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THESIS STRUCTURE  

This thesis is structured in eight main sections. In addition to a general ABSTRACT, first 

section constitutes a general INTRODUCTION, where the conceptual framework is 

established. Additionally, the first section details the OBJECTIVES of this work and the 

general METHODS that have been used throughout several chapters that constitute 

the present thesis, including the study area, study species and general fieldwork 

procedures. The methodology is supplemented by the specific procedures used to 

develop each objective, which have been included in each relevant chapter. The 

following six sections include chapters with the RESULTS of each study in standard 

scientific article format. Finally, last sections include GENERAL DISCUSSION and 

CONCLUSIONS which complete the present PhD thesis.  
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Abstract 

An increasing number of studies have shown that birds can detect odours in several 

ecological contexts. The ability to use the sense of smell to detect and respond to 

chemical cues of prey and predators is essential for the survival of birds, because 

foraging and predator avoidance are essential requirements with important 

consequences for the fitness of birds. This thesis considers birds both as predators and 

prey, providing valuable information about the chemical ecology of birds.  

Birds have developed different methods for prey location in order to maximize 

their foraging effort and increase their fitness. Previous evidence shows that birds are 

able to perceive odours in the process of foraging. This thesis studies the chemical 

ecology of birds to understand the role of chemical cues in multi-trophic interactions 

involving trees, insects and insectivorous birds, and whether birds are also able to 

detect the chemical cues emitted by the prey itself to locate them and maximise their 

foraging effort. Plants emit herbivore-induced plant volatiles (HIPVs) when they are 

attacked by herbivorous arthropods to attract natural enemies of herbivores, and 

previous studies have suggested that insectivorous birds can detect the HIPVs and use 

them for prey location in order to optimize their foraging effort in different plant-

herbivory-predator systems. However, our results showed that neither insectivorous 

adult birds nor inexperienced nestlings were attracted to trees treated with methyl 

jasmonate (MeJa), a phytohormone involved in the development of the defence 

response of plants and in the release of HIPVs (Chapter 1). Further studies are needed 

to disentangle whether the potential differences in the emission of volatiles between 

herbivore-infested plants and plants treated with MeJa can explain the lack of 

attraction of bird predators to MeJa-treated Pyrenean oak trees. In addition to use 

indirect cues to find their prey, we show that insectivorous birds are able to detect the 

pheromones emitted by winter moth (Operophtera brumata) females to attract males, 

exploiting the prey pheromones as a method of prey location (Chapter 2). Therefore, 

the attraction of birds to the pheromones of female moths adds birds to the list of 

predators that are able to eavesdrop the chemical cues emitted by their prey for mate 

attraction. 
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In addition to study the use of chemical cues by birds to locate prey and 

maximize their foraging effort, we have explored in depth the ability of birds to detect 

the chemical cues of predators to accurately assess the risk of predation and adjust 

their antipredatory behaviour accordingly. Birds have developed different strategies to 

reduce the risk of predation, because the ability to distinguish between threatening 

cues and non-threatening cues is essential to avoid predation and increase the 

reproductive success. This thesis explores whether birds are able to ascertain predator 

presence and respond with different adaptive behavioural strategies when they 

detected predator chemical cues inside the nest (Chapter 3-5) or when they found 

predator cues in the surroundings of their nests (Chapter 6).  

Many bird species can detect predator chemical cues and use them to assess the 

level of predation risk in different contexts. For example, previous evidence suggests 

that birds in captivity are able to detect predator scents and avoid roosting in nest 

boxes containing such cues. We tested whether birds also show this avoidance 

response under natural conditions, and we found no differences in the use of nest 

boxes for roosting in relation to the predation risk perceived (Chapter 3). This result 

suggests that chemical cues indicating the potential presence of a predator are not 

enough for birds to avoid roosting in nest boxes under natural conditions during the 

winter. In natural conditions, territory maintenance or thermoregulatory benefits of 

roosting in nest boxes may overcome the perceived risk of predation when only 

predator chemical cues are present. Further research is needed to assess whether this 

lack of avoidance of roosting in predator scented nest boxes is maintained when 

thermoregulatory costs of sleeping outside nest boxes are lower. 

Predation can also determine the survival and the reproductive success of birds 

during the breeding period. Therefore, birds have also developed different behavioural 

strategies to reduce the risk of predation during the reproduction. For example, bird 

species that nest in open areas often cover their eggs to decrease the risk of predators 

detecting the clutches. We simulated the visit of a predator to the nest by introducing 

chemical cues of a predator inside the nest box during the laying period, and we found 

that birds exposed to an increase in the risk of predation covered their eggs more 

frequently than birds exposed to an odorous control (Chapter 4). Therefore, our 
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results suggest that egg covering behaviour may have evolved an antipredator strategy 

to reduce the risk of egg predation and increase the reproductive success in cavity 

nester birds.  

This thesis also shows that birds modified their parental behaviour when they 

detected predator chemical cues inside the nest, exhibiting behavioural differences 

between females and males in the risk afforced when taking care of nestlings. When 

parents were exposed to predator chemical cues, females assumed greater risk than 

males. Differential investment in the reproduction may explain this sexual differences 

in risk taking behaviour, as females invest more time and energy than males in nest-

building, laying and incubation. Therefore, the value of nestlings may be higher for the 

females than for the males and females assume greater risks to ensure nestling 

growth. The results also showed that nestlings detected the chemical cues. Specifically, 

nestlings respond by decreasing their begging behaviour when they were exposed to 

the chemical cues of a heterospecific animal, probably to minimize detectability by 

predators (Chapter 5). Further research in other species with different sexual 

investment during the reproduction are needed to explore how females and males 

respond to percived predation risk in relation to the reproductive value of the 

offspring for each parent sex.  

In addition to use predator chemical cues, according to the threat sensitive 

hypothesis, birds may use more than one predator cue in order to accurately assess 

the level of predation risk. This may be especially important to minimize the risk of 

predation during the breeding period. In this assessment, the behaviour of predators 

can provide important information to evaluate the motivation of the predator to 

launch an attack. However, there were no previous studies that have examined the 

importance of behavioural, visual and chemical cues of predators on the antipredatory 

behaviour of birds. Our results show that birds were able to detect the behavioural 

cues of predators and exhibited greater antipredatory behaviours when exposed to a 

live predator than to a stuffed model with chemical cues (Chapter 6). This result 

suggests that birds are able to use the behavioural, visual and chemical cues of 

predators to assess the level of predation risk and adjust their antipredatory behaviour 

accordingly. Our results are in accordance with the threat sensitive hypothesis that 
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suggests that natural selection may have favoured the assessment of predation risk by 

integrating all information available from all predator cues presented to adjust the 

degree of antipredatory behaviour of animals. 

Overall, this thesis provides new evidence about the use of olfaction by birds in 

multiple ecological contexts, and it shows how birds have developed different 

strategies to solve two of their main needs: foraging and predator avoidance. 
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Resumen 

Un número creciente de estudios ha mostrado que las aves pueden detectar olores en 

diferentes contextos ecológicos. La capacidad de usar el sentido del olfato para 

detectar y responder a las señales químicas de presas y depredadores es esencial para 

la supervivencia de las aves debido a que la búsqueda de alimento y la evitación de la 

depredación son requerimientos esenciales con importantes consecuencias para la 

eficacia biológica de las aves. En esta tesis las aves son consideradas como presas y 

depredadores, aportando información de gran valor sobre la ecología química de las 

aves.  

Las aves han desarrollado diferentes estrategias para localizar a sus presas con el 

fin de optimizar su esfuerzo en la búsqueda de alimento e incrementar su eficacia 

biológica. Estudios previos muestran que las aves son capaces de percibir olores en la 

búsqueda de alimento. En esta tesis se estudia la ecología química de las aves para 

tratar de entender el papel de las señales químicas en las interacciones multitróficas 

que incluyen árboles, insectos herbívoros y aves insectívoras. Además, se estudia si las 

aves son capaces de detectar y localizar las señales químicas emitidas por sus presas 

para maximizar su esfuerzo en la búsqueda de alimento. Las plantas emiten volátiles 

inducidos por herbivoría (HIPVs) cuando son atacadas por herbívoros artrópodos con 

el fin de atraer a los enemigos naturales de los herbívoros, y algunos estudios han 

sugerido que las aves insectívoras pueden detectar los HIPVs y usarlos para localizar a 

sus presas y optimizar su esfuerzo en la búsqueda de alimento en diferentes sistemas 

que incluyen plantas, herbívoros y depredadores. Sin embargo, nuestros resultados 

muestran que ni las aves insectívoras adultas, ni los polluelos sin experiencia, fueron 

atraídos por los árboles tratados con metil jasmonato (MeJa), una fitohormona 

involucrada en el desarrollo de la respuesta de defensa de las plantas y en la emisión 

de HIPVs (Capítulo 1). Son necesarios más estudios para tratar de averiguar si las 

diferencias en la emisión de volátiles entre las plantas infestadas por artrópodos 

herbívoros y las plantas tratadas con MeJa pueden explicar la falta de atracción de las 

aves insectívoras por los árboles de roble melojo tratados con MeJa. Además de usar 

señales indirectas para encontrar a sus presas, mostramos que las aves insectívoras 

son capaces de detectar y explotar las feromonas emitidas por las hembras de la polilla 
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de invierno (Operophtera brumata) para atraer a los machos como una estrategia para 

localizar a sus presas (Capítulo 2). Por tanto, las aves pueden ser incluidas en la lista de 

depredadores que son capaces de interceptar las señales químicas emitidas por sus 

presas para la atracción de pareja. 

Además de estudiar el uso de señales químicas para localizar a sus presas y 

optimizar su esfuerzo en la búsqueda de alimento, hemos explorado en profundidad la 

capacidad de las aves de detectar las señales químicas de los depredadores para 

evaluar el riesgo de depredación y ajustar su comportamiento antidepredatorio. Las 

aves han desarrollado diferentes estrategias para reducir el riesgo de depredación, 

porque la capacidad de distinguir entre señales que suponen una amenaza y señales 

que no suponen un riesgo podría ser esencial para evitar la depredación e incrementar 

el éxito reproductivo. Esta tesis estudia si las aves son capaces de detectar la presencia 

de depredadores y responder con diferentes estrategias comportamentales cuando 

detectan señales químicas de depredador dentro del nido (Capítulo 3-5) o cuando 

encuentran señales de depredador en los alrededores del nido (Capítulo 6). 

Muchas especies de aves pueden detectar las señales químicas de depredadores 

y usarlas para evaluar el nivel del riesgo de depredación en diferentes contextos. Por 

ejemplo, estudios previos sugieren que las aves que utilizan cavidades son capaces de 

detectar señales de depredadores y evitan pasar la noche en cajas nido que contienen 

señales químicas de depredador. En esta tesis estudiamos si las aves también 

muestran esta respuesta de evitación en condiciones naturales. Sin embargo, no 

encontramos diferencias en el uso de cajas nido para pasar la noche en relación con el 

riesgo de depredación percibido (Capítulo 3). Este resultado sugiere que las señales 

químicas que indican la posible presencia de un depredador no son suficientes para 

que las aves eviten pasar la noche en cajas nido en condiciones naturales durante el 

invierno. En condiciones naturales, el mantenimiento del territorio o los beneficios en 

términos de termorregulación de utilizar cajas nido para pasar la noche puede que 

prevalezcan ante el riesgo de depredación percibido cuando sólo están presentes las 

señales químicas de un depredador. Son necesarios más estudios para evaluar si la 

falta de evitación de pasar la noche en cajas nido con señales de depredador se 
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mantiene cuando los costes de termorregulación debidos a pasar la noche a la 

intemperie son bajos.  

Además de incrementar el riesgo de mortalidad cuando las aves usan cavidades 

para pasar la noche, la depredación puede determinar la supervivencia y el éxito 

reproductivo de las aves durante el periodo de cría. Por tanto, las aves han 

desarrollado diferentes estrategias comportamentales para reducir el riesgo de 

depredación durante la reproducción. Por ejemplo, las especies de aves que anidan en 

lugares abiertos cubren sus huevos frecuentemente para disminuir el riesgo de que los 

depredadores detecten la puesta. En esta tesis simulamos la visita de un depredador 

en el nido introduciendo señales químicas de un depredador dentro de la caja nido 

durante el periodo de puesta, y encontramos que las aves expuestas a un incremento 

en el riesgo de depredación cubrieron sus huevos con mayor frecuencia que las aves 

expuestas a un olor control (Capítulo 4). Por tanto, los resultados sugieren que el 

comportamiento de cubrir la puesta puede haber evolucionado como una estrategia 

antidepredatoria para reducir el riesgo de depredación de los huevos e incrementar el 

éxito reproductivo en aves que anidan en cavidades.  

Esta tesis también muestra que las aves modificaron su comportamiento 

parental cuando detectaron señales químicas de depredador dentro del nido, 

exhibiendo diferencias comportamentales entre hembras y machos en el riesgo de 

depredación que asumieron durante el cuidado de los polluelos. Las hembras 

asumieron un mayor riesgo que los machos cuando fueron expuestas a señales 

químicas de depredador. Las diferencias sexuales en la inversión parental durante la 

reproducción podrían explicar las diferencias en el riesgo que asumieron ambos 

padres, ya que las hembras invierten más tiempo y energía que los machos en la 

construcción del nido, la puesta y la incubación. Por ello, el valor de la descendencia 

podría ser mayor para las hembras que para los machos y, por tanto, hacer que las 

hembras asuman un mayor riesgo de depredación para garantizar el crecimiento de los 

polluelos. Los resultados también muestran que los polluelos detectaron las señales 

químicas y respondieron disminuyendo su comportamiento de solicitar alimento 

cuando fueron expuestos a señales químicas de un animal heteroespecífico, 

probablemente para evitar atraer a los depredadores (Capítulo 5). Son necesarios 
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estudios futuros en otras especies con distinta inversión sexual en la reproducción que 

exploren cómo las hembras y los machos responden al riesgo de depredación en 

relación al valor reproductivo de la descendencia para ambos sexos.  

Además de usar señales químicas de depredador, de acuerdo con la hipótesis de 

la sensibilidad al riesgo, las aves deberían usar más de una señal de depredador para 

evaluar adecuadamente el nivel del riesgo de depredación, ya que puede ser muy 

importante para minimizar el riesgo de depredación durante el periodo de cría. Por 

ejemplo, el comportamiento de un depredador puede ofrecer una información 

importante para evaluar la motivación del depredador para llevar a cabo un ataque. 

Sin embargo, no hay estudios que hayan examinado la importancia de las señales 

químicas, visuales y comportamentales de un depredador en el comportamiento 

antidepredatorio de las aves. Nuestros resultados muestran que las aves fueron 

capaces de detectar las señales comportamentales de los depredadores, exhibiendo 

un mayor comportamiento antidepredatorio cuando las aves fueron expuestas a un 

depredador vivo que cuando fueron expuestas a un modelo de depredador disecado 

con señales químicas (Capítulo 6). Esto sugiere que las aves son capaces de usar las 

señales químicas, visuales y comportamentales de los depredadores para evaluar el 

nivel del riesgo de depredación y ajustar su comportamiento antidepredatorio en 

consecuencia. Estos resultados apoyan la hipótesis de la sensibilidad al riesgo que 

sugiere que la selección natural ha favorecido la evaluación del riesgo de depredación 

integrando toda la información disponible de todas las señales de depredador 

presentes para ajustar el comportamiento antidepredatorio de los animales en 

consecuencia.  

Por tanto, esta tesis proporciona nuevas evidencias sobre el uso del olfato de las 

aves en varios contextos ecológicos, y cómo las aves han desarrollado diferentes 

estrategias para resolver dos de sus principales necesidades: la búsqueda de alimento 

y la evitación de la depredación. 
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Introduction 

Animals use the senses to obtain information about the environment. Therefore, 

signals or cues can be considered as the basis that mediates the relationships between 

the animals and their environment, including other organisms. Animals can use 

different signals to transfer information to other organisms, such as acoustic, visual or 

olfactory signals. However, the olfactory system is one of the main sensory systems 

used by most animals (Wyatt, 2003; Müller-Schwarze, 2006), perhaps because 

chemical communication is the most ancient forms of communication (Wyatt, 2003). 

Chemical communication probably was the main mechanism used in the first stages of 

the organism evolution, as a primitive mechanism to obtain and transfer information. 

Organisms developed the capability to locate other organisms by chemical detection, 

and the chemical sense was probably the first sense used by organisms to locate other 

organisms to exchange genetic material. Also, organisms used the chemical sense as a 

mechanism to detect chemical cues of other organisms when searching for prey or 

avoiding predators (Shorey, 2013). So, chemical cues play an important role in inter 

and intraspecific communication, as well as, sexual selection (Wyatt, 2003; Müller-

Schwarze, 2006), and they are essential for the survival of most animal species. 

Chemical ecology includes the study of communication mediated by chemical 

compounds in the same species (intraspecific communication) or between species 

(interspecific communication) with honest or deceptive signals (Bagnères and 

Hossaert-Mckey, 2016). The main basis of communication is that the reception of a 

signal produces a response in the receiver (Hasson, 1994; Bradbury and Vehrencamp, 

2011). When a chemical compound intentionally changes or maintains the response of 

the receiver is named as signal, and when unintentionally changes or maintains the 

response of the receiver is considered as a cue (Otte, 1974; Maynard-Smith and Haper, 

2003; Stevens, 2013). Therefore, when the chemical compound is used by a conspecific 

it is normally called signal, but when it is detected by a heterospecific, it is called cue. 

So, the same chemical compound can have dual or multiple functions in chemical 

ecology because chemical compounds can convey information and influence the 

behaviour of individuals of the same or different species (Stevens, 2013). However, the 

same chemical compound could be interpreted in different ways by different species 
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involved in different interactions. For example, the same chemical compound could 

simultaneously attract partners (chemical signal) and be detected by predators or prey 

(chemical cue) (Wyatt, 2003).  

In chemical ecology, semiochemicals are considered as chemicals involved in 

chemical interactions between individuals. The semiochemicals involved in particular 

communicative-functions in intraspecific interactions, are named pheromones (Wyatt, 

2014). Pheromones usually cause a specific reaction in other individual of the same 

species, and are used in mate attraction and mate choice (Johansson and Jones, 2007).  

The chemical compounds that animals use for social communication can range 

from a single compound that induce a fixed response, such as the pheromone released 

by many insect females to attract males, to complex mixtures of chemical compounds 

that provide information about the sender to which conspecific may react or not 

depending on their motivation or physiological state. For example, two components of 

the mouse urine (2-sec-butyl-4,5-dihydrothiazole and 2,3-dehydroexo-brevicomin) can 

elicit aggressive displays if the receiver is a male (Novotny et al., 1985) or induce 

oestrous if the receiver is a female (Jemiolo et al., 1986). This variation in chemical 

signals used by animals in social contexts is the result of both natural and sexual 

selective forces that have shaped the evolution of chemical cues (Wyatt, 2003). 

Chemical signals are frequently deposited as scent marks left on various 

substrates with the purpose of attracting mates or signalling territory ownership to 

rival conspecifics. When chemical cues emitted by an animal are condition-dependent 

(Andersson, 1994; Hill, 2011) or costly to the signaller (Zahavi, 1975), they may provide 

reliable information about the donor of the scent (Hill, 2011), and therefore can be 

used both by potential mates (Johansson and Jones, 2007; Thomas, 2011) or by rivals 

(e.g. Martin and López, 2007; Arakawa et al., 2008) to assess the quality of the 

transmitter. The scent marking behaviour offers the benefit that the animal can signal 

the territory ownership without the need to be present, so it can allocate this time to 

other activities. Chemical signals that animals emit may also provide useful 

information for potential partners or rivals about the sender, such as species, sex, age, 

and its quality in terms of body condition, health state, parasite load, reproductive 
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status and even genetic characteristics (Johansson and Jones, 2007; Arakawa et al., 

2008; Martin et al., 2017). Therefore, chemical signals play an important role in sexual 

and social selection (Andersson, 1994; Johansson and Jones, 2007).  

Despite the benefits of signalling by emitting chemical signals, it also has costs, 

because these semiochemicals or pheromones can be eavesdropped not only by 

conspecifics but also by predators to locate their prey or by prey to locate their 

predators. In these cases, semiochemicals involved in interspecific interactions are 

named as allelochemicals, and they are considered interspecific chemical cues (Wyatt, 

2003). When the semiochemicals are detected by predators, they are named 

kairomones (Wyatt, 2003). For example, predatory beetles use the pheromones of 

bark beetle prey to locate them (Wood, 1982).  

The importance of chemical communication has been studied in many taxa. Yet, 

the study of the role of olfaction in the life history of birds is in its beginnings, mostly 

because birds were traditionally considered almost anosmic. The lack of behavioural 

displays indicative of a reliance on olfactory cues, contrary to mammals that often 

display specific behaviours when they actively smell their environment (Roper, 1999), 

as well as the noteworthy coloration and song of birds, have long promoted the belief 

that birds were poor smellers. Vision and hearing were considered as the main senses 

that birds used to obtain information about their environment (Caro and Balthazart, 

2010).  

However, the olfactory system is present in all bird groups. There are anatomical 

and physiological evidence of functional olfaction in birds (Roper, 1999). The avian 

olfactory system consists of paired external nares, nasal chambers in the upper part of 

the beak, olfactory epithelium, olfactory nerves, and olfactory bulbs located at the 

anterior of the brain (reviewed in Mason and Clark, 2000; Clark et al., 2015). 

Moreover, a comparative study suggests that the evolution of avian olfactory 

apparatus is related to the interaction between ecological and behavioural traits 

(Avilés and Amo, 2018). In particular, Avilés and Amo (2018) show that the aquatic 

dependence and the differences in diet among bird species could have an effect in the 

relative size of the olfactory bulb. Bird species with a vegetarian and omnivore diet 
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appear to have a larger olfactory bulb in aquatic species than in terrestrial species. 

However, birds with an animal diet have a similar size of olfactory bulb in aquatic and 

terrestrial species. Furthermore, the size of the olfactory bulb seems to be associated 

with social complexity. Colonial species appear to have larger olfactory bulb than 

solitary species or species forming small aggregations (Avilés and Amo, 2008).  

So, olfaction is perfectly functional in birds. Birds have chemosensory abilities, 

and they can use the sense of smell to detect and respond adaptively to odours, 

besides responding to their environment through sight and sound. They can detect 

acoustic, visual and chemical cues, and all modalities can be essentials for survival. At 

the intraspecific level, olfaction seems to play a role in avian intraspecific 

communication (Hagelin and Jones, 2007; Caro and Balthazart, 2010; Caro et al., 2015). 

Some bird species can discriminate between subspecies using olfaction (Milahova et 

al., 2014), recognize the scent of their partners (Bonadonna and Nevitt, 2004; Van 

Huynh and Rice, 2019), discriminate the sex of conspecifics (Whittaker et al., 2011; 

Amo et al., 2012a), or use olfaction for kin recognition (Krause et al., 2012; Coffin et al., 

2011; Bonadonna and Sanz-Aguilar, 2012; Caspers et al., 2017; Rossi et al., 2017) or 

egg recognition (Golüke et al., 2016). Moreover, birds also seem to be able to evaluate 

the quality of conspecifics using olfaction (Amo et al., 2012b).  

Previous evidence suggests that birds are also able to detect chemical cues 

derived from their environment (Roper, 1999; Nevitt and Bonadonna, 2005; 

Lambrechts and Hossaert-McKey, 2006; Hagelin and Jones, 2007). Birds are known to 

use olfaction for detecting aromatic plants (Petit et al., 2002; Gwinner and Berger, 

2008; Mennerat, 2008) or for orientation and navigation (Wallraff, 2004; Nevitt and 

Bonadonna, 2005; Gagliardo, 2013). For example, birds can find their own burrows 

using olfaction (Mínguez, 1997; Bonadonna et al., 2004).  

Prey location 

Birds also use chemical cues to locate their prey and maximise their foraging 

effort. The use of chemical information in foraging activities could be an advantageous 

strategy to locate prey in places where visual information is only available at very short 

distances, as in areas with dense vegetation. For example, vultures appear to use 
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olfaction to locate the carcasses in the dense forests (Houston, 1986; Graves, 1992). 

The role of olfaction in foraging has also been suggested in honey-guides (family 

Indicatoridae) (Stager, 1967) and Oriental honey buzzards (Pernis orientalis) (Yang, 

2015). Some species of parrots can find their food using olfaction, as kakapos (Strigops 

habroptilus) (Hagelin, 2004). Kiwis (Apteryx australis) can also use olfaction when 

foraging (Wenzel, 1968; Cunningham et al., 2009). Procelariiformes (Nevitt et al., 1995; 

Bonadonna et al., 2004) and Sphenisciformes (Cunningham et al., 2008; Amo et al., 

2013a) can detect the dimethyl sulphide (DMS), a chemical compound released by 

phytoplankton in response to zooplankton grazing, as an indirect signal and use it to 

locate high productive areas in the oceans (Nevitt, 2011).  

Chemical communication also plays an important role in plant-herbivory-

predator interactions in terrestrial systems. When attacked by herbivorous arthropods, 

plants develop a defence response (Figure 1). The plant produces metabolites as a 

defence that may directly affect the performance of the herbivorous arthropod 

(induced direct defence) by, e.g. inhibiting feeding behaviour of insects, decreasing 

digestibility or intoxicating the insect (Schoonhoven et al., 2005). Furthermore, plants 

also emit herbivore-induced plant volatiles (HIPVs) that have an indirect defence 

function by attracting natural enemies of the herbivores, such as parasitoids and 

predators (induced indirect defence, Dicke et al., 1990; Turlings et al., 1990; Turlings 

and Tumlinson, 1992; Vet and Dicke, 1992; Dicke, 2015). The study of HIPVs has mainly 

focused on insect enemies of the herbivores (Schoonhoven et al., 2005; Mumm and 

Dicke, 2010; Dicke and Baldwin, 2010). However, recent evidence has shown that 

these HIPVs not only attract predatory insects but also vertebrate predators, because 

insectivorous birds also exploit the chemical indirect cues emitted by plants in 

response to caterpillar herbivory (Mäntylä et al., 2008a; Amo et al., 2013a; Mäntylä et 

al., 2017; Mrazova and Sam, 2018; Rubene et al., 2019; reviewed in Mrazova et al., 

2019). Mäntylä and collaborators (2004) provided the first evidence that insectivorous 

birds were able to discriminate between infested and uninfested trees without seeing 

the larvae or their damage on the leaves, and birds to herbivore infested trees. Vision 

(Mäntylä et al., 2008b) or olfaction (Mäntylä et al., 2008a) were proposed as the 

mechanisms responsible for the avian attraction to infested trees because larvae-
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infested trees differed from uninfested trees both in the in the reflectance of leaves of 

leaves and in the HIPVs that they emitted (Mäntylä et al., 2008a,b; Amo et al., 2013a; 

Mäntylä et al., 2017). Amo and collaborators (2013a) isolated the visual and chemical 

cues of larvae-infested apple trees and found that great tits (Parus major) were only 

attracted to infested trees when they could smell but not when they could only see the 

trees. Therefore, it seems that HIPVs can attract insectivorous birds (Amo et al., 2013a, 

but see Koski et al., 2015). A positive correlation between avian predation rates of 

artificial larvae and the quantity of emission of volatiles emitted by trees 

experimentally infested with caterpillars in natural conditions also suggests that 

olfaction may be the mechanism underlying bird attraction to caterpillar-infested trees 

(Mäntylä et al., 2008), although vision may also play an important role in finding prey 

(Rubene et al., 2019). Therefore, these evidence open a new and promising area to 

understand the role of chemical cues in multitrophic interactions involving plants, 

herbivorous insects and their predators, adding a new level to this food web. Anyhow, 

more studies in plant-herbivory-predator systems are needed to explore the ability of 

birds to use the chemical compounds of herbivore-infested plants to optimize foraging 

effort in different ecosystems.  

 
Figure 1. Direct and indirect defence response in plants. 
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The production of HIPVs is partly mediated by the jasmonic acid signalling 

pathway (Thaler et al., 1996, 2002). Therefore, HPVs are induced by the plant hormone 

jasmonic acid and its volatile methyl ester, methyl jasmonate (MeJa) (Dicke et al., 

1999; Koch et al., 1999). Jasmonates are products of the octadecanoid pathway, which 

has been identified as one of the main signal transduction pathways that are involved 

in the induced plant defence (Farmer and Ryan, 1990; Schoonhoven et al., 2005). 

Therefore, the treatment of plants with jasmonates could enhance HIPVs emissions 

(Martin et al., 2003). MeJa is one compound involved in the jasmonic acid signalling 

pathway, so exposure to MeJa often induces the release of HIPVs in uninfested plants 

(Hopke et al., 1994; Thaler et al., 1996; Degenhardt and Lincoln, 2006). Therefore, 

spraying MeJa solution on plants can induce the emission of volatiles similar to the 

HIPVs induced by herbivory and attract to herbivorous insect enemies. Zhang and 

collaborators (2009) showed that arthropod predators were attracted to trees infested 

by herbivores and trees treated with MeJa, but not to infested and untreated trees. 

Mäntylä and collaborators (2014) treated trees with MeJa solutions, and they also 

infested trees with larvae in field conditions. However, they did not find that MeJa-

treated trees attracted wild insectivorous birds, despite the fact that wild birds were 

attracted to trees infested with herbivores (Mäntylä et al., 2014). In contrast, evidence 

for bird attraction to MeJa-treated trees comes from recent studies showing that wild 

insectivorous birds were attracted to MeJa-treated trees instead of untreated trees 

(Mrazova and Sam, 2018; Mrazova et al., 2019). Due to the inconsistency of previous 

results, further research is needed to examine the bird attraction to MeJa treated trees 

in different plant-herbivore systems.  

To contribute to fill this knowlodge gap, we also studied whether wild 

insectivorous adult birds were attracted to Quercus pyrenaica oak trees treated with 

MeJa, and whether inexperienced blue tit (Cyanistes caeruleus) nestlings respond to 

the volatiles of MeJa-treated oak trees. We found that insectivorous adult birds were 

not attracted to trees treated with MeJa (Saavedra and Amo, 2018a, Chapter 1), 

despite recent studies suggest that insectivorous arthropods predators and bird 

predators are attracted to trees treated with MeJa (Mrazova and Sam, 2018, 2019, but 

see Mäntylä et al., 2014). We also found that blue tit nestlings without foraging 
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experience were not able to discriminate between the volatiles of trees treated with 

MeJa and those emitted from untreated trees. These results suggest that the 

attraction to infested trees is no innate. Probably, birds need to learn to associate 

HIPVs with herbivore infested trees through foraging experience, and naïve birds could 

not discriminate between infested and uninfested trees (Amo et al., 2016). Therefore, 

the results shown that neither insectivorous adult birds nor inexperienced nestlings 

were attracted to trees treated with MeJa (Saavedra and Amo, 2018a, Chapter 1).  

Birds may not only use indirect cues to find their prey (Nevitt et al., 1995; Amo et 

al., 2013; Mäntylä et al., 2017), and they can be also able to detect the chemical cues 

emitted by the prey themself. In many lepidopteran species, females release 

pheromones during the reproductive period in order to attract males (Cardé and 

Baker, 1984; Yew and Chung, 2015). Chemical signals, as pheromones, could be 

detected not only by potential partners but can also be eavesdropped by predators 

and parasites, increasing the risk of predation or parasitism for prey (Zuk and Kolluru, 

1998; Hughes et al., 2012). Many predator species can eavesdrop the chemical cues 

involved in mate attraction or signalling in different taxa, from invertebrates to 

vertebrates, such as insects, amphibians, reptiles and mammals (Wyatt, 2003). 

However, no study had examined whether insectivorous birds can use olfaction to 

detect the pheromones of adult lepidopteran and use them to locate their prey. We 

found that insectivorous birds could be able to detect the pheromones emitted by 

winter moth (Operophtera brumata) females to attract males, exploiting the 

pheromones as a method of prey location to maximize their foraging effort (Saavedra 

and Amo, 2018b; Chapter 2).  

Predator location 

Chemical cues that animals emit for intraspecific communication can not only be 

eavesdropped by predators, increasing the risk of predation, but these chemical cues 

can also be eavesdropped by potential prey, signalling the predator presence and 

therefore, decreasing the possibilities to capture the prey. For numerous prey species, 

the ability of ascertaining predators is an important component of antipredatory 

behaviour. The importance of chemical cues for predator recognition was documented 
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in a number of taxa, from invertebrates to vertebrates (Kats and Dill, 1998), and 

recently in birds, such as Passeriformes (Amo et al., 2008; Roth et al., 2008; Amo et al., 

2011a, 2015), Galliformes (Zidar and Løvlie, 2012) and Anseriformes (Eichholz et al., 

2012). 

The use of chemical cues of predators for assessment of predation risk could be 

important in many bird species, especially in those that, during part of their lifetime 

use habitats in which visual detection of predators is constrained. This is the case of 

hole-nesting birds such as the blue tit or the great tit, wich use cavities for breeding or 

roosting during the winter, where they can encounter predators such as mustelids. 

Results of a previous study suggested that birds avoid roosting in nest boxes containing 

such predator chemical cues in captivity (Amo et al., 2011a). The ability to use 

predator scent to assess the risk of predation when selecting a safe cavity where to 

roost seems to be especially important during the sleeping period, when the capability 

of birds to detect the visual cues of a predator is constraint (Amo et al., 2011b). 

However, this experiment was performed in aviaries, and studies in the field are 

needed to disentangle whether birds also avoid nest boxes containing predator 

chemical cues in natural conditions. We tested whether birds also showed this 

avoidance response under natural conditions during the winter, and we found no 

differences between the scent treatments in the use of nest boxes (Amo et al., 2018, 

Chapter 3). Therefore, chemical cues indicating the potential presence of a predator 

are not enough for birds to avoid roosting in nest boxes under natural conditions. 

Territory maintenance or thermoregulatory benefits of roosting in nest boxes may 

overcome the perceived risk of predation when only predator chemical cues are 

present.  

Predation is the principal cause of offspring mortality during the breeding period. 

Thus, the risk of predation can determine the reproductive success of birds. However, 

natural selection has favoured antipredator adaptations to reduce the risk of egg and 

nestling predation and increase the reproductive success (Caro, 2005; Lima, 2009). 

During the laying period, females usually lay one egg per day, and, in species with 

synchronic hatching of nestlings, there is an elapse of several days until the clutch is 

finished and incubation begins. During this period, birds may benefit if they use 
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antipredatory strategies to decrease the risk that predators find the nest and prey 

upon the clutch. For example, many bird species cover their eggs to hide them from 

predators. Egg covering as an antipredator behaviour has been generally studied on 

bird species that nest in open areas, but some bird species that nest in cavities, such as 

the blue tit, also cover their eggs. However, the function of egg covering remains 

unexplored in cavity nesters. We analysed whether egg covering is an antipredator 

strategy in the blue tit. We simulated the visit of a predator to the nest by introducing 

chemical cues of a predator inside the nest box during the laying period. Birds exposed 

to predator chemical cues in the nest covered their eggs more frequently than birds 

exposed to an odorous control (Saavedra and Amo, 2019, Chapter 4). We found that 

egg covering behaviour may have evolved an antipredator strategy to reduce the risk 

of egg predation and increase the reproductive success in cavity nester birds.  

Nesting mortality in birds is also primarily caused by predation. Thus, birds may 

exhibit antipredatory behaviours to avoid the risk of predation during the nestling 

period in order to maximize their fitness. For example, when blue tits were exposed to 

the scent of a predator inside the nest box where they were rearing 8 days old 

nestlings, parents delayed their entry to the nest box, and they perched on the hole of 

the nest box and refused to enter more times than when they were exposed to control 

scents inside the nest box. In addition, birds decreased the time spent inside the 

predator-scented nest box when feeding nestlings (Amo et al., 2008). However, in this 

previous study, the parents were not identified and therefore, it was no possible to 

examine whether the male and female differed in the risk they assume when finding 

cues of a predator inside the nest. To our knowledge, there were no previous studies 

that have compared the sexual differences in the antipredatory behaviour of blue tit 

parents in response to an increase of predation risk inside the nest boxes. We 

examined whether females and males differed in the risk assumed when taking care of 

nestlings in response to an increase in perceived risk of predation. We found that birds 

modified their parental behaviour when they detected predator chemical cues inside 

the nest, exhibiting behavioural differences between females and males in the risk 

afforded when taking care of nestlings. When parents were exposed to chemical 

predator cues, females assumed greater risk than males. Males entered the nest-box 
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sooner than females under low predation risk conditions. However, when there was a 

scent of a heterospecific animal inside the nest-box males tended to delay their entry 

to the nest-box whereas females tended to enter sooner. Differential investment in 

the reproduction may explain this sexual differences in risk taking behaviour, as 

females invest more time and energy than males in the early stages of reproduction, 

being responsible of nest-building, laying and incubation. Therefore, the value of 

nestlings may be higher for females than for males, leading to greater risks assumed by 

females to ensure nestling growth. The results of this study also showed that nestlings 

detected the chemical cues and responded by decreasing their begging behaviour 

when exposed to the chemical cues of a heterospecific animal, probably to avoid 

attracting predators to the nest (Chapter 5).  

Previous evidence suggests that chemical cues of predators can provide evidence 

of predator presence (Kats and Dill, 1998), and allow prey to evaluate the predation 

risk, even without the need of other cues, such as visual or acoustic cues. Indeed, 

results of a previous study showed that birds responded similarly to the presence of 

chemical or visual cues alone of a predator in the surroundings of the nest (Amo et al., 

2017), pointing out that the importance of olfaction in predator detection was 

underestimated in birds. However, the assessment of predation risk based only on 

chemical cues may lead to an overestimation of predation risk because chemical cues 

can remain in the area despite the predator is no longer present (Kats and Dill, 1998; 

Smith and Belk, 2001). In contrast, other cues, such as visual cues may provide more 

update information about predator presence (Smith and Belk, 2001). Visual cues may 

not only reveal the presence of a predator, but they may also provide important 

information about the behaviour and motivation of a predator to launch an attack, and 

the overall threat (Smith and Belk, 2001).  

According to the threat sensitivity hypothesis, that predicts that the antipredator 

behavioural responses of animals may be correlated with the magnitude of predation 

risk (Helfman, 1989), natural selection should favour individuals that display 

antipredator responses with an intensity that matches the current risk of predation, 

rather than responding to all predator cues in a similar way. This is because animals that 

show antipredator responses to unreal predation threats may incur in costs that stem 
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from energy expenditure and time loss, wich could otherwise be allocated to other 

activities, but animals that fail to respond to a real predator may incur survival costs 

(Helfman, 1989). Therefore, prey may exhibit greater antipredatory response when 

exposed to the combination of visual and chemical cues of predators than when exposed 

to a single predatory cue, as has been demonstrated in fishes (Hartman and Abrahams, 

2000; Chivers et al., 2001) or reptiles (Amo et al., 2004). The ability to use different 

predator cues to accurately assess the level of predation risk could be essential to 

minimize the risk of predation risk during the breeding period. Different studies found 

that birds exhibit a change in their behaviour in response to predator visual cues 

(Tvardíková and Fuchs, 2012; Ruiz et al., 2018). However, according to the threat 

sensitive hypothesis, birds may use more than one predator cue in order to accurately 

assess the level of predation risk. Nevertheless, there were no studies that examined the 

importance of chemical, visual and behavioural cues of predators on the antipredatory 

behaviour of birds. We examined the antipredatory behaviour of blue tit parents when 

they were exposed to live predators (chemical, visual and behavioural cues) or stuffed 

models of predators that also had predator chemical cues (chemical and visual cues). We 

found that blue tits were able to detect the behavioural cues of predators and exhibited 

greater antipredatory behaviours when exposed to a live predator than to a stuffed 

model with chemical cues (Chapter 6). The results suggest that birds use the chemical, 

visual and behavioural cues of the predators to assess the level of predation risk and 

adjust their antipredatory behaviour accordingly. These results are in accordance with 

the threat sensitive hypothesis that suggests that the natural selection may have 

favoured the assessment of predation risk by integrating all information available from 

all predator cues presented to adjust the degree of antipredatory behaviour of animals. 
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Objectives 

The main objective of this thesis is to examine the role of olfaction in foraging (Part I) 

and predator avoidance (Part II) in birds. To cope with this objective, this thesis 

involves several experimental studies aimed at understanding the mechanisms 

underlying the adaptations and the strategies for maximizing foraging activities and 

minimizing predation risk in insectivorous birds. The thesis is divided into six chapters 

with the subsequent specific objectives: 

Part I: Avian olfaction in prey detection 

 Chapter 1. Study whether wild insectivorous birds are attracted to Pyrenean 

oak trees (Quercus pyrenaica) treated with methyl jasmonate (MeJa) to 

simulate herbivory, and whether inexperienced blue tit nestlings respond to 

the volatiles of MeJa-treated trees. 

 Chapter 2. Disentangle whether wild insectivorous birds can eavesdrop on the 

sex pheromones of their prey. 

Part II: Avian olfaction in predator avoidance 

 Chapter 3. Examine whether birds use predator chemical cues to assess the risk 

of predation when selecting cavities for roosting in winter in natural conditions.  

 Chapter 4. Disentangle whether egg covering is an antipredatory behaviour in a 

cavity-nester bird. 

 Chapter 5. Examine the sexual differences in the antipredatory behaviour of 

blue tit parents in response to an increase in the risk of predation inside the 

nest boxes.  

 Chapter 6. Analyse whether blue tits are able to detect the behavioural cues of 

predators and exhibit greater antipredatory behaviours when exposed to a live 

predator than to a stuffed model. 
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General Methods 

The experiments presented in this thesis were conducted during the springs of 2016, 

2017 and 2018. The methodology used in each experimental study is detailed in each 

chapter.  

Study area 

The experimental studies were carried out in two forests located at 1100-1200 

m.a.s.l. in Teruel province (Sierra de Fonfría), and one forest at 900-1000 m.a.s.l. in 

Zaragoza province (Alto Huerva-Sierra de Herrera). The forests are included in a Site of 

Community Interest (SCI), in Aragón, northeast Spain (40°59′N, 1°05′W). The forests 

are mainly composed of young Quercus pyrenaica oak trees, only mixed with some 

Quercus faginea oak trees in Alto Huerva-Sierra de Herrera forest (Ferrer, 1993). The 

mean annual temperature is 10-11°C in Sierra de Fonfría and in Alto Huerva-Sierra de 

Herrera forest, with a mean rainfall of 650-1000 mm in Sierra de Fonfría and 500 mm 

in Alto Huerva-Sierra de Herrera.  

In 2011, nest boxes were set up in the three forests and separated by at least 40 

m. A population of insectivorous birds was established in 100 wooden nest boxes in

Alto Huerva-Sierra de Herrera, and 150 nest boxes in Sierra de Fonfría (100 nest boxes 

in Fonfría and 50 nest boxes in Bea). Nest boxes were occupied mainly by breeding 

pairs of blue tits (Cyanistes caeruleus) (Alto Huerva-Sierra de Herrera: mean ± SE = 

41.00% ± 7.64%; Fonfría: mean ± SE = 49.67% ± 12.99%; Bea: mean ± SE = 27.33% ± 

7.42%), and some pairs of great tits (Parus major) (Alto Huerva-Sierra de Herrera: 

mean ± SE = 6.00% ± 5.03%; Fonfría: mean ± SE = 7.00% ± 6.51%; Bea: mean ± SE = 

4.67% ± 4.67%).  

Other insectivorous bird species have been observed in the study area, such as 

the common blackbird (Turdus merula), the Eurasian blackcap (Sylvia atricapilla), the 

Sardinian warbler (S. melanocephala) and the common nightingale (Luscinia 

megarhynchos).  
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Photographs of nest boxes located in Fonfría and Fombuena forests. 
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Study species 

The Eurasian blue tit (Cyanistes caeruleus) was the main study species because 

previous studies show that this insectivorous bird species is able to detect chemical 

cues to locate their prey and predators (e.g. Amo et al., 2008, 2013a, 2017; Figure 2). 

Furthermore, this hole-nesting bird species accepts nest boxes for roosting during the 

winter and for breeding, so bird reproduction can be easily followed to determine 

laying dates, hatching dates and brood size. Also, nest boxes allow filming the 

behaviour of birds inside the nest box with video cameras, and they are useful to place 

chemical cues inside and simulate different situations of predation risk inside the nest- 

boxes. 

 Figure 2. Blue tit (Cyanistes caeruleus). 
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The blue tit is a non-migratory insectivorous passerine from the family Paridae, 

commonly found throughout the western Palearctic. Blue tits normally are abundant in 

forests dominated by oak trees (Quercus spp.) in Europe (Stenning, 2018). Blue tit is a 

small tit (7-11 g), short-lived (12 years), and socially monogamous.  

Blue tit is a hole-nesting species that usually prefer to use natural cavities for 

night-time roosting and for nesting during the breeding period. However, they readily 

use nest boxes when they are provided (Stenning, 2018). Blue tits use cavities to build 

their nest, to reduce the probability of predators detecting nests and prevent larger 

predators from accessing nest (Collias and Collias, 1984). Blue tit nests are built only by 

the female (Cramp and Perrins, 1993). Nests are built mainly of moss, dry grass, hair, 

wool and some feathers. Moreover, they can add pieces of aromatic green plants 

(Tomás et al., 2012; Stenning, 2018). 

In the study population, laying date of the first egg typically is around the second 

half of April. Blue tits can lay the largest range of clutch size of passerine birds 

(between 3 and 19 eggs, Stenning, 2018), although in the study area the clutch size 

ranged between 7 and 12 eggs. Females usually lay one egg per day and they usually 

begin incubation after laying the penultimate egg (Stenning, 2018). Some blue tit pairs 

cover their eggs during the laying period. Egg covering behaviour is performed by 

females, ceasing once females begin incubating (Cramp and Perrins, 1993; Stenning, 

2018). 

Females incubate the eggs for approximately 14 days, receiving part of their food 

from males, and both sexes take care and provision the nestlings (Stenning, 2018). 

Blue tit nestlings are mostly fed caterpillars found on young oak tree leaves (Bańbura 

et al., 1994). Nestlings leave the nest within 17–20 days of hatching (Cramp and Perrins 

1993). 

Tits feed mainly on caterpillars, such as the O. brumata, during the breeding 

period (Betts, 1955; Mols and Visser, 2002). However, during the winter, when no 

caterpillars are available, parids like great tits and blue tits prey upon O. brumata 

adults (Betts, 1955; Veľký et al., 2011). However, other insect species are included in 
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the winter diet of tits belong to the Hemiptera, Lepidoptera, Coleoptera and 

Hymenoptera orders (Betts, 1955).  

Measurements of the attraction of insectivorous birds 

To study the attraction of the insectivorous birds to the scent of prey and to the 

volatiles of trees, we measured the predation rate of birds on artificial larvae. The 

artificial larvae were made of light green plasticine (similar to the natural color of real 

O. brumata larvae, Lepidoptera, Geometridae, at least by human-visual perception). 

The plasticine larvae were approximately the size of a large fifth instar O. brumata 

larva (length 25-30 mm, diameter 3-4 mm). The plasticine larvae were attached with 

cyanoacrylate adhesive glue on branches of experimental trees (Figure 3). 

Figure 3. Plasticine larvae with bird predation marks on a branch of Quercus 

pyrenaica oak tree. 

We measured the attraction of birds to the experimental trees by checking the 

number of plasticine larvae with marks indicating predation by birds. This method has 

been used in previous studies of avian predation (Posa et al., 2007; Richards and Coley, 

2007; Mäntylä et al., 2008; Remmel et al., 2011; Tvardíková and Novotny, 2012; 

Mäntylä et al., 2014; Sam et al., 2015; Mrazova and Sam, 2018). The artificial larvae 

were considered damaged when they had triangle-shaped marks and deep cuts made 
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by the beak of the birds and when a part of their body was taken by the birds (see 

Mäntylä et al., 2008, 2014). Each larva showing a predation mark was replaced with a 

new one at the same location when we checked larvae during the check visits. 

Parental care behaviour 

Nest boxes were routinely checked during the beginning of breeding period to 

determine laying dates, hatching dates and brood size. We started to check nest 

construction and we continued with laying, incubation, hatching and nestling care.  

To assess the response of parent birds to the predator cues we filmed from 

outside the nest box. Nest boxes were filmed with a video camera (Canon® Legria HF 

R406 HD camcorder) mounted on a tripod and concealed among the surrounding 

vegetation placed 5-10 m away from the nest box. The nest box was filmed in the 

centre of the image area of the camera view (1 m around nest box).  

To examine the response of parent birds and nestlings to the presence of 

predator cues we filmed their behaviour from inside the nest box with a video camera. 

Firstly, we located a dummy camera inside nest box, in the roof, in order to habituate 

birds to the presence of the camera inside nest boxes. The day of the experiment, we 

replaced the dummy camera by a real minicamera (Velleman® 6 IR LEDs mini color 

CMOS camera) connected by a cable to a recorder (Velleman® digital 2-channel SD 

card recorder) and a 12-V battery located in a plastic container under fallen leaves or 

vegetation below the nest box.  

Collection of odour samples 

We impregnated white pieces of absorbent papers (11 × 13 cm) with the 

corresponding scent, and nitrile gloves were used to manipulate each experimental 

paper. 

We obtained predatory mammal and non-predatory mammal scent by placing 

clean absorbent papers inside the individual cages of male ferrets and male rabbits. 

We used rabbits (Oryctolagus cuniculus) as non-predatory mammals because they are 

presented in the study area but they do not imply any risk of predation to birds. We 

used ferrets (Mustela putorius furo) as predatory mammals because they resemble 
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very similar chemically and visually to the European polecat (Mustela putorius), that is 

also present in the study area and can prey upon birds (Brinck et al., 1983). To ensure 

odour collection, we placed papers in each ferret and rabbit cage for 3 days before the 

experiments. The day of each experiment, we collected wet papers impregnated with 

recent cues of fresh urine. Papers soiled with faeces were discarded. This method of 

odour collection has been used in previous studies (Amo et al., 2008, 2011a,b, 2017). 

Ferret scent is recognized by blue tits as a predatory threat (Amo et al., 2008, 2017) 

and rabbit scent has been used as an odorous control in other studies (Amo et al., 

2011b, 2017, 2018).  

In addition to use rabbit scent, we also used different pungent odorous controls 

in the experiments. We used lemon essence, a pungent control that has been 

previously used for experimental assessment of bird ability to detect scents inside nest 

boxes (Parejo et al., 2012). We prepared an odorous control by adding several drops of 

lemon essence to clean absorbent paper. Lemon essence was prepared with lemon 

zest diluted in water. Lemon essence is not a scent associated with predation risk for 

birds and has been used as a control odour in other studies (Parejo et al., 2012). We 

also used cologne as a pungent control. The cologne treatment was obtained by 

placing 2 ml of 50% diluted cologne (Eau de Cologne from Hema®) on clean absorbent 

papers. We used cologne as an odorous control, as it was previously used in studies 

exploring predator scent detection in birds (Amo et al., 2011a). We also used vinegar 

as a pungent control. This treatment was obtained by placing 2 ml of 50% diluted vine 

vinegar on absorbent papers. Vinegar is also a pungent control that may not have 

biological significance for birds, and it has been previously used as a pungent scent in 

studies about predation risk assessment via olfaction in birds (Mönkkönen et al., 

2009). 

We used water as an odourless control stimulus to mimic the humidity of the 

papers containing the other treatments. The odourless control treatment was 

prepared by adding several drops of water to clean pieces of absorbent paper. Water 

has been used as an odourless control stimulus in previous studies on chemical 

detection by birds (Amo et al., 2008, 2017, 2018). 
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Abstract 

Plants emit herbivore-induced plant volatiles (HIPVs) when they are attacked by 

herbivorous arthropods to attract natural enemies of the herbivores. Previous studies 

have suggested that insectivorous birds can detect the HIPVs for prey location. The 

production of HIPVs is partly mediated by the jasmonic acid signalling pathway. Methyl 

jasmonate (MeJa) is one compound involved in the jasmonic acid signalling pathway. 

Therefore, spraying of methyl jasmonate solution on plants can induce the emission of 

volatiles similar to the HIPVs induced by herbivory. We performed two field 

experiments to test whether insectivorous adult birds are attracted to Pyrenean oak 

trees (Quercus pyrenaica) treated with MeJa solutions. We used artificial larvae to 

measure bird predation rate. There were no differences in the predation rates of 

plasticine larvae between control and MeJa treatments, suggesting that insectivorous 

birds were not attracted to trees treated with MeJa. We also tested whether blue tit 

nestlings without previous experience in foraging respond to the scent of Pyrenean 

oak tree leaves treated with MeJa, to test whether the attraction to MeJa-treated 

trees is innate. A similar number of nestlings performed begging responses when 

exposed to the scent of leaves of MeJa-treated trees compared to the scent of leaves 

of control untreated trees. Furthermore, the duration of the first begging was similar in 

response to the volatiles emitted by MeJa-treated trees and untreated trees. Despite 

previous evidence suggesting that insectivorous birds are attracted to HIPVs, our 

results show that neither insectivorous adult birds nor inexperienced nestlings were 

attracted to trees treated with MeJa. Further studies are needed to disentangle 

whether the differences in the emission of volatiles between herbivore-infested trees 

and MeJa-treated trees can explain this lack of attraction to MeJa-treated Pyrenean 

oak trees.  
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Introduction 

When attacked by herbivore arthropods, plants produce a chemical defence response 

against herbivores. Plants produce compounds in their tissues in an attempt to affect 

the performance of the herbivorous arthropods by, inhibiting the feeding behaviour of 

insects, decreasing digestibility or even poisoning the herbivore (Schoonhoven et al., 

2005). For example, the seasonal variation in the phenolic contents can act as a direct 

defence in the oak trees (Salminen et al., 2004). However, plants also emit herbivore-

induced plant volatiles (HIPVs) that attract the natural enemies of herbivore 

arthropods, such as parasitoids and predators (Vet and Dicke, 1992; Dicke, 2015). The 

study of the phenomenon of herbivore-induced emission of volatile organic 

compounds by plants has mainly focused on insect enemies of the herbivores 

(Schoonhoven et al., 2005; Dicke and Baldwin, 2010; Mumm and Dicke, 2010). 

However, recent evidence has shown that these HIPVs not only attract predatory 

insects but also vertebrate predators, such as birds (Amo et al., 2013a; Mäntylä et al., 

2017; Mrazova and Sam, 2018).  

The first evidence of the attraction of insectivorous birds to herbivore infested 

trees was provided by Mäntylä and collaborators (2004). They showed that willow 

warblers (Phylloscopus trochilus) were attracted to trees infested by defoliator larvae, 

without needing to see the larvae or their damage to leaves (Mäntylä et al., 2004). 

Vision or olfaction have been proposed as the mechanisms responsible for the avian 

attraction to infested trees because larvae-infested trees differed from un-infested 

trees both in the coloration of leaves and in the HIPVs that they emitted (Mäntylä et 

al., 2008a; Amo et al., 2013a; Mäntylä et al., 2017). However, recent evidence suggests 

that despite the fact that herbivore-infected trees differed from uninfected trees in the 

reflectance of leaves (Mäntylä et al., 2008a; Amo et al., 2013a; Koski et al., 2017; 

Mäntylä et al., 2017), such visual differences in the spectral reflectance did not appear 

different to birds, according to discrimination threshold models of avian vision (Koski 

et al., 2017; Mäntylä et al., 2017). This may imply that birds cannot discriminate 

between infected and uninfected trees when only visual cues of trees were provided 

(Amo et al., 2013a). Furthermore, the coloration of leaves is not exclusive to herbivory 

and can be related to other factors affecting trees, such as sunlight exposure (Mäntylä 
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et al., 2008b), leaf senescence (Lim et al., 2007) or microbial infection (Cruz et al., 

2016). In contrast, HIPVs are exclusively related to herbivory and therefore, these 

chemical cues may provide a reliable indication of herbivory to predators (Dicke and 

Van Loon, 2000). Amo and collaborators (2013a) isolated the visual and chemical cues 

of larvae-infested apple trees and found that great tits (Parus major) were only 

attracted to infested trees when they could smell but not when they could only see the 

trees. Therefore, it seems that HIPVs can attract insectivorous birds (Amo et al., 2013a, 

but see Koski et al., 2015). A positive correlation between avian predation rates of 

artificial larvae and the quantity of emission of volatiles emitted by trees 

experimentally infested with caterpillars in natural conditions also suggests that 

olfaction may be the mechanism underlying bird attraction to caterpillar-infested trees 

(Mäntylä et al., 2008a, 2014).  

The ability of insectivorous birds to detect the HIPVs and to use them to 

maximize foraging effort is not surprising because previous studies have shown that 

birds can use olfaction in foraging contexts. For example, vultures seem to smell 

carrion from kilometres away (Houston, 1986; Graves, 1992). Honey-guides (family 

Indicatoridae), Oriental honey buzzards (Pernis orientalis), kakapos (Strigops 

habroptilus) and kiwis (Apteryx australis) can also find their food using olfaction 

(Stager, 1967; Wenzel, 1968; Roper, 2003; Hagelin, 2004; Cunningham et al., 2009; 

Yang et al., 2015). Furthermore, seabirds and penguins use olfaction to detect 

dimethyl sulfide (DMS) (Nevitt et al., 1995; Cunningham et al., 2008, Nevitt, 2011; Amo 

et al., 2013b), a volatile produced when zooplankton graze on phytoplankton (Nevitt et 

al., 1995), signalling areas of high productivity in the oceans (Nevitt, 2000).  

The attraction of insectivorous birds to herbivore-infested trees has been 

demonstrated in several plant-insect-bird systems of northern and central Europe, 

both in captivity and in natural conditions. Willow warblers (Phylloscopus trochilus) 

discriminate between uninfected mountain birches (Betula pubescens ssp. 

czerepanovii (Orlova) Hämet-Ahti) and birches infected with the sawfly (Arge 

fuscinervis Lindqvist; Hymenoptera, Symphyta) (Mäntylä et al., 2004). Great tits and 

blue tits (Cyanistes caeruleus) could also discriminate between the uninfected silver 

birches (Betula pendula Roth) and birches infected with autumnal moth larvae (Epirrita 
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utumnata Borkhausen, Lepidoptera, Geometridae) (Mäntylä et al., 2008b). These two 

passerine bird species were also attracted to Scots pines (Pinus sylvestris) that were 

systemically herbivore-induced by pine sawfly larvae (Diprion pini) (Mäntylä et al., 

2017). Great tits were also known to discriminate between uninfected apple trees 

(Malus silvestris Miller) and those infected with winter moth caterpillars (Operopthera 

brumata, Lepidoptera, Geometridae) (Amo et al., 2013a). Wild insectivorous birds 

were also more attracted to mountain birch trees infected with autumnal moth larvae 

than to uninfected trees (Mäntylä et al., 2008a). However, further studies are needed 

to disentangle whether the attraction to infected trees is exhibited in birds in different 

ecosystems. 

The production of HIPVs is partly mediated by the jasmonic acid signalling 

pathway (Thaler et al., 1996, 2002). Exposure to MeJa often induces the release of 

HIPVs in un-infested plants (Hopke et al., 1994; Thaler et al., 1996; Degenhardt and 

Lincoln, 2006), thus MeJa exposure can be used to simulate herbivory. Although 

studies with woody species are scarce, previous evidence suggests that arthropod 

predators are attracted to persimmon trees (Diospyros kaki L.) infested by herbivores 

and also to trees treated with MeJa instead of trees that are not infested and 

untreated (Zhang et al., 2009). Evidence for bird attraction to MeJa-treated trees 

comes from a recent study showing that wild insectivorous birds were attracted to 

MeJa-treated grey willows (Salix cinerea) (Mrazova and Sam, 2018). However, Mäntylä 

and collaborators (2014) did not find that MeJa treatment in mountain birches 

attracted wild insectivorous birds, despite the fact that wild birds were attracted to 

mountain birches infested with herbivores (Mäntylä et al., 2014).  

Here, we studied whether wild insectivorous adult birds inhabiting Pyrenean oak 

forests of the Mediterranean region are attracted to Pyrenean oak trees (Quercus 

pyrenaica) treated with MeJa, and whether inexperienced blue tit nestlings respond to 

the volatiles of MeJa-treated trees. In a first experiment, we applied MeJa solution or a 

control solution to mature Pyrenean oak trees in situ, and analysed whether the birds 

were attracted to MeJa-treated trees. In a second experiment, we treated 150 cm tall 

Pyrenean oak trees with a high or low dose of MeJa solution or a control solution, and 

analysed the attraction of birds to trees treated with different doses of MeJa. We 
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expected that Pyrenean oak trees would respond to MeJa exposure by developing a 

defence response and releasing HIPVs to attract predators and parasitoids (Hopke et 

al., 1994; Thaler et al., 1996; Degenhardt and Lincoln, 2006). Therefore, we 

hypothesized that birds would be attracted to trees treated with MeJa. However, 

alternatively, if the MeJa treatment does not induce the release of the same HIPVs as 

the herbivore attack, we expect that birds would not be attracted to the MeJa-treated 

trees.  

We also tested whether blue tit nestlings without foraging experience are able to 

discriminate between the volatiles of Pyrenean oak trees treated with MeJa and those 

emitted from untreated trees, to test for evidence that the attraction to infested trees 

is innate rather than learned. Results of a previous study showed that naïve great tits 

could not discriminate between caterpillar infested and un-infested apple trees (Amo 

et al., 2016), suggesting that the attraction to caterpillar-infested trees may be 

acquired through learning. Recently born nestlings of precocial and altricial species are 

able to modify their begging behavior in response to olfactory stimuli with biological 

relevance in terms of foraging and parental care (Porter et al., 1999; Caspers et al., 

2015). Therefore, if the attraction to HIPVs of Pyrenean oak trees is innate in blue tits 

inhabiting a Pyrenean oak forest, nestlings should be able to discriminate between the 

volatiles emitted by MeJa-treated trees and untreated trees. In contrast, if birds need 

to learn to associate HIPVs with herbivore infested trees through foraging experience, 

blue tit nestlings should not be able to discriminate between MeJa-treated and 

untreated trees.  

 

Methods 

 Study area and species 

The experimental studies were performed in May and June 2016 in two Pyrenean oak 

forests of Zaragoza (Alto Huerva-Sierra de Herrera) and Teruel (Sierra de Fonfría) in 

Aragón, northeast Spain (40°59´N, 1°05´W). Nest boxes were set up in 2011 in both 

forests (Alto Huerva-Sierra de Herrera, 100 nest boxes, and Sierra de Fonfría, 150 nest 
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boxes). In 2016 these nest boxes were occupied by 45 pairs of blue tits and 10 pairs of 

great tits in the forest of Zaragoza, and 45 pairs of blue tits in the forest of Teruel. 

Other insectivorous bird species inhabiting these forests are the common blackbird 

(Turdus merula), the Eurasian blackcap (Sylvia atricapilla), the Sardinian warbler (S. 

melanocephala) and the common nightingale (Luscinia megarhynchos). Mean 

temperature, precipitation and UV index in the study area are provided in Table A1 in 

the Supplementary material.  

In experiments 1 and 2 we treated trees with MeJa. Experimental trees (both 

mature wild trees in experiment 1 and trees planted in pots in experiment 2) were 

located within 10 m from a nest box and separated at least 40 m from the closest 

experimental tree. Blue tits normally feed within 20 m from the nest-box in deciduous 

forests and up to 40 m in mixed forests (Stauss et al., 2005). Additionally, results of 

another study show that 90% of foraging observations of blue and great tits were 

made within 45 m from the nest-box (Naef-Dancer and Keller, 1999). Therefore, it is 

unlikely that the same individuals visited more than one experimental tree. Although 

we cannot rule out any instance of pseudo-replication, we expected that birds quickly 

learned to recognize plasticine caterpillars as unpalatable, unprofitable prey, reducing 

the likelihood that individual birds returned to the same tree numerous times. 

Experimental design 

Experiment 1 

To examine whether wild insectivorous adult birds are attracted to trees treated 

with MeJa, we performed an experiment in a Pyrenean oak forest in Alto Huerva-Sierra 

de Herrera (Zaragoza). We selected 30 Pyrenean oak trees with a trunk of at least 20 

cm diameter. The experimental trees were alternatively assigned to one of the 

treatments: 15 mM MeJa solution (n = 15 trees) and control (water solution, n = 15 

trees). The MeJa solution was made with distilled water, ethanol, MeJa and Tween-20, 

according to Mäntylä and collaborators (2014) (Table 1). The treatments were applied 

to the trees by spraying 12 ml of the MeJa solution or the control solution to the leaves 

of one branch of each tree every two days for 14 days. The branches were 

approximately 1.5 m long and 1.5 high from the ground and had no evident signs of 
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herbivory. We placed 10 artificial larvae on each treated branch. The artificial larvae 

were made of light green plasticine (similar to the natural colour of real O. brumata 

larvae, Lepidoptera, Geometridae). The plasticine larvae were approximately the size 

of a large fifth instar O. brumata larva (length 25-30 mm, diameter 3-4 mm). Artificial 

larvae were fixed to the branches with cyanoacrylate adhesive glue. We measured the 

attraction of birds to the experimental trees by checking the number of plasticine 

larvae with marks indicating predation by birds in both treatments. This method has 

been used in previous studies of avian predation (Posa et al., 2007; Richards and Coley, 

2007; Mäntylä et al., 2008a, 2014; Remmel et al., 2011; Tvardikova and Novotny, 2012; 

Sam et al., 2015; Mrazova and Sam, 2018). The artificial larvae were considered 

damaged when they had triangle-shaped marks and deep cuts made by the beak of the 

birds and when a part of their body was taken by the birds (see Mäntylä et al., 2008a, 

2014). We did not observe any artificial larvae damaged by other predators or 

parasitoids. Over 14 days, we checked the plasticine larvae every two days, when we 

sprayed experimental trees with the correspondent treatment.We replaced damaged 

larvae with new ones in the same location. 

Table 1. Amounts (%) of different products in the MeJa solutions. 

 Distilled water Ethanol (99%) MeJa (95%) Tween 20 

15 mM MeJa 94.55 5.0 0.35 0.1 

5 mM Meja 94.79 5.0 0.11 0.1 

 

Experiment 2 

To study whether wild insectivorous adult birds are attracted to trees treated 

with different doses of MeJa solution, we performed an experimental study in a 

Pyrenean oak forest in Sierra de Fonfría (Teruel). We placed 30 Pyrenean oak trees 

planted in pots in the forest. The trees were between four to six years old (approx. 1.5 

m tall). The experimental trees were alternatively assigned to one of these treatments: 

high dose of MeJa solution (15 mM, n = 10), low dose of MeJa solution (5 mM, n = 10), 

and control (water solution, n = 10). The MeJa solution was prepared following the 
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protocol of experiment 1 (Table 1). In this experiment, we decided to use the 15 mM 

MeJa solution as a high dose of MeJa in contrast to Mäntylä and collaborators (2014), 

who used 30 mM MeJa solution as a high dose, because they observed some necrosis 

on the leaves of the trees treated with 30 mM MeJa solution in mature mountain birch 

trees. The treatments were applied to the trees by spraying 12 ml of the MeJa 

solutions or the control solution to the leaves of each tree every two days for 14 days.  

We placed 10 artificial larvae on the trunks of the experimental trees to examine 

whether the insectivorous birds were attracted to MeJa-treated trees. No caterpillars 

were placed on horizontal branches because the branches were small. Every two days, 

when the treatments were sprayed on the trees, we checked the number of plasticine 

larvae with marks indicating predation by birds and replaced damaged larvae with new 

ones in the same location. We did not observe caterpillars damaged by other 

predators or parasitoids.  

Experiment 3 

The third experimental study was performed in two Pyrenean oak forests, 

located in Sierra de Fonfría and in Alto Huerva-Sierra de Herrera. This experiment 

aimed to study whether insectivorous birds without previous experience in foraging 

were able to discriminate between the scent of trees treated with MeJa and the scent 

of untreated trees. To address this objective, we measured the begging behaviour of 

recently born blue tit nestlings whose eyes were still closed and which had limited 

motor activity (Starck and Ricklefs, 2000). We used 128 blue tit nestlings of 2-3 days 

old from 19 nests. We followed a modification of Porter’s method (Porter et al., 1999), 

proposed by Caspers and collaborators (2015), who assessed whether zebra finch 

(Taeniopygia guttata) hatchlings were able to detect the scent of their own nest. 

Each nestling was exposed to one of the three treatments: a) volatiles of 

Pyrenean oak leaves treated with MeJa (n = 42), b) volatiles of Pyrenean oak leaves 

treated with water (n = 43), and c) water (n = 43).  

In the treatment with MeJa-treated leaves, the day before nestlings were tested 

6 Pyrenean oak leaves were sprayed with 1 ml of 15 mM MeJa solution (see exp. 1) in 
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order to induce a herbivore defence response (Hopke et al., 1994; Thaler et al., 1996; 

Degenhardt and Lincoln, 2006). In the treatment with water-treated leaves, 6 

Pyrenean oak trees were sprayed with 1 ml of water the previous day. The day of the 

experiment, leaves were removed from the corresponding branches and were added 

to the squeeze bottles. Every day of the experiment, new leaves from different 

branches were used. In the treatment with water only, we added 1 ml of water to the 

squeeze bottle. 

Nestlings were individually placed on the hand of the experimenter. We started 

the test at the point when the nestling had remained quiet for approximately 5 s on 

the hand of the observer. The nestling was then exposed to the corresponding scent by 

directing 10 puffs of air from a plastic squeeze bottle containing the treatments near 

the nose of the nestling. The administration of air puffs lasted 10 s (approx. 1 puff/s). 

The behaviour of each nestling was recorded for approximately 60 s with a video 

camera situated 1 m from the nestling. An observer blind to treatments then analysed 

the video recordings and noted whether the nestlings performed begging behaviour 

and the duration of the first begging. This variable has been previously used to analyse 

odour detection in altricial hatchings (Caspers et al., 2015).  

Data analysis 

In experiments 1 and 2, we analysed whether the proportion of damaged larvae 

per tree differed in relation to the treatment with a generalized linear model (GLM) fit 

by the Bernoulli distribution with binomial errors and a logit link function. Analyses 

were performed with the statistical program R 2.15.1 “stats” package (R Development 

Core Team, 2015).  

In experiment 3, we analysed whether there were differences between 

treatments in the number of nestlings that performed a begging response with a 

generalized linear mixed model (GLMM) fit by the Laplace approximation with 

binomial errors and a logit link function, including the nest as a random factor. In 

addition, we analysed whether the duration of the first begging differed between 

treatments by using a linear mixed effect (LME) model, including the nest as a random 

factor. We used the “lme4” package (R Development Core Team, 2015). 
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Results 

Experiment 1 

On the first day birds visited only the MeJa-treated trees and did not visit any control 

trees (Figure A1 in the Supplementary material). Overall, five out of the 16 trees 

treated with 15 mM MeJa solution and 2 out of the 16 control trees were visited by 

insectivorous birds (i.e., they had at least one artificial caterpillar with signs of avian 

predation). The proportion of larvae damaged by the birds did not differ between 

treatments (χ2 = 0.34, d.f. = 1, p = 0.56) (Figure 1). The proportion was similar in trees 

treated with 15 mM MeJa solution (mean ± SE = 0.0078 ± 0.0032) and in control trees 

(mean ± SE = 0.0056 ± 0.0039).  

With this sample size and fixing an alpha value of 0.1 (to minimize the probability 

of incurring a type II error), and a large effect size of 0.25 (to simulate the estimated 

magnitude of an effect of biological interest), the power of our test was 0.92. 

Therefore, with a large effect size, we can be fairly confident that our results are not 

due to low power. In contrast, with an effect size of 0.15, the power of our test was 

0.55, and thus, we may not be able to find true choice differences for a medium effect 

size. 

 

Figure 1. Mean ± SE of the proportion of larvae damaged by avian predators in 

control trees and trees treated with 15 mM MeJa solution. 
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Experiment 2 

Birds visited MeJa-treated trees the first two days but they did not visit control 

trees until the third day (Figure A2 in the Supplementary material). However, overall, 

five out of the 11 trees treated with a high dose of MeJa solution, 7 out of the 11 trees 

treated with a low dose of MeJa solution and 4 out of the 11 control trees were visited 

by insectivorous birds (i.e., they had at least one caterpillar with signs of avian 

predation). Therefore, there were no significant differences in the proportion of larvae 

damaged by the birds between the three treatments (χ2 = 3.40, d.f. = 2, p = 0.18; 

Figure 2). The proportion was similar in trees treated with a high dose of MeJa solution 

(mean ± SE = 0.0157 ± 0.0058), in trees treated with a low dose of MeJa solution (mean 

± SE = 0.0200 ± 0.0057) and control trees (mean ± SE = 0.0086 ± 0.0038). 

The power of our test is 0.95 if we considered a large effect size of 0.25 and an 

alpha value of 0.1. However, with an effect size of 0.15, the power of our test is only 

0.64. Therefore, for a large effect size, we can be confident that our results are not due 

to low power, but for a medium size effect we may not be able to detect differences.  

 

Figure 2. Mean ± SE of the proportion of larvae damaged by birds in control trees, 

trees treated with 5 mM MeJa solution and trees treated with 15 mM MeJa solution. 
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Experiment 3 

There were no differences between treatments in the number of nestlings that 

performed a begging response (χ2 = 0.43, d.f. = 2, p = 0.81; number of nestlings that 

performed a begging response/number of nestlings that were tested: MeJa-treated 

trees: 27/42, control treated trees: 27/43, water: 25/43). Furthermore, the duration of 

the first begging did not differ between treatments (χ2 = 0.02, d.f. = 2, p = 0.99). The 

duration of the first begging was similar in nestlings exposed to Pyrenean oak leaves 

treated with MeJa (mean + SE = 5.01 + 1.06%), Pyrenean oak leaves treated with water 

(mean ± SE = 5.43 ± 1.04%) and water (mean ± SE = 5.48 ± 1.04%).  

 

Discussion 

Insectivorous birds were not attracted to trees treated with MeJa. We found no 

differences in the predation rates of plasticine larvae on the branches of MeJa-treated 

trees compared to control trees, even when trees were treated with different doses of 

MeJa. In addition, inexperienced nestlings did not discriminate between MeJa-treated 

leaves and control leaves. Several reasons may explain this lack of preference for 

MeJa-treated trees. Firstly, a methodological artefact may have masked the avian 

attraction to MeJa trees if, for example, birds did not attack artificial caterpillars. 

However, the use of artificial larvae for estimating bird attraction to trees has been 

used successfully in several studies (Posa et al., 2007; Richards and Coley, 2007; 

Mäntylä et al., 2008a; Remmel et al., 2011; Tvardikova and Novotny, 2012; Mäntylä et 

al., 2014; Sam et al., 2015; Mrazova and Sam, 2018). The results of a previous study in 

our study population using the same methodology for measuring avian predation rate 

on artificial caterpillars of similar shape and coloration (Saavedra and Amo, 2018) 

showed that birds were attracted to an insect pheromone. Therefore, the lack of 

attraction to MeJa-treated trees is unlikely to be due to use of artificial caterpillars. 

Secondly, the bird species present in the study area may not discriminate between 

trees emitting herbivore-induced volatiles or un-infested trees. However, blue tits and 

great tits are the most abundant insectivorous bird species in the study area. Both 

species are already known to be able to discriminate between infested and un-infested 
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trees without seeing the larvae or their damage on the leaves in other tree species 

such as mountain and silver birches infected with autumnal moth larvae (Mäntylä et 

al., 2008a,b, but see Koski et al., 2015), Scots pines infected by pine sawfly larvae 

(Mäntylä et al., 2017). Also, great tits can discriminate between uninfected apple trees 

and trees infected with winter moth caterpillars (Amo et al., 2013a). Wild insectivorous 

birds were also more attracted to mountain birch trees infected with autumnal moth 

larvae than to uninfected trees (Mäntylä et al., 2008a). Thus, the lack of attraction to 

MeJa-treated trees does not seem to be because the avian species present in the study 

were not attracted to herbivore-infested trees. 

Thirdly, it could be that our study had low power to detect differences in bird 

attraction between tree treatments. Thus, with the tree sample size used in both 

experimental studies and fixing an alpha value of 0.1 we could have detected large 

differences in attraction (i.e., effect size 0.25; power > 0.90), but not medium 

differences in the attraction to MeJa trees (i.e., effect size 0.15; power < 0.65). 

And finally, the lack of attraction to MeJa-treated trees by insectivorous birds 

could be explained because MeJa-treated trees differed from herbivore infested trees 

in the emission of HIPVs, and birds only respond to HIPVs emitted by trees infested 

with their prey. We did not measure the volatiles of trees treated with MeJa nor 

herbivore infested trees. We note that several previous studies have found differences 

in the emission of volatiles between herbivore-infested plants and plants treated with 

MeJa (Dicke et al., 1999; Degenhardt and Lincoln, 2006; Hare, 2007). There is less 

evidence in woody plants (but see Mäntylä et al., 2014), but results of a one study with 

Quercus rubra seedlings showed that the activity of peroxidase isozymes that are 

involved in the defence response differed between seedlings treated with MeJa and 

those infected with caterpillars. In addition, previous studies have shown that the 

volatile organic compounds emitted by MeJa-treated trees can differ from the HIPVs 

emitted by herbivore-damaged trees (Degenhardt and Lincoln, 2006; Hare, 2007; 

Mäntylä et al., 2014). Mäntylä and collaborators (2014) treated mature mountain 

birches with 15 mM and 30 mM MeJa solutions, and they infested mature mountain 

birches with autumnal moth larvae (Epirrita autumnata) in field conditions. The MeJa-

treated trees emitted more limonene, and the trees treated with a high dose of MeJa 
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emitted more myrcene. Insectivorous birds were more attracted to herbivore-

damaged trees than MeJa-treated and untreated trees. Furthermore, the predation 

rate by birds was higher in trees that emitted more α-pinene (Mäntylä et al., 2014). 

Mrazova and Sam (2018) measured the HIPVs of grey willows treated with 30 mM 

MeJa solution and untreated shrubs. The production of α-pinene, β-pinene, 3-carene, 

limonene and β-ocimene was higher in MeJa-treated shrubs than in untreated shrubs, 

and they found that insectivorous birds were attracted to MeJa-treated trees (Mrazova 

and Sam, 2018). However, the authors did not include herbivore-damaged trees in 

their study, so it is not known whether herbivore-damaged trees and MeJa-treated 

trees differed in their volatile emission and whether this could have an effect on avian 

attraction. For example, lima bean plants treated with MeJa released similar but not 

identical HIPVs (Dicke, 1999; Ozawa et al., 2000). Although lima bean plants treated 

with MeJa were attractive to predatory mites, this predatory species preferred the 

volatiles from spider-mite-infested plants over those from JA-treated plants (Dicke et 

al., 1999).  

Several studies have found that the differences between the volatiles emitted by 

plants in response to jasmonate exposure and those emitted by herbivore-infected 

plants may explain the lack of attraction to predators or parasitoids to MeJa-treated 

plants (Dicke et al., 1999; Strapasson et al., 2014). This can be due because herbivores 

can release compounds to counter the jasmonate induction and therefore, MeJa can 

elicit a more generalized response than the damage caused by any specific herbivore 

(Miller et al., 2005). Furthermore, exposure to MeJa may influence direct defence 

response of plants instead of indirect defence. For example, oak tree leaves contain 

polyphenols (Salminen et al., 2004) and MeJa-treated oak trees may produce more 

polyphenols and/or other compounds such as condensed tannins and phenolic 

glycosides involved in the direct defence of tree (e.g., Osier et al., 2000; Müller et al., 

2006). This modification in the chemistry of leaves may influence the herbivore 

performance and, in turn affect consumption patterns of vertebrates at higher trophic 

levels (Müller et al., 2006). For example, insectivorous black-capped chickadees 

(Poecile atricapilla) exhibit preferences for gypsy moth (Lymantria dispar L.) 

caterpillars based on host leaf chemistry. Birds prefer caterpillars fed trembling aspen 
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(Populus tremuloides Michx.) leaves with low levels of condensed tannins and phenolic 

glycosides, or caterpillars fed leaves with high levels of tannins and low levels of 

phenolic glycosides, over caterpillars fed leaves with low levels of condensed tannins 

and high levels of phenolic glycosides (Müller et al., 2006). Therefore, compounds 

involved in the direct defence of plants may greatly influence diet preferences of avian 

predators.  

However, other studies have found an attraction of predators or parasitoids to 

jasmonate-treated plants (e.g., Thaler, 1999; Rodriguez-Saona et al., 2001; Thaler et 

al., 2002; Smart et al., 2013). Differences in the dosage of jasmonate may influence the 

release of volatiles as well predator or parasitoid attraction (Bruinsma et al., 2009). 

Therefore, MeJa exposure has been demonstrated to benefit plants (e.g. Strapasson et 

al., 2014), although this effect is not always mediated by the attraction of predators 

but has a direct effect on the herbivores (Thaler, 2002; Warabieda et al., 2015). For 

example, Brassica rapa subsp. pekinensis treated with jasmonate showed an enhanced 

plant resistance to Frankliniella occidentalis thrips, restricted oviposition, and reduced 

the population density of the subsequent generation (Abe et al., 2009).  

Jasmonate is an important mediator of chemical defence in plants, especially in 

response to lepidopteran caterpillar herbivory (Kessler and Baldwin, 2002). However, 

other phytohormones, such as ethylene and salicylic acid, also mediate the expression 

of herbivore-induced defences (Smith et al., 2009; Wu and Baldwin, 2009). Therefore, 

the lack of increase in these other phytohormones in our study may have caused the 

Pyrenean oak trees treated only with MeJa to emit a different blend of volatiles from 

Pyrenean oak trees attacked by herbivores. Future studies measuring differences in 

these phytohormones, foliar chemistry and volatiles between MeJa-treated trees and 

herbivore-infected trees are needed to disentangle whether this is the cause that 

explains the lack of avian attraction to MeJa-treated trees in our study. The variability 

of HIPV emission can be determined by many factors (Arimura et al., 2005; Mumm and 

Dicke, 2010). For example, the emission of HIPVs can differ according to the plant 

species (Takabayashi et al., 1991; De Moraes et al., 1998), the developmental stage of 

the plant (Hare, 2011) and the parts attacked by the herbivores (Dicke et al., 2009). 

The emission of HIPVs also depends on the arthropod species (Takabayashi et al., 



Chapter 1 

101 

1991; Kessler and Baldwin, 2001; Turlings and Wäckers, 2004), and on the herbivore 

density (Geervliet et al., 1998; Shiojiri et al., 2010; Girling et al., 2011). The HIPVs 

emitted may also change in relation to the time course after infestation (Scascighini et 

al., 2005). Moreover, the environment where plants grow can influence the emission 

of HIPVs. For example, differences in HIPVs have been found between laboratory and 

field conditions (Thaler et al., 1996; Kigathi et al., 2009). All of these factors can induce 

quantitative changes in the volatile blend, whereas in other cases they induce changes 

in the quality of the volatile blend (Shiojiri et al., 2001; De Boer et al., 2004; Van Den 

Boom et al., 2004). Under this scenario of HIPV variability in natural conditions, 

insectivorous birds may find the volatiles that correctly signal the presence of their 

prey. Results of a previous study showed that naïve great tits could not discriminate 

between caterpillar-infested and un-infested apple trees (Amo et al., 2016), whereas 

great tits with foraging experience did (Amo et al., 2013a). This result suggests that the 

attraction to caterpillar infested apple trees does not seem to be innate in great tits, 

and may be acquired when the birds associate the HIPVs with a foraging experience 

(Amo et al., 2016). Therefore, if the HIPVs of Pyrenean oak trees infected with 

herbivorous prey differed from those of MeJa-treated Pyrenean oak trees, the 

insectivorous birds presented in the study area likely did not recognize them as a cue 

for finding food, and therefore, birds were not attracted to them.  

Our results also showed that inexperienced nestlings do not discriminate 

between the scent of Pyrenean oak trees treated with MeJa and the scent of untreated 

trees because the proportion of blue tit nestlings that performed a begging response 

and the duration of the first begging was similar in response to the scent of MeJa-

treated trees and the scent of untreated trees. This result agrees with the lack of 

attraction of adult birds to MeJa-treated trees. These results do not allow us to 

disentangle whether the attraction to HIPVs is innate or learned in blue tits. Nestlings 

may not discriminate the volatiles of MeJa-treated trees because they do not have 

foraging experience, and thus they could not associate the HIPVs with the presence of 

their prey. However, if the volatiles of MeJa trees differ from volatiles of herbivore-

infected trees, even if the blue tit nestlings have an innate ability to discriminate the 

herbivore-induced volatiles of Pyrenean oak trees from the volatiles of uninfected 
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trees, they may not respond to the volatiles of MeJa-treated trees. In another 

insectivorous species, adult birds naïve to foraging in apple trees were not attracted to 

apple trees infested with caterpillars, whereas they were attracted when they had 

experience in foraging (Amo et al., 2016). However, those great tits were born in a 

Quercus robur oak forest, and thus natural selection may have favoured individuals of 

this population to innately recognize the HIPVs of infested oak trees but not those of 

apple trees.  

Whether this ability is innate or acquired through experience may depend on the 

degree of specialisation of predators. For example, in the case of predators that prey 

upon a single prey species that is hosted by a single plant species, natural selection 

may have favoured the innate recognition of this specific blend of volatiles. In contrast, 

generalist predators such as great and blue tits can feed on different prey species 

hosted in different plant species. The ability to learn to associate a foraging experience 

with the presence of particular HIPVs may be favoured over an innate recognition of so 

many different blends of volatiles (Vet and Dicke, 1992; Gols et al., 2012; but see 

Steidle and van Loon, 2003). Further experiments are needed to examine whether 

insectivorous birds naïve to foraging in a particular tree species can discriminate 

between infested and un-infested sympatric trees.  

In conclusion, our work shows that neither insectivorous adult birds nor 

inexperienced nestlings were attracted to trees treated with MeJa. Subsequent 

experiments may examine whether differences in the emission of volatiles between 

herbivore-infested plants and plants treated with MeJa can explain the lack of 

attraction of bird predators to MeJa-treated Pyrenean oak trees. 
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Supplementary material 

Table A1. Mean temperature, precipitation and UV index in the study area in May and 

June 2016. 

Month Temperature Precipitation UV index 

May 14.3 °C 25.9 mm 3.55 J/m2 

June 19.9 °C 41.2 mm 4.83 J/m2 

Figure A1. Temporal variation in the proportion of larvae damaged by birds in control 

trees and trees treated with 15 mM MeJa solution. 
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Figure A2. Temporal variation in the proportion of larvae damaged by avian 

predators in control trees, trees treated with 5 mM MeJa solution, and trees treated 

with 15 mM MeJa solution. 
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Abstract  

Chemical cues play a fundamental role in mate attraction and mate choice. 

Lepidopteran females, such as the winter moth (Operophtera brumata), emit 

pheromones to attract males in the reproductive period. However, these chemical 

cues could also be eavesdropped by predators. To our knowledge, no studies have 

examined whether birds can detect pheromones of their prey. O. brumata adults are 

part of the winter diet of some insectivorous tit species, such as the great tit (Parus 

major) and blue tit (Cyanistes caeruleus). We performed a field experiment aimed to 

disentangle whether insectivorous birds can exploit the pheromones emitted by their 

prey for prey location. We placed artificial larvae and a dispenser on branches of 

Pyrenean oak trees (Quercus pyrenaica). In half of the trees we placed an O. brumata 

pheromone dispenser and in the other half we placed a control dispenser. We 

measured the predation rate of birds on artificial larvae. Our results show that more 

trees had larvae with signs of avian predation when they contained an O. brumata 

pheromone than when they contained a control dispenser. Furthermore, the 

proportion of artificial larvae with signs of avian predation was greater in trees that 

contained the pheromone than in control trees. Our results indicate that insectivorous 

birds can exploit the pheromones emitted by moth females to attract males, as a 

method of prey detection. These results highlight the potential use of insectivorous 

birds in the biological control of insect pests. 
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Introduction 

Chemical communication is probably the most ancient and widespread form of 

communication (Bradbury and Vehrencamp, 2011; Wyatt, 2003) and plays an 

important role in sexual selection (Darwin, 1871; Johansson and Jones, 2007). The 

chemical compounds emitted by animals and used in mate attraction and mate choice 

are known as pheromones (Johansson and Jones, 2007). In many cases, the chemical 

signals involved in mate choice may allow potential partners to evaluate an individual’s 

quality. Theoretical models have predicted that signals can only be evolutionarily 

stable if they are condition-dependent, or costly to the signaler, and if the cost is 

correlated with the signaler's quality (Zahavi, 1975; Grafen, 1990; Zahavi and Zahavi, 

1997). Therefore, individuals can not afford to cheat, i.e., to signal at too high a level 

(Krebs and Dawkins, 1983), and conspecifics can rely on the information provided by 

these honest signals. 

Chemical signals can provide information about the individual quality (i.e., body 

condition, reproductive status, age, parasite load, health condition) (Johansson and 

Jones, 2007). However, chemical signals, as well as other signals, are not only costly to 

produce but they may imply survival costs. Signals are not only detected by potential 

partners but can also be eavesdropped by predators and parasites. Therefore, the 

emission of chemical signals can greatly increase the risk of predation or parasitism 

(Zuk and Kolluru, 1998; Hughes et al., 2012). Examples of predators that eavesdrop the 

chemical cues involved in mate attraction or signaling have been found in different 

taxa, from invertebrates to vertebrates such as amphibians, reptiles and mammals 

(Wyatt, 2003). For example, there are numerous studies of natural predators that are 

able to detect the chemical cues of their bark beetle prey (Wood, 1982). Smooth 

snakes (Coronella austriaca) can also detect the chemical cues of their lizard prey (Amo 

et al., 2004). Mammalian predators often detect their prey by intercepting intraspecific 

reproductive cues, such as least weasels (Mustela nivalis) (Cushing, 1984; Sundell et 

al., 2003; Ylönen et al., 2003), cats (Felis catus) and foxes (Vulpes vulpes) (Hughes et al., 

2010). In the case of predatory birds, previous evidence suggests that some predatory 

species of raptors and shrikes could be visually attracted to the UV light reflected by 

the urine and faeces marks of their small mammal prey (Koivula and Viitala, 1999). As 
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some studies indicate, this detection of prey may not depend entirely on UV vision, 

because birds do not prefer UV areas lacking scent marks (Viitala et al., 1995; Probst 

and Palice, 2002; Zampiga et al., 2006). To our knowledge, there is no other evidence 

that birds use olfaction to eavesdrop the chemical signals emitted by their prey. The 

lack of studies in this area is probably due to the fact that birds were considered 

almost anosmic in the past. However, an increasing number of studies have shown 

that birds can detect odors in several ecological contexts. For example, birds can use 

their sense of smell in intraspecific relationships (Caro et al., 2015). The crimson rosella 

(Platycercus elegans) can discriminate between subspecies using olfaction (Milahova et 

al., 2014). Antarctic prions (Pachiptila desolata) can recognize the scent of their 

partners (Bonadonna and Nevitt, 2004). Passeriformes can discriminate the sex of 

conspecifics (Whittaker et al., 2011; Amo et al., 2012a), and Sphenisciformes, 

Procellariiformes and Passeriformes use olfaction for kin recognition (Krause et al., 

2012; Coffin et al., 2011; Bonadonna and Sanz-Aguilar, 2012). Moreover, house finches 

(Carpodacus mexicanus) seem to be able to evaluate the quality of conspecifics using 

olfaction (Amo et al., 2012b). In interspecific contexts, blue tits (Cyanistes caeruleus) 

and European starlings (Sturnus vulgaris) are known to use olfaction for detecting 

aromatic plants (Petit et al., 2002; Gwinner and Berger, 2008; Wallraff, 2004). 

Columbiformes and Procellariiformes use olfaction for orientation and navigation 

(Wallraff, 2004; Nevitt and Bonadonna, 2005). For example, British storm-petrel 

(Hydrobates pelagicus) and blue petrels (Halobaena caerulea), can find their own 

burrows using olfaction (Mínguez, 1997; Bonadonna et al., 2004). The ability to detect 

the chemical cues of predators and use them to ascertain predators has been 

demonstrated in Passeriformes (Amo et al., 2008; Roth et al., 2008; Amo et al., 2011), 

Galliformes (Zidar and Løvlie, 2012) and Anseriformes (Eichholz et al., 2012). 

Previous evidence suggests that birds are able to perceive odors in the process of 

foraging. Vultures, such as turkey vultures (Cathartes aura) (Houston, 1986) and 

greater yellow-headed vultures (C. melambrotus) (Graves, 1992), appear to use 

olfaction to locate carcasses. The role of olfaction in foraging has also been suggested 

in honey-guides (family Indicatoridae) (Stager, 1967) and honey buzzards (Yang et al., 

2015). In addition, some species of parrots can find their food using olfaction. For 
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example, kakapo (Strigops habroptilus), a flightless, nocturnal and vegetarian bird, 

identifies bins with food using olfaction (Hagelin, 2004). Procellariiform seabirds use 

dimethyl sulphide (DMS) for foraging (Nevitt, 1995). The DMS is produced when the 

zooplankton graze on the phytoplankton (Nevitt, 1995), thus signaling areas of high 

productivity in the oceans. By detecting this compound, Procelariiformes (Bonadonna 

et al., 2004; Nevitt, 1995) and Sphenisciformes (Cunningham et al., 2004; Amo et al., 

2013b) can locate their prey. Insectivorous birds are also able to use olfaction to find 

their food. Kiwis (Apteryx australis) can use olfaction when foraging (Wenzel, 1968; 

Cunningham et al., 2009). Parids, such as great tits, can exploit the herbivore-induced 

volatiles that trees emit in response to lepidopteran caterpillar infestation for finding 

those caterpillars upon which they prey (Amo et al., 2013a). Attraction to trees 

infested with caterpillars has also been shown in different plant-insect-bird systems 

(Mäntylä et al., 2004, 2008; Koski et al., 2015; Mäntylä et al., 2017; Mrazova and Sam, 

2018). 

Birds may not only use indirect cues to find their prey (Nevitt et al., 1995; Amo et 

al., 2013a; Mäntylä et al., 2017), but may be able to detect the chemical cues emitted 

by the prey itself. In many lepidopteran species, females release pheromones during 

the reproductive period in order to attract males (Cardé and Baker, 1984; Yew and 

Chung, 2015). Birds could detect these pheromones and use them to locate their prey. 

In this way, they could maximize their foraging effort. However, to our knowledge, no 

study has examined whether insectivorous birds can use olfaction to detect the 

pheromones of adult lepidopteran. Therefore, the aim of this study was to analyze 

whether insectivorous birds can eavesdrop on the sex pheromones of lepidoptera 

females. We performed a field experiment to investigate whether insectivorous birds 

in the wild are attracted to the pheromones of one of their potential prey, O. brumata 

adults. The winter moth is considered a plague in many forests and orchards in Europe 

(Cross et al., 1999). We measured whether the predation rates on artificial larvae 

located in Pyrenean oak trees containing an O. brumata pheromone dispenser differed 

from those containing a control dispenser. We expected that if birds can detect the 

pheromones of their prey and are attracted to them, the predation rate of artificial 
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larvae by birds will be higher in the trees that contain a pheromone dispenser than in 

the trees that contain a control dispenser.  

Methods 

Study area and species 

The experimental study was carried out between May and June 2016 in a 

Pyrenean oak (Quercus pyrenaica) forest included in a Site of Community Interest (SCI), 

located in Sierra de Fonfría, in Teruel province, Spain (40°59´N, 1°05´W). In this forest, 

a population of insectivorous birds breeding in 100 wooden nest-boxes was 

established in 2011. Nest-boxes were occupied mainly by breeding pairs of blue tits 

(Cyanistes caeruleus) (around 45 pairs), and some pairs of great tits (Parus major) 

(around 10 pairs). Other insectivorous bird species were observed in the study area at 

lower densities, including common blackbird (Turdus merula), Eurasian blackcap (Sylvia 

atricapilla), Sardinian warbler (S. melanocephala) and common nightingale (Luscinia 

megarhynchos). Tits feed mainly on caterpillars, such as the O. brumata, during the 

breeding period (Betts, 1955; Mols and Visser, 2002). However, during the winter, 

when no caterpillars are available, parids like great tits and blue tits prey upon O. 

brumata adults (Betts, 1955; Vel’ký et al., 2011). Thus, O. brumata adults constitute an 

important part of the diet when they are available in winter. Others species included in 

the winter diet of tits belong to the Hemiptera, Lepidoptera, Coleoptera and 

Hymenoptera orders (Betts, 1955). O. brumata adults are present in the study area 

from November to February (Soria, 1987). In this species only females produce 

pheromones during the reproductive period to attract males (Bestman et al., 1982; 

Roelofs et al., 1982). In 1982, the pheromone of O. brumata was identified as 

1,Z3,Z6,Z9-nonadecatetraene (Bestman et al., 1982; Roelofs et al., 1982). A synthetic 

pheromone can be obtained from commercial supplier (Control-Bio® from 

OPENNATUR, S.L.). The pheromone dispensers attached to a trap are effectively used 

in insect pest control in order to reduce male quantities. The pheromone dispensers 

contain 0.5 mg of 1,Z3,Z6,Z9-nonadecatetraene (Pherobank, B.V.). The emission lasts 

40 days, and thus the emission rate is approximately 9 ng/min (Pherobank, B.V.). We 
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performed the study outside of the reproductive period of this species to ensure that 

adult moths were absent, and therefore, bird attraction to the O. brumata pheromone 

could be attributed to the pheromone and not to the presence of males. 

Experimental design  

O. brumata adults can only be found in winter. Nevertheless, one week before 

the experiment, we placed 5 moth traps with commercial O. brumata pheromone for 

one week in different locations in the study area to ensure there were no O. brumata 

adults or other insect species that could have been attracted by the same pheromone 

(e.g., predators or parasitoids). We found no O. brumata adults or other arthropods 

inside the traps. During the 27 days of the experiment, we placed one dispenser and 

ten artificial larvae on branches of 32 Pyrenean oak trees. The branches were 

approximately 1.5 m long with no evident signs of herbivory. The dispenser and 

artificial larvae were placed at similar average heights in the trees (approx. 1.5 m high). 

Dispensers were fixed to the branch with a pin. Ten artificial larvae were placed in the 

surroundings of the dispenser, from 2 to 50 cm from the dispenser. Thus, dispensers 

were situated in the middle of ten artificial larvae. Pheromone and control dispensers 

were brown and opaque (approx. 20x10 mm). Pheromone dispensers were made with 

natural rubber (Figure 1). Control dispensers were made of brown plasticine similar to 

the color of the pheromone dispenser. There were no significant differences between 

the reflectance spectra of the two types of dispensers (p > 0.05; see Figure A in S1 

Supporting Information). 
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Figure 1. Photograph of the pheromone dispenser and several plasticine caterpillars, 

one of them with beak marks, indicating a predation event by an insectivorous bird. 

 

We selected trees that were located within 10 meters from a nest-box, and 

therefore, within the breeding territory of a blue tit or a great tit. Thirty-one of the 32 

nest-boxes close to experimental trees were occupied by blue tits. The artificial larvae 

were made of light green plasticine (similar to the natural color of real O. brumata 

larvae, at least by human-visual perception). Neither the plasticine caterpillars nor the 

dispensers emitted UV light. The plasticine larvae were approximately the size of a 

large fifth instar O. brumata larva (length 25-30 mm, Ø 3-4 mm). The plasticine larvae 

were attached with cyanoacrylate adhesive glue on branches of 32 forest oak trees. 

Experimental trees were separated by at least 40 meters. The trees were alternatively 

assigned to one of the treatments: commercial O. brumata pheromone dispenser (n = 

16), or plasticine dispenser, simulating the shape of the commercial pheromone 

dispenser (odorless control) (n = 16). Thus, treatments were spatially inter-mixed in 

the oak trees.  

To study the attraction of the insectivorous birds to the O. brumata pheromone, 

we checked the number of larvae with predation marks by birds in the trees. Artificial 

caterpillar models have previously been used to estimate insectivorous bird attraction 
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(Posa et al., 2007; Richards and Coley, 2007; Mäntylä et al., 2008, Remmel et al., 2011; 

Tvardikova and Novotny, 2012; Mäntylä et al., 2014; Sam et al., 2015). A predation 

event was assigned to a tree when the tree contained at least one larva damaged by 

birds. Larva models were considered damaged when they had triangle-shaped marks 

and deep cuts made by the beak of the birds and when a part of their body was taken 

by the birds, as described in Mäntylä and collaborators (Mäntylä et al., 2008, 2014). 

From the following day onwards we checked the condition of these plasticine larvae 

every two days for the first ten days. After ten days, we checked them twice, once at 

day 20 and again at day 27 from the beginning of the experiment. Each model showing 

a predation mark was replaced with a new one at the same location during the visits. 

The treatments were in place for 27 days, a period of time for which the effectiveness 

of the commercial pheromone is guaranteed, as it can last up to 40 days (Pherobank, 

B.V.). At the end of the experiment, we removed all plasticine larvae and the 

commercial pheromones and controls.  

Data analysis 

We modeled the probability that at least one predation event occurs in a tree in 

relation to the treatment (pheromone vs control) with a generalized linear model 

(GLM) fit by the Laplace approximation with binomial errors and a logit link function. 

We also analyzed the probability that the proportion of damaged larvae per tree 

differed in relation to the treatment with a generalized linear model (GLM) fit by the 

Bernoulli distribution with binomial errors and a logit link function. We included the 

day of observation in the initial models but, as it was not significant (see S2 Supporting 

Information), it was removed from the final models. Data analyses were performed 

with the statistical program R 2.15.1 “stats” package (R core Team, 2015). 
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Results 

The number of trees that had at least one caterpillar with signs of avian predation 

differed between treatments (GLM: Z = 2.40, p = 0.02, Figure 2). Ten out of the 16 

trees containing a pheromone dispenser had at least one avian predation event (i.e., at 

least one artificial caterpillar had signs of avian predation, Figure 1). In contrast, a 

predation event was observed in only 3 out of the 16 control trees. The proportion of 

larvae damaged by the birds differed between treatments (GLM: Z = -3.72, p = 0.0002), 

being significantly higher in trees that contained a pheromone (Mean ± SE = 3.04% ± 

1.48%) than in control trees (Mean ± SE = 0.71% ± 0.54%). 

 

 

Figure 2. Number of trees that had at least one artificial larva with marks of avian 

predation when the tree contained an Operophtera brumata pheromone dispenser 

and when the tree contained a control dispenser. 
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Discussion 

Our results show for the first time that insectivorous birds can exploit sex pheromones 

for prey location (Jain et al., 1983). A greater number of trees were visited by birds 

(i.e., they had at least one artificial caterpillar with signs of avian predation) when they 

contained an O. brumata pheromone dispenser compared to a control dispenser 

(Figure 2). Additionally, a greater proportion of artificial larvae were predated when 

the tree in which they were located contained an O. brumata pheromone dispenser 

than when it contained a control dispenser. 

We performed the study during the spring, when there are no adults of O. 

brumata. The adults of this species emerge in November and can be observed in the 

field until February (Soria, 1987). Therefore, when we placed the pheromones in the 

field, the attraction of males to this pheromone was not possible. Synthetic 

pheromones can be less specific that the natural female pheromones. Thus, we 

investigated the presence of adults in the study area to examine whether the 

pheromone attracts other insects. We placed five traps containing the pheromone a 

week before the beginning of the experiment and no moths or other arthropods were 

collected. Other arthropod species were never observed close to dispensers or 

artificial larvae in the study area. Moreover, we did not observe any damage to the 

caterpillars due to species other than birds. Therefore, the greater predation rate of 

artificial larvae does not appear to be due to the attraction of birds to the presence of 

O. brumata males or other arthropods close to the female pheromone. 

Control and pheromone dispensers were made of different material, which may 

have induced differences in visual and odor cues available to birds between control 

and treated dispensers. It is, however, unlikely that visual cues account for the 

differences in predation rates because the color spectra of control and pheromone 

dispensers were not significantly different (see Figure A in S1 Supporting Information). 

Therefore, the lack of significant differences between dispensers in visual cues 

eliminates the possibility that birds were attracted to the dispenser's appearance. The 

artificial caterpillars and control dispensers were made with plasticine, and thus the 

volatiles emitted by plasticine would be present in both treatments. The similarity in 
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the chemical composition between the caterpillars and the control dispensers would 

mean that bird attraction was not caused by differences in the volatiles emitted by the 

different materials of the two types of dispensers. Regardless, further experiments 

using the same dispensers in the control and pheromone treatments are needed to 

completely exclude the possibility of an artifact. The emission rate of the pheromone 

dispenser was around 9 ng/min. This emission rate is higher than that produced by a 

single female moth (Jain, 1983), and may be similar to that produced by 10 females. 

However, the concentration of this synthetic pheromone attracts male moths (L. Amo, 

personal observation), suggesting that the emission rate of the pheromone dispensers 

may be biologically relevant for male moths. Our results now show that vertebrate 

predators, such as insectivorous birds, are also attracted to the emission rate of this 

pheromone dispenser. However, birds could only detect female moths when the 

emission rate is 10-times higher than that of a single female. Thus, further studies will 

test whether birds can detect lower concentrations of the pheromone to disentangle 

whether birds can use the pheromone emissions to locate a single female moth or 

whether they are only attracted to female groups. Furthermore, female moths become 

active from sunset, when diurnal insectivorous birds such as blue tits decrease their 

foraging activity and search for roosting places. Therefore, additional studies are 

needed to elucidate whether birds use pheromones as a precise localization cue or to 

find good areas for foraging the subsequent day.  

Previous studies have shown that the use of artificial caterpillars is a reliable 

measure of insectivorous bird attraction (e.g. Mäntylä et al., 2008, 2014; Sam et al., 

2015; Mrazova and Sam, 2018). For example, Muiruri and collaborators observed 

several individuals of breeding bird species pecking the artificial caterpillars (Muiruri et 

al., 2016). To prevent the same bird from visiting all the trees, we placed the 

caterpillars in trees that were separated by at least 40 meters. Blue tits normally feed 

within 20 meters from the nest-box in deciduous forests and up to 40 meters in mixed 

forests (Stauss et al., 2005). Additionally, results of another study show that 90% of 

foraging observations of blue and great tits were made within 45 m from the nest-box 

(Naef-Dancer, 1999). Therefore, it is unlikely that the same individuals visited more 

than one experimental tree. Furthermore, we expected that birds learned to recognize 
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plasticine caterpillars as unpalatable, unprofitable prey. Thus, we did not expect birds 

to return to the same location numerous times. 

The study area has had a blue and great tit population breeding in nest-boxes 

since 2011. Blue and great tits are the most abundant insectivorous birds in the area 

(more than 100 adults and their nestlings) (Amo et al., 2017). The high abundance of 

these two species, as well as the fact that experimental trees were close to nest-boxes, 

suggest that these two species were likely responsible for the majority of the 

predation. Nonetheless, we cannot exclude the possibility that other insectivorous 

species or even omnivorous species that include moths in their diets and are present in 

the study area, may have been attracted to the pheromones.  

Our results show that birds can exploit the pheromones emitted by O. brumata 

females. The attraction of birds to the pheromones of this species may help birds 

maximize their foraging effort. O. brumata females are wingless (Heppner, 1991) and 

their brown coloration allows them to blend into the trunks of trees, such as the 

Pyrenean oak, which could make them cryptic and probably hampers visual detection 

by bird predators. Therefore, by using the chemical cues emitted by female moths, 

birds can enhance their probability of finding the camouflaged females, as well as the 

male moths that are attracted by the female pheromone. As a consequence, males 

may also suffer an increased risk of predation (Hughes et al., 2012). 

Bird predation on O. brumata adults during the winter may reduce the number 

of lepidopteran clutches and therefore, the number of caterpillars in spring. This can 

have important consequences for host trees in the subsequent spring. Previous studies 

using bird exclusion have shown a positive effect of birds on predation rates of 

arthropods in spring or summer (Mooney et al., 2010). However, the effect of avian 

predation on their prey population during the winter period has been less studied 

(Askenmo et al., 1977; Gunnarsson, 1996; Cross et al., 1999).  

Insectivorous birds are predators of lepidopteran moths, eggs and caterpillars, 

such as the O. brumata (Betts, 1955; Cowie and Hinsley, 2017). Thus, they may not 

only decrease the number of moth adults during the winter, but also caterpillar 

numbers during the spring. The nestling period of many insectivorous bird species 
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coincides with the peak occurrence of most caterpillars, including the O. brumata 

larva. Thus, birds can greatly reduce the number of lepidopteran larvae feeding on 

trees (Mols and Visser, 2002). Insectivorous birds, at least great tits, use olfaction to 

discriminate between trees infested with O. brumata caterpillars and uninfested trees 

(Amo et al., 2013a), thanks to the herbivore-induced volatiles (HIPVs) that trees emit in 

response to herbivory (Amo et al., 2013a). The attraction of birds to caterpillar infested 

trees can decrease herbivore damage to trees (Mols and Visser, 2002; Van Bael et al., 

2003; Mäntylä et al., 2011), leading to increased growth and reduced mortality of the 

trees (Mäntylä et al., 2011; Marquis and Whelan, 1994; Sipura, 1999). 

The attraction of birds to the pheromones of moth females adds birds to the list 

of predators that are able to eavesdrop the chemical cues emitted by their prey for 

mate attraction. This new evidence indicates the costs of the emission of chemical 

signals for females (Harari et al., 2011) as well as the costs of responding to such 

chemicals for males (Hughes et al., 2012). These results indicate the potential use of 

insectivorous birds in controlling Lepidopteran numbers in forests and orchards. 

Traditional control of adult numbers is based on the use of pheromone traps to collect 

males and remove them from the population, decreasing access to males by females, 

and therefore decreasing fecundity of females (Mcneil, 1991). However, birds prey 

upon both females and males and may be much more efficient than pheromone traps 

in decreasing the number of adults. 
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Supporting information 

S1 Supporting Information 

Figure A. Reflectance spectra of control (blue line) and pheromone (red line) 

dispensers. There were not significant differences between the spectra of both 

dispensers (F1,9 = 128.28, p > 0.05). 

S2 Supporting Information 

Statistical analysis of data including the day of observation in the initial models 

We modelled the probability that at least one predation event occurs in a tree in 

relation to the treatment and day of observation with a generalized linear mixed 

model (GLMM) fit by the Laplace approximation with binomial errors and a logit link 

function. We included the tree as a random factor. We also used a GLMM to analyze 

the number of caterpillars attacked by birds in relation to the treatment and the day of 

observation (fixed factors). The tree was included as a random factor. 
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Results 

The number of trees that had at least one caterpillar with signs of avian predation 

differed between treatments (GLMM: Z = -2.08, p = 0.04) but did not differ in relation 

to the day of observation (GLMM: Z = -0.09, p=0.93). 

There were differences between treatments in the number of damaged 

caterpillars (GLMM: Z = -2.17, p = 0.03). The day of observation did not influence the 

number of caterpillars that were attacked by birds (GLMM: Z = 1.75, p = 0.08).  
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Abstract  

Small birds use cavities for roosting to decrease the thermoregulatory costs during the 

winter nights. The ability of birds to detect and escape from an approaching predator 

is impaired during roosting and thus the selection of such cavities should take into 

account the risk that a predator will find the cavity. Previous evidence suggested that 

birds in captivity are able to detect predator scent and avoid roosting in nest-boxes 

containing such predator chemical cues. Here, we tested whether birds also show this 

avoidance response under natural conditions. We performed three studies in three 

populations of blue and great tits. We added predator scent, a pungency scent or an 

odourless control to nest-boxes and compared the use of these nest-boxes for 

roosting. We found no differences between the scent treatments in the use of nest-

boxes. Therefore, chemical cues indicating the potential presence of a predator are not 

enough for birds to avoid roosting in nest-boxes under natural conditions. 
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Introduction 

During winter, bird mortality is reported to be higher than at other moments of the 

year (Senar and Copete, 1995; Conroy et al., 1999) especially after particular bad 

weather events such as frosts or storms (Carrascal, 1988). This increased mortality 

during winter can have several causes. It can be due to the reduction of the available 

day light hours for feeding. Or, for instance for insectivorous birds, the decrease in 

insect abundance in winter leading to increased foraging effort (Carrascal et al., 2001). 

Another potential cause is the increased metabolic costs associated to 

thermoregulation under low environmental temperatures. These costs are higher for 

small birds because their reduced body size involves an high energy expenditure for 

thermoregulation (Carrascal et al., 2001). Therefore, survival of small birds can be 

seriously compromised during winter, especially during the night, when temperature 

reaches its minimum. 

Birds, as well as other endotherm animals, have developed behavioural and 

physiological adaptations to survive hard winter conditions. Birds may increase the 

insulating properties of the plumage (Steen, 1958; Chaplin, 1982), form aggregations 

during the night for energy saving (Du Plessis et al., 1994a), or use cavities for roosting 

to minimize heat loss (Du Plessis et al., 1994b; Walsberg, 1986). The use of cavities for 

roosting is especially important during the winter period for many small bird species 

inhabiting temperate areas. This is because during at night, when temperatures drop, 

birds gain thermal benefits and save energy spending the night inside a cavity 

compared to the canopy (McCafferty et al., 2001; Vel'ký, 2006; Paclik and Weidinger, 

2007; Vel'ký et al., 2010a,b). Many bird species can also decrease their body 

temperature during cold nights in order to decrease the costs associated with the 

maintenance of a constant and elevated body temperature (Reinertsen, 1996; 

McKechnie and Lovegrove, 2002). By entering such nocturnal hypothermia, birds 

reduce their metabolic rate at night, and thereby their starvation risk. However, this 

decrease in temperature also entails changes in the sleep pattern (Clark and Dukas, 

2000) that may cause a lower ability to detect an approaching predator while sleeping 

(Amo et al., 2011a). In addition, roosting in a cavity has as a disadvantage that it is hard 
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to escape the predator when found. Therefore, it is essential for birds to select safe 

cavities to roost in.  

When selecting safe cavities for roosting, birds may assess the risk that such a 

cavity can contain, or will be visited by, a predator. This risk assessment needs to be 

made before entering because inside the cavity a bird has low possibilities of escaping 

once a predator has launched an attack. Previous evidence suggested that birds avoid 

roosting in nest-boxes containing cues from predators such as fur or signs of predation 

such as bird feathers (Ekner and Tryjanowski, 2008). A similar avoidance response of 

predator fur has been found when birds select nest-boxes for breeding (Mönkkönen et 

al., 2009). Besides visual cues of predator fur, chemical cues contained in the predator 

fur used in these two studies may be used by birds to assess the risk of predation.  

The detection of predator chemical cues may provide birds a first warning of the 

risk that the cavity can be occupied by a predator (Kats and Dill, 1998). Visual detection 

of predators inside cavities can be constrained due to low visibility conditions and 

therefore, the use of predator chemical cues for ascertaining predator presence may 

be crucial to avoid being predated. Therefore, many species avoid the use of cavities 

containing predator chemical cues (Stoddart, 1976; Amo et al., 2004; Borgo et al., 

2006). The presence of predator chemical cues inside a cavity may indicate both that a 

predator is currently inside the cavity and that a predator has previously visited the 

cavity and may return to it.  

Previous evidence suggests that predator chemical cues can be used by birds for 

predation risk assessment. For example, when blue tits Cyanistes caeruleus found 

predator chemical cues inside a nest-box during the breeding period, they delayed 

their entry to the nest-box and decreased the time spent inside it while feeding the 

nestlings (Amo et al., 2008). It was also shown that blue tits did not decrease the 

provisioning rate to nestlings, but they decreased the time devoted to other activities 

not essential for nestling survival such as nest sanitation activities (Amo et al., 2017). 

Other species have also been shown to avoid predator chemical cues in a foraging 

context, such as the house finch, Carpodacusmexicanus (Roth et al., 2008; Amo et al., 

2015) and the domestic fowl, Gallus gallus domesticus (Zidar and Løvlie, 2012). Birds 



Chapter 3 

 

147 

can also avoid nesting in areas containing predator scent, as Anas sp. exposed to fox 

scent did (Eichholz at al., 2012). Moreover, male house sparrows (Passer domesticus) 

avoided the scent of a potential predator or competitor (Mus musculus domesticus) 

when inspecting nest-boxes for roosting (Griggio et al., 2016). However, in other cases, 

the presence of predator scent did not affect nesting preferences (Sialia sialis) (Godard 

et al., 2007) or parental behaviour (Troglodytes aedon) (Johnson et al., 2011); or 

nesting was not avoided (Puffinus pacificus) (Gérard et al., 2015). 

The presence of predator cues does not always need to lead to avoiding a 

location. Even when there are such cues this does not necessarily will lead to a 

predator attack. Thus, any anti-predatory response should be traded off against other 

requirements (Lima and Dill, 1990; Lima, 2009). In the case of predator chemical cues, 

such cues may reveal the presence of predators (Kats and Dill, 1998), even in the 

absence of any other cue (Kats and Dill, 1998; Chivers and Smith, 1998; Chivers et al., 

2001; Amo et al., 2008; 2017). But the use of chemical cues can lead to an 

overestimation of predation risk if birds continue avoiding the area containing such 

cues even when the predator is no longer present (Kats and Dill, 1998; Smith and Belk, 

2001). Therefore, if the avoidance response is costly, birds may opt to not to avoid 

places containing predator chemical cues, especially in the absence of other cues 

signalling predator presence.  

The results of a previous study in captivity with great tits, Parus major, shows 

that they avoid roosting in nest-boxes containing predator scent (Amo et al., 2011b). 

However, to our knowledge no study has examined whether birds use predator 

chemical cues to assess the risk of predation when selecting cavities for roosting under 

natural conditions. 

Here, we examined whether birds avoid roosting in nest-boxes containing 

predator chemical cues during winter. We performed three experiments in which we 

added either predator scent, an odorous control or an odourless control to nest-boxes 

during the morning, and checked whether the nest-boxes where used for roosting. The 

experiments were performed in three different populations of blue tits and great tits 

that use the nest-boxes for roosting during the winter period. Both species are known 
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to be able to detect and avoid predator scent (Amo et al., 2008, 2011b, 2017). 

Moreover, great tits in captivity are known to avoid nest-boxes containing predator 

scent for roosting (Amo et al., 2011b). Thus, we hypothesized that also wild birds will 

avoid roosting in nest-boxes containing predator scent. 

 

Methods 

Ethics note 

According to the Spanish laws in relation to animal research, the study that we report 

here does not need to be evaluated by an animal research ethics committee, as we did 

not manipulate animals. Licenses to perform the study were approved by the INAGA 

(500201/24/2015/11696, Spain) and the Animal Experimental Committee of the KNAW 

(DEC protocol no CTE 07.08, the Netherlands). The study did not involve any pain to 

animals, so no anaesthesia or euthanasia was required. 

Study systems and experimental designs 

Experiments were performed during the winter in 2006, 2008 and 2016. In the 

three experiments, the experimental protocol consisted in placing a paper soiled with 

the correspondent treatment (predator scent, odorous control and odourless control) 

inside the nest-boxes during the morning. The presence of previous bird faeces was 

recorded and faeces were removed from nest-boxes when present. The following 

morning, nest-boxes were checked and we determined whether a nest-box had been 

occupied by a bird during the night by examining the presence of faeces inside the 

nest-boxes, and papers were removed. This is a reliable method to assess the use of a 

nest-box because birds always defecate during the night (Ekner and Tryjanowski, 2008; 

Amo et al., 2011a,b). Therefore, we could analyse whether birds avoided to roost in 

cavities containing a predator scent. 

As predator scent we use mustelid scent in all three experiments but we used 

different pungent scents as odorous control (see below). The odorous control allows 

us to compare the behaviour of birds when they find the odour of a predator inside 
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the nest-box or a new pungent odour without biological significance. We used water as 

an odourless control to resemble the level of humidity of the papers containing the 

two other treatments. Water has been widely employed as an odourless control 

stimulus in studies on chemical detection (Amo et al., 2004, 2008, 2011b, 2017). 

Experiment 1  

In February 2006, an experiment was performed in 80 nest-boxes located in a 

Quercus pyrenaica oak forest in Madrid province (Sierra de Guadarrama, Central Spain, 

40°43´N, 03°55´W). In this area, blue tits are more abundant than great tits during the 

winter (14.5 birds/10 ha vs 8.6 birds/10 ha, respectively (Carrascal and Díaz, 2006)). 

Forty eight nest-boxes were cleaned three weeks before the experiment and 

contained no nest. The other 32 nest-boxes were not previously cleaned because they 

were going to be used in different experimental studies during the next spring. Twenty 

two of them contained an old nest and 10 were empty. Treatments were placed at the 

bottom of the nest-box and under the nest when there was a nest inside the nest-box. 

This methodology has been previously used in studies about the olfactory capacity of 

birds to detect predator scent inside nest-boxes (Amo et al., 2008, 2011b, 2017). The 

treatments were: a) mustelid scent (predator chemical cues), b) cologne (Eau de 

Cologne from Hema®, pungency control), and c) water (odourless control) (see below 

for details). 

Experiment 2  

In January 2008, an experiment was performed in 47 nest-boxes in a Quercus 

robur oak forest in Oosterhout (Central Netherlands, 51°55´N, 05°50´E). In this area, 

99% of roosting birds were great tits and only 1% were blue tits. Nest-boxes did not 

contain any nest as they were cleaned at the end of the previous breeding season. 

Treatments were placed inside cotton bags that were hanged from one of the walls 

inside the nest-box. The treatments were: mustelid scent (predator chemical cues), b) 

vine vinegar (pungency control), and c) water (odourless control) (see below for 

details).  
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Experiment 3  

In March 2016, an experiment was performed in 100 nest-boxes in a Quercus 

pyrenaica forest in Zaragoza (Alto Huerva-Sierra de Herrera, Aragón, Northeast Spain, 

40°59´N, 01°05´W). In this area, blue tits are more abundant than great tits, at least 

during the breeding period, with 67 nest-boxes occupied for breeding, 76% by blue tits 

and 24% by great tits. Old nests were not previously removed from nest-boxes, so 

most of the nest-boxes (92%) contained a nest. Treatments were placed on the bottom 

of the nest-box, and under the nest when there was a nest. The treatments applied to 

the nest-boxes were: mustelid scent (predator chemical cues), b) lemon essence 

(pungency control), and c) water (odourless control) (see below for details). The 

following morning, nest-boxes were inspected for faeces. In this experiment, faeces 

were removed if present, and papers were replaced by papers with another treatment. 

The subsequent day, after nest-box inspection, the third treatment was applied to 

nest-boxes. Therefore, all nest-boxes had the three treatments in three consecutive 

days. The order of treatments was randomized.  

Preparation of experimental treatments 

Treatments were added in an absorbent paper (12 x 7 cm). To obtain predator 

scent, we placed clean absorbent papers inside the cages of several male ferrets 

(Mustela furo L., ≥ 2 ferrets per experiment). Ferret scent is recognized and avoided by 

blue tits and great tits (Amo et al., 2008, 2011b, 2017). Ferrets were individually 

housed in cages and had water and food (dry pellets for ferrets) ad libitum. We placed 

papers in the ferret cages three days before the experiment, to ensure odour 

collection. When collecting papers daily for the experiment, we selected wet papers 

containing fresh urine. This method for collection of predator scent has been used in 

previous studies (Amo et al., 2008, 2011b, 2017). 

We used different pungent odorous controls in the three experiments. In 

experiment 1 (2006), we used cologne as a pungent control. The cologne treatment 

was obtained by placing 2 ml of 50% diluted cologne (Eau de Cologne from Hema®) on 

clean absorbent papers. We used cologne as an odorous control, as it was previously 

used in studies exploring predator scent detection in birds (Amo et al., 2011b). In 
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experiment 2 (2008), we used vinegar as a pungent control. This treatment was 

obtained by placing 2 ml of 50% diluted vine vinegar on absorbent papers. Vinegar is 

also a pungent control that may not have biological significance for birds, and it has 

been previously used as a pungent scent in studies about predation risk assessment via 

olfaction in birds (Mönkkönen et al., 2009). In experiment 3 (2016), we used lemon 

essence, a pungent control that has been previously used for experimental assessment 

of bird ability to detect scents inside nest-boxes (Parejo et al., 2012). To prepare lemon 

essence, we mixed 0.5 g of grated lemon zest in 1 ml of distilled water. The mixture 

was maintained 24 hours in the fridge and 2 ml from the liquid fraction were placed in 

absorbent papers.  

We prepared the odourless control treatment by adding 2 ml of water to a clean 

absorbent paper. Odourless control treatments have been used in previous studies 

about avian olfaction (Amo et al., 2008, 2011b, 2017). 

Data analysis 

Statistical analyses were performed with the Statistical package R 2.15.1 (R 

Development Core Team, 2012). 

Experiment 1 

A generalized linear model (GLM), with binomial errors and a logit link function, 

was used to analyse whether occupancy of nest-boxes differed in relation to the 

treatment and to the presence of a nest inside the nest-box. We included the 

interaction between the treatment and the presence of a nest in the model. Because 

differences between nest-boxes may influence the preference of birds for roosting in 

nest-boxes, we considered the use of the nest-box the previous day in the analysis of 

nest-box occupancy. Therefore, we performed a generalized linear model to examine 

whether there were differences in nest-box use considering only the nest-boxes that 

were previously occupied (ascertained by the presence of faeces before the 

experiment), analysing whether there were differences in the change in use of 

occupied nest-boxes between treatments. 
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Experiment 2 

A generalized linear model (GLM), with binomial errors and a logit link function, 

was used to analyse whether occupancy of nest-boxes differed in relation to the 

treatment. To take into account the previous use of the nest-box, we also used a 

generalized linear model (GLM), with binomial errors and a logit link function, to 

determine whether the treatment affected the use of nest-boxes, considering only 

those nest-boxes that were previously used before the experiment. 

Experiment 3 

A generalized linear mixed model (GLMM), with binomial errors and a logit link 

function, was used to analyse whether occupancy of nest-boxes was affected by the 

treatment and the order of treatment presentation (fixed factor with 6 levels), 

including nest-box as a random factor. 

We also used a generalized linear mixed model to evaluate whether the 

treatment affected the change in use of nest-boxes, considering only those nest-boxes 

that were previously used (with nest-box as a random effect), including the order of 

treatment presentation as a fixed factor.  

 

Results 

Experiment 1 

In 2006, the occupancy rate of nest-boxes in Central Spain was not related to the 

treatment (Z = -0.38, p = 0.71; Table 1). The presence of a nest inside the nest-box did 

not influence nest-box use (Z = 1.46, p = 0.15) although ten out of the 22 nest-boxes 

(45%) that contained a nest were used to spend the night whereas only 7 of 58 nest-

boxes (12%) that did not contain a nest were used. The interaction between the 

treatment and the presence of a nest was not significant (Z = -0.28, p = -0.78). The 

overdispersion value was 0.95. When considering only the nest-boxes that were 

previously used, there were not significant differences between treatments in the 

number of nest-boxes that were used before the experiment and not used during the 
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scent exposition in relation to the treatment (Z = 0.71, p = 0.48). The presence of a 

nest did not influence the use of these previously used nest-boxes (Z = -0.77, p = 0.44). 

The interaction between the treatment and the presence of a nest did not influence 

the occupancy of previously used nest-boxes (Z = 0.10, p = 0.92). The overdispersion 

value was 1.42. 

Table 1. Number of nest-boxes used for roosting/number of nest-boxes with the 

correspondent treatment (and the percentage of used nest-boxes) when the nest-

boxes contained predator scent (mustelid), a pungent odorous control or water in 

three experiments aimed to analyse whether birds avoid roosting in nest-boxes 

containing predator chemical cues. 

 Nest-boxes occupied 

Treatment Experiment 1 

(Central Spain) 

Experiment 2 

(The Netherlands) 

Experiment 3 

(Northeast Spain)* 

Predator odour 5/26 (19%) 4/17 (24%) 22/100 (22%) 

Odorous control 5/27 (14%) 6/15 (40%) 21/100 (21%) 

Water 7/27 (26%) 5/15 (33%) 23/100 (23%) 

Total 17/80 (15.5%) 15/47 (31%) 66/300 (22%) 

Treatment effect Z = -0.38, p = 0.71 Z = -0.62, p = 0.54 Z = -0.41, p = 0.69 

 

*In the experiment 1 and 2, treatments were applied only once to each nest-box, 

whereas in the experiment 3, a repeated measures design was used, and nest-boxes 

contained the three treatments in three consecutive days in a randomized order. 

Experiment 2 

The occupancy rate of nest-boxes in 2008 in the Netherlands did not differ between 

treatments (Z = -0.62, p = 0.54; Table 1). The overdispersion value was 1.30. There 

were not significant differences between treatments in the occupancy rate of nest-

boxes that were previously used before the experiment (Z = 0.003, p = 0.99). The 

overdispersion value was 0.52. 
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Experiment 3 

In 2016, in the nest-box population of north-eastern Spain, there were not differences 

between treatments in the occupancy of nest-boxes (Z = -0.41, p = 0.69; Table 1). The 

order of treatment presentation did not influence its occupancy (Z = -0.43, p = 0.67). 

The overdispersion value was 0.60. When considering only the nest-boxes that were 

previously used, neither the treatment (Z = 0.36, p = 0.72) nor the order of treatment 

presentation (Z = 1.29, p = 0.20) influenced the occupancy of these previously used 

nest-boxes. The overdispersion value was 1.16. 

 

Discussion 

Our results show that, under natural conditions, birds did not avoid roosting in nest-

boxes containing predator scent. A similar number of birds roosted inside nest-boxes 

containing predator scent or other treatments in the three study areas. Also, when 

considering the previous use of the nest-boxes (i.e. whether a bird already roosted 

inside a particular nest-box before adding the scents to the nest-box), our results show 

that birds did not avoid to roost in those nest-boxes that contained predator scent. 

This is in contrast with the results of a previous study performed in captivity, which 

found that great tits did avoid roosting in nest-boxes containing predator scent (Amo 

et al., 2011b). These differences in results between the two experiments cannot be 

attributed to the species tested because the species that roost in nest-boxes in the 

three areas are mainly blue tits and great tits, and both are known to detect and avoid 

predator scent (Amo et al., 2008, 2011b, 2017). Furthermore, at least in great tits, the 

detection of a predator scent seems to be innate, because adult birds naïve to 

predators avoided roosting in nest-boxes containing predator scent (Amo et al., 

2011b). What is more, the protocol to collect predator scent as well as the 

methodology to locate scented papers inside the nest-boxes have been successfully 

used for measuring the capability of birds to detect predator scent (Amo et al., 2008, 

2011b, 2017). Therefore, this previous evidence suggests that the lack of an avoidance 

response of birds cannot be explained by a lack of detection of the scent due to 

methodological problems. 
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In contrast, during the breeding period, birds seem to exhibit antipredatory 

behaviours when exposed to predator chemical cues inside the nest-boxes (Amo et al., 

2008) or close to them (Amo et al., 2017). Predation is prey density dependent, i.e. 

predation efficiency increases with increasing prey density, and consequently 

predators develop a searching image and start to concentrate on more abundant prey. 

During the breeding period, bird density is higher than in winter (e.g. in Northeast 

Spain population, nest-box occupancy is 67% during the breeding period and only 22% 

during the winter) and predators may also obtain greater benefits when finding an 

occupied nest-box in spring than in winter. However, at least in Spanish populations, 

we have observed roosting birds killed by mammal predators inside the nest-boxes (L. 

Amo, personal observation; Sanz, 2000). Therefore, predation pressure may be 

sufficiently important during the winter period to make birds detect the predator 

chemical cues. Previous evidence supports this hypothesis because wild birds avoid 

roosting in nest-boxes containing cues from predators such as fur or signs of predation 

such as bird feathers (Ekner and Tryjanowski, 2008). Also, in captivity, they avoid 

roosting in nest-boxes containing predator scent (Mönkkönen et al., 2009). Therefore, 

differences in prey density and a potential decrease in the risk of predation in winter 

may not be responsible for the lack of an avoidance response observed in our studies 

in the wild. 

The different results obtained in captivity and in the wild may, however, be 

explained differences in experimental designs. In the experiment performed in 

captivity (Amo et al., 2011b), captive great tits were released in an unknown aviary one 

and a half hour before sunset to allow them to inspect the aviary and the nest-boxes 

before choosing one for spending the night. Inside the aviary there were two nest-

boxes, one control and one experimental. The experimental nest-box had the odour of 

a mustelid predator or a strong new odour without biological significance (cologne), 

the control nest-box contained no odour. When one of the cavities contained the 

odour of a predator, birds avoided the use of either of the two offered nest-boxes, and 

a greater number of birds slept outside the next boxes. However, there was no 

avoidance of nest-boxes when one of them contained a control odour. In contrast, in 

the experiment under natural conditions, scents were located in the nest-boxes during 
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the morning, so birds had more time to inspect the area surrounding the nest-boxes to 

try to visually ascertain the presence of the predator. 

Predator chemical cues may offer a first indication of predator presence, as 

scents may reveal the presence of predators (Kats and Dill, 1998). However, these cues 

may remain in the area once the predator has gone. Therefore, by using only predator 

chemical cues, prey can overestimate the risk of predation if the predator is no longer 

present or is not willing to perform an attack (Kats and Dill, 1998; Smith and Belk, 

2001). In contrast, other cues (e.g., visual) may provide prey with more current 

information about predator motivation for hunting and overall threat (Smith and Belk, 

2001). Despite that birds respond similarly to predator chemical cues alone than to 

visual cues alone (Amo et al., 2017), birds probably assess actual predation risk by 

integrating information from all available cue types, i.e. they detect predator cues but 

they probably confirm predator presence by trying to visually detect the predator. 

Therefore, if they did not find other cues signalling predator presence, they opted to 

use the nest-box despite it contained predator chemical cues. The lack of other cues 

signalling predator presence may explain that in another study, a long term avoidance 

response to predator scented nest-boxes has not been observed (Godard et al., 2007). 

In contrast, in other studies using visual and chemical cues of predators, an avoidance 

response was found in the use of nest-boxes for roosting (Ekner and Tryjanowski, 

2008) or breeding (Mönkkönen et al., 2009). The use of cavities for roosting in winter 

may be critical for small birds inhabiting temperate areas (Mainwaring, 2011) because 

the energy saving thanks to the use of cavities to spend the night can influence survival 

(Houston and McNamara, 1993; Newton, 1998). The energy saving due to the use of 

cavities compared to roosting in the canopy increases when the cavity contains nest 

material. In a study with tree sparrows (Passer montanus), roosting in empty nest-

boxes can represent an energy saving of 18%, increasing to 36% in nest-boxes 

containing a nest (Pinowski et al., 2006). Our results show that birds did not chose 

nest-boxes containing a nest. Previous studies have demonstrated that an old nest 

may contain ectoparasites, influencing bird preferences when selecting nest-boxes for 

roosting (Christe et al., 1994). Therefore, our results suggest that the benefits in terms 

of energy saving may not overcome both the parasitism and the predation risks costs, 
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as it has been found in other mainland populations in Europe (Dhondt and Eykerman, 

1980; Dhondt et al., 1991), for example in Corsica, where blue tits do not roost in nest-

boxes (Dhondt et al., 2010). In this area with evergreen forests, roosting in the dense 

foliage may be less energetically costly than roosting in deciduous forests that prevail 

in mainland (Dhondt et al., 2010). Thus, differences in the balance between costs and 

benefits of roosting in cavities may have exerted different selection pressures that 

have led to population differences in the use of nest-boxes during the night (Dhondt et 

al., 2010).  

In populations that use nest-boxes for roosting, previous evidence suggests that 

nest-boxes are the preferred roosting sites, because dominant males are found at 

higher proportions than subdominant, juvenile or female birds (Báldi and Csörgõ, 

1993; Krištín et al., 2001). Furthermore, dominant species roost in nest-boxes at higher 

proportions than subdominant species (Kempenaers and Dhondt, 1991). For example, 

although blue tits prefer to roost in nest-boxes with big entrance holes, when great tits 

are present blue tits use small-holed nest-boxes (Kempenaers and Dhondt, 1991). In 

our study areas, the low occupancy rate of nest-boxes in the three populations (15-

31%) suggests that nest-boxes are not a limited resource for roosting birds. 

Furthermore, treatments were balanced so a predator-scented nest-box was 

surrounded by a control-scented and a control-unscented nest-box. Nest-boxes were 

separated up to 40 m. Results of a previous study showed that great tits use nest-

boxes for roosting within a territory of around 120 m in diameter (Krištín et al., 2001). 

So birds may not need to leave their territory to search for another nest-box where to 

roost. However, the thermal insulation properties of the other nest-boxes present in a 

territory may differ, for example due to exposition to the wind. What is more, previous 

evidence suggests that birds that usually roost in a particular nest-box, use it for 

breeding the following breeding season (Ekner and Tryjanowski, 2008). Therefore, the 

need to maintain a nest-box for the breeding season may also explain that birds did 

not search for another nest-box when they only found predator chemical cues inside 

their nest-box.  

In conclusion, our results suggest that despite that birds are able to detect the 

predator scent and use it to assess the risk of predation inside cavities (Amo et al., 
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2008; 2011b), and they avoid roosting in nest-boxes containing predator chemical cues 

in captivity (Amo et al., 2011b), in natural conditions, territory maintenance or 

thermoregulatory benefits of roosting in nest-boxes may overcome the perceived risk 

of predation when only predator chemical cues are present. Further research is 

needed to assess whether this lack of avoidance of roosting in predator scented nest-

boxes is maintained when thermoregulatory costs of sleeping outside nest-boxes are 

lower. 
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Abstract 

Birds have developed different behavioural strategies to reduce the risk of predation 

during the breeding period. Bird species that nest in the open often cover their eggs to 

decrease the risk of predators detecting the clutches. However, in cavity nesters, the 

potential functions of egg covering have not been explored despite some bird species 

that nest in cavities also covering their eggs as open nesters do. We analysed whether 

egg covering is an antipredatory behaviour in the blue tit (Cyanistes caeruleus). We 

simulated an increase in the perceived risk of predation at experimental nests by 

adding predator scent inside the nest boxes during the egg‐laying period, whilst adding 

lemon essence or water to control nest boxes. Birds exposed to predator chemical 

cues in the nest of experimental pairs more frequently covered their eggs than birds 

exposed to an odorous control. These results suggest that egg covering may have 

evolved as an antipredatory behaviour also in cavity nesters to reduce the risk of egg 

predation and thus increase reproductive success in birds.  
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Introduction 

Oviparous animals suffer from egg loss due to predators during the breeding period 

(Ricklefs, 1969; Angelstam, 1986). Because the risk of predation determines the 

reproductive success and therefore the fitness of animals, natural selection favours 

those behaviours that minimise the risk of predation and increase reproductive 

success (Caro, 2005; Lima, 2009). Among these adaptations, eggshell patterning and 

colour can help to camouflage eggs, by allowing the eggs to blend into the background 

(Stevens et al., 2017) or by reducing edge detection through patterning (Cott, 1940). 

Apart from colouration adaptations, behavioural strategies can also minimise the risk 

of egg and nestling predation (Collias and Collias, 1984).  

Nest site selection can determine the survival of offspring (Refsnider and Janzen, 

2010). For example, many animal species use already existing cavities or build their 

own cavities to place their nest, to reduce the probability of predators detecting nests 

and to prevent larger predators from accessing nest (Collias and Collias, 1984). Nest 

building behaviour is common in many taxa, from invertebrates such as the 

mud‐dauber wasp (Trypoxylon politum) that uses mud to build their nests (Brockman, 

1980) to vertebrates such as fishes (Wootton, 1976; Blumer, 1982), amphibians (Höbel, 

2000), reptiles (Hailman and Elowson, 1992; Iverson et al., 2004), birds (Collias and 

Collias, 1984) and mammals (Birks et al., 2005; Seltmann et al., 2017).  

Species that do not build a nest often cover their eggs to hide them from 

predators. For example, terrestrial snails lay their eggs in holes and use soil to cover 

them (Baur, 1994). Osteichthyes fishes also cover their eggs with substrate materials 

(Blumer, 1982). Turtles, such as the loggerhead sea turtle (Caretta caretta), construct 

chambers covered with sand to protect the clutch (Hailman and Elowson, 1992). The 

Allen Cays rock iguana (Cyclura cychlura inornata) covers the hole of chambers with 

sand and plant debris (Iverson et al., 2004). The saltwater crocodile (Crocodylus 

porosus) uses vegetation and mud to cover their eggs (Webb et al., 1977).  

The study of egg covering as an antipredatory behaviour in birds has been 

generally focussed on bird species that nest in open areas, mainly on the ground, 

without vegetation cover (e.g., Amat et al., 2012; Troscianko et al., 2016). 
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However, some bird species that nest in cavities also cover their eggs during the 

laying period (Haftorn and Slagsvold, 1995; Haftorn, 1996), including the blue tit 

(Cyanistes caeruleus) (Cramp and Perrins, 1993; Stenning, 2018). Several hypotheses 

have been proposed to explain nest covering behaviour both in open and cavity 

nesters. For example, birds may cover their eggs to protect them from low or high 

temperatures and to avoid humidity lost (Prokop and Trnka, 2011; Amat et al., 2012). 

In addition, birds may hide the eggs with nest material as an antiparasitic strategy 

(Clark and Robertson, 1981; Sealy, 1995; Guigueno and Sealy, 2010), to avoid brood 

parasitism or to hide social information to heterospecifics or other conspecifics 

(Loukola et al., 2014). For example, great tits (Parus major) exposed to a decoy and 

playback of pied flycatchers (Ficedula hypoleuca) covered the eggs more extensively 

than when exposed to a control. In this way, they hide social information from pied 

flycatchers, a competitor of great tits (Loukola et al., 2014). Egg covering may also 

function to hide information to conspecifics. In this sense, females may cover the eggs 

(Valera et al., 1997; Stenning, 2018) to hide the beginning of laying and, therefore, 

avoid forced copulations with other males (Low, 2004). Also, in species with nest 

desertion, hiding the clutch from males may help females to delay male desertion 

(Valera et al., 1997). However, to our knowledge, the function of egg covering 

behaviour in cavity‐nesting species has only been studied as a strategy to hide social 

information (Loukola et al., 2014) but other hypotheses have not been tested. Despite 

the fact that cavity nesters also suffer from nest predation events and the egg 

concealment with nest lining material may provide effective visual protection of eggs 

inside the cavities (Collias and Collias, 1984), this behaviour has received little 

attention in cavity nesters. Thus, the aim of this study was to try to disentangle 

whether egg covering is an antipredatory behaviour in a cavity nester, the blue tit.  

To test whether egg covering is an antipredatory strategy in blue tit, we 

increased the perceived risk of predation by adding predator scent inside the nest 

boxes during the laying period. Many prey species can detect predator chemical cues 

and use them to assess the level of predation risk (Kats and Dill, 1998), including birds 

(Amo et al., 2008; Roth et al., 2008; Amo et al., 2011b; Eichholz et al., 2012; Zidar and 

Løvlie, 2012; Amo et al., 2015), and including blue tits (Amo et al., 2008). Therefore, 
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predator chemical cues can be used to simulate an increase in the perceived risk of 

predation. In the blue tit, egg covering behaviour is performed by females (Stenning, 

2018) and takes place during the egg‐laying period, ceasing once females begin 

incubating (Cramp and Perrins, 1993; Stenning, 2018). When the first egg was laid 

inside a nest box, we added predator scent, lemon scent or water to the nest box. We 

replaced the correspondent scent on alternate days until the female started to 

incubate. We measured whether there were differences between treatments in the 

proportion of times the clutches were covered with nest material. We expected that if 

egg covering is an antipredatory behaviour, birds detecting predator chemical cues 

inside the nest box would cover their eggs more often than birds encountering other 

scents. 

Methods 

Study area and species 

The study was carried out between April and May 2016 in a Pyrenean oak 

(Quercus pyrenaica) forest located in a Site of Community Interest (SCI) in Alto 

Huerva‐Sierra de Herrera, in Zaragoza province, Spain (40°59′N, 1°05′W). In this forest, 

a population of insectivorous birds breeding in 100 wooden nest boxes was established 

in 2011. The nest boxes were separated by at least 40 m and were occupied mainly by 

breeding pairs of blue tits, and some pairs of great tits. We used 43 blue tit nests for 

this experiment. Previous studies have shown that blue tits can lay the largest range of 

clutch size of passerine birds (between 3 and 19 eggs, Stenning, 2018), although in the 

study area the clutch size ranged between 7 and 12 eggs. Females usually lay one egg 

per day, and they usually begin incubation after laying the penultimate egg (Stenning, 

2018). 

Experimental design 

Nest boxes were checked daily to determine laying date. All the visits to the 

nests were performed between 8:00 a.m. and 13:00 p.m. The treatments were 

alternatively assigned when we found the first egg inside each nest box. We assigned 
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one treatment per nest. At this time, we placed a piece of paper soiled with the 

corresponding scent inside the nest box. The treatments were as follows: (a) mustelid 

(predator scent; n = 14), (b) lemon essence (odorous control; n = 15) and (c) water 

(odourless control; n = 14).  

We obtained predator scent by placing clean absorbent papers inside the cages 

of two male ferrets (Mustela furo L.). To ensure odour collection, we placed papers in 

each ferret cage for 3 days before the experiment. We used ferret scent as threat 

stimuli because the ferret is a potential mammalian predator of birds. The scent 

produced by the anal sac secretion of male ferrets is similar to odours of other 

mustelid species which prey on birds (Brinck et al., 1983), and ferret scent is used by 

blue tits to assess predation risk (Amo et al., 2008, 2017). We chose wet papers 

impregnated with recent cues of fresh urine and gland secretions. Papers soiled with 

faeces were discarded. This method of odour collection has been used in previous 

studies (Amo et al., 2008, 2011a,b, 2017). We prepared an odorous control by adding 

several drops of lemon essence to clean absorbent paper. Lemon essence was 

prepared with lemon zest diluted in water. Lemon essence is not a scent associated 

with predation risk for birds and has been used as a control odour in other studies 

(Parejo et al., 2012). Several drops of water were added to a clean piece of absorbent 

paper to mimic the humidity of the papers in the other treatments (odourless control, 

Amo et al., 2008, 2017).  

We placed a white piece of absorbent paper (11 × 13 cm) containing recent cues 

of mustelid, lemon essence or water between the nest and the floor of each 

experimental nest box. The door of nest boxes is located in the side of the nest box 

where the entrance hole is located. Therefore, we did not need to remove or move the 

nest to place the papers or to replace them. Papers could not be visually detected or 

contacted by birds. However, birds could perceive the scent of experimental papers 

(Amo et al., 2008). We checked nests on alternate days, from when we found the first 

egg inside each nest box until the female laid the last egg and started to incubate. 

Therefore, the number of observations at each nest depended on the clutch size. We 

checked whether birds covered their eggs and replaced the old experimental paper 

with a new one of the same treatment. New nitrile gloves were used to manipulate 
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each experimental paper. The nests were considered uncovered when all eggs could 

be completely seen (see Figure 1). The nests were considered covered when all or 

most of the eggs were entirely hidden from view, covered with nest material (see 

Figure 2). We found no nests with only half of the eggs covered. To visually determine 

whether a clutch is covered or not is an easy measure (see Figures 1 and 2). We used 

the proportion of times that nests were covered with nest material as the number of 

times the eggs were covered/number of observations at each nest to have an unique 

measure for each nest. We removed the experimental papers at the end of the laying 

period, when birds began incubation.  

Data analysis 

We calculated the proportion of times that nests were covered with nest 

material as the number of times the eggs were covered/number of observations at 

each nest. We analysed whether there were differences in the proportion of nests with 

covered eggs in relation to the clutch size or the laying date with a generalised linear 

model (GLM) fit with the Bernoulli distribution with binomial errors and a logit link 

function. The clutch size (GLM: χ2 = 1.45, d.f. = 1, p = 0.23) or laying date (GLM: χ2 = 

1.09, d.f. = 1, p = 0.30) did not influence the proportion of nests with eggs covered 

with nest material. Therefore, we did not include those factors as covariates in the 

analysis.  

We analysed whether the proportion of times that nests were covered with nest 

material (dependent variable) differed between treatments (predator vs. lemon 

essence vs. control, fixed factor) with a GLM fit with the Bernoulli distribution with 

binomial errors and a logit link function. Pairwise comparisons between treatments 

were planned using the testInteractions function. Analyses were performed with the 

Statistical program R 2.15.1, “stats” and “phia” packages (R Core Team, 2015; De 

Rosario‐Martinez, 2015). Means are shown with standard error. 
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Figure 1. Nest with uncovered eggs. 

Figure 2. Nest with eggs covered with nest material. 
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Results 

The proportion of times that nests were covered with nest material differed between 

treatments (GLM: χ2 = 8.89, d.f. = 2, p = 0.01). Eggs were covered with nest material 

more often when nests contained predator chemical scent (mean ± SE = 57.27% ± 

6.03%) than when nests contained lemon essence (41.39% ± 7.57%) or water (44.33% 

± 6.13%; Figure 3), although differences were only statistically significant in the 

comparison between lemon and predator treatments (χ2 = 8.58, d.f. = 1, p = 0.01). 

Differences between odourless control and predator treatments were not significant 

(χ2 = 3.02, d.f. = 1, p = 0.16). There were no significant differences between odourless 

control and lemon treatments (χ2 = 1.53, d.f. = 1, p = 0.22).  

Figure 3. Mean ± SE of the percentage of times that blue tit eggs were covered with 

nest material when nests contained predator chemical cues, lemon essence or water. 
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Discussion 

Our results demonstrate that birds exposed to predator chemical cues in the nest 

more frequently covered their eggs than birds exposed to an odorous control. So, the 

results of this study suggest that egg covering may be an antipredatory strategy to 

reduce the risk of egg predation in blue tits. Evidence from invertebrates and 

vertebrates has shown that egg covering helps the clutches be better hidden 

(Summers and Hockey, 1981; Shimoda et al., 1994; Opermanis, 2004). In birds, 

previous studies have found that covered eggs are less detectable and less frequently 

predated in open areas (Salonen and Penttinen, 1988). For example, artificial duck 

nests with openly visible eggs were discovered by predators more often than nests 

covered with down, and nests with exposed eggs had the highest depredation rates 

(Opermanis, 2004). Artificial Kittlitz's plover (Charadrius pecuarius) nests were more 

likely to be depredated when they were uncovered than when they were covered 

(Maclean, 1974; Ferguson, 2016). These studies support the idea that egg covering can 

reduce the risk of nest detection by predators and, therefore, increase reproductive 

success. 

Our results show that when birds were experimentally exposed to an increase in 

the perceived risk of predation, they respond by covering their eggs with nest material. 

Thus, egg covering may also help cavity‐nesting species, such as blue tits, to decrease 

the risk of egg predation. This decrease in the risk of detectability by predators may 

allow birds to reduce vigilance efforts during the laying period (Ricklefs, 1969). This 

reduction in the time guarding the nest may allow birds to increase the time devoted 

to self‐maintenance activities such as foraging (Lima and Dill, 1990). Further studies 

are needed to disentangle whether egg concealment could enhance the reproductive 

success and the fitness of birds.  

Egg covering may have other functions, such as a thermoregulatory function 

(Maclean, 1974; Prokop and Trnka, 2011; Amat et al., 2012). Egg covering may function 

to decrease heat loss (Reid et al., 2002) or avoid overheating (Mayer et al., 2009) when 

the incubating parent leaves the nest unattended to spend time in other activities, 

such as foraging (Davis et al., 1984). Thus, the thermoregulatory benefits may be 
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higher during the incubation period, when eggs must be kept within a strict range of 

temperatures to allow for embryonic survival (Deeming, 2002; DuRant et al., 2013). 

However, in blue tits, egg covering behavior takes place only before the incubation 

period, during egg laying, before embryos begin development, and therefore, they 

may not be affected by ambient temperatures in temperate regions. Regardless, egg 

covering may decrease the exposure of eggs to extreme cold or high ambient 

temperatures, which could increase embryo viability. The role of thermoregulation as a 

non‐excluding function of egg covering should be experimentally tested.  

Another function that may explain egg covering during the laying period is the 

concealment of the clutch from the male or other conspecifics (Valera et al., 1997). For 

example, penduline tit (Remiz pendulinus) females cover their eggs to hide the 

beginning of laying to their partner in order to avoid male desertion (Valera et al., 

1997). Blue tit males usually do not desert the nest (Stenning, 2018). However, egg 

covering in blue tits may also have a social function because in a study in which 

authors added artificial eggs to the nest before egg laying, they observed that those 

females that hid the artificial eggs were less likely to contain extrapair offspring in their 

nest compared to the females that did not cover the artificial eggs (Vedder et al., 

2010). Also, hiding the eggs could be an strategy to avoid intraspecific brood 

parasitism (Vedder et al., 2010), because parasitic females should not lay eggs in an 

foreign nests before laying, as those eggs will be easily detected and removed by the 

parasited female. Besides the concealment of the clutch from conspecifics, blue tits 

may also use egg concealment to hide social information from heterospecifics, because 

it has been observed that other bird species conceal eggs with nest material from 

heterospecifics (e.g., Loukola et al., 2014).  

Our results show that blue tits covered their eggs more frequently when they 

detected an increase in the perceived risk of predation. This result provides the first 

experimental evidence that egg covering behaviour may have an antipredatory 

function to reduce the risk of egg predation and increase reproductive success in 

cavity‐nesting birds. Further experiments are needed to disentangle whether egg 

covering has other non‐exclusive functions such as thermoregulatory, antiparasitic or 

social functions in blue tits. 
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Abstract 

Previous research has shown that parent birds can assess nest predation risk and 

adjust their parental activity accordingly. However, no study has hitherto examined 

potential sexual differences in the risk assumed by parents in relation to perceived 

nest predation risk. We examined whether female and male blue tits (Cyanistes 

caeruleus) differed in the risk assumed when taking care of nestlings in response to an 

increase in perceived predation risk simulated by adding predator chemical cues inside 

the nest-box, and whether nestlings modify their begging behaviour in response to this 

experimental increase in predation risk. Results showed that birds modified their 

parental behaviour when they detected chemical cues of a predator inside the nest-

box, reducing provisioning rates to nestlings. Furthermore, females and males showed 

behavioural differences in the risk afforded when taking care of nestlings. Blue tit 

males entered the nest-box sooner than females under low predation risk conditions. 

However, when there was a scent of a heterospecific animal inside the nest-box males 

tended to delay their entry to the nest-box whereas females tended to enter sooner. 

Differential investment in the reproduction may explain this sexual differences in risk 

taking behaviour, as females invest more time and energy than males in nest-building, 

laying and incubation. Therefore, the value of nestlings may be higher for females than 

for males and females assume greater risks to ensure nestling growth. Results also 

showed that nestlings detected the chemical cues and respond by decreasing their 

begging behaviour when exposed to the chemical cues of a heterospecific animal, 

probably to minimize detectability by predators. Further research in other species with 

different sexual investment during reproduction are needed to evaluate how females 

and males respond to perceived predation risk in relation to the reproductive value of 

the offspring for each parent sex.  
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Introduction 

Parental activity during reproduction can inform predators about the location of the 

nest. Predators could locate birds and nests when incubating birds leave the nest to 

forage or during provisioning visits to nestlings (Ydenberg, 1994). Therefore, an 

important cost of parental care comes from an increase in the risk of nest predation 

(Skutch, 1949; Martin et al., 2000) and in the probability of mortality (Royle et al., 

2012). Parents face a trade-off between maintaining an appropriate level of parental 

care and reducing predation risk, both for themselves and their offspring (Skutch, 

1949; Martin et al., 2000). Therefore, evolution has favoured different parental 

behavioural strategies to reduce the risk of predation while maximizing reproductive 

success (Collias and Collias, 1984; Lima, 2009; Bednekoff, 2018).  

Several studies have shown that birds can assess nest predation risk and adjust 

their parental activity accordingly (Eggers et al., 2004; Fontaine and Martin, 2006; 

Scheuerlein and Gwinner, 2006; Amo et al., 2008; Peluc et al., 2008; Mutzel et al., 

2013; Amo et al., 2017). Many bird species reduce their parental activity under a 

perceived an increase in predation risk (Conway and Martin, 2000; Martin et al., 2000; 

Ghalambor and Martin, 2002; Muchai and Plessis, 2005; Scheuerlein and Gwinner, 

2006). For example, blue tits (Cyanistes caeruleus) hesitated to enter the nest-box, 

delaying their entry, and reduced the time spent inside the nest-box, when nests 

contained predator scent (Amo et al., 2008). Blue tits also reduced the time spent 

inside the nest-box in non-essential activities for nestling survival, such as nest 

sanitation, when they were exposed to either visual or chemical cues of a predator in 

the vicinity of their nest (Amo et al., 2017), despite they did not modify provisioning 

rates to ensure nestling growth (Amo et al., 2008, 2017). In contrast, other bird species 

reduce provisioning rates to minimize detectability by predators when they perceive a 

high risk of predation (Martin et al., 2000; Massaro et al., 2008; Ghalambor et al., 

2013; Mutzel et al., 2013; Moks et al., 2016). For example, Siberian jays (Perisoreus 

infaustus) modified their daily nest visitation patterns in territories with a higher level 

of predation risk (Egger et al., 2004). Orange-crowned warblers (Vermivora celata) also 

reduced provisioning rates in nests less concealed to predators (Peluc et al., 2008). In 

contrast, pied flycatcher (Ficedula hypoleuca) parents and European roller (Coracias 
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garrulus) males increased their parental provisioning rate when exposed to an increase 

in perceived predation risk (Hakkarainen et al., 2002; Expósito-Granados et al., 2016), 

probably to silence the begging calls of nestlings to avoid nest location, or to boost 

nestling growth to advance fledging time (Hakkarainen et al., 2002). Therefore, 

different strategies are available to birds for minimizing predation risk. 

In monogamous birds such as the blue tit, usually both parents take care of their 

offspring (Stenning, 2018). However, parental care investment often differs between 

females and males (Webb et al., 2010). For example, blue tit females alone build the 

nest, lay the eggs and incubate them (Visser and Lessells, 2001). Female blue tits also 

spend more time at the nest and visit more times the nest to feed the nestlings than 

males (Banbura et al, 2001). Tree swallow (Tachycineta bicolor) females feed nestlings 

and remove fecal sacs more frequently than males (Lombardo, 1991). However, in 

most bird species, males normally defend the nest more strongly than females 

(Breitwisch, 1988; Lombardo, 1991; Gibson and Moehrenschlager, 2008; Kryštofková 

et al., 2011). Therefore, there exist differences in parental investment between sexes 

that may affect the reproductive value of the offspring, influencing the predation risk 

that each parent is prone to assume during the breeding period.  

Most previous studies evaluating the potential sexual differences in risk taking 

behaviour during the breeding period have exposed birds to the presence of a 

predator or a predator model in the surroundings of the nest (Mutzel et al., 2013, 

2019; Amo et al., 2017). Here, we assessed the differences in the antipredatory 

behaviour between female and male blue tit parents rearing nestlings in response to 

an increase in the risk of predation inside their nest-boxes. To simulate an increase in 

the predation risk, we added papers soiled with chemical cues of a predator inside the 

nest-boxes. Previous studies have shown that birds can use predator chemical cues to 

assess predation risk (Roth et al., 2008; Amo et al., 2011b; Eichholz et al., 2012; Zidar 

and Løvlie, 2012; Amo et al., 2015), including blue tits (Amo et al., 2008, 2017; 

Saavedra and Amo, 2019). Therefore, we video-filmed and compared the behaviour of 

male and female birds when they returned to the nest and found predator chemical 

cues inside the nest-box (or control stimuli). We expect that blue tits would be able to 

detect predator chemical cues and exhibit antipredator behaviours, in accordance with 
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previous results (Amo et al., 2008, 2017; Saavedra and Amo, 2019). We also 

hypothesize that females and males would differ in the risk they assume when taking 

care of nestlings in response to perceived predation risk. Parental investment is higher 

for females than for males during nest building, egg production and incubation (Visser 

and Lessells, 2001), i.e. females invest more than males during the beginning of the 

breeding period. Also, confidence in parenthood is supposed to be higher for females, 

because this species does not suffer high levels of intraspecific brood parasitism. 

Therefore, the reproductive value of the offspring may be higher for females than for 

males. Consequently, we expect that females will assume a greater risk than males 

when they find predator chemical cues inside the nest-box in order to maximize their 

reproductive success.  

 

Methods  

Study area and species  

The study was carried out during May and June 2017 in three Pyrenean oak forests of 

Zaragoza (Alto Huerva-Sierra de Herrera; 100 nest-boxes) and Teruel (Sierra de Fonfría; 

150 nest-boxes), in Spain (40°59′N, 1°05′W), which have been available to birds since 

2011. We used 49 blue tit nests for the experiment. Blue tits in our population lay a 

clutch of 9 eggs on average (range 7-12), incubated by the female during 12-16 days. 

Nestlings are fed by both parents and fledge at 16-23 days of age (Del Hoyo et al., 

2007). Nest-boxes were routinely checked to determine laying dates of the first egg (1 

= 1 April), hatching dates and brood size.  

Experimental design  

We assigned one treatment per nest when nestlings were 8 days old. The 

treatments were alternatively assigned to blue tit nests with similar number of 

nestlings and hatching dates. Therefore, there were no significant differences among 

treatments in hatching date (F2,46 = 0.17, p = 0.84) and number of nestlings (F2,46 = 0.64, 

p = 0.53). Experimental treatments assigned to nests were: predatory mammal scent 
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(mustelid; n = 22 nests), non-predatory mammal scent (odorous control, rabbit; n = 15) 

and water (odourless control; n = 12).  

We used ferrets (Mustela putorius furo) as predatory mammals because the 

scent is similar to other mustelids such as the European polecat (Mustela putorius), 

that is present in the study area and can prey upon birds (Brinck et al., 1983). We used 

rabbits (Oryctolagus cuniculus) as non-predatory mammals because they inhabit the 

study area but they do not imply any risk of predation to birds. We used water as an 

odourless control stimulus to mimic the humidity of the papers containing the other 

treatments. 

We obtained predatory mammal and non-predatory mammal scent by placing 

clean absorbent papers inside the individual cages of two male ferrets and two male 

rabbits. We placed papers in each cage for 3 days before the experiment to ensure 

odour collection. The day of the experiment, we collected wet papers impregnated 

with recent cues of fresh urine. Papers soiled with faeces were discarded. This method 

of odour collection has been used in previous studies (Amo et al., 2008; 2011a, 2011b; 

2017; Avilés et al., 2019; Saavedra and Amo, 2019). Ferret scent is recognised by blue 

tits as a predatory threat (Amo et al., 2008, 2017; Saavedra and Amo, 2019) and rabbit 

scent has been used as an odorous control in other studies (Amo et al, 2011b, 2017, 

2018). The odourless control treatment was prepared by adding several drops of water 

to clean pieces of absorbent paper. Water has been used as an odourless control 

stimulus in previous studies on chemical detection by birds (Amo et al., 2008, 2017, 

2018; Saavedra and Amo, 2019).  

When nestlings were 6 days old, parents were captured with traps inside the 

nest. The first parent that was captured was marked with Tipp-Ex with a vertical white 

line on the head region in order to distinguish both parents in the video recordings. 

There were no significant differences between treatments in the number of males and 

females that were marked (F2, 46 = 0.55, p = 0.58). Routine body measurements and 

ringing were conducted before releasing birds. After capturing the parents, a dummy 

camera was located inside the nest-box, in the roof, in order to habituate birds to the 

presence of the camera inside nest-boxes. The day of the experiment, when nestlings 
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were 8 days old, we replaced the dummy camera by a real minicamera (Velleman® 6 IR 

LEDs mini color CMOS camera) connected by a cable to a recorder (Velleman® digital 

2-channel SD card recorder) and a 12-V battery located in a plastic container hidden 

under fallen leaves or vegetation below the nest-box. Two absorbent papers (11 x 13 

cm) with the correspondent scent were placed hidden between the nest and the walls 

of the nest-box. Therefore, papers could not be visually detected or contacted by 

birds. However, birds could perceive the scent of experimental papers (Amo et al., 

2008; Saavedra and Amo, 2019). 

To examine the response of parent birds to the chemical cues of predators, the 

behaviour of parents was filmed for 60 min after placing the experimental stimulus. 

After filming, we removed the papers with the scent from the nest-box and we 

recorded body mass of all nestlings with an electronic balance (± 0.1 g) to control for 

potential differences between nests in the body mass of nestlings that may affect the 

behavioural response of parents and nestlings to the treatments. 

An observer blind to treatments analysed video recordings and recorded for 

each parent: (a) latency to enter the nest-box for the first time (recorded as the time 

elapsed from the onset of filming until the parent entered the nest-box for the first 

time), (b) provisioning rate (number of provisioning events/hour), (c) number of 

begging nestlings (number of nestlings that performed a begging response per adult 

visit), and (d) nest sanitation (whether the adult bird cleaned or not the nest; i.e., other 

nest sanitation activities apart from fecal sac removal). 

Data analysis 

Continuous variables that did not follow a normal distribution were Box-Cox 

transformed to ensure normality. We used STATISTICA 8.0 to built general linear 

models with repeated measures to analyse whether there were differences between 

males and females (within subject factor) and treatments (between subject factor) in: 

(a) latency to enter, (b) provisioning rate, and (c) number of begging nestlings. We 

included the interaction between treatment and sex to examine whether the response 

to the different treatments differed between females and males. We controlled for 

variation in laying day, brood size and mean nestling mass between nests by including 
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these variables as covariables in the analyses. Pairwise comparisons were planned 

using the Tukey HSD test. 

We also analysed (d) whether the adult cleaned or not the nest in relation to 

the sex of the parent and treatment with a generalized linear mixed model (GLMM) 

fitted by the Laplace approximation with binomial errors and a logit link function, 

including the nest as a random factor. We controlled for variation in laying day, brood 

size and mean nestling mass between nests by including these variables as covariables 

in the analysis. Pairwise comparisons between treatments were planned using the 

testInteractions functions. These analyses were performed with the statistical program 

R 2.15.1 “lme4” package (R Development Core Team, 2015). 

Non-significant terms were removed from the saturated models by a backward 

stepwise selection procedure in order to maximize multiple R2 of the models. 

 

Results  

(a) Latency to enter  

The latency to enter the nest-box did not differ in relation to treatment (F2, 45 = 0.30, p 

= 0.74). There were significant differences between sexes (F1, 45 = 9.42, p = 0.004). The 

interaction between treatment and sex was significant (F2, 45 = 3.28, p = 0.047). Overall, 

males entered sooner than females inside the nest-box, especially in the control 

treatment, i.e., under low predation risk (p = 0.008). However, when there was scent 

of a heterospecific animal (either ferret or rabbit) inside the nest-box, males tended to 

increase the latency to enter while females tended to decrease it (Figure 1), while 

differences in the latency to enter the nest-box between males and females only 

approached significance levels in the predator treatment (p = 0.08), and were non-

significant in the non-predator treatment (p = 0.97). The latency to enter was not 

influenced by laying day or mean nestling mass (saturated model in Table 1). However, 

the latency to enter was negatively correlated with brood size (F1, 45 = 10.59, p = 0.002).  
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Figure 1. Interaction between treatment (control, non-predatory mammal, predatory 

mammal) and sex (females (white circles); males (black squares)) in the latency to 

enter to the nest-box (mean ± SE) by blue tit parents feeding 8-day-old nestlings 

when exposed to chemical cues inside the nest-box.  

 

(b) Provisioning rate 

Provisioning rates differed in relation to treatment (F2, 45 = 3.88, p = 0.03, Figure 2). 

Birds provided nestlings more frequently when the nest-box contained water than 

when they perceived the odour of a predator (p = 0.046). However, there were no 

significant differences between water and non-predator odour (p = 0.40) or between 

predator and non-predator odour (p = 0.50). There were no significant differences 

between sexes and the interaction between treatment and sex was not significant 

either (saturated model in Table 1). The number of provisioning events tended to be 

positively correlated with mean nestling mass (F1, 45 = 3.81, p = 0.06).  
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Figure 2. Mean ± SE provisioning rate (number of provisioning events / h) by blue tit 

parents feeding 8-day-old nestlings in relation to treatment: control, non-predatory 

mammal (rabbit), and predatory mammal (mustelid) chemical cues placed inside the 

nest-box. 

 

(c) Number of begging nestlings  

The number of nestlings that performed a begging response per adult visit tended to 

differ in relation to treatment (F2, 46 = 2.49, p = 0.09). A larger number of nestlings 

tended to perform a begging response when the nest-box contained water than when 

they perceived a heterospecific scent inside the nest-box (Figure 3). There were 

significant differences between sexes, with more nestlings begging to the female than 

to the male parent (F1, 46 = 9.27, p = 0.004). The interaction between treatment and sex 

was not significant. The number of nestlings that performed a begging response did 

not differ in relation to laying day, brood size and mean nestling mass (saturated 

model in Table 1). 
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Figure 3. Mean ± SE number of nestlings that performed a begging response per 

adult visit in relation to treatment: control, non-predatory mammal (rabbit), and 

predatory mammal (mustelid) chemical cues placed inside the nest-box. 

 

(d) Nest sanitation  

There were marginal differences in the number of birds that cleaned the nest in 

relation to treatment (χ2 = 5.31, df = 2, p = 0.07). More birds cleaned the nest when 

the nest-box contained water than when it contained predator scent (χ2 = 5.27, df = 1, 

p = 0.06). Differences between control and non-predator treatments, and between 

non-predator and predator treatments were not significant (χ2 = 1.62, df = 2, p = 0.41, 

and χ2 = 0.41, df = 1, p = 0.41, respectively). There were significant differences 

between sexes (χ2 = 23.89, df = 1, p < 0.001), with more females cleaning the nest than 

males. However, the interaction between treatment and sex was not significant. Laying 

day, brood size and the mean nestling mass did not affect whether birds cleaned the 

nest or not (saturated model in Table 1). 
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Table 1. Saturated models exploring the effects of treatment (control, non-predatory 

mammal, predatory mammal) and sex (females and males), and their interaction, on 

behavioral variables of blue tit parents feeding 8-day-old nestlings. Laying date, brood 

size and nestling mass were included as fixed covariables and nest was included as 

random factors in all analyses. 

 

(a) Latency to enter SS df MS F p 

Treatment 11.08 2 5.54 0.63 0.54 

Sex 45.06 1 45.06 4.66 0.04 

Treatment * sex 49.67 2 24.84 2.57 0.09 

Laying day 6.41 1 6.41 0.73 0.40 

Brood size 74.38 1 74.38 8.44 0.006 

Nestling mass 24.77 1 24.77 2.81 0.10 

(b) Provisioning rate SS df MS F p 

Treatment 0.015 2 0.008 3.45 0.04 

Sex 0.001 1 0.001 0.99 0.32 

Treatment * sex 0.002 2 0.001 0.84 0.44 

Laying day 0.001 1 0.001 0.65 0.42 

Brood size < 0.001 1 < 0.001 0.25 0.62 

Nestling mass 0.007 1 0.007 2.86 0.10 

(c) Number of begging nestlings SS df MS F p 

Treatment 0.11 2 0.06 2.95 0.06 

Sex 0.01 1 0.01 0.85 0.36 

Treatment * sex 0.02 2 0.01 1.02 0.36 

Laying day 0.01 1 0.01 0.75 0.39 

Brood size 0.09 1 0.09 4.91 0.03 

Nestling mass 0.03 1 0.03 1.47 0.23 

(d) Nest sanitation  df  
2 p 

Treatment  2  4.29 0.12 

Sex  1  22.77 < 0.001 

Treatment * sex  2  1.51 0.47 

Laying day  1  0.004 0.95 

Brood size  1  1.69 0.19 

Nestling mass  1  3.05 0.08 
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Discussion  

Our results show that blue tits detected the chemical cues of predators inside nest-

boxes and modified their behaviour when they were experimentally exposed to an 

increase in the perceived risk of predation. Birds exhibited greater antipredatory 

responses when exposed to the chemical cues of a predator than when exposed to 

those of a non-predatory mammal or to an odourless control inside the nest-box. We 

also found that males and females subtly differed in the risk assumed in response to 

perceived predation risk. 

Previous studies suggest that birds delayed their entry to cavities when an 

elevated predation risk was perceived (Mutzel et al., 2019; Amo et al., 2008). However, 

our results also suggest sexual differences in the risk that both parents assumed when 

taking care of nestlings under an increase in the risk of predation, even though birds 

did not show sexual differences in relation to perceived predation risk in previous 

studies (Mutzel et al., 2013; Tilgar et al., 2011). Our results show that blue tit males 

entered the nest-box sooner than females under low predation risk conditions. 

However, when there was a scent of a heterospecific animal inside the nest-box males 

tended to delay their entry to the nest-box whereas females tended to enter sooner. 

This result suggests that females seem to assume more risk of predation than males 

when entering the nest-box that smell to a heterospecific animal. In contrast, males 

tended to delay their entry to the nest-box as an antipredatory strategy in order to 

avoid being captured by a potential predator inside the nest-box. Probably, males 

assumed a lower risk than females when they found a scent of a heterospecific animal 

inside the nest-box because the reproductive value of the offspring is lower for them 

than for females. Exclusive female investment during nest-building, egg laying and 

incubation, together with a higher level of certainty about parenthood implies that the 

relative value of the reproductive event is higher for females than for males (Visser 

and Lessells, 2001), something that is stressed under a perceived increase in predation 

risk. Therefore, females assumed a greater risk than males in order to resuming 

provisioning nestlings under high predation risk conditions.  

Several studies have shown that birds reduced provisioning rates to the nest 

when they perceived an increase in predation risk, in order to decrease the probability 
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of predation risk (Eggers et al., 2004; Fontaine and Martin, 2006; Scheuerlein and 

Gwinner, 2006; Massaro et al., 2008; Peluc et al., 2008; Moks et al., 2016; but see Amo 

et al., 2008, 2017). We also found that blue tits reduced provisioning rates when 

exposed to predator chemical cues as compared to when exposed to an odourless 

control. Furthermore, our results also show that there were no significant differences 

between females and males in the number of provisioning events in relation to 

predation risk, as was previously found in previous studies. For example, Mutzel and 

collaborators (2013) showed that blue tits interrupted parental provisioning when the 

risk of predation was high, but they increased and compensated the provisioning rate 

when the risk of predation diminished (Mutzel et al., 2013). However, these authors 

did not find sexual differences in nest defence behaviour and provisioning rates during 

the breeding period (Mutzel et al., 2013). Similarly, pied flycatchers (Ficedula 

hypoleuca) reduced the parental provisioning strategies when exposed to stuffed 

sparrowhawk (Accipiter nisus) models, but there were no sexual differences in this 

parental antipredator response (Tilgar et al., 2011). Therefore, both parents may 

reduce provisioning rate as an antipredatory strategy to avoid the risk of being 

predated inside the nest-box and maximize their survival, or in order to decrease the 

activity to minimize the possibilities that the predator can eavesdrop on parental 

activity for nest location.  

This decrease in the provisioning rate when parents found the chemical cues of 

a predator inside the nest-box was not observed in a previous study using similar 

methodology, i.e. also introducing the scent of a mustelid predator inside the nest-box 

(Amo et al., 2008). However, now we have found that nestlings slightly decreased their 

begging behaviour when they were experimentally exposed to the chemical cues of a 

heterospecific inside the nest. Begging behaviour signals the hunger level and the 

condition of nestlings (Cotton et al., 1996), so the provisioning rate of parents is 

related to begging intensity (Leonard and Horn, 2001). However, because begging 

behaviour can also attract predators and increase predation risk (McDonald et al., 

2009), nestlings may have reduced their begging behavior when they detected the 

scent of a heterospecific animal inside the nest. For example, Briskie and collaborators 

(1999) found that nestlings reduced the intensity or the number of begging calls to 
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minimize the possibilities that a predator located the nest and reduced the risk of 

attracting predators. Therefore, probably parents responded to this decrease in the 

begging behaviour by reducing provisioning rates, especially when parents perceived 

the chemical cues of a predator inside the nest-box.  

Nestlings detected the chemical cues of a heterospecific animal, but they did 

not exhibit a different response when exposed to a predatory or a non predatory 

mammal, despite the recognition of chemical cues seems to be innate in another parid 

species, as adult great tits naïve to predator scent avoided nest-boxes for roosting 

when they contained predator chemical cues (Amo et al., 2011b). Anyhow, aversion to 

new scents has been frequently found in birds (Roper, 1999; Avilés et al., 2019). 

Therefore, nestlings may perceive both chemical cues as a threat and decrease their 

begging behaviour to reduce the risk of predation because begging can attract the 

attention of predators or other heterospecifics. However, because parents seem to 

respond to this decrease in begging by reducing provisioning rate under high risk of 

predation, nestlings may suffer the costs of this antipredatory behaviour, as they may 

receive less prey. Anyhow, blue tit parents may compensate provisioning rates once 

the risk of predation has diminished (Mutzel et al., 2013). So, nestling growth rate and 

survival may not be affected by this antipredatory strategy of nestlings. Previous 

results have found that nestling growth rate was not affected even when 

experimentally exposed to predator chemical cues inside the nest-box during 5 days 

(Amo et al., 2008), probably because chemical cues of predators may be used by birds 

as an early assessment of predation risk, but, if they do not detect the predator in the 

surroundings of the nest, they resume their normal behaviour (Amo et al., 2008). 

Blue tit parents reduced not only their provisioning rate, but also nest 

sanitation activities, when they detected predator chemical cues inside the nest-box. 

This is in accordance with previous results where visual or chemical cues of predators 

placed in the vicinity of the nest instead of inside the nest-box elicited a reduction in 

nest sanitation activities (Amo et al., 2017). By decreasing these activities that are not 

essential for nestling survival, parents may minimize the time exposed to the predator 

inside the nest-box. However, this antipredatory behaviour may entail indirect costs in 

terms of increased ectoparasite loads in the nest for both adults and nestlings, with 
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detrimental consequences for the fitness of both adult and nestling birds (Møller et al., 

2009).  

In conclusion, parent birds detected the chemical cues of predators and their 

behavioural response was sex-dependent, with females assuming a slightly greater risk 

than males when taking care of nestlings in response to an increase in the risk of 

predation. Sexual differences in the risk assumed may be related with the different 

parental investment of both sexes and the reproductive value of the offspring for 

males and females. Nestlings also seem to detect the chemical cues of heterospecifics 

inside the nest and responded adaptively reducing their begging response, probably to 

minimize detectability by predators.  
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Abstract 

Nesting mortality in birds is caused primarily by predation. The ability to use different 

predator cues to assess the level of predation risk could be essential to minimize the 

predation risk during the breeding period. Previous studies show that birds modified 

their parental behavior when they detected chemical or visual cues of predators in the 

surrounding of the nest. However, according to the threat sensitive hypothesis, birds 

may use more than one predator cue in order to accurately assess the level of 

predation risk. In this assessment, the behavior of predators can provide important 

information to evaluate the motivation of the predator to launch an attack. However, 

there are no studies that examined the importance of chemical, visual and behavioral 

cues of predators on the antipredatory behavior of birds. We examined the 

antipredatory behavior of blue tit (Cyanistes caeruleus) parents when they were 

exposed to live predators or stuffed models of predators that also had predator 

chemical cues. Blue tits were able to detect the behavioral cues of predators and 

exhibited greater antipredatory behaviors when exposed to a live predator than to a 

stuffed model with chemical cues. The results suggest that birds use the chemical, 

visual and behavioral cues of the predators to assess the level of predation risk and 

adjust their antipredatory behavior accordingly. 
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Introduction 

Nest predation is considered as the primary cause of the failure of avian reproductive 

events (Ricklefs, 1969; Martin, 1995; Lima, 2009). One of the first antipredatory 

behaviors is to ascertain predator presence. Therefore, parents may look over the 

surrounding of the nest in order to detect potential predators. Once a predator is 

detected close to the nest, parents in care of their offspring must trade between 

continuing the provision of nestlings, and ceasing provisioning to save their own life 

(Mutzel et al., 2013). Since these antipredatory behaviors are costly for the offspring, 

an accurate assessment of predation risk is needed to take the most appropriate 

solution (Thomson et al., 2011; Mutzel et al., 2013). Therefore, parents may firstly 

discriminate between heterospecifics that imply a risk of predation for them or their 

offspring and harmless heterospecifics. The ability to distinguish between threatening 

cues and non-threatening cues could be essential to minimize the predation risk and 

increase the reproductive success (Caro, 2005). In this discrimination, parents may use 

visual, auditory, and olfactory cues emitted by heterospecifics to detect predators 

(Dale et al., 1996; Amo et al., 2008; Parejo and Avilés, 2011; Amo et al., 2017).  

Chemical cues of predators can provide evidence of predator presence (Kats and 

Dill, 1998). So, the use of chemical cues of predators to ascertain predator presence 

has been demonstrated in prey of different taxa (Kats and Dill, 1998), including birds 

(Amo et al., 2008; Roth et al., 2008; Amo et al., 2011b; Eichholz et al., 2012; Zidar and 

Løvlie, 2012; Amo et al., 2015; Saavedra and Amo, 2019). However, the evaluation of 

predation risk based only on chemical cues may lead to an overestimation of predation 

risk because chemical cues can remain in the area despite the predator is no longer 

present (Kats and Dill, 1998; Smith and Belk, 2001). Therefore, prey may use different 

cues to confirm the presence of the predator. Visual cues may provide prey with more 

current information about the predator presence (Smith and Belk, 2001). For example, 

different studies have found that birds exhibit a change in their behavior in response 

to predator visual cues (Tvardíková and Fuchs, 2012; Amo et al., 2017; Duré Ruiz et al., 

2018). Visual cues may not only reveal the presence of a predator, but they may also 

provide important information about the motivation of the predator to launch an 

attack, and the overall threat (Smith and Belk, 2001). For example, Cantwell and 



Chapter 6 

 

214 

collaborators (2016) showed that predator behavioral cues, as head orientation of 

predator, could be important to assess the predation risk for Carolina chickadees 

(Poecile carolinensis) and tufted titmice (Baeolophus bicolor). According to the threat 

sensitivity hypothesis, that predicts that the antipredator behavioral responses of 

animals may be correlated with the magnitude of predation risk (Helfman, 1989), 

natural selection should favor individuals that display antipredator responses with an 

intensity that matches the current risk of predation rather than responding to all 

predator cues in a similar way. This is because animals that show antipredator 

responses to unreal predation threats may incur in costs that stem from energy 

expenditure and loss of time that could otherwise be allocated to other activities, but 

animals that fail to respond to a real predator may incur survival costs (Helfman, 

1989). Therefore, prey may exhibit greater antipredatory response when exposed to 

the combination of visual and chemical cues of predators than when exposed to a 

single predatory cue, as has been demonstrated in fishes (Hartman and Abrahams, 

2000; Chivers et al., 2001) or reptiles (Amo et al., 2004). Therefore, chemical, visual 

and behavioral cues of predators could act synergistically on the behavioral response 

of prey, with prey exhibiting the greatest antipredatory response when detecting the 

greatest number of cues, i.e. a live predator.  

Most of previous studies that have compared the antipredatory behavior of birds 

when confronted to live predators or visual models have used stuffed models of 

predators, some with robotic or mechanical movement (Tvardíková and Fuchs, 2012; 

Carlson et al., 2017; Duré Ruiz et al., 2018). For example, pied flycatchers (Ficedula 

hypoleuca) showed a stronger antidepredatory response when exposed to a live 

predator than to stuffed models in the vicinity of their nest (Shalter, 1978). Shalter 

(1978) attributed this behavioral difference to the movement of predators. Carlson 

and collaborators (2017) examined the effect of predator movement on the 

antipredatory response of blue tits using robotic models of a sparrowhawk (Accipiter 

nisus). They showed that blue tits responded to the predator movement increasing 

their antipredator behavior (Carlson et al., 2017). Suzuki and collaborators (2011) 

showed that birds were able to respond differentially to live predators and stuffed 

predators. The ability to evaluate the behavior of predators, not only its presence, 
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seems to help prey to evaluate the motivation of the predator to launch an attack. 

However, in these previous studies where authors have compared the response of 

birds to live predators or stuffed predators, they never used stuffed predators 

containing predator chemical cues, probably because the traditional thinking that birds 

were almost anosmics. Therefore, the potential role of movement or behavior of 

predators in the antipredatory response of birds could have been overestimated as 

birds may have perceived stuffed predators strange as they lacked the predator scent.  

Here, we compared the antipredatory behavior of blue tits (Cyanistes caeruleus) 

parents rearing 8 days old nestlings when they were exposed to live predators 

(chemical, visual and behavioral cues) or stuffed models of predators that also had 

predator chemical cues (chemical and visual cues). We hypothesize that live predators 

may imply a greater predation risk for birds than scented stuffed predators without 

movement, and therefore, we expect that birds may exhibit greater antipredatory 

behaviors when they find live predators in the surroundings of their nests than when 

they find stuffed models with chemical cues but without behavioral cues. 

 

Methods  

Study area and species 

The study was performed in May and June 2016 in three Pyrenean oak forests, a 

forest of Zaragoza (Alto Huerva-Sierra de Herrera) and two forests of Teruel (Sierra de 

Fonfría) in Aragón, northeast Spain (40°59′N, 1°05′W). Nest boxes were set up in 2011 

in the forests (Alto Huerva-Sierra de Herrera, 100 nest boxes, and Sierra de Fonfría, 

150 nest boxes). We used 78 blue tit nests for the experiment (34 nests in the forest of 

Alto Huerva-Sierra de Herrera, and 10 and 30 nests in the forests of Sierra de Fonfría). 

Nest boxes were routinely checked to determine laying dates, hatching dates and 

brood size. 
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Experimental design  

The treatments were alternatively assigned to blue tit nests with similar number 

of nestlings and hatching dates. Therefore, there were no differences among 

treatments in hatching date (Threat: F2,72 = 0.10, p = 0. 91, Behavior: F1,72 = 0.25, p = 

0.62, Threat x Behavior: F2,72 = 0.03, p = 0.98) and number of nestlings (Threat: F2,72 = 

0.41, p = 0.67, Behavior: F1,72 = 1.19, p = 0.28, Threat x Behavior: F2,72 = 0.44, p = 0.64). 

We assigned one experimental stimuli per nest when nestlings were 8 days old. 

Experimental stimuli were classified as threat treatment (predatory mammal vs non-

predatory mammal vs control) and behavioral treatment (behavior vs non-behavior). 

We used rabbits (Oryctolagus cuniculus) as non-predatory mammals because they are 

presented in the study area but they do not imply any risk of predation to birds. We 

used ferrets (Mustela putorius furo) as predatory mammals because they resemble 

very similar chemically and visually to the European polecat (Mustela putorius), that is 

also present in the study area and can prey upon birds (Brinck et al., 1983). Treatments 

were located in cages (50 x 30 x 30 cm) on the ground, around 4 meters under the next 

box. In the non-behavior treatment, we used stuffed models of rabbits (n = 2) and 

ferrets (n = 2) to provide visual cues. We provided chemical cues by locating 6 papers 

(11 x 13 cm) soiled with the correspondent scent close to the stuffed models, hidden 

under the fallen leaves and vegetation. Therefore, papers could not be visually 

detected or contacted by birds. However, birds could perceive the scent of 

experimental papers (Amo et al., 2017). In the behavior treatments, we placed a live 

rabbit (n = 2) or a live ferret (n = 2) inside the cages under the nest-boxes. We did not 

located papers soiled with the correspondent scent close to cages in the behavior 

treatments because live models had chemical scents. Control cues were provided by 

placing empty cages under the nest-boxes and 6 clean papers with water were located 

hidden under the fallen leaves and vegetation close the empty cages.  

Therefore, the experimental stimuli were: a) chemical+visual+behavioral cues of 

live predator (mustelid, n = 16), b) chemical+visual cues of a stuffed predator 

(mustelid, n= 16), c) chemical+visual+behavioral cues of a live non-predatory mammal 

(rabbit, n = 12), d) chemical+visual cues of a stuffed non-predatory mammal (rabbit, n 

= 17), e) control (water, n = 8) and f) control (water, n = 9). The stimulus “f” was exactly 
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the same the stimulus “e”, but nest boxes were assigned to one or the other stimulus 

so that a full factorial design allowed exploration of the effects of threat treatment 

(predator, non-predator, and control), behavior treatment (behavior vs non-behavior), 

and its interaction in a joint, single analysis. 

We obtained predatory mammal and non-predatory mammal scent by placing 

clean absorbent papers inside the individual cages of two male ferrets and two male 

rabbits. To ensure odor collection, we placed papers in each ferret and rabbit cage for 

3 days before the experiment. The day of the experiment, we collected wet papers 

impregnated with recent cues of fresh urine. Papers soiled with feces were discarded. 

This method of odor collection has been used in previous studies (Amo et al., 2008, 

2011a,b, 2017). Ferret scent is recognized by blue tits as a predatory threat (Amo et al., 

2008, 2017; Saavedra and Amo, 2019) and rabbit scent has been used as an odorous 

control in other studies (Amo et al., 2011b, 2017, 2018). The odorless control 

treatment was prepared by adding several drops of water to clean pieces of absorbent 

paper. We used water as an odorless control stimulus to mimic the humidity of the 

papers containing the other treatments. Water has been used as an odorless control 

stimulus in previous studies on chemical detection by birds (Amo et al., 2008, 2017, 

2018).  

To assess the response of parent birds to the behavior of predator cues, we 

recorded parental provisioning behavior with a video camera for 30 min immediately 

after placing the experimental stimulus. Nest boxes were filmed with a video camera 

(Canon® Legria HF R406 HD camcorder) mounted on a tripod and concealed among the 

surrounding vegetation placed several meters away, 5-10 m away from the nest box. 

The nest box was placed in the center of image area of the camera view (1 m around 

nest box). An observer blind to treatments analyzed video recordings. We recorded: (a) 

number of nest approaches (the number of times birds were close to the nest box in 

the image area of the camera view), (b) number of provisioning events, and (c) time 

inside the nest. To determine possible changes through time in the responses, we 

divided each 30 min period into six consecutive periods of 5 min each.  
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Data analysis 

The variable “brood size” followed a normal distribution (Shapiro-Wilk tests; p > 

0.05). The variables “number of nest approaches” and “number of provisioning events” 

followed a Poisson distribution and therefore, were analyzed by using generalized 

linear models. The variable “time inside the nest box” did not follow a normal 

distribution and were log transformed to ensure normality (Shapiro-Wilk tests; p > 

0.05).  

We used R 1.1.463 software to analyze the differences in the variables (a) 

number of nest approaches and (b) number of provisioning events in relation to threat 

treatment (predator vs non-predator vs control, fixed factor), the behavior treatment 

(behavior vs non-behavior, fixed factor) and among the time sequences (fixed factor) 

by using generalized linear mixed model (GLMM), with the dependent variables 

following a Poisson distribution. We also built a general linear model with repeated 

measures to test for differences in (c) time inside the nest in relation to threat 

treatment (predator vs non-predator vs control, fixed factor) and the behavior 

treatment (behavior vs non-behavior, fixed factor) and the time sequence (fixed 

factor). We included the interaction between threat treatment and behavior 

treatment to examine whether the differences in the response to the different threats 

differed between the behavior and non-behavior cues. We controlled for variation in 

brood size between nests by including brood size as a covariable in the models. The 

nest and the forest were included in the models as random factors. Pairwise 

comparisons between treatments were planned using the TukeyHSD function.  

Non-significant terms were removed from the saturated models by a backward 

stepwise selection procedure in order to maximize multiple R2 of the models.  

Results  

(a) Number of nest approaches  

The number of nest approaches did not differ in relation to the behavior 

treatment (2 = 0.57, d.f. = 1, p = 0.45), but there were significant differences between 

the threat treatments (2 = 6.84, d.f. = 2, p = 0.03, Figure 1). Adults approached 



Chapter 6 

 

219 

significantly less times around the nest when they were exposed to a predator than to 

a non-predatory mammal (p = 0.03). However, there were no differences in the 

comparison between the predator and the control treatment (p = 0.51), or in the 

comparison between the non-predator and the control treatment (p = 0.54). The 

interaction between the threat treatment and the behavior treatment was not 

significant (saturated model in Table 1). Brood size did not influence the number of 

nest approaches (Table 1). However, there were significant differences in the number 

of nest approaches between time sequences (2 = 42.55, d.f. = 5, p < 0.001). There 

were significant differences between the first 15 minutes and the time sequences from 

minute 15 to the end of the film period (p < 0.05). Birds approached less times around 

the nest during the 15 first minutes of filming than in the last time sequences. 

 

 

 

Figure 1. Mean ± SE of number of nest approaches by blue tit parents feeding 8-day-

old nestlings in relation to the threat treatment: control, non-predatory mammal 

(rabbit), and predatory mammal (mustelid) located in the surroundings of the nest. 

Figures show raw data. 
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(b) Number of provisioning events 

The number of provisioning events did not differ in relation to the behavior 

treatment (2 = 0.39, d.f. = 1, p = 0.53) or the threat treatment (2 = 3.17, d.f. = 2, p = 

0.20). The interaction between the threat treatment and the behavior treatment was 

not significant (saturated model in Table 1). Brood size did not influence the number of 

provisioning events (Table 1). There were significant differences in the number of 

provisioning events between time sequences (2 = 43.39, d.f. = 5, p < 0.001). There 

were significant differences between the first 15 minutes and the time sequences from 

minute 15 to the end of the film period (p < 0.05). Birds increased the number of 

provisioning events in the course of time. 

 

(c) Time inside the nest-box  

There were no significant differences in relation to the behavior treatment (2 = 

0.47, d.f. = 1, p = 0.49) or the threat treatment (2 = 4.91, d.f. = 1, p = 0.09) in the time 

spent inside the nest box. The interaction between the threat treatment and the 

behavior treatment was significant (2 = 7.26, d.f. = 2, p = 0.03, Figure 2). Birds spent 

significantly less time inside the nest when exposed to a live predator than to the rest 

of stimuli, including a stuffed predator (p = 0.005), a live non-predatory mammal (p < 

0.001) or a stuffed non-predatory mammal (p = 0.003) or both controls (p < 0.001 in 

both cases). There were no significant differences between a live harmless non-

predatory mammal and a scented stuffed model of a non-predatory mammal or 

between control stimuli (p > 0.05 in all cases). Brood size did not influence the number 

of provisioning events (saturated model in Table 1). Birds increased the time spent 

inside the nest in the course of time (2 = 23.44, d.f. = 5, p < 0.001).  
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Figure 2. Representation of the interaction between the threat treatment (control, 

non-predatory mammal, predatory mammal) and the behavioral treatment (live 

stimulus (black squares) vs scented stuffed stimulus (white circles)) in the time spent 

inside the nest box (sec) by blue tit parents feeding 8-day-old nestlings when they 

were exposed to the stimuli in the surroundings of the nest. Figures show raw data. 
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Table 1. Saturated models exploring the effects of threat treatment (predatory 

mammal (mustelid) vs non-predatory mammal (rabbit) vs control), and the behavior 

treatment (behavior vs non-behavior), and their interaction, and the course of time on 

behavioral variables of blue tit parents feeding 8-day-old nestlings. Brood size was 

included as a fixed covariable and nest and forest were included as random factors in 

all analyses. 

 

(a) Number of nest approaches df 
2 p 

Behavior treatment 1 0.54 0.46 

Threat treatment 2 6.89 0.03 

Behavior * Threat 2 0.22 0.89 

Brood size 1 0.03 0.86 

Time 5 42.45 <0.001 

(b) Number of provisioning events df 
2 p 

Behavior treatment 1 0.25 0.62 

Threat treatment 2 2.26 0.32 

Behavior * Threat 2 4.53 0.10 

Brood size 1 1.25 0.26 

Time 5 43.29 < 0.001 

(c) Time inside the nest  df 
2 p 

Behavior treatment 1 0.47 0.49 

Threat treatment 2 4.48 0.11 

Behavior * Threat 2 7.20 0.03 

Brood size 1 0.13 0.72 

Time 5 23.44 < 0.001 
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Discussion  

Our results show that blue tits are able to detect the behavioral cues of predators and 

exhibit greater antipredatory behaviors when exposed to a live predator than to a 

stuffed model of a predator that also had predator chemical cues. When birds 

detected a predator, they decreased the number of approaches to the nest-box. By 

reducing their activity levels outside the nest-box, blue tits parents may be trying to 

decrease the possibilities that parent activity in the surrounding of the nest attract the 

attention of the predator to the nest. Mustelid are nocturnal predators and therefore, 

they may eavesdrop on bird activity of their prey to locate nests while resting nearby 

during the day to predate upon those nests during the night (Krams et al., 2007). 

Therefore, birds may avoid trying to signal the nest to the predator by reducing their 

activity levels outside the nest.  

When adults found a live predator in the surroundings of the nest, they also 

decreased the time spent inside the nest-box while feeding the nestlings, although 

they did not modify the provisioning rate, accordingly to previous studies (Amo et al., 

2008, 2017). Therefore, blue tits tried to minimize the time exposed to predation but 

maintain parental care to ensure nestling growth was not affected (Amo et al., 2008, 

2017). In a previous study we observed that this decrease in the time spent inside the 

nest-box was due to the fact that birds decreased sanitation activities but they did not 

modify the time allocated to feed the nestlings (Amo et al., 2017).  

This previous study explored the relative importance of chemical and visual cues 

of mustelid predators in nest defense and antipredator behavior of blue tits in the 

same population and with similar methodology (Amo et al., 2017). Birds were exposed 

to visual cues alone of a mustelid (stuffed model), to chemical cues of a mustelid or to 

a control. Results showed that birds responded similarly to visual and to chemical cues 

of the predator by decreasing the time spent inside the nest-box. However, they did 

not modify their behavior outside the nest, i.e. they did not modify the number of 

approaches to the nest entrance or the time spent close to the entrance when they 

only found one predator cue (Amo et al., 2017). In this study, we have found that birds 

not only modified the time spent inside the nest box, but they also decreased their 
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activity levels outside the nest box when they found a chemical and visual cues of a 

stuffed predator or a live predator. This result suggests that adult birds exhibited 

greater antipredatory responses when they detected the combination of visual and 

chemical cues of a stuffed predator or a live predator than when finding only chemical 

or visual cues of the predator. Thus, birds responded to the greater risk of predation 

exhibiting greater antipredatory responses, accordingly to the threat sensitive 

hypothesis (Helfman, 1989).  

The behavior of predators may provide important information about the 

motivation of the predator to launch an attack (Rosier and Langkilde, 2011) and 

therefore, the overall threat (Smith and Belk, 2001). For example, previous studies 

have shown that predator diet and predator hunger level determine the distance 

maintained from a predator by a prey (Smith and Belk, 2001). Also, the effect of 

predator movement on predator inspection was demonstrated in Guppies (Poecilia 

reticulate), that inspected more often the moving models than the stationary models 

of a fish predator (Dugatkin and Godin, 1992). However, in this study, the model was 

artificial and only visual cues were available to prey. In birds, a previous study showed 

that great tits (Parus major) elicited different alarm calls when exposed to live and 

stuffed predators of different species (Suzuki, 2011). However, the differences in the 

responses could probably be due to the differences between the predator species, 

rather than the differences between live and stuffed models (Suzuki and Ueda, 2013). 

Carlson and collaborators (2017) showed that blue tits responded to the robotic 

movement of stuffed models without chemical cues increasing their antipredator 

behavior. Therefore, blue tits showed an antidepredatory response to the movement 

of the predators (Carlson et al., 2017), but only visual and movement cues of stuffed 

models were available to prey.  

Our results show that when birds were exposed to a live predator, i.e. the 

combination of chemical, visual and behavioral cues of the predator, they exhibited 

greater antipredatory responses than when exposed to the combination of visual and 

chemical cues, and also to one predator cue alone (Amo et al., 2017). Therefore, our 

results confirm the assumption of the threat sensitivity hypothesis that multiple cues 

from a predator may contribute in an additive way to determine the degree of risk-
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sensitive behavior (Helfman, 1989). So, birds were able to assess more accurately the 

risk of predation when they identify the attack motivation of predators thanks to the 

chemical, visual and behavioral cues (Helfman, 1989). A stationary predator may 

indicate a low risk of been attacked, and birds dedicate their energy and time to other 

activities to reduce the costs of antipredator behavior (Caro, 2005), while when 

exposed to a live predator, with behavioral cues, they exhibit greater antipredatory 

behaviors. Evidence that support the threat sensitive hypothesis has been reported in 

insects (Gonzálvez and Rodríguez-Gironés, 2013), fishes (Brown and Magnavacca, 

2003), amphibians (Takahara et al., 2012) and reptiles (Amo et al., 2004). To our 

knowledge, our study provides the first evidence that birds exhibit a greater 

antipredatory response when exposed to chemical, visual and behavioral cues of live 

predators than to stationary models of predators that contain also chemical cues.  

Our results also show that the experimenter visit had an influence in the 

behavior of birds, because we observed differences in the behavior of parents in the 

course of time, with birds increasing the number of approaches to the nest-box as well 

the number of provisioning events and the time inside the nest-box in the course of 

time. This behavior was probably due to the disturbance that the experimenter caused 

on birds when adding the treatment to the nest-boxes, as previously observed in other 

experimental studies (Amo et al., 2008). We did not find that parents adjust their 

reproductive effort according to brood size and therefore to nestling demand, contrary 

to previous evidence (e.g., García-Navas and Sanz, 2010; Wegmann et al., 2015; Amo 

et al., 2017). However, because this study was not aimed to analyze the effect of brood 

size on parental decisions, and therefore we balanced treatment assignment of 

experimental stimuli to nests according to brood size, a potential effect of brood size 

on the variables reflecting parental activity may have been masked by the main effects 

of the experimental treatment.  

In conclusion, birds modified their parental behavior when they found predator 

cues in the surroundings of the nest, exhibiting the greatest antipredatory response 

when they were exposed to a live predator than to a visual model of a predator 

containing also chemical cues. Our results provide evidence of the importance of 

predator behavior on the antipredatory behavior of birds. Thus, blue tits used the 
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chemical, visual and behavioral cues of the predator to assess the level of predation 

risk in a reproductive context of nest defense. These results are in accordance with the 

threat sensitive hypothesis that suggests that the natural selection may have favored 

the assessment of predation risk by integrating all information available from all 

predator cues presented to adjust the degree of antipredatory behavior of animals.  
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General Discussion  

This thesis provides evidence of the importance of olfaction for birds to obtain 

information about their environment and respond adaptively. In addition to detect 

acoustic and visual cues, birds have the ability to use the sense of smell to detect and 

respond to chemical cues of prey and predators. Therefore, chemical cues can mediate 

the relationships between birds and their environment, including other organisms, 

because the capability to detect interspecific acoustic, visual and chemical cues can be 

essential for survival. Natural selection has tended to design efficient foragers and 

predator avoiders, because prey location and predation detection are fundamental 

requirements for the fitness of animals. This thesis also shows evidence of the use of 

chemical cues by birds in multiple ecological contexts and how birds have developed 

different abilities in their relationships with their environment to solve two of their 

main needs: foraging and predator avoidance.  

The use of chemical information in foraging activities could be an advantageous 

strategy to locate prey, especially in places where visual information is only available at 

very short distances, such as in areas with dense vegetation. So, birds have developed 

direct and indirect strategies for prey location to maximize their foraging effort and 

increase their fitness. Previous studies have shown that birds can use olfaction in 

different foraging contexts (Stager, 1967; Wenzel, 1968; Houston, 1986; Graves, 1992; 

Roper, 2003; Hagelin, 2004; Cunningham et al., 2009; Yang et al., 2015). Furthermore, 

birds also use indirect chemical cues to locate their prey. For example, seabirds and 

penguins use olfaction to detect areas of high productivity in the oceans (Nevitt et al., 

1995; Nevitt, 2000; Cunningham et al., 2008; Nevitt, 2011; Amo et al., 2013b) and the 

bird attraction to trees infested with caterpillars has been shown in different plant-

insect-bird systems (Mäntylä et al., 2004, 2008a,b; Amo et al., 2013a; Koski et al., 

2015; Mäntylä et al., 2017; Mrazova and Sam, 2018). Therefore, chemical 

communication can play an important role in plant-herbivore-predator systems. 

However, despite the recent evidence open a new and promising area to 

understanding the role of chemical cues in multitrophic interactions involving plants, 

herbivorous insects and insectivorous birds, more studies are needed in diverse plant-
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herbivore-predator systems to explore the ability of birds to use the herbivore-induced 

plant volatiles (HIPVs) to optimize foraging effort in different ecosystems.  

We designed an experimental study to test whether birds were attracted to 

Pyrenean oak trees (Quercus pyrenaica) treated with methyl jasmonate (MeJa), a 

phytohormone produced during the herbivorous attack to the plant and involved in 

the release of HIPVs. The results showed that insectivorous adult birds were not 

attracted to trees treated with MeJa, even when trees were treated with different 

doses of MeJa (Saavedra and Amo, 2018a, Chapter 1). The lack of attraction to MeJa-

treated trees does not seem to be caused due to the insectivorous species were not 

attracted to herbivore-infested trees, since the main insectivorous bird species present 

in the study area, such as blue tits and great tits, are able to discriminate between 

infested trees and uninfested trees using HIPVs (Mäntylä et al., 2008a,b; Amo et al., 

2013a; Mäntylä et al., 2017; but see Koski et al., 2015). The variability of HIPVs 

emission can be determined by many factors (Arimura et al., 2005; Mumm and Dicke, 

2010). For example, the HIPVs can differ between individuals, species and in relation to 

environmental conditions (reviewed in Chapter 1). Previous studies have also shown 

that the volatile organic compounds emitted by MeJa-treated trees can differ from the 

HIPVs emitted by herbivore-damaged trees (Dicke et al., 1999; Degenhardt and 

Lincoln, 2006; Hare, 2007; Mäntylä et al., 2014). Therefore, the lack of attraction to 

MeJa-treated trees by insectivorous birds in our study could be explained because 

MeJa-treated trees differed from herbivore infested trees in the emission of volatiles, 

and birds only respond to HIPVs emitted by trees infested with their prey. 

In addition to wild adult birds, we also found that blue tit nestlings without 

foraging experience were not able to discriminate between the volatiles of leaves 

treated with MeJa and those emitted from untreated leaves (Saavedra and Amo, 

2018a, Chapter 1). These results suggest that the attraction to infested trees is no 

innate, as was previously observed in a previous study where adult birds naïve to 

forage caterpillars on trees could not discriminate between infested and uninfested 

trees (Amo et al., 2016) but inexperienced birds did after 5 hours of habituation (Amo 

et al., 2013a). Thus, the ability to discriminate between caterpillar infested and 

uninfested trees due to the HIPVs may be acquired when birds learn to associate the 
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HIPVs with the presence of caterpillars through foraging experience (Amo et al., 

2013a). Whether this ability is innate or acquired through experience may depend on 

the degree of specialisation of predators. For example, in the case of predators that 

prey upon a single prey species that is hosted by a single plant species, natural 

selection may have favoured the innate recognition of this specific blend of volatiles. In 

contrast, generalist predators such as great and blue tits can feed on different prey 

species hosted in different plant species. The ability to learn to associate a foraging 

experience with the presence of particular HIPVs may be favoured over an innate 

recognition of so many different blends of volatiles (Vet and Dicke, 1992; Gols et al., 

2012; but see Steidle and van Loon, 2003). Therefore, despite previous evidence 

suggests that insectivorous birds are attracted to HIPVs, the results of our study 

showed that neither insectivorous adult birds nor inexperienced nestlings were 

attracted to trees treated with MeJa (Saavedra and Amo, 2018a, Chapter 1). Further 

studies are needed to disentangle whether differences in the emission of volatiles 

between herbivore-infested plants and plants treated with MeJa can explain the lack 

of attraction of bird predators to MeJa-treated Pyrenean oak trees.  

Birds may not only use indirect cues to find their prey (Nevitt et al., 1995; Amo et 

al., 2013a; Mäntylä et al., 2017), but they may also be able to use olfaction to intercept 

the chemical cues that the prey itself emits. We performed an experimental study to 

disentangle whether birds were able to eavesdrop on the pheromones of one of their 

prey, the winter moth (Operophtera brumata). The results showed that insectivorous 

birds were able to detect the pheromones emitted by female winter moths to attract 

males, exploiting the pheromones as a method of prey location (Saavedra and Amo, 

2018b; Chapter 2). The attraction of birds to the pheromones of this species may help 

birds maximize their foraging effort. By using the chemical cues emitted by female 

moths, birds can increase their probability of finding the camouflaged females. 

Furthermore, the male moths that are attracted by the female pheromone could also 

suffer an increased risk of predation by birds. Therefore, the attraction of birds to the 

pheromones of female moths adds birds to the list of predators that are able to 

eavesdrop the chemical cues emitted by their prey for mate attraction. This new 

evidence indicates the costs of emissiing chemical signals for females (Harari et al., 
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2011), as well as the costs of responding to such chemicals for males (Hughes et al., 

2012). Moreover, these results show the potential use of insectivorous birds in 

controlling the number of Lepidopteran in forests and orchards. Traditional control of 

adult numbers is based on the use of pheromone traps to collect males and remove 

them from the population, decreasing access to males by females, and therefore 

decreasing fecundity of females (Mcneil, 1991). However, birds prey upon both 

females and males and, thus, they may be much more efficient than pheromone traps 

in decreasing Lepidopteran population densities. Further experiments are needed to 

examine whether insectivorous birds are able to eavesdrop the chemical cues emitted 

by other prey species for mate attraction to understand the predator-prey system of 

predatory birds and herbivorous insects in an ecological context. Furthermore, 

additional studies are also needed to elucidate whether birds use pheromones as a 

precise localization cue or to find good areas for foraging. 

In addition to use chemical cues to locate prey and maximize foraging effort, we 

have also studied in depth how birds use olfaction to detect the chemical cues of 

predators, accurately assess the risk of predation to respond with the most 

appropriate antipredatory strategy (Chapter 3-6). Natural selection favours those 

behaviours that minimise the risk of predation, increasing the fitness and the 

reproductive success of animals (Caro, 2005; Lima, 2009). Hence, birds have developed 

different behavioural strategies to reduce the risk of predation. For example, the 

ability of ascertaining predators is an important component of antipredatory 

behaviour. Many prey species can detect predator chemical cues and use them to 

assess the level of predation risk (Kats and Dill, 1998), including birds (Amo et al., 2008; 

Roth et al., 2008; Amo et al., 2011b; Eichholz et al., 2012; Zidar and Løvlie, 2012; Amo 

et al., 2017).  

The ability to distinguish between threatening cues and non-threatening cues 

could be essential to minimize the predation risk and increase the reproductive 

success (Caro, 2005). Therefore, the use of chemical cues of predators to assess the 

predation risk could be important in many bird species, especially in those that, during 

part of their lifetime, use habitats in which visual detection of predators is constrained. 

This is the case of hole-nesting birds, such as the blue tit or the great tit, wich use 
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cavities for breeding or roosting during the winter, where they can encounter 

predators such as mustelids. The detection of predator chemical cues may provide 

birds an early warning of the risk that the cavity is occupied by a predator (Kats and 

Dill, 1998). Visual detection of predators inside cavities can be constrained due to low 

visibility conditions, and thus the use of predator chemical cues for ascertaining 

predator presence may be crucial to avoid being predated. Many species avoid the use 

of cavities containing predator chemical cues (Stoddart, 1976; Amo et al., 2004; Borgo 

et al., 2006), because the presence of predator chemical cues inside a cavity may 

indicate both that a predator is currently inside the cavity or that a predator has 

previously visited the cavity and may return to it. Thus, birds should select safe cavities 

to roost or breeding in advance as escaping from a predator may be difficult inside a 

cavity.  

The use of cavities for roosting is especially important during winter for many 

small bird species inhabiting temperate areas. Survival of small birds can be seriously 

compromised during winter, especially during the night, when temperature reaches its 

minimum, and small birds use cavities for roosting to decrease the thermoregulatory 

costs during the winter nights. However, because the ability of birds to detect and 

escape from a predator is reduced during the sleeping period (Amo et al. 2011a), the 

selection of safe cavities for roosting should be essential for survival. Results of 

previous studies shown that birds are able to detect the predator scent and use it to 

assess the risk of predation inside cavities (Amo et al., 2008, Amo et al., 2011b; 

Saavedra and Amo, 2019; Chapter 4 and 5). Moreover, birds also avoid roosting in nest 

boxes containing predator chemical cues in captivity (Amo et al., 2011b). However, to 

our knowledge no study had examined whether birds use predator chemical cues to 

assess the risk of predation when selecting cavities for roosting under natural 

conditions. To fill this gap, we performed three experiments to examine whether birds 

avoid roosting in nest boxes containing predator chemical cues during the winter in 

natural conditions. We found no differences in the use of nest boxes in relation to 

predation risk perceived, thus birds did not show this avoidance response under 

natural conditions during winter (Amo et al., 2018, Chapter 3). Therefore, chemical 

cues indicating the potential presence of a predator may not be enough for birds to 
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avoid roosting in nest boxes under natural conditions. In natural conditions, territory 

maintenance or thermoregulatory benefits of roosting in nest boxes may overcome 

the perceived risk of predation when only predator chemical cues are present. Further 

research is needed to assess whether this lack of avoidance of roosting in predator 

scented nest boxes is maintained when thermoregulatory costs of sleeping outside 

nest boxes are lower. 

In addition to increase the risk of mortality when birds use cavities for roosting, 

predation can determine the survival and the reproductive success of birds during the 

breeding period. Nest predation is considered as the primary cause of offspring 

mortality during the breeding period (Ricklefs, 1969; Martin, 1995; Lima, 2009), but 

natural selection has favoured antipredatory adaptations to reduce the risk of egg and 

nestling predation in order to increase the reproductive success (Caro, 2005; Lima, 

2009). One of the first antipredatory behaviours is to ascertain predator presence 

because antipredator behavioural strategies can minimise the risk of egg and nestling 

predation (Collias and Collias, 1984). This thesis shows that birds were able to 

ascertain predator presence and respond with different adaptive behavioural 

strategies when they detected predator chemical cues inside the nest (Chapter 4 and 

5) or when they found predator cues in the surroundings of their nests (Chapter 6).  

To avoid egg predation, many bird species that nest in open areas often cover 

their eggs to hide them from predators. Previous studies found that covered eggs are 

less detectable and less frequently predated in open areas (Maclean, 1974; Salonen 

and Penttinen, 1988; Opermanis, 2004; Ferguson, 2016). So, egg covering may reduce 

the risk of predators detecting the clutches and, therefore, should increase 

reproductive success. Egg covering behaviour is not exclusive of nesters in open areas 

but it is also exhibited by cavity nesters (Haftorn and Slagsvold, 1995; Haftorn, 1996), 

including the blue tit (Cramp and Perrins, 1993; Stenning, 2018). However, whether 

this behaviour has evolved as an antipredatory strategy in cavity nesters remained 

unexplored. We designed an experiment to test this hypothesis simulating an increase 

in the risk of predation inside the nest boxes by adding predator chemical cues. We 

found that when blue tits were experimentally exposed to an increase in the perceived 

risk of predation, they responded by covering their eggs with nest material (Saavedra 
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and Amo, 2019, Chapter 4). Thus, egg covering may have evolved as an antipredatory 

strategy to reduce the risk of egg predation in cavity nesters and increase reproductive 

success in birds. This decrease in the risk of detectability by predators may allow birds 

to reduce vigilance efforts during the laying period (Ricklefs, 1969). Also, this reduction 

in the time guarding the nest may allow birds to increase the time devoted to 

self‐maintenance activities such as foraging (Lima and Dill, 1990). However, further 

studies are needed to disentangle whether egg concealment could enhance the 

reproductive success and the fitness of birds, and whether egg covering could have 

other additive functions such as thermoregulatory, antiparasitic or social functions in 

blue tits. 

Several studies have also shown that birds can assess nestling predation risk and 

adjust their parental activity accordingly (Eggers et al., 2004; Fontaine and Martin, 

2006; Scheuerlein and Gwinner, 2006; Amo et al., 2008; Peluc et al., 2008; Mutzel et 

al., 2013; Amo et al., 2017). Previous studies that have examined the potential sexual 

differences in risk taking behaviour during the breeding period have not found 

differences in the antipredatory behaviour between females and males (Tilgar et al., 

2011; Mutzel et al., 2013). However, in these studies birds were exposed to the 

presence of a predator or a predator model in the surroundings of the nest, but there 

were no previous studies that have examined sexual differences in the risk assumed by 

parent birds in relation to perceived predation risk inside the cavity where they are 

breeding. Therefore, we performed an experimental study to examine whether males 

and females differed in the risk-taking behaviour when provisioning the nestlings 

under an increase in the risk of predation inside the nest cavity. Our results show that 

blue tits detected the chemical cues of predators and modified their behaviour when 

they were experimentally exposed to an increase in the perceived risk of predation 

inside the nest. Birds exhibited greater antipredatory responses when exposed to the 

chemical cues of a predator than when exposed to those of a non-predatory mammal 

or an odourless control inside the nest. We also found that males and females subtly 

differed in the risk that assumed in response to the increased predation risk. 

Specifically, males entered the nest box sooner than females under low predation risk 

conditions. However, when there was a scent of a heterospecific animal inside the nest 
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box males tended to delay their entry to the nest-box whereas females tended to 

enter sooner (Chapter 5). Differential investment in the reproduction may explain 

these sexual differences in risk taking behaviour, as females invest more time and 

energy than males in nest-building, laying and incubation (Visser and Lessells, 2001). 

Therefore, the value of nestlings may be higher for females than for males and females 

assume greater risks to ensure nestling growth. The results also showed that nestlings 

seemed to detect the chemical cues of heterospecifics inside the nest and responded 

adaptively decreasing their begging behaviour (Chapter 5), probably to minimize 

detectability by predators (Briskie et al., 1999). Probably parents responded to this 

decrease in the begging behaviour by reducing provisioning rates, especially when 

parents perceived the chemical cues of a predator inside the nest-box. More studies 

are necessary in other species with different sexual investment during the 

reproduction to explore how females and males respond to predation risk in relation 

to the reproductive value of the offspring for each parent sex.  

Several studies have shown that birds reduced the provisioning rates when they 

perceived an increase in predation risk to decrease the probability of predation risk 

(Eggers et al., 2004; Fontaine and Martin, 2006; Scheuerlein and Gwinner, 2006; 

Massaro et al., 2008; Peluc et al., 2008; Moks et al., 2016). We found that nestlings 

reduced their begging response when they detected chemical cues of heterospecifics 

inside the nest, probably to avoid attracting predators (Briskie et al., 1999), and that 

parents responded to this decrease in the begging behaviour by decreasing the 

provisioning rate under high predation risk conditions (Chapter 5). However, this 

decrease in the provisioning rate when parents found the chemical cues of a predator 

inside the nest box was not observed in a previous study using a similar methodology 

(Amo et al., 2008). Amo and collaborators (2008) also introduced the scent of a 

mustelid predator inside the nest box, but the behaviour of nestlings was not filmed to 

examine the begging response of nestlings. Thus, it is unknow whether nestlings 

modified their begging behaviour or whether parents responded to the begging 

response accordingly. We have also found that blue tit parents maintained constant 

their provisioning rates when they found predator cues in the surroundings of their 

nests (Chapter 6), as it was previously observed (Amo et al., 2017). In this scenario, 
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while parents may have detected predator cues on the ground, nestlings might not be 

able to detect the predator cues that were located outside the nest. Therefore, they 

might have not modified their begging behaviour. However, the behaviour of nestlings 

neither was filmed in this study. Further experimental studies are needed to explore 

the antipredatory behavioural strategies of altricial nestlings when exposed to an 

increase in the risk of predation and the response of parents to the potential change in 

the begging behaviour of nestlings. 

Previous evidence suggests that chemical cues of predators can provide a first 

warning of predator presence (Kats and Dill, 1998), and allow prey to evaluate the risk 

of predation and respond accordingly to the perceived predation risk, even without 

the need of other cues, such as visual cues (Chapter 4 and 5). However, visual cues 

may not only reveal the presence of a predator, but they may also provide important 

information about the behaviour and motivation of a predator to launch an attack, and 

the overall threat (Smith and Belk, 2001). For example, an inactive predator may 

indicate a low risk of been attacked, so that birds could dedicate their energy and time 

to other activities, reducing the costs of antipredator behaviour (Caro, 2005). 

Therefore, the ability to use different predator cues to accurately assess the level of 

predation risk could be essential to minimize the predation risk during the breeding 

period. In this discrimination, parents could use visual, auditory, and olfactory cues 

emitted by heterospecifics to detect predators (Dale et al., 1996; Amo et al., 2008; 

Parejo and Avilés, 2011; Amo et al., 2017). In birds, there are no studies that examined 

the importance of chemical, visual and behavioural cues of predators on the 

antipredatory behaviour. We performed an experimental study to examine the 

antipredatory behaviour of blue tit parents when they were exposed to live predators 

or stuffed models of predators that also had predator chemical cues. Our results 

showed that birds exhibited greater antipredatory responses when they detected the 

combination of behavioural, visual and chemical cues of a live predator than when 

finding only the combination of visual and chemical cues of a stuffed predator 

(Chapter 6). Therefore, birds responded to the greater risk of predation exhibiting 

greater antipredatory responses, accordingly to the threat sensitive hypothesis 

(Helfman, 1989). Birds reduced their activity levels outside the nest box, probably 
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trying to decrease the possibilities that parental activity in the surrounding of the nest 

attracted the attention of the predator to the nest. Mustelid are nocturnal predators 

and, therefore, they may eavesdrop on bird activity to locate nests while resting 

nearby during the day to predate upon those nests during the night (Krams et al., 

2007). Thus, birds may try to avoid signalling the nest to the predator by reducing their 

activity levels outside the nest.  

In addition to provide evidence of the importance of predator behaviour on the 

antipredatory behaviour of birds, the results suggest that birds use the behavioural, 

visual, and chemical cues of the predators to assess the level of predation risk and 

adjust their antipredatory behaviour accordingly in a reproductive context of nest 

defence. These results are in accordance with the threat sensitive hypothesis wich 

suggests that natural selection may have favoured the assessment of predation risk by 

integrating all information available from all predator cues presented to adjust the 

degree of antipredatory behaviour of animals. 
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Conclusions  

1. Despite previous evidence shows the importance of chemical cues in multi-trophic 

interactions involving trees, insects and insectivorous birds, neither wild 

insectivorous adult birds nor inexperienced nestlings were attracted to trees 

treated with MeJa. Differences in the emission of volatiles between herbivore-

infested plants and plants treated with MeJa can explain the lack of attraction of 

insectivorous birds to MeJa-treated trees because birds are generalist predators 

that need to learn to associate the HIPVs with a foraging experience. Further 

research is needed to explore the ability of birds to use chemical compounds of 

plants to optimize their foraging effort. 

 

2. Insectivorous birds can eavesdrop the pheromones emitted by female moths to 

attract males, exploiting the prey pheromones as a method of prey detection to 

maximize their foraging effort and increase their fitness. The ability to eavesdrop 

the chemical cues emitted by the prey for mate attraction points out the potential 

use of insectivorous birds in the biological control of insect pests.  

 

3. Birds are able to detect the chemical cues of predators and use them to assess the 

risk of predation inside cavities. However, we found no differences in the use of 

nest boxes for roosting in relation to perceived risk of predation. Chemical cues 

indicating the potential presence of a predator are not enough for birds to avoid 

roosting in nest boxes under natural conditions during the winter. Territory 

maintenance or thermoregulatory benefits of roosting in nest boxes may 

overcome the perceived risk of predation when only predator chemical cues are 

present. Further research is needed to assess whether this lack of avoidance of 

roosting in predator scented nest boxes is maintained when thermoregulatory 

costs of sleeping outside nest boxes are lower.  
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4. Birds have also developed different behavioural strategies to reduce the risk of 

predation during the reproduction. For example, during the laying period, blue tits 

covered their eggs more frequently when they detected an increase in the 

perceived risk of predation. Egg covering behaviour may have evolved as an 

antipredatory strategy to reduce the risk of egg predation and increase the 

reproductive success in cavity‐nesting birds. Further experiments are needed to 

disentangle whether egg covering has other non‐exclusive functions such as 

thermoregulatory, antiparasitic or social functions in blue tits.  

 

5. During the breeding period, blue tit parents detected the chemical cues of 

predators and responded differentially in relation to their investment in the 

reproduction, with females assuming a slightly greater risk than males when taking 

care of nestlings in response to an increase in the risk of predation. Sexual 

differences in the risk taking behaviour may be related with the different parental 

investment of both sexes and the reproductive value of the offspring for males 

and females.  

 

6. Nestlings also seemed to detect the chemical cues of heterospecifics inside the 

nest and responded adaptively decreasing their begging behaviour, probably to 

minimize detectability by predators.  

 

7. In addition to use chemical cues to detect predators, birds should use more than 

one predator cue in order to accurately assess the level of predation risk, 

according to the threat sensitive hypothesis. Birds modified their parental 

behaviour when they found predator cues in the surroundings of the nest, 

exhibiting a greater antipredatory response when they were exposed to a live 

predator than to a visual model of a predator containing also chemical cues. The 

results provide evidence of the importance of predator behaviour on the 

antipredatory behaviour of birds, and suggest that birds use the behavioural, 

visual, and chemical cues of the predators to assess the level of predation risk and 

adjust their antipredatory behaviour accordingly. 
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Conclusiones  

1. Estudios previos muestran la importancia de las señales químicas en las 

interacciones multitróficas que incluyen árboles, insectos herbívoros y aves 

insectívoras. Sin embargo, ni las aves insectívoras adultas, ni los polluelos sin 

experiencia, fueron atraídos por los árboles tratados con MeJa. Las diferencias en 

la emisión de volátiles entre las plantas infestadas por artrópodos herbívoros y las 

plantas tratadas con MeJa pueden explicar la falta de atracción de las aves 

insectívoras por los árboles tratados con MeJa, ya que las aves son depredadores 

generalistas que necesitan aprender a asociar los HIPVs con una experiencia en la 

búsqueda de alimento. Son necesarios más estudios para explorar la habilidad de 

las aves insectívoras de utilizar compuestos químicos de las plantas con el fin de 

optimizar su esfuerzo en la búsqueda de alimento. 

 

2. Las aves insectívoras son capaces de detectar y explotar las feromonas emitidas 

por las hembras de la polilla de invierno (Operophtera brumata) para atraer a los 

machos como una estrategia para localizar a sus presas para maximizar su 

esfuerzo en la búsqueda de alimento e incrementar su eficacia biológica. La 

habilidad de detectar las señales químicas emitidas por sus presas para la 

atracción de pareja muestra el potencial de las aves insectívoras en control 

biológico de plagas de insectos. 

 

3. Las aves son capaces de detectar las señales químicas de los depredadores para 

evaluar el riesgo de depredación dentro de las cavidades. Sin embargo, no 

encontramos diferencias en el uso de cajas nido para pasar la noche en relación 

con el riesgo de depredación percibido. Las señales químicas que indican la posible 

presencia de un depredador no son suficientes para que las aves eviten pasar la 

noche en cajas nido en condiciones naturales durante el invierno. El 

mantenimiento del territorio o los beneficios en términos de termorregulación de 

utilizar cajas nido para pasar la noche puede que prevalezcan ante el riesgo de 

depredación percibido cuando sólo están presentes las señales químicas de un 

depredador. Son necesarios más estudios para evaluar si la falta de evitación de 
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pasar la noche en cajas nido con señales de depredador se mantiene cuando los 

costes de termorregulación debidos a pasar la noche a la intemperie son bajos. 

4. Las aves también han desarrollado diferentes estrategias comportamentales para

reducir el riesgo de depredación durante la reproducción. Por ejemplo, durante el

periodo de puesta, los herrerillos comunes taparon sus huevos con mayor

frecuencia cuando detectaron un incremento en el riesgo de depredación. El

comportamiento de tapar la puesta puede haber evolucionado como una

estrategia antidepredatoria para reducir el riesgo de depredación de los huevos e

incrementar el éxito reproductivo en aves que anidan en cavidades. Son

necesarios más experimentos para tratar de averiguar si el comportamiento de

tapar la puesta tiene otras funciones termorreguladoras, antiparasitarias o sociales

en el herrerillo común.

5. Durante el periodo de cría, los herrerillos comunes detectaron señales químicas de

depredador, exhibiendo diferencias comportamentales en relación a su inversión

en la reproducción. Las hembras asumieron un mayor riesgo que los machos

durante el cuidado de los polluelos cuando fueron expuestas a un incremento en

el riesgo de depredación. Las diferencias sexuales en el riesgo asumido puede que

estén relacionadas con las diferencias sexuales en la inversión parental y con el

valor reproductivo de los polluelos para las hembras y los machos.

6. Los polluelos también detectaron las señales químicas y respondieron

adaptativamente disminuyendo su comportamiento de solicitar alimento cuando

fueron expuestos a señales químicas de un animal heteroespecífico,

probablemente para evitar atraer a los depredadores
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7. Además de usar señales químicas para detectar a los depredadores, de acuerdo

con la hipótesis de la sensibilidad al riesgo, las aves deberían usar más de un tipo

de señal para evaluar adecuadamente el nivel del riesgo de depredación. Las aves

modificaron su comportamiento cuando encontraron señales de depredador en

los alrededores del nido, exhibiendo un mayor comportamiento antidepredatorio

cuando fueron expuestas a un depredador vivo que cuando fueron expuestas a un

modelo de depredador disecado con señales químicas. Estos resultados apoyan la

importancia del comportamiento de los depredadores en la respuesta

antidepredatoria de las aves, y sugieren que las aves usan las señales químicas,

visuales y comportamentales de los depredadores para evaluar el nivel del riesgo

de depredación y ajustar su comportamiento antidepredatorio en consecuencia.
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Abstract
Plants emit herbivore-induced plant volatiles (HIPVs) when they are attacked by herbivorous
arthropods to attract natural enemies of the herbivores. Previous studies have suggested that insec-
tivorous birds can detect the HIPVs for prey location. The production of HIPVs is partly mediated
by the jasmonic acid signalling pathway. Methyl jasmonate is one compound involved in the jas-
monic acid signalling pathway. Therefore, spraying of methyl jasmonate (MeJa) solution on plants
can induce the emission of volatiles similar to the HIPVs induced by herbivory. We performed
two field experiments to test whether insectivorous adult birds are attracted to Pyrenean oak trees
(Quercus pyrenaica) treated with MeJa solutions. We used artificial larvae to measure bird pre-
dation rate. There were no differences in the predation rates of plasticine larvae between control
and MeJa treatments, suggesting that insectivorous birds were not attracted to trees treated with
MeJa. We also tested whether blue tit nestlings without previous experience in foraging respond
to the scent of Pyrenean oak tree leaves treated with MeJa, to test whether the attraction to MeJa-
treated trees is innate. A similar number of nestlings performed begging responses when exposed
to the scent of leaves of MeJa-treated trees compared to the scent of leaves of control untreated
trees. Furthermore, the duration of the first begging was similar in response to the volatiles emitted
by MeJa-treated trees and untreated trees. Despite previous evidence suggesting that insectivorous
birds are attracted to HIPVs, our results show that neither insectivorous adult birds nor inexperi-
enced nestlings were attracted to trees treated with MeJa. Further studies are needed to disentangle
whether the differences in the emission of volatiles between herbivore-infested trees and MeJa-
treated trees can explain this lack of attraction to MeJa-treated Pyrenean oak trees.
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1. Introduction

When attacked by herbivore arthropods, plants produce a chemical defence
response against herbivores. Plants produce compounds in their tissues in an
attempt to affect the performance of the herbivorous arthropods by, inhibiting
the feeding behaviour of insects, decreasing digestibility or even poisoning
the herbivore (Schoonhoven et al., 2005). For example, the seasonal vari-
ation in the phenolic contents can act as a direct defence in the oak trees
(Salminen et al., 2004). However, plants also emit herbivore-induced plant
volatiles (HIPVs) that attract the natural enemies of herbivore arthropods,
such as parasitoids and predators (Vet & Dicke, 1992; Dicke, 2015). The
study of the phenomenon of herbivore-induced emission of volatile organic
compounds by plants has mainly focused on insect enemies of the herbivores
(Schoonhoven et al., 2005; Dicke & Baldwin, 2010; Mumm & Dicke, 2010).
However, recent evidence has shown that these HIPVs not only attract preda-
tory insects but also vertebrate predators, such as birds (Amo et al., 2013a;
Mäntylä et al., 2017; Mrazova & Sam, 2018).

The first evidence of the attraction of insectivorous birds to herbivore-
infested trees was provided by Mäntylä and collaborators (2004). They
showed that willow warblers (Phylloscopus trochilus) were attracted to trees
infested by defoliator larvae, without needing to see the larvae or their dam-
age to leaves (Mäntylä et al., 2004). Vision or olfaction have been proposed
as the mechanisms responsible for the avian attraction to infested trees be-
cause larvae-infested trees differed from un-infested trees both in the col-
oration of leaves and in the HIPVs that they emitted (Mäntylä et al., 2008a,
2017; Amo et al., 2013a). However, recent evidence suggests that despite
the fact that herbivore-infected trees differed from uninfected trees in the re-
flectance of leaves (Mäntylä et al., 2008a, 2017; Amo et al., 2013a; Koski et
al., 2017), such visual differences in the spectral reflectance did not appear
different to birds, according to discrimination threshold models of avian vi-
sion (Koski et al., 2017; Mäntylä et al., 2017). This may imply that birds
cannot discriminate between infected and uninfected trees when only visual
cues of trees were provided (Amo et al., 2013a). Furthermore, the coloration
of leaves is not exclusive to herbivory and can be related to other factors
affecting trees, such as sunlight exposure (Mäntylä et al., 2008b), leaf senes-
cence (Lim et al., 2007) or microbial infection (Cruz et al., 2016). In contrast,
HIPVs are exclusively related to herbivory and therefore, these chemical
cues may provide a reliable indication of herbivory to predators (Dicke &
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Van Loon, 2000). Amo and collaborators (2013a) isolated the visual and
chemical cues of larvae-infested apple trees and found that great tits (Parus
major) were only attracted to infested trees when they could smell but not
when they could only see the trees. Therefore, it seems that HIPVs can attract
insectivorous birds (Amo et al., 2013a, but see Koski et al., 2015). A pos-
itive correlation between avian predation rates of artificial larvae and the
quantity of emission of volatiles emitted by trees experimentally infested
with caterpillars in natural conditions also suggests that olfaction may be the
mechanism underlying bird attraction to caterpillar-infested trees (Mäntylä
et al., 2008a, 2014).

The ability of insectivorous birds to detect the HIPVs and to use them
to maximize foraging effort is not surprising because previous studies have
shown that birds can use olfaction in foraging contexts. For example, vultures
seem to smell carrion from kilometres away (Houston, 1986; Graves, 1992).
Honey-guides (family Indicatoridae), Oriental honey buzzards (Pernis orien-
talis), kakapos (Strigops habroptilus) and kiwis (Apteryx australis) can also
find their food using olfaction (Stager, 1967; Wenzel, 1968; Roper, 2003;
Hagelin, 2004; Cunningham et al., 2009; Yang et al., 2015). Furthermore,
seabirds and penguins use olfaction to detect dimethyl sulfide (DMS) (Nevitt
et al., 1995; Cunningham et al., 2008, Nevitt, 2011; Amo et al., 2013b), a
volatile produced when zooplankton graze on phytoplankton (Nevitt et al.,
1995), signalling areas of high productivity in the oceans (Nevitt, 2000).

The attraction of insectivorous birds to herbivore-infested trees has been
demonstrated in several plant-insect-bird systems of northern and central
Europe, both in captivity and in natural conditions. Willow warblers (Phyllo-
scopus trochilus) discriminate between uninfected mountain birches (Betula
pubescens ssp. czerepanovii (Orlova) Hämet-Ahti) and birches infected with
the sawfly (Arge fuscinervis Lindqvist; Hymenoptera, Symphyta) (Mäntylä
et al., 2004). Great tits and blue tits (Cyanistes caeruleus) could also dis-
criminate between the uninfected silver birches (Betula pendula Roth) and
birches infected with autumnal moth larvae (Epirrita utumnata Borkhausen,
Lepidoptera, Geometridae) (Mäntylä et al., 2008b). These two passerine bird
species were also attracted to Scots pines (Pinus sylvestris) that were system-
ically herbivore-induced by pine sawfly larvae (Diprion pini) (Mäntylä et al.,
2017). Great tits were also known to discriminate between uninfected apple
trees (Malus silvestris Miller) and those infected with winter moth caterpil-
lars (Operopthera brumata, Lepidoptera, Geometridae) (Amo et al., 2013a).
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Wild insectivorous birds were also more attracted to mountain birch trees
infected with autumnal moth larvae than to uninfected trees (Mäntylä et al.,
2008a). However, further studies are needed to disentangle whether the at-
traction to infected trees is exhibited in birds in different ecosystems.

The production of HIPVs is partly mediated by the jasmonic acid sig-
nalling pathway (Thaler et al., 1996, 2002). Exposure to MeJa often induces
the release of HIPVs in un-infested plants (Hopke et al., 1994; Thaler et al.,
1996; Degenhart & Lincoln, 2006), thus MeJa exposure can be used to sim-
ulate herbivory. Although studies with woody species are scarce, previous
evidence suggests that arthropod predators are attracted to persimmon trees
(Diospyros kaki L.) infested by herbivores and also to trees treated with MeJa
instead of trees that are not infested and untreated (Zhang et al., 2009). Ev-
idence for bird attraction to MeJa-treated trees comes from a recent study
showing that wild insectivorous birds were attracted to MeJa-treated grey
willows (Salix cinerea) (Mrazova & Sam, 2018). However, Mäntylä and
collaborators (2014) did not find that MeJa treatment in mountain birches
attracted wild insectivorous birds, despite the fact that wild birds were at-
tracted to mountain birches infested with herbivores (Mäntylä et al., 2014).

Here, we studied whether wild insectivorous adult birds inhabiting Pyre-
nean oak forests of the Mediterranean region are attracted to Pyrenean oak
trees (Quercus pyrenaica) treated with MeJa, and whether inexperienced
blue tit nestlings respond to the volatiles of MeJa-treated trees. In a first ex-
periment, we applied MeJa solution or a control solution to mature Pyrenean
oak trees in situ, and analysed whether the birds were attracted to MeJa-
treated trees. In a second experiment, we treated 150 cm tall Pyrenean oak
trees with a high or low dose of MeJa solution or a control solution, and
analysed the attraction of birds to trees treated with different doses of MeJa.
We expected that Pyrenean oak trees would respond to MeJa exposure by
developing a defence response and releasing HIPVs to attract predators and
parasitoids (Hopke et al., 1994; Thaler et al., 1996; Degenhart & Lincoln,
2006). Therefore, we hypothesized that birds would be attracted to trees
treated with MeJa. However, alternatively, if the MeJa treatment does not
induce the release of the same HIPVs as the herbivore attack, we expect that
birds would not be attracted to the MeJa-treated trees.

We also tested whether blue tit nestlings without foraging experience are
able to discriminate between the volatiles of Pyrenean oak trees treated with
MeJa and those emitted from untreated trees, to test for evidence that the
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attraction to infested trees is innate rather than learned. Results of a previous
study showed that naïve great tits could not discriminate between caterpillar-
infested and un-infested apple trees (Amo et al., 2016), suggesting that the
attraction to caterpillar-infested trees may be acquired through learning. Re-
cently born nestlings of precocial and altricial species are able to modify
their begging behavior in response to olfactory stimuli with biological rele-
vance in terms of foraging and parental care (Porter et al., 1999; Caspers et
al. 2015). Therefore, if the attraction to HIPVs of Pyrenean oak trees is innate
in blue tits inhabiting a Pyrenean oak forest, nestlings should be able to dis-
criminate between the volatiles emitted by MeJa-treated trees and untreated
trees. In contrast, if birds need to learn to associate HIPVs with herbivore-
infested trees through foraging experience, blue tit nestlings should not be
able to discriminate between MeJa-treated and untreated trees.

2. Materials and methods

2.1. Study area and species

The experimental studies were performed in May and June 2016 in two Pyre-
nean oak forests of Zaragoza (Alto Huerva-Sierra de Herrera) and Teruel
(Sierra de Fonfría) in Aragón, northeast Spain (40°59′N, 1°05′W). Nest
boxes were set up in 2011 in both forests (Alto Huerva-Sierra de Herrera, 100
nest boxes, and Sierra de Fonfría, 150 nest boxes). In 2016 these nest boxes
were occupied by 45 pairs of blue tits and 10 pairs of great tits in the forest
of Zaragoza, and 45 pairs of blue tits in the forest of Teruel. Other insectivo-
rous bird species inhabiting these forests are the common blackbird (Turdus
merula), the Eurasian blackcap (Sylvia atricapilla), the Sardinian warbler
(S. melanocephala) and the common nightingale (Luscinia megarhynchos).
Mean temperature, precipitation and UV index in the study area are provided
in Table A1 in the Appendix.

In experiments 1 and 2 we treated trees with MeJa. Experimental trees
(both mature wild trees in experiment 1 or trees planted in pots in experi-
ment 2) were located within 10 m from a nest box and separated at least 40 m
from the closest experimental tree. Blue tits normally feed within 20 m from
the nest-box in deciduous forests and up to 40 m in mixed forests (Stauss et
al., 2005). Additionally, results of another study show that 90% of foraging
observations of blue and great tits were made within 45 m from the nest-box
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(Naef-Dancer & Keller, 1999). Therefore, it is unlikely that the same individ-
uals visited more than one experimental tree. Although we cannot rule out
any instance of pseudo-replication, we expected that birds quickly learned to
recognize plasticine caterpillars as unpalatable, unprofitable prey, reducing
the likelihood that individual birds returned to the same tree numerous times.

2.2. Experimental design

2.2.1. Experiment 1
To examine whether wild insectivorous adult birds are attracted to trees
treated with MeJa, we performed an experiment in a Pyrenean oak for-
est in Alto Huerva-Sierra de Herrera (Zaragoza). We selected 30 Pyrenean
oak trees with a trunk of at least 20 cm diameter. The experimental trees
were alternatively assigned to one of the treatments: 15 mM MeJa solution
(N = 15 trees) and control (water solution, N = 15 trees). The MeJa solution
was made with distilled water, ethanol, MeJa and Tween-20, according to
Mäntylä and collaborators (2014) (Table 1). The treatments were applied to
the trees by spraying 12 ml of the MeJa solution or the control solution to the
leaves of one branch of each tree every two days for 14 days. The branches
were approximately 1.5 m long and 1.5 high from the ground and had no evi-
dent signs of herbivory. We placed 10 artificial larvae on each treated branch.
The artificial larvae were made of light green plasticine (similar to the natural
colour of real O. brumata larvae, Lepidoptera, Geometridae). The plasticine
larvae were approximately the size of a large fifth instar O. brumata larva
(length 25–30 mm, diameter 3–4 mm). Artificial larvae were fixed to the
branches with cyanoacrylate adhesive glue. We measured the attraction of
birds to the experimental trees by checking the number of plasticine larvae
with marks indicating predation by birds in both treatments. This method has
been used in previous studies of avian predation (Posa et al., 2007; Richards
& Coley, 2007; Mäntylä et al., 2008a, 2014; Remmel et al., 2011; Tvardikova
& Novotny, 2012; Sam et al., 2015; Mrazova & Sam, 2018). The artificial

Table 1.
Amounts (%) of different products in the MeJa solutions.

Distilled water Ethanol (99%) MeJa (95%) Tween-20

15 mM MeJa 94.55 5.0 0.35 0.1
5 mM Meja 94.79 5.0 0.11 0.1
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larvae were considered damaged when they had triangle-shaped marks and
deep cuts made by the beak of the birds and when a part of their body was
taken by the birds (see Mäntylä et al., 2008a, 2014). We did not observe any
artificial larvae damaged by other predators or parasitoids. Over 14 days, we
checked the plasticine larvae every two days, when we sprayed experimen-
tal trees with the correspondent treatment. We replaced damaged larvae with
new ones in the same location.

2.2.2. Experiment 2
To study whether wild insectivorous adult birds are attracted to trees treated
with different doses of MeJa solution, we performed an experimental study
in a Pyrenean oak forest in Sierra de Fonfría (Teruel). We placed 30 Pyre-
nean oak trees planted in pots in the forest. The trees were between four to
six years old (approx. 1.5 m tall). The experimental trees were alternatively
assigned to one of these treatments: high dose of MeJa solution (15 mM,
N = 10), low dose of MeJa solution (5 mM, N = 10), and control (water
solution, N = 10). The MeJa solution was prepared following the protocol
of experiment 1 (Table 1). In this experiment, we decided to use the 15 mM
MeJa solution as a high dose of MeJa in contrast to Mäntylä and collabo-
rators (2014), who used 30 mM MeJa solution as a high dose, because they
observed some necrosis on the leaves of the trees treated with 30 mM MeJa
solution in mature mountain birch trees. The treatments were applied to the
trees by spraying 12 ml of the MeJa solutions or the control solution to the
leaves of each tree every two days for 14 days.

We placed 10 artificial larvae on the trunks of the experimental trees to
examine whether the insectivorous birds were attracted to MeJa-treated trees.
No caterpillars were placed on horizontal branches because the branches
were small. Every two days, when the treatments were sprayed on the trees,
we checked the number of plasticine larvae with marks indicating predation
by birds and replaced damaged larvae with new ones in the same location.
We did not observe caterpillars damaged by other predators or parasitoids.

2.2.3. Experiment 3
The third experimental study was performed in two Pyrenean oak forests,
located in Sierra de Fonfría and in Alto Huerva-Sierra de Herrera. This
experiment aimed to study whether insectivorous birds without previous ex-
perience in foraging were able to discriminate between the scent of trees
treated with MeJa and the scent of untreated trees. To address this objec-
tive, we measured the begging behaviour of recently born blue tit nestlings
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whose eyes were still closed and which had limited motor activity (Starck
& Ricklefs, 2000). We used 128 blue tit nestlings of 2–3 days old from 19
nests. We followed a modification of Porter’s method (Porter et al., 1999),
proposed by Caspers and collaborators (2015), who assessed whether zebra
finch (Taeniopygia guttata) hatchlings were able to detect the scent of their
own nest.

Each nestling was exposed to one of the three treatments: a) volatiles of
Pyrenean oak leaves treated with MeJa (N = 42), b) volatiles of Pyrenean
oak leaves treated with water (N = 43) and c) water (N = 43).

In the treatment with MeJa-treated leaves, the day before nestlings were
tested 6 Pyrenean oak leaves were sprayed with 1 ml of 15 mM MeJa solution
(see exp. 1) in order to induce a herbivore defence response (Hopke et al.,
1994; Thaler et al., 1996; Degenhart & Lincoln, 2006). In the treatment with
water-treated leaves, 6 Pyrenean oak trees were sprayed with 1 ml of water
the previous day. The day of the experiment, leaves were removed from the
corresponding branches and were added to the squeeze bottles. Every day
of the experiment, new leaves from different branches were used. In the
treatment with water only, we added 1 ml of water to the squeeze bottle.

Nestlings were individually placed on the hand of the experimenter. We
started the test at the point when the nestling had remained quiet for approx-
imately 5 s on the hand of the observer. The nestling was then exposed to the
corresponding scent by directing 10 puffs of air from a plastic squeeze bottle
containing the treatments near the nose of the nestling. The administration
of air puffs lasted 10 s (approx. 1 puff/s). The behaviour of each nestling was
recorded for approximately 60 s with a video camera situated 1 m from the
nestling. An observer blind to treatments then analysed the video recordings
and noted whether the nestlings performed begging behaviour and the dura-
tion of the first begging. This variable has been previously used to analyse
odour detection in altricial hatchings (Caspers et al., 2015).

2.3. Data analysis

In experiments 1 and 2, we analysed whether the proportion of damaged
larvae per tree differed in relation to the treatment with a generalized linear
model (GLM) fit by the Bernoulli distribution with binomial errors and a
logit link function. Analyses were performed with the statistical program R
2.15.1 “stats” package (R Development Core Team, 2015).

In experiment 3, we analysed whether there were differences between
treatments in the number of nestlings that performed a begging response
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with a generalized linear mixed model (GLMM) fit by the Laplace approx-
imation with binomial errors and a logit link function, including the nest as
a random factor. In addition, we analysed whether the duration of the first
begging differed between treatments by using a linear mixed effect (LME)
model, including the nest as a random factor. We used the “lme4” package
(R Development Core Team, 2015).

3. Results

3.1. Experiment 1

On the first day birds visited only the MeJa-treated trees and did not visit
any control trees (Figure A1 in the Appendix). Overall, five out of the 16
trees treated with 15 mM MeJa solution and 2 out of the 16 control trees
were visited by insectivorous birds (i.e., they had at least one artificial cater-
pillar with signs of avian predation). The proportion of larvae damaged by
the birds did not differ between treatments (χ2 = 0.34, df = 1, p = 0.56)
(Figure 1). The proportion was similar in trees treated with 15 mM MeJa so-
lution (mean ± SE = 0.0078 ± 0.0032) and in control trees (mean ± SE =
0.0056 ± 0.0039).

With this sample size and fixing an alpha value of 0.1 (to minimize the
probability of incurring a type II error), and a large effect size of 0.25 (to

Figure 1. Mean ± SE of the proportion of larvae damaged by avian predators in control trees
and trees treated with 15 mM MeJa solution.
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simulate the estimated magnitude of an effect of biological interest), the
power of our test was 0.92. Therefore, with a large effect size, we can be
fairly confident that our results are not due to low power. In contrast, with an
effect size of 0.15, the power of our test was 0.55, and thus, we may not be
able to find true choice differences for a medium effect size.

3.2. Experiment 2

Birds visited MeJa-treated trees the first two days but they did not visit
control trees until the third day (Figure A2 in the Appendix). However,
overall, five out of the 11 trees treated with a high dose of MeJa solution,
7 out of the 11 trees treated with a low dose of MeJa solution and 4 out
of the 11 control trees were visited by insectivorous birds (i.e., they had at
least one caterpillar with signs of avian predation). Therefore, there were
no significant differences in the proportion of larvae damaged by the birds
between the three treatments (χ2 = 3.40, df = 2, p = 0.18; Figure 2). The
proportion was similar in trees treated with a high dose of MeJa solution
(mean ± SE = 0.0157 ± 0.0058), in trees treated with a low dose of MeJa
solution (mean ± SE = 0.0200 ± 0.0057) and control trees (mean ± SE =
0.0086 ± 0.0038).

The power of our test is 0.95 if we considered a large effect size of 0.25
and an alpha value of 0.1. However, with an effect size of 0.15, the power of

Figure 2. Mean ± SE of the proportion of larvae damaged by birds in control trees, trees
treated with 5 mM MeJa solution and trees treated with 15 mM MeJa solution.
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our test is only 0.64. Therefore, for a large effect size, we can be confident
that our results are not due to low power, but for a medium size effect we
may not be able to detect differences.

3.3. Experiment 3

There were no differences between treatments in the number of nestlings
that performed a begging response (χ2 = 0.43, df = 2, p = 0.81; num-
ber of nestlings that performed a begging response/number of nestlings that
were tested: MeJa-treated trees: 27/42, control treated trees: 27/43, water:
25/43). Furthermore, the duration of the first begging did not differ between
treatments (χ2 = 0.02, df = 2, p = 0.99). The duration of the first beg-
ging was similar in nestlings exposed to Pyrenean oak leaves treated with
MeJa (mean + SE = 5.01 + 1.06%), Pyrenean oak leaves treated with water
(mean ± SE = 5.43 ± 1.04%) and water (mean ± SE = 5.48 ± 1.04%).

4. Discussion

Insectivorous birds were not attracted to trees treated with MeJa. We found
no differences in the predation rates of plasticine larvae on the branches of
MeJa-treated trees compared to control trees, even when trees were treated
with different doses of MeJa. In addition, inexperienced nestlings did not
discriminate between MeJa-treated leaves and control leaves. Several rea-
sons may explain this lack of preference for MeJa-treated trees. Firstly, a
methodological artefact may have masked the avian attraction to MeJa trees
if, for example, birds did not attack artificial caterpillars. However, the use of
artificial larvae for estimating bird attraction to trees has been used success-
fully in several studies (Posa et al., 2007; Richards & Coley, 2007; Mäntylä
et al., 2008a, 2014; Remmel et al., 2011; Tvardikova & Novotny, 2012; Sam
et al., 2015; Mrazova & Sam, 2018). The results of a previous study in our
study population using the same methodology for measuring avian preda-
tion rate on artificial caterpillars of similar shape and coloration (Saavedra &
Amo, 2018) showed that birds were attracted to an insect pheromone. There-
fore, the lack of attraction to MeJa-treated trees is unlikely to be due to use
of artificial caterpillars. Secondly, the bird species present in the study area
may not discriminate between trees emitting herbivore-induced volatiles or
un-infested trees. However, blue tits and great tits are the most abundant in-
sectivorous bird species in the study area. Both species are already known to
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be able to discriminate between infested and un-infested trees without see-
ing the larvae or their damage on the leaves in other tree species such as
mountain and silver birches infected with autumnal moth larvae (Mäntylä et
al., 2008a,b, but see Koski et al., 2015), Scots pines infected by pine sawfly
larvae (Mäntylä et al., 2017). Also, great tits can discriminate between un-
infected apple trees and trees infected with winter moth caterpillars (Amo
et al., 2013a). Wild insectivorous birds were also more attracted to moun-
tain birch trees infected with autumnal moth larvae than to uninfected trees
(Mäntylä et al., 2008a). Thus, the lack of attraction to MeJa-treated trees
does not seem to be because the avian species present in the study were not
attracted to herbivore-infested trees.

Thirdly, it could be that our study had low power to detect differences in
bird attraction between tree treatments. Thus, with the tree sample size used
in both experimental studies and fixing an alpha value of 0.1 we could have
detected large differences in attraction (i.e., effect size 0.25; power > 0.90),
but not medium differences in the attraction to MeJa trees (i.e., effect size
0.15; power < 0.65).

And finally, the lack of attraction to MeJa-treated trees by insectivorous
birds could be explained because MeJa-treated trees differed from herbivore-
infested trees in the emission of HIPVs, and birds only respond to HIPVs
emitted by trees infested with their prey. We did not measure the volatiles
of trees treated with MeJa nor herbivore infested trees. We note that several
previous studies have found differences in the emission of volatiles between
herbivore-infested plants and plants treated with MeJa (Dicke et al., 1999;
Degenhardt & Lincoln, 2006; Hare, 2007). There is less evidence in woody
plants (but see Mäntylä et al., 2014), but results of a one study with Quercus
rubra seedlings showed that the activity of peroxidase isozymes that are in-
volved in the defence response differed between seedlings treated with MeJa
and those infected with caterpillars. In addition, previous studies have shown
that the volatile organic compounds emitted by MeJa-treated trees can differ
from the HIPVs emitted by herbivore-damaged trees (Degenhardt & Lincoln,
2006; Hare, 2007; Mäntylä et al., 2014). Mäntylä and collaborators (2014)
treated mature mountain birches with 15 mM and 30 mM MeJa solutions,
and they infested mature mountain birches with autumnal moth larvae (Epir-
rita autumnata) in field conditions. The MeJa-treated trees emitted more
limonene, and the trees treated with a high dose of MeJa emitted more
myrcene. Insectivorous birds were more attracted to herbivore-damaged trees
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than MeJa-treated and untreated trees. Furthermore, the predation rate by
birds was higher in trees that emitted more α-pinene (Mäntylä et al., 2014).
Mrazova & Sam (2018) measured the HIPVs of grey willows treated with
30 mM MeJa solution and untreated shrubs. The production of α-pinene,
β-pinene, 3-carene, limonene and β-ocimene was higher in MeJa-treated
shrubs than in untreated shrubs, and they found that insectivorous birds were
attracted to MeJa-treated trees (Mrazova & Sam, 2018). However, the au-
thors did not include herbivore-damaged trees in their study, so it is not
known whether herbivore-damaged trees and MeJa-treated trees differed in
their volatile emission and whether this could have an effect on avian attrac-
tion. For example, lima bean plants treated with MeJa released similar but
not identical HIPVs (Dicke, 1999; Ozawa et al., 2000). Although lima bean
plants treated with MeJa were attractive to predatory mites, this predatory
species preferred the volatiles from spider-mite-infested plants over those
from JA-treated plants (Dicke et al., 1999).

Several studies have found that the differences between the volatiles
emitted by plants in response to jasmonate exposure and those emitted by
herbivore-infected plants may explain the lack of attraction to predators
or parasitoids to MeJa-treated plants (Dicke et al., 1999; Strapasson et al.,
2014). This can be due because herbivores can release compounds to counter
the jasmonate induction and therefore, MeJA can elicit a more generalized
response than the damage caused by any specific herbivore (Miller et al.,
2005). Furthermore, exposure to MeJa may influence direct defence response
of plants instead of indirect defence. For example, oak tree leaves contain
polyphenols (Salminen et al., 2004) and MeJa-treated oak trees may pro-
duce more polyphenols and/or other compounds such as condensed tannins
and phenolic glycosides involved in the direct defence of tree (e.g., Osier et
al., 2000; Müller et al., 2006). This modification in the chemistry of leaves
may influence the herbivore performance and, in turn affect consumption
patterns of vertebrates at higher trophic levels (Müller et al., 2006). For ex-
ample, insectivorous black-capped chickadees (Poecile atricapilla) exhibit
preferences for gypsy moth (Lymantria dispar L.) caterpillars based on host
leaf chemistry. Birds prefer caterpillars fed trembling aspen (Populus tremu-
loides Michx.) leaves with low levels of condensed tannins and phenolic
glycosides, or caterpillars fed leaves with high levels of tannins and low
levels of phenolic glycosides, over caterpillars fed leaves with low levels
of condensed tannins and high levels of phenolic glycosides (Müller et al.,



958 Herbivore-induced plant volatiles and birds

2006). Therefore, compounds involved in the direct defense of plants may
greatly influence diet preferences of avian predators.

However, other studies have found an attraction of predators or para-
sitoids to jasmonate-treated plants (e.g., Thaler, 1999; Rodriguez-Saona et
al., 2001; Thaler et al., 2002; Smart et al., 2013). Differences in the dosage
of jasmonate may influence the release of volatiles as well predator or para-
sitoid attraction (Bruinsma et al., 2009). Therefore, MeJa exposure has been
demonstrated to benefit plants (e.g. Strapasson et al., 2014), although this
effect is not always mediated by the attraction of predators but has a direct
effect on the herbivores (Thaler, 2002; Warabieda et al., 2015). For example,
Brassica rapa subsp. pekinensis treated with jasmonate showed an enhanced
plant resistance to Frankliniella occidentalis thrips, restricted oviposition,
and reduced the population density of the subsequent generation (Abe et al.,
2009).

Jasmonate is an important mediator of chemical defence in plants, espe-
cially in response to lepidopteran caterpillar herbivory (Kessler & Baldwin,
2002). However, other phytohormones, such as ethylene and salicylic acid,
also mediate the expression of herbivore-induced defences (Smith et al.,
2009; Wu & Baldwin, 2009). Therefore, the lack of increase in these other
phytohormones in our study may have caused the Pyrenean oak trees treated
only with MeJa to emit a different blend of volatiles from Pyrenean oak
trees attacked by herbivores. Future studies measuring differences in these
phytohormones, foliar chemistry and volatiles between MeJa-treated trees
and herbivore-infected trees are needed to disentangle whether this is the
cause that explain the lack of avian attraction to MeJa-treated trees in our
study. The variability of HIPV emission can be determined by many factors
(Arimura et al., 2005; Mumm & Dicke, 2010). For example, the emission of
HIPVs can differ according to the plant species (Takabayashi et al., 1991;
De Moraes et al., 1998), the developmental stage of the plant (Hare, 2011)
and the parts attacked by the herbivores (Dicke et al., 2009). The emission
of HIPVs also depends on the arthropod species (Takabayashi et al., 1991;
Kessler & Baldwin, 2001; Turlings & Wäckers, 2004), and on the herbivore
density (Geervliet et al., 1998; Shiojiri et al., 2010; Girling et al., 2011). The
HIPVs emitted may also change in relation to the time course after infesta-
tion (Scascighini et al., 2005). Moreover, the environment where plants grow
can influence the emission of HIPVs. For example, differences in HIPVs
have been found between laboratory and field conditions (Thaler et al., 1996;
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Kigathi et al., 2009). All of these factors can induce quantitative changes in
the volatile blend, whereas in other cases they induce changes in the quality
of the volatile blend (Shiojiri et al., 2001; De Boer et al., 2004; Van Den
Boom et al., 2004). Under this scenario of HIPV variability in natural con-
ditions, insectivorous birds may find the volatiles that correctly signal the
presence of their prey. Results of a previous study showed that naïve great
tits could not discriminate between caterpillar-infested and un-infested ap-
ple trees (Amo et al., 2016), whereas great tits with foraging experience did
(Amo et al., 2013a). This result suggests that the attraction to caterpillar-
infested apple trees does not seem to be innate in great tits, and may be
acquired when the birds associate the HIPVs with a foraging experience
(Amo et al., 2016). Therefore, if the HIPVs of Pyrenean oak trees infected
with herbivorous prey differed from those of MeJa-treated Pyrenean oak
trees, the insectivorous birds presented in the study area likely did not rec-
ognize them as a cue for finding food, and therefore, birds were not attracted
to them.

Our results also showed that inexperienced nestlings do not discriminate
between the scent of Pyrenean oak trees treated with MeJa and the scent of
untreated trees because the proportion of blue tit nestlings that performed a
begging response and the duration of the first begging was similar in response
to the scent of MeJa-treated trees and the scent of untreated trees. This result
agrees with the lack of attraction of adult birds to MeJa-treated trees. These
results do not allow us to disentangle whether the attraction to HIPVs is in-
nate or learned in blue tits. Nestlings may not discriminate the volatiles of
MeJa-treated trees because they do not have foraging experience, and thus
they could not associate the HIPVs with the presence of their prey. How-
ever, if the volatiles of MeJa trees differ from volatiles of herbivore-infected
trees, even if the blue tit nestlings have an innate ability to discriminate the
herbivore-induced volatiles of Pyrenean oak trees from the volatiles of un-
infected trees, they may not respond to the volatiles of MeJa-treated trees.
In another insectivorous species, adult birds naïve to foraging in apple trees
were not attracted to apple trees infested with caterpillars, whereas they were
attracted when they had experience in foraging (Amo et al., 2016). However,
those great tits were born in a Quercus robur oak forest, and thus natural
selection may have favoured individuals of this population to innately recog-
nize the HIPVs of infested oak trees but not those of apple trees.
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Whether this ability is innate or acquired through experience may depend
on the degree of specialisation of predators. For example, in the case of
predators that prey upon a single prey species that is hosted by a single
plant species, natural selection may have favoured the innate recognition
of this specific blend of volatiles. In contrast, generalist predators such as
great and blue tits can feed on different prey species hosted in different
plant species. The ability to learn to associate a foraging experience with
the presence of particular HIPVs may be favoured over an innate recognition
of so many different blends of volatiles (Vet & Dicke, 1992; Gols et al.,
2012; but see Steidle & van Loon, 2003). Further experiments are needed
to examine whether insectivorous birds naïve to foraging in a particular tree
species can discriminate between infested and un-infested sympatric trees.

In conclusion, our work shows that neither insectivorous adult birds nor
inexperienced nestlings were attracted to trees treated with MeJa. Subse-
quent experiments may examine whether differences in the emission of
volatiles between herbivore-infested plants and plants treated with MeJa can
explain the lack of attraction of bird predators to MeJa-treated Pyrenean oak
trees.
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Appendix

Table A1.
Mean temperature, precipitation and UV index in the study area in May and June 2016.

Month Temperature Precipitation UV index

May 14.3°C 25.9 mm 3.55 J/m2

June 19.9°C 41.2 mm 4.83 J/m2

Figure A1. Temporal variation in the proportion of larvae damaged by birds in control trees
and trees treated with15 mM — MeJa solution.
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Figure A2. Temporal variation in the proportion of larvae damaged by avian predators in
control trees, trees treated with 5 mM — MeJa solution, and trees treated with 15 mM —
MeJa solution.
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Abstract

Chemical cues play a fundamental role in mate attraction and mate choice. Lepidopteran

females, such as the winter moth (Operophtera brumata), emit pheromones to attract males

in the reproductive period. However, these chemical cues could also be eavesdropped by

predators. To our knowledge, no studies have examined whether birds can detect phero-

mones of their prey. O. brumata adults are part of the winter diet of some insectivorous tit

species, such as the great tit (Parus major) and blue tit (Cyanistes caeruleus). We per-

formed a field experiment aimed to disentangle whether insectivorous birds can exploit the

pheromones emitted by their prey for prey location. We placed artificial larvae and a dis-

penser on branches of Pyrenean oak trees (Quercus pyrenaica). In half of the trees we

placed an O. brumata pheromone dispenser and in the other half we placed a control dis-

penser. We measured the predation rate of birds on artificial larvae. Our results show that

more trees had larvae with signs of avian predation when they contained an O. brumata

pheromone than when they contained a control dispenser. Furthermore, the proportion of

artificial larvae with signs of avian predation was greater in trees that contained the phero-

mone than in control trees. Our results indicate that insectivorous birds can exploit the pher-

omones emitted by moth females to attract males, as a method of prey detection. These

results highlight the potential use of insectivorous birds in the biological control of insect

pests.

Introduction

Chemical communication is probably the most ancient and widespread form of communica-

tion [1, 2] and plays an important role in sexual selection [3, 4]. The chemical compounds

emitted by animals and used in mate attraction and mate choice are known as pheromones

[4]. In many cases, the chemical signals involved in mate choice may allow potential partners

to evaluate an individual´s quality. Theoretical models have predicted that signals can only be

evolutionarily stable if they are condition-dependent, or costly to the signaler, and if the cost is

correlated with the signaler’s quality [5–7]. Therefore, individuals can not afford to cheat, i.e.,

to signal at too high a level [8], and conspecifics can rely on the information provided by these

honest signals.
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Chemical signals can provide information about the individual quality (i.e., body condition,

reproductive status, age, parasite load, health condition) [4]. However, chemical signals, as

well as other signals, are not only costly to produce but they may imply survival costs. Signals

are not only detected by potential partners but can also be eavesdropped by predators and par-

asites. Therefore, the emission of chemical signals can greatly increase the risk of predation or

parasitism [9, 10]. Examples of predators that eavesdrop the chemical cues involved in mate

attraction or signaling have been found in different taxa, from invertebrates to vertebrates

such as amphibians, reptiles and mammals [2]. For example, there are numerous studies of

natural predators that are able to detect the chemical cues of their bark beetle prey [11].

Smooth snakes (Coronella austriaca) can also detect the chemical cues of their lizard prey [12].

Mammalian predators often detect their prey by intercepting intraspecific reproductive cues,

such as least weasels (Mustela nivalis) [13–15], cats (Felis catus) and foxes (Vulpes vulpes) [16].

In the case of predatory birds, previous evidence suggests that some predatory species of rap-

tors and shrikes could be visually attracted to the UV light reflected by the urine and faeces

marks of their small mammal prey [17]. As some studies indicate, this detection of prey may

not depend entirely on UV vision, because birds do not prefer UV areas lacking scent marks

[18–20]. To our knowledge, there is no other evidence that birds use olfaction to eavesdrop the

chemical signals emitted by their prey.

The lack of studies in this area is probably due to the fact that birds were considered almost

anosmic in the past. However, an increasing number of studies have shown that birds can

detect odors in several ecological contexts. For example, birds can use their sense of smell in

intraspecific relationships [21]. The crimson rosella (Platycercus elegans) can discriminate

between subspecies using olfaction [22]. Antarctic prions (Pachiptila desolata) can recognize

the scent of their partners [23]. Passeriformes can discriminate the sex of conspecifics [24, 25],

and Sphenisciformes, Procellariiformes and Passeriformes use olfaction for kin recognition

[26, 27, 28]. Moreover, house finches (Carpodacus mexicanus) seem to be able to evaluate the

quality of conspecifics using olfaction [29]. In interspecific contexts, blue tits (Cyanistes caeru-
leus) and European starlings (Sturnus vulgaris) are known to use olfaction for detecting aro-

matic plants [30–32]. Columbiformes and Procellariiformes use olfaction for orientation and

navigation [33, 34]. For example, British storm-petrel (Hydrobates pelagicus) and blue petrels

(Halobaena caerulea), can find their own burrows using olfaction [35–36]. The ability to detect

the chemical cues of predators and use them to ascertain predators has been demonstrated in

Passeriformes [37–39], Galliformes [40] and Anseriformes [41].

Previous evidence suggests that birds are able to perceive odors in the process of foraging.

Vultures, such as turkey vultures (Cathartes aura) [42] and greater yellow-headed vultures (C.

melambrotus) [43], appear to use olfaction to locate carcasses. The role of olfaction in foraging

has also been suggested in honey-guides (family Indicatoridae) [44] and honey buzzards [45].

In addition, some species of parrots can find their food using olfaction. For example, kakapo

(Strigops habroptilus), a flightless, nocturnal and vegetarian bird, identifies bins with food

using olfaction [46]. Procellariiform seabirds use dimethyl sulphide (DMS) for foraging [47].

The DMS is produced when the zooplankton graze on the phytoplankton [47], thus signaling

areas of high productivity in the oceans. By detecting this compound, Procelariiformes [36, 47]

and Sphenisciformes[48, 49] can locate their prey. Insectivorous birds are also able to use

olfaction to find their food. Kiwis (Apteryx australis) can use olfaction when foraging [50, 51].

Parids, such as great tits, can exploit the herbivore-induced volatiles that trees emit in response

to lepidopteran caterpillar infestation for finding those caterpillars upon which they prey [52].

Attraction to trees infested with caterpillars has also been shown in different plant-insect-bird

systems [53–57].

Birds and pheromones
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Birds may not only use indirect cues to find their prey [47, 52, 56], but may be able to detect

the chemical cues emitted by the prey itself. In many lepidopteran species, females release

pheromones during the reproductive period in order to attract males [58, 59]. Birds could

detect these pheromones and use them to locate their prey. In this way, they could maximize

their foraging effort. However, to our knowledge, no study has examined whether insectivo-

rous birds can use olfaction to detect the pheromones of adult lepidopteran. Therefore, the

aim of this study was to analyze whether insectivorous birds can eavesdrop on the sex phero-

mones of lepidoptera females. We performed a field experiment to investigate whether insec-

tivorous birds in the wild are attracted to the pheromones of one of their potential prey, O.

brumata adults. The winter moth is considered a plague in many forests and orchards in

Europe [60]. We measured whether the predation rates on artificial larvae located in Pyrenean

oak trees containing an O. brumata pheromone dispenser differed from those containing a

control dispenser. We expected that if birds can detect the pheromones of their prey and are

attracted to them, the predation rate of artificial larvae by birds will be higher in the trees that

contain a pheromone dispenser than in the trees that contain a control dispenser.

Materials and methods

Study area and species

The experimental study was carried out between May and June 2016 in a Pyrenean oak (Quer-
cus pyrenaica) forest included in a Site of Community Interest (SCI), located in Sierra de Fon-

frı́a, in Teruel province, Spain (40˚590N, 1˚050W). In this forest, a population of insectivorous

birds breeding in 100 wooden nest-boxes was established in 2011. Nest-boxes were occupied

mainly by breeding pairs of blue tits (Cyanistes caeruleus) (around 45 pairs), and some pairs of

great tits (Parus major) (around 10 pairs). Other insectivorous bird species were observed in

the study area at lower densities, including common blackbird (Turdus merula), Eurasian

blackcap (Sylvia atricapilla), Sardinian warbler (S. melanocephala) and common nightingale

(Luscinia megarhynchos). Tits feed mainly on caterpillars, such as the O. brumata, during the

breeding period [61, 62]. However, during the winter, when no caterpillars are available, parids

like great tits and blue tits prey upon O. brumata adults [61, 63]. Thus, O. brumata adults con-

stitute an important part of the diet when they are available in winter. Others species included

in the winter diet of tits belong to the Hemiptera, Lepidoptera, Coleoptera and Hymenoptera

orders [61]. O. brumata adults are present in the study area from November to February [64].

In this species only females produce pheromones during the reproductive period to attract

males [65, 66]. In 1982, the pheromone of O. brumata was identified as 1,Z3,Z6,Z9-nonadeca-

tetraene [65, 66]. A synthetic pheromone can be obtained from commercial supplier (Control-

Bio1 from OPENNATUR, S.L.). The pheromone dispensers attached to a trap are effectively

used in insect pest control in order to reduce male quantities. The pheromone dispensers con-

tain 0.5 mg of 1,Z3,Z6,Z9-nonadecatetraene (Pherobank, B.V.). The emission lasts 40 days,

and thus the emission rate is approximately 9 ng/min (Pherobank, B.V.). We performed the

study outside of the reproductive period of this species to ensure that adult moths were absent,

and therefore, bird attraction to the O. brumata pheromone could be attributed to the phero-

mone and not to the presence of males.

Experimental design and procedure

O. brumata adults can only be found in winter. Nevertheless, one week before the experiment,

we placed 5 moth traps with commercial O. brumata pheromone for one week in different

locations in the study area to ensure there were no O. brumata adults or other insect species

that could have been attracted by the same pheromone (e.g., predators or parasitoids). We

Birds and pheromones
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found no O. brumata adults or other arthropods inside the traps. During the 27 days of the

experiment, we placed one dispenser and ten artificial larvae on branches of 32 Pyrenean oak

trees. The branches were approximately 1.5 m long with no evident signs of herbivory. The dis-

penser and artificial larvae were placed at similar average heights in the trees (approx. 1.5 m

high). Dispensers were fixed to the branch with a pin. Ten artificial larvae were placed in the

surroundings of the dispenser, from 2 to 50 cm from the dispenser. Thus, dispensers were situ-

ated in the middle of ten artificial larvae. Pheromone and control dispensers were brown and

opaque (approx. 20x10 mm). Pheromone dispensers were made with natural rubber (Fig 1).

Control dispensers were made of brown plasticine similar to the color of the pheromone dis-

penser. There were no significant differences between the reflectance spectra of the two types

of dispensers (p> 0.05; see Fig A in S1 Supporting Information).

We selected trees that were located within 10 meters from a nest-box, and therefore, within

the breeding territory of a blue tit or a great tit. Thirty-one of the 32 nest-boxes close to experi-

mental trees were occupied by blue tits. The artificial larvae were made of light green plasticine

(similar to the natural color of real O. brumata larvae, at least by human-visual perception).

Neither the plasticine caterpillars nor the dispensers emitted UV light. The plasticine larvae

were approximately the size of a large fifth instar O. brumata larva (length 25–30 mm, Ø 3–4

mm). The plasticine larvae were attached with cyanoacrylate adhesive glue on branches of 32

forest oak trees. Experimental trees were separated by at least 40 meters. The trees were alter-

natively assigned to one of the treatments: commercial O. brumata pheromone dispenser

(n = 16), or plasticine dispenser, simulating the shape of the commercial pheromone dispenser

(odorless control) (n = 16). Thus, treatments were spatially inter-mixed in the oak trees.

To study the attraction of the insectivorous birds to the O. brumata pheromone, we checked

the number of larvae with predation marks by birds in the trees. Artificial caterpillar models

have previously been used to estimate insectivorous bird attraction [54, 67–72]. A predation

event was assigned to a tree when the tree contained at least one larva damaged by birds. Larva

Fig 1. Photograph of the pheromone dispenser and several plasticine caterpillars, one of them with beak marks, indicating a

predation event by an insectivorous bird.

https://doi.org/10.1371/journal.pone.0190415.g001
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models were considered damaged when they had triangle-shaped marks and deep cuts made

by the beak of the birds and when a part of their body was taken by the birds, as described in

Mäntylä and collaborators [54, 69]. From the following day onwards we checked the condition

of these plasticine larvae every two days for the first ten days. After ten days, we checked them

twice, once at day 20 and again at day 27 from the beginning of the experiment. Each model

showing a predation mark was replaced with a new one at the same location during the visits.

The treatments were in place for 27 days, a period of time for which the effectiveness of the

commercial pheromone is guaranteed, as it can last up to 40 days (Pherobank, B.V.). At the

end of the experiment, we removed all plasticine larvae and the commercial pheromones and

controls. The experiment was conducted under a license issued by the Instituto Aragonés de

Gestión Ambiental (INAGA/500201/24/2015/11696).

Statistical analyses

We modeled the probability that at least one predation event occurs in a tree in relation to the

treatment (pheromone vs control) with a generalized linear model (GLM) fit by the Laplace

approximation with binomial errors and a logit link function. We also analyzed the probability

that the proportion of damaged larvae per tree differed in relation to the treatment with a gen-

eralized linear model (GLM) fit by the Bernoulli distribution with binomial errors and a logit

link function. We included the day of observation in the initial models but, as it was not signif-

icant (see S2 Supporting Information), it was removed from the final models. Data analyses

were performed with the statistical program R 2.15.1 “stats” package [73].

Results

The number of trees that had at least one caterpillar with signs of avian predation differed

between treatments (GLM: Z = 2.40, P = 0.02, Fig 2). Ten out of the 16 trees containing a

Fig 2. Number of trees that had at least one artificial larva with marks of avian predation when the tree contained

an Operophtera brumata pheromone dispenser and when the tree contained a control dispenser.

https://doi.org/10.1371/journal.pone.0190415.g002
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pheromone dispenser had at least one avian predation event (i.e., at least one artificial caterpil-

lar had signs of avian predation, Fig 1). In contrast, a predation event was observed in only 3

out of the 16 control trees. The proportion of larvae damaged by the birds differed between

treatments (GLM: Z = -3.72, P = 0.0002; see Table A in S3 Supporting Information), being sig-

nificantly higher in trees that contained a pheromone (Mean ± SE = 3.04% ± 1.48%) than in

control trees (Mean ± SE = 0.71% ± 0.54%).

Discussion

Our results show for the first time that insectivorous birds can exploit sex pheromones for

prey location [74]. A greater number of trees were visited by birds (i.e., they had at least one

artificial caterpillar with signs of avian predation) when they contained an O. brumata phero-

mone dispenser compared to a control dispenser (Fig 2). Additionally, a greater proportion of

artificial larvae were predated when the tree in which they were located contained an O. bru-
mata pheromone dispenser than when it contained a control dispenser.

We performed the study during the spring, when there are no adults of O. brumata. The

adults of this species emerge in November and can be observed in the field until February [64].

Therefore, when we placed the pheromones in the field, the attraction of males to this phero-

mone was not possible. Synthetic pheromones can be less specific that the natural female pher-

omones. Thus, we investigated the presence of adults in the study area to examine whether the

pheromone attracts other insects. We placed five traps containing the pheromone a week

before the beginning of the experiment and no moths or other arthropods were collected.

Other arthropod species were never observed close to dispensers or artificial larvae in the

study area. Moreover, we did not observe any damage to the caterpillars due to species other

than birds. Therefore, the greater predation rate of artificial larvae does not appear to be due to

the attraction of birds to the presence of O. brumata males or other arthropods close to the

female pheromone.

Control and pheromone dispensers were made of different material, which may have

induced differences in visual and odor cues available to birds between control and treated dis-

pensers. It is, however, unlikely that visual cues account for the differences in predation rates

because the color spectra of control and pheromone dispensers were not significantly different

(see Figure A in S1 Supporting Information). Therefore, the lack of significant differences

between dispensers in visual cues eliminates the possibility that birds were attracted to the dis-

penser’s appearance. The artificial caterpillars and control dispensers were made with plasti-

cine, and thus the volatiles emitted by plasticine would be present in both treatments. The

similarity in the chemical composition between the caterpillars and the control dispensers

would mean that bird attraction was not caused by differences in the volatiles emitted by the

different materials of the two types of dispensers. Regardless, further experiments using the

same dispensers in the control and pheromone treatments are needed to completely exclude

the possibility of an artifact. The emission rate of the pheromone dispenser was around 9 ng/

min. This emission rate is higher than that produced by a single female moth [75], and may be

similar to that produced by 10 females. However, the concentration of this synthetic phero-

mone attracts male moths (L. Amo, personal observation), suggesting that the emission rate of

the pheromone dispensers may be biologically relevant for male moths. Our results now show

that vertebrate predators, such as insectivorous birds, are also attracted to the emission rate of

this pheromone dispenser. However, birds could only detect female moths when the emission

rate is 10-times higher than that of a single female. Thus, further studies will test whether birds

can detect lower concentrations of the pheromone to disentangle whether birds can use the

pheromone emissions to locate a single female moth or whether they are only attracted to
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female groups. Furthermore, female moths become active from sunset, when diurnal insectiv-

orous birds such as blue tits decrease their foraging activity and search for roosting places.

Therefore, additional studies are needed to elucidate whether birds use pheromones as a pre-

cise localization cue or to find good areas for foraging the subsequent day.

Previous studies have shown that the use of artificial caterpillars is a reliable measure of

insectivorous bird attraction [e.g. 54, 57, 69, 72]. For example, Muiruri and collaborators

observed several individuals of breeding bird species pecking the artificial caterpillars [76]. To

prevent the same bird from visiting all the trees, we placed the caterpillars in trees that were

separated by at least 40 meters. Blue tits normally feed within 20 meters from the nest-box in

deciduous forests and up to 40 meters in mixed forests [77]. Additionally, results of another

study show that 90% of foraging observations of blue and great tits were made within 45 m

from the nest-box [78]. Therefore, it is unlikely that the same individuals visited more than

one experimental tree. Furthermore, we expected that birds learned to recognize plasticine cat-

erpillars as unpalatable, unprofitable prey. Thus, we did not expect birds to return to the same

location numerous times.

The study area has had a blue and great tit population breeding in nest-boxes since 2011.

Blue and great tits are the most abundant insectivorous birds in the area (more than 100 adults

and their nestlings) [79]. The high abundance of these two species, as well as the fact that

experimental trees were close to nest-boxes, suggest that these two species were likely responsi-

ble for the majority of the predation. Nonetheless, we cannot exclude the possibility that other

insectivorous species or even omnivorous species that include moths in their diets and are

present in the study area, may have been attracted to the pheromones.

Our results show that birds can exploit the pheromones emitted by O. brumata females.

The attraction of birds to the pheromones of this species may help birds maximize their forag-

ing effort. O. brumata females are wingless [80] and their brown coloration allows them to

blend into the trunks of trees, such as the Pyrenean oak, which could make them cryptic and

probably hampers visual detection by bird predators. Therefore, by using the chemical cues

emitted by female moths, birds can enhance their probability of finding the camouflaged

females, as well as the male moths that are attracted by the female pheromone. As a conse-

quence, males may also suffer an increased risk of predation [10].

Bird predation on O. brumata adults during the winter may reduce the number of lepidop-

teran clutches and therefore, the number of caterpillars in spring. This can have important

consequences for host trees in the subsequent spring. Previous studies using bird exclusion

have shown a positive effect of birds on predation rates of arthropods in spring or summer

[81]. However, the effect of avian predation on their prey population during the winter period

has been less studied [60, 82, 83].

Insectivorous birds are predators of lepidopteran moths, eggs and caterpillars, such as the

O. brumata [61, 84]. Thus, they may not only decrease the number of moth adults during the

winter, but also caterpillar numbers during the spring. The nestling period of many insectivo-

rous bird species coincides with the peak occurrence of most caterpillars, including the O. bru-
mata larva. Thus, birds can greatly reduce the number of lepidopteran larvae feeding on trees

[62]. Insectivorous birds, at least great tits, use olfaction to discriminate between trees infested

with O. brumata caterpillars and uninfested trees [52], thanks to the herbivore-induced vola-

tiles (HIPVs) that trees emit in response to herbivory [52]. The attraction of birds to caterpillar

infested trees can decrease herbivore damage to trees [62, 85, 86], leading to increased growth

and reduced mortality of the trees [86–88].

The attraction of birds to the pheromones of moth females adds birds to the list of predators

that are able to eavesdrop the chemical cues emitted by their prey for mate attraction. This

new evidence indicates the costs of the emission of chemical signals for females [89] as well as
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the costs of responding to such chemicals for males [10]. These results indicate the potential

use of insectivorous birds in controlling Lepidopteran numbers in forests and orchards. Tradi-

tional control of adult numbers is based on the use of pheromone traps to collect males and

remove them from the population, decreasing access to males by females, and therefore

decreasing fecundity of females [90]. However, birds prey upon both females and males and

may be much more efficient than pheromone traps in decreasing the number of adults.
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29. Amo L, López-Rull I, Pagán I, Garcı́a CM. Male quality and conspecific scent preferences in the house

finch, Carpodacus mexicanus. Anim Behav. 2012; 84(6): 1483–1489. https://doi.org/10.1016/j.

anbehav.2012.09.021

30. Petit C, Hossaert-McKey M., Perret P, Blondel J., Lambrechts MM. Blue tits use selected plants and

olfaction to maintain an aromatic environment for nestlings. Ecol Lett. 2002; 5(4): 585–589. https://doi.

org/10.1046/j.1461-0248.2002.00361.x

31. Gwinner H, Berger S. Starling males select green nest material by olfaction using experience-indepen-

dent and experience-dependent cues. Anim Behav. 2008; 75(3): 971–976. https://doi.org/10.1016/j.

anbehav.2007.08.008

32. Mennerat A. Blue tits (Cyanistes caeruleus) respond to an experimental change in the aromatic plant

odour composition of their nest. Behav Processes. 2008; 79(3): 189–191. https://doi.org/10.1016/j.

beproc.2008.07.003 PMID: 18692552

33. Wallraff HG. Avian olfactory navigation: its empirical foundation and conceptual state. Anim Behav.

2004; 67(2): 189–204. https://doi.org/10.1016/j.anbehav.2003.06.007

34. Nevitt GA, Bonadonna F. Sensitivity to dimethyl sulphide suggests a mechanism for olfactory navigation

by seabirds. Biol Lett. 2005; 1(3): 303–305. https://doi.org/10.1098/rsbl.2005.0350 PMID: 17148193

35. Mı́nguez E. Olfactory nest recognition by British storm-petrel chicks. Anim Behav. 1997; 53(4): 701–

707. https://doi.org/10.1006/anbe.1996.0308

36. Bonadonna F, Villafane M, Bajzak C, Jouventin P. Recognition of burrow’s olfactory signature in blue

petrels, Halobaena caerulea: an efficient discrimination mechanism in the dark. Anim Behav. 2004; 67

(5): 893–898. https://doi.org/10.1016/j.anbehav.2003.08.013

37. Amo L, Galván I, Tomás G, Sanz JJ. Predator odour recognition and avoidance in a songbird. Funct

Ecol. 2008; 22(2): 289–293. https://doi.org/10.1111/j.1365-2435.2007.01361.x

38. Roth TCII, Cox JG, Lima SL. Can foraging birds assess predation risk by scent? Anim Behav. 2008; 76

(6): 2021–2027. https://doi.org/10.1016/j.anbehav.2008.08.022

39. Amo L, Visser ME, Oers KV. Smelling out predators is innate in birds. Ardea. 2011; 99(2): 177–184.

https://doi.org/10.5253/078.099.0207

40. Zidar J, Løvlie H. Scent of the enemy: behavioural responses to predator faecal odour in the fowl. Anim

Behav. 2012; 84(3): 547–554. https://doi.org/10.1016/j.anbehav.2012.06.006

41. Eichholz MW, Dassow JA, Stafford JD, Weatherhead PJ. Experimental evidence that nesting ducks

use mammalian urine to assess predator abundance. The Auk. 2012; 129(4): 638–644. https://doi.org/

10.1525/auk.2012.12040

42. Houston DC. Scavenging efficiency of Turkey vultures in tropical forest. Condor. 1986; 88(3): 318–323.

https://doi.org/10.2307/1368878

43. Graves GR. Greater yellow-headad vulture (Cathartes melambrotus) locates food by olfaction. J Raptor

Res. 1992; 26(1): 38–39. https://doi.org/10.1111/j.1474-919X.1994.tb01084.x

44. Stager KE. Avian olfaction. Am Zool. 1967; 7(3): 415–420. https://doi.org/10.1093/icb/7.3.415

45. Yang SY, Walther BA, Weng GJ. Stop and smell the pollen: The role of olfaction and vision of the orien-

tal honey buzzard in identifying food. PLoS ONE. 2015; 10(7): 1–18. https://doi.org/10.1371/journal.

pone.0130191 PMID: 26177533

46. Hagelin JC. Observations on the olfactory ability of the kakapo Strigops habroptilus, the critically endan-

gered parrot of New Zealand. Ibis. 2004; 146(1): 161–164. https://doi.org/10.1111/j.1474-919X.2004.

00212.x

47. Nevitt GA, Veit RR, Kareiva P. Dimethyl sulphide as a foraging cue for Antarctic Procellariiform sea-

birds. Nature. 1995; 376(6542): 680–682. https://doi.org/10.1038/376680ao

48. Cunningham GB, Strauss V, Ryan PG. African penguins (Spheniscus demersus) can detect dimethyl

sulphide, a prey-related odour. J Exp Biol. 2008; 211(19): 3123–3127. https://doi.org/10.1242/jeb.

018325 PMID: 18805811

49. Amo L, Rodrı́guez-Gironés MA, Barbosa A. Olfactory detection of dimethyl sulphide in a krill-eating Ant-

arctic penguin. Mar Ecol Prog Ser. 2013; 474: 277–285. https://doi.org/10.3354/meps10081

50. Wenzel BM. Olfactory Prowess of the Kiwi. Nature. 1968; 220(5172): 1133–1134. https://doi.org/10.

1038/2201133a0 PMID: 5723611

51. Cunningham SJ, Castro I, Potter MA. The relative importance of olfaction and remote touch in prey

detection by North Island brown kiwis. Anim Behav. 2009; 78(4): 899–905. https://doi.org/10.1016/j.

anbehav.2009.07.015

52. Amo L, Jansen JJ, Van Dam NM, Dicke M, Visser ME. Birds exploit herbivore-induced plant volatiles to

locate herbivorous prey. Ecol Lett. 2013; 16(11):1348–1355. https://doi.org/10.1111/ele.12177 PMID:

24103093

Birds and pheromones

PLOS ONE | https://doi.org/10.1371/journal.pone.0190415 February 7, 2018 10 / 12

https://doi.org/10.1016/j.anbehav.2012.09.021
https://doi.org/10.1016/j.anbehav.2012.09.021
https://doi.org/10.1046/j.1461-0248.2002.00361.x
https://doi.org/10.1046/j.1461-0248.2002.00361.x
https://doi.org/10.1016/j.anbehav.2007.08.008
https://doi.org/10.1016/j.anbehav.2007.08.008
https://doi.org/10.1016/j.beproc.2008.07.003
https://doi.org/10.1016/j.beproc.2008.07.003
http://www.ncbi.nlm.nih.gov/pubmed/18692552
https://doi.org/10.1016/j.anbehav.2003.06.007
https://doi.org/10.1098/rsbl.2005.0350
http://www.ncbi.nlm.nih.gov/pubmed/17148193
https://doi.org/10.1006/anbe.1996.0308
https://doi.org/10.1016/j.anbehav.2003.08.013
https://doi.org/10.1111/j.1365-2435.2007.01361.x
https://doi.org/10.1016/j.anbehav.2008.08.022
https://doi.org/10.5253/078.099.0207
https://doi.org/10.1016/j.anbehav.2012.06.006
https://doi.org/10.1525/auk.2012.12040
https://doi.org/10.1525/auk.2012.12040
https://doi.org/10.2307/1368878
https://doi.org/10.1111/j.1474-919X.1994.tb01084.x
https://doi.org/10.1093/icb/7.3.415
https://doi.org/10.1371/journal.pone.0130191
https://doi.org/10.1371/journal.pone.0130191
http://www.ncbi.nlm.nih.gov/pubmed/26177533
https://doi.org/10.1111/j.1474-919X.2004.00212.x
https://doi.org/10.1111/j.1474-919X.2004.00212.x
https://doi.org/10.1038/376680ao
https://doi.org/10.1242/jeb.018325
https://doi.org/10.1242/jeb.018325
http://www.ncbi.nlm.nih.gov/pubmed/18805811
https://doi.org/10.3354/meps10081
https://doi.org/10.1038/2201133a0
https://doi.org/10.1038/2201133a0
http://www.ncbi.nlm.nih.gov/pubmed/5723611
https://doi.org/10.1016/j.anbehav.2009.07.015
https://doi.org/10.1016/j.anbehav.2009.07.015
https://doi.org/10.1111/ele.12177
http://www.ncbi.nlm.nih.gov/pubmed/24103093
https://doi.org/10.1371/journal.pone.0190415
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56. Mäntylä E, Kleier S, Kipper S, Hilker M. The attraction of insectivorous tit species to herbivore-damaged

Scots pines. J Ornithol. 2017; 158(2): 479. https://doi.org/10.1007/s10336-016-1412-9

57. Mrazova A, Sam K. Application of methyl jasmonate to grey willow (Salix cinerea) attracts insectivorous

birds in nature. Arthropod Plant Interact. 2017. 1–8. https://doi.org/10.1007/s11829-017-9558-9
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Abstract

Small birds use cavities for roosting to decrease the thermoregulatory costs during the win-

ter nights. The ability of birds to detect and escape from an approaching predator is impaired

during roosting and thus the selection of such cavities should take into account the risk that

a predator will find the cavity. Previous evidence suggested that birds in captivity are able to

detect predator scent and avoid roosting in nest-boxes containing such predator chemical

cues. Here, we tested whether birds also show this avoidance response under natural con-

ditions. We performed three studies in three populations of blue and great tits. We added

predator scent, a pungency scent or an odourless control to nest-boxes and compared the

use of these nest-boxes for roosting. We found no differences between the scent treatments

in the use of nest-boxes. Therefore, chemical cues indicating the potential presence of a

predator are not enough for birds to avoid roosting in nest-boxes under natural conditions.

Introduction

During winter, bird mortality is reported to be higher than at other moments of the year [1,2]

especially after particular bad weather events such as frosts or storms [3]. This increased mor-

tality during winter can have several causes. It can be due to the reduction of the available day

light hours for feeding. Or, for instance for insectivorous birds, the decrease in insect abun-

dance in winter leading to increased foraging effort [4]. Another potential cause is the

increased metabolic costs associated to thermoregulation under low environmental tempera-

tures. These costs are higher for small birds because their reduced body size involves a high

energy expenditure for thermoregulation [4]. Therefore, survival of small birds can be seri-

ously compromised during winter, especially during the night, when temperature reaches its

minimum.

Birds, as well as other endotherm animals, have developed behavioural and physiological

adaptations to survive hard winter conditions. Birds may increase the insulating properties of

the plumage [5,6], form aggregations during the night for energy saving [7], or use cavities for
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roosting to minimize heat loss [8,9]. The use of cavities for roosting is especially important

during the winter period for many small bird species inhabiting temperate areas. This is

because during at night, when temperatures drop, birds gain thermal benefits and save energy

spending the night inside a cavity compared to the canopy [10–14]. Many bird species can also

decrease their body temperature during cold nights in order to decrease the costs associated

with the maintenance of a constant and elevated body temperature [15,16]. By entering such

nocturnal hypothermia, birds reduce their metabolic rate at night, and thereby their starvation

risk. However, this decrease in temperature also entails changes in the sleep pattern [17] that

may cause a lower ability to detect an approaching predator while sleeping [18]. In addition,

roosting in a cavity has as a disadvantage that it is hard to escape the predator when found.

Therefore, it is essential for birds to select safe cavities to roost in.

When selecting safe cavities for roosting, birds may assess the risk that such a cavity can

contain, or will be visited by, a predator. This risk assessment needs to be made before entering

because inside the cavity a bird has low possibilities of escaping once a predator has launched

an attack. Previous evidence suggested that birds avoid roosting in nest-boxes containing cues

from predators such as fur or signs of predation such as bird feathers [19]. A similar avoidance

response of predator fur has been found when birds select nest-boxes for breeding [20].

Besides visual cues of predator fur, chemical cues contained in the predator fur used in these

two studies may be used by birds to assess the risk of predation.

The detection of predator chemical cues may provide birds a first warning of the risk that

the cavity can be occupied by a predator [21]. Visual detection of predators inside cavities can

be constrained due to low visibility conditions and therefore, the use of predator chemical cues

for ascertaining predator presence may be crucial to avoid being predated. Therefore, many

species avoid the use of cavities containing predator chemical cues [22–24]. The presence of

predator chemical cues inside a cavity may indicate both that a predator is currently inside the

cavity and that a predator has previously visited the cavity and may return to it.

Previous evidence suggests that predator chemical cues can be used by birds for predation

risk assessment. For example, when blue tits Cyanistes caeruleus found predator chemical cues

inside a nest-box during the breeding period, they delayed their entry to the nest-box and

decreased the time spent inside it while feeding the nestlings [25]. It was also shown that blue

tits did not decrease the provisioning rate to nestlings, but they decreased the time devoted to

other activities not essential for nestling survival such as nest sanitation activities [26]. Other

species have also been shown to avoid predator chemical cues in a foraging context, such as

the house finch, Carpodacus mexicanus [27, 28] and the domestic fowl, Gallus gallus domesticus
[29]. Birds can also avoid nesting in areas containing predator scent, as Anas sp. exposed to

fox scent did [30]. Moreover, male house sparrows (Passer domesticus) avoided the scent of a

potential predator or competitor (Mus musculus domesticus) when inspecting nest-boxes for

roosting [31]. However, in other cases, the presence of predator scent did not affect nesting

preferences (Sialia sialis [32]) or parental behaviour (Troglodytes aedon [33]); or nesting was

not avoided (Puffinus pacificus [34]).

The presence of predator cues does not always need to lead to avoiding a location. Even

when there are such cues this does not necessarily will lead to a predator attack. Thus, any

anti-predatory response should be traded off against other requirements [35, 36]. In the case of

predator chemical cues, such cues may reveal the presence of predators [21], even in the

absence of any other cue [21, 25, 26, 37, 38]. But the use of chemical cues can lead to an overes-

timation of predation risk if birds continue avoiding the area containing such cues even when

the predator is no longer present [21, 39]. Therefore, if the avoidance response is costly, birds

may opt to not to avoid places containing predator chemical cues, especially in the absence of

other cues signalling predator presence.
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The results of a previous study in captivity with great tits, Parus major, shows that they

avoid roosting in nest-boxes containing predator scent [40]. However, to our knowledge no

study has examined whether birds use predator chemical cues to assess the risk of predation

when selecting cavities for roosting under natural conditions.

Here, we examined whether birds avoid roosting in nest-boxes containing predator chemi-

cal cues during winter. We performed three experiments in which we added either predator

scent, an odorous control or an odourless control to nest-boxes during the morning, and

checked whether the nest-boxes where used for roosting. The experiments were performed in

three different populations of blue tits and great tits that use the nest-boxes for roosting during

the winter period. Both species are known to be able to detect and avoid predator scent [25, 26,

40]. Moreover, great tits in captivity are known to avoid nest-boxes containing predator scent

for roosting [40]. Thus, we hypothesized that also wild birds will avoid roosting in nest-boxes

containing predator scent.

Methods

Ethics note

According to the Spanish laws in relation to animal research, the study that we report here

does not need to be evaluated by an animal research ethics committee, as we did not manipu-

late animals. Licenses to perform the study were approved by the INAGA (500201/24/2015/

11696, Spain) and the Animal Experimental Committee of the KNAW (DEC protocol no CTE

07.08, the Netherlands). The study did not involve any pain to animals, so no anaesthesia or

euthanasia was required.

Study systems and experimental designs

Experiments were performed during the winter in 2006, 2008 and 2016. In the three experi-

ments, the experimental protocol consisted in placing a paper soiled with the correspondent

treatment (predator scent, odorous control and odourless control) inside the nest-boxes dur-

ing the morning. The presence of previous bird faeces was recorded and faeces were removed

from nest-boxes when present. The following morning, nest-boxes were checked and we deter-

mined whether a nest-box had been occupied by a bird during the night by examining the

presence of faeces inside the nest-boxes, and papers were removed. This is a reliable method to

assess the use of a nest-box because birds always defecate during the night [18, 19, 40]. There-

fore, we could analyse whether birds avoided to roost in cavities containing a predator scent.

As predator scent we use mustelid scent in all three experiments but we used different pun-

gent scents as odorous control (see below). The odorous control allows us to compare the

behaviour of birds when they find the odour of a predator inside the nest-box or a new pun-

gent odour without biological significance. We used water as an odourless control to resemble

the level of humidity of the papers containing the two other treatments. Water has been widely

employed as an odourless control stimulus in studies on chemical detection [23, 25, 26, 40].

Experiment 1. In February 2006, an experiment was performed in 80 nest-boxes located

in a Quercus pyrenaica oak forest in Madrid province (Sierra de Guadarrama, Central Spain,

40˚ 43´N, 03˚ 55´W). In this area, blue tits are more abundant than great tits during the winter

(14.5 birds/10 ha vs 8.6 birds/10 ha, respectively [41]). Forty eight nest-boxes were cleaned

three weeks before the experiment and contained no nest. The other 32 nest-boxes were not

previously cleaned because they were going to be used in different experimental studies during

the next spring. Twenty two of them contained an old nest and 10 were empty. Treatments

were placed at the bottom of the nest-box and under the nest when there was a nest inside the

nest-box. This methodology has been previously used in studies about the olfactory capacity of
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birds to detect predator scent inside nest-boxes [25, 26, 40]. The treatments were: a) mustelid

scent (predator chemical cues), b) cologne (Eau de Cologne from Hema1, pungency control),

and c) water (odourless control) (see below for details).

Experiment 2. In January 2008, an experiment was performed in 47 nest-boxes in a Quer-
cus robur oak forest in Oosterhout (Central Netherlands, 51˚ 55´N, 05˚ 50´E). In this area,

99% of roosting birds were great tits and only 1% were blue tits. Nest-boxes did not contain

any nest as they were cleaned at the end of the previous breeding season. Treatments were

placed inside cotton bags that were hanged from one of the walls inside the nest-box. The

treatments were: mustelid scent (predator chemical cues), b) vine vinegar (pungency control),

and c) water (odourless control) (see below for details).

Experiment 3. In March 2016, an experiment was performed in 100 nest-boxes in a Quer-
cus pyrenaica forest in Zaragoza (Alto Huerva-Sierra de Herrera, Aragón, Northeast Spain, 40˚

590 N, 01˚ 050 W). In this area, blue tits are more abundant than great tits, at least during the

breeding period, with 67 nest-boxes occupied for breeding, 76% by blue tits and 24% by great

tits. Old nests were not previously removed from nest-boxes, so most of the nest-boxes (92%)

contained a nest. Treatments were placed on the bottom of the nest-box, and under the nest

when there was a nest. The treatments applied to the nest-boxes were: mustelid scent (predator

chemical cues), b) lemon essence (pungency control), and c) water (odourless control) (see

below for details). The following morning, nest-boxes were inspected for faeces. In this experi-

ment, faeces were removed if present, and papers were replaced by papers with another treat-

ment. The subsequent day, after nest-box inspection, the third treatment was applied to nest-

boxes. Therefore, all nest-boxes had the three treatments in three consecutive days. The order

of treatments was randomized.

Preparation of experimental treatments

Treatments were added in an absorbent paper (12 x 7 cm). To obtain predator scent, we placed

clean absorbent papers inside the cages of several male ferrets (Mustela furo L.,� 2 ferrets per

experiment). Ferret scent is recognized and avoided by blue tits and great tits [25, 26, 40]. Fer-

rets were individually housed in cages and had water and food (dry pellets for ferrets) ad libi-
tum. We placed papers in the ferret cages three days before the experiment, to ensure odour

collection. When collecting papers daily for the experiment, we selected wet papers containing

fresh urine. This method for collection of predator scent has been used in previous studies [25,

26, 40].

We used different pungent odorous controls in the three experiments. In experiment 1

(2006), we used cologne as a pungent control. The cologne treatment was obtained by placing

2 ml of 50% diluted cologne (Eau de Cologne from Hema1) on clean absorbent papers. We

used cologne as an odorous control, as it was previously used in studies exploring predator

scent detection in birds [40]. In experiment 2 (2008), we used vinegar as a pungent control.

This treatment was obtained by placing 2 ml of 50% diluted vine vinegar on absorbent papers.

Vinegar is also a pungent control that may not have biological significance for birds, and it has

been previously used as a pungent scent in studies about predation risk assessment via olfac-

tion in birds [20]. In experiment 3 (2016), we used lemon essence, a pungent control that has

been previously used for experimental assessment of bird ability to detect scents inside nest-

boxes [42]. To prepare lemon essence, we mixed 0.5 g of grated lemon zest in 1 ml of distilled

water. The mixture was maintained 24 hours in the fridge and 2 ml from the liquid fraction

were placed in absorbent papers.
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We prepared the odourless control treatment by adding 2 ml of water to a clean absorbent

paper. Odourless control treatments have been used in previous studies about avian olfaction

[25, 26, 40].

Statistical analyses

Statistical analyses were performed with the Statistical package R 2.15.1 [43].

Experiment 1. A generalized linear model (GLM), with binomial errors and a logit link

function, was used to analyse whether occupancy of nest-boxes differed in relation to the treat-

ment and to the presence of a nest inside the nest-box. We included the interaction between

the treatment and the presence of a nest in the model.

Because differences between nest-boxes may influence the preference of birds for roosting

in nest-boxes, we considered the use of the nest-box the previous day in the analysis of nest-

box occupancy. Therefore, we performed a generalized linear model to examine whether there

were differences in nest-box use considering only the nest-boxes that were previously occupied

(ascertained by the presence of faeces before the experiment), analysing whether there were

differences in the change in use of occupied nest-boxes between treatments.

Experiment 2. A generalized linear model (GLM), with binomial errors and a logit link

function, was used to analyse whether occupancy of nest-boxes differed in relation to the treat-

ment. To take into account the previous use of the nest-box, we also used a generalized linear

model (GLM), with binomial errors and a logit link function, to determine whether the treat-

ment affected the use of nest-boxes, considering only those nest-boxes that were previously

used before the experiment.

Experiment 3. A generalized linear mixed model (GLMM), with binomial errors and a

logit link function, was used to analyse whether occupancy of nest-boxes was affected by the

treatment and the order of treatment presentation (fixed factor with 6 levels), including nest-

box as a random factor.

We also used a generalized linear mixed model to evaluate whether the treatment affected

the change in use of nest-boxes, considering only those nest-boxes that were previously used

(with nest-box as a random effect), including the order of treatment presentation as a fixed

factor.

Results

Experiment 1

In 2006, the occupancy rate of nest-boxes in Central Spain was not related to the treatment (Z

= -0.38, p = 0.71; Table 1). The presence of a nest inside the nest-box did not influence nest-

box use (Z = 1.46, p = 0.15) although ten out of the 22 nest-boxes (45%) that contained a nest

were used to spend the night whereas only 7 of 58 nest-boxes (12%) that did not contain a nest

were used. The interaction between the treatment and the presence of a nest was not signifi-

cant (Z = -0.28, p = -0.78). The overdispersion value was 0.95.

When considering only the nest-boxes that were previously used, there were not significant

differences between treatments in the number of nest-boxes that were used before the experi-

ment and not used during the scent exposition in relation to the treatment (Z = 0.71, p = 0.48).

The presence of a nest did not influence the use of these previously used nest-boxes (Z = -0-77,

p = 0.44). The interaction between the treatment and the presence of a nest did not influence

the occupancy of previously used nest-boxes (Z = 0.10, p = 0.92). The overdispersion value

was 1.42.
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Experiment 2

The occupancy rate of nest-boxes in 2008 in the Netherlands did not differ between treatments

(Z = -0.62, p = 0.54; Table 1). The overdispersion value was 1.30. There were not significant

differences between treatments in the occupancy rate of nest-boxes that were previously used

before the experiment (Z = 0.003, p = 0.99). The overdispersion value was 0.52.

Experiment 3

In 2016, in the nest-box population of north-eastern Spain, there were not differences between

treatments in the occupancy of nest-boxes (Z = -0.41, p = 0.69; Table 1). The order of treat-

ment presentation did not influence its occupancy (Z = -0.43, p = 0.67). The overdispersion

value was 0.60. When considering only the nest-boxes that were previously used, neither the

treatment (Z = 0.36, p = 0.72) nor the order of treatment presentation (Z = 1.29, p = 0.20)

influenced the occupancy of these previously used nest-boxes. The overdispersion value

was 1.16.

Discussion

Our results show that, under natural conditions, birds did not avoid roosting in nest-boxes

containing predator scent. A similar number of birds roosted inside nest-boxes containing

predator scent or other treatments in the three study areas. Also, when considering the previ-

ous use of the nest-boxes (i.e. whether a bird already roosted inside a particular nest-

box before adding the scents to the nest-box), our results show that birds did not avoid to

roost in those nest-boxes that contained predator scent. This is in contrast with the results of a

previous study performed in captivity, which found that great tits did avoid roosting in nest-

boxes containing predator scent [40]. These differences in results between the two experiments

cannot be attributed to the species tested because the species that roost in nest-boxes in the

three areas are mainly blue tits and great tits, and both are known to detect and avoid predator

scent [25, 26, 40]. Furthermore, at least in great tits, the detection of a predator scent seems to

be innate, because adult birds naïve to predators avoided roosting in nest-boxes containing

predator scent [40]. What is more, the protocol to collect predator scent as well as the method-

ology to locate scented papers inside the nest-boxes have been successfully used for measuring

the capability of birds to detect predator scent [25, 26, 40]. Therefore, this previous evidence

suggests that the lack of an avoidance response of birds cannot be explained by a lack of detec-

tion of the scent due to methodological problems.

Table 1. Number of nest-boxes used for roosting/number of nest-boxes with the correspondent treatment (and the percentage of used nest-boxes) when the nest-

boxes contained predator scent (mustelid), a pungent odorous control or water in three experiments aimed to analyse whether birds avoid roosting in nest-boxes

containing predator chemical cues.

Nest-boxes occupied

Treatment Experiment 1

(Central Spain)

Experiment 2

(The Netherlands)

Experiment 3

(Northeast Spain)�

Predator odour 5/26 (19%) 4/17 (24%) 22/100 (22%)

Odorous control 5/27 (14%) 6/15 (40%) 21/100 (21%)

Water 7/27 (26%) 5/15 (33%) 23/100 (23%)

Total 17/80 (15.5%) 15/47 (31%) 66/300 (22%)

Treatment effect Z = -0.38, p = 0.71 Z = -0.62, p = 0.54 Z = -0.41, p = 0.69

�In the experiment 1 and 2, treatments were applied only once to each nest-box, whereas in the experiment 3, a repeated measures design was used, and nest-boxes

contained the three treatments in three consecutive days in a randomized order.

https://doi.org/10.1371/journal.pone.0203269.t001
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In contrast, during the breeding period, birds seem to exhibit antipredatory behaviours

when exposed to predator chemical cues inside the nest-boxes (Amo et al. 2008) or close to

them (Amo et al. 2017). Predation is prey density dependent, i.e. predation efficiency increases

with increasing prey density, and consequently predators develop a searching image and start

to concentrate on more abundant prey. During the breeding period, bird density is higher

than in winter (e.g. in Northeast Spain population, nest-box occupancy is 67% during the

breeding period and only 22% during the winter) and predators may also obtain greater bene-

fits when finding an occupied nest-box in spring than in winter. However, at least in Spanish

populations, we have observed roosting birds killed by mammal predators inside the nest-

boxes (L. Amo, personal observation, [44]). Therefore, predation pressure may be sufficiently

important during the winter period to make birds detect the predator chemical cues. Previous

evidence supports this hypothesis because wild birds avoid roosting in nest-boxes containing

cues from predators such as fur or signs of predation such as bird feathers [19]. Also, in captiv-

ity, they avoid roosting in nest-boxes containing predator scent [20]. Therefore, differences in

prey density and a potential decrease in the risk of predation in winter may not be responsible

for the lack of an avoidance response observed in our studies in the wild.

The different results obtained in captivity and in the wild may, however, be explained by

differences in experimental designs. In the experiment performed in captivity [40], captive

great tits were released in an unknown aviary one and a half hour before sunset to allow them

to inspect the aviary and the nest-boxes before choosing one for spending the night. Inside the

aviary there were two nest-boxes, one control and one experimental. The experimental nest-

box had the odour of a mustelid predator or a strong new odour without biological signifi-

cance (cologne), the control nest-box contained no odour. When one of the cavities contained

the odour of a predator, birds avoided the use of either of the two offered nest-boxes, and a

greater number of birds slept outside the next boxes. However, there was no avoidance of nest-

boxes when one of them contained a control odour. In contrast, in the experiment under natu-

ral conditions, scents were located in the nest-boxes during the morning, so birds had more

time to inspect the area surrounding the nest-boxes to try to visually ascertain the presence of

the predator.

Predator chemical cues may offer a first indication of predator presence, as scents may

reveal the presence of predators [21]. However, these cues may remain in the area once the

predator has gone. Therefore, by using only predator chemical cues, prey can overestimate the

risk of predation if the predator is no longer present or is not willing to perform an attack [21,

39]. In contrast, other cues (e.g., visual) may provide prey with more current information

about predator motivation for hunting and overall threat [39]. Despite that birds respond simi-

larly to predator chemical cues alone than to visual cues alone [26], birds probably assess actual

predation risk by integrating information from all available cue types, i.e. they detect predator

cues but they probably confirm predator presence by trying to visually detect the predator.

Therefore, if they did not find other cues signalling predator presence, they opted to use the

nest-box despite it contained predator chemical cues. The lack of other cues signalling preda-

tor presence may explain that in another study, a long term avoidance response to predator

scented nest-boxes has not been observed [32]. In contrast, in other studies using visual and

chemical cues of predators, an avoidance response was found in the use of nest-boxes for

roosting [19] or breeding [20].

The use of cavities for roosting in winter may be critical for small birds inhabiting temper-

ate areas [45] because the energy saving thanks to the use of cavities to spend the night can

influence survival [46, 47]. The energy saving due to the use of cavities compared to roosting

in the canopy increases when the cavity contains nest material. In a study with tree sparrows

(Passer montanus), roosting in empty nest-boxes can represent an energy saving of 18%,
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increasing to 36% in nest-boxes containing a nest [48]. Our results show that birds did not

chose nest-boxes containing a nest. Previous studies have demonstrated that an old nest may

contain ectoparasites, influencing bird preferences when selecting nest-boxes for roosting

[49]. Therefore, our results suggest that the benefits in terms of energy saving may not over-

come both the parasitism and the predation risks costs, as it has been found in other mainland

populations in Europe [50, 51], for example in Corsica, where blue tits do not roost in nest-

boxes [52]. In this area with evergreen forests, roosting in the dense foliage may be less ener-

getically costly than roosting in deciduous forests that prevail in mainland [52]. Thus, differ-

ences in the balance between costs and benefits of roosting in cavities may have exerted

different selection pressures that have led to population differences in the use of nest-boxes

during the night [52].

In populations that use nest-boxes for roosting, previous evidence suggests that nest-boxes

are the preferred roosting sites, because dominant males are found at higher proportions than

subdominant, juvenile or female birds [53,54]. Furthermore, dominant species roost in nest-

boxes at higher proportions than subdominant species [55]. For example, although blue tits

prefer to roost in nest-boxes with big entrance holes, when great tits are present blue tits use

small-holed nest-boxes [55]. In our study areas, the low occupancy rate of nest-boxes in the

three populations (15–31%) suggests that nest-boxes are not a limited resource for roosting

birds. Furthermore, treatments were balanced so a predator-scented nest-box was surrounded

by a control-scented and a control-unscented nest-box. Nest-boxes were separated up to 40 m.

Results of a previous study showed that great tits use nest-boxes for roosting within a territory

of around 120 m in diameter [54]. So birds may not need to leave their territory to search for

another nest-box where to roost. However, the thermal insulation properties of the other nest-

boxes present in a territory may differ, for example due to exposition to the wind. What is

more, previous evidence suggests that birds that usually roost in a particular nest-box, use it

for breeding the following breeding season [19]. Therefore, the need to maintain a nest-

box for the breeding season may also explain that birds did not search for another nest-

box when they only found predator chemical cues inside their nest-box.

In conclusion, our results suggest that despite that birds are able to detect the predator

scent and use it to assess the risk of predation inside cavities [25, 40], and they avoid roosting

in nest-boxes containing predator chemical cues in captivity [40], in natural conditions, terri-

tory maintenance or thermoregulatory benefits of roosting in nest-boxes may overcome the

perceived risk of predation when only predator chemical cues are present. Further research is

needed to assess whether this lack of avoidance of roosting in predator scented nest-boxes is

maintained when thermoregulatory costs of sleeping outside nest-boxes are lower.

Supporting information

S1 Data. Data of the experiments. “Forest” indicates the forest where the experiment was per-

formed, “Treatment” (odourless control, odorous control and predator scent) indicates the

scent assigned to each nest-box. “Order” indicates the order of scent application. “Nest” indi-

cates whether the nest-box contained a nest. “Initial” indicates whether the nest-box was previ-

ously used, and “Use” indicates whether the nest-box was used for roosting after adding the

treatment.
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1  | INTRODUCTION

Oviparous animals suffer from egg loss due to predators during the 
breeding period (Angelstam, 1986; Ricklefs, 1969). Because the risk 
of predation determines the reproductive success and therefore 
the fitness of animals, natural selection favours those behaviours 
that minimise the risk of predation and increase reproductive suc‐
cess (Caro, 2005; Lima, 2009). Among these adaptations, eggshell 
patterning and colour can help to camouflage eggs, by allowing the 
eggs to blend into the background (Stevens, Troscianko, Wilson‐
Aggarwal, & Spottiswoode, 2017) or by reducing edge detection 
through patterning (Cott, 1940). Apart from colouration adapta‐
tions, behavioural strategies can also minimise the risk of egg and 
nestling predation (Collias & Collias, 1984).

Nest site selection can determine the survival of offspring 
(Refsnider & Janzen, 2010). For example, many animal species use al‐
ready existing cavities or build their own cavities to place their nest, 
to reduce the probability of predators detecting nests and to prevent 

larger predators from accessing nest (Collias & Collias, 1984). Nest 
building behaviour is common in many taxa, from invertebrates such 
as the mud‐dauber wasp (Trypoxylon politum) that uses mud to build 
their nests (Brockman, 1980) to vertebrates such as fishes (Blumer, 
1982; Wootton, 1976), amphibians (Höbel, 2000), reptiles (Hailman 
& Elowson, 1992; Iverson, Hines, & Valiulis, 2004), birds (Collias & 
Collias, 1984) and mammals (Birks, Messenger, & Halliwell, 2005; 
Seltmann, Rangassamy, Zapka, Hoffman, & Rödel, 2017).

Species that do not build a nest often cover their eggs to hide 
them from predators. For example, terrestrial snails lay their eggs 
in holes and use soil to cover them (Baur, 1994). Osteichthyes fishes 
also cover their eggs with substrate materials (Blumer, 1982). Turtles, 
such as the loggerhead sea turtle (Caretta caretta), construct cham‐
bers covered with sand to protect the clutch (Hailman & Elowson, 
1992). The Allen Cays rock iguana (Cyclura cychlura inornata) cov‐
ers the hole of chambers with sand and plant debris (Iverson et al., 
2004). The saltwater crocodile (Crocodylus porosus) uses vegetation 
and mud to cover their eggs (Webb, Messel, & Magnusson, 1977). 
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Abstract
Birds have developed different behavioural strategies to reduce the risk of predation 
during the breeding period. Bird species that nest in the open often cover their eggs 
to decrease the risk of predators detecting the clutches. However, in cavity nesters, 
the potential functions of egg covering have not been explored despite some bird 
species that nest in cavities also covering their eggs as open nesters do. We analysed 
whether egg covering is an antipredatory behaviour in the blue tit (Cyanistes caer‐
uleus). We simulated an increase in the perceived risk of predation at experimental 
nests by adding predator scent inside the nest boxes during the egg‐laying period, 
whilst adding lemon essence or water to control nest boxes. Birds exposed to preda‐
tor chemical cues in the nest of experimental pairs more frequently covered their 
eggs than birds exposed to an odorous control. These results suggest that egg cover‐
ing may have evolved as an antipredatory behaviour also in cavity nesters to reduce 
the risk of egg predation and thus increase reproductive success in birds.

K E Y WO RD S

antipredator behaviour, avian olfaction, egg covering, predation risk, predator chemical cues

www.wileyonlinelibrary.com/journal/eth
mailto:￼
https://orcid.org/0000-0002-7761-6562
mailto:irene.saavedra.garces@gmail.com


2  | SAAVEDRA Et Al.

The study of egg covering as an antipredatory behaviour in birds 
has been generally focussed on bird species that nest in open areas, 
mainly on the ground, without vegetation cover (e.g., Amat, Monsa, 
& Masero, 2012; Troscianko, Wilson‐Aggarwal, Spottiswoode, & 
Stevens, 2016).

However, some bird species that nest in cavities also cover their 
eggs during the laying period (Haftorn, 1996; Haftorn & Slagsvold, 
1995), including the blue tit (Cyanistes caeruleus) (Cramp & Perrins, 
1993; Stenning, 2018). Several hypotheses have been proposed to 
explain nest covering behaviour both in open and cavity nesters. For 
example, birds may cover their eggs to protect them from low or high 
temperatures and to avoid humidity lost (Amat et al., 2012; Prokop & 
Trnka, 2011). In addition, birds may hide the eggs with nest material 
as an antiparasitic strategy (Clark & Robertson, 1981; Guigueno & 
Sealy, 2010; Sealy, 1995), to avoid brood parasitism or to hide so‐
cial information to heterospecifics or other conspecifics (Loukola, 
Laaksonen, Seppänen, & Forsman, 2014). For example, great tits 
(Parus major) exposed to a decoy and playback of pied flycatchers 
(Ficedula hypoleuca) covered the eggs more extensively than when 
exposed to a control. In this way, they hide social information from 
pied flycatchers, a competitor of great tits (Loukola et al., 2014). Egg 
covering may also function to hide information to conspecifics. In 
this sense, females may cover the eggs (Stenning, 2018; Valera, Hoi, 
& Schleichet, 1997) to hide the beginning of laying and, therefore, 
avoid forced copulations with other males (Low, 2004). Also, in spe‐
cies with nest desertion, hiding the clutch from males may help fe‐
males to delay male desertion (Valera et al., 1997). However, to our 
knowledge, the function of egg‐covering behaviour in cavity‐nest‐
ing species has only been studied as a strategy to hide social infor‐
mation (Loukola et al., 2014) but other hypotheses have not been 
tested. Despite the fact that cavity nesters also suffer from nest 
predation events and the egg concealment with nest lining material 
may provide effective visual protection of eggs inside the cavities 
(Collias & Collias, 1984), this behaviour has received little attention 
in cavity nesters. Thus, the aim of this study was to try to disentan‐
gle whether egg covering is an antipredatory behaviour in a cavity 
nester, the blue tit.

To test whether egg covering is an antipredatory strategy in blue 
tit, we increased the perceived risk of predation by adding preda‐
tor scent inside the nest boxes during the laying period. Many prey 
species can detect predator chemical cues and use them to assess 
the level of predation risk (Kats & Dill, 1998), including birds (Amo, 
Galván, Tomás, & Sanz, 2008; Amo, López‐Rull, Pagán, & Macías‐
Garcia, 2015; Amo, Visser, & van Oers, 2011; Eichholz, Dassow, 
Stafford, & Weatherhead, 2012; Roth, Cox, & Lima, 2008; Zidar & 
Lovlie, 2012), and including blue tits (Amo et al., 2008). Therefore, 
predator chemical cues can be used to simulate an increase in the 
perceived risk of predation.

In the blue tit, egg‐covering behaviour is performed by females 
(Stenning, 2018) and takes place during the egg‐laying period, ceas‐
ing once females begin incubating (Cramp & Perrins, 1993; Stenning, 
2018). When the first egg was laid inside a nest box, we added pred‐
ator scent, lemon scent or water to the nest box. We replaced the 

correspondent scent on alternate days until the female started to 
incubate. We measured whether there were differences between 
treatments in the proportion of times the clutches were covered 
with nest material. We expected that if egg covering is an antipreda‐
tory behaviour, birds detecting predator chemical cues inside the 
nest box would cover their eggs more often than birds encountering 
other scents.

2  | METHODS

2.1 | Study area and species

The study was carried out between April and May 2016 in a Pyrenean 
oak (Quercus pyrenaica) forest located in a Site of Community Interest 
(SCI) in Alto Huerva‐Sierra de Herrera, in Zaragoza province, Spain 
(40°59′N,	 1°05′W).	 In	 this	 forest,	 a	 population	 of	 insectivorous	
birds breeding in 100 wooden nest boxes was established in 2011. 
The nest boxes were separated by at least 40 m and were occupied 
mainly by breeding pairs of blue tits, and some pairs of great tits. 
We used 43 blue tit nests for this experiment. Previous studies have 
shown that blue tits can lay the largest range of clutch size of pas‐
serine birds (between 3 and 19 eggs, Stenning, 2018), although in the 
study area the clutch size ranged between 7 and 12 eggs. Females 
usually lay one egg per day, and they usually begin incubation after 
laying the penultimate egg (Stenning, 2018).

2.2 | Experimental design and procedure

Nest boxes were checked daily to determine laying date. All the vis‐
its to the nests were performed between 8:00 a.m. and 13:00 p.m. 
The treatments were alternatively assigned when we found the first 
egg inside each nest box. We assigned one treatment per nest. At 
this time, we placed a piece of paper soiled with the corresponding 
scent inside the nest box. The treatments were as follows: (a) mus‐
telid (predator scent; n = 14), (b) lemon essence (odorous control; 
n = 15) and (c) water (odourless control; n = 14).

We obtained predator scent by placing clean absorbent pa‐
pers inside the cages of two male ferrets (Mustela furo L.). To en‐
sure odour collection, we placed papers in each ferret cage for 
3 days before the experiment. We used ferret scent as threat 
stimuli because the ferret is a potential mammalian predator of 
birds. The scent produced by the anal sac secretion of male fer‐
rets is similar to odours of other mustelid species which prey on 
birds (Brinck, Erlinge, & Sandell, 1983), and ferret scent is used by 
blue tits to assess predation risk (Amo et al., 2008; Amo, Tomás, 
& López‐García, 2017). We chose wet papers impregnated with 
recent cues of fresh urine and gland secretions. Papers soiled with 
faeces were discarded. This method of odour collection has been 
used in previous studies (Amo, Caro, & Visser, 2011; Amo et al., 
2008, 2017; Amo, Visser, et al., 2011). We prepared an odorous 
control by adding several drops of lemon essence to clean absor‐
bent paper. Lemon essence was prepared with lemon zest diluted 
in water. Lemon essence is not a scent associated with predation 
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risk for birds and has been used as a control odour in other studies 
(Parejo, Amo, Rodríguez, & Avilés, 2012). Several drops of water 
were added to a clean piece of absorbent paper to mimic the hu‐
midity of the papers in the other treatments (odourless control 
[Amo et al., 2008; Amo et al., 2017]).

We placed a white piece of absorbent paper (11 × 13 cm) con‐
taining recent cues of mustelid, lemon essence or water between 
the nest and the floor of each experimental nest box. The door 
of nest boxes is located in the side of the nest box where the 
entrance hole is located. Therefore, we did not need to remove 
or move the nest to place the papers or to replace them. Papers 
could not be visually detected or contacted by birds. However, 
birds could perceive the scent of experimental papers (Amo et al., 
2008). We checked nests on alternate days, from when we found 
the first egg inside each nest box until the female laid the last egg 
and started to incubate. Therefore, the number of observations at 
each nest depended on the clutch size. We checked whether birds 
covered their eggs and replaced the old experimental paper with 
a new one of the same treatment. New nitrile gloves were used to 
manipulate each experimental paper. The nests were considered 
uncovered when all eggs could be completely seen (see Figure S1). 
The nests were considered covered when all or most of the eggs 
were entirely hidden from view, covered with nest material (see 
Figure S2). We found no nests with only half of the eggs covered. 
To visually determine whether a clutch is covered or not is an easy 
measure (see Figures S1 and S2). We used the proportion of times 
that nests were covered with nest material as the number of times 
the eggs were covered/number of observations at each nest to 
have an unique measure for each nest. We removed the experi‐
mental papers at the end of the laying period, when birds began 
incubation.

2.3 | Statistical analyses

We calculated the proportion of times that nests were covered with 
nest material as the number of times the eggs were covered/num‐
ber of observations at each nest. We analysed whether there were 
differences in the proportion of nests with covered eggs in relation 
to the clutch size or the laying date with a generalised linear model 
(GLM) fit with the Bernoulli distribution with binomial errors and a 
logit link function. The clutch size (GLM: χ2 = 1.45, df = 1, p = .23) or 
laying date (GLM: χ2 = 1.09, df = 1, p = .30) did not influence the pro‐
portion of nests with eggs covered with nest material. Therefore, we 
did not include those factors as covariates in the analysis.

We analysed whether the proportion of times that nests were 
covered with nest material (dependent variable) differed between 
treatments (predator vs. lemon essence vs. control, fixed factor) 
with a GLM fit with the Bernoulli distribution with binomial errors 
and a logit link function. Pairwise comparisons between treatments 
were planned using the testInteractions function. Analyses were 
performed with the Statistical program r 2.15.1, “stats” and “phia” 
packages (R Core Team, 2015; De Rosario‐Martinez, 2015). Means 
are shown with standard error.

3  | RESULTS

The proportion of times that nests were covered with nest mate‐
rial differed between treatments (GLM: χ2 = 8.89, df = 2, p = .01). 
Eggs were covered with nest material more often when nests con‐
tained predator chemical scent (

−

x ± SE = 57.27% ± 6.03%) than 
when nests contained lemon essence (41.39% ± 7.57%) or water 
(44.33% ± 6.13%; Figure 1), although differences were only statis‐
tically significant in the comparison between lemon and predator 
treatments (χ2 = 8.58, df = 1, p = .01). Differences between odour‐
less control and predator treatments were not significant (χ2 = 3.02, 
df = 1, p = .16). There were no significant differences between 
odourless control and lemon treatments (χ2 = 1.53, df = 1, p = .22).

4  | DISCUSSION

Our results demonstrate that birds exposed to predator chemi‐
cal cues in the nest more frequently covered their eggs than birds 
exposed to an odorous control. So, the results of this study sug‐
gest that egg covering may be an antipredatory strategy to reduce 
the risk of egg predation in blue tits. Evidence from invertebrates 
and vertebrates has shown that egg covering helps the clutches 
be better hidden (Opermanis, 2004; Shimoda, Shinkaji, & Amano, 
1994; Summers & Hockey, 1981). In birds, previous studies have 
found that covered eggs are less detectable and less frequently 
predated in open areas (Salonen & Penttinen, 1988). For example, 
artificial duck nests with openly visible eggs were discovered by 
predators more often than nests covered with down, and nests 
with exposed eggs had the highest depredation rates (Opermanis, 

F I G U R E  1   Mean ± SE of the percentage of times that blue 
tit eggs were covered with nest material when nests contained 
predator chemical cues, lemon essence or water
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2004). Artificial Kittlitz's plover (Charadrius pecuarius) nests were 
more likely to be depredated when they were uncovered than 
when they were covered (Ferguson, 2016; Maclean, 1974). These 
studies support the idea that egg covering can reduce the risk of 
nest detection by predators and, therefore, increase reproductive 
success.

Our results show that when birds were experimentally exposed 
to an increase in the perceived risk of predation, they respond by 
covering their eggs with nest material. Thus, egg covering may also 
help cavity‐nesting species, such as blue tits, to decrease the risk of 
egg predation. This decrease in the risk of detectability by predators 
may allow birds to reduce vigilance efforts during the laying period 
(Ricklefs, 1969). This reduction in the time guarding the nest may 
allow birds to increase the time devoted to self‐maintenance activi‐
ties such as foraging (Lima & Dill, 1990). Further studies are needed 
to disentangle whether egg concealment could enhance the repro‐
ductive success and the fitness of birds.

Egg covering may have other functions, such as a thermoregu‐
latory function (Amat et al., 2012; Maclean, 1974; Prokop & Trnka, 
2011). Egg covering may function to decrease heat loss (Reid et al., 
2002) or avoid overheating (Mayer et al., 2009) when the incubating 
parent leaves the nest unattended to spend time in other activities, 
such as foraging (Davis, Platter‐Reiger, & Ackerman, 1984). Thus, the 
thermoregulatory benefits may be higher during the incubation pe‐
riod, when eggs must be kept within a strict range of temperatures 
to allow for embryonic survival (Deeming, 2002; DuRant, Hopkins, 
Hepp, & Walters, 2013). However, in blue tits, egg‐covering be‐
haviour takes place only before the incubation period, during egg 
laying, before embryos begin development, and therefore, they 
may not be affected by ambient temperatures in temperate regions. 
Regardless, egg covering may decrease the exposure of eggs to 
extreme cold or high ambient temperatures, which could increase 
embryo viability. The role of thermoregulation as a non‐excluding 
function of egg covering should be experimentally tested.

Another function that may explain egg covering during the lay‐
ing period is the concealment of the clutch from the male or other 
conspecifics (Valera et al., 1997). For example, penduline tit (Remiz 
pendulinus) females cover their eggs to hide the beginning of lay‐
ing to their partner in order to avoid male desertion (Valera et al., 
1997). Blue tit males usually do not desert the nest (Stenning, 2018). 
However, egg covering in blue tits may also have a social function 
because in a study in which authors added artificial eggs to the nest 
before egg laying, they observed that those females that hid the arti‐
ficial eggs were less likely to contain extrapair offspring in their nest 
compared to the females that did not cover the artificial eggs (Vedder 
et al., 2010). Also, hiding the eggs could be an strategy to avoid in‐
traspecific brood parasitism (Vedder et al., 2010), because parasitic 
females should not lay eggs in an foreign nests before laying, as those 
eggs will be easily detected and removed by the parasited female.

Besides the concealment of the clutch from conspecifics, blue 
tits may also use egg concealment to hide social information from 
heterospecifics, because it has been observed that other bird 

species conceal eggs with nest material from heterospecifics (e.g., 
Loukola et al., 2014).

Our results show that blue tits covered their eggs more fre‐
quently when they detected an increase in the perceived risk of 
predation. This result provides the first experimental evidence 
that egg‐covering behaviour may have an antipredatory function 
to reduce the risk of egg predation and increase reproductive suc‐
cess in cavity‐nesting birds. Further experiments are needed to 
disentangle whether egg covering has other non‐exclusive func‐
tions such as thermoregulatory, antiparasitic or social functions 
in blue tits.
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