5 mg/mg. Confirmation

and quantification was achieved with the retention time and

calibration curves (range: 0.015–48 mg/ml, slope: 476.401,

r2 = 0.999) obtained from the injection of cantharidin standard

purchased from Sigma–Aldrich (St. Louis, MO).

Cantharidin in kidney and liver of great bustards:
post-mortem analyses

We searched for cantharidin in 18 livers and 19 kidneys of 25

great bustard carcasses, collected during 1999–2013 (winter: n = 8;

spring: n = 10; summer: n = 3, fall: n = 4). All individuals were

adults, we distinguished males (n = 14) and females (n = 11). In

addition, the stomach content of spring season carcasses (n = 15)

was analysed to check blister beetle ingestion. As in faeces analysis,

the number and biomass of ingested blister beetles was estimated.

Cantharidin could be found in kidneys because it is eliminated

by renal excretion [25,46]. On the other hand, great bustards may

prolong the pathogenic activity of cantharidin over periods longer

than the few hours after blister beetle ingestion if cantharidin is

accumulated in the liver, because from the liver it may be slowly

disseminated [47]. Cantharidin is a lipophilic substance that may

cross the gastrointestinal epithelium and therefore accumulate in

the liver, although to our knowledge this has not been reported in

great bustards. It must be acknowledged that the sole presence of

cantharidin in liver or kidney does not definitely demonstrate that

great bustards manage the use of this chemical at their will,

because presence in these organs may be an intermediate step of a

detoxification procedure. A long-lasting therapeutic use of

cantharidin by great bustards will only be demonstrated if a body

reservoir for this compound is discovered.

We used a modified chromatography method described in

Sánchez-Barbudo et al. [25]. For calibrating and validating the

method, five chicken liver samples spiked with 0.023 mg/g of

cantharidin were previously analyzed. The calculated recovery

was 52.2467.15%, so the detected concentrations were corrected

by this value.

Liver and kidney samples (1 g frozen sample or 200 mg

lyophilized sample) were transferred to a mortar and homogenised

with 9 g of anhydrous sodium sulphate. The homogenate was

placed in a beaker, then 15 ml of dichloromethane were added

and the samples were shaken for 10 min in a horizontal shaker

(IKA KS 250), followed by 5 min of sonication (Elma transonic

700). The extracts were filtered and the remaining sample

homogenates were extracted twice again with 5 ml of dichloro-

methane. The extracts were pooled, evaporated in a helium

stream, adjusted to 1 ml and placed in a 2 ml vial for GC analysis.

The GC–MS system consisted of a Hewlett Packard 5890A II

GC coupled with a Hewlett Packard 5972 mass selective detector.

The chromatographic conditions were controlled using the MS

Chemstation software version C.01.05 (Hewlett Packard; Palo

Alto, CA).

The GC column was a 007-5MS (30 m60.32 mm, 0.25 mm,

Quadrex Corporation; Woodbridge, CT). The flow rate of helium

was 0.8 ml/min. The injection volume was 1 ml in splitless mode

Male-Biased Consumption of Poisonous Insects
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for 2 min. Injector conditions were 250uC in constant flow mode.

The column oven had an initial temperature of 50uC for two

minutes. The subsequent temperature was programmed at heating

rate of 10uC/min to 310uC. The final temperature was held

isothermally for 5 min. Total run time was 30 min. Cantharidin

detection was performed by selected ion monitoring (SIM),

registering m/z = 128 that is the majority ion of cantharidin’s

mass spectra.

Cantharidin identification was performed by comparison with

mass spectra available in NIST/EPA/NIH 75k Mass Spectral

Database. Limit of detection (LOD) was 1.44 mg/mg. Confirma-

tion and quantification was achieved with the retention time and

calibration curves (range: 0.015–48 mg/ml, slope: 476.401,

r2 = 0.999) obtained from the injection of cantharidin standard

purchased from Sigma–Aldrich (St. Louis, MO). When canthar-

idin concentration was below LOD, we divided LOD by two, as a

valid way of dealing with samples reported to contain non-

detectable values of cantharidin [48].

Selection of blister beetles by great bustards
Abundance of blister beetles in the field. Blister beetles

were sampled in 2006 and 2007 between March and May. An

observer walked slowly at constant speed (0.04 ms21) and counted

the blister beetles along 3061 m transects. Abundance was

calculated as the number of beetles per hectare (n/ha) in each of

the main six substrate types: sprouted cereal (wheat Triticum
aestivum and barley Hordeum vulgare), legumes (vetch Vicia
sativa, Vicia ervilia, lentils Lens squlenta, peas Pisum sativum, and

chickpeas Cicer arietinum), ploughed grounds, stubbles, fallows,

and borders between fields. Other invertebrates consumed by

great bustards were also counted to calculate the relative

abundance of blister beetles. Between 14 and 33 transects were

performed in each substrate type (194 transects in total), covering

most areas with great bustards in Madrid.

The abundance of blister beetles in the study area was

calculated multiplying the mean abundance in each substrate

type by its relative surface. Relative surfaces of all substrate types

were calculated from a sample of 3222 fields. The surface of

borders was calculated by multiplying the total length of the

border by 0.3 m (average width of borders in all areas).

Blister beetle dry biomass was calculated through published

length-weight equations [49]. Maximum body length was mea-

sured in all adult arthropods with a digital calliper (0.01 mm

precision). Dry weights were estimated for each arthropod family

in each transect and substrate type by means of linear regressions

of body weight on body length. Dry biomasses of other

invertebrates consumed by great bustards were also calculated to

determine the relative biomass of blister beetles in the field.

Available biomass was computed as grams of beetle per hectare

(g/ha) and grams of other invertebrates per hectare (g/ha), for

each substrate type.

Abundance of blister beetles in great bustard

faeces. Two hundred and twelve fresh faeces were collected

between March and May (2006–2007), with a total dry weight of

556.6 g. Faeces were collected at roosting sites at dawn (70.8% of

all droppings, 82.8% g dry weight), at midday resting sites (26%,

16% g dry weight), and also throughout the day on fields where

great bustard flocks had been previously located. Since males and

females of this species live in separate flocks, faeces from both sexes

could be easily distinguished [50]. Sexual segregation does not

imply habitat segregation in this species (pers. obs.). Faeces

collected at roosting and resting sites accounted for the total

intake, respectively in the previous evenings and mornings. Only

complete faeces were collected, and each faeces was stored in a

single plastic bag, recording the date, coordinates and substrate

type of the collection site, and sex of the flock. The faeces were

weighted (accuracy: 0.001 g) after drying them during 48 h at

60uC. The number of blister beetles in faeces was estimated by

counting the remains of characteristic exoskeleton components

such as pronotum, head or elytra. The biomass of blister beetles

consumed was calculated using published length-weight equations

[51]. The same method was used to estimate the abundance (n)

and biomass (g) of other insect taxa consumed (Acrididae,

Formicidae, Hemiptera, Curculionidae, Scarabeidae and Teneb-

rionidae).

Data analyses
Determination of faecal microflora, parasites and pathogens in

great bustard faeces was performed with multiple comparisons

(Fisher’s exact probability tests and Odds ratio) on the prevalence

of the different organisms between male and female great bustards.

Therefore, the sequential Bonferroni correction was used to adjust

the significance level to control for type I errors.

Differences in bactericide activity with increasing cantharidin

concentration (control, 1:100000, 1:10000, 1:1000, 1:100 and

1:10) were analysed by generalized linear models (GLZs) with logit

link function on six isolated bacteria species (Escherichia coli,
Staphylococcus aureus, S. lentus, Bacillus sp, Clostridium sp,

Kocuria sp).

The presence of cantharidin in liver and kidneys was analyzed

by GLZs with logit link function, where presence/absence of

cantharidin was the dependent variable and sex was a fixed factor.

Statistical significance of sex differences in concentration of

cantharidin in liver and in kidneys was analysed with a two-tailed

Wilcoxon Kruskall-Wallis Rank test.

Sex differences in the frequency occurrence of faeces and

stomachs content with and without blister beetles were calculated

with Chi-square test. Sex differences in mean abundance (n) and

biomass (g) of blister beetles per faeces and per gram of faeces were

calculated with GLZ (Poisson distribution). The proportion of

blister beetles with respect to all invertebrates identified in faeces

was calculated as both, relative abundance (n%) and relative

biomass (g%). The effects of sex and year on the mean proportions

(relative abundance and relative biomass) of blister beetles in

faeces were calculated with GLZ (binomial distribution and a logit

link function). Statistics calculated with pooled data from males

and females’ faeces were weighted by the relative population size

of each sex, since there is a high adult sex-ratio bias in this

population: 2.42 females per male [34].

The abundance of invertebrates in the habitat of great bustards

was calculated using transects, and compared to the proportion of

blister beetles in excrements. Differences between proportions

available and consumed by sex and year were tested first with a

simple comparison of proportions, and subsequently with a GLZ

(binomial distribution and a logit link function). Differences in

blister beetle body sizes (g) available and consumed by sex and

year were also analysed with Student’s t-test. All analyses above

were carried out in R version 2.15.1 [52].

Results

Microflora, parasites and pathogens in great bustard
faeces

Eight species of bacteria were found in faecal samples (Table 1).

There were no differences in the prevalence of cantharidin-

sensitive bacteria in faeces of males and females (Table 1), with the

exception of Kocuria sp and S. intermedius. Prevalence of

Coccidia was 3.77% in faecal samples, whilst 71.7% of faecal
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samples presented intestinal parasitism by nematodes (64.2%) and

cestodes (20.8%, Table 1). These nematodes were identified as

Trichostrongylus tennuis, Ascaridia sp, Heterakis isolenche and

Capillaria sp; and cestodes as Otiditaenia conoides. There were no

sexual differences in the prevalence of coccidia, nematodes and

cestodes (Table 1).

Bactericidal activity of cantharidin on great bustard
faecal microflora

Bactericide activity of cantharidin varied among species

(F5,228 = 17.63, P,0.001) and increased with concentration

(F5,258 = 17.37, P,0.001, Fig. 3). Sensitivity (% of samples with

an inhibition effect . 6 mm of cantharidin) and inhibition halo

were higher in Bacillus sp, Clostridium sp and Kocuria sp. Bacillus
sp was the most sensitive species at any concentration, and

Staphylococcus lentus the most resistant at all concentrations

(Fig. 3). There were significant differences in bactericide activity at

different concentrations for all species (P,0.05), except for S.
lentus (x2 = 4.69, d.f. = 5, P = 0.455).

Cantharidin in kidney and liver of great bustards
Cantharidin was found in kidneys and livers of 28% of 25

available great bustard carcasses. Cantharidin was found in 3

carcasses collected in spring (March-April), but also in 4 carcasses

collected in winter (January-February), suggesting that in the latter

individuals cantharidin was stored since the previous spring, as no

blister beetles are found in winter. Presence and concentration of

cantharidin did not differ between sexes (21% males, 36% females

with cantharidin, x2 = 28.97, P = 0.41; male liver: 6.4664.50 mg/

g, female liver: 8.0264.62 mg/g; x2 = 0.05, P = 0.83; male kidney:

0.7660.23 mg/g, female kidney: 0.5560.15 mg/g; x2 = 0.33,

P = 0.56).

Cantharidin concentration in blister beetles
Average cantharidin concentrations in blister beetles were

39.51647.58 mg/g (range: 1.5–156.7 mg/g) and 19.32610.96

mg/g (range: 7.4–30.9 mg/g), respectively in Berberomeloe majalis
(n = 58) and Physomeloe corallifer (n = 5).

Selection of blister beetles by great bustards
The frequency distribution of blister beetles in faeces did not

differ between years (x2 = 1.89, d.f. = 3, P = 0.595). At least one

blister beetle was found in 34% of the samples (n = 72), with 62

faeces containing just one individual (29%), 6 faeces two

individuals (3%) and 4 faeces three individuals (2%). Blister beetle

consumption by great bustards was clearly male-biased. First,

blister beetles were significantly more frequent in male than in

female faeces (Table 2). Second, the biomass and abundance of

blister beetles were significantly greater in male than in female

faeces. Third, males selected blister beetles among other inverte-

brates, both in number of individuals and biomass, compared to

their abundance in the field, whereas females did not (Fig. 4 A, B).

And finally, males selected the largest blister beetles among those

available, whereas females did not (Fig. 4 C). Moreover, among

seven insect taxa consumed by great bustards (Acrididae,

Formicidae, Hemiptera, Curculionidae, Meloidae, Scarabeidae

and Tenebrionidae), there was only a selection of larger prey sizes

by males compared to females in Tenebrionidae (F1,40 = 9.61

p = 0.003) and Meloidae (F1,22 = 4.37 p = 0.048), and the largest

size differences were found in the latter (Meloidae: 1.6 times larger

prey in great bustard males; 595.3 mg average size in males vs

370.7 mg in females; Tenebrionidae: 1.3 times larger prey in

males; 144.8 mg average size in males vs 109.5 mg in females).

Discussion

Great bustards consumed blister beetles, which contain

cantharidin, a highly toxic compound that is lethal in high doses

[25], but has a demonstrated nematocide and bactericide activity

even at low concentrations [53–55]. There are various hypotheses

that could explain this behaviour, the predictions of which are

summarized in Table S1 and discussed in detail below.

The nutritional value hypothesis would explain blister beetle

consumption based on their large size, low mobility and short

handling time (which make them a highly profitable prey). In spite

of the clumped distribution of blister beetles, which would allow

bustards to eat more than one at a time, the birds usually

consumed only one individual (a maximum of three, Table 2).

This limited intake suggests that great bustards are not fully

resistant to cantharidin, and indeed the intake of more than a few

blister beetles is lethal [25]. Blister beetles may be consumed for

nutritional purposes to the limits of their toxicity, however, male-

biased blister beetle consumption is not explained through this

hypothesis.

The predator deterrence hypothesis suggests that cantharidin

would make great bustards appear toxic to their predators, thus

helping them to avoid predator attacks, as suggested for the spur-

winged goose Plectropterus gambensis, an African bird that also

eats blister beetles [19]. In support of this hypothesis, we found

cantharidin in the kidneys and livers of great bustards. Against this

hypothesis, intoxication of bustard predators like golden eagles

Aquila chrysaetus or foxes Vulpes vulpes has never been reported.

In several Spanish localities, local people report that great bustards

were once hunted for their meat, and this species was sometimes

rated as a delicacy [56], with no reported cases of intoxication in

humans. Thus, we discard the predator deterrence hypothesis as

an explanation of the presence of cantharidin in the kidneys or

livers of great bustards.

The self-medication hypothesis proposes a health benefit to the

consumer. Great bustards may use cantharidin to fight against

disease agents. Following de Roode et al. [7], five conditions must

be met for food intake behaviour to qualify as medication:

i) Ingestion or external application of a third
species or chemical. Great bustards fulfil this

condition because they consume blister beetles that

contain cantharidin, a toxic chemical with high

immunogenicity which is avoided by most animals

[17,20]. Cantharidin could be excreted through the

uropygial gland as a defence against ectoparasites and

bacterial infection, but great bustards lack an uropygial

gland [57]. Cantharidin may be accumulated in

kidneys and liver, and slowly disseminated for periods

longer than few hours after ingestion.

ii) The chemical ingested should enhance host
fitness by increasing tolerance to infection or
reducing parasite load or parasite fitness.
Although the conservation status of our study species

did not allow us to perform manipulative experiments

to show this (see below), it is known that cantharidin

acts in blister beetles as fungicide [18] and nematocide

[55], and that it has a demonstrated nematocide

capacity [53,54]. We showed that cantharidin also

demostrates bactericidal activity against potentially

pathogenic bacteria affecting great bustards (Fig. 3).

iii) It should entail an antinutritional cost due to
its toxicity. The negative effects of cantharidin for

most animals are well known [19,20,58,59]. Great
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bustards tolerate cantharidin, but are not fully

resistant to it, as suggested by the limited number of

blister beetles found in faeces and stomachs (either

none or just one blister beetle in most faeces;

Table 2; see also [25])

iv) The medication behaviour must be shown to
operate in the natural environment of the
host; the effect of an artificial diet does not
demonstrate its relevance in nature. In our

case, all samples of pathogens and tissues were taken

from birds in their natural environment.

v) The behaviour must be initiated by parasite
infection (therapeutic medication) or in
response to parasite risk (prophylactic
medication). Great bustards show high preva-

lence of several parasites and pathogens [60]

(Table 1), which suggests blister beetle consumption

could be both, therapeutic and prophylactic against

most bacteria and parasites identified in faeces. As in

ii), due to ethical and logistic reasons explained below

it was not possible to test predictions in field

conditions or through manipulative experiments.

Our results were consistent with most of Roode et al.’s
conditions specified above. Thus, consumption of blister beetles

by great bustards could be interpreted as a self-medication

behaviour. Moreover, the higher consumption by males suggests

an additional function only in this sex. As discussed below, the

most plausible function we can think of is its use as a mechanism to

appear more healthy to females and thus increase their mating

success. Nevertheless, the suggested link between self-medi-

cation and sexual selection cannot be definitely tested through

Figure 3. Sensitivity (%; A) and inhibition halo (mm, mean ± SD; B) of bacteria species isolated from faeces after 24 h exposure to
cantharidin concentration (control without cantharidin, 1:100000, 1:10000, 1:1000, 1:100 and 1:10).
doi:10.1371/journal.pone.0111057.g003
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manipulative experiments using great bustards for various ethical

and logistic reasons: (1) the species is globally endangered and

strictly protected; (2) the risk of poisoning adult males in captivity,

by allowing them to feed ad libitum on blister beetles; (3) capturing

and recapturing wild individuals during courtship to take

measurements and samples aiming at testing this prediction would

imply increasing their stress level and exposing them to serious risk

of death; (4) correlating mating success or pathogen prevalence to

cantharidin consumption in individual males is practically

impossible due to the low number of effective copulations

[13,30,31,61,62], and to the difficulties mentioned in (3).

As for the higher consumption of blister beetles by males, it was

clear from our results. First, the occurrence, abundance and

biomass of blister beetles were much higher in the diet of male

than female great bustards (Table 2), even after controlling for the

sexual difference in body size (Table 2, weighted abundance,

weighted biomass). Second, males but not females showed a clear

preference for this prey among all invertebrates available (Fig. 4).

And third, males selected those of largest size, showing significant

large-size selection compared to females only in this (Meloidae)

and another family (Tenebrionidae) of their prey spectrum, with

much higher differences in average prey size in Meloidae. The

absence of a sexual difference in cantharidin content in livers and

kidneys of carcasses collected throughout the year did not

necessarily contradict the male-biased consumption established

through faeces analysis, because the presence of cantharidin in

winter carcasses means that it was stored since the previous spring,

and during this long time males and females could have made a

differential use of the compound. For example, although males

ingested more cantharidin than females, it is likely that males need

more cantharidin to deal with a higher pathogen and parasite

burden than females, since during courtship males surely have a

reduced immune resistance associated to their strenuous invest-

ment in sexual display [13,26,27].

The absence of a sex difference in prevalence of cantharidin-

sensitive pathogens in faeces during the breeding season (with the

exception of Kocuria sp, which has not been cited as a bacterium

producing STDs [63]), supports this conclusion; otherwise the

observed male-biased cantharidin intake would have resulted in a

higher abundance of pathogens in females.

If males use cantharidin to reduce their intestinal parasite and

pathogen load, a clean cloaca could be an honest signal of a low

probability of being a carrier of STD agents. Infections with some

of the identified pathogens in bustard faeces such as E. coli and

Sthaphylococcus sp, or parasite helminths, usually produce

diarrhoea symptoms [64], which may be detected by females via

visual inspection of the males’ cloaca (Fig. 2E). Females probably

accept mating with a male only after checking that helminths are

not visible (Fig. 2D), and that diarrhoea and odour effects caused

by these and other gastrointestinal parasites are absent around its

cloaca [63]. Female pecking may induce the protrusion of the

male’s cloaca to better show the presence or absence of disease

agents or their signs. We suggest that it is the importance of

selecting the healthiest male that explains the exhaustive

inspection of the male’s cloaca performed by the female prior to

mating, and contributes to the strongly skewed male mating

success and extremely choosy mate selection shown by females in

this species compared to other lekking birds [13]. Behaviours

facilitating male health evaluation are particularly important in

strongly polygynous species, in which a female is likely to mate

with a male that has already copulated with other females,

increasing the risk of disease transmission [65]. The ability of

females to recognize and avoid infected males has been observed

in other lekking birds [66,67]. It is not unlikely that self-medication

has also evolved in great bustards as a sexual selection mechanism

capable of transmitting to females a signal of good resistance to a

poisonous compound, in a similar way as other costly secondary

sexual traits are exhibited by males of many species, and correlated

with their mating success.

Exposure of the cloaca is widespread in pre-copulatory displays

of birds and has been related with high probability of transmission

of sexual diseases [29]. However, cloaca pecking has only been

observed in three species [28,68,69]. In these species, it is males

who inspect the cloaca of females, contrasting with great bustard,

Table 2. Differences in blister beetle consumption between male and female great bustards.

Consumption of blister beetles == RR test df P

Faeces (n total) 131 81

Occurrence (% of faeces) 42.74 19.75 11.800{ 1 0.001

Abundance (n/faeces) 0.5260.69 0.2260.50 3.201{{ 1 0.001

Weighted abundance (n/g of faeces) 0.3560.72 0.1960.47 2.041{{ 1 0.041

Biomass (g/faeces) 0.2860.38 0.0660.14 3.181{{ 1 0.001

Weighted biomass (g/g of faeces) 0.1960.39 0.0660.14 2.420{{ 1 0.016

Stomach content (n total) 12 5

Occurrence (% of stomachs) 41.66 20 0.726{ 1 0.600

Abundance (n/stomach content) 1.8060.80 160 - {{{

Weighted abundance (n/g of stomach content) 0.1560.14 0.0660 - {{{

Biomass (g/stomach content) 1.0760.51 0.3760 - {{{

Weighted biomass (g/g of stomach content) 0.1160.09 0.0260 - {{{

{x2 test.
{{GLM test with Poisson distribution.
{{{Significance values cannot be determined because there was only one female stomach with a blister beetle.
Occurrence (%) is the percentage of faeces or stomachs where blister beetles were found. Abundance is the number (n) of blister beetles per excrement and stomach.
Weighted abundance (n/g) takes into account the larger size of male faeces and stomachs, and expresses the number of blister beetles per gram of faeces and stomach
content (n/g). Biomass is expressed as dry weight (g) of blister beetles per excrement and stomach, and weighted biomass is defined as dry weight (g) of blister beetle
per gram of excrement and stomach content (g/g) (n = 212 faeces and n = 17 stomach contents). Data are means 6 SD.
doi:10.1371/journal.pone.0111057.t002
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and the behaviour has been explained within a context of high

sperm competition, extreme degree of polygynandry, or a high

level of extra-pair copulations [29,33]. Long-lived birds with

mating systems characterized by multiple matings are the most

likely candidates to have coevolved with virulent STDs [29,32,65].

This condition is fulfilled in the great bustard, and also in the great

Indian bustard (Ardeotis nigriceps), a species that also consumes

blister beetles (Cylindrothorax tenuicollis) and exhibits a similar

cloaca inspection behaviour during courtship [70].

Another indirect argument supporting a relationship between

self-medication and sexual selection is derived from the temporal

scenario for the evolution of blister beetle consumption in great

bustards. The intake of blister beetles in other species of the

bustard family (Otididae) has been occasionally reported [70,71]

in non-sister branches along their phylogeny [72], suggesting that

the potential to tolerate low levels of cantharidin could have

evolved at early stages of the evolution of the family. Elaborate

courting displays, including exposure of the cloaca, are a common

feature for all known populations of great bustards [30,31,61], and

therefore, sexual selection through female choice was developed in

O. tarda before subsequent geographic isolation of populations

occurred [73]. On the other hand, consumption of blister beetles

by great bustards has been only reported for the Iberian

populations [15,16,36,37], suggesting that self-medicating behav-

iour might have evolved independently in these populations. An

independent origin for self-medication in Iberian great bustards is

fully congruent with the species’ phylogeographic patterns and

fossil record, which suggest genetic isolation of the Iberian

populations with respect to other European nuclei for at least

200,000 years [73–75]. It is also congruent with the geographic

distribution of blister beetles of the genera Berberomeloe and

Physomeloe, which are present only in the Iberian Peninsula.

Beetles of the family Meloidae co-occur with great bustards all

over their geographic range [39], but large species of the genus

Berberomeloe, are actively and conspicuously wandering at full

sunlight in the steppe areas where great bustards perform their

courtship display [40,76]. Under this scenario, the rapid and

recent evolution of blister beetle consumption, so far restricted at

the population level, could be a direct consequence of the action of

strong sexual selection at a local geographic scale.

In conclusion, the hypothesis that self-medication by male great

bustards might have evolved in a sexual selection context still

needs a definitive demonstration, but its proposal here is based on

reasoned arguments and relevant literature (Table S1). We suggest

that males use self-medication not only to overcome the pathogen

burden during a strenuous display, but also to withstand the close

scrutiny of choosy females, showing a clean cloaca as honest signal

of health, and so increasing their mating success. The expected

relationship between self-medication and subsequent greater

mating success, necessary to demonstrate a direct link with sexual

selection, is extremely difficult, if not impossible to measure in

great bustards at present, but it could be explored in other species.

In spite of the universality of sexual selection theory, self-

medication has probably been overlooked as a sexually-selected

mechanism enhancing male fitness.

Supporting Information

Table S1 Hypotheses about the potential function of blister

beetle consumption in great bustards. Hypotheses were grouped

by selective processes: natural selection and sexual selection. The

nutritional value hypothesis explains consumption of blister beetles

based on their large size, low mobility and short handling time

(i.e., high rate of net energy intake). The predator deterrence
hypothesis suggests that great bustards may incorporate canthar-

idin in their tissues to become toxic to predators. The self-
medication hypothesis poses a health benefit to the consumer. The

sexual selection mechanism hypothesis suggests an indicator

function based on the observed male-biased blister beetle

consumption and male cloaca inspection by females. All

Figure 4. Blister beetle relative abundance (A) and biomass (B)
in relation to all invertebrates sampled in field transects
(column ‘available’), and found in faeces of females and males
(columns ‘consumed’) in two springs (2006 and 2007). (C) Mean
body size (6 SD, g) of blister beetles sampled in field transects (column
‘available’) and found in faeces of females and males (columns
‘consumed’) in two springs (2006 and 2007). Differences in A and B
were compared with the test of differences between percentages, and
those in C with a Student’s t-test, in all cases with data from both years
pooled (horizontal lines; ns: P.0.05, *: P,0.05, **: P,0.01).
doi:10.1371/journal.pone.0111057.g004
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hypotheses predict blister beetles are ingested, but differ in the

amount ingested.
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