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Abstract 14 

Male crickets produce acoustic signals by wing stridulation, attracting females for mating. A 15 

plectrum on the left forewing’s (or tegmen) anal margin rapidly strikes along a serrated vein 16 

(stridulatory file, SF) on the opposite tegmen as they close, producing vibrations, ending in a 17 

tonal sound. The tooth strike rate of the plectrum across file teeth is equal to the sound 18 

frequency produced by the cricket (i.e., ~5k teeth/s for ~5 kHz in field crickets) and is specific 19 

to the forewing’s resonant frequency. Sound is subsequently amplified using specialised 20 

wing cells. Anatomically, the forewings appear to mirror each other: both tegmina bear a SF 21 

and plectrum; however, most cricket species stridulate using right-over-left wing overlap 22 

making the stridulatory mechanism asymmetrical by default, rendering the left tegmen’s SF 23 

unused. Therefore, we hypothesised structural differences between functional and 24 

unfunctional SFs. Three-dimensional mapping was used to accurately measure SF 25 

structures in Gryllus bimaculatus wings. We found that the left SF shows significantly greater 26 

variation in inter-tooth distance than the right, but less variation within the first sixty teeth (the 27 

functional part) than the right file. The left SF’s slow evolutionary change over millions of 28 

years is discussed considering modern molecular phylogenies and fossil records. 29 

Keywords 30 

Directional asymmetry, Acoustic communication, Roughness measurement, Infinite focus, 31 

Stridulation, Wing evolution. 32 
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1. Introduction 39 

Acoustic communication is widespread in the order Orthoptera (Insecta), where mostly 40 

males produce acoustic signals for intraspecific communication, notably to attract females 41 

(Gwynne, 1977). Male crickets and katydids, for example, produce calling songs by rubbing 42 

their forewings together, a mechanism also known as tegmino-tegminal stridulation (Bennet-43 

clark, 1970; Montealegre-Z et al., 2011; Morris, 1999). Sound is produced when the plectrum 44 

structure on one of the forewings is driven across a stridulatory file (SF, a length of multiple 45 

teeth on a modified vein) on the opposite forewing. While in katydids (Tettigoniidae) an 46 

active plectrum on the right forewing (RW) strikes teeth on an active SF on the left forewing 47 

(LW) overlap (Gwynne, 2001; Morris, 1999), in crickets (Gryllidae) a plectrum on the LW 48 

strikes a SF on the RW  (Koch et al., 1988; Masaki et al., 1987; Montealegre-Z et al., 2011). 49 

In both cases the wings open and close to generate sound but main high-amplitude 50 

components of sound are produced during the closing phase of the wings (Bennet-Clark, 51 

1998; Montealegre-Z and Mason, 2005). This produces vibrations which are amplified by 52 

wing veins and cells on the tegmina, for example in crickets, an area named the harp is a 53 

major amplifier (H. C. Bennet-Clark, 1999; Jonsson et al., 2021; Montealegre-Z et al., 2009; 54 

Prestwich et al., 2000). 55 

The tegmina of field crickets look like mirror images of each other: they appear symmetrical 56 

in themselves, both harbouring all sound producing organs: the harp, mirrors, chords, a 57 

plectrum and SF. In spite of their apparent symmetry, the mechanism of stridulation is 58 

mechanically asymmetrical by default, with a right wing covering the left wing (Bennet-Clark, 59 

2003; Desutter-Grandcolas, 2003; Koch et al., 1988; Montealegre-Z et al., 2011). This is 60 

different from katydids, who use only left over right overlaps (Gwynne, 2001; Morris, 1999) 61 

and also from mole crickets (Kavanagh and Young, 1989) and grigs (Morris et al., 2002; 62 

Spooner, 1973), who can switch wings during stridulation and therefore exbibit symmetrical 63 

tegmina (Chivers et al., 2017). This wing overlap position has also caused some 64 
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imperceptible mechanical asymmetry between both wings, with the resonances of the RW 65 

being higher than that of the LW (Bennet-Clark, 2003; Montealegre-Z et al., 2011). 66 

Gryllus bimaculatus De Geer, 1773, just like other field crickets, produce pure-tone calls at 67 

about 5 kHz using an escapement mechanism (Figure 1), where catches and releases of the 68 

plectrum are controlled by synchronised wing vibrations at approximately 5 kHz (Bennet-69 

Clark and Bailey, 2002; Elliott and Koch, 1985). The frequency of tooth strikes by the 70 

plectrum closely matches the resonant frequency of the engaged wings and dictates that of 71 

the sound generated by the cricket (Jonsson et al., 2021; Koch, 1980). As tooth strike rate 72 

matches the natural frequency of the wings, both wings enter resonance and this causes the 73 

harp to vibrate at maximum amplitude, amplifying the output sound. This therefore means 74 

that the plectrum should strike 1 tooth every 0.2 ms (cycle period at 5 kHz=1/5000) (Koch et 75 

al., 1988), see also Figure 1C.  76 

Ultimately, SF teeth must be arranged in a precise pattern in order maintain a nearly 77 

constant pure-tone at about 5 kHz, compensating for the movement speed of the plectrum 78 

(Montealegre-Z et al., 2011). Females have their ears narrowly tuned to conspecific 79 

frequencies (Hirtenlehner et al., 2014, 2013; Moiseff et al., 1978; Thorson et al., 1982; 80 

Wohlers and Huber, 1982) and use carrier frequency and call repertoire (variations in the 81 

time domain) to identify conspecific males. 82 

Crickets have adopted a right over left overlap for acoustic communication, while also 83 

maintaining tegmina that appear mirror images of one another. However, since a mechanical 84 

asymmetry between forewings has been reported (Bennet-Clark, 2003; Montealegre-Z et al., 85 

2011) and a systematic tooth arrangement is required to generate a pure tone 5kHz call, it is 86 

expected that the functional SF is under strong selection pressure to maintain its structure.  87 

As a result of such selection pressure, we hypothesise that tooth density would show less 88 

variation in the right, functional SF when compared with the left, non-functional SF. This is 89 

because the escapement mechanism requires a systematic tooth distribution in the right 90 

functional file, the left file will experience different pressure. However, due to the nature of 91 
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pulse generation in crickets, and the fact that the first half of the SF contributes the most to 92 

the call, the first half (anal segment) of the SF should show less varied tooth density 93 

compared with the second half (basal segment). Due to the use of a single overlap (RW over 94 

LW in this case), we also hypothesised that the anal segment of the right SF will show a 95 

smaller variation in tooth density than in the same segment of the LW. We will assess this by 96 

comparing tooth density between tegmina and also between anal and basal segments of 97 

both tegmen. This will be done using inter-tooth distances, measured using a novel method 98 

that permits accurate three-dimensional and roughness measurements. 99 

2. Materials and Methods 100 

This research used a collection of 40 pairs of forewings of Gryllus bimaculatus males, 101 

preserved in glass slides in an existing collection at the University of Lincoln, Lincolnshire. 102 

The collection comes from experimental insects from three different colonies maintained at 103 

the University of Bristol between 2010 and 2012. One colony was formed from eggs 104 

obtained from a colony at the University of Cambridge, and the other two from juveniles 105 

ordered from two different providers (Livefood UK Ltd, and Livefoods Direct Ltd). The calling 106 

songs of the males associated with these wings were recorded in 2010; all individuals had a 107 

permanent wing overlap of R/L during singing. Preserved tegmina were scanned and 108 

measured using an Alicona Infinite Focus (model G5) microscope (Bruker Alicona, 109 

Raaba/Graz, Austria) which carries out complete 3D surface characterisation. Scans of both 110 

the left and SFs were made using x10 magnification (100 nm vertical resolution). Infinite 111 

Focus Microscopy scans could then be measured using the corresponding programme 112 

‘Alicona Measure Suite’, which allows the recovery of 3D images (Figure 2c, 2d).  113 

The inter-tooth distance (ITD) between SF teeth was measured from the first tooth in the 114 

anal region to the last tooth on the basal region of the wing (in the direction of plectrum 115 

motion, Figure 2a) from a 3D surface characterisation using a sagittal profile of the SF 116 

(Figure 3a). Such profile was obtained using Alicona Measure Suite. The ITDs were 117 

recorded throughout the whole SF, measuring the length in micrometres (μm) between the 118 
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highest elevation of tooth cusp to the next (Figure 3b), something that is challenging to attain 119 

from the traditional scanning electron microscope.  120 

Data was also split into SF areas, to test whether the important, anal region of the SF was 121 

different to the less important, basal region in terms of ITD. We carried out linear-mixed 122 

effect models (LMMs) comparing ITDs between the LW and RW. This was also carried out 123 

among the first 60 teeth in the anal region (the first half of the SF which contributes to song 124 

generation) and the second, basal half. To account for the changing ITD caused by muscle 125 

twitch, tooth position was fitted a non-linear (quadratic) covariate in the model, with wing 126 

(left/right) and the interaction between wing and tooth position include as fixed factors. Male 127 

id was included as a random effect. We then compared variation between-males in ITD at 128 

each tooth position. To do this, we calculated the coefficient of variation (CV = SD/mean) of 129 

ITD at each tooth position, and tested using linear models (LMs) whether tooth position, wing 130 

and their interaction significantly affected CV.  Finally, we tested within-males variation in 131 

ITD but calculating CV values for functional () and non-functional areas of the SF. We then 132 

used LMs to test whether the location (functional, non-functional), wing (right, left) and their 133 

interaction significantly affected within male CV values.  All statistical models were tested for 134 

heteroscedasticity and normality of residuals, with models run in R 4.0.0 (R Core Team, 135 

2020).  136 

3. Results 137 

3.1 Inter-tooth distance and morphology 138 

Tooth location had significant non-linear effect on ITD (F2,9321.6=9593.26, P<0.001), with ITD 139 

increasing in the used, anal segment of the SF, before decreasing again in the unused, 140 

basal segment (Figure 4). There was also a significant difference in ITD between wings 141 

(F1,9312.4=8.52, P=0.003), and a significant interaction between the wing and the tooth 142 

location (F2,9313.9=20.10, P<0.001). Specifically, as tooth location increased in the used, anal 143 
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segment of the SF, the ITD increased. This effect was greater on the RW. Neither the basal 144 

end of left or the right SF showed a significantly different decrease of ITD (Figure 4). 145 

3.2 Between and within- male inter-tooth variance 146 

There was a significant non-linear relationship between tooth location and the coefficient of 147 

variance (CV) across males (F2,272=118.30, P<0.001). CV decreased from location 1 through 148 

to location 70, before becoming progressively more variable (Figure 5). There was no 149 

significant interaction between wing and tooth location (F2,272=2.44, P=0.089), but the RW 150 

had significantly lower between-male CV values across the entire SF (F1,272=11.12, P<0.001; 151 

Figure 5).  152 

Within males, there was a significant difference between ITD in the used, anal and 153 

less important, basal areas of the SF (F1,114=430.12, P<0.001) and the interaction with wing 154 

(wing x area: F1,272=6.27, P=0.014; wing: F1,272=3.57, P=0.061; Figure 6). The anal area of 155 

the SF had higher variation (Figure 6), with the right SF having significantly more variation in 156 

the anal segment and significantly less variation in the basal segment, in comparison to the 157 

LW (Figure 6). 158 

4. Discussion 159 

We hypothesised that the tooth structure would vary less in the right, functional SF than in 160 

the left, non-functional SF, as a result of selection bias, and predicted that the ITD in the anal 161 

segment of the SF would vary less than the basal half in both wings, however this effect 162 

would be stronger in the right SF (the functional SF) as the functional plectrum accelerates 163 

over the right SF by a continuous muscular force. Our results support the hypothesis that the 164 

ITD varies less in the right SF than in the left SF but, contrary to our prediction, the anal 165 

segment of both SFs showed increased variation compared to the basal segment. The anal 166 

segment of the RW was also shown to have greater variation in tooth distribution than the 167 

anal segment of the LW. 168 
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The lower variation in the right, functional SF’s ITD when compared with the left non-169 

functional SF, is likely associated to the selection pressure acting on this SF, to which the 170 

left SF is never exposed to. This is the result of directional asymmetry favouring a right-over-171 

left overlap, which is a predominant feature in crickets. This wing overlap has also imposed 172 

imperceptible mechanical asymmetry between both wings, with the wing on top (the RW) 173 

showing higher resonance frequency than the LW (Bennet-Clark, 2003; Montealegre-Z et al., 174 

2011). Field crickets emerged around 150-200 million years ago (Song et al., 2020, 2015), 175 

and it is believed that switch-wing overlap for sound production was the basal condition 176 

(Bethoux, 2012), as we see in living relic species like Cyphoderris monstrosa and 177 

Tarragoilus diuturnus (Song et al., 2020). It is not clear when the use of a single overlap was 178 

largely fixed in crickets, however wing anatomy in fossils suggests that the character was 179 

already fixed by the early Cretaceous (Grimaldi and Engel, 2005, page 204).  180 

For thousands of generations, the left SF has experienced different selective forces to the 181 

right SF in crickets. The selection pressure to maintain a constant tooth strike rate is clearly 182 

only acting on the right SF and on the left scraper. The escapement mechanism that crickets 183 

use to control and maintain a tonal carrier frequency (CF) (analogous to that of a 184 

grandfather’s clock, as originally explained by Elliot and Koch (Elliott and Koch, 1985)) 185 

involves the precise catch and release of the left plectrum between pairs of teeth, a function 186 

of the CF given by t=1/CF, where t is the time the scraper spends in each tooth. Such an 187 

accurate release produces timely tooth strikes, each of which is associated with a single 188 

cycle of the entire syllable produce during the closing phase of the wing (Bennet-Clark and 189 

Bailey, 2002; Koch et al., 1988). This therefore requires synchronisation of plectrum catch 190 

and release (tooth strike rate in this case) with harp oscillation to produce a coherent 191 

sequence of oscillations to form the basic syllable of a song by a frequency multiplication 192 

mechanism. A systematic tooth distribution is required only in the right SF to produce a pure-193 

tone call, as shown in our analysis. This explains why the LW had, over time, deviated from 194 

the strict structure that is required for such precise motion, when it has not been under 195 

selection for that design. This also explains in part the dramatic reduction in sound intensity 196 
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when experimenters manually revert wing overlap in crickets (Elliott et al., 1982; Elliott and 197 

Koch, 1983). 198 

This study also found differences in tooth spacing within a single SF. This is explained by the 199 

accelerating nature of muscle contractions that drive the plectrum over the SF (Kutsch and 200 

Huber, 1989): the ITD must increase in the anal half until the muscle contraction come to a 201 

halt, to maintain a constant tooth-strike rate. In other words, the ITD in this area must show a 202 

gradual and systematic increment in to maintain the constant tooth-strike rate necessary to 203 

produce the call (using the escapement mechanism explained above). This is backed up by 204 

the fact that variation of ITD in the anal region is greater on the right SF than the left, as 205 

shown in this analysis. Again, the right SF must maintain this structure whilst the left SF is 206 

not under the same selection pressure.  207 

What causes asymmetry in the forewings of singing Ensifera? Grigs (Orthoptera: Haglidea) 208 

use both overlaps for stridulation, and therefore show bilateral symmetry of tegmina: they 209 

have a functional SF and plectrum on both tegmina (Song et al., 2020). The mechanism of 210 

tegminal stridulation is by default asymmetrical, as it requires one wing overlapping the 211 

other. Both wings are driven differently: while the wing on top is driven along the SF, the 212 

wing underneath is driven via a single point: the plectrum. We have shown in this study that 213 

this asymmetric wing position in crickets also produces morphological asymmetries in 214 

tegmina, due to use of a single overlap for calling. This also results in imperceptible 215 

structural wing asymmetry, for example, different resonances between the two wings, which 216 

are not detected by simple glimpse, but require specialised equipment and measurements 217 

(Bennet-Clark, 2003; Montealegre-Z et al., 2011). This minor level of asymmetry seems to 218 

be required to maintain the purity of the calling song; the apparent structural differences 219 

between them vanish when the wings engage (Jonsson et al., 2021), for example one wing 220 

adds more mass to the other, since both wings are driven differently (Bennet-Clark, 2003; 221 

Montealegre-Z et al., 2011). At that point, a systematic distribution of teeth in the functional 222 

SF is critical, not only to maintain that balance, but also to compensate for the default 223 
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gradual increment in wing closing speed produced by muscle twitch (Kutsch and Huber, 224 

1989).  225 

Bilateral wing symmetry has always been perceived as the plesiomorphic condition for 226 

sound production in Ensifera, and this view has recently gained weight with new analysis of 227 

sound production recovered from fossils (Gu et al., 2012) and character mapping using 228 

phylogenomic data (Song et al., 2020). Many Gryllinae species have maintained such 229 

smooth level of asymmetry for apparently several millions of years because they are strongly 230 

adapted to ground living, and pure tones at around 5 kHz have especial advantages for 231 

sound communication close to ground (many crickets are ground dwellers), for example 232 

directional hearing (van Leeuwen et al., 2008). With the current wing design, field crickets 233 

cannot produce loud pure-tones at frequencies higher than their normal range 3-7 kHz 234 

(Jonsson et al., 2021). 235 

The colonization of various micro-habitats has triggered other Ensifera to exploit a diversity 236 

of acoustic channels including ultrasound, a fact that has reflected in conspicuous bilateral 237 

wing asymmetries in katydids (Gu et al., 2012; Montealegre‐Z., 2005) and in Eneopterinae 238 

crickets (a relatively recent lineage of Gryllidae (Robillard, 2006)). Katydids can exploit low 239 

and extreme ultrasonic frequencies and many species do this by maintaining sound purity. It 240 

has been suggested that they achieve this by muting the acoustic vibration of the wing that 241 

bears the functional SF (as this wing is prompted to unstable energy input places as the 242 

plectrum moves across teeth), and radiating the sound with the plectrum bearing wing, which 243 

has a single point of energy entrance (the plectrum) and usually one major specialised area 244 

(the mirror) (Jonsson et al., 2021; Montealegre‐Z., 2005). Katydids use the opposite overlap 245 

to crickets (left over right) and some species have a SF on the LW but none on the right. 246 

However, we can assume that they once did, as there are also many that have a vestigial SF 247 

on the RW (Chamorro-Rengifo et al., 2014; Montealegre‐Z and Morris, 2003). This includes 248 

SFs that are shorter and narrower than the functional SF, or with reduced number of teeth, 249 

and a vestigial blunt plectrum in the LW. Song and colleagues (Song et al., 2020) shows that 250 

both overlap preferences (R/L or L/R) could have occurred at similar times (on an 251 
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evolutionary scale), implying that wing asymmetry can evolve at different rates across 252 

different families. Indeed, while the remarkable wing asymmetry in katydids seems to have 253 

occurred in the last 60 million years (Rust et al., 1999; Rust and Greenwalt, 2014), a faster  254 

mutation in wing asymmetry, affecting the functional SF, has been reported in the cricket 255 

Teleogryllus oceanicus Le Guillou, 1841 over just 60 years, backs this up. Within this short 256 

time frame, ninety percent of a population of this species developed the ‘flatwing’ mutation, 257 

which involved a change in size and position of the SF, rendering an individual mute (Bailey 258 

et al., 2019; Rayner et al., 2019; Zuk et al., 2006). This protects them from a parasite that 259 

uses the song to locate a host. A change in SF morphology due to adaptive radiation can 260 

occur therefore at very different rates: some katydids lost the non-functional SF completely 261 

in the same time-frame in which field cricket’s non-functional SF changed only slightly and in 262 

very special cases, it’s possible to undergo large changes in a tiny evolutionary window. The 263 

fossil record indicates that the typical wing structure (e.g. Fig. 2AB) of male field crickets 264 

(Gryllinae) was already adopted by late Jurassic (~150 mya) (Handlirsch,1906), and that 265 

such wing anatomy has been conserved over time, as also shown in various fossil 266 

descriptions from early Cretaceous (some 140 mya) (Grimaldi and Engel, 2005), and 267 

Eocene (some ~50 mya) (Gorochov and Labandeira, 2012). Recent molecular evidence 268 

places the emergence of Gryllidae within this time range, suggesting that this character has 269 

maintained unchanged through time (Song et al., 2020). Thus, how is it that G. bimaculatus 270 

shows only minor asymmetries in tooth distribution when the left SF has been unused for 271 

millions of years? Perhaps this can be explained by the interaction between the LW and RW 272 

in the process of amplifying the pure-tone call produced in this species. A certain level of 273 

symmetry is needed in order for the wings to vibrate nearly in phase with each other and, by 274 

constructive interference, increase the amplitude of the resulting waveform and the output 275 

sound (Bennet-clark, 1970; Bennet-Clark, 2003; Henry C. Bennet-Clark, 1999; Jonsson et 276 

al., 2021; Montealegre-Z et al., 2009). Each resonating area of a single wing shows differing 277 

resonant frequencies, but when they are engaged in the act of stridulation, these differences 278 

are almost mitigated: all areas show almost identical resonant frequencies, which is the 279 
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same as the calling frequency (Jonsson et al., 2021). Therefore, a dramatic change in the 280 

structure of the non-functional SF could result in mechanical alterations of adjacent 281 

resonating areas and therefore, change local resonances, and affect the coherence of 282 

vibrations necessary for proper constructive interference, that can no longer produce loud, 283 

pure-tone, low frequency calls. Such need for symmetry seems to be genetically correlated 284 

by, for example, developmental integration (Klindenberg et al. 2010). This may explain why 285 

the left SF of G. bimaculatus, although statistically asymmetrical, is almost unchanged, 286 

whereas other species can show huge morphological SF changes in the same time frame.  287 

 288 

5. Conclusions 289 

Our results confirmed our hypothesis that the SFs between left and right wings would show 290 

asymmetry in ITD, but our results suggested this was especially true on the first half of the 291 

SF (which contributes most towards sound production) in the species Gryllus bimaculatus, in 292 

contrast to the hypothesis. The right SF showed less variance than the left, suggesting that 293 

the left SF may show increasing morphological differentiation when compared with the right 294 

due to selection pressure that is stronger on the functional SF. There was also less variance 295 

in ITD in the first half of both wings when comparing it with the entirety of the SF, likely due 296 

to the need for strict ITD to produce a pure tone call. Different from other species of cricket 297 

with fast evolution of wing anatomy, the general file structure between left and right wings 298 

has an imperceptible asymmetry, and this is explained by the fact that the integrity of both 299 

wings, wing cells and veins in the stridulatory area, are needed to provide a coherent 300 

vibration of both wings and to generate a loud pure tone. This characteristic has persisted 301 

over million years of evolution, and the two SFs are under different selection pressures. The 302 

anatomical measurements were carried out using Infinite Focus microscopy, rather than 303 

scanning electron microscopy, which had previously been used in similar morphological 304 

studies. For this reason the significance of this study is both the further evidence of the 305 

regression of the non-functional SF (as the male cricket does not require the left SF as much 306 
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as the right to produce a pure tone) as well as the use of a more advanced tool for 307 

observation that may be implemented in future studies. 308 
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Figure Caption 439 

Figure 1 - Escapement mechanism for wing stridulation in the field cricket. (A, B) The up and 440 

down vibrations of the wings are synchronised with timely catch and release of the plectrum 441 

to produce a coherent, sustained pure tone pulse during each closing phase of the wings. (C) 442 

Wing motion associated with sound production (red trace) as recording with a highly sensitive 443 

optical diode (motion detector) synchronised with sound data. The wings open and close but 444 

the sound is produced during the closing phase. Please note the ripples in the wing trace the 445 

sound pulse is produced, which represent the tooth strikes associated with individual 446 

oscillations in the pulse.  447 

 448 

Figure 2 – Infinite focus microscopy images of a Gryllus bimaculatus right (A) and left (B) 449 

tegmen, showing the ventral sided. (C)  3D close view of the entire left stridulatory file. (D) a 450 

small section of the file. 451 

Figure 3 – 3D surface characterisation using Alicona Measuring Suite, showing the sagittal 452 

profile of the whole file (A) and a small section of a few teeth (B). Inter-tooth distances were 453 

measured between tooth cusps (peaks of the graph). 454 

 455 

Figure 4 - Mean inter-tooth distance of right (open circles, solid line) and left tegmina (filled 456 

circles, dashed line) at different locations of the SF, from file tooth position 1 at the anal region 457 

where, on the right tegmen, the plectrum would strike first.  458 

 459 

Figure 5 – Across male coefficient of variation for right tegmina (open circles, solid line) and 460 

left tegmina (filled circles, dashed line) at different locations of the SF, from file tooth position 461 

1 at the anal region where, on the right tegmen, the plectrum would strike first.  462 
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 463 

Figure 6 – Coefficient of variance for inter-tooth distance in both Gryllus bimaculatus 464 

stridulatory files for the anal regions (functional) and the basal regions (non-functional). 465 

 466 

 467 

 468 
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