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2 

ABSTRACT 11 

Many prey animals form mixed-species groups. Mixed-species groups provide various benefits 12 

ranging increased food intake to increased chance of predator detection. The escape-tactic diversity 13 

hypothesis predicts another benefit. It postulates that the overall unpredictability of evasive movement 14 

is increased if multiple species with different evasive tactics mix, resulting in enhanced predator 15 

protection for the whole group. Echolocating bats and eared moths are a textbook example of predator-16 

prey interactions. Moths exhibit evasive flight with diverse tactics; however, the variability of their 17 

evasive flight within and between species has never been systematically quantified. We therefore 18 

recorded flight strength of eight moth species in response to the same level of simulated bat predation. 19 

We show species-specific and size-independent differences in both overall flight strength and in 20 

change of flight strength over time, confirming the escape-tactic diversity hypothesis for eared moths. 21 

Additionally, we show strong inter-individual differences in evasive flight within some species. This 22 

diversity in escape tactic between eared moths increases the overall unpredictability of their evasive 23 

flight in mixed-species groups, likely providing better protection against predatory bats for the single 24 

individual.  25 

 26 

KEYWORDS 27 
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BACKGROUND  30 

To successfully escape from a predator in a chase, prey animals have two main options: being faster or 31 

being more manoeuvrable [1]. Higher manoeuvrability allows prey to abruptly change its movement 32 

trajectory, making its behaviour variable and unpredictable. Unpredictable, erratic, or “protean” 33 

behaviour is a common escape strategy found in numerous prey taxa [2,3]. In addition to variability 34 

within an individual and a species, interspecific variability in escape behaviour has the potential to add 35 

another level of unpredictability. If multiple species in a prey community vary in the parameters of 36 

their evasive movement, the overall variability and unpredictability would increase and afford even 37 

higher protection against predators for the single individual [4]. Previous studies of prey communities 38 

have shown that different species can use very different anti-predator strategies [5–8], such as shifting 39 

microhabitat versus reducing activity in response to the same predation risk [6]. In addition, prey 40 

could also exhibit inter-specific differences within one specific anti-predator strategy, such as evasive 41 

movement (‘escape-tactic diversity hypothesis’, [4]). One potential explanatory factor for interspecific 42 

differences in evasive behaviour might be interspecific differences in anatomy, such as muscle 43 

volume, weight and size, which are correlated with speed, acceleration and turning performance [9].  44 

Echolocating bats and eared moths are an ideal study system to address this question. Both groups 45 

interact in an evolutionary arms race [10–12]. Many insectivorous bats have a broad diet consisting of 46 

many different species [13–15], which they hunt by echolocation in mid-air [16,17]. Many flying 47 

moths rely on evasive flight to escape echolocating bats. Moth evasive flight involves a two-staged 48 

response towards an attacking bat [8]. For distant bats, moths receive a faint echolocation call and 49 

steer away from the bat to avoid detection. For a close-by bat, moths receive a loud call and elicit last-50 

ditch evasive flight to escape the bat. The last-ditch evasive flight performed by many eared moths 51 

when trying to escape an echolocating bat includes zig-zagging, loops, tight turns, passive dives, and 52 

power dives [18,19]. Despite decades of research, this evasive behaviour was never systematically 53 

quantified and compared on a species level. Several studies observed a “general response” without 54 

going into further descriptions or quantifications of the actual behaviour [20–22], or quantified only 55 

the consequences of anti-predator behaviour [23,24], or lacked species identification or standardized 56 
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conditions [25–28]. Hence, it is unknown if variation in evasive flight occurs within a single 57 

individual, between individuals from the same species, or between different species. 58 

Here, we systematically quantified vertical flight strength of eight species of sympatric eared moths 59 

with different sizes during tethered flight in a flight recorder. We studied size as one explanatory 60 

variable underlying potential species-specific differences in evasive flight, since size is positively 61 

correlated with acceleration in a butterfly [29], and negatively correlated with manoeuvrability in 62 

insects [30]. We use vertical flight strength as proxy for flight speed, which is considered to increase 63 

when moths perform last-ditch evasive flight. All individuals were exposed to the same acoustic 64 

stimulus mimicking an attacking bat, to trigger last-ditch evasive flight. We quantified the inter-65 

individual and inter-specific variability within a single anti-predator-strategy, testing (I) the hypothesis 66 

of escape-tactic diversity in moths, assuming that last-ditch evasive flight varies between individuals 67 

and species within a sympatric moth community, and (II) that moth size is one explaining variables for 68 

this variation. 69 

 70 

 71 

METHODS 72 

 73 

Flight recorder and experimental setup 74 

We developed a flight recorder to quantify moths’ vertical flight strength (figure 1a). The transducer 75 

consisted of two small broadband loudspeakers (25 mm nominal diameter; NSW1-205-8A, 76 

AuraSound, Guangzhou, China), which were connected via a light wooden connector that was glued 77 

onto the loudspeakers’ membranes. A plastic cylinder was centrally fixed to the wooden connector and 78 

served as a holder for an insect pin attached to a moth (see below). Vertical forces generated by the 79 

moth’s flight were transferred via the pin and the wooden connector to the membranes of both 80 

speakers, generating voltage fluctuations that were amplified and recorded via a soundcard (192 kHz 81 

sampling rate, 16 bit resolution; Fireface UC, RME, Haimhausen, Germany). The flight recorder was 82 

mounted centrally in an anechoic chamber (Desone Modular Akustik, Berlin, Germany, interior 83 

volume: 0.96x0.96x0.77m
3
, figure 1b). A loudspeaker (NeoCD1.0 Ribbon Tweeter, Fountek 84 
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Electronics, Jiaxing, China) was mounted 34 cm behind the moth and driven by a power amplifier 85 

(TA-FE330R, Sony, Tokio, Japan) connected to the soundcard. The loudspeakers’ frequency response 86 

and output level was measured at the moth’s position using a calibrated measuring microphone (40BF, 87 

with pre-amplifier 26AC and Power Module 12AA, GRAS Sound & Vibration, Holte, Denmark). Two 88 

infrared video cameras (Flea 3, FLIR Integrated Imaging Solutions, Richmond, Canada, with 89 

HF12.5HA-1B lenses, Fujinon, Tokyo, Japan) at 30 cm distance below and in front of the moth 90 

recorded its behaviour, illuminated by four infrared lights (850 nm, Mini IR Illuminator TV6700, 91 

ABUS Security-Center, Affing, Germany) installed in the corners around the frontal camera. Stimulus 92 

presentation and data acquisition of flight recorder and cameras was controlled with custom MATLAB 93 

code (The Mathworks Inc., Natick, Massachusetts, USA).  94 

 95 

Stimulus 96 

Last ditch flight behaviour in many moths is argued to be elicited by activation of the auditory 97 

receptor neuron A2 [32–34]. A2 sensitivity depends on frequency, having highest sensitivity between 98 

15 to 60 kHz [32,34–38]. We therefore designed a stimulus to elicit last ditch flight behaviour and 99 

mimicking an attacking bat [39–41], consisting of 120 pure tones at 35 kHz, each having 4 ms 100 

duration plus 0.5 ms raised-cosine-ramps and 25 ms pulse interval (PI), resulting in a total length of 101 

3 s. Sound pressure level at the moth was 80 dB SPL RMS re. 20 µPa, i.e., about 8 to 17 dB above A2 102 

threshold depending on moth species [32,35–37]. We recorded moth flight strength from 2 sec before 103 

until 1 sec after stimulus presentation, resulting in a 6 s-long recording in total. Stimuli were presented 104 

to non-flying and flying moths. 105 

 106 

Moth species 107 

We conducted the experiment at the Siemers Bat Research Station in Tabachka, N-Bulgaria, between 108 

17 June and 22 August 2017. We caught moths with two light traps (Sylvania, blacklight, 109 

F15W/350BL-T8, USA) between dusk and midnight on a plateau with wild meadow and some 110 

scattered bushes. Since we only caught moths at this one site, we assume that all species use a similar 111 

habitat and activity windows and thus experience the same predation threat by bats. Caught moths 112 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted December 3, 2018. ; https://doi.org/10.1101/485698doi: bioRxiv preprint 

https://doi.org/10.1101/485698
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 

were individually kept in Falcon tubes until being tested on the same night. Species were identified 113 

using Steiner et al. 2014 [42]. We selected moth species based on availability and on the absence of 114 

any other known anti-predator strategy in that species, such as chemical defence or jamming. We 115 

tested 172 individuals of eight different eared species and two families: Amphipyra pyramidae, 116 

Helicoverpa armigera, Heliothis adaucta, Noctua comes, Noctua fimbriata, Noctua janthe and 117 

Xestia c-nigrum, which all belong to the family of Noctuidae, and Deilephia porcellus belonging to 118 

the family of Sphingidae. To attach the insect-pin to a moth, we placed individual moths on a piece of 119 

foam, held it in place with a soft, coarse-meshed plastic grid, removed the scales on the thorax gently 120 

with a scalpel, and glued the flat head of an insect needle to the thorax using cyanoacrylate glue. As 121 

soon as the glue set, the needle was inserted into the flight recorder with the moth facing away from 122 

the loudspeaker.  123 

 124 

Surface area measurement 125 

We measured the surface area of 130 moths, mainly (72.7 %) overlapping with tested individuals (see 126 

electronic supplementary material, table S1). All individuals were deep frozen for at least 24 hours and 127 

then fixed on a sheet of squared paper with completely spread wings to ensure maximum surface area. 128 

Photos were taken from fixed distance and surface area was measured using Image J (National 129 

Institute of Health, Bethesda, USA). We converted photos of moths into 8bit-black-and-white-images, 130 

manually adjusted their intensity threshold to detect moth area. We used the automatic outline 131 

detection to detect the moth’s outline and calculated the area within the outline. Measured surface area 132 

of individuals covered a range from 343 to 1008 mm
2 

(see electronic supplementary material, figure 133 

S1). We assigned the species’ mean value to individuals without size measurements for subsequent 134 

statistical analyses. This does not affect the potential correlation between size and flight strength, but 135 

makes its detection more difficult due to reduced variation in size, making our analysis more 136 

conservative.  137 

 138 

 139 

 140 
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Analysis of flight strength 141 

The flight movement of the tethered moths moved the two loudspeaker membranes and thus generated 142 

voltage fluctuations, which we recorded from 2 sec before until 1 sec after presentation of the 3-sec-143 

long stimulus. For further analysis, we only analysed the time period around stimulus onset, from 1 s 144 

before to 1 s after stimulus onset. We calculated the root-mean-square (RMS) of the recorded voltage 145 

per 100 ms bins, resulting in 20 measurements per speaker over the analysed duration of 2 s. We 146 

express the measurements in dB FS RMS, i.e., as negative values on a logarithmic scale relative to the 147 

highest recordable voltage of the flight recorder (= 0 dB FS; FS: full scale), and as the mean of both 148 

loudspeakers. We will refer to this value as flight strength, since low to high values correspond to non-149 

flying moths to different degrees of flight activity in flying moths. Since we recorded nine and three 150 

individuals two and three times, respectively, we used for each individual only the first recording for 151 

analysis. 152 

We performed a Principal Component Analysis (PCA) to identify different types of reaction in 153 

response to simulated bat calls, such as onset/cessation of flight or increase/decrease in flight strength 154 

with stimulus onset. Classically, PCA is used to reduce the number of correlated explanatory variables 155 

to fewer uncorrelated variables, the so-called Principle Components (PCs) that have the most 156 

explanatory power. In our case, we used the PCA to reduce the number of 20 correlated flight strength 157 

measurements collected over 20 time bins to a smaller number of PCs that reflect the most common 158 

types of reaction. For each PC, we obtained one loading per time bin (i.e., 20 loadings in total). 159 

Combining loadings with PC-scores reconstructs the original flight strength data; comparing loadings 160 

over time bins therefore revealed patterns of changing flight strength over time.  161 

Some moths flew irregularly or stopped flying after some time. We thus split our dataset into moths 162 

that were flying before stimulus onset (“active moths”) and those that were not flying (“inactive 163 

moths”). Initial analysis showed that flight strengths in non-flying moths was -83 dB FS RMS, while 164 

flying moths had higher values. Hence, we set the threshold between active and non-active 165 

conservatively to -80 dB FS RMS and analysed flight strength in the bins at 1.0 – 0.9 s and 0.1 – 0 s 166 

before stimuli onset. If flight strength was above threshold in both bins, an individual was defined as 167 

“active” (N=92; table S1), if flight strength was below threshold in both bins, it was defined as 168 
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“inactive” (N=74; table S1). Six individuals had flight strengths once above and once below threshold 169 

in those bins and were excluded (table S1). We used linear models to fit PCs as a function of the fixed 170 

effects species (categorical) and surface area (continuous; R version 3.3.2, R Foundation for Statistical 171 

Computing, Vienna, Austria; RStudio, version 1.1.463, RStudio, Bosten, USA). We tested for a 172 

significant effect of factors on PC-values using likelihood ratio tests to compare the full model to the 173 

model excluding a factor. 174 

 175 

 176 

RESULTS 177 

In total, we tested the flight behaviour of 172 individuals of eight eared moth species. 92 individuals 178 

were flying before stimulus onset (“active moths”), while 74 were non-flying before stimulus onset 179 

(“non-active moths”; Table S1). Since we were interested to study evasive flight in flying moths, we 180 

focus in the following on the active moths. Sample size varied between species as this depended on 181 

moth availability, ranging from 33 (H. armigera) to two individuals (H. adaucta, D. porcellus). 182 

Reactions to the acoustic stimulus were mostly consistent within a species, but differed between 183 

species (figure 2). We found three main reaction types in active moths, either constant flight strength 184 

over time, or increasing or decreasing flight strength after stimulus onset. In addition, both the median 185 

flight strength and its inter-individual variation differed between moth species. For example, H. 186 

armigera and N. fimbriata both showed fairly constant flight strength over time, but differed in their 187 

median and inter-individual variation. Flight strength of the 33 individuals of H. armigera ranged 188 

from -80 to -50 dB FS, with a median around -63 dB FS, while all 12 individuals of N. fimbriata had a 189 

constant and high flight strength around -50 dB FS. X. c-nigrum and N. janthe increased their flight 190 

strength after stimulus onset, with N. janthe (N=32) also showing a clear reduction in inter-individual 191 

variation after stimulus onset. H. adaucta, D. porcellus and N. comes all decreased their flight 192 

strength, with additional variation in overall flight strength, timing and exact temporal pattern of the 193 

change. The three individuals of A. pyramidae showed a mix constant, increasing and decreasing flight 194 

strength.  195 
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We used a PCA to reduce the temporal correlation in flight strength measurements and to obtain 196 

behavioural categories for testing the above observations. The first two components of the PCA of 197 

active moths explain 95.7% of the overall variation in flight strength (figure3a, PC1: 82.6%, PC2: 198 

13.1%), with overlapping clusters in PC1 and PC2 scores between species (figure 3b). Loadings of 199 

these two components (electronic supplementary material, table S2) match the observed reaction types 200 

towards the stimulus. Loadings for PC1 are almost constant over time. Hence, PC1 scores describe the 201 

general flight strength of an individual (figure 3c). Loadings for PC2 invert their sign over time (from 202 

negative before stimulus onset to positive after stimulus onset) and therefore describe the temporal 203 

pattern of flight strength, which can be either increasing (for positive individual PC2 scores), constant 204 

(for PC2 scores close to Zero) or decreasing (for negative individual PC2 scores; figure 3d). Hence, 205 

PC2 scores describe the reaction type of an individual.  206 

We found significant species-specific differences in the PC1 and PC2 scores, confirming species-207 

specific flight strength and reaction types in response to acoustic stimuli (figure 3e, f). While the 208 

whole population of all tested moth species shows a large variation in PC1 and PC2 scores, each 209 

species only clusters within a smaller range of PC1 and PC2 scores, respectively (figure 3e,f, compare 210 

‘all’ versus each species). PC1 scores were significantly affected by species (p< 0.001), but not by 211 

surface area (p= 0.64). The PC1 score captures the species-specific median and variation in flight 212 

strength observed before. For example, N. fimbriata having high and constant flight strength also has 213 

high PC1 scores with little variation. H. armigera, having intermediate flight strength with high 214 

variation, also has intermediate PC1 scores with high variation; and H. adaucta shows both low flight 215 

strength and low PC1 scores. PC2 scores were significantly affected by species (p<0.001), but not by 216 

surface area (p= 0.34). The PC2 score captures the species-specific reaction type, i.e., the change in 217 

flight strength over time as observed before. For example, H. armigera and N. fimbriata have fairly 218 

constant flight strength over time, and correspondingly have PC2 scores close to Zero. 219 

Correspondingly, positive (X. c-nigrum, N. janthe) and negative (H. adaucta, D. porcellus, N. comes) 220 

PC2 scores capture increasing and decreasing flight strength over time, respectively. 221 

In addition to the 92 active moths that were flying at stimulus onset, we also tested 74 non-active 222 

moths that were motionless at stimulus onset (Fig. S2, S3). Despite the very different initial state of 223 
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the moths (flying vs. non-flying), we can see similar behavioural changes. Particularly for N. janthe, 224 

most of the 57 non-active individuals started to fly after stimulus onset, matching the increased flight 225 

strength observed in active moths. 226 

 227 

 228 

DISCUSSION 229 

Using standardized measures in a novel flight recorder, we show for the first time species-specific 230 

reactions in eared moths in response to the same bat-like sounds, and thus inter-species differences in 231 

evasive flight strategies within a sympatric moth community. These clear species-specific reactions 232 

are particularly remarkable given our rather simple measured variable and the artificial tethered flight 233 

which limits moths in their flight behaviour and probably affects their motor-sensory feedback loop 234 

[43]. Although free-flight experiments will be required to link vertical flight strength in tethered flight 235 

to actual three-dimensional flight trajectories, our observations are further supported because the 236 

reaction of a given species was independent of whether individuals were flying or not at stimulus 237 

onset. This suggests that last-ditch evasive flight is to some extent hardwired and can be elicited by the 238 

appropriate acoustic input. In addition, however, a substantial amount of variation in flight strength 239 

also existed between individuals in some species. Whether some moths furthermore show variation 240 

within individuals between subsequent executions of evasive flight is yet unknown. In summary, our 241 

data supports the hypothesis of escape-tactic diversity in moths. An echolocating bat preying on a 242 

multi-species prey community with prey-species-specific differences in evasive flight faces larger 243 

variation and unpredictability than would be generated by any single species. Species-specific 244 

differences in evasive flight within prey communities thus likely provide increased protection against 245 

predators for each individual in the community.  246 

Our data of eight moth species suggest two key components of last-ditch evasive flight: overall flight 247 

strength and temporal reaction type, with each species showing its unique combination and therefore 248 

filling its own ecological niche. We could only test a large number of individuals in three species 249 

(Noctua fimbriata, Helicoverpa armigera, Noctua janthe). Even though all three belong to the family 250 

Noctuidae, they exhibited different strategies for evasive flight. N. fimbriata flew constantly strong 251 
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without intraspecific variation and no temporal change in response to acoustic stimulation. Similarly, 252 

H. armigera flew constantly with intermediate flight strength and no temporal change in response to 253 

acoustic stimulation, yet showed strong intra-specific variation. N. janthe also flew with intermediate 254 

flight strength with intra-specific variation, yet all individuals increased their flight strength after 255 

acoustic stimulation. What might our observations in the flight recorder mean under real world free-256 

flight conditions? Of the three species with high sample size, N. janthe was the only one with a clear 257 

change in flight strength with stimulus onset. It increased its flight strengths after stimulus onset and 258 

reached maximum flight strength within 200-300 ms after stimulus onset, corresponding to 8-12 259 

pulses of our acoustic pulse train. Arguably, this increase in flight strength corresponds to a certain 260 

kind of last ditch flight behaviour under natural free-flight conditions. H. armigera did not change its 261 

flight strengths, yet showed a high variability in flight strength between individuals. This inter-262 

individual variability might relate to a generally variable flight behaviour between individuals that 263 

could already function as general anti-predator strategy. N. fimbriata showed the strongest and the 264 

most uniform flight strength of all tested species, without a reaction to the acoustic stimulus. The high 265 

flight strength of this species might indicate that it is a fast flyer and thus difficult to catch. This is 266 

supported by the large size of N. fimbriate (932.6 ± 54.8 mm
2
, mean±std), which is positively 267 

correlated with acceleration in Lepidoptera [29]. The remaining moth species with lower sample size 268 

showed further variation in general flight strength and its temporal pattern, suggesting that they exhibit 269 

different flight trajectories in response to acoustic stimulation. For example, Noctua comes showed 270 

increasing and decreasing flight strength, which might correlate with acceleration and subsequence 271 

deceleration. Heliothis adaucta and Deilephia porcellus both reduced flight strength, however with 272 

different temporal patterns: H. adaucta decreased flight strength already within the first 100 ms and 273 

reached its minimum within 200 ms, while D. porcellus decreased flight strength only after 400 ms. 274 

Both patterns might represent different types of (power) dives in response to an attacking bat. 275 

Interestingly, D. porcellus flew with higher flight strength before stimulus onset than H. adaucta, 276 

which might represent a higher flight speed, allowing it to react later to an attacking bat. 277 

As N. fimbriata and H. armigera did not change their flight strength in response to our stimulus, 278 

consisting of 35 kHz pure tones at 80 dB SPL RMS, it is possible that our stimulus was inaudible for 279 
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those species, or audible yet too faint to trigger evasive flight or to be perceived as sufficiently high 280 

predation risk. Although neuronal audiograms of multiple species suggest that our stimulus is above 281 

the threshold of the A2-cell of moths [32,35–37], little is known about how neuronal activity translates 282 

into evasive flight. Behavioural thresholds are generally higher than neuronal thresholds, although the 283 

exact differences and potential variation between species are mostly unknown (for discussion, see 284 

[44]). Variation in the translation from neuronal activity to evasive flight might even add additional 285 

unpredictability to the evasive flight of moths. Lastly, additional anti-predator strategies could reduce 286 

the need for evasive flight. Although we caught all moths in the same open-field habitat, moths might 287 

still possess species-specific differences in flight behaviour. For example, flying closer to the ground 288 

or vegetation could be a potential anti-predator strategy, as close-by background structures impairs 289 

bats’ capture success due to sensory and motor constraints [45].  290 

Although size affects flight capabilities, we did not detect an effect of size on flight strength (PC1) or 291 

main temporal reaction type (PC2). While a direct influence of size on temporal reaction type is not 292 

obvious, we would have expected to find a positive correlation between moth size and flight strength. 293 

The lack of this correlation might be due to the small number of individuals for some species, or too 294 

few species tested altogether; or it might be a true effect. The lack of this correlation might have been 295 

driven by the benefits of increased unpredictability, reducing size-dependent constraints on flight 296 

strength. 297 

 298 

CONCLUSION 299 

Our data provide novel insights into the function and evolution of defensive strategies in mixed-300 

species prey communities. We show that a basic measure, such as vertical flight strength, can reveal 301 

both stereotypy and variability in escape strategies within and between species. We show that evasive 302 

flight in moths is more variable on the community level than within any single species, confirming 303 

escape-tactic diversity hypothesis for eared moths. This inter-specific variability adds to the total 304 

unpredictability of evasive flight that a predator experiences, and suggests a benefit of mixed-species 305 

groups for prey animals.  306 

  307 
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FIGURES 440 

 441 

 442 

Figure 1:  flight recorder system for recording flight strength. (a) Flight recorder consisting of two 443 

speakers connected by a wooden connector, which held the moth via a needle glued to the moth’s 444 

thorax. (b) The flight recorder was mounted in the centre of an anechoic chamber, which also hold an 445 

ultrasonic speaker (left) to present stimuli and two IR-cameras (right and bottom). Moths were 446 

orientated to face away from the speaker.  447 
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 448 

Figure 2: Flight strength per 100 ms bin for active moths from 1 s before to 1s after the stimulus 449 

onset for 8 moth species. Species are ordered with decreasing surface area from top to bottom. Green 450 

lines are individual data; boxplots show median, quartiles, whiskers (1.5 x inter-quartile range) and 451 

outliers beyond the interquartile range. Stimulus presentation is indicated by the grey shading. Species 452 

abbreviations: Hada = Heliothis adaucta, Harm = Helicoverpa armigera, Xcni= Xestia c-nigrum, Dpor 453 

= Deilephia porcellus, Njan = Noctua janthe, Ncom= Noctua comes, Apyr= Amphipyra pyramidae, 454 

Nfim = Noctua fimbriata.   455 
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 456 

Figure 3: Principle components of moths flying before stimulus onset (“active” moths). (a) 457 

Percentage of variance explained by the first four principle components. (b) PC1 scores as a function 458 

of PC2 scores; for species colour code see panels e) and g). (c, d) Example flight behaviours for high 459 

(light grey), medium (dark grey) and low (black) values for PC1 and PC2. (e, f) PC1 and PC2 scores 460 

for each species and for the whole population (“all”), which was created by randomly sampling 30 461 

values from each species. Species are ordered with increasing surface area from left to right. Letters 462 

above boxes indicate significant differences. Circled data points refer to examples shown above. 463 

Boxplots show median, quartiles, whiskers (1.5 x inter-quartile range) and outliers beyond the 464 

whiskers.  465 
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