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Circadian rhythm is an endogenously-generated and self-sustaining oscillations that occur at a 24 hours scale and is ubiquitous among animals. Animals rely on their circadian clocks to anticipate cyclical external environmental oscillations to find mates and reproduce, among other activities. Hence, animals that sing to attract mates can modulate their calling activity across the circadian cycle and species can exhibit different circadian rhythms in their calling activity. Crickets are among the most studied sound-producing animals but concerted effort to examine their circadian rhythms in their calling activity across multiple species remains limited for Southeast Asian species. Here, we recorded the calls of eleven Southeast Asian species of Eneopterinae-known for their diversified calling songs-across the phylogeny and compared their circadian rhythms based on the number of echemes and amount of sound produced. Using standardised ex-situ recordings to produce precise data about the circadian patterns, we verified sporadic observations about their calling activity made in the field. We also found that the eneopterines exhibit highly diversified circadian rhythms in the calling activity, ranging from strictly diurnal and nocturnal calling to complex calling patterns with multiple peaks across day and/or night.

Introduction

Circadian rhythm refers to endogenously-generated and self-sustaining oscillations occurring on an approximately 24-hours scale [START_REF] Dunlap | Molecular bases for circadian clocks[END_REF]Bell-Pedersen et al., 2005). Such rhythms originate within cells that serve as taxon-specific 'pace-makers' or 'molecular clocks' and can drive cyclical responses in biochemistry, physiology and behaviour [START_REF] Gwinner | Complex bird clocks[END_REF]. Circadian rhythms are ubiquitous among animals and circadian clocks have been demonstrated to be critical for adaptive functions [START_REF] Helfrich-Förster | Organization of the circadian system in insects[END_REF][START_REF] Yerushalmi | Evidence for the adaptive significance of circadian rhythms[END_REF]. Animals rely on their circadian clocks to anticipate the daily external cyclical environmental oscillations and prepare themselves-both physiologically and behaviourally-to find food and mates, to reproduce and take care of their young, and to migrate [START_REF] Marques | Masking and the evolution of circadian rhythmicity[END_REF][START_REF] Helfrich-Förster | Organization of the circadian system in insects[END_REF][START_REF] Yerushalmi | Evidence for the adaptive significance of circadian rhythms[END_REF].

For species that produce sound to attract mates, species-specific cyclic variations in the calling activity across the circadian cycle is likely to be governed by an intrinsic circadian clock that enables synchronous mate-finding by males and females [START_REF] Helfrich-Förster | Organization of the circadian system in insects[END_REF]. This synchrony is essential for sound-producing animals to balance reproduction and survival: maximising chances of attracting mates while minimising predation risk [START_REF] Fenn | Use of middens by red foxes: risk reverses rhythms of rats[END_REF]. Nonetheless, calling activity can also be plastic owing to the influence of environmental factors (e.g., synchronisers or zeitgebers) and presence of potential mates or male competitors (e.g., masking agents) [START_REF] Helfrich-Förster | Organization of the circadian system in insects[END_REF][START_REF] Yerushalmi | Evidence for the adaptive significance of circadian rhythms[END_REF]. Under consistent risk-reward conditions, animals can evolve species-specific behaviours to fit particular ecological niches, e.g., diurnal vs. nocturnal singing [START_REF] Honegger | Three different diel rhythms of the calling song in the cricket, Gryllus campestris, and their control mechanisms[END_REF][START_REF] Fergus | Circadian rhythms and period expression in the Hawaiian cricket genus Laupala[END_REF][START_REF] Symes | Sheep in wolves' clothing: prey rely on proactive defences when predator and non-predator cues are similar[END_REF].

Circadian patterns can lead to many different biological outcomes. For example, circadian patterns may allow organisms to escape predators, parasites, or acoustic competitors [START_REF] Taylor | The role of allochrony in speciation[END_REF]. Divergence in the circadian rhythms can also lead to shifts in diel breeding times, initiating and/or driving allochronic separation and potentially speciation [START_REF] Taylor | The role of allochrony in speciation[END_REF]. Examination of temporal variation in calling activity of a broad range of understudied animals can therefore provide insights into their basic ecology and evolution of calling behaviours [START_REF] Clink | Not by the light of the moon: Investigating circadian rhythms and environmental predictors of calling in Bornean great argus[END_REF]. In the current era when the natural world is heavily perturbed by human activities, studying the circadian rhythms is also important to understand how human disturbance (e.g., light pollution) can disrupt circadian rhythms in animals and the consequences of such disruptions on their behaviours, ecology and survival [START_REF] Kumar | Light spectrum and intensity, and the timekeeping in birds[END_REF][START_REF] Jiang | The effects of artificial light at night on Eurasian tree sparrow (Passer montanus): Behavioural rhythm disruption, melatonin suppression and intestinal microbiota alterations[END_REF].

Being one of the most readily studied species with bioacoustics, crickets and other orthopteroid insects have been subjected to research on the endogenous mechanisms controlling the circadian rhythms, ranging from physiological to molecular investigations (e.g., Tomoika & Chiba, 1982;[START_REF] Helfrich-Förster | Organization of the circadian system in insects[END_REF][START_REF] Fergus | Circadian rhythms and period expression in the Hawaiian cricket genus Laupala[END_REF][START_REF] Uryu | The clock gene cycle plays an important role in the circadian clock of the cricket Gryllus bimaculatus[END_REF]. While there are plenty of studies looking into circatidal activity rhythm in the coastal species, Marinemobius asahinai (Yamasaki, 1979) (e.g., [START_REF] Satoh | Circatidal activity rhythm in the mangrove cricket Apteronemobius asahinai[END_REF][START_REF] Takekata | Light masking of the circatidal activity rhythm in the mangrove cricket Apteronemobius asahinai[END_REF][START_REF] Sakura | Contact with water functions as a Zeitgeber for the circatidal rhythm in the mangrove cricket Apteronemobius asahinai[END_REF], these crickets are mute. The circadian rhythms of the calling activity in crickets have been described and studied intensively in a few model species, such as Teleogryllus and Gryllus ssp. (e.g., Werrer et al., 1985;[START_REF] Loher | Circadian control of stridulation in the cricket Teleogryllus commodus Walker[END_REF]French & Cade, 1987;[START_REF] Rost | The timing of premating and mating behaviour in a field population of the cricket Gryllus campestris L[END_REF]Wade et al., 1987;[START_REF] Wiedenmann | The circadian control of calling song and walking activity patterns in male crickets (Teleogryllus commodus)[END_REF] and sporadically in other orthopterans (see e.g., [START_REF] Walker | Singing schedules and sites for a tropical burrowing cricket (Anurogryllus muticus)[END_REF][START_REF] Heller | Calling behaviour in bushcrickets of the genus Poecilimon with differing communication systems (Orthoptera: Tettigonioidea, Phaneropteridae)[END_REF][START_REF] Danley | Reproductive asynchrony and the divergence of Hawaiian crickets[END_REF]Diwaker & Balakrishnan, 2007;[START_REF] Franklin | Nightly and seasonal patterns of calling in common true katydids (Orthoptera: Tettigoniidae: Pterophylla camellifolia)[END_REF][START_REF] Singh | Variation in call types, calling activity patterns and relationship between call frequency and body size in a field cricket, Acanthogryllus asiaticus[END_REF][START_REF] Symes | Sheep in wolves' clothing: prey rely on proactive defences when predator and non-predator cues are similar[END_REF]. While some of these studies were field-based [START_REF] Rost | The timing of premating and mating behaviour in a field population of the cricket Gryllus campestris L[END_REF][START_REF] Greenfield | Interspecific acoustic interactions among katydids Neoconocephalus: inhibition-induced shifts in diel periodicity[END_REF][START_REF] Singh | Variation in call types, calling activity patterns and relationship between call frequency and body size in a field cricket, Acanthogryllus asiaticus[END_REF], other incorporated laboratory experiments [START_REF] Loher | Circadian patterns of premating behavior in Teleogryllus oceanicus Le Guillou under laboratory and field conditions[END_REF]Werrer et al., 1985). Some of these studies focused on single species [START_REF] Walker | Singing schedules and sites for a tropical burrowing cricket (Anurogryllus muticus)[END_REF][START_REF] Rost | The timing of premating and mating behaviour in a field population of the cricket Gryllus campestris L[END_REF][START_REF] Singh | Variation in call types, calling activity patterns and relationship between call frequency and body size in a field cricket, Acanthogryllus asiaticus[END_REF] and others on communities (French & Cade, 1987;[START_REF] Danley | Reproductive asynchrony and the divergence of Hawaiian crickets[END_REF]Diwaker & Balakrishnan, 2007;[START_REF] Symes | Sheep in wolves' clothing: prey rely on proactive defences when predator and non-predator cues are similar[END_REF].

Most of the previous studies focused on species from the temperate regions (e.g., French & Cade, 1987), the Neotropics (e.g., [START_REF] Symes | Sheep in wolves' clothing: prey rely on proactive defences when predator and non-predator cues are similar[END_REF] and other biodiverse regions (e.g., [START_REF] Danley | Reproductive asynchrony and the divergence of Hawaiian crickets[END_REF]Diwaker & Balakrishnan, 2007) outside of Southeast Asia. But for the highly speciose cricket clades from Southeast Asia, there is however still a dearth of information about their circadian activity. Despite some anecdotal observations on the activity level of crickets-especially in-situ ones, they may not give a complete understanding. There has also not been a comparative study on the circadian rhythms of calling activity across the phylogeny of orthopterans from Southeast Asia (see French & Cade, 1987).

The acoustic communication of the Eneopterinae subfamily of crickets has been well-studied (e.g., Robillard & Desutter-Grandcolas, 2004a, 2004b, 2011a, 2011b;Robillard et al., 2013[START_REF] Robillard | Bioacoustics of the neotropical eneopterinae (Orthoptera, Grylloidea, Gryllidae)[END_REF][START_REF] Ter Hofstede | Evolution of a communication system by sensory exploitation of startle behavior[END_REF][START_REF] Benavides-Lopez | Novel system of communication in crickets originated at the same time as bat echolocation and includes male-male multimodal communication[END_REF]. This subfamily is also highly diversified in Southeast Asia. The calling songs these eneopterines have been recorded and described, unlike many other subfamilies of crickets from this region (e.g., [START_REF] Robillard | A taxonomic review of common but little known crickets from Singapore and the Philippines (Insecta: Orthoptera: Eneopterinae[END_REF][START_REF] Robillard | Revision of the cricket genus Cardiodactylus (Orthoptera, Eneopterinae, Lebinthini): the species from both sides of the Wallace Line, with description of 25 new species[END_REF][START_REF] Tan | Crickets of the subfamily Eneopterinae (Orthoptera: Grylloidea) from Sandakan, Sabah: one new species and calling songs of a sympatric species[END_REF]. From these sporadic observations, some eneopterines could be broadly classified as diurnal (e.g., Nisitrus and Eneoptera) and others as nocturnal (e.g., Cardiodactylus and Agnotecous) (e.g., [START_REF] Desutter-Grandcolas | Evolution of the cercal sensory system in a tropical cricket clade (Orthoptera: Grylloidea: Eneopterinae): a phylogenetic approach[END_REF][START_REF] Robillard | A taxonomic review of common but little known crickets from Singapore and the Philippines (Insecta: Orthoptera: Eneopterinae[END_REF][START_REF] Robillard | Revision of the cricket genus Cardiodactylus (Orthoptera, Eneopterinae, Lebinthini): the species from both sides of the Wallace Line, with description of 25 new species[END_REF][START_REF] Tan | A new species of Cardiodactylus (Orthoptera: Grylloidea: Eneopterinae) from Singapore[END_REF][START_REF] Tan | Crickets of the subfamily Eneopterinae (Orthoptera: Grylloidea) from Sandakan, Sabah: one new species and calling songs of a sympatric species[END_REF]. These data can be refined and extended by generating more precise data on the entirety of the circadian patterns, resulting in much more nuanced classification than a simple designation of diurnal or nocturnal).

To address these knowledge gaps, we recorded the calling activity in a range of crickets in isolation, in a controlled ex-situ environment that removed the potential confounding zeitgebers and masking factors (i.e., environmental noises, female presence, callings by other males or other species). We focused particularly, species from the tribe Nisitrini and Lebinthini because these clades are most speciose in the region. Given that the call parameters are highly diversified (Robillard & Desutter-Grandcolas, 2011), we assessed how variable circadian rhythms can be among different eneopterine species. We postulated that the circadian rhythms can also be diverse including variations in the active periods (e.g., narrow vs. broad active period) across different species. Based on previously published natural history observations in the field, we expected the 24-hours recordings under controlled environment to unveil that while some species are strictly diurnal or nocturnal, other species call across the 24 hours.

Materials and Methods

Lab colonies

Breeding colonies in the lab were established with cricket eggs collected during fieldwork between 2011 and 2019. Lab colonies of eneopterines were housed and maintained in large tanks at a temperature-controlled (25-27ºC) insect rearing room of the Muséum national d'Histoire naturelle, Paris (MNHN). The crickets in the insect rearing room were subjected to 11:13 bright: dark hours reflecting day duration in the collection sites. Adult males and females, as well as juveniles of the same species were kept together in small communities as they were observed in their natural environment. These community tanks vary in size (60 cm length × 50 cm height × 40 cm width, 60 cm length × 40 cm height × 40 cm width or 40 cm length × 25 cm height × 20 cm width), depending on the size of the species and the number of individuals in the tanks. We ensured that there was no overcrowding so that there were sufficient food and space for the inhabitants of these community tanks at all time. Moist soil, European ivy (Hedera helix) and large water-soaked cotton balls were provided to prevent dehydration and maintain the high humidity the crickets are exposed to in their natural environment. The crickets were fed ad libitum with European ivy, Affinity ULTIMA Mini Adult dog pellets food and BJORG Muesli whole grain cereals without added sugar.

Male adults were opportunistically collected from these community tanks for the recording.

For each species, recordings for individuals from the same generation were done within the same period of time over a few weeks to minimise confounding effect of generation and age of the crickets.

To record the calling adult cricket under standardised conditions, we placed an isolated male in an insect cage with nylon netting (25 cm in diameter and 33 cm tall) inside a temperaturecontrolled sound attenuating room in MNHN (2.2 m height, 2.2m width, 2.9 m length) and recorded its acoustic activity for 24 hours each with 11:13 bright: dark hours similar to that in the insect rearing room. Temperature was maintained between 26 to 28°C using an Eqiva Universal-Thermostat (model: UT300, eQ-3, Leer, Germany). We used a HOBO 8K Pendant® Temperature logger (model: UA-001-08, Onset, Bourne, MA) to track the room ambient temperature once every half an hour. Humidity within the cage was maintained with cotton ball soaked in water. We used a condenser capsule microphone CM16 (Avisoft Bioacoustics, Berlin, with a flat frequency response from 3 to 150 kHz) placed directly beside the cage for recording. Automatic recordings were made using the program Avisoft Triggering Harddisk Recorder version 2.97 and an 8-Pre MOTU sound card at a sampling frequency of 96 kilo-samples per second (16 bit). Recording was automatically triggered when sound was detected at 3.8% of full scale. All sound 5 s prior to the trigger was recorded and saved, and the recording continued for 30 s after the last sound had been detected. These recordings containing the complete calling songs were saved as 16-bit WAV sound files. The start time of each sound file was recorded as part of the file name, so that we were able to determine the time at which each calling song was produced. Each male was recorded once over 24 hours. In total, we recorded 128 males from nine species and six genera across the eneopterine phylogeny (Table 1). The highly variability in the numbers of males recorded for each species was attributed to different species having different brood size, colony size and survival rate in captivity.

Wild individuals

Wild individuals were also recorded to supplement the data collected from colonies. Active male individuals without damaged wings were opportunistically collected from different parts of Singapore where Cardiodactylus admirabilis and Lebinthus luae are found [START_REF] Robillard | A taxonomic review of common but little known crickets from Singapore and the Philippines (Insecta: Orthoptera: Eneopterinae[END_REF][START_REF] Tan | A new species of Cardiodactylus (Orthoptera: Grylloidea: Eneopterinae) from Singapore[END_REF] In total, we recorded 35 males from the two species (Table 1).

To record the calling adult crickets under standardised laboratory conditions, we placed an isolated male in an insect cage with nylon netting (25 cm in diameter and 33 cm tall, similar in size as the one used in MNHN) inside a sound attenuating box (dimension 55 cm length × 40 cm width × 45 cm height). For each male, we recorded its acoustic activity continuously for 24 hours with 11:13 bright: dark hours using a Wildlife Acoustics Song Meter SM4 with built-in microphones and the following settings: sampling frequency of 96 kilo-samples per second (16 bit), no compression, filter at 1 kHz, and preamp 26 dB, gain 5.0 dB. Each 16-bit WAV sound file was 1 hour long with the start time of each sound file recorded as part of the file name. We used a HOBO 8K Pendant® Temperature logger (model: UA-001-08, Onset, Bourne, MA) to track the ambient room temperature every 30 minutes. Humidity within the cage was maintained with a cotton ball soaked in water.

Acoustic and statistical analyses

From the sound files, we determined the time at which each echeme was recorded. We then counted the total number of echemes per hour. An echeme typically consists of a group of syllables and corresponds to a call unit in terms of communication. A syllable corresponds to the sound produced by one closing movement of the cricket forewings [START_REF] Ragge | The songs of the grasshoppers and crickets of Western Europe[END_REF][START_REF] Baker | Standardisation of bioacoustic terminology for insects[END_REF]. The greater the number of echemes per hour, the higher the calling activity per hour. For Nisitrus species that produce long sequences of very short echemes (each consisting of a triplet of syllables) repeating in close tandem (Fig. 1(a)), we quantified echeme sequences (sensu [START_REF] Baker | Standardisation of bioacoustic terminology for insects[END_REF] because it corresponds more biologically functional as the call unit for communication. It is more likely that females recognise the entire echeme sequence as a call unit rather than each single echeme.

Additionally, counting the number of echemes produced per hour may not be sufficient to understand the level of calling activity of the cricket per hour. This is because different species produce echemes with different echeme duration and number of syllables, as well as with high or low duty cycles. Hence, we also estimated the duration of sound produced per hour by multiplying the number of echemes per hour with the average duration of sound produced in a single echeme for the species (following the approach by [START_REF] Symes | Sheep in wolves' clothing: prey rely on proactive defences when predator and non-predator cues are similar[END_REF].

The average amount of sound produced in a single echeme, which is distinct from sound pressure level and duty cycle, was quantified for each species by summing the durations of the individual syllables within each echeme (and excluding the down times within each echeme) [START_REF] Symes | Sheep in wolves' clothing: prey rely on proactive defences when predator and non-predator cues are similar[END_REF]. These were done manually by visualising the sound files using Raven Lite 2.0.0.

All statistical analyses were conducted with R version 3.5.1 (R Development Core Team, 2018). To obtain smooth lines to visualise the circadian rhythm of the call activity for each species, we first fitted generalised additive mixed effects models (GAMMs) with quasipoisson error structure for the number of echemes per hour using the function 'gamm' from the R package 'mgcv' [START_REF] Wood | Package 'mgcv[END_REF]. Quasipoisson error structure was chosen to account for overdispersion of count data. The cricket ID was fitted as a random intercept (to control for individual differences) and hour (time of the day) as a smoothed fixed effect.

Cyclic cubic smoothing spline (bs = "cc") was used as the smoothing method to estimate periodic variation. We then fitted GAMMs with gaussian error structure for the amount of sound produced per hour with the same smoothed fixed and random effects. Based on the smooth lines, we describe the circadian rhythms by identifying the peaks and minimums in call activity as well as the corresponding number of echemes and amount of sound produced (± standard deviation). We also determined the peak width at 50% of its maximum call activity.

Results

In total, we recorded 137 males from 11 species of eneopterines based on both laboratory colonies and wild individuals (Table 1). The two Nisitrus species have similar calling songs consisting of echeme sequences made up of a series of echemes comprised of triplets of syllables (Figure 1 luae have calling songs distinct from the nine other species: each echeme consists of initial well-spaced syllables followed by a short trill (Figure 1(h)).

Diurnal species

The activity patterns for N. malaya and N. vittatus indicate that they are diurnal species, although the former occasionally sing before dawn and after dusk (Figures 2(a Cardiodactylus admirabilis is another strictly nocturnal species. On average, this species calls throughout night from the 18:00 to 4:00 hours (10 hours) (Figure 2(e), 3(e)). Calling activity peaks between the 21:00 and 0:00 hours (Figures 2(e), 3(e)). At the peak of its activity, this species produces a high number of echemes per hour but low amount of sound produced per hour relative to other species. 

Species with complex patterns

Species without clear patterns

Unlike other eneopterines, M. pintaudi does not show any distinct peaks or troughs in their circadian rhythm in the calling activity (Figure 2(k)). On average, this species calls for ca.

7±1 bouts per hour. There were also considerable individual differences: while most individuals indeed call consistently across 24-hours, there are a few individuals that show a peak at slightly after the 10:00 hour and a single individual showing a distinct anomaly in its circadian rhythm.

Discussion

Comparative and field observations

Here, we have measured and described for the first time the circadian rhythms of the calling activity in 11 species of eneopterine crickets from Malay Peninsula, Borneo, the Philippines and New Guinea (Table 2). The studied species belong to two tribes across the phylogeny of Eneopterinae and show vastly different circadian rhythms, indicating that different species employ different strategies in modulating their calling activity (Fig. 4). While sister species (i.e., N. vittatus and N. malaya; L. bitaeniatus and L. luae) tend to have similar circadian rhythms, diversified circadian rhythms can be observed within speciose genera (e.g., Cardiodactylus and Lebinthus) or closely-related genera (e.g., Macrobinthus and Microbinthus) (Fig. 4).

We knew from previous field observations that the Nisitrus species sing on plant foliage from early morning to dusk [START_REF] Robillard | A taxonomic review of common but little known crickets from Singapore and the Philippines (Insecta: Orthoptera: Eneopterinae[END_REF][START_REF] Tan | Population divergence in the acoustic properties of crickets during the COVID-19 pandemic[END_REF] and these observations were verified by our new data. But both the number of echemes and total sound produced also indicated that their calling activity generally increases to a maximum in the afternoon before decreasing towards dusk. This peak in calling activity is most obvious based on the total sound produced. Likewise, for species within Lebinthini, our data further demonstrated with greater precision that it may be too simplistic to broadly classify most species into either nocturnal or diurnal species, since many species call at varying intensity across the circadian cycle. Lebinthus sanchezi, L. bitaeniatus and L. luae calls during both day and night as previously documented [START_REF] Robillard | A taxonomic review of common but little known crickets from Singapore and the Philippines (Insecta: Orthoptera: Eneopterinae[END_REF]Robillard et al., 2013), but we further showed that the calling activity undulates for these species. In the case of M. jharnae, the species was previously documented as nocturnal: males and females signal to each other at night and hide among leaf litters in the day [START_REF] Robillard | The brachypterous Lebinthini crickets from Papua New Guinea, with description of two new genera and four new species (Orthoptera: Gryllidae: Eneopterinae) In[END_REF]. Our data further demonstrated that activity peaks slightly after midnight. Here, we also reported the circadian rhythms of other species, i.e., L. sandakan and C. admirabilis for the first time. Even though their calling songs were previously described [START_REF] Tan | A new species of Cardiodactylus (Orthoptera: Grylloidea: Eneopterinae) from Singapore[END_REF][START_REF] Tan | Crickets of the subfamily Eneopterinae (Orthoptera: Grylloidea) from Sandakan, Sabah: one new species and calling songs of a sympatric species[END_REF], whether they are diurnal or nocturnal could not be confirmed.

Between the two Cardiodactylus species analysed here, C. admirabilis is strictly nocturnal, but C. palawan calls in the day and slightly after dusk. Differing circadian rhythms of the call activity within species of Cardiodactylus are expected, as field observations showed that some species are clearly diurnal (e.g., Cardiodactylus niugini) or nocturnal (e.g., Cardiodactylus muria and Cardiodactylus lombrinjani) while others are more complex (Cardiodactylus sumba which calls at night and mates in the day) [START_REF] Robillard | Revision of the cricket genus Cardiodactylus (Orthoptera, Eneopterinae, Lebinthini): the species from both sides of the Wallace Line, with description of 25 new species[END_REF]Dong & Robillard, 2016). Recordings and observations for more species in this speciose genus are needed to quantify and characterise how lthe number of echemes and total sound produced vary between species, and whether level of activity quantified by echemes and total sound produced differ within each species.

Our recordings also indicated that both number of echemes and total sound produced can offer different insights on the calling activity and circadian patterns. This is particularly true for the Nisitrus and Cardiodactylus, while other eneopterines tend to show parallel variation in the number of echemes and amount of sound produced across the circadian cycle.

Compared to other eneopterines, Nisitrus species produce an echeme sequence which is a continuous trilling call over long periods of time, resembling the trilling calls of typical gryllids. Hence, while they produce fewer calling bouts (i.e., echeme sequence) per hour, they can still produce more sound per hour than other species.

On the other hand, the two species of Cardiodactylus produce many echemes, but produce a shorter total duration of sound compared to other species. While other lebinthines generally producing trilling echemes, this species produces few well-spaced syllables per echeme, resulting in shorter duration of sound output. The Nisitrus and Cardiodactylus findings highlighted that the eneopterines can utilise time differently, either by singing a few long calls or many short calls of different densities. Furthermore, C. palawan males showed two strong peaks in the number of echemes at 12:00 and 19:00 period. But this was not reflected based on the total sound produced, in which the variations in the sound produced within active period are less pronounced. That C. palawan can vary the number of syllables between three to 17 per echeme suggests that this species may modulate the number of syllables (hence the sound produced per echeme) such that they can either produce large number of shorter echemes and fewer number of longer echemes. Such unusual behaviours are not commonly observed in crickets, and is worthy of further investigation, especially since the C. palawan recorded in this study is limited in number.

Potential ecological drivers of circadian rhythm diversification

Why different eneopterine species modulate their circadian rhythms differently can probably be attributed to their ecology and behaviours [START_REF] Yerushalmi | Evidence for the adaptive significance of circadian rhythms[END_REF]. Similar to temporal call parameters, circadian rhythms are likely more labile and influenced by behaviour and ecology and less constrained by sound-producing structures. Cyclical patterns in the calling activity can be an adaptive form of predation avoidance by synchronising calling with the inactive periods of predators and/or parasitoids [START_REF] Greenfield | Interspecific acoustic interactions among katydids Neoconocephalus: inhibition-induced shifts in diel periodicity[END_REF][START_REF] Fenn | Use of middens by red foxes: risk reverses rhythms of rats[END_REF]. Recent study suggested that novel communication system in lebinthines originated around the time of origin for bat echolocation [START_REF] Benavides-Lopez | Novel system of communication in crickets originated at the same time as bat echolocation and includes male-male multimodal communication[END_REF], further corroborating the idea that communication (which probably includes circadian rhythms of calling activity) is strongly influenced by predation avoidance. Predator avoidance can be particularly important for the lebinthines because the males call and explore simultaneously to find mates [START_REF] Ter Hofstede | Evolution of a communication system by sensory exploitation of startle behavior[END_REF], hence potentially exposing them to greater risks of predation compared to typical gryllids. Since different eneopterine species occupy different regions and different microhabitats (e.g., Lebinthus, Microbinthus and Macrobinthus call on leaf litter or saplings nearer to the ground vs. Cardiodactylus and Nisitrus which calls on foliage higher up in the plant), they may be exposed to different predators specific in different regions within Southeast Asia and at different times of the day.

Both the two sister species, L. luae and L. bitaeniatus, have three peaks-in the dawn, afternoon and night-in their circadian rhythms, but L. luae exhibits a strong drop in call activity after the peak at dawn that was not observed in L. bitaeniatus. For the L. luae in Singapore, it has been documented that this species is a major food source for the common palm civet (Paradoxurus musangus) [START_REF] Fung | Orthoptera in the scat content of the common palm civet (Paradoxurus hermaphroditus) in Pulau Ubin, Singapore[END_REF]. These nocturnal-crepuscular generalist omnivores are reported to be most active slightly before dawn and between dusk and 21:00 [START_REF] Chen | Activity patterns and habitat use of sympatric small carnivores in southern Taiwan[END_REF][START_REF] Fung | Feeding Ecology and Seed Dispersal of the Common Palm Civet Paradoxurus hermaphroditus (Pallas, 1777) (Mammalia: Carnivora: Viverridae) in Pulau Ubin[END_REF][START_REF] Zhao | Spatio-temporal coexistence of sympatric mesocarnivores with a single apex carnivore in a fine-scale landscape[END_REF], which may explain the distinctive drop in the call activity (with a very low variance) of L. luae around the same time periods. However, such interpretations should be made cautiously because the circadian rhythm of L. luae can be influenced by other predators and parasitoids with different circadian rhythms that we are not aware of, as well as human disturbance (which is prominent in city state of Singapore) [START_REF] Tan | Population divergence in the acoustic properties of crickets during the COVID-19 pandemic[END_REF]. Playback experiments using the sounds of a range of potential predators and anthropogenic sound and light sources can reveal if and how these factors impact circadian rhythms [START_REF] Symes | Sheep in wolves' clothing: prey rely on proactive defences when predator and non-predator cues are similar[END_REF].

While some eneopterines call fairly consistently across their active period (e.g., L. bitaeniatus, L. sanchezi and M. jharnae), other eneopterines calls intensely within short time periods, sometimes one period per day (e.g., L. sandakan) and sometimes two periods (e.g., C. palawan and G. baitabagus). High calling activity within short time period (i.e., 2-3 hours) alternating with (near) absence of calling may also be another strategy to minimise their exposure to predators and parasitoids. Similar strategies have been observed in other orthopterans, including the Gryllotalpa species from Southeast Asia, which calls only in a short time frame (~ 0.5 hours) around dusk, as well as in neotropical katydids [START_REF] Tan | A new species of mole cricket (Orthoptera: Gryllotalpidae: Gryllotalpinae) from Bukit Fraser, Malay Peninsula, with taxa notes on another similar mole cricket[END_REF], 2014;[START_REF] Symes | Sheep in wolves' clothing: prey rely on proactive defences when predator and non-predator cues are similar[END_REF].

The circadian rhythm in the calling activity may also correspond tightly to the active period of females, which also actively seek for males [START_REF] Greenfield | Interspecific acoustic interactions among katydids Neoconocephalus: inhibition-induced shifts in diel periodicity[END_REF][START_REF] Greenfield | The evening chorus of the desert clicker, Ligurotettix coquilletti (Orthoptera: Acrididae): mating investment with delayed returns[END_REF]. This is particularly relevant for lebinthines, because females produce vibrational replies and do not perform phonotaxis, making the mate finding process more complicated [START_REF] Ter Hofstede | Evolution of a communication system by sensory exploitation of startle behavior[END_REF] compared to other orthopterans (e.g., [START_REF] Greenfield | The evening chorus of the desert clicker, Ligurotettix coquilletti (Orthoptera: Acrididae): mating investment with delayed returns[END_REF]. Hence, it may be more energetically conservative and less risky for males to call more often and search for females when the females are more active rather than consistently across 24 hours. This will ensure that their calls can draw the females' attention, ensuring higher mating opportunities while limiting the risks of predation [START_REF] Cade | Male mating success, calling and searching behaviour at high and low densities in the field cricket, Gryllus integer[END_REF]. This can be tested with more information about the circadian rhythm of the activity level of females.

Lastly, the divergence in the circadian cycle can also be attributed to interspecific competition for the acoustic niche, as observed in syntopic species of crickets from Southeast Asia and neotropical katydids [START_REF] Greenfield | Interspecific acoustic interactions among katydids Neoconocephalus: inhibition-induced shifts in diel periodicity[END_REF][START_REF] Tan | A new species of mole cricket (Orthoptera: Gryllotalpidae: Gryllotalpinae) from Bukit Fraser, Malay Peninsula, with taxa notes on another similar mole cricket[END_REF], 2014;[START_REF] Symes | Sheep in wolves' clothing: prey rely on proactive defences when predator and non-predator cues are similar[END_REF][START_REF] Tan | Soundscape of urban-tolerant crickets (Orthoptera: Gryllidae, Trigonidiidae) in a tropical city, Singapore[END_REF]. For example, in Singapore C. admirabilis and N. malaya are syntopic (Fig. 5), but one is strictly nocturnal and the other is strictly diurnal. Likewise in Borneo where L. sandakan and N. vittatus are syntopic (Fig. 5), we can observe that the peak of activity for L. sandakan appears to correspond with a dip in activity for N. vittatus. That the Nisitrus species produce long echeme sequences may interfere the short echemes produced by the respective syntopic eneopterines.

On the other hand, we do not see a distinct diel partitioning for other sympatric species pairs of L. bitaeniatus and L. sanchezi in the Philippines, and L. luae and N. malaya in Singapore (Fig. 5). In the case of the two Lebinthus species from the Philippines, they are not fully sympatric as a result of occupying slightly different habitats (i.e., forested and open areas).

Furthermore, clear-cut diel partitioning among sympatric eneopterine species can be nonexistent because these crickets also face masking interference from other orthopterans and sound-producing insects, rather than merely their close relatives (see [START_REF] Diwakar | The assemblage of acoustically communicating crickets of a tropical evergreen forest in southern India: call diversity and diel calling patterns[END_REF]Jain et al., 2014). Furthermore, sound-producing insects can also partition the acoustic niche by the combination of call structure, intensity and frequency [START_REF] Diwakar | The assemblage of acoustically communicating crickets of a tropical evergreen forest in southern India: call diversity and diel calling patterns[END_REF]Jain et al., 2014). Hence, masking interference from sympatric species may not exert such a strong selection pressure on the circadian cycle as compared to predation risk or environmental noises [START_REF] Greenfield | Interspecific acoustic interactions among katydids Neoconocephalus: inhibition-induced shifts in diel periodicity[END_REF]Jain et al., 2014).

Conclusions

In conclusion, while we have presented data for all but three genera of Southeast Asian eneopterines (Fig. 4), our current knowledge and new data do not yet allow us to pinpoint the precise origin of the diversity of circadian rhythms observed in Eneopterinae from Southeast Asia. Crucially, we were not able to record Southeast Asian species from the Xenogryllini tribe (Fig. 4). Broader taxonomic sampling of speciose genera (e.g., Cardiodactylus) is also needed. Furthermore, it should also be noted that the crickets used in this study are likely to be entrained by their neighbours in the community tank or natural habitats and by environmental zeitgebers prior to recording. These confounding factors can have a more critical effect for wild-collected individuals than lab colonies. As such, one should either (i) record both wild-collected individuals and lab colonies or (ii) increase sample size to control for such effects. Otherwise, it is necessary to exercise caution in future comparative analyses involving data collected from both wild-collected individuals and lab colonies.

Nonetheless, we can postulate that the diversity in the circadian rhythms is influenced by a combination of factors: avoiding the active period of predators and parasitoids as well as maximizing the overlap with the females' preference and active period. Multiple parameters of the circadian calling cycle may evolve dynamically, with changes in the duration of the active window as well as diurnal vs. nocturnal calling. Historically, circadian rhythm has been overlooked in communication studies related to both sexual and natural selection pressures. If shifts in the dominant frequency of songs is attributed to predator avoidance (Robillard & Desutter-Grandcolas, 2011a;Robillard et al., 2013), the same could be happening for circadian rhythms. Incorporating information about the circadian rhythms will reveal that the evolutionary story of the communication in eneopterines can be more complex than currently understood. For many of the Southeast Asian species, little is known about their ecology and natural history; so while our results are hitherto descriptive, they can still offer opportunities to question the roles of circadian rhythms in the complex communication system and its evolution. Table 1. List of species studied with their location of origin, the number of males that were recorded, and the number of males that sang. Not every focal male sang during the 24-hr recording period, and the number of individuals which were recorded and sang were distinguished here. 

Species

  : Admiralty Park (for C. admirabilis); Hindhede Nature Park, Labrador Nature Reserve and Pulau [= island in Bahasa Malayu] Ubin (all for L. luae).

  (a)). The echeme of Cardiodactylus palawan consists of three to 17 consistently-spaced syllables; of C. admirabilis consists of three to four syllables (Figure 1(b)). Gnominthus baitabagus (Figure 1(c)), Macrobinthus jharnae (Figure 1(d)), Microbinthus pintaudi (Figure 1(e)), Lebinthus sanchezi (Figure 1(f)) and Lebinthus sandakan (Figure 1(g)) have a similar calling song structure, i.e., each echeme consisting of a series of closely-spaced syllables (mean number of syllables-G. baitabagus = 57±13 [number of echemes = 86]; M. jharnae = 180±59 [n = 524]; M. pintaudi = 295±68 [n = 690]; L. sanchezi = 52±8 [n = 313]; L. sandakan = 344±397 [n = 358]). Lebinthus bitaeniatus and L.

  ), 2(b), 3(a),3(b)). Both species produce low number of echemes per hour comparatively to other species, but the amount of sound produced per hour was higher than most species. On average, N. malaya calls from the 5:00 to 20:00 hours (15 hours), slowly peaking to ca. 17±1 echeme sequences per hour at the 16:00 hour (50% of peak [9:00, 15:00]) (Figure2(a)), but the amount of sound produced per hour peaks steeply to ca. 1271±9 s at the 15:00 hour (50% of peak [9:00, 19:00]) (Figure 3(a)). On average, N. vittatus calls fairly consistently throughout from the 6:00 to 19:00 hours (13 hours), peaking at the 16:00 hour (50% of peak [9:00, 18:00]) with ca. 9±1 echeme sequences per hour (Figure 2(b)), but the amount of sound produced per hour peaks steeply to ca. 1376±21 s at the 15:00 hour (50% of peak [10:00, 18:00]) (Figure 3(b)). Within Lebinthini, L. sandakan is another diurnal species (Figures 2(c), 3(c)). On average, this species calls in a relatively narrow time period, from 8:00 to 14:00 (6 hours). Calling activity increases sharply to a distinct peak of ca. 37±4 echemes and ca. 388±26 s per hour at the 11:00 hour (50% of peak [10:00, 12:00]), before decreasing sharply (Figures 2(c), 3(c)).Nocturnal speciesOn the other hand, M. jharnae is a strictly nocturnal species(Figures 2(d), 3(d)). On average, this species calls throughout night-time from the 17:00 to 6:00 hours (13hours). Based on the smoothed trend line, calling activity peaks at ca. 21±1 echemes per hour at the 1:00 hour (50% of peak [21:00, 3:00]) (Figure 2(d)) while the amount of sound produced per hour peaks at ca. 77.3±0.7 s per hour at the 0:00 hour (50% of peak [20:00, 4:00]) (Figure 3(d).

From

  the smooth line based on the number of echemes, C. palawan calls at relatively narrow time periods, once during daytime and once at dusk (Figure 2(f)). On average, the calling activity increases sharply to a distinct peak at the 12:00 hour (50% of peak [11:00, 14:00]) before decreasing sharply to a minimum at the 15:00 hour (Figure 2(f)). Call activity then increases sharply again to a second distinct peak at the 19:00 hour (50% of peak [17:00, 21:00]), followed by a sharp decrease in calling activity (Figure 2(f)). However, from the smooth line based on the amount of sound produced, C. palawan calls across the day and night, starting after dawn and increasing gradually to a maximum at the 18:00 and 19:00 hours (50% of peak [10:00, 23:00]) (Figure 3(f)). Similar to C. admirabilis, C. palawan produces a high number of echemes per hour but low amount of sound produced per hour relative to other species. Gnominthus baitabagus calls in a relatively narrow time period, once during daytime and once during nighttime, from the smooth lines based on both the number of echemes and amount of sound produced (Figures 2(g), 3(g)). On average, the calling activity increases sharply to a distinct peak at the 15:00 hour (50% of peak [13:00, 18:00]) before decreasing sharply to a minimum at the 20:00 hour (Figures 2(g), 3(g)). Calling activity then increases sharply again to a second distinct peak at midnight (50% of peak [22:00, 2:00]), followed by a sharp decrease in calling activity (Figures 2(g), 3(g)). Calling activity ceases between the 5:00 and 6:00 hours (Figures 2(g), 3(g)). During the peaks, G. baitabagus produces the highest number of echemes and amount of sound produced among the recorded Lebinthini species. The circadian rhythms in the calling activity of L. bitaeniatus, L. luae and L. sanchezi are more complex. These species calls throughout the day and night but with undulating activity levels. On average, the calling activity of L. bitaeniatus peaks at the 14:00 hour with ca. 36±1 echemes and ca. 90.1±0.7 s per hour, then drops steeply to a minimum of ca. 4±0 echemes and ca. 6.2±0.7 s per hour at the 19:00 hour (Figures 2(h), 3(h)). Nocturnal calling activity then increases slightly to a peak of ca. 13±0 echemes and ca. 33.9±0.3 s per hour at the 23:00 hour (Figures 2(h), 3(h)). Calling activity subsequently increases to ca. 28±0 echemes and ca. 74.1±1.5 s per hour by the 7:00 hour and remains relatively constant before reaching the diurnal peak at the 14:00 hour (Figures 2(h), 3(h)). The circadian rhythms in the calling activity of L. luae are very similar to that of the sister species L. bitaeniatus, with three peaks in calling activity: ca. 60±41 echemes and ca. 36.7±3.7 s per hour around dawn (7:00 hour), ca. 46±46 echemes and ca. 25.7±0.5 s per hour in the afternoon (14:00 hour) and ca. 24±32 echemes and ca. 20.1±1.3 s per hour at night (2:00 hour) (Figures 2(i), 3(i)). On average, the calling activity of L. sanchezi peaks once at the 9:00 hour with ca. 35±0 echemes per hour, then drops gradually to ca. 24±0 echemes and ca. 30.3±0.5 s per hour at the 15:00 and 16:00 hours (Figures 2(j), 3(j)). Subsequently, calling activity increases gradually till the 22:00 hour with ca. 48±0 echemes and ca. 58.9±0.3 s per hour (Figures 2(j), 3(j)).
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