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Perhaps there is some comfort in the thought that this unpredictability,   
weather determined individually or specifically, 
is probably as confusing to the bats as it is to the experimenter... 

 KENNETH D. ROEDER 
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Zusammenfassung 

Tiere sammeln ständig Informationen über ihre Umwelt mit Zuhilfenahme ihrer Sinne. Über 

evolutionäre Zeiträume entstanden so spezialisierte Sinne, welche unrelevante 

Informationen ausfiltern können und besonders sensitiv gegenüber relevanten 

Informationen sind. Relevante Information zum Beispiel, ist die Gegenwart eines Räubers. 

Erkennt ein Beutetier einen herannahenden Räuber rechtzeitig, ermöglicht das eine Flucht 

und erhöht damit seine Überlebenschancen. Die Räuber-Beute-Interaktion zwischen 

Fledermäusen und hörenden Nachtfaltern eignet sich hervorragend um eine solche 

sensorische Räuberdetektion zu studieren. Dies ist zum einen der Fall da relevante 

Information in diesem System rein akustisch übertragen werden und zum anderen da die 

Ohren der Nachtfalter zu den einfachsten Ohren im Tierreich gehören. Nachtfalterohren sind 

in der Tat sehr gut untersucht und ihre neuronale Reaktion auf akustische Reize ausnehmend 

gut verstanden. Interessanterweise ist jedoch wenig darüber bekannt, wie sich diese 

neuronale Aktivität in bestimmte Verhaltensweisen übersetzen lässt und dass obwohl es das 

Verhalten ist, welches unter direktem evolutionärem Druck steht.  

In meiner Doktorarbeit habe ich untersucht, wie sich der sensorische Input auf die 

resultierenden Verhaltensweisen auswirkt. Ich habe diese Beziehung anhand von 

sensorischer Räuberdetektion bei hörenden Nachtfaltern untersucht. Zum einen habe ich 

untersucht wie sensorischer Input, welcher dem gleichen Räuberdruck entspricht, 

verschiedene Verhaltensweisen in unterschiedlichen Nachtfalterarten auslöst. Des Weiteren 

habe ich beschrieben, wie sich Unterschiede im sensorischen Input auf die resultierende 

Verhaltensweise innerhalb einer Nachtfalterart auswirkt. Zuletzt habe ich quantifiziert, wie 

zusätzliche Stimulation mit Licht das Räuber-Ausweichverhalten bei Nachtfaltern verändert. 

Ausweichmanöver sind im Idealfall unvorhersehbar, um zu vermeiden, dass ein Räuber die 

Bewegung voraussehen und entsprechend reagieren kann. Im Fall von hörenden 

Nachtfaltern wurde jedoch in der Vergangenheit von stereotypischen Manövern berichtet. In 

Kapitel 2 habe ich deshalb die „escape-tactic diversity“-Hypothese getestet, welche 

voraussagt, dass stereotypisches Verhalten zwar auf der Artenebene vorhanden sein kann, 

jedoch in gemischten Gruppen mit unterschiedlichen, artspezifischen Verhaltensweisen 

untergeht. Die Unvorhersehbarkeit der Ausweichmanöver der gemischten Gruppe ist also 

deutlich erhöht. Ich konnten diese Hypothese für hörende Nachtfalter bestätigen.  
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In Kapitel 3 untersuchte ich den Effekt von unterschiedlichen Eigenschaften des sensorischen 

Inputs auf das Ausweichverhalten in hörenden Nachtfaltern. Hierfür setzte ich die 

Nachtfalter Stimuli mit unterschiedlicher Länge und zeitlichem Muster, und damit 

unterschiedlichem Gehalt an akustischer Energie aus. Ich fand, dass ein Anstieg in der 

empfangenen akustischen Energie über die Zeit mit einem Anstieg in Flugstärke korrelierte. 

Zusammengefasst mit der bereits bekannten Reaktion der auditorischen Neuronen konnte 

ich schlussfolgern, dass akustische Energie nicht nur auf neuronaler Ebene integriert wird, 

sondern auch auf Verhaltensebene. Des Weiteren habe ich Verhaltensaudiogramme 

gemessen und diese mit bekannten neuronalen Audiogrammen verglichen. Der Vergleich 

zeigt die enge Verbindung zwischen neuronalen und Verhaltensschwellenwerten auf.  

Da sensorischer Input in den seltensten Fällen nur über einen Sinn erfolgt, habe ich mir auch 

multisensorische Integration von akustischer Stimulation und Licht angesehen. In Kapitel 3 

habe ich dafür fixierte, und in Kapitel 4 freifliegende Nachtfalter beiden Stimulationsarten 

ausgesetzt und die Veränderung in ihrem Verhalten beobachtet. Bei fixierten Faltern konnte 

ich die bereits bekannte, unterdrückende Wirkung von Licht auf die Ausweichmanöver der 

Tiere quantifizieren und außerdem einen Effekt auf das generelle Flugverhalten der 

Nachtfalter messen. Bei freifliegenden Faltern hingegen konnte keine endgültige 

Schlussfolgerung über einen Effekt des Lichts auf akustisch ausgelöste Verhaltensweisen 

gezogen werden, da die Stichprobengröße im Verlauf des Experiments unerwartet stark 

schwankte.  

Mit meiner Arbeit konnte ich zum besseren Verständnis der sensorischen Biologie hörender 

Nachtfalter und somit auch zu einem besseren Verständnis von Anti-Räuber-Verhalten 

beitragen. Ich habe herausgefunden, dass gemischte Gruppen verschiedener Nachtfalterarten 

ihren Schutz erhöhen, da die Mischung aus spezies-spezifischen Ausweichmanövern die 

Unvorhersehbarkeit der ganzen Gruppe erhöht. Des Weiteren konnte ich mit meiner Arbeit 

zeigen, wie sich Unterschiede im sensorischen Input in entsprechende Verhaltensweisen 

übersetzten lässt und dementsprechend welche Räuberinformationen entscheidend für 

Beutetiere sein können. Schlussendlich konnte ich den Effekt von zusätzlichem Licht auf 

akustisch ausgelöste Verhaltensweisen quantifizieren, welcher sich maßgeblich auf das 

Gleichgewicht in dieser Räuber-Beute-Beziehung auswirkt.   
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Summary 

Animals constantly probe their environment by using their senses. These senses specialised 

over evolutionary timespans, so that they filter out non-relevant information but are at the 

same time especially sensitive to important signals and cues. For example, in the case of 

predator avoidance it is especially important to detect predators in time, in order to allow 

prey to escape and thus increase their chances of survival. The predator-prey interaction 

between bats and eared moths offers an excellent opportunity to study predator-detection. In 

this model system, predator cues get transferred acoustically and is ultimately received by 

the moth’s ears, which are among the simplest ears in the animal kingdom. Indeed, the moth 

ear and its neuronal response to bat echolocation calls is well understood. However, little is 

known about how this neuronal activity is linked to the evasive flight behaviours of moths, 

even though it is the trait that evolutionary pressure acts upon.  

In this thesis, I examined how sensory input converts into behavioural responses in the case 

of predator cues that lead to evasive movement. I studied this relationship using eared moths 

as a model system. Specifically, I studied how sensory input, coding for the same predation 

pressure, triggers different behavioural responses in different moth species. I also quantified 

how different parameters of a sensory input affect the behavioural output within one moth 

species. Furthermore, I studied how additional sensory input, in form of light, affects 

behavioural responses, explicitly how it alters evasive flight in moths.  

Evasive movement is supposed to be unpredictable and thus to prevent the predator from 

foreseeing and intercepting the prey’s flight path. Yet, in eared moths, a certain level of 

stereotypy in evasive flight has previously been reported. In Chapter 2, I tested the 

escape-tactic diversity hypothesis, which postulates that on a species-level evasive movement 

might be stereotypical, but that different species within a mixed-species group elicit different 

types of evasive movement and therefore increase the unpredictability of the whole group. I 

was able to confirm this hypothesis for a mixed-species group of eared moths.  

In Chapter 3, I investigated the effect different parameters of sensory input have on evasive 

flight behaviour of eared moths. For this I exposed moths to stimuli of different length and 

temporal pattern and therefore different amounts of acoustic energy. I found that an increase 

in perceived acoustic energy over time correlated with increased flight strength. Taken 

together with the known neuronal response of the auditory neurones, I concluded that this 

received acoustic energy is not only integrated on the level of the auditory neurons, but also 
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on a behavioural level. Further, I recorded behavioural audiograms and compared them to 

known neuronal audiograms. This comparison revealed the relationship between neuronal 

and behavioural thresholds. 

As sensory input is rarely limited to one sense at a time, I studied multisensory integration 

of sensory input using light as an additional stimulus to acoustic stimulation. In Chapter 3 I 

exposed fixed, and in Chapter 4 free-flying moths to both acoustic and visual stimuli and 

measured their behavioural responses. For fixed moths, I was not only able to quantify the 

supressing effect of light on evasive flight, but also how light affected their normal flight 

behaviour. Furthermore, light might have a suppressive effect on the capability of free-flying 

moths to avoid their predators, but high fluctuation of natural moth occurrence made it 

impossible to draw final conclusions in this last experiment.  

With this thesis, I have contributed to a better understanding of the sensory biology of eared 

moths and broadened our knowledge about anti-predator mechanisms in this group. I have 

demonstrated that a mixed-species group can increase protection against a common predator 

by showing species-specific evasive responses. Furthermore, I showed how sensory input 

converts to behavioural output and thus identified predator cues, which might be of decisive 

behavioural importance for eared moths. Finally, I have contributed important knowledge 

about the effect of light on flight behaviour in moths, which has an impact on the balance of 

this predator-prey system. 
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Chapter 1 - General introduction 

 

Perceiving the world via senses 

No matter if we look at tiny, simple organisms or at the biggest, more complex animals of 

our planet, all those living beings constantly gather information about their environment. 

They can do that by using senses that specialized on specific modalities: vision for light, 

taste and olfaction for chemicals and odours, tactile senses for pressure and vibrations, 

electric and magnetic senses, senses for humidity and temperature, and auditory sense for 

sound [1]. These senses can be classified as passive or active. Passive sensory systems 

constantly probe their environment, while active sensing systems only do so if actively 

used.  

As every living being is part of a bigger network and ecosystem, animals need to form 

links between environmental changes and their internal processes to behave according to 

the situation. This link is formed by animals’ sensory organs. Every task in an animals‘ 

life is based on the information gathered by its senses: orientation and movement, foraging 

and hunting, mate search and mate selection, and avoidance of threats and predation. Even 

though all of those tasks contribute to an individual's fitness, one task is crucial, in other 

words with deadly consequences if ignored, the avoidance of threats and predation. This 

is why evolution, in the context of predator-prey interaction, has shaped astonishing 

mechanisms with which prey animals can sense and detect their predators. Because 

predator detection has vital advantages, there are often multiple senses contributing to 

increase detection chances and informative content [2, 3]. As each habitat occupied by 

prey animals comes with different physical constraints or advantages for information 

transfer, different environments fostered the use of certain sensory modalities. In aquatic 

systems, for example, chemical and pressure senses are wide-spread due to the physical 

properties of water [4, 5]. Larval zebrafish use their lateral line system to detect subtle 

water flows in front of the approaching predator [6, 7], whereas hard clams use their 

chemical senses to detect injured conspecifics and close-by predatory blue crabs [8]. In 

terrestrial systems, animals are more exposed to higher light levels than aquatic animals, 

which is why vision is a very common sense used for predator detection. In the case of 

birds, like lone chaffinches [9], European starlings or house sparrows [10], visual predator 

detection is reflected in their daily behaviours and body postures. This so-called „vigilance 
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behaviour“ is based on vision and has been reported in many mammalian species (e.g. 11–

13). A special case of terrestrial predator detection is reflected in nocturnal animals, as the 

light necessary for vision is limited after sunset. The terrestrial animals that are active at 

night have to exploit different sensory modalities, for example sound. A nice example of 

sound-perceiving animals are eared moths. Their auditory sense provides them with 

important information about the presence of their main predators, echolocating bats. 

 

The sensory basis of the predator-prey interaction between 

echolocating bats and eared moths  

The interaction between bats and moths is a special one because it takes place at night. 

Both bats and moths occupied the niche of the night sky, with an exception of a few 

diurnal moth species [14]. Moths have probably always occupied the night time [14], 

whereas bats potentially exploit the night to escape predation by diurnal birds [15, 16]. 

From a sensory perspective, night time activity comes with a limitation, the lack of light. 

Therefore, to increase informational intake about their environment, both bats and moths 

needed to switch to other sensory modes which are independent of light. Bats have 

evolved an acoustic sonar which enables them to actively probe their environment [17, 

18], which is used by the majority of bat species [19]. Over time, evolution drove them to 

become acoustic specialists. Bats use sophisticated echolocation calls, perfectly adapted to 

their habitat and current action, to orientate and hunt. This successful mechanism has 

convergently evolved in tooth whales and dolphins, but also in some bird species [20–23]. 

Echolocation enables bats to detect and therefore specialize on various food items in 

complete darkness. By exploiting different food niches, bats have become a very successful 

order, with over 1300 species occupying different habitats all over the globe [24, 25]. Bats 

use echolocation to detect fruits, nectar, fish, frogs, potential animals to lick blood from 

and - for the majority of bats - insects [24]. On the contrary, moths probably have always 

been nocturnal. Therefore their hearing might have evolved for general predator detection 

and acoustic communication [14, 26] and later, with the appearance of bats, co-adapted to 

higher frequencies as well [27, 28]. This bat-sensitive hearing is advantageous as it helps 

moths to detect their predators even before their predators detect them, enabling them to 

take action in time to avoid being caught or even detected by bats [29]. In summary, the 

predator-prey interaction between bats and moths is mainly based on acoustics. Because 

of that, it is an ideal study system as acoustic signals and cues are easy to measure, 
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evaluate, control, and manipulate. More importantly, this system offers a unique 

opportunity to study behavioural reaction based on the sensory modality of sound and 

therefore to link behavioural output with sensory input.   

 

Why eared moths are excellent to study anti-predator behaviour 

Eared moths are in general an exceptional system to study predator-prey interactions. As 

already mentioned, by being nocturnal the bat-moth system entails a certain form of 

exclusiveness: many insectivorous bat species feed on moths (e.g. 30–33) and adult moths 

mainly fear bats as potential predators. This is why, especially on the prey side, a lot of 

evolutionary pressure has led to the evolution of various anti-predator adaptations. In 

principle, those adaptations can be divided into two categories: passive and active defence 

mechanisms (Fig. 1). In the case of moths, the passive defence mechanisms are 

multifarious. When bats are searching for moths their task becomes more difficult because 

sound-absorbing scales cover moths bodies and wings, leading to softer echos which are 

harder to be perceived by the bats [34–37]. Even if a bat detects a moth and attacks it, 

some moths species show appendices on their hindwings that deflect bats to attack body 

parts that are not essential for the moth’s survival [38]. Additionally, if the bat manages 

to attack the moth's body, some moth species are protected by chemicals [39, 40]. These 

chemicals (i.e. cardenolides and alkaloids) are obtained by feeding on certain plants as 

larvae or adults and are accumulated in different body parts that then become unpalatable 

for bats [41, 42]. Furthermore, moths have an impressive arsenal of active defence 

mechanisms. When detected and approached by a bat, which moths can permanently track 

by listing to bats echolocation calls, two prominent active mechanisms evolved to avoid 

detection or capture by the bat. The first mechanism is based on sound production. Moths 

not only perceive sounds, but some moths can also actively produce them by using parts 

of their abdomen [43], legs [44] or tegula and wings [45] to emit chirps and bursts of 

sound. In the family of Erebidae and Arctiidae, it is quite common that in the very last 

second of an attack those sounds are emitted by the moth. The function behind those 

sounds is still discussed. It has been argued that these sounds might be used to startle the 

bat [46], jam its echolocation [47–52] or used in the sense of acoustic aposematism by 

signalizing its unpalatability to the predator [46, 50, 53, 54]. There are even other moth 

species that mimic those signals without being unpalatable, which is considered to be a 

case of Müllerian Mimicry [55–57]. The second mechanism is a classic mechanism in many 
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prey animals, evasive movement. Moths do elicit evasive flight before being detected or 

when attacked by a bat. It is believed that moths perform negative phonotaxis to distant 

bats and elicit erratic flight when confronted with close-by bats [58]. Even though moths 

evasive behaviour has been studied for decades [29, 58–62], its mechanism or function is 

not fully understood and some general questions remain unsolved. Nevertheless, all these 

examples of anti-predator mechanisms show how evolutionary pressure has driven moth’s 

adaptations. For this reason, moths are an outstanding example of highly adapted prey 

animals to study anti-predator behaviour and especially to close remaining gaps in the 

understanding of evasive behaviour. 

 

 

Figure 1: Multifarious anti-bat adaptations in eared and earless moths. Adaptations can be 
categorized in active and passive mechanisms (indicated by green and orange colour, respectively), 
as well as in mechanism that prevent detection (dark grey area) or that prevent capture or 
consumption (light grey area). 

 

The acoustic sense in nocturnal Lepidoptera – the moth ear 

Before one can talk more about the evasive flight in moths, one has to first understand the 

underlying neuronal activity in the moth’s ear, that links sensory input with behavioural 

output. As this hearing sense of moths plays the key role in predator-detection, scientists 

have studied hearing in eared moths intensively. Hearing in insects is actually rather rare 

in comparison to other modalities like visual perception [63–65]. But if insects possess 

ears, they belong to one of three categories: vibration receptors, cerci or tympanic organs 

[66]. In many cases, insects use their ears to communicate with each other and to localise 

and select mates [65, 67, 68]. In moths, ears evolved long before echolocation bats appeared 

[14]. Even though they might have been used for predator detection already, with the 

appearance of bats those ears co-adapted to detect ultrasound calls of predatory bats [14]. 
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Hearing capabilities in moths might have nine different origins, which evolved 

independently in different moth clades [14]. The independent evolution of moth ears is 

also reflected in the various body locations where they appear: Head, abdomen, legs or 

wings, there is almost no body part which does not bear an ear in at least one family [14]. 

Nevertheless, all moth ears have one thing in common, they are tympanic ears. These ears 

detect pressure differences and are composed of three parts: the tympanum, the tracheal 

sac(s) and the tympanal organ [63]. The mechanical components of a moth’s ear are simple 

and so is its underlying neuronal linkage to the central nervous system. Indeed moths do 

have one of the simplest ears in the animal kingdom [69–71]. With 1-4 auditory neurons, 

moths cover a hearing range from 0 up to 300 kHz, including the highest frequency 

detecting capability within animals known so far [71, 72]. Over the centuries, hearing 

sensitivity was shaped by bats echolocation, with many moths showing especially high 

sensitivity to the frequency range of sympatric bat species [27, 28, 73–76]. Conversely, 

many moths in bat-free habitats have lost sensitivity for „bat characteristic“ frequency 

ranges [77–82]. Some moth ears also show an effect called „up-tuning“, a mechanical 

increasing of the sensitivity of auditory perception occurring right after an echolocation 

call has been received [83]. However, neuronal up-tuning has not been confirmed [84]. It 

was probably Haskell and Belton who, for the first time, recorded the activity of a single 

auditory neuron in a moth‘s ear in 1956 [85]. Since then many studies followed and now 

form a solid knowledge about the neuronal basis of hearing in moths. Studies have focused 

either on the neuronal reaction towards a single stimulus and stimulus properties or tested 

a whole range of stimuli, covering several frequencies and sound pressure levels, resulting 

in neuronal audiograms. Single-stimulus testing unveiled the temporal nature of the 

auditory-neurons activity. This is, increasing duration of a stimulus leads to an increasing 

number of spikes per stimulus as they add up over time [86–90]. In addition, the repetition 

rate of pulses influences neuronal activity, reaching a maximum number of elicited spikes 

for around 10-40Hz [86, 91]. Furthermore, moth ears are sensitive to sound pressure level 

(SPL), an increase of SPL in a stimulus leads to an increase in spike number in the auditory 

neuron [86–88, 90, 92, 93]. Neuronal audiograms of different auditory neurons, for 

example in the family Noctuidae which possess the two auditory neurons A1 and A2, 

revealed how their SPL-sensitivity differs between frequencies. A typical auditory neuron 

shows the lowest SPL-thresholds (and therefore the highest sensitivity) in a frequency 

range between 20-55 kHz [28, 28, 93–95], which is tuned to the frequency of sympatric bat 

species [27, 28, 73–76]. Additionally, neuronal audiograms also unveil a general difference 
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in sensitivity between auditory neurons. In Noctuid moths, the A1 neuron is usually 

around 20 dB more sensitive than the A2 neuron [28, 96, 97]. As frequency dependency in 

both auditory neurons shows a similar pattern, it is assumed that moths are tone-deaf, 

which means they cannot distinguish between tones of different frequencies [98, 99]. 

 

Evasive flight in moths 

So how does this neuronal activity translate to evasive flight behaviour in moths? This 

puzzle has not been fully solved yet. As many moths show a two-stage anti-predator flight 

behaviour, negative phonotaxis and evasive flight, one mechanism could be that each of 

the two neurons in noctuid moths elicits one behaviour [100]. As the A1 neuron is more 

sensitive than the A2 neuron, the A1 neuron reacts earlier to faint echolocation calls with 

low SPLs from distant bats [28, 96, 97]. This is why scientists have argued that this earlier 

reaction might elicit negative phonotaxis, a behaviour that is shown in response to distant 

bats, preventing the moth from being detected by the bat [100]. The less sensitive A2 

neuron reacts later to more intense echolocation calls with high SPLs form close-by bats. 

This is why it has been argued that the A2 neuron reaction elicits evasive flight, a 

behaviour that is shown in response to precariously close bats and is supposed to prevent 

being captured by the bat [100]. However, it has also been shown that moth families with 

only one auditory neuron can distinguish between far away and close by-bats [101], 

hinting that the second auditory neuron A2 might not be needed to code for high predation 

threat.  

Experiments in the lab and in the field have shed some more light on the evasive flight in 

eared moths. Especially lab experiments with tethered moths have allowed controlling 

conditions, and therefore to focus on specific aspects of evasive behaviour. By this means, 

basic mechanisms of evasive flight could be revealed. Moths show, for example, a turning-

tendency to move away from the sound source [62, 102]. Furthermore, they show different 

types of flight reactions towards the same acoustic stimulation [60], which are also 

species-specific [103]. The likelihood of moths showing evasive flight depends on the 

stimulus properties like duration, SPL and pulse rate; stimuli with more overall acoustic 

power elicit a higher percentage of responses [104]. The delay times from stimulus onset 

to behavioural onset can vary, depending on stimulus properties like SPL, frequency and 

duration, but also on environmental factors like ambient temperature [62, 104, 105]. The 

recordings of behavioural audiograms in eared moths were very insightful too, as they 
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reveal the frequency and SPL dependency of behavioural thresholds. They showed how 

similar behavioural thresholds actually are compared to neuronal thresholds considering 

their frequency-dependent pattern [62, 106, 107]. But, all tethered flight experiments are 

limited in their way of reflecting more natural scenarios in which individuals are able to 

behave freely. This is why observing free-flying moths is necessary. Timm and Schaller, 

maybe for the first time, observed and described frequency-dependent reactions of single 

individuals of different moth species in 1950 [59]. A couple of years later Roeder took 

pictures of outside-flying moths, realizing that there is a more directed flight behaviour 

away from the sound source when presenting low-level stimuli, and a more erratic flight 

behaviour when presenting high-level stimuli [58]. For this reason, he is considered the 

father of the idea of „two-staged“ behaviour. Since then evasive reaction and the two-

staged evasive reaction of moths towards sound stimuli were studied and observed in more 

moth species [61, 108, 109]. Like already shown for neuronal reactions, behavioural 

reactions in free flight also change and adapt to acoustic properties. Besides different SPLs, 

which potentially elicit different types of evasive flight (negative phonotaxis and erratic 

flight), the chance of even evoking evasive flight is dependent on the frequency of the 

pulse [109]. The pulse rate of echolocation calls further affects evasive flight response, 

different pulse rates do cause different types of evasive flight (turns, loops, dives, etc.) in 

different proportions [110]. A more recent study of Conner & Corcoran provided more 

detailed information about the evasive flight in eared moths [29]. For the first time 

interactions between free-flying moths and free-flying bats were recorded and analysed. 

3D flight-tracks of moths unveiled that the success of evasive flights is mainly based on 

radial acceleration, leading the moth to a „safety zone“ that is located at the left and right 

of the bat. Even though a lot of knowledge has been gained, one of the main missing links 

in evasive flight in moths is how it depends on and gets triggered by neuronal activity. All 

the knowledge gathered on the neuronal side cannot be translated directly into behaviour. 

As the number of auditory neurons is so low in moths, and their behaviour is rather easy 

to study, evasive flight in moths offers a unique opportunity to uncover basic principles 

involved in the transmission from neuronal input to behavioural output. 

 

Multimodal sensory integration and sensory noise  

To maximise information intake animals integrate information from several sensory 

modalities, so-called multimodal integration, leading to a more precise reflection of their 
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environment [111, 112]. On the other hand, perceiving additional cues no matter if by 

using the same or an additional sensory modality, might mislead, mask or even hinder the 

processing of the signal of interest, here described as sensory noise [113]. For both, 

multimodal integration and sensory noise anthropogenically introduced noise in the form 

of chemicals, sound and light offer an interesting case to study signal perception and signal 

integration. This is interesting because anthropogenically introduced noise normally does 

not contain any relevant information for animals and therefore, in the best case, should 

be filtered out or ignored. Evolutionary speaking, anthropogenic noise is a rather new 

phenomenon, which is why sensory systems that evolved over millions of years ago might 

not be adapted to deal with it. Using anthropogenic noise as an additional sensory input 

can further reveal basic underlying sensory mechanisms. 

In the past decades, chemical exposure, acoustic noise and artificial light levels 

have increased massively [114–118]. Chemical exposure, namely insecticides and 

pesticides, have caused ecological damages such as alterations in pollination networks and 

pollination output, but have also affected sensory systems [118]. Some scientists have 

studied the interference of insecticides with pheromone communication in moths and 

found that insecticides reduced pheromone induced behaviours like wing fanning 

behaviour and sex pheromone-mediated flight behaviour [119, 120]. Potential mechanisms 

behind sensory integration were discussed, but could not be clearly identified [120]. As 

the bat-moth interaction is based on acoustics, it is expected that anthropogenic noise 

might have the biggest effect. Thus, how do moths deal with this acoustic noise? 

Considering natural acoustic noise, moths do not seem to show any response to singing 

cicadas which produce songs in the frequency range of bat’s echolocation calls [121]. Even 

though the cicadas‘ song and bats‘ echolocation calls trigger similar activity in moth’s 

auditory neurons, there must be a differentiation made further down in the neuronal 

pathway. Indeed, specific interneurons such as neurone 501 and labile pulse makers were 

identified as possible filters for irrelevant background noise [122, 123]. These results 

suggest that moths might also be capable to differentiate anthropogenic acoustic noise 

from biological relevant bat calls and conspecific calls, yet empirical data is lacking. 

Interestingly, the effect of artificial light might have the strongest effect on both, bats and 

moths. While some bat species are repelled by light [124–126], many moth species 

experience strong attraction towards it [127]. Evolutionary reasons for this attraction to 

light on moths are unclear (see introduction [128]). The attraction is so strong that even 

when perceiving echolocation calls from nearby hunting bats, evasive flight will be 
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suppressed in some moths [129, 130], even though this behaviour is essential for survival. 

The underlying mechanism behind this „suppressing effect“ of light on acoustic input hast 

not been verified, but without a doubt, this is an interesting topic to explore to further 

understand sensory ecology and sensory processing. 

 

Thesis outline 

The predator-prey interaction between bats and moths offers an attractive study case to 

be explored by biologists in general but even more so by sensory ecologists. The 

particularity of this sensory interaction is that it is almost exclusively based on sound 

emission and sound perception. Additionally, even though moth ears are very simple, they 

provide the necessary information for moths to decide when to elicit evasive flight 

behaviour. As the behaviour of an individual tells a lot about sensory processing and 

decision making, it is essential to explore these behaviours to be able to put together the 

puzzle of how animals perceive their environment. The aim of this thesis is to close some 

gaps especially on the transition between sensory input and behavioural output in the 

example of evasive flight in moths. 

In Chapter 2 we tested the escape-tactic diversity hypothesis. This postulates that a prey 

animal of a mixed-species group experience higher protection if evasive manoeuvres differ 

between species and therefore increases the overall unpredictability experienced by a 

predator. Erratic flight behaviour needs to be highly variable to not be predictable by the 

attacking bat. Interestingly, moths‘ erratic flight was observed to be rather stereotyped, 

showing just a handful of manoeuvres in free-flying moths: loops and spiralling, zig-zag 

flight, and passive and power-dives. Therefore, we investigated how variable evasive flight 

is within a moth species and across different species that were sampled from a mixed-

species group in Bulgaria. We recorded, quantified and compared evasive flight in moths 

under standardized test conditions using a flight recorder. Moths showed unique, species-

specific flight reactions towards the same acoustic stimulation that mimicked an attacking 

bat. Our results confirmed the escape-tactic diversity hypothesis in eared moths. 

Chapter 3 is a logical extension of Chapter 2 as we were interested in the underlying 

physiological mechanism of evasive flight in moths, and tried to link neuronal with 

behavioural activity. Due to the fact that moths possess a very simple auditory system, 

this has been well studied even at the single neuron level. However, little it is known about 
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how this neuronal activity translates to the actual anti-predator flight behaviour. Using 

the same flight recorder as for Chapter 2, we measured flight strength of several 

individuals of the species Noctua janthe. This time, however, we varied the acoustic 

stimulus focusing on two aspects: temporal integration of acoustic energy over time, and 

varying frequency and SPL to record behavioural audiograms. This allowed us to 

investigate evasive flight properties on a temporal domain as well as to compare 

behavioural audiograms to neuronal audiograms, revealing links between neuronal and 

behavioural activity. One additional behavioural audiogram was recorded under lit 

conditions to examine how the sensory integration of visual and acoustic stimuli is 

reflected in the animal's behaviour.  

The aim of Chapter 4 was to understand the same kind of sensory integration, between 

visual and acoustic stimuli, but on a larger scale. We were interested in the consequences 

of sensory integration of visual and acoustic stimuli and wanted to know how artificial 

light pollution alters evasive flight holistically. Therefore, we compared catching 

capacities of two light traps, alternatingly equipped with speakers mimicking hunting 

bats. Similar experiments have been conducted in the past, however, due to the specific 

setup used they might have observed only the effect of light on erratic flight plus negative 

phonotaxis. Using 360°-light traps combined with a nonuniform sound field, we wanted to 

observe a combined effect on erratic flight plus negative phonotaxis and also a negative 

phonotaxis only. 

One specific personal aim was to make all my work accessible. Therefore, we always pre-

published the results on a pre-print platform and submitted manuscripts to open access 

journals or journals with open access options. 
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Abstract 

1. Many prey species overlap in time and space and are hunted by the same predators. A 

common anti-predator behaviour are evasive manoeuvres to escape an attacking predator. 

The escape-tactic diversity hypothesis postulates that species-specific differences in 

evasive behaviour will increase the overall unpredictability experienced by predators 

within a predator-prey community. Evolutionary, escape-tactic diversity would be driven 

by the enhanced predator protection for each prey individual in the community. However, 

escape-tactic diversity could also be a functional consequence of morphological 

differences that correlate with evasive capabilities. 

2. Echolocating bats and eared moths are a textbook example of predator-prey 

interactions. Moths exhibit evasive flight with diverse tactics; however, the variability of 

their evasive flight within and between species and individuals has never been quantified 

systematically. In addition, moth species show variation in size, which correlates with 

their flight capability. 

3. We recorded flight strength during tethered flight of seven sympatric moth species in 

response to the same level of simulated bat predation. Our method allowed us to record 

kinematic parameters that are correlated with evasive flight in a controlled way to 

investigate species-specific differences in escape tactics.  

4. We show species-specific and size-independent differences in both overall flight 

strength and change of flight strength over time, supporting the escape-tactic diversity 

hypothesis for eared moths. Additionally, we show strong inter-individual differences in 

evasive flight within some species. This diversity in escape tactic between eared moths 

increases the overall unpredictability of evasive flight experienced by bat predators, likely 

providing increased protection against predatory bats for the single individual. 
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Introduction 

To successfully escape from a predator in a chase, prey animals have two main options: 

being faster or being more manoeuvrable [131]. Higher manoeuvrability allows prey to 

abruptly change its movement trajectory, making its behaviour variable and 

unpredictable. Unpredictable, erratic, or “protean” behaviour is a common escape strategy 

found in numerous prey taxa [132–134], making it more difficult for predators to catch 

the prey [135, 136]. Increased trait variability to increase the trait’s unpredictability is not 

only found in evasive flight, but also in other contexts. Hermit crabs increased the 

variability in the duration of their startle response in the presence of predators [137]. In 

the different context of host-parasite interactions, bird hosts increase the variability of egg 

markings and colouration to counteract the mimicry of their eggs by the eggs of cuckoos 

and other avian brood parasites [138, 139]. This variability can originate at multiple levels: 

it can occur within an individual or between several individuals of the same species. In 

addition, interspecific variability has the potential to add another level of unpredictability. 

If multiple species in a prey community vary in the parameters of their evasive movement, 

the overall variability and unpredictability increases and should afford even higher 

protection against predators for the single individual [140]. Previous studies of prey 

communities have shown that different species can use very different anti-predator 

strategies [141–144], such as changing microhabitat versus reducing activity in response 

to the same predation risk [141]. In addition, prey could also exhibit inter-specific 

differences within one specific anti-predator strategy, such as evasive movement (‘escape-

tactic diversity hypothesis’, [140]). Interspecific differences in evasive behaviour might be 

explained by interspecific differences in anatomy, such as muscle volume, weight and size, 

which are correlated with speed, acceleration and turning performance [145].  

Echolocating bats and eared moths are an ideal study system to address this 

question. Both groups interact in an evolutionary predator-prey arms race [70, 146, 147]. 

Many insectivorous bats have a broad, overlapping diet consisting of many different 

species of moths and other nocturnal insects [148–151], which they hunt by echolocation 

in mid-air [152, 153]. Many flying moths rely on evasive flight to escape echolocating bats. 

Moth evasive flight involves a two-staged response towards an attacking bat [58]. For 

distant bats, moths receive a faint echolocation call and steer away from the bat to avoid 

detection. For a close-by bat, moths receive a loud call and elicit last-ditch evasive flight 

to escape the bat. The last-ditch evasive flight performed by many eared moths when 
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trying to escape an echolocating bat includes zig-zagging, loops, tight turns, passive dives, 

and power dives [51, 58]. Despite decades of research, this evasive behaviour was never 

systematically quantified and compared on a species level. Several studies observed a 

“general response” without going into further descriptions or quantifications of the actual 

behaviour [61, 62, 154], or quantified only the consequences of anti-predator behaviour 

[155, 156], or lacked species identification or standardized conditions [60, 102, 108, 110]. 

Hence, it is unknown if variation in evasive flight occurs within a single individual, 

between individuals from the same species, or between different species. As many 

different moths occur in the same habitat [157–160], any given bat will encounter many 

different moth species while hunting. Interspecific variation in evasive flight would 

increase the variation experienced by each bat and should therefore provide increased 

protection against predatory bats for each single moth individual.   

Here, we systematically quantified vertical flight strength of seven species of 

sympatric eared moths with different sizes during tethered flight in a flight recorder. Size 

is positively correlated with acceleration in a butterfly [161], and negatively correlated 

with manoeuvrability in insects [162]. We analysed wing surface area as one size-related 

explanatory variable underlying potential species-specific differences in evasive flight. We 

used vertical flight strength as proxy for flight speed, which, like many other variables, 

increases when moths actively perform last-ditch evasive flight [29, 163]. Even though 

tethered flight does not allow us to study actual 3D-flight behaviour, measurements of 

flight strength and its temporal variation revealed species-specific strategies, and 

corresponding interspecific differences, in evasive flight. Furthermore, tethered flight 

allowed us to exclude variation in received sensory input, by exposing all individuals to 

the same acoustic stimulus mimicking an attacking bat, to trigger last-ditch evasive flight. 

We quantified the inter-individual and inter-specific variability within a single anti-

predator-strategy, (i) testing the hypothesis of escape-tactic diversity in moths, predicting 

that last-ditch evasive flight varies more between species than within species of a 

sympatric moth community, and (ii) predicting that moth size is one explaining variable 

for this variation. 
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Methods 

Flight recorder and experimental setup 

We developed a flight recorder to quantify moths’ vertical flight strength (Fig. 1a). We 

used two small broadband loudspeakers (25 mm nominal diameter; NSW1-205-8A, 

AuraSound, Guangzhou, China), as flight force transducers. Both loudspeakers were 

connected via a light wooden connector that was glued onto their membranes. A plastic 

cylinder was centrally fixed to the wooden connector and served as a holder for an insect 

pin attached to a moth. Vertical forces generated by the moth’s flight were transferred via 

the pin and the wooden connector to the membranes of both loudspeakers, generating 

voltage fluctuations that were 

amplified and recorded via a 

soundcard (192 kHz sampling rate, 

16-bit resolution; Fireface UC, RME, 

Haimhausen, Germany). The flight 

recorder was mounted centrally in 

an anechoic chamber (Desone 

Modular Akustik, Berlin, Germany, 

interior volume: 0.96x0.96x0.77m3, 

Fig 1b). To deliver the acoustic 

stimuli, a loudspeaker (NeoCD1.0 

Ribbon Tweeter, Fountek 

Electronics, Jiaxing, China) was 

mounted 34 cm behind the moth 

and driven by a power amplifier 

(TA-FE330R, Sony, Tokio, Japan) 

connected to the soundcard. The 

loudspeakers’ frequency response 

and output level were measured at 

the moth’s position using a 

calibrated measuring microphone 

(40BF, with pre-amplifier 26AC and 

Power Module 12AA, GRAS Sound 

& Vibration, Holte, Denmark). Two 

Figure 1: Flight recorder for recording moth 
flight strength. (a) Flight recorder consisting of two 
loudspeakers connected by a wooden connector, 
which held the moth via a needle glued to the moth's 
thorax. (b) The flight recorder was mounted in the 
centre of an anechoic chamber, which also holds an 
ultrasonic speaker (left) to present acoustic stimuli 
and two IR cameras (right and bottom). Moths were 
orientated to face away from the speaker. 
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infrared video cameras (Flea 3, FLIR Integrated Imaging Solutions, Richmond, Canada, 

with HF12.5HA-1B lenses, Fujinon, Tokyo, Japan) at 30 cm distance below and in front of 

the moth recorded the moth’s behaviour, illuminated by four infrared lights (850 nm, Mini 

IR Illuminator TV6700, ABUS Security-Center, Affing, Germany) installed in the corners 

around the frontal camera. Stimulus presentation and data acquisition of the flight 

recorder and cameras were controlled with a custom MATLAB code (The Mathworks Inc., 

Natick, Massachusetts, USA).  

 

Stimulus 

Last ditch flight behaviour in many moths is supposed to be elicited by activation of the 

auditory receptor neuron A2 [93, 96, 164]. A2 sensitivity depends on frequency, having 

highest sensitivity between 15 to 60 kHz [28, 93–96, 165]. We therefore designed a 

stimulus to elicit last ditch flight behaviour and mimicking an attacking bat [166–168], 

consisting of 120 pure tones at 35 kHz, each having 4 ms duration plus 0.5 ms raised-

cosine-ramps and 25 ms pulse interval (PI), resulting in a total length of 2.98 s. Sound 

pressure level at the moth was 80 dB SPL RMS re. 20 µPa, i.e., about 8 to 17 dB above A2 

threshold depending on moth species [28, 93, 94, 165]. We recorded moth flight strength 

for 6 secs, starting 2 sec before stimulus onset until about 1 sec after the stimulus ended. 

Stimuli were presented to non-flying and flying moths. 

 

Moth species 

We conducted the experiment at the Siemers Bat Research Station in Tabachka, N-

Bulgaria, between 17 June and 22 August 2017. We caught moths with two light traps 

(Sylvania, blacklight, F15W/350BL-T8, USA) between dusk and midnight on a plateau with 

wild meadow and some scattered bushes. Since we caught all moths of seven different 

species at this one site, all species overlap in their habitats and activity periods. All of our 

moth species are thus likely to experience a similar predation threat by bats, and each 

predatory bat hunting in this habitat will encounter all of these moth species. Caught 

moths were individually kept in Falcon tubes until being tested on the same night. Species 

were identified using Steiner et al. 2014 [169]. We selected moth species based 

on availability and on the absence of any other known anti-predator strategy in that 

species, such as chemical defence or jamming. We tested 161 individuals of seven different 
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eared species: Amphipyra pyramidae, Helicoverpa armigera, Heliothis adaucta, Noctua 

comes, Noctua fimbriata, Noctua janthe and Xestia c-nigrum, which all belong to the family 

of Noctuidae. To attach the insect-pin to a moth, we placed individual moths on a piece of 

foam, held it in place with a soft, coarse-meshed plastic grid, removed the scales on the 

thorax gently with a scalpel, and glued the flat head of an insect needle to the thorax using 

cyanoacrylate glue. As soon as the glue set, the needle was inserted into the flight recorder 

with the moth facing away from the loudspeaker.  

 

Measurements of wing surface area 

We measured the wing surface area of 130 moths, mainly (72.7%) overlapping with the 

tested individuals (see electronic supplementary material, Table S1). All individuals were 

deep frozen for at least 24 hours and then fixed on a sheet of squared paper with 

completely spread wings to ensure maximum surface area. Photos were taken from fixed 

distance and surface area was measured using Image J (National Institute of Health, 

Bethesda, USA). We converted photos of moths into 8bit-black-and-white-image. We 

manually marked the wing surface area on one side of the body (one forewing, one 

hindwing) using ImageJ’s threshold tool (setting the automatic detection threshold to 

Zero) and multiplied it by 2 to obtain the total wing surface area. Wing surface area of 

individuals covered a range from 285 to 820 mm2 (see electronic supplementary material, 

Fig. S3). We assigned the species’ mean value to individuals without wing surface 

measurements for subsequent statistical analyses. This does not affect the potential 

correlation between wing surface area and flight strength, but makes its detection more 

difficult due to reduced variation in size, making our analysis more conservative.  

 

Analysis of flight strength 

The flight movement of the tethered moths moved the two loudspeaker membranes and 

thus generated voltage fluctuations, which we recorded from 2 sec before until about 1 sec 

after presentation of the 2.98-sec-long stimulus. For further analysis, we only analysed the 

time period around stimulus onset, from 1 s before to 1 s after stimulus onset (Fig. 2a). We 

calculated the root-mean-square (RMS) of the recorded voltage per 100 ms bins, resulting 

in 20 measurements per speaker over the analysed duration of 2 s. We express the 

measurements in dB FS RMS, i.e., as negative values on a logarithmic scale relative to the 
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highest recordable voltage of the flight recorder (= 0 dB FS; FS: full scale), and as the mean 

of both loudspeakers (Fig. 2b). We will refer to this value as flight strength, since low to 

high values correspond to non-flying moths to different degrees of flight activity in flying 

moths. Since we recorded nine and three individuals two and three times, respectively, we 

used for each individual only the first recording for analysis. 

We performed a Principal Component Analysis (PCA) to identify different types of 

reactions in response to simulated bat calls, such as onset/cessation of flight or 

increase/decrease in flight strength with stimulus onset. Classically, PCA is used to reduce 

the number of correlated explanatory variables to fewer uncorrelated variables, the 

so-called Principle Components (PCs) that have the most explanatory power. In our case, 

we used the PCA to reduce the number of 20 correlated flight strength measurements 

collected over 20 time bins to a smaller number of PCs that reflect the most common types 

of reaction. For each PC, we obtained one loading per time bin (i.e., 20 loadings in total). 

Combining loadings with PC-scores reconstructs the original flight strength data; 

comparing loadings over time bins therefore revealed patterns of changing flight strength 

over time.  

Figure 2: Example recordings of a tethered moth in the flight recorder and corresponding 
flight strength values. (a) Example recordings of the left and right speaker (serving as force 
transducer) connected to a tethered flying Noctua janthe. After onset of the acoustic stimulus (at 0 s), 
the moth reacts with increasing flight strength. Inserts are magnifications of a 100‐ms time bin, 
showing the oscillations caused by the wing beats. (b) Flight strength values calculated as the root 
mean square (RMS) per 100 ms of the recordings from the left (blue) and right (orange) speaker, and 
their means (black). The mean flight strength values were used for subsequent analysis. 
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Some moths flew irregularly or stopped flying after some time, which meant that moths 

sometimes did not fly anymore at stimulus onset. We thus split our dataset into moths 

that were flying before stimulus onset (“active moths”) and those that were not flying 

(“inactive moths”). Initial analysis showed that flight strengths in non-flying moths was -

83 dB FS RMS, while flying moths had higher values. Hence, we set the threshold between 

active and non-active conservatively to -80 dB FS RMS and analysed flight strength in the 

bins at 1.0 – 0.9 s and 0.1 – 0 s before stimuli onset. If flight strength was above threshold 

in both bins, an individual was defined as “active” (N=92; Table S1), if flight strength was 

below threshold in both bins, it was defined as “inactive” (N=74; Table S1). Six individuals 

had flight strengths once above and once below threshold in those bins and were excluded 

(Table S1). We used linear models to fit PCs as a function of the fixed effects species 

(categorical) and surface area (continuous; R version 3.3.2, R Foundation for Statistical 

Computing, Vienna, Austria; RStudio, version 1.1.463, RStudio, Bosten, USA). We tested 

for a significant effect of factors on PC-values using the anova function with an F-test 

statistic to compare the full model to the model excluding a factor. For multiple 

comparisons of the fixed-effects, we performed simultaneous tests with Tukey’s contrasts 

using the package multcomp [170]. 

 

Results 

In total, we tested the flight behaviour of 166 individuals of seven eared moth species. 90 

individuals were flying before stimulus onset (“active moths”; Table S1), while 70 were 

non-flying before stimulus onset (“non-active moths”), 6 individuals were excluded (did 

not fulfil criteria for active or non-active). Since we were interested to study evasive flight 

in flying moths, we focus in the following on the active moths. Sample size varied between 

species as this depended on moth availability, ranging from 33 (H. armigera) to two 

individuals (H. adaucta). Reactions to the acoustic stimulus were mostly consistent within 

a species, but differed between species (Fig. 3). We found three main reaction types in 

active moths, either constant flight strength over time, or increasing or decreasing flight 

strength after stimulus onset. In addition, both the median flight strength and its inter-

individual variation differed between moth species. For example, H. armigera and N. 

fimbriata both showed fairly constant flight strength over time, but differed in their 

median and inter-individual variation. Flight strength of the 33 individuals of H. armigera 

ranged from -80 to -50 dB FS, with a median around -63 dB FS, while all 12 individuals of 
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N. fimbriata had a constant and high flight strength around -50 dB FS. X. c-nigrum and 

N. janthe increased their flight strength after stimulus onset, with N. janthe (N=32) also 

showing a clear reduction in inter-individual variation after stimulus onset. H. adaucta 

and N. comes decreased their flight strength, with additional variation in overall flight 

strength, timing and exact temporal pattern of the change. The three individuals of 

A. pyramidae showed a mix of constant, increasing and decreasing flight strength.  

We used a PCA to reduce the 

temporal correlation in flight strength 

measurements and to obtain behavioural 

categories for testing the above 

observations. The first two components 

of the PCA of active moths explain 96.4% 

of the overall variation in flight strength 

(Fig. 4a, PC1: 86.8%, PC2: 9.6%), with 

overlapping clusters in PC1 and PC2 

scores between species (Fig. 4b). Loadings 

of these two components (electronic 

supplementary material, Table S2) match 

the observed reaction types towards the 

stimulus. Loadings for PC1 are almost 

constant over time. Hence, PC1 scores 

describe the general flight strength of an 

individual (Fig. 4c). Loadings for PC2 

Figure 3: Flight strength per 100‐ms bin 
for active moths from 1 s before to 1s 
after stimulus onset for seven moth 
species. Species are ordered with decreasing 
surface area from top to bottom. Green lines 
are individual data; box plots show median, 
quartiles, whiskers (up to 1.5 × interquartile 
range) and outliers beyond the interquartile 
range. Stimulus presentation is indicated by 
the grey shading. Species abbreviations: 
Hada = Heliothis adaucta, Harm = Helicoverpa 
armigera, Xcni = Xestia c‐nigrum, Njan = 
Noctua janthe, Ncom = Noctua comes, Apyr = 
Amphipyra pyramidea, Nfim = Noctua 
fimbriata. 
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invert their sign over time (from negative before stimulus onset to positive after stimulus 

onset) and therefore describe the temporal pattern of flight strength, which can be either 

increasing (for positive individual PC2 scores), constant (for PC2 scores close to Zero) or 

decreasing (for negative individual PC2 scores; Fig. 4d). Hence, PC2 scores describe the 

reaction type of an individual.  

 

 

Figure 4: Principal components of moths that were flying before stimulus onset (“active” 
moths). (a) Percentage of variance explained by the first four principal components. (b) PC1 
scores as a function of PC2 scores; for species colour code, see panels (e and f). (c, d) Example 
flight strength recordings for high (red), medium (orange) and low (yellow) values for PC1 and 
PC2. (e, f) PC1 and PC2 scores for each species and for the whole population (“all”), which was 
created by randomly sampling 11 values from each species. Species are ordered with increasing 
wing surface area from left to right. Letters above boxes indicate significant differences in PC 
scores between species (Tukey's post hoc test); numbers below boxes indicate sample sizes. Arrows 
indicate those data points whose example traces are shown in panels (c and d). Box plots show 
median, quartiles and whiskers up to 1.5× interquartile range. 
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The minimal adequate models for both PCs included the fixed-effect of species only. 

Species contributed significantly (PC1: F-test, df:-6, p < 0.001; PC2: F-test, df:-6, p < 0.001) 

to the model fit, whereas surface area did not (PC1: F-test, df:-1, p= 0.601; PC2: F-test, df:-

1, p= 0.747). We found significant species-specific differences in the PC1 and PC2 scores, 

confirming species-specific flight strength and reaction types in response to acoustic 

stimuli (Figs. 4e-f). While the whole population of all tested moth species covers a large 

range in PC1 and PC2 scores, each species only clusters within a smaller range of PC1 and 

PC2 scores, respectively (Fig. 4e-f, compare ‘all’ versus each species). The PC1 score 

captures the species-specific median and variation in flight strength observed before. For 

example, N. fimbriata, having high and constant flight strength, also has high PC1 scores 

with little variation. H. armigera, having intermediate flight strength with high variation, 

also has intermediate PC1 scores with high variation; and H. adaucta has both low flight 

strength and low PC1 scores. The PC2 score captures the species-specific reaction type, 

i.e., the change in flight strength over time as observed before. For example, H. armigera 

and N. fimbriata have fairly constant flight strength over time, and correspondingly have 

PC2 scores close to Zero. Correspondingly, positive (X. c-nigrum, N. janthe) and negative 

(H. adaucta, N. comes) PC2 scores capture increasing and decreasing flight strength over 

time, respectively. 

In addition to the 90 active moths that were flying at stimulus onset, we also tested 

70 non-active moths that were motionless at stimulus onset (Fig. S2, S3). Despite the very 

different initial state of the moths (flying vs. non-flying), we can see similar behavioural 

changes. Particularly for N. janthe, most of the 58 non-active individuals started to fly after 

stimulus onset, matching the increased flight strength observed in active moths. 

 

Discussion 

Using standardized measures in a novel flight recorder, we show for the first time species-

specific reactions in eared moths in response to the same bat-like sounds, and thus inter-

species differences in evasive flight strategies within a sympatric moth community. These 

clear species-specific reactions are particularly remarkable given our rather simple 

measured variable and the artificial tethered flight which likely affects their sensorimotor 

feedback loop and limits the moths’ sensory input (e.g., lacking airflow and self-motion) 

and their flight behaviour [171]. Although free-flight experiments will be required to link 

vertical flight strength in tethered flight to actual three-dimensional flight trajectories, 
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free-flight studies showed a clear change of kinematic parameters during last-ditch 

evasive flight [29, 163]. Our observations are further supported because the reaction of a 

given species was independent of whether individuals were flying or not at stimulus onset. 

This suggests that last-ditch evasive flight is to some extent hardwired and can be elicited 

by the appropriate acoustic input. In addition, however, a substantial amount of variation 

in flight strength also existed between individuals in some species. Whether some moths 

furthermore show variation within individuals between subsequent executions of evasive 

flight is yet unknown. In summary, our data supports the hypothesis of escape-tactic 

diversity in moths, by showing that an echolocating bat preying on a multi-species prey 

community with prey-species-specific differences in evasive flight faces larger variation 

and unpredictability than would be generated by any single species. Species-specific 

differences in evasive flight within prey communities thus likely provide increased 

protection against predators for each individual in the community, particularly if the 

predator does not discriminate between prey species. In this case, it is not even necessary 

that prey individuals form actual groups of multiple individuals that the predator 

encounters simultaneously. It is sufficient that different species, which are attacked but 

not discriminated by the same predator, react in different ways to prevent the predator 

from predicting the type of evasive action for each independent attack. As we caught all 

moths in the same field site, a predatory bat has a high likelihood of encountering different 

species while hunting in this habitat. Though likely, our experiments have not directly 

tested whether the increased escape-tactic diversity has negative on bats’ hunting success. 

Behavioural tests quantifying bats’ capture success when preying on single and many prey 

species are needed to fully confirm the escape-tactic diversity hypothesis.  

Our data of seven moth species suggest two key components of last-ditch evasive 

flight: overall flight strength and temporal reaction type, with each species showing its 

unique combination and therefore filling its own niche in the full space of potential evasive 

strategies. We could only test a large number of individuals in three species (Noctua 

fimbriata, Helicoverpa armigera, Noctua janthe). Even though all three belong to the family 

Noctuidae, they exhibited different strategies for evasive flight. N. fimbriata flew 

continuously and strong without intraspecific variation and no temporal change in 

response to acoustic stimulation. Similarly, H. armigera flew continuously with 

intermediate flight strength and no temporal change in response to acoustic stimulation, 

yet showed strong intra-specific variation. N. janthe also flew with intermediate flight 

strength with intra-specific variation, yet all individuals increased their flight strength 
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after acoustic stimulation. What might our observations in the flight recorder mean under 

real world free-flight conditions? Of the three species with high sample size, N. janthe was 

the only one with a clear change in flight strength with stimulus onset. It increased its 

flight strength after stimulus onset and reached maximum flight strength within 200-

300 ms after stimulus onset, corresponding to 8-12 pulses of our acoustic pulse train. 

Arguably, this increase in flight strength corresponds to a certain kind of last-ditch flight 

behaviour under natural free-flight conditions. H. armigera did not change its flight 

strengths, yet showed a high variability in flight strength between individuals. This inter-

individual variability might relate to a generally variable flight behaviour between 

individuals that could already function as a general anti-predator strategy. N. fimbriata 

showed the strongest and the most uniform flight strength of all tested species, without a 

reaction to the acoustic stimulus. The high flight strength of this species might indicate 

that it is a fast flyer and thus difficult to catch. This is supported by the large size of N. 

fimbriata (749.9 ± 53. mm2, mean±std), which is positively correlated with acceleration in 

Lepidoptera [161]. The remaining moth species with lower sample size showed further 

variation in general flight strength and its temporal pattern, suggesting that they exhibit 

different flight trajectories in response to acoustic stimulation. For example, Noctua comes 

showed increasing and decreasing flight strength, which might correlate with acceleration 

and subsequence deceleration. Heliothis adaucta reduced flight strength, which might 

represent a type of (power) dive in response to an attacking bat. As N. fimbriata and H. 

armigera did not change their flight strength in response to our stimulus, consisting of 

35 kHz pure tones at 80 dB SPL RMS, it is possible that our stimulus was inaudible for 

those species, or audible yet too faint to trigger evasive flight or to be perceived as 

sufficiently high predation risk. Although neuronal audiograms of multiple species 

suggest that our stimulus is above the threshold of the A2-cell of moths [28, 93, 94, 165], 

little is known about how neuronal activity translates into evasive flight. Behavioural 

thresholds are generally higher than neuronal thresholds, although the exact differences 

and potential variation between species are mostly unknown (for discussion, see [172]). 

Variation in the translation from neuronal activity to evasive flight might even add 

additional unpredictability to the evasive flight of moths. Lastly, additional anti-predator 

strategies could reduce the need for evasive flight. Although we caught all moths in the 

same open-field habitat, moths might still possess species-specific differences in flight 

behaviour. For example, flying closer to the ground or vegetation could be a potential anti-
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predator strategy, as close-by background structures impairs bats’ capture success due to 

sensory and motor constraints [173].  

Although size affects flight capabilities, we did not detect an effect of size on flight 

strength (PC1) or main temporal reaction type (PC2). While a direct influence of size on 

temporal reaction type is not obvious, we would have expected to find a positive 

correlation between moth size and flight strength. The lack of this correlation might be 

due to the small number of individuals for some species, or too few species tested 

altogether; or it might be a true effect. The lack of this correlation might have been driven 

by the benefits of increased unpredictability, reducing size-dependent constraints on flight 

strength. 

 

Conclusions 

Our data provide novel insights into the function and evolution of defensive strategies in 

mixed-species prey communities. We show that a basic measure, such as vertical flight 

strength, can reveal both stereotypy and variability in escape strategies within and 

between species. We show that evasive flight in moths is more variable on the community 

level than within any single species, supporting the escape-tactic diversity hypothesis for 

eared moths. The inter-specific variability adds to the total unpredictability of evasive 

flight that a predator experiences, and suggests an emergent benefit of multiple prey 

species overlapping in time and space. This benefit could contribute to stabilizing mixed-

species communities by counteracting negative effects such as resource competition.  
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Appendix 

Table S1: Sample sizes of moths used for behavioural tests and surface area 
measurements. For behavioural test data splits into individuals that were active or not active 
before the stimulus onset. Single individuals that did not fulfil criteria for active or non-active were 
excluded. Wing surface area measurements were taken from individuals that were used in 
behavioural tests, but also from additional individuals. Numbers for active and non-active indicate 
number of individuals with individual size measurements, for the active and non-active dataset 
respectively. All other individuals were assigned with the species-specific mean of size 
measurement. 

 

 

  

active non-active excluded total tested active non-active measured and tested total measured

Hada 2 0 1 3 2 0 3 3

Harm 33 2 1 36 20 1 21 21

Xcni 4 6 0 10 2 2 4 4

Njan 32 57 2 91 26 45 73 76

Ncom 4 2 1 7 3 1 4 5

Apyr 3 1 0 4 3 1 4 4

Nfim 12 2 1 15 11 1 13 14

90 70 6 166 67 51 122 127

behavioural test surface area measurements
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Table S2: Loadings for all Principle Components for active and non-active moths. Bins from 

1-20 refer to 1 s before to 1 s after the stimulus, stimulus started after bin 10. Absolute in- or decrease 

in between consecutive loadings reflect in- or decrease in flight strength. Missing values indicate 

values below an absolute value of 0.1. Colour-code reaches from dark blue (maximum value) to dark 

red (minimum value). 

 

  

bins PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 PC19 PC20

1 0.19 0.20 0.00 0.29 0.00 0.13 0.00 0.25 0.33 0.33 0.35 0.10 0.19 0.47 0.00 0.00 0.00 0.24 0.26 0.00

2 0.20 0.22 0.00 0.32 0.11 0.00 0.26 0.17 0.13 0.18 -0.17 0.16 -0.39 0.00 -0.20 0.25 0.00 -0.42 -0.37 0.15

3 0.19 0.24 0.00 0.33 0.00 -0.13 0.13 0.00 0.00 0.16 -0.37 -0.14 0.00 -0.47 0.23 -0.27 0.00 0.31 0.32 -0.12

4 0.20 0.24 0.11 0.30 0.14 -0.13 0.00 -0.14 -0.25 -0.51 -0.16 0.12 0.52 0.22 0.12 0.00 0.00 -0.13 0.00 0.10

5 0.20 0.25 0.00 0.26 0.00 0.00 -0.29 -0.39 -0.28 -0.14 0.41 -0.20 -0.47 0.11 -0.14 -0.13 0.00 0.00 0.00 0.00

6 0.19 0.22 0.00 0.00 -0.11 0.00 -0.39 0.16 0.18 0.00 0.22 0.00 0.39 -0.40 -0.20 0.00 0.00 0.00 -0.32 -0.42

7 0.20 0.23 0.00 -0.20 -0.15 0.00 -0.48 0.00 0.12 0.00 -0.11 -0.17 0.00 0.00 0.00 0.19 -0.14 -0.10 0.23 0.65

8 0.19 0.24 0.00 -0.37 0.00 0.00 -0.26 0.13 0.00 -0.15 -0.39 0.40 -0.26 0.32 0.00 -0.14 0.17 0.15 0.00 -0.29

9 0.19 0.26 0.00 -0.49 0.31 -0.20 0.38 0.36 -0.16 -0.15 0.38 -0.17 0.00 -0.11 0.00 0.00 0.00 0.00 0.00 0.00

10 0.20 0.24 0.00 -0.34 0.00 0.00 0.16 -0.58 -0.13 0.55 -0.12 0.00 0.21 0.00 0.00 0.16 0.00 0.00 0.00 0.00

11 0.21 0.14 -0.18 -0.10 -0.47 0.46 0.40 -0.17 0.25 -0.30 0.00 0.00 0.00 0.00 -0.15 -0.28 0.00 0.00 0.00 0.00

12 0.25 0.00 -0.46 0.00 -0.44 0.00 0.00 0.15 -0.39 0.00 0.00 0.00 0.00 0.00 0.33 0.42 0.12 0.00 0.00 -0.10

13 0.26 -0.18 -0.44 0.00 0.00 -0.23 -0.11 0.11 -0.18 0.25 0.00 0.10 0.12 0.15 -0.13 -0.61 -0.16 -0.22 0.00 0.17

14 0.25 -0.20 -0.36 0.00 0.24 -0.24 0.00 0.00 0.28 -0.16 -0.22 -0.38 0.00 0.10 -0.40 0.28 0.00 0.29 0.00 0.00

15 0.25 -0.21 -0.19 0.00 0.35 0.00 0.00 -0.28 0.33 -0.12 0.15 0.18 0.00 -0.24 0.36 0.00 0.29 -0.36 0.26 0.00

16 0.25 -0.22 0.00 0.00 0.33 0.42 0.00 0.00 0.00 0.00 0.00 0.23 0.00 0.00 0.12 0.00 -0.50 0.38 -0.28 0.13

17 0.25 -0.24 0.22 0.00 0.10 0.44 0.00 0.19 -0.42 0.00 -0.18 0.00 0.00 0.00 -0.37 0.00 0.30 -0.12 0.33 0.00

18 0.25 -0.27 0.29 0.00 0.00 0.00 0.00 0.12 0.00 0.00 0.00 -0.53 0.00 0.20 0.44 -0.16 0.19 0.00 -0.39 0.00

19 0.26 -0.27 0.33 0.00 -0.22 -0.28 0.00 0.00 0.00 0.00 0.00 0.00 -0.13 0.13 0.00 0.15 -0.55 -0.27 0.29 -0.32

20 0.26 -0.25 0.35 0.00 -0.25 -0.33 0.12 -0.13 0.10 0.00 0.13 0.35 0.00 -0.22 -0.19 0.00 0.32 0.31 -0.11 0.31

bins PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 PC19 PC20

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.48 0.27 0.22 0.37 0.42 0.47 0.23 0.00 0.00

2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 -0.60 0.00 0.21 0.00 0.46 -0.16 -0.12 0.12 0.46

3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.00 0.00 -0.27 0.00 -0.55 0.52 -0.14 0.16 0.36

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.27 0.41 0.14 0.58 -0.19 -0.33 -0.40 -0.24 0.10 0.17

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.24 -0.16 0.00 0.11 0.00 -0.23 -0.19 0.83 0.31 -0.13

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.28 -0.15 -0.49 0.38 -0.22 0.12 0.34 -0.20 0.00 -0.54

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.36 0.38 -0.43 -0.41 -0.38 0.32 -0.21 0.12 -0.15 0.22

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 -0.22 -0.21 0.73 0.00 -0.35 -0.24 0.00 -0.24

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.00 0.62 -0.35 -0.30 0.12 0.00 -0.14 0.25 -0.45

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.30 -0.17 0.22 0.00 0.00 -0.14 0.00 0.17 -0.87 0.00

11 0.00 0.12 0.25 0.00 0.00 0.91 -0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

12 0.17 0.59 0.70 -0.12 0.21 -0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

13 0.30 0.61 -0.33 0.43 -0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

14 0.34 0.25 -0.52 -0.26 0.58 0.00 -0.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 0.36 0.00 0.00 -0.40 0.00 0.26 0.77 -0.14 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

16 0.36 -0.14 0.00 -0.37 -0.41 0.00 -0.18 0.38 0.44 -0.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

17 0.36 -0.19 0.12 -0.26 -0.32 0.00 -0.32 -0.58 -0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

18 0.36 -0.22 0.00 0.18 0.00 0.00 -0.14 0.28 0.20 0.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

19 0.36 -0.22 0.14 0.29 0.13 0.00 0.16 0.47 -0.61 -0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

20 0.36 -0.25 0.11 0.51 0.29 0.00 0.00 -0.45 0.42 -0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ACTIVE

NON ACTIVE
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Figure S1: Wing surface area of all moths with surface area measurements (N=127). We 
assigned the mean wing surface area of each species to those individuals without surface area 
measurements. Boxplots show mean, standard deviation, and minimum/maximum value. Species 
abbreviations: Hada = Heliothis adaucta, Harm = Helicoverpa armigera, Xcni= Xestia c-nigrum, 
Njan = Noctua janthe, Ncom= Noctua comes, Apyr= Amphipyra pyramidea, Nfim = Noctua 
fimbriata. 
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Figure S2: Flight strength per 100 ms bin 
for active moths from 1 s before to 1s 
after stimulus onset for 7 moth species. 
Species are ordered with decreasing surface 
area from top to bottom. Green lines are 
individual data; boxplots show median, 
quartiles, whiskers (up to 1.5 x inter-quartile 
range) and outliers beyond the interquartile 
range. Stimulus presentation is indicated by 
the grey box. Species abbreviations: Hada = 
Heliothis adaucta, Harm = Helicoverpa 
armigera, Xcni= Xestia c-nigrum, Njan = 
Noctua janthe, Ncom= Noctua comes, Apyr= 
Amphipyra pyramidea, Nfim = Noctua 
fimbriata.  
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Figure S3: Principle components of moths that were not flying before stimulus onset 
(“inactive” moths). (a) Percentage of variance explained by the first four principle components. 
(b) PC1 scores as a function of PC2 scores; for species colour code see panels e) and f). (c, d) 
Example flight behaviours for high (red), medium (orange) and low (yellow) values for PC1 and 
PC2. (e, f) PC1 and PC2 scores for each species and for the whole population (“all”), which was 
created by randomly sampling 11 values from each species. Species are ordered with increasing 
wing surface area from left to right. Letters above boxes indicate significant differences in PC-
scores between species (Tukey-post-hoc test); numbers below boxes indicate sample sizes. Arrows 
indicate those data points whose example traces are shown in panels c) and d). Boxplots show 
median, quartiles, and whiskers up to 1.5 x inter-quartile range. 
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Abstract 

Animals constantly gather information using their senses. This sensory information gets 

translated by the sensory organs into neuronal signals, which then get further processed 

in the animal’s nervous system and potentially lead to a behavioural adaptation. As 

evolutionary pressure directly acts upon the behaviour, certain behavioural adaptations 

can reveal the importance of specific parameters of sensory input as well as gain insights 

on the sensorimotor processing. Evolutionary pressure acts especially strong on prey 

animals and their anti-predator behaviour. Here, we studied the anti-predator flight 

behaviour in eared moths in response to changing bat-like acoustic stimulation. To gain 

insights on sensorimotor processing, we compared behavioural responses to the well-

known neuronal responses of the moth’s ear. First, we found that acoustic energy, which 

is integrated over time in the auditory neurons, also shows an integrative pattern on the 

behavioural level. Measured behavioural time constants are only marginal longer than 

already known neuronal time constants. Second, we measured behavioural audiograms 

which revealed that evasive flight is elicited for sounds of received levels that are 

maximally 20 dB above neuronal thresholds. Lastly, we demonstrated, how multisensory 

integration of acoustic stimulation and light reduced the strength of the evasive response. 

In summary, we gained important insights into the transition of neuronal to behavioural 

activity. We could fill some lacks of knowledge in sensorimotor processing in case of an 

anti-predator behaviour and therefore gained a better understanding of how animals 

respond to changes in their environment. 
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Introduction 

All animals use their senses to gather information about their abiotic and biotic 

environment, for example to find mates, roosts and food, or to avoid danger and predation 

[66]. These sensory organs translate physical energy into electrochemical signals, which 

are transmitted via neurons to the central nervous system where they are evaluated, 

potentially leading to a behavioural adaptation [1]. This so-called sensorimotor interaction 

plays a key role in understanding how animals navigate through their environment, what 

guides their decisions and how they might respond to environmental changes. As it is 

challenging to study the sensorimotor processing directly, the behavioural change can be 

taken as an expedient: Natural selection selects adaptive neuronal processing only via 

selecting an adaptive behaviour, which is why we also need to study the animal’s 

behaviour to understand sensorimotor processing [174]. Natural selection can be assumed 

to act particularly upon anti-predator behaviour, as this behaviour is critical for the 

survival of prey animals. Hence, anti-predator behaviour is an excellent example to close 

some of the remaining gaps in the knowledge of sensorimotor processing. These open 

gaps can be tackled from three angles: (i) Studying how temporal integration on the 

neuronal level reflects on the behavioural level, (ii) measuring behavioural thresholds to 

compare them to known neuronal thresholds, (iii) examining the effect of multisensory 

integration on behavioural thresholds. 

The predator-prey interaction between echolocating bats and eared moths is an 

ideal system to study behaviour in the context of sensorimotor processing. On one hand, 

the interaction is mainly based on the transfer of acoustic information, as bats use 

echolocation to orientate and hunt, and the ears of some moth species are sensitive to 

those echolocation calls [175]. Therefore, the acoustic sensory input that triggers anti-

predator behaviour in eared moths can be easily measured and manipulated [93, 100]. Two 

parameters can be considered that reflect the level of predation threat. The first is the 

sound pressure level (SPL) of received echolocation calls, which varies with the distance 

between bat and moth (due to spherical spreading and atmospheric attenuation) [97, 176]. 

Echolocation calls of less dangerous bats in far distance will be received with low sound 

pressure levels, whereas echolocation calls of more dangerous, close by bats will be 

received with high sound pressure levels [97, 177]. The second parameter is the temporal 

pattern of echolocation call emission, as it changes from long calls with long inter-call 

intervals to very short buzz calls with very short inter-call intervals while the bat is 



41 
 

approaching its prey [178] and therefore again might reveal the distance of a bat. Both 

parameters, SPL and temporal pattern, can be used to create artificial stimuli coding for a 

certain level of predation threat.  

On the other hand, the bat-moth interaction is an ideal study system because the neuronal 

response to these acoustic stimuli in the moth’s ear is well-understood. A reason might be 

that moths' ears belong to the simplest ears in the animal kingdom [71]. Previous studies 

have for example revealed that in Noctuid moths, which possess two auditory neurons, 

the sensitivity of these two neurons differs around 20 dB [93, 179–181]. The A1 neuron is 

more sensitive, thus responding to echolocation calls of lower SPL as received from distant 

bats, whereas the A2 neuron is about 20 dB less sensitive than the A1 cell, responding to 

calls of higher SPL as received from close-by bats [100, 182]. In contrast, neuronal 

audiograms confirmed that the frequency tuning of both neurons is similar [89, 101, 106, 

183, 184]. These audiograms showed that neurons in eared moths are most sensitive to 

frequencies between 20 and 55 kHz, but less sensitive to lower and higher frequencies [28, 

28, 93–95]. Also, auditory neurons function as an integrator of acoustic energy, which 

means that the neuronal activity is positively correlated to the total amount of received 

acoustic energy [185]. This effect can be observed when measuring the number of 

neuronal spikes in response to increasing pulse length [86, 88, 90] or increasing SPL [88, 

90, 93]. As a result, a moth ear shows different sensitivities to acoustic signals depending 

on acoustic energy [88, 93]. Experiments with stimuli of different duration and temporal 

pattern also reveal neuronal time constants of 10 and 69 ms [95, 185, 186]. This time 

constant describes the time that neuronal activity needs to reach a pre-defined threshold 

[185]. 

For the reasons above and because moths show this clear anti-predator flight 

behaviour in response to acoustic sensory input, their study helps to link neuronal 

thresholds to behavioural thresholds. For example, it is still unclear if the temporal 

integration of acoustic energy shown on a neuronal level also reflects on a behaviour level. 

It has to be expected that further neuronal processing will result in behavioural onsets to 

be delayed and that the same might be true for behavioural offsets. Measuring a 

behavioural time constant would allow to compare it to time constants measured for 

neuronal onsets. Further, it is unclear how neuronal thresholds are linked to behavioural 

thresholds. Behavioural audiograms of Sphingid and Pyralid moth species have shown 

that behavioural thresholds reveal a similar frequency-dependency as neuronal thresholds 

[62, 106]. However, these behavioural audiograms were only recorded with a single 
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stimulus, not considering the influence of acoustic energy. To understand if and how the 

relationship between neuronal and behavioural thresholds are affected by acoustic energy, 

more behavioural audiograms recorded with stimuli varying in acoustic energy are 

needed. Lastly, it is unknown how processing of one sensory modality, such as sound, is 

influenced by the input of another sensory modality. This so-called multimodal 

integration might be critical when moths are exposed to light, which causes strong 

attraction in moths and therefore alters moths’ evasive flight behaviour [127, 129, 130]. 

Quantifying this alteration and comparing it to evasive flight behaviour elicited by the 

same stimulus without light will allow drawing further conclusions on sensorimotor 

processing.  

Here, we extend classical studies on auditory processing in moth ears to the 

behavioural level, measuring the evasive flight response of Noctua janthe, a species of the 

common family of Noctuidae. This species increases its flight strength in response to 

acoustic stimulation that simulates high predation threat [103]. We use this species-

specific, stereotypic response as a behavioural assay to quantify changes in evasive flight 

in response to different acoustic sensory inputs, changing sound frequencies, intensities, 

temporal pattern, and acoustic energy as well as to additional, visual stimulation with 

light. Our study will thus reveal insights on how neuronal responses are converted into 

behaviour and therefore close some gaps in the knowledge of sensorimotor processing. 

 

Methods 

We conducted two experiments: (A) The temporal integration experiment examined 

temporal integration and the behavioural time constant of evasive flight by measuring the 

strength and duration of evasive flight as a function of increasing stimulus duration. (B) 

The behavioural audiograms examined evasive flight as a function of stimulus frequency, 

amplitude and temporal pattern to investigate the connection from neuronal to 

behavioural activity, and examined as well the effect of multimodal stimulation by 

comparing evasive flight in dark and lit conditions. Both experiments were conducted with 

79 wild-caught, tethered individuals of the eared moth species Noctua janthe (Noctuidae) 

at the Siemers Bat Research Station in Tabachka, Bulgaria, between June 17th and August 

22th 2017.   
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Recording the flight strength of tethered moths 

To quantify the flight strength of flying tethered moths, we used a self-developed flight 

recorder (see Hügel & Goerlitz 2019 [103] and Fig 1A). The flight recorder consisted of two 

small loudspeakers (25 mm nominal diameter; NSW1‐205‐8A, AuraSound, Guangzhou, 

China), from now on referred to as “transducers”, which picked up the vertical movement 

of a flying tethered moth. The membranes of both transducers were connected with a 

light-weight wooden connector. A 1.5 cm long plastic bolt in the centre of the connector 

could hold a metal pin, which in turn was glued to a moth’s scale-free and cleaned thorax. 

The moth’s vertical flight movement was transferred via the metal pin and the wooden 

connector to the membranes of both transducers, thus generating voltage fluctuations that 

were amplified and recorded via a soundcard (192 kHz sampling rate, 16-bit resolution; 

Fireface UC, RME, Haimhausen, Germany; Fig 1A).  

 

Setup and stimuli 

The flight recorder was mounted in the centre of a sound- and echo-attenuated acoustic 

chamber (Desone Modular Akustik, Berlin, Germany, interior volume: 0.96 × 0.96 × 0.77 

m3, also see Fig 1B in Hügel & Goerlitz 2019 [103]). We additionally observed moth flight 

behaviour with two infrared cameras (Flea 3, FLIR Integrated Imaging Solutions, 

Richmond, Canada, with Fujinon HF12.5HA‐1B lenses, Fujifilm, Tokyo, Japan; 850 nm 

infrared illumination, Mini IR Illuminator TV6700, ABUS Security‐Center, Wetter, 

Germany) positioned at 30 cm distance below and in front of the moth. A speaker 

(NeoCD1.0 Ribbon Tweeter, Fountek Electronics, Jiaxing, Zhejiang, China) 33 cm behind 

the moth presented artificial, bat-like stimuli. This speaker was driven by a power 

amplifier (TA‐FE330R, Sony, Tokyo, Japan) connected to the soundcard. The loudspeakers’ 

frequency response was compensated for and the output levels were calibrated at the 

moth's position using a calibrated measuring microphone (40BF, with pre‐amplifier 26AC 

and Power Module 12AA, GRAS Sound & Vibration, Holte, Denmark). We added a small 

microphone right on top of the flight recorder to verify the presented stimuli. 

Temporal integration experiment: We recorded the flight strength of 18 

individuals of Noctua janthe in response to six pulse trains with an increasing number of 

pulses (1, 2, 5, 10, 15 and 20 pulses; Fig 1B). Each pulse had a duration of 5 ms including 

0.5‐ms raised‐cosine ramps, and a frequency of 35 kHz to match moths’ best hearing 

frequency [108, 181, 183, 187, 188]. The pulse interval was 25 ms (40 Hz repetition rate) 

mimicking  the approach phase of bats [189].  The total duration of the  pulse trains thus 
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Figure 2: Methods and stimuli for the temporal integration experiment and the 
measurement of behavioural audiograms. 
(A) Schematics of the flight recorder and example recordings of both transducers. To quantify 
the change in flight strength (deltaFS), we calculated the mean RMS values of both transducers 
during one pre-stimulus window (grey) and multiple post-windows (orange) and subtracted 
them from each other (post - pre). A positive value thus indicates an increase in flight strength 
after acoustic stimulation, while a negative value indicates a decrease. 
(B) Experimental design of the temporal integration experiment: we presented six pulse trains 
consisting of 1 to 20 5-ms long pulses (indicated by black vertical lines, each line one pulse) 
with 25 ms pulse intervals. We quantified the change in flight strength as the difference in flight 
strength between the pre-stimulus window (grey, -250 to -100 ms before stimulus onset) and 
two sets of nine consecutive 100-ms long post-windows (coloured). The two sets of post-
windows were aligned either relative to the onset or offset of the stimulus. To analyse baseline 
fluctuation in flight strength without stimulation, we added one window before stimulus onset 
(-100 to 0 ms before stimulus onset, “A-100”) in the set aligned relative to stimulus onset. 
(C) & (D) Experimental design for the behavioural audiograms. (C) We tested three types of 
stimuli mimicking calls in the search phase (1x23ms) or approach phase (5x5ms and 10x5ms) of 
hunting bats. Stimuli were tested under dark and light conditions (indicated by light bulbs). We 
quantified the change in flight strength as the difference in flight strength between the pre-
stimulus window (grey, -250 to -100 ms before stimulus onset) and one post-stimulus window 
(orange, 100 – 200 ms after stimulus onset, “W100”). (D) Experimental protocol: individuals 
were first tested with a superstimulus and were only used to measure behavioural audiograms 
if they reacted to this stimulus. The presentation of 18 all tested frequencies was split into two 
parts of 9 randomly selected frequencies, flanked by recordings of silence controls. Between 
parts, animals were allowed to rest for several minutes. 
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ranged from 5 ms (1 pulse) to 480 ms (20 pulses). Pulse trains were presented at a sound 

pressure level (SPL) of 80 dB RMS SPL re. 20 µPa at the moth’s position.  

Behavioural audiograms: We measured behavioural audiograms by recording 

the flight strength of 61 individuals of N. janthe in response to three different stimuli. 

Stimuli varied in temporal pattern and total acoustic energy, simulating search and 

approach call sequences of hunting bats (Fig. 1C). The first stimulus was one 23-ms long 

(including 1.5‐ms raised‐cosine ramps) pure tone to simulate one long bat search call [190, 

191]. The other two stimuli simulated approach calls by presenting pulse trains of 5 and 

10 pure tones of 5 ms duration (including 0.5 ms raised‐cosine ramps) at 25 ms pulse 

interval (i.e., as in the temporal integration experiment). All stimuli (1x20ms, 5x5ms, 

10x5ms) were presented at 18 different frequencies (5-90 kHz, in steps of 5 kHz) in random 

order and at 15 increasing sound pressure levels (20-90 dB RMS SPL re. 20 µPa at moth’s 

position, in steps of 5 dB). Additionally, we measured the moths’ response to the 10x5 

stimulus also under lit conditions (141-150 lux, ispot Blade LED Desk Lamp, 6500K 

daylight LED, Brackenheath, Bedfordshire, UK), to test for multimodal effects and the 

influence of light on the evasive flight of moths (Fig. 1C). We presented each of the 61 

individuals with only one of the four treatments, resulting in sample sizes of 10-21 

individuals per treatment.  

 

Experimental protocol 

We collected individuals of Noctua janthe using two light traps (Sylvania blacklight 

F15W/350BL‐T8, Ledvance, Wilmington, USA) between dawn and midnight. We identified 

individuals at the trap, transferred them separately into 50 ml Falcon tubes (Thermo Fisher 

Scientific, Waltham, USA) and tested each individual the same night. To prepare 

individuals for the flight recorder, we fixated them under a soft coarse-meshed grid on a 

piece of foam, carefully removed their thorax scales with a scalpel, and super-glued the 

flat head of a metal pin to the blank thorax. After the glue cured, we inserted the metal 

pin into the flight recorder and started the experiment always following the same protocol. 

All individuals were first exposed to a super-stimulus (pulse train of 120 pure tones of 5 

ms duration including 0.5 ms raised-cosine ramps, 25 ms pulse interval, 80dB RMS SPL, 

35kHz). If moths reacted to this superstimulus (cessation of flight, onset of flight or 

increase or decrease in flight strength), which was decided by visually inspecting the flight 

strength plotted over time, they were used for one of the experiments (either temporal 
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integration or behavioural audiogram). Stimulus presentation and data acquisition by the 

flight recorder and the cameras were controlled with a custom MATLAB code (The 

MathWorks Inc., Natick, USA).  

Temporal integration experiment: We exposed each individual to all 6 stimuli 

(1x, 2x, 5x, 10x, 15x or 20x5 ms, Fig. 1B) in random order. Before starting the stimulus 

presentation, we checked (via the camera feed) whether moths were flying, and if not, we 

either stimulated them by a soft air blast, by opening and closing the door of the acoustic 

chamber, or handing the moth a piece of paper to rest for a view seconds and removing it 

again. When the moth was flying, stimulus presentation was started manually and all six 

stimuli were presented automatically in random order with a delay of 5.5 s between 

stimulus onsets. Each individual was only tested once.  

Behavioural audiograms: We exposed each individual to only one of the four 

stimuli (Fig. 1C), which was then presented at all 18 frequencies and 15 sound pressure 

levels. To avoid exhaustion and habituation of the moths, we split the presented 

frequencies into two parts (Fig. 1D) and allowed the moths to hold onto a piece of paper 

outside the chamber to rest for several minutes between parts. Each part consisted of 9 

randomly chosen frequencies, flanked by a presentation of silence (Fig. 1D). The start of 

the presentation of a single frequency was triggered manually when the moth was flying 

(flight was ensured as described above), while all 15 increasing sound pressure levels 

within that frequency were presented automatically with a delay of 0.5 s between 

consecutive stimulus onsets. When moths stopped flying permanently, we did not 

complete the recording of the remaining frequencies, yet included existing measurements 

in the analysis. 

 

Analysis 

N. janthe increases flight strength after acoustic stimuli that simulate high predation 

pressure by close bats [103]. To quantify the moths’ change in flight behaviour, we 

measured the increase in flight strength by comparing the flight strength before and after 

the stimulus (Fig. 1A).  

Temporal integration experiment: To quantify (the change in) flight strength 

after the start and after the end of acoustic stimulation, we compared the flight strength 

during a 150-ms long reference window shortly before stimulus onset (-250 to -100 ms 

relative to stimulus onset) to the flight strength during multiple consecutive 100-ms long 
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analysis windows during and after acoustic stimulation (Fig. 1B). We used two sets of nine 

analysis-windows, starting either with the onset or the offset of the stimulus, thus 

quantifying (the change in) flight strength over 900 ms following the start and the end of 

a bat-like acoustic signal (windows “A0” – “A800”; Fig. 1B). For some of the analyses, we 

added one preceding analysis window to quantify flight strength before a change in the 

stimulus (-100 to 0 ms before stimulus onset or offset, “A-100”). We defined flight strength 

within the reference and analysis windows as the mean of the logarithmized root mean 

square of the voltage signal of both transducers. We quantified our response variable 

change in flight strength by subtracting the flight strength of the reference-window from 

the flight strength of each analysis-window. A positive value thus indicates an increase in 

flight strength after acoustic stimulation, while a negative value indicates a decrease. We 

only included trials where the moth was flying (both flight strengths in the reference- and 

analysis-windows >= -75 dB RMS full scale), resulting in variable sample sizes per stimulus 

and post-window (Tab. S1).  

Behavioural audiograms: We calculated the change in flight strength as before, 

using the same 150-ms long reference-window and the one analysis-window from 100-

200 ms after stimulus onset (Fig. 1C), as this window resulted in the highest change in 

flight strength in the temporal integration experiment (Fig. 2A). We first calculated the 

change in flight strength for each individual, each frequency and each sound pressure level 

(SPL), and then constructed behavioural audiograms by calculating the mean change in 

flight strength of all individuals per frequency/SPL combination. We only included trials 

where the moth was flying (both flight strengths in the reference- and analysis-windows 

>= 75 dB RMS full scale), resulting in variable sample sizes per stimulus and frequency/SPL 

combination (see Fig. 3, Fig. S1).  

To compare our behavioural audiograms to published neuronal audiograms, we 

estimated the thresholds of the moths’ primary auditory cells (A1 and A2) using our 

moths’ size (Table S2; see supplementary methods for measurement of surface area) and 

the size-correlated neuronal thresholds of 13 moth species (12 Noctuidae, 1 Lymantriidae) 

in response to 20 ms pure-tone stimuli (plus 2 ms ramps; ter Hofstede et al. 2013 [181]). 

First, we calculated the minimum, mean and maximum surface area of our moths (Table 

S2). We then used these values and the regression function between surface area and 

auditory threshold (ter Hofstede et al. 2013 [181]) to calculate the minimum, mean and 

maximum neuronal thresholds of the A1 and A2 cell in the range of 5 - 80 kHz.  
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Due to the large variation of our behavioural data between individuals and stimuli, 

we could not unambiguously define behavioural thresholds, despite testing different 

approaches (sigmoidal fits of mean change in flight strength over SPL for each frequency; 

isolines of mean change in flight strength; binomial fits of number of reacting individuals 

over SPL for each frequency, with reaction defined as change in flight strength above a 

threshold; isolines based on percentage of reacting individuals). As an alternative 

approach, we thus used the mean neuronal threshold of the A2 neuron to separate our 

behavioural data into two parts. We used the A2 neuron, as its threshold is likely similar 

to the threshold of the last-ditch evasive flight [93, 96, 164]. This allowed us to compare 

supposed pre-last-ditch flight behaviour (below A2) to last-ditch flight behaviour (above 

A2) within and between treatments. We only used behavioural data up to 80 kHz, which 

was the highest frequency of the neuronal data.   

 

Statistics 

Temporal integration experiment: To quantify the moths’ evasive flight over 

time after the start and end of acoustic stimulation, we fitted leaky integrator models using 

MATLAB (2018a; The Mathworks, Natick (MA), USA). Specifically, we fitted leaky 

integrator models to the median change in flight strength over time, using y = a * (1 - exp(-

t/τ)) for the onset data, and y = a * exp(-t/τ) + d for the offset data (t: time, y: change in 

flight strength, a, d and τ: fitted parameters, with τ being the time constant of the leaky 

integrator). We fitted these functions to three different data sets: first, to the previously 

described change in flight strength per non-overlapping 100 ms windows (A0 – A800). 

Besides, we used two data sets with a higher temporal resolution, using moving 

100-ms long windows in steps of 10 ms (i.e., overlapping by 90 ms), and moving 50-ms long 

windows in steps of 10 ms (overlapping by 40 ms). As all model fits were very similar, we 

focus on the non-overlapping windows A0-A800 in the main text, and present all results 

as Fig. S3. We assigned the centre of each window as this window’s time point for the fit. 

To fit the behavioural time constant of the onset of evasive flight, we only used windows 

that still started within the duration of the acoustic stimulus (thus not fitting models for 

1x5 ms for all data sets and 2x5 ms for the non-overlapping data sets due to insufficient 

data). To fit the time constant of the decay of evasive flight, we used all windows from 0 

to 900 ms after the end of the stimulus. 
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Behavioural audiograms: To analyse the behavioural audiograms, we fitted 

linear models using R (R version 3.6.1, R Foundation for Statistical Computing, Vienna, 

Austria; RStudio, version 1.2.1335, RStudio Inc.), using change in flight strength (numerical) 

as the response variable. To achieve better model fits, we transformed change in flight 

strength with the inverse hyperbolic sine transformation. Change in flight strength was 

fitted as a function of stimulus type (categorical), the A2-threshold-index indicating if a 

certain frequency/SPL combination was above or below the neuronal A2-threshold 

(logical), as well as the interaction of stimulus and A2-threshold-index. We fitted this model 

twice, once for all three stimuli presented in the dark (factor stimulus type with three 

levels, corresponding to the three acoustic stimuli), and once for the long approach 

stimulus (10x5) presented in the dark and in light (factor stimulus type with two levels: 

dark and light). For all models, we tested for the significance of factors using F-tests (anova 

function) and AIC-comparison, and conducted backwards model reduction [192] if a factor 

did not contribute significantly to the model fit (p>0.05; lower AIC of the model without 

factor). For multiple comparisons of fixed effects with more than two levels, we performed 

simultaneous tests with Tukey's contrasts using the package “emmeans” [193]. 

Further R-packages used for analysis and data management were the package collection 

“tidyverse” [194] including “dplyr”. Packages used for plotting were “ggplot2” [195], 

“grid” [196], “gridExtra” [197], “ggforce” [198], “scales” [199], and ”RColorBrewer” [200]. 

All MATLAB- and R-scripts including model diagnostics are published as supplementary 

information.  

 

Results 

Temporal integration experiment 

To investigate behavioural temporal integration in the evasive flight of moths, we exposed 

18 individuals of Noctua janthe to pulse trains with an increasing number of pulses and 

therefore increasing amount of acoustic energy. The moths’ evasive flight behaviour 

tightly followed the temporal pattern of the acoustic stimulus, showing an increase in 

flight strength already in the first 100 ms after stimulus onset and reaching its maximum 

after 300 ms (Fig. 2A). Flight strength remained high throughout the stimulus (Fig. 2A) and 

decreased again immediately after stimulus offset, showing a similarly fast response as 

after onset within 100-300 ms. (Fig. 2B).  
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The leaky integrator model suggests a rather fast onset of evasive flight after an 

acoustic stimulus with a time constant of probably below 100 ms (Fig. 2A, see Fig. S3 for 

other analysis windows and Tab. S3 for adjusted R2 of model fits). The 1x5 and 2x5 stimuli 

were too short to result in a sensible fit. The three stimuli with 5, 15 and 20 sound pulses 

result in time constants of 49-72 ms, while only the 10x5 stimulus suggests a higher time 

constant of 118 ms. Across all fits, the median behavioural time constant was 73.8 ms 

Figure 2: Measured change in flight strength over time and fitted leaky integrator model 
after onset (A) and offset (B) of the stimulus, and for increasing number of pure tones 
(left to right). Coloured boxplots (showing median, quartiles, and whiskers up to 1.5×interquartile 
range of the data) show the measured flight strength for one preceding analysis window (A-100) 
and non-overlapping 100-ms long windows (A0 – A800), starting either directly after stimulus 
onset (A) or directly after stimulus offset (B). Circles show underlying raw data. Black lines show 
the fitted leaky integrator model; values at the bottom of each panel report the models’ time 
constant τ (see Fig. S3 for further model fits). Stimulus duration (in A) is indicated by grey boxes. 
Please note that the y-axis is restricted for clarity; see Fig. S2 for a version showing all raw data. 
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(quartiles 50.8 – 106.5 ms). In contrast, all fits of the leaky integrator model to the change 

in flight strength after stimulus offset showed that moths stop their evasive flight slower 

than they started it, having a median behavioural time constant across all models of 

389.3 ms (quartiles 122 – 636 ms). 

Interestingly, the increase in flight strength after sound onset was strongest for the 

four shorter stimuli, reaching up to +6 dB for the 10x5 stimulus (230 ms duration). 

Likewise, the change in flight strength in response to the longer stimuli also reached 

maximum values between 200-250 ms, yet stays high for the duration of the stimulus and 

then decreased again after stimulus offset, suggesting that continued acoustic stimulation 

(beyond ~250 ms) might not lead to a further increase in flight strength.  

 

Behavioural audiograms 

To investigate the connection from neuronal to behavioural activity, we measured 

behavioural audiograms of 51 individuals of N. janthe in response to three acoustic stimuli 

varying in frequency, acoustic energy and temporal pattern. We additionally measured 

behavioural audiogram of 10 further individuals in response to one of the stimuli (10x5) 

under lit conditions, to investigate the multimodal effect of light on the evasive flight.  

Qualitatively, all four behavioural audiograms showed a similar general pattern (Fig. 3): 

moths did not react to sound pressure levels below approximately 70 dB SPL RMS re. 

20 µPa, where the change in flight strength is close to zero (see the whitish colours 

between light blue to light orange in Fig. 3). In contrast, moths increased their flight 

strength in response to louder sounds with sound pressure levels above 75-80 dB SPL 

(orange-red area in Fig. 3). In addition, the moths’ response varied with frequency, 

showing the clearest response between approximately 20 to 75-85 kHz, with the best 

threshold of around 70 dB SPL RMS for frequencies between 20-40 kHz. Furthermore, the 

moths’ response also appeared to vary with stimulus type. Estimated based on the size, 

shape and saturation of the reddish areas, moths flying in darkness reacted most to the 

long approach phase stimulus (10x5), followed by the short approach phase stimulus (5x5) 

and then the search phase stimulus (1x23). Under lit conditions, the moths’ reaction 

appears weaker than in darkness in response to the same long approach phase stimulus 

(10x5).  
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Despite those general patterns, there was still considerable noise in the mean 

behavioural audiograms (e.g., the change in flight strength does not uniformly 

continuously increase with frequency), likely caused by the large variation between the 

behavioural audiograms of single individuals. Due to this large variation, we could not 

define unequivocal behavioural thresholds for all frequencies and stimuli, despite multiple 

tested methods. Instead, we used the neuronal threshold of the less-sensitive A2-cell to 

separate our behavioural data into two parts (above and below A2-threshold). 

Qualitatively, the neuronal audiogram of A2 fits rather well to the separation between the 

Figure 3: Mean behavioural audiograms for four different acoustic-visual stimuli, 
showing the mean change in flight strength for all tested individuals per frequency and 
sound pressure level. (A-C) Acoustic stimulation only, using one 23-ms long pulse (1x23), five 
5-ms long pulses (5x5), and ten 5-ms long pulses (10x5), all tested in darkness. (D) Combined 
acoustic (10x5 ms) and visual (141-150 lux) stimulation. Black lines show the estimated neuronal 
threshold for the A1 and A2 auditory cells calculated for the mean (solid) and the minimum and 
maximum (dotted) surface area of Noctua janthe. The total number of tested individuals per 
behavioural audiogram is given at the top right of each panel, but the actual sample size per data 
point can be smaller (Fig. S1). 
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lower lightly coloured areas and the upper orange-red areas of the behavioural 

audiograms (Fig. 3). Indeed, the mean change in flight strength below the A2-threshold is 

close to Zero, while it is significantly larger in response to sounds above A2-threshold for 

all four presented stimuli (Fig. 4, compare blue to orange data; F-test for factor A2 

threshold-index for the three dark treatments: χ² = 599.2, d.f. = 1, p < 0.001, and for 

comparing dark vs light for the 10x5ms stimulus: χ² = 250.9, d.f. = 1, p < 0.001; for results 

of post-hoc comparison see Tab. S4 and Tab. S6). In darkness, the moths reacted more 

strongly to longer stimuli, showing higher flight strength above A2 neuronal threshold 

for the two approach phase stimuli (5x5 ms and 10x5 ms) than for the search phase 

stimulus (1x23 ms; F-test for factor stimulus for the three dark treatments: χ² = 22.1, d.f. = 

2, p = < 0.001; for results of post-hoc comparison see Tab. S5). Under lit conditions, the 

moths’ response to the same long approach stimulus (10x5 ms) was weaker than in 

darkness (F-test for factor light comparing dark vs light for the 10x5ms stimulus: χ² = 40.7, 

d.f. = 1, p < 0.001; Tab. S7).  

 

 
Figure 4: Change in flight strength for acoustic stimuli with sound pressure levels below 
(blue) and above (red) the neuronal threshold of the A2 cell, as a function of stimulus 
type and light condition. Note that the y-axis is transformed for better visualization using the 
inverse hyperbolic sine transformation. Raw data was taken from all measurements from 5-80 kHz, 
sample sizes are shown below. Boxplots show median, quartiles, and whiskers up to 1.5×inter-
quartile range, plus mean (black circle). Asterisks indicate significance (*: p<0.5, **: p<0.1, ***: 
p<0.01). 
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Discussion 

To better understand how neuronal responses are converted into executed behaviours of 

animals, we studied the evasive flight in an eared moth species Noctua janthe. Stimuli with 

varying acoustic energy and temporal patterns are known to elicit different neuronal 

responses, which is why we tested such stimuli on their effect on timing, thresholds, and 

intensity of evasive flight behaviour in eared moths. To investigate potential multimodal 

integration, we additionally exposed Noctua janthe to light and measured the change in 

behavioural outcome.  

The moth’s ear is an energy integrator, meaning that the auditory neurons’ activity 

(in the form of neuronal spikes) increases with increasing acoustic energy [185, 186]. Here, 

we showed that also the moths’ behavioural flight reaction increases with increasing 

integrated acoustic energy, yet with a slightly longer time constant. Our behavioural 

median time constants showed a length of around 73 ms, whereas neuronal time constants, 

measured in two Noctuid species, showed a length of 10 and 69 ms [88, 95, 186], 

Consequently, further neuronal processes introduce a delay of some milliseconds from 

neuronal to behavioural saturation. The measured behavioural time constant is in line 

with an observed increase in flight strength over the first 100-200ms. The full amplitude 

of flight strength lasts for the duration of the acoustic stimulus (Fig. 2A). A flight response 

in moths is dependent on ongoing sensory input, as with the offset of the stimulus, flight 

strength immediately decreases again (Fig. 2B). This consistent result across individuals is 

especially interesting in reference to studies of motor-neuron activity. Auditory neurons 

fire consistently for the duration of acoustic stimulation [95], yet further neuronal 

processing at the level of motor neurons reveals variation. Acoustic stimulation of a 

Noctuid moth with a fixed pulse train showed varying responses on the level of motor 

neurons: they either increased activity for the duration of the stimulus or reacted with a 

persistent decrease with the onset of the stimulus [96]. Our behavioural data shows that 

this variability is not reflected in the evasive flight behaviour, as moths showed uniform 

reaction towards our acoustic stimuli. In general, being able to adjust evasive flight to the 

input of sensory information and therefore actual predation threat, moths potentially save 

time and energy which can be used for other activities like foraging and mating [201–204]. 

Furthermore, the dynamic adaptation to stimulus input might reduce risks coming along 

with conducting evasive flight [205]. This is in contrast to fixed action patterns, which are 

observed in the evasive and anti-predator behaviour across fish [206, 207], molluscs [208], 
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and crustacea [209]. Once these patterns are elicited, they are hard-wired in sequence and 

duration, no further stimulus input is needed.  

Behavioural audiograms (BAs) revealed consistency between neuronal and 

behavioural thresholds for acoustic stimuli. The behavioural threshold of changing flight 

strength matched neuronal threshold of the A2-neurons. However, we do not know 

whether our measure of increased flight strength corresponds to the flight behaviour 

shown during negative phonotaxis or last-ditch behaviour. Further, the flight behaviour 

seen in our experiments could have been triggered by the activity of the A1 cell [101], A2 

cell [100, 179], or a combination of both [210]. Thus, our results do not allow us to address 

the source of threshold differences between neuronal and specific behavioural data. 

However, our data does show that the frequency tuning of evasive behaviour roughly 

matches the frequency tuning of auditory neurons, with a maximal difference of about 20 

dB between the threshold of evasive flight and the underlying neuronal activity. 

As a bat approaches its prey during an attack, the parameters of its echolocation 

calls, like call duration and repetition rate, change drastically. Behaviourally we found that 

moths react differently towards a set of stimuli varying in duration and repetition rate 

(Fig. 4). Moths reacted more strongly to short and long rapid sequences of approach-like 

calls (5x5 and 10x5 ms) compared to a single search call stimulus (1x23 ms). Indeed, this 

might reflect the higher necessity to perform evasive flight, when a bat has already 

detected and approached the moth. However, which acoustic parameter reveals predation 

threat to the moth? Search and short approach phase stimuli contained a very similar 

amount of acoustic energy due to their similar durations (23 ms vs. 25 ms respectively). 

The moths' reaction however was significantly stronger in response to the short approach 

phase stimulus. On the other hand, duration and therefore approximately also acoustic 

energy is doubling from the short to the long approach phase stimulus (25 ms vs. 50 ms 

respectively), yet the intensity of reaction stays the same. Hence, acoustic energy by its 

own is not sufficient to code for predation threat, and temporal pattern of the stimulus 

seems crucial as well. This is in line with observations on the neuronal level. Even though 

it has been shown, that the sensitivity of auditory neurons increases with increasing pulse 

duration [95], the repetition rate also alters neuronal sensitivity, with best hearing 

thresholds for repetition rates around 10-40Hz [86, 91]. Our approach stimuli have a 

repetition rate of 40 Hz, therefore are within this “high sensitivity” repetition rate, which 

explains why there was a stronger reaction towards the 5x5 stimulus compared to the 1x23 

stimulus despite similar acoustic energy. The similarity in evasive flight reaction towards 
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5x5 and 10x5 might be explained by the behavioural time constant of around 73 ms. When 

this duration of about 73 ms is reached after the stimulus onset, the moth’s system will 

not incorporate further acoustic energy, therefore only marginal further increase in flight 

strength is expected, as already suggested by the integration data. 

Light suppressed the moths’ evasive flight reaction to an acoustic stimulus, but it 

also altered the moths’ flight behaviour before acoustic stimulation reached evasive flight 

thresholds. A decrease in evasive flight response is supported by previous studies, which 

reported a reduction in anti-predator flight in moths when exposed to artificial light 

sources at night [129, 130, 211–213]. However, our data reveal important insights on the 

effect of light on moths as light also altered “normal flight behaviour”, which had not been 

quantified so far. Even though it is not clear why moths are attracted to light, one 

explanation is that they use the light of the moon for orientation [128]). Considering that 

typical lunar illuminance is around 0.05 to 0.1 lux [214], our presented light stimulus of 

around 150 lux represented a superstimulus for the moth’s visual system, which might 

explain the general and clear effect. Suppression effects on the evasive flight in moths 

have also been found in studies of multisensory integration of acoustic and olfactory 

stimuli in the form of sex-pheromones. Even in this example moths are less likely to elicit 

evasive flight manoeuvres when exposed to high-quality sex-pheromones, promising a 

potential mate [215–217]. Both examples show the weighted integration of two sensory 

modalities, yet in the case of artificial light, we have to be aware that it exceeds natural 

light levels up to a thousandfold and therefore drastically shifts the balance in this 

multimodal integration. 

In summary, we gained insights on the temporal pattern of behavioural on- and 

offsets as well as the frequency tuning of anti-predator behaviour in moths. Acoustic 

energy, duration, frequency and SPL, as well as artificial light influences the threshold, 

duration and amplitude of evasive flight and therefore, shows that evasive flight behaviour 

in moths is not hardwired. Most important, comparing those results with known activity 

pattern of auditory neurons could close some gaps in the knowledge of the conversion 

from neuronal to behavioural activity. We could show that temporal integration can be 

also found in moths’ behaviour, yet with slightly longer time constants, and that evasive 

flight is elicited for sounds of the received level that are maximally 20 dB above neuronal 

thresholds. With that, we contributed to a better understanding of sensorimotor 

processing in eared moths, a relevant step in understanding how animals process sensory 

information of their changing environment. 
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Appendix 

Surface area measurement and estimation of neuronal thresholds 

We measured the surface area of 76 individuals of Noctua janthe (Table S1, column „size“), 

of which 62 individuals (69%) were also used for the temporal integration experiment or 

for measurements of behavioural audiograms (see Table S1, marked in green). Individuals 

were deep-frozen for at least 24 hours and then fixed on a sheet of squared paper with 

completely spread wings to ensure maximum surface area. Photos were taken from a fixed 

distance and the surface area was measured using Image J (National Institute of Health, 

Bethesda, USA). We converted the photographs into 8-bit black-and-white-images, 

manually adjusting the threshold using the threshold tool to detect the moths outline. We 

used the automatic outline detection to detect the moth’s outline and then calculated the 

area within the outline. 

Surface area ranged from a minimum of 410 mm² to a maximum of 697 mm², with a mean 

surface area of 545 mm². For all three values (minimum, mean, maximum) and for all 

frequencies between 5 and 80 kHz (in steps of 5 kHz), we calculated the neuronal threshold 

of the A2-cell by using linear regression functions between neuronal threshold and log10 

(surface area) established by ter Hofstede et al. 2013. 

 

Table S1: Sample sizes for the temporal integration experiment per stimulus type and 
post-window. For the final analysis, we only used flying individuals (flight strength in the pre- 
and post-window both >= -75 dB RMS full scale). Therefore, sample sizes for each stimulus/post-
window combination varied between 10-17 individuals.  
 

stimulus reference A-100 A0 A100 A200 A300 A400 A500 A600 A700 A800 

1x5 

Onset 

16 17 17 17 17 16 15 15 14 14 

2x5 16 16 16 16 16 16 15 13 13 13 

5x5 14 14 14 14 14 14 14 13 13 13 

10x5 14 14 14 14 14 14 14 14 14 13 

15x5 17 17 17 17 16 16 16 16 15 14 

20x5 15 15 15 15 15 14 14 14 14 13 

1x5 

Offset 

 17 17 17 16 15 15 14 14 13 

2x5  16 16 16 16 14 13 13 13 13 

5x5  14 14 14 14 13 13 13 13 12 

10x5  14 14 14 14 14 13 13 13 13 

15x5  16 16 15 15 14 14 13 13 13 

20x5  14 14 13 12 11 10 10 10 10 
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Table S2: Individuals used for the temporal integration experiment, behavioural 
audiograms and/or measurements of surface area. The table shows individual ID, date of 
capture and experiment, type of test (either temporal integration experiment or behavioural 
audiogram) and measured surface area (if measured). Individuals marked in grey were included in 
the final dataset of the behavioural measurements. Unmarked individuals were excluded because 
they either did not pass the pre-test with the superstimulus or because of technical issues (e.g. 
wrong light settings). However, some of these individuals were still used for the measurement of 
surface area. 
 

ID date test Surface area (mm2) 

068 11/07/2017 BA 1x23 436 

069 11/07/2017 BA 1x23 457 

070 11/07/2017 BA 1x23 601 

071 11/07/2017 BA 1x23 607 

072 11/07/2017 BA 1x23 628 

073 13/07/2017 BA 1x23 541 

074 13/07/2017 BA 1x23 620 

075 13/07/2017 BA 1x23 
 

076 15/07/2017 BA 1x23 580 

077 18/07/2017 BA 1x23 469 

078 18/07/2017 BA 1x23 
 

079 18/07/2017 BA 1x23 
 

080 18/07/2017 BA 1x23 436 

081 18/07/2017 BA 1x23 
 

082 19/07/2017 BA 1x23 429 

083 19/07/2017 BA 1x23 
 

084 19/07/2017 BA 1x23 
 

085 20/07/2017 BA 1x23 503 

086 20/07/2017 BA 1x23 642 

087 20/07/2017 BA 1x23 649 

088 21/07/2017 BA 1x23 496 

089 21/07/2017 BA 1x23 467 

090 21/07/2017 BA 1x23 492 

026 24/06/2017 BA 10x5 623 

027 24/06/2017 BA 10x5 658 

028 24/06/2017 BA 10x5 666 

031 27/06/2017 BA 10x5 
 

032 28/06/2017 BA 10x5 682 

033 28/06/2017 BA 10x5 520 

034 28/06/2017 BA 10x5 572 

035 29/06/2017 BA 10x5 495 

036 29/06/2017 BA 10x5 654 

037 29/06/2017 BA 10x5 557 

038 29/06/2017 BA 10x5 582 

039 29/06/2017 BA 10x5 500 

040 29/06/2017 BA 10x5 580 
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ID (cont.) date (cont.) test (cont.) Surface area (mm2) (cont.) 

041 29/06/2017 BA 10x5 607 

043 29/06/2017 BA 10x5 497 

047 01/07/2017 BA 10x5+light 487 

049 04/07/2017 BA 10x5+light 696 

051 05/07/2017 BA 10x5+light 475 

052 05/07/2017 BA 10x5+light 665 

053 05/07/2017 BA 10x5+light 499 

054 05/07/2017 BA 10x5+light 575 

055 08/07/2017 BA 10x5+light 495 

056 09/07/2017 BA 10x5+light 609 

057 09/07/2017 BA 10x5+light 604 

058 09/07/2017 BA 10x5+light 620 

059 09/07/2017 BA 10x5+light 
 

060 10/07/2017 BA 10x5+light 549 

061 10/07/2017 BA 10x5+light 579 

062 10/07/2017 BA 10x5+light 605 

063 10/07/2017 BA 10x5+light 548 

064 10/07/2017 BA 10x5+light 515 

065 10/07/2017 BA 10x5+light 671 

066 10/07/2017 BA 10x5+light 489 

067 10/07/2017 BA 10x5+light 
 

001 20/06/2017 BA 5x5 
 

004 20/06/2017 BA 5x5 
 

005 20/06/2017 BA 5x5 
 

006 20/06/2017 BA 5x5 
 

008 20/06/2017 BA 5x5 
 

009 21/06/2017 BA 5x5 
 

010 21/06/2017 BA 5x5 
 

011 21/06/2017 BA 5x5 
 

012 21/06/2017 BA 5x5 
 

014 21/06/2017 BA 5x5 
 

016 22/06/2017 BA 5x5 
 

017 22/06/2017 BA 5x5 
 

019 22/06/2017 BA 5x5 
 

020 23/06/2017 BA 5x5 505 

021 23/06/2017 BA 5x5 465 

024 23/06/2017 BA 5x5 549 

025 23/06/2017 BA 5x5 600 

091 22/07/2017 BA 5x5 630 

092 22/07/2017 BA 5x5 551 

093 22/07/2017 BA 5x5 584 

094 22/07/2017 BA 5x5 
 

095 22/07/2017 BA 5x5 
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ID (cont.) date (cont.) test (cont.) Surface area (mm2) (cont.) 

096 22/07/2017 BA 5x5 
 

097 23/07/2017 integration 469 

098 23/07/2017 integration 568 

099 27/07/2017 integration 
 

100 27/07/2017 integration 506 

101 31/07/2017 integration 557 

102 01/08/2017 integration 438 

103 08/08/2017 integration 487 

104 09/08/2017 integration 436 

105 09/08/2017 integration 494 

106 09/08/2017 integration 495 

107 10/08/2017 integration 601 

108 10/08/2017 integration 435 

109 15/08/2017 integration 434 

110 15/08/2017 integration 466 

111 16/08/2017 integration 494 

112 18/08/2017 integration 435 

113 18/08/2017 integration 409 

114 18/08/2017 integration 459 

022 23/06/2017 
 

553 

042 29/06/2017 
 

612 

048 04/07/2017 
 

563 

050 04/07/2017 
 

626 
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Table S3: R2 for leaky integrator model fits. R2 are shown for each time reference, type 
of analysis window, and type of stimulus. 

reference analysis window stimulus Tau (ms) Rsquare adjusted 

ONSET A0 – A800 5x5 49 NaN 

10x5 118 0.97 

15x5 56 0.90 

20x5 72 0.80 

moving, 100 ms 2x5 74 0.91 

5x5 48 0.97 

10x5 120 0.79 

15x5 46 0.54 

20x5 57 0.43 

moving, 50 ms 2x5 10246 0.77 

5x5 95 0.93 

10x5 150 0.90 

15x5 60 0.73 

20x5 68 0.69 

OFFSET A0 – A800 1x5 382 0.79 

2x5 1398 0.94 

5x5 191 0.97 

10x5 135 0.92 

15x5 83 0.47 

20x5 147 0.89 

moving, 100 ms 1x5 349 0.88 

2x5 784 0.96 

5x5 189 0.97 

10x5 129 0.89 

15x5 80 0.50 

20x5 131 0.88 

moving, 50 ms 1x5 426 0.80 

2x5 1267 0.93 

5x5 202 0.96 

10x5 147 0.92 

15x5 94 0.62 

20x5 134 0.87 
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Tables S4 – S7: Results of post-hoc comparisons for the behavioural audiograms, always 
reporting the comparison (contrast), estimates, standard error (SE), degrees of freedom (df), t-ratio 
and p-value for a significance level of 0.95. Note: contrasts are on inverse hyperbolic sine 
transformation scale. 
 

Table S4: Results of post-hoc test comparing above A2 area (yes(1) /no(0)) per stimulus. 
Dataset was limited to dark light conditions. 

contrast estimate SE df t.ratio p.value 

stimulus = 1x20ms:      
0 - 1 -0.475 0.0651 7785 -7.301 <.0001 

stimulus = 5x5ms:      
0 - 1 -0.791 0.0535 7758 -14.767 <.0001 

stimulus = 10x5ms:      
0 - 1 -0.756 0.0620 7758 -12.190 <.0001 

 

Table S5: Results of post-hoc test comparing stimulus per area (above A2 area: yes(1) 
/no(0)). Dataset was limited to dark light conditions. 

contrast estimate SE df t.ratio p.value 

thres_cutA2 = 0:      
1x20ms - 5x5ms -0.0608 0.0375 7758 -1.619 0.2378 

1x20ms - 10x5ms -0.0420 0.0405 7758 -1.037 0.5535 

5x5ms - 10x5ms 0.0187 0.0371 7758 0.504 0.8694 

thres_cutA2 = 1:      
1x20ms - 5x5ms -0.3761 0.0754 7758 -4.985 <.0001 

1x20ms - 10x5ms -0.3232 0.0803 7758 -4.027 <.0001 

5x5ms - 10x5ms 0.0529 0.0731 7758 0.724 0.7492 

 

Table S6: Results of post-hoc test comparing above A2 area (yes(1) /no(0)) per light 
condition. Dataset was limited to 10x5ms stimulus. 

contrast estimate SE df t.ratio p.value 

light = off:      
0 - 1 -0.756 0.0606 3729 -12.474 <.0001 

light = on:      
0 - 1 -0.447 0.0801 3729 -5.585 <.0001 

 

Table S7: Results of post-hoc test comparing light setting per area (above A2 area: yes(1) 
/no(0)). Dataset was limited to 10x5ms stimulus. 

contrast estimate SE df t.ratio p.value 

thres_cutA2 = 0:      
off - on 0.144 0.0449 3729 3.200 0.0014 

thres_cutA2 = 1:      
off - on 0.453 0.0898 3729 5.041 <.0001 
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Figure S1: Sample sizes (number of individuals) for each combination of sound frequency 
and sound pressure level for the behavioural audiograms. Sample sizes differ because some 
individuals stopped flying before the presentation of all sound pressure levels of one frequency 
and/or all frequencies could be finished. We only included individuals for analysis which were 
active (flight strength in the pre- and post-window both >= -75 dB RMS full scale).   
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Figure S2: Measured change in flight strength over time after onset (A) and offset (B) of 
the stimulus, and for increasing number of pure tones (left to right). Coloured boxplots 
(showing median, quartiles, and whiskers up to 1.5×interquartile range) show the measured flight 
strength for consecutive 100-ms long windows, starting either directly after stimulus onset (A) or 
directly after stimulus offset (B). Circles show underlying raw data. Stimulus duration (in A) is 
indicated by grey boxes. 
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Figure S3: Measured change in flight strength over time and fitted leaky integrator 
models after onset (A) and offset (B) of the stimulus and for increasing number of pure 
tones (left to right). Colours indicate three different types of analysis windows: 100-ms block 
windows (black, same as for Fig. 2), moving window of 100 ms length and 90 ms overlap (red), 
moving window of 50 ms length and 40 ms overlap (purple). Circles show underlying raw data, 
lines show fitted leaky integrator models. The coloured numbers report the behavioural time 
constants τ per model fit and stimulus. Stimulus duration (in A) is indicated by grey boxes. The 
2x5 stimulus (onset) is likely too short to result in a sensible fit, rendering those long time constants 
not meaningful. 
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Abstract 

Urbanization exposes wild animals to increased light. Nocturnal animals in particular are 

affected by artificial light. Under its influence, the balance of predator-prey interactions 

may shift. In the interaction between echolocating bats and eared moths, bats often benefit 

from the effects of light because moths exposed to light resort less often to last-ditch 

manoeuvres in response to attacking nearby bats. To what extent increased light affects 

moths’ ability to engage in negative phonotaxis, a response to distant bats, is unknown. 

To quantify the overall effect of light on both last-ditch manoeuvres and negative 

phonotaxis, we counted the moths caught by two light traps over several nights. Traps 

were alternately equipped with speakers playing back ultrasonic simulations of hunting 

bats. The playback did not affect moth counts, indicating that light not only reduces the 

last-ditch manoeuvres of moths but also influences whether moths rely on negative 

phonotaxis. However, low statistical power due to unexpected high fluctuation in the 

number of moths does not allow final conclusions. Nevertheless, our study indicates the 

negative effect of light on different aspects of anti-predator behaviour in moths and 

highlights the need for future research to uncover the mechanism(s) underlying these 

behavioural changes. 
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Introduction 

One-fifth of the world’s human population can no longer see the Milky Way [218], because 

of the substantial increase of artificial light at night over the last decades [114, 115]. Plants 

and animals are also known to be adversely affected by light pollution [219–221]. Light 

pollution not only impacts a single species’ orientation, reproduction or communication 

[219], it also affects whole communities, for example, by shifting the balance of trophic 

interactions such as predator-prey interactions [222–227].  

Echolocating bats preying upon eared moths represent a global predator-prey 

system with important ecological impacts [228–231]. Bats and moths are primarily 

nocturnal and rely strongly on their sense of hearing to communicate, orientate, hunt or 

defend themselves. Bats echolocate to search for food [167, 232]. Eared moths are able to 

hear those echolocation calls and to respond with a two-staged anti-predator flight 

behaviour [58, 70]. During stage one, moths respond with negative phonotaxis, i.e. they 

fly away from the calling bat. Negative phonotaxis occurs when the bat is still far away 

and helps the moth avoid detection. During stage two, moths engage in last-ditch evasive 

behaviours such as attempting erratic manoeuvres or diving toward the ground. Last-ditch 

manoeuvres, which occur when the bat is nearby, enable the moth to avoid being captured 

by the bat. Whether negative phonotaxis or last-ditch manoeuvres are triggered depends 

on the acoustic properties of the bat's echolocation call as received at the moth’s ear [58, 

100]. The probably most important of these properties is received sound pressure level 

(SPL) [61, 93, 100], as received SPL of distant bats is fainter than that of nearby bats due to 

spherical spreading and atmospheric attenuation [176]. In addition, call length and call 

repetition rate are also important [93, 106]. All of these properties provide information 

about the bat’s distance and behaviour [167].  

Despite their predominantly acoustic interaction, both bats and moths are also 

strongly affected by artificially introduced light sources. While some bats may profit from 

artificial light because they are able to exploit the resulting accumulation of prey animals 

[233, 234], other species are negatively affected because they are unable to commute 

without interruption to new habitats [124–126]. Generally, all moths are negatively 

affected by light. Light strongly attracts moths, reducing the time they spend feeding [235, 

236] and interrupting their commuting behaviour [127]. Among the ecological 

consequences is reduced pollination [237] and population decline [235, 238]. Light also 

increases moths’ predation risk in two ways. First, because the accumulation of moths 
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around lights attracts bats, the predation pressure on moths increases [233, 234]. Second, 

light impedes moths' anti-predator flight behaviour. Several studies compared the sound-

triggered anti-predator flights of moths under lit and unlit conditions, and reported that 

light reduces anti-predator flight behaviours. Wakefield et al. [129], who studied last-ditch 

manoeuvres, showed that only 24% of moths performed power-dives under LED 

illumination compared to 60% of moths in the dark; that is, LED-illumination inhibited 

last-ditch manoeuvres in 60% of the moths that reacted in darkness. Similarly, Svensson & 

Rydell [130] reported a reduction of ~60% in mostly last-ditch evasive behaviours in moths 

attempting to escape from bats within a radius of 1 meter around the light source 

compared to in moths in the dark (where all moths reacted). Minnaar et al. [212] reported 

the most extreme effect: while bat diet (as proxy for moth capture rate) in unlit conditions 

was best explained by a model that included anti-predator behaviour, bat diet in lit 

conditions was best explained by a model that included 100% reduction in anti-predator 

flight behaviour.  

In another set of studies [211, 239, 240], light exposure was kept constant while the 

sound received by the moth was manipulated. Those results showed that moths still 

exhibited some degree of anti-predator flight under illumination. Acharya & Fenton [211] 

compared last-ditch manoeuvres in eared and deafened moths under illumination, 

showing that 48% of eared moths exhibited last-ditch manoeuvres when preyed on by bats, 

whereas deafened moths did not. Agee & Webb [239] and Treat [240] compared the 

number of caught moths at light traps with and without ultrasonic stimuli. In both studies, 

capture rates at light traps with ultrasound playback were lower than capture rates at 

silent light traps; differences depended on stimulus design and moth family. Across 

different stimulus types, capture rates at light traps with ultrasound were reduced by 51-

86 percentage points compared to capture rates at silent traps in a Noctuid species 

(Heliothis zea, [239]), and by 8-49 percentage points for different eared moth families (with 

minimum sample sizes of 37 individuals in total [240]).  

In summary, while the first set of studies shows that light suppresses the sound-

triggered anti-predator flight of moths (ranging from 60-100 percentage points 

suppression), the second set of studies shows that sound can still trigger anti-predator 

flight even in the light (ranging from 8-86 percentage points). Therefore, how and to what 

extent light suppresses anti-predator flight in moths is unclear. Importantly, however, in 

most of the studies, only last-ditch manoeuvres are reported [129, 130]. Even in the studies 

of Treat [240] and Agee & Webb [239], where the stimuli may have elicited both stages of 
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evasive flight, last-ditch manoeuvres likely dominated the outcome due to the study. As 

both studies used directional light- and sound sources, it is likely that the moths that were 

attracted to the light were always exposed to such high sound pressure levels that last-

ditch manoeuvres were elicited. Only Minnaar et al. [212] investigated both stages of 

evasive flight, albeit indirectly. They observed the diet of naturally foraging bats under lit 

and dark conditions, suggesting that light under more naturalistic conditions may 

completely suppress anti-predator flight throughout all moth populations. Yet, no direct 

quantification of the overall effect of light on both stages of the anti-predator flight in 

moths has been made. Here, we designed an experiment to investigate the effects of light 

on both stages of evasive flight, negative phonotaxis and last-ditch manoeuvres. Like Agee 

& Webb and Treat [239, 240], we compared moth captures at two light traps, and then 

simulated bat predation via alternating ultrasonic playback at one of the traps. We 

combined an omnidirectional light field that would attract moths equally with a 

directional sound field. Therefore, sound intensities around the light trap varied and 

triggered either last-ditch manoeuvres (high on-axis SPL) or negative phonotaxis (low off-

axis SPL) in proximity to the trap. 

  We predicted three different outcomes, depending on the effect of light on the two 

stages of moths’ anti-predator flight: (1) No moth captures at the ultrasonic light trap, 

indicating that both stages of sound-elicited anti-predator flight behaviour are functional 

and neither stage is suppressed by light. (2) Reduced moth capture rates at the ultrasonic 

light trap, indicating that light partly suppresses sound-elicited anti-predator flight 

behaviour. (3) Equal captures at both light traps, indicating that light completely 

suppresses both stages of sound-elicited antipredator flight. 

 

Methods 

Setup, study site, moth capture and measurement 

We compared the number of caught moths between two light traps, one of which had been 

additionally equipped with a loudspeaker, to examine the effect of light on the evasive 

flight behaviours of eared moths. We set up two equal-intensity light traps (Sylvania, 

blacklight, F15W/350BL-T8, USA, Fig. 1A) at 30 m distance to each other; one was situated 

at a path in a forest (trap A) and one was in the forest itself (trap B), close to the Max 

Planck Institute for Ornithology, Seewiesen, Germany. Both traps hung freely at ~1.7 m 

above ground, radiating light at 360° in the horizontal plane (Fig. 1A). In 2018, we collected 
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data over 15 rainless nights between July 19 and August 16. The number of nights for data 

collection was based on the number of nights sampled in Agee & Webb and Treat (6 nights 

and 2-12 nights, respectively [239, 240]). Each test night, we equipped one or the other of 

the two traps with two loudspeakers (Ultrasonic Dynamic Speaker ScanSpeak, Avisoft 

Bioacoustics, Glienicke, Germany); both broadcasting an ultrasonic stimulus (see below) 

to simulate echolocating bats. Both speakers were fixed back to back facing in opposite 

directions and were mounted above one of the light traps at ~2 m above ground. Thus, 

each trap was associated for 7-8 nights with the sound of predating bats. In the evening 

(between 20:30h and 23:40h), we turned on the light of the traps and the acoustic playback, 

and the next morning (between 7:00h and 9:40h), we turned off the light and the playback. 

Every morning we emptied the traps and counted all moths from the three ear-possessing 

families Noctuidae, Geometridae and Erebidae. We measured individuals’ body lengths 

along the middorsal line (from the head to the end of the abdomen), to correct for the fact 

that larger moths tend to be more sensitive to sound than smaller moths [181, 241]. For 

Figure 1: Experimental setup. (A) The photo shows one of the light traps with two loudspeakers 
attached above the trap, both of which broadcast the acoustic stimulus in opposite directions. (B) 
Side view of the biologically relevant sound field around the light trap with attached loudspeakers. 
Coloured areas indicate areas with minimum sound pressure levels of 60 and 80 dB SPL re. 20 μPa, 
which are biologically relevant acoustic thresholds for eliciting negative phonotaxis and last-ditch 
manoeuvres, respectively, in eared moths. Schematic indicates position and dimension of the light 
trap. (C) Top view of the biologically relevant sound field (coloured areas) and light field (dashed 
lines). Dashed lines indicate the distance over which 5% of released noctuid (10 m) and geometrid 
(23 m) moths are recaptured at the light trap, respectively (51), as an indicator of the maximum 
range of light attraction. 
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statistical analysis, we assigned individuals to one of six categories, covering sizes from 1 

to 3.9 cm in bins of 0.5 cm (for details, see R-script in Supplemental Information, SI). For 

those individuals whose body length we could not measure (e.g., due to a missing 

abdomen, N = 137, 15.5%), we used either the mean value of the same species or, if this 

was not possible (N = 1), the mean value of the family.  

 

Ultrasonic playback stimulus design and evaluation 

We simulated the predation pressure that echolocating bats represent by playing an 

ultrasonic stimulus consisting of repeated pure tones. The stimulus was designed based 

on the acoustic properties of bat echolocation calls (call frequency, duration, and interval) 

and the hearing system of moths. Pulse frequency was 35 kHz to match most moths’ best 

hearing threshold between 20-50 kHz (Noctuidae: [181, 187]; Erebidae: [188]; Pyralidae: 

[106]; Geometridae: [108, 183]; Sphingidae/Drepanidae: [187]). Pulse duration was 10 ms 

including 2 ms linear rise and fall time, which corresponds to the longer calls of European 

open space bats [168, 242] and according to which we hoped to optimize detection by 

moths and information transfer about bat distance [93]. The interpulse interval was 100 

ms, matching the call interval of bats’ echolocation calls in their search phase (60 - 200 ms, 

[168, 243]). On-axis sound pressure level (SPL) was 98 dB SPL re. 20 µPa RMS at 1 m 

distance (see below for a detailed description of the sound field). This stimulus was 

presented continuously in a loop throughout the night via the loudspeakers using Avisoft-

RECORDER software (Avisoft Bioacoustics), a sound card (Avisoft UltraSoundGate 116, 

Avisoft Bioacoustics) and a laptop computer. 

To validate the effect of the stimulus in the dark, without the potentially 

suppressing influence of light, we exposed free-flying moths in a dark flight room (5.3 m 

x 3.5 x 3 m3) to the stimulus. We caught moths at trap A over the course of four nights 

and tested them within 30 hours after capture. We placed moths on the ground of the 

flight room and recorded the flight paths of upward-flying moths with an IR-sensitive 

camera (Sony HDR-CX560, Sony, Tokio, Japan) under IR illumination (850 nm, Mini IR 

Illuminator TV6700, ABUS Security-Center, Wetter, Germany). Using the same audio 

equipment as described above, we presented the stimulus by manually triggering it when 

a moth flew in front of the speaker. The moth’s distance to the speaker at stimulus onset 

was about 1-2 m. We categorized the recorded flight paths as “reaction” when the flight 

direction, level of erraticness or both changed with the stimulus onset (for examples, see 

video in SI); as “no reaction” when we did not observe those changes; or as “ambiguous” 
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when we could not assign the flight path to one of the other categories. In total, of the 32 

flight paths we evaluated, ten moths (31.2 %) showed a reaction, twelve moths (37.5%) did 

not show a reaction, and eleven moths (34.3%) were categorized as “ambiguous”. 

 

Overlap of sound and light field 

The range and geometry of the presented sound and light fields differed. While the light 

was emitted omnidirectionally in the horizontal plane, the sound field was directional 

(Fig. 1). We estimated the biologically relevant range for attracting moths by light and the 

biologically relevant sound fields for triggering moths’ evasive flight based on literature 

values and our own measurements.  

Light traps can attract released moths from up to 80 m, yet recapture dramatically 

decrease beyond 15 m, and additionally depended on family [160, 244]. Family-specific 

models estimated 5%-recapture rate to be 10 ± 6 m (mean ± SEM) for Noctuidae and 23 ± 

12 m for Geometridae [244]. Note, however, that these data were obtained with a different 

light source than ours (6W actinic vs. 15W blacklight in our case), and that the radius of 

attraction to light is not necessarily equivalent to the radius over which light interferes 

with anti-predator behaviour. Yet, we used these family-specific values as first estimates 

of the biologically relevant distances beyond which moths would not be attracted to our 

light trap (Fig. 1B, dashed lines). 

To estimate the effect of the playback, we measured the playback level of the 

loudspeaker from 0° on-axis to 90° off-axis in steps of 5° (for details about calculations, see 

SI). The on-axis source level was 97 dB SPL re. 20 µPa RMS @ 1 m distance, i.e., within the 

lower range of natural bat call levels in the field (100-120 dB peSPL @ 1 m [243], with 

corresponding RMS-SPL values being ~3-7 dB lower than the peSPL values [172, 245]). 

With increasing off-axis angle, playback source level was reduced by up to ~30 dB at 45°, 

resulting in a minimum playback level of 70 dB SPL RMS @ 1m. We then calculated the 

distance to the loudspeaker at which the playback would reach biologically relevant levels 

of 60 and 80 dB SPL RMS as a function of angle around the loudspeaker. We chose 60 and 

80 dB SPL as approximate thresholds for eliciting negative phonotaxis and last-ditch 

manoeuvres, respectively, based on several lines of evidence. The triggering of negative 

phonotaxis and last-ditch manoeuvres in moths is thought to be correlated with the 

activity of moths’ auditory receptor neurons, A1 and A2 [93, 96, 164]. The neuronal 

thresholds of these neurons vary with frequency and species [93–96, 165, 181], with A1 
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being generally about 20 dB more sensitive than A2 [96, 97, 181]. The best thresholds of 

A1 range from ~35-55 dB SPL at the position of the moth, and the best thresholds of A2 

range from ~52-72 dB SPL [70, 93–96, 181]. Behavioural thresholds in moths are often 

unknown, but those that are known tend to be ~10 dB higher than neuronal thresholds 

(reviewed in [172]). Indeed, our own data indicate that sound pulses of ~80 dB SPL elicit 

last-ditch manoeuvres [103], which is 8-28 dB above known A2 thresholds [70, 93–96, 181]. 

We thus defined 80 dB SPL as threshold which securely elicits last-ditch manoeuvres. As 

no behavioural data exist for the threshold of negative phonotaxis, we chose 60 dB SPL, 

which is 20 dB below our threshold for last-ditch manoeuvres and matches the difference 

between the A1 and A2 thresholds. We calculated the distance-isolines for 60 and 80 dB 

SPLs; these varied with the angle around the loudspeaker, ranging from 3.6 to14.6 m and 

0 to 5.6 m, respectively (Fig. 1B). 

 

Statistical analysis 

To test for an effect of light on the moths’ negative phonotaxis, we fitted linear mixed-

effects models to the moth count data as a function of the fixed effects playback, trap, moth 

family, and moth body length, the random factor date (to account for repeated measures), 

and the interactions of playback and moth family, and playback and moth body length. We 

modelled error distribution using a negative binomial distribution and tested for 

overdispersion using the “DHARMa” package [246]. We defined the moth family 

Noctuidae as intercept, as it had the largest sample size and thus was the most reliable 

reference. To test which factors significantly contributed to the model fit, we conducted 

backwards model reduction [192]. Hence, the full model was successively reduced, by 

stepwise removing covariates, starting wit the covariate with the highest p-value of t-

statistics provided by the model summary. We compared nested models with likelihood 

ratio tests (type I) using a chi-squared statistic to find the minimal adequate model. All 

statistical analyses were conducted in R version 3.3.2 (R Foundation for Statistical 

Computing, Vienna, Austria) using the packages “lme4”[247], “lmerTest”[248], “MASS” 

[249], and “blmeco” [250]. For further details, see R-script included in SI.  

 

Results 

We caught a total of 878 moths over 15 nights (Fig. 2). The minimal adequate model 

included playback, family and size as fixed factors and date as a random factor. Capture 
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success varied among moth families (likelihood ratio test for factor family, χ² = 59.43, d.f. 

= 2, p < 0.001). Most of the counted moths (80.6 %) belonged to the family Noctuidae; the 

remaining 19.4 % was composed of Geometridae (11.3%) and Erebidae (8.1%). We caught 

more small than large moths (likelihood ratio test for factor size, χ² = 89.76, d.f. = 5, 

p < 0.001). Although total capture rates seemed to differ between traps (total capture of 

506 (trap A) vs. 365 (trap B) moths), trap was not a significant factor of the minimal 

adequate model (likelihood ratio test, χ² = 2.46, d.f. = 1, p = 0.116). That is, the capture rates 

per night did not significantly differ between the traps (Fig. 2A). 

The number of caught moths was similar on nights with and without playback for 

both traps (Fig. 2A), that is, our playback treatment had no detectable effect on the number 

of caught moths (likelihood ratio test of factor playback, χ² = 2.44, d.f. = 1, p = 0.118). The 

number of caught moths fluctuated strongly between nights (7-116 moths per trap and 

night), which might be one reason for the low power of our dataset (~38%, see R-script in 

SI for more information). We did not detect an interaction between moth size and playback 

and between moth family and playback (likelihood ratio tests, χ² = 4.54, d.f. = 3, p = 0.208 

and χ² = 0.38, d.f. = 2, p = 0.826, respectively), that is, moths of different sizes and families 

did not react differently to the playback. This missing interaction is likely due to playback 

not being a significant factor of the minimal adequate model.  

 

 

Figure 2: Number of caught moths per night and per playback treatment. (A) Number of 
caught moths at both light traps, with and without playback. Boxplots show median, quartiles and 
whiskers (up to 1.5 x inter-quartile range) of the daily counts (dots). (B) Daily counts of caught 
moths per night and per trap for all 15 nights. White letters at the base of the bars indicate the 
trap. 
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Discussion 

Echolocating bats and eared insects offer a textbook example of predator-prey 

interactions, which is based on acoustic information [70]. Increasing light pollution [114, 

115], however, severely impacts both bats and moths (e.g. [124, 234, 236], and has 

potentially cascading effects on their predator-prey-interactions, population dynamics 

and ecosystems [212, 226]. Light reduces the acoustically triggered last-ditch manoeuvres 

in eared moths, which in turn makes them more vulnerable to nearby predating bats. It is 

less clear, however, whether light also reduces the ability of eared moths to perform 

negative phonotaxis, a behaviour that serves as the moths’ first line of defence against 

distant echolocating bats. To better understand how artificial light at night affects the 

eared moths’ overall ability to avoid predators, we compared moth captures at two light 

traps. One trap was silent, while the other trap broadcast bat-like ultrasonic stimuli that 

triggered last-ditch manoeuvres as well as negative phonotaxis under dark conditions. The 

number of caught moths did not significantly differ between traps, yet statistical power 

was not sufficient to draw final conclusions, further tests are necessary. Current results 

suggest that the playback did not repel the moths, hinting that light suppressed both anti-

predator behaviours, negative phonotaxis and last-ditch manoeuvres.  

In contrast to our results, both Treat [240] and Agee & Webb [239] observed 

reduced moth capture rates at the ultrasonic trap, showing that sound repelled eared 

moths. Differences in stimulus design and habituation effects of the moths are in our 

opinion insufficient to explain the variation in capture rates. Treat [240] and Agee & Webb 

[239] broadcast a variety of different stimuli varying in pulse rate, frequency, pulse 

duration, and SPLs (ranges: pulse rate: 0.7-155 pulses/s; frequency: 12.5-200 kHz; pulse 

duration: 2-10 ms; SPL: ~60-100 dB SPL @ 1 m distance), all of which elicited varying 

degrees of evasive flight in eared moths. The acoustic properties of our stimulus were 

within this range and did elicit evasive flight under dark control conditions, but did not 

elicit evasive flight under lit conditions. Habituation to the ultrasound could have affected 

individuals that flew close to the light traps for extended time periods. It is more likely, 

however, that most caught individuals randomly encountered and approached the traps 

over larger distances and thus did not perceive our presented stimulus continuously. 

Likewise, Agee & Webb [239] also presented their ultrasonic stimuli over the course of a 

whole night and found that ultrasonic playbacks repelled the moths.  
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We suggest that major differences in the geometry and overlap of light- and sound-

fields explain these contrasting results. In the setups of Treat [240] and Agee & Webb 

[239], sound and light fields almost overlapped. Before entering the light traps in these 

setups, approaching moths had to pass through high levels of sound pressure; such levels 

likely have been high enough to elicit last-ditch manoeuvres. In both studies, fewer moths 

were caught in the ultrasonic traps compared to the silent traps, suggesting that the 

playback elicited some anti-predator flight (likely last-ditch manoeuvres) under these light 

and sound conditions. Specifically, for stimuli similar to ours, noctuid moths were 

captured at a rate of 35% for a 37.5 kHz pulsed tone stimulus vs. 65% at the silent trap 

[240], while in Agee & Webb [239], the moths were captured at a rate of ~15% for a 30 kHz 

pulsed tone stimulus vs. 85% at the silent trap for two species of the families Noctuidae 

and Pyralidae. In contrast, our setup combined omnidirectional light fields with directional 

sound fields, a design which exposed the moths to different direction-dependent sound 

pressure levels while approaching the light. Moths approaching the trap on-axis were 

exposed first to low SPLs and then to increasingly high SPLs. This spatial pattern of 

increasing SPL was intended to first elicit negative phonotaxis and later last-ditch 

manoeuvres. In contrast, moths approaching the traps off-axis were exposed to low SPLs 

that can elicit only negative phonotaxis. As our capture rates did not differ among the 

light traps -- indicating that the playback had no repelling effect on moth flight -- we 

suggest that the light strongly reduced the negative phonotaxis of eared moths. Even if 

the moths still exhibited some degree of last-ditch manoeuvre close to the trap (as shown 

by Treat and Agee & Webb, [239, 240], these manoeuvres might have brought the moth 

into a position off-axis to the loudspeaker, either to the sides or below, where the SPL is 

lower. From there, no further last-ditch manoeuvres were elicited due to the lower SPL, 

and the light kept attracting the moth into the trap. Our results are in line with those of 

Minnaar et al. [212], who found that a model of escape behaviour in moths assuming 0% 

efficiency best explained bats’ diet under lit conditions. We therefore suggest that light 

suppresses not only last-ditch manoeuvres, as previously shown, but also negative 

phonotaxis. 

In summary, our results are in line with the strong effect of light on eared moths, 

providing an additional explanation for shifts in predator-prey interactions between bats 

and moths [212, 226, 227]. As negative phonotaxis might be suppressed by light, along 

with last-ditch manoeuvres, moths are not only unable to escape nearby predators, but 

would be also unable to avoid them by flying away. Similarly, fish are attracted to lit areas, 
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where they are “trapped” and preyed upon by seals [224] and other fish [251]. Yet, final 

conclusions are not possible due to unexpected high fluctuation in number of moths per 

night and resulting low statistical power. Nevertheless, our results emphasize the need for 

further investigations to understand the mechanism(s) underlying animals’ attraction to 

light and to quantify the effects of light on animals’ behaviour, such as predator avoidance. 

Light pollution is increasing and insect populations are declining. Only by understanding 

the mechanism(s) underlying these issues can we apply efficient conservation measures. 
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Appendix 

Measurements and calculations for the sound fields of 60 and 80 dB SPL RMS 

We measured the emitted sound pressure levels (SPL) at three different distances (1, 2, and 

4 m; twice per distance) and at all angles from 0° (on-axis) to 90° off-axis in steps of 5° 

around the speaker (Fig. S2). Next, we corrected the measurements taken @ 2 and 4 m 

distance for atmospheric attenuation (21.4°C, 42% rel. humidity) and geometric attenuation 

due to spherical spreading and back-calculated them to the SPLs @ 1 m distance. Including 

the original measured values @ 1 m distance, this resulted in 3-6 values for 1m distance 

per angle (missing values due to clipping). We further calculated the mean of all values @ 

1 meter distance per angle to obtain the angle-dependent sound pressure levels. These 

mean values were used as baseline values for further calculations of sound fields (with 

atmospheric attenuation for 21.4°C and 42% rel. humidity and spherical spreading). 

Resulting sound fields can be seen in 1 B & C.  

 

 

Figure S2: Intensity measurements of sound field. Measurements at three distances (1,2 and 
4 m) and angles from 0° to 90° in steps of 5°. Lines show original measurements, once measured 
from 0-90 degrees and once measured from 90-0 degrees. Missing values could not be measured 
due to clipping. Boxplots show the distribution of all back-calculated values plus original values 
@ 1 meter distance with median, quartiles, whiskers (1.5 x inter-quartile range). Black squares 
show means, which are connected by the black line. 
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Chapter 5 - General discussion 

 

My thesis aimed for a better understanding of how sensory input converts to behavioural 

output, using eared moths as a model system. Eared moths are an ideal example to study 

this conversion. They possess simply constructed ears to perceive echolocation calls of 

hunting bats and then show clear behavioural response to it in form of evasive flight 

manoeuvres. I studied the transition from sensory input to behavioural output from three 

different angles: (1) How much does behaviour vary even though sensory input stays the 

same? By exposing seven eared moth-species from one mixed-species group to the same 

bat-like sensory input, I discovered stereotypic but species-specific evasive flight 

behaviours. Thus, we showed that behavioural output can vary tremendously when 

compared between species. (2) How does a change in sensory input relate to behavioural 

output? Here I tested only one moth species, yet I varied the sensory input in regards to 

temporal integration of acoustic energy over time and in regards to frequency and sound 

pressure level to measure behavioural audiograms. Comparing neuronal activity to 

behavioural activity allowed me to draw conclusions of how sensory input influences 

behavioural output. (3) How can additionally sensory input, such as light, alter acoustic-

evoked behaviour? By studying evasive flight with light, once in a very systematic, 

quantitative way and once in a qualitative way, I demonstrated the consequences of light 

exposure on evasive flight but also on moth flight in general. In my discussion, I synthesise 

the most important findings and discuss them in a broader context. I will point out arising 

questions and new directions for future work.   

 

Bat-predation drove the evolution of similar sensorimotor solutions 

in insects 

Sensory Ecology is linking an animal’s sensory perception with the consequent 

behavioural changes. Approaching this idea from the other side, animals‘ behaviour, can 

reveal how animals perceive their environment, but also how this information gets 

processed. Comparing behavioural and neuronal responses to sensory stimulation 

between different species, genus and taxa can foster our understanding of sensorimotor 

processing and can reveal common mechanisms which evolved to solve similar problems 
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and tasks. In this respect, studying insects proved beneficial as they are widespread and 

diverse, and their sensory organs are exceptionally simple. Insects do use various sensory 

modalities to gather information about their environment, yet in the context of predator-

detection, hearing proved to be especially useful for nocturnal insects. Besides moths, 

many families of the order Orthoptera, like bushcrickets, and crickets, but also of the order 

Neuroptera (lacewings) and Dictyoptera (mantis) have the same common predator: bats. 

Hence, these families were also studied in the context of bat-detection [99]. Long before 

the appearance of bats, hearing in all these families evolved for intraspecific 

communication and general predator detection [14, 252, 253]. However, after the 

appearance of bats their ears, like in the case of moths, co-adapted for bat detection [254]. 

The ears of lacewings, for example, provide bat-detecting properties, reflected by bat 

avoidance behaviour when exposed to ultrasonic stimuli [255–257]. The hearing and bat-

avoidance behaviours of bushcrickets [258–260], crickets [261–263] and mantids [264, 265] 

show similar responses and evasive reactions towards acoustic stimulation. Because these 

insect families deal with the same predation pressure as moths do and use hearing for 

predator-detection, evolutionary solutions for bat-detection and predator avoidance can 

be compared on a behavioural and neuronal level across families and orders. Focusing on 

the relationship of neuronal thresholds to behavioural thresholds within the families of 

Orthoptera reveals that behavioural thresholds are always at least 20 dB higher than 

neuronal thresholds [99, 266]. In bushcrickets, depending on species and frequency of 

acoustic input, behavioural thresholds can be even up to 50 dB higher than neuronal 

thresholds [99, 266]. Our observations of Lepidoptera (Chapter 3) are in line with these 

results considering the threshold of the A1 neuron. Miller and Surlykke (2001) discussed 

the hearing co-adapting to bat detection and the ears‘ original function which might have 

„limited“ ideal adaptation as reasons for the mismatch between neuronal and behavioural 

tuning curves in Orthoptera [99]. With moths, which also show the 20 dB difference 

between neuronal and behavioural tuning curves and considering the very high 

evolutionary pressure on all these prey insects, the question arises if the 20dB mismatch 

might be „the ideal“ adaptation already. In other words, it could be adaptive having higher 

behavioural than neuronal thresholds. The fact that prey insects have to trade-off anti-

predator behaviour with life-sustaining activities, such as foraging or mate searching, plus 

the potential negative consequences of erratic flight [205] could foster a rather 

conservative threshold for this behaviour. However, Miller and Surlykke also suggested 

that „undiscovered behaviours to low stimulus intensities may provide additional survival 
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advantage“ [99]. For moths, it is suggested that the more sensitive A1 neuron might trigger 

negative phonotaxis [177]. Yet in principle, we still do not know how and if A1 and A2 

neurons in the moth's ear are connected to different behavioural responses. 

 

The two-staged flight behaviour – a historic, outdated concept? 

When Roeder observed moth flight in the 60ies he found that their evasive behaviour is 

dependent on the context: moths exposed to echolocation calls of low sound pressure level 

(SPL) perform negative phonotaxis, whereas moths exposed to echolocation calls of high 

SPL perform erratic flight [58]. This seventy-year-old result triggered the idea of a two-

staged evasive moth flight behaviour and stimulated supporting research, behaviourally 

and neuronally across moth species but also other insect groups. Matching behavioural 

responses were also found in other moth species [61, 101, 108, 110], but also praying 

mantis show two-staged evasive behaviour too (26). Neuronal support came especially 

from studies measuring neuronal activity in Noctuid moths, which possess two auditory 

neurons. These neurons show different sensitivity towards SPL, with the A1 neuron being 

around 20dB more sensitive than the A2 neuron [96, 97, 181]. Therefore, A1 might trigger 

the far distance response of negative phonotaxis, whereas A2 might trigger the last-ditch 

response to close-by bats [179]. Theoretical models showed that this mechanism would 

lead to appropriate defence reactions in several moths species to several bat species of a 

predator community [267]. All in all, the two-staged concept is a popular hypothesis 

within scientists studying evasive flight in moths, but there are hints that this concept is 

limited for detecting moth's actual natural behaviour.  

Evasive flight in eared moths is rather complex. The level of behavioural variability 

quantified in a random sample of 7 moths reflects this complexity (Chapter 2). Considering 

that there are around 160.000 species of Lepidoptera [268], the complexity can be assumed 

to be much bigger. Even if we assume that all these reactions (observed in Chapter 2) 

categorize as erratic flight, it nevertheless indicates that each moth species has its own 

unique behavioural escape strategy. In this respect, species-specific behaviour is likely also 

reflected on other levels of evasive flight, like behavioural onsets and thresholds, as well 

as general strategies. My experiments of free-flying moths reacting to artificial stimuli 

(unpublished data), underlines this thought: with less behavioural restrictions (compared 

to Chapter 2) complexity of flight manoeuvres in moths even increases. Similar 

observations were also made by others (personal communication). Therefore, the concept 
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of two-stage evasive flight behaviour might reflect the behaviour of some moth species, 

yet need to be considered as an oversimplification for general evasive moth flight.  

Furthermore, the proof of how different neurons are involved in eliciting either one or the 

other type of evasive flight is still missing. Studies, which observed evasive flight in 

tethered moths, were able to define behavioural thresholds and therefore allowed 

comparison to neuronal thresholds of different auditory neurons (Chapter 3) [60, 62, 102, 

105]. Yet these studies are lacking a clear assignment of this behavioural threshold to a 

specific type of evasive flight behaviour. Additionally, two-staged behaviour was also 

observed in Notodontid moths, which only possess one auditory neuron [101] and tests 

with Arctiid moths revealed that second-stage sound production only relies on the activity 

of A1 neuron [210]. Recent research suggests that the A2 activity is needed to elicit erratic 

flight when moths are exposed to short echolocation calls, yet not necessarily when 

exposed to longer calls [93]. Thus, considering the two-staged behaviour to be true for 

some moth species, experiments are needed which directly link neuronal activity to actual 

flight behaviour in moths to unveil the underlying neuronal mechanisms.   

 

Does higher variability in evasive manoeuvres lead to better 

protection against predators? 

The escape-tactic diversity hypothesis (tested in Chapter 2) was first formulated after 

observing a mixed-species group of whiptail lizards in the desert of North America [140]. 

Being exposed to the same stimulus of predation threat, the different lizard species showed 

species-specific evasive behaviours. The authors concluded, that the resulting increase in 

variability, and therefore the increased unpredictability, within the mixed-species group 

will make it harder for a common predator to foresee the evasive path of a lizard within 

that group. Our inter-species comparison of eared moths also revealed higher inter- than 

intra-species variability (Chapter 2). We therefore found support for the escape-tactic 

diversity hypothesis in mixed-species groups of moths. The phenomenon of increased 

variability of evasive behaviour on a group level was also found in a single-species school 

of fish. There, individuals showed stereotypic evasive behaviour, yet variability between 

individuals increased variability within the whole group of fish [269]. All three examples 

indicate, that increased variability on a group level might be a successful mechanism in 

anti-predator behaviour which can be found on different levels and in different taxa. Still, 
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one question stays unsolved: Does higher variability and therefor higher unpredictability 

in escape behaviour indeed increase protection against a predator? Erratic, unpredictable 

behaviour of prey animals was extensively described by Change and Russell, who also 

coined the term „protean“ behaviour based on the Greek good Proteus whose outer 

appearance could be not foreseen due to his ability of shape-shifting [132]. Many further 

descriptions of prey animals displaying „protean“ behaviour followed [133, 134]. The basic 

concept of protean behaviour was its unpredictability, which, similar to the escape-tactic 

diversity hypothesis, is expected to increases the chance of successful escapes for prey 

animals. What is missing is empirical data that supports the effectiveness of 

unpredictability as an anti-predator trait. Only two studies tested it, using humans 

„predating“ artificial prey [135, 136]. „Predators“ hunted less prey displaying protean 

movement compared to prey displaying less erratic movements in one study [135]. The 

other study investigated the underlying behavioural rules a successful erratic prey 

behaviour is built on [136]. Even though these studies gained insights, more empirical data 

is needed to understand the relationship between variability and predation. Data on real 

predator-prey interactions is inevitable.  

But there is another challenge testing if protean or erratic movement increases 

escape chances. Generally, there are two factors entangled within the erratic movement, 

which could explain a successful escape. First, of course, the unpredictability [135, 136] 

which decreases the chance of the predator foreseeing the escape path, but second, a 

higher degree of manoeuvrability of prey animals could simply outperform the predator's 

ability to follow them [145, 270]. Conner and Corcoran conducted a nice study with real 

bat-moth interactions to study parameters of successful escape [29]. By tracking flight 

paths they could analyse flight parameters of attacking bats and escaping moths. Moths 

highest chances of survival was when they outperformed bats and flew into the „safety 

zone“ left or right from the attacking bat [29]. In reality, successful escape is probably 

based on both, unpredictability and higher manoeuvrability, as it can be assumed that 

outperforming a predator in a stereotypic why might lead to adaptations on the predator 

side, yet further studies are needed.   

Both, the lack of proof that unpredictability leads to higher predator protection 

and the interaction between unpredictability and higher manoeuvrability, underlines the 

importance of further investigations. A potential reason why studies with real predator-

prey interactions are lacking might be the overall complexity in real predator-prey 

interactions. To study the underlying parameters of successful evasive behaviour, the 
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complexity of predator-prey interactions needs to be limited. Otherwise, it is not possible 

to control for entangled factors like higher manoeuvrability or unpredictability in prey 

animals. New methods, using artificial prey which is attacked by real predators [271, 272], 

could provide a remedy because artificial prey can be manipulated in its attributes, and 

therefore reveal the relationship between prey properties and predator success.  

 

Animals perceive their environment using several senses 

simultaneously – multimodal integration 

Multimodal integration describes the simultaneous neuronal processing and incorporation 

of two or more sensory inputs in an animal’s nervous system. Most studies focus on the 

processing of a single modality, yet multimodal integration is likely the norm, as animals 

constantly perceive sensory input of several modalities simultaneously [273]. The input 

and processing of several sensory modalities increase the amount of information and 

therefore, especially in the context of predator-detection, increase chances of survival 

[274].  

A special case appears when additional sensory input does not convey additional 

information, yet can also not be avoided. Such input might mask the signal of interest, like 

when insects are exposed to artificial lights. Nocturnal insects exposed to artificial light 

levels, are often attracted to this visual superstimulus and get trapped around the light 

source [127]. As a consequence, they cannot pursue their normal activities which is why 

pollination [221], feeding time [235, 236], mating activity [275], and orientation [127] gets 

hindered by artificial light. Interestingly, even in the case of predator-avoidance, a 

behaviour with direct fitness consequences, light can act as a masking superstimulus. In 

the case of moths, the negative consequences of artificial lights have been reported several 

times (see introduction Chapter 4). I investigated the effect of artificial light on evasive 

flight behaviour in moths on two levels: (a) predator avoidance capability (Chapter 4) and 

(b) quantitative evaluation of the effect of artificial light exposure on the threshold and 

behavioural suppression of evasive flight (Chapter 3). Investigating predator avoidance 

capabilities in moths under the influence of artificial light was scientifically challenging. 

Our experiment was designed based on the experimental design and statistical power of 

former studies [239, 240], yet unexpected fluctuation of the number of moths weakened 

the strength of my statistical analyses. Therefore, no clear conclusion could be drawn from 
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it. In contrast, the results of my quantitative evaluation of behavioural thresholds and 

behavioural strength of evasive flight indicate clear effects of artificial light (Chapter 3). 

First, we could show that artificial light does not shift the thresholds of evasive flight to 

higher or lower sound pressure levels. Second, we demonstrated that artificial light has a 

suppressing effect on evasive flight, which is in line with other studies [129, 130, 212], but 

also and even more interestingly, we found a general effect on flight behaviour. Even 

before acoustic stimuli reached biological relevant sound pressure levels, a moth’s flight 

became more unstable compared to a moth’s flight behaviour in darkness. Consequently, 

to better understand the effect of artificial light on the evasive flight in moths the first step 

should be to study the general effect of artificial light on the flight in moths. Ideally, this 

should happen multidisciplinary, observing neuronal and behavioural reactions, to draw 

the right conclusions and to unveil underlying mechanisms. This will then help to further 

investigate the mechanisms of multimodal integration of visual and acoustic stimuli and 

how they alter the anti-predator behaviour in eared moths.  

 

Conclusion and future outlook 

To understand an animal’s behaviour it is necessary to also understand which information 

triggers the behaviour and how information gets processed. The system of echolocating 

bats and eared moths offers a wonderful opportunity to investigate all those links and 

transitions. Developing and establishing our method recording flight strength to study 

evasive flight in eared moths became a powerful tool in that process. Even though the idea 

of studying and quantifying flight in fixed insects is not new [60, 62, 102, 104, 105], for the 

first time, we demonstrated its suitability in identifying species-specific behaviours. Being 

able to define such „baseline“ behaviours on a species level, established behavioural assays 

for further investigations in sensory processing like I have demonstrated with Noctua 

janthe. This method is very powerful to further investigate behavioural sensitivity towards 

stimuli changes or multimodal tests with, for example, pesticides or pheromones. 

Combined with neurophysiological measurements of single auditory neurons, 

interneuron and motorneurons the method would reveal its full potential unveiling the 

puzzle of sensorimotor control, piece by piece.  
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