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Anthropogenic activities are changing the sensory landscape, interfering with transmission and reception of sexual signals. These changes are leading to alterations in mating behaviour with consequences to fitness. In systems where mate-finding involves long-distance signalling by one sex and approach by the other sex, the spatial distribution of signallers can have implications for male and female fitness. Spatial distribution of signallers is typically determined by an interplay of multiple factors, both ecological and evolutionary, including male competition, female choice and resources, such as calling and oviposition sites. We investigated the possible influence of resource distribution (signalling sites) on the strength and direction of sexual selection acting on false-leaf katydid Onomarchus uninotatus males, signalling in a human-modified landscape in the Western Ghats, India, a biodiversity hotspot. The landscape has changed from evergreen forests to plantations owing to human settlements. We first determined the spatial distribution of calling males and of available calling sites, which are trees of the genus Artocarpus, in the landscape. Using the information on male spacing, call transmission and hearing thresholds, the perceptual spaces of male signals were computed to understand the acoustic environment of calling males and females. It was found that both calling males and females could hear calls of males from neighbouring trees with a probability of 0.76 and 0.59, respectively. Although calling males were found to be spaced apart more than predicted by chance, significant overlap was seen in their acoustic ranges. Clustering of males enables females to easily sample multiple males, facilitating mate choice, but is detrimental to males as it increases competition for females. Using simulations, we determined the optimal spatial distributions of O. uninotatus males for female choice, and for reduction of male competition, given the signalling site distribution. The observed distribution of signallers was then compared with the hypothetical optimal distributions to examine the drivers of signaller spacing. Spacing of calling males in the field was found to be not optimal for either males or females. Resource distribution was found to limit the effectiveness of sexual selection drivers in pushing male spacing toward fitness optima of males or females.
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INTRODUCTION

In many animal species, mate-finding involves signalling by one sex and approach by the other (Bradbury and Vehrencamp, 1998), wherein the environment can have a direct bearing on the success of individuals in finding a potential mate (Römer, 1998). Anthropogenic disturbances to the environment can interfere with different sensory and physiological processes in organisms, affecting the expression, transmission, and reception of signals (Kern and Radford, 2016; Gurule-Small and Tinghitella, 2018). As a result, this can affect the perception of signals and mate-choice decisions of the receiver, leading to changes in the intensity of intra- and inter-sexual competition (Bent et al., 2021; Pilakouta and Ålund, 2021). For example, Candolin et al. (2007) showed the effect of reduced visibility in the breeding habitats of the three-spined stickleback Gasterosteus aculeatus owing to eutrophication. There was an increase in the courtship effort of males but without a proportional increase in mate attraction. In the red mason bee, Osmia bicornis, temperature has been shown to affect odour plumes, influencing female choice (Conrad et al., 2017). This, in turn, can affect the overall strength and direction of sexual selection.

The two components of sexual selection, male competition and female mate choice (Darwin, 1871), can act differently on traits in terms of the direction and strength of selection (Qvarnström and Forsgren, 1998; Moore and Moore, 1999; Candolin, 2004; Wong and Candolin, 2005; Yang and Richards-Zawacki, 2021). Female mate choice is expected to select for “superior males” with competitive advantage over other males, conferring direct or indirect benefits to the female (Qvarnström and Forsgren, 1998; Wong and Candolin, 2005). Under this assumption, male competition and female mate choice can favour the same traits, leading to reinforcing selection on these traits (Andersson, 1994; Berglund et al., 1996; Wiley and Poston, 1996). However, in cases where selection favouring male traits introduces costs on females, the interplay between the two forces can be counteracting (Qvarnström and Forsgren, 1998; Moore and Moore, 1999; Bussiere, 2002; Pitnick and García-González, 2002; Bonduriansky and Rowe, 2003).Therefore, studying these mechanisms singly or in isolation can lead to incomplete information about sexual selection on a trait (Hunt et al., 2009).

Understanding the possible effects of anthropogenic disturbances on the overall strength of sexual selection on a trait requires looking into effects of environmental change on the different mechanisms of sexual selection. There is a paucity of studies that have looked into the effect of human disturbances on these mechanisms separately to understand the cumulative effect of these changes on sexual selection.

Male orthopteran insects use long-range acoustic signals (calling songs) with species-specific temporal and spectral features for mate attraction (Robinson and Hall, 2002). These signals are used by females to locate conspecific males (Alexander, 1967). Intraspecific variation in these call features allow females to discriminate among signalling males and possibly exercise choice (Brown et al., 1996; Greenfield, 1997; Wagner, 1998; Brown, 1999; Gerhardt and Huber, 2002). The relative spacing of signalling males and females and the acoustic range of signals (distance at which the average sound pressure level of male calling song attenuates to the level of male/female hearing threshold) determines whether males and females are able to hear neighbouring callers. The detection ranges of their signals often extend beyond average inter-male distances, leading to overlaps in the acoustic ranges of callers (Mhatre and Balakrishnan, 2006; Ritz and Köhler, 2007). Such overlaps in acoustic ranges can have negative fitness consequences for the advertising sex, a fact that is well substantiated by both theoretical analysis (Forrest and Green, 1991; Forrest and Raspet, 1994) and empirical evidence (Arak et al., 1990; Greenfield, 1994; Farris et al., 1997).

Spacing apart is one of the strategies that male callers can employ to increase their success in attracting females by reducing masking of their signals: calling males in many systems space apart to avoid overlaps in their acoustic ranges (Whitney and Krebs, 1975; Campbell and Shipp, 1979; Bailey and Morris, 1986; Deb and Balakrishnan, 2014). This also reduces competition, enabling signallers to broadcast within a range free of competitors (Arak and Eiriksson, 1992; Deb and Balakrishnan, 2014). However, in many species, calling males also form clustered aggregations (Gerhardt and Huber, 2002; Mhatre and Balakrishnan, 2006; Ritz and Köhler, 2007).

Female mate choice is invoked as an explanation for the evolution of spatial clustering of advertising males. Females use different features of male acoustic signals to exercise choice (Latimer and Schatral, 1986; Forrest and Green, 1991; Tuckerman et al., 1993; Brown et al., 1996) and typically prefer call features with greater acoustical energy, such as longer call bout lengths and higher call rates (Ryan and Keddy-Hector, 1992; Brown, 1999). These features could be indicators of male quality due to the higher costs involved in their production (Loher and Dambach, 1989; Scheuber et al., 2003a,b). Exercising mate choice involves searching and sampling of potential mates, which has associated time and energetic costs, and risk of predation (Gwynne, 1987; Heller and Arlettaz, 1994; Bradbury and Vehrencamp, 1998; Raghuram et al., 2015; Rosenthal, 2017). Simultaneous sampling of signallers can help minimise search costs, and female mate choice can therefore be expected to drive spatial clustering of signallers, facilitating quick and easy assessment of potential mates (Morales et al., 2001; Murphy and Gerhardt, 2002; Murphy, 2012). This premise has been used to develop many theoretical models to explain the evolution of lekking systems (Bradbury, 1981; Gibson et al., 1990; Gibson, 1992).

An important ecological factor that can dictate spacing behaviour is the spatial distribution of resources such as food, potential mates, oviposition, and signalling sites (Emlen and Oring, 1977; Greenfield and Shelly, 1985; Shelly et al., 1987; Arak and Eiriksson, 1992; Hews, 1993). Male grasshoppers, Ligurotettix coquilletti distribute spatially according to the food plants most attractive to females (Greenfield and Shelly, 1985; Shelly et al., 1987). Spatial distribution of katydid Tettigonia viridissima and Amblycorypha parvipennis males was shown to be affected by availability of singing sites higher than the surroundings, which increases the acoustic range of their signals (Shaw et al., 1981; Arak and Eiriksson, 1992). Changes to spatial distribution of resources owing to human-induced changes in the landscape can affect communication in species, leading to changes in space use by organisms to facilitate communication.

Spacing behaviour of advertising males in acoustically communicating species has been well studied in anurans and orthopterans (Cade, 1981; Telford, 1985; Campbell, 1990; Dyson and Passmore, 1992; Bourne, 1993; Gerhardt and Huber, 2002; Mhatre and Balakrishnan, 2006; Ritz and Köhler, 2007; Deb and Balakrishnan, 2014). Most of these studies have examined male competition, female mate choice and resources as the key factors, albeit in isolation. There are only a few studies that have looked at a combination of these factors dictating male spacing (Shaw et al., 1982; Weidemann et al., 1990; Arak and Eiriksson, 1992; Allen, 1995) and none that have incorporated all three.

In this study, we examined the role of all three factors in spacing of signallers in an acoustically signalling, paleotropical false-leaf katydid species, Onomarchus uninotatus (Rajaraman et al., 2015), in a human-modified landscape. Since spacing behaviour can be an outcome of multiple factors, the role of each can be dissected by simulating different hypothetical spatial distributions of signallers, given the actual distribution of resources in the natural habitat, and then examining the implications of the different possible spatial distributions of calling males for male competition and female mate choice. This allows us to examine the optimal spatial distribution(s) that maximise male and female fitness, respectively and whether the actual distribution of signallers observed in the field benefits males and/or females.

We first examined the spatial distribution of O. uninotatus signallers in their natural habitat and compared it with the distribution of available calling sites. If calling males are not spaced randomly with respect to the distribution of calling sites, other factors such as male competition and/or female mate choice can be postulated to play a role in the spacing behaviour observed in the field. We then simulated different spatial distributions of calling males with varying minimum nearest neighbour distances using the actual distribution of available calling sites. For all simulated distributions, the number of females within the acoustic range of individual calling males and proportion of females that could hear multiple males were calculated, to quantify the implications of male spacing for male competition and female choice respectively. The theoretical optimal spatial distributions for both were determined and compared with the observed spatial distribution of males in the field to understand the effect of the two drivers (male competition and/or female choice) on male spacing behaviour, as well as the effect of resource distribution on the strength of sexual selection drivers in this species.



MATERIALS AND METHODS


Study System

Onomarchus uninotatus (Serville 1838) is a canopy inhabiting, paleotropical false-leaf katydid species (Subfamily Pseudophyllinae: Family Tettigoniidae: Order Orthoptera). It has been described in Northeast India (Srinivasan and Prabakar, 2012), Southwestern India (Diwakar and Balakrishnan, 2007), China (de Jong, 1946), Malaysia (Heller, 1995), Indonesia (de Jong, 1946), and Australia (de Jong, 1946). Males have often been observed to call singly from Artocarpus trees (Nair, 2020, Ph.D. thesis). Both males and females feed on Artocarpus leaves, with females using the trees for oviposition as well. O. uninotatus has one breeding season per year, from November to April. The study was conducted in Kadari village in Karnataka, India (13°21′N–75°08′E) during the peak breeding season from January to May 2015 and 2016.



Spatial Structure of Calling Males


Host Plant Preferences

Random acoustic sampling of calling males was conducted in the study area during the peak calling hours (19:00–00:30 h). Calling O. uninotatus males were located by listening and the species of the tree on which the call was heard was recorded. The use of tree species by calling males was compared with the abundance of different tree species in the study area by calculating the selection ratio (proportion used/proportion available) (Manly et al., 2002) to examine preference for particular tree species as calling sites.

For abundance count of tree species in the study area, Girth at Breast Height (GBH) of tree species on which callers were found calling based on observations during random acoustic sampling was used as a criterion to define relevant calling sites. A distribution of GBH of the trees on which the callers were found was obtained by random sampling of around 50 trees of each plant species on which males were found calling. However, in the case of one of the tree species, Vateria indica, only 17 trees where available in the study area. From this distribution, a GBH cut-off of 20 cm was taken for the abundance count of trees, as only around 1% of the sampled trees had GBH < 20 cm (Supplementary Figure 1).

The area under study (1.35 km2) was gridded using Mapsource, QGIS, and Google Earth into 112 grids (each 111 m × 109 m). About 58 grids out of 112 were selected randomly for the abundance count of trees. A 300 m transect walk was carried out in each grid and the number of trees of Artocarpus spp. and non-Artocarpus spp. (with GBH ≥ 20 cm) within 5 m on each side of the transect was recorded. At every obstacle encountered, a random angle was chosen using a magnetic compass to continue the transect walk. Walking at the borders of the grid was avoided. The relative abundance of Artocarpus spp. and non-Artocarpus spp. was compared with the relative use of Artocarpus versus non-Artocarpus tree species as calling sites to examine preference of O. uninotatus for Artocarpus species.



Distribution of Host Plant Species

GPS locations of all the Artocarpus trees in the study area (1.35 km2) were obtained using a GPS receiver (Garmin eTrex Vista HCx, United States) and the trees were also physically marked with individual codes using paint. A spatial map of the GPS locations of all the Artocarpus trees in the area was then obtained through QGIS 2.8.2. The spatial distribution of Artocarpus trees was analysed using a Clark and Evans test (Clark and Evans, 1954), which uses the nearest neighbour distances in a spatial point pattern as a measure of spatial relationships. The test compares the observed nearest neighbour distances with the expected nearest neighbour distances if the points were distributed randomly. The expected nearest neighbour distribution is generated by constructing the smallest possible rectangle over all points. If the mean observed nearest neighbour distribution is significantly lower than the expected mean for a random distribution, the test indicates a clustered distribution (Clark and Evans, 1954; Campbell, 1990).



Calling Site Fidelity Across Nights

Fifteen calling males were located in the canopy of Artocarpus trees, captured and marked on the pronotum with unique three-colour codes using non-toxic paint markers (Edding 780, Germany). The marked callers were released back at the site of capture. The tree codes and caller identification codes and GPS locations of trees were recorded. Each tree on which a marked caller was released was acoustically sampled for seven consecutive nights and, if a call was heard from the tree, an attempt was made at identifying the caller in the canopy.



Spatial Distribution of Calling Males in the Field

The positions and identities of trees on which males were heard calling were recorded in the entire area under study. Over 16 nights, a total of 773 (83.5% of total trees) trees were sampled in the area under study for positions of callers during the peak calling hours (19:00–00:30 h). A cut-off of 25 min (obtained from calling effort data: refer to Supplementary Methods and Supplementary Figure 2) was used as the sampling time for each Artocarpus tree to determine whether a calling male was present on the tree. On an average around 47 trees were sampled each night and calling males on the sampled trees were located.

The spatial map of the callers in the study area was obtained using observations of the positions of the callers recorded on all 16 nights, which was then overlaid on the map of the Artocarpus trees using QGIS 2.8.2. It should be noted here that the exact GPS location of a caller within the canopy of the tree was not possible to attain. Therefore, the GPS location of the tree was taken as caller location, under the assumption that the caller was located at the centre of the tree. The distribution of the nearest neighbour distances of the trees was then compared with the nearest neighbour distribution of callers, and a randomisation test was performed using R (R Core Team, 2018) to investigate whether the callers were distributed randomly with respect to the trees or were clumped or dispersed. The observed difference between the mean nearest neighbour distance of trees and callers was compared to the generated expected difference between the mean nearest neighbour distance of trees and callers if the callers were to space randomly on trees. The distribution of the expected difference was generated using a randomisation test in R (R Core Team, 2018). Randomisation test was also performed on nearest neighbour distances of calling males and trees sampled on each night separately, as the Artocarpus tree distribution in the entire study area is a heterogeneous distribution, with high clustering in some pockets and more dispersed in others. Therefore, the nearest neighbour calculations were also performed separately for each night, as pooling of the nearest neighbour distances for the entire area can obscure any localised pattern in the spatial distribution of calling males. The test was performed using R (R Core Team, 2018).




Acoustic Environment of Calling Males and Females

Using the spatial map of calling males in the study area, acoustic ranges of calling males with respect to females were constructed. Acoustic range is represented as a circle with the caller as the center and radius defined by the distance at which the average sound pressure level of the male’s call at the center, around 71.9 ± 0.5 dB (Rajaraman et al., 2018), attenuates to the threshold of female hearing (35 dB SPL: Rajaraman et al., 2018). The average transmission distance for O. uninotatus calling song was computed using average sound pressure level at source, the SPL attenuation curve for the O. uninotatus call in the habitat (Jain, 2010) and average hearing threshold of females. To examine the acoustic environment of calling males, median overlap in the acoustic ranges along with the proportion of callers in the overlap areas was determined using R (R Core Team, 2018), by calculating the area of intersection in the acoustic ranges constructed around each point using gBuffer() and over() function from the rgeos package and sp package, respectively. To examine if the calling males could hear each other, the number of caller locations that lie within the areas of intersection of constructed acoustic ranges were then calculated in R (R Core Team, 2018).

In case of females, it was not possible to obtain their actual locations in the study area as they are acoustically silent. Therefore, two assumptions were made with respect to female locations: (1) one female to every available Artocarpus tree and (2) females located on randomly picked Artocarpus trees with an adult sex ratio of 1:1 (172 males and females). For the second assumption, multiple runs with random distributions of females were carried out in R (R Core Team, 2018). Proportion of females that might hear a male in an adjacent tree (in addition to the male in their tree) was then calculated under the two assumptions (R Core Team, 2018) by getting the female locations that are within the acoustic range of more than one male.



Factors Affecting Male Spacing: Simulations

Using the measured Artocarpus tree locations, different caller distributions were simulated in R (R Core Team, 2018) with different minimum nearest neighbour distances, ranging from 5 to 50 m. This was done by sampling tree positions which were at a minimum specified distance from each other. In this way, 10 spatial distributions of calling males were obtained with minimum nearest neighbour distances of 5, 10, 15, 20 25, 30, 40, 45, and 50 m.

For each simulated distribution of calling males, two outcomes were computed: (1) average number of females that were within only one male’s acoustic range (as a measure of male competition) and (2) proportion of females that could hear more than one male caller (as a measure of female mate choice). Signalling in a zone free from neighbouring signallers reduces the number of females that are within acoustic ranges of multiple callers, thereby increasing a male’s probability of getting a mate. Therefore, measuring the average number of females that are within only one male’s acoustic range, would serve as a measure of fitness for males in the system. An aggregated distribution of males would increase the probability of occurrence of females in the overlap areas of signals of multiple callers, facilitating simultaneous sampling. Measuring the proportion of females in the population that are in the acoustic overlap areas enables us to study the type of spatial structure of signallers that benefits females in the system.

For female locations, two sets of simulations were carried out, based on the following assumptions: (1) one female to each tree and (2) females randomly located on the Artocarpus trees with an adult sex ratio of 1:1. A point to be noted here is that since the spatial distribution of available calling sites (Artocarpus trees) is constant for all simulations, the number of calling males changes in inverse relation with minimum nearest neighbour distance.

The two measured outcomes, (1) average number of females per male within only one male’s acoustic range (for male competition) and (2) proportion of females that could hear more than one caller (for female mate choice), were plotted against the minimum nearest neighbour distances of calling males, for each simulated distribution of calling males, to understand the implications of spatial distribution of signallers on male competition and female choice.




RESULTS


Host Plant Preferences, Calling Site Fidelity, and Distribution of Host Plant Species

About 93.3% of the O. uninotatus calling males (28 out of 30) were found on trees of the genus Artocarpus. The use of Artocarpus species as calling sites was not however mirrored in their proportional availability. Artocarpus made up only around 2% of the total number of trees within the study area (121 out of 5148). The selection ratio (proportion used/proportion available) for Artocarpus spp. was found to be 39.7 and for non-Artocarpus spp. was found to be 0.06. This implies that the O. uninotatus males strongly prefer Artocarpus trees as calling sites.

Out of the 15 marked males, data could be obtained only for five males either because no call was heard during the sampling period from the tree across all days of sampling or because the caller was not visually accessible. These callers were found to maintain their calling sites (trees) across nights for an average of 78% ± 14.7% (mean ± SD) of the nights when a call was heard from the tree.

The distribution of nearest neighbour distances of Artocarpus trees was right skewed, with smaller distances dominating the distribution (Figure 1A). The Clark and Evans test showed that the distribution of Artocarpus trees in the study area was highly clustered (R = 0.51, z = -13.07, P < 0.005).


[image: image]

FIGURE 1. Comparison of nearest neighbour distances of calling males and trees pooled across 16 nights. (A) Distribution of nearest neighbour distances of Artocarpus trees across all plots (n = 773 trees). (B) Distributions of trees and callers superimposed. (C) Results of randomisation test. The observed difference between the mean nearest neighbour distance of trees and the mean nearest neighbour distance of callers is marked on the plot by the vertical dotted line.




Spatial Structure of Calling Males

The spatial locations of calling males in relation to the Artocarpus tree distribution (n = 773 trees) in the study area is shown in Figure 2. A total of 172 calling males were located in the study area. A visual comparison of the distribution of nearest neighbour (NN) distances of trees and that of callers revealed that the NN distances of callers were on average greater than of trees (Figure 1B). This suggests that calling males are dispersing and spacing out more than would be expected if they were to occupy trees randomly. To statistically test for overdispersion of calling males, data were pooled across nights and the spatial distributions of trees and callers were analysed using a randomisation test (Figure 1C). Callers were found to be spacing themselves apart since the observed difference between the mean NN distances of callers and of trees was found to be significantly higher than the expected difference if the callers were to distribute themselves randomly with respect to trees (Figure 1C).
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FIGURE 2. Map of Artocarpus tree locations and calling male locations in the study area.


The mean nearest neighbour distance of callers per night was 31.6 ± 3.8 m (mean ± SE, N = 16) and the mean nearest neighbour distance of trees on each night was 15.7 ± 3.6 m (mean ± SE, N = 16). Randomisation tests were also performed for each of the 16 nights separately, where observed difference between the nearest neighbour distances of callers and trees in the area sampled that night (ΔNNobs) was compared with the expected difference between nearest neighbour distances of callers and trees in the area sampled that night if callers were randomly distributed (ΔNNrandom). The males were seen to be distributing themselves non-randomly and spacing apart (Table 1). On fourteen out of sixteen nights, the observed difference in the nearest neighbour distances of callers and trees was found to be much higher than the expected difference. Two out of 16 nights (highlighted in red) showed a random pattern of distribution of callers (Table 1). This could be because the nearest neighbour tree distances in these two areas were much larger than other areas and were either almost equal to or more than the average nearest neighbour distance (32 m) that the callers were seen to maintain (Table 1).


TABLE 1. Nearest Neighbour analysis of spatial structure of calling males sampled on each night.

[image: Table 1]



Acoustic Environment of Calling Males and Females

The proportion of females that could hear more than one male when one female was assumed to be found on every Artocarpus tree was 0.59 (Figures 3A,B). Interestingly, this value did not change if the females were assumed to be randomly distributed, with a 1:1 sex ratio, where the median value was found to be 0.6 (Figure 3B). Therefore, there is a high chance that, given this spatial structure of callers and habitat, females can potentially hear multiple males irrespective of their relative distribution. There was considerable overlap in the acoustic ranges of the calling males. The median overlap in the acoustic ranges of males was 24.4% (IQR = 7.57–51.6%) with maximum overlap of 96% and minimum overlap of 0.024% (Figure 3C).


[image: image]

FIGURE 3. Acoustic environment of calling males and females. (A) Figure depicting the acoustic ranges of a small sample of callers (taken from the spatial map of callers), with the callers (circles) as the centres of circles, the radius of which is defined by the distance at which the average SPL of the male’s call drops to the female hearing threshold. Triangles indicate assumed locations of individual females, where females are assumed to be one per each tree. (B) Proportion of females that could potentially hear more than one male (apart from the male on their tree) under the two assumptions: (1) One female to each tree (nfemales = 773, nmales = 172), (2) Females randomly distributed on trees (nfemales = 172, nmales = 172); (C) Percentage overlap in acoustic ranges of males (n = 172).




Factors Affecting Male Spacing

Under both assumptions for female locations, implications of male spacing for males and females showed opposite trends with increasing minimum nearest neighbour distances between calling males (Figures 4A,B). When females were one to each tree (Figure 4A), the proportion of females who could hear multiple males, a situation conducive for mate choice, starts showing a decline once the minimum nearest neighbour distance between males exceeds 25 m. On the other hand, for males, average number of females per male that are confined to acoustic range of only one male, increases with increasing distance between males. The number of females exceeds 1 when the minimum nearest neighbour distance between males is 35 m or more (Figure 4A). Therefore, by increasing their inter-individual distances, callers can increase their probability of getting a mate, reducing male–male competition. As expected, male competition is pushing the spatial structure of callers to a more dispersed distribution. On the other hand, female choice seems to be pushing the signaller distribution to a more clustered distribution. With decreasing nearest neighbour distances of callers, proportion of females in the population that can hear multiple males approaches 1, indicating that at highly clustered distribution of calling males, nearly every female in the population can hear multiple males. The observed range of nearest neighbour distances maintained by maximum number of callers in the field (15–30 m), lies in between the two optima. This indicates a counteracting effect of male competition and female choice on male spacing behaviour in this species.
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FIGURE 4. Effect of male spacing on fitness of calling males and females under the assumptions of (A) one female to each Artocarpus tree and (B) females randomly distributed on Artocarpus trees with 1:1 sex ratio. Dotted lines represent females in non-overlap areas (male fitness) and solid lines represent proportion of females that can hear multiple males (female fitness/mate choice). The shaded region represents the observed range of distribution of nearest neighbour (NN) distances maintained by calling males in the field.


When females are randomly distributed with 1:1 sex ratio, the trend does not change much for females. However, for males, the average number of females per male that are within only one male’s acoustic range does not even reach one, even when the males are at least 50 m apart (Figure 4B). This means that when females are distributed randomly on Artocarpus trees with 1:1 sex ratio, probability of securing a mate is low for calling males even when males are spacing apart.




DISCUSSION


Conflicting Selection on Male Spacing?

Onomarchus uninotatus calling males displayed non-random spacing and were found to be overdispersed. However, unlike other systems where males space apart to avoid or reduce overlaps in their signal ranges (Whitney and Krebs, 1975; Campbell and Shipp, 1979; Deb and Balakrishnan, 2014), there was considerable overlap observed in the acoustic ranges of O. uninotatus calling males. This points to a possible role of other factors such as female sampling or resource clustering in the observed spacing behaviour of calling males.

Manipulating the spacing between callers through simulations indicates that the two mechanisms of sexual selection have conflicting effects on male spacing behaviour, with different selective optima for nearest neighbour distances between callers. Calling males benefit more in terms of reduced competition (measured here as number of females confined to acoustic ranges of only one male) when the males maintain a minimum distance of 35 m or more: in the case of one female to each tree, males have at least one female in their acoustic ranges that is not in the overlap area of multiple callers. For females, on the other hand, a clustered assemblage of males with less than 10 m nearest neighbour distances, is conducive for simultaneous sampling of multiple calling males. In the natural population, the nearest neighbour distance maintained by maximum number of callers lies in the range of 15–30 m which is in between the two optima. This range, however, does not seem to be equally advantageous for both males and females. Whereas a high proportion of females (∼0.9) are privy to multiple calling males at a time, males are unable to avoid competition. On average, males do not have even one female that is confined to the acoustic range of only one caller.



Resource Distribution as a Constraint on the Strength of Sexual Selection Drivers

The landscape under study has been transformed from evergreen forests to plantations owing to human settlement, leading to a clustered distribution of Artocarpus trees, which are planted by humans. This clustering of Artocarpus trees in the landscape seems to have differential effects on female choice and male competition. From the field data, it can be seen that females are able to hear multiple males and the probability of being able to hear a calling male from an adjacent tree is not affected by the spatial distribution of the females. This is due to the aggregated distribution of Artocarpus trees to which the females are limited. This, combined with large acoustic ranges of the calling males (∼45 m), results in most of the Artocarpus trees falling within the acoustic range of one or more callers. Therefore, irrespective of the female distribution, the possibility of a given female hearing a caller on another tree is high.

Females have been shown to use calling songs for discriminating among males and show preferential attraction for certain call features (Hedrick, 1986; Tuckerman et al., 1993; Gerhardt and Huber, 2002). Best-of-n and threshold strategy, two popular models for mate-sampling, show reduced fitness with increasing search costs (Real, 1990). In O. uninotatus, which is a canopy-inhabiting katydid, movement across trees in response to male calls could put females under high predation risk. Raghuram et al. (2015) observed, in flight cage experiments, that the predatory bat, Megaderma spasma, a known predator of O. uninotatus, responded 100% of the time to tethered females in flight as opposed to about 30% of the time to male calls. Therefore, females would benefit from an aggregated distribution of males as it increases their access to multiple males without having to sequentially sample the callers, which would require them to fly between multiple trees.

Males, on the other hand, can increase the probability of attracting a mate by choosing calling positions which would result in multiple Artocarpus trees falling within their acoustic ranges, as females are also confined to Artocarpus trees for the purposes of foraging and oviposition (Nair and Rajaraman, personal observations). However, given that the calls have a large acoustic range of 45 m and are in an area with clumped distribution of calling sites, a caller simultaneously runs the risk of overlap of his acoustic range with other callers in the vicinity. Males bear a fitness cost when they have overlapping acoustic ranges with other callers (Arak et al., 1990; Farris et al., 1997; Mhatre and Balakrishnan, 2006). This suggests that males should avoid overlap altogether to reduce competition. However, it can be seen from the data that males are unable to avoid acoustic overlaps.

From the simulations, it can be seen that, with a minimum nearest neighbour distance of 40 m or more, the average number of females per male in the non-overlap areas increases to ∼3, when there is one female to each tree. However, at a minimum nearest neighbour distance of 50 m, given the clustered distribution of Artocarpus trees, the number of calling males reduces to 141, whereas in the wild the number of calling males recorded were 172. Therefore, the distribution of calling sites seems to be placing a constraint on the extent to which males can space apart and avoid overlap.

These results show that anthropogenic changes can affect sexual selection on traits, with the effect varying between the two components of sexual selection. Human disturbances can influence the sexes differently and this highlights the importance of partitioning the effects of these disturbances on the different mechanisms of selection. It also points to the importance of interaction between evolutionary and ecological factors in shaping phenotypes.
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Date N Mean (NN_callers) (m) Mean (NN_trees) (m) ANN_gps (M) ANN;andom (M) P
11-2-16 24 20.59317 7.506995 13.08618 —0.01140278 <0.01
12-2-16 15 18.25106 6.918921 11.33214 —0.01030851 <0.01
13-2-16 63 31.90049 9.338901 22.56159 —0.1007387 <0.01
29-2-16 B3 28.23726 10.99214 17.24512 0.04288597 <0.01
1-3-16 63 35.33399 28.1429 7.191091 —0.6003124 >0.05
2-3-16 63 77.22267 10.53343 66.68925 —0.2550797 <0.01
3-3-16 36 38.63384 7.547321 31.08652 0.1033788 <0.01
4-3-16 73 26.61114 11.65886 14.95228 0.08821305 <0.01
5-3-16 39 33.40278 52.96623 —19.5635 1.814847 >0.05
8-3-16 42 41.27977 15.40007 25.87969 0.02734286 <0.01
9-3-16 76 33.49636 11.48015 22.01621 —0.04979648 <0.01
10-3-16 31 18.13496 7.439043 10.69592 —0.1123728 <0.01
11-3-16 68 20.716 8.736724 11.98008 —0.07482763 <0.01
12-3-16 48 21.19353 9.385668 11.80787 —0.07610984 <0.01
13-3-16 54 48.47345 7.183478 41.28998 —0.05828568 <0.01
14-3-16 25 12.92842 47.39184 34.46342 —0.271807 <0.01

N, total number of trees sampled; Mean (NN_callers), average nearest neighbour distance of the callers in the sampling unit sampled that night; Mean (NN_trees), average
nearest neighbour distances of trees in the area sampled that night; ANNgps, Observed difference between the nearest neighbour distances of callers and trees in the
area sampled that night; ANNandom, €Xpected difference [generated using R (R Core Team, 2018)] between nearest neighbour distances of callers and trees in the plot
sampled that night if callers were randomly distributed. Two out of 16 nights (highlighted in red) showed a random pattern of distribution of callers.
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